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AbstrAct

Within the frame of CTO’s standard procedure, a propeller open-water test is preceded by a reference measurement, 
which is taken for a reference propeller model (P356). The results of these measurements are assembled to conduct an 
open-water test uncertainty analysis. Additional material was gathered from open-water tests that were conducted 
throughout several research projects on the CP469 model, which is a model of the Nawigator XXI propeller. The latter 
is a controllable pitch propeller; its pitch was reset before each test repetition. Known procedures for the determination 
of the open-water test uncertainty do not allow one to extract the manufacture impact directly, without building many 
models. This factor was addressed with the use of lifting surface calculations. Under certain additional assumptions, 
these calculations were performed for 100 generic versions of each propeller’s geometry, which were generated by 
random deviations from the theoretical data within the limits of allowed tolerances. The results of the conducted 
analyses made it possible to extract separate factors, which were connected to the test’s repeatability, measurement 
bias and geometry tolerance. 

Keywords: uncertainty, propeller open-water test, lifting surface method, model-scale experiment, propulsion

INTRODUCTION

Practical ship hydromechanics is founded on a few basic 
experiments [1], [2] that are designed to determine the 
propulsion characteristics of a vessel. Providing a propulsion 
prognosis that is as accurate as possible is essential from 
a propulsion system design point of view [3], [4]. In most cases, 
the considered parameters (delivered power, propeller rate of 
revolution, etc.) are determined with an uncertainty margin 
that is narrow enough to provide reasonable information [5]. 
One of the major sources of full-scale prediction uncertainty 
lies in full-scale extrapolation methods [6]. Due to this, 
scaling procedures remain an important topic in modern 
studies [7], [8], including critical evaluations [9], [10]. 

The strong development of numerical methods has led to 
their application in marine propulsion problems [11], [12], 
[13], [14]; however, seemingly old-fashioned methods like 
regression formulas are still of use [15]. 

On the other hand, the development of theoretical (mainly 
numerical) methods requires the best possible empirical data 
for the validation of the produced models. Obviously, it is 
not possible to determine ‘exact’ parameter values through 
experiments, but decreasing the uncertainty of experiments 
makes it possible to apply a more rigorous verification of the 
values of constants utilised in turbulence equations, etc. In 
the meantime, however, it has been shown that full-scale 
measurement uncertainty is a complex issue – even from 
the point of view of the definition of input values – that is 
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difficult to define precisely [16]. Due to this fact, the available 
full-scale data can be used as reference material for theory 
validation only with a limited accuracy.

Thus, this work is focused on the analysis of model-scale 
experiments only. The main reason for this is that it allows 
the direct comparison of numerical methods and empirical 
values, with no need to transform model-scale values into full-
scale values. The results of multiple repetitions of model-scale 
experiments and lifting surface calculations are utilised to 
extract particular factors that are responsible for open-water 
test uncertainty. 

After slight modifications that address the particular case 
being considered, the presented methods can also be applied 
to the analysis of special types of propulsors like waterjets 
[17] or energy-saving devices [18], [19].

ANALYSED CASES

Two propeller models were investigated from a test 
repeatability point of view: one model has a fixed pitch 
(P356) and the other has a controllable pitch (CP469). The 
first model is a reference propeller that is tested before each 
set of commercial open-water tests, according to the CTO 
standard. The second model was utilised in several research 
projects. 

Fig. 1. P356 (on the left) and CP469 (on the right – prepared for the tests) 
propeller models

The main characteristics of the abovementioned propellers 
are presented in Table 1.
Tab. 1. Characteristics of analysed propellers
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LIFTING SURFACE ANALYSIS

The lifting surface method for open-water analysis is 
a classic method similar to that described in [20]. The initial 
step of the calculations provides a discrete representation 
of the propeller geometry. It is realized by determining the 
Cartesian coordinates of a point located on the blade profiles’ 
mean lines at selected radial and chordwise stations. The 

station distribution is deduced via well-known sine and cosine 
formulas for radial and chordwise distributions, respectively:
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where r is the actual radius [m], R is the propeller radius [m], rh is the hub radius, A is the total 
number of radial stations representing the propeller, x is the actual chordwise station [m], c is the 
chord length at the considered radius [m] and B is the total number of chordwise stations 
representing the propeller. An example of such a discrete representation is given in Fig. 2. 
 

(1)

where r is the actual radius [m], R is the propeller radius [m], 
rh is the hub radius, A is the total number of radial stations 
representing the propeller, x is the actual chordwise station 
[m], c is the chord length at the considered radius [m] and 
B is the total number of chordwise stations representing the 
propeller. An example of such a discrete representation is 
given in Fig. 2.

Fig. 2. Example of discrete propeller representation

Neighbouring points form a panel, and the control point 
and unit normal vector are determined in the middle of this 
panel. The panel-normal component of the external inflow 
vector is calculated at each control point:
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where un is the panel-normal velocity value [m/s], e is the unit vector normal to the panel surface 
[m], V is the propeller advance velocity [m/s], and n is the propeller rate of revolution vector [rps]. 

Points located on subsequent radial stations but at the same chordwise position represent the 
endpoints of bound vortices. These are supplemented with chordwise trailing vortices, which extend 
behind the blade (in theory to infinity). The vortex system is meant to represent the propeller’s 
impact on the flow, trough-induced velocities, which are deduced via the Biot-Savart law. Initially, 
however, the circulation assigned to the bound vortex is unknown and has to be determined. To 
achieve this, a system of linear equations is constructed in such a way that it satisfies kinematic 
boundary conditions on the propeller surface: panel-normal velocities have to be cancelled out by 
velocities induced by the vortex system. Vortex circulations are taken as unknowns. 

Once the circulation distribution is determined, the total local velocities on the blade surface may 
be determined, and through the Kutta-Zhoukovski law, local forces may be computed: 

 
𝑳𝑳 = 𝝆𝝆𝛤𝛤𝑼𝑼𝑻𝑻 × 𝝀𝝀, (3) 

 
where L is the lift force acting on a vortex [N], ρ is the water density [kg/m3], Γ is the vortex 
circulation [m2/s], UT is the total velocity at the vortex midpoint and λ is the vortex length vector 
[m]. 

Summing up the lift forces provides the inviscid component of the hydrodynamic reaction acting 
on the propeller blade. The easiest way to incorporate the viscous force is to apply an additional drag 
force, with the value of this force being determined via an empirical formula. The results of such 
simulations are strongly influenced by the geometry assigned to the trailing vortices. The 
determination of this geometry is an important topic in itself, and researchers approach this problem 
cautiously [21]. 
 
The calculations in this paper were conducted under the following assumptions: 

- The input geometry of the propeller is randomly variable, within manufacture tolerance 
limits. 

- The vortex wake is considered a rigid vortex wake, with the slipstream contraction being 
ignored and pitch being considered the weighted mean between the propeller’s geometrical 
pitch and advance ratio.  

(2)

where un is the panel-normal velocity value [m/s], e is the 
unit vector normal to the panel surface [m], V is the propeller 
advance velocity [m/s], and n is the propeller rate of revolution 
vector [rps].

Points located on subsequent radial stations but at the same 
chordwise position represent the endpoints of bound vortices. 
These are supplemented with chordwise trailing vortices, 
which extend behind the blade (in theory to infinity). The 
vortex system is meant to represent the propeller’s impact on 
the flow, trough-induced velocities, which are deduced via the 
Biot-Savart law. Initially, however, the circulation assigned 
to the bound vortex is unknown and has to be determined. 
To achieve this, a system of linear equations is constructed 
in such a way that it satisfies kinematic boundary conditions 
on the propeller surface: panel-normal velocities have to be 
cancelled out by velocities induced by the vortex system. 
Vortex circulations are taken as unknowns.

Once the circulation distribution is determined, the total 
local velocities on the blade surface may be determined, 
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and through the Kutta-Zhoukovski law, local forces may be 
computed:
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(3)

where L is the lift force acting on a vortex [N], ρ is the water 
density [kg/m3], Γ is the vortex circulation [m2/s], UT is the 
total velocity at the vortex midpoint and λ is the vortex length 
vector [m].

Summing up the lift forces provides the inviscid component 
of the hydrodynamic reaction acting on the propeller blade. 
The easiest way to incorporate the viscous force is to apply 
an additional drag force, with the value of this force being 
determined via an empirical formula. The results of such 
simulations are strongly influenced by the geometry assigned 
to the trailing vortices. The determination of this geometry 
is an important topic in itself, and researchers approach this 
problem cautiously [21].

The calculations in this paper were conducted under the 
following assumptions:
– The input geometry of the propeller is randomly variable, 

within manufacture tolerance limits.
– The vortex wake is considered a rigid vortex wake, with 

the slipstream contraction being ignored and pitch being 
considered the weighted mean between the propeller’s 
geometrical pitch and advance ratio. 

– The weight is calibrated to reproduce the KT(J) function 
resulting from the experiments; calibration is performed 
for an unbiased geometry,

– Viscous effects (profile drag, pressure change due to 
a boundary layer) are calibrated to maximize open-water 
efficiency agreement at the advance ratio corresponding 
to the efficiency peak, as the author feels that this is the 
best way to reproduce the propeller’s dynamic behaviour.
The propeller model manufacture tolerances allowed by 

ITTC [22] are shown in Table 2.
Tab. 2. ITTC allowed tolerances on propeller model dimensions

Parameter Tolerance

Diameter 0.1 mm

Pitch 0.5%

Chord 0.2 mm

Profile offsets 0.05 mm

Rake 0.005*DM

Based on the tolerances in Table 2, 100 generic versions of 
both propellers were prepared through the random application 
of geometry deviations within the prescribed margins and 
investigated using lifting surface code. For each geometry 
(original and generic geometries), open-water calculations 
were performed.

PROPELLER OPEN-WATER TEST

DERIVED PARAMETERS

The basic parameters derived from propeller open-water 
tests are propeller loading coefficients; they are usually based 
on the propeller rates of revolution (KT, KQ) and the advance 
ratio J:
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Based on the complete differential method, the biases of these coefficients may be derived as 

follows: 
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Formulas defining the uncertainty of dimensionless propeller characteristics include terms referring 
to the diameter bias dD. However, this does not justify the omission of the diameter tolerance from 
the next step, which is the vortex analysis of the tolerance impact. Deviations in the propeller radius 
(and other dimensions) alter its shape and subsequently its hydrodynamic properties, as reflected by 
the values of the thrust T and torque Q used in Eq. (4–7). Hence, one problem is the influence of the 
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values of the thrust T and torque Q used in Eq. (4–7). Hence, 
one problem is the influence of the diameter tolerance on the 
determined propeller loading values, and a second, separate 
issue is the correct calculation of dimensionless coefficients.

Once the bias is determined, the uncertainty of the loading 
coefficients UKT/Q may be derived as follows:
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where Sdev is the standard deviation, and M is the number of measurement repetitions. 
 

REPEATABILITY OF THE TEST 
 
This study is based on a collection of available data gathered from CTO’s database. A total of 56 

repetitions of open-water tests were collected for reference propeller P356 and 14 repetitions were 
collected for propeller CP469. For the controllable pitch propeller, the pitch was reset to the target 
value before each run. 

For better insight, experimental data are given for prescribed advance ratios, which were 
calculated with a fourth-degree polynomial with the least-squares method. 

The accuracies of the dynamometer applied during the test for each of the measured quantities 
that are required to determine dKT and dKQ are shown in Table 3. 

Table 3. Open-water dynamometer characteristics 

dT [N] dQ [Nm] dn [rps] 

0.263 0.0054 0.01 
 
The tests were conducted at a rate of revolution that satisfied the critical Reynolds number Recr 

= 5*105 and reasonably covered the applied dynamometer capacity. For both propellers, the selected 
rate of revolution was n = 16 rps, which resulted in ratios of Re/Recr = 1.06 for P356 and Re/Recr=1.53 
for CP469. 
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where Sdev is the standard deviation, and M is the number of 
measurement repetitions.
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gathered from CTO’s database. A total of 56 repetitions of 
open-water tests were collected for reference propeller P356 
and 14 repetitions were collected for propeller CP469. For the 
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controllable pitch propeller, the pitch was reset to the target 
value before each run.

For better insight, experimental data are given for 
prescribed advance ratios, which were calculated with 
a fourth-degree polynomial with the least-squares method.

The accuracies of the dynamometer applied during the 
test for each of the measured quantities that are required to 
determine dKT and dKQ are shown in Table 3.
Tab 3. Open-water dynamometer characteristics

dT [N] dQ [Nm] dn [rps]

0.263 0.0054 0.01

The tests were conducted at a rate of revolution that 
satisfied the critical Reynolds number Recr = 5*105 and 
reasonably covered the applied dynamometer capacity. For 
both propellers, the selected rate of revolution was n = 16 rps, 
which resulted in ratios of Re/Recr = 1.06 for P356 and  
Re/Recr=1.53 for CP469.

Fig. 3. Collection of measurement points for propeller P356

Table 4 contains the mean value of the thrust coefficient KTm 
for the corresponding advance ratio J, standard deviation S, 
precision limit P, bias dKT, model test uncertainty U and relative 
value of the latter. The derived statistical parameters have 
small values and hence are presented after being multiplied 
by a factor of 100. 
Tab 4. Statistical analysis of KT repeatability for propeller P356 at Re = 5.30*105

J KTm 100S 100P 100dKT 100U 100U/KT

0.00 0.3480 1.7147 0.4624 0.1149 0.4765 1.3690

0.10 0.3097 0.2014 0.0543 0.1046 0.1179 0.3805

0.20 0.2715 0.4916 0.1326 0.0943 0.1627 0.5993

0.30 0.2336 0.1401 0.0378 0.0841 0.0922 0.3948

0.40 0.1959 0.3355 0.0905 0.0740 0.1169 0.5966

0.50 0.1577 0.4417 0.1191 0.0637 0.1351 0.8564

0.60 0.1179 0.1960 0.0529 0.0530 0.0749 0.6352

0.70 0.0747 0.2851 0.0769 0.0414 0.0873 1.1693

0.80 0.0260 0.3491 0.0941 0.0283 0.0983 3.7752

0.90 -0.0307 0.7889 0.2128 0.0296 0.2148 -7.0005

Table 5 is constructed in a similar manner, but it contains 
torque-related values.
Tab 5. Statistical analysis of KQ repeatability for propeller P356 at Re = 5.30*105

J KQm 100S 100P 100dKQ 100U 100U/KQ

0.00 0.0394 0.1558 0.0420 0.0144 0.0444 1.1262

0.10 0.0353 0.0252 0.0068 0.0131 0.0147 0.4173

0.20 0.0317 0.0476 0.0128 0.0119 0.0175 0.5535

0.30 0.0284 0.0190 0.0051 0.0109 0.0120 0.4242

0.40 0.0252 0.0317 0.0085 0.0099 0.0131 0.5194

0.50 0.0217 0.0409 0.0110 0.0088 0.0141 0.6509

0.60 0.0177 0.0215 0.0058 0.0075 0.0095 0.5366

0.70 0.0130 0.0283 0.0076 0.0061 0.0097 0.7474

0.80 0.0073 0.0347 0.0094 0.0043 0.0103 1.4030

0.90 0.0003 0.0780 0.0210 0.0021 0.0211 60.6752

The data for propeller CP469 are presented in the same 
way as the data for propeller P356.

Fig. 4. Collection of measurement points for propeller CP469

Tables 6 and 7 are constructed in the same way as Tables 4 
and 5, but they contain the results for propeller CP469.
Tab. 6. Statistical analysis of KT repeatability for propeller CP469 at Re = 7.65*105

J KTm 100S 100P 100dKT 100U 100U/KT

0.00 0.4814 0.1716 0.0952 0.1857 0.2087 0.4335

0.10 0.4344 0.1477 0.0819 0.1715 0.1901 0.4375

0.20 0.3841 0.2028 0.1125 0.1563 0.1925 0.5013

0.30 0.3323 0.2973 0.1649 0.1406 0.2167 0.6521

0.40 0.2802 0.3983 0.2209 0.1248 0.2538 0.9056

0.50 0.2282 0.4947 0.2744 0.1090 0.2953 1.2941

0.60 0.1757 0.5886 0.3265 0.0931 0.3395 1.9328

0.70 0.1214 0.6904 0.3830 0.0767 0.3906 3.2168

0.80 0.0633 0.8174 0.4534 0.0591 0.4572 7.2217

0.90 -0.0016 1.0020 0.5558 0.0404 0.5573 -349.506
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Tab. 7. Statistical analysis of KQ repeatability for propeller CP469 at Re = 7.65*105

J KQm 100S 100P 100dKQ 100U 100U/KQ

0.00 0.0616 0.0120 0.0066 0.0250 0.0258 0.4196

0.10 0.0564 0.0142 0.0079 0.0232 0.0245 0.4340

0.20 0.0509 0.0225 0.0125 0.0213 0.0246 0.4842

0.30 0.0453 0.0321 0.0178 0.0193 0.0263 0.5800

0.40 0.0396 0.0416 0.0231 0.0173 0.0289 0.7286

0.50 0.0339 0.0508 0.0282 0.0154 0.0321 0.9461

0.60 0.0281 0.0607 0.0337 0.0134 0.0362 1.2885

0.70 0.0220 0.0732 0.0406 0.0113 0.0421 1.9106

0.80 0.0155 0.0908 0.0503 0.0090 0.0511 3.3092

0.90 0.0080 0.1180 0.0655 0.0064 0.0658 8.2336

VORTEX ANALYSIS OF TOLERANCE IMPACT

The results of vortex calculations are analysed similarly 
to the experimental data, with the determination of the 
standard deviation and precision limit based on Eq. (8) and 
(9). However, to emphasise the fact that these are numerical 
data, the precision limit from these calculations is denoted 
with the symbol P1 instead of P. 
Tab. 8. Statistical analysis of geometry tolerance impact using vortex method 

for propeller model P356

J KTm 100S1 100P1 KQm 100S1 100P1

0.00 0.3480 0.1442 0.0290 0.0396 0.0231 0.0046

0.10 0.3097 0.1263 0.0254 0.0336 0.0172 0.0035

0.20 0.2715 0.0760 0.0153 0.0294 0.0093 0.0019

0.30 0.2336 0.0449 0.0090 0.0256 0.0067 0.0013

0.40 0.1959 0.0666 0.0134 0.0219 0.0099 0.0020

0.50 0.1577 0.0840 0.0169 0.0183 0.0114 0.0023

0.60 0.1179 0.0808 0.0162 0.0147 0.0102 0.0020

0.70 0.0747 0.0669 0.0134 0.0109 0.0080 0.0016

0.80 0.0260 0.0621 0.0125 0.0129 0.0080 0.0016

0.90 -0.0307 0.0926 0.0186 -0.0018 0.0144 0.0029

Tab. 9. Statistical analysis of geometry tolerance impact using vortex method 
for propeller model CP469

J KTm 100S1 100P1 KQm 100S1 100P1

0.00 0.4814 1.0733 0.2147 0.0476 0.1219 0.0244

0.10 0.4344 1.4007 0.2801 0.0509 0.1560 0.0312

0.20 0.3841 1.4725 0.2945 0.0461 0.1616 0.0323

0.30 0.3323 1.3367 0.2673 0.0402 0.1456 0.0291

0.40 0.2802 1.0891 0.2178 0.0342 0.1181 0.0236

0.50 0.2282 0.8081 0.1616 0.0285 0.0872 0.0174

0.60 0.1757 0.5457 0.1091 0.0232 0.0585 0.0117

0.70 0.1214 0.3262 0.0652 0.0176 0.0349 0.0070

0.80 0.0633 0.1501 0.0300 0.0113 0.0169 0.0034

0.90 -0.0016 0.1226 0.0245 0.0001 0.0133 0.0027

RESULTS

The precision limit value P1, obtained through the vortex 
analysis of the tolerance impact, was treated as an additional 
term in Eq. (8) to evaluate the overall uncertainty U2KT/Q:
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The precision limit value P1, obtained through the vortex analysis of the tolerance impact, was 

treated as an additional term in Eq. (8) to evaluate the overall uncertainty U2KT/Q: 
 

𝑈𝑈2𝐾𝐾𝑇𝑇/𝑄𝑄2 = 𝑑𝑑𝐾𝐾𝑇𝑇/𝑄𝑄2 + 𝑃𝑃𝐾𝐾𝑇𝑇/𝑄𝑄2 + 𝑃𝑃1𝐾𝐾𝑇𝑇/𝑄𝑄2 . (10) 
 
The results of the determination of U2 are presented in Tables 10 and 11. 

Table 10. Overall uncertainty for propeller P356 

J KTm 100U2 U2/KT, % KQm 100U2 
U2/KQ, 

% 
0.0000 0.3480 0.4773 1.371677 0.0394 0.0446 1.132935 
0.1000 0.3097 0.1206 0.389281 0.0353 0.0152 0.429718 
0.2000 0.2715 0.1634 0.601952 0.0317 0.0176 0.554577 
0.3000 0.2336 0.0926 0.396586 0.0284 0.0121 0.426202 
0.4000 0.1959 0.1177 0.600655 0.0252 0.0132 0.52384 
0.5000 0.1577 0.1361 0.863145 0.0217 0.0143 0.65776 
0.6000 0.1179 0.0766 0.64983 0.0177 0.0097 0.54744 
0.7000 0.0747 0.0884 1.182838 0.0130 0.0099 0.759671 
0.8000 0.0260 0.0991 3.809819 0.0073 0.0105 1.432866 
0.9000 -0.0307 0.2157 -7.02451 0.0003 0.0213 71.01017 

 
Table 11. Overall uncertainty for propeller CP469 

J KTm 100U2 U2/KT, % KQm 100U2 
U2/KQ, 

% 
0.0000 0.4814 0.2994 0.621947 0.0616 0.0356 0.577137 
0.1000 0.4344 0.3385 0.779214 0.0564 0.0397 0.703454 
0.2000 0.3841 0.3519 0.916103 0.0509 0.0407 0.79882 
0.3000 0.3323 0.3441 1.035531 0.0453 0.0392 0.865201 
0.4000 0.2802 0.3344 1.193355 0.0396 0.0373 0.941435 
0.5000 0.2282 0.3366 1.474966 0.0339 0.0365 1.077871 
0.6000 0.1757 0.3566 2.029669 0.0281 0.0381 1.356119 
0.7000 0.1214 0.3960 3.262016 0.0220 0.0427 1.941846 
0.8000 0.0633 0.4582 7.238842 0.0155 0.0512 3.303988 
0.9000 -0.0016 0.5578 -348.628 0.0080 0.0659 8.233411 

 
 

(10)

The results of the determination of U2 are presented in 
Tables 10 and 11.
Tab. 10. Overall uncertainty for propeller P356

J KTm 100U2 U2/KT, % KQm 100U2 U2/KQ, %

0.0000 0.3480 0.4773 1.371677 0.0394 0.0446 1.132935

0.1000 0.3097 0.1206 0.389281 0.0353 0.0152 0.429718

0.2000 0.2715 0.1634 0.601952 0.0317 0.0176 0.554577

0.3000 0.2336 0.0926 0.396586 0.0284 0.0121 0.426202

0.4000 0.1959 0.1177 0.600655 0.0252 0.0132 0.52384

0.5000 0.1577 0.1361 0.863145 0.0217 0.0143 0.65776

0.6000 0.1179 0.0766 0.64983 0.0177 0.0097 0.54744

0.7000 0.0747 0.0884 1.182838 0.0130 0.0099 0.759671

0.8000 0.0260 0.0991 3.809819 0.0073 0.0105 1.432866

0.9000 -0.0307 0.2157 -7.02451 0.0003 0.0213 71.01017

Tab. 11. Overall uncertainty for propeller CP469

J KTm 100U2 U2/KT, % KQm 100U2 U2/KQ, %

0.0000 0.4814 0.2994 0.621947 0.0616 0.0356 0.577137

0.1000 0.4344 0.3385 0.779214 0.0564 0.0397 0.703454

0.2000 0.3841 0.3519 0.916103 0.0509 0.0407 0.79882

0.3000 0.3323 0.3441 1.035531 0.0453 0.0392 0.865201

0.4000 0.2802 0.3344 1.193355 0.0396 0.0373 0.941435

0.5000 0.2282 0.3366 1.474966 0.0339 0.0365 1.077871

0.6000 0.1757 0.3566 2.029669 0.0281 0.0381 1.356119

0.7000 0.1214 0.3960 3.262016 0.0220 0.0427 1.941846

0.8000 0.0633 0.4582 7.238842 0.0155 0.0512 3.303988

0.9000 -0.0016 0.5578 -348.628 0.0080 0.0659 8.233411

Fig. 5. Overall thrust uncertainty (100U2KT versus KT)
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The influence of particular terms on the overall uncertainty 
is presented in the form of three factors, the test repeatability 
(σ), bias (ε) and geometry tolerance impact (τ):

 

 
 

 
Fig. 5. Overall thrust uncertainty (100U2KT versus KT) 

 
The influence of particular terms on the overall uncertainty is presented in the form of three factors, 
the test repeatability (σ), bias (ε) and geometry tolerance impact (τ): 
 

𝜎𝜎 = 𝑃𝑃2
𝑈𝑈22 , 𝜀𝜀 =

𝑑𝑑𝐾𝐾𝑇𝑇/𝑄𝑄2

𝑈𝑈22 , 𝜏𝜏 = 𝑃𝑃12
𝑈𝑈22. (11) 

 
The obtained values of these factors are shown in Tables 12 and 13. 

 
Table 12. Uncertainty contributions for propeller P356 

J σT σQ εT εQ τT τQ 
0.0000 0.9384 0.8853 0.0579 0.1041 0.0037 0.01062 
0.1000 0.2029 0.2010 0.7528 0.7458 0.0444 0.053238 
0.2000 0.6583 0.5301 0.3329 0.4582 0.0088 0.011681 
0.3000 0.1665 0.1775 0.8241 0.8109 0.0094 0.011535 
0.4000 0.5915 0.4146 0.3955 0.5624 0.0130 0.022954 
0.5000 0.7656 0.5939 0.2190 0.3801 0.0154 0.025966 
0.6000 0.4767 0.3583 0.4785 0.5991 0.0447 0.042603 
0.7000 0.7575 0.5922 0.2195 0.3815 0.0230 0.026248 
0.8000 0.9025 0.8076 0.0816 0.1690 0.0159 0.023398 
0.9000 0.9737 0.9718 0.0188 0.0097 0.0074 0.018532 

 

(11)

The obtained values of these factors are shown in Tables 12 
and 13.
Tab. 12. Uncertainty contributions for propeller P356 

J σT σQ εT εQ τT τQ

0.0000 0.9384 0.8853 0.0579 0.1041 0.0037 0.01062

0.1000 0.2029 0.2010 0.7528 0.7458 0.0444 0.053238

0.2000 0.6583 0.5301 0.3329 0.4582 0.0088 0.011681

0.3000 0.1665 0.1775 0.8241 0.8109 0.0094 0.011535

0.4000 0.5915 0.4146 0.3955 0.5624 0.0130 0.022954

0.5000 0.7656 0.5939 0.2190 0.3801 0.0154 0.025966

0.6000 0.4767 0.3583 0.4785 0.5991 0.0447 0.042603

0.7000 0.7575 0.5922 0.2195 0.3815 0.0230 0.026248

0.8000 0.9025 0.8076 0.0816 0.1690 0.0159 0.023398

0.9000 0.9737 0.9718 0.0188 0.0097 0.0074 0.018532

Fig. 6. Uncertainty contributions for propeller P356

Tab. 13. Uncertainty contributions for propeller CP469

J σT σQ εT εQ τQ τQ

0.0000 0.1011 0.0345 0.3847 0.4945 0.5142 0.471042

0.1000 0.0585 0.0396 0.2567 0.3419 0.6848 0.618414

0.2000 0.1022 0.0945 0.1973 0.2744 0.7005 0.631062

0.3000 0.2296 0.2063 0.1669 0.2425 0.6034 0.551258

0.4000 0.4364 0.3839 0.1393 0.2153 0.4243 0.400731

0.5000 0.6646 0.5956 0.1049 0.1776 0.2305 0.226759

0.6000 0.8382 0.7821 0.0682 0.1237 0.0936 0.094268

0.7000 0.9354 0.9032 0.0375 0.0700 0.0271 0.026849

0.8000 0.9791 0.9647 0.0166 0.0309 0.0043 0.004408

0.9000 0.9928 0.9889 0.0052 0.0094 0.0019 0.00168

Fig. 7. Uncertainty contributions for propeller CP469

CONCLUSIONS

The following conclusions can be drawn from the results 
presented in this paper:
– For most of the loading values, the overall uncertainty of 

KT/Q was below 2% for both propellers.
– For the fixed pitch propeller:

•	 The test repeatability plays a dominant role for lower 
loadings.

•	 The bias starts to become important at moderate and 
higher loadings, but there is no clear trend that can be 
used to evaluate repeatability/bias domination.

•	 The geometry tolerance impact seems to be irrelevant 
in this case.

– For the controllable pitch propeller:
•	 The test repeatability plays a dominant role for lower 

loadings.
•	 The bias has a generally low uncertainty contribution; 

it is notable at high loadings only.
•	 The geometry tolerance impact seems to be irrelevant 

at lower loadings; however, it becomes dominant at 
high loadings.

– The fluctuating character of uncertainty contributions in 
the case of Fixed Pitch Propeller (FPP) may result from the 
notably lower uncertainty level and the resulting higher 
sensitivity of the analysed values to small deviations.

– The much higher geometry impact in the case of 
Controllable Pitch Propeller (CPP) seems to result from 
the double uncertainty of the propeller pitch: first, at the 
level of geometry definition, and second, in setting the 
target pitch.

– The obtained results provide a rational limit for tying 
the results of numerical calculations to the experimental 
results.

– Future analyses that incorporate the uncertainties of hull 
resistance and self-propulsion tests may make it possible 
to determine the quality of commercially offered powering 
predictions.
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AbstrAct

The modelling and simulation of planing craft manoeuvres requires coupled six degrees of freedom (6 DOF) motion 
equations. A coupled 6 DOF motion equation needs hundreds of manoeuvring hydrodynamic coefficients (MHCs) 
that are mostly determined using the planar motion mechanism (PMM) test. The number of test runs is too high, 
unless a kind of simplification is imposed to the motion equations. This study modifies 6 DOF motion equations to 
4+2 DOF motion equations in which heave and pitch equations are replaced by dynamic draught and trim (so-called 
running attitude), respectively. The method is applicable for a manoeuvre that commences in the planing regime and 
ends in the same regime. On that basis, the PMM test is conducted and the model is restrained in the vertical plane 
at a certain running attitude, determined by a resistance test. The 4+2 DOF method, together with MHCs from the 
PMM test, are employed for the simulation of turning manoeuvres of a 25° prismatic planing hull. The results of the 
simulation indicate that the 4+2 DOF method reasonably predicts the path of the craft during the turning manoeuvre 
and cuts the number of PMM tests required at the same time. The PMM test results show that MHCs are highly related 
to forward speed and wetted surfaces. The turning manoeuvre simulation shows that the non-linear terms of MHCs 
cannot be ignored. The STD/L (Steady Turning Diameter divided by Length of the craft) for a planing craft is very 
large, compared to ships.

Keywords: Mathematical modelling, turning manoeuvre, planing craft, 4+2 DOF method, PMM test, planing regime

INTRODUCTION

Planing craft are a kind of high-speed craft whose weights are 
almost totally supported by the hydrodynamic lift force in the 
planing regime. This allows them to reach a very high speed. Their 
small size, in conjunction with very high speed, makes them quite 
agile compared to ships. For planing craft, the propeller shaft is 
typically steerable, which plays the role of the rudder. Thus, it 
provides a very fast steering system to the planing craft. A justified 
expectation from a fast vessel is a very good manoeuvrability, 

which is principally true. However, a marginal steering system 
malfunction, as well as any mishandling by the wheelman, may 
lead to a high-energy crash and/or vessel capsizing. Thus, the 
manoeuvrability of planing craft plays a major role in achieving 
the sufficient level of safety. 

An evaluation of ship manoeuvrability usually relies on 
different methods, such as mathematical formulations, numerical 
simulations, model experiments and full-scale tests. The 
mathematical formulation for the manoeuvres includes a system 
of 3 degrees of freedom (DOF) or 4 DOF motion equations. 

https://orcid.org/0000-0002-8164-403X
https://orcid.org/0000-0002-4796-9674
https://orcid.org/0000-0003-1333-6059
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The equations consist of many manoeuvring hydrodynamic 
coefficients. Generally, MHCs comprise many linear and non-
linear force coefficients and some of them are coupling terms. 
They are mainly determined by captive model tests, empirical 
formulas and, recently, computational fluid dynamics (CFD)-
based simulations. The number of planar motion mechanism 
test runs for a ship may be as many as two hundred runs (see 
Yasukawa and Yoshimura [1]). The manoeuvrability of ships 
is essentially a development issue, where ITTC [2] has already 
recommended a PMM test procedure for performing model tests.

Many studies have been conducted on the evaluation of 
manoeuvrability and MHCs extraction of ships using numerical 
simulations, mathematical models, and experimental and sea-
trial approaches. Recently, Sutulo and Soares [3] investigated 
the available empirical methods for the prediction of ship 
manoeuvring. They concluded that a general application of 
universal empirical methods can lead to unacceptably large 
discrepancies and this method must be used with great care, 
preferably tuned on prototype ships. Yasuakawa [4] conducted 
captive model tests for a car carrier in the proximity of a sloped 

bank with variations in water depth, distances between the 
ship hull and the bank, hull drift angle and heel angle, to 
investigate course stability. Taimuri et al. [5] presented a modular 
mathematical model and a technique for the estimation of 
manoeuvring trajectories and motion time histories of single and 
twin-screw propulsion ships, in which MHCs should be extracted 
from PMM tests or semi-empirical relations. Ni et al. [6] proposed 
the mathematical model for heave and pitch motion in regular 
waves to improve the manoeuvring behaviour of a maritime 
simulator. The multi-parameter conformal mapping method was 
adopted to solve the hydrodynamic problem of ships’ transverse 
sections The integration of the hydrodynamic coefficients and 
the wave exciting forces for the ship hull was then obtained using 
the strip method. Yiew et al. [7] developed a real-time method to 
simulate vessel manoeuvring in waves. As a benchmark, MHCs 
of a KCS hull were estimated using URANS-CFD generated 
manoeuvers in regular waves over a range of incidence angles, 
wavelengths, and Froude numbers. The estimated wave loads, 
together with rudder and propeller forces, were prescribed in 
the mathematical manoeuvring model. Kołodziej and Hoffmann 

NOMENCLATURE

Δ Mass of planing craft (kg)
L Length overall (m)
B Breadth (m)
β Deadrise angle (degrees)
CG Centre of gravity
LCG Longitudinal centre of gravity from transom (m)
VCG Vertical centre of gravity from keel (m)
Ixx Roll moment of inertia (kg.m2)
Izz Yaw moment of inertia (kg.m2)
Ixz Yaw-roll moment of inertia (kg.m2)
V Forward speed (m/s)
Lk Wetted keel length (m)
Lc Wetted chine length (m)
Fr Froude number (Fr = V/ )
Cv Speed coefficient (Cv =V/ )
X Force in surge direction (N)
Y Force in sway direction (N)
K Moment in roll direction (N.m)
N Moment in yaw direction (N.m)
u Surge velocity (m/s)
v Sway velocity (m/s)
u. Surge acceleration (m/s2)
v. Sway acceleration (m/s2)
ϕ Roll angle (degrees or radians)
θ Pitch angle (degrees or radians)
z Heave displacement (m)
w Heave velocity (m)
w. Heave acceleration (m/s2)
p Roll velocity (degrees/s or radians/s)
p. Roll acceleration (degrees/s2 or radians/s2)
r Yaw velocity (degrees/s or radians/s)
r. Yaw acceleration (degrees/s2 or radians/s2)
Xthrust Thrust force in surge direction (N)

Yrudder Rudder force in sway direction (N)
Krudder Rudder force in roll direction (N.m)
Nrudder Rudder force in yaw direction (N.m)
Rt(V) Resistance force (N)
Xu Surge force change due to surge velocity change (N.s/m)
Xu. Surge force change due to surge acceleration change (kg)
Xθ Surge force change due to pitch motion change (N)
Xz Surge force change due to heave motion change (N/m)
Xv Surge force change due to sway velocity change (N.s/m)
Xv. Surge force change due to sway acceleration change (kg)
Xr Surge force change due to yaw velocity change (N.s)
Xr. Surge force change due to yaw acceleration change (N.s2)
Xϕ Surge force change due to roll motion change (N)
Xp Surge force change due to roll velocity change (N.s)
Xp. Surge force change due to roll acceleration change (N.s2)
Yv Sway force change due to sway speed change (N.s/m)
Yv. Sway force change due to sway acceleration change (kg)
Yϕ Sway force change due to roll displacement change (N)
Yr Sway force change due to yaw velocity change (N.s)
Yr. Sway force change due to yaw acceleration change (N.s2)
Kϕ Roll moment change due to roll displacement change (N.m)
Kp Roll moment change due to roll velocity change (N.m.s)
Kp. Roll moment change due to roll acceleration change (N.m.s2)
Kv Roll moment change due to sway speed change (N.s)
Kr Roll moment change due to yaw speed change (N.m.s)
Nr Yaw moment change due to yaw speed change (N.m.s)
Nr. Yaw moment change due to yaw acceleration change (N.m.s2)
Nϕ Yaw moment change due to roll displacement change (N.m)
Nv Yaw moment change due to sway speed change (N.s)
Nv. Yaw moment change due to sway acceleration change (N.m.s)
fx Non-linear terms of hydrodynamic forces in surge direction
fy Non-linear terms of hydrodynamic forces in sway direction
fK Non-linear terms of hydrodynamic forces in roll direction
fN Non-linear terms of hydrodynamic forces in yaw direction
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[8] presented an attempt to develop a computational method for 
ship manoeuvrability prediction, in which the hydrodynamic 
characteristics of the hull are identified using a CFD method by 
simulating the circular motion test. 

The running attitude is defined as the draught and trim change 
of a marine vessel due to forward speed change. Since ships 
have a negligible running attitude while doing manoeuvres, 
4 DOF motion equations (where heave and pitch equations are 
ignored) effectively simulate their manoeuvrability. However, the 
running attitude of a planing craft varies as the forward speed 
changes while doing manoeuvres. Figure 1 depicts a planing 
craft in a turning manoeuvre in five instants. It is in a steady 
straight path at a certain speed (V0) and attitude in the planing 
regime (1). A turning manoeuvre commences by applying the 
steering force (using a rudder, azimuth thruster, water jet or 
steerable propeller shaft), and the speed, attitude and path begin 
to change (2). In the middle of the turn, the speed changes to 
V1, the attitude proportionally changes and the path follows an 
arc (3). The craft reaches a steady speed (V2), an appropriate 
attitude and almost a circular path (4). The steady condition 
continues to a yaw angle of 180° at the same steady speed of 
V2 and corresponding attitude (5). The under-water part of the 
craft rapidly varies, in proportion to the running attitude, which 
leads to a rapid change in the projected wetted area, as shown in 
Fig. 1(b). The hydrodynamic forces, due to sway, roll and yaw 
motions, are related to the projected wetted area. Consequently, 
6 DOF motion equations, all of them being coupled to each other, 
must be employed for a planing craft manoeuvre. 

Fig. 1. A scheme of attitude change of a planing craft during turning 
(1: steady straight path, 2: start of manoeuvre, 3: non-steady path, 

4: steady turn, and 5: 180° turning)

Several studies have been conducted on the manoeuvrability 
of planing craft for the extraction of the MHCs, where the 
running attitude was taken into consideration as a parameter. 
Henry [9] investigated hydrodynamic forces in six directions 
acting on prismatic planing hulls using captive model tests. 
Henry conducted 863 runs for different conditions of forward 
speed, trim angle, draught, roll angle, yaw angle and rate.  

Plante et al. [10] simulated the manoeuvrability of a craft in 
the semi-planing regime using the 6 DOF motion equations 
presented by Toxopeus et al. [11]. The MHCs were extracted 
using the PMM test, where the model was fully restrained and 

forced into a manoeuvring motion, and forces were recorded 
in 6 DOF. The draught, trim angle, forward speed and sway 
and yaw velocities were systematically varied. They did not 
consider the roll motion coupling terms and conducted more 
than 300 test runs. Ikeda et al. [12] did a thorough study of 
hydrodynamic forces acting on a planing hull for six motions, 
by conducting 150 to 200 PMM static tests that considered the 
running attitude, roll angle and yaw angle as the only parameters. 
Katayama et al. [13] showed that the MHCs of planing hulls 
are not constant, as they alter as the craft speed changes during 
a manoeuvre. They concluded that the sway and yaw velocities 
and accelerations affect the running attitude during manoeuvres. 
Moreover, the experiments by Katayama et al. [14] on the turning 
diameter of a planing hull also supported their findings [13]. 
Katayama et al. [15] presented a 3 DOF mathematical model for 
the surge, sway and yaw motions during the manoeuvrability of 
a planing craft in the semi-planing regime. They extracted the 
MHCs for fixed and free rolling conditions at a certain forward 
speed but the number of test runs was not reported. 

Yasukawa et al. [16] presented 4 DOF motion equations, 
where the heave and pitch motions were disregarded, for 
a high-speed ship with a Froude Number from 0.6 to 1.0. They 
introduced a procedure for the calculation of the MHCs, where 
running attitude variation was considered with more than 100 
test runs for two forward speeds. Ircani et al. [17] simulated 
the manoeuvrability characteristics of a planing craft by a 4 
DOF mathematical model, where the heave and pitch motions 
were disregarded, based on a captive model test available in 
the open literature [9,13,14]. Hajizadeh et al. [18] simulated 
a planing craft manoeuvre by a 4 DOF mathematical model 
for a straight-line, course-changing and turning manoeuvres, 
using the MHCs in [19]. 

Tavakoli and Dashtimanesh [20] simulated a  turning 
manoeuvre for a planing craft using MCHs computed by a 2D+T 
method [21]. They solved 6 DOF motion equations in a strongly 
coupled condition. They simulated pure sway and pure yaw 
tests for two conditions of a fixed and free heave, pitch and roll 
[21]. Algrin and Bula [22] developed a 6 DOF mathematical 
model, in conjunction with the 2D+T method, to determine 
the MHCs. They investigated the influence of the main design 
parameters, such as the deadrise angle, LCG, VCG and forward 
speed, on turning and zigzag manoeuvres. 

The above literature review indicates that planing craft 
manoeuvre simulation requires 6 DOF motion equations to 
include the running attitude variation. The 6 DOF motion 
equations require as many as hundreds of MHCs, and each of 
them needs many experiments; all together, several thousand 
test runs are required. This is an expensive and time-consuming 
task, which is a major constraint for the development of planing 
craft manoeuvre modelling. A solution to this problem is to 
simplify the motion equations while preserving their generality 
at the same time. This solution should result in significantly 
decreasing the number of PMM tests. The present study is an 
attempt to simplify the motion equations and reduce the number 
of PMM test runs. An improved accuracy, as well as a reduction 
in the number of test runs, may be pursued in the introduced 
method, in the future. 
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where X, Y, Z, K, M and N are the hydrodynamic forces of the 
hull, propeller and rudder in the HCS. The hydrodynamic forces 
are generated as a result of motion displacements, velocities and 
accelerations. They may be expressed by first-order or higher-
order terms.

Although the heave and pitch strongly affect the four other 
motions during a manoeuvre, they are marginally affected by 
the four other motions. As far as the impact of the four other 
motions on the heave and pitch are concerned, one may conclude 
(from Sadati et al. [24]) that the yaw, sway and roll velocities 
are much smaller than the surge velocity during a  steady 
turning manoeuvre. Therefore, the heave and pitch motions are 
dominated by the surge velocity, which is almost equivalent to the 
speed of a craft. Additionally, Sadati et al. [24] showed that the 
trim angle in a straight path is almost equal to the pitch during 
a steady turning condition in the planing regime. 

For the sake of simplicity, the heave and pitch motion 
equations are replaced by the rise-up and dynamic trim that 
result from a conventional resistance test, as a function of 
forward speed. They may also be estimated by a regression 
method, such as that used by Savitsky [25]. Therefore, this 
study simplifies the 6 DOF motion equations by introducing 
4+2 DOF motion equations that include four dynamic motion 
equations of surge, sway, roll and yaw and two quasi-static 
motion equations of heave and pitch. Accordingly, Eq (1) can 
be rewritten as follows:

Hence, this study replaces 6 DOF motion equations by 4+2 
DOF motion equations, where the ‘4’ refers to surge, sway, roll 
and yaw motions and ‘2’ refers to a simplified form of heave 
and pitch motion equations. The simplified heave and pitch 
equations contain just heave and pitch displacements, and they 
are equivalent to a dynamic draught and trim that results from 
the craft’s forward speed in a straight path. In other words, the 
heave and pitch velocities and acceleration-induced forces on 
the six motions are ignored, due to their relatively marginal 
effects and to simplify the process. Meanwhile, the coupling 
between the heave and pitch displacements with four other 
motions is maintained. Following the 4+2 DOF method, a PMM 
test procedure is developed. In this procedure, a PMM test at 
each forward speed is conducted, in which the planing model is 
restrained for the running attitude that results from a resistance 
test at the same forward speed. The PMM test must be conducted 
for a range of forward speeds that the planing craft may encounter 
during the manoeuvre under consideration. Interpolation of the 
MHCs between the tested forward speeds is feasible for the rest 
of the forward speeds.

This study was conducted on a prismatic model with a 25° 
deadrise angle. Initially, the conventional resistance test was 
conducted on a range of forward speeds, and the heave and 
pitch displacements were recorded. Additionally, a set of PMM 
tests were performed on two forward speeds, which resulted in 
a set of crucial MHCs. The rest of the MHCs were calculated 
using a numerical method. Finally, the 4+2 DOF method was 
employed for a turning manoeuvre simulation, and the result of 
the simulation was then analysed. 

THE 4+2 DOF METHOD

Three coordinate systems are employed to define the planing 
craft manoeuvre, where the Earth-fixed coordinate system (ECS) 
and body-fixed coordinate system (BCS) are the same as those 
for ships [23]; the hydrodynamic coordinate system (HCS) is an 
additional coordinate system. The HCS contains four motions: 
three translational motions (surge, sway and heave) and one 
angular motion (yaw). The origin of this system is always located 
at the centre of gravity of the planing craft. The ECS, BCS and 
HCS are denoted by X0Y0Z0, ξγζ and xyz, respectively. 

Figure 2 shows a trajectory for a planing craft that starts on 
a straight path at the origin of the ECS, has a forward speed 
of V0, and arrives at a new point, where its speed changes to V 
(a parameter that is composed of u and v and defined in the 
HCS). The angle between the path of the craft and x-axis is the 
drift angle, β. The parameter ψ indicates the yaw angle with 
respect to the heading of the craft at the start of a manoeuvre. 

Using Newton’s second law in the HCS, the six coupled 
motion equations for the planing craft manoeuvre can be written 
as follows [19]: 
    Δu. – Δvr = X
    Δv. – Δur = Y
   Δw.  = Z
    Ixx p. – Ixz r. = K
    Iγγ q.  = M

 Izz r. – Ixz p. = N          (1)

Fig. 2. Definitions of the ECS, BCS and HCS

 Δu. –Δvr = Xuu+Xu.u. +Xθθ+Xzz+Xthrust+fx

 Δv. –Δur = Yvv+Yv.v. +Yϕϕ+Yp p+Yp. p. +Yrr+Yr.r. +Yrudder+fy

 z(v): Extracted from resistance test
 Ixx p.  –Ixzr. = Kϕϕ+Kp p+Kp. p. +Kvv+Kv.v. +Krr+Kr.r. +Krudder+fk

 θ(v): Extracted from resistance test
 Izzr.  –Ixz p. = Nrr+Nr.r. +Nϕϕ+Np p+Np. p. +Nvv+Nv.v. +Nrudder+fN

   (2)
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where fx, fy, fk and fN are non-linear terms for hydrodynamic 
forces in surge, sway, roll and yaw directions, respectively. The 
non-linear terms are extracted in the sections following the 
PMM test results. Effects of the transverse motion (sway-roll-
yaw) on the surge motion are ignored, which results in omitting 
those terms representing transverse forces on fx (i.e. Xvvv

2, Xv.v.v
.2, 

Xrrr
2, Xr.r.r

.2, Xϕϕϕ2, Xppp
2, Xp.p. p

.2 and the higher orders) [16]. The  
Xuu + Xθθ + Xzz terms in the surge equation and the non-
linear terms in fx, are replaced by the drag force, measured by 
a resistance test, Rt(u).

The coupling between the longitudinal and transverse 
motions is maintained if the MHCs for the surge, sway, roll 
and yaw motions are related to the forward speed and running 
attitude. The instantaneous under-water parts of a planing craft 
are determined by its dynamic draught and trim, which are 
heave and pitch displacements, respectively. The projected 
wetted area dominates the hydrodynamic forces for the four 
other motions, which is why the heave and pitch motions 
strongly affect them (see Fig. 1(b)). Moreover, to simplify the 
equations, the coupling between sway, roll and yaw are ignored, 
which can be considered in future studies.

Following the 4+2 DOF method represented in Eq. (2), 
a PMM test procedure is developed that requires fewer PMM 
test runs. In this procedure, a PMM test at each forward speed 
is conducted in which the planing hull is restrained to the 
running attitude that results from a resistance test for a given 
forward speed. The PMM test must be conducted for the range 
of forward speeds that the planing craft may encounter during 
the manoeuvre under consideration. Interpolation of the MHCs 
between the tested forward speeds is achievable for the rest of 
the forward speeds. A scheme of the 4+2 DOF method and 
PMM test procedure is illustrated in Fig. 3. 

Fig. 3. MHC extraction using PMM test and interpolation following the 
4+2 DOF method

PROPULSION AND CONTROL FORCES

Planing craft benefit from surface drive systems, where the 
control system consists of either a trimmable and steerable 
propeller or a trimmable propeller together with a conventional 
rudder (Fig. 4). Figure 5 illustrates the thrust and control forces 
on a planing craft in a manoeuvre where the trimmable and 
steerable propeller is employed. The craft has a dynamic trim 
of τ, and the propeller shaft has a trim of γ and is steered by δR.

According to Fig. 5, the thrust and control force components 
in the four motion equations of Eq. (2) in HCS may be written 
as follows:
    Xthrust = T cos (γ + τ) cos δR
    Yrudder = T cos (γ + τ) sin δR
    Krudder = T cos (γ + τ) zT sin δR
    Nrudder = T cos (γ + τ) xT sin δR

   (3)

where T is the thrust force, and xT and zT are x and z coordinates 
of the thrust force with respect to the centre of gravity, 
respectively. 

MANOEUVRING HYDRODYNAMIC 
COEFFICIENTS

Following the 4+2 DOF method, a  set of PMM test 
were conducted at the National Iranian Marine Laboratory 
(NIMALA) for several MHCs. The NIMALA is a well-equipped 
hydrodynamic laboratory for ships, planing craft and offshore 
structures; it contains a large towing tank of 400 m length 
and carriage speed of 18 m/s. It has a PMM that provides the 
possibility of static and dynamic captive model tests for ships 
and planing hulls. Due to dynamometer characteristics, the roll 
induced hydrodynamic coefficients were not recorded. For this 
study, the PMM tests are employed for MHCs related to sway 
and yaw velocities and accelerations, and the rest of them are 
numerically evaluated.

A prismatic planing model is chosen for the simulation. 
Following Fridsma body lines [27], a model of 25° deadrise 
angle was selected for the study (Fig. 6). Table 1 shows the main 
characteristics of the model. It should be noted that the mass 
moments of inertia are measured in the BCS and are almost 
equal to the mass moments of inertia in the HCS [19].

Fig. 4. Steering system of the planing craft [26]

Fig. 5. Thrust and control forces for a surface drive system



POLISH MARITIME RESEARCH, No 4/2022 17

Fig. 6. 25° prismatic model 

Tab. 1. Characteristics of the model

Parameter Value

Deadrise angle 25°

LOA 1.500 (m)

LWL 1.430 (m)

B 0.300 (m)

T 0.376 (m)

LCG from transom 0.615 (m)

Δ 16.450 (kg)

P 1002 (kg/m2)

Radius of gyration 0.375 (m)

Iξξ 0.160 (kg.m2)

Iζζ 2.313 (kg.m2)

RESISTANCE TEST

Upon considering the 4+2 DOF method given in Eq. (2) and 
assuming that the hydrodynamic forces of planing hulls are 
speed dependent, the model is restrained in a vertical plane at 
a certain attitude. The running attitude of the model, namely the 
heave and pitch displacements, is determined by conventional 
resistance testing at a given forward speed. Table 2 shows the 
results of the resistance tests.

Tab. 2. Results of resistance tests

V (m/s) Rt (N) θ (degrees) z (m) Lk (m) Lc (m)

5.00 26.49 3.98 0.01842 1.303 0.452

5.75 28.61 4.14 0.02428 1.274 0.367

PMM TEST

Both static and dynamic PMM tests were conducted at two 
forward speeds of 5.00 and 5.75 m/s. The model was restrained 
by the PMM apparatus at fixed running attitudes, as given in 
Table 2. Table 3 shows the testing scenario and Fig. 7 shows 
the model during a pure yaw test.

Fig. 7. Model during a pure yaw test

Tab. 3. PMM test scenario

Static drift test

Forward speed (m/s) Drift angle (degrees) Number of tests

5.00 and 5.75 0, ±2, ±4, ±6, ±8 and ±10 20

Pure sway test

Forward speed 
(m/s)

Sway amp.  
(m)

Frequency  
(Hz)

Number  
of tests

5.00 and 5.75 0.5 0.15, 0.20, 0.25 
and 0.30 8

Pure yaw test

Forward 
speed (m/s)

Yaw amp. 
at V=5 m/s 
(degrees)

Yaw amp. at 
V=5.75 m/s 

(degrees)
Frequency

(Hz)
Number 
of tests

5.00 and 
5.75

5.40, 7.20, 
9.00 and 

10.80

4.70, 6.25, 
7.83 and 

9.39

0.15, 0.20, 
0.25 and 

0.30
8

Static drift test
Figure 8 illustrates the results from the static drift tests 

conducted according to Table 3, at drift angles of 0°, ±2°, ±4°, 
±6°, ±8° and ±10°. These drift angles (with respect to v = –Vsinβ) 
lead to the sway velocities presented in Table 4. As shown in Fig. 
6, both the sway force and yaw moment are functions of sway 
velocity which follow a non-linear curve that corresponds to 
the cubic polynomial, resulting in Yv, Yvvv, Nv and Nvvv. 

Tab, 4. The sway velocity in static drift test

Forward 
Speed 
(m/s)

Drift angle  
(degrees)

Sway velocity  
(m/s)

5.00 0, ±2, ±4, ±6, ±8  
and ±10

0, ±0.175, ±0.349, ±0.523, ±0.696  
and ±0.868

5.75 0, ±2, ±4, ±6, ±8  
and ±10

0, ±0.201, ±0.401, ±0.601, ±0.800  
and ±0.998

Fig. 8. Static drift force at two forward speeds
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Pure sway test
Referring to Table 3, the pure sway test was conducted at 

oscillation frequencies of 0.15, 0.20, 0.25 and 0.30 Hz and a sway 
amplitude of 0.5 m, resulting in the sway acceleration given in 
Table 5. Figure 9 illustrates the pure sway test results as a function 
of sway acceleration. The sway force is almost a linear function 
of the sway acceleration, which results in the linear term Yv.. 
Following the curve fitting, the yaw moment is a third-degree 
polynomial function of the sway acceleration, which yields Nv. 
and Nv.v.v..

Tab. 5. The sway acceleration in pure sway test

Forward 
Speed 
(m/s)

Sway 
amp.  
(m)

Frequency  
(Hz)

Sway acceleration  
(m/s2)

5.00 0.5 0.15, 0.20, 0.25 
and 0.30

±0.444, ±0.790, ±1.234, 
±1.777

5.75 0,5 0.15, 0.20, 0.25 
and 0.30

±0.444, ±0.790, ±1.234, 
±1.777

Fig. 9. Pure sway test at two forward speeds

Pure yaw test
Regarding Table 3, the pure yaw test is conducted at a sway 

amplitude of 0.5 m, frequencies of 0.15, 0.20, 0.25 and 0.30 Hz 
and yaw amplitudes of 4.70°, 6.25°, 7.83° and 9.39°. The tests were 
conducted at the yaw velocities and accelerations shown in Table 6. 
Figure 10 demonstrates the yaw velocity induced forces on the 
sway and yaw motions. Using curve fitting, the sway force and yaw 
moment are third-degree polynomial functions of the yaw velocity.

Tab. 6. The yaw velocity and acceleration in pure yaw test

Forward 
Speed
(m/s)

Frequency
(Hz)

Yaw amp.
(degrees)

Yaw velocity
(m/s)

Yaw 
acceleration

(m/s2)

5.00
0.15, 0.20, 
0.25 and 

0.30

5.40, 7.20, 
9.00 and 

10.80

±0.089, ±0.158, 
±0.247 and 

±0.355

±0.084, ±0.198, 
±0.388 and 

±0.670

5.75
0.15, 0.20, 
0.25 and 

0.30

4.70, 6.25, 
7.83 and 

9.39

±0.077, ±0.137, 
±0.215 and 

±0.309

±0.073, ±0.172, 
±0.337 and 

±0.582

Fig. 10. Pure yaw test for yaw velocity at two forward speeds

Figure 11 presents the sway force and yaw moment versus the 
yaw acceleration. The yaw moment is approximated as a linear 
function of the yaw acceleration, i.e. Nr. . Through curve fitting, 
the sway force is approximated by a cubic polynomial of the yaw 
acceleration, i.e. Yr. and Yr.r.r.. 

Fig. 11. Pure yaw test for yaw acceleration at two forward speeds

MHCs calculated from the PMM test
Following the above details, the MHCs induced by the sway 

and yaw velocities and accelerations are summarised in Table 7. 

Tab. 7. MHCs for the 25o prismatic model calculated from the PMM tests

ROLL INDUCED MHCS

Slender body theory may be utilised for the evaluation of 
certain MHCs. Referring to Sadati et al. [28], Appendix 1 presents 
the principles and the formulas for the calculation of MHCs for 
two-dimensional wedge sections, using the water entry problem 
for the asymmetric wedges. Based on Appendix 1, a computer 
code was developed, where the inputs are V, Lk, β, ϕ, and θ, and 
the outputs are the roll-induced forces on the sway, roll and yaw 
motions, e.g. Yϕ, Nϕ, Kϕ and their higher orders, respectively. The 
computer code is employed for the 25° prismatic model at roll 
angles of 0°, ±2°, ±4°, ±6°, ±8° and ±10° at forward speeds of 5.00 

No. MHC Dimension V=5.00 (m/s) V=5.75 (m/s)

1 Yv N.s/m -52.1660 -51.0590

2 Yvvv N.s3/m3 -26.9240 -18.0090

3 Nv N.s -1.0858 -2.8983

4 Nvvv N.s3/m2 8.7667 7.3440

5 Yv. kg -26.0970 -24.0040

6 Nv. N.s2 1.0705 0.3437

8 Nv.v.v. N.s3/m2 0.6579 0.4941

9 Yr N.s -12.7850 56.2585

10 Yrrr N.s3 152.1700 -731.8400

11 Nr N.m.s -5.1717 -3.8114

12 Nrrr N.m.s3 24.5950 -29.9710

13 Yr. N.s2 -36.5520 6.2713

14 Yr.r.r. N.s6 16.4030 -22.7920

15 Nr. N.m.s2 -2.0112 -1.8862
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and 5.75 m/s. Figure 12 shows the roll induced sway force, roll 
moment and yaw moment as a function of the roll angle. Table 8 
shows the calculated MHCs at two forward speeds. As shown, 
the linear term reasonably represents the considered MHCs in 
the model over a practical range of roll angles (less than 10°).

Fig. 12. Roll angle induced forces using the 2D+T method at two forward speeds

Tab. 8. Roll angle induced MHC for the 25° prismatic model

No. MHC Dimension V=5.00 (m/s) V=5.75 (m/s)

1 Yϕ N/rad 179.3700 213.6900

2 Kϕ N.m/rad -37.3890 -45.3740

3 Nϕ N.m/rad -1.7382 -7.9092

SIMULATION OF THE TURNING 
MANOEUVRE USING THE 4+2 DOF 

METHOD
Simulation of the turning manoeuvre based on the 4+2 

DOF method requires a computer code, all MHC terms and 
the propulsion and control forces. In this section, they are 
considered for the 25° prismatic model. A computer code is 
developed based on the procedure shown in Fig. 13. 

MHCS

To simulate a turning manoeuvre, many MHCs are required; 
several of them are calculated from experiments and the 2D+T 
method, as described in the previous section. The rest of them 
are collected from other applicable studies. Zeratagar et al. [29] 
tested the same 25° prismatic model and reported the surge 
added massfor 1.454 and 1.222 kg at forward speeds of 5.00 and 
5.75 m/s, respectively. Lewandowski [19] suggested regression 
equations for a set of roll-induced MHCs, such as Kp , Kp

.  and Kv 
where Yp , Yp

.  , Np , Np
.  , Kv

. , Kr and Kr
. were regarded as being zero. 

The surge added mass anticipated by Zeratagar et al. [29] and 
some of the roll induced MHCs, estimated by Lewandowski [19], 
are employed in the simulation.  

ACCOMPLISHED MANOEUVRE MOTION EQUATIONS 
FOR THE 4+2 DOF METHOD 

The PMM tests and 2D+t method, along with the available 
MHCs from the literature, provided a set of linear and non-
linear MHCs. It should be noted that the motion equations based 
on Newton’s second law are written for linear accelerations. 
Therefore, the non-linear terms of MHCs due to acceleration 
are considered to be zero in the motion equations. Following 
the results and analysis from the PMM tests and simulations, 
non-linear terms for the MHCs, namely fx, fy, fk and fN, are 
given in Table 7 and 8. Finally, the 4+2 DOF motion equations 
are as follows:

RESULTS AND DISCUSSION

A computer code was developed in MATLAB software, 
according to an algorithm, as per Fig. 13 and Eq. (4). It should 
be noted that the non-linear terms in Eq. (4) are particularly 
applicable to the 25° prismatic model. For any new planing 
craft, they must be determined appropriately.

Fig. 13. Simulation Procedure

 Δu. –Δvr = Rt(u)+Xu.u. +Tcos(γ+τ)cosδR
 Δv. –Δur = Yvv+Yvvvv3 +Yv.v. +Yϕϕ+Yp p+Yp. p. +Yrr+Yrrrr3+ 
 Yr.r. +Tcos(γ+τ)sinδR
 z(v): Extracted from resistance test
 Ixx p.  –Ixzr. = Kϕϕ+Kp p+Kp. p. +Kvv+Kv.v. +Krr+Kr.r. + 
 Tcos(γ+τ)zT sinδR
 θ(v): Extracted from resistance test
 Izzr.  –Ixz p. = Nrr+Nrrrr3+Nr.r. +Nϕϕ+Np p+Np. p. +Nvv+ 
 Nvvvv3 +Tcos(γ+τ)xT sinδR

   (4)
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Simulation of a turning manoeuver with the 25°  
prismatic model

A  turning manoeuvre for the 25° prismatic model was 
simulated. It commenced with the model moving in a straight 
path at a forward speed of 5.75 m/s (Fr = 1.5) in a steady condition. 
It continued by changing the steering angle to 10° with a rate of 
1.5 degrees/s. Figure 14 depicts the trajectory of the model in 
the ECS. The STD is about 29.5 m, which is equal to a STD/L of 
19.66, which is relatively large in comparison to that for ships. 

Fig. 14. Turning manoeuvre trajectory at 5.75 m/s and steering angle of 10°

Figure 15 shows the surge acceleration and velocity versus time. 
The surge encounters a sharp deceleration in 7 s. Then, it smoothly 
returns to zero, as expected. This indicates that the steering force 
is dominant for the planing craft, in contrast to the situation for 
ships. After a while, the surge velocity starts to diminish, and 
it finally becomes steady after 50 s. The surge velocity reduces 
about 0.54 m/s during the turning manoeuvre. One should note 
that the calculation assumes that the propulsion system provides 
a constant net thrust during the turning manoeuvre.

Figure 16 depicts the sway velocity and acceleration versus 
time. The 25° prismatic model transversely accelerates and reaches 
its maximum value after 3 s as the steering force rapidly generates 
and then quickly returns to zero. The sway velocity follows the 
acceleration tendency and starts from zero when the manoeuvre 
commences, and approaches -0.17 m/s in its steady condition. 
The sway motion comes to a steady condition as early as 30 s 
after the start of the manoeuvre. 

Figure 17 illustrates the yaw velocity and acceleration versus 
time. They follow the same trend as the sway velocity and 
acceleration. In the steady condition, the yaw velocity reaches 
21.7 degrees/s, while the yaw acceleration reaches zero. Figure 
18 shows the roll angle versus time. The roll angle starts at zero 
and reaches 6.8° at the steady condition. 

Figure 19(a) shows the forward speed, V, versus time. It 
loses 0.545 m/s of its initial value and reaches 5.205 m/s after 
35 s. Figure 19(b) shows the drift angle, β, versus time. The drift 

Fig. 15. Surge velocity and acceleration versus time

Fig. 16. Sway velocity and acceleration versus time
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angle starts at zero and approaches 1.9°. It seems that the drift 
angle reaches the steady condition after 40 s. 

It can be seen that all displacements and velocities reach 
constant values, while the acceleration becomes zero in the 
steady turning condition.

Effects of non-linear MHC terms  
on the turning parameters

For most physical phenomena, linear terms play the main 
role and justify ignoring non-linear terms. If non-linear terms 
are disregarded, the simulation is simplified and requires less 

Fig. 17. Yaw velocity and acceleration versus time

Fig. 19. Forward speed (a) and Drift angle (b) versus time

Fig. 18. Roll angle versus time
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effort. To investigate the significance of non-linear terms on 
the simulation results, the simulation was repeated with linear 
MHC terms only. Figure 20 compares the results of the linear 
and non-linear simulations at a forward speed of 5.75 m/s, 
steering angle of 7° and steering angle rate of 1.5 degrees/s. 
Although the considered steering angle is relatively small, the 
influence of the non-linear MHCs on the turning manoeuvres 
was significant. 

Verification
Verification of a simulation is typically achieved by comparing 

the results with those from manoeuvring trials of full-scale boats 
or a free-running model test. The prismatic models, such as the 
25° deadrise angle in this study, are benchmark hulls that have 
never been built as a planing boat. Additionally, a free-running 
model test of a planing boat is almost impossible, due to the need 
for a relatively large engine that is hard to accommodate in the 
model. The only solution is to conduct full-scale manoeuvring 
trials with an existing planing boat, to qualitatively verify the 
simulation results. 

We conducted full-scale manoeuvring tests on two boats 
(Case A and Case B) and the results have recently been published 
[24]. The boat in case A had a length of 15.4 m and a weight of 
11.0 tons. It is not possible to find out whether full-scale test 
runs fully complied with the simulations and of the several test 
runs, two of them were selected for qualitative verification; they 
were more compliant with the model data. The tests started at 
a forward speed of 38.5 knots (Fr = 1.61) and rudder angles 
of 14° and 20°. The trajectories of the turning manoeuvre are 
illustrated in Fig. 21, where the STD/L was 34.00 and 17.80 at 
a rudder angle of 14° and 20°, respectively. The forward speed 
decreased to 34.00 and 30.00 knots at a rudder angle of 14° and 
20°, respectively [24]. 

The boat in Case B had a length of 7.9 m and a weight of 3.0 
tons. One of the turning tests of Case B starts and ends in the 
planing regime. The test starts at a forward speed of 36.5 knots 
(Fr = 2.13) and rudder angle of 10°. Figure 22 shows the path 
of the turning manoeuvre where STD/L was 34.9. The forward 
speed decreased from 36.50 knots to 29.5 knots [24]. 

Despite the dissimilarities between the 25° prismatic model 

and planing boats, in terms of geometries and control systems, 
an inherent similarity may be observed by comparing Fig. 13 
with Fig. 21 and 22. It may be concluded that the full-scale 
manoeuvring trials qualitatively support the 4+2 DOF method.

Fig. 20. Effects of non-linear MHC terms on the turning manoeuvre at 5.75 m/s and steering angle of 7°

Fig. 21. Non-dimensional path of turning manoeuvre of Case A at rudder 
angles of 14° (blue) and 20° (red) [24]

Fig. 22. Non-dimensional path of turning manoeuvre of Case B 
at rudder angle of 10° [24]
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CONCLUSIONS

In this study, standard 6 DOF motion equations for planing 
craft manoeuvres are developed in the form of 4+2 DOF motion 
equations, including heave and pitch motions in a simplified 
form, to ease the simulation requirements. The developed 
method is applicable for those simulations which commence 
in the planing regime and ends in the same regime. Based on 
the 4+2 DOF method, a PMM test set-up is developed and 
conducted on a 25° prismatic hull. The conclusions of this 
study are as follows:

∙  The 4+2 DOF method effectively simplifies planing craft 
manoeuvre simulations and decreases the number of PMM 
tests.

∙  According to PMM test results, MHCs are highly related 
to forward speed and wetted surfaces.

∙  The non-linear terms of MHCs cannot be ignored for 
simulation of manoeuvrability.

∙  The STD/L for a planing craft is very large (about 30), 
compared to ships (about 5), if the turning manoeuvre is 
conducted in the planing regime and ended in the same 
regime.
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APPENDIX 1

FORMULATION OF ROLL INDUCED MHCS USING 
WATER ENTRY FOR 2-D WEDGE SECTIONS 
AND THE SLENDER BODY METHOD

Several studies were undertaken for the calculation of 
MHCs, based on the slender body method. Tascon et al. 
[30] studied the application of the slender body method for 
the computation of hydrodynamic forces acting on a planing 
hull. They utilised commercial CFD software, Star CCM+®, to 
obtain the force distribution on a rolled wedge impacting the 
water surface and having vertical and horizontal velocities. Then, 
the forces on the two-dimensional wedge sections were integrated 
along the length of the craft, which resulted in the hydrodynamic 
forces. Morabito [31] employed a two-dimensional oblique 
impact model on a three-dimensional planing body using the 
slender body theory for an estimation of the planing hull side 
force as a function of the sway velocity.

Following the above methods, a static roll test was simulated 
for the calculation of Yϕ, Kϕ and Nϕ, based on a solution for 
an asymmetric water entry for the 2-D wedges. The problem 
considered here is the roll displacement, ϕ, and induced 
hydrodynamic forces on the sway, roll and yaw motion. Algarin 
and Tascon [33] considered the water entry problem for 2-D 
wedges at a vertical speed of w and acceleration of w.  at the 
asymmetric condition defined in Figure 1. The pressure on 
each side of the wedge is as follows:

  (1)
where c and c. are the wetted beam and its rate, respectively. 
Also, μ and μ. are defined as asymmetric parameters and their 
rates, as follows [33]:

   μ =  (C1 – C2)

    μ. =  (C. 1 – C. 2)         (2)
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Figure 1. Definition of parameters for the water entry problem 
for a wedge in an asymmetric condition. 

For a planing craft during rolling, each section may face three 
conditions: un-wetted chine of both sides; wetted chine of one 
side and un-wetted chine of the other side; and wetted chine 
of both sides. As a chine becomes wet, the term w.  decreases 
to zero, the pressure at the chine decreases to zero and Eq (1) 
is modified accordingly. At a given pair of forward speeds and 
roll angles, each section along the wetted keel length (Lk) is 
determined as a chine with a wetted or un-wetted section. The 
pressure evaluated by Eq (1) is integrated around both sides of 
a section and forces, f1 and f2, and the centre of forces, yc1, yc2, 
zc1 and zc2, are calculated as follows:

f1 = ∫0

b1/cosβ P.dl  and  f2 = ∫0

b2/cosβ P.dl  (3)

yc1 = cosβ  and  yc2 =  cosβ (4)

zc1 =  sinβ  and  zc2 =  sinβ (5)

f
→

 = f
→

1 + f
→

2       (6)

fy1 = – f1 sinβ  and  fy2 = – f2 sinβ   (7)

fz1 = – f1 cosβ  and  fz2 = – f2 cosβ   (8)

mx= –fy1∙(VCG–zc1)–fy2∙(VCG–zc2)–fz1 yc1+ fz2 yc2 (9)

where f
→

 is the resultant force vector, fy1, fy2, fz1 and fz2 are force 
components, and mx is the moment of each section. The total 
force induced by the roll angle on the sway, roll and yaw motion 
are approximated by an integration of the section forces along 
the wetted keel length:

fy = fy1+ fy2  →  Y = ∫0

Lk fy dx   (10)

K = ∫0

Lk mx dx        (11)

N = ∫0

Lk xfy dx        (12)

where Y, K and N are roll-induced forces on the sway, roll and 
yaw motions, respectively. 
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AbstrAct

As the maritime transport of containers continues to grow and container ships change in terms of design and construction, 
it is important to ensure the appropriate level of safety for this type of transport. Over the decades, the size and cargo 
capacity of container ships have been changing, and so have their manoeuvring restrictions and required stability 
criteria. It seems that changes in the regulations, technological development and increased stability requirements are 
not yielding satisfactory results – the causes of container ship accidents continue to show similar patterns. The present 
article refers to the problem of ensuring safety in sea container transport, with a particular focus on cargo processes. 
Its purpose is to determine cause-and-effect relations leading to the loss of containers at sea, and to develop a model 
of loading that could significantly raise the level of safety of container transport.
The article provides a general description of threats to ships related to weather conditions, loading methods or stability 
limitations. A statistical analysis of the occurrence of damage and/or loss of cargo from container ships was carried 
out and the risk of cargo loss was assessed on the basis of data from 2015‒2019. A Pareto diagram was used for this 
purpose. The authors present the concept of the container ship loading model, which may contribute to increasing the 
safety of shipping in the future.

Keywords: operations process modelling, safety management, container, loss of cargo, maritime transport, means of transport

introduction

The new standardised cargo unit, the container, revolutionised 
road and rail as well as sea transport. The International Maritime 
Organisation (IMO) does not define or specifically address 
container ships in its conventions. Nevertheless, the provisions 
of these international instruments apply to container ships, too. 
They are binding for container ships by defining requirements 
and standards for ‚cargo ships’. In most publications, a container 
ship is defined as a ship intended for the transport of containers, 
equipped with guides and designed to handle vertical loading 
and unloading [1, 2, 3].

Container ships are specialised ships, adapted to carry 
containers only. However, the various types of containers 
offer possibilities of carrying a wide variety of goods without 
changes in the ship structure [4]. The container market has been 
growing dynamically. Shipowners operating the largest number 
and size of container include A.P. Moller-Maersk Group, MSC 
Mediterranean Shipping Company S.A., CMA CGM S.A., China 
Ocean Shipping Company, Evergreen Lines, Hapag-Lloyd AG, 
Yang Ming Marine Transport Corporation, and United Arab 
Shipping Company [5, 6, 7].

To meet market requirements, operators are increasing 
the deadweight of container ships [8, 9]. However, due to the 
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limited size of manoeuvring areas, it is doubtful that the main 
dimensions and capacities can continue to be increased. Current 
developments are focused on increasing the efficiency of ports, 
perhaps leading in the future to unmanned terminals [10, 11]. 

As regards long-term trends, ship sizes and total productivity 
by country have increased over the years, while the number of 
shipping companies has dropped. The number of ships and TEU 
capacity are manifestations of increased container trade, which, 
however, negatively affects the safety of navigation, particularly in 
restricted areas [12]. The basic convention concerning container 
ships is the SOLAS Convention, regarding ships of this type as not 
requiring specific regulations and describing typical requirements 
related to the construction of container ships [13]. Additional 
requirements are included in resolutions, e.g. MS/Circular.608, 
concerning requirements for open slot container ships [14]. Set 
forth by the IMO, mandatory stability requirements are contained 
in the International Code on Intact Stability. These requirements 
were built on experience related to ship design and analysis of 
marine accidents. Container ships are particularly exposed to 
violent gusts of wind. The parameters of the lateral windage area 
depend on the number of tiers (layers) of containers on board. 
These ships will have various heeling arms depending on the tier 
height. However, the fulfilment of all the stability criteria does not 
guarantee the total safety of the ship. Therefore, it is important 
to avoid adverse weather conditions that may lead to, inter alia, 
shipping green water, shifting cargo or increased rolling [15, 20].

For ship safety, the process of loading containers is essential. 
The fast process of container ship loading excludes weighing 
each container. The container weight data can only be found in 
shipping documents. Observations made during many years of 
maritime practice by one of the co-authors of this publication allow 
for an estimate that containers often weigh more than is declared 
in documents (by as much as 7%). In addition, information on 
the distribution of cargo is not available, which necessitates the 
assumption that the centre of gravity is at 45% of the container 
height, and the intersection of the longitudinal and transverse axes 
is exactly in the middle of the container (the difference between 
the adopted data and reality is up to 9%) [16, 17].

Many potential problems may arise if the container’s 
declaration is incorrect. These include [18,19,20,21]:

•  wrong decisions concerning ship loading;
•  the need to relocate containers on board (and consequent 

delays and costs) if any of the stability parameters is found 
to be incorrect;

•  collapse of a container stack;
•  container falling overboard;
•  cargo liability claims;
•  damage to container bottom;
•  damage to a ship;
•  risk of partly lost stability due to significant load of ship;
•  risk of injury or death of seafarers and port workers;
•  failure of the integrity of the service schedule;
•  delays in handling the supply chain for shippers of correctly 

declared containers;
•  lost revenue and profits;
•  exclusion of cargo already confirmed when the declared 

weight of cargo, ship’s DWT capacity or maximum draft 

are exceeded by the real but incorrectly declared weight 
of cargo located on board;

•  change in the planned trim and draft, causing reduced ship’s 
efficiency, non-optimal fuel consumption and increased 
emissions of exhaust gases.

The IMO amended the SOLAS Convention so that a container 
may be loaded provided that its weight is first verified. Since 1 
July 2016 the shipper has been responsible for this requirement, 
and a container with unverified weight cannot be loaded on 
board.

The container ship is particularly exposed to fire during 
a sea voyage due to restricted access to the cargo carried. Fire 
is usually caused by cargo shifting, mixing and friction inside 
a container due to improper securing inside the container. 
As containers may shift and damage each other on deck, the 
contents are likely to get outside the box. This is particularly 
dangerous if IMO-class goods are carried, as they may react 
with water and other substances, causing a fire or explosion. 
Therefore, before a container ship is loaded, containers with 
dangerous goods are checked for their location relative to other 
boxes with IMO-class goods [22]. It should also be ensured 
that containers containing dangerous goods are not placed 
near reefer containers that, in case of failure, may release large 
quantities of water. Due to restricted access to containers, 
firefighting is very difficult. Often, the only way to extinguish 
fire of containers located below deck is by flooding the entire 
hold. Fire on deck can generally be limited only by using water 
cannons and water curtains. All in all, fire on a container ship 
is a dangerous event, frequently leading to losses of cargo, and 
the ship itself.

One essential consequence of accidents at sea is marine 
environment pollution: atmosphere (fire), water and coastal 
beaches (fuel and lubricating oils). The impact of a container 
ship accident on the natural environment can be really huge 
[23]. Apart from pollution by cargo, a sinking container ship 
may spill oil. That is what happened on 10 March 2016 after the 
container ship T.S. Taipei ran aground and broke apart, spilling 
441 m3 of diesel oil into the sea, causing extensive pollution of 
Taiwan’s shore [24]. 

The article aims to analyse the concept of a container ship 
loading model for enhancing shipping safety. Given the number 
of adverse events resulting in the loss of containers, it is difficult 
to work out solutions in safety systems that will fully satisfy 
existing needs. The article deals with the problem of ensuring 
the safety of cargo on container ships. The authors also indicate 
the causes and consequences of container loss.

The publication is structured as follows. ”The Materials 
and Methods” section contains a detailed description of the 
objective, the scope and the research method adopted. The next 
section includes a statistical analysis of occurrences of damage 
to and/or loss of cargo from container ships and their causes 
using Pareto‒Lorenz analysis. In the last section the authors 
consider the concept of a model of container ship loading, 
while the Conclusions refer to the presented considerations, 
indicating further directions of research aimed at raising safety 
on container ships.
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materials and methods

The main objective of the article is to present a concept of loading 
containers, with a particular focus on the causes and consequences 
of previous events at sea involving container ships, and indicating 
possible changes in cargo handling processes that may contribute 
to the minimisation of losses.  To achieve the adopted research 
objective, the article specifies three stages including analyses of the 
subject of the research, presented in Fig. 1.

Fig. 1. Research methodology diagram. Source: Authors’ study

Stage 1 consists in analysing the legal requirements for the 
safe transport of containers by sea. The relevant provisions 
of conventions addressing typical requirements for the 
construction of ships are taken into account.

Statistical analysis of containers lost for random causes and in 
catastrophic accidents is given in stage 2. The calculated weights 
of individual causes of damage and/or loss of containers indicate 
changes in the numbers of lost containers corresponding to 
variable weather conditions or other atypical events.

Stage 3 comprises an analysis of a container ship loading 
plan. It becomes clear that the creation and implementation of 
such a plan is a complex task, due to the restrictions of the ship 
itself, cargo handling gear and securing equipment, as well as 
weather conditions affecting the ship, human errors or incorrect 
declaration of cargo mass. The presented model of the loading 
concept introduces new elements that may contribute to greater 
safety and earlier determination of the actual stability of the ship.

This research makes use of various techniques and tools 
of data collection and analysis [25]. These include our own 
observations, good seamanship practice based on [13, 14, 
22], analysis of source materials or statistical analysis [24]. 
Descriptive statistical analysis was used in the work as 
a summary of the data set and led to basic conclusions and 
generalisations of the use of containers in the port and outside 
the port on vessels. The total analysed data from 97 transport 
units was based on [21].

Descriptive statistical analysis was performed with the use 
of data published in the work of Van Zwijnsvoorde [26] and 
also by FleetMon [21]. The scope of the research covered the 
years 2015‒2019, detailing information about accidents related 
to the loss of containers by a ship, divided by the location of the 
accident (regardless of the location of the event and in the port).

For the purposes of statistics, the main causes of damage 
and/or loss of containers were identified. These included:

a)  In port: bad weather conditions, list, loss of stability, 
technical failure, collision, fire, unknown, and

b)  Outside the port: loss of stability, crane collapse, failure 
during un/loading, crane operator’s error, fire, collision, 
unknown.

Then, based on the information provided by the FleetMon 
service, the examined accidents were assigned to the given 
causes, bearing in mind that one accident may have many 
causes.

Descriptive statistics examining the issue are presented in 
the form of tables and graphs.

The work also includes the Pareto‒Lorenz analysis. The Pareto 
principle, also known as the 80/20 principle, means that a small 
number of factors (20%) is responsible for most of the events 
(80%) induced by those factors. The tool allows a hierarchical 
arrangement of data based on their importance. Based on the 
Pareto‒Lorenz analysis, we can determine what preventive 
actions should be taken to reduce the impact of major causes, 
and, consequently, reduce the number of accidents [25].

The construction of the diagram is performed in the 
following phases [25,27]: completing information about the 
examined process, related to a specific problem; determining the 
quantity that can be used to measure the result of the operation 
process in terms of the problem under consideration; arranging 
information, based on the collected data and knowledge about 
the operation of containers and determination of the causes, 
due to their considerable impact on the result of the transport 
process; determination of the cumulative percentages of each 
cause; connection with a line of points corresponding to the 
cumulative values; and conducting the analysis of the graph 
to determine the group that has the highest priority impact 
(weight, importance) for the sea transport of containers.

The Pareto‒Lorenz analysis was used in the study to estimate 
the weight (importance) of individual causes of damage and/
or loss of containers outside and in the port. This analysis was 
done on the basis of questionnaires (the size of the analysed 
group was 90 people), and was included in the authors’ work.

Based on their experience and knowledge and the review 
of relevant literature [21], [28], the authors identified and 
presented problems related to safe handling of containers. To 
make the presented model with the introduced changes (in 
blue) feasible, all the participants in the loading process should 
be integrated more than before: planners, stevedores, crane 
operators, container-securing personnel and ship’s crew.

The last part of the article formulates conclusions and indicates 
directions of further research, focusing on the possibilities of 
using the latest technologies. These may facilitate the job of an 
officer responsible for loading by offering better access to updated 
information on the cargoes to be carried, their location on the 
ship and actual weight, allowing quick relocation if errors are 
found, such as failure to meet stability requirements.

results
statistical analysis of the occurrence of damage and/or 
loss of container ship cargo

Proper loading, storage and securing of containers and the 
correct declaration of cargo mass is of the utmost importance 
for the safety of the ship, crew and cargo, as well as land-
based workers, cargo handling facilities and the environment. 
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the data in 3-year periods, a sudden increase in the number of 
lost containers in the second period is visible (MOL Comfort, 
M/V Rena catastrophic accidents) and then their decrease in 
subsequent periods (despite the SS El Faro accident and the loss 
of 517 containers, as well as several accidents in 2018–2019, in 
which more than 100 containers were lost at once) (Fig. 3) [30].

Fig. 3. Summary of the number of containers lost between 2008 and 2019 [30]

These data indicate that the number of containers lost each year  
differs, which is, inter alia, related to variable weather conditions 
or other unusual events. It can also be concluded that most of 
the containers were lost due to catastrophic events.

Maritime accidents in this work and consequent losses of 
containers are divided into two categories, following the division 
of the WSC: for random causes and due to catastrophic accidents 
(more than 50 containers lost at a time).

The analysis was based on the list of accidents presented on 
the FleetMon website, including accidents from all over the 
world. However, it should be noted that shipowners frequently 
fail to inform the public about container losses for random 
causes. This will be visible in further data. 

The following analysis addresses accidents related to damage 
and/or loss of containers in the years 2015‒2019 (Fig. 4).

Fig. 4. Summary of container losses between 2015 and 2019.  
Own study based on [21]

By comparing the total number of containers lost in 2015 
and 2016 with the data presented by the WSC, we can clearly see 
discrepancies in the number of containers lost due to random 
causes and those lost in catastrophic events. This may indicate 
that shipowners intentionally do not reveal information on the 
loss of containers when such incidents do not leave any trace, 
such as broken securing, ship damage or shifted container tiers. 
The differences in the number of containers lost in catastrophic 

However, even after all the actions are executed properly, factors 
such as severe weather conditions, strong wind and rough sea, 
grounding, structural defects of hulls or collisions may lead to 
the loss of containers.

In the past it was virtually impossible to calculate the actual 
number of containers lost. For many years those figures were 
estimated, but not verified. It was estimated that as many as 10 
000 containers were lost yearly. To obtain more accurate data, 
in 2011 the World Shipping Council (WSC) started a survey 
involving its member organisations. They operate 80% of the 
global capacity of container ships, so information on their losses 
reflects annual global losses well.

In each of the surveys conducted in 2011, 2014 and 2017, 
member organisations were requested to specify the number of 
containers lost in the previous three years. The survey conducted 
in 2017 involved all member companies, representing 80% of 
the global container capacity. For the sake of the analysis, the 
WSC assumes that the losses suffered by the remaining 20% 
operators are similar to those of the organisations participating 
in the survey.

Some of the companies suffered no losses in the examined 
periods; others had catastrophic losses that, for the purpose of this 
analysis, were defined as a loss of more than 50 containers at a time. 
Catastrophic losses are rare, but the number of containers lost  
in such cases exceeds half the total number lost.

The 2011 survey demonstrated that in the years 2008‒2010 
an average of 350 containers were lost per year. If catastrophic 
accidents are included, that figure increases to 675. The 2014 
survey, in turn, established an average loss of 733 containers 
(2011‒2013). With catastrophic events, the number of lost 
containers rose to 2,683. Such a great number was the consequence 
of two accidents in those years - M/V Rena in 2011 in the vicinity 
of New Zealand (loss of ship and 900 containers) and M/V MOL 
Comfort in 2013 in the Indian Ocean (loss of ship and 4,293 
containers). The survey in 2017, covering the years 2014–2016, 
revealed the loss of 612 containers for random causes and 1390 
in catastrophic accidents (Fig. 2) [29].

Fig. 2. Summary of the number of containers lost between 2008 and 2016 [29]

To sum up, in the years 2008‒2016 the average annual loss 
was 568 containers. If we add disasters, the figure grows to 
1582. 64% of the lost containers in the past decade resulted 
from catastrophic accidents, i.e. disasters.

After analysing data for 12 years (2008‒2019), it was found that 
companies lost an average of 1,382 containers per year. Analysing 
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accidents can also be explained in this way, if we bear in mind that 
in the table catastrophic accident means a case of more than 50 
boxes falling overboard. This may happen in an accident for other 
reasons as well. Information on some of the accidents included 
in the WSC analysis may have not reached the public either. 

Tab. 1. Comparison of the number of accidents related to the loss of containers 
in years 2015‒2019 due to the place of their occurrence. Own study based on [21]

Accident Year 2015 2016 2017 2018 2019

Damage and/or loss of container 
regardless of the location  

of the event
16 18 18 23 22

Damage and/or loss of container 
in port 5 2 2 7 7

It follows from the table that in the years 2015‒2019 the 
average loss was 643 containers per year, of which 386 sank 
in catastrophic accidents. The number of containers lost in 
port accidents accounts for 60% of the total number lost. This 
outcome is in proportion to the data presented by the WSC, 
which proves the reliability of this research, although performed 
on a smaller scale.

One deviation from the average figures of previous years is 
the number of containers lost in catastrophic accidents in 2019. 
This was due to a significant loss of containers in two accidents - 
MSC Zoe (270) and Vietsun Integrity (285). The major cause 
of the former accident was considered to be adverse weather 
conditions, in the latter - improper stowage, leading to a list 
and loss of stability, and the consequent capsizing of the vessel.

Data on containers lost in ports were also analysed. They 
accounted for less than half of the total number of accidents 
(Table 1). The above data show that at the beginning of the 
surveyed period the number of accidents related to the loss 
of containers in port had a decreasing trend compared to the 
overall number of such accidents. In subsequent years, another 
growth trend can be noted (Fig. 5) However, it is not certain 
whether the rising trend will continue.

Fig. 5. Summary of container losses in port with the total number 
of losses in the years 2015‒2019. Own study based on [21]

The analysis of accidents related to damage and/or loss of 
containers described on the FleetMon webpage allowed us 
to determine the main causes of the accidents that occurred. 

These include unfavourable weather conditions, ship’s list, loss 
of stability (due to shifting of containers, flooding, technical 
failures (machinery, lashings and other securing elements)), 
collisions and fires (Fig. 6). It was also established that in some 
cases the probable causes of accidents were still not identified. 
These cases were determined as ‘unknown’.

Fig. 6. Reasons for damage and/or loss of the container outside 
the port in years 2015‒2019. Own study based on [21]

The major causes that contributed to damage and/or loss of 
containers are: bad weather conditions (35%), fire (16%) and 
loss of stability, often due to list (15%). It follows from the above 
diagram that the other causes also have a significant, although 
lower, impact. In the analysed years, the least frequent were 
container losses due to technical failure.

Based on the descriptions of accidents of container ships in 
port, the main causes of damage and/or loss of containers in 
such accidents could be identified (Fig. 7). These include: loss 
of stability, crane collapse, failure during un/loading, crane 
operator’s error, fire and acollision (manoeuvring or unmoored 
ship hitting a moored ship). In this case, too, some causes were 
classified as ‘unknown’.

Fig. 7. Reasons for damage and/or loss of the container in the port 
in years 2015‒2019. Own study based on [21]

Notably, in most of the examined cases a single main cause 
was not established. Only the most likely causes were determined. 
For this reason, in the above analysis more than one cause was 
assigned to each accident.

description of the causes of damage and/or loss of cargo 
using the pareto‒lorenz analysis

The Pareto‒Lorenz diagram was used to estimate the weights 
of individual causes of damage and/or loss of containers outside 
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the port, as shown in Table 2 and Figure 8.
Analysing the reasons for the loss of containers or their 

damage during the voyage and during the ship’s stay in the 
port, it was found that they are repeatable. In the case of the 
trip, the following were classified as decisive reasons: bad 
weather conditions, fire, loss of stability, list, collisions and 
technical failure. The first two of these are not entirely related 
to the human factor, but the decisions made by the crew can 
significantly contribute to reducing the risk of losing cargo.

Tab. 2. Classification of the causes of damage and/or loss of containers outside 

the port according to their frequency in years 2015‒2019. Own study based on [21]

Fig. 8. Pareto‒Lorenz diagram for the causes of damage and/or loss 
of containers outside the port in years 2015‒2019 based on Table 2

The tabular data show that only four causes (approximately 
80% as per the Pareto principle [25]) are major factors affecting 
the damage and/or loss of containers.

These include (according to Table 2 and Fig. 8):
•  unfavourable weather conditions;
•  fire;
•  loss of stability;
•  list.
These account for 83.68% of the factors contributing to 

damage and/or loss of containers.
In fact, adverse weather conditions and fire cannot be 

completely excluded as causes external to the ship. After 
receiving an unfavourable weather forecast, the crew of 

a container ship should take action to protect the cargo (check 
and re-fasten securings), plan weathering and, if necessary, 
alter the route. The prevention of fire on a ship is dependent 
on the correct declaration, labelling, distribution and control 
of containers with dangerous goods, so that in case of fire an 
effective firefighting action can be taken (fast sighting and 
identification of cargo on fire).

The main cause of accidents entirely related to the human factor 
is the loss of stability (usually due to the incorrect stowage plan, 
which, in turn, has roots in misdeclaration of the cargo weight).

Based on the Pareto‒Lorenz diagram, the authors also 
undertook to establish the weights of individual causes of 
damage and/or of damage and/or loss of containers in port, as 
shown in Table 3 and Figure 9.

Tab. 3. Classification of the causes of damage and/or loss of containers 
in the port according to their frequency in years 2015‒2019. 

Own study based on [21]

Factor Symbol
Frequency 

of cause 
occurrence

%

Cumulative values

Frequency 
of cause 

occurrence
Share  
in %

Crane 
operator’s 

error
1 10 34.48 10 34.48

Failure 
during un/

loading
2 8 27.59 18 62.07

Loss of 
stability 3 4 13.79 22 75.86

Fire 4 3 10.34 25 86.21

Crane 
collapse 5 2 6.90 27 93.10

Collision 6 2 6.90 29 100.00

Fig. 9. Pareto‒Lorenz diagram for the causes of damage and/or loss 
of containers outside the port in years 2015‒2019 based on Table 3

The data presented above show that basically three causes 
mostly affect the damage and/or loss of containers in port. They 
represent 75.86% of the causative factors. These include (see 
Table 3 and Fig. 9): operator error, failure during un/loading 
and loss of stability.

The analysis of the above chart leads to a conclusion that the 
main cause of this type of accidents is operator error (34.48%), 
while loss of stability ranks as third (13.79); it usually arises 
due to incorrect calculations and misdeclaration of the cargo 

Factor Symbol
Frequency 

of cause 
occurrence

%

Cumulative values

Frequency 
of cause 

occurrence
Share  
in %

Bad 
weather 

conditions
1 33 35.11 33 35.11

Fire 2 15 15.96 48 51.06

Loss of 
stability 3 14 14.89 62 65.96

List 4 13 13.83 75 79.79

Collision 5 10 10.64 85 90.43

Technical 
failure 6 9 9.57 94 100.00
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weight and wrong container marking. This shows that the 
human factor plays a major role in container-related incidents. 
Another important factor is a technical failure during un/
loading (27.59%), referring to defective securings and cargo 
handling gear. This may suggest that there is a need for more 
frequent inspections or more effective maintenance.

Summarising the above considerations, it can be stated that 
the decisive influence on the damage and/or loss of containers 
both in port and outside the port is due to unfavourable weather 
conditions, fire and loss of stability, often related to the permanent 
heel of the ship, with the main causes of accidents in the port 
being operator error, failure during loading/unloading and loss of 
stability, usually as a result of incorrect calculations and incorrect 
cargo mass declaration or container labelling. Leaving a container 
at the scene of an accident poses an unacceptable threat to the 
environment, especially with regard to the substances it contains, 
especially when alcohol, acids, concentrated hydroxides, 
chemicals hazardous to health, or industrial objects or goods 
are released into the water. Leaving the container where it was 
lost may not only cause mechanical contamination of waters, 
but also chemical and biological hazards.

a concept of a container ship loading model for 
navigational safety assurance

A stowage plan for a container ship is not an easy task. It is 
prepared by humans under the pressure of time, by means of 
a computer program, often only a few hours before the ship 
calls at the port. In addition, large container ships require many 
movements of the crane in the process of loading and unloading. 
The relationships between loading the lowest tiers and stability 
requirements make it difficult to minimise the span of the cranes 
while preventing containers from being blocked.

The stowage planning of a container ship has two distinct 
phases – port planning and ship planning (Fig. 10).

In the former phase taking place between ports, planners 
take into account all containers to be loaded and discharged, 
ship data, and data on the loading port and nearest discharge 
ports. It seldom happens in the case of container ships that 
a batch of containers loaded in one port will all be unloaded in 
one port of discharge. Usually, the route includes a few ports of 
call. Therefore, the loading (stowage) plan requires cooperation 
between ports based on the sequence of calling at these ports 
to avoid container reloading within the ship.

Fig. 10. Hierarchical division of scheduling “master port” and “slot”. 
Own study based on [27]

In addition, this phase takes into account planning in the 
current port of loading. The order of loading and unloading 
is then established along with the distribution of the various 
types of containers in a storage yard.

Based on this distribution, the planning of container 
positions in specific rows is termed the slot planning phase, 

and the proper stowage plan is created by uploading containers 
into the ship model.

In this phase, the stability criteria are checked along with the 
possibilities of securing the planned stack of containers. There 
are many securing methods, depending on the ship’s size and 
the securing equipment used on a particular ship. The method 
of securing a stack will be different for standard containers and 
those of increased height, known as high cubes.

The location of containers with special cargo should also be 
verified. Reefer containers should be placed near the power supply 
plugs. Some ships do not have such plugs in their holds, and their 
number on the main deck is limited, sufficient for, say, only two 
tiers of containers in a stack. Containers with dangerous goods 
should be placed following the rules of separation [31]. 

The efficiency of loading depends primarily on the suitable 
order of containers to be loaded. Most container ships have 
a cellular structure, designed to improve cargo storage, which 
imposes strong restrictions on the loading sequence. If, for 
instance, specific containers must be stored in the middle of 
a hold for the ship’s stability, they should be loaded over containers 
to be discharged later and under containers landed earlier. 

At the same time, the order of placing containers in the port’s 
cargo storage yard should be taken into account. If containers to 
be loaded are located in the yard under those not to be loaded, 
their extraction will require extra relocation of some boxes.

Two types of container relocation exist: relocation of a row 
(containers placed in one stack) and relocation of a bay involving 
hold opening (containers placed above and below the hatch 
cover of a hold).

The crane operator makes 20‒25 movements per hour. In the 
presented cases, it is clear that logistically it is easier to relocate 
a small number of containers than to discharge an entire bay to 
open a hold. For this reason, it is important to take into account 
the ports of destination of each container.

These considerations indicate that both the creation of a stowage 
plan and its implementation are complex tasks. This is due to 
the ship’s own limitations, cargo handling facilities and securing 
equipment as well as weather conditions the ship is exposed to, 
human errors at various stages or misdeclaration of cargo weight.

Based on these factors, we can distinguish a basic model of 
loading corresponding to a checklist that facilitates shipboard 
procedures (Fig. 11).
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Fig. 11. Concept of container ship loading model 

To make the presented model with the introduced changes 
(marked blue) feasible, all the participants in the loading process 
should be integrated more than before: planners, stevedores, 
crane operators, container-securing personnel and ship’s crew. 
Each of them should be responsible for their area of work and 
tick off the proper performance on a list. The others could view 
the progress of loading operations. This would allow additional 
verification of whether each step was completed, which might 
increase the safety of the ship and cargo.

The presented model introduces new elements that may 
enhance safety and accelerate the assessment of the ship’s actual 
stability. These are: weighing containers before loading, the 
possibility of changes made by a crane operator if a container 
is not placed as planned, and verification of ship stability by 
devices installed inside containers to confirm the real location 
of a container within the ship. To implement the proposed 
model in practice, devices should be installed in containers to 
enable the verification of the correct location. 

To verify the weight of the cargo being shipped, container 
terminals could be equipped with scales for weighing the truck 
and its container just before moving to a gantry crane. Such 
devices are often fitted with a container recognition function, 
which would increase the certainty that the container is properly 
loaded in the ship. Thanks to these technologies, the officer 
responsible for loading would have access to the most current 
data on the cargo carried: distribution and real weight. This, in 
turn, would allow fast relocation in case of errors and failure 
to meet stability requirements.

The practical application of the proposed model requires 
a detailed economic analysis and analysis of the technical possibilities 
of applying the proposed solutions. This is the subject of future 
research into the development of the proposed concept.

discussion

Container ships in service face a number of hazards related to 
the impact of weather conditions (parametric roll, sudden gusts), 
structural failures (material fatigue, structural defects) or human 
error (wrong stowage plan, inappropriate marking of containers 
with dangerous cargo, misdeclaration of container weight).

The above-mentioned risks were considered as the main 
causes of container ship accidents, including such specific 
factors as changes in hull structure, incorrect navigation in the 
area, improper loading conditions and previous damage, human 
factors, incorrect weathering, misdeclaration of container 
content, and insufficient familiarisation with the ship.

The authors’ analyses indicated interrelations between these 
factors and identified elements that the individual factors consist 
of. It becomes clear that none of the elements can be indicated as 
dominant. It is their combination that leads to an accident and 
the consequential loss of containers. It can also be concluded 
that, although some of the factors arose independently (bad 
weather conditions), many of them were due to negligence 
and human error at the construction stage (improper steel 
used, discontinuity of girders) and in operation (fatigue, wrong 

weathering, incorrect loading and repairs).
Based on statistical research, it was found that the number 

of events related to the loss of containers due to random causes 
and in catastrophic accidents increased or remained at roughly 
the same level. This conclusion follows from the analyses of 
the World Shipping Council (2008–2016) and the authors 
(2015‒2019). No sudden drop was noted in the surveyed 
period. Therefore, it follows that continuous improvement of 
container securing equipment is needed, referring to methods 
of lashing and interlocking, of the navigators’ ability to assess 
the situation and conduct the ship safely in storms (weathering), 
or of the amount of data available and used in ship stability 
programmes. However, the risk of container loss cannot be 
completely eliminated. It can only be minimised by improving 
preventive measures.

Another conclusion from the cause analyses of container loss 
or damage at sea and in port is that these causes are recurrent. 
In the case of a ship underway, decisive causes include adverse 
weather conditions, fire, loss of stability and list. The first two 
of these causes are not entirely related to the human factor, but 
decisions made by the personnel may significantly reduce the 
risk of cargo loss (proper weathering, interpretation of weather 
forecast, container marking). The main causes of accidents during 
a ship’s stay in port were found to be operator errors, failure during 
un/loading and loss of stability. It can be noted that in both areas 
human error was a significant causative factor. This may suggest 
the need to take actions aimed at reducing wrong decisions or 
human participation generally in the decision-making process.

One of the key elements affecting ship stability is the 
preparation of the stowage plan. This is dependent on several 
cooperating parties – ports on the ship’s route, stevedoring 
companies in these ports and the ship’s stability officer. The 
effectiveness of loading depends primarily on the order of 
loading and unloading; therefore it is essential to properly 
plan the location of container batches intended for different 
destinations. In addition, each of the parties should make sure 
that reefer containers, containers with dangerous goods are 
correctly placed (some companies do not allow them to be 
stacked below deck).

To reduce human errors at various stages, the proposed 
model of container ship loading includes these actions:

•  draw up a loading/unloading plan for a given port, taking 
into account the order of operations to correctly distribute 
cargo in holds and the discharge yard;

•  send the plan to the ship, to be verified by the stability 
officer;

•  pass specific parts of the plan to crane operators;
•  weigh the truck and container before it is lifted by a crane;
•  load the container and confirm its location of loading or 

enter a new empty space (done by crane operator);
•  close the holds and check hatch cover securing;
•  secure containers (port workers) as per securing plan; 
•  check the securings (watch officer);
•  complete data on container location and weight  in the 

stability program (done by the stability officer); compare 
with data from location-confirming devices; check stability 
criteria;
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•  verify the new stowage plan of the ship (planner).
To implement the proposed model, modernisation would be 

required in ports (truck/container scales), containers (position-
verifying devices) and the methods of communication between 
the parties concerned (smooth exchange of information). The 
above- mentioned solutions are an innovation requiring the 
commitment of ports, shipowners and stevedoring companies.

The authors, utilising various research tools, demonstrate 
that loading is the most important task related to the safety of 
container ships that those involved can modify and improve. The 
optimisation of this process is a key goal for maritime transport 
professionals in the years to come. The loading model presented 
in the article is linked to the checklist based on diversification 
of tasks and may contribute to minimising the risk of container 
ship accidents related to loading and stowage.

conclusions

On the basis of the research carried out, it can be concluded 
that the causes of container ship accidents are interrelated. 
Identification of the elements that make up the individual 
risk factors does not allow any one element to be identified 
as dominant. It is their combination that can lead to the loss 
of containers.

The risk of losing a container can be minimised by improving 
preventive measures. It is therefore necessary to continuously 
improve container security devices with regard to lashing and 
locking methods, as well as the ability of navigators to assess 
the situation and the safe handling of the ship in bad weather 
conditions. 

From analyses of the causes of loss or damage to containers 
at sea and in port, it can be concluded that these causes are 
recurrent.

It can also be concluded that loading is the most important 
container ship safety task that humans can modify and improve.

The authors aim to optimise this process in future research. 
The paper presents a loading model that is linked to a checklist 
based on task diversification. The practical application of the 
model can contribute to minimising the risk of accidents on 
container ships related to loading and stowage. At this stage 
of research, the practical application of the proposed model 
requires a detailed analysis of the economic and technical 
feasibility of the proposed solutions.

In order to implement the proposed model, financial 
investment would be required for upgrades in ports and 
improvements in communication methods between 
participants. Innovation requires the combined involvement 
of ports, shipowners and stevedoring companies.
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AbstrAct

In this article, a deep reinforcement learning based three-dimensional path following control approach is proposed for 
an underactuated autonomous underwater vehicle (AUV). To be specific, kinematic control laws are employed by using 
the three-dimensional line-of-sight guidance and dynamic control laws are employed by using the twin delayed deep 
deterministic policy gradient algorithm (TD3), contributing to the surge velocity, pitch angle and heading angle control 
of an underactuated AUV. In order to solve the chattering of controllers, the action filter and the punishment function 
are built respectively, which can make control signals stable. Simulations are carried out to evaluate the performance 
of the proposed control approach. And results show that the AUV can complete the control mission successfully.

Keywords: Autonomous underwater vehicle (AUV), three-dimensional path following, deep reinforcement learning-based control, line-
of-sight guidance, controller chattering

INTRODUCTION

As an efficient underwater operation equipment, the 
autonomous underwater vehicle (AUV) can complete 
many missions, such as subsea creature monitoring, marine 
hydrological environment detection, and seafloor mapping 
[1-3], and path-following control is one of the core technologies 
for AUVs to successfully complete those missions [4, 5].

Now, fruitful research approaches focused on model-based 
methods are being employed for the path-following control 
of an AUV, such as PID control, sliding mode control, fuzzy 
control and model predictive control [6-8]. Wan et al. propose 
a multi-strategy fusion control with delay method, avoiding 
the chattering caused by frequent switching [9]. Xia et al. 
combine the Lyapunov method with line-of-sight guidance 
to design dynamic control laws, and utilize fuzzy parameter 

optimization to solve the chattering of controllers [10]. Fang 
et al. propose a neural network-based gain observer to design 
dynamic and kinematic controllers [11]. Zhang et al. design an 
adaptive neural network controller, approximating the model 
uncertainties [12]. A sliding mode control-based procedure 
for the design of model predictive control is proposed in 
[13]. These control approaches are based on the constructed 
mathematical model, where the design of the controllers or 
the control laws depend on the model. However, an accurate 
model of an AUV is difficult to acquire directly because of the 
system complexity and underwater environment. Considering 
the practical constraints, the reinforcement learning (RL) based 
model-free control approach is receiving more attention and 
provides a promising alternative for motion control [14].

The RL vehicle learns the end-to-end connection between 
observations and actions by interacting with environment, where 

https://orcid.org/0000-0002-8769-4644
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the control design is implemented regardless of the system model 
[15]. The deep neural networks with arbitrary approximation 
capabilities can represent the complex relationship between inputs 
and outputs, and accurately learn from the dynamics of the model. 
With the aid of deep neural networks, the deep RL (DRL) achieves 
very impressive results. For example, by decomposing the path-
following control into waypoint following control, Fang et al. 
design a Deep Deterministic Policy Gradient (DDPG)-based 
three-dimensional motion controller for an AUV [16]. Zielinski 
et al. propose vision-based navigation control laws for an AUV 
using the Advantage Actor-Critic (A2C) framework, and compare 
the control performance of different image processing methods 
[17]. Song et al. utilize the DDPG to design an end-to-end control 
method for target tracking of AUVs, avoiding the controller 
design through the complex dynamic model [18]. Meyer et al. 
simplify the sonar inputs and design an end-to-end controller by 
Proximal Policy Optimization (PPO), where collision avoidance 
is also considered [19]. Martinsen et al. utilize the DDPG to 
design a straight path-following controller of an underactuated 
vehicle, and the Gaussian reward is used to replace the traditional 
boundary reward, which significantly improves the training 
efficiency [20]. However, the above DRL-based control researches 
mainly focus on efficiency and accuracy, and have not considered 
the control chattering. The chronic chattering of controllers will 
impair the actuator performance. Moreover, there are lots of states 
and network nodes in the network design, slowing the network 
training and algorithm convergence.

Given the potential of model-free DRL in path-following 
control, this article researches the three-dimensional path-
following control of an underactuated AUV based on the DRL. 
The path-following control is transformed into the heading 
control and pitch control. Kinematic control laws are employed 
using the three-dimensional line-of-sight (LOS) guidance, and 
dynamic control laws are employed using the twin delayed deep 
deterministic policy gradient (TD3). Besides, taking controller 
chattering into consideration, the smooth reward function and 
a first-order filter are introduced and thus make the control 
inputs smooth. Simulation results show that the proposed 
DRL-based method is capable of providing the required vehicle 
control along a three-dimensional path. Moreover, compared 
to the DDPG proposed in [16], the proposed control approach 
has remarkable effectiveness and superiority.

The rest of the article is organized as follows. The second 
section presents the problem formulation on the path-
following of an AUV. The third section presents the DRL-based 
threedimensional path-following control design, including 
kinematic guidance design, dynamic control design and TD3 
design. In the fourth section, simulation results and comparisons 
are provided to validate the proposed control approach. Finally, 
the last section concludes this article and indicates further work.

PROBLEM FORMULATION

As shown in Fig. 1, two coordinate frames in the three-
dimensional space are introduced, including the earth-fixed 
frame ξηζ and the body-fixed frame xyz. Pi represents the desired 

waypoint, where i = 1,..., n. And the desired path can be obtained 
by connecting the neighbouring waypoints.

Fig. 1. Coordinate frames in three-dimensional space

According to [21], the roll motion of the AUV can be ignored 
and the motion model with five degrees-of-freedom can be 
written as
     η. = J(η)v

  (1)
 Mv. + C(v)v + D(v)v + g(η) = τ

where η = [ξ, η, ζ, θ, ψ]T with (ξ, η, ζ) being the positions of the 
AUV in the earth-fixed frame, and θ and ψ being the pitch angle 
and heading angle, respectively. v = [u, v, w, q, r]T represents the 
velocity of the AUV in the body-fixed frame, with u, v, w being 
the surge, sway, and heave velocities and q, r being the pitch 
and yaw velocities. M is the inertia matrix, C(v) is the Coriolis-
centripetal matrix. D(v) is the fluid damping matrix. g(η) is the 
restoring force vector. τ = [τu , 0, 0, τq , τr]

T is the control inputs 
including the surge force τu, the pitch torque τq, and the yaw 
torque τr. J(η) is the rotation matrix from the body-fixed frame 
to the earth-fixed frame, which is written as

 J1(η) 03×3 
J(η) =             (2)

 02×2 J2(η)

with

J1(η) =  , J2(η) = 

   (3)

Taking practical engineering into consideration, the pitch 
angle of an underactuated AUV is restricted as −π/2<θ<π/2, 
and the heading angle is restricted as −π/ψ<π.

In this article, our objective is to design the DRL-based 
three-dimensional path-followingcontrol approach of an 
underactuated AUV such that the vehicle can follow the 
desired path. A geometrical illustration of the DRL-based path-
following control is shown in Fig. 2. For the kinematic design, 
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the desired path is obtained by connecting the neighbouring 
waypoints. And the desired angles are calculated via the position 
error feedback. For the dynamic design, the control inputs of 
the underactuated AUV are calculated via the DRL network. 
Besides, in order to get smooth control actions and improve the 
training efficiency, additional rewards and an efficient network 
structure are designed.

Fig. 2. Visualization of the DRL-based path-following control structure

DEEP RL-BASED PATH-FOLLOWING 
CONTROL DESIGN

As shown in Fig. 2, the DRL-based path-following control 
structure includes kinematic guidance design and dynamic 
control design. The given waypoints are transformed into 
the desired heading angle and pitch angle by using three-
dimensional LOS guidance. And the DRL-based control design 
is used to calculate the control inputs, where states, actions, 
rewards and the TD3 network are designed.

KINEMATIC GUIDANCE DESIGN

Based on the three-dimensional LOS guidance [22], the 
desired kinematic control laws of the vehicle can be obtained. 
The three-dimensional LOS guidance is described in Fig. 1, 
where P(x, y, z) represents the current positions of the AUV and 
PiPi+1 represents the desired pathconnected by neighbouring 
waypoints. Considering the actual positions and desired path, 
thefollowing errors can be calculated, which are defined as e. 
Δ is the lookahead distance. ψd and θd are the desired heading 
angle and desired pitch angle, respectively.

Kinematic guidance can be achieved as follows. Firstly, the 
vehicle closes in on the desired path, which means that following 
errors converge to zero. Secondly, the vehicle moves along the 
desired path segment PiPi+1. The desired heading angle can be 
written as

ψd = arctan 2(yLOS – y, xLOS – x)   (4)

Besides, the desired pitch angle can be written as

θd = arctan(  )  (5)

where (yLOS, xLOS, zLOS) los los los x y z represents the LOS point 
shown in Fig. 1, which indicates the desired motion direction 
of the vehicle along PiPi+1.

The desired path is based on the neighbouring waypoints. 
With the switching of waypoints, the desired path is continually 
changed. Therefore, the switching scheme can be designed as

d =   (6)

with
         i,  d ≥ RT

i =              (7)
        i+1, d < RT

where RT > 0 represents the switching radius, usually set to 1.5~5 
times the length of the vehicle. d represents the distance between 
the actual position of the vehicle and the current waypoint. And 
i represents the ith waypoint.

DYNAMIC CONTROL DESIGN

By using the RL-based control [23], the desired dynamic 
control laws of the vehicle, regardless of the dynamic model, 
can be obtained, where the interaction between the vehicle 
and the environment is performed. This control process can 
be described as a Markov decision process, where the AUV 
performs actions under the current states and behaviour policy. 
And the vehicle obtains rewards with the states updated. By 
repeating this process, the optimal behaviour policy can be 
obtained and makes the AUV follow the desired path.

(1) States
The states consist of two components: motion states and 

error states, which can be written as

       S = [Smotion , Serror]
T

i =  Smotion = [u, v, w, q, r, θ, ψ]T   (8)

       Serror = [θe , ψe , ue]
T

where Smotion represents motion states and Serror represents error 
states. θe, ψe and ue represent the pitch angle error, heading 
angle error, and surge velocity error. To be specific, there are

       θe = θd – θ

  ψe = ψd – ψ         (9)

       ue = ud – u

where ψd and θd can be calculated by using the above three-
dimensional LOS guidance.

However, there is a problem with ψ approaching π , −π, and 
ψd approaching −π, π; ψe will approach ±2π, and it will cause the 
AUV to approach the desired angle in the opposite direction. As 
shown in Fig. 3(a), the ψe will cause the AUV to rotate clockwise 
to approach the desiredheading angle, but a more efficient way 
is to rotate counterclockwise, as shown in Fig. 3(b).
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(3) Rewards
By setting proper and effective rewards, the vehicle is able to 

learn decision-making behaviour just like a human being. In 
the three-dimensional path-following control, following and 
maintaining the desired heading and pitch angles are essential. 
Besides, controller chattering should be avoided for as long as 
possible in the practical engineering. The rewards of an AUV 
are set as follows.

The first is the path-following reward. This reward prompts 
the vehicle to follow the desired path and is defined as

rpf = –(kpf (|θe|+|ψe|+ue)+ k1 arctan(θe
2) +

+ k2 arctan(ψe
2)+ k3 arctan(ue

2))   (14)

where kpf , k1 , k2 and k3 are positive constants. ue , θe and ψe 
make the reward more sensitive to the larger errors. And the 
arctangent function makes the reward gradient significant when 
the errors are close to zero, helping the AUV achieve path-
following accurately.

The second is the smoothing reward. This punishment forces 
the vehicle to decrease the frequency and size of actions for as 
long as possible, which is defined as

rs= – c1(|τq|+|τ.q|)– c2(|τr|+|τ.r|)   (15)

where c1 and c2 are positive constants. τq and τr are used to avoid 
large control inputs. τ.q and τ.r are used to smooth the control 
inputs, and avoid control chattering.

Therefore, the overall rewards for the path-following control 
of an AUV are written as

r = rpf + r        (16)

In addition to states, actions and rewards, the ending 
condition is also defined. During the training process, the 
maximum training time of each episode is Tend . The training 
will be ended when Tend  is arrived at and/or the desired path 
is followed. To be specific, the ending condition is written as

     1, if (T = Tend) or (d < RT & i = n
done                 (17)

     0,     otherwise

TD3 NETWORK DESIGN

Considering the Q value overestimation of DDPG, TD3 
is proposed in the RL field, which includes clipped double 
Q-learning, delayed policy update and target policy smoothing 
[24]. The network of TD3 is shown in Fig. 4. A small batch 
(s, sʹ, a, r) is sampled from the replay buffer and then the 
observation sʹ is input into an actor target, getting the next 
action aʹ The state-action (sʹ, aʹ) is input into two actor targets, 
where two Q values can be calculated. The final Q value and 
the mean square error are determined respectively, updating 
the critic model by backpropagation. And the actor model is 

Fig. 3. Heading error calculation 

Therefore, ψe is limited such that the vehicle can approach 
the desired signal in the direction of the small semicircle. The 
error can be written as

        ψe , |ψe | < π

ψe =  ψe + 2π, ψe < –π     (10)

        ψe – 2π, ψe > π

The state values have different units and scales. Excessive state 
values may lead to error gradients and influence the following 
performance. To avoid this problem, a normalization method is 
proposed to transform their measurements, which is beneficial 
for feature extraction and speeds up the training of the DRL. 
The method is as follows:

Si =  , i = 1,..., 10   (11)

where Si represents the ith state in (8) and Si,max represents the 
maximum velocity or angle. To be specific, Si,max represents the 
maximum velocity when i   {1,..., 5}, and Si,max represents the 
maximum angle when i   {8, 9, 10}.

(2) Actions
The underactuated AUV relies on the main propeller and 

rudders to control its attitude and position, so the actions 
include the surge force, pitch torque and yaw torque of the 
vehicle, which can be written as

a = [τu, τq, τr]
T      (12)

Besides, the actions are limited to the vehicle’s capability, 
such that control constraints should be considered, i.e.,  
a   (amin, amax), where amin represents the minimum action and 
amax represents the maximum action. Since backward motion 
is forbidden for the path-following of the AUV, the surge force 
is always positive.

In order to avoid the controller chattering, a first-order filter 
is first introduced, which can be written as

       τi,t = (1 – a)τi,t–1 + aui,t
              (13)

       a = 

where i = q, r. Tf > 0. Δt represents the step length and ui,t 
represents the action.
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updated using the Q value calculated by the first critic model. 
The soft update is performed on all target networks.

Firstly, there exists a Q value overestimation by using the max 
operation under DQN and DDPG. The double Q-learning is 
introduced in TD3 where the critic network is updated. Besides, 
two networks of Q value are built and then the minimum value 
is used. There is

y(r, sʹ) = r + γ  Qi (sʹ, aʹ)    (18)

where y(r, sʹ) represents the final Q value; Q1(·) and Q2(·) are the 
Q value generated by the two critic networks; r is the current 
reward; γ is the decay factor. With the final Q value determined, 
the mean square error is calculated by combining with the 
Q value and target value, and the loss function of the critic 
network can be obtained.

Secondly, the stability of the target network is the premise 
to realize the stable convergence of the policy network. The 
action with the largest expected reward is selected by using 
the policy network. In order to suppress the policy update in 
the wrong state, the error of the value estimation should be 
minimized. Therefore, by reducing the update frequency of the 
policy network, higherquality policy updates can be obtained. 
As shown in Fig. 4, the delay means that the policy network will 
be updated after the critic network is updated twice.

Thirdly, one problem of DDPG is that there may be overfitting 
to peaks in the value space, leading to local optima overfitting. 
Therefore, within the generation of the target policy, adding 
noise as regularization can smooth the calculation of the Q 
value and avoid overfitting. There is

y(r, sʹ) = r + γQθʹ(sʹ, πφʹ(sʹ)+ ),

 ~ clip(N(0, σ), –c, c)     (19)

where  represents the clipped noise, which follows a normal 
distribution. Adding disturbances to input actions of the target 
network makes the current net update within a certain range 
around the target network.

In the TD3 network design, the structure of the actor network 
and critic network is shown in Fig. 5, which has fewer nodes 

than the previous work [23]. The inputs of the actor network 
are states and the outputs are actions. The inputs of the critic 
network are state-action and the outputs are the Q value. To 
be specific, three fully-connected (FC) layers with 200, 100, 
and 3 nodes exist in the actor network, where the first two FC 
layers are the rectified linear unit (Relu) activation layer and 
the last one is the hyperbolic tangent (Tanh) activation layer. 
Four fully-connected (FC) layers with 100, 100, 200 and 1 nodes 
exist in the critic network, where the states and the actions can 
be concatenated together. All networks are updated by utilizing 
the Adam optimizer.

Fig. 5. Network structure of actor and critic

SIMULATION RESULTS

TRAINING RESULTS

The training consists of two parts. In Part I the desired 
surge and angle are introduced, and the desired signals can 
be tracked under the random initial attitude. In Part II two 
waypoints are randomly generated such that the vehicle can 
learn to track the desired path and switch path points. Note that 
Part II is based on Part I, and uses the desired angle generated 
by Part I. Part I consists of 300 episodes and Part II consists of 
700 episodes, respectively. The training parameters and reset 
functions are as follows.

Fig. 4. Network structure of TD3
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Part 1: At the beginning of each episode, the initial heading 
angle of the AUV is randomly set within [-180°, 180°], the initial 
pitch angle is set within [-15°, 15°], and the desired heading 
angle and desired pitch angle are randomly set within [-180°, 
180°] and [-15°, 15°], respectively. The initial surge velocity is 
set within [0,1], and the expected value is set within [1, 1.5].

Part 2: The initial positions of the AUV are set as x = 0,  
y    [0,250] and z    [0,50] . The two target positions are 
respectively at x = 250, y   [0,250], z   [0,50] and x = 50,  
y   [0,250], z   [0,50]. The initial heading angle and pitch angle 
are [-180°, 180°] and [-15°, 15°], and the initial surge velocity 
and desired value are [0, 1] and [1, 1.5]. During this training, the 
vehicle learns to follow the path connected by desired waypoints 
with desired velocities.

Episode rewards and average rewards are shown in Fig. 6. 
It can be seen that the rewards converge to a stable value. The 
AUV learns to control velocities in Part I and follow the desired 
path in Part II.

TESTING RESULTS

The testing is performed based on the trained model. 
The initial states of the AUV are shown in Table 3 and the 
waypoint positions are shown in Table 4. In order to evaluate 

the superiority of the proposed TD3-based control approach, 
comparisons with the DDPG proposed in [16] are shown. The 
testing results are shown in Figs. 7‒10.

Tab. 3. Initial states

State Value State Value

Initial surge velocity 0.2 Initial position [200,0,80]

Initial heading angle 0 Initial pitch angle 0

Desired surge velocity 1

Tab. 4. Waypoint positions

Position NO. 1 NO. 2 NO.3 NO. 4 NO. 5

ξ 100 135 205 240 160

η 70 210 200 120 80

ζ 45 70 85 90 100

Position NO. 6 NO. 7 NO.8 NO. 9 NO. 10

ξ 60 60 180 320 320

η 160 300 320 240 40

ζ 120 120 120 70 40

Fig. 7 shows the three-dimensional path-following 
performance of an underactuated AUV by using the DDPG 
control and the TD3 control. It can be seen that the AUV can 
follow the desired path connected by the multiple waypoints. 
Besides, the TD3 control approach has higher following 
accuracy than the DDPG control approach. Fig. 8 shows 
the path-following errors, which can converge to the small 
neighbour of zero, and compared with the DDPG, the TD3 
has smaller following errors. Note that the switching waypoints 
would inevitably influence the path-following performance. Fig. 
9 shows the control inputs of the AUV, including the surge force, 
pitch torque, and yaw torque. By using the proposed control 
approach, the control inputs are stable and avoid chattering. 

Tab. 1. Training parameters

Fig. 6. Episode rewards and average rewards under two parts
Tab. 2. Reset functions

Parameter Value Parameter Value

Max episodes 1000 k1 10

Max steps 3500 k2 10

Actor learning rate 0.001 k3 30

Critic learning rate 0.001 kpf 3

Discount factor 0.99 c1 0.1

Bath size 128 c2 0.1

Reply buffer size 100000 Tend 350

Delay steps 2 RT 5

Policy noise 0.2 Δ 4

Noise bound [–0.5, 0.5] TF 0.2

Δt 0.1

Part I: Reset function

For every episode
Initial posture = [Rand(-1,1)*pi, Rand(-1,1)*pi/12]
Target posture = [Rand(-1,1)*pi, Rand(-1,1)*pi/12]
Initial velocity = Rand(0,1)
Target velocity = Rand(0,1)*0.5+1

End for

Part II: Reset function

For every episode
Initial position = [0, Rand(0,1)*250, Rand(0,1)*50 ]
Waypoint 1 = [ 250, Rand(0,1)*250, Rand(0,1)*50 ]
Waypoint 2 = [ 500, Rand(0,1)*250, Rand(0,1)*50 ]
Initial posture = [Rand(-1,1)*pi, Rand(-1,1)*pi/12]
Initial velocity = Rand(0,1)
Target velocity = Rand(0,1)*0.5+1

End for
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Fig. 10 shows the kinematic errors, including the surge velocity 
errors, yaw angle errors and pitch angle errors. It can be clearly 
observed that the control variables have bigger chattering by 
using the DDPG approach, and that the proposed TD3 can 
ensure higher following accuracy.

Fig. 7. Path-following performance of AUV

Fig. 8. Path-following errors of AUV

Fig. 9. Control inputs of AUV

Fig. 10. Kinematic errors of AUV
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CONCLUSIONS

In this article, the DRL-based three-dimensional path-
following control of an underactuated AUV is researched by 
using LOS guidance and TD3, where controller chattering is also 
considered. A reward function related to action punishment is 
designed, guaranteeing that the control inputs of the vehicle are 
smooth. Besides, an angle error calculation is proposed to solve 
the failure of path- following and guide the vehicle towards the 
targets. In order to accelerate the convergence of the algorithm, 
a two-part training method is adopted, and the observed values 
of state space are normalized before training. The simulation 
results demonstrate the effectiveness and superiority of the 
proposed three-dimensional path-following control approach. 
In future work, the external disturbances and obstacle avoidance 
of the underactuated AUV will be exclusively researched.
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AbstrAct

The article considers the problem of autonomous control of the underwater remotely operated vehicle mini Remotely 
Operated Vehicle (ROV) in a collision situation with a stationary obstacle. The control of the collision avoidance process 
is presented as a synthesis of fuzzy proportional-differential controllers for the control of distance and orientation 
concerning the detected stationary obstacle. The control of the submergence depth of the underwater vehicle has 
been adopted as a separate control flow. A method to obtain the main motion parameters of the underwater vehicle 
relative to the detected stationary obstacle using a Laser-based Vision System (LVS) and a pressure sensor coupled 
to an Inertial Measurement Unit (IMU) is described and discussed. The result of computer implementation of the 
designed fuzzy controllers for collision avoidance is demonstrated in simulation tests and experiments carried out 
with the mini ROV in the test pool.

Keywords: underwater vehicle, mini-ROV, collision avoidance, stationary obstacles, fuzzy logic, laser-based vision system

INTRODUCTION

The rapid development of deep-sea technology is 
contributing to the development of increasingly well-equipped 
unmanned remotely operated and Autonomous Underwater 
Vehicles (AUV), which have the characteristics of mobile 
robots. Unmanned Underwater Vehicles (UUV) support 
the performance of many tasks in areas that are difficult for 
humans to access or during which there may be a risk to the 
operator’s life. These tasks include mapping the depths of seas 
and oceans, identifying the areas of contaminated waters, or 
military applications such as destroying sea mines. Several 
works and programs related to the penetration of the seas and 
deep oceans are currently being implemented. An example is 
the European Research project of the Horizon 2020 framework 

named ENDURUNS, which includes new scientific solutions 
and advanced technologies that will allow exploration of 
the seabed of the seas and oceans, and coastal areas using 
underwater vehicles powered by renewable energy [24]. The 
range of planned or performed tasks continues to expand, which 
requires the development of new path planning algorithms 
depending on the vehicle mission. Once the path is planned, 
the control algorithms allow the UUV to follow the path, and 
if some constraints are encountered, the process of re-planning 
takes place to correct the previously determined path. The 
nonlinear dynamic properties of UUVs, the influence of forces 
acting in the marine environment, and variable parameters 
of the vehicles are the basic difficulties in designing control 
algorithms which will control the UUV motion along the 
path. For these purposes, adaptive or self-tuning controllers 
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seem to be most suitable. Nevertheless, due to their simple 
implementation, classical proportional-integral-derivative 
(PID) control techniques are still used in UUVs [25]. The 
application of the sliding mode control method for controlling 
the movement of a formation of unmanned surface vehicles 
(USVs), coupled with their tracking, is presented in the paper 
[29]. The cooperative control of the formation of underactuated 
USVs takes into account the impact of disturbances in the 
marine environment. Connecting the USV dynamic model 
and the nonlinear disturbance observer makes it possible to 
compensate the impact of marine environment disturbances.

During an underwater mission along the path, it is important 
to maintain vehicle’s safety, which includes, among other factors, 
avoiding collisions with obstacles. The problem of collision 
avoidance by vehicles has been discussed in a number of papers. 
The paper [26] presents a collision avoidance algorithm in 
emergency situations for Unmanned Surface Vehicles (USVs) 
based on a movement capability database. The algorithm aims 
to solve the problem as a last-chance maneuver, proposing to 
avoid a collision in an emergency situation through a sudden 
turning maneuver. In addition, in order to limit the maximum 
vehicle roll angle, a speed reduction is proposed during the

collision avoidance maneuver. Based on simulation studies, 
a database of USV maneuverability was created. The correctness 
of the proposed algorithm was tested by simulations in different 
scenarios. The application of artificial intelligence for trajectory 
planning of a ship in a collision situation is presented in the 
paper [27], where the collision avoidance algorithm is based on 
a hybrid genetic algorithm. The substance of this algorithm is 
a combination of the Multiple Population Genetic Algorithm 
(MPGA) and Nonlinear Programming, which makes it possible 
to define an optimal solution that determines ship’s course 
changes corresponding to real maneuvers in a collision situation. 
An important practical problem for controlling the formation of 
autonomous unmanned surface vehicles is collision avoidance 
under real conditions. In the paper [28], this formation is 
depicted as a swarm moving in different configurations. The 
control of the autonomous swarm is based on a multilayer 
structure divided into three task layers. Particularly important 
is the second task layer, which is responsible for dispersing 
the swarm and avoiding obstacles and/or collisions within the 
swarm. The effectiveness of the proposed methodology was 
tested by numerical simulations of swarm movement, where 
the swarm behavior was studied for scenarios of avoiding the 
encountered static and moving objects.

Consequently, detecting an obstacle to avoid collision is one 
of the primary tasks of an AUV. The collision avoidance process 
uses the measurement data from sensors to assess the distance 
and orientation of the robot relative to the detected stationary 
obstacle. It is noteworthy here that the collision avoidance 
algorithms which are tasked with determining the safe trajectory 
of the vehicle have to take into account physical constraints and 
properties that allow executing appropriate maneuvers [1].

This paper presents the design and implementation of an 
algorithm for autonomous motion control of an underwater 
vehicle in a collision situation with a stationary obstacle, 
complemented with the results of simulation and experimental 

tests conducted on a real mini ROV - open-source Remotely 
Operated Vehicle (OpenROV Underwater Drone [17]). The 
measured results of distance, orientation, and submergence 
depth were used as input data for the control algorithm. The 
following measuring instruments and systems were used to 
obtain the measurement data: a Laser-based Vision System 
(LVS) with distance sensors, two laser pointers, a Full High-
Definition (Full HD) vision camera, and a pressure sensor 
coupled to an Inertial Measurement Unit (IMU) [6]. These 
systems have been fitted by the producer as standard on the 
OpenROV (Fig. 1). For a detailed description of the underwater 
vehicle’s configuration and equipment, see the OpenROV 
producer’s specifications.

Fig. 1. ROV – OpenROV (Open-source Remotely Operated Vehicle): 
a) front b) back (OpenROV Underwater Drone [17])

To avoid collisions with stationary obstacles, an algorithm 
for autonomous control of the underwater vehicle has been 
developed. This algorithm makes use of a set of controllers 
to control the distance from a detected obstacle, and the 
position and submergence depth of the vehicle. The developed 
control regulators are based on the structure of a proportional-
differential regulator using fuzzy logic – Fuzzy Proportional-
Differential regulator (FPD). The FPD controllers with fuzzy 
data processing are simple to implement and allow control of 
the underwater vehicle’s actuators. In fact, they are a proven 
control method in underwater navigation [8],[13],[14]. The FPD 
controllers of the course and submergence of an underwater 
vehicle for two degrees of freedom were presented in the 
paper [8]. The performed simulation studies and real tests 
have confirmed the effectiveness of using a FPD controller for 
automatic vehicle control, thus reducing the operator’s task of 
guiding the vehicle along the set trajectory. In the paper [13], 
a comparison was made between a classical PID controller 
and a fuzzy controller in stabilizing the course of a vehicle 
in the marine environment. It was shown that the use of the 
fuzzy controller does not change the regulation times, while 
the scale of oscillations is significantly reduced compared to 
the classical PID. The authors of the article [14] proposed the 
application of fuzzy logic rules for autonomous navigation 
of an underwater vehicle and collision avoidance. Using this 
technology, a controller was developed and implemented in 
a real underwater vehicle equipped with a magnetometer and 
ultrasonic sensors. This controller includes the operation of 
two fuzzy logic blocks: the motion control block and the course 
correction block. In order to avoid collisions, the heuristics 
developed based on past experience was integrated into the 
fuzzy logic blocks, which significantly simplified the control 
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algorithm. The presented concept of control in a collision 
and obstacle avoidance situation formed the basis for the 
development of the algorithm presented in this article. To 
determine the vehicle’s position relative to the detected obstacle, 
an algorithm calculating the actual distance from the obstacle 
and orientation was implemented. This algorithm makes use of 
the data obtained from a Full HD wide-angle camera and two 
laser pointers being part of the LVS measurement system. The 
measuring devices were calibrated before the measurement.

The article is organized as follows: Chapter 2 presents 
in general the structure of the Remotely Operated Vehicle 
(ROV) and its dynamic properties, while Chapter 3 describes 
the method of determining the relative ROV position to 
a detected obstacle in a collision situation. Chapter 4 presents 
the architecture of fuzzy controllers and defines the problem of 
controlling an underwater vehicle in a collision situation. It also 
describes particular stages of designing the fuzzy controllers 
and the collision control algorithm. The results of simulation 
and experimental studies of mini ROV underwater vehicle 
control are discussed in Chapter 5, and the final conclusions 
are summarized in the last Chapter.

REMOTELY OPERATED VEHICLE (ROV) 
AND ITS DYNAMIC PROPERTIES

Remotely operated vehicles are used for scientific research, 
industrial work, as well as for military and other tasks. These 
vehicles have features of drones and mobile robots, including 
the ability to move in three-dimensional space, and to observe 
and scan the environment. An exemplary task executed by 
a ROV is the inventory of a hydrotechnical construction. In 
this case, the vehicle moves along a preset trajectory according 
to the inspection task [7] [20]. The ROV used for this task 
is usually constructed with a  support frame, an external 
protective shell, buoyancy and ballast elements, and thrusters 
(Fig. 1). In addition, the vehicle is equipped with navigation 
and communication devices and controls, as well as with 
buoyancy, roll, and trim control subsystems, and visualization 
and hydroacoustic systems.

The ROV is connected with the surface vehicle via a cable used 
to supply the unit with electricity, transmit the measurement 
data, and control the unit’s movement with a manipulator [1]. 
Depending on the scope of work, it is additionally equipped 
with specialized apparatus which requires appropriate control 
algorithms. However, compared to mobile robots, the control of 
an underwater vehicle is hampered by the marine environment 
and the presence of hydrostatic pressure, as well as by optical 
limitations preventing precise object identification, which 
include image attenuation, refraction, laser beam scattering, 
and increased image distortion. Also, communication problems 
occur in the marine environment due to the attenuation of high-
frequency waves which prevents the use of Global Positioning 
System (GPS) navigation systems, Wi-Fi, and Bluetooth wireless 
communication. In addition, the hull of the vehicle is affected 
by hydrodynamic interference such as underwater currents, 
wave action, and wind. Moreover, at great depths, changes in 

density, temperature, and salinity of the water must be taken 
into account [5].

Fig. 2. BFF and ECEF coordinate systems for ROV [6]

In several scientific papers [4],[8],[9],[13], a  general 
mathematical model of the underwater vehicle is presented as 
a set of equations of its motion, in matrix form developed by 
T. Fossen [10],[11],[12]. For the purpose of simulation studies, 
this model has the following form:

Mv + C(v)v + D(v)v + g(η) + U(v)v = τ   (1)

where:
v –  vector of linear and angular velocities,
M –  matrix of vehicle masses,
C(v) – matrix of Coriolis centrifugal and centripetal forces,
D(v) – hydrodynamic resistance matrix,
g(η) – matrix of moments and restoring forces,
U(v) –  matrix of damping generated by the connecting 

cable,
τ – vector of forces and moments influencing the vehicle.

Model (1) is universal, as it takes into account the influence of 
both internal disturbances, created by changing the distribution 
of vehicle masses, and environmental disturbances, such as 
underwater currents, wave action, and wind. The influence 
of wind can be ignored when evaluating the dynamics of 
movement of a vehicle fully submerged in water. Moreover, 
the wave action is only relevant at depths of up to 10 m. In 
most design solutions for mini ROVs, the interference caused 
by the connecting cable is negligible, and in autonomous 
vehicles of Autonomous Underwater Vehicle (AUV) type, due 
to the absence of a cable, this interference does not exist at all. 
However, at great depths, it is necessary to take into account 
other constraints of the marine environment such as changes 
in water density, temperature, salinity, etc. which change the 
dynamic and control properties of the object [5].

The difficulties associated with remote and autonomous 
control of an ROV arise directly from the marine environment. 
Autonomous control of a deep-sea vehicle requires determining 
a large number of parameters of the equations of motion of this 
object. Most of these parameters are selected experimentally 
by performing a series of tests under various environmental 
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and L2 of the laser pointers from the stationary obstacle (Fig. 3) 
and the distance dH between the laser pointers, the distance 
d and the orientation ψ of the vehicle relative to the detected 
obstacle is calculated.

Fig. 3. Measuring position x and orientation ψ relative to a stationary obstacle

The data provided by the LVS system is determined using 
a triangulation technique based on the following relationships 
(6-10) [6],[16]:

x = (L1 + ) cos(ψ)          (6)

y =  + [L1 + tan(ψ) ] sin(ψ)  (7)

z =             (8)

ψ =  – arctan2(dH, L1– L2)       (9)

d = min(L1, L2) *sin(ψ)        (10)

where:
d – distance from the obstacle,
L1, L2 – distances of laser indicators from the obstacle,
dH - – distance between laser pointers,
C(x0, y0) –  coordinates of the image center (Fig. 4. a, b),
S(sx, sy) - –  coordinates of the laser beam on the image plane 

(Fig. 4. b),
ax, ay – focal length of the camera.

Laser indicators, as vehicle equipment components, return 
the distances L1, L2 to the obstacle along the x-axis, and the 
orientation about the yaw angle z-axis. To find the coordinates 
(sx, sy) of the laser beam, the acquired camera image is analyzed 
[30]. The adopted method of analysis consists in segmenting the 
image into areas that fulfill the condition of laser dots (quadrant 
III and IV - Fig. 4. b, segmentation with mask - Fig. 4. c). The 
next step is noise removal, done by defocusing the image with 
a Gauss filter and applying thresholding with specific brightness 
thresholds for each channel of the RGB model [18]. The result 
is the image shown in Fig. 4. d, which transforms the laser 
beams into “black dots.” These points are tracked using the 
Blob Detection algorithm presented in [19]. After processing 
the image, the Blob Detection algorithm locates the laser dots 
and determines their centers of gravity (Fig. 5), which represent 
the position (sx, sy) of the beam on the image plane.

conditions in both laboratory pools and real conditions in the 
deep sea. However, by making assumptions based on the design 
of ROVs and taking into account the characteristics of the marine 
environment at a given submersion depth treated as operational, 
the model of this object can be significantly reduced [5].

The development of control algorithms for an underwater 
vehicle requires determining basic parameters of its motion - 
position and speed. The position vector of the marine vehicle 
(2) refers to the Earth-centered, Earth-fixed (ECEF) coordinate 
system, while the velocity vector (3), related to the motion of the 
object itself, is given in the Body Fixed Frame (BFF) system [6]:

η = [x y z φ θ ψ]T      (2)

v = [u v w p q r]T      (3)

where:
x, y, z – linear coordinates - position of the marine vehicle,
φ θ ψ –  angular Euler coordinates - orientation of the marine 

vehicle,
u, v, w – linear velocities along the X0, Y0, Z0 axes,
p, q, r – angular velocities about the X0, Y0, Z0. axes.

The most important parameter for orientation in space is the 
vehicle rotation about the vertical axis OZ (parameter ψ-heading, 
referred to as orientation). Other parameters (roll about the 
OX-axis and pitch about the OY-axis) are of little importance for 
navigation since ROVs are designed to remain vertical. Due to this 
principle of ROV design, the orientation and angular velocities 
associated with the OX and OY axes are statically steady and 
equal to zero. Given this assumption, the position and velocity 
can be defined as vectors (4) and (5), respectively:

η = [x y z ψ]T      (4),

v = [u v w r]T      (5)

which allows considering the underwater vehicle with four 
Degrees of Freedom (4 DOF). Consequently, only 4 equations 
of motion can be considered in detail in the model [6].

DETERMINING ROV POSITION  
RELATIVE TO AN OBSTACLE IN 

COLLISION SITUATION
In most situations faced by an underwater vehicle [14] [30], 

the inputs to the collision avoidance algorithm are the x, y 
position, and ψ orientation of the vehicle relative to the detected 
obstacle - a stationary object. In this case, the position of the 
stationary object can be considered as the reference system 
for the ROV. The values of x, y, and ψ parameters relative to 
the stationary object are measured by the LVS system, which 
consists of one wide-angle Full HD camera and two laser 
pointers directed parallel to the camera axis (Fig. 1a). These two 
laser pointers produce a focused beam of high intensity, which 
is visible in the camera’s field of view. Knowing the distances L1 
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Fig. 5. Result of operation of the Blob Detection algorithm

When determining the submergence depth, the measurement 
is carried out by a pressure sensor coupled to an inertial 
measurement system IMU. The control system responsible 
for controlling the operational depth takes the Z-coordinate 
as the reference signal value, but relative to the ECEF system.

ROV CONTROL IN COLLISION SITUATIONS

In literature, several methods have been used for path 
planning with object detection and obstacle avoidance, and 
these include graphical methods and artificial intelligence 
methods, such as evolutionary algorithms for planning an 
optimal movement trajectory [15]. The planning task in this case 
is reduced to finding an executable and optimal route that will 
allow autonomous and safe movement of the vehicle from one 
place to another in the marine environment. A detailed review 
of path planning methods is given in [2], [3]. As previously 
mentioned, effective control instruments for underwater 
navigation are controllers using PD control principles and fuzzy 
logic [13]. The use of fuzzy logic allows controlling an underwater 
vehicle with any propulsion configuration, where the propellers 
may be distributed both vertically and horizontally. It can be 
assumed that fuzzy controllers are applicable to systems in 
which controllers designed using conventional methods do not 
fulfill the requirements. However, the disadvantage of the fuzzy 
controllers is the labor-intensive process of defining rules and 
tuning their parameters. Another solution is automatic tuning 
of controllers by modifying the knowledge base, which leads to 
adaptive fuzzy control [21]. In this paper, three proportional-
differential controllers with Fuzzy Data Processing (FPD) are 
used to control the motion of the underwater vehicle attempting 
to avoid collision with a detected stationary obstacle [21]. When 

applying fuzzy controllers to this task, a classical linguistic 
model with Mamdani-type Implication Inference (MII) is used. 
This type of regulator consists of fuzzification, evaluation rules, 
and defuzzification operation, which connects a group of fuzzy 
inputs and outputs. The regulators designed in this way make it 
possible to control the distance from and the orientation of the 
detected obstacle, and the submergence depth of the underwater 
vehicle. The use of controllers significantly relieves the workload 
of the ROV operator, and allows the vehicle to autonomously 
maintain a safe distance from the stationary obstacle [14]. In 
this case, the input signals to the fuzzy distance controller are 
the distance deviation from the detected obstacle ed, being the 
difference between the set value dref and the estimated distance 
measurement d̂, and the distance deviation change Δed. The work 
of the controllers consists in controlling the vehicle’s distance 
and orientation relative to the detected stationary obstacle 
which will allow the vehicle to pass it at a certain distance. 
The controller intended to maintain the appropriate distance 
from the obstacle is responsible for controlling the forward/
reverse torque TN1, while the orientation controller is responsible 
for the underwater vehicle torque TN2. The torques TN1 and 
TN2 are obtained by assigning appropriate rotational speeds to 
thrusters situated on ROV’s starboard side (left) and port side 
(right) (Fig. 6). To enable smooth ROV control in the collision 
avoidance process, the distance and orientation controllers have 
been integrated together [30]. The sum of torques TN1 and TN2 is 
corrected by a block to scale the response of the controllers so 
that the thruster speeds do not exceed the range of the control 
signals. As a result of operation of this block, the combined 
torque TN for the right and left thrusters is generated (Fig. 6).

Fig. 6. Scheme of the integrated distance and orientation controller

Fig. 4. Image processing phases: (a) image representation, (b) image division into quadrants, (c) mask, (d) image processing result
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COLLISION AVOIDANCE ALGORITHM

The collision avoidance algorithm is based on the work [14], 
but several modifications have been made due to the use of 
LVS and IMU systems and the method of controlling the ROV 
thrusters used in the study. In this case, the OpenROV has only 
three thrusters: one up/down vertical motion thruster located 
in the central part of the vehicle, and two left LM and right RM 
horizontal motion thrusters located in its rear part (Fig. 7) [30]. 
In comparison, in [14] analyzed the control of six thrusters.

Fig. 7. Distribution of propellers in the experimental vehicle OpenROV

When designing the fuzzy controllers, it should be noted 
that the torque control of forward/reverse propulsion and 
rotation of OpenROV concerns its motion in the horizontal 
plane. Naturally, the submergence depth control, referring to 
its motion in vertical direction, is also an important issue for 
the underwater vehicle performing its task. This issue, however, 
goes beyond the scope of the present work, which only concerns 
collision avoidance. It is assumed that the vehicle has achieved 
the operational submergence depth, and this depth is constant 
during the collision avoidance maneuvers.

The first phase of operation of the collision avoidance 
algorithm (Fig.  10) consists in calculating the estimated 
distance d̂ and the estimated orientation ψ̂ [16] [30] of the 
ROV relative to the stationary obstacle based on equations (10), 
and checking that the safe distance condition is satisfied. This 
condition check says whether the distance between the ROV 
and the stationary obstacle is equal to the reference distance 
dref (d̂ = dref ). If this condition is fulfilled, the collision avoidance 
controls and the fuzzy distance and orientation controls are 
activated, assuming that the vehicle maintains its submergence 
depth. The set orientation is a fixed value equal to ψref = 90°. 
The output signal is the torque TN1. The experimentally selected 
distance controller membership functions for both the input 
and output of the controller are shown in Figure 8. Here, ed, Δed 
are referred to as the distance deviation and distance deviation 
change, respectively. The inference rule matrix, selected based 
on the work [14], is shown in Table 1. It should be noted here 
that to produce a water thrust force directed parallel to the 
symmetry plane of the ROV, the controller must control the 
thrusters in such a way as to achieve the same rotational speed 
on both thrusters.

Fig. 8. Distance controller membership functions: (a) input - distance deviation ed, 
(b) input - distance deviation change Δed, (c) output - torque TN1

Tab. 1. The base of inference rules for distance controller 

ed 
Δed

N Z P

N
R R NM

Torque TN1:
R R NM

Z
R NM F

right thruster RM (blue)
R NM F

P
NM F F

left thruster LM (red)
NM F F

Based on Table 1, the exemplary fuzzy control rules (if, then) 
of the ROV distance controller relative to the detected stationary 
obstacle are as follows:

–  if the obstacle is far away (distance control deviation ed is 
P - positive), and the vehicle is not moving (the distance 
deviation change Δed is Z - zero), then go forward (thrusters 
RM and LM have the value F - forward),

–  if the obstacle is in range (distance control deviation ed is  
Z - zero), and the vehicle is not moving (the distance 
deviation change Δed is Z - zero), then stop (thrusters 
RM and LF have the value NM - no motion),

–  if the obstacle is close (the distance control deviation ed is 
N - negative), and the vehicle is moving forward (distance 
deviation change Δed is N - negative), then go backward 
(thrusters RM and LF have the value R - reverse).

Controlling the orientation of the underwater vehicle 
requires ensuring that the horizontal thrusters are at correct 
speed. During the operation of the controller, the RM and 
LM thrusters have to generate opposite torques to activate the 
corresponding rotational motion of the underwater vehicle. 
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The input signals to the controller are the orientation deviation 
from the detected stationary object eψ , being the difference 
between the setpoint ψref and the estimated measurement ψ̂, 
and the orientation deviation change Δeψ. The output signal is 
the torque TN2. The membership functions of the orientation 
controller are shown in Figure 9. In this case, to produce the 
appropriate torque, the controller provides signals of opposite 
values to the horizontal thrusters. The inference rule matrix 
for this controller, developed based on the work [14], is shown 
in Table 2.

Fig. 9. Orientation controller membership functions: (a) input - orientation 
deviation eψ, (b) input - orientation deviation change Δeψ, (c) output - torque TN2

Tab. 2. The base of inference rules for orientation controller

eψ  
Δeψ

VN N Z P VP

VN
R R SR SR NM

Torque TN2:
F F SF SF NM

N
R SR SF NM SR

right thruster RM (blue)
F SF SF NM SR

Z
SR SR NM SF SR

SF SF NM SR SR

P
SR NM SF SF F

left thruster LM (red)
SF NM SR SR R

VP
NM SF SF F F

NM SR SR R R

Based on Table 2, the exemplary fuzzy control rules (if, then) 
of the orientation controller of the ROV relative to the detected 
stationary obstacle are as follows:

–  if the orientation of the vehicle relative to the obstacle 
is less than 90° (the orientation control deviation eψ is  
P - positive or VP - very positive), and the vehicle does not 
rotate about its axis (the orientation deviation change Δeψ 
is Z - zero), then execute the left turn (the RM thruster 
has the value SF - soft forward - go slowly forward, and 
the LF thruster has the value SR - soft reverse - go slowly 
backward),

–  if the orientation of the vehicle relative to the obstacle 
is equal to 90° (the vehicle is situated perpendicular to 
the obstacle - orientation deviation eψ is Z – zero), and 
the vehicle does not rotate about its axis (the orientation 
deviation change Δeψ is Z - zero), then stand to stop 
(thrusters RM and LF have the values NM - non-move),

–  if the orientation of the vehicle relative to the obstacle is 
greater than 90° (the orientation control deviation eψ is 
VN - very negative), and the vehicle rotates about its axis 
(the orientation deviation change Δeψ is N - negative), 
then execute the right turn (the RM thruster has the value 
R - reverse, and the LF thruster has the opposite value 
F - forward).

As a result of the operation of the distance and orientation 
controllers, the values of the torque control signals for thrusters 
TN1 and TN2 are obtained. Then the sum of the TN1 and TN2 
torques is corrected by the block rescaling the response of 
the controllers (Fig. 6) to the speed of individual thrusters. 
As a result of the operation of this block, PWM signals are 
generated for the right RM and left LM thrusters.

Fig. 10. The simplified scheme of the algorithm for avoiding collision 
with a detected stationary obstacle

RESEARCH AND TESTS

To evaluate the performance of the designed fuzzy controller-
based algorithm for avoiding collision with detected stationary 
obstacles, simulation and experimental tests were done with 
ROV control, the latter being conducted in real conditions in 
the test pool owned by the Gdansk University of Technology.
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SIMULATION STUDIES

Simulation studies were conducted based on the SciKit-
Fuzzy library [22] in the Python programming language. After 
introducing the specified reference values of the distance dref and 
orientation ψref into the algorithm and applying the membership 
functions (Fig. 8, Fig. 9) in the fuzzy controllers, the control 
planes for individual thrusters were determined.

Examples of control planes obtained from the fuzzy distance 
and orientation controllers for the right horizontal thruster RM 
are shown in Fig. 11. Based on the control planes, the torques TN1 
and TN2 relating to the fixed individual speed values of the RM 
and LM thrusters, respectively, were determined for specified 
values of distance deviation ed and orientation deviation eψ 
from the detected obstacle, as well as for distance deviation 
change Δed and orientation deviation change Δeψ.

Fig. 11. Control planes obtained from fuzzy controllers for the right 
horizontal thruster RM: a) distance, b) orientation.

Experimental studies were performed in the test pool owned 
by the Gdansk University of Technology, using a mini ROV- 
OpenROV type unit controlled by a PC-class computer via 
a connecting cable which allowed both control and power 
supply of the unit.

Examples of time waveforms of simulation tests of the 
operation of distance and orientation controllers for the 
assumed permissible maximum distance from the obstacle 
equal to dref = 0.5 m and fixed orientation not exceeding the 
maximum value ψref = 90° are shown in Fig. 12. In this case, 
the simulated obstacle was the plane of the test pool side wall.

Fig. 12. Time waveforms of distance d and torque TN1 during obstacle 
avoidance by the ROV

Based on the presented waveforms (Figure 12), it should be 
concluded that the LVS system correctly detected the obstacle 

at a distance of less than 1 m. After locating the obstacle, the 
fuzzy distance controller calculated the value of torque TN1. 
In this case, a positive value meant that the reverse gear of 
both the right RM and left LM thrusters was activated, which, 
as a consequence, reversed the movement of the vehicle. The 
permissible maximum distance of vehicle’s approach to the 
obstacle was assumed dref = 0.5 m.

Fig. 13. Time waveforms of orientation ψ and torques TN2 affecting 
the right and left thrusters during obstacle avoidance by the ROV

In turn, the waveforms in Fig. 13 show that after detecting and 
locating the obstacle, and determining its orientation, along with 
verifying that this orientation does not exceed the maximum 
value ψref = 90°, the fuzzy orientation controller generated 
the values of TN2 torques on both the right RM and left LM 
thrusters, thus allowing the vehicle to rotate. However, during 
this maneuver, the permissible maximum distance of vehicle’s 
approach to the obstacle, dref = 0.5 m, must not be exceeded. 
This way, the simulation tests of the vehicle orientation control 
confirmed the correctness of controller’s operation. By applying 
opposite control signals to the thrusters, the ROV could rotate 
about its axis.

ExPERIMENTAL RESEARCH

Based on the simulation studies and the verification of 
the control algorithms for a real vehicle mini ROV in real 
environment, appropriate scaling factors of fuzzy controllers 
were selected for the range of deviation ke, the range of deviation 
change kΔe, and the range of control signals kτ of the designed 
controllers. These coefficients are shown in Table 3. Then, real 
tests of the collision avoidance process control algorithm were 
carried out with the underwater vehicle [30]. Calculations and 
data recording were performed on a PC, which allowed the LVS 
system to process images in real-time. The optimal frequency for 
performing measurements and their estimation was determined 
experimentally at f = 5Hz.
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Tab. 3. Scaling factors for the range of deviation, variation of deviation
and control the signal range of the designed controllers

Before starting the main tests with the collision avoidance 
algorithm, a number of preliminary tests were performed with 
the controller for keeping the vehicle at a safe distance from an 
obstacle. In these tests, at time t = 0 s, the distance separating 
the ROV from a stationary obstacle was d0 = 3.0 m, while the 
permissible maximum distance of vehicle’s approach to the 
obstacle was set as dref = 0.5 m. The results of automatic distance 
control are shown in Figure 14.

Fig. 14. Control time waveforms of the OpenROV vehicle collision avoidance 
process - keeping the distance dref = 0.5 m from the stationary obstacle

When analyzing the control time waveforms of the collision 
avoidance process with the ROV remaining at a certain distance 
from the stationary obstacle, it can be seen that the ROV braking 
process occurred after the obstacle was detected. The braking 
process was executed by applying positive TN1 control signals 
to both thrusters, which confirmed the correct behavior of the 
vehicle in a collision situation.

The synthesis of fuzzy algorithms for controlling the distance 
from and orientation of the detected stationary obstacle was 
verified under conditions where at time t = 0 s, the real distance 
separating the ROV from the stationary obstacle was unknown 
but the permissible maximum distance setpoint was assumed at 
dref = 0.5 m. The orientation setpoint was a fixed value equal to 
ψref = 90°. The results of automatic control of the OpenROV collision 
avoidance process are shown in Fig. 15. The control time waveforms 
reveal characteristic changes in time of the signals TN1 and TN2 for 
the thrusters RM and LM (Fig. 15 b), respectively, as well as of the 
corrected TN signal for the RM and LM thrusters (Fig. 15 c). Fig 16 
shows the visualization of the phases of implementation of the port 
side maneuver in the test pool, where the side wall was an obstacle 
for the vehicle to avoid collision with.

Fig. 15. Control time waveforms of the OpenROV collision avoidance process 
for the set reference distance dref = 0.5 m and fixed orientation ψref = 90°

Controllers

Scaling factors

for the range of 
deviation ke

for the range 
of deviation 
change kΔe

for the range of 
control signals kτ 
(for Tz, TN1, TN2)

submergence 
depth 5 m 1.25 m -1.00 to 1.00

distance 2.4 m 0.6 m -0.50 to 0.50

orientation 180°rad 30°rad -0.50 to 0.50
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The control time waveforms of the OpenROV collision 
avoidance process confirmed the correct behavior of the vehicle 
in a collision situation. The OpenROV began reducing speed 
by applying positive control signals (t1 = 9 s) to both horizontal 
thrusters so as to maintain the distance dref = 0.5 m from the 
obstacle. Then, the controller generated counter torques to 
both the right thruster RM and the left thruster LM, making 
the vehicle turn and move away from the obstacle (t4 = 12 s.).

CONCLUSIONS

This paper presents the design, implementation, and 
verification of a fuzzy algorithm for controlling the collision 
avoidance process of an underwater vehicle. The ROV collision 
avoidance algorithm is composed of the algorithm calculating 
the distance between the underwater vehicle and a stationary 
object detected by the LVS system, and the algorithm controlling 
the distance and orientation of the vehicle with respect to 
the detected stationary object. The integration and software 
implementation of the two above algorithms were done using 
the Python programming language and the SciKit-Fuzzy library, 
which allowed the design of algorithms based on fuzzy logic. 
The results of the tests conducted in real environment in the 
test pool have confirmed that it is possible to control the process 
of avoiding collisions of the OpenROV underwater vehicle 
with stationary objects using FPD controllers. The presented 
method allows to control the motion of the underwater 
vehicle when avoiding collision with an obstacle at a specified 
passing distance. The use of an autonomous control system for 
controlling ROV motion in collision situations with detected 
stationary obstacles will significantly reduce the workload of 
the ROV operator.
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AbstrAct

In this study, the impact of propeller emergence on the performance of a ship (speed), propeller (thrust, torque, and 
RPM), a diesel engine (torque and RPM) and fuel consumption are analysed under severe sea conditions. The goal is 
to describe the variation in the system variables and fuel consumption rather than analysing the motion of the ship or 
the phenomenon of propeller ventilation in itself. A mathematical model of the hull, propeller, and engine interactions 
is developed in which the propeller emergence is included. The system parameters are set using model experiments, 
empirical formulae, and available data for the engine. The dynamic response of the system is examined in regular 
head waves under submerged and emerged conditions of the propeller. The pulsatility and the extent of variation 
of 20 selected variables for the coupled system of hull, propeller, and engine are elaborated using quantitative and 
qualitative terms and absolute and relative scales. The simulation begins with a ship moving on a straight path, in 
calm water, with a constant speed for the ship, propeller and engine under steady conditions. The ship then encounters 
regular head waves with a known time series of the total resistance of the ship in waves. Large motions of the ship 
create propeller emergence, which in turn reduces the propeller thrust and torque. This study shows that for a specific 
ship, the mean ship speed, shaft angular velocity, and engine power were slightly reduced in submerged conditions with 
respect to calm water. We compared the mean values of the variables to those in the emerged condition, and found 
that the shaft angular velocity was almost the same, the ship speed was considerably reduced, and the engine power 
significantly dropped with respect to calm water. The ratios of the amplitude of fluctuation to the mean (Amp/Mean) 
for the ship speed and angular velocity of the shaft under both conditions were considerable, while the Amp/Mean 
for the power delivered by the engine was extremely high. The outcomes of the study show the degree of influence 
of propeller emergence on these variables. We identify the extent of each change and categorise the variables into three 
main groups based on the results.

Keywords: Ship dynamics, Ship Propulsion system, Propeller ventilation, Propeller emergence, Sea waves

INTRODUCTION

A conventional ship propulsion system includes one or 
more propellers, a power transmission shaft, a gearbox (if 
any), and one or more engines, which interact with the ship’s 
hull. The performance of the hull and that of the propulsion 
system are coupled, and are affected by the environmental 
conditions. Low and moderate sea waves generally cause 
moderate dynamic motion. Although propeller ventilation 

and the resulting load variations may happen under fully 
submerged conditions, propeller emergence leads to a rapid 
oscillation in the propeller torque demand, and consequently 
disturbs the engine torque supply. This may cause frequent 
overloading of the engine. Cyclic loading such as this can 
impose defects on the power transmission shaft, bearings, 
coupling elements, the engine and its subsystems, such as 
cooling or lubrication systems. Depending on the height 
and period of the waves, the resulting load oscillation can 

https://orcid.org/0000-0003-2735-4848
https://orcid.org/0000-0002-4796-9674


POLISH MARITIME RESEARCH, No 4/2022 57

increase fuel consumption and emissions [1]. An analysis of 
this phenomenon involves considering the overall interactions 
between the propeller, hull, and engine in response to external 
disturbances [2]. There are also other aspects that are coupled 
with these interactions: in case of the propeller, cavitations, 
[3, 4], vibrations [5], and tip vortices [6] are phenomena that 
affect these interactions. The interaction between the propeller 
and the rudder and the influence of the blade pitch on the 
hydrodynamic performance of propeller [7] are other aspects 
that should be mentioned in this regard. Last but not least, 
the configuration of propeller, for example with or without 
a Wake-Equalising Duct (WED) [8], changes the performance 
of the propeller and the interactions mentioned above.

Propeller emergence in severe sea waves may cause the 
engine subsystems, the engine itself, and the ship as a whole 
to fail. The goal of this study is therefore to analyse the effect 
of propeller emergence by combining the performance of the 
hull, propeller, and engine and their interactions into one 
overall approach. For this purpose, a suitable mathematical 
model is developed and the parameters are identified to reflect 
a real case, based on the results of experimental model tests, 
and a simulation is then carried out. 

We present an intensive investigation of the phenomenon 
of propeller ventilation, its inception and mechanism, and 
its influence on propeller thrust and torque, depending on 
the operational conditions in terms of sea waves. Our results 
are mainly based on model experiments, CFD techniques, 
simulations, and analytical analyses. 

Koushan [9] previously conducted an experimental study 
on the dynamics of the propeller blade and duct loading 
fluctuations and the ventilation phenomenon of thrusters in 
dynamic positioning (DP) mode, using dynamic model tests 
of a ducted pushing thruster and an open pulling thruster. 
He extended his research through the use of model tests of 
a ducted pushing thruster and an open pulling thrusters, 
under both constant immersion and with a forced sinusoidal 
heave motion under bollard conditions. Kozlowska et al. 
[10] analysed Koushan’s [9] experiments and devised 
a classification for different types of propeller ventilation, with 
the typical thrust loss related to each of them, and presented 
a discussion on the ventilation inception mechanism. Koushan 
et al. [11] considered the influence of wave-induced propeller 
ventilation on the fluctuations in the propeller thrust through 
high-precision experimental tests with different immersion 
ratios and under different types of regular waves with a range 
of advance speeds. Califano and Steen [12] utilised RANS to 
carry out a numerical simulation of propeller ventilation and 
compared their results with those of experiments conducted 
by Koushan [9]. They presented a detailed description of the 
ventilation mechanism.

Palm et al. [13] employed model tests and CFD tools to 
study the ventilation characteristics of a rudder propeller in 
comparison to a Voith Schneider propeller. Koushan et al. [14] 
considered the forces and moments acting on a single propeller 
blade running in ventilated conditions in calm water and 
waves using model tests. They analysed the influence of static 
immersion, wave height, wave period, and propeller loading 

on forces and moments. Kozlowska et al. [15] investigated the 
forces acting on a propeller during ventilation, and compared 
the blade forces and moments during the non-ventilating and 
ventilating phases using a model test and CFD simulation.

Paik [16] analysed the performance of a partially submerged 
propeller in bollard conditions, using CFD tools based on 
a RANS code, for different angular velocities and submerged 
depths of the propeller. Yvin et al. [17] conducted a full-scale 
CFD-based simulation of the ventilation phenomenon based 
on model tests of a pushing thruster. They developed a clear 
and exact calculation method for detecting the inception of 
propeller ventilation, and identified the challenges in terms 
of numerical evaluation of the thrust and torque losses 
in a partially or highly ventilated regime. Kozłowska [18] 
conducted model tests and numerical simulations of propeller 
ventilation in waves and partially submerged conditions. She 
analysed the mean thrust, torque, and thrust loss as a function 
of the blade position, and explored the influence of time on 
the inception of ventilation. She also suggested a calculation 
model for propeller thrust and torque diminution factor. 
Kozlowska et al. [19] studied the dynamic effects on propeller 
loading during ventilation. They investigated the propeller 
forces under varying operational conditions for both steady 
and unsteady states. The performance of the propeller, 
hull, and engine in sea waves is another area of research 
in which many studies have previously been conducted. 
Lanchukovsky [20] investigated the effects of moderate and 
severe wave on the performance of the propeller and engine, 
and demonstrated that in rough seas, propeller emergence 
due to large ship motions causes a loss of propeller torque. 
Szelangiewicz and Żelazny [21] put forward a method for 
predicting the influence of propeller emergence and the thrust 
reduction during navigation of a ship in waves. Szelangiewicz 
and Żelazny [22] also presented an algorithm for calculating 
the drop in propeller torque during ship motion in irregular 
waves under propeller emergence conditions. Theotokatos 
and Tzelepis [23] simulated the interactions between the hull, 
propeller and engine, and applied a simulation method to 
explore the engine performance and emissions. They analysed 
the behaviour of the propulsion system for a given range 
of sea waves and a particular route. Taskar [24] proposed 
a coupled model consisting of an engine, hull and propeller 
for wake estimation in waves. They compared the propulsion 
performance of a ship under steady and unsteady conditions 
and showed that these may be significantly different. The most 
important outcome of this study was the conclusion that the 
response of the system, including the engine power, propeller 
rotation speed and torque, can be determined only through 
the use of a coupled simulation model when realistic engine 
and propeller models are employed. Following this, Tokgoz 
et al. [25] carried out experimental and numerical analyses 
of twin propellers operating behind a hull in regular head 
wave conditions. They concluded that in regular waves, and 
at an encounter frequency close to its mean value in calm 
water, the propeller thrust undergoes harmonic oscillation, 
with a relatively small amplitude; however, when the propeller 
blade approaches the water surface and ventilation occurs, the 
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propeller thrust radically changes and decreases. Kitagawa 
et al. [26] considered the influence of wave orbital motion 
on the propeller inflow velocity and engine load fluctuations 
in waves. Free-running model tests in head waves driven by 
a servo-motor were employed to provide data for analysis. 

Under rough sea conditions, the propeller may undergo 
large vertical motions, and the propeller disc is sometimes 
exposed above the surface of the water. An abrupt drop in 
torque can be found, which is proportional to the loss of 
the effective propeller disc area due to exposure above the 
free surface. These effects have been carefully analysed and 
discussed by Naito [27], Minsaas et al. [28], Minsaas et al. 
[29], Koushan [30], Smogeli [31], and Oleksiy and Masashi 
[32]. A detailed investigation of the propeller and propulsion 
performance, as well as the propulsive coefficients in waves, 
has recently been carried out by Saettone [33].

In [34], a mathematical model of the interactions between 
the hull, propeller, and engine was developed. In [35], the 
authors investigated the dynamics of a ship propulsion 
system in sea waves, including the interactions between the 
hull, propeller, and engine in low and moderate sea waves. 
Propeller ventilation was not the topic of this study. 

The present work is in line with these previous studies, and 
represents a step forward in dealing with conditions where 
propeller ventilation occurs. The main goal of the study is to 
analyse the impacts of propeller ventilation on the ship and 
propeller speed and the performance of the main engine. 
The sub-systems of the main engine are also monitored 
during ventilation, and the ventilation characteristics are 
determined through the use of existing regression formulae. 
Our approach takes into consideration the internal engine 
variables through the use of an instantaneous value zero-
dimensional mathematical model for the diesel engine. The 
influence of the wave orbital velocity on the propeller inflow 
velocity is also included. The simulation represents a specific 
ship, and the parameters are identified based on the results 
of model tests of the propeller and ship. The output includes 
the dynamic behaviour of the ship and time traces for the 
engine and its variables during propeller ventilation. 

The results of this study provide a general overview of the 
impact of propeller ventilation on the general performance of 
the whole propulsion system. The results are quantitatively 
and qualitatively analysed to determine the extent of the 
variation in each variable. This study is the first attempt to 
investigate the effect of propeller emergence on the elements 
of a propulsion system while taking their interactions into 
consideration. It should be noted that the main goal here is 
not to study the phenomenon of propeller ventilation itself 
but to focus on its impact on the ship propulsion system.

MATHEMATICAL MODEL

COUPLED EQUATIONS FOR A FULLY SUBMERGED 
PROPELLER IN REGULAR WAVES

A review of the model used to represent the interactions 
between the hull, propeller, and engine is presented in this 
section, and further details are available in [35]. The dynamics 
of the hull, propeller and diesel engine are interrelated, 
particularly during operation in sea waves. The following 
two coupled equations govern the relationships between them: 

(1)

where  is the net thrust generated by the propeller 
as a function of time,  is the ship resistance as a 
function of surge speed, is the total wave force in the 
x-direction, a mean value is used as the added resistance, 
Δ is the overall ship mass,  is the surge added mass, and 

 and are surge velocity and acceleration, respectively. 
 is the torque delivered by the engine,  is the 

propeller torque demand,  is the angular acceleration 
of the propeller, and , , , and  are the moment of 
inertia and added moment of inertia of the propeller, the 
moment of inertia of the engine, and the moment of inertia 
of the shaft, respectively.

Ship resistance
The ship resistance can be calculated by empirical methods, 

numerical methods, or based on a model test, and can be 
expressed as follows:

(2)

where  is the total resistance coefficient,  is the water 
density, and  is the wetted surface area.

Surge added mass
The surge added mass  is typically as assumed to be 

between 5% and 10% of a ship’s mass [36, 37]. In this study, 
we assume a value of 10%.

Wave force
The mean value of the wave force in the x-direction as the 

added resistance and its time history can be approximated by 
numerical methods or by using a model test. For the latter, 
the total resistance of the model in a given regular wave is 
recorded as a function of time, as . From the total 
resistance of the model in calm water at a given speed , 

, the time history of the wave force of the model, 
, can be calculated as follows:
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(3)

where the subscripts m, T, and  refer to the model, total 
value, and time, respectively.

The time history of the wave force on the ship, , can 
be calculated as follows:

 (4)

where  is the model scale.

Propeller torque and thrust 
A screw propeller with an instantaneous rotational speed 

of  and advance speed  generates a thrust of , 
and demands torque . Although the propeller is in the 
acceleration mode, the thrust and torque are approximately 
determined by using the open water performance of the 
propeller in the steady condition, for the sake of simplicity, 
as follows:

(5)

(6)

(7)

where  and  are the propeller thrust and torque 
coefficients, respectively,  is the rotational speed of 
the propeller expressed in rps, and  is the diameter of the 
propeller. 

The net thrust, ), depends on the thrust deduction 
factor, :

(8)

The wake fraction coefficient and thrust deduction factor 
are functions of time when the ship is sailing in sea waves. For 
the sake of simplicity, they can be approximated to the same 
values as in the steady state, determined based on empirical 
formulae. Examples are given below: 

(9)

(10)

where  is the hull prismatic coefficient ([35], Table 2). 

The surge and wave orbital inflow velocities are also 
included in the model, and these are presented in Appendix A.

DIESEL ENGINE

Under high wave conditions, the propeller may experience 
a diminution of thrust and torque due to exposure of the 
propeller disc above the free surface [28]. This large and abrupt 
drop in torque may lead to engine over-speed, which is known 
as propeller racing [25]. The resulting change in the propeller 
torque is proportional to the loss of the effective disc area of 
the propeller. From [28], if  and  are the thrust and 
torque coefficients for a fully-submerged propeller, then for 
limited immersion at the same advance number ( , these 
become: 

(11)

(12)

where  is assumed to be a constant between 0.80 and 0.85 
[20]. Another related study suggests a value of one for  [30]. 
It should be noted that the emerged portion of the propeller 
is only responsible for part of the losses. For a high advance 
number, neglecting other effects is reasonable, otherwise the 
effect of ventilation can be much more severe than the emerged 
portion of the propeller. This is examined and discussed in 
[14] and [19]. Since the advance number is relatively high 
in this study, only the emerged portion of the propeller is 
included in our analysis.

The thrust diminution factor, , depends on the advance 
number, which can be calculated based on the geometrical 
relationships (see Fig. 1) as a fraction of the emerged area of 
the propeller disk ( ) over its overall area ( ):

(13)

or:

(14)

where  ,  is the propeller immersion, and  is the 
propeller radius.

Fig. 1. Definition of parameters for a partially immersed propeller
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There are three other methods of approximating the thrust 
diminution factor, as presented in [23], [32] and [18], and 
these are described in Appendix C.

For unsteady state conditions,  should be expressed as 
a function of time. This requires calculating  depending on 
six variables, three of which are related to the motion of the 
ship (heave, roll, and pitch) and three to the sea condition 
(wave amplitude, frequency, and heading angle). It can be 
formulated as shown in the following equation, based on the 
dynamics of the ship’s hull as a rigid body:

(15)

where ,  and  are the heave, roll, and pitch, respectively, 
and the related phases are  (see Fig. 2):

(16)

(17)

(18)

and  represents the wave profile, as follows:

(19)

Here,  is the wavenumber,  is the heading angle and 
 is the encounter frequency, which is defined as follows:

(20)

Under head sea conditions,  and .

o

x

y
z

Fig. 2. Motion of the ship in the hydrodynamic coordinate system: : surge, 
 : sway, : heave, : roll, : pitch, : yaw

To include the propeller ventilation and wave orbital 
velocity in the mathematical model, we recall the system of 
coupled equations in Eq. (1). The terms  and  are 
evaluated taking into consideration the propeller emergence, 
as formulated above, and the wave orbital velocity, which is 
given in Appendix A.

CASE STUDY AND SIMULATION

CASE STUDY

We consider a case based on the same container vessel as 
used in previous studies [34, 35]. This allows us to compare the 
performance of a fully submerged propeller with a ventilated 
propeller when the wave conditions are similar in both 
simulations.

Specifications of the ship and propeller 
The parameters for the ship and the propeller are given 

in Table 1 and Table 2, respectively. The arrangement of the 
propeller behind the hull is illustrated in Fig. 3.
Tab. 1 . Ship specifications [34]

No. Parameter Symbol Value
1 Displacement Δ 26980.220 [ton]

2 Wet length
Length BP

186.260 [m]
182.880 [m]

3 Beam 24.414 [m]

4 Draught 9.782 [m]

5 Ship speed 23.82 [Kn]

6 Block coefficient 0.600 [-]

7 Prismatic coefficient 0.615 [-]

8 Wetted surface 5762.200 [m2]

Tab. 2. Propeller specifications [34]

Type B-Wageningen fixed pitch propeller
Diameter 7.590 [m]
Number of blades 5
Area ratio 0.5808
Pitch ratio 1.00 (at full pitch)

O
G x

z

84.000

9.782

7.590

5.205

Fig. 3. Propeller immersion height and x-coordinate in calm water conditions

Wave specifications, ship motion, and added resistance
The model of the ship was previously tested in regular 

waves, as shown in Table 3, at a speed equivalent to the 
scaled ship speed. The heave and pitch motion and the total 
resistance were recorded. Table 4 gives the data used for the 
model and the ship, and Fig. 4 shows the total resistance versus 
the selected period in regular waves, which were 326 cm in 
height and 162.84 m in length. More details on the ship and 
propeller model tests are given in [34] and [35].
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Tab. 3 . Specifications of the regular waves,  =4.58 m and λ=40.71 m

Case
Wave 

height, H 
[cm]

Wave 
period, 

T [s]

Wave 
length 

[m]

Te
[s] [rad/s]

Model 8 1.60 4.00 1.005 6.25
Ship 326 10.21 162.84 6.42 0.978

Tab 4 . Heave and pitch motion displacements for the model and ship, 
and phase lags

Case Heave ampl. 
[cm]

Pitch ampl.
[deg.]

Heave phase 
angle
[deg.]

Pitch phase 
angle

[s]
Model 3.6 2.4 −35 −50
Ship 156.6 2.4 −35 −50

Fig. 4. Total resistance versus time in regular waves, height 326 cm, length 
162.84 m [35]

SIMULATIONS

A computer code was developed in MATLAB based on the 
problem formulation. The simulation was carried out based 
on the recorded waves and the resulting total resistance as 
input. The outputs were the variables for the ship, propeller, 
and engine, which consisted of the ship speed, shaft angular 
velocity, fuel consumption, fuel rate, propeller thrust and 
torque, engine torque and power, propeller thrust and torque 
diminution factor, β, as well as a set of selected flow and 
thermodynamic engine variables. A comparison between 
the time histories for a fully submerged propeller and 
a ventilated propeller can illustrate the significance of the 

impact of propeller emergence on the overall performance 
of the system. The simulation was initially carried out for 
calm water conditions for a period of 500 s, to establish 
the steady-state behaviour of the system. For the following 
(approximately) 800 s, the simulation was continued with 
regular waves, in which the propeller was in a ventilated 
condition. Finally, calm sea conditions were applied again, 
and all dynamic systems gradually tended towards a steady 
condition. The total simulation time was 1500 s. 

The results for the ship and propeller variables are 
presented in Fig. 5 and Fig. 6, starting at t = 400 s for both 
the submerged and ventilated propeller conditions. In Fig. 5, 
the total resistance (which formed the main input) is plotted 

against the ship’s speed, shaft 
angular velocity, net propeller 
thrust, propeller torque, engine 
torque, propeller demand 
power, and engine delivered 
power, for simulation time 
intervals of 400 to 1500 s. 

Fig. 6 shows the results 
for a time frame of 50 s is 
which the dynamic variables 
regularly fluctuated. A plot 
of the propeller thrust and 

torque diminution factor, β, versus time, under sea wave 
conditions, is shown in Fig. 7, and the time history for some 
flow and thermodynamic internal variables of the engine is 
illustrated in Fig. 8. These include the mass and temperature 
of the air in the inlet air manifold (receiver), the mass and 
temperature of the exhaust gases in the exhaust gas receiver, 
and the flow rate and temperature of the exhaust gases after 
the turbocharger. To check the internal parameters of the 
engine, and particularly the combustion process, which has 
a strong influence on the emissions, the time variation in 
the average temperature of the gases during the combustion 
process and the temperature of the outflow gases from the 
engine cylinders are shown in 

Fig. 9. Finally, the fuel rate and the fuel consumption for 
both conditions (submerged and ventilated propeller) are 
compared in Fig. 10.
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Fig. 5. Overall time history of the input total resistance and selected system variables

Fig. 6. Time history (50 s) showing the input total resistance and selected system variables under fully submerged and ventilated conditions
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Fig. 7. Propeller thrust and torque diminution factor, β, versus time

Fig. 8. Comparison of the behaviour of the engine variables under submerged and ventilated propeller conditions

900 905 910 915 920 925 930 935 940 945 950

Time [s]

600

650

700

750

800

850

900

 T
co

m
b

 [
K

]

average temp. of combustion process

900 905 910 915 920 925 930 935 940 945 950

Time [s]

500

550

600

650

700

750

 T
cy

l
 [

K
]

average temp. of outflow ex. gases from engine cylinders

Excl. Prop. Ventilation Incl. Prop. Ventilation

Fig. 9. Influence of propeller ventilation on the combustion process
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Fig. 10. Comparison of the variation in the fuel rate and total fuel consumed under submerged and ventilated conditions

DISCUSSION

The statistical parameters of the hull, propeller and 
engine were calculated and compared for both submerged 
and ventilated propeller conditions. For this purpose, a time 
frame of between 900 and 1200 s was selected during which 
the fluctuations of the variables were in almost a steady state.

These statistical parameters, including the maximum, 
minimum, amplitude, mean, and root mean square (RMS) 
values, and the variance for submerged and ventilated 
propeller conditions, are summarised in Table 5. The values 
are labelled as ‘Ex’ when the propeller ventilation is excluded 
from the simulations, and ‘In’ when it is included.

The terms ‘Max’ and ‘Min’ are defined as the maximum 
positive peak and minimum negative peak of a function, 
respectively. It should be noted that the amplitude is defined 
as the half of the absolute difference between the maximum 
and minimum values, averaged over the length of the selected 
time frame:

(21)

‘Mean’, μ, is the average of a function integrated over time, 
and is defined as follows:

(22)

where [ ] is defined as an operator for the calculation of the 
mean value. The variance is calculated as the mean square 
of a function minus its mean:

(23)

(24)

Since the variables are continuous functions in time, the 
RMS will be as follows:

(25)

The term ‘Amp/Mean’ represents the maximum fluctuation 
of a function in nondimensional terms, and reflects the 
pulsatility of the variable. The ratio ‘ ’ also 
represents the fluctuation of a function with respect to its 
mean value in nondimensional terms, except that  it takes into 
consideration an average fluctuation amplitude. This ratio is 
called the coefficient of variations; it is generally defined as the 
standard deviation divided by the mean value, and indicates 
the extent of variability.
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Tab. 5. Heave and pitch motion displacements and phase lags for the model and ship

No. Variable Cond. Max Min Amplitude Mean RMS Amp/
Mean Variance

1 Total resistance [kN]
Ex 10557.584 -3011.119 6784.351 963.868 2456.305 7.039 506182 0.738

In 10557.584 -3011.119 6784.351 963.868 2456.305 7.039 506182 0.738

2 Ship’s speed [m/s]
Ex 11.791 8.996 1.398 11.540 11.540 0.121 0.002 0.004

In 11.767 8.996 1.385 10.343 10.343 0.134 0.002 0.004

3 Shaft angular velocity 
[rad/s]

Ex 9.717 6.805 1.456 9.705 9.705 0.150 0.001 0.003

In 9.721 6.805 1.458 9.713 9.713 0.150 0.000 0.000

4 Advance number [-]
Ex 0.8317 0.6009 0.1154 0.7484 0.7492 0.154 0.0012 0.046

In 0.8317 0.6009 0.1154 0.6702 0.6711 0.172 0.0012 0.052

5
Propeller thrust and 
torque diminution 

factor [-]

Ex 1.000 1.000 0.000 1.000 547.723 0.000 1.000 1.000

In 0.886 0.114 0.386 0.497 312.418 0.716 0.078 0.562

6 Net thrust [kN]
Ex 1541.464 455.526 542.969 1191.669 1196.225 0.456 10875 0.088

In 1541.464 118.981 711.241 736.086 860.283 0.966 198261 0.605

7 Propeller torque 
[kNm]

Ex 2413.891 814.590 799.650 2002.426 2006.859 0.399 17757 0.067

In 2413.891 206.744 1103.574 1176.865 1369.209 0.938 489716 0.595

8 Engine torque [kNm]
Ex 3330.577 1745.695 792.441 2002.428 2006.880 0.396 17837 0.067

In 3330.577 206.323 1562.127 1176.864 1369.192 1.327 489671 0.595

9 Required brake power 
[kW]

Ex 185980.06 -51796.684 118888.373 19787.918 42389.041 6.008 1405267820 1.894

In 177353.84 -52768.920 115061.384 11846.879 37970.686 9.712 1301423957 3.045

10 Delivered brake power 
[kW]

Ex 23299.547 16962.731 3168.408 194 31.525 19473.498 0.163 1631686 0.066

In 23548.700 2005.711 10771.494 11424.807 13287.092 0.943 46020142 0.594

11 Mass of air in the air 
manifold [kg]

Ex 40.870 39.771 0.550 40.278 3460.029 0.014 0.103 0.008

In 40.351 37.408 1.472 38.789 2628.091 0.038 0.492 0.018

12 Temp. of air in the air 
manifold [K]

Ex 321.6 318.4 1.6 320.0 27487.5 0.005 0.345 0.002

In 321.6 317.3 2.2 319.5 21641.2 0.007 1.637 0.004

13
Mass of ex. gases in 

the ex. gases receiver 
[kg]

Ex 28.941 25.912 1.515 27.020 2321.937 0.056 0.565 0.028

In 29.828 24.358 2.735 27.037 1835.028 0.101 2.806 0.062

14
Temp. of ex. gases in 
the ex. gases receiver 

[K]

Ex 674.9 582.7 46.1 633.6 54475.0 0.073 679.7 0.041

In 690.6 566.6 62.0 614.4 41723.9 0.101 1896.2 0.071

15
Mass flow rate of ex.
gases after turbine 

[kg/s] 

Ex 47.450 43.000 2.225 45.811 3935.501 0.049 0.343 0.013

In 45.769 33.084 6.342 40.353 2748.632 0.157 17.97 0.105

16 Temp. of ex. gases after 
turbine [K]

Ex 555.8 480.5 37.7 523.3 44983.7 0.072 429.7 0.040

In 573.9 466.0 53.9 509.7 34621.5 0.106 1371.7 0.073

17
Average temp. of 

combustion process 
[K]

Ex 700.7 558.3 71.2 631.2 54294.9 0.113 1113 0.053

In 744.9 523.4 110.7 611.0 41556.2 0.181 3007 0.090

18
Average temp. of 

outflow gases from 
engine cylinders [K]

Ex 857.0 695.0 81.0 783.1 67344.8 0.103 1303 0.046

In 899.7 626.0 136.9 744.6 50710.4 0.184 5968 0.104

19 Fuel rate [kg/s]
Ex 1.072 0.775 0.149 0.969 532.516 0.154 0.006 0.080

In 1.072 0.107 0.482 0.579 369.379 0.832 0.119 0.596
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A comparison of the mean values in the ventilated 
condition with those in the submerged condition shows 
a 10% decrease in the ship speed, no significant change in the 
shaft speed, and reductions of 10% in the propeller advance 
number, 38% in the propeller net thrust, and 41% in the engine 
torque and power.

Fig. 11 shows the Amp/Mean ratio as a nondimensional 
measure of merit for the analysis. In general, for all of the 
variables considered here, larger fluctuations are observed 
when the propeller is in the ventilated condition in waves 
than in the submerged condition. In particular, the engine 
torque, net thrust, required and delivered brake power, fuel 
rate, propeller thrust and torque diminution factor differ 
significantly. Since the extreme fluctuation in the variables 
is represented by the Amp/Mean ratio, it should be noted 
that a very high value of this ratio, even for a very short time, 
may cause failure of the system. The Amp/Mean ratio of 
the ship speed under submerged conditions is 0.121, which 
changes to 0.134 in the ventilated condition, i.e. an increase 
of 10%. The shaft speed has an Amp/Mean ratio of 0.15 under 
both conditions. The changes in the ship and shaft speed in 
waves are moderate. The propeller advance number has an 
Amp/Mean of 0.154 under submerged conditions, which 

changes to 0.172 in ventilated conditions, representing an 
increase of 12%. The Amp/Mean ratio for the propeller 
generated net thrust changes from 0.456 to 0.966 when the 
conditions change from submerged to ventilated, and this 
can be regarded as a high fluctuation. The same effect is 
seen for the propeller torque demand; the engine-generated 
torque has an Amp/Mean of 0.396 in submerged conditions, 
which changes to 1.327 in ventilated conditions, giving a large 
increase. It is worth mentioning that the mean value of the 
engine torque drops significantly under ventilated conditions, 
which in turn results in no exceedance of a certain limit. The 
same effect is seen for the engine power.

The coefficient of variation is shown in Fig. 12. It can be 
seen from the figure that the internal variables of the engine 
are less affected by propeller ventilation than the other 
variables. The variable that is most affected by the propeller 
ventilation is the required brake power, followed by the net 
thrust, propeller torque, engine torque, and fuel rate. It is 
interesting to note that the coefficients of variation for the 
the ship’s speed and shaft angular velocity under propeller 
ventilation conditions have negligible values in comparison 
to the other variables.

Fig. 11. Amp/Mean ratios for the system variables under submerged and ventilated conditions
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To allow us to analyse the results on a relative scale, the 
relative change ( ) is determined as follows:

(26)

where  represents the statistical parameter considered 
(amplitude, mean, RMS, or variance), and the subscripts 
In and Ex refer to emergence and submergence propeller 
conditions. The relative changes are illustrated in Fig. 13, 
and it can be seen that there is a lower relative change in the 
mean for the variables with a higher coefficient of variation. 
However, for the other variables, this is RMS that has changed 
less, relatively. This indicates that the power of those signals 
that represent the internal variables of the engine remains at a 
lower level in comparison to the hull and propeller variables. 
In parallel, the relative change in the variance of the internal 
engine variables is higher. The shaft angular velocity shows 
the lowest relative change in variance, and this seems to be 
the result of the quick reaction of the governor, which was 
set for a constant angular velocity.

Fig. 13. Relative changes in the statistical parameters of the system variables 
(in percentages) under propeller ventilation

To carry out a qualitative comparative analysis, the 
relative extent of the variation in the system variables can 
be considered. However, the variance of the relative change 
for some variables is negative, and the use of the coefficient 
of variation is only possible when the data are positive and 
scaled against global axes. It is therefore necessary to add 
the absolute value of the highest negative value to the other 
values for a given statistical parameter [38]. Moreover, since 
the RMS is the square root of the power of a signal, it can be 
used as a weighting factor for this qualitative analysis. Hence, 

Fig. 12. Coefficients of variation for the system variables under both submerged and ventilated conditions
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the Qualitative Weighted Extent Variation Index, , is 
defined and evaluated for all variables as follows:

(27)

where

(28)

(29)

and  and  indicate the th variable and th statistical 
parameter. The higher the value of , the greater 
the extent of the variation in the variable under propeller 
emergence conditions. The results are illustrated in Fig. 14. 

Fig. 14. Values of the qualitative weighted extent variation index ( ) 
for selected system variables

The required brake power is demanded due to the 
presence of sea waves, and its  is therefore expected 
to be among the highest. When the required brake power is 
excluded, there are three main groups of variables in Fig. 14. 
The first group with the highest  values (between 32 
and 33) includes the propeller torque, engine torque, delivered 
brake power, net thrust, and fuel rate. The second group, with 
moderate  values of around 24, consists of the ship 
speed, advance number, and shaft angular velocity. The third 
group includes the engine flow and thermodynamic variables, 
for which the value of  ranges between 13.1 and 17.1. 
WE can see that the values of  for internal variables 
of the engine are approximately half of those for the ship and 
propeller variables. This does not mean that the sensitivity 
of the engine internal variables to the propeller ventilation is 
low or negligible, but indicates that the extent of the changes 

concerning the other variables is important. The fuel rate is 
also an engine variable with a moderate value of , 
although this is higher than the others. However, as it is an 
input signal for the dynamic behaviour of the engine, it should 
not be categorised as an internal flow variable of the engine. 
Since the propeller is operating in ventilation conditions, 
the fuel rate changes over a wide range (see Fig. 10), and the 
engine therefore works under a partial load for a relatively 
long period, giving emissions that are higher than expected 
for a partial load.

Table 6 shows the relative fuel consumption with respect to 
calm water conditions, and it can be seen that there is a 10.8% 
increase and 33.8% decrease in submergence and emergence 
conditions, respectively. However, the distance travelled 
and, more importantly, the mean ship speed in emergence 
conditions are lower than in submergence conditions. 
Simultaneously, the above variables in the emergence 

condition are lower than in 
the calm water condition. 
The required brake power is 
also reduced and fluctuates 
significantly under emergence 
conditions (see Fig. 10).

The mean fuel rates for both 
conditions (532.5 kg/s for 
submergence and 369.4 kg/s 
for emergence) given in Table 
5 also confirm the above 
result. The Amp/Mean for the 
fuel rate is 0.154 and 0.832 in 
submergence and emergence 
conditions, respectively, which 
highlights the significance of 
this variation. It should be 
noted that in the time interval 
between 500 and 1200 s, when 
the ship is in the waves, the 
overall distances travelled 

are 8089 m and 7350 m in the submergence and emergence 
conditions, respectively.
Tab. 6. Comparison of the consumed fuel for two conditions
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From the statistical analysis results presented in this 
section, it can be observed that when propeller emergence 
takes place, the fluctuations in the ship’s speed and the engine 
power are significant in comparison to the other variables, and 
the latter also has a high pulsatility. There is also fluctuation 
in the propeller and engine torques, and the propeller thrust 
is high. The fluctuations in the ship’s speed, advance number, 
and shaft angular velocity are at a moderate level, and the 
fluctuations in the internal variables of the engine, including 
mass, temperature, and the pressure of the air or exhaust 
gases in different elements of the engine and turbocharger, 
are relatively low. 

In comparison to calm water conditions, although less fuel 
is consumed in the emergence condition due to a reduction 
in the ship speed, we observe a relatively large increase in 
the value of the fuel consumed per meter, from 0.074 kg/m 
to 0.084 kg/m (i.e. +12%). This result calls into question 
the control strategy of keeping the shaft angular velocity 
at a constant value, which is currently common practice. 
This strategy leads to high fluctuations in the fuel rack (fuel 
rate), and consequently increases the fuel consumption. The 
results in Table 6 highlight the importance of including the 
phenomenon of propeller ventilation in any analysis of the 
performance of a ship’s propulsion system, and particularly 
in regard to fuel consumption.

CONCLUSIONS

The aim of this study was to investigate the impact of 
propeller emergence in severe waves, taking into account 
the coupling between the hull, propeller, and diesel engine 
dynamics. The main outcomes of the study for the selected 
ship are as follows:
•	 Propeller emergence has a significant influence on the 

fluctuation of all variables related to the hull, propeller, 
and engine.

•	 For a selected ship that was 182.880 m length with 9.782 m 
draught, and for a significant wave height of 3.260 m, the 
mean values of the three main variables of the system (i.e. 
ship speed, shaft angular velocity, and engine power) were 
11.74 m/s, 9.711 rad/s, and 19,828 kW in calm water, which 
changed to 11.54 m/s, 9.705 rad/s, 19,473 kW in the propeller 
submerged condition, and to 10.34 m/s, 9.713 rad/s, and 
13,287 kW in the propeller emerged condition. Hence, by 
including the propeller emergence, the variation in the 
ship speed and engine power was relatively high, while 
the change in the shaft angular velocity was negligible due 
to the use of a control strategy that maintained a constant 
shaft angular velocity via the governor.

•	 When Amp/Mean was used as a criterion, large fluctuations 
were observed for the propeller emergence conditions 
in waves. The values of Amp/Mean for the ship speed 
and engine power were 0.121 and 6.008 in submerged 
conditions, and these changed to 0.134 (+11%) and 7.912 
(+32%) in the emerged condition. This confirms the high 
pulsatility of the engine power under both conditions.

•	 Based on the extent of variation, the system variables can 
be divided into three main groups showing low, moderate, 
and high fluctuations:
– High fluctuation level: propeller torque, engine torque, 

delivered brake power, net thrust, and fuel rate;
– Moderate fluctuation level: ship speed, advance number, 

and shaft angular velocity;
– Low fluctuation level: flow and thermodynamic internal 

variables of the engine, such as the mass and temperature 
of the air accumulated in the inflow air manifold/
receiver, the mass and temperature of the exhaust gases 
accumulated in the exhaust gas receiver, the mass flow 
rate of the exhaust gases after the cylinders and after 
the turbine of the turbocharger, the temperature of the 
combustion gases and the exhaust outflow gases from 
cylinders, etc.

•	 For a constant angular velocity of the engine shaft strategy, 
the fuel rate (and fuel index) under propeller ventilation 
conditions oscillates with a very high amplitude, from 
almost the minimum to the maximum permissible values, 
with almost the same frequency as the encounter frequency.
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APPENDIX A

SURGE AND WAVE ORBITAL INFLOW VELOCITIES

The relationship between the advance speed and ship speed is defined by the mean wake fraction coefficient, , 
including the wave orbital inflow velocity, [26], as follows:

(A.1)

where and are the amplitude and phase-lag of the surge motion,  is the amplitude of the wave orbital inflow velocity, 
 is the wavenumber,  is the propeller -coordinate and 𝜇 is the ship heading angle in respect to the wave direction.  

is the encounter frequency for sailing in deep waters, and is defined as follows:

(A.2)

In [26], the authors have clearly shown that if  (the wavelength divided by the ship’s length) is less than one, then 
the surge speed effect is almost negligible. For the cases considered in this study,  is less than one, and Eq. (A.1) can be 
represented as follows:

(A.3)
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APPENDIX B

MEAN-VALUE ZERO-DIMENSIONAL MATHEMATICAL MODEL OF THE DIESEL ENGINE

The details of the mean-value zero-dimensional mathematical model of the diesel engine are presented in [39], and 
a summary of the model is presented here. The model is divided into the following parts: turbine, compressor, turbocharger 
shaft, charge air cooler, intake air receiver, exhaust gas receiver and cylinders. The relevant equations are presented below, 
using the following nomenclature.

Letters:
 area, equivalent area
 specific heat coefficient
 moment of inertia
 coefficient
 mass
 torque (moment)

 pressure
 power
 heat calorific value
 gas constant 
 temperature
 volume
 number of cylinders

Greek letters
 efficiency
 adiabatic exponent
 coefficient
 pressure ratio
 density
 flow function
 angular velocity

Lower indices
0 ambient condition
1 point before compressor
2 point after compressor
3 point after charge air cooler (before cylinders)
4 point after cylinders
5 point after turbine

 air intake manifold (receiver)
 atmosphere

 burnt (fuel)
 compressor

 charge air cooler
 combustion

 critical
 engine cylinders

 engine
 fuel

 exhaust gas receiver
 energy/power/torque losses

 (at constant) pressure

 turbine
 turbocharger

 (at constant) volume
 cooling water

Upper index
* equivalent

Turbine:

(B.1)

where

(B.2)

and

(B.3)

(B.4)

Compressor:

(B.5)

(B.6)

(B.7)

Turbocharger shaft:

(B.8)

Charge air cooler:

(B.9)



POLISH MARITIME RESEARCH, No 4/202274

Intake air receiver:

(B.10)

 (B.11)

Exhaust gas receiver:

(B.12)

(B.13)

Engine cylinders and combustion process:

(B.14)

(B.15)

     (B.16)

(B.17)

where

(B.18)

(B.19)

(B.20)

where

(B.21)
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APPENDIX C

and  is obtained in a loop based on the propeller disc area 
ratio. To apply this relationship initially, it is necessary to 
calculate  using Eq. (14):

(C.6)

then  from Eq. (C.5), and finally calculate  according to 
Eq. (C.3). Although this method includes the advance number, 
the results for typical values of the advance number are the 
same as those obtained from Eq. (14).

The methods reviewed above are compared in Fig. C.1. 

-1.5 -1 -0.5 0 0.5 1 1.5

 h/R

-0.2

0
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Geometrical nonlinear

Minsaas approx.
Koushan approx.
Naito&Nakamura approx.

Fig. C.1. Comparison of thrust diminution factor,  calculated using three 
different methods

In [18], the problem of propeller ventilation was investigated 
in detail, and an advanced analytical and numerical model 
for calculating  was proposed. Review of this study is 
recommended whenever hydrodynamic aspects of propeller 
ventilation are concerned, and particularly when the loads, 
moments, and thrust and torque coefficients should be 
included in the analysis.

THREE MODELS OF THE THRUST DIMINUTION 
FACTOR, 

I. The first model was suggested in [28], and was based on 
the results presented in [40]:

(C.1)

In this conservative relationship, thrust and torque 
reductions are expected to occur when the height of water 
above the propeller disc is less than 30% of the propeller 
radius.

II. The second model was put forward in [9]:

(C.2)

This equation is a linear approximation of Eq. (C.1), and 
can be applied to simplify the calculations in the steady-state 
condition.

III. In [32],  is defined as follows:

(C.3)

where
(C.4)

(C.5)
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AbstrAct

The article describes the methodology of engine tests on new types of low-sulphur marine fuels in laboratory conditions in 
order to conduct a comprehensive assessment of their suitability for powering full-size marine engines. The innovativeness 
of the proposed solution consists of adapting the laboratory Diesel Engine Test Bed to carry out experimental tests using 
residual and alternative fuels so that it is possible to imitate the real operating conditions of the ship engine. The main 
aim of the research program was to assess the energy efficiency of six different low-sulphur marine fuels and their impact 
on the chemical emissivity of engine exhaust gases and air pollution with toxic and harmful chemical compounds. In 
order to achieve the research purpose formulated in this way, it was necessary to: (1) equip the constructed laboratory 
stand with highly specialised measuring equipment and (2) develop a technology for determining diagnostic parameters 
representing the basis for developing a ranking of the energy and emission quality of the tested marine fuels according 
to the proposed physical model. The model distinguishes 10 diagnostic parameters that, after normalisation, form two 
subsets of evaluation parameters - stimulant and destimulant. Determining their values made it possible to estimate 
a synthetic variable, according to which all the tested fuels were adjusted in the order from the “best” to the “worst”, 
in accordance with the adopted qualitative criteria of such an assessment. The results of the laboratory tests show 
that among the considered fuels, i.e., MDO, MGO, RMD 80/L, RMD 80/S, RME 180, and RMG 380 type, the best 
solution is to use MDO distillate fuel to power full-size marine engines. However, taking into account its high purchase 
price, a rational alternative decision is to choose RMG 380 type residual fuel, which ranks second in the ranking of 
the functional quality of the tested marine fuels.

Keywords: low-sulphur marine fuels, engine tests, ranking of energy and emission quality

INTRODUCTION

The decisive tightening of the IMO regulations limiting the 
amount of toxic and harmful chemical compounds emitted into 
the marine atmosphere in the exhaust of ship engines requires, 
among other things, an application of low-sulphur, so-called 
modified, marine fuels. For this reason, refineries are undertaking 
intensive technological works aimed at reducing the production 
costs of this type of fuel while maintaining their high functional 
quality [2, 22]. Such works also require research examinations, 

especially numerical simulations, as well as engine tests to assess 
the combustion, emission, and structural effects of these fuels’ 
application [11, 14, 16, 17, 18, 20, 23]. It turns out that there 
are few countries in the world that are conducting this type of 
research on real objects, i.e., full-size marine engines, mainly due 
to their complex nature [12, 24]. Although the manufacturers of 
marine engines possess appropriately equipped test engine stands, 
the tests being carried out concern only the newly implemented 
design solutions of the manufactured engines fed with standard 
fuels. The basic energy and emission parameters (static and 
dynamic) of a specific type of engine are then determined, as 

https://orcid.org/0000-0002-9758-0798
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well as the guaranteed working time of its structural components. 
Another problem in the implementation of this type of research 
is the significant risk involved in attempting to power a serial ship 
engine (costing up to several million euros) with non-standard 
fuel without knowing its actual impact on the structure of the 
main functional systems, especially the working spaces. Moreover, 
the long-term nature of such research means that the costs of 
implementation are also correspondingly high. For this reason, 
tests are carried out in laboratory conditions on specially adapted 
and metered engine stands made on a much smaller scale but 
with all the features of construction and process similar to the real 
object [11]. This minimises the amount of fuel used for testing 
(from a few or even several dozen tonnes to several dozen or at 
most several hundred kilograms), the emission to the atmosphere 
of toxic and harmful substances contained in engine exhaust, 
as well as the costs of rinsing the fuel system and replacing 
lubricating oil11 and reconstructing the technical condition of 
worn engine elements and components (several hundred euros 
to tens of thousands of euros)22. 

On the other hand, this is not an easy undertaking in the case 
of marine fuels, as they are primarily the so-called modified 
residual fuels of high density and viscosity that require heating to 
a temperature from 60°C to even 150°C in order to remain in liquid 
form during transport and spraying. The main technological issue 
that determines the correct functioning of the test engine and its 
technical condition is the continuous maintenance of the viscosity 
of the fuel injected into the combustion chamber, as required 
by its manufacturer, with an accuracy of 0.5 cSt. A particularly 
sensitive process is the adjustment of the fuel viscosity under 
the conditions of switching the engine feed from distillate fuel 
(start-up and lay-off) to the residual fuel (prolonged operation) 
and vice versa3. Such test beds must also fulfill the appropriate 
safety requirements for the implementation of experimental 
research and for environmental protection.

Engine testing of newly produced marine fuel in laboratory 
conditions should be carried out according to the methodology 
that allows for the formulation of an unequivocal assessment of 
its suitability for the implementation of the next stage of testing, 
i.e., the implementation in feed systems of full-size marine 
engines [10]. Such research is then a passive experiment in 
nature that is based on the results of many years of observation 
of the usage of a large number of tested engines, preferably of 
the same type, subject to periodic assessment of their technical 
condition [13].

RESEARCH METHODOLOGY AND 
APPLIED MEASURING APPARATUS

The basis for the construction of the laboratory stand for 
testing modified marine fuels, as shown in Fig. 1, is a classic 

1 Each time fuel tests are carried out on a full-size marine engine, it is 
necessary to rinse the entire fuel feed system with a large amount (several hundred 
kilograms) of expensive distillate fuel and replace the many times more expensive 
lubricating oil (even several tons)

2 The approximate cost of purchasing a cylinder liner for a contemporary 
25 MW marine engine can reach EUR 40,000, a piston along with a set of rings 
- EUR 21,000, and a set of injectors - several thousand euro.

3 In marine power plants, this process, which can last up to 40–60 min, is 
supported by the operation of an automatic fuel viscosity control system.

single-cylinder diesel engine with an appropriately modified 
fuel feed system [7]. For the construction of the stand, a single-
cylinder, four-stroke, naturally aspirated D10 type Farymann 
Diesel engine driving a DC generator through a belt transmission 
has been selected. The generator, in turn, powers the heating 
system of the residual marine fuels („heavy fuels”) in the 
centrifugation process. The very important advantage of the 
applied engine type is the maximally simplified structure of its 
functional systems: fuel and air feeding, as well as cooling and 
lubrication, which greatly facilitates balancing the realised energy 
processes. 

When designing the external fuel supply installation of the 
research engine, it was necessary to select individual components 
that would guarantee the achievement and precise maintenance 
of the desired values of the injected fuel parameters during 
operation, in particular, its kinematic viscosity. This problem 
is particularly critical in the process of switching the engine 
power system operation from distillate fuel to residual fuel 
(and vice versa). In the proposed solution, both types of fuel are 
mixed by hand using three-way valves. It is not a simple task, 
taking into account the minimal dimensions of individual flow 
elements compared to full-size marine engines and, therefore, 
also the mass flux and heat capacity of the flowing fuel. Such 
an installation is not thermally stable and is very sensitive to 
any flow disturbances, even those resulting from alterations in 
the engine load. Therefore, it was necessary, on the one hand 
(operational), to maintain an appropriate time for changing the 
operation variant of the power supply system when switching to 
another fuel and, on the other hand (structural), to thoroughly 
insulate the service (measuring) tank and pipelines and to equip 
all fuel tanks with paddle mixers.

The intensity of fuel heating in tanks and its temperature 
stabilisation is ensured by precise electronic thermostats with 
PID regulation4. Electric plate heaters and paddle agitators are 
used to evenly heat the fuel in the distribution and backup tanks, 
which are made of a copper alloy. The viscosity and temperature 
of the fuel supplied to the engine are measured using a HAAKE 
VT1 Plus rotational viscometer with a measuring range of 1.5 
to 330 mPa·s and a semiconductor thermistor with a measuring 
range of -50°C to 150°C.

The scheme of the organisation of the engine tests with the 
application of modified marine fuels is presented in Fig 2. In 
the first stage, the delivered sample of the tested fuel should 
be cleaned of water and solid particles on the centrifuge stand, 
operating in the purifier variant5. This treatment is primarily 
aimed at protecting the test engine against the destructive effects 
of contaminated fuel on its injection system and working space. 
A very important operational issue is maintaining the highest 
possible temperature of the swirled fuel during the whole 
centrifugation process6, as well as the correct adjustment of the 

4 Proportional-integral-derivative controller with the function of automatic 
selection of the value of all three parts of the controller. The achieved accuracy 
of the fuel temperature setting is less than ±1°C.

5 For this reason, inter alia, the minimum amount of fuel sample delivered 
for testing should not be less than 50 kg.

6 Even at temperatures below 70°C, paraffin compounds may be released in 
the centrifugation of the residual fuel. In order to achieve the required minimum 
temperature of the swirled fuel at the level of 90–95°C, synthetic electrically 
insulating oil should be applied for its heating.
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selection cover and maintaining a constant position of the phase 
division plane. It should be remembered that “too thorough” 
centrifugation of the fuel sample does not correspond to the 
actual conditions of its usage for feeding engines on ships, 
where the amount of separated sludge usually does not exceed 
3% of the total fuel uplift.

In the next stage of the research, the elementary chemical 

composition7 and calorific value of the centrifuged 
sample of the tested fuel should be determined. 
Marine fuel producers usually provide boundary 
values   for basic physicochemical parameters. As 
they can differ quite significantly depending on the 
analysed batch8 of fuel, it is necessary to evaluate 
both the gross (by measurements) and net (by 
calculations) calorific values of the centrifuged fuel 
sample and determine the mass fractions of its basic 
components before starting the engine tests. The 
experimentally determined calorific value of the 
fuel enables a precise calculation of the amount 
of chemical energy delivered to the combustion 
chamber of the tested engine, which is an input 
value for further analyses of the effectiveness of 
the working process. It is also necessary, for the 
sake of comparison, to determine the self-ignition 
delay of the test fuel by means of the cetane number 
(distillate fuels) or the CCAI index (residual fuels)9. 

Having the full characteristics of the tested fuel, 
it is possible to start testing it in the real operating 
conditions of a compression-ignition engine. In 
order to obtain comparable test conditions, each 
engine test, with the application of another fuel, 
should be preceded by the replacement of the 
lubricating oil and the fuel injector tips (brand new 
pintle nozzle). It should also be remembered that 
the engine injection system must be thoroughly 
(for at least 15 min) flushed and cleaned with 
distillate fuel each time before laying it off10.

Research on the energy and emission profiles 
of an engine fed with various types of marine 
fuels can be carried out after reaching a certain 
thermal state of its construction structure11. Based 
on the results of previous studies of thermal inertia 
processes in the lubrication and cooling system of 
the diesel engine applied, it was established that 
the time constants of these processes are 20 and 12 
minutes, respectively [11]. For this reason, it was 
consequently established that the recording of the 
control parameters always begins in the last minute 
of a 20-minute period of steady engine running at 
a given load.

Achieving a steady thermal state of the engine 
determines the possibility of implementing 
the program of engine tests, both static and 
dynamic (Fig. 3). As the main aim was to perform 

7 Mass fractions of carbon, hydrogen, nitrogen, and sulphur in the fuel.
8 “Batch” means an amount of fuel representatively sampled, characterised, 

and transferred as one shipment.
9 It is necessary to analyse the course of the engine work process. As a 

rule, marine fuel engine tests are carried out without any regulatory changes to 
the test engine injection apparatus, regardless of the values of the parameters 
characterising the self-ignition delay. In extreme cases when it may endanger 
the durability of the engine (excessive increases in combustion pressure and 
temperature), it is permissible to adjust the injection advance angle individually 
for a tested fuel type.

10 Failure to do so may result in solidification in the residual fuel feed 
system, which usually leads to seizures of the precision pairs of the engine 
injection system.

11 Determined according to the alterations of the lubricating oil temperature.

Fig. 1. Schematic diagram of the fuel feed system of the laboratory Farymann Diesel engine 
D10 type: MDO - (Marine Diesel Oil) marine distillate fuel; HFO - (Heavy Fuel Oil) 

marine residual fuel; IP - injection pump; VT - viscometer; T – thermometer

Fig. 2. The execution algorithm of engine tests with the application of modified marine fuels
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Instruments flue gas analyser of the KIGAZ 300PRO type. The 
applied measurement system allows precise observation of the 
working (power generation) as well as accompanying (residual) 
processes during steady operation and transient operation of the 
engine and the entire propulsion unit. The following processes 
were additionally observed and registered:

•  vibrations of the foundation base by the SVANTEK 
vibration register and analyser of the SVAN 956 type,

•  thermal radiation of the engine by the NEC infrared camera 
of the THERMO GEAR G30 type.

The measurement system also enables assessment of the 
technical condition of the engine’s working space by an endoscopic 
method (the EVEREST digital measurement video endoscope of 
the XLG3), as well as the engine’s injection system on a test bed 
equipped with a camera for quick image recording (the Sony 
cyber-shot digital still camera of the DSC-RX10 III type). Such 
an assessment is carried out twice - before and after fuel testing. 

Table 1 summarises the recorded control parameters of the 
propulsion unit, which serve as the basis for determining the 
diagnostic parameters in the field of the energy and emission 
quality of the tested fuel.

The engine fuel used in the experiment includes marine light 
(distillate) fuels - MGO (marked as F1) and MDO (marked 
as F5), as well as marine residual (modified) fuels - RMG 380 
(marked as F2); RME 180 (marked as F4); RMD 80/L (marked 
as F3); and RMD 80/S (marked as F6). The latter, with less than 
0.1% of the weight of sulphur, is also called marine ultra-low 
sulphur diesel fuel. All the parameters of the test fuels conform 
to international standard ISO8217:2010.

The LEMAG electronic indicator, equipped with a Thompson 
adapter, was mounted in the cylinder head’s indicator cock and 
measured the cylinder gas pressure of the engine. The Kistler 
piezoelectric sensor and TDC laser type sensor were used to obtain 
the cylinder pressure data at 1.0 crank angle intervals degree. 
The pressure data were averaged 20 consecutive cycles for the 
experiment in all engine conditions (all series of measurements). 
The indicator is adapted to work with an analysing IBM portable 
computer in which specialised analysis software „WPREMET” 
and our own application programs have been installed. This 
allows for statistic assessment of the recorded measurement data. 
The averages of the pressure data were analysed to compute the 
indicated power. Its measurement uncertainty did not exceed 6%.

The gaseous emissions from the research engine CO/NOx/
CO2/O2/HC were measured by the mobile KIGAZ 300PRO 
register equipped with electrochemical cells. The recordings of 
the emitted exhaust parameters were started in the last minute 
of steady engine running at a given load. The obtained results 
were approximated with linear functions and then averaged, 
rejecting the values   from the first 30 s. The initial results are 
burdened with gross errors due to disturbances in the exhaust 
passage around the analyser measuring probe inserted into the 
measuring pipeline through the „adapter”. The measured data 
were statistically processed with the analysing computer to 
create the averages of the considered gaseous emissions. Their 
measurement uncertainty did not exceed 4%. 

Although particulate emissions stand for an important 
indicator of the emission quality of marine fuels, the currently 

a comparative analysis of the tested marine fuels in terms of 
their functional quality (energy and emission), the registration 
of control parameters in the steady state is carried out on the 
same maximum achievable reference load of the engine in 
three/four measurement series12. The basic static profile is then 
a stream diagram of the energy flow in the tested engine and 
the entire propulsion unit, the so-called Sankey diagram and 
histogram of harmful and toxic gas volume fractions in the engine 
exhaust. A detailed description of the elaborated block algorithm 
for calculating the results of the measurements carried out is 
presented in publications [8, 9]. They enable the creation of the 
appropriate stream bands of various forms of transmitted and 
transformed energy and the characteristic efficiencies of the 
energy processes implemented in the research engine and the 
entire propulsion unit. They are determined on the basis of the 
engine’s basic parameters as well as the parameters characterising 
its thermal radiation and generated vibrations.

The purpose of testing the engine in unsteady states is to 
evaluate its dynamic profiles during the transient process from 
one steady state to another. The capabilities of the research 
diesel engine control system allow dynamic tests to be carried 
out by increasing and then reducing the load torque stepwise by 
appropriately overriding the current setting of the generator’s 
armature.

EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 3. It used a gen set 
with Farymann Diesel Engine D10 type and DC generator that 
is originally intended to drive auxiliary devices in the power 
plants of fishing boats. A general view of the research gen set is 
shown in Fig. 4. The basic energy parameters of the engine in the 
nominal load are as follows: power - 6.0 kW; torque - 38 N∙m; 
rotational speed - 1500 min-1; and distillate fuel consumption per 
hour - 0.88 kg/h. Its basic design parameters are as follows: bore/
stroke – 90/120 mm; displacement - 765 cm3; and compression 
ratio - 22.

As shown in the diagram of the measurement signal recording 
and processing system (Fig. 3), highly specialised stationary 
and portable measurement equipment was applied in engine 
tests of a new type of marine fuel. In the experiments, the 
engine’s operating conditions were controlled and their related 
control parameters were monitored and registered by the 
analysing computer (MATLAB R2015B software) through the 
CONVERTER A/C. They were then averaged and subjected to 
statistical analysis, including elimination of gross errors as well 
as evaluation of the measurement uncertainty. The dispersions 
of recorded measurement values around the mean values did 
not exceed 4%. 

In addition to the stationary system, a portable diagnostic 
system was also used for the measurements (Fig. 5). In-cylinder 
pressure was collected as well as the crank angle signal acquired by 
the mobile LEHMAN & MICHELS GmbH electronic indicator of 
the LEMAG PREMET C type (along with the pressure transducer). 
The composition of the exhaust gases was analysed by the KIMO 

12 If the on-line analysis of the measurement uncertainty of the engine 
control parameters (especially fuel consumption) does not indicate the presence 
of gross errors, the number of measurement sequences is limited to three.
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binding legal regulations do not yet include the limitations on 
the emission of particulate matter (PM) in the exhaust of marine 
engines during operation. However, due to their destructive 
effect on the human health, it should be expected that they will 
be introduced in the near future. On the other hand, it might be 
assumed that the radical reductions of SOx and NOx emissions in 
the exhaust of the operated marine engines recently implemented 
by the IMO will also contribute to the minimization of particulate 
matter (by an application of scrubbers, sorption reactors, and 
catalytic converters).

In connection with the above, research attempts have already 
been made, also by the paper’s author, to develop an appropriate 
technology for monitoring PM emissions in the exhaust from 
marine engines. However, this is a particularly complex issue in 
terms of measurement technology. On the one hand, it forces 
interference in the structure of the engine exhaust gas passage. 
On the other hand, during the diagnostic tests of a marine engine 
in current operation, the basic safety condition must be kept: 
the measuring system additionally used must not interfere with 

the operation of the tested engine and its standard 
measurement system.

For the foregoing mentioned reasons, this 
issue was not discussed as part of the manuscript 
and parameters of the particulate emissions were 
not taken into consideration as the diagnostic 
parameters of the created usable quality ranking 
of the newly produced low-sulphur marine fuels.

The measurement of the vibration velocity 
on the foundation was carried out in order 
to indirectly determine the amount of energy 
dissipated for causing vibrations, which can be 
treated as an indicator of the system (engine) 
stability during operation on various types of fuel. 
The measurements were carried out by means of the 
portable SVAN 956 digital analyser in accordance 
with the recommendations of ISO 10816. The 
processing measuring data giving the RMS value 
of the vibration velocity were determined using a 10 
Hz–1 kHz medium-pass filter. Their measurement 
uncertainty did not exceed 4%. 

The thermal state of the engine structure 
was measured with the NEC Thermo Gear G30 
thermal imaging camera, equipped with an CMOS 
(Complementary Metal-Oxide-Semiconductor) 
image detector. Due to the requirement of 
standardising the emission capacity of the entire 
outer surface of the test engine, it was necessary to 
replace its factory paint with a paint coating using 
matte black alkyd paint, thus allowing the emission 
value of the engine surface to be increased closer 
to 1.0, i.e., the blackbody emissivity. The emissivity 
value for such a paint coverage, as determined 
by a technical method (using a thermal imaging 
camera), is ε = 0.87. The camera was mounted 
on a photographic tripod at a distance from the 
optical path of the camera to the engine such that 
the image of the examined surface fills the entire 

camera frame. 

Fig. 4. General view of the laboratory stand of the Farymann Diesel D10 
engine

The average temperature of the engine surface in each 
measurement series was determined with the use of the InfReC 
Analyzer NS9500 Lite Program, on the basis of thermograms 
recorded every second. Their measurement uncertainty did not 
exceed 5%. 

Fig. 3. Diagram of the system for recording and processing measurement signals in engine tests 
with the application of modified marine fuels: D - single-cylinder Farymann Diesel D10 engine; 

BT - belt transmission (multiplier i = 0.426); G - direct current generator; H - heater system
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Fig. 5. Portable diagnostic system applied to the engine tests

Tab. 1. Control parameters of a laboratory propulsion test bed with a 
Farymann Diesel engine D10 type

All averaged values of the recorded control parameters were 
sent to the so called “Central computer” in order to determine 
the energy and emission characteristics of the engine, as well as to 
calculate the selected diagnostic parameters of the fuel usability. 
In the research, the tests were carried out at the steady state 
and transient processes to evaluate the effects of the examined 
marine fuels on the diesel engine’s combustion, emission, and 
economic performance, as well as its wear intensity.

RESULTS AND DISCUSSION

The assessment of the impact of various marine fuels on the 
energy state of the tested engine, in terms of its performance, 
efficiency, dynamic characteristics, and chemical emissivity of 
the exhaust, is a complex phenomenon. It stands for the basis 
for an operation decision regarding their further application to 
feed full-size marine engines. For this reason, it is necessary to 
carry out a multi-criteria assessment of the phenomenon using 
appropriate tools of the operations research. The operations 
research as a scientific discipline has not had a very long history 
compared to other scientific disciplines. It was born during 
the Second World War and covered the issues of optimizing 
decisions in the military (logistics) area. After the war, the 
methods of operations research were successfully applied in 
econometrics for efficient management in industry, e.g., for 
planning production. Operations research includes a set of 
mathematical and statistical tools that allow one to determine 
a method of solving specific organizational problems related to 
making a rational decision. It stands for the development of stat 
art methods, which focus mainly on estimating the randomness 
of the studied phenomena.

Many scientists from recognized research centres around 
the world contributed to the establishment and development 
of the field of operations research [1,3,19]. However, all of 
the most important achievements in the field of operations 
research are discussed in a very extensive book (almost 1000 
pages) by Stanford University employees, Professors F.S. Hillier 
and G.J. Lieberman: „Introduction to Operations Research”, 
the 9th edition of which was published in 2010 [5]. It presents, 
inter alia, a detailed procedure for examining and assessing 
the state of complex phenomena in various objects, processes, 
and systems. Many interesting examples of the application 
of operations research to decision making in the design and 
operation of complex technical systems are included in the 
publication [4]. However, on the other hand, there is a lack 
of publications concerning the study and evaluation of the 
complex phenomenon, which is the impact of newly produced 
low-sulphur marine fuels on the functioning and durability of 
a diesel engine. This is a brand new operation problem related to 
the radical limitation (since 1st January 2020 by the International 
Maritime Organisation) of the sulphur content in marine fuels 
and the introduction of new types of marine fuels to the fuel 
market, the so-called modified marine fuels. 

Complex phenomena are considered in a multi-criteria manner. 
They are characterised by many features, the so-called diagnostic 
variables that have different measurement units and different orders 

No. Parameter Measuring 
range

Measuring
accuracy 

FS
(% of Full

Scale 
Accuracy)

Sampling 
cycle

1. Rotational speed of the 
engine crankshaft – n

0–3000 rev/
min ± 0.1% 0.5 ms

2. Indicated pressure – pi 0–23.0 MPa ± 3.0%
15 μs

(every 1° 
CSR)

3. Fuel consumption – mfuel 0–20 kg ± 0.2% 12.5 ms

4. Fuel temperature – tfuel
from -55 to 

+125°C ± 0.2% 93.75 ms

5. Cooling water consumption 
(by evaporation) – mw

0–20 kg ± 0.2% 12.5 ms

6. Cooling water 
temperature – tw

from -55 to 
+125°C ± 2.0% 93.75 ms

7. Lube-oil temperature – tlo
from -55 to 

+125°C ± 2.0% 93.75 ms

8. Exhaust temperature – texch 0–350°C ± 1.0% 0.1 ms

9. Generator (armature) 
load current – Iarm

0–15 A ± 1.5% 0.1 ms

10. Voltage at the generator 
armature terminals – Uarm

0–250 V ± 1.5% 0.1 ms

11. CO content in the exhaust 0–8000 
ppm ± 0.1% 2 s

12. NOx content in the exhaust 0–5155 ppm ± 0.1% 2 s

13. CO2 content in the exhaust 0–99% 0.2% 2 s

14. O2 content in the exhaust 0–21% 0.2% 2 s

15. HC content in the 
exhaust

0–2000 
ppm ± 0.1% 2 s

16. Excess air – λ 1–9.99 1.0% 2 s

17.
Temperature of external 

surfaces of the engine 
(thermogram) – tM

from -20 to 
+350°C 0.2% 1 s

18. Vibration acceleration 
(with SV80 converter)

from 0.01 
m∙s-2 RMS 

to 500 m∙s-2 
PEAK(with 
a sensitivity 
transducer 

10 mV/
m∙s-2)

0.1% 20 μs
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of magnitude. In order to evaluate a complex phenomenon on 
the basis of the set of diagnostic parameters, their original values 
should be transformed in such a way that the transformed variables 
have no measurement units and take values of an approximate 
order of magnitude. It is said then that the original variables have 
been normalized. This allows the use of one of the aggregation 
procedures (usually summation), as a result of which the value of 
a synthetic (aggregate) variable characterizing each object in terms 
of the assessed complex phenomenon is obtained. The obtained 
values of the aggregate variable constitute the basis for building the 
ranking of objects, i.e., a system in which the objects are ordered 
from the best to the worst. Knowledge of the ranking of objects 
creates objective conditions for making rational decisions about 
their future, for instance, an application. A simplified scheme for 
determining a synthetic variable and creating a ranking of objects 
is shown in Fig. 6. 

Fig. 6. A simplified scheme for creating a ranking of objects

The methodology of operations research implementation 
presented above was used to assess the usability of the tested 
marine fuels according to the proposed physical model (Fig. 7). 
Following the control compliance of the tested engine type and 
the measurement (observation) capabilities of the diagnostic 
system, ten diagnostic parameters were distinguished in the 
model that are characterised by the greatest sensitivity to 
changes in the fuel applied. In the next step of the procedure, 
the identity (role) of the distinguished diagnostic parameters 
in the performance assessment of the considered marine fuels’ 
functional quality should be examined [6]:

•  parameters that positively stimulate the assessment of the 
fuel’s impact on the engine operation - stimulants,

•  parameters that negatively stimulate the assessment of 
the fuel’s impact on the engine operation - destimulants,

•  parameters that positively stimulate the assessment of the 
fuel’s impact on the engine operation, only for their specific 
(nominal) values or value ranges - nominants.

Fig. 7. Physical model of the fuel usability in a single-cylinder diesel engine:     
F – the set of the considered marine fuels, D - the set of diagnostic parameters,  

I – interference, Pload - engine output (net) power

Based on the proposed physical model, the set of diagnostic 
parameters was divided into three subsets:

•  a subset of stimulants, of which the increase or decrease in 
value is perceived as, respectively, an increase or a decrease 
in the evaluation of the fuel functional quality:

 ➢  the engine thermal efficiency, as a percentage - ηth,
 ➢  the intensity of crankshaft rotational speed alterations 

in the transient process of the engine, in 1/s2 - Δntr,
 ➢  the average intensity of injection pressure alterations 

from the time at which the injector opens itself to 
the time at which the injection pressure reaches the 
maximum (taking into account the instantaneous 
pressure drop in the injection line when the injector 
is “opened”) - Ψ1,

 ➢  the average intensity of injection pressure changes from 
the time of reaching the maximum injection pressure 
to the end of injection - Ψ2,

•  a subset of destimulants, of which the increase or decrease in 
value is perceived as, respectively, a decrease or an increase 
in the evaluation of the fuel functional quality:

 ➢  the rate of pressure increase in the cylinder, in 
MPa/°CSR13 - dp/dα,

 ➢  the percentage contribution of carbon dioxide in the 
engine exhaust - CO2,

 ➢  the contribution of carbon monoxide in the engine 
exhaust, in ppm - CO,

 ➢  the contribution of nitrogen oxides in the engine 
exhaust, in ppm - NOx,

 ➢  the total, relative angular deviation of the sprayed fuel 
stream - Δang,

 ➢  the total, relative angular deviation of the sprayed fuel 
stream - Δang,

 ➢  the total, relative surface deviation of the atomized fuel 
stream - Δarea,

•  a subset of nominants that, from the point of view of fuel 
energy quality assessment, has a specific, most advantageous 
value (nominal value) or should be in a specific (nominal) 
numerical range. Each deviation of the nominant value 
from the nominal value or exceeding the established limits 
of the nominal range means a decrease in the assessment 

13 CSR - crankshaft rotation
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of the fuel functional quality. In more in-depth and 
detailed analyses, the rate of pressure increase dp/dα in 
the engine cylinder can be treated as a nominant and it 
can be assumed that the optimal value of this parameter 
should be in the range of, for example, 0.2–0.8 MPa/°CSR. 
In such a situation, exceeding both the lower limit of the 
range, which means a reduction in the working process 
efficiency, and the upper one, indicating too “hard” engine 
work that leads to excessive loads on its mechanical system, 
means a reduction of the fuel functional quality rating. 
It has been established that in treating this parameter as 
a destimulant, it is assumed that the same engine power 
is achieved with its “softer” (which is desired) running.

Table 2 summarises the values of the diagnostic parameters 
and their ranges determined during energy tests of the various 
types of marine fuels that were used to feed the Farymann 
Diesel D10 research engine [11]. Analyzing the numerical 
values of the diagnostic parameters that positively stimulate 
the assessment of the fuel impact on the engine operation, it 
can be concluded that the F6 distillate fuel is characterized by 
the highest functional quality. For this fuel, all the stimulant 
values are the highest. However, it does not „achieve” such 
favorable results in terms of parameters that negatively stimulate 
the assessment of fuel impact on engine operation, the values 
of which should be as low as possible. It turned out that in this 
category, the most advantageous fuel is F2 (residual), for which 
three of the six destimulants values have reached the minimum 
values in the range of the combustion process dynamics and 
gaseous emissions: dp/dα = 0.469333 MPa/°CSR, CO2 = 7.95%, 
and NOx = 392 ppm. In order to finally resolve this doubt and 
clearly indicate which fuel is of the highest operational quality, 
an operations research method should be applied. 

The numerical data in Table 2 show that the designated 
diagnostic parameters have different units of measurement and 
different orders of magnitude. For this reason, it is necessary 
to make an appropriate conversion (normalisation) of their 
original values to dimensionless values of an approximate 
order of magnitude. There are many methods (formulas) of 
normalising diagnostic variables in various areas of operations 
research [5,6,21]. In order to solve the considered fuel problem, 
the method of zero unitarisation [15] was chosen. This method 

is based on the formula of the ratiometric transformation, which 
guarantees that the standardised diagnostic parameters will be 
in the range between 0 and 1. By marking the set of diagnostic 
parameters as Dj, where j = 1.… .10, and the set of the considered 
marine fuels as Fi, where i = 1.… 6, the following calculation 
steps are conducted to determine [15]:

•  the range value for each standardised variable, as a constant 
reference point:

R(Dj) = max dij – min dij     (1)

•  stimulant values:

uij =       (2)

•  destimulant values:

uij =       (3)

•  synthetic variable values:

Qi = ∑6

j=1 uij       (4)

Determining the value of the synthetic variable Qi for each 
of the investigated marine fuels allows us to build their ranking, 
i.e., to arrange their order according to non-increasing Qi values 
(Table 3, Fig. 8). The “best” fuels are ranked first, followed by the 
“worst” fuels, according to the adjusted performance evaluation 
criteria - energy and emission quality. Distillate fuels F5 and F1 
rank, respectively, first and third in the ranking, followed by 
modified residual fuels. The values of the synthetic variable Qi for 
these fuels were, respectively, 6.455498 and 4.384817. This should 
not come as a surprise given that distillate fuels are, on average, 
30% more expensive than residual fuels. As the purchase price 
of fuel is certainly a destimulant of the usable quality of marine 
fuel, in terms of the ability to meet the needs (expectations) of the 
shipowner, it can be expected that the extension of the diagnostic 
parameters set with such a diagnostic variable will certainly 
change the position of the leading distillate fuels in the ranking 
in favour of modified (residual) fuel F2, which is currently in 
second place (Qi = 5.71843). Therefore, an alternative, rational 
solution in such a situation seems to be the application of this 

Tab. 2. Summary of the measurement values of diagnostic parameters and their ranges R that characterise the functional quality of marine fuels

Marine fuel
i-th

Diagnostic parameter – j-th

Stimulants Destimulants

ηth
[%]

Δntr
[1/s2]

Ψ1
[MPa/°CSR]

Ψ2
[MPa/°CSR]

dp/dα
[MPa/°CSR]

CO
[ppm]

CO2
[%]

NOx
[ppm]

Δang
[%]

Δarea
[%]

F1 (MGO) 58.75 0.095 0.0596 0.0758 0.639667 487 8.66 504 13.8 8.1

F2 (RMG 380) 58.58 0.030 0.0617 0.0876 0.469333 364 7.95 392 73.9 49.7

F3 (RMD 80/L) 59.06 0.033 0.0529 0.0568 0.49472 391 8.05 400 83.3 65.0

F4 (RME 180) 58.80 0.032 0.0488 0.0570 0.481667 256 8.37 476 45.9 25.9

F5 (MDO) 61.79 0.165 0.0653 0.0700 0.613 383 8.03 542 57.4 23.8

F6 (RMD 80/S) 60.07 0.043 0.0524 0.0617 0.56 421 8.57 658 71.3 53.1

R(Dj) 3.21 0.135 0.0165 0.0308 0.170334 231 0.71 266 69.5 56.9



POLISH MARITIME RESEARCH, No 4/2022 85

type of marine fuel to power full-size marine engines.
The F6 residual fuel, for which the value of the synthetic 

variable is Qi  =  2.267845, is characterized by the lowest 
functional quality according to the adopted evaluation criteria.

Fig. 8. Energy and emission quality ranking of the tested marine fuels

FINAL REMARKS AND CONCLUSIONS

Experiments were conducted on a Farymann Diesel D10 
engine, which is a  single-cylinder, four-stroke, naturally 
aspirated diesel engine widely used as the auxiliary devices 
in the power plants of fishing boats. Based on six different 
marine low-sulphur fuels, their influence was evaluated on the 
engine energy and emission parameters, as well as the engine 
components’ degradation.

The experimental data were used to analyse and evaluate the 
functional quality of the tested fuels, using known methods of 
operations research. As a result, this enabled the development 
of their ranking, which is the basis for making an operation 
decision regarding their future application to feed full-size 
marine engines.

Based on the experimental data, the main conclusions are 
formulated as follows:

1)  The highest thermal efficiency, ηc = 61.79%, was achieved 
by the engine fed with MDO (F5) distillate fuel. The lowest, 

ηc = 58.58%, was for the engine fed with RMG 380 (F2) 
residual fuel. 

2)  The best dynamic properties in the transient process were 
demonstrated by the engine fed with MDO (F5) distillate 
fuel, for which the intensity of crankshaft rotational speed 
alterations Δnp = 0.165 s-2. The worst was for the engine 
fed with RMG 380 (F2) residual fuel, Δnp = 0.030 s-2.

3)  The most favorable working conditions of the injection 
system were obtained for the engine fed with MDO (F5) 
distillate fuel, for which the average intensities of injection 
pressure alterations were, respectively, Ψ1  =  0.0653 
MPa/°CSR and Ψ2 = 0.0700 MPa/°CSR. The least favorable 
was the engine fed with RME 180 (F4) residual fuel, for 
which Ψ1 = 0.0488 MPa/°CSR and Ψ2 = 0.0570 MPa/°CSR.

4)  The most favorable course of the combustion process 
(“soft work”) was obtained when the engine was fed with 
RMG 380 (F2) residual fuel, for which the rate of pressure 
increase in the cylinder was dp/dα = 0.469333 MPa/°CSR. 
The least favorable (“hard work”) was for the engine fed 
with MGO (F1) distillate fuel, dp/dα = 0.639667 MPa/°CSR. 

5)  The lowest emission of carbon monoxide, CO = 256 ppm, 
was achieved for the engine fed with RME 180 (F4) 
residual fuel, and the highest was for the engine fed with 
MGO (F1) distillate fuel, CO = 487 ppm.

6)  The lowest emission of carbon dioxide, CO2 = 7.95%, was 
achieved for the engine fed with RMG 380 (F2) residual 
fuel, and the highest was for the engine fed with MGO 
(F1) distillate fuel, CO2 = 8.66%.

7)  The lowest emission of nitrogen oxides, NOx = 392 ppm, 
was achieved for the engine fed with RMG 380 (F2) 
residual fuel, and the highest was for the engine fed with 
RMD 80/S (F6) residual fuel, NOx = 658.

8)  The most favorable working conditions of the injector were 
obtained for the engine fed with MGO (F1) distillate fuel, for 
which the total, relative angular deviations of the sprayed 
fuel stream are, respectively, Δang = 13.8% and Δarea = 8.1%. 
The least favorable was for the engine fed with RMD 80/L 

Tab. 3. List of standardised values of diagnostic parameters and the value of the synthetic variable constituting the basis for multi-criteria evaluation 
of energy and emission quality of the tested marine fuels

Marine 
fuel

Standardised values of diagnostic parameters Synthetic 
variable values FUEL 

RAN-
KINGStimulant Destimulant

Qiui1 ui2 ui3 ui4 ui5 ui6 ui7 ui8 ui9 ui10

F1
(MGO) 0.05296 0.481481 0.654545455 0.616883 0 0 0 0.578947 1 1 4.384817 3

F2 
(RMG 
380)

0 0 0.781818182 1 1 0.532468 1 1 0.135252 0.268893 5.71843 2

F3 
(RMD 
80/L)

0.149533 0.022222 0.248484848 0 0.850958 0.415584 0.859155 0.969925 0 0 3.515861 5

F4 
(RME 
180)

0.068536 0.014815 0 0.006494 0.927589 1 0.408451 0.684211 0.538129 0.68717 4.335395 4

F5
(MDO) 1 1 1 0.428571 0.156557 0.450216 0.887324 0.43609 0.372662 0.724077 6.455498 1

F6 
(RMD 
80/S)

0.53229 0.096296 0.218181818 0.159091 0.46771 0.285714 0.126761 0 0.172662 0.209139 2.267845 6
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(F3) residual fuel, Δang = 83.3% and Δarea  = 65.0%.
9)  The highest functional quality, evaluated a multi-criteria 

basis, by means of the synthetic variable Qi, revealed MDO 
(F5) distillate fuel for which Qi = 6.455498, the lowest one 
- RMD 80/S (F6) residual fuel for which Qi = 2.267845. 
However, taking into account the highest price of MDO 
fuels, an alternative, rational solution is to apply the much 
cheaper RMG 380 (F2) residual fuel for feeding full-size 
marine engines, that takes the second position in the 
elaborated quality ranking of newly produced low-sulphur 
marine fuels (Qi = 5.71843).

It might be generally concluded that on the basis of the 
experimental research program conducted, an innovative 
methodology for testing newly produced marine fuels was 
developed in real operating conditions of a diesel engine. 
This represents a kind of methodological guide for producers 
of marine fuels who will be able to comprehensively assess 
the suitability of their products for feeding marine engines. 
Shipowners of sea-going vessels will also be able to take advantage 
of this possibility before deciding to implement a new type of 
marine fuel into operation.
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AbstrAct

Although direct measurements of the fuel injection pressure and the travel of the injector needle in conjunction with 
measurements of the valve train mechanism timing can provide complete diagnostic information about the technical 
conditions of the fuel injection and valve train systems, this requires the installation of sensors and other equipment 
directly into the systems, which is possible within research laboratories but is generally forbidden during operation of 
the ship. Malfunctions in the fuel injection and valve train systems can also be identified from the indicator diagrams 
of an engine operating cycle, expressed as P(V) and P(deg) diagrams. The basic parameters of the engine operating 
cycle, such as the maximum combustion pressure Pmax, compression pressure Pcompr, and indicated mean effective 
pressure IMEP, can also be used to indicate deviations from proper engine operation. Using a combination of a vibration 
sensor with an in-cylinder gas pressure sensor widens the capabilities of diagnostics for marine diesel engines under 
operational conditions. A vibration sensor with a magnetic base can help in determining the timings of the lifting 
and landing of the injector needle, fuel delivery by the fuel injection pump, opening and closing of the circulation of 
heated heavy fuel oil, and opening and closing of the gas distribution valves. This also offers a promising solution for 
diagnostics of the cylinder lubrication oil injectors. The proposed approach allows valuable information to be received 
during engine operation in accordance with the principle of non-destructive control, and can help in early detection 
of possible engine malfunctions.   
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INTRODUCTION

The reliable operation of marine diesel engines can be 
ensured by periodic control and monitoring. Determining the 
parameters of the operating cycle for each engine cylinder can 
help in making the necessary corrections and adjustments to 
ensure the efficiency of operation of the engine, to distribute 
the load on the engine cylinders evenly, and to enable early 
detection of dangerous trends in the evolution of technical 
conditions. One important task is to control the level of toxic 
emissions at ship operation, which involves adjusting the 
engine in order to obtain a minimal value of nitrogen oxides 
(NOx) emissions in compliance with IMO regulations [1-3].

An analysis of indicator diagrams such as P(V) and P(deg), 
based on an examination of their shape and consideration of 
the main parameters (such as maximum combustion pressure 
Pmax, pressure at the end of compression Pcomp, indicated 
mean effective pressure IMEP, ignition point, etc.), could 
enable the detection of a number of possible malfunctions, as 
shown by Varbanets et al. [4-9]. These malfunctions include 
incorrect fuel injection timing, ore fuel distribution, wrong 
gas distribution valves timing, valve leakage, etc.

It should be mentioned that different malfunctions may 
give rise to the same behaviour in the indicator diagram, 
as reported by Neumann et al. [10]. For example, late fuel 
injection and wear to the fuel injection equipment both result 
in the same changes in the shape of the indicator diagram, 
and a reduction in the compression pressure Pcomp could be 
caused by wear to the cylinders, damage to the piston rings, 
a leaking exhaust valve, or incorrect exhaust valve timing. 
Another issue is that in their early stages, many malfunctions 
can result in only minor changes to the indicator diagram, 
despite the importance of detecting them.

In view of this, identifying the type of malfunction using 
only indicator diagrams for analysis can be a complicated 
task. An advanced analysis of the fuel injection pressure 
diagrams and valve train diagrams could solve the problem, 
but this would require interruption of engine systems and 
the installation of special equipment. Under the operating 
conditions of the ship, taking such additional measurements 
is generally forbidden, as it could create fire hazards from 
possible fuel leakages, according to regulations from the 
IMO and classification societies [1, 11].

One alternative to direct measurements is the application of 
non-destructive methods. Vibration sensors with a magnetic 
base can be effective tools, as Varbanets et al. have shown [9, 
11-14]. A magnetic vibration sensor can be easily mounted in 
the desired place, and provides fast measurements, meaning 
that measurements under pseudo-stationary conditions 
of engine operation are obtained. It is important that the 
vibration diagram and indicator diagram are recorded 
synchronously and can be analysed in parallel, as this allows 
for more accurate detection of possible malfunctions.

The operation of a high-pressure fuel injection system 
and valve train mechanism could be controlled based on an 
analysis of the signal from a vibration sensor, thus allowing 
for the detection of fuel injection and valve timings.

Another powerful approach for further experimental data 
processing is the application of mathematical simulation tools, 
which enable prediction of the engine operation under normal 
conditions and under some types of malfunction [15, 16].

The aim of this paper is to present an approach for the 
non-destructive diagnostics of a fuel injection system, a valve 
train mechanism and cylinder lubrication for marine diesel 
engines, based on the use of vibroacoustic sensors, analysis of 
in-cylinder pressure diagrams and a mathematical simulation 
of the engine operating cycle.

MEASURING TECHNIQUE AND DATA PROCESSING

Fig. 1 shows an example of diagnostic data recorded 
from a MAN 6S60MC-C marine diesel engine operating at 
maximum continuous rating (MCR). A special algorithm is 
applied to accurately estimate the top dead centre [17].

Fig. 1. Example of diagnostics data, including superimposed diagrams of the 
in-cylinder gas pressure (red line) and the processed vibration sensor signals 

from the fuel injector and exhaust valve [18]

Table 1 shows the basic parameters of the engine operating 
cycle, which were obtained from the diagnostics procedure. 
The in-cylinder pressure sensor was attached to the indicator 
valve with a Thompson adapter [11]. The vibration sensor 
was installed sequentially at the following points: the back 
end of the fuel injector, the exhaust valve housing, and the 
high-pressure fuel pump outlet. For each installation point, 
the measurements included synchronous recording of the 
in-cylinder pressure sensor signals and vibration sensor 
signals. A combined analysis of the indicator diagram, P(deg), 
constructed on the basis of recorded in-cylinder pressure data, 
and a vibration diagram, obtained from the processed data 
from the vibration sensor, enabled us to determine the fuel 
ignition delay and the difference between the geometrical and 
actual fuel injection timing (DeltaG), which is an indicator 
of wear of the injection equipment and the quality of fuel 
atomisation.
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Tab. 1. Operating cycle parameters determined by the diagnostics procedure [5]

Pmax (Pz) Maximum combustion pressure at the 
corresponding crank angle, bar/°CA

Pcomp Compression pressure, bar
IMEP (MIP) Indicated mean effective pressure, bar
IPOWER Cylinder indicated power, kW
Pignition Firing pressure and corresponding crank 

angle, bar/°CA
Pexp (P36) Pressure at 36°CA after TDC
Fuel injection timing Actual and geometrical fuel injection timing, 

°CA
Valve timing Timing of valves opening and closing, °CA
Fuel ignition delay Ignition delay between fuel injection and the 

start of combustion, °CA/ms
DeltaG Difference between the actual and 

geometrical fuel injection timings, °CA

The positioning of the vibration sensor at the back end of 
the fuel injector and the exhaust valve housing is also shown 
in Fig. 1. It should be mentioned that in most cases, in the 
authors’ experience, installing the vibration sensor at the 
back end of the injector enables signals to be recorded from 
both the fuel injector and the exhaust valve [11].

Following these measurements, the signals from both 
sensors were processed to generate the superimposed diagram 
in Fig. 1, where a red line shows the in-cylinder pressure P(deg) 
and a green line shows the vibration signal. Processing of the 
vibration signal included frequency filtration and amplitude 
demodulation methods.

Fig. 2. Amplitude demodulation of high-frequency injector signals [18]

The principle used to process the signal from the vibration 
sensors is shown in Fig. 2, and has been described by Neumann 
et al. [18]. It involved amplitude demodulation of the high-
frequency shock pulse signals that occur when the nozzle 
needle rises and sets, when the exhaust and intake valves 
close, and when the fuel supply starts and is cut off in the high 

pressure fuel pump (HPFP). For synchronous demodulation, 
the recovered signal D(t) can be expressed as:

 
Fig. 2. Amplitude demodulation of high-frequency injector signals [18] 

The principle used to process the signal from the vibration sensors is shown in Fig. 2, and has 
been described by Neumann et al. [18]. It involved amplitude demodulation of the high-frequency 
shock pulse signals that occur when the nozzle needle rises and sets, when the exhaust and intake 
valves close, and when the fuel supply starts and is cut off in the high pressure fuel pump (HPFP). 
For synchronous demodulation, the recovered signal D(t) can be expressed as: 

( ) )]cos()[cos(
4

)cos(
2
1

+−+++−= ttmtD mm , 

where φ is the phase of the reinserted carrier, m is the modulation index, and ωm is the 
modulating frequency.   

Some of the details of vibration sensor diagram should be mentioned as follows. As the high 
pressure of the fuel from the injection pump exceeds the tightness of the fuel injector spring, the 
injector needle rises to hit the top limiter. The impact of the needle on the limiter generates specific 
vibrations with fading oscillations. Processing this signal with the amplitude demodulation 
application gives the moment at which the fuel injector lifts, marked as “Needle up” in Fig. 1. 
When the fuel is cut off on the injection pump side, the fuel pressure at the injector inlet drops, so 
the spring causes the needle to fall and hit the seat, generating another vibration impulse marked 
as “Needle down”. It should be mentioned that leading edges of the processed vibration signals 
represent full opening and full closing of the injector valve. Hence, fuel injection starts slightly 
earlier than the first pulse, although this difference is quite small (about 0.1–0.3 °CA), and the 
amount of fuel injected within this period is usually less than 3% of the total injected amount [4, 
11]. Thus, in most cases, the instants marked “Needle up” and “Needle down” represent the actual 
fuel injection timing.  

Preheated heavy fuel circulates in the high-pressure fuel injection pipe through the fuel 
injector. The designers of the MAN applied this solution to avoid the formation of deposits and 
cocking. Fuel circulation takes place between the fuel injection periods. Immediately before fuel 
injection starts, when the fuel pressure in the high-pressure pump reaches approximately 10 bar, 
the fuel circulation valve closes; it opens again after fuel injection ends and the high-pressure pipe 
fuel pressure drops below 10 bars. The vibration sensor allows for detection of the timing of the 
opening and closing of the circulation valve, which can provide valuable diagnostic information 
for each fuel injector (two or three injectors are typically installed per cylinder in a marine two-

where φ is the phase of the reinserted carrier, m is the 
modulation index, and ωm is the modulating frequency.

Some of the details of vibration sensor diagram should 
be mentioned as follows. As the high pressure of the fuel 
from the injection pump exceeds the tightness of the fuel 
injector spring, the injector needle rises to hit the top limiter. 
The impact of the needle on the limiter generates specific 
vibrations with fading oscillations. Processing this signal with 
the amplitude demodulation application gives the moment at 
which the fuel injector lifts, marked as “Needle up” in Fig. 1. 
When the fuel is cut off on the injection pump side, the fuel 
pressure at the injector inlet drops, so the spring causes the 
needle to fall and hit the seat, generating another vibration 
impulse marked as “Needle down”. It should be mentioned 
that leading edges of the processed vibration signals represent 
full opening and full closing of the injector valve. Hence, fuel 
injection starts slightly earlier than the first pulse, although 
this difference is quite small (about 0.1–0.3 °CA), and the 
amount of fuel injected within this period is usually less 
than 3% of the total injected amount [4, 11]. Thus, in most 
cases, the instants marked “Needle up” and “Needle down” 
represent the actual fuel injection timing.

Preheated heavy fuel circulates in the high-pressure fuel 
injection pipe through the fuel injector. The designers of the 
MAN applied this solution to avoid the formation of deposits 
and cocking. Fuel circulation takes place between the fuel 
injection periods. Immediately before fuel injection starts, 
when the fuel pressure in the high-pressure pump reaches 
approximately 10 bar, the fuel circulation valve closes; it opens 
again after fuel injection ends and the high-pressure pipe fuel 
pressure drops below 10 bars. The vibration sensor allows 
for detection of the timing of the opening and closing of 
the circulation valve, which can provide valuable diagnostic 
information for each fuel injector (two or three injectors are 
typically installed per cylinder in a marine two-stroke engine, 
and the probability of some kind of injection malfunction 
is relatively high).

In summary, the following instants in the operation of the 
fuel injector are detected with the vibration sensor, allowing 
us to calculate the timings:
– “Fuel circulation stops” – closing of the fuel circulation 

valve;
– “Needleup” – full lifting of the injector needle;
– “Needle down” – closing of the injector needle;
– “Fuel circulation starts” – opening of the circulation valve.

The timings of the opening and closing of the exhaust valve 
are also detected by the vibration sensor. In most cases, the 
signal can be recorded from the back end of the fuel injector, 
meaning that there is no need to change the position of the 
sensor during measurements. An analysis of the exhaust valve 
vibration signal helps in detecting the technical state of the 
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valve train system, and particularly the damper valves, and 
in confirming the correct adjustment of valve timing. Full 
closing of the exhaust valve occurs at the end of its backward 
movement, and is influenced by the hydraulic damper, which 
is installed to soften the impact of the valve when it hits 
the valve seat. The hydraulic damper delays the closing of 
the exhaust valve in its very late stages, at about 10–12 °CA 
[4, 11]. As the result, the typical timing for the closing of 
the recorded valve is about 90 °CA or even later, while in 
terms of the gas exchange processes, the valve closes earlier. 
Examples of recorded timings for the exhaust valve opening 
and closing are given in Fig. 1.

It is worth mentioning that without the use of the proposed 
technology, the diagnostics of the valve train system requires 
complex equipment, which is typically only available in 
a laboratory setting rather than for an operating engine.

MATHEMATICAL SIMULATION FOR 
PREDICTION OF MALFUNCTIONS

Mathematical simulation of the engine operating cycle is 
an effective approach allowing for an advanced analysis of the 
diagnostics measurements data, as demonstrated by Minchev 
et al. [19]. Identification and normalisation of experimental 
data, prediction of the effects of a malfunction, and decision 
making can be facilitated with this method.

Fig. 3. Decomposition of the ship’s propulsion system dynamics system

The Blitz-PRO online simulation service provides the 
ability to model both the steady and unsteady modes of engine 
operation [20]. Our mathematical model is based on the quasi-
steady and one-dimensional unsteady sets of equations, which 
describe the processes in the open thermodynamic systems 

making up the general thermodynamic system represented 
by the engine.

The quasi-steady equations set include the first law of 
thermodynamics, mass balance and gas state differential 
equations. These can be applied to single-zone or double-zone 
open thermodynamic systems. Paying special attention to 
simulating the performance of the advanced turbocharger, 
as implemented in the computational software, helps in 
accurately predicting the behaviour of the engine under 
operational conditions, as shown by Minchev et al. [21].

Transient simulation of the engine’s operation is based on 
consecutive (cycle-by-cycle) synthesis of the engine’s working 
processes. The mechanical dynamics of the ship, propulsion 
system and turbocharging system are described using the 
following set of equations:
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the crankshaft speed, Pturb.pulse is the power of the turbocharger turbine at the pulse flow, Pcompr is 
the power consumption by the turbocharger compressor, JTC is the moment of inertia of the 
turbocharger, and nTC is the speed of the turbocharger. 

The decomposition of the ship’s propulsion system is given in Fig. 3, and the interrelations 
between its constituents are shown. The characteristics of the propeller and the ship resistance law 
were set to make the calculations, as shown in Blitz-PRO user’s manual [20].  

The behaviour and control of the engine are determined by the engine control maps, which 
include the fuel injection parameters (injection advance, injection duration and amount of injected 
fuel), and the control parameters of the turbocharger. Engine control maps may be expressed as a 
function of the engine speed, load, time or cycle number, depending on the malfunction to be 
studied.  

The following example presents an analysis of the possible effects of an irregularity in the 
fuel injection on the operation of the engine. This irregularity can be detected with the proposed 
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and the ship resistance law were set to make the calculations, 
as shown in Blitz-PRO user’s manual [20].

The behaviour and control of the engine are determined 
by the engine control maps, which include the fuel injection 
parameters (injection advance, injection duration and 
amount of injected fuel), and the control parameters of the 
turbocharger. Engine control maps may be expressed as 



POLISH MARITIME RESEARCH, No 4/202292

a function of the engine speed, load, time or cycle number, 
depending on the malfunction to be studied.

The following example presents an analysis of the possible 
effects of an irregularity in the fuel injection on the operation 
of the engine. This irregularity can be detected with the 
proposed vibroacoustic technology from a set of consecutive 
injections. Fig. 4 shows an example of a set of fuel injection 
control maps with irregular fuel injection for the MAN 
5G70ME-C diesel engine. This type of malfunction is typical 
for part-load operation of the engine, but is a cause for more 
concern if it happens at higher engine loads. A value of 79% 
for the MCR is considered to determine the effect of periodic 
missed injections (33% and 85% of the full injection, once in 
every 12 operating cycles). The results of the calculations are 
shown in Fig. 5. The engine output power and speed drop from 
12,740 kW at 73.6 rpm to average of 10,309 kW at 70.9 rpm, 
and the scavenging pressure also falls from 281 kPa to an 
average of 256 kPa. It should be mentioned that the engine 
speed and output torque create oscillations under irregular 
fuel conditions, which could cause a high level of vibration 
of the engine.

A fall in the scavenging pressure causes a corresponding 
decrease in the air excess ratio for the full injection cycle and 
a rise in the temperature of the exhaust gases, which could 
lead to overheating of the exhaust valve and the piston of the 
cylinder piston with normal fuel injection.

The cyclic variations in the engine operating process 
are also very clear on the P(V) diagram indicator in Fig. 6. 
Mathematical simulation can help to clarify the experimental 
data and to make predictions of the effects of different 
malfunctions, including those that occur periodically, as 
shown in the example.

Fig. 5. Results for transient engine operation under a fuel injection irregularity

Fig. 4. Fuel injection control maps, which are used to examine the effects of an irregularity in fuel injection
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Fig. 6. Cycle variations under irregular fuel injection conditions

DIAGNOSTICS OF THE CYLINDER 
LUBRICATION SYSTEM

In a similar way to the operational diagnostics of the fuel 
injector, the electronic cylinder lubrication system can be 
examined with the proposed technology.

According to MAN Diesel [22, 23], the purposes of cylinder 
lubrication include the following:
•	 Reduction of the friction between the piston rings and 

the cylinder walls;
•	 Neutralisation of the acid properties of the fuel oil;
•	 Sealing of the piston rings, and elimination of the gaps 

between the rings and the cylinder walls;
•	 Cleaning deposits from the cylinder surface;
•	 Heat transfer from the piston to the cylinder walls and 

from there to the cooling liquid.
As leading engine manufacturers, WinGD and MAN see 

friction reduction and the avoidance of acid corrosion as 
priorities. To solve these problems, the lubricating oil must 
be injected with the proper pressure and timing by the 
lubricating oil injectors.

Modern cylinder lubricating systems with electronic 
control generally operate at an oil injection pressure of up 
to 40 bars over very short periods of time, when the piston 
rises on the compression stroke. The oil is injected just at 
the moment when the piston passes the position of the oil 
injectors, which are arranged in a circle in the liner of the 
cylinder. Injection starts when the first compression ring 
reaches the level of oil injector nozzles, and stops at the 
moment when the last compression ring passes by [23]. Since 
the oil injection period is very short (less than 10 °CA) and 
the piston speed is high at this point (14–20 m/s [4]), the 
importance of precise timing becomes obvious, and this 
imposes strict demands on the control system.

Fig. 7. Vibration diagram for the cylinder lubrication injector, combined 
with a P(deg) diagram

The discussion above explains why the mechanical 
cylinder lubrication system is ineffective for the engines of 
the S-MC(ME) and G-ME series manufactured by MAN, 
as even slight wear of the components of the mechanical 
lubricating system could cause shifting of the oil injection 
timing, meaning that the oil misses the pack of piston rings 
and takes place in an undesirable region. Incorrect timing 
could cause early oil injection above the piston, which could 
result in burning of the oil and the formation of deposits on 
the piston surface. Late oil injection would mean the oil is 
wasted, as it would enter under the piston space and could 
cause a fire hazard in the engine intake plenum. In both cases, 
the solid friction mode could occur, leading to a dramatic 
rise in the wear rate of the cylinder.

The Alpha Lubricator cylinder lubrication system for MAN 
ME and MC series engines includes an array of oil injectors 
arranged uniformly at the same height around the cylinder 
liner. It contains six injectors per cylinder for a cylinder bore 
of 50 or 60 cm, eight injectors for a cylinder bore of 65, 70 
or 80 cm, and 10 injectors for a cylinder bore of 90 or 98 cm 
[23]. In other words, a typical six-cylinder engine may have 
between 36 and 60 oil injectors, and for the MAN 14K98ME-C 
engine, the total number is 140. With the application of the 
ball-type non-return valve in the oil injectors as shown in 
Fig. 7, the probability of several injectors malfunctioning in 
a given engine can be predicted as relatively high. An example 
of the installation of oil injection equipment is shown in Fig. 8.

Malfunctions in the ball non-return valves caused by long-
term cyclic operation could result in loose closing, meaning 
that the high-pressure gases from the cylinder on the power 
stroke could enter the oil high-pressure pipe, and the next oil 
injection pattern could be distorted. The part of the power 
stroke in which the gases could enter oil injection pipe is 
shown in Fig. 7 by a dashed region.

Visual control of the operation of the injector according 
to the regular procedure is possible only during technical 
maintenance, through the transfer ports. In the testing mode, 
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an inspector confirms the delivery of oil by each oil injector. 
Visual control requires a experienced mechanical engineer, 
is inconvenient, and can result in mistakes. Moreover, it can 
be performed only on a stopped engine, and the operating 
conditions of the oil injectors in the test mode are very 
different from those when the engine is running.

Fig. 8. Cylinder lubricator system for ME engines [23]

The oil injection control sensors, feedback sensor and level 
sensor shown in Fig. 8 may fail to detect exhaust gases in the 
high-pressure oil pipe. The signal from the vibration sensor 
on the oil injector offers a very promising solution in this 
case. The basic technique is similar to that described above 
for the diagnostics of fuel injectors. This type of control could 
be performed periodically during operation of the engine, 
and can help in the early detection of malfunctions of the 
oil injector, thus avoiding cylinder wear and engine damage.

An alternative approach to the problem of cylinder 
lubrication has been presented by Hans Jensen Lubricators 
[24]. The lubricating oil is injected into the engine’s scavenging 
air swirl at the beginning of the piston compression stroke; in 
this way, the lubrication oil is diffused and optimum coverage 
of the cylinder wall is obtained, where the need for lubrication 
is greatest. The oil injection valves are designed similarly 
to the fuel injectors and are under electronic control. The 
manufacturer recommends that the injection valves should be 
checked at appropriate intervals, for example when renovating 
a cylinder or after 12,000–15,000 hours of operation. It is 
recommended that the shape of the oil spray, the closing 
pressure and the quantity of leaking oil should be checked 
about every two years. A valve control interval of 12,000– 
15,000 hours represents a long period of operation, and in 
our opinion, periodic vibroacoustic examinations of the 
injection valves will be very useful for this system in between 
the recommended checks.

An example of problems with cylinder lubrication is 
provided by a case involving the Mitsubishi 6UEC50LSH 
main diesel engine [25], with the critical wear of cylinder 
liners over one year of operation. The engine oil lubrication 
system was adjusted for minimal cylinder oil consumption 

based on the manufacturer’s regulations, but the timing of 
the oil injection was set incorrectly by a couple of °CA. The 
unplanned cost for the replacement of all of the cylinder 
liners exceeded $120,000.

CONCLUSIONS

When in-cylinder pressure diagrams are recorded 
synchronously with the vibration sensor signals from fuel 
injection equipment and the valve train mechanism, they 
can provide valuable diagnostic information, as indicated 
by practical experience. The use of a vibration sensor with a 
magnetic base allows for the estimation of various timings, 
including:
– lifting and landing of the injector needle;
– circulation of heated heavy fuel oil ;
– fuel injection delivery;
– the opening and closing of exhaust valves;
– the injection of cylinder lubricating oil.

Mathematical simulation of the engine operation under 
steady and transient conditions is helpful in identifying 
malfunctions, analysing measurement data and predicting 
the effects of a malfunction on the performance of the 
engine. Moreover, engine transient simulations, which can 
be implemented using the Blitz-PRO online computation 
service, make it possible to predict malfunctions caused by 
irregular operation of engine systems, and particularly the 
fuel injection system.

The primary innovation of this study is a technique 
for vibroacoustic control of the technical state of each oil 
lubrication injector. Malfunctions of the ball-type non-
return valve of an oil injector could cause penetration of the 
exhaust gas into the high-pressure pump of the oil injector. 
Oil injection malfunctions may result in extensive wear and 
damage to the engine, which can be critical considering the 
complex conditions of operation of the ship.
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AbstrAct

This paper presents a method of adjusting and designing the maintenance scheme for the high-pressure fuel pumps of 
a slow-speed two-stroke marine engine, MAN 6S70MC-C. The maintenance database for the marine fuel system was 
obtained from the planned maintenance software, and covered a period of 11 years. During this period, 29 failures occurred 
that required corrective actions. Our methodology includes failure mode analysis, risk analysis, reliability calculation and 
maintenance interval adjustment. Each failure is described using a failure mode analysis, based on a combination of the 
mode and cause of failure. The objective of this study is to recommend a new preventive maintenance interval based on the 
exponential reliability results and the analysed maintenance data. The initial maintenance plan for each fuel pump was 
set to 8,000 running hours, whereas in the modified plan, it is recommended to set this to 4,000 hours. Our results show 
an increase in the system reliability from 60% to 95% when the new modified maintenance plan is applied. In addition, 
the results and the recommended initial maintenance schedule are validated based on three similar types of engine with 
the same fuel pump system. The new maintenance approach can reduce the risk of component failure, which will lead to 
increased reliability of the fuel pump system and the optimisation of maintenance costs.

Keywords: reliability, maintenance modification, high-pressure fuel pump, risk analysis

INTRODUCTION

The functionality and safety of ship operations depend on 
a high level of reliability of the engine room systems and associated 
equipment. The most important aspect of high reliability is an 
optimised and appropriate maintenance schedule. On modern 
ships, every engine room maintenance activity (planned 
or unplanned) is regularly documented via a computerised 
maintenance management system (CMMS), and according to 
the ISM code [1], this system is mandatory for every ship and 
shipping company. The main reason for implementing a CMMS 
in the engine department is to provide a database of maintenance 

activities, which is needed to plan efficient overhauls and optimise 
maintenance costs. The CMMS database can also be used to 
adjust the initial maintenance plan according to experience [2] 
and maintenance records, with the aim of increasing reliability 
and reducing the consumption of spare parts.

The most efficient method of improving the maintenance 
plan for any engine component is to continuously monitor its 
technical condition. The importance of early fault detection and 
effects of incorrect operation of the main engine are presented 
in the article [3]. This methodology is called condition-based 
maintenance (CBM), and its main advantage is the early 
detection of faults. This can be achieved by recording several 

https://orcid.org/0000-0002-4240-3559
https://orcid.org/0000-0002-9921-3895
https://orcid.org/0000-0002-0735-7489
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variables such as vibration, temperature, acoustics, and oil 
residues for analysis; however, these methods use tools and 
technologies that are typically expensive for ship owners. 
A complete overview of CBMs is provided in the article in 
[4], which also explains the ways in which a CBM can be used 
to optimise maintenance strategies. In [5], an artificial neural 
network is used to analyse the database of a container ship in 
order to develop a CBM strategy.

Improvements to a failure database were achieved in [6] 
through a combination of reliability-centred maintenance (RCM), 
failure simulation and expert knowledge. This methodology is 
useful for optimising the failure database and obtaining accurate 
predictions of failures. Failure mode and effect analysis (FMEA) 
was used in [7] to develop an optimised preventive maintenance 
schedule for a system. Applying this method could ensure higher 
reliability of the system components and lower maintenance 
costs. The same method was applied in [8] to ship components 
such as a fin stabiliser, high elastic couplings and diesel generator 
sets, in order to develop a new repair strategy. An improvement 
on the FMEA method was presented by Nguyen [9], who used 
failures in a tanker ship system as a case study. The improvement 
was based on risk estimation and judgements by experienced 
marine engineers. The reliability, availability and maintainability 
(RAM) method was used in [10] based on failure records for four 
similar ships. The results highlighted the importance of regular 
periodic maintenance, especially for cylinders, as these are the 
components with the highest unavailability value. The Real-time 
Anomaly Detection Intelligent System (RADIS) framework [11] 
has been applied to a diesel generator of a tanker ship to establish 
a smart maintenance scheme, with particular reference to the 
maritime industry, where this type of maintenance is still under 
development. With the aim of optimising the maintenance costs 
and availability of ships and naval vessels, risk-based maintenance 
was investigated in [12]. All the authors mentioned above agree 
that existing maintenance schedules are limited and require 
further development in order to provide improvements in the 
maintenance and reliability of these systems. 

In this paper, the maintenance and reliability of a high-pressure 
(HP) fuel pump is improved through a method called Maintenance 
Concept Adjustment and Design (MA-CAD) [13]. The objective 
of this approach is to reduce the probability of a failure occurring 
by analysing the maintenance database and adjusting the initial 
maintenance interval. In general, components with the most frequent 
operational failures are selected for this analysis. For example, the 
study in [14] examined maintenance adjustments for exhaust valves, 
while the work in [15] focused on air compressors, and it was found 
that the frequency of failure and the maintenance costs could be 
reduced by changing the initial maintenance schedule. To achieve 
a relevant and meaningful change in the maintenance plan, it is 
necessary to obtain a reliable database (maintenance history) of 
the component under study. This task is usually very difficult to 

accomplish, due to the behaviour and customs in the shipping 
industry, such as unlawful requests and corrupt demands. The 
maritime sector is vulnerable to bribes, due to a lack of transparency, 
which can result in the interruption of normal operations, 
navigational risks and illegally signed documents. Clearing agents 
and marine surveyors are frequently affected by bribery, and this 
has an impact on the availability of correct information about the 
technical condition and port calls of a ship. According to DNV-GL 
CEO Henrik O. Madsen, the shipping industry is “too conservative 
and too passive” in this regard [16]. This opinion is also shared by 
some other authors [17, 18].

CASE STUDY: HIGH-PRESSURE  
FUEL PUMPS 

For this study, the HP fuel pumps were selected as one of the 
crucial components of a complex fuel system. These components, 
along with the fuel injectors and exhaust valves, have a high failure 
rate (λ) in the fuel system [19], defined as the ratio between the 
number of failures and the total number of running hours. We 
consider six HP fuel pumps (Fig. 1) in a slow-speed S70 MC-C 
two-stroke marine engine, and the maintenance database was 
obtained from a real shipping company, which allowed access 
to its database on condition of confidentiality. The ship was 
a crude oil tanker with a maximum output power of 16,780 kW 
(82 RPM main engine) and three auxiliary engines with a power 
of 910 kW each.

Fig. 1. Cross section of the HP fuel pump [20]

To ensure the functionality and availability of each HP fuel 
pump, all components must be maintained at scheduled intervals. 
These maintenance intervals are proposed by the manufacturer, 
the Classification Society [21] and the shipping company, and 
together they form the initial maintenance plan (Fig. 2).

Fig. 2. Initial maintenance plan for the HP fuel pump in the CMMS [22]
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In the CMMS, the initial maintenance plan is divided into 
three different maintenance tasks, labelled with codes C0500, 
S0001 and 00147. Each code represents a different preventive 
maintenance task to be performed by the engine crew on 
board (with the exception of task S0001). It is recommended 
to perform maintenance jobs with code C0500 every 8,000 
running hours, which includes inspection of the fuel pump 
suction and puncture valve, and adjustment of the pilot 
valve, pump cam and shock absorber. Overhaul of the fuel 
pump (top cover, barrel, and roller guide) at intervals of 
16,000 running hours is required for job code 00147. The 
last maintenance job (S0001) is carried out every 60 months 
by the Classification Society or as part of the Chief Engineer’s 
overhaul inspection while ship is in dry dock, which is then 
confirmed by a surveyor. 

MAINTENANCE DATABASE ANALYSIS

The maintenance database for the six HP fuel pumps was 
analysed over a period of 11 years. According to this database 
and the CMMS, the first maintenance operation took place in 
2007, and the last updated entry was made in 2018. During this 
period, the total running hours of the six fuel pumps amounted 
to 59,098 h. When this value is divided by the number of years 
of operation, the average operating rate is 5,372 h/year. Table 
1 shows the maintenance work carried out during this period 
for each HP pump; the last column contains the number of 
corrective (unexpected) maintenance operations carried out 
after failure of the component.

Tab. 1. Maintenance jobs in the initial maintenance plan

Component S0001 C0500 00147 Corrective 
jobs

Fuel pump 1 2 8 5 7

Fuel pump 2 2 8 4 4

Fuel pump 3 2 8 4 3

Fuel pump 4 2 8 4 4

Fuel pump 5 2 8 4 6

Fuel pump 6 2 8 4 5

Σ29

FAILURE MODE ANALYSIS

The purpose of failure mode analysis (FMA) is to show 
the relationship of events between failure cause and failure 
effect [23]. In the MA-CAD method, FMA is based on 
a combination of failure mode and failure cause (FMCC). 
Three crucial properties of FMCC are taken into consideration: 
predictability, reaction time (MTTR) and evidence/cause 
(possibility of observing component failure). Based on the 
operating data for the six fuel pumps, the following failure 
characteristics were highlighted (Table 2):

•  Component (identification of the engine component),
•  Failure number (number of failures that occurred),
•  Cause (reason for each failure),

•  Maintenance task (explanation of the maintenance task 
performed),

•  MTTR (average time needed to repair a failed component),
•  TF (running hours for each component at the time of 

failure).

Tab. 2. Summary of the exploitation data for the six HP fuel pumps

Com-
ponent

Failure
number Cause Maintenance 

task
MTTR 

(h)
TF  
(h)

HP
fuel 

pump 
1

1
Leakage and 

improper operation 
of VIT actuator

Actuator 
disassembled and 

cleaned
1 1,050

2 Leakage of shock 
absorber

Exchanged with 
spare part 2 8,680

3 Leakage of shock 
absorber

Exchanged with 
spare part 1 16,357

4 Leakage of shock 
absorber

Exchanged with 
spare part 0.5 31,005

5 Leakage of shock 
absorber

Exchanged with 
spare part 0.5 46,335

6 Puncture valve 
fouled

Valve cleaned and 
all seals replaced 2 51,445

7 Wear- out of 
a suction valve

Overhauled and 
replaced with 

spare part
2 54,805

HP
fuel 

pump 
2

8 Leakage of 
puncture valve

Exchanged with 
spare part 2 5,886

9 Leakage of shock 
absorber

Exchanged with 
spare part 1 8,826

10 Leakage of shock 
absorber

Exchanged with 
spare part 0.5 40,820

11 Leakage of 
puncture valve

Exchanged with 
spare part 2 48,193

HP
fuel 

pump 
3

12 Wear-out, damaged 
puncture valve

Overhauled and 
replaced with 

spare part
1 6,473

13 Leakage of shock 
absorber

Exchanged with 
spare part 0.5 46,513

14 Leakage of 
puncture valve

Fuel pump top 
cover parts 
overhauled

2 48,193

HP
fuel 

pump 
4

15 Leakage of shock 
absorber

Exchanged with 
spare part 1 13,193

16 Leakage of shock 
absorber

Exchanged with 
spare part 1 45,463

17 Leakage of 
puncture valve

Exchanged with 
spare part 2 48193

18 Wear-out of 
a suction valve

Components 
overhauled and 
replaced with 

spare part
2 54,805

HP
fuel 

pump 
5

19 Leakage of shock 
absorber

Overhauled and 
replaced with new 

gaskets
2 10,253

20 Leakage of 
puncture valve

Exchanged with 
spare part 1 27,893

21 Leakage of shock 
absorber

Exchanged with 
spare part 1 28,314

22 Leakage of shock 
absorber

Exchanged with 
spare part 1 41,915

23 Plunger blocked in 
barrel

Parts overhauled 
and replaced with 

new seal rings
4 45,275

24 Leakage of 
puncture valve

Exchanged with 
spare part 2 46,093
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years, depending on the size and type of ship [24]. In the case 
of the HP fuel pumps, 29 failures occurred within 11 years, and 
the life of the component was set to 20 years. ELFF is calculated 
using Eq. (1):

ELFF = F(T )  = 52.7272  (1)

where:
F(T) –  is the probability of failure within interval T (29 

failures);
L –  is the component life span (20 years);
∫0

T R(t)dt –  is the reliability weighted cycle for interval T 
(11 years).

In order to determine the magnitude of risk associated 
with the occurrence of a failure, it is necessary to calculate 
the risk index. There are two categories of risk indices, which 
also represent safety and operational effects. Each category 
represents the criteria used to rank the importance of the failure 
effect. The magnitude of the failure effect is expressed using 
the significance index (SI).. For the case of failure of the HP 
fuel system, the safety significance index (SIs) is set to 0.0001, 
representing an event with no injury and no damage to the ship 
or environment. The operation significance index (SIo) is set 
to 0.001, which represents partially available operation during 
the failure, meaning that the failure effect is that the ship is 
unavailable for operation for some hours [13].

The safety risk index is calculated as:

RI(S) = SI(S) · ELFF = 0.00527   (2)

and the operational risk index as: 

RI(o) = SI(o) · ELFF = 0.0527     (3)

For the HP fuel pumps, the safety risk index is 0.00527, since 
a failure affects only one cylinder, which could be out of service 
until the failure is corrected. The operational risk index is slightly 
higher, as the vessel could be without function for several hours 
(depending on the MTTR). There are two ways of reducing the 
risk index: through preventive maintenance, or by modifying the 
component. Although the importance of a failure cannot be reduced 
by maintenance, the frequency of failure can be reduced, and this 
will also reduce the ELFF. The results of a risk index analysis for 
the HP fuel pump are shown in Table 3.

Tab. 3. HP fuel pump risk index analysis

FMCC Component SI(s) SI(o) ELFF RI(s) RI(o)

1 HP fuel pump 0.0001 0.001 52.72 0.00527 0.0527

EXPONENTIAL RELIABILITY OF THE SYSTEM

In reliability engineering, failures due to completely random 
events are represented using an exponential failure distribution. 
In this distribution, the reliability function R(t) is expressed 
mathematically as [25]:

R(t) = e–tλ       (4)

Most malfunctions were due to the leakage of fuel oil in certain 
parts of the fuel pump. The corrective maintenance task for this 
type of malfunction was to replace faulty units with spare parts. 
These malfunctions varied in terms of the mean time to repair 
(MTTR) for a failed component, which was recorded in the 
CMMS by the engineer responsible for this maintenance task. 
The component with the most failures was the shock absorber, 
with an MTTR of 1 h, and the failure with the longest repair time 
was the blockage of the plunger, with a downtime of 4 h. The 
MTTR depends on the experience of the person performing the 
maintenance task and the availability of spare parts. 

The basic effects of failure in the case of leaks or wear-out 
faults (shock absorber, puncture valve) are vibrations and 
defects, leading to insufficient fuel supply to the injector. In 
the case of a variable injection timing (VIT) actuator, the main 
function of which is to reduce fuel consumption and achieve 
optimum pressure even at low loads, failure results in uneven 
load distribution in the engine, and can lead to an incorrect 
fuel-air ratio or even an increase in fuel consumption. For all 
of the fuel pump failures that occurred, the cause was internal.

RISK ANALYSIS AND RELIABILITY

The effects of a fault on the ship, the engine room system and 
the environment are described by risk analysis, where risk is 
defined as the expected loss associated with the occurrence of an 
adverse event [23]. The magnitude of the expected loss is indicated 
by the significance index, while the probability of occurrence is 
expressed by the expected life failure frequency (ELFF). 

The significance index is divided into two classes, representing 
safety and operational effects, and is measured on a scale of 
zero to one, where one represents a catastrophic event (loss of 
the ship, environmental catastrophe), and zero represents an 
effect of no significance. In the case of HP fuel pumps, which 
are crucial for the operation of the main engine, the safety and 
operational indices are determined as follows:

•  Safety significance index SI (s) > 0.001 (marginal - possible 
injury, possible damage to the vessel)

•  Operational significance index SI (o) > 0.0001 (reduced 
performance - the ship operates with reduced performance)

The ELFF is determined as the number of failures that occur 
during the lifetime of a component. It has been estimated that 
the lifetime of a ship and its equipment is between 20 and 30 

Com-
ponent

Failure
number Cause Maintenance 

task
MTTR 

(h)
TF  
(h)

HP
fuel 

pump 
6

25 Leakage of 
puncture valve

Exchanged with 
spare part 1 5,970

26 Leakage of shock 
absorber

Exchanged with 
spare part 2 11,679

27 Leakage of 
puncture valve

Exchanged with 
spare part 1 38,955

28 Leakage, fault of a 
plunger

Parts overhauled 
and replaced with 

new seal rings
4 42,735

29 Leakage of 
puncture valve

Exchanged with 
spare part 2 48,193
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In general, the reliability of the entire system is not easy 
to determine, since many components within the system are 
interconnected in a serial or parallel configuration. Failure of 
a serial system occurs if any of its components fails; however, 
this is not the case for the HP fuel pump system, as one pump 
is designated for each cylinder, and in the case of failure of one 
pump, the engine can still run with a lower load. 

The reliability of the HP fuel system can be expressed as [23]:

Rs = 1 – ∏
i=1

n
 [1 – Ri(t)]     (5)

For the case of six equal HP fuel pumps, the reliability is 
calculated as follows:

Rs = 1 – ∏
i=1

n
 (1 – Ri)n     (6)

To determine the exponential reliability of the system and 
each component, it is necessary to calculate the failure rate (λ). 
The failure rate is the frequency with which a component fails 
within a specified period of time, and it is calculated by dividing 
the number of failures by the total number of running hours. 
Table 4 shows the failure rate for the HP fuel pump system, 
and Table 5 shows the failure rate for each HP fuel pump. The 
mean time between failures (MTBF) is useful in predicting how 
likely a component is to fail in a certain time period, or how 
often a certain type of failure may occur.

Tab. 4. Parameters of the HP fuel pump system 

Total running hours t = 59,098 [h]

Number of failures n = 29

Failure rate λ = n—t  =0.4907 ∙ 10−3

Mean time between failures MTBF = n—λ  =2038 [h]

Tab. 5. Failure rate for each HP fuel pump

HP fuel pump/cylinder number Failure rate (λ)

Pump 1 1.1844 ∙ 10–4

Pump 2 6.7684 ∙ 10–5

Pump 3 5.0763 ∙ 10–5

Pump 4 6.7684 ∙ 10–5

Pump 5 1.0152 ∙ 10–4

Pump 6 8.4605 ∙ 10–5

Fig. 3 shows the reliability for each HP fuel pump, which depends 
on the number of failures (i.e. the failure rate). It can be seen that 
pump 3 has the highest reliability, due to the lowest number of 
failures, and pump 1 has the lowest reliability, as it has the most 
failures. Pumps 2 and 4 are shown on the same curve, as they 
have the same number of failures. The first maintenance interval, 
according to the CMMS, is set to 8,000 running hours, and the 
reliability of pump 1 at this time is 38.78%. Pump 3 has the highest 
reliability of 66.62%, followed by pumps 2 and 4, with 58.19%. The 
reliability of each fuel pump is calculated using Eq. (4).

Fig. 3. Exponential reliability analysis for six HP fuel pumps

MA-CAD MAINTENANCE MODELLING

The MA-CAD method for modification of the maintenance 
plan uses the three-parameter Weibull distribution. The 
following equation was used to estimate the reliability function 
R(t) with the Weibull method [26]:

R(t) = e–( )β , t ≥ γ, β > 0, η > 0    (7)
where:
t –  is the time of failure,
η –  is a scale parameter (representing the mean life of 

the component),
γ –  is a threshold parameter, 
β –  is a shape parameter.

Each parameter must be determined or estimated (if the 
maintenance history is not available) to properly calculate the 
reliability function of the system. The time (t) of each failure 
was recorded in the CMMS, and based on this information the 
scale parameter (η) was calculated as 8,443 h. This parameter is 
considered to be the mean life (time to failure) of a component 
or system under normal operating conditions. 

The shape parameter (β) has a positive value, and indicates 
whether the distribution has a decreasing, increasing or constant 
rate. This parameter is related to the predictability of failure, 
which depends on the shape of the failure rate. Table 6 shows 
the relationship between the failure rate, predictability and the 
shape parameter. The threshold parameter (γ) is also known as 
the location parameter, as it defines the lowest possible value 
in this distribution. All other values must be greater than the 
threshold parameter; in this case, the value is zero, which means 
failures are possible as soon as operation starts.

Tab. 6. Relation between predictability and the shape parameter [6]

Description Predictability Shape 
parameter (β)

FMCC with a decreasing or 
constant failure rate none (p=0) 0 < β ≤ 1

FMCC with an increasing  
failure rate low (0 < p < 0.5) 1 < β < 2

FMCC with a significantly 
increasing failure rate high (0.5 ≤ p ≤ 1) 2 ≤ β
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The predictability is typically used to assess whether the 
periodic preventive maintenance in the maintenance plan is 
effective. If the failure rate decreases or remains constant, it 
is assumed that preventive maintenance can be replaced by 
corrective action. However, this cannot be applied to the HP 
fuel pumps, where there are significant numbers of failures, and 
for this reason, preventive maintenance measures are crucial. 
With a significantly increasing failure rate, the shape parameter 
(β) is set to two, with a predictability of between 0.5 and one. 
Fig. 4 shows the reliability of the HP fuel pump system with 
an exponential Weibull distribution. 

Fig. 4. Exponential reliability of the HP fuel system

RESULTS AND DISCUSSION

When modifying the initial maintenance plan, the objective 
is to minimise the occurrence of failures without increasing the 
maintenance costs. Our reliability analysis of this system with 
an initial maintenance interval of 8,000 running hours was 
compared with other HP fuel pump systems from the database 
[22]. The examples used for comparison were drawn from 
similar types of engine (six cylinders) and HP fuel pumps, 
with the first maintenance interval set to 4,000 running hours. 
Table 7 shows the number of failures and the failure rates for 
the three examples, with an initial maintenance interval of 
4,000 running hours. The benefit of a 50% shorter maintenance 
interval (a reduction from 8,000 to 4,000 hours) is verified by 
a reduction in unexpected failures.

In the first example, there were eight HP fuel pump failures, 
and in the second there were 11 failures over a total operating 
time of 48,247 hours. In the third example, there were only five 
failures over 90,174 operating hours. These three examples had 
significantly lower numbers of failures compared to the engine 
in our case study, with a total of 29 failures, and can be used as 
validation of the modified initial maintenance plan.

Tab. 7. Parameters with a modified maintenance plan

Example 1 Example 2 Example 3

Total running hours 48,247 48,247 90,174

Number of failures 8 11 5

Failure rate (λ) 1.658 ∙ 10–5 2.279 ∙ 10–5 5.544 ∙ 10–5

Fig. 5. Reliability comparison of the initial and modified maintenance intervals

The results of the modified maintenance intervals are 
compared in Fig. 5. The reliability for both the initial and 
modified maintenance plans was calculated using Eq. (6). The 
initial maintenance period was reduced by 50% and the system 
reliability was increased from 60% to 95% in the modified plan, 
with a period of 4,000 operating hours. When the number of 
preventive maintenance activities is increased, the maintenance 
cost typically also increases, and it is important to plan the 
supply of spare parts. Using the MA-CAD method, the required 
number of spare parts can be calculated by dividing the average 
usage rate (λu) by the MTBF. Most of the spare parts used in 
the overhaul of the HP fuel pump were new gaskets, which are 
used to prevent fuel oil leakage. These parts are relatively cheap, 
and having more than necessary in stock does not significantly 
increase the maintenance costs.

It is important to emphasise that this maintenance 
recommendation applies to HP fuel pumps that are driven 
by camshafts. For ME engines with hydraulic and electronic 
components, the occurrence of failures is much lower, and the 
first maintenance overhaul could be done at 32,000 hours of 
operation [27]. In addition, this type of engine has an automotive 
fuel system, so if more than one fuel oil booster pump fails, the 
operating mode will be automatically changed to the slower mode 
and the engine will run at a lower load. It should also be noted 
that for some types of engine, the first maintenance interval is 
already set to 4,000 h, such as for the MAN S/L80MC. However, 
this includes only the suction and puncture valve (checks on 
condition), while the overhaul of the shock absorber is still done 
at 8,000 h. The modified maintenance plan can increase the 
reliability of the system by about 50% compared to the initial 
maintenance period of 8,000 h of operation. The reliability of 
the HP fuel system without optimisation of the maintenance 
plan was 0.11% over 8,000 running hours, whereas with the 
modification, it was 0.65% for the same running hours. According 
to the maintenance plan in the CMMS (Fig. 2), the first major 
overhaul is set to 16,000 h; this could also be reduced to 8,000 h, in 
view of the importance of maintenance tasks such as the overhaul 
of the complete top cover of the fuel pump, and the overhaul of 
the fuel pump barrel and roller guide. Also, the authors have 
considered the problem of increased workload with the new 
recommended maintenance plan. However, the nature of the first 
maintenance plan is to check on condition and not the complete 
overhaul. This action includes adjustments of the pilot valve, fuel 
pump cam, inspection of the shock absorber and the adjustments 
are based only on observations, so if there are no failures the 
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workload won’t be increased. The proposed modification of the 
maintenance plan is validated based on three examples in which 
the first maintenance action is carried out after 4,000 operating 
hours. Our results show that the MA-CAD methodology with 
an adequate maintenance history database can achieve higher 
reliability for the system or a given engine component.

CONCLUSIONS

Choosing the most efficient maintenance plan is important in 
order to increase the reliability and safety of shipping through 
reducing the frequency of failure of a component or system. To 
achieve this goal and to obtain accurate results, it is necessary 
to analyse the maintenance database of a component from 
a CMMS or maintenance record books. In this paper, the failures 
of six HP fuel pumps are analysed using a comprehensive 
MA-CAD method, and the following conclusions can be drawn:

•  Of a total of 29 failures, 26 were fuel oil leaks or wear-out 
of a shock absorber, puncture or suction valve. Given the 
high level of predictability of these failures, preventive 
periodic maintenance and condition-based (inspection) 
maintenance are strongly recommended.

•  The results of the exponential reliability function showed 
that the initial maintenance interval should be modified in 
order to reduce the failure rate and consequently increase 
the reliability of the system. According to the initial 
maintenance schedule proposed by the manufacturer, the 
initial interval is set to 8,000 running hours. In the modified 
plan, it is reduced by 50% (4,000 h), which will ensure 
higher reliability of the system. Our results are confirmed 
based on three examples with the same maintenance plan.

•  The most important function of the CMMS is to enable 
updating and control of the spare parts inventory. In 
a  scenario where the modified maintenance plan is 
implemented and the number of failures is reduced, 
savings in maintenance costs could be achieved, while 
the maintenance costs for increased preventive actions in 
the case of the HP fuel pumps are negligible.

In order to choose the most efficient maintenance plan, it 
is necessary to continuously monitor and record the technical 
condition and maintenance actions during the period of 
operation. The changes to the maintenance plan should also be 
implemented in new maintenance software programs that allow 
the maintenance plan to be adjusted based on the condition 
of each engine component. This methodology could also be 
applied to other major engine components to achieve a longer 
and more reliable system life and safer navigation.
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AbstrAct

Multi-energy hybrid ships are compatible with multiple forms of new energy, and have become one of the most important 
directions for future developments in this field. A propulsion inverter is an important component of a hybrid DC electrical 
system, and its reliability has great significance in terms of safe navigation of the ship. A fault diagnosis method based 
on one-dimensional convolutional neural network (CNN) is proposed that considers the mutual influence between an 
inverter fault and a limited ship power grid. A tiled voltage reduction method is used for one-to-one correspondence 
between the inverter output voltage and switching combinations, followed by a combination of a global average 
pooling layer and a fully connected layer to reduce the model overfitting problem. Finally, fault diagnosis is verified 
by a Softmax layer with good anti-interference performance and accuracy.

Keywords: Multi-energy hybrid ships, Inverters, Fault diagnosis, CNN

INTRODUCTION

Multi-energy hybrid ships can use both renewable sources 
of energy (wind, solar, etc.) and non-renewable energy (fossil 
fuels). In these ships, mechanical and electric propulsion is 
integrated through power coupling devices [1], which can 
not only save energy, reduce emissions, and meet the relevant 
requirements of International Maritime Organization (IMO), 
but also can effectively address the limitations of using a single 
energy supply. Hybrid power system ships initially used low-
voltage DC distribution networks, and are gradually being 
developed to use medium- and high-voltage DC distribution 
networks. The application of variable speed shaft generator 
sets can significantly reduce fuel consumption and pollution 

emissions [2]. In this configuration, the variable speed diesel 
generator sets convert mechanical power into electrical 
energy, and the alternating current (AC) energy generated 
by each generator set is converted into direct current (DC) 
energy through rectifiers and pooled into a common DC bus. 
The energy storage devices are also connected to the same 
grid through bi-directional converters. The propulsion motors 
are then powered by inverters from the DC bus to drive the 
propellers forward and in reverse, to achieve motion of the 
ship. Compared with the traditional AC distribution network, 
this approach has advantages such as occupying less space and 
volume, faster and safer addition and removal of generator 
sets, simpler access to the system for energy storage devices, 
and better power quality [3]. With the development of hybrid 
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ships towards green energy, integration, and larger scales [4], 
power semiconductor devices are becoming widely used. These 
operate on pure electric propulsion, with variable propulsion 
motor power that is capable of reaching approximately 80% 
of the generator sets capacity [5]. The increasing power of the 
inverters used for electric propulsion of the ships makes them 
more likely to fail and to cause accidents, meaning that it is 
important to detect and diagnose these faults.

A six-switch, two-level, three-phase voltage source (2L-
VSC) is a common topology for an electric propulsion inverter 
[6], and is a mature and reliable topology with a simple circuit 
structure and control strategy [7]. It mainly experiences short-
circuit faults (SCFs) and open-circuit faults (OCFs) in the 
power switching transistors [8]. All faults in power electronic 
circuits are difficult to detect [9], and the inverter is one of the 
most vulnerable devices in a ship’s DC distribution network 
[10]. Overloading, high temperatures, and incorrect drive 
signals can lead to SCFs, which occur within a very short 
time and are difficult to predict and diagnose. Research on 
the diagnosis of SCFs is scarce, and hardware protection is 
typically used [11], such as fast fuses for each transistor and 
inverters equipped with external current limiters to convert 
SCFs into OCFs. However, for high-power inverters, an 
approach based on fuse installation faces the problems of long 
protection times and an inability to protect the transistors 
from high transient electrical stress shocks [12], and the 
transistors may still be knocked out. Over-current limiters 
are the most effective and ideal methods of short-circuit 
protection for inverters, as they reduce the hazards generated 
by faults and limit the rate and capacity of a short-circuit 
current rise. They also makes it possible to detect, locate and 
isolate SCFs using algorithms [13], but suffer from problems 
such as voltage dips in fault situations. Hence, methods for 
the detection and diagnosis of OCFs in inverters are needed.

Fault diagnosis for inverters consists of two steps: the first 
is signal acquisition, in which sensors are used to obtain 
signals during operation, including the output voltage or 
current of the device, while the second is fault diagnosis 
and classification, in which suitable analysis and diagnosis 
methods are adopted to process the signals and to determine 
the condition of the device and the type and location of the 
fault. The inverter is usually allowed to continue working for 
a certain period under a power switching transistor OCF, 
and the propulsion motor can run for a short time, but the 
AC voltage and current output from the inverter is no longer 
balanced in this situation. If the inverter runs for a long time 
with the fault, the remaining power switching transistors will 
cause a secondary fault due to high current flow. Such faults 
should therefore be detected and located as soon as possible 
when they occur.

The ship’s DC distribution network consists of numerous 
electrical and power electronic devices, which are coupled 
and interact with each other. This distribution network is 
complex, with many nonlinear factors, and it is difficult to 
use traditional fault diagnosis methods to detect and locate 
inverter faults in the network in a timely manner. Innovative 
diagnosis methods are therefore needed to achieve rapid 

diagnosis and location of inverter faults. Modern fault 
diagnosis methods are usually based on analytical models, 
and may be signal-based or data-driven [14]. Analytical 
model-based methods rely on the construction of accurate 
mathematical models, and diagnose faults by comparing the 
estimates of a model with the actual values. Signal-based 
methods are widely used for fault diagnosis; traditional 
techniques such as fast Fourier transform (FFT) [15] and 
variational modal decomposition (VMD) [16] are used to 
extract the features of faults, which are then generally used in 
conjunction with intelligent classification algorithms such as 
error backpropagation neural networks (BPNNs) and support 
vector machines (SVMs). A data-driven approach is more 
suitable for fault diagnosis of a ship’s complex DC distribution 
network of inverters, but large amounts of historical data are 
required to establish a relationship between signals and faults. 
Many diagnostic methods have been proposed and applied 
to inverters [17-21]. Since traditional fault feature extraction 
methods such as FFT, principal component analysis (PCA), 
and VMD are linear (although classification methods such 
as BPNN and SVM have nonlinear capabilities), they have 
common defects, such as a tendency to fall into local minima 
[22] causing a loss of much useful information. The literature 
[23] contains a fault diagnosis method based on PCA and the 
multiclass relevance vector machine (mRVM). This approach 
uses PCA to downscale and extract the fault features for 
voltages and mRVM to locate the faults, which improves the 
efficiency and accuracy of inverter fault diagnosis. Compared 
with traditional feature extraction methods, deep learning 
(DL) methods with multiple nonlinear layers can mine more 
high-quality information from a large amount of data, and 
can significantly enhance fault diagnosis. In another study in 
the literature [19], an improved CNN-GAP model was used for 
fault diagnosis of inverters, and yielded an increased accuracy 
and reduced detection time compared to traditional CNN 
and SVM methods. Another study [22] combined an attention 
collaborative stacked long short-term memory (ASLSTM) 
network with a quantum particle swarm optimisation (QPSO) 
algorithm to intelligently tune the hyperparameters; this 
approach achieved fault diagnosis with multi-information 
feature fusion, and gave good results under constant loads, 
variable loads and noise. It can be observed that DL-based 
inverter fault diagnosis is generally better than traditional 
machine learning methods.

Deep autoencoders, deep belief networks, recurrent neural 
networks, and convolutional neural networks (CNNs) are the 
most widely used DL-based fault diagnosis models [24]. Of 
these, the CNN is one of the most important DL models, as 
it has very powerful feature extraction capabilities and has 
become a leading architecture. Although prior authors [25, 
26] have used CNNs to diagnose inverter faults, the input to 
these networks was still determined by traditional feature 
extraction methods, meaning that the powerful feature 
extraction capability of the CNN was not exploited. 

Current studies of inverter fault diagnosis are conducted 
based on the assumption of an ideal voltage source, but the 
ship’s power grid has limited capacity, and its DC bus voltage 
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is constantly fluctuating within a small range. If the inverter of 
the propulsion motor fails, this will also have a strong impact 
on the ship’s power grid. A one-dimensional CNN-based 
diagnosis method is proposed in this paper to automatically 
locate the fault using the waveform of the output voltage, 
based on the interaction between the inverter fault and ship’s 
limited-capacity grid. From an analysis of the principle of 
operation of the inverter, its three-phase output voltage is 
selected as the input data for the fault diagnosis. For the 
one-to-one correspondence between inverter output voltage 
and the combined switch, the output voltage is simplified. 
A combination of a global average pooling (GAP) layer and 
a fully connected (FC) layer is used to reduce overfitting and 
computation.

DC ELECTRICAL SYSTEMS OF SHIPS

MULTI-ENERGY HYBRID SYSTEMS

In a parallel hybrid ship, mechanical and electric propulsion 
are integrated, and the two propulsion systems can operate 
independently or in coupled mode [1]. When the main engine 
power is sufficient, the electric motor connected to it via the 
power coupling device can also work in power generation 
mode, and can supply power to the main grid through the 
rectifier. The propulsion mode can be selected based on the 
ship’s operating conditions, giving a highly flexible system 
that can maximise the efficient use of energy and reduce 
emissions.

We consider a 7382 tonnes multi energy hybrid bulk carrier 
with a parallel hybrid electrical power system, as shown in 
Fig. 1. This multi-energy hybrid ship has four modes of 
operation:
(1) Host propulsion mode (direct push mode): The power 

coupling device is only connected to the host, and the 
propeller is driven to rotate by two hosts.

(2) Individual motor operation mode (PTH mode): The shaft 
belt motor works in motor mode, the power coupling 
device is connected only to the motor, and the propeller 
is driven to rotate by two motors.

(3) Simultaneous propulsion mode (PTI ) for the main engine 
and shaft belt motor: The shaft belt motor works in motor 
mode and is connected only to the main engine through 
a power coupling device to jointly drive the propeller 
rotation, and the generator set supplies power to the shaft 
belt motor and the whole ship load.

(4) Host-driven propeller and shaft with generator mode (PTO 
mode): The main machine is in working mode, and the axle 
belt motor is in generator mode, absorbing energy from 
the main machine through the power coupling device for 
power generation and transmitting power to the main DC 
grid through the rectifier.

(1) LNG-fueled diesel engines (2) Asynchronous generators (3) Grid-connected 
switch (4) AC/DC (5) Fast fuse (6) Solid state circuit breakers  
(7) Li-ion battery pack (8) Bidirectional DC/DC (9) DC/AC  
(10) Isolation transformer (11) Diesel engine (12) Propeller  

(13) Propulsion motor/alternator (14) Bow side thrust

Fig.1. Configuration diagram for the power system of a 7382 tonnes multi-
energy hybrid bulk carrier

Tab/ 1. Main parameters for a 7382 tonnesmulti-energy hybrid bulk carrier 

Ship type Bulk carrier Ship size 114.8 × 17.50 
× 8.30 m

Main parameters 
of generators

AC 400 V
50 Hz

350 kW

Main 
parameters 
of Propulsion 
motor

AC 400 V
50 Hz

1000 RPM
500 kW

AC/DC power 400 kW Diesel engine 648 kW

Li-ion battery 
capacity 161k Wh DC/AC power 600 kW

The 2L-VSC inverter contains six fully controllable devices 
(IGBTs) and six uncontrollable devices (power diodes), and 
its topology is shown in Fig. 2. The six switching tubes in 
the inverter circuit are set sequentially at 60° intervals, with 
a conduction angle of 180°, and three switching tubes are on 
simultaneously at any given moment. To avoid two switching 
tubes on the same bridge arm conducting at the same time 
and causing an SCF, a very short time interval needs to be 
added between the instants at which the previous switch 
turns off and the next switch turns on.
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Fig. 2. Topology of a two-level three-phase voltage source inverter

It can be seen from the topology in Fig. 2 that the 2L-VSC 
inverter consists of three groups of six switches, and the upper 
and lower switches of the same bridge arm must be in opposite 
states, meaning that there are eight switch combinations for 
the three groups of switches. To simplify the description, 
the power switch tube is set to one to represent an open state 
and zero for a closed state. The correspondence between the 
condition of each inverter switch and the three-phase output 
voltage can then be obtained as shown in Table 2.
Tab. 2. Relationships between inverter switching states and three-phase output 

voltages 

Item S1 S2 S3 S4 S5 S6 uan/Vdc ubn/Vdc ucn/Vdc

0 0 1 0 1 0 1 0 0 0

1 0 1 0 1 1 0 −1/3 −1/3 2/3

2 0 1 1 0 0 1 −1/3 2/3 −1/3

3 0 0 0 0 1 0 −2/3 1/3 1/3

4 1 0 0 1 0 1 2/3 −1/3 −1/3

5 1 0 0 1 1 0 1/3 −2/3 1/3

6 1 0 1 0 0 1 1/3 1/3 −2/3

7 1 0 1 0 0 0 0 0 0

From Table 2, we see that the switch states 1–6 represent 
the operating state of the inverter, and the output voltage to 
the external load is non-zero. When the switch is in state 0 or 
state 7, the inverter output voltage is zero. Assuming that the 
power switch is an ideal device and ignoring the effect of dead 
bands, the inverter output voltage under normal conditions 
can be derived as follows:

      
 

 

 
 

Fig. 2. Topology of a two-level three-phase voltage source inverter  

It can be seen from the topology in Fig. 2 that the 2L-VSC inverter consists of three groups of 
six switches, and the upper and lower switches of the same bridge arm must be in opposite states, 
meaning that there are eight switch combinations for the three groups of switches. To simplify the 
description, the power switch tube is set to one to represent an open state and zero for a closed state. 
The correspondence between the condition of each inverter switch and the three-phase output 
voltage can then be obtained as shown in Table 2. 

Table 2．Relationships between inverter switching states and three-phase output voltages  

 

Item S1 S2 S3 S4 S5 S6 uan/Vdc ubn/Vdc ucn/Vdc 
0 0 1 0 1 0 1 0 0 0 
1 0 1 0 1 1 0 −1/3 −1/3 2/3 
2 0 1 1 0 0 1 −1/3 2/3 −1/3 
3 0 0 0 0 1 0 −2/3 1/3 1/3 
4 1 0 0 1 0 1 2/3 −1/3 −1/3 
5 1 0 0 1 1 0 1/3 −2/3 1/3 
6 1 0 1 0 0 1 1/3 1/3 −2/3 
7 1 0 1 0 0 0 0 0 0 
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SIGNAL ANALYSIS OF INVERTER SIGNALS 

Since the inverter can operate for a short time under an OCF, it is still common to install a fast 
fuse in the hardware circuitry to handle an inverter SCF by converting it into an OCF. As can be 
seen from Eq. (1), the inverter has a unique corresponding output voltage under any switch 
combination. If one of the power switch tubes fails, the output voltage waveform will be obviously 
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SIGNAL ANALYSIS OF INVERTER SIGNALS

Since the inverter can operate for a short time under an 
OCF, it is still common to install a fast fuse in the hardware 
circuitry to handle an inverter SCF by converting it into an 
OCF. As can be seen from Eq. (1), the inverter has a unique 
corresponding output voltage under any switch combination. 

If one of the power switch tubes fails, the output voltage 
waveform will be obviously different from the normal state; 
the output voltage waveforms also differ with different failed 
power switch tube. The probability of several power switching 
tubes failing at the same time in an inverter is very low, and 
we therefore consider only the cases of a single OCF and 
a dual OCF in this paper. The topology of the 2L-VSC inverter 
indicates that there are six types of faults when a single-tube 
OCF occurs, and 15 types of faults when a double-tube OCF 
occurs. Faults can be divided into several types according to 
the location of the fault and its impact on the phase voltage, 
as shown in Table 3.
Tab. 3. Fault settings for the two-level three-phase voltage source inverter 

Inverter status Fault type
Faulty power 

switching 
tubes

Fault 
number

Normal None None Normal

Single tube 
fault Single tube fault

S1 S1

S2 S2

S3 S3

S4 S4

S5 S5

S6 S6

Dual tube fault

Single-phase power 
loss fault

S1, S2 S1S2

S3, S4 S3S4

S5, S6 S5S6

Fault with different 
phase, same side 

S1, S3 S1S3

S1, S5 S1S5

S3, S5 S3S5

S2, S4 S2S4

S2, S6 S2S6

S4, S6 S4S6

Fault with different 
phase, different side 

S1, S4 S1S4

S1, S6 S1S6

S2, S3 S2S3

S3, S6 S3S6

S2, S5 S2S5

S4, S5 S4S5

The type of signal has a strong impact on the diagnosis 
of a inverter fault. Although studies in the literature [27, 28] 
have used the inverter output current as a fault diagnosis 
signal, the operating conditions of the propulsion motor are 
variable and complex, which can have a great impact on the 
current and can easily cause misdiagnosis. Some authors 
[23, 29] have used the inverter output voltage as the analysis 
object, which is less affected by load variation than current 
and has more significant fault characteristics, and their 
results have also shown good diagnostic ability. However, 
all of these works involved analytical studies of individual 
inverters or of the closely connected rear stages, and were 
carried out under stable, interference-free conditions of the 
supply grid. In reality, for multi-energy hybrid ships, the grid 
capacity is very limited, and the capacity of the propulsion 
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motor can sometimes reach more than 80% of the capacity 
of the generator set; this means that the failure of an inverter 
will inevitably have a strong impact on the grid, and the 
fluctuation of the grid will in turn affect the output voltage 
of the inverter to a large extent. In this paper, we consider 
a multi-energy hybrid power system in which the three-phase 
output voltage from the inverter is selected as the input data 
for fault diagnosis, as this can reflect the situation after 
inverter failure more realistically. Fig. 3 shows the waveforms 
for the DC bus voltage and output voltage under normal, 
single-tube and double-tube faults of the inverter when the 
system is stable.

(a) DC bus voltage and inverter phase voltages in no-fault conditions

(b) DC bus voltage and inverterphase voltages for S1 single-tube-faul

(c) DC bus voltage and inverter phase voltages forS1,S2 dual-tube-faul

(d) DC bus voltage and inverter phase voltages for S1,S5 dual-tube-faul

(e) DC bus voltage and inverter phase voltages forS1,S6 dual-tube-faul

Fig.3. DC bus voltage and output voltage waveforms for different states of the 
inverter

As can seen from Fig. 3, the output voltage waveforms of 
the inverters under different conditions are not the same in 
any voltage cycle, which provides a basis for fault diagnosis 
from the voltage signal. The fluctuation in the bus voltage 
under an inverter fault is much larger than that under normal 
conditions, and this is caused by an unbalanced three-phase 
current due to the fault. The controller generates a drive signal 
based on the set speed and sends it to the inverter. If there 
is an OCF, the power switch tube that should be conducting 
cannot pass the current, and no current will pass through the 
phase where the motor is connected to this switch tube. The 
controller controls the remainder of the fault-free phases to 
pass the maximum current in advance, to allow the motor to 
reach the set speed. Due to the large capacity of the propulsion 
motor, a short period of high current will go through, the 
impact on the grid will be large and the generator set will 
undergo hysteresis, meaning that it will be too late to react, 
with a sudden drop in bus voltage. The lithium battery set will 
automatically be accessed when the bus voltage is below 740V, 
in order to supply additional power to the grid to stabilise 
the bus voltage. 
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FAULT DIAGNOSIS USING A ONE-
DIMENSIONAL CNN

From the analysis in the previous section, it can be seen 
that the output voltage of the inverter under any switch 
combination has unique, significant fault characteristics, 
regardless of whether or not the power switch tube is faulty. 
Hence, the three-phase phase voltage output from the inverter 
is selected as input to the CNN in our study. Multi-energy 
hybrid ships typically operate in PTH mode under no-load 
conditions. In this mode, the electric propulsion unit is 
responsible for the navigation of the ship and the inverter 
works close to its full load, meaning that it is most prone to 
failure. In this paper, we therefore simulate the output three-
phase voltage of the single-side inverter under 22 different 
conditions, including single-tube and dual-tube faults, and 
a dataset is bulitfrom a multi-energy hybrid power system 
model in Matlab/Simulink for the PTH mode. These faults are 
simulated by artificially zero drive signal of power switching 
tubes for 48 s for each type. The rated speed of the propulsion 
motor is 1000 rev/min, and the minimum stable running 
speed is 200 rev/min. From motor speed regulation theory, 
it is known that the higher the motor speed, the shorter the 
inverter output voltage cycle. Hence, in order to ensure that 
each group of sample data contains at least one complete 
voltage cycle, we simulate various working conditions at 
200 rev/min, and the sampling time for each group of samples 
is 0.1 s. This gives a total of 4000 x 3=12,000 sampling points 
for each group of samples, and a 480 groups of sample data 
are obtained for each type. Of these, 240 groups are used 
for training of the CNN model, 90 for validation, and 150 
for testing.

DATA PRE-PROCESSING

 The three-phase phase voltages output from the inverter 
have the form of two-dimensional data with consistently high 
dimensionality, meaning that they are difficult to process 
and classify with a one-dimensional CNN. From Eq. (1), we 
see that there is also a specific relationship between the three 
phase voltages output from the inverter at the same moment, 
regardless of whether the inverter is faulty or not, and this 
relationship is determined by the controllable switching 
combination. To address this feature, a data processing 
method is proposed in which the three-phase voltage data 
at the same sampling point are arranged according to uan, ubn, 
and ucn while the timing is still in the form of the original 
sampling order. The three phase voltages are rearranged in 
such a way as to reduce the data from two dimensions to one 
dimension, while retaining the information in the original 
data. Fig. 4 shows the details of the downscaling process, 
where uann, ubnn, and ucnn are the three-phase voltages at the 
sampling points tn, n = 1, 2, 3, respectively. The three-phase 
phase voltage output by the inverter is less affected by the 
change in load, which directly reflects the operating state 
of the inverter and is more effective when used for inverter 
fault diagnosis than the current signal. The three-phase 

phase voltage is the phase voltage between the inverter and 
the propulsion motor, and additional voltage-measuring 
equipment is required in the transmission line to obtain 
these signals.

Fig. 4. Degradation process of the three-phase phase voltage

CNN NETWORK 

The current trend in CNN models is to use increasing 
numbers of network layers and smaller convolutional 
kernels, as small convolutional kernels can obtain better 
local information while deeper networks can obtain better 
global information.

A deep CNN structure was therefore designed as shown 
in Fig. 5. The input layer handled the processed voltage data 
(batch size: 12,000, 1), and the network extracted the features 
with three convolutional layers. The convolutional kernels of 
the three convolutional layers were all of 3×1 size , as small 
convolutional kernels have fewer parameters. The number 
of convolutional kernels in the first convolutionallayer was 
16, and the convolutional step was three. Because the voltage 
data were dimensionally reduced in the form of original data 
the three points data were filed to completely characterise 
the state of the inverter. 

The number of convolutional kernels increases with 
the depth of the network, due to the reduced computation 
volume of the previous network after pooling, which 
can be provided computational ability to the additional 
convolutional kernels. Since an increase in the number of 
layers makes the extracted features more abstract, an increase 
in the number of convolutional kernels is a better way to 
combine the previously learned features of the network, as 
it provides more comprehensive coverage of various features. 
Although the FC layer can obtain all the features extracted 
from the convolutional layer, there is a parameter explosion 
and redundant parameters, and the network is prone to 
overfitting. Adding an FC layer can improve overfitting but 
makes the network more bulky. A combination of GAP layer 
and FC layer is therefore carried out. The GAP layer can 
integrate high-dimensional information output from the 
convolutional layer, which directly achieves a significant 
reduction in the number of feature parameters. The layer has 
no parameters, meaning that overfitting can be avoided and 
the network has better robustness. The final classification layer 
is a commonly used Softmax layer, which is used to output 
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the probability of each fault. The ReLU activation function 
is used between the first convolutional layer and the final 
classification layer, and each convolutional layer contains 
layer normalisation (LN) operations, as shown in Fig. 5. The 
main parameters of the network are listed in Table 4.

Fig. 5. Structure of the CNN with the global average pooling method

Tab. 4. Main parameters of the CNN network 

Layer Size Number Step 
length

Output 
size

No. of 
parameters

Input 12000×1 0

Conv_1 3×1 16 3 4000×1×16 160

Average pooling 2×1 1 2000×1×16 0

LN1 16 32

Conv_2 3×1 32 1 667×1×32 1568

Average pooling 2×1 1 334×1×32 0

LN2 32 64

Conv_3 3×1 64 1 167×1×64 6208

Average pooling 3×1 1 84×1×64 0

LN3 64 128

GAP 84×1 64 84 64×1 0

FC 22×1 1430

Softmax 22 1 22 0

HYPERPARAMETERS OF THE CNN

The hyperparameters of CNN models have an 
important impact on the training process and the model 
representation. There is no mature theory to guide the setting 
of hyperparameters, and a trial and error method is usually 
used; the results are then combined based on experience 
and the outcome of training, in a continuous effort to 
obtain appropriate hyperparameters, which requires a large 
number of training iterations. An optimiser is a tool that can 
guide the neural network to update the parameters using 
an optimisation algorithm, which can effectively improve 
the training speed of the model and allow it to find the 
optimal solution quickly. Stochastic gradient descent with 
momentum(SGDM) improves the problem of traditional 
SGD oscillation, and also helps the network to jump out of 
local minima and to find better network parameters when 

the network tends to converge in the middle and late stages 
of training and the network parameters oscillate back and 
forth around local minima.

In this study, a segmented constant decay learning rate 
was chosen for parameter 
updating, with a large 
learning rate to allow the 
network to converge quickly 
to find the optimal solution. 
The learning rate was then 
gradually reduced to ensure 
the stability of the model in 
the later training period. The 
initial learning rate was 0.01, 
and this was reduced by half 
after every 10 epochs. Other 
measures were also taken to 
reduce the overfitting problem, 
such as rearranging data at 

the end of each iteration, and the main parameters of the 
optimisation algorithm were set as shown in Table 5.

Tab. 5. Main parameters of the optimisation algorithm

Optimisation 
algorithm SGDM Shuffle Every epoch

Initial learn rate 0.01 Validation 
frequency 20

Learning rate 
drop factor 0.5 Minibatch size 128

Learning rate 
drop period 10 MaxEpochs 30

Learn rate 
schedule Piecewise L2 regularisation 0.0001

NETWORK PERFORMANCE

Validation was carried out in Matlab, and a CNN model 
was used with a single CPU. The proposed CNN model 
was evaluated using the hybrid ship inverter fault data 
and the optimisation algorithm described in the previous 
section. Fault diagnosis is usually the main consideration 
when evaluating the accuracy performance of a diagnostic 
system. Fig. 6 shows the results for the training process of 
the network. After roughly 80 iterations, i.e. two epochs, the 
network gradually converges, and the correctness and loss 
of the model gradually smooths out, giving good results.  
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Fig. 6. Training and validation process of the CNN model

The main concern in a CNN model is accuracy. The 
proposed inverter fault diagnosis model on test data for ten 
times, which gave an average accuracy of 99.70%, representing 
very good results.

NOISE TESTS

A real multi-energy hybrid ship has many electrical 
devices, and the inverter must operate in a harsh environment. 
The collected signals also contain random interference noise, 
which affects the effectiveness of fault diagnosis. The signal-
to-noise ratio (SNR) is the ratio of the average power of the 
effective signal to the average power of the noise, and is 
expressed mathematically as follows:

      
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 = 10𝑙𝑙𝑙𝑙𝑙𝑙10
𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑃𝑃𝑁𝑁𝑁𝑁𝑆𝑆𝑁𝑁𝑁𝑁

                                (2) 

where PSignal is the energy of the effective signal, and PNoise is the energy of the noise. 
The smaller the SNR, the greater the proportion of noise in the signal. To simulate the noise 

interference problem in the sampling process, Gaussian white noise was added to the signal with 
SNRs of 1, 10, 20 and 30dB, to verify the robustness of our CNN fault diagnosis model under several 
levels of strong noise perturbation. Gaussian white noise is a random variable with a normal 
probability distribution, with uncorrelated second-order moments and constant first-order moments. 
The results for the signal of the phase voltage ua under normal conditions and with the addition of 
noise with an SNR of 10dB are shown in Fig. 8. Although the voltage signal is very strong, it is still 
greatly affected by noise, and the signal no longer shows local details but only the overall contour, 
which makes it difficult to extract effective fault characteristic information. 
 

Fig. 8. Composite noise signal with normal inverter and SNR =10dB 

The proposed CNN fault diagnosis model was used to process the data in four noisy states, 
using the same parameters as given above. Five sets of training and testing were performed for each 
group of noisy cases, and the main results are shown in Table 6 below. It can be seen that even in 
the presence of noise, our CNN model still gives good results, and the accuracy is above 98% in all 
cases. At an SNR value of 10dB or above, the accuracy is greater than 99.5%, and the diagnosis 
results are very good. 

Table 6. Average parameters for CNN models under four SNRs 

 

(2)

where PSignal is the energy of the effective signal, and PNoise is 
the energy of the noise.

The smaller the SNR, the greater the proportion of noise 
in the signal. To simulate the noise interference problem 
in the sampling process, Gaussian white noise was added 
to the signal with SNRs of 1, 10, 20 and 30dB, to verify the 
robustness of our CNN fault diagnosis model under several 
levels of strong noise perturbation. Gaussian white noise is 
a random variable with a normal probability distribution, 
with uncorrelated second-order moments and constant 
first-order moments. The results for the signal of the phase 

voltage ua under normal conditions and with the addition 
of noise with an SNR of 10dB are shown in Fig. 7. Although 
the voltage signal is very strong, it is still greatly affected by 
noise, and the signal no longer shows local details but only the 
overall contour, which makes it difficult to extract effective 
fault characteristic information.

Fig. 7. Composite noise signal with normal inverter and SNR =10dB

The proposed CNN fault diagnosis model was used 
to process the data in four noisy states, using the same 
parameters as given above. Five sets of training and testing 
were performed for each group of noisy cases, and the main 
results are shown in Table 6 below. It can be seen that even in 
the presence of noise, our CNN model still gives good results, 
and the accuracy is above 98% in all cases. At an SNR value 
of 10dB or above, the accuracy is greater than 99.5%, and the 
diagnosis results are very good.
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Tab. 6. Average parameters for CNN models under four SNRs

SNR(dB)
Average 
training 

accuracy (%)

Average 
verification 

accuracy (%)

Average test 
accuracy (%)

Average 
loss

1 98.35 98.28 98.23 0.076

10 99.33 99.27 99.24 0.053

20 99.43 99.34 99.39 0.040

30 99.62 99.49 99.51 0.032

CONCLUSIONS

This paper presents a one-dimensional CNN-based fault 
diagnosis model for three-phase voltage source inverters. 
The proposed model can directly process the original 
voltage signal without the need for a tedious manual feature 
extraction process. Experimental results verify that our model 
can achieve a very high diagnostic accuracy in the pure signal 
mode, and can also reach an accuracy of over 99.5% under 
low noise conditions, making it practical for inverter fault 
diagnosis of a ship’s DC electrical system.
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AbstrAct

There has been a rapidly growing interest in the use of composite and polymer materials for the construction of marine 
propellers for over 20 years. The main advantages of these materials are a reduction in the weight of the propeller, 
increased efficiency due to the hydroelasticity effect, a reduction of the hydroacoustic signature, and a cost reduction 
for serial production. This paper presents an overview of diagnostic methods that can be applied at the design level 
and during the operation of marine propellers made of polymeric materials. Non-invasive contact and non-contact-
based diagnostic techniques for evaluating the technical state of the propeller are reviewed, and the advantages and 
disadvantages of qualitative and quantitative methods are identified. Operational diagnostic procedures for propellers 
are areessential for the safety of vessels at sea. Finally, the structure of a diagnostic system is proposed. It combined 
diagnosis process with the genesis of damage and the prognosis of the technical condition, i.e. production and in-service 
diagnostics.

Keywords: diagnostics, polymeric materials, propellers

INTRODuCTION

The production of propellers made of polymeric materials 
and their composites has four main advantages. Firstly, it 
may be more economically advantageous than the use of 
alternative materials [1]: bronze propellers require highly 
specialised experts to provide the required geometry during 
production, whereas moulding a propeller in a polymer 
material requires only the removal of excess polymer or 
resin, which is not a costly or expert task, and is technology 
dependent. The simplicity of production is a further factor 
supporting this criterion. For small boats, there is likely 
to be a need to manufacture a series of consecutively 
dimensioned propellers prepared to fit the corresponding 
power packs [2]. This approach also lowers costs, and means 
that production is fast and cheap. Another factor is the 
durability of the propeller, as a viable propeller made from 

isotropic material must have enough strength to withstand the 
operating load [3]. Tests of composite materials [3-5]adding 
up analysis of fatigue damage mechanisms by combining 
different techniques: optical microscopic and X-ray micro-
tomography observations, temperature field measurement 
by infrared camera, and acoustic emission monitoring 
(AE subject to thermal conditioning and operation in water 
indicate that they have high strength properties, and are 
strong enough to withstand the operational loads on marine 
propellers. The third factor is the service life of the propeller 
when submerged in water. Research carried out at many 
centres [6, 7] has demonstrated the excellent properties of 
polymers as materials for submerged propellers. The last 
factor in favour of polymer propellers is their hydrodynamic 
advantages, as it is possible to design the necessary properties 
through the use of composites for propellers. In the case of 
isotropic materials, suitable selections can be made to improve 
their properties and efficiency.
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Despite the use of composites and polymers being ideal 
for manufacturing propellers, there is still a need to diagnose 
them. In this paper, we consider only propellers made of 
isotropic polymer materials, and we show how to achieve the 
necessary physical properties of these materials to achieve 
results consistent with FEM models. Hazards are identified, 
and we present a proposal for a diagnosis system for use in 
the production and operation processes. Finally, we present 
a discussion on the applicability of the available diagnostic 
methods and highlight those that are suitable for application 
in the production of propellers, based on efficiency and 
economic factors.

METHODS OF MANuFACTuRING 
ISOTROPIC PROPELLERS

In this section, we discuss the influence of material 
properties and manufacturing technology in terms of 
obtaining the desired geometry and operational properties of 
marine propellers made of polymer thermoplastic materials. 
An example of a modular propeller made with this technique 
is shown in Fig. 1.

The manufacturing technology used is inevitably related to 
the geometry and material of the propeller [9]. It is possible to 
find modular propellers with adjustable attack angles that are 
made as a monolith [10]. Tadashi researched and analysed the 
elastic deformation of five-wing propellers made of polyamide, 
aluminium and epoxy-carbon composites, and reported that 
the torque and driving force of propellers made of polymeric 
materials were comparable to those of aluminium. However, 
polymeric propellers deform elastically, resulting in higher 
efficiency and reduced cavitations [11].

Fig. 1. A flexible modular propeller

The blades of the propeller may be made of polyamide 66 
and polyacetal. These are thermoplastic, isotropic, and 
deformable materials, and due to their properties, they offer 

an excellent alternative to composite, aluminium, or other 
types of propellers.

Table 1 shows the properties of the materials analysed 
here, which represent the results of our research. Tests were 
carried out on samples in the conditioned state (4 h at 80oC 
in water, and then cooling to room temperature). Their 
different properties were the result of modifications and 
the manufacturing technology used for samples (injection 
moulding). The tensile strength was determined following 
ISO 527 (sample type A), density following ISO 1183, and 
absorption following ISO 62.

The literature contains many solutions for producing 
propellers from isotropic polymer materials, including 
injection moulding, CNC, and 3D printing. Each of these 
methods has certain advantages and limitations; for 
example, propellers produced by 3D printing (the FDM 
method) experience problems with heterogeneity, resulting 
from the melting of the filament, and air blistering, which 
affects the corrosion resistance. CNC, like 3D printing, 
is time-consuming, and compared to injection moulding 
technology, the production time for detailed components 
is much longer. Injection moulding is expensive and time-
consuming at the production start-up stage, but is profitable 
for high-volume production. It allows for the manufacture of 
details with a homogeneous structure, excellent properties, 
and a smooth surface, and the properties of each detail can 
be reliably controlled. The problem, however, is the cost and 
time of manufacturing the tool. An adequately designed 
form considers the material’s properties through the use of 
a mould flow index, which is essential to account for the flow 
path, shrinkage, water absorption, material modification, 
filling degree, etc. [12].
Tab. 1. Properties of isotropic thermoplastic polymer materials

Material
Young’s 
modulus 

[MPa]

Breaking 
stress 
[MPa]

Breaking 
strain [%]

Density 
(dry)  

[g/cm3]

Water 
absorption

[%]

Zytel 153 HSL 
NC010 (PA66) 1266 55.82 296.66 1.06 3.2

Zytel 135 F 
NC010 (PA66) 2294 60.44 5.63 1.139 4.1

Zytel 101 BKB080 
(PA66) 1736.38 48.2 167.76 1.14 2.8

Delrin 100P 
NC010 (POM) 2514.8 65.44 76.01 1.42 1.8

Nevimid 6D 
Natural (PA 6) 1634.06 31.52 124.65 1.135 2.1

Alphalon 27C 
(PA 6) 820 40.9 230.5 1.13 2.8

Tarnamid A3S 
NAT (PA66) 1180 47.1 273.5 1.15 1.7

Technyl C 202TR 
C (PA6) 1.138 1.41

Technyl A205F 
natural (PA66) 1714. 55.74 56.27 1.145 1.362

Tanform 411 
(POM) 2711.92 62.66 57.367 1.408 0.74
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The basis for obtaining a detailed component with the 
necessary properties is a properly designed and stable 
process, which is influenced by many factors characteristic 
of the material (such as the degree of drying, flow index, 
shrinkage, processing temperatures, viscosity, orientability), 
the technology used (machine, mould) and the environmental 
conditions [13].

Fig. 2. Influence of parameters on the material properties [13]

In this research, we assume that the injection process is 
carried out on a DEMAG Extra 80-430 injection moulding 
machine, using a single-cavity cold-runner mould. The 
mould will be designed in the Siemens NX. Simulations of 
the injection process will be carried out in the Autodesk 
Moldflow. The propeller blades are made of polyamide 66 
(Technyl A205F natural (PA66) and polyacetal (Tanform 
411). Before the process, the materials are dried (at 80°C for 
4 h) to ensure the quality of the part. At equilibrium, the 
moisture content (without polycondensation and RV dip) is 
about 0.12% at a melt temperature of 295°C.

If the content of water by weight in the granulate is lower 
than 0.20%, the rates of hydrolysis and polycondensation 
are so low under normal conditions that these phenomena 
have practically no effect on the properties of the formed 
component. Hence, drying of the input material is required, as 
moisture directly impacts the forming process, the mechanical 
properties, the viscosity of the melted material, and the 
appearance of the manufactured parts. At a temperature 
exceeding the melting point, water reacts with the polyamides. 
This causes a reduction in the molecular weight and thus 
a deterioration in the properties of the compacts rheological 
hardening of the molten mass, which can lead to problems 
such as the formation of overspray. It may also be difficult 
to keep the dimensions of the details within the tolerance 
limits. The absorbed water can later evaporate, resulting in 
craters and internal bubbles in the product. The negative 
effect of moisture on the melted polyamides is exacerbated 
by a long residence time and/or a high temperature of the 
molten material (>315°C). This is due to the decrease in 
molecular weight, which is reflected in the relative viscosity 
of the liquid. In this case, it is advisable to reduce the water 
content accordingly. The properties of polyacetal are not 

dependent on water absorption. The parameters used in the 
injection moulding process are listed in Table 2.
Tab. 2. Injection moulding parameters

Parameters Technyl A205F natural 
(PA66) Tanform 411

Temperature [oC] 220–260 180–210

Molding pressure [MPa] 140 120

Cooling time [s] 65 65

Mould temperature [oC] 70 80

Typical errors in the injection moulding process include 
the case where the mould cavity is not filled (insufficient 
injection volume), flashes, silvering, burns (the Diesel 
effect), blisters, flow lines, weld lines, cracks, warpage, and 
deformation forming a sink in the surface of a moulded 
product. These disadvantages can be minimised or eliminated 
by appropriate choices of the injection moulding parameters. 
In addition, surface defects can have a significant effect on 
cavitation erosion. A further important factor is the degree 
of crystallinity of the materials, which directly affects the 
operational properties, and the stiffness of the material is of 
particular importance for the acoustic characteristics.

DIAGNOSIS METHODS FOR POLYMER 
AND COMPOSITE MATERIALS

Polymer materials are used in a variety of machining and 
injection moulding processes. Unlike composites, polymeric 
materials are usually isotropic, although this depends on 
many factors [11]. Polymers are widely used in the marine 
industry to resist corrosion and aggressive chemical 
components. Their main advantage is that after conditioning, 
they can operate under large temperature fluctuations, which 
do not affect their properties. This is essential, as it means 
that polymer propeller blades will not expand, contract or 
change their geometry due to environmental influences, 
which is important for the hydrodynamic performance of 
the propeller. The production susceptibility of the material is 
a further advantage of polymeric materials over metals. These 
materials can be formed into any desired shape, which is vital 
for achieving the geometry of the propellers, and allows for 
a reduction in the total costs of manufacture and operation. 
As mentioned above, however, isotropic materials have certain 
drawbacks compared to other materials. The higher initial 
cost of producing polymer blades or propellers compared to 
metals is perhaps the most significant disadvantage. This cost 
mainly arises from the need to make a precise, long-lasting 
mould for the manufacturing process. Other disadvantages 
are changes in the physical properties after the conditioning 
process and deviations in the propeller geometry due to 
thermal shrinkage, which can lead to costly and difficult 
damage checks in the production phase.

It can be seen that the use of polymeric materials in 
the manufacturing of propellers presents some challenges 
in terms of engineering and maintenance. This makes it 
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necessary to inspect and diagnose damage after forming 
the propeller and after its operation in seawater. Due to the 
potential failure mechanisms and the technical possibilities 
of identifying these failures, diagnostic processes for 
polymer products for marine propellers have been divided 
into two types: production and operational [14]X-rays 
computed tomography (XR-CT. In this work, a diagnostics 
methodology was considered that involved a division into 
non-destructive assessment (NDE) and non-destructive 
testing (NDT) of polymer propellers [15]fibre reinforced 
plastics have found a broad application in chemical apparatus 
and plantconstruction. Because of improved standards for 
safety, reliability and cost effectiveness of such composite 
components, numerous technical challenges arise for the 
producers of pressure vessels, tanks, reactors and pipe element 
systems. In this context, a multitude of problems appear during 
recurring acceptance inspections and equipment condition 
monitoring using non-destructive test methods. Promising 
advantages arise from novel monitoring concepts based 
on semi-active or even absolutely autarkic wireless sensor 
networks with so-called “sleeping sensors” as key function 
units with remote enquiry. These autonomoussensor-based 
monitoring modules are directly integrated into the composite 
and start recording signals not before a defined threshold 
is increased. This article discusses the scientific-technical 
issues that arise during the development of such intelligent 
damage monitoring systems. This includes the sensor network 
design, the sensor integration during manufacturing and 
the correlation between the relevant damage mechanisms 
and the sensor signals. Exemplary, sensor networks are 
integrated in GFPR composites. These composites have been 
tested in order to demonstrate the modes of operation of the 
sensor techniques and theircapability to detect the relevant 
damage mechanisms.”,”collection-title”:”11th International 
Conference on the Mechanical Behavior of Materials (ICM11. 
These activities involve identifying and characterising damage 
to the surface and interior of components without damaging 
them: NDE refers to the process of non-invasive evaluation 
and control of components against in-service standards [16], 
whereas NDT techniques involve sample testing methods used 
in a production quality control system [13]. At the beginning 
of the 21st century, the division of the aforementioned 
diagnostic methods was common and acceptable. However, 
the development of diagnostic procedures and techniques 
meant that both methods began to be used in the production 
and in-service testing of polymer materials.

For reasons of strength, polymer propellers are made in 
two ways:
1. Uniform injection of the ring/blades assembly, which is 

attached to the hub by a conical interference and a nut;
2. Making straight blades, fixing them to a hub made of 

bronze or other metal, and then assembling them on the 
propeller shaft.
This means that the diagnostics process may relate to either 

a ring with blades or a single blade of the propeller.

The types of damage to marine propeller elements 
made of polymeric materials are listed in Table 3 [17]. It is 
challenging to select appropriate diagnostic techniques for 
a specific purpose, such as for a polymer propeller. Numerous 
diagnostics methods have been developed for polymer 
structures based on different principles, and these can be 
categorised into five groups:
1. Visual checks with the human eye, mainly of the surface;
2. Acoustic wave-based techniques (AE, nonlinear acoustics 

and ultrasonic waves);
3. Optical techniques such as infra-red testing (IRT), THz 

testing, shearography and DIC;
4. Imaging-based techniques such as X-ray/neutron 

radiography/tomography and micro-tomography;
5. Electromagnetic field-based techniques such as eddy-

current testing, remote field testing, magnetic particle 
inspection and magnetic flux leakage testing.

Tab. 3. Manufacturing and in-service flaws in a polymer propeller structure 
with their potential scale [18]

Scale of damage/failure

M
an

uf
ac

tu
ri

ng
-i

nd
uc

ed
 fl

aw
s Micro scale Macro scale

Phase separation Chain ends

Micro-voids Weak entanglement

Filler particles (low interfacial 
adhesion)

Overstressed bonds

Crystallised domain Weak cross-linking

Spherulite boundary Intra-lamellar defects

Inter-lamellar (amorphous 
region)

In
-s

er
vi

ce
 fa

ilu
re

/d
am

ag
e

Deteriorative effects caused by 
oxidation, thermal exposure 
or UV radiation

Creep (cold flow), i.e. the 
tendency to move slowly or 
deform permanently under 
the influence of persistent 
mechanical stresses acting on 
the propeller blade

Changes in the micro-
structural scale caused by 
static and dynamic loading

Breaking or twisting due to 
overload

Deteriorative effects of water 
saturation

Surface wear due to friction 
with impurities in the water 
(impurities)

Changes in roughness due to 
the action of sea water

Ceiling temperature

Most diagnostic methods require perfect contact 
between the gauge and the testing surface to avoid errors 
or disturbances. Contact methods include ultrasonic, 
eddy current, magnetic, electromagnetic and penetrant 
testing. Non-contact methods speed up the data collection 
process, and include transmission ultrasonics, radiography 
testing, thermography, shearography, and visual inspection. 
Optical methods include thermography, holography and 
shearography, which are primarily non-contact techniques. 
Based on a review of these diagnostic methods, they can be 
categorised, as shown in Table 4 [19].
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Tab. 4. Contact and non-contact diagnostics methods [16]

Contact methods Non-contact methods

Traditional ultrasonic testing Through transmission ultrasonic 
testing

Eddy current testing Radiography testing

Magnetic testing Thermography

Electromagnetic Infrared testing

Penetrant testing Holography

Liquid penetrant Shearography

— Visual inspection

PROPOSED DIAGNOSIS METHOD FOR 
POLYMER PROPELLERS

As previously mentioned, damage to propellers and defects 
may occur in the production or in-service phases. Due to 
the difficulty of access to the tested object, and to make the 
cost of diagnosis more realistic (compared to replacement 
with a new propeller), it was proposed that the effectiveness 
and financial analyses justify choosen technical diagnostics 
method. This method can be used for the most common 
defects, and does not require the ship’s propulsion system 
to be taken out of service.

PRODuCTION DIAGNOSTICS PHASE

Experience of CNC machining and moulding of 
polymer propeller blades indicates that the most common 
manufacturing defects are as follows:
•	 Exceeding the permissible shape errors connected with 

thermal crusting;
•	 Changes in physical properties resulting from the 

conditioning of the material;
•	 Heterogeneity of the material due to micro-scale failures;
•	 Changes to the structure of the material in the form of 

macro-scale failures.
In view of the effectiveness of defect detection and the 

cost of using diagnostic methods, it is recommended to use 
a three-step diagnostic process, as follows:
1. A visual check with the human eye, mainly of the surface. 

This is quick, economically viable and flexible, although the 
drawbacks of this method are significant. Visual analysis 
is the main procedure for the monitoring of surface 
imperfections based on acceptance/rejection criteria 
during the production of blades.

2. IRT is an effective method of detecting and processing 
an object’s infrared energy emissions by measuring 
and mapping thermal decomposition. The thermal 
conductivity of the polymer changes in the presence of 
defects, which can be detected using thermal imaging 
cameras. Thermographic testing is effective for thin parts 
such as propeller blades. The flaws do not move deeper due 
to the low thickness. It means that heat fluctuations in the 
defective area are visible (see Figure 3).

3. 3D scanning tests and validation of the geometry of 
a virtual blade. These tests require the preparation of the 
measurement path and wing mapping (see Fig. 4). Thermal 
skins and injection imperfections can result in errors in 
the blade geometry. However, such tests indicate the size 
of the errors and should not be omitted from the initial 
phase of blade manufacture (see Fig. 5).

Fig. 3. Thermographic image of a specimen during tensile testing after fracture [20]

Fig. 4. Measurement path on the surface of the blade

Fig. 5. Map of the deviations between the reference model of the blade 
and the 3D scan in-service diagnostics phase
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Polymer propellers can be used for small recreational boats 
and medium-sized vessels. For small leisure boats, the use 
of diagnostic systems is impractical for economic reasons; 
these crafts operate seasonally, and the cost of the diagnostic 
system would be comparable to or higher than the cost of the 
entire shaft line with the propeller. For commercial vessels, the 
diagnostic strategy should be practical and cheap to purchase 
and use. According to this diagnostics phase has been divided 
into online and offline procedures to meet.

An online diagnostics procedure can use sound pressure 
level (SPL) measurements in the area adjacent to the propeller. 
For example, the attachment of the hydrophone on the 
underwater part of the hull should be located close to the 
propeller (Fig. 6). During Sea Acceptance Tests (SATs), 
measurements should be made on a new, technically efficient 
propulsion system. They shoul be conducted for specific load 
conditions to obtain pattern spectra of the SPL in the range 
of the bandwidth filter for following loads.

Fig. 6 Attachment of the hydrophone on the underwater part of the hull

The sound pressure level (SPL) in a specified frequency 
band is defined as follows [21]

 
 

Fig. 6 Attachment of the hydrophone on the underwater part of the hull 
 

The sound pressure level (SPL) in a specified frequency band is defined as follows [21]: 
 

𝑆𝑆𝑆𝑆𝑆𝑆 = 10 log10
𝑝𝑝𝑅𝑅𝑅𝑅𝑅𝑅2

𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟2     𝑜𝑜𝑜𝑜   20 log10
𝑝𝑝𝑅𝑅𝑅𝑅𝑅𝑅
𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟

,                                      (1)  

 
When analysing and reporting the absolute values of acoustic levels in decibels, it has been 

recommended that the following principles be adopted [21–23]: 
• State the physical parameter clearly; 
• State any averaging time clearly; 
• State the frequency of the diagnostic bandwidth clearly (for propeller type and load); 
• State any frequency weighting. 

This type of diagnostic approach is indirect. It assumes that the defects or damage visible in 
various frequency ranges will affect the hydroacoustic characteristics of the propeller over the entire 

(1)

When analysing and reporting the absolute values of 
acoustic levels in decibels, it has been recommended that 
the following principles be adopted [21–23]:
•	 State the physical parameter clearly;
•	 State any averaging time clearly;
•	 State the frequency of the diagnostic bandwidth clearly 

(for propeller type and load);
•	 State any frequency weighting.

This type of diagnostic approach is indirect. It assumes that 
the defects or damage visible in various frequency ranges will 
affect the hydroacoustic characteristics of the propeller over 
the entire range of its load. Such diagnostic procedure means 
that the defects in the propeller material will be detected at 
an advanced degree of damage. However, from a practical 
point of view, the detection of blade flaws in either the initial 
or final stages of propeller failure has the same result, i.e. 
replacement of the propeller. An example of a spectrum after 
the application of the medium-pass filter is shown in Fig. 7.

Fig. 7. Example of an SPL spectrum with a medium-pass filter for a test 
of a polyacetal propeller measured, v0-1 = 0 m/s(bollard pull), v1-1 = 1 m/s,  

v2-1 = 2 m/s, v3-1 = 3 m/s.

DISCuSSION

The proposed production and in-service diagnostics 
methodology presented in this paper represents a compromise 
between the expectation of safe operation and economic 
considerations. The growing interest in cheap propellers 
made of polymer materials results in a need to maintain the 
propellers to ensure high quality and longevity. Propellers 
diagnostic during production and in-service should be 
a natural process [25]. As described in the second section, 
NDE and NDT of polymer propellers are intended for 
products made of isotropic polymers and composites. 
Depending on the future use of the product, its use may be 
limited by the high diagnostic costs. A significant proportion 
of existing diagnostic methods are intended for products used 
in the space and aviation industries and those that require 
resistance to high pressures, such as LNG tank containers. 
The design of polymer propellers is conditioned by high 
safety factors, as flaws may result from production errors 
or contact of the propeller with hard objects floating in the 
water, such as pieces of ice or wood. The development of 
cheap production diagnostics and in-service measurement is 
therefore important to meet the needs of the maritime market.
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CONCLuSIONS

The results of our research, analyses, and literature review 
confirm the benefits of using a two-stage diagnostic process 
for polymer propellers. The main advantages of this approach 
are the effectiveness of these diagnostic methods and their 
cost-effectiveness.

Research in the production phase with the use of 3D 
scanning in the initial production phase ensures that the 
appropriate injection technology can be selected for various 
materials. However, it should be noted that for the same form, 
a change from one material to another causes deviations in the 
final geometry of the propellers due to thermal contractions. 
A similar phenomenon occurs after conditioning of the 
propeller, meaning that another 3D scan is also needed after 
this stage.

Damage to marine propellers is common, and applies to 
all propellers regardless of the material from which they are 
made. The proposed SPL measurement technique, in its basic 
version, may reveal secondary effects from damage or fracture 
of the propeller. The proposed method also allows for the 
identification of cavitations in the higher frequency range, 
which can complement the basic version of the diagnostic 
system. Hence, in-service measurement with SPL is a highly 
efficient diagnostic tool [26].
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AbstrAct

Very often, the operation of diagnostic systems is related to the evaluation of process functionality, where the diagnostics 
is carried out using reference models prepared on the basis of the process description in the nominal state. The main 
goal of the work is to develop a hierarchical gas turbine reference model for the estimation of start-up parameters 
based on multi-layer perceptron neural networks. A functional decomposition of the gas turbine start-up process was 
proposed, enabling a modular analysis of selected parameters of the process. Real data sets obtained from observations 
of the turbo-generator set located on a North Sea platform were used.

keywords: industrial gas turbine; start-up monitoring; artificial neural network; hierarchical system

introduction

Gas turbine (GT) diagnostics is a complex task due to its 
dynamic nature and nonlinear performance characteristics, 
which makes it a difficult exercise that is therefore studied 
by many researchers. GTs are the basic type of turbines used 
in power industry systems. Effectiveness of their operation 
is fundamental [1-2]. A GT should ensure safe, reliable, fast 
and flexible operation also in transient states, i.e., during 
the start-up phase. Classical diagnosis methods compare 
observed measurement against a fixed threshold. The new 
proposed method allows more accurate monitoring, closer to 
the operating point, by comparing the predicted and observed 
measurements. This system is presented in Fig. 1.

Fig. 1. Scheme of the system of residual generation
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The main goal of the research is to build and analyse 
a reference model of the correct start-up of the GT and 
its decomposition.  The article presents the hierarchical 
architecture of such a model and a method of estimating 
selected parameters using neural networks modules.  
Moreover, it was assumed that the developed reference model 
would be based on the simplest possible structure of the neural 
network, utilizing a minimum number of inputs in order to 
reduce the computational complexity of the neural network 
learning algorithm. 

Computational models for the diagnosis and forecasting 
of GT operation during the start-up phase pose particular 
difficulties, because it is a high-power device and physical 
phenomena occur that are extremely non-stationary and 
often exceed load limits [3]. Therefore, changes in the turbine 
start-up parameters should be monitored to determine the 
causes of faults that prevent the GT from starting properly. The 
literature often emphasizes the benefits of having a reference 
model of the system (RMS) of the GT start-up. This article is 
focused on this issue. 

In future research, the results from the RMS can be used 
to diagnose a failed GT start-up, help to assess the GT ’s 
technical condition, and predict its future failures. The 
paper presents the model architecture and the method for 
estimating the specified parameters. Measurements obtained 
from experimental trials on a chosen machine are used to 
demonstrate that the proposed approach is practical and 
useful. The results confirm the effectiveness of the proposed 
model. 

research goal

The aim of the article is to present the method of creating 
a  reference model for the proper launch of a GT. After 
observing the GT start-up, the process was decomposed, 
taking into account only selected parameters for estimation. 
These are the parameters of the GT control system: guide vane 
command (GV_C); bleed valve command (BV_C), pressure 
compressor discharge (PCD); normalized power turbine 
speed (NPT); fuel control valve command (FCV_C); fuel valve 
differential pressure (FV_ DP); and inlet air filter differential 
pressure (IAF_DP). These selected process parameters finally 
affect the FCV_C. Safety parameters were not considered in 
the deliberations.

The start-up of a modern power plant GT is carried out 
with a procedure popularly called “one button” and lasts 
from several dozen seconds to 2‒3 minutes depending on the 
turbine size and application. The automatic procedure adapts 
the start-up phases to the current environmental conditions. 
Moreover, the values of the parameters of individual start-up 
phases depend on the quality of operation of individual 
component devices of the power unit. In most cases, the 
start-up of the machine is successful. 

However, there are situations of unsuccessful starting and 
stopping of the machine in different phases of the start-up. 
The engineer-operator is then tasked with finding the root 

cause and resolving it. For this purpose, he needs a correct 
start-up pattern, which shows not only the final start-up 
effect (the correct operation of the entire machine), but also 
the processes of achieving the parameters that end individual 
start-up phases and obtaining a “permit” to move to the next 
phase. The final phase consists in fuel valve control, which is 
very important not only for the start-up but also for normal 
sea operation [4]. Failure to achieve the correct values of these 
parameters in any phase causes the start-up procedure to stop. 
This failure is noticed as a difference (residual) between the 
current measured values and the correct values that exceeds 
the limit. The engineer-operator should indicate the causes of 
failure based on the analysis of differences in the residuals. 
The lack of a pattern of the correct path of the boot-up 
parameters makes it difficult and sometimes impossible to 
find differences and to explain the reasons for the collapse 
in the start-up strategy.

Comparison between corresponding measured and pattern 
values is the basis for further analysis of the time-dependent 
parameter trends of the machine start-up phases. For the 
purpose of this analysis, the authors have decided to apply 
the methods of artificial neural networks.

This model is composed of a proper simple individual 
start-up phase neural model to ensure a universal modular 
base start-up model. In order to apply it to any other specific 
turbine it is necessary only to update the neural modules or 
its structure. This is an advantage of the proposed pattern 
modular configuration.

related works

For industrial gas turbine (IGT) systems, classical 
(stationary or non-stationary) dynamic models described by 
state variables are difficult to obtain. They usually do not fully 
capture the detailed physical characteristics of the start-up 
operations due to the complexity of the structure, auxiliary 
equipment and control system. Linearization methods and 
laws of physics, principles of thermodynamics, and energy 
balance equations are used in constructing IGT dynamic 
models [3, 5-7]. However, this process is time-consuming and 
limited to specific ranges of operating and environmental 
conditions [8].

Artificial intelligence methods have been widely used in 
the simulation and modelling of industrial systems [9]. They 
provide an alternative to classic computational methods. 
The black-box models, such as artificial neural networks 
(ANN), are widely used to predict and monitor the dynamics 
of industrial equipment and systems due to their nonlinear 
and non-parametric properties [10-11]. 

The ANN provides an appropriate solution in situations 
where data are characterized by irregularity and diversity 
caused, for example, by external exogenous factors. They are 
able to learn patterns while acquiring the ability to generalize 
knowledge. There are many works using different ANN 
architectures for computer-based GT models during start-up 
operations. These can be multi-layer perceptron (MLP) [12], 
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recurrent neural network (RNN), deep neural network 
(DNN), radial basis function (RBF), nonlinear auto-regressive 
moving average with exogenous inputs (NARMAX), and 
nonlinear autoregressive exogenous models (NARX) [13]. 
A review of existing solutions applied to GT performance 
diagnosis and prediction can be found in the work [14]. The 
authors of the paper emphasize that the proposed models are 
satisfactorily able to capture the system dynamics during GT 
start-up operations and predict its behaviour. However, the 
conventional ANN methodology provides limited insight 
into the physical phenomena of the system under different 
operating conditions, and is consequently not robust to 
uncertainties. Therefore, hybrid versions of ANN and other 
systems, such as fuzzy systems, are often used. A combination 
of the adaptive neuro-fuzzy inference system (ANFIS) allows 
one to benefit from both fuzzy rules - e.g., expert knowledge 
about known input or output distributions - and ANN for 
nonlinear and nonparametric estimation [15-16]. 

There are methods based on creating a graphical 
representation of the physical system, such as the bond graph 
[17]. This graphical representation increases one’s insight 
into systems behaviour and understanding of the energy 
transfer between the inner components. The authors present 
the benefits and the results confirm the effectiveness of the 
proposed approach in detailed performance prediction of 
the GT in the start-up phase. The paper [18] addresses the 
problem of estimating the internal parameters of a GT, such 
as the temperature in the combustion chamber, using a neural 
network. This is a very important parameter that was used in 
the control system. The results show that the neural network 
estimates this parameter much more accurately than the 
available method using nonlinear equations.

Neural networks as a tool for the prediction of technical 
conditions are shown as a novel solution [19-20], which 
allows not only the isolation of known anomalies, but also 
the detection of previously unobserved events. The authors 
of [21] propose to use this feature for an advanced condition 
monitoring system for a GT. As well as monitoring known 
anomalies (e.g., tracking actuator position discrepancies), it 
also tracks previously unobserved states (e.g., a spike in the 
pressure reading from a compressor at a constant machine 
load).

The problem of predicting the compressor characteristics 
of the turbine-generator system was discussed in [22]. Much 
attention was paid to the dynamic states of the system, in 
which the compressor steering wheel control affects the 
operation of the entire machine. The equations describing 
the system model are solved numerically and the results are 
compared with actual readings from the object. The use of 
an ANN to build a machine efficiency model was proposed 
in the work [23], with the exception that accurate estimation 
is only possible in a narrow range of operation and to extend 
this range more networks should be used.

In this particular work, it is theorized that it is most 
beneficial to train neural networks that perform more 
functions rather than a single one that attempts to perform 
all tasks, such as efficiency assessment, fault detection or 

prediction. The effectiveness of the estimation methods using 
ANN depends on the accuracy, quantity and quality of the 
training sets. These data can be determined from physical 
models or obtained experimentally. 

MotiVations

The following considerations motivated the approach 
proposed in this work:
•	 the need to diagnose the technical condition of the GT 

and the wear and tear of the equipment,
•	 extending the classic diagnosis online methods to new 

bespoke fault models,
•	 the need to diagnose unsuccessful GT start-ups,
•	 the need to monitor the GT start-up system,
•	 the existing algorithms are insufficient and there is a need 

to find new solutions, as the problem is still relevant,
•	 the complexity of the processes occurring in the start-up 

phase is so great that the use of classical computational 
models is burdened with large modelling errors,

•	 simple solutions are needed that can be easily implemented 
in IGTs running in real time. 
Existing solutions based on deep or recurrent networks 

are more complex and labour-intensive for industrial 
implementation.

noVel eleMents

The novel elements of the proposed approach can be 
summarized as follows:
•	 designing a hierarchical architecture for the IGT reference 

start-up model using ANN,
•	 decomposition of the GT start-up process into the sets of 

primary and secondary parameters,
•	 the proposed model is functional, gives the possibility of 

easy adaptation in case of changing the type of fuel (liquid, 
volatile) and using a different type of turbine (e.g., DLN, 
single shaft, compressor set),

•	 the designing of individual neural modules (estimators of 
selected parameters) and training them with a raw data 
set obtained in the start-up phase, during the normal state 
of GT operation,

•	 the designing of a model which can be easily extended 
with further modules for the estimation of additional 
parameters of the system,

•	 the modularity of the proposed system provides easy 
relocation of the modules. Non-modular design would 
not be easy to adapt when there is a need to change system 
components,

•	 the modularity of the architecture facilitates 
implementation in IGT.
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description of gas turbine and its 
start-up process

The turbine generator described here has available power 
of 11.350 kWe (at 15°C ambient temperature and placed at sea 
level). It is a twin-shaft engine. It has an annular combustion 
chamber with 21 conventional fuel injectors and a single 
touch ignitor. The normalized gas producer speed (NGP) at 
100% is 8983 rpm and the power turbine (PTr) 8568 rpm. 
The PTr is mechanically coupled with a generator via an 
epicyclic reduction drive gearbox of 1800 rpm, thus providing 
a 4.76:1 speed reduction ratio. The engine is equipped with an 
electrical starter motor that has variable speed control. The 
starter aids the gas producer speed acceleration up to 65%, 
when it reaches self-sustainable speed and the automatic 
clutch is disengaged between the two.

Data was collected from an engine that has around 15,000 
operating hours and a time between overhauls of around 
30,000 hours. A typical engine compressor wash is carried 
out annually unless a significant loss of its performance 
is seen. This engine has a high flow, low pressure lube oil 
system. It has variable header pressure that depends on the 
engine compressor speed (this is to prevent ingress of oil from 
bearings into the engine). At idle speed, the pressure of the 
lube oil is set around 340 kPa and the temperature to 50°C. 
A diagram of the research object with the most important 
components is shown in Fig. 2. 

During the start-up process, the commands of individual 
actuators (BV_C, GV_C, FCV_C) as well as the measurement 
states (NPT, PTIT, NGP, PCD, FV_OP, IAT) change (Fig. 2). 
The state of the bleed valve (BV) opening at GT start-up 
determines the amount that enters the combustion chamber, 
the machine start-up characteristics and other derived states. 
The set BV_C value at the initial stage influences the process of 
closing the bleed valve to prevent surge in the compressor and 
PTr. The position of the BV_C valve depends on the NGP speed 
and the IAT temperature. The value of the closing state is 
inversely proportional to this measurement. Another actuator 
whose function is adjustable during the start-up phase is the 
variable guide vane (GV). Its position is fully closed, thus 
limiting the flow through the compressor as much as possible.

The GV_C controls the first four of the six stages of the 
compressor GV via a single actuator. Its position depends 
on the NGP and inlet air temperature (IAT) schedule map. 
After the NGP exceeds 80% of the set-point, the GV_C starts 
to open the actuator position. The GV position will also have 
an offset associated with the IAT. The GV_C will reach 100% 
at maximum engine power.

Fig. 2. Diagram of the research object with the most important components

The operation of the fuel control valve (FCV) is controlled 
by a low signal selector (LSS) type controller by selecting 
the smallest deviation value of the NPT and NGP and the 
maximum acceleration rate signals; the fuel output pressure 
to PCD pressure (FV_OP to PCD) control limits the fuel to 
compressed air ratio and the maximum combustion chamber 
temperature, which is limited based on an indirect PTr inlet 
temperature (PTIT) measurement. The NGP is a measured 
value and has a direct impact on the control of the entire 
turbine. The FCV, GV and BV values are reflected in the 
condition of the system (vibration level, compressor pressure - 
PCD). Another parameter that determines the available power 
of the GT unit is the pressure from the compressor (PCD). 
This is the discharge pressure of the 15-stage compressor 
with a pressure ratio of 17.8:1 raising the atmospheric air 
temperature to 400°C at full power.

As can be seen from the analysis presented in this section, 
the set of the BV_C in the system plays a significant role for the 
state of the other parameters. The position of the GV_C mainly 
depends on the compensated NGP speed. The NPT velocity 
is crucial for the generation unit, as its value after start-up 
must be at a fixed value of 100%. Graphs of the changes in 
the values of the discussed parameters during GT start-up 
are presented in Fig. 3. 
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Fig. 3. Selected parameters changes during the GT start-up

For evaluating the compressor condition in the analysed 
system, the PCD parameter is a very important attribute. 
It determines the available power of the generation unit. 
A parameter strongly related to the PCD is the IAF_DP. It 
describes the condition of the filter, which depends on the 
IAT, humidity, PCD, NGP, inlet filter condition, air pollution 
and operating hours of the engine. The FV_DP is the last 
parameter in the hierarchy. When combined with the fuel 
valve input pressure (FV_IP) value, the amount of fuel 
consumed by the engine can be evaluated.

description of the proposed 
approach

On the basis of the analysis of the turbine performance 
together with the start-up control system, the 7 most 
significant parameters of the estimation process can be 

distinguished: GV_C, BV_C, NPT, FV_DP, IAF_DP, FCV_C, 
PCD, and these parameters were used to build the reference 
model of the system (Fig. 4).

A hierarchical reference model architecture is proposed. 
The architecture of such a system is the result of the 
decomposition of the GT start-up parameters estimation 
system into a set of hierarchically connected individual 
estimators. First, the primary parameters are estimated, such 
as the GV_C and BV_C. These are parameters whose inputs are 
only raw readings from the engine. The estimation of primary 
parameters is realized by the higher set of modules in the 
hierarchy called primary estimators (Fig. 4). The remaining 
necessary parameters are estimated in a set of lower hierarchy 
modules, here called secondary estimators. The secondary 
estimation process covered parameters depending on the 
value of the primary estimates: NPT; FV_ DP; IAF_DP; 
FCV_C; PCD. They use real input signals (measurements from 
package), outputs from primary modules or the signals highest 
in the hierarchy such as the fuel valve inlet pressure (FV_IP), 
NGP, IAT, and PTr inlet temperature (PTIT). Outputs from 
the  AIF_DP, FCV_DP and all the other start-up parameters 
are available for predicting their value during the GT start-up 
to provide a new means of estimating the expected value vs 
the actual from the machine. The dotted green lines show the 
inputs to the secondary estimators that can use some inputs 
estimated by the primary estimator instead of reading these 
parameters from the GT.

The function of individual estimators, in both the primary 
and secondary layers, is performed by MLP type neural 
modules. The choice of system architecture was dictated by 
the analysis of the GT start-up system presented in section 2. 
A modular system approach allows for easy expansion, e.g., 
by adding more neural modules depending on the machine 
type and specific application. Each module in the hierarchical 
structure was modelled using an MLP network. All the 
implemented neural networks consisted of 4 hidden layers. 

Fig. 4. Diagram of hierarchical reference model of system (continuous lines - readings from IGT, dashed lines – readings estimated by ANN)
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An algorithm analogous to the back-propagation algorithm 
with the AdaGrad optimizer [24] was used to train the 
network. The network architecture in each module differed 
in the number of neurons. The M parameter is equal to the 
number of the inputs to each network. N, D and P equate to 
the numbers of neurons in consecutive hidden layers. The 
initial values of the weights are represented by the wi = [w1 
… wM] vector and were chosen randomly. The output signal 
can be expressed by the following equation:

The activation functions were selected as LeakyReLu f(x) 
and tanh h(x).

Training error was calculated as per the following equation:

where i = 1, … , n is the number of output samples (sample 
output).
Tab. 1. Neural networks configuration

Name Hidden 
Layer (I) 

Hidden 
Layer (II) 

Hidden 
Layer (III) Estimated Output 

FA tanh leaky_relu leaky_relu 

No.  
of 

neurons 

20 20 20 Guide Vane Command 
20 20 20 Bleed Valve Command 
50 50 50 Normalized Power Turbine Speed 
50 50 50 Pressure Discharge Compressor 
50 50 50 Fuel Valve Differential Pressure 
50 50 50 Fuel Valve Command 
50 50 50 Inlet Air Filter Differential Pressure 

 

siMulation

In the first stage of the research, neural modules were 
designed to estimate the system parameters. The neural 
modules were trained independently, using real measurement 
data read from the GT start-up system (Fig. 2) during its 
correct operation under normal conditions. Specially 
prepared sets of time series (200 samples with a 1-second 
resolution) were fed to the network inputs. 

After that, the modules (the trained networks) were 
combined into a hierarchical modular neural reference model 
to form a complete system (Fig. 4). The testing was performed 
for the whole system. This means that, first, the parameters 
were estimated in the set of modules of higher hierarchy 
(primary), and then the obtained values of the estimates 
served as inputs in the set of modules of lower hierarchy 
(secondary).

Selected variants for different compressor IATs are 
presented because this had the strongest effect on the 
characteristics. The inlet temperature ranges are typical 
for winter ambient conditions in the North Sea when the 
data was collected. Examples of GT parameter time courses 
during the neural module training phase are presented in 

Fig. 5. The solid line shows the actual run, the dashed line 
the estimated run.

After this first stage of the research, in the second step, the 
modules were combined into a hierarchical modular neural 
reference model to form a complete system (Fig. 4). 

a) PCD

b) FVC_C

Fig. 5. Plots of predicted (solid line) and estimated (dashed line) data

It can be observed for the selected two parameters in Fig. 
5 that the ANN can predict complex parameters such as the 
PCD and FVC_C (secondary estimators with at least 4 inputs) 
with a good accuracy. This could be attributed to the number 
of the training samples and intentionally narrow range of the 
IAT that was utilized to carry out the training and test. Some 
of the estimated trends deviate from the expected value, but 
this could be due to measurement error in the data set, too 
low resolution of the measurement or insufficient training 
data sets.

The system adjusted to different temperatures. The 
estimation proceeded correctly. The averaged training mean 
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square error was smallest for the GV_C and BV_C (order of 
10-2). The largest mean square error was obtained for the 
FCV_C (order of 2⋅10-1). Additionally, the model was tested 
in predicting all the designed parameters as per Fig. 6. The 
dashed line denotes the estimated data, the solid line the 
measured values analogous to previous plots (Fig. 5). 

Fig. 6. Plots of predicted (dashed line) and test (solid line) data

The error values obtained during the process of training 
and testing of the neural networks estimating primary 
parameters were comparable. However, in the case of 
secondary parameters, there was a noticeable difference, 
and for these parameters, slightly higher error values were 
obtained. This is due to the accumulation of errors in the 
modular structure. The availability of a wide range of input 
compressor IATs for the training data could increase the 
robustness of the system to disturbances. This would allow 
better estimation of the outputs for the experimental states.

conclusions

As shown in the paper, the authors adopted the principle 
of the modular structure of the GT start-up model. Individual 
modules have been designed to model the control of the value 
of working agent parameters at individual start-up phases. 
Their functions are similar to those of the controllers of the real 
machine. They are also responsible for the correct sequence 
of transition to subsequent phases, which explains why the 
model proposed by the authors must have a hierarchical 
structure. This ensures the creation of a universal modular 
base start-up model. In order to apply it to any other specific 
turbine, it is necessary only to update the neural modules or 
its structure. This is a novelty and advantage of the proposed 
pattern of the modular configuration.

The individual modules developed make direct use of the 
measurement data and outputs of the primary modules. The 
results prove that the modular GT start-up model can be 
easily used and gives good accuracy of neural calculation. 

At the same time, the modular system can be easily adapted 
to other types of power plant GTs and is more flexible in 
design and use. The designed system correctly estimates the 
start-up parameters of the GT. 

The obtained observations can help the operator monitor, 
locate the fault approximately, and take basic corrective action 
(continue operation, change parameters, report an alarm to 
the operator, schedule service, or emergency stop the machine) 
or decide to restart after the necessary delay. However, using 
a start-up model to fully identify and isolate turbine faults 
requires additional work to expand the reference system 
and the availability of experimental start-up models with 
confirmed faults, which will be a further stage of the research.
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AbstrAct

The aim of the International Maritime Organization (IMO) to reduce by half the amount of greenhouse gases emitted 
by marine ships by 2050, and its vision of the fastest total decarbonisation in the maritime shipping industry within 
the present century, calls for implementation with various means of decarbonisation. The IMO approaches the process 
of decarbonisation in two phases. Firstly, short-term, compact projects are to be considered, next, more complex, 
medium- and long-term solutions should be aimed at. The preferred arrangements to be applied are photovoltaic 
systems. Their performance depends to a high degree on the solar incidence angle. In the case of a ship swinging as 
a result of its course in relation to the wave and incidence direction, the incidence angle undergoes significant periodic 
changes with a significant effect on the power generated by the PV panels. As a result, the total amount of energy 
produced by the PV panels diminishes. The paper presents experimental research results obtained on the stand that 
allowed the investigation of PV panels in simulated marine conditions. Two characteristic positions of a PV panel’s 
rotation axis in relation to the solar rays’ incidence direction were investigated. It was proved for both variants that 
the rolling period and solar incidence angle affected the power generated by the PV panel.
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NOMENCLATURE

APV panel surface area (m2)
B ship’s width (m)
E energy (J) or (Wh)
G irradiance on horizontal surface (W/m2)
L ship’s overall length (m)
P power (W)
T ship’s draught (m)
XA amplitude of oscillating displacement relative to axis x
YA amplitude of oscillating displacement relative to axis y
ZA amplitude of oscillating displacement relative to axis z
αs solar altitude angle (deg)
β inclination angle of PV panel (ship’s heeling angle) 

(deg)
βx, βy, βz, βf ,βt βp phase shifts of particular motions relative 

to the regular sinusoidal wave

γ receiver azimuth angle or solar azimuth angle (deg)
δ solar declination (deg)
τ time (s)
τc rolling period (s)
ω hourly angle (deg) or circular frequency of regular 

wave
Δ increment
ΘA amplitude of oscillating rotational displacements 

relative to axis x
Θβ incidence angle (deg)
Φ latitude (ship’s position) (deg)
ΦA amplitude of oscillating rotational displacements 

relative to axis y
ΨA amplitude of oscillating rotational displacements 

relative to axis z
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SUBSCRIPTS

LT local time
LST local solar time
max maximal
min minimal
r relative
s solar
z zenith

INTRODUCTION

In recent years, the International Maritime Organization 
(IMO) has focused strongly on preventing the emission of 
greenhouse gases (GHG) by ships. The IMO strategy implies 
that emissions of GHG should be reduced by half by 2050, as 
compared to 2008. By the end of the century, the maritime 
shipping industry should be totally decarbonized. One of 
the subtargets of the IMO is the reduction of GHG by at 
least 40% as early as 2030, compared with the year 2008. In 
order to achieve this target, the IMO has introduced further 
provisions that oblige shipowners to reduce GHG emissions. 
Besides the Energy Efficiency Design Index (EEDI) introduced 
on 1 January 2013 and applying to newly built ships with 
tonnage above 400 GT, new provisions were introduced in 
June of 2021. They will come into force on 1 January 2023. 
All existing merchant and passenger ships, regardless of the 
year of production, will be subject to the requirements of the 
Energy Efficiency Design Index for Existing Ships (EEXI). 
The index is equivalent to the EEDI index in its phase 2 or 3, 
with some amendments.

Furthermore, new provisions will come into force in 
2023. They will oblige shipowners to annually determine 
the Carbon Intensity Indicator (CII) for all cargo, RoPax, 
and cruise ships above 5000 GT of tonnage participating in 
international trade. The CII determines the efficiency with 
which a ship transports goods or passengers, given in grams 
of emitted CO2, relative to the load capacity and nautical mile.  
Each vessel will be given an annual rating ranging from A to 
E, for which the rating thresholds will become increasingly 
stringent each year up to 2030. For ships that are rated D or 
E in three consecutive years, a corrective action plan will be 
elaborated and  endorsed as part of the SEEMP (Ship Energy 
Efficiency Management Plan) [1].  

The EEXI index is determined once and defined by design 
characteristics, and permits the respective certificate to be 
obtained. On the other hand, the CII is an operating parameter 
and it determines the real emission of GHG during a ship’s 
operating time.

This situation obliges shipowners to decide in favour of 
vessels that are more environmentally friendly and energy-
saving [2, 3]. They can achieve this aim also by switching to 
alternative fuels like liquid or gas biofuels, and even solid 
biofuels like torrefied pellets, or ammonium hydroxide, 
E-fuels (PtF technology) and, as a target, hydrogen. At the 
same time, the ship’s energy system should be modified and 

made more efficient, for instance by making use of waste 
heat or by introducing hybrid or purely electric drives [4-6]. 
Increasingly popular is the application of renewable energy 
sources (RES), mostly wind power and irradiance, as they 
make it possible to obtain better parameters of the required 
EEDI, EEXI, and CII indexes. The application of RES on 
seagoing vessels with power of a few or several dozen MW 
is not sufficient to cover the whole energy demand of the 
vessel, however. RES are characterised by lower energy flux 
density than conventional energy sources. Hence, any effort 
to enhance the application efficiency of RES is significant. In 
the case of using PV panels on the ship, which is the subject of 
the present paper, one such effort is the cooling of PV panels 
by sea water and thus increasing their efficiency, as described, 
among others, in papers [7-13].

However, a number of inconveniences emerge when 
mounting PV panels on ships, so they can prove to be less 
effective than similar systems onshore. Most of all, the highly 
changeable environmental conditions, such as strong and 
changing wind, high air humidity, or the effects of sea salt 
aerosol, impair their efficiency. The ship’s swinging and 
changes of its heading are among the factors that most impede 
the operation of PV panels. Both can be prevented by the 
application of systems that track the sun. Still, such systems 
are not used in vessels because of the probability of damage, 
high costs, and additional energy consumption by the system.

As a result, PV panels are most often mounted in 
a horizontal plane with a consequent loss of some power 
that could otherwise be generated [14, 15].

The phenomenon of the effect of the ship’s motion on 
the efficiency of the PV system has been the subject of 
a number of investigations. In particular, the loss of part of 
the energy that could possibly be generated from PV panels 
as a result of the ship’s swinging has spurred a number of 
hybrid solutions. They comprise, besides the PV system 
and traditional diesel generators, also an energy storage 
system. Analysis of the operational stability of such a system 
dedicated to a big tanker is presented by Hai Lan et al. 
[16]. The authors assumed the course typical for the vessel 
in question, the rolling period of 20s, and a heeling angle 
of 16o. In these conditions, the irradiance changed in the 
range of ca 780 W/m2 to 1000 W/m2, with frequency relative 
to the rolling period. Simulation research of the proposed 
flywheel kinetic energy storage showed high efficiency 
in power stabilisation of the whole energy system on the 
ship. Moreover, paper [17] presents the results of parameter 
optimisation for this energetic system with particular 
interest in minimizing the capital costs, fuel costs, and 
CO2 emissions. In turn, Shuli Wen et al. [18] presented an 
interval optimisation method for the same hybrid system. 
Among others, the authors came to the conclusion that the 
ship’s rolling affected significantly the optimal efficiency 
of the energy storage system on the ship. A significant part 
of their research was applying a platform with six degrees 
of freedom to simulate the ship’s swinging on the wave. 
The platform was lit with artificial light from xenon lamps. 
However, the heeling angles were limited to ±16o, and the 
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rolling period, characteristic of the tanker in question, was 
assumed as 20s.

Uncertainty due to the ship’s motion on the wave, as well 
as the assumed ship’s course and resulting fluctuations of 
power generated by PV panels, contribute significantly also 
to ageing of the storage which is an integral part of the ship’s 
PV installation. It is also important to match the storage 
capacity to these changing conditions. The authors of paper 
[19] propose a binary system of energy storage, where some of 
the batteries are replaced by a super-capacitor, which allows 
the batteries to be changed less frequently. The paper presents 
a model of the ship’s motion on the wave and a model of 
solar radiation on the ship in motion with PV panels, which 
allows the power of the hybrid PV system to be determined. 
The PV panels are of a universal character and can be used 
for other ships as well. 

Technical-economic analysis of the hybrid PV system with 
application of super-capacitors only is, in turn, the subject 
of paper [20]. Analysis by applying single and multi-criteria 
evaluation methods was carried out on the example of the 
COSCO TENGFEI PCTC (car and truck carrier). The analysis 
proved that the application of the hybrid PV system has 
significant financial and environmental benefits.

In paper [21], a strategy is proposed to examine the impact 
of ship movements on the PV power system mounted on 
board. The proposed theoretical model makes it possible to 
determine the PV output power fluctuations according to the 
panels’ tilt angle changes with respect to the sun.

The quoted papers usually concern some specific vessel, 
operated on a given route. Each designer’s target is to create 
a power system for a new ship so that a solution with the 
highest possible efficiency is applied. Thus, any information 
concerning factors that distort the proper operation of the 
ship’s power systems is crucial. When PV panels are used, 
it is important to know their power drop resulting from the 
ship’s swinging on various courses in relation to the direction 
of solar radiation. Ships are characterised by diverse rolling 
periods as well as varied heeling angles, which, in turn results 
in changes of the power generated by PV panels.

The aim of the present paper is to determine the effect of 
the ship’s rolling and incidence angle on the power generated 
by PV panels in real weather conditions, on the basis of 
experimental research.

SHIP’S MOTION ON THE WAVE

A ship’s motion on the wave affects significantly the 
operation of a number of the appliances used on the ship. 
For this reason, some of them, such as handling machines, 
must be designed with attention to possible swinging of 
the ship which causes periodic tensions that lead to fatigue 
damage. In particular situations, for example during strong 
storms, excessive overload of mechanical devices can occur 
and threaten catastrophic damage [22, 23]. In the case of PV 
panels, because of their relatively small mass, the effect of the 
ship’s swinging on the construction of the panels themselves, 

as well as on the fastening devices, is negligible. Changes of 
the irradiance angles on the surface of the PV panels should 
be handled with more attention, however, because they affect 
the panels’ efficiency.

The ship’s swinging should be understood as oscillating 
linear and angular motions generated by the impact of the 
wave on the ship. In order to describe the ship’s movement, 
e.g. in research on the swinging, two Cartesian coordinate 
systems are generally applied. One of them is the Earth-fixed 
O0,x0,y0,z0 system, where the x0 and y0 axes are in the plane of 
calm water, and the z0 axis is directed vertically downwards. 
The second one is the G,x,y,z moving system and it is rigidly 
fixed on the ship. Its origin is located in the ship’s centre 
of gravity G, the x, y axes are in the plane parallel to the 
structural waterline, whereby the x axis is directed towards 
the prow of the ship, the y axis towards the starboard, and the 
z axis vertically downwards [24]. It is assumed that the ship 
performs six types of oscillatory motion. They are progressive 
or rotary dislocations as related to the coordinate system 
fixed on the ship. Particular motions and their standard 
denotations are shown in Fig. 1, after paper [25].
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attention to possible swinging of the ship which causes periodic tensions that lead to fatigue damage. 
In particular situations, for example during strong storms, excessive overload of mechanical devices 
can occur and threaten catastrophic damage [22, 23]. In the case of PV panels, because of their 
relatively small mass, the effect of the ship’s swinging on the construction of the panels themselves, 
as well as on the fastening devices, is negligible. Changes of the irradiance angles on the surface of 
the PV panels should be handled with more attention, however, because they affect the panels’ 
efficiency. 

The ship’s swinging should be understood as oscillating linear and angular motions generated by 
the impact of the wave on the ship. In order to describe the ship’s movement, e.g. in research on the 
swinging, two Cartesian coordinate systems are generally applied. One of them is the Earth-fixed 
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ship. Its origin is located in the ship’s centre of gravity G, the x, y axes are in the plane parallel to 
the structural waterline, whereby the x axis is directed towards the prow of the ship, the y axis 
towards the starboard, and the z axis vertically downwards [24]. It is assumed that the ship performs 
six types of oscillatory motion. They are progressive or rotary dislocations as related to the 
coordinate system fixed on the ship. Particular motions and their standard denotations are shown in 
Fig. 1, after paper [25]. 
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Big waves, which are particularly important for the 
ship’s behaviour, are the so-called wind waves generated by 
the wind’s effect on the free water surface. Big waves have 
wavelengths comparable with the main dimensions of the 
ship (L×B×T). By a strong wind, which is a random process, 
a storm wave is generated and it is very irregular (random), 
spatial, and characterised by profile asymmetry. When the 
wind stops blowing, or the wave reaches regions where there 
is no wind, it turns into a swell, approximating a regular wave.

If we assume that irregular waving is a stochastic process, 
homogeneous in space and stationary in time, then it can be 
presented as a double (relative to the frequency and direction 
of propagation), infinite sum of elementary harmonic 
waves with various frequencies and various directions of 
propagation. The above presentation of wave behaviour 
facilitates the meaningful determination of the statistical 
characteristics of the ship’s swinging on irregular waves, if 
they are described by means of linear second order differential 
equations with constant coefficients [24]. The issue of waving 
has been discussed in a number of papers, i.a. [22-27]. They 
also give differential equations for the ship’s swinging for both 
regular and irregular waves. The aim and necessities of this 
paper do not require further insight on this issue. 

In many fields of shipbuilding, it is sufficient to consider 
only simple swinging, that is, one degree of freedom 
motion. Then, swinging occurs in the ship’s symmetry plane 
(pitching), or in the plane of the cross-section of the hull 
(rolling). The attitude is justified because rolling, owing to 
its intensity, directly affects the ship’s stability, and the safety 
and operational efficiency of some systems. That is why this 
motion is particularly significant [24]. However, when only 
simple rolling is considered, the other motions of the ship 
being neglected, the presentation of real conditions is quite 
coarse, although still acceptable in investigations on the effect 
of the swinging on the efficiency of the PV system.

RESEARCH STAND AND MEASUREMENT 
METHODOLOGY

The scheme of the working stand is presented in Fig. 2. 
The basic construction element of the stand was a movable 
platform (2) with a PV panel (1) and counterweight (6). The 
swinging motion of the platform with the PV panel was driven 
by an electric screw actuator (3) with adjustable velocities of 
sliding movement, which made it possible to obtain frequency 
changes of the platform’s oscillation and thus simulate various 
rolling periods of a ship. The construction of the stand also 
enabled control of the rod stroke length, and so the amplitude 
(tilt) in the range of 0o to max. –25o and +25o. The actuator was 
supplied by a power pack (4). A pyranometer with a CMP3 
sensor was used to measure total irradiance. Data from the 
pyranometer (7) (irradiance) was registered in a data recorder 
(8) every 1s, as well as the electrical quantities (voltage and 
current) from the PV panel, which made it possible to 
determine its instantaneous electric power. The data were 
periodically transferred to a PC (5). 

A PV panel of the type SV60M.2-300 from Selfa GE S.A. 
with power of 308.7 W was used in the research. The panel 
was tested earlier in industrial laboratory conditions and 
its parameters were precisely determined. The surface areas 
of the PV panel brutto and netto equalled respectively: 
(0.992 m × 1.650 m) 1.6368 m2, and (0.942 m × 1.6 m) 
1.5072 m2. The load of the PV panel was 22 Ω. The stand was 
placed on a trolley with rotary wheels in order to facilitate 
changes of the PV panel’s position relative to the direction 
of solar radiation.

Experimental research was carried out in the first half 
of 2021 under a cloudless sky, on 22 and 25 February. 
The investigation was carried out in real conditions, and the 
research stand was located outside the university building. 
Due to practically the same weather conditions, the changes 
in the power of the PV panel were influenced only by changes 
in its position in relation to the sun due to the rolling of the 
platform. On each measurement day, several measurement 
series for various positions of the platform’s rotation axis 
in relation to the direction of the solar rays were made. 
Measurements were made for the maximal swing angle of 
the platform with the PV panel equal to β = ±25°. The rocking 
period was changed in the range of 15‒24 s. For technical 
reasons, the time of each measurement series was limited 
and did not exceed 15 minutes.

Fig. 2. Test stand for PV panels investigation (side view): 1 – PV panel,  
2 – movable  platform, 3 – electric screw actuator,  4 – actuator power pack, 
5 – portable PC for the data processing, 6 – counterweight, 7 – pyranometer, 

8 – recorder

Research was carried out for two variants of the position 
of the PV panel’s rotation axis relative  to the direction of 
solar radiation: 
•	 variant A – the rotation axis of the platform with the PV 

panel was oriented perpendicularly to the direction of 
solar radiation,

•	 variant B – the rotation axis of the platform with the 
PV panel was oriented parallel to the projection of the 
direction of solar radiation on the plane of the PV panel.
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DESCRIPTION OF VARIANTS OF 
RESEARCH ANALYSED

For the analysis, it was assumed that the stand simulated 
PV panels installed on a ship’s deck, mounted in the horizontal 
plane with the panels’ longer axes oriented parallel to the 
ship’s axis of symmetry. A single PV panel was considered. 
Its position on the ship’s deck is shown in Fig. 3. As a result 
of the action of waves, the ship with the PV panel was set in 
a rolling motion. As mentioned in the previous chapter, two 
extreme situations related to the orientation of the panel’s 
rotation axis were investigated. 

Fig. 3. Position of PV panel’s rotation axis (ship’s course) relative to direction 
of solar rays.

VARIANT A

Figures 4 and 5 present possible cases of the position 
of the PV panel’s surface relative to the direction of solar 
radiation for variant A. It was assumed that a “minus” sign 
by angle  denoted that the edge of the PV panel on the side 
of the direction of solar radiation was below its horizontal 
position, whereas a “plus” sign denoted that the edge of the 
PV panel was above the horizontal position. Fig. 4 presents 
four characteristic phases of the ship’s roll in the case when 
the deck’s surface with the PV panel moved in the direction 
of the Sun. 

Fig. 4. Variant A – phases of ship’s rolling when deck’s surface with mounted 
PV panel moves in the direction of the sun

In turn, Fig. 5 shows four phases of the ship’s roll when 
the ship moved in the direction opposite to the Sun. The 
incidence angle (Θβ) depended on the current position of the 
Sun (αs or ΘZ) and on the value of the inclination angle of 
the PV panel (β). The best position of the PV panel would be 
when the incidence angle Θβ equalled zero (Fig. 4c). Motion 
of the PV panel from the zero position (β = 0) in the direction 
of the Sun caused a decrease of the value of the incidence angle 
Θβ (Fig. 4a and 4b). If, in the maximal position, the value of 
the inclination angle of the PV panel β = βmin is higher than 
the zenith angle ΘZ, then the panel’s inclination angle values 
grow but they are negative.

Motion of the PV panel from the horizontal position (β = 0) 
in the opposite direction causes the value of the incidence 
angle Θβ to increase (Fig. 5b) up to the value of 90° (Fig. 5c).

Further inclination of the PV panel up to the maximal 
position β = βmax causes the value of the incidence angle Θβ 
to be greater than 90°, which, in turn, causes the solar beams 
to strike the panel’s back surface (Fig. 5d).

Thus, the PV panel’s motion when its lower edge moves 
in the direction of the Sun causes the values of the incidence 
angles to be closer to their optimal values. As a result, the 
panel’s power is higher than in the horizontal position. 
Motion of the PV panel in the opposite direction increases 
the values of the incidence angles in relation to the optimal 
value. The power of the PV panel achieved in the maximal 
position is then of the lowest value.

Fig. 5. Variant A – phases of ship’s rolling when deck’s surface with mounted 
PV panel moves opposite to the  direction of the Sun

For variant A, the calculation methodology for the power 
generated by the PV panel is presented below.

A randomly chosen PV panel’s rolling period was taken for 
consideration. The moment of maximal inclination of the PV 
panel in the direction from the Sun β = βmax was assumed to 
be the beginning of the rolling period, and the moment the 
PV panel returned to the same position was assumed to end 
the rolling period. Dimensionless time, defined by dividing 
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a freely chosen time point in the period through the period’s 
duration, was introduced in the analysis. Then, dimensionless 
times τr = 0 and τr = 1 referred to the beginning and the end 
of the rolling period. When τr = 0.5 , the PV panel was in 
the second maximal inclination, where its power was at its 
highest (β = βmin). In turn, for τr = 0.25 and τr = 0.75 , the PV 
panel was in a horizontal position (β = 0°).A fundamental 
problem was to determine how the rolling of the ship with 
the PV panel affected the change of power, as compared with 
the value of this parameter for the horizontal position of the 
PV panel. The relative power increment (increase or drop) of 
the PV panel was introduced into the analysis, considering 
1m2 of the panel’s surface area, as defined by Eq. (7):

 
Fig. 5. Variant A – phases of ship’s rolling when deck’s surface with mounted PV panel moves opposite to the  direction of the Sun 
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PV panel. The relative power increment (increase or drop) of the PV panel was introduced into the 
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𝛥𝛥𝑃𝑃𝑟𝑟(𝜏𝜏𝑟𝑟) = [𝑃𝑃𝛽𝛽(𝜏𝜏𝑟𝑟)−𝑃𝑃𝛽𝛽=0°

𝑃𝑃𝛽𝛽=0°
] 𝐴𝐴𝑃𝑃𝑃𝑃⁄ = [𝛥𝛥𝑃𝑃(𝜏𝜏𝑟𝑟)

𝑃𝑃𝛽𝛽=0°
] 𝐴𝐴𝑃𝑃𝑃𝑃⁄      (7) 

 
If the shape of the equation describing the change of the above parameter in time is known, then 

it is possible to determine the amount of energy generated in one rolling period, by integrating this 
equation in the respective time periods. 

The increase of the amount of energy generated by 1m2 of the PV panel’s surface while it is 
moving from the horizontal position (𝛽𝛽 = 0°) to the position of its maximal inclination  𝛽𝛽 = −25° 
in the direction of the Sun and back to the horizontal position equals, according to Eq. (8), 

𝛥𝛥𝛥𝛥+ = 𝑃𝑃𝛽𝛽=0° · 𝜏𝜏𝑐𝑐 ∙ 𝐴𝐴𝑃𝑃𝑃𝑃 ∙ ∫ 𝛥𝛥𝑃𝑃(𝜏𝜏𝑟𝑟)0.75
0.25 𝑑𝑑𝜏𝜏𝑟𝑟     (8) 

    
The drop in the amount of energy generated by 1m2 of the PV panel’s surface while it is moving 

from the horizontal position (the inclination angle of the platform equals zero) to the position of its 
maximal inclination  𝛽𝛽 = +25°  in the direction opposite to the Sun equals, according to Eq. (9), 

 
𝛥𝛥𝛥𝛥− = 𝑃𝑃𝛽𝛽=0° · 𝜏𝜏𝑐𝑐 ∙ 𝐴𝐴𝑃𝑃𝑃𝑃 · [∫ 𝑃𝑃(𝜏𝜏𝑟𝑟)0.25

0 𝑑𝑑𝜏𝜏𝑟𝑟 + ∫ 𝑃𝑃(𝜏𝜏𝑟𝑟)1
0.75 𝑑𝑑𝜏𝜏𝑟𝑟]    (9) 

    
Thus, the energy increment of the PV panel in the time period under analysis equals, according to 

Eq. (10),  
 

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥+ + 𝛥𝛥𝛥𝛥−       (10) 
 
 

VARIANT B 
 

Fig. 6 presents three characteristic positions of the PV panel for Variant B. The panel can incline 
in the clockwise direction, or the counterclockwise direction looking from the side of the solar 
radiation. The “minus” sign by angle 𝛽𝛽 means inclination of the PV panel in the counterclockwise 
direction, and the “plus” sign means the panel’s inclination in the clockwise direction looking from 
the side of the irradiance. 

(7)
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VARIANT B

Fig. 6 presents three characteristic positions of the PV panel 
for Variant B. The panel can incline in the clockwise direction, 
or the counterclockwise direction looking from the side of the 
solar radiation. The “minus” sign by angle β means inclination 
of the PV panel in the counterclockwise direction, and the 
“plus” sign means the panel’s inclination in the clockwise 
direction looking from the side of the irradiance.

Fig. 6. Variant B – phases of ship’s rolling when deck’s surface moves clockwise 
and counterclockwise to the Sun  looking from the side of solar radiation

The best position of the PV panel for this variant is the 
horizontal position. The incidence angle is then the closest 
to optimal. Left or right motion of the PV panel causes the 
value of the incidence angle to be higher than its value in the 
horizontal position of the PV panel. It should be noted that the 
values of the incidence angles in the maximal inclination of 
the panel are equal. The PV panel generates the highest power 
in the horizontal position and the lowest in the positions of 
maximal inclination.

The calculation methodology of the power changes, that is, 
of the amount of electric energy generated by the PV panel for 
variant B, is similar to that for variant A. The increment of the 
electric energy generated by the PV panel in the considered 
period can be calculated from relation (11): 
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panel’s surface was calculated from Eq. (7). This parameter can be written as a percentage. The 
analysis has been carried out for dimensionless time. So, the second of the analysed diagrams, shown 
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calculated per 1m2 of the panel’s surface was calculated from 
Eq. (7). This parameter can be written as a percentage. The 
analysis has been carried out for dimensionless time. So, 
the second of the analysed diagrams, shown below, presents 
percentage changes of the relative increase or drop in power 
calculated for 1m2 of the PV panel’s surface, in consecutive 
rolling periods. 

COMPILATION OF THE TEST SERIES

Table 1 presents the characteristic data of the individual 
measurement series. The values given in the table: irradiance, 
power, power drop, and relative power drop, were averaged for 
the measurement time. The incidence angle was determined 
for the moment related to the mid-time of each series. 

In turn, Table 2 shows the calculation results for the 
incidence angles on the PV panel’s surface for the individual 
measurement series. Measurements were carried out for local 
Central European Time (winter time). Calculations were 
made for true solar time. 

Table 2 presents also the values of the solar declination, 
solar azimuth, and the receiver’s (PV panel) azimuth. The 
three last columns presented in Table 2 contain the calculation 
results of the incidence angles in the characteristic positions 
of the PV panel.
Tab. 1. Results of experimental research

Day/series/time Var. β τc G Pβ=0° Pβ(τ)° ΔP Pr θβ=0°

22.02.2021 deg s W/m2 W W W 1/m2 deg

Series_1; 10:37 - 10:48 A ±25° 20 449.7 84.32 76.75 -7.57 -0.0596 67.4

Series_2; 11:02 - 11:10 B ±25° 20 467.9 87.99 87.39 -0.6 -0.0045 66.3

Series_3; 11:25 - 11:38 A ±25° 20 513.2 87.9 82.8 -5.1 -0.0385 65.1

25.02.2021

Series_1; 9:33 - 9:41 A ±25° 15 219.0 77.13 63.54 -13.59 -0.1169 71.7

Series_2; 9:49 - 9:55 A ±25° 24 251.4 79.88 66.75 -13.13 -0.1091 70.3

Series_3; 10:04 - 10:10 A ±25° 18 323.7 81.41 70.53 -10.88 -0.0887 69.0

Series_4; 10:47 - 10:56 B ±25° 20 386.2 83.61 83.29 -1.32 -0.0105 65.7

Tab. 2. Calculation results for incidence angle

Day/series
Var. δ τLT τLST γs γ θβ=-25° θβ=0° θβ=+25°

deg h:m h:m deg deg deg deg deg

22.02 /s1 A -10.9 10:43 10:25 -25.4 -25.4 48.2 67.4 92.4

22.02 /s2 B -10.9 11:06 10:49 -18.9 71.1 61.2 66.3 68.1

22.02 /s3 A -10.9 11:30 11:15 -12.2 -12.2 41.5 65.1 90.0

25.02 /s1 A -9.8 9:37 9:21 -41.8 -41.8 46.7 71.7 96.7

25.02 /s2 A -9.8 9:52 9:35 -38.2 -38.2 45.4 70.3 95.4

25.02 /s3 A -9.8 10:06 9:51 -34.6 -34.6 44.0 69.0 94.0

25.02 /s4 B -9.8 10:51 10:35 -23.0 66.9 68.1 65.7 68.1

RESULTS AND DISCUSSION

Variant A
Fig. 7 shows a diagram of the stand’s position in variant A. 

Prior to the measurements series, the setting of the research 
stand was amended and validated so that the assumed 
condition of perpendicularity of the platform’s axis in relation 
to the direction of solar radiation could be maintained. In 
this position, the azimuth angle of the platform with the PV 
panel was equal to the solar azimuth angle.

Fig. 7. Variant A: platform’s axis of rotation positioned perpendicularly 
to direction of solar radiation
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Figs. 8 and 9 present the research results for variant A 
carried out on 22 February 2021. In turn, Fig. 10 shows 
qualitatively the changes of the incidence angle when the 
platform with the PV panel was in three characteristic 
positions: one horizontal and two maximally tilted.

Fig. 8. Power and irradiance changes for variant A in research on 22 
February .2021, τc = 20s, series 1

Fig. 9. Relative increase or drop of PV panel’s power as a  function of 
dimensionless time for variant A in research on 22 February 2021, τc = 20s, 

series 1, several rolling periods

Fig. 10. Qualitative change of incidence angle θβ, depending on panel’s 
inclination angle β

Fig. 8 shows power changes of the PV panel caused by 
the platform’s motion and by  instantaneous changes of 
irradiance that affect the value of generated power. Changes 
of the PV panel’s power were of a regular character, related to 
the platform’s rolling period. The panel reached the highest 
power values of ca 90 W with the platform’s inclination in 
the direction of solar radiation, that is for β = –25°, and the 
lowest power values of ca 30 W in the position opposite to 
the Sun, that is for β = +25°. The above phenomenon resulted 
from the fact that the incidence angle to the PV panel was 

θβ=–25° ≈ 48.2°, and it was smaller from the angle θβ=0° ≈ 67.4° 
relative to the horizontal position of the PV panel (Figs. 10a 
and b, and Table 2). The least advantageous is the angle where 
the edge of the PV panel on the Sun side moves upwards (θβ=+25° 
≈ 92.4° according to Table 2). During this motion, when the 
incidence angle was greater than 90°, the situation might 
occur where direct solar radiation did not meet the working 
surface of the PV panel, but only diffuse solar radiation and 
solar radiation reflected from objects neighbouring the 
research stand (Fig. 10c). This, in turn, caused the values 
related to the PV panel’s lowest power to differ even by several 
Watts in consecutive periods. Fig. 8 shows two horizontal 
straight lines related to: the PV panel’s mean power value 
during its motion (76.6 W) and the PV panel’s mean power 
value when it remained in a horizontal position (84.3 W). 
In this case, the latter parameter was calculated as the mean 
power value of the horizontally positioned PV panel before 
and just after the calculation series. The mean value of total 
irradiance was 449.7 W/m2.

 In turn, Fig. 9 shows the changes of the relative power 
increment of the PV panel per 1m2 of its surface area as a 
function of dimensionless time for several chosen rolling 
periods. The time point when the PV panel’s power was at 
its lowest value (i.e. for β = +25°) was assumed to be the 
beginning and end of each of the analysed periods. Thus, for 
the maximally tilted PV panel, when β = +25° in the series 
under research, the relative drop of the instantaneous power 
of the PV panel could be lower than the value related to the 
horizontal position by as much as 45%. In the latter position, 
when β = –25°, the relative increase of instantaneous power 
equalled only 5% of the power value at the horizontal position 
of the PV panel.

For variant A, also the effect of the rolling period on changes 
of the PV panel’s characteristic parameters (Figs. 11‒16) was 
investigated. The research was carried out on 25 February 
2021, and the rolling periods were: 15s (series 1), 18s (series 
3) and 24s (series 2), respectively. If the values of the obtained 
power values changed as a result of irradiance changes (Figs. 
11, 13 and 15), then the runs illustrating the relative increase 
or drop of instantaneous power of the PV panel per 1m2 of its 
surface area were similar in shape, regardless of the period 
(Figs. 12, 14 and 16).  

Fig. 11. Power and irradiance changes for variant A in research on 
25 February 2021, τc = 15s, series 1
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Fig. 12. Relative increase or drop of PV panel’s power as a function of 
dimensionless time for variant A in research on 25 February .2021, τc = 15s, 

series 1, several rolling period

Fig. 13. Power and irradiance changes for variant A in research on 25 
February 2021, τc = 18s, series 3

Fig. 14. Relative increase or drop of PV panel’s power as a function of 
dimensionless time for variant A in research on 25 February 2021, τc = 18s, 

series 3, several rolling periods

Fig.15. Power and irradiance changes for variant A in research on 25 
February.2021, τc = 24s, series 2

Fig. 16. Relative increase or drop of PV panel’s power as a function of 
dimensionless time for variant A  in research on 25 February 2021, τc = 24s, 

series 2, several rolling periods

Thus, the rolling period did not affect the obtained changes 
of the relative power increment ΔPr; however, a visible effect 
of the incidence angle θβ could be observed. In the process of 
time, the incidence angle showed more advantageous values 
in all the characteristic positions of the PV panel. For the 
maximally tilted platform, that is for β = +25°, the value of this 
angle gradually approached 90°, which caused more direct 
solar radiation to reach the exposed area of the PV panel. As 
shown in Figs. 12, 14 and 16, for the maximally tilted platform, 
the relative increment of instantaneous power of the PV panel 
was lower than the relative increment of instantaneous power 
of the PV panel in the horizontal position by ca 52%, 48% 
and 46%, respectively. A similar trend of changes of this 
parameter, but inverse, could be observed for the maximally 
tilted platform, when β = –25°.

If the rolling period has no significant effect on changes 
of the relative power increment of the PV panel, then the 
research results for variant A shown in Table 1 can be 
presented as a relation of the relative power decrement ΔPr 
only for incidence angle θβ, for the horizontal position of the 
PV panel (Figs. 17 and 18).  

Fig. 17. Relative power decrement of PV panel as a function of incidence angle θβ
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Fig. 18. Relative increase or drop of PV panel’s power as a function of incidence 
angle  θβ and dimensionless time τr

Fig. 17 shows also the trend of changes for this parameter. 
It was stated for the range of changes of the parameter under 
research that the lower the value of incidence angle θβ is, the 
smaller the absolute values of the relative power decrement 
ΔPr of the PV panel, because the value of incidence angle θβ 
is closer to its optimal value. This conclusion confirms the 
research results presented in Fig. 18. For smaller values of the 
incidence angle, runs illustrating the relative decrements of 
the PV panel’s instantaneous power are flatter; that is, they 
gradually approach the straight line related to the value of 
this parameter obtained for the horizontal position.

Variant B
Fig. 19 illustrates the orientation of the rotation axis of 

the platform with the PV panel, relative to the direction of 
solar radiation. At the starting point of the measurements, 
the azimuth angle of the platform with the PV panel was 90° 
greater than the solar azimuth angle (the azimuth angle of 
the panel measured in relation to its shorter axis). Research 
with the platform in motion was carried out on 22 February 
(series 2) and 25 February 2021 (series 4) (Table 1).

The research results are presented in Figs. 20‒24. The 
irradiance on 22 February was higher than on 25 February 
(Figs. 20 and 23). However, in both analysed series, the value 
of irradiance at the time of the research varied only minimally. 
As expected, the difference between the highest and the lowest 
values of instantaneous power of the PV panel was small and 
equalled only ca 1.0~ 1.5 W during one rolling period. The 
PV panel generated the best power in the horizontal position 
of the platform. On the other hand, with the platform tilted 
to the maximum, the values of the PV panel’s power were 
found to be lower, but not always equal.

Fig. 19. Variant B; rotation axis of the platform parallel to direction of 
projection of solar radiation on the PV panel

As can be assumed, the asymmetry in power generation in 
both these positions of the platform in the initial phase of the 
series could be due to a slight inclination in the position of 
the rotation axis of the PV panel from the direction of solar 
radiation. Another reason for this asymmetry may be a lack 
of perfect levelling of the trolley with the platform, and as 
a result, minimal differences in the maximal tilt angles on 
both sides of the platform.

As the results presented in Fig. 20 show, in consecutive 
periods of the platform’s motion, the changes in the 
instantaneous power of the PV panel in its maximally tilted 
positions become the same with time (symmetric).

Fig. 20. Change of power and irradiance for variant B in research on 
22 February 2021, τc = 20s, series 2

The above trend of power changes was, however, not 
observed for the series of research carried out on 25 February 
2021 (Fig. 23). The lack of the symmetry could be caused by 
different values of solar radiation reflected from objects that 
surrounded the research stand, or from various albedo values 
of the ground in situations when the platform is maximally 
tilted. Figs. 21–22 show changes of the relative increment of 
power as a function of the dimensionless time for the first and 
the last rolling period of the PV panel on 22 February 2021. 
The PV panel’s power in the horizontal position, with the 
motionless platform, and before the start of the first rolling 
period, was 87.39 W, and its mean power in the rolling period 
was 86.93 W. The mean values of the above parameters during 
inclinations in the time analysed differed only slightly. So, 
it is difficult to quantitatively estimate the research results 
obtained. Their analysis can only be of a qualitative character. 
In this research series, the mean irradiance equaled 465.6 W/m2. 
The difficulty in quantitative estimation of the research results 
occurs also for the last of the rolling periods. After the end 
of the last period, the PV panel’s power was 88.44 W, and 
its mean power during the platform’s motion was 87.78 W. 
For the maximally tilted platform, the values of the relative 
instantaneous powers of the PV panel were nearly the same. 
Hence, it could be claimed that, for this period, the rotation 
axis was ideally parallel to the direction of solar radiation 
and the trolley was perfectly levelled. The value of mean 
irradiance for this period was ca 470.9 W/m2.  
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Fig. 21. Relative increment of PV panel’s power as a function of dimensionless 
time for variant B in research on 22 February 2021, τc = 20s, series 2;  

first period

The trend of changes of the relative increment of 
instantaneous power as shown in Fig. 21 can be observed also 
by analysis of the research results shown in Fig. 24, for the first 
period of the research series carried out on 25 February 2021.

Fig. 22. Relative increment of PV panel’s power as a function of dimensionless 
time for variant B in research on 22 February 2021, τc = 20s, series 2;  

last period

Fig. 23. Change of power and irradiance for variant B in research on 
25 February 2021, τc = 20s, series 4

Fig. 24. Relative increment of PV panel’s power as a function of dimensionless 
time for variant B  in research on 25 February.2021, τc = 20s, series 4,  

first period

CONCLUSIONS

By contrast with conditions onshore, exact estimation 
of the performance of a PV system mounted on a ship is 
difficult because of the ship’s motions on the waves, as well as 
of changes in time of the geographical coordinates of the ship’s 
position in relation to the Sun. The most serious disturbance 
is the ship’s rolling, characterised by the highest amplitude 
of inclinations. That is why the range of research has been 
limited to the above case.  Detailed analysis was applied to 
two characteristic positions of the rotation axis of the PV 
panel, that is, perpendicular to the direction of solar radiation 
(variant A), and parallel to the solar radiation’s projection on 
the horizontal plane (variant B). The possible loss of electrical 
energy by the PV panels due to rolling was determined. On 
the basis of the analysis of the research results and theoretical 
considerations, the following general and detailed conclusions 
are determined. 

General conclusions: 
a) the instantaneous power generated by the PV panel changes 

periodically with a frequency equal to the frequency of the 
ship’s rolling,

b) the mean power generated by the PV panel during the 
ship’s rolling is less than the power generated by the PV 
panel in a horizontal position,

c) most of all, the mutual relation between the inclination 
angle of the PV module and the incidence angle is decisive 
for the drop of power generated by the PV panel,

d) the effect of rolling on the PV panel’s power can be 
estimated by means of the relative power increment 
generated from 1m2 of its surface area.

Detailed conclusions:
Variant A
a) in the range of changes under research, the highest power 

values were achieved by the PV panel when the platform was 
inclined in the direction of solar radiation, and the lowest 
values in the position opposite to the direction of solar 
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radiation; the reasons are the more or less advantageous 
incidence angles on the exposed surface,

b) at a small solar elevation and respectively a big ship’s tilt, 
the incidence angle can be more than 90°, as a result of 
which solar rays contact the back surface of the PV panel, 
causing a drop in its power which depends, in this position, 
only on the solar radiation dispersed and reflected from 
neighbouring objects next to the research stand,

c) changes of the relative increment of the PV panel’s power 
per 1m2 of its surface area in the dimensionless time 
function have similar shapes, regardless of the rolling 
period,

d) changes of the relative power increment of the PV panel in 
the time function can be approximated by a polynomial, 
and the best fitting was obtained  for a fourth degree 
polynomial, 

e) the rolling period does not significantly affect the increment 
of relative power,

f) in the range of parameter changes under research, the 
relative drops of power increments of the PV panel increase 
with expansion of the incidence angle on the horizontal 
surface of the PV panel. 

Variant B
a) the highest power value was generated by the PV panel in 

the horizontal position of the platform,
b) for a maximally tilted platform, the power values of the PV 

panel were slightly lower, but not always the same because 
of a probable small inclination of the rotation axis of the 
PV panel from the direction parallel to the projection of 
solar radiation, 

c) the lack of symmetry of the power values for opposite 
positions of the maximally tilted platform may be 
caused by different values of solar radiation reflected 
from neighbouring objects next to the research stand, 
by different albedo of the ground, a slight inclination in 
the position of the rotation axis of the PV panel from the 
direction of solar radiation, or a lack of perfect levelling 
of the trolley with platform.
The authors will presently elaborate the research results 

for intermediate positions of the platform’s axis relative to 
the direction of solar radiation. 
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AbstrAct

This paper proposes a three degrees of freedom parallel anti-swing method by the main and auxiliary cables to address 
the problems related to underactuated double-pendulum anti-swing for a ship-mounted jib crane. By analysing 
the dynamic coupling relationship between the swing of the hook and the payload, it seeks to establish an accurate 
dynamic model of the anti-swing device under the ship’s rolling and pitching conditions, and discusses the influence 
of ship excitation, the crane state, load posture and anti-swing parameters on the in-plane and out-of-plane swing 
angles. The analysis shows that the primary pendulum reduces the in-plane angle by 90% and the out-of-plane angle by 
80%, the in-plane angle of the secondary pendulum is reduced by 90%, and the out-of-plane angle is reduced by 80%. 
The reliability of the simulation data is verified through experiments.

Keywords: ship-mounted cranes, underactuated double-pendulum, dynamic simulation, anti-swing control

introDuction

Cranes play a crucial function in engineering construction. 
The most prevalent types of cranes are bridge cranes, 
gantry cranes, slewing jib cranes, and tower cranes [1]. 
Due to the structural properties of the slewing jib crane, it 
is extensively employed in offshore engineering activities 
for the transportation of personnel and supplies between 
offshore platforms and ships, pipeline laying, wind turbine 
installation, etc. The six degrees of freedom (i.e., roll, pitch, 
yaw, sway, surge, and heave) are triggered by external forces 
such as waves, swells, and wind in the water, which impact 
the ship [2]. The excitation is conveyed to the payload via the 
hull, the crane body, and the boom. The coupling effect of the 

ship’s excitation and the payload’s inertia causes the payload 
to oscillate significantly [3].

In engineering, reducing the swing of the payload is 
accomplished mostly by manual manipulation of the crane 
and the servo motor of the hoisting winch. The amount 
of knowledge and experience of the crane operators has 
a significant impact on the positioning performance and 
suppression of the crane’s swing. For first-order and second-
order ship excitation, maritime cranes can employ intelligent 
control methods [4-9] to decrease the swing. To modify the 
swing of the payload, the servo drive controller transmits 
the speed command and position feedback information of the 
auxiliary cables [4]. The PID controller is able to effectively 
move the trolley of the crane in a short amount of time while 
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compensating for fluctuations in the payload mass and cable 
length under various situations [5]. A parallel distributed 
fuzzy LQR controller is created by constructing a linear 
quadratic regulation sub-controller based on each linear 
subsystem. The simulation results indicate the contribution 
of the LQR controller to the bridge crane’s stability [6]. The 
control strategy proposed by Ngo combines a fuzzy sliding 
mode control approach with a Kalman filter-based MH 
roll angle prediction algorithm. In addition to simulation 
and experimentation, the efficacy of the proposed offshore 
container crane control system is validated [7]. Qian et al. 
constructed a novel approach for adaptive robust coupling 
control that simultaneously suppresses load oscillation 
and cancels out disturbances. It is rigorously proved that 
the suggested strategy can guarantee the stability of the 
entire crane system at the equilibrium point. To construct 
a dynamic model of a crane system, Kim et al. suggested 
a robust anti-sway control based on neural networks; the 
asymptotic stability of the sliding manifold is demonstrated 
by Lyapunov analysis, and simulation results show the efficacy 
and resilience of the proposed control method. Although 
these techniques may forecast and control the payload swing 
during ship excitation, they cannot remove it entirely and are 
not generally employed in engineering.

Simultaneously, the mechanical analysis of the maritime 
crane system and the precision of dynamic models are 
essential to the investigation of the anti-swing problem 
[10]. In order to assist the study of this problem through 
dynamic simulation analysis, much of the research treats the 
hook and payload as a single system. Aksjonov et al. derived 
a mathematical model of a three-dimensional crane by using 
the Euler‒Lagrange technique; a 5 degrees of freedom (5DOF) 
control technique was devised, examined and compared 
with various load masses. On the basis of dynamic analysis, 
Sun et al. construct nonlinear dynamic equations for OCC 
systems exposed to ship motion, then a two-layer sliding 
manifold is constructed to concurrently provide position 
tracking and sway control independent of ship motion and 
parameter disturbances. Huang et al. proposed a combined 
command shaping and feedback control system. The input 
shaper removes oscillations in the payload produced by 
human operator commands, while the feedback controller 
mitigates the impacts of wind. Miranda-Colorado presented 
a novel model-free robust control scheme for the attenuation 
of payload swing angles in two-dimensional crane systems 
with varying rope lengths. Jensen created the 2-DOF anti-
sway controller by deriving the suspension load dynamics 
and the pertinent kinematics of the crane; an anti-sway 
controller is added to the electro-hydraulic motion controller 
via feedforward. The payload mimics a nonlinear pendulum 
system in this manner. In actuality, a double-pendulum effect 
will occur when the mass of the payload and the hook are 
somewhat similar and there is a particular distance between 
the payload and hook. The nonlinear dynamic model of the 
double-pendulum crane is more sophisticated than that of 
the single-pendulum type, as are the degree of nonlinearity 
and underactuation of the system, the connection between 

the double-pendulum cranes, and the study on the anti-swing 
strategy. For instance, in the ship-mounted batch transfer 
hanging basket, the basket and the hook are connected by 
a long steel cable, and the swinging motion of the hanging 
basket and hook will generate a dynamic coupling connection. 
Once there is an evident swing during the transfer of the 
hanging basket, the operator can either wait for the swing 
to cease automatically or actively push and pull the hanging 
basket to prevent it from swinging. The operating efficiency 
is low, as is the degree of automation, which might lead to 
accidents and deaths of deck building workers in adverse 
sea conditions. 

The majority of the study on double-pendulum cranes 
has been on non-excited bridge cranes; current research on 
anti-swing jib crane technologies is sparse. For instance, 
Shi et al. suggested a nonlinear coupled tracking anti-swing 
controller for gantry cranes and validated the performance 
of the controller by theoretical derivation, modelling, and 
testing. Qiang et al. developed a nonlinear dynamic model 
of a double-pendulum crane and a controller based on the 
radial basis function (RBF) neural network compensated 
adaptive approach. The compensator’s ability to enhance 
the controller’s control performance is confirmed. Ren et al. 
suggested a generic model-free anti-swing strategy that does 
not need consideration of the space state equation and can 
eliminate payload swing independent of the system design.

 Although researchers have studied the plane swing of 
the double-pendulum bridge crane and other scholars have 
studied the in-plane and out-of-plane swing of the single-
pendulum marine crane under wave excitation [19], there 
is a dearth of research on the in-plane and out-of-plane 
anti-swing of the double-pendulum jib cranes under ship 
excitation. Wang et al. proposed a three-cord traction 
mechanical anti-swing device and developed its geometric and 
dynamic models; they presented how to suppress the swing of 
a single pendulum and a tension-setting method based on the 
damping principle. Therefore, the primary objective of this 
article is to develop a precise dynamic model of the in-plane 
and out-of-plane oscillation of the double pendulum under 
the coupled circumstances of wave excitation and payload 
inertia. The second aim of this paper is to suggest a parallel 
main and auxiliary cable that provides a 2DOF anti-swing 
control mechanism for traction. The primary and auxiliary 
traction cables are used to create traction on the payload to 
prevent the double pendulum from oscillating.

Regarding the arrangement of this work, the structural 
concept of a 2DOF parallel anti-swing device with main 
and auxiliary cables is first introduced. Second, a model is 
developed to describe the payload dynamics of the double-
pendulum jib crane under the influence of the ship’s rolling 
and pitching and the operation of the anti-swing mechanism. 
Matlab/Simulink is used to simulate the dynamics of this 
model in order to ease the examination of the influence of 
the anti-swing device under various operating situations, 
including crane settings. Finally, an experimental validation 
is conducted to provide credibility to the results stated in this 
study methodology.
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structure of anti-swing Device 
anD control system principle

In this proposed method, the ship-mounted 2DOF parallel 
anti-swing device is composed of a hydraulic pump station, 
a mechanical winch, and a crane control system. Additionally, 
to maximize the functional features of the crane, a small 
working space, reasonable structure, high safety and good 
cooperation is needed. As shown in Fig. 1, a marine crane anti-
swing device consists of a crane, a folding arm, and auxiliary 
cables. Additionally, there are three auxiliary cables, which 
are controlled by three hydraulic motors respectively. Two 
of these auxiliary cables are connected to the hook from the 
top pulley of the folding arm, and the other one to the hook 
through the pulley of the boom. When the auxiliary cables 
are all tensioned, the triangular connection point hinders 
the movement of the hook and indirectly controls the swing 
of the payload. The purpose of this setup is to achieve the 
desired anti-swing effect.

1-Crane body, 2-Pulley set, 3-Folding arm, 4-Crane boom, 5,6,8-Auxiliary 
cables, 7-Main cable, 9-Crane base, 10-Payload, 11-Hook, 12-6DOF platform

Fig. 1. Double-pendulum anti-swing device for ship-mounted crane

Dynamics moDel anD simulation 
analysis of anti-swing system

While the crane’s main cables are being retracted and 
released, the three auxiliary cables also move. The efficient 
functioning of the crane is ensured by the tight coordination 
between these cables. To avoid the auxiliary cable sagging and 
shaking, the force and velocity of the auxiliary cable must 
fulfil the payload system’s static equilibrium parameters. 
Otherwise, it may not only hinder the payload’s swing but 
also enhance it. In light of this issue, it is required to develop 
a precise dynamic model of the ship’s anti-swing device.

In order to assist the research of the anti-swing issue, the 
following assumptions were made:

(1) Since the auxiliary cables and main cable are composed 
of a non-retractable, flexible material, the weight of the 
cable is insignificant. 

(2) The anti-swing does not account for the rotation of the 
crane, so only the in-plane and out-of-plane angles of 
the load induced by the rotation of the crane boom are 
considered. 

(3) Because the raising and lowering of the boom has no effect 
on the anti-swing device, the angle of the boom variation 
is fixed at a constant value. 

(4) The wave excitation transmission to the payload and the 
impact of the elastic deformation of the ship, crane body, 
and boom on the excitation transmission are not taken 
into account. 

(5) The hook and the payload are considered to be two 
spherical objects with identical density and regular forms.

geometric moDel of anti-swing Device
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Fig. 2. Schematic diagram of double-pendulum anti-swing device for ship-
mounted crane

Fig. 2 shows the schematic diagram of the double-
pendulum anti-swing device for a ship-mounted crane. 
A is the suspension point, the weight of the hook M is 1m , 
the weight of the payload K is 2m , the length of the connecting 
rope in the middle is 2L , and the length of the main cable MA 
is 1L . MC, MJ, and MQ are three auxiliary cables. The boom 
luffing angle α , the out angle of the auxiliary cable β , the 
maximum roll angle of the ship xϕ , and the maximum pitch 
angle of the ship yϕ , are also given in the figure. Given the 
initial in-plane and out-of-plane angles, and that the hook and 
payload swing angles in the 1 1 1o x z−  are 1θ  and 2θ  , and in 
the 1 1 1o x y−  are 1ψ  and 2ψ  respectively, the following is 
true in the inertial coordinate system:

 [ ] [ ]
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Consequently, the lengths of the auxiliary cables MJ and 
MC are as follows:
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Kinematic moDel of the anti-swing Device

This paper explores the effect of ship roll and pitch excitation 
on the payload. Defining as ,x yR R  the hull’s rotation matrix 
about the x, y axes, their rotation matrices are [21]:

1 0 0
0 cos sin
0 sin cos

x x x

x x

R θ θ
θ θ

 
 =  

−  

 (8)

cos 0 sin
0 1 0

sin 0 cos

y y

y

y y

R
θ θ

θ θ

 −
 =  
  

 
(9)

Assume that m
n R is the rotation matrix from ( ), ,n n nx y z  

to ( ), ,m m mx y z . The transformation matrix of the payload 
with respect to the dynamic coordinate system is as follows:
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 (10)

( ), ,x y zL L L  is the position coordinate of the crane base 
relative to the coordinate system O0-x0y0z0.

Dynamic moDel of the hooK
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Fig. 3. Stress analysis diagram of hook

Fig. 3 depicts the force on the hook. 1F , 3F , 4F  is the 
pulling force of the three auxiliary cables on the hook, 2F  is 
the tension of the main cable on the hook, KF  is the pulling 
force of the payload on the hook, MG  is the hook weight, and 
the components of the tension of the three auxiliary cables 
in the x, y, and z axes are defined as follows: 
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According to Newton’s second law, the equation of motion 
for the hook along the coordinate axes x, y, and z is derived 
as follows:

1 2 1 3 4 2
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1 2 1 3 4 2 1
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 (12)

where 2x , 2y , 2z  are the acceleration of the hook in the x, 
y, z directions,
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From Equation (1), the following equations are given as 
follows:

( )
( )( )

( )
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where 1x , 1y , 1z  can be obtained from Equation (10).

Postulating that 1 3 4x x x xf F F F= − − ,
1 3 4y y y yf F F F= − + − , 1 3 4z z z zf F F F= − − and applying 

it to (12), the result is represented as:
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By eliminating 2F  from Equation (14), the results can 
be given as follows:
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Applying Equations (11) and (13) into (15) yields:
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Fig. 4. Stress analysis diagram of payload

The payload K is exposed to the combined effects of 
gravity KG  and tension KF  to generate a pendulum motion. 
According to Newton’s second law, the equation of motion 
in the x, y, and z directions is derived as follows:
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With Equation (5), the accelerations of the payload can 
be obtained as follows:
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Substituting (19) into (18) and eliminating KF  leads to:
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auxiliary cable tension control

The main cable must maintain a steady tension while 
raising the payload. If the cable becomes slack, retightening 
it will result in a sling vibration or possibly cause it to break. 
In addition, once the main cable is released, the auxiliary 
cables will bear the weight of the payload. Such circumstance 
will dramatically stress the auxiliary cables and overload 
the traction motor, causing the whole system to fall out of 
balance. Consequently, the tension set of the auxiliary cables 
must satisfy the following:
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where K is the tension coefficient and iF  (i=1,2,3) is the 
auxiliary cable tension set.

Air resistance and rope friction are responsible for the 
swing of the payload. The direction of the combined force 
will always be perpendicular to the direction of motion, which 
eventually causes the swinging of the payload to cease. Despite 
being a typical phenomenon, it is impossible to forecast when 
this process will occur. Given the above premise, a technique 
for controlling the tension of the auxiliary cables is provided 
to ensure that each auxiliary cable is capable of preventing the 
payload from swinging. The tension setting for the auxiliary 
cable must comply with the following relationship: 

1 1 1 1 1

3 3 3 3 3

4 4 4 4 4

F F F
F F F
F F F

δ δ
δ δ
δ δ

− +
 − +
 − +

≤≤

≤≤

≤≤

 (23)

where iδ  (i=1,2,3) is the threshold value for auxiliary cable 
tension.

Dynamic simulation analysis

To verify the dynamic characteristics of the model, 
combined with the laboratory crane model shown in Fig. 2, 
the system parameters are set as follows: 

11 25 , 10 , 1.7 , 0.25 , 1.7 , 0.75 , 0.32 ,OC HI HM IJ O Hm kg m kg L m L m L m L m L m= = = = = = =

11 25 , 10 , 1.7 , 0.25 , 1.7 , 0.75 , 0.32 ,OC HI HM IJ O Hm kg m kg L m L m L m L m L m= = = = = = =

2
1.2 , 1.5 , 10 , =45 0.8O A AML m L m Kα β= = = ° ° =，

. 

The simulation analysis for the in-plane and out-plane angles 
of the double pendulum may be done based on Equations 
(18), (19) and (22).

simulation analysis of Double-penDulum 
Dynamic without ship excitation

In the absence of ship excitation, the emphasis of the study 
was on the effect of the double-pendulum swing law and 
double-pendulum spacing. On the impact of the anti-swing, 
the length of the main cable and damping coefficient were 
also taken into account.

The swing law of double pendulum without anti-swing 
device

Let the weight of the double pendulum be m1=5kg, 
m2=10kg, respectively; the in-plane swing angle of the first-
level pendulum is θ1=20º, and the in-plane swing angle of the 
second-level pendulum is θ2=20º. Fig. 5 illustrates the swing 
of the double pendulum. Fig. (a) depicts the oscillogram of 
the primary-pendulum swing while the double pendulum 
is shown swinging periodically. Curve A is the swing of the 
primary pendulum without interference, and curve B is the 
swing of the primary pendulum with secondary-pendulum 
interference; the initial angle of the hook is 10°, whereas the 
maximum swing angle is close to 14°. The angle of the swing 
increases while the primary-pendulum swing is affected by 
the secondary pendulum. In Fig. (b), curve C is the swing 
of the secondary pendulum without interference, and curve 
D is the swing of the secondary pendulum with primary-
pendulum interference. The oscillogram of the secondary-
pendulum swing reveals that the angle of the payload begins 
at 20°, while the maximum value of the swing cycle is close 
to 15°. It can also be seen that as the angle of the secondary 
pendulum is being affected by the primary pendulum the 
swing angle decreases. 
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Fig. 5. Double-pendulum swing oscillogram

effects of the main cable length on the double pendulum
The length of the main cable is modelled as 1 m, 3 m, 5 m, 

7 m and 9 m respectively to examine how the length of the 
cable affects the double-pendulum swing. Fig. 6 (a) illustrates 
the swing principle on the primary-pendulum swing with the 
different cable lengths. Fig. 6 (b) shows a regular sinusoidal 
motion of the swing principle of the secondary-pendulum 
payload. Additionally, the comparison demonstrates that 
the longer the main cable, the greater the swing period of 
the double pendulum and the smaller the swing frequency. 
With the increased length of the main cable, the maximum 
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value of the secondary pendulum’s period approaches the 
original angle. The same effect, however, cannot be observed 
in the primary pendulum.
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Fig. 6. Double-pendulum swing in-plane oscillogram

influence of control cable force on in-plane swing
The coefficient lK  of the anti-swing device is modelled 

using the values 0.05, 0.1, and 0.15, which are given in Equation 
(22). Fig. 7 illustrates the impact of the control cable force on 
the in-plane swing. Fig. 7 (a) shows the in-plane angles of the 
primary pendulum, whereas Fig. 7 (b) depicts the in-plane 
angles of the secondary pendulum. The stabilization time of 
the double pendulum under distinct coefficients is 25 s, 35 s, 
and 65 s accordingly. The diagrams reveal that the stability 
time of the payload system reduced as the force increased, 
whereas the stabilization time of the double pendulum 
remained constant.
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Fig. 7. In-plane angle of double pendulum under different weights

simulation analysis of Double-penDulum 
Dynamics unDer ship excitation

effects of ship’s rolling and pitching on double pendulum
The initial in-plane and out-of-plane swing angles of the 

double pendulum are both 10°, the main cable is 1L , the 
double-pendulum swing characteristic frequency is nω  
and calculated by Equation (24), while the ship’s rolling and 
pitching excitation frequencies are 0.6 nω , 0.8 nω , nω , 1.2 nω  respectively. Fig. 8 shows the double-pendulum swing. 
Resonance occurred if the excitation frequency of the ship 
was proportional to the frequency of the anti-swing system. 
Consequently, the double pendulum swung vigorously until 
its swing amplitude surpassed the maximum amount of 30°. 

In contrast, when the simulation frequency is not proportional 
to the ship's rolling frequency, the swing amplitude of the 
payload tends to increase and then subsequently decrease.

The characteristic frequency of the anti-swing device is:

1 / 2 /n l gω π=  (24)
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effects of ship excitation on the anti-swing device
Table 1 displays the ship motion parameters under different 

sea states as the ship is subjected to the coupled effect of 
rolling and pitching.
Tab. 1. Ship motion parameters under different sea states

International 
sea scale

Rolling 
amplitude 

(deg)

Pitching 
amplitude 

(deg)

Rolling 
period 

(s)

Pitching 
period 

(s)

4 sea state 5 1 14.8 6

5 sea state 9 2 14.8 6

6 sea state 13 3 14.8 6

The traction coefficient of the auxiliary cables is assumed to 
be 0.05, and the initial in-plane and out-of-plane swing angles 
are both 10°. The suppressing impact of the double-pendulum 
anti-swing device under distinct sea conditions is shown in 
Fig. 9. Under the influence of the double-pendulum anti-swing 
device, the in-plane and out-of-plane angles of the double 
pendulum are rapidly and considerably attenuated. Fig. (a) 
represents the in-plane angle swing curve of the primary 
pendulums, in which it can be observed that the angle is 
reduced from 10° to around 1°, or by 90%. Fig. (b) depicts the 
out-of-plane angle swing curve, where the angle is reduced by 
80% from 10° to around 2°. Fig. (c) demonstrates the in-plane 
angle swing curve of the secondary pendulums, in which 
the angle is reduced by 90% from 10° to about 1°. The angle 
depicted on the out-of-plane angle swing curve in Fig. (d) is 
decreased by 80%, from 10° to around 2°. From the swing 
curves of the in-plane and out-of-plane angles of the double 
pendulum, it can be determined that the double-pendulum 
anti-swing technique presented in this paper has a greater 
effect on the in-plane swing than the out-of-plane swing for 
the double pendulum, and that the worse the sea conditions 
are, the less effective the swing suppression effect.
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Fig. 9. Double-pendulum swing oscillogram

test comparison anD verification

To validate the dynamic model and simulation, an anti-
swing test platform based on the double-pendulum anti-swing 
device for ship-mounted jib cranes, as illustrated in Fig. 10, 
is constructed. The platform testing data parameters were 

1 20m kg= and 2 20m kg= . The length of the main cable 
is 1 m, while the length of the connecting cable between the 
two pendulums is 0.5 m. Furthermore, the initial swing angles 
of the double pendulum in-plane and out-of-plane were both 
modelled at a 10° angle, and data samples are acquired every 
0.03s throughout each swing.

1 - Crane body, 2 - Pulley set, 3 - Folding arm, 4 - Crane boom, 5,6 -Auxiliary 
cables, 7 - Main cable, 8 - Primary pendulum, 9 - Secondary pendulum, 

10 - 6DOF platform

Fig. 10. Experimental setup of payload system

Double-penDulum swing 
experiment without excitation 

anD anti-swing Device
Fig. 11 depicts the comparison and validation of the 

dynamic simulation and the experimental value of the 
in-plane and out-of-plane swing. Fig. 11 (a) represents the 
in-plane swing curve of the primary pendulum, Fig. 11 (b) 
shows the in-plane swing curve of the secondary pendulum, 
Fig. 11 (c) indicates the out-of-plane swing curve of the 
primary pendulum, and Fig. 11 (d) reflects the out-of-plane 
swing curve of the secondary pendulum. The comparative 
study reveals that the theoretical calculation value is 
compatible with the experimental value, even under varying 
circumstances. The data demonstrate that the dynamic model 
of the double-pendulum anti-swing device for ship-mounted 
jib cranes presented in this paper is accurate. While a high-
frequency camera was utilized to capture the swing angles 
of the double pendulum during the test, there is a degree 
of discrepancy between the acquired data values and the 
theoretical values. The mistake is particularly noticeable 
during image acquisition and processing.
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Fig. 11. Double-pendulum swing simulation and experimental comparison

Double-penDulum anti-swing experiment 
unDer excitation conDition

The coefficient of traction of the auxiliary cables is assumed 
to be 0.5, and a six- degrees-of-freedom platform simulates the 
sea state of level 5. Fig. 12 compares the dynamic simulation 
and the experimental data for the in-plane and out-of-plane 
swings of the double pendulum. The results of the simulation 
were identical to the experimental data, demonstrating the 
validity of the present dynamic simulation model. Under 



POLISH MARITIME RESEARCH, No 4/2022 153

the influence of the double-pendulum anti-swing device, the 
swing diminished gradually. The decay period is around 4s, 
while there is a continuous swinging. There is still a periodic 
2° angle swing despite the fact that the angle of swing has been 
significantly decreased. This demonstrates that the periodic 
movement of the sea influences the motion principle of the 
double pendulum after equilibrium. The in-plane swing angle 
of the double pendulum is less than the out-of-plane swing 
angle after the pendulum has attained equilibrium. This 
suggests that the double pendulum’s anti-swing device is more 
effective on the in-plane swing than the out-of-plane swing.
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Fig. 12. Double-pendulum anti-swing simulation and experimental 
comparison

conclusion

The purpose of this paper is to offer a model consisting of 
a parallel 2DOF anti-swing control approach for underactuated 
double-pendulum maritime jib cranes that reduces swing. 
The device’s anti-swing mechanism is investigated, and 
a precise dynamic model of the double pendulum is given. 
The impacts of ship excitation, the main cable length, second-
level pendulum spacing, and auxiliary cable tension on the 
double-pendulum angle were investigated in detail, and 
the simulation findings were ultimately verified by the data 
analysis. Through theoretical research and experimental 
validation, the following are the main findings of this paper: 
(1) Under the impact of ship excitation, the swings of the 

double-pendulum payload interact, causing the swing 
of the first-level pendulum to grow and the swing of 
the second-level pendulum to decrease. The interaction 
between the two pendulums becomes increasingly 
apparent as the distance between them decreases. 

(2) The dynamic study indicates that raising the tension of the 
auxiliary cable may improve the suppression impact of 
the anti-swing device on the double-pendulum payload’s 
oscillation. The primary pendulum decreases the in-plane 
angle by 90% and the out-of-plane angle by 80%. The 
in-plane angle of the secondary pendulum is decreased 
by 90%, while the out-of-plane angle is reduced by 80%, 
so the pendulum reduction effect is discernible.

(3) The validity of the simulation model and the findings 
of the dynamics model are validated by comparing and 
evaluating the experimental and simulation data. 

Due to the paucity of research on modelling and finding 
solutions for double-pendulum anti-swing maritime jib 
cranes, this paper’s accurate dynamic model and experimental 
methodologies are of great use. In addition, the data and 
modelling reported in this research may offer more insights 
for the development of solutions and new modelling concepts 
applicable to different types of cranes, comparable to the 
studies on pendulum reduction.

acKnowleDgments

This paper was funded by the National Key Research 
and Development Program of China (2018YFC0309003), 
supported by LiaoNing Revitalization Talents Program 
(XLYC2008018).

Disclosure statement

There were no possible conflicts of interest revealed by 
the authors.

references

1. E. M. Abdel-Rahman, A. H. Nayfeh, Z. N. Masoud, 
“Dynamics and control of cranes: A review,” Journal of 
Vibration and Control, vol. 9, no. (7), pp. 863‒908, 2003, 
doi:10.1177/1077546303009007007.

2. Chuanzhi Zhu, Guoping Miu, Theory of ships motion on 
waves. Shanghai: Shanghai Jiaotong University Press, 2019.

3. Shenghai Wang, Zhaopeng Ren, Guoliang Jin, Haiquan 
Chen, “Modeling and Analysis of Offshore Crane Retrofitted 
with Cable-Driven Inverted Tetrahedron Mechanism,” 
IEEE Access, vol. 9, pp. 86132‒86143, 2021, doi:

4. 10.1109/ACCESS.2021.3063792.

5. W. Z. Schulz, M. Musatow, C. Jiang, et al., Skin-to-skin 
replenishment. Proceedings of the ASNE Symposium on 
Expeditionary Force Projection, 2008.

6. M. I. Solihin, A. Legowo, R. Akmeliawati, et al., Robust 
PID anti-swing control of automatic gantry crane based 
on Kharitonov’s stability. In: 2009 4th IEEE Conference on 



POLISH MARITIME RESEARCH, No 4/2022154

Industrial Electronics and Applications. IEEE, pp. 275–280, 
2009.

7. M. Adeli, H. Zarabadipour, S. H. Zarabadi, M. A. 
Shoorehdeli, Anti-swing control for a double-pendulum-
type overhead crane via parallel distributed fuzzy LQR 
controller combined with genetic fuzzy rule set selection. 
In: 2011 IEEE International Conference on Control System, 
Computing and Engineering. IEEE, pp. 306–311, 2011.

8. Q. H. Ngo, N. P. Nguyen, C. N. Nguyen, T. H. Tran, Q. P. 
Ha, “Fuzzy sliding mode control of an offshore container 
crane,” Ocean Eng., vol. 140, pp. 125–134, 2017, doi: 
10.1016/j.oceaneng.2017.05.019.

9. Y. Qian, Y. Fang, B. Lu, “Adaptive robust tracking control 
for an offshore ship-mounted crane subject to unmatched 
sea wave disturbances,” Mech. Syst. Signal Process., vol. 
114, pp. 556–570, 2018, doi:10.1016/j.ymssp.2018.05.009.

10. G.-H. Kim, P.-T. Pham, Q. H. Ngo, Q. C. Nguyen, “Neural 
network-based robust anti-sway control of an industrial 
crane subjected to hoisting dynamics and uncertain 
hydrodynamic forces,” Int. J. Control Autom. Syst., vol. 
19, pp. 1953‒1961, 2021, doi:10.1007/s12555-020-0333-9.

11. R. Buczkowski and B. Żyliński, “Finite element fatigue 
analysis of unsupported crane,” Polish Marit. Res., vol. 28, 
no. 1, 2021, doi: 10.2478/pomr-2021-0012.

12. A. Aksjonov, V. Vodovozov, and E. Pellenkov, “Three-
dimensional crane modelling and control using Euler-
Lagrange state-space approach and anti-swing fuzzy logic,” 
Electr., Control Commun. Eng., vol. 9, no. 1, pp. 5‒13, Dec. 
2015, doi: 10.1515/ecce-2015-0006.

13. Y. G. Sun, H. Y. Qiang, J. Q. Xu, and D. S. Dong, “The 
nonlinear dynamics and anti-sway tracking control for 
offshore container crane on a mobile harbor,” J. Mar. Sci. 
Technol. - Taiwan, Process., vol. 25, no. 6, pp. 656‒665, 2017, 
doi:10.6119/JMST-017-1226-05.

14. J. Huang, E. Maleki, W. Singhose, “Dynamics and 
swing control of mobile boom cranes subject to wind 
disturbances,” IET Control Theory and Applications, vol. 
7, no. 9, pp. 1187‒1195, 2013, doi:10.1049/iet-cta.2012.0957.

15. R. Miranda-Colorado, “Robust observer-based anti-
swing control of 2D-crane systems with load hoisting-
lowering,” Nonlinear Dynamics, vol. 104, no. 4, pp.1‒16r, 
2021, doi:10.1007/s11071-021-06443-x.

16. K. J. Jensen, M. K. Ebbesen, M. R. Hansen, “Anti-swing 
control of a hydraulic loader crane with a hanging load,” 
Mechatronics, vol. 77, 2021, doi: 10.1016/j.mechatronics. 
2021. 102599.

17. H. T. Shi, J. Q. Huang, X. Bai, X. Huang, J. Sun, “Nonlinear 
Anti-swing Control of Underactuated Tower Crane Based 
on Improved Energy Function,” Int. J. Control Autom. Syst., 
vol. 19, pp. 3967‒3982, 2021, doi:10.1007/s12555-020-0292-1.

18. H. Y. Qiang, Y. G. Sun, J. C. Lyu, D. S. Dong, “Anti-Sway 
and Positioning Adaptive Control of a Double-Pendulum 
Effect Crane System with Neural Network Compensation,” 
Front. Robot. AI, vol. 8, 2021, doi:10.3389/frobt.2021.639734.

19. Zhengru Ren, A. S. Verma, B. Ataei, K. H. Halse, H. P. 
Hildre, “Model-free anti-swing control of complex-shaped 
payload with offshore floating cranes and a large number 
of lift wires,” Ocean Engineering, vol. 228, pp. 1‒13, 2021, 
doi:10.1016/j.oceaneng.2021.108868.

20. Haiquan Chen, Guoliang Jin, Yang Ji, Anqi Niu, Shenghai 
Wang, Yuqing Sun, “Simulation and experimental research 
on constant tension control of traction cable-type anti-
swing device for ship-mounted cranes,” Shipbuilding of 
China, vol. 62, no. 2, pp. 211‒223, 2021.

21. Shenghai Wang, Junjie Wu, Haiquan Chen, Yang Ji, Yuqing 
Sun, “Dynamic analysis and experiment of the mechanical 
anti-swing device for ship-mounted cranes,” Journal of 
Harbin Engineering University, vol. 40, no. 11, pp. 1858-
1864, 2019.

22. J. Ginsberg, Engineering Dynamics. New York, NY, USA: 
Cambridge Univ. Press, pp. 99‒157, 2008.

23. L. J. Love, J. F. Jansen, F. G. Pin, Compensation of Wave-
Induced Motion and Force Phenomena for Ship-Based High 
Performance Robotic and Human Amplifying Systems, 
UNT Digital Laboratory, 2003, doi:10.2172/885873.

contact with the authors

wang jianli 
e-mail: wangjianli_bohai@126.com

College of Marine Engineering
Dalian Maritime University

Dalian, 116026
china

http://link.springer.com/article/10.1007/s11071-021-06443-x
http://link.springer.com/article/10.1007/s11071-021-06443-x
http://link.springer.com/article/10.1007/s11071-021-06443-x
https://xueshu.baidu.com/s?wd=author%3A%28KJ Jensen%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28MK Ebbesen%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28MR Hansen%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://www.sciencedirect.com/science/article/pii/S0957415821000830
http://www.sciencedirect.com/science/article/pii/S0957415821000830
https://xueshu.baidu.com/s?wd=author%3A%28HT Shi%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28JQ Huang%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28X Bai%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28X Huang%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28J Sun%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://link.springer.com/article/10.1007/s12555-020-0292-1
http://link.springer.com/article/10.1007/s12555-020-0292-1
http://link.springer.com/article/10.1007/s12555-020-0292-1
https://xueshu.baidu.com/s?wd=author%3A%28HY Qiang%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28JC Lyu%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
https://xueshu.baidu.com/s?wd=author%3A%28DS Dong%29 &tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://www.researchgate.net/publication/350971349_Anti-Sway_and_Positioning_Adaptive_Control_of_a_Double-Pendulum_Effect_Crane_System_With_Neural_Network_Compensation
http://www.researchgate.net/publication/350971349_Anti-Sway_and_Positioning_Adaptive_Control_of_a_Double-Pendulum_Effect_Crane_System_With_Neural_Network_Compensation
http://www.researchgate.net/publication/350971349_Anti-Sway_and_Positioning_Adaptive_Control_of_a_Double-Pendulum_Effect_Crane_System_With_Neural_Network_Compensation
https://orcid.org/0000-0003-1433-3722


POLISH MARITIME RESEARCH, No 4/2022 155

POLISH MARITIME RESEARCH 4 (116) 2022 Vol. 29; pp. 155-161
10.2478/pomr-2022-0053

A TRIBOELECTRIC NANOGENERATOR BASED ON  
A PENDULUM-PLATE WAVE ENERGY CONVERTER

Shenglin Zhu 
Shaohui Yang*
Hui Li
Yan Huang
Zhichang Du
Jianyu Fan
Zhonghua Lin
College of Mechanical and Energy Engineering, Jimei University, Xiamen, China
Key Laboratory of Ocean Renewable Energy Equipment of Fujian Province, Xiamen, China
Key Laboratory of Energy Cleaning Utilization and Development of Fujian Province, Xiamen, China

* Corresponding author: 13163996278g@163.com (S. Yang)

AbstrAct

Ocean waves are a promising source of renewable energy, but harvesting this irregular low-frequency energy is 
challenging due to technological limitations. In this paper, a pendulum plate-based triboelectric nanogenerator 
(PP-TENG) is proposed. The PP-TENG absorbs wave energy through the pendulum plate installed at the bottom of the 
device, which generates a swing effect. This drives the motion of the upper TENG power generation unit and generates 
a charge transfer on the surface of a film of polymer PTFE and nylon, materials which are very sensitive to the low-
frequency wave environment. The PP-TENG was tested after building a semi-physical simulation test platform. When 
the polymer materials were PTFE with a thickness of 0.01 mm and nylon with a thickness of 0.02 mm, 33 commercial 
LED lamps could be lit simultaneously. Moreover, under short-circuit conditions, the current reached 2.45 μA, and 
under open-circuit conditions, the voltage reached 212 V. When the PP-TENG was connected in series with a resistor 
with a resistance of 3 x 105 Ω, its maximum peak power density reached 6.74 mW/m2. It can be concluded that the 
PP-TENG is characterised by low fabrication costs and excellent energy conversion efficiency. The combination of 
a pendulum wave energy converter with a TENG shows great output performance. This research lays a solid foundation 
for practical applications of the proposed structure in the future.

Keywords: TENG; wave energy; computer simulation; semi-physical simulation

INTRODUCTION

As the global energy supply becomes increasingly limited, 
reserves of traditional fuel, natural gas, coal, and other non-
renewable energy sources are declining [1]. Issues related 
to energy supply can directly affect the future of human 
development, as production capacities and life itself are 
inseparable from the energy supply. Since traditional sources 
of energy will be exhausted sooner or later, and as these 
cause serious environmental pollution and climate change, 
it is necessary to find pollution-free sources of renewable 

energy [2]. The many forms of renewable energy include 
hydropower stations, wind energy (onshore/offshore), solar 
energy, material energy, geothermal, and tide and wave energy 
[3]. Of these, wave energy has the particular advantages of 
safety, lack of pollution, renewability, large reserves, and a wide 
distribution, and has therefore become a focus of attention in 
many countries [4]. Wave energy is a directly usable resource, 
with generation of approximately 32,000 TWh/year worldwide 
[5]. Scholars have recognised the immense energy contained 
in ocean waves, and have begun to work on developing and 
utilising this energy.

https://orcid.org/0000-0001-7904-6332
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In the early days, researchers focused on electromagnetic wave 
energy generators (EMGs). Lai conducted simulation experiments 
on the energy output of the oscillating float-type wave energy 
converter [6][7]. However, due to their bulky structure, EMGs 
have some natural drawbacks and are unsuitable for energy 
supply in small electronic equipment at sea [8]. A triboelectric 
nanogenerator (TENG) was proposed, and it was found that its 
power density was higher than that of EMGs (up to 3200 Wm-2) 
[9], the weight and production costs of the device were lower, 
and its low-frequency operation ability was better [10]. Moreover, 
a traditional EMG requires flotation devices (such as floats) due 
to its relatively large weight, while a TENG can easily float due 
to its smaller mass [11].

Wang invented the original version of the TENG, based on 
organic materials, in 2012 [12]. Its working principle was based 
on the coupling of triboelectric and electrostatic induction effects. 
A TENG was applied to the collection of wave energy for the first 
time in 2014 [10], and a significant amount of work has been done 
since then to improve the output efficiency of the TENG and to 
develop commercial applications for this technology. A variety of 
TENGs with improved power generation performance that can 
harvest ocean wave energy have also been designed, such as the 
spherical-shell structure [12], the wavy structure [13], the spring-
assisted structure [14], the bionic structure [15], and the liquid-
solid contact TENG [16]. Previous structural studies of EMGs 
found that pendulum structures have significant advantages in 
terms of absorbing wave energy [17]. In addition, Liang designed 
a spherical TENG structure based on wave energy [18], and 
realized the driving application of digital thermometer and 
water level detection. Zhang proposed a multi-gating structure 
of TENG, its power density can reach 4.2 mW/m2 at a wave 
frequency of 0.5 Hz [19]. In the recent research progress of ocean 
wave energy collection TENG summarized by Huang, it can be 
seen that many structures have been verified to be feasible [20]. 
Some teams have tried to commercialise EMGs with this structure, 
and have achieved very good results [21]. Pendulum wave power 
generation exploits the interaction between a pendulum plate and 
a wave: the wave swings the pendulum plate around an axis, and 
its energy is converted into mechanical energy about the axis, 

which is used to drive a power generation device connected to 
the axis to generate electricity.

Existing studies have shown that the buoyant pendulum 
structure has extremely good efficiency for high-energy wave 
capture in shallow waters [22]. In areas with a wave period of 
1.11 s and a wave energy density of 0.99 W/m, the efficiency 
of energy capture can reach 128% [23]. Based on the excellent 
wave energy conversion efficiency of pendulum wave energy 
collection device combined with TENG. The structure will 
play a huge role in offshore stationary wave energy harvesting 
devices, a structure called a PP-TENG is proposed in this paper, 
and a semi-physical simulation analysis is carried out.

STRUCTURE AND PRINCIPLE OF 
OPERATION OF PP-TENG

In this study, a simple TENG based on a pendulum-type 
structure is presented. The motion of the PP-TENG over a single 
wave cycle is shown in Fig. 2. The pendulum plate swings around 
the pendulum axis, and the TENG module is connected to the 
pendulum axis via hinges. The rotor acts as a motion unit, and 
is connected to the pendulum axis via hinges. The stator module 
is in a stationary state relative to the pendulum axis, while the 
rotor swings around the axis, thus forming a contact-sliding 
TENG structure between the rotor and the stator.

Fig. 2. Motion of the PP-TENG over a single wave cycle

Fig. 1 Power generation systems using (a) a buoyancy pendulum [13] and (b) an EMG buoyancy pendulum [14]
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The PP-TENG was designed to combine the advantages of 
a TENG with a pendulum wave energy power generation device. 
Its structure is shown in Fig. 3. A semi-physical simulation 
platform was built to simulate the influence of the swing and 
the initial charge density on the output performance of the 
PP-TENG and to evaluate its output performance.

Fig. 3. (a) Schematic diagram showing the structure of the PP-TENG, (b) stator 
section, (c) rotor section, (d) connecting rod section, and (e) swinging board

The TENG theory has four modes: the vertical contact-
separation mode, contact-sliding mode, single-electrode mode, 
and freestanding triboelectric-layer mode [24]. The PP-TENG 
is based on the contact-sliding mode. As shown in Fig. 4, two 
polymer materials overlap at the starting position and are in close 
contact with each other. Since polymer materials with different 
electronic capabilities are employed, triboelectric electrification 
causes them to have positive and negative charges on their 
surfaces. As shown in Fig. 4, when the positively charged upper 
plate starts to move, the contact area between the two plates 
decreases, separating the plane charges and hence increasing the 
potential of the upper plate. Driven by the potential difference, 
electrons will flow from the upper electrode to the lower to offset 
the potential difference generated by the triboelectric charge, 
thus forming a closed loop in a single motion cycle.

Fig. 4. Principle of operation of a TENG based on the contact-sliding mode: 
(a-d) TENG near short-circuit conditions after a complete motion cycle

SIMULATION OF THE ELECTRIC 
POTENTIAL FIELD 

A  simplified model of the PP-TENG was built using 
COMSOL Multiphysics to enable finite element calculations to 
be performed under open-circuit and short-circuit conditions. 
The effects of the swing variable θ on the open-circuit voltage 

output of the PP-TENG and the initial surface charge density 
on the transferred charge of the PP-TENG were visually 
demonstrated. This software is based on Maxwell’s current 
displacement equation and the principle of electrostatic 
induction, and can be used to solve for the electric potential 
on the surface of the TENG polymer material throughout the 
motion cycle and the charge transfer on the surface.

Tab. 1. Basic parameters of the simulation model

Parameter Length 
(mm)

Width 
(mm)

Thickness 
(mm)

Dielectric 
constant

Value 120 100 0.1 2.2

As shown in Table 1, the thicknesses of the electrode and 
polymer material are 0.1 mm, the length and width are 12 cm 
and 10 cm, and the polymer dielectric coefficient is set to 2.2. The 
initial charges are attached to the polymer surface to create an 
increase in the open circuit voltage of the PP-TENG, which differs 
for varying initial charges. The transferred charge at the electrode 
also changes to some extent under short-circuit conditions.

Fig. 5. (a) Simplified electric field model of the PP-TENG, (b) electrode surface 
potential distribution when the swing amplitude of the rotor is 45° (XY plane view), 

(c) electrode surface potential distribution when the swing angle of the rotor 
is 10° (XY plane view), (d) VOC-θ curve under open-circuit conditions with 
different initial surface charge densities, and (e) curves showing the surface

 charge density versus swing angle θ under short-circuit conditions with different 
initial surface charge densities

As shown in Fig. 5, the PP-TENG achieves a peak open-
circuit voltage when the pendulum plate swing is approximately 
45° while maintaining the surface charge density of the polymer 
material. The peak open-circuit voltage value gradually increases 
with the surface charge density. Figs. 5(b) and (c) show the 
potential distribution of the rotor in two different swing states. 
From Fig. 5(e), it can be seen that the surface transfer charge 
of the PP-TENG also peaks at a swing angle of the plate of 
around 45° under short-circuit conditions. This trend becomes 
more pronounced with an increase in the initial surface charge 
density. A semi-physical simulation test platform was built based 
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of movement. Lastly, the pendulum plate of the linear motor and 
the guide rod were connected via a living hinge. 

The amplitude and frequency of swing of the plate were 
controlled by adjusting the feed speed and stroke of the linear 
motor, respectively. The feed speed of the motor was set to 
60 rpm, and the swings of the plate was set to 15°, 30°, 45°, 
and 60°. The voltage under open-circuit conditions and the 
current under short-circuit conditions were measured for each 
group, and the surface of the polymer material of the DC high-
voltage power supply for the PP-TENG was then pre-charged. 
Four control group experiments were carried out at zero, 5, 
10, and 15 min. After obtaining the output performance of 
PP-TENG under open-circuit and short-circuit conditions, 
its output voltage, current, and power density were recorded 
under different loads to further verify its performance in 
practical applications. The PP-TENG was first used to light 33 
commercial LED bulbs; it was then connected in series with 
loads characterised by different resistance values, and the output 
power was measured.

EXPERIMENTAL RESULTS AND 
DISCUSSION

The open-circuit voltage and the changes in the surface 
transfer charge with the swing amplitude under short-circuit 
conditions were obtained via a finite element simulation of the 
electrostatic field using COMSOL. A semi-physical simulation 
experimental platform was established, and experimental 
control groups were set up on this platform to further verify 
the simulation results. As shown in Fig. 7(a), the actual results 
from the operation of the PP-TENG show that the output 
voltage under open-circuit conditions has the highest value 
when the swing angle is 45°. At this point, the current peak 
value for the short-circuit condition reaches 2.45 μA, as shown 
in Fig. 7(b). 

Our results show that the short-circuit current and open-
circuit voltage output from the PP-TENG increase with the 
swing angle to reach a peak at 45°, and then undergo a gradual 
decrease. These experimental results agree with the output of 
the simulation, although the open-circuit voltage from the 
actual operation was slightly lower than the simulated result. 
The surface of the polymer material was pre-charged using 
a high-voltage DC power supply according to the conditions set 
in the previous simulation experiments (as shown in Fig. 7(c)). 
Thus, multiple experimental groups were set in the pre-charge 
period. As shown in Fig. 7(d), the amount of charge transferred 
from the surface is proportional to the amplitude of oscillation 
of the pendulum plate within a certain range. When the swing 
angle of the pendulum plate reaches 45°, the amount of charge 
transferred reaches a peak, and as the swing angle increases 
further, the charge transferred from the surface decreases. This 
trend becomes more pronounced when the initial charge on the 
polymer surface is increased. However, the growth rate slows 
after 10 min of charging due to the charge spillover effect, which 
is caused by the limited number of charge-carrying materials 
in the material.

on the finite element simulation results for the electrostatic field 
to test the effects of external factors on the output performance 
of the PP-TENG.

EXPERIMENTAL METHODS AND 
INSTRUMENTS

DEVICE FABRICATION AND ASSEMBLY

The body of the PP-TENG consists of an external support 
frame, a pendulum plate, a connecting rod, and a pendulum 
shaft. The electrodes are attached to a substrate made of acrylic 
with a thickness of 4 mm and a length and width of 12 cm and 
10 cm, respectively. The stator and rotor are made of 3D printed 
parts consisting of resin, and there are 10 x 12 cm slots on the 
stator and rotor that are used to fix the substrate. The pendulum 
plate is made of a 15 x 10 cm acrylic plate with a thickness of 
10 mm. The plate is connected to the rotor via a connecting rod 
with a length of 10 cm and is installed on the guide rail of the 
linear motor through a living hinge. The power source is a 24 V 
linear reciprocating motor, and the external fixed frame is made 
of 30 x 70 cm aluminium profiles. As previously reported, the 
output voltage reaches its maximum value when the maximum 
displacement between two triboelectric materials is 10 times the 
thickness of the material [25]. Hence, PTFE with a thickness of 
0.01 mm and nylon with a thickness of 0.02 mm were selected 
for the polymer materials. Finally, copper foil with a thickness 
of 0.05 mm was selected for the electrode. After the platform 
had been built, a Keithley 6514 electrometer was used as the 
measuring instrument.

Fig. 6. Semi-physical simulation test platform for the PP-TENG

EXPERIMENTAL PROCEDURE

A 3D printer was used to create the stator and rotor models. 
An acrylic plate was employed as the base plate, with copper 
electrodes pasted on it, and the nylon and PTFE were attached to 
the surfaces of the electrodes. The substrate was placed in the pre-
prepared groove on the model to form the power generation unit 
of PP-TENG. The pendulum plate and the rotor were connected 
via a connecting rod with a length of 13 cm to ensure consistency 
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Fig. 7. (a) Magnitude of the output open-circuit voltage at different swing angles, 
(b) output short-circuit current for a swing angle of 45°, (c) the high-voltage DC 
power supply, and (d) surface transfer charges in the charged and uncharged states

Similar results were obtained from the computer simulations 
in which the PP-TENG was tested under open-circuit and 
short-circuit conditions, indicating that the PP-TENG structure 
has sufficient performance for practical applications. When 
the swing was 45°, the open-circuit voltage output from the 
PPTENG reached a peak value of 212 V, and the short-circuit 
current reached a peak value of 2.45 μA. When the polymer 
surface was charged with a high-voltage DC power supply, the 
surface transfer charge reached a maximum when the swing of 
PP-TENG was roughly 45°, as shown in Fig. 7(d). The surface 
transfer charge increased most rapidly at approximately 10 min, 
unlike in the simulation results. In view of the spillover effect 
of polymer charges during the experiment, the result obtained 
here is in line with expectations. 

The PP-TENG was then connected in series to 33 LED bulbs 
to investigate its performance for practical applications, as 
shown in Fig. 8(a). It was observed that all 33 LEDs showed 
stable operation. Next, an external load circuit was built as 
illustrated in Fig. 8(b). Seven sets of test experiments with 
different external loads were set up. Based on the results, it 
could be concluded that the output voltage of the PP-TENG was 
positively correlated with the external load resistance within 
a certain range, while its output current was negatively related 
to the external load resistance, as shown in Fig. 8(c). The load 
that enabled the PP-TENG to generate the maximum output 
power under these experimental conditions was obtained by 
calculating the power of the PP-TENG, as shown in Fig. 8(d). 
It was found that under these preset experimental conditions, 
the load that could maximise the output power density of the 
PP-TENG was approximately 3 x 105 Ω. When the external 
load was less than this, the output power density of PP-TENG 
increased with the external load resistance, whereas when the 
external load exceeded 3 x 105 Ω, the output power density 
of PP-TENG increased as the load decreased. The load that 
maximised the output power density of the PP-TENG was 

obtained under these conditions, and can provide a reference 
environment for the practical application of the PP-TENG.

Fig. 8. (a) PP-TENG external load test circuit, (b) load resistance group, 
(c) the current flowing through different loads and the voltage changes at both 

ends, and (d) different power densities of PP-TENG under various loads

When the best matched load had been determined, multiple 
groups of controlled experiments were conducted at different 
swing frequencies under this load, and the results are shown 
in Fig. 9.

Fig. 9. Influence of swing frequency on the output power density 
of the PP-TENG for the best-matched load circuit

It was found that in the experimental environment of the 
physical simulation test bench, when the external resistance 
was best matched, the maximum peak power density could 
be obtained for an oscillation frequency of 0.42 Hz. Since this 
frequency is converted by the speed of the linear motor, there 
may be some deviation in the result. These conclusions were 
verified through a wave-making flume experiment.

CONCLUSIONS

In this study, we have presented a TENG based on a pendulum 
plate that absorbs wave forces in contact-sliding mode. This 
structure has low cost, high efficiency, and excellent electrical 
output performance. The rotor swing and the initial charge 
density effect of the open-circuit voltage VOC for open-circuit 
conditions were obtained based on the results of a finite element 
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calculation and COMSOL electrostatic field simulations. A semi-
physical experimental simulation platform was established to 
simulate the swing angle and initial charge density and to allow 
us to experimentally evaluate the effect of external factors on the 
output performance of the PP-TENG. The results indicate that 
the PP-TENG almost reached the rated output at a swing angle 
of 45° with a power density of 6.74 mW/m2. The PP-TENG also 
demonstrated adaptability to different surface charge densities, 
and was used to light up 33 LED bulbs simultaneously. The 
exchange charge density of the triboelectric materials used here, 
arising from the triboelectric charge exchange, was obtained as 
4.73 μC. In this research, we considered only a semi-physical 
simulation experiment for the structure of the PP-TENG, which 
may show some differences from the actual performance in 
a wave environment. In future work, the output performance 
of the PP-TENG will be further studied using a wave-making 
flume, and will finally be put into operation in a sea test. 
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