
 
 
 

Journal of Advanced Marine Engineering and Technology, Vol. 50, No. 2, pp. 118~128, 2026 ISSN 2234-7925 (Print) 
J. Advanced Marine Engineering and Technology (JAMET) ISSN 2765-4796 (Online) 
https://doi.org/10.5916/jamet.2026.50.2.118 Original Paper 

 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0), which permits unrestricted 
non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 
 

Copyright ⓒ The Korean Society of Marine Engineering 
 
 

 

 

Torsional vibration characteristics and design optimization of  

a PTO/PTI-based hybrid propulsion system in a wind-assisted ship 

 

Chang-Hyeon Bae1ㆍ Ji-Min Lee2ㆍ Mi-So Bae3ㆍ Yang-Gon Kim† 

(Received March 22, 2026； Revised March 26, 2026；Accepted March 30, 2026) 
 

 

Abstract: In this study, the torsional vibration characteristics of power take-off (PTO)- and power take-in (PTI)-based hybrid propul-

sion shafting systems were applied to a ship with a wind-assisted propulsion system. Hybrid systems are increasingly being adopted in 

response to the stringent International Maritime Organization (IMO) greenhouse gas (GHG) regulations. However, integrating multiple 

power sources complicates shafting structures, necessitating a precise quantitative evaluation of vibration characteristics. In this study, 

a transfer matrix-based torsional vibration analysis model was established for a propulsion shafting system consisting of a diesel engine, 

PTO and PTI shaft generators, a two-stage reduction gear, an elastic coupling, and a propeller. The effect of wind-assisted propulsion 

was considered as a reduction in the equivalent propulsion load, and the torsional responses under engine-only, electric propulsion, and 

hybrid operating conditions were compared. In addition, a strain-gauge-based telemetry measurement system was installed on a full-

scale ship to validate the analytical results. The results showed that the dominant harmonic orders of the propeller shaft torsional stress, 

namely the third and sixth orders, were consistent between the analysis and measurement, confirming the validity of the model. The 

measured stresses were approximately 20% those of the analytical results, indicating a conservative model. Under hybrid operation, 

higher responses were observed in the engine crankshaft, whereas the other components remained within allowable limits. This study 

verified the reliability of torsional vibration analysis for PTO- and PTI-based hybrid propulsion shafting systems through full-scale 

validation. 
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Nomenclature 

IACS  : International Association Classification Society 

DWT  : Dead Weight Tonnage 

GHG  : Green House Gas 

IMO  : International Maritime Organization 

MCR  : Maximum Continuous Rating  

M.O.I.  : Moment of Inertia (kgm2) 

PTO : Power Take Off 

PTI  : Power Take In 

J : Mass moment of inertia 

L : Left side of the mass moment of inertia  

l : Length of connecting rod (mm) 

Mg(θ) : Crank rotational moment due to gas pressure (Nm) 

Mr(θ) : Crank rotational moment due to reciprocating  

mass (Nm) 

mrev : Reciprocating mass (N) 

Qnp : Exciting torque of propeller blade n order (Nm) 

Qo : Mean propulsion torque of propeller (Nm) 

β : Constant (For an even number of blades, β= 0.04 ~0.08, 

while for an odd number of blades, β =0.03~0.07) 

R : Right side of the mass moment of inertia  

r : Radius of crank (mm) 

T : Internal torque 

t : Torsional stiffness coefficient  

 

Greeks symbols 

θ : Displacement  

λ : Ratio of connecting rod 
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ω : Rotational angular velocity  

1. Introduction

With the strengthening of GHG emission regulations by the IMO 

and the rapid increase in demand for decarbonization in the shipping 

industry, various technologies are being developed to improve the 

energy efficiency of conventional fossil fuel-based propulsion sys-

tems. Wind-assisted propulsion technology has gained attention as a 

promising alternative for simultaneously reducing fuel consumption 

and mitigating GHG emissions. Recently, wind-assisted propulsion 

systems have been reported to have the potential to reduce fuel con-

sumption by up to 5–20%, depending on ship operating conditions 

[1], and the fuel-saving and GHG reduction effects have been empir-

ically verified through actual ship applications. For example, in the 

case of a wind wing system applied to a bulk carrier, a fuel-saving 

effect of approximately 10–15% has been reported [2], and in a 

tanker equipped with rotor sails, fuel savings of approximately 8 %, 

along with a significant reduction in CO2 emissions, have been con-

firmed [3]. 

When a wind-assisted propulsion system is applied, additional 

propulsion force variations occur owing to external environmental 

conditions, such as wind speed and wind direction, which result in 

propulsion force variations that are different from those of conven-

tional diesel engine-based propulsion systems and may induce dif-

ferent types of dynamic load variations compared to conventional 

diesel engine-based propulsion systems. However, the existing stud-

ies have mainly focused on the energy-saving effects and economic 

analysis of wind propulsion. Carjova et al. analyzed the operational 

performance and economic feasibility of ships equipped with rotor 

sails and showed that fuel-saving effects can vary significantly de-

pending on the wind conditions and route characteristics. In addition, 

it has been suggested that the economic feasibility depends on the 

installation conditions and operational strategies of the rotor sails [4]. 

Wang et al. comprehensively analyzed the application cases and lim-

itations of wind-assisted propulsion technologies and suggested that 

wind propulsion is an effective technology for reducing the fuel con-

sumption and GHG emissions of ships [5]. In particular, various 

wind propulsion technologies, such as rotor and wing sails, are being 

applied to actual ships, and fuel savings of approximately 5–20% 

have been reported depending on the operating conditions and wind 

environments.  In addition, these systems are generally operated in a 

hybrid form combined with conventional propulsion systems, and 

their performance is highly dependent on the operating conditions. 

Recent studies have shown that the effectiveness of wind-assisted 

propulsion technology is further maximized when applied in combi-

nation with conventional propulsion systems rather than as a 

standalone system. Hybrid propulsion systems based on PTO and 

PTI integrate the main engine, shaft generator, and electric motor to 

realize various operating modes and provide high efficiency in terms 

of energy recovery and reuse. Recently, the concept of a small sail-

ing-type hybrid ship has been proposed, in which wind power is used 

as the main propulsion source and a diesel engine-based propulsion 

system is used as an auxiliary power source. In such ships, propul-

sion is primarily achieved by wind power, whereas under low wind 

speed conditions or during maneuvering, the conventional engine 

propeller-based propulsion system operates as a supplementary sys-

tem. This configuration is characterized by the combined action of a 

propulsion shafting system consisting of an engine, reduction gear, 

propulsion shaft, propeller, and wind-based propulsion forces. How-

ever, in classification society rules and related standards, wind-as-

sisted propulsion devices are often classified as auxiliary devices ra-

ther than as main propulsion systems [6], and torsional vibration 

analysis of the propulsion shafting system is sometimes not specified 

as a mandatory requirement. Existing studies have mainly focused 

on energy-saving effects, economic feasibility, and operational strat-

egies for wind-assisted propulsion systems. Studies on the dynamic 

effects of such systems on propulsion shafting systems, particularly 

on the torsional vibration characteristics, remain highly limited. Kim 

et al. analyzed the torsional vibration characteristics of a propulsion 

shafting system with a waste heat recovery system and suggested that 

the excitation torque increases with changes in operating conditions, 

which may affect the shafting responses [7]; however, studies on hy-

brid propulsion systems combined with wind-assisted propulsion are 

still insufficient. 

Therefore, in this study, the torsional vibration characteristics of a 

propulsion shafting system for a hybrid propulsion system with 

wind-assisted propulsion were analyzed, and its dynamic behavior 

under various operating conditions was investigated. In particular, 

for a propulsion shafting system, including a PTO- and PTI-based 

shaft generator system, the effects of torque variations generated un-

der different operating modes on torsional vibration responses were 

quantitatively evaluated, and fundamental data for a stable propul-

sion shafting system design were provided. 

2. Operational Characteristics of the PTO and

PTI-based Hybrid Propulsion System 

2.1 Specifications of the Subject Ship 

Table 1 and Figure 1 present the specifications and general 
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Table 1: Specifications for a subject ship 

Item Detail 

Ship type Wind- assisted cargo ship 
Deadweight (DWT) 300 

Length (m) x beam (m) x depth (m) 48 x 8.7 x 4.1 
Sail type INDOSAIL system 

Sail area (m2) 500 

Max. speed 
(knot) 

Sail system 
+ PTI mode 

12 

Hybrid System 
(Diesel + PTI mode) 

7 

Sail system 
+ PTO mode 

5 

Figure 1: General arrangement of a subject ship 

Table 2: Specifications of the propulsion shafting system 

Item Detail 

Main 
Engine 

Model L126TI 
MCR(kw) x rpm 264.8 x 2,000 

Idle power (kW) x rpm 12.67 x 725 
Bore(mm) x stroke(mm) 123 x 155 

Firing order 1-5-3-6-2-4 

Ratio of connecting rod 0.2818 
Reciprocating mass (kg/cyl.) 4.625 

Turning wheel (kgm2) 1.8404 

No.1 Reduction 
Gear 

Model DMT170HL 
Gear ratio 0.168 

Revolution (rpm) 336 

No.2 Reduction 
Gear 

Model PHT420A1S1 
Gear ratio 0.588 

Revolution (rpm) 1,176 

Propeller shaft 
Diameter (mm) 140 

Material RSF600M 

Propeller 

No. of blade 3 

Diameter (mm) 1,850 
MOI in air (kgcms2) 296.75 

arrangements of small cargo ships equipped with wind-assisted pro-

pulsion technology. Based on this, the subject ship is a wind-pro-

pelled cargo vessel of approximately 300 DWT class with a length 

of 48 m, equipped with a hybrid propulsion system that combines 

sail-based wind propulsion, electric propulsion, and diesel 

propulsion. The ship adopts an INDOSAIL-type sail with an effec-

tive area of approximately 500 m², and can achieve a maximum 

speed of approximately 12 knots under sufficient wind and solar con-

ditions. In contrast, when wind conditions are limited, propulsion us-

ing an electric motor based on a PTI utilizing solar energy, or a hybrid 

propulsion mode combined with a diesel engine, is used as a supple-

mentary means.  

Table 2 lists the main specifications of the propulsion shafting sys-

tem of the subject ship. Based on this, the propulsion shafting system 

consists of a propeller, propulsion shaft, two-stage reduction gear, 

shaft generator performing the functions of the PTO and PTI, electric 

motor, and diesel main engine. The propeller is a three-blade type  

with a diameter of approximately 1,850 mm, and the propulsion shaft 

is designed with a diameter of approximately 140 mm. The reduction 

gear is configured as a two-stage system with gear ratios of approxi-

mately 0.168 and 0.588, and is designed to appropriately transmit the 

rotational characteristics of the engine and electric motor to the pro-

peller. 

The main engine is a four-stroke medium-speed diesel engine with 

a power output of approximately 264.8 kW, and is characterized by 

periodic torque acting on the propulsion shafting system according 

to the firing order. In addition, the electric motor used in the PTO 

mode provides a relatively constant torque and is used for low-speed 

operation and auxiliary propulsion. 

The subject ship has a multi-source propulsion system in which 

wind, electrical, and mechanical power act in combination, and is 

characterized by significant variation in the dynamic characteristics 

of the propulsion shafting system depending on the operating condi-

tions. 

2.2 Operational Concept of the PTO and PTI-based Hybrid 

Propulsion System 

The propulsion system considered in this study is a PTO- and PTI-

based hybrid propulsion system that utilizes wind propulsion as the 

main power source, and electric and diesel propulsion as auxiliary 

sources. This system has a configuration in which multiple power 

sources are connected to a single propulsion shaft, and is character-

ized by changes in the power flow depending on the operating mode. 

PTO and PTI systems have bidirectional power transmission func-

tions. In PTO mode, electrical power is generated using the rotational 

power of the propulsion shaft, whereas in PTI mode, additional 

torque is supplied to the propulsion shaft through an electric motor. 

These functions are combined with wind propulsion to improve the 

energy efficiency and provide operational flexibility. 

Depending on the operating conditions, the system has the 
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following main operating modes. First, in the wind-only propulsion 

mode, the propulsion force generated by the sail enables the ship to 

sail, and the propeller rotates in seawater by its own hydrodynamic 

action. The propulsion shafting system connected to the propeller 

drives the shaft generator via two reduction gears, thereby generating 

electrical power. The generated power is supplied onboard. In this 

case, no GHG emissions occur, thus enabling environmentally 

friendly operations. 

Second, in the operating mode, where wind propulsion and elec-

tric propulsion are combined, the electric motor is driven by electric-

ity generated from solar energy, together with wind propulsion. At 

this time, the electric motor generates a relatively constant torque. 

Third, in the electric propulsion-only mode, propulsion is achieved 

by the electric motor using electricity generated from solar energy 

under conditions where wind is insufficient, and relatively stable 

torque characteristics are obtained. This mode is used for low-speed 

operations under limited environmental conditions. Fourth, in the hy-

brid propulsion mode, the main engine and electric motor operate 

simultaneously, generating a propulsion force. Finally, in the diesel 

propulsion mode, the propulsion force is generated by the main en-

gine, and the periodic excitation torque owing to the combustion pro-

cess acts on the propulsion shafting system. However, even in this 

case, the shaft generator operates to supply onboard electrical power. 

This mode is primarily used during departures, arrivals, or emergen-

cies. 

Figure 2: General arrangement of the wind and solar-powered pro-

pulsion shafting system (electric propulsion mode) 

Figure 3: General arrangement of the PTO and PTI based-hybrid 

propulsion shafting system 

The five operating modes described above can be classified into 

two categories for torsional vibration analysis of propulsion shafting 

systems, as shown in Figures 2 and Figure 3. They can be divided 

into an electric propulsion mode based on wind and solar energy, as 

shown in Figure 2, and PTO- and PTI-based hybrid propulsion 

mode as shown in Figure 3. 

3. Torsional Vibration Analysis and Experimental

Method for the PTO and PTI-Based Hybrid Pro-

pulsion System 

In this section, a torsional vibration analysis was performed for the 

propulsion shafting system of a subject ship equipped with a PTO- 

and PTI-based hybrid propulsion system. The subject ship is a 48 m 

class wind propelled vessel equipped with major shafting compo-

nents including the marine diesel engine specified in Table 2, and the 

propulsion shafting system of the ship can be classified into two op-

erating modes as presented in Figures 2 and Figure 3. 

3.1 Modeling of the PTO and PTI-Based Hybrid Propul-

sion System 

Because propulsion shafting systems form highly complex vibra-

tory systems, direct analysis of their original state is difficult. There-

fore, the system must be replaced by a dynamically equivalent model  

Table 3: Specifications of the torsional vibration damper 

Item Detail 

Type Viscous damper 

Model ASK 2699 
Outer inertia (kgm2) 0.0563 

Inner inertia (kgm2) 0.127 
Stiffness (MNm/rad) 0.016 

Damping coefficient (Nms/rad) 2,900 

Table 4: Specifications of the propulsion shafting system 

Item Detail 

No.1 elastic coupling 

Model 
Periflex 

VN43331 
Inertia (kgm2) 1.5 

Stiffness (MNm/rad) 0.027 

Relative damping (Ψ) 0.96 

No.2 elastic coupling 

Model 
Rubber block 

coupling 

Outer inertia (kgm2) 0.6188 
Inner inertia (kgm2) 0.1463 
Stiffness (MNm/rad) 0.027 

Relative damping (Ψ) 0.96 
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Figure 4: Multi-degree modeling of the wind & solar-powered pro-

pulsion shafting system (electric propulsion mode) 

Figure 5: Multi-degree modeling of the PTO and PTI based hybrid 

propulsion shafting system  

consisting of a series of rigid disks representing the mass moments 

of inertia, and massless uniform cylindrical shafts representing tor-

sional stiffness. 

Tables 3 and 4 show the specifications of the viscous-spring 

damper and the two flexible couplings selected by the shafting de-

signer to control the torsional vibration of the subject ship. Further-

more, Figure 4 and Figure 5 illustrate the equivalent mass-elastic 

models of the propulsion shafting system equipped with the viscous-

spring damper and flexible couplings listed in Tables 3 and 4. 

3.2 Torsional Exciting Torque due to Gas Pressure and In-

ertial Force 

For torsional vibration analysis of the propulsion shafting system, 

it is necessary to analyze the loads acting on the system in addition 

to system modeling. On the crankshaft of a marine engine, rotational 

moments due to the combustion gas pressure in the cylinder and the 

inertial forces of the reciprocating mass act. Because these vary con-

tinuously with a certain periodicity, the rotational moment of the 

crank throw becomes highly nonuniform. As shown in Figure 6, the  

Figure 6: Tangential force of crankshaft 

gas pressure acting on the top of the piston rotates the crank through 

the connecting rod. Here, the tangential force (Ft) becomes the effec-

tive force that rotates the crankshaft, and the crank rotational moment 

due to gas pressure (Mg(θ)) and the rotational moment due to the 

reciprocating mass (mrec), including the piston and connecting rod, 

are given by Equation (1) and Equation (2), respectively [8]-[10]. 

𝑀௚(θ) =  𝑃௚𝑟(sin 𝜃 +
ఒ

ଶ
sin 2𝜃)  (1) 

𝑀௚(θ) = 𝑀௥௘௩𝜔ଶ𝑟ଶ(
ఒ

ସ
sin 𝜃 −

ଵ

ଶ
sin2 𝜃 − 

ଷఒ

ସ
sin 3𝜃 −

ఒమ

ସ
sin 4𝜃 −∙∙∙  (2) 

3.3 Propeller Exciting Torque 

The propeller excitation torque is generated by variations in the 

wake field around the propeller, and its magnitude is proportional to 

the average propeller thrust torque. Similar to the engine-exciting 

torque, the harmonic analysis shows that the dominant harmonic 

components correspond to the blade number order and its second and 

third multiples [8]. 

𝑄௡௣ =  β𝑄଴ sin(𝑛𝜃 + 𝜓)  (3) 
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3.4 Torsional Forced Vibration Analysis of Propulsion 

Shafting System using Transfer Matrix Method 

Methods such as the modal analysis method, mechanical imped-

ance method, and transfer matrix method are available for forced tor-

sional vibration analysis of a shafting system with multiple degrees 

of freedom. In this study, the transfer matrix method was adopted 

because it is more advantageous than the other methods in terms of 

computational time. The forced vibration equation of the shafting 

system can be expressed in the matrix form, as shown in Equation 

(4) [8]-[10], where [J], [C], and [K] are the mass moments of the 

inertia, damping coefficient, and stiffness coefficient matrices, re-

spectively. where {Q(t)} denotes a vector representing the excitation 

force. 

[𝐽]൛𝜃̈ൟ + [𝐶]൛𝜃̇ൟ + [𝐾]{𝜃} = {𝑄(𝑡)}   (4) 

The steady-state response due to forced vibration was analyzed 

using the transfer matrix method as follows: In the torsional vibration 

system shown in Figure 7, the torque between two mass points Ji−1 

and Ji and the torsional angle θ between the mass points are expressed 

as shown in Equation (5). 

 𝑇௜
௅ = 𝑇௜ିଵ

ோ  , 

𝜃௜
௅ = 𝜃௜ିଵ

ோ + ೔்షభ
ೃ

௞೔ା௝ఠ஼೔
 (5) 

Because the solution of the damped forced vibration takes the 

form of a complex number, it can be separated into real and imagi-

nary parts and arranged as an expanded field matrix, as shown in 

Equation (6). Here, the superscript (r) denotes the real part, and (i) 

denotes the imaginary part. 

 {𝑍}௜
ோ = [𝑃]{𝑍}௜

௅  ,   (6), 
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Assuming that a sinusoidal torque acts on the ith mass point, the 

displacement and torque on either side of the mass point can be ex-

pressed as shown in Equation (7). 

 𝑇௜
ோ + 𝑝௜(t) = 𝑇௜

௅ + (−𝜔ଶ𝐽௜ + jω𝑐௜ + 𝑘௜)𝜃௜
௅  , 

𝜃௜
௅ = 𝜃௜

ோ   (7) 

By separating the above equation into real and imaginary parts, as in 

the previous derivation, it can be rearranged into an extended point 

matrix, as shown in Equation (8). 

 {𝑍}௜
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Therefore, the relationship between the state vector on the right 

side of the ith mass point and that on the right side of the i−1 th mass 

point is expressed in Equation (9). 

{𝑍}௜
ோ = [𝑃௜][𝐹௜ିଵ]{𝑍}௜ିଵ

ோ    (9) 

In this formulation, [Pi] represents the point matrix of the ith mass 

and [Fi-1] denotes the field matrix between the ith and i-1 th masses. 

Accordingly, the transfer matrix of the entire shafting system was 

obtained as the product of the field matrices between each mass and 

the point matrices of each mass, as shown in Equation (9). By sub-

stituting the boundary conditions into the state vectors at both ends 

and performing an analysis, the torsional forced vibration amplitudes 

and vibration torques at each mass of the propulsion shafting system 

were obtained. 

Figure 7: Multi-degree of torsional vibration system 

3.5 Measurement Method for Torsional Vibration of the Pro-

pulsion Shafting System 

Torsional deformation occurs on the shaft surface when a torque 

is applied to a rotating shaft. In general, this deformation can be de-

tected using strain gauges, from which the torsional exciting torque 

can be calculated. In this study, full-scale measurements were con-

ducted to validate the torsional vibration analysis results of PTO- and 

PTI-based hybrid propulsion shafting systems. The measurement tar-

get was set as the propeller shaft, and a strain-gauge-based telemetry 

system was applied to enable real-time measurement of the torsional 

strain generated during shaft rotation. 
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Figure 8 shows the measurement system for detecting the tor-

sional strain on the propulsion shaft of the subject ship. The meas-

urement system consisted of strain gauges attached to the propeller 

shaft surface, a transmitter (TX10K-S) mounted on the shaft, a re-

ceiver (RX10K), a tachometer for rotational speed measurement, a 

reflection tape, signal analysis hardware (OR-35), and analysis soft-

ware (NV-Gate). 

To measure the torsional strain, strain gauges were attached to the 

outer surface of the propeller shaft, and the measured signals were 

transmitted wirelessly through a transmitter installed on the rotating 

shaft. Rotational speed information was obtained using a reflection 

tape attached to the shaft surface and a tachometer, and this was used 

as a reference signal to enable the order-tracking analysis. The trans-

mitted strain signals were input to a signal analyzer through a re-

ceiver, and the torsional responses in both the time and frequency 

domains were analyzed using the NV-Gate software. This measure-

ment configuration is considered an appropriate method for the sta-

ble measurement of torsional vibration during rotation, considering 

the characteristics of propulsion shafting systems, where direct wir-

ing to the rotating components is difficult. 

During the measurement, data at different rotational speeds were 

acquired to examine the response characteristics of the torsional 

stress according to changes in the shaft rotational speed. The meas-

ured strain data were converted into torsional stress using the polar 

moment of inertia of the shaft section and the shear modulus of the 

material, and at the same time, the overall response and major order 

components were separated based on the rotational speed signal. To 

identify the order components that significantly contribute to the ad-

ditional torsional stress of the propeller shaft, the analysis focused on 

the 0.5-, 1.0-, 1.5-, 3.0-, and 6.0th order components. The measure-

ment results were organized not only in terms of the overall response 

but also in terms of each order component so that they could be di-

rectly compared with the analysis results. 

Figure 8: Torsional vibration measurement system 

4. Operational Characteristics of the PTO- and

PTI-based Hybrid Propulsion System 

 In this section, the two representative operating modes described 

in Section 2 are considered to analyze the torsional vibration charac-

teristics of PTO- and PTI-based hybrid propulsion shafting systems. 

The first is an electric propulsion operating mode in which a shaft 

generator or an electric motor based on wind and solar energy oper-

ates, as shown in Figure 2. The second is a PTO- and PTI-based hy-

brid operating mode, as shown in Figure 3. Because the characteris-

tics of the excitation torque acting on the propulsion shafting system 

differed depending on the operating mode, the corresponding tor-

sional vibration responses were comparatively analyzed. 

4.1 Electric Propulsion Operating Mode (PTO and PTI 

Mode Only) 

In this operating mode, in which a shaft generator with PTO and 

PTI functionalities is used, the system operates either in the PTO 

mode as a shaft generator or in the PTI mode as an electric motor, 

with the main engine stopped or partially disengaged. In this case, 

only the propeller excitation torque is considered in the propulsion 

shafting system. 

Figure 9 presents the results of the forced torsional vibration anal-

ysis of the propulsion shafting system shown in Figure 4 using the 

transfer matrix method. From these figures, it can be observed that, 

in the propeller shaft, a torsional stress of 4.24 N/mm² occurs at 471 

rpm due to the first mode sixth order component, while in the gener-

ator shaft, a torsional exciting torque of 610 Nm occurs at 1,888 rpm 

due to the third mode sixth order component. In addition, at the input 

shaft gear of the No.1 reduction gear, a torsional excitation torque of 

10 Nm occurs at 1,888 rpm due to the third-mode sixth-order com-

ponent, whereas at the input shaft gear of the No.2 reduction gear, a 

torsional excitation torque of 820 Nm occurs at 470 rpm owing to 

the first-mode third-order component. 

These results show that in the electric propulsion operating mode 

of the subject ship, the hydrodynamic force variation associated with  

the propeller rotation has a significant influence on the torsional vi-

bration response. 

 4.2 PTO and PTI-Based Hybrid Operating Mode 

This operating mode corresponds to the condition in which a shaft 

generator with PTO and PTI functionalities and the main diesel en-

gine are simultaneously connected. In this mode, the main diesel en-

gine acts as the primary power source, and a periodic excitation 

torque is generated owing to the gas pressure produced during 

the combustion process and the inertial forces associated with the 
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reciprocating motion. This torque contains harmonic components of 

specific orders according to the firing sequence of the engine, and 

transmits periodic torsional excitation forces to the propulsion shaft-

ing system. 

Figure 10 presents the results of the forced torsional vibration 

analysis of the propulsion shafting system shown in Figure 5 using 

the transfer matrix method. From these figures, it can be observed 

that the torsional stress acting on the engine crankshaft system 

reaches a maximum value of 31.4 N/mm² at No.4 crank throw at 

2,000 rpm. Within the operating range, resonance occurs at 1,650 

rpm due to the sixth-order component, and the corresponding tor-

sional stress was 11.9 N/mm². In the propeller shaft, high torsional 

stresses of 38.4 N/mm² and 32.4 N/mm² are observed due to the res-

onance of the second-mode third- and sixth-order components, re-

spectively. In the generator shaft, a torsional exciting torque of 

50 Nm is observed at 1,840 rpm due to the fifth-mode sixth-order 

component, whereas at 480 rpm, a torsional exciting torque of 60 Nm  

 occurs owing to the second-mode third-order component. At the in-

put shaft gear of the No.1 reduction gear, a torsional exciting torque 

of 50 Nm occurs at 1,840 rpm due to the fifth mode sixth-order com-

ponent, and a maximum value of 90 Nm is observed at 480 rpm ow-

ing to the second mode third-order component. In contrast, at the in-

put shaft gear of the No.2 reduction gear, a maximum torsional 

exciting torque of 746 Nm was observed at 480 rpm, owing to the 

second-mode third-order component. 

As described above, in the hybrid operating mode, the third- and 

sixth-order components act as the dominant excitation sources, 

which are closely related to the firing cycle of a four-stroke multicyl-

inder diesel engine. In particular, resonance phenomena occur in spe-

cific rotational speed ranges, where these order components coincide 

with the natural frequencies of the propulsion shafting system. 

Therefore, in the PTO- and PTI-based hybrid operating modes, 

the torsional vibration responses were dominated by the engine  

excitation components with a relatively large magnitude and clear 

periodicity. This behavior is similar to that of conventional direct-

driven diesel propulsion systems, indicating that traditional torsional 

vibration analysis methods can be effectively applied. 

4.3 Comparative Analysis of Analytical and Measurement 

Results in the PTO and PTI-Based Hybrid Operating 

Mode 

The analytical and measurement results of the subject ship were 

compared and analyzed to verify the validity of the torsional vibra-

tion analysis results of the propulsion shafting system. The compari-

son targets were set as the additional torsional stress and the major 

order components occurring in the propeller shaft. Figure 11 pre-

sents the torsional response characteristics of the propeller shaft 

(a) Torsional stress in the propeller shaft (b) Torsional torque in the shaft of the shaft generator 

(c) Torsional torque in the input gear of No.1 reduction gear (d) Torsional torque in the input gear of No.2 reduction gear 

Figure 9: Analysis result of torsional vibration in the wind and solar-powered propulsion shafting system (electric propulsion mode) 
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according to changes in rotational speed. These results indicate that 

the order components that dominantly affect torsional stress gener-

ally exhibit similar tendencies between the analysis and measure-

ment results. In particular, the third- and sixth-order components 

were identified as the dominant excitation components, indicating 

that the main excitation source of the torsional vibration in the pro-

pulsion shafting system was the engine firing cycle. 

The comparison of the torsional vibration response characteristics 

according to the rotational speed also shows similar trends, and re-

gions where torsional vibration increases at specific rotational speeds 

are consistently observed in both the analytical and measurement re-

sults. This indicates that the locations of the resonance occurrences 

were appropriately predicted by the analysis. However, differences 

were observed between the analytical and measured results in terms 

of the magnitude of the torsional stress. The torsional stress of the 

propeller shaft obtained from the measurement results was approxi-

mately 20% that of the analytical results, indicating that the analysis 

tended to overestimate the actual values. This difference was at-

tributed to the conservative and excessive evaluation of the engine 

excitation force in the analysis. 

5. Conclusion

In this study, the torsional vibration characteristics of a PTO- and 

PTI-based hybrid propulsion shafting system with wind-assisted pro-

pulsion were analyzed, and the validity of the analytical results was 

verified through full-scale measurements. In addition, the dynamic  

(a) Torsional stress in the all crank throws (b) Torsional torque in the No.4 crank throw 

(c) Torsional stress in the propeller shaft (d) Torsional torque in the shaft of the shaft generator 

(e) Torsional torque in the input gear of No.1 reduction gear (f) Torsional torque in the input gear of No.2 reduction gear 

Figure 10: Analysis result of torsional vibration in the PTO/PTI-based hybrid propulsion shafting system 
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characteristics according to the operating modes were comparatively 

analyzed, and the possibility of optimizing the design of the propul-

sion shafting system was examined. 

(1) In the electric propulsion operating mode based on wind and 

electric power, the exciting torque generated by the hydrody-

namic forces of the propeller acts as the dominant excitation 

source, and the blade-order components govern the torsional vi-

bration response. By contrast, in the PTO- and PTI-based hy-

brid operating modes, the periodic excitation forces generated 

by the combustion and inertial forces of the main diesel engine 

were dominant, and the third- and sixth-order components were 

identified as the main resonance factors. 

(2) In the hybrid operating mode, the engine crankshaft system 

showed relatively high torsional responses, whereas the re-

sponses in the propeller shaft, shaft generator, and reduction 

gear sections remained below the allowable limits, indicating 

that structural safety was secured. This implies that sufficient 

stability in terms of torsional vibration can be achieved, even in 

hybrid propulsion systems with multiple power sources, if an 

appropriate design is implemented. 

(3) A comparison between the full-scale measurement and analyt-

ical results showed that the dominant-order components of the 

propeller shaft torsional stress (third and sixth orders) appear 

similar in both results, confirming the reliability of the analyti-

cal model. However, the absolute magnitude of the torsional 

stress in the measurement results was approximately 20% that 

in the analytical results, indicating that the analytical model had 

a conservative tendency. 

This study is meaningful in that it quantitatively identifies the 

torsional vibration characteristics of a PTO- and PTI-based hybrid 

propulsion shafting system with wind-assisted propulsion according 

to the operating modes and secures the reliability of the analytical 

model through full-scale measurements. By systematically analyzing 

the complex excitation characteristics and resulting dynamic re-

sponses in a multisource propulsion system, important guidelines for 

the design and operation of future hybrid propulsion ships are pre-

sented. 

To better reflect actual operating conditions, future studies must 

consider torsional vibration analysis under various operating scenar-

ios that account for the dynamic characteristics of the shaft generator 

driven by hydrodynamically induced propeller rotation during wind 

propulsion. Furthermore, the proposed analysis and design approach 

is expected to be applicable to the optimization of the propulsion 

shafting system design and the establishment of resonance avoidance 

strategies for eco-friendly hybrid ships. 
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