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Abstract. The torsional vibration of the shaft system in hybrid car engines has a significant impact
on the overall performance of the vehicle, and it is more complex in hybrid cars compared to
traditional cars. Traditional methods for torsional vibration analysis of shaft systems have
significant limitations and cannot handle nonlinear and transient problems. To explore the
torsional vibration characteristics of hybrid vehicle shaft systems, a simplified engine shaft system
torsional vibration equivalent model is innovatively constructed. In addition, a method for quickly
determining the confidence level of the torsional vibration equivalent model is proposed.
Additionally, the transient dynamic characteristics of a multi-body dynamics model containing a
dual mass flywheel are analyzed in depth using the time-domain solver of AVL-exact PU. The
results demonstrated that the simulation of 4th and 6th harmonics resonated at critical speeds of
4,195 rpm and 2,771 rpm, respectively, with angular displacement amplitudes of 0.141 deg and
0.047 deg. In fact, resonance was measured at 4,250 rpm and 3,040 rpm, with amplitudes of
0.14 deg and 0.052 deg. These two were basically consistent in key parameters. When the shaft
model was started under operating conditions, the amplitudes of harmonics 1, 2, and 4 were
basically consistent below 750 rpm, and there were slight differences after 750 rpm. Therefore,
the AVL-based engine torsional vibration simulation model constructed has high credibility.

Keywords: AVL, time-domain analysis, engine, shaft torsional vibration, hybrid vehicles.
1. Introduction

With the gradual strengthening of environmental awareness in modern society, people are
more inclined towards energy-saving and environmentally friendly hybrid vehicles in their vehicle
selection [1]. Hybrid electric vehicles integrate engines and electric drive to achieve power and
range advantages, while reducing energy consumption and carbon emissions [2]. As an important
component of hybrid power systems, the engine inevitably generates shaft torsional vibration
during operation, which causes trouble to the hybrid electric vehicles’ stable performance [3].
Shaft torsional vibration not only affects the efficiency of energy transfer, but also directly affects
the noise, vibration, and comfort of the power system. Additionally, the shaft torsional vibration
of hybrid electric vehicles is more complex, so effective control of them is crucial [4]. The
commonly used shaft torsional vibration research method is the frequency domain analysis, which
has limitations in dealing with nonlinear problems and transient processes. Time domain analysis
can provide a more intuitive torsional vibration time response, which is conducive to capturing
the dynamic characteristics during transient processes. In addition, AVL-excite PU (AVL) is an
advanced multi-body dynamics simulation tool specifically designed for 3D fine modeling of
complex components, particularly favored in system dynamics, vibration, and structural noise
analysis. In view of this, to deepen the understanding of the shaft torsional vibration characteristics
of hybrid electric vehicles, this study proposes an engine shaft model based on AVL and its
dynamic time-domain analysis method.

The innovation and novelty of this study are mainly reflected in the following aspects: Firstly,
the complex engine shaft structure of hybrid vehicles has been simplified, and the feasibility and
efficiency of analysis have been improved by constructing an equivalent model of engine shaft
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torsional vibration. Secondly, a quick discrimination of torsional equivalent model confidence
(QDTEMC) method is proposed to reduce excessive reliance on computational accuracy and
enhance the practical application value of the model. Finally, with the help of the time-domain
solver of AVL, the dynamic characteristics of the shaft system during transient processes are
analyzed in depth. Meanwhile, a multi-body dynamic model including a dual mass flywheel
(DMF) is developed to provide more accurate dynamic behavior prediction.

The content has four parts: (1) The part of related work analyzes the current status of shaft
torsional vibration research methods and AVL analysis software. (2) The method part proposes
engine shaft model and dynamic time-domain analysis method methods based on AVL. (3) The
experimental part performs torsional vibration analysis on the established model. (4) The
conclusion part summarizes the entire article and provides an outlook.

2. Related work

The research on torsional vibration analysis focuses on improving simulation accuracy and
developing advanced experimental measurement techniques, and many scholars have contributed
to this. Peng Y and other researchers have studied the torsional vibration problem caused by rolling
mill shaft deflection and proposed a new solution. This scheme was based on a nonlinear dynamic
model of torsional vibration, analyzing the variation law of torque during torsional vibration, and
combining numerical simulation to reveal the relationship between periodic excitation energy and
tension friction torque. The reliability of the constructed model has been verified, providing an
improvement direction for the shaft torsional vibration problem of the rolling mill transmission
system [5]. Wang M. et al. proposed an accurate method for evaluating the dynamic characteristics
of crankshaft systems in response to torsional vibration problems. This method utilized ADAMS
software to establish a three-dimensional multi-body dynamics model for components such as
pistons, connecting rods, crankshafts, flywheels, and silicone oil dampers, and conducted finite
element analysis. Finally, it was compared with the experimental data of the engine crankshaft
system, confirming the correctness and practical application value of the proposed method [6].
Chen and other scholars have proposed a new solution to the shaft torsional vibration problem that
occurs in shale gas wells under complex geological conditions. It took the shale gas well in
Weiyuan gas field as the typical case, constructed a complete dynamic shaft torsional vibration
system under cyclic alternating load, and verified the accuracy of the model through on-site
vibration experiments. At the same time, the response surface way was utilized to optimize the
shaft structure. It was found that the first natural frequency of the shaft system increased by 4.5 %
before and after optimization, and the maximum vertical speed decreased by 27.7 %, effectively
extending the working life of the system [7]. To improve the accuracy of diesel engine shaft
structure, researchers such as Ni proposed a method based on multi-physics field coupling
modeling. On this basis, a mathematical model of the shaft system of the 4190ZL-C medium speed
diesel engine was established using the Simulink platform, and coupled simulation was conducted
on the fuel injection advance angle and torsional vibration. Compared to traditional simulation
methods, this method further improved the shaft torsional vibration model, improved its modeling
accuracy, and provided new theoretical support for engine structural optimization design [8].

AVL analysis software has extensive research in the fields of system dynamics, vibration, and
structural noise analysis. Wu et al. studied a 20V medium speed diesel engine and established a
multi-elastic liquid water solid coupling numerical simulation method using AVL software to
study the friction and wear characteristics of the main bearing sleeve of the 20V diesel engine.
This method used the finite element modal condensation method to simulate the elastic
deformation of the cylinder block, crankshaft, and bearing cover, and combined it with the
extended Reynolds equation considering contact surface deformation. The finite difference
method was adopted to analyze the oil film pressure, thickness, and thermal load. By reducing the
stiffness of the bearing cover edge, the maximum oil film pressure and the mean thermal load of
the main bearing could be effectively reduced [9]. To solve the problem of engine crankshaft
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torsional vibration, Sezgen and Tinkir optimized the design using AVL software. This method
combined dual particle rubber with viscous torsional dampers and optimized the dynamic damping
characteristics of a four stroke diesel engine crankshaft system using genetic algorithm.
Simulation showed that this method reduced torsional vibration by 50.17 % and had a significant
improvement effect [10]. Almansoori et al. used a multi-objective optimization algorithm and
combined AVL Excite Piston & Rings dynamic simulation software with the mode FRONTIER
optimizer to study the operating characteristics of internal combustion engine piston ring groups.
On this basis, the SS-ANOVA statistical modeling method was used to study the sensitivity of
three types of piston ring tangential forces under single and interaction effects. After verification,
there was a good correlation between the simulation results and the measured values, which
proved the accuracy of the proposed model [11]. Li et al. used the AVL-EXCITE platform to
accurately characterize the cavitation phenomenon inside the connecting rod bearings of diesel
engines. This study focused on elastohydrodynamic lubrication, constructed its multi-body
dynamics model, and conducted numerical simulation on elastohydrodynamic lubrication. There
was a finger-shaped cavitation zone at the lubrication outlet of the connecting rod large end
bearing, which posed a risk of inducing cavitation. In addition, the study also analyzed the effects
of factors such as lubricant viscosity and supply pressure on cavitation performance, and pointed
out that increasing these two parameters can effectively alleviate cavitation phenomenon [12].

In summary, there have been many research results on the torsional vibration analysis methods,
and the application fields of AVL software are also quite extensive. However, there is still
significant room for development in the study of shaft torsional vibration analysis of hybrid
electric vehicles, and few scholars have discussed this and explored the dynamic characteristics
of the shaft torsional vibration system of hybrid electric vehicles using AVL time-domain analysis.
Therefore, this study proposes an engine shaft model and its dynamic time-domain analysis
method method based on AVL to further deepen the understanding of the shaft torsional vibration
characteristics of hybrid electric vehicles.

3. Engine shaft model construction and dynamic time-domain analysis method based on
AVL

This section starts from two aspects. Firstly, an equivalent model of the engine shaft system is
constructed built on AVL, and its confidence evaluation methods are optimized. On this basis, a
calculation method for the dynamic characteristics of engine shaft systems based on AVL time-
domain analysis is constructed, and a multi-body dynamics model with DMF is established.

3.1. Establishment of engine shaft torsional vibration equivalent model based on AVL

The actual structure of hybrid electric vehicles engines is relatively complex. To facilitate
calculation and modeling, it is needed to simplify the complex structure and convert it into a more
concise and clear equivalent model. Afterwards, the equivalent model can be further transformed
into a numerical model for theoretical calculations [13]. During this process, the equivalent
torsional vibration system should have the same torsional vibration dynamic characteristics as the
actual equivalent torsional vibration system. To ensure that the equivalent torsional vibration
system can accurately reflect the torsional vibration dynamic characteristics of the crankshatft, it
is necessary to minimize the error between the equivalent torsional vibration system and the
original equivalent torsional vibration system in terms of kinetic energy and potential energy to
maintain consistency in their dynamic behaviors of torsional vibration [14-15]. Fig. 1 shows the
actual geometric model of the crankshaft and its equivalent model.

The equivalent model parameters of the shaft system include the moment of inertia of the
concentrated mass point, torsional stiffness of the elastic shaft segment, and equivalent model
damping [16-17]. Among them, for the axis segment with regular shape and the center of gyration
located at its center of mass, the inertia of its concentrated mass point is Eq. (1):
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where, Am represents the mass of any particle on the rigid body. r; represents the radius of rotation
of the concentrated particle relative to the axis of rotation. The torque applied by an object to
produce unit radian deformation under external forces is characterized by torsional stiffness [18].
For shaft segments with regular shapes, the calculation of torsional stiffness of the elastic shaft
segment is Eq. (2):

12 = 11 + mdz, (2)

where, I; is the moment of inertia of the concentrated mass point about its center of mass. m
represents the mass of the mass point. d represents the distance between the center of mass of the
mass point and the axis of rotation. The torsional stiffness of a regularly shaped shaft segment is
expressed as Eq. (3):

_T_G)p
C=,=" 3)

where, T represents the torque acting on the object. ¢ represents the relative torsion angle
generated by the object. G is the shear elastic modulus of the object material. J,, represents the
polar moment of inertia of the cross-section. L is the length of the shaft segment. The damping of
the engine crankshaft system is divided into external and internal damping. In torsional vibration
analysis, internal damping refers to structural damping, and external damping refers to cylinder
damping. The equivalent model damping is shown in Eq. (4):

u=39x%x10"8x D x S?, (4)

where, D represents the cylinder diameter. S represents stroke. According to Newton's second
law, considering the data of moment of inertia and torsional stiffness, combined with the cylinder
diameter D and stroke S, they are substituted into the differential equation to analyze the
expression of damping value u. The coefficient of 3.98x10® is determined by professional
engineers or researchers based on physical principles and experimental data analysis, which is
based on system characteristics and experimental results. After obtaining the rotational inertia and
torsional stiffness data of each concentrated mass point on the crankshaft, an equivalent torsional
vibration model can be constructed. The model construction follows Newton’s second law and
can derive the differential equation of crankshaft torsional vibration, as shown in Eq. (5):

[1{6} + [U1{6} + [C1{6} = (M3, )

where, [J] represents the moment of inertia matrix of each concentrated mass point. [U] means
the damping matrix of the system. [C] represents the stiffness matrix of the equivalent torsional
vibration system. The analysis of free vibration of crankshaft torsional vibration can reveal its
inherent torsional vibration characteristics, and thus calculating the natural frequency and
vibration mode [19]. The mathematical differential equation is Eq. (6):

[J]1# + [U]x + Cx = 0, (6)

where, x represents the displacement vector of the system. X represents the first-order time
derivative of the displacement vector. X represents the second-order time derivative of the
displacement vector. Solving Eq. (6) can obtain the eigenvalues and eigenvectors of the system.
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Due to the existence of indefinite solutions to the system of equations, it is necessary to
supplement the equations to ensure the uniqueness of the solutions. Usually, the first mass
amplitude is selected as the reference, and the relative amplitudes of each degree of freedom are
calculated to form a unique solution, as shown in Eq. (7):

Al AZ A14-

A—l, a2=A—1,..., (X14=A—1, (7)

a, =
where, A;, A,,..., Ay, and @4, a,,..., a4 represent the absolute and relative values of
displacement amplitudes for each degree of freedom. The core of torsional vibration analysis lies
in using an equivalent model to accurately capture the dynamic characteristics of the actual
crankshaft. This process involves discretizing the continuous crankshaft structure into a
multi-body system with equivalent mass and elasticity, and establishing dynamic differential
equations based on this. In torsional vibration analysis, the simulation of the dynamic response
capability of the engine crankshaft and related rotating components is mainly achieved through
AVL. AVL abstracts the solid crankshaft as a high-precision discrete equivalent model,
establishes corresponding dynamic differential equations, and enables it to accurately simulate
and analyze the dynamic response of free vibration and forced vibration [20]. The ShaftModeler
module of AVL, equipped with an Autoshift pre-processing program, mainly performs automatic
recognition, segmentation, and meshing of the crankshaft model. After importing the model, the
program automatically performs quality and stiffness analysis, and outputs a CFF file and
processed crankshaft model. Fig. 2 displays the identifying process of the crankshaft using
Autoshift.

;7 Iy Iy

Eiﬁfﬁlﬁ?iﬁ%ﬁzﬁ

a) Actual crankshaft system b) Equivalent model of crankshaft
Fig. 1. Actual geometric model of crankshaft and its equivalent model

Identify and control
parameter settings

Identification of Unit 1
Expansion Componentsl

Assembly generated
O —— ! L result file 1 — 4

Fig. 2. Autoshift recognition of crankshaft process

After the crankshaft model is built, AVL software will simplify the shaft system model based
on reduction rules, forming a torsional equivalent model composed of mass points and rigid shaft

1288 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



EFFECT OF AVL-BASED TIME-DOMAIN ANALYSIS ON TORSIONAL VIBRATION OF ENGINE SHAFTING.
XIAOJIE WANG

segments. Fig. 3 shows the equivalent torsional vibration model of the crankshaft optical axis,
crankshaft with pulley, and crankshaft with vibration damper. In the Fig. 3, the pulley and damper
are respectively reduced to single and double mass discs to simulate their dynamic effects.

a) Equivalent model of crankshaft optical axis b) ETVS model of crankshaft with pulley
torsional vibration

¢) ETVS model of crankshaft with vibration damper
Fig. 3. Torsional equivalent model of crankshaft optical axis, crankshaft
with pulley, and crankshaft with vibration damper

The model confidence can measure the consistency between the parameters, boundary
conditions, and actual system behavior of the torsional equivalent model, and is the key to the
authenticity of forced torsional vibration analysis [21]. However, the traditional lumped parameter
method relies on experimental verification of calculation accuracy and lacks fast and effective
confidence evaluation methods. Therefore, this study proposes a QDTEMC method, which mainly
compares multi-level modal data to quickly verify the confidence of the torsional vibration model.
Specifically, QDTEMC verifies the confidence of the torsional equivalent model by comparing
the multi-stage modal of the crankshaft, mainly involving three models: optical axis, crankshaft
with pulley, and crankshaft with vibration damper. It eliminates randomness in the confidence
verification process by reflecting different inertia, stiffness, and nonlinear characteristics. The 3D
mode obtained from Ansys finite element calculation of the crankshaft model is compared with
the torsional vibration mode of ShaftModeler. If the difference is within the allowable range, that
is, the model has high confidence and is suitable for subsequent forced vibration analysis, while
models with lower confidence are rejected for improvement.

3.2. A calculation method for dynamic characteristics of engine shafting based on AVL time-
domain analysis

After constructing the equivalent model of crankshaft torsional vibration, the connecting rod
and body components are introduced into the PU interface of AVL, and the connection
relationships between the connecting rod and the crankshaft pin, the connecting rod and the body,
and the main journal and the body are precisely defined, that is, each connecting pair [22]. Fig. 4
shows the complete engine system multi-body dynamics model. This model can simulate and
analyze the forced vibration behavior of the engine shaft system under operating conditions, which
helps to analyze the dynamic performance of the engine.

This study focuses on the shaft torsional vibration characteristics of hybrid electric vehicle
engines and explores the unique vibration behavior under the coupling of motors and engines. The
hybrid system frequently adjusts the driving mode to optimize fuel efficiency, so the torsional
vibration dynamic characteristics of the shaft system under transient conditions have become a
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research focus. This study analyzes the impact of motor transient excitation on shaft torsional
vibration during start-up and rapid acceleration conditions after constructing the power system
multi-body dynamics model. During the transient process of the power-train, the load boundary
conditions constantly change, so a time-domain solver is needed to simulate the dynamic
characteristics of the power-train. The AVL-Time Domain Solution (AVL-TDS) carried by AVL
adopts an adaptive integration algorithm, which can accurately calculate the torsional vibration
dynamic characteristics of the shaft system during transient processes [23].
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Fig. 4. A complete multi-body dynamics model of the engine system

The equation of multi-body dynamics vibration is Eq. (8):
M- Giz1+D-Gip1+ K- Qi1 =51+ +fir+b1ACC + ii};ms: ®

where, M, D, K represent the inertia matrix, damping matrix, and stiffness matrix of the power-
train system, respectively. §; 1, §i+1, 9i+1 represent the acceleration, velocity, and displacement
vectors at time step i + 1. fi2,, fiy1, [0, f52°° represent the external load, connecting force,
inertial force, and gyroscopic force at time step i + 1. AVL uses the Lagrange finite difference
method to transform Eq. (7) into the interpolation polynomial shown in Eq. (8) when conducting

time-domain analysis of the multi-body dynamics system of the power-train:

1
b _ Tos *
M-vq,+ fiiflcc = —( i?& =D v — K Qiyr + fi%1 + fit
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where, dy;;.1—; represents the first derivative of the Lagrangian operator, and its specific
expression is Eq. (10):

d 1 g t—t
. — Yit1-i
Ap.iv1—i(t) = E | | :
k;i+1 ]( ) P P (1())
m=o (it1-j i+1-m =0 i+1—j i+1-1
m#j l#jm

When performing transient simulation analysis in AVL software, after completing one time
step of simulation analysis, the adaptive integration algorithm is used for the next step of
time-domain solution calculation until each time step of the entire transient process is calculated.
Fig. 5 shows the transient calculation process based on AVL-TDS.

‘ Starting time 7, ‘

v

Time step i+/

Calculate *ﬂul loads

Predicting connecting forces, gyroscopic forces, and
rigid body acceleration inertial forces

N Calculate displacement, velv#\d acceleration at time i+/

Maximum limit value?

Recalculate
Jacobi, step size,
and K-value

Is it converging?

Reached the
termination time?

Fig. 5. Transient calculation process based on AVL-TDS

To optimize the vibration reduction and isolation control of the hybrid shaft system and to
isolate engine excitation disturbances from the rear end transmission system, this study proposes
the use of DMF to improve shaft vibration. DMF is optimized based on Single Mass Flywheel
(SMF). DMF divides SMF into two parts and increases its moment of inertia without increasing
the mass on the transmission side, which helps to reduce the resonance speed of the shaft system.
Based on the simplified AVL two degree of freedom torsional vibration model, the forced
vibration differential equation is established, as shown in Eq. (11):

]1é1 =—-K(0,—6,) — C(él - 92) + Tsinwt,

]zéz = _K(92 - 91) - C(éz - 91); (11)
0; = ¢;sinwt,
92 = CDZSinwt,

where, J;, J, represent the moment of inertia of the primary and secondary mass parts of DMF,

respectively. 6;, 8, represent the torsional displacement of two mass parts J;, J,. K represents the
torsional stiffness of the DMF spring. C represents the DMF damping coefficient. Tsinwt
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represents sinusoidal excitation of the engine crankshaft. w represents the frequency of the
excitation circle. In the process of solving the system of equations, the angular displacement
frequency response relationship of DMF torsional vibration is involved, as shown in Eq. (12):

0, K+jcw
T (K—Jw?+jcw)K — J,w? + jew) — (K + jew?)

(12)
Correspondingly, the differential equation for forced vibration of the SMF wheel is Eq. (13):

JoP, = Tsinwt, 1
{¢1 = dsinwt, (13)

where, ], is the rotational inertia of the flywheel. ¢, is the displacement of the flywheel torsion
angle. The angular displacement frequency response relationship of SMF torsional vibration is
Eq. (14):

¢ 1

T Jow?

sinwt. (14)

DMF has key parameters such as moment of inertia ratio, inertia characteristics, and damping
characteristics. The natural frequency of a two degree of freedom system connected by springs is
Eq. (15):

1 kGt s
e T (4
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Fig. 6. Multi-body dynamics model with DMF

In the hybrid electric vehicle axis system dynamics, this study constructs a multi-body
dynamics model with DMF, as shown in Fig. 6. This model aims to explore in depth the influence
of DMF integration on the transient torsional vibration behavior of shaft systems. The study selects
the rapid acceleration condition of the engine as the specific scenario and simulates the dynamic
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response of the engine when the load changes sharply. The introduction of DMF aims to improve
torsional vibration characteristics, reduce peak torque transmission, and slow down vibration
propagation.

4. Simulation analysis of engine shaft model dynamic characteristics based on AVL

This section first conducts simulation analysis on the forced vibration of the engine crankshaft
to verify the accuracy of the Engine Torsional Vibration (ETV) simulation model. Afterwards,
this study conducts torsional vibration analysis and vibration reduction control analysis of engine
shaft model, and proposes relevant control strategies.

4.1. Analysis of forced vibration of engine crankshaft

This study takes a 2.0L four cylinder gasoline engine as an example. Before conducting
simulation experiments on forced vibration analysis of engine crankshafts, the simulation
parameters are first controlled. The combustion force inside the engine cylinder is transmitted to
the crankshaft through the cylinder pressure curve, causing a periodic and complex excitation
torque that can be decomposed into the sum of multiple harmonic functions. As the harmonic
excitation increases, the excitation amplitude decreases, and the energy input decreases, therefore,
the focus is on low harmonic excitation. In a multi-cylinder engine, there is a phase difference in
the kth harmonic excitation torque on the crankshaft. If the phase difference is a multiple of 360°,
it will trigger the main resonance. The firing interval angle of a four cylinder engine is 180°, and
the main resonance harmonics are 2, 4, 6, 8, and 10. Therefore, this study prioritizes analyzing the
amplitude curves caused by these harmonics. During the measurement process of engine shaft
torsion test, a high-precision torsion angle sensor is first installed at the front end of the crankshaft
to obtain accurate vibration data. When the engine is running, the pressure inside the cylinder is
transmitted to the crankshaft through combustion force, and the torsional vibration caused is
recorded in real-time by the sensor. The data records encompass the entire speed range. By
comparing multiple harmonic vibration data sets, the focus is on analyzing the torsional angular
displacement amplitude of low-order harmonics, specifically 2, 4, and 6. The measurement results
are compared with simulation data to verify the accuracy of the simulation model. In the
comparative analysis of modal data, the study verifies the natural frequencies and vibration modes
of the crankshaft with different harmonics through the comparison of simulation and measured
data. The modal data utilized in comparative research encompasses essential parameters such as
natural frequency and damping ratio, which serve to validate the reliability and precision of the
simulation model.
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Fig. 7. Amplitude curves of torsional vibration angle displacement for each harmonic at the FEoC
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In Fig. 7, in the low speed region, the amplitude of the 2nd harmonic is relatively large, mainly
due to the occurrence of rolling vibration. Rolling vibration has no relative torsion and poses little
harm to the crankshaft. At high speeds, the second harmonic frequency is low, making it difficult
to resonate with the natural frequency of the crankshaft, resulting in a smaller amplitude. The
angular displacement of 4th and 6th harmonics reaches 0.42° and 0.14° respectively at 5400 rpm
and 3610 rpm, exceeding the industry standard limit of 0.1°. Although resonance occurs at
10 harmonics, the critical speeds are 2720 rpm and 2210 rpm, respectively, and the peak amplitude
is below the safety limit. Therefore, the amplitudes of harmonics 4 and 6 exceed the safety
standards and require vibration reduction control.
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Fig. 8. Comparison results between simulated and measured amplitude curves of 4 and 6 harmonics

In Fig. 8, the simulated and measured values of the amplitude curves of the 4th and 6th
harmonic angular displacement show consistent trends and resonance peaks. The 4-harmonic
simulation resonates at a critical speed of 4195 rpm, with an angular displacement amplitude of
0.141 deg. The measured resonance occurs at 4250 rpm, with an amplitude of 0.14 deg. The
6-harmonic simulation resonates at 2771 rpm with an amplitude of 0.047 deg, while the actual
measurement resonates at 3040 rpm with an amplitude of 0.052 deg. The curve trend in the graph
shows that the two are basically consistent in key parameters. This result indicates that the
AVL-based engine torsional vibration simulation model constructed has high accuracy. In
addition, this result also confirms the effectiveness of the QDTEMC confidence method for the
torsional equivalent model.

4.2. Engine shaft model torsional vibration analysis and vibration reduction control analysis

This study takes hybrid electric vehicles engines as an example to investigate their torsional
vibration characteristics under different operating conditions. Compared to gasoline vehicles, the
hybrid system adopts a completely new power source. Due to the different working characteristics
of motors and engines, their vibration characteristics are also not the same. When the two are
coupled with each other, the hybrid system will exhibit new features that are different from
conventional fuel vehicles. In addition, hybrid vehicles need to adapt to the actual driving
environment and continuously adjust the driving mode to ensure that they operate within the
optimal fuel consumption range. Therefore, the shaft torsional vibration characteristics vary under
various transient operating conditions. This study analyzes the impact of transient excitation of
the motor on the shaft torsional vibration characteristics of the engine under the starting and rapid
acceleration conditions of hybrid vehicles.

In Fig. 9(a), the 0.5 harmonic amplitude curve perfectly matches the measurement points at
the Front End of the Crankshaft (FEoC), the second to fourth main journals, and the flywheel end,
indicating that the 0.5 harmonic vibration during the startup process belongs to rolling vibration
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phenomenon and does not cause relative torsion of the crankshaft. Under steady-state conditions,
the small amplitude of 0.5 harmonics indicates that the significant vibration comes from the
transient process of engine speed changes. In Figs. 9(b) and 9(c), the amplitudes of the 1st and
2nd harmonics are basically consistent below 750 rpm, and there are slight differences after
750 rpm. Therefore, it can also be considered that they are mainly caused by rolling vibration. In
Fig. 9(d), the amplitude of the four harmonics is consistent before 750 rpm, and there is a slight
torsional vibration after 750 rpm. The amplitude decreases as the speed increases, and the vibration
becomes stronger at low speeds, which is related to the rate of speed change during the low speed
stage under constant acceleration starting conditions. Therefore, the vibration under the starting
condition is mainly caused by rolling vibration, with slight and low amplitude torsional vibration,
indicating that the torsional vibration of the shaft system is less harmful under this condition.
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Fig. 9. Comparison results of amplitude curves of different harmonics
of the shaft system model during start-up conditions

To investigate the effect of motor excitation on shaft torsional vibration, the 4th and 6th
harmonic amplitude curves of the hybrid shaft system under rapid acceleration conditions and
pure engine full load steady-state conditions are compared, as shown in Fig. 10. In Fig. 10, the
amplitudes of the 4th and 6th harmonics during rapid acceleration are slightly higher than the
steady-state operating conditions, but the difference between the two is subtle. Based on the
phenomenon of less obvious torsional vibration under starting conditions, it can be inferred that
the influence of motor excitation on shaft torsional vibration characteristics is relatively limited,
and the influence on rolling vibration is more significant. Under the same torque output conditions,
the torsional vibration intensity excited by the engine exceeds that of the motor. Based on this
characteristic, the active control strategy of the shaft torsional vibration can be achieved by
adjusting the power output of the motor and engine in real time, optimizing the dynamic
performance of the hybrid shaft system.
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Fig. 11. Comparison results of 4 and 6 harmonic amplitude curves

Fig. 11 is the results of the 4th and 6th harmonic amplitude curves when DMF is installed at
the motor rotor and the original SMF is maintained. In Fig. 11, after the installation of DMF, the
amplitude fluctuation range of the 4th harmonic at the motor rotor is between 0.003 and 0.0015,
while the original amplitude fluctuation range of SMF is between 0.07 and 0.10. The amplitude
fluctuation range of 6 harmonics at the motor rotor is between 0.002 and 0.005, and the amplitude
fluctuation range of SMF is between 0.002 and 0.026, which is relatively large and unstable.
Therefore, under rapid acceleration conditions, after the installation of DMF, the 4th and 6th
harmonic torsional vibration amplitudes at the motor rotor are much smaller than the original
SMF. As a result, the installation of DMF not only reduces the speed fluctuation of the secondary
flywheel rear end transmission components, but also reduces the torsional angular displacement
amplitude of the rear end transmission components.

Fig. 12 is the comparison of the amplitude curves of the 4th and 6th main harmonic torsional
vibrations when DMF and SMF are installed at the FEoC. Compared to SMF, the installation of
DMF significantly reduces the 4th harmonic amplitude at the FEoC, while the peak amplitude of
the 6th harmonic amplitude slightly decreases. At some speeds, the torsional vibration amplitude
exceeds 0.1°, but the range of excessively high amplitudes is reduced. The reason for the above
changes is that DMF reduces the speed fluctuation of the secondary flywheel rear end and
increases the speed fluctuation of the front crankshaft. Secondly, the damping characteristics of
DMF and the lower moment of inertia of the primary flywheel increase the natural frequency of
the system, leading to an increase in resonance speed and effectively suppressing torsional
vibration amplitude. Therefore, DMF significantly reduces the speed fluctuation and torsional
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displacement of the transmission system, improves the smoothness of operation and noise
reduction effect, but enhances the speed fluctuation of the front crankshaft of the primary flywheel.
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Fig. 12. Comparison results of 4th and 6th harmonic amplitude curves at the FEoC

To further verify the practical application effect, simulation is conducted on the speed
fluctuations of DMF and SMF under rapid acceleration conditions, and the results are shown in
Fig. 13. The graph shows that the speed fluctuation of SMF is almost negligible in DMF under
rapid acceleration conditions. After the installation of DMF, the engine excitation disturbance can
be well isolated from the transmission system after being transmitted to the secondary flywheel,
allowing the rear transmission components to operate more smoothly and reducing their vibration
noise. Conversely, this will also exacerbate the speed fluctuation of the crankshaft prior to the
primary flywheel. This is because compared to the original SMF, the primary flywheel has a
smaller moment of inertia and a lower inhibitory effect on speed fluctuation.
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Fig. 13. Comparison of speed fluctuations between DMF and SMF under rapid acceleration conditions

5. Conclusions

Under the trend of environmental protection, hybrid electric vehicles are highly favored due
to their integration of engine and electric drive efficiency and low emissions. The inherent shaft
torsional vibration problem of the engine poses a challenge to the performance of hybrid electric
vehicles, and its complexity requires precise control strategies to optimize the overall power
system performance. To understand the characteristics of hybrid electric vehicles shaft torsional
vibration, this study proposed an engine shaft model and its dynamic time-domain analysis method
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based on AVL. This study conducted simulation analysis and the data showed that in the forced
vibration analysis of the engine crankshaft, the angular displacement of the 4th and 6th harmonics
reached 0.42° and 0.14° respectively at 5400 rpm and 3610 rpm, exceeding the industry standard
limit of 0.1°. The 4th and 6th harmonic simulations resonated at critical speeds of 4195 rpm and
2771 rpm, with angular displacement amplitudes of 0.141 deg and 0.047 deg. The resonance was
measured at 4250 rpm and 3040 rpm, with amplitudes of 0.14 deg and 0.052 deg, and the
simulation values were in good agreement with the measured values. When the shaft system model
started, the Ist, 2nd, and 4th harmonics were basically consistent below 750 rpm, but there were
slight differences after 750 rpm. The vibration under this working condition was mainly caused
by rolling vibration. During rapid acceleration, the amplitude of the 4th and 6th harmonics was
slightly higher than the steady-state operating states of the engine, but the difference between the
two was subtle. After the installation of DMF, the amplitude fluctuation range of the 4th and 6th
harmonics at the motor rotor was between 0.03-0.15 and 0.002-0.005, while the original SMF
amplitude fluctuation range was between 0.07-0.10 and 0.002-0.026. After the installation of
DMEF, the 4-harmonic amplitude at the FEoC significantly decreased, while the peak amplitude of
the 6-harmonic amplitude slightly decreased. At some speeds, the torsional vibration amplitude
exceeded 0.1°. Therefore, the proposed method is suitable for ETV simulation analysis and has
good feasibility. The limitation of this paper is that it did not consider the torsional vibration
characteristics under a wider range of operating conditions, and future research can start from
here.
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