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Abstract: When the energy management and coordinated control of the hybrid electric vehicle power
system are not proper, torsional vibration problems will occur in various working states, especially
in the mode switching process. These vibrations will affect the comfort, economy and emission
of vehicles. In order to suppress the torsional vibration, this paper studied the active vibration
control algorithm for the hybrid powertrains under the switching process of pure electric mode
to hybrid mode. Primarily, the clutch combination process was divided into five stages and the
dynamic models of the transmission system of each stage were established, respectively. Moreover,
the principle of model reference adaptive control was analyzed. The applicability of the method to the
torsional vibration of the driveline during mode switching was described. Furthermore, the clutch
free displacement phase was used as the reference model. A model reference adaptive torsional
vibration controller was built based on the controlled model. Finally, the efficacy of this active method
for vibration reduction was simulated. The simulation results show that torsional vibration is most
likely to occur in the speed coordination stage and the full participation stage. In these two stages,
the designed controller can reduce the fluctuation of motor speed by 93.2% and 97.5%, respectively,
the engine speed by 79.6% and 77.4%, respectively, the motor acceleration by 96.7% and 82.3%,
respectively, and the engine acceleration by 88.9% and 82.3%, respectively. In addition, the controller
can reduce the impact degree of the transmission system to within ±1 m/s3.

Keywords: torsional vibration; hybrid electric vehicle; adaptive active control; model reference
adaptive control; mode switching

1. Introduction and State-of-Art

Compared with traditional fuel vehicles, hybrid vehicles have more advantages in
economy and power. But at the same time, there are more challenges in driving comfort
and safety. Power transmission system is the core component of hybrid drive, and its
complexity is mainly determined by two aspects [1,2]. Firstly, when the hybrid vehicle
starts, shifts gears, brakes, mode switching caused by energy management strategy, etc.,
the transmission system is stimulated by multiple sources, which will produce a great
dynamic load. Torsional vibration of transmission system is prominent. Secondly, the
engine is the main source of torsional vibration of the transmission system. If the structural
parameters of the transmission system are not designed properly, noise and resonance will
be generated, and the shock absorber will be damaged seriously. At the same time, although
the motor in the hybrid car can speed up the response, it also leads to the instability of
power transmission, which affects the reliability and durability of the gearbox system
components. Therefore, the torsional vibration control of the transmission system of hybrid
electric vehicle becomes an urgent problem to be solved.

As the P2 hybrid electric vehicle has the particularity of two clutches, the motor can be
used as the power source of the transmission system and start the engine. During the mode
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switching from pure electric power to hybrid power, the motor drives the clutch driven
disk to move through the driving shaft. During the clutch combination process, the engine
crankshaft is first dragged to idle speed, then coordinated with the engine driving speed
until the clutch is fully combined, and finally the speed synchronization is achieved to drive
the automobile together. In the above process, due to the coordinated output of multiple
power sources and the discontinuity, nonlinearity and uncertainty of the clutch system,
various torsional vibration problems will occur in the transmission system. Therefore, the
vibration suppression problem centered on power quality optimization caused by frequent
switching of multiple power sources and modes needs further study.

The active damping control method is widely studied to control the torsional vibration
of hybrid electric vehicles. Related research focuses on the following two aspects:

i. Active vibration reduction by feedback control and frequency correction

Many scholars used series correction or feedback control method to produce damping
effect to reduce the vibration near the resonance frequency. Valenzuela [3] made active
damping injection through the principle of zero-pole cancellation in frequency domain,
which effectively reduced the vibration transmissibility near the resonance frequency.
Liu [4] proposed a method of combining reference adaptive control with pole assignment
to control the torsional vibration under the condition of parameter uncertainty, and sup-
pressed the torque ripple of the output shaft under the impact condition. Fu [5] and
Zhang [6], respectively, adopt a Linear Quadratic Regulator (LQR) with a parameter es-
timation to control the body shaking and torsional vibration of electric vehicles during
rapid acceleration. Berri [7] took the engine speed as the feedback input, and improved
the damping and attenuation effect of the resonance point of the transmission system by
introducing band-pass filter series correction. Zhao et al. [8] put forward a control scheme
of active vibration reduction and feedforward correction based on feedback control to
effectively attenuate the fluctuation impact of an EV mode hybrid transmission system.
Zhou [9] proposed a feedforward–feedback control strategy considering nonlinear backlash,
which can be regarded as an effective approach to attenuate driveline oscillation and thus
improve ride comfort on launch condition.

In addition, feedback control based on time domain index has also attracted much
attention. In this method, the difference between the rotational speed of the power source
and the rotational speed of the vehicle is used as the feedback signal, and the minimization
of the rotational speed difference is used as the control objective to set the active damping
compensation torque. Syed [1] and Walker [10] commanded the motor to output compen-
sation torque to eliminate the speed difference, thus realizing active damping. Kou [11] Li
also designed a sliding mode controller based on the principle of speed difference compen-
sation. The speed difference was transmitted to the motor through the positive feedback
controller, and the motor was ordered to output the corresponding compensation torque.
This damping control method generates generalized damping to solve the weak damping
problem of transmission system. Gao et al. [12] proposed a sliding mode controller to
coordinate the dynamic performance for HEV during mode switching. Chao Yang [13]
studied an adaptive dual-loop control framework for the clutch engagement in a parallel
HEV, which not only determined the engagement time of the clutch, but also effectively
controlled the vehicle jerk.

ii. Dynamic coordinated control of torque disturbance compensation

In essence, the dynamic coordinated control of torque disturbance is to compensate
for the slow response of engine torque through the quick response of motor torque, and
its basic principle is to use the torque of multiple power sources to peak load and valley
load [14]. Tomura [15] and Chen [16] produced compensation torque through the power
coupling of the motor to offset the pulsating torque of the internal combustion engine.
The torque of internal combustion engine was effectively controlled by using the observer
with crank speed as input. The vibration problem when the engine starts and stops in the
neutral state was solved. Yong [17] designed an anti-vibration impact controller, which
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is composed of an active damping method to generate the reverse torque opposite to
the vibration phase and a torque profile method to limit the torque gradient. Similar
research has been conducted by Morandin et al. [18] by controlling the permanent magnet
synchronous motor as an active torque damping system. The reverse torque sequence is
applied to the engine crankshaft to smooth the rotation speed oscillation.

Multi-power source coordinated control is mainly to used ensure the power and
smooth performance of the vehicle before and after the state switch. Crolla et al. [19,20]
discussed the torsional vibration in the process of mode switching. The fluctuation in
engine output torque was predicted. The least square method was used to identify the
components’ parameters, thus reasonably restraining the torque fluctuation. Similarly,
Cauet et al. adopted linear variable parameter control [21], model reference control [22],
waveform superposition control strategy [23] and model prediction control [24,25] to reduce
the engine torque ripple by controlling the torque of the permanent magnet synchronous
motor. Wang [26] designed the optimal starting control strategy of the engine based
on a dynamic programing algorithm. The ride comfort of HEV during mode switching
is optimized.

The above studies have proposed effective solutions to the torsional vibration prob-
lems of HEV. The existing feedback correction vibration suppression strategy can suppress
the torsional vibration of a hybrid power transmission system to a certain extent. However,
most of them are only effective for vibration suppression in specific or limited frequency
bands. Although torque compensation vibration damping control can also play a certain
damping effect. As the exciting force, the engine torque fluctuation and the multi-working
conditions and parameter uncertainty of the transmission system make the hybrid trans-
mission system show strong nonlinear characteristics. Therefore, considering the nonlinear
characteristics, the vibration suppression of a hybrid vehicle with wide-band adaptive
parameters should be further investigated. In this paper, an adaptive torsional vibration
active control method is studied to dampen the driveline vibration for P2 hybrid electric
powertrains during the switching process of EV-HEV.

This paper is organized as follows: In Section 2, the architecture and dynamic modeling
of the hybrid vehicle drive system is constructed. In Section 3, the principle of Model
Reference Adaptive Control (MRAC) was analyzed. The applicability of MRAC to the
torsional vibration of the driveline during mode switching was described. Furthermore,
the clutch free displacement phase was used as the reference model. A model reference
adaptive torsional vibration controller was built based on the controlled model. In Section 4,
the simulation of the adaptive torsional vibration control algorithm is performed and its
stability is evaluated. In Section 5, conclusions and future works are discussed.

2. Powertrain Modeling
2.1. P2 Hybrid Powertrain Architecture

In this paper, the P2 configuration hybrid electric vehicle without a dual-mass flywheel
is taken as the research object. Its structure is shown in Figure 1. The system mainly includes
a traditional engine, a reversible motor that can be used as both a motor and a generator,
two clutches and an automatic transmission. It is possible to cut off the power output of
the engine or prevent the motor torque from being transmitted to the engine by controlling
the separation of clutch 1. Clutch 2, which is connected to the automatic transmission, can
switch between different states according to the gear position.
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Figure 1. P2 hybrid vehicle structure.

2.2. Dynamic Model

In order to focus on the dynamic characteristics of both ends of the clutch plate and
simplify the design of the controller, according to the characteristics of the mode switching
process, the transmission system model is adjusted to only consider the engine, clutch and
motor, as shown in Figure 2.
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Figure 2. Model of hybrid transmission system with mode switching.

Where Je and Jm are the moment of inertia of the engine part and the motor part,
respectively; ωe and ωm represent engine speed and motor speed, respectively; Te and Tm
represent engine torque and motor torque, respectively; Tr is the equivalent load torque of
the motor output shaft, which is distributed by the energy management system according
to the driver’s demand; Tc is the maximum friction torque that the clutch can provide,
which can be expressed as follows:

Tc = µcRcFbNcsign(ωm −ωe) (1)

where µc, Rc, Fb and Nc are the friction coefficient, effective radius, number and pressure of
clutch plates, respectively.

It can be known from Formula (1). that when the input torque of the clutch is greater
than the maximum friction torque, the transmission torque of the clutch is equal to the
maximum friction torque. When the input torque of the clutch is less than the maximum
friction torque, the transmission torque of the clutch is equal to the input torque.

In the process of mode conversion, the engine needs to be engaged into the power train
through the clutch slip phase. At the same time, the motor must increase its output torque
to start the engine and provide driving force. Mode conversion performance depends on
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clutch engagement. Therefore, in order to better describe the powertrain model in this
process, this paper divides the clutch engagement into five stages, as shown in Figure 3.
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i. Clutch free displacement stage

The model of clutch free displacement stage is shown in Figure 4. At this stage, the
driven disc of the clutch starts to move, but still does not contact with the driving disc of
the clutch. The motor outputs torque and drives the clutch driven disk to rotate through
the transmission shaft. At this stage, the engine speed is zero. Therefore, the dynamic
model of the transmission system can be written as:

Jm
.

ωm = Tm − Tr (2)
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ii. The first stage of clutch slip

A first stage model of clutch slip is shown in Figure 5. The clutch driven plate and
the driving plate begin to contact and slip. However, since the starting resistance torque of
the engine transmitted at this time is still greater than the clutch torque, the clutch driven
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plate on the motor side is rotating, while the clutch driving plate on the engine side is still
in a stationary state. The engine is still stationary. The powertrain dynamics model for this
phase is:

Jm
.

ωm = Tm − Tr − Tc (3)
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iii. The second stage of clutch slip

The second stage model of clutch slip is shown in Figure 6. When the torque transmit-
ted by the clutch gradually increases to exceed the starting resistance torque of the engine,
the crankshaft of the engine is driven to rotate when the clutch slips. The engine is kept in
a non-ignition state until it reaches idle speed. Tsr represents the starting resistance torque
of the engine, which can be obtained by referring to the table of steady-state experimental
characteristics of the engine. The transmission system dynamics model of the above process
is as follows: {

Je
.

ωe = Tc − Tsr
Jm

.
ωm = Tm − Tr − Tc

(4)
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iv. Speed synchronization stage

The synchronization phase model is shown in Figure 7. When the engine speed
exceeds the idle speed, the engine will receive the ignition command from the advanced
controller and begin to output torque. At the same time, the clutch actuator is controlled to
push the clutch driven disk. At this stage, the engine speed is still lower than the motor
speed, so there is still a speed difference between the two sides of the clutch. This phase
continues until the engine speed is coordinated with the clutch engagement speed. The
dynamic model of the transmission system in this stage is:{

Je
.

ωe = Te + Tc
Jm

.
ωm = Tm − Tr − Tc

(5)
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v. Full participation stage

The full-scale participation model is shown in Figure 8. When the speed difference
between the engine and the motor drops to a given range, the clutch is engaged at the
maximum engagement speed, and the engine will start to actively output driving torque. At
this time, the mode switching process from pure electric drive to hybrid drive is completed
by the joint output torque of engine and motor. The dynamic model of the transmission
system at this stage is:

(Je + Jm)
.

ωm = Te + Tm − Tr (6)
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For the hybrid transmission system studied in this paper, as a result of the rotating
speeds of the friction plates at both ends of the clutch being different in the mode switching
process, and the clutch having two degrees of freedom, the speed at both ends of the clutch
will be used as two output variables of the control system in the sliding process. According
to the established dynamic model, it can be known that in the process of power conversion,
the input variables of the control system include motor torque, engine torque and clutch
torque. At this time, the number of input variables of the system is greater than the number
of output variables, showing an overdrive system state, which theoretically has infinite
solutions. Therefore, appropriate constraints should be added, and a reasonable control
model should be constructed to adjust the input variables, so that the system tends to
be stable. When the speed phase is switched to the full participation phase, the friction
torque of the clutch is switched from sliding friction torque to static friction torque, and its
nonlinear characteristics are introduced into the whole transmission system. If the control
is unreasonable, the friction torque will be discontinuous and abrupt, which will affect the
stability of the transmission system.

3. Active Control Algorithm
3.1. Basic Principle of Controller

The model used in this paper refers to MRAC (Model Reference Adaptive Control),
according to which the torsional vibration and the impact of the transmission system during
mode switching can be controlled. The structure and working mechanism of the model
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reference adaptive control system are shown in Figure 9. The system mainly includes three
parts, namely the reference model, the adjustable system and the adaptive mechanism.
Their respective working principles are as follows:
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• Reference model refers to an ideal system with a stable structure and constant parame-
ters, and its output represents the expected performance. Under the influence of the
reference input r of the control system, the output y of the model is set to adjust the
output state of the controlled object in real time according to the ideal output ym of the
reference model.

• The adjustable system consists of the controlled object, the front controller and the
feedback controller. The state characteristic requirements of the adjustable system are
given by reference models such as overshoot, damping performance, transition time
and passband.

• Affected by external influences and random changes of the internal structure of the
system (parameter deviation, etc.), there will be a deviation e between the actual
output y of the controlled object and the ideal output ym. When the adaptive mecha-
nism receives the speed deviation signal, it will adjust the control parameters of the
control system according to the pre-designed adaptive law. As such, this will either
mobilize the feedforward controller and feedback controller, or generate the auxiliary
input to eliminate errors, so that the process output is consistent with the reference
model output.

After in-depth analysis of the dynamic characteristics of the transmission system with
pure electric-hybrid mode switching, it can be known that the transmission system is most
prone to impact when the clutch slips in the second stage and the speed synchronization
stage is switched to the full participation stage. Therefore, the control goal of this paper
is to ensure the smooth operation of the transmission system during the engine start-up
and clutch sliding. When the ideal state is mode switching, the dynamic performance of
the vehicle is exactly the same as that of the vehicle in pure electric mode under the same
external conditions. Therefore, in this paper, the reference model is set as the transmission
system dynamics model in the clutch free displacement stage.

3.2. The Scheme of Torsional Vibration Controller

The torsional vibration controller consists of four parts as shown in Figure 10. The
torsional vibration controller receives the engine torque Te, the clutch friction torque Tc
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and the motor torque Tm measured from the mode switching coordination controller, the
target torque Tr sent by the hybrid controller. When the motor controller receives the target
torque command and the target speed command from the hybrid controller, the hybrid
adaptive torsional vibration controller is executed and a control torque command is sent to
the motor.
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3.2.1. Derivation of Controller

Set the dynamic model of clutch free displacement stage as the reference model of this
controller. The dynamic equation of the reference model is as follows:

Jm
.

ωm = Tm − Tr (7)

where ωm is the required rotational speed calculated by the reference model; Tm is the
equivalent driver demand torque.

Let the state variable xd = ωm, the input variable ud = Tm, the output variable yd = ωm,
and the disturbance variable d1 = −Tr. Then the state space equation of the reference
model is:

.
xd =

1
Jm

xd +
1
Jm

ud +
1
Jm

d1 (8)

Given the actual state x and ideal state xd of the system, the tracking error of the system
and its reciprocal can be obtained as follows:{

e = x− xd.
e =

.
x− .

xd
(9)

The state space equation of the control system is brought into the Equation (9). The
dynamic error equation of the system can be obtained as follows:

.
e = Ax + Bu− .

xd (10)

The matrix Hm∈R2×2 is defined as any Hurwitz matrix and the above formula can be
transformed into:

.
e = Hme + B

[
u + K∗x− L∗

(
Hme +

.
xd
)]

(11)
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where K*∈R2×2 and L*∈R2×2 and their relationship is shown in the following formula:{
BK∗ = A
BL∗ = I

(12)

In the formula, I∈R2×2 is identity matrix.
The control rate and dynamic error of the control system can be obtained from

Equation (11) as follows:
u = −K∗x + L∗

(
Hme +

.
xd
)

(13){ .
e = Hme
lim
t→∞

e(t) = 0 (14)

In the control rate, neither K* nor L* can be directly obtained by calculation. Therefore,
it is necessary to estimate the unknown parameters of the system control rate, and the
estimation error is: {

K̃ =
>
K− K∗

L̃ =
>
L− L∗

(15)

where,
>
K and

>
L are the estimated values of K* and L*, respectively.

By replacing the unknown parameters of the system in the control rate with their
estimated values, the adaptive control rate can be obtained as follows:

u = −>
Kx +

>
L
(

Hme +
.
xd
)

(16)

By combining Formulas (10) and (11) and Formulas (15) and (16), the dynamic error
equation of the system can be rewritten as:

.
e = Hme + L∗−1

[
−K̃x + L̃

(
Hme +

.
xd
)]

(17)

The matrix ω is defined as the Formula (18). When the matrix L* is positive or negative,
ρ = 1. So Ω is always a positive matrix.

Ω = inv(L∗)ρ (18)

3.2.2. Proof of Stability

In this paper, Lyapinov direct method is used to prove the stability of the adaptive
control rate. In order to build a more effective parameter regulation system and ensure that
the controller eventually tends to converge stably, it is important to match a reasonable
Lyapinov function for the controller. The Lyapinov function defined in this paper is:

V = eT Pe + tr
(

K̃TΩK̃ + L̃TΩL̃
)

(19)

where P and Ω are positive definite matrices; tr is the trace of the matrix.
According to Hurwitz matrix properties, it can be concluded that:

HT
mP + PHm = −Q (20)

where Q is a positive definite symmetric matrix, and it is arbitrary.
The reciprocal of Lyapinov matrix can be obtained by taking derivative of Equation (19)

as follows:
.

V =
.
eT Pe + eT P

.
e +

d
dt

tr
(

K̃TΩK̃ + L̃TΩL̃
)

(21)
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The Formula (20) is brought into the Formula (21) to obtain that:

.
V =

{
Hme + L∗−1

[
−x + L̃

(
Hme +

.
xd
)]}T

Pe

+P
{

Hme + L∗−1
[
−K̃x + L̃

(
Hme +

.
xd
)]}

+ d
dt tr
(

K̃TΩK̃ + L̃TΩL̃
) (22)

After the Equation (22) is simplified:

.
V = eT(HT

m + PHm
)
e + 2eT PL∗−1

[
−K̃x + L̃

(
Hme +

.
xd
)]

+ d
dt tr
(

K̃TΩK̃ + L̃TΩL̃
) (23)

According to the properties of matrix trace derivation, it can be obtained that:

d
dt

tr
(

K̃TΩK̃ + L̃TΩL̃
)
= 2tr

(
K̃TΩK̃ + L̃TΩL̃

)
(24)

The Formula (24) is brought into the Formula (23) to obtain that:

.
V = eT(HT

m + PHm
)
e + 2eT PL∗−1

[
−K̃x + L̃

(
Hme +

.
xd
)]

+2tr
(

K̃TΩK̃ + L̃TΩL̃
) (25)

According to the properties of matrix trace and confrontation matrix, it can be ob-
tained that:

eT PL∗−1K̃x = tr
(

K̃T L∗−1PexT
)

(26)

eT PL∗−1 L̃
(

Hme +
.
xd
)
= tr

[
L̃T L∗−1Pe

(
Hme +

.
xd
)T
]

(27)

The reciprocal of the final Lyapinov matrix can be obtained by bringing Formula (26)
and Formula (27) into Formula (25) as follows:

.
V = eTQe

+2tr
(

K̃TΩK̃ + L̃TΩL̃− K̃T L∗−1PexT
)

+2tr
[

L̃L∗−1Pe
(

Hme +
.
xd
)T
] (28)

To ensure that the
.

V is negative, the change laws
>
K and

>
L are controlled as follows:

.>
K = PexTsign(ρ) (29)

.>
L = −Pe

(
Hme +

.
xd
)Tsign(ρ) (30)

Vertical Formulas (28)–(30) can obtain that:

.
V ≤ −eTQe ≤ 0 (31)

As V ≥ 0 and
.

V ≤ 0, the adaptive control law designed in this paper can keep the
variable parameters and state variables of the controller system bounded in finite time. The
tracking error approaches zero, and the control system tends to be stable.

4. Result and Discussion
4.1. Simulation Environments

The parameters of the model are shown in Table 1. The engine torsional vibration
model and clutch friction model used in this simulation are built in AMEsim. Clutch
friction torque is shown in Figure 11. Based on the traditional coordinated controller, a
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model reference adaptive controller is built in Simulink. Through the joint simulation of
AMEsim and Simulink, the damping effect of the controller designed in this chapter can be
verified. This is achieved by the following: setting the simulation condition to enter the
mode switching stage from 0 s; setting the equivalent initial speed of the motor output
shaft to 1000 r/min; and setting the idle speed of the engine to 550 r/min. By comparing
the speed and torque of motor and engine with or without torsional vibration control in
the simulation results, the control effect is determined.

Table 1. Parameters of model.

Symbol Value

Je 0.121 (kg·m2)
Jm 0.167 (kg·m2)
µc 0.1
Rc 80 (mm)
Fb 3
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Figure 11. Clutch friction torque.

4.2. Simulation Results

The simulation results of output torque of the engine and motor are shown in Figure 12.
In the process of mode switching, the target torque of the engine and the driving motor
are directly given by the energy management strategy, meaning 0–0.2 s is the clutch free
displacement stage. As the driven disc of the clutch has not made contact with the driving
disc at this stage, the values of the friction torque of the engine and the clutch have not
changed. As the clutch driven disk continues to move, the clutch driven disk begins to slip.
From 0.2 s onwards, the friction torque of the clutch gradually increases, and the motor
speed begins to fluctuate slightly under this influence. Due to the static friction, the driving
disk has not moved yet, so the speed of the engine output shaft remains at zero. After 0.3 s,
the clutch driving disc starts to move and drives the engine crankshaft to rotate to idle
speed. At this stage, the clutch and the engine crankshaft are equivalent to the extra load of
the motor. Therefore, in order to achieve the total torque of the vehicle, the motor torque
increases to ensure the power output.
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Figure 12. Torque comparison diagram of engine and motor.

After the engine speed rises to 550 r/min, the engine ignites and burns to start
outputting torque. It can be seen from Figure 13 that the engine speed after control rises to
idle speed slowly, so the engine ignition time after control is later than that before control.
The torque comparison diagram of the corresponding stage shows that the engine output
torque will fluctuate greatly before control due to the non-uniformity of combustion after
ignition. Under the action of the controller, the motor outputs compensation torque to
compensate the torque fluctuation in the engine and clutch. Therefore, the fluctuation in
engine torque after control is obviously attenuated.
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Figure 13. Comparison diagram of engine and motor speed.

In the phase of speed coordination, the engine speed is gradually increased to coordi-
nate with the motor speed under the interaction of friction discs at both ends of the clutch.
The uneven transmission torque of the clutch is caused by the fluctuation in engine output
torque, resulting in the fluctuation in motor output torque. After this stage control, the
maximum deviation in motor speed decreased by 93.2% compared with that before control.
After control, the maximum deviation in engine speed decreased by 79.6% compared with
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that before control. When the difference between engine speed and motor speed drops to
50 r/min, the clutch is fully engaged and enters the full participation stage. Furthermore,
the engine motor outputs torque according to the instructions distributed by the energy
management system. At this stage, the engine speed is equal to the motor speed. After the
control, the maximum deviation of rotational speed decreased by 97.5% compared with
that before the control. The maximum deviation in engine torque after control is 77.4%
lower than that before control.

Comparison of simulation results of engine and motor acceleration is shown in Fig-
ure 14. It can be seen that the effective control rate of the controller to the maximum
deviation in engine acceleration fluctuation in the speed coordination stage and the speed
synchronization stage is 88.9% and 82.3%, respectively. Before the speed synchronization
stage, the control efficiency of the controller to the maximum deviation of motor accel-
eration reached 96.7%. After entering the speed synchronization stage, the amplitude
of motor acceleration fluctuation increased due to the influence of engine output torque
fluctuation, but the control efficiency still reached more than 80%. The analysis of the
effective control rate of the engine-motor unit in the controller speed coordination stage
and full participation stage is shown in Table 2. As shown in Figure 15, it can be observed
that after the engine speed is increased to idle speed, the controller can reduce the impact
of the transmission system to within ±1 m/s3, reaching the German recommended impact
value of ±10 m/s3.
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Table 2. Control effect analysis.

Control Parameters Efficiency of Controller in
Speed Coordination Stage

Efficiency of Controller in
Full Participation Stage

Motor speed 93.2% 97.5%
Engine speed 79.6% 77.4%

Motor acceleration 96.7% 82.3%
Engine acceleration 88.9% 82.3%

To sum up, in the time domain, the model reference adaptive controller built in
this paper has a good control effect on the fluctuation in engine output torque and the
fluctuation in engine and motor speed and acceleration. Then the torque fluctuation in
the input end of the transmission is attenuated, thus achieving the purpose of vibration
reduction in the whole transmission system.

Except from the perspective of time domain, the performance of the controller can also
be measured from the perspective of frequency domain. Fourier transform is performed
on the rotation speeds of the engine and the motor to obtain a spectrum, as shown in
Figure 16. In the figure, the x axis is time, and the y axis and the color bar represent
frequency. The larger the value of the y axis is, and the closer the color is to blue, the
more this indicates that the fluctuation amplitude of the rotating speed is smaller. On the
contrary, the smaller the value of the y axis and the closer color is to red, the more this
indicates that the fluctuation in the rotating speed is more severe. Through the observation
of comparison charts for the A and B groups, it can be seen that the engine speed after 0.8 s
control is closer to the blue range, which indicates that the controller can effectively control
the engine speed fluctuation in the speed synchronization stage and the full participation
stage. The blue range of the motor speed spectrum is larger after 0.3 s control, and in
particular, the torsional vibration attenuation at the motor is more obvious in the speed
synchronization stage after the engine is increased to idle speed. The results show that the
designed model reference adaptive controller can effectively improve the ride comfort of
the vehicle transmission system in the process of mode switching.

Machines 2022, 10, x FOR PEER REVIEW 15 of 18 
 

 

To sum up, in the time domain, the model reference adaptive controller built in this 

paper has a good control effect on the fluctuation in engine output torque and the fluctu-

ation in engine and motor speed and acceleration. Then the torque fluctuation in the input 

end of the transmission is attenuated, thus achieving the purpose of vibration reduction 

in the whole transmission system. 

Except from the perspective of time domain, the performance of the controller can 

also be measured from the perspective of frequency domain. Fourier transform is per-

formed on the rotation speeds of the engine and the motor to obtain a spectrum, as shown 

in Figure 16. In the figure, the x axis is time, and the y axis and the color bar represent 

frequency. The larger the value of the y axis is, and the closer the color is to blue, the more 

this indicates that the fluctuation amplitude of the rotating speed is smaller. On the con-

trary, the smaller the value of the y axis and the closer color is to red, the more this indi-

cates that the fluctuation in the rotating speed is more severe. Through the observation of 

comparison charts for the A and B groups, it can be seen that the engine speed after 0.8 s 

control is closer to the blue range, which indicates that the controller can effectively con-

trol the engine speed fluctuation in the speed synchronization stage and the full partici-

pation stage. The blue range of the motor speed spectrum is larger after 0.3 s control, and 

in particular, the torsional vibration attenuation at the motor is more obvious in the speed 

synchronization stage after the engine is increased to idle speed. The results show that the 

designed model reference adaptive controller can effectively improve the ride comfort of 

the vehicle transmission system in the process of mode switching. 

 

(a) engine speed comparison 

Figure 16. Cont.



Machines 2022, 10, 647 16 of 18
Machines 2022, 10, x FOR PEER REVIEW 16 of 18 
 

 

 

(b) motor speed comparison 

Figure 16. Spectrum analysis diagram of rotating speed. 

5. Conclusions and Future Work 

An adaptive active vibration control algorithm that dampens the powertrain vibra-

tion is proposed in this work for hybrid electric vehicles during the mode switching pro-

cess. Firstly, the hybrid system model of EV-HEV mode switching process is established. 

The clutch engagement process is divided into five stages, and the dynamic equilibrium 

equation of each stage is established. Secondly, the dynamic model of a clutch free dis-

placement stage is set as the reference model, and the model reference adaptive torsional 

vibration controller is built based on the multi-stage dynamic model of a mode switching 

process. Finally, the control effects of the controller on the speed and torque of the trans-

mission system in time domain and frequency domain are compared and analyzed. The 

simulation results show that in the process of mode switching, the most prone stages of 

torsional vibration are the speed coordination stage and the speed synchronization stage. 

In these two stages, the designed controller can reduce the fluctuation in motor speed by 

93.2% and 97.5%, respectively, the engine speed by 79.6% and 77.4%, respectively, the 

motor acceleration by 96.7% and 82.3%, respectively, and the engine acceleration by 88.9% 

and 82.3%, respectively. In addition, the controller can reduce the impact degree of the 

transmission system to within ±1 m/s3, reaching the recommended value of impact degree 

in Germany. Besides, the controller can also significantly reduce the speed fluctuation in 

both the engine and motor in spectrum analysis.  

On the basis of the coordinated control of power in the process of mode switching, 

this paper further discusses the torsional vibration in a transmission system caused by the 

fluctuation in engine output torque. Compared with common PID control and sliding 

mode control for dynamic coordination [12,13], adding adaptive model reference adaptive 

control can further attenuate the transmission system oscillation caused by the torque 

fluctuation in the engine. The effective control rate of motor speed vibration is over 90%, 

and the effective control rate of engine speed vibration is over 70%. This is a further study 

on the torsional vibration control of hybrid electric vehicle transmission system. 

Although the parameter uncertainty of the model and the uncertainties of real-time 

traffic might bring some difficulties for the application of the AMRC algorithm, using the 

AMRC algorithm is still a potential method for the vibration control strategy of hybrid 

electric vehicles from an academic point of view. In the following areas, additional studies 

Figure 16. Spectrum analysis diagram of rotating speed.

5. Conclusions and Future Work

An adaptive active vibration control algorithm that dampens the powertrain vibration
is proposed in this work for hybrid electric vehicles during the mode switching process.
Firstly, the hybrid system model of EV-HEV mode switching process is established. The
clutch engagement process is divided into five stages, and the dynamic equilibrium equa-
tion of each stage is established. Secondly, the dynamic model of a clutch free displacement
stage is set as the reference model, and the model reference adaptive torsional vibration
controller is built based on the multi-stage dynamic model of a mode switching process.
Finally, the control effects of the controller on the speed and torque of the transmission
system in time domain and frequency domain are compared and analyzed. The simulation
results show that in the process of mode switching, the most prone stages of torsional
vibration are the speed coordination stage and the speed synchronization stage. In these
two stages, the designed controller can reduce the fluctuation in motor speed by 93.2% and
97.5%, respectively, the engine speed by 79.6% and 77.4%, respectively, the motor acceler-
ation by 96.7% and 82.3%, respectively, and the engine acceleration by 88.9% and 82.3%,
respectively. In addition, the controller can reduce the impact degree of the transmission
system to within ±1 m/s3, reaching the recommended value of impact degree in Germany.
Besides, the controller can also significantly reduce the speed fluctuation in both the engine
and motor in spectrum analysis.

On the basis of the coordinated control of power in the process of mode switching,
this paper further discusses the torsional vibration in a transmission system caused by
the fluctuation in engine output torque. Compared with common PID control and sliding
mode control for dynamic coordination [12,13], adding adaptive model reference adaptive
control can further attenuate the transmission system oscillation caused by the torque
fluctuation in the engine. The effective control rate of motor speed vibration is over 90%,
and the effective control rate of engine speed vibration is over 70%. This is a further study
on the torsional vibration control of hybrid electric vehicle transmission system.

Although the parameter uncertainty of the model and the uncertainties of real-time
traffic might bring some difficulties for the application of the AMRC algorithm, using the
AMRC algorithm is still a potential method for the vibration control strategy of hybrid
electric vehicles from an academic point of view. In the following areas, additional studies
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may be carried out: the multi-working conditions; and wide speed range torsional vibration
reduction problems of the hybrid powertrain under mode switching will be considered;
a torsional vibration control strategy of hybrid electric vehicles combined with energy
management strategies will also be considered; future research shall focus either on bench
test or on real vehicle operation.
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