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Abstract

Due to the fixed geometric parameters and structure of vehicle passive stabilizer bar, the corresponding anti-roll moment
cannot be provided in real time according to the state of the vehicle body, limiting the improvement of the anti-roll
performance of vehicles. In order to improve the anti-roll performance of vehicles, a vehicle roll model, a wheel load
transfer model and a finite element calculation model of switched reluctance motor were established respectively in this
study. By calculating the vehicle roll and wheel load transfer model, the target anti-roll moment of the active stabilizer
bar driven by the switched reluctance motor was obtained to determine the moment requirement of the designed switched
reluctance motor, and the finite element method was used to design the corresponding motor. Based on the co-simulation
platform of carsim and MATLAB/Simulink, it was verified that the designed active stabilizer bar system driven by the
switched reluctance motor can improve the anti-roll performance of vehicles. The results demonstrate that under the
condition of double lane change, the active stabilizer bar driven by the switched reluctance motor has a vehicle roll angle
range of -1.2~1.2°, and the passive stabilizer bar has a roll angle range of -2.5~4.7°. Compared with the passive stabilizer
bar, the anti-roll performance of active stabilizer bar driven by the switched reluctance motor is improved by about 50%.
The proposed method provides a good prospect for optimizing the design of vehicle active stabilizer bar system.
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1. Introduction

In order to improve the anti-roll performance of vehicles in
the conditions of sharp turn and uneven roads, many
techniques have been applied to the vehicle stability control
system to reduce the vehicle roll angle and improve the
safety, such as passive stabilizer bar, four wheel steering,
direct yaw moment control and active front steering
technology. Because of simple structure and convenient
installation, passive stabilizer bar has been widely used in
various types of vehicles. However, passive stabilizer bar
has certain defects. Due to the fixed geometric parameters
and structure, it can neither change the stiffness nor provide
the corresponding anti-roll moment in real time according to
the vehicle body [1]. In the case of low designed suspension
stiffness, it can not effectively provide the anti-roll moment
required by the vehicle body, causing various accidents like
rollover. In the case of high suspension stiffness, the entire
suspension is too rigid, which will reduce the ride comfort.
As higher demands are raised for ride comfort and
safety of vehicels, the active stabilizer bar (ASB) system can
output the anti-roll moment needed by a vehicle in real time
according to the vehicle parameters and road condition
information, thereby improving the anti-roll performance.
The ASB has been improved on the basis of the passive
stabilizer bar, and it can change the roll stiffness according
to the running state of vehicles, thus reducing the roll angle
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and effectively preventing safety accidents like rollover. The
main driving elements of the existing ASB are hydraulic and
DC motors [2,3]. Despite the large output torque capacity,
the hydraulically actuated ASB has low response speed and
inefficient energy conversion. The DC motor-driven ASB
can compensate for the deficiency of hydraulic ASB to a
certain extent. It has the advantages of rapid response, high
sensitivity  and  good  controllability. However,
demagnetization may occur due to the temperature rise of
the motor used for a long time, resulting in control failure.
Therefore, it is an urgent problem to design a new ASB
system with rapid response capability depending on the
dynamic characteristics of vehicles without considering
demagnetization.

Based on the above analysis, since the rotor of the
switched reluctance motor (SRM) does not have a
permanent magnet or a double salient pole structure on,
there is no need to consider demagnetization. Therefore, in
the present study, the finite element method is used to design
a SRM for the vehicle's ASB, which provides a reference for
the development and optimization of ASB system.

2. State of the art

The structural limitation of passive stabilizer bar limits the
angle of reducing vehicle roll. Therefore, ASB has become a
research hotspot in the field of vehicle active safety. At
present, researchers have carried out a lot of research on
ASB system. The rotary hydraulic pump was applied to the
vehicle ASB, and the corresponding feedforward and
feedback controllers were designed. The vehicle simulation
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and bench test were carried out, but the technical parameters
of the hydraulic pump were not analyzed [4]. Rollover is a
serious problem for the safety of heavy-duty vehicles, which
can cause huge economic and environmental consequences.
Thus, Vu et al. [5] proposed an electronic servo-hydraulic
ASB system based on linear LQR optimal control. The
comparative test of three different cases without stabilizer
bar, passive stabilizer bar and electronic servo-hydraulic
ASB were compared. The results show that electronic servo-
hydraulic ASB can significantly improve the anti-roll
performance of heavy-duty vehicles, but there is a response
hysteresis loop phenomenon. A fuzzy PI-PD controller was
designed, and the anti-roll performance of ASB was
simulated based on Simulink. It is found that the designed
controller can effectively improve the anti-roll performance
of vehicles. However, the designed control system was not
used for a corresponding study of the actuator [6]. Kong et al.
[7] developed a new hierarchical ASB control system to
generate and distribute active anti-roll moment between the
front and rear axle ASBs, so that the roll stiffness of the
front and rear suspension systems can be changed in real
time. However, there was no design explanation for the
driving motor of the ASB. An ASB scheme consisting of
four hydraulic actuators was proposed, and LQR method
was used to design a linear optimal controller of ASB.
Compared with passive stabilizer bar, the roll stability of
heavy vehicles was improved. However, the control of the
servo valve was not analyzed and explained [8]. An electro-
hydraulic actuator system model of ASB was established. A
PID controller was designed to control the roll angle of
vehicles. A simulation experiment of vehicle equipped with
electro-hydraulic driving ASB was carried out on the co-
simulation platform of MATLAB/Simulink and Carsim. The
dynamic characteristics were analyzed but not compared
with other control methods [9]. Considering the uncertainty
of vehicle roll parameters and the possible initial conditional
deviation constraints, an adaptive robust control strategy
based on the U-K method was proposed for active lateral
stabilizers. By using the U-K adaptive robust control scheme,
the actual roll angle error quickly converged from the initial
error of 0.287 degrees to zero in 0.3 second. However, how
to set the adaptive robust control parameters of the U-K
method was not clearly specified [10]. In order to balance
the roll stability during cornering and the smoothness on a
straight road, the body roll angle was controlled by a two-
channel ASB controller based on the sliding mode theory.
The simulation results show that the designed controller can
not only effectively reduce the vehicle roll angle, but also
improve the yaw response and steering stability of the
vehicle under emergency driving conditions [11]. A self
adjusting fuzzy controller was used to control the vehicle
roll, and MATLAB/Simulink was employed to carry out the
vehicle roll control simulation test. The simulation results
were compared with those of the passive anti-roll bar and the
conventional fuzzy PID controller. It was proved that the
proposed controller can reduce the roll of the vehicle and
improve the ride and maneuverability of the passenger car.
However, the specific implementation of the control method
was not analyzed [12]. According to the coupling
relationship between active suspension and ASB, the
corresponding controllers of the two systems were designed
respectively. The simulation analysis results show that the
integrated control can improve the steering stability and
smoothness of vehicles. However, the dynamic actuators of
ASB were not considered [13]. In order to prevent vehicle
rollover and improve ride comfort in the conditions of

169

emergency steering or uneven roads, the controller of ASB
was designed based on the linear quadratic optimal control
theory. The particle swarm optimization algorithm was used
to optimize the weight coefficient of the designed controller.
The method effectively avoided vehicle rollover in different
driving conditions of the vehicle, but the actuator of the ASB
was not described [14]. Gong et al. [15] carried out
simulation and actual vehicle test on ASB of hydraulic
motor, finding it had better anti-roll characteristics and ride
comfort. However, the specific design of hydraulic motor
was not analyzed. In the Adams/Car, the vehicle model with
ASB was established, and the simulation test was performed
on Simulink platform. The ASB with large roll angle
stiffness is more helpful to improve the roll stability of
vehicles. However, the study failed to analyze the
mechanical parameters of ASB considering the roll
resistance of the stabilizer bar [16]. In the process of
defining the sliding surface of the controller, Guo et al. [17]
introduced the fractional calculus theory to design the
corresponding controller of ASB. The fuzzy rules were used
to adaptively adjust the controller's switching gain
parameters to suppress the chattering phenomenon of the
sliding mode controller and improve the robustness of the
system. However, the drive of the ASB had not been studied.
A hydraulic ASB system was proposed, and a sliding mode
controller was designed to improve the roll stability of
vehicles. Nevertheless, the parameters of the hydraulic
power source had not been analyzed [18]. A dynamic model
of the ASB system was established, and the PID controller
was designed to improve the roll stability of vehicles. The
results show that ASB can improve the stability and safety
of vehicles compared with the traditional passive stabilizer
bar, but the design of the motor was not described [19].

The existing studies mainly focus on the control
algorithm of ASB, but there are few studies on the ASB
actuator, especially the design analysis of the actuator. In
this study, an ASB driven by SRM is proposed, which can
provide the corresponding anti-roll moment in real time
according to the state information of vehicles, thus
improving the anti-roll capability. Based on the mechanical
model of vehicle roll and wheel load transfer, the anti-roll
moment of the ASB is calculated, and the torque
requirement of the designed SRM is obtained. The
corresponding motor is designed by using finite element
method.

The remainder of this study is organized as follows. In
Section 3, the vehicle roll model is presented, and the SRM
applicable to the vehicle ASB is designed based on the finite
element analysis method. In Section 4, the performance of
the designed SRM is verified by using the co-simulation
platform of CarSim and MATLAB/Simulink. Finally,
Section 5 draws the conclusions.

3. Methodology

3.1 Description of SRM Driven ASB System

As shown in Fig. 1, the ASB system based on SRM drive is
composed of a SRM, left and right stabilizer bars, and a
deceleration mechanism. The motor and the deceleration
mechanism are disposed between the left and right stabilizer
bars. The right stabilizer bar is connected to the stator of the
motor, and the left stabilizer bar is connected to the output
shaft of the decelerator. In this way, the motor can make the
left stabilizer bar rotate relatively around the right stabilizer
bar. When the vehicle is driving on a sharp turn or on an



Meng Zhuo, Wang Libiao, Sun Yize, Guo Lei and Sun Xudong/Journal of Engineering Science and Technology Review 12 (4) (2019) 168 - 175

uneven road, the output shaft of the motor produces a
rotating motion and is transmitted to the left stabilizer bar
through the deceleration mechanism. As a result, the left and
right stabilizer bar will produce a relative torsional motion

SRM

nka

Motor reducer

Left bar

Right bar

and generate the corresponding additional anti-roll moment
effects on the vehicle body, thereby suppressing the roll
motion and improving the roll stability of the vehicle.

A — A

Motor rator
Motor shaft

Motor stator

Fig. 1. ASB system based on SRM

3.2 Target motor torque calculation

When the vehicle is cornering, the roll motion of the vehicle
body relative to the suspension can be seen as a rotational
motion about the roll center of the suspension. The roll
model of the vehicle is shown in Fig. 2. The lateral
acceleration causes the body to generate a roll moment. In
order to maintain the stability of the vehicle, the sum of the
anti-roll moment generated by the suspension system and the
anti-roll moment of the ASB must be balanced with the roll
moment generated by the vehicle body. The lateral moment
balance equation is as follows:

ky

o+M, +k, o+ M, =umh +mho (1)

where m_is the sprung mass. k ” and k 4 are the front and
rear suspension roll stiffness, respectively. s , and ,, are

the anti-roll moments of the front and rear ASB systems,
respectively. ¢ is the roll angle. g is the lateral

acceleration. j is the distance between body center of mass

and roll center.

The torsional sprung of the ASB is connected with the
motor in series. When the motor generates torque, the
torsion sprung can enhance the stability of the ASB.
According to the roll stiffness ratio of the front and rear
suspension and Eq.(1), the anti-roll moment equation of the
front and rear ASBs is concluded as follows:

_d-a),,
o
M, =a-[umh +pmh ~k, ~k,)]

Mar

af

(@)

When the vehicle generates a roll moment, the load will
be transferred in the wheel, which can directly influence the
steady-state response of the vehicle. Fig. 3 shows the wheel
load transfer model. The distribution of the centrifugal force
of the sprung mass on the front and rear axles is related to
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the distance from the center of sprung mass to the axles.
Therefore, the balance equation of wheel load transfer
changes on the front and rear axles are as following:

/lexlr
ky-p+M,=Am,-d, — i “hy

3)
1,
uml o

i

k‘P’” .¢+Mar :Amr 'dr_

where Am. ; and Am_ are the front and rear axles wheel load
transfer amount, respectively. ¢ , and d, are the front and
rear axles. h, and h are the roll center distances of front and
rear axles, respectively. I, and ; are the distance from the

center of mass to the front and rear axles. /is the wheelbase
of the vehicle.

Fig. 2. Vehicle roll model
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b,
From Eq. (3) , the wheel loads on the front and rear m, = LM v =7 M,

axles can beexpressed as below: Zf ®)
m, =—M =y M
k . +M ) l ar ar r ar
Amf — %4 ¢ af + /’ms . h/ ar
’ d, d,-1 -
' ’ “4)
k, -o+M /
Amr — or ¢ ar + /’lms Va A hr
d, d, -1l

Fig. 4. Mechanical model of front ASB

Roll
Center Considering the transmission ratio of speed reduction
mechanism i, the output torque of the SRM driver can be
obtained:
Te,f =My /f ©9)
f ]-l'?r = mar / l

where ¢ f and a, are the lenghth of stabilizer bars on the

front and rear axles. b ; and p_ are the lenghth of the

Fig. 3. Wheel load variation model . X
stabilizer lever arm of front and rear axles, respectively.

Considering the load distribution ratio coefficient of the y,and y, are the ratios of the length of the stabilizer arm to

front and rear axles, the variations of wheel load on the axles

the stabilizers on the front and rear axles, respectively. m,
have the following relationship:

and m, are the output torque of the ASB systems on the

front and rear axles, respectively. 7 , and 7 are the output

(6))

torque of the stabilizer bar motors on the front and rear
axles.

Am', = B(Am, + Am,)
Am] = (- B)(Am, +Am,)

In consideration of the uneven load distribution on front Table 1. List of vehicle parameters

and rear axles, the following equation is obtained by

s . Parameter/Unit Quantity Parameter/Unit Quantity
titut Eq. to Eq. :
substituting Eq. (3) into Eq. (3) ms (kg) 1762 I (m) 1.304
/ ¢(rad) (0~0.0698) I (m) 1.546
M, =Am',-d, —%-hf —ky -0 Iy (m) 0.452 dy(m) 1.536
' Lo ©) (/) (0~10) d, (m) 1.546
M = At -d _pm, kg 1 (m) 2.85 Iy (m) 0.084
ar r / r e kor(Nm/rad) 48380 hr (m) 0.09035
kyr (Nm/rad) 44330 o 0.52
L " 0.301 B 0.60
The force schematic diagram of the front axle ASB y,~ 0.195 : 160

system is shown in Fig. 4. The relationship between the

output torque of the front and rear axles ASBs and the
anti-roll moment can be concluded as follows:

Through the Eq. (2) to Eq. (9) and the vehicle parameters

listed in Table 1, the motor output torque curves of the front

14
m,, _Maf

F = i =
Vs b a.
£ S ™
b a

r r
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and rear axle ASBs are calculated, as shown in Fig. 5. The
maximum torque of the target motors on the front and rear
axles are 2.88 Nm and 1.66 Nm, respectively.
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Fig. 5. Diagram of target motor torque

3.3 Motor design using Finite Element Method
From section 3.2, it is calculated that the minimum torque of
the motor is not less than 2.88Nm under the power supply of
the vehicle battery. Therefore, the motor is designed with the
rated rotational speed of 1500r/min. Based on the empirical
design formula, the initial parameters of the prototype are
obtained, and the finite element analysis optimization is
performed by magnetic field analysis software. Finally, the
desired prototype is obtained.

The main parameters of the initial prototype of the SRM
are obtained by the following formula [20]:

6.1 k, P
DY =""."i "¢ 1
BA k, n (10)

where D is the rotor diameter. / is the armature calculation
length. B is the maximum flux linkage. 4 is the electric load.
ki is the peak current coefficient. k, is the square wave
current coefficient. P. is the rated power. n is the rated
speed.

Based on the initial prototype parameters, the model is
built in Ansoft MAXWELL and its structure is optimized by
carrying out magnetic field finite element analysis In order
to be consistent with the actual motor, the simulation
analysis is performed by specially adopting a three-
dimensional finite element model. Fig. 6 shows the magnetic
field finite element analysis results of the prototype. The
setting of the motor boundary and the solution of the mesh
are described in Fig. 6(a). Fig. 6(b) presents the magnetic
flux density after the solution. In order to realize better
torque output capability below the rated speed, the
mechanical characteristics of the designed motor are
analyzed. The results are shown in Fig. 7.

B(T]

1.7463+000
P 1sszsero00
13582¢+000

1164264000

9.7017¢-001
(b) Magnetic flux density cloud

3.1045¢+000
2910564000
2.7165e+000
2.5224e+000
2328464000
2.1344¢+000
1.9403e+000

7.7613¢-001
5.8210¢-001
3.8807¢-001
1.9404¢-001
6.4718¢-006

(a) Mesh map

Fig. 6. 3D finite element simulation analysis

Fig. 7 shows that the torque output capability of the
motor drops faster when the speed exceeds the rated speed.
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However, when the rotation speed is at or below the rated
rotation speed, the motor has a better torque output
capability. In this case, the torque is 3.6Nm at the rated
rotation speed, which meets the target torque design
requirements.

In Fig. 8, the torque output performance of the motor is
tested under the voltage of 12V, 15V and 17V, respectively.
When the voltage is 12V, the average output torque of the
motor is still about 4Nm, which satisfies the minimum target
torque of 2.88Nm. Therefore, the designed SRM satisfies the
design requirements for working under the vehicle voltage,
and it is applicable to the ASB system.

The prototype motor parameters are shown in Table 2.

\
\
\
5 Y ]
E \
\
% 10 \\
5 | \ ]
5! AN
= \
A Y
5 So o (1500,3.6) ]
N
SN
Se——
L r r I T = ———
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Speed/(r/min)

Fig. 7. Mechanical characteristics of motor
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Time/(ms)
Fig. 8. Output torque curve of motor
Table. 2. List of SRM parameters
Motor . Motor .
parameter/Unit Quantity parameter/Unit Quantity
Rated
Rated voltage/V 12 speed/(t/min) 1500
Core stack
Rated power/W 600 length/mm 70
Stator pole 12 Stator arc/rad 11.51
number
Rotor pole 3 Rotor pole 12.04
number arc/rad
Stator Outer Stator yoke
diameter/mm 102 height/mm 73
Rotor outer Rotor yoke
diameter/mm 307 height/mm 10
Air gap Rotor shaft
length/mm 04 diameter/mm 20
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4. Result Analysis and Discussion

In order to verify the design of the ASB driven by SRM to
improve the anti-roll effect of the vehicle, a simulation
experimental is conducted. Fig. 9 shows the integrated
simulation environment for the integrated vehicle control
system with the ASB driven by SRM. First of all, the flux-
current-angle spectrum data of the motor is obtained through
Ansoft MAXWELL software, and imported into the SRM
model in MATLAB/Simulink. An ASB model based on
SRM drive is established. Second, based on the vehicle
parameters in Table 1, a complete vehicle model with ASB
torque input is established in CarSim, and the ASB model
and CarSim vehicle model are linked to the vehicle control
system. Finally, the data link between different simulation
systems is realized through the standardized interface, and
the anti-roll experimental of the active suspension vehicle
driven by the SRM is completed.

Roll angel
Flux linkage )
calculated by Ansoft Car&m
MAXWELL vehicel model .| Vehicle
Lateral control
* A acceleration| ~ System
Front and rear
Front and rear ASB active anti-roll
driven by SRM moment
A
Motor control input

Fig. 9. System unified simulation environment

The vehicle is assumed to drive at a constant speed of 50
km/h on the B-type road surface, and the simulation analysis
experiment is carried out under the double lane change
condition. Fig. 10 shows the curve of the steering input of
the front wheel. Fig. 11 describes the curve of the output
moment of the ASB driven by the SRM on the front and rear
axles in the front wheel angle input of Fig. 10.

As can be seen from the Fig.11, the ASB system on the
front and rear axles can output the corresponding torque
performance according to the body roll state in real time,
which means that the vehicle with ASB driven by SRM has
good transient response characteristics.

2.5

Angle/(deg)

23

5 .
4
Time/(s)

10

Fig. 10. Vehicle front wheel steering input curve
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Fig. 11. Output curve of anti-roll moment of front and rear axis of ASB
driven by SRM

In Fig. 12, output curves of the vehicle roll angle of ASB
with SRM and conventional passive stabilizer bar are shown.
It can be seen from the figure that the maximum roll angle of
the vehicle controlled by the ASB of the SRM is about 1.2
degrees, while the maximum roll angle of the vehicle
controlled by the passive stabilizer bar is about 4.7 degrees.
In addition, it can be seen from the figure that the ASB
system driven by the SRM makes the transition state of the
vehicle roll angle curve smoother, and improves the anti-roll
performance and ride comfort of the vehicle effectively.

’ /\ Passive stabilizer bar
| | )
—~ 25 I|' | ASB with SRM
& | |
g JI |
9}
E e |
5] 0 o II| ) || L memea
3 [ t’f
25
Time/(s)

Fig. 12. Vehicle roll angle under the action of ASB driven with SRM
and passive stabilizer bar

Fig. 13 demonstrates a phase trajectory diagram of the
vehicle roll motion. When the vehicle is running in a double
lane change mode, the ASB driven by SRM has a vehicle
roll angle range of -1.2 to 1.2°, and the passive stabilizer bar
has a roll angle range of -2.5 to 4.7°. Compared with the
passive stabilizer bar, the anti-roll performance of ASB
based on SRM is improved by about 50%. According to the
simulation experiment results, compared with the passive
stabilizer system, the ASB driven by SRM designed in this
study can not only effectively reduce the vehicle roll angle,
but also improve the anti-roll dynamic response performance
and the anti-roll stability of the vehicle.
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Fig. 13. Vehicle roll phase trajectory under the action of ASB with
SRM and passive stabilizer bar

5. Conclusions

In order to overcome the problems of slow response and
demagnetization of the existing hydraulic and DC motor
type ASBs, an ASB driven by SRM was designed to
improve the anti-roll performance of vehicle. By
establishing the mechanical model of vehicle roll and wheel
load transfer, the anti-roll moment of ASB was calculated,
and the target rated torque of the designed SRM was
obtained. The corresponding SRM was designed by finite
element method. On the basis of the co-simulation platform
of CarSim and Matlab/Simulink, the anti-roll performance of
the vehicle with ASB driven by SRM and passive stabilizer
bar was compared. The following conclusions can be drawn:

(1) The roll angle of the vehicle was inversely
proportional to the output moment curve of the ASB driven
by SRM.

(2) Compared with the passive stabilizer bar, when the
front wheel angle of the vehicle was input according to the
double lane change condition, the roll angle curve transition
of the vehicle with the ASB driven by SRM was smoother,
indicating better ride comfort.

(3) When the vehicle was running under the double lane
change condition, the ASB driven by SRM had a vehicle roll
angle range of -1.2 to 1.2°, and the passive stabilizer bar had
a roll angle range of -2.5 to 4.7°. Compared with the passive
stabilizer bar, the anti-roll performance of the ASB driven
by SRM was improved by 50% approximately, which
demonstrates that the ASB driven by SRM could improve
the anti-roll performance of vehicle.

In this study, a new ASB system driven by SRM was
designed by establishing a vehicle roll model based on the
finite element method. The design of ASB driven by SRM
has certain engineering significance for improving the anti-
roll performance of vehicles in practice. However, due to the
lack of relevant real vehicle test platform, the designed
system can not be verified by real vehicle test. Therefore, in
future research, an actual vehicle test platform will be built
to further optimize the structure and parameters of the SRM
driven ASB system, so that the designed system can be
better applied to engineering practice to improve the anti-roll
performance of vehicles.
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