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Abstract—Yaw-rate control by direct yaw moment control
(DYC) for in-wheel motor electric vehicles has been studied for
years. However, how to properly treat the difference between the
wheels’ friction limit circles is still an open issue. For instance, in
conventional methods, the yaw-rate might not follow the reference
value due to the utilization of a fixed-slip-ratio-limiter regardless
of the cornering operation. To deal with this problem, this
paper proposes a new DYC method, which is based on driving
force control with variable-rate-slip-ratio-limiter. To evaluate the
effectiveness of the proposed method, simulation and experiment
were conducted using a four-wheel vehicle under a low-friction
surface condition. Experimental results show that, in comparison
with the conventional method, the proposed method can reduce
the root mean square deviation of the yaw-rate tracking error
by 62.7 %.

Index Terms—Direct yaw moment control, Driving force con-
trol, Electric vehicles, Slip ratio control, Variable-rate-slip-ratio-
limiter, Yaw-rate control

I. INTRODUCTION

In order to achieve a decarbonized society by 2050, the
automotive industry is shifting from conventional internal
combustion engine vehicles to electric vehicles (EVs). EVs are
not only environmentally friendly in terms of transportation,
but also novel motion control systems, thanks to their fast and
accurate torque generation capacity [1].

This study considers in-wheel motored EVs, which allow
the torque to be independently controlled at each wheel.
Thanks to this merit, direct yaw moment control (DYC)
has been proposed to control the yaw-rate and improve the
lateral stability of the vehicle. The DYC system is commonly
designed with a yaw-rate controller in the outer-layer and a
driving force controller (DFC) in the inner-layer.

From a literature review, many advanced methods have
been proposed for the outer-layer [2]-[9]. Among them, yaw
moment observer (YMO) can improve the robustness of the
control system based on the concept of disturbance observer
[10]. Besides, torque vectoring control is a combination of
the DYC with an optimal torque distribution law to minimize
the energy consumption of the vehicle [7]-[9]. Unfortunately,
[2]-[9] are merely provided with a simple feedforward DFC
in the inner-layer. For instance, the motor torque 7' is merely
calculated as 7' = rI', where r is the wheel radius and F
is the driving force. This simple control approach limits the
accuracy of the actual yaw moment generated by motors.

To improve the traction control, many types of controllers
have been proposed, such as fuzzy logic control [11], slid-
ing mode control [12], and model predictive control [13].
Our research group originally developed the DFC [14], [15],
which can accurately track the actual driving forces with the
reference values. The DFC with a slip ratio limiter can also
effectively prevent the EVs from slipping on the low-friction
surface. However, the DFC has mainly been studied in the
longitudinal motion of the EVs. Recently, Fuse et al. have
utilized the varying slip ratio limiter on the DFC to improve
the maneuverability of the EVs [16]. This approach allows
the vehicle to extend the cornering force generation capability.
How to implement DFC in the DYC framework is still an open
issue. To this end, it is essential to address the variation of the
friction limit circles, which could be very different between
the left and right sides while cornering.

This paper is to develop a DYC based on the DFC. With
respect to the aforementioned discussion, this paper focuses on
the cornering motion of the vehicle on a low-friction surface.
To deal with the difference between the left and right friction
limit circles, a variable-rate-slip-ratio-limiter is introduced to
the DFC configuration. The rate can be updated in real-time
by utilizing the YMO and driving force observer (DFO). By
using a four-wheel vehicle developed by our research group,
the advantage of the proposed method has been proved in
comparison with the conventional DYC.

The remainder of this paper is organized as follows. Section
II presents the dynamic model of the vehicle. The DYC system
and the proposed variable-rate-slip-ratio-limiter are presented
in Section III. Simulation results are shown in Section IV, and
the experimental results are demonstrated in Section V. Finally,
the conclusion is drawn in Section VI.

II. VEHICLE DYNAMICS MODEL
A. Lateral Motion of Vehicle Body
This paper investigates a planar vehicle model shown in

Fig. 1. Based on this model, the equations of motion can be
expressed as follows [17]:

MV (Cflf+’7> =2(Y; + Y, + Ya), (1)

Iy =N — Ny — Ng, 2



(b) Wheel rotational model.

(a) Planar vehicle model.

Fig. 1. Vehicle model.

where M and [ denote the vehicle mass and yaw moment
of inertia, respectively. The vehicle speed, yaw-rate, and side
slip angle are V, ~, and fj, respectively. In addition, Y is
the lateral force and the subscripts f and r denote the front
and rear wheels, respectively. Y; and N, represent the lateral
force and yaw moment disturbances, respectively. IV, is the
yaw moment, which can be generated by the driving force
difference between the left and right wheels. IV, is the moment
generated by the lateral tire forces and is given by

N, = 21,Y, — 21,;Y7, 3)

where [; and [, are the distances from the center of gravity
(CG) to the front and rear wheel axles, respectively.

B. Rotational Motion of Wheels

The rotational motion of each wheel is described as
Jijwij = Tij — 1 Faij, “)

where J is the wheel moment of inertia, r is the wheel radius,
w is the angular velocity, T' is the motor torque, and Fj is
the driving force (friction force). The subscription j denotes
the index of the wheel (i = {front,rear},j = {left, right}).
When the vehicle accelerates or decelerates, the wheel velocity
V., = rw differs from the vehicle velocity V' because of the
tire’s elastic deformation. The slip ratio A is defined as
Vwij =V
Aij = max(V,;,V,e)’ )
where € is a small positive value to prevent division by zero.
The nonlinear relationship between the driving force and slip
ratio is commonly described by Pacejka’s magic formula [18].
When the slip ratio is small, this relationship can be linearized
by F; = Ds\ where D is the driving stiffness which can be
estimated from the experimental data.

ITII. PROPOSED DYC SYSTEM

Assuming a rear-wheel drive system, the block diagram
of the proposed method is shown in Fig. 2, including two
controller layers.

A. Outer—Layer : Yaw-rate Control
The yaw-rate reference can be calculated as
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where 9 is the steering angle of the front wheel, which is given
by the driver, and [ = ¢ +{,. The stability factor A is defined
as

M 1;C¢ —1,.C,

212 C I C, ’
where C denotes the cornering stiffness, which is obtained
from experimental data by linearizing the lateral tire force
model. The stability factor describes the steering characteris-
tics of the vehicle. The vehicle can be classified into understeer
or oversteer if the sign of A is + or —, and the vehicle is
neutral steer if A equals to 0. To improve the robustness of
the yaw-rate control under the uncertainty of road conditions
and the unknown disturbances Yy, N;, and N4, the YMO is
utilized. As shown in Fig. 2, the YMO is established with
the nominal inertia I,,, and the w, is the cut-off frequency of
the low-pass filter. N;, is the yaw moment generated by the
feedforward controller and feedback controller. Let th be the
output of the YMO, we have N = Ny, + Ny, which is the
yaw moment command. Let F); ;, and d be the total driving
force command given by the driver and tread base, the force
distribution law (FDL) is designed as

Fapp | _ [1/2 1/d | [ Fia (8)
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B. Inner-Layer : Driving Force Control

Each wheel is provided with the DFC. As shown in Fig. 2,
the DFC has a cascade configuration, including an integral
force controller and a proportional-integral wheel speed con-
troller. The driving force is feedbacked thanks to the DFO,
which utilizes the motor torque and the angular velocity of
the wheel. Define the following variable as

Vo,
=Y 1.
v= 7 ©)

With respect to (5) and (9), y is approximate the slip ratio in
either acceleration or deceleration situations. Hence, it can be
treated as an output of the DFC and can be used to calculate
the reference angular velocity of the wheel.

)

C. Proposal of variable-rate-slip-ratio-limiter

In this subsection, we propose a method for varying the
rate of slip ratio limiter in the DFC. In the previous studies
in the DFC, the left and right side limiters are conventionally
provided with a constant value. For instance, the limiters can
be set as A\jimr = \iimgr = 0.06, a small value that guarantees
the stable longitudinal motion of the vehicle on the low friction
surface. However, the situation is quite different when the
vehicle turns. The driving force Fj is limited by uF,, where
F, is the vertical force and p is the road friction coefficient.
Due to the load transfer, the vertical forces of the left and right
sides change with the situation. Therefore, the optimal driving
force also changes in real-time. Consequently, the limited
value of the slip ratio would be adaptively changing in real-
time to optimize the yaw moment generation capability of the
vehicle. As an example, Fig. 3 demonstrates the situation such
that the vehicle turns left on the low friction roads. By setting
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Fig. 2. Block diagram of the proposed DYC system.
Fa Difference between Fjpp and Furr Fa TABLE 1
. ke SIMULATED VEHICLE PARAMETER.
EIRR I'JRR
Firr —
FinL FinL Symbol Description Value
M Vehicle Mass 925 kg
r Wheel Radius 0.302m
J Inertia of Wheel 1.2619 kgm?
I Inertia of Vehicle Body 617 kgm?
' d Tread Base 1.3m
0 MNimRkR = NimL A 0 MNimr Nimr = k(t)NimL A l Wheel Base 1.7m
. ly Distance between CG and Front Axle 0.988 m
(a) Conventional method. (b) Proposed method. . Distance between CG and Rear Axle 0.712m
. . . . . - Cy Front Cornering Stiffness 2340 N/rad
Fig. 3. Example of the relationship between slip ratio and driving force (Left C Rear Cornering Stiffness 2940 N /rad

turn).

ANiimL = AimR, the existing DFC might not generate enough
yaw moment, hence, degrading the cornering performance. In
addition, it is so difficult to estimate u-peak and dangerous
to enter the nonlinear region of the tire that we have to
set the limiter with a little extra margin. To deal with the
aforementioned issue, we examine the mechanism to generate
the ideal yaw moment, which is expressed by

d

N, = _i(FdRL — FurR).

We assume that the slip ratio is small. In the situation such
that the wheel slips and reaches the limited value, the driving
forces of the rear left and rear right wheels are expressed as

(1)
12)

(10)

Farr = NimrDsr,
Firr = MNimrDsR-

Let k£ be the rate between the left and right limiters, it can be
given as

A
k(t) = ZHmE (13)
AlimL
In this study, we assume that the road conditions are the same

between the left and right wheels. Thus, we can approximately

treat Dy, = Dgg. From (10)-(13), the rate k(¢) can be
updated in real-time as

2N

L+ 5= (V>W)

1 V<V’

h(t) = (14)

where N is given by the outer-layer, and Fypy is given by
the DFO. V; is a threshold value to prevent the division by
zero. By using this threshold value, we assume that if V' < V;,
the driving force is small and close to zero. The proposed rate
can be straightforwardly extended to the negative driving force
situation (deceleration).

IV. SIMULATION
A. Simulation setup

The simulation model was established based on the four-
wheel EV Kanon developed by our research group. In this
study, this vehicle is utilized as a rear-drive system. The main
parameters of the vehicle are listed in Tab. I. The simulation
was performed as follows. The vehicle runs straight at the
constant speed of 10 km /h on the road surface with the friction
coefficient of 0.2. After 1 s, it turns left with a constant steering
angle of 0.06 rad. Simultaneously, the vehicle accelerates with

7u Of 300Nm. By a fine-tuning process, the proportional



TABLE 11
RMSD OF YAW-RATE.

Method RMSD of yaw-rate rad/s  Rate of decrease %
Case 1 7.97x10~4 0

Case 2 6.07x10~4 23.8

Case 3 1.07x10—4 86.5

and integral gain of wheel angular velocity controller C,, are
selected as 50.476 and 504.76 respectively, and the integral
gain of the DFC C'r is 0.003. In the outer-loop, the yaw-rate
controller C,, is selected as a proportional controller with the
gain of 12340. Three test cases are conducted as follows.

- Case 1: The vehicle is handled by the driver (without yaw-
rate control).

- Case 2: The vehicle is controlled by the DYC that utilizes
the DFC with fixed-slip-ratio-limiter.

- Case 3: The vehicle is controlled by the proposed DYC.

B. Simulation result

Figures 4—-6 demonstrate the simulation results of the three
test cases, including the slip ratio and the rate of the limiters,
the yaw moment, and the yaw-rate response. It can be seen
that in Cases 1 and 2, the slip ratios of the rear left and
rear right wheels are almost the same. In contrast, the slip
ratio of the rear-right wheel is bigger than that of the rear-
left wheel in Case 3. This is because we set k(t) to generate
the driving forces required by the yaw moment controller, and
this value increases above 1 since 1 second. Thanks to this
variant of k(t), the difference between the actual and required
yaw moments becomes smaller. Consequently, the proposed
method can reduce the tracking error between the actual and
reference yaw-rate.

V. EXPERIMENT
A. Experimental setup

Figure 7(a) shows the experimental EV FPEV2-Kanon,
which was developed by our research group. This is a four-
wheel drive in-wheel-motored electric vehicle. Each wheel
is driven by a permanent-magnet synchronous motor. This
vehicle is powered by a lithium-ion battery and equipped with
a yaw-rate sensor. The test scenario and vehicle trajectory are
demonstrated in Figs. 7(b) and 7(c), respectively. The polymer
sheets covered by water were utilized to simulate the slippery
road surface. The friction coefficient of this surface is about
0.2. In the simulation, a constant steering angle was given,
whereas, in the experiment, the vehicle was handled to run on
the predetermined turning path. The vehicle run straight at the
speed of 10 km /h and makes a tip-in accelerated turn from 1.
For safety reasons, k(t) is bounded between a lower bound of
0.5 and an upper bound of 10. In addition, the control gains
are the same as these of the simulation.

B. Experimental result

The experimental results of the three cases are summarized
in Figs. 8-10, respectively. The slip ratios are suppressed by

about 0.06 in Case 1 (without yaw-rate control) and Case 2
(conventional DYC). By varying k(¢) in Case 3 (proposed
DYC), the slip ratio is bigger than 0.06. It is assumed that
the driving force of the outer wheel is increased, and the
proposed method can reduce the difference between the actual
and required yaw moments. The conventional DYC can follow
the reference until around 2 s, but it begins to deviate after that.
On the other hand, the proposed control follow the reference
value at all time. To evaluate the performance of the three
methods, the root mean square deviation (RMSD) of the yaw-
rate control errors is calculated from 1to 5s. The RMSD
values are summarized in Tab. II. In comparison with Case
1 (without yaw-rate control), Case 2 (conventional DYC) can
reduce the tracking error by 23.8 %. Remarkably, the tracking
error can be reduced by about 86.5% by Case 3 (proposed
DYC).

VI. CONCLUSION

In this paper, we proposed a new DYC system based on
driving force control with the variable-rate-slip-ratio-limiter.
The boundary of the limiter is updated in real-time by utilizing
the yaw moment command and the estimated driving force.
The effectiveness of the proposed method is evaluated by
both simulation and experiment. The results show that the
proposed method can operate effectively even when cornering
with acceleration on the low friction surface. In the future,
we will develop separate limiters for both the left and right
wheels, and consider the split-iz scenario.
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Fig. 8. Experimetal result of Case 1 (without yaw-rate control).
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Fig. 10. Experimetal result of Case 3 (proposed DYC).



