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Abstract— This paper presents a new direct yaw moment
control system for electric vehicles with two-input-two-output
motor drives. The proposed system consists of two layers: yaw-
rate control in the outer and driving force control in the
inner. To optimize the driving force generation capability of
the left and right tires during turning, a novel variable slip
ratio limiter (VSRL) is developed for the driving force control
(DFC). The VSRL algorithm is derived by analyzing the brush
model of tire force characteristics concerning the sideslip angle
of the vehicle body. The proposed system was evaluated using
an actual electric vehicle prototype developed by Mitsubishi
Motors. The experiments were conducted under extremely
harsh conditions, such as sudden acceleration while cornering
on the ice surface. Compared with the existing methods with
conventional VSRL, the proposed system successfully enhances
the yaw-rate tracking performance.

I. Introduction

The growing environmental awareness helps shift from
internal combustion engine vehicles (ICEVs) to electric
vehicles (EVs). The motor, the driving force source of EVs,
has advantages over ICEVs in environmental performance
and vehicle motion control, such as significantly enhanced
torque responsiveness and the ability to calculate the output
torque from the motor current accurately [1].

EVs that can control the left and right wheels indepen-
dently have the advantage of direct yaw moment control
(DYC), which improves lateral stability [2]. Thanks to their
high control bandwidth, in-wheel-motor EVs (IWM-EVs)
have become the objectives of various advanced motion con-
trol approaches, such as anti-slip control [3], range extension
control [4], and DYC [5], [6]. This paper focuses on DYC for
on-board motor EVs (OBM-EVs). Although OBM-EVs are
characterized by lower control bandwidth, there are examples
of DYC being applied [7], [8].

Differential devices for OBM-EVs that can independently
control left and right wheels have also been developed; one is
a torque-difference-amplification torque vectoring differential
(TDA-TVD) that combines two motors and many planetary
gears. It has the advantage of amplifying the difference in
driving forces between left and right. On the other hand,
there are challenges regarding control performance due to
the mechanical coupling [9], [10]. When the vehicle turns
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on slippery road surfaces, it needs additional considerations,
such as driving force control (DFC) [11], [12]. In DFC,
the primary correlation between the slip ratio and driving
force is used for control. In general DFC, the slip ratio
limiter is introduced to prevent wheel slippage [13]–[16].
The limiter is also set considering the optimal slip ratio of
the straight driving, which produces the maximum driving
force. Conventional DYC is quite effective in the gentle
curve course. However, when the vehicle steers excessively,
it reaches the grip limit, and the driving force difference is
regulated, resulting in the loss of turning ability. Variable slip
ratio limiter (VSRL) was proposed to deal with the above
problem [17]. In [17], the slip ratio limiter of one side’s
wheel is fixed, and that of the other is varied based on the
yaw moment reference. Unfortunately, [17] does not address
the sideslip angle in the VSRL algorithm. The side on which
the slip ratio limiter is fixed is considered the optimal slip
ratio of just straight driving. However, the optimal slip ratio
varies due to the slip angle while cornering [18]. Thus,
the driving force generation capability might be degraded,
especially when the vehicle turns on low friction roads,
negatively influencing the yaw moment generation.

For the above discussion, this paper proposes a new DYC
system for rear-wheel-drive EVs equipped with a TDA-TVD
mechanism from the above discussion. The contribution of
this paper is twofold. First, a hierarchical DYC control
system is designed based on DFC. Second, it designed a
new VSRL by thoroughly analyzing the tire force’s brush
model concerning the sideslip angle.

The remainder of this paper is organized as follows. In
Section II, the vehicle motion model is formulated. In Section
III, the design of the proposed VSRL algorithm is described.
In Section IV, the proposed system is demonstrated by
experiments using the real vehicle. Finally, the conclusion
is stated in Section V.

II. Vehicle DynamicsModel

As shown in Fig. 1, the vehicle yaw motion is expressed
as follows:

MV
(

dβ
dt
+ γ

)
= 2(Fy f + Fyr + Fyd) (1)

Iγ̇ = Nz − Nt − Nd (2)

where M and I denote body mass and yaw moment of inertia.
V , γ, and β indicate the vehicle speed, yaw rate, and sideslip
angle, respectively. Let Fy represent the lateral force acting
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Fig. 1: TVD system placement and vehicle planar model

Fig. 2: One wheel model

on the tires, and Fyd the disturbance of the lateral force. The
subscripts f and r denote the front and rear wheels. Nz is the
moment generated by the difference in driving force. Nt and
Ndt are produced by the lateral force and the yaw moment
disturbance, respectively, and are given as follows:

Nt = 2(lrFyr − l f Fy f ) (3)
Ndt = Nt + Nd (4)

where l f and lr are the distances from the center of gravity
(CoG) to the axles of the front and rear wheels, respectively.

The rotational motion of wheels, as shown in Fig. 2 is
given as:

Jωi jω̇i j = Tdsi j − rFxi j (5)

where Jω is the moment of wheel inertia, r is the wheel
radius, ω is the wheel rotation speed, and Tds is the torque
acting on the drive shaft. As shown in Fig. 1, the torque
output by the two motors is transmitted to the left and right
drive shafts by the TVD system [9]. Fx also represents the
longitudinal force acting on the tires, and the subscripts i
and j denote the front/rear and right/left tire arrangement,
respectively. The torque Tds acts only on the longitudinal
slip, the difference between the longitudinal body speed Vx

and the wheel speed Vw = rω. The driving force Fx and

lateral force Fy can be expressed as follows:[
Fxi j

Fyi j

]
= Fzi j

[
Cxi jλi j

Cyi jαi j

]
(6)

where Cx is driving stiffness, Cy is cornering stiffness, and
Fz is vertical drag. The slip ratio λ is expressed as follows.

λi j =
Vωi j − Vxi j

max(Vωi j,Vxi j)
(7)

In addition, α denotes the tire slip angle. The relationship
holds for the sideslip angle β and α as follows:[

α f

αr

]
=

[
β − δ
β

]
+

[
l f

−lr

]
γ

V
(8)

III. Proposed Control Systems
A. Overview of control systems

Fig. 3 shows a block diagram of the proposed control
system. The controller is composed of DYC and DFC. For
the outer layer DYC, the yaw rate reference γ∗ is expressed
as follows:

γ∗ =
1

1 + AV2

V
l f + lr

δ (9)

where δ is the steering rudder angle and A is the stability
factor expressed as follows

A = − M
2(l f + lr)2

l f Cy f − lrCyr
Cy f Cyr

(10)

The yaw moment reference value N̂in is generated by the
controller from the yaw rate reference. Ndt must be con-
sidered to improve robustness. The driving force difference
moment reference is obtained by N∗z = N∗in + N̂dt based on
(2) and (4). The yaw moment constraint and disturbance Ndt

are obtained by the following yaw-moment observer (YMO)
equation using the driving force difference moment estimates
[19]. where In is the nominal inertia and ωc is the cutoff
frequency. According to [9], the estimated driving force F̂xi j

of the left and right rear wheels can be obtained by driving
force observer (DFO). The driving force reference value F∗xi j
for each wheel is obtained based on the following driving
force distribution method using N∗z , the driving force sum
reference F∗xall indicated by the accelerator pedal opening
and tread d based on the force disturbance law (FDL) shown
below. [

F∗xrr
F∗xrl

]
=

[
1/2 1/d
1/2 −1/d

] [
F∗xall
N∗z

]
(11)

DFC has a cascade structure, including the wheel speed
controller Cω in the inner layer and the driving force con-
troller C f in the outer layer. DFC gives each wheel an
appropriate torque. The slip ratio manipulation quantity y
is defined as follows:

y =
Vωi j − Vxi j

Vxi j
(12)

where y is the same definition as the slip ratio in deceleration.
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Fig. 3: Block diagram of the proposed DYC and DFC with proposal VSRL
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Fig. 4: Conventional variable slip ratio limiter

 

*

*

Fig. 5: Proposal variable slip ratio limiter

B. Conventional variable slip ratio limiter

Conventional yaw rate control that combines direct yaw
moment control and driving force control saturates the driv-
ing force when the physical limit of the tire is used, and
arbitrary driving force differential moments cannot be output,
resulting in problems in tracking the yaw rate. Therefore,
a variable slip ratio limiter for DYC was developed. This
method fixes the optimal slip ratio λopt(0) at the upper slip
ratio α =0 rad on the outer side’s wheel and reduces the
upper slip ratio limit on the inner side’s wheel according to
the driving force moment reference based on (7) and (12).

[λlimr, λliml]

=


[
λopt(0),

(
1 − 2N∗z

dF̂xrr

)
λlim(0)

]
, (left turn)[(

1 + 2N∗z
dFxrl

)
λopt(0), λopt(0)

]
, (right turn)

(13)

Fig. 4 represents the workings of conventional VSRL.

C. Variable slip ratio limiter based on sideslip angle

The conventional VSRL did not take the sideslip angle
into account. When the sideslip angle increases, the optimal
slip ratio becomes more significant than λopt(0), meaning that
the conventional method cannot maximize the driving force.
Therefore, as a new VSRL, the upper limit of the slip ratio
on the outer wheel side is changed by the optimal slip ratio
based on the inverse brush model using the sideslip angle.
The driving force is expressed utilizing the brush model as

follows:

Fx =
λ√

λ2 + ϕ2 tan2 α
Ftire (14)

Ftire =

{
µFzη(3 − 3η + η2), [0 ≤ η ≤ 1]

µFz, [η ≥ 1] (15)

where Ftire represent sum of force generated by a tire, ϕ
is stiffness ratio of the tire expressed as Cx/Cy, µ is the
coefficient of friction. According to [20], we can design
a sideslip angle beta observer. Then, the tire slip angle α
is obtained by (8). Assuming that traction control works
effectively, the normalized tire-slip area η will never exceed
η > 1, indicating that the entire tire contact surface area
is completely idling. Then, the sum of forces generated
by the tires, Ftire, is equal to the maximum driving force,
Fx,max(0), when α = 0. Using this, the normalized slip ratio
λ′ = λ(α)/λopt(0) expresses as follows.

f (λ′) =
Fx(α)
Fx(0)

=
λ′√

λ′2 + 1/λopt(0) tan2 α
(16)

If ∂ f (λ′)
∂λ′ = 0, λ′ has the maximum driving force. However,

the approximate solution is infinite. Therefore, ∂ f (λ′)
∂λ′ ≤ ϵ, the

driving force is considered to be maximum at the threshold.

∂ f (λ′)
∂λ′

=

(
1/λ2

opt(0)
)

tan2 α((
1/λ2

opt(0)
)

tan2 α + λ′2
)3/2 ≤ ϵ (17)
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TABLE I: Vehicle Parameter

Symbol Description Value
M Vehicle Mass 2100 kg
J Inertia of Wheel 2.0 kgm2

r Wheel of radius 0.363 m
λopt(0) Optimal slip ratio at slip-angle=0 rad 0.06

Fig. 6: Experimental vehicle

From (17), λopt(α) is obtained as follows

λopt(α) =

√√√∣∣∣∣∣∣∣
 tan2 α

λ2
opt(0)ϵ

2/3

−
 tan2 α

λ2
opt(0)


∣∣∣∣∣∣∣λopt(0) (18)

From (13) and (18), the upper slip ratio limits for the left
and right sides are defined as follows.

[λlimr, λliml]

=


[
λopt(α),

(
1 − 2N∗z

dF̂xrr

)
λopt(α)

]
, (left turn)[(

1 + 2N∗z
dFxrl

)
λopt(α), λopt(α)

]
, (right turn)

(19)

(i) and (ii) in Fig. 5 visually represents the process of
determining the upper slip ratio limits for the outer and inner
rings, respectively.

IV. Experiment

A. Experimental vehicle

To confirm the effectiveness of the proposed method, an
experiment was conducted by Mitsubishi Motor Corporation
using an EV equipped with a TDA-TVD system, as shown
in Fig. 6. The parameters that can be disclosed are listed in
Table 1. Although this vehicle was originally 4WD, in this
paper, the front wheels are considered driven wheels because
of the direct yaw moment control of only the rear wheels,
and the average value was used as the vehicle body speed.

B. Experimental conditions

The experimental vehicle was tested by running as shown
Fig. 7 and the following: A steady circle turn was performed
at 35 km/h and radius 45 m on a slippery pressurized snow-
turning road, and tip-in acceleration with 900 Nm of torque
sum was performed without scanning the steering angle to
compare the turning behavior. By the fitting process, the
proportional and integral gains of the wheel speed controller
Cω were set to be 8.01 and 0.12, and the integral gain of
the driving force controller C f was set to be 0.001. For the
yaw moment controller, the proportional gain of the yaw rate
controller Cγ was set to 0.001, and the cutoff frequency of the
yaw moment observer was set to 30 Hz. Also, the sideslip

Fig. 7: Experimental scenario

angle observer was calibrated, and poles were determined
based on the data obtained from the V-BOX. The constraint
condition ϵ for the optimal slip ratio gradient of the proposed
method was set to 0.3. Four cases, including the proposed
method, were run three times each. Data was collected as
follows: Case 1: Simply torque input (Torque sum command
given equally to left and right), Case 2: DFC and DYC (upper
slip ratio limit fixed at 0.1 for both right and left), Case 3:
DFC, DYC, and the VSRL proposed by [17] (fixed upper
slip ratio limit on outer ring side, variable on inner ring
side), and Case 4: VSRL based on DFC, DYC and sideslip
angle (Proposed method). The λopt(0) was also set to 0.06,
the steady circle turn value that could be performed without
breaking down in Case 2.

C. Experimental results

Fig. 8- 11 show each case’s slip ratio, yaw rate, driving
force sum, and yaw moment result. The timing of chip-in
acceleration is at 1 second in the graph. In Case 1, the wheels
are largely slipping, and the yaw rate diverges due to loss of
lateral grip. In Cases 2 and 3, the slip ratio saturates at the
4-second point, and the target driving force difference cannot
be output, leaving the understeer characteristic. In contrast,
the proposed Case 4 method can output any driving force
differential and recover from understeer at 4 s.

Also, focusing on (c), it can be seen that the proposed
method has the highest peak driving force on the outer wheel.
In addition, to evaluate the effort of the proposal method
numerically, Fig.12 and 13 show the root mean square error
(RMSE) of the yaw rate and yaw moment. The reason why
Case 1 is not shown in Fig. 13 is that, as shown in Fig. 8, the
yaw moment reference is not used in Case 1, such as Fig.6
shows that the yaw moment command is not used in case
1. The smaller the value, the more influential the tracking
control is. Fig. 12 shows that is. 9.1% and 34% reductions
in RMSE were observed in Case 2 and Case 3, respectively,
based on Case 1, while a 62% reduction was achieved in
Case 4 using the proposed method.
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Fig. 8: Experimental result of Case 1 (Simply input)
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Fig. 9: Experimental result of Case 2 (DYC & DFC)
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Fig. 10: Experimental result of Case 3 (DYC & DFC with conventional VSRL)
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Fig. 11: Experimental result of Case 4 (DYC & DFC with proposal VSRL)
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V. Conclusion

In this study, we proposed the new VSRL considering
the sideslip angle. The experimental results show that the
proposed method can ensure excellent vehicle yaw stability
by varying the upper slip ratio limiter based on the sideslip
angle, even in a limit state when the physical limit saturates
the driving force. The proposed method also has supe-
rior acceleration performance compared to the conventional
method, combining vehicle stability and acceleration perfor-
mance. However, this method cannot cope with changes in
the optimal slip ratio due to road conditions. Combined with
estimating the optimal slip ratio, this controller can be used
in more diverse situations.
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