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Abstract: Vehicle yaw stability control is an important part of the active safety of electric vehicles. In
order to realize the yaw stability control of vehicles, this paper takes 4-WID electric vehicles as the
research object, studies the nonlinear estimation of the state parameters of the lateral stability dynamic
system and the yaw stability control strategy. The vehicle state parameter estimation strategy, based
on the unscented Kalman filter (UKF) algorithm and the model predictive control algorithm, are
designed to control the vehicle yaw stability, which realizes the safe and stable driving of the vehicle.
Through CarSim–Simulink joint simulation and hardware-in-the-loop (HIL) experiments based on
MicroAutoBox, the effectiveness and real-time performance of the designed control strategy are fully
verified, which accelerate the development process of the vehicle controller, and realizes the safe and
stable driving of the vehicle.

Keywords: 4-WID electric vehicle; parameter estimation; vehicle lateral stability; model predictive
control; yaw stability control; hardware-in-the-loop

1. Introduction

With the rapid development of the automobile industry, problems such as energy
crisis and environmental pollution have become increasingly apparent, and the research
and development of electric vehicles has received extensive attention. The observation of
vehicle state parameters [1,2] is the research basis of the vehicle dynamics control, and the
accuracy of observation can determine the effectiveness of the vehicle dynamics control.
Direct yaw moment control [3–5] can actively control the driving force of each wheel, so
that the vehicle applies an additional yaw moment to control the lateral movement of the
vehicle, ensuring driving safety.

Representative teams have conducted in-depth research on direct yaw moment control.
Goodarzi et al. [6] introduced the optimal control theory to improve the lateral stability of
the vehicle, and designed a direct yaw moment controller for a four-wheel independent hy-
brid electric vehicle. According to the loss of lateral stability of the vehicle in an emergency,
M. Mirzaei et al. [7] designed an ideal model based on linear two degrees of freedom, and
tracked the tire/road conditions through the direct yaw moment control system. Professor
Zong Changfu of Jilin University [8], and others, proposed a single neuron direct yaw
moment control method for the steering stability of the car under extreme conditions, and
verified that this method effectively improves the car’s lateral and longitudinal stability.
Professor Guo Konghui and Li Shaosong [9] proposed an improved linear time-varying
model predictive control strategy for the active front-wheel steering system. At the same
time, the Pacejka tire model was introduced to expand the stability range of the vehicle and
improve the yaw stability of the vehicle [10]. Generally speaking, the basic research on the
lateral stability control of electric vehicles has achieved good results, but the research on
improving the lateral stability control system of distributed driven electric vehicles based
on the direct yaw moment control is not comprehensive enough.
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This paper takes the 4-WID electric vehicle as the research object, and studies the
nonlinear estimation of the state parameters of the lateral stability dynamic system and the
yaw stability control strategy. In the aspect of state parameter estimation, an unscented
Kalman filter [11–13] algorithm is proposed, to jointly observe the yaw rate and the side
slip angle of the center of mass; in the aspect of yaw stability control, a model predictive
control method is used to improve the lateral stability of the vehicle. The real-time and
accuracy of the control strategy designed in this paper, are verified by the simulation of
complex conditions and the experiments of hardware-in-the-loop.

2. System Modeling
2.1. Dynamic Model Establishment

For the yaw stability control of distributed driving vehicles, a single-track model is
selected for control research. The bicycle model is shown in Figure 1.
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Figure 1. Bicycle model. 

Derive the kinematics equation of the car by Newton’s second law, the two-degree-
of-freedom vehicle model equation is as follows: 
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1

𝜇
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𝐽𝑧𝛾̇ = (𝑎𝐶𝑓 − 𝑏𝐶𝑟)𝛽 +
1

𝜇
(𝑎2𝐶𝑓 + 𝑏
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wheel; Cr and Cf are the lateral rigidity of the rear axle and the front axle. When the car 

performs a steady-state circular motion, the tangential acceleration of the car around the 
circle is zero, which is 𝑣̇ = 0. 

2.2. Design of Unscented Kalman Filtering Algorithm 

Figure 1. Bicycle model.

Derive the kinematics equation of the car by Newton’s second law, the two-degree-of-
freedom vehicle model equation is as follows:

m
( .
v + µ

)
=
(

C f + Cr

)
β +

1
µ

(
aC f + bCr

)
− C f δm (1)

Jz
.
γ =

(
aC f − bCr

)
β +

1
µ

(
a2C f + b2Cr

)
γ− aC f δ (2)

where m is the quality of the vehicle, v is the speed, γ is the yaw rate, β is the center of
mass deflection angle, a is the distance from the center of mass to the front axle, b is the
distance from the rear axis to the center of mass, δ is the angle of rotation of the front wheel;
Cr and Cf are the lateral rigidity of the rear axle and the front axle. When the car performs a
steady-state circular motion, the tangential acceleration of the car around the circle is zero,
which is

.
v = 0.

2.2. Design of Unscented Kalman Filtering Algorithm

Unscented Kalman filtering (UKF) overcomes the shortcomings of traditional Kalman
filtering and extended Kalman filtering [14]. The sampling points are used to approximate
the state distribution without calculating the Jacobian matrix, and the calculation accuracy
is higher. The algorithm flow is shown in Figure 2, as follows:
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For vehicle state parameter estimation, a nonlinear discrete system is established,
as follows:

(k + 1) = f (x(k)) + w(k) (3)

z(k) = h(x(k)) + v(k) (4)

where x(k)—system state matrix, z(k)—observation matrix, w(k), v(k)—system noise and
measurement noise, supposing the two are uncorrelated zero-mean white noise; the specific
steps of the UKF are as follows:

To construct Sigma sample points, there are the following:

X =


x, i = 0

x +
(√

(n + λ)P
)

i
, i = 1, 2, · · · , n

x−
(√

(n + λ)P
)

i
, i = n + 1, · · · , 2n

(5)

where x—the mean of the system state quantity; P—the variance of the state quantity. The
weights of sigma points are as follows:

W(i) =

{
λ

n+λ , i = 0
1

2(n+λ)
, i = 1, 2, · · · , 2n (6)

n is the dimension of the state vector to be estimated and λ is the scaling factor.
Calculate the predicted value, mean and variance of sigma sample points as follows:

X̂i(k) = f (Xi(k− 1)), i = 0, 1, · · · , 2n (7)

Calculate the mean and variance of the predicted sample points as follows:

x̂(k) =
2n

∑
i=0

W(i)Xi(k) (8)

Px(k) =
2n

∑
i=0

W(i)[X̂i(k)− x̂(k)
]
·
[
X̂i(k)− x̂(k)

]T
+ Q (9)

Use the unscented transform (UT) transformation to get new predicted values, as follows:

z(i)(k) = H(k)X̂i(k) (10)
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Update the mean and variance of the predicted value as follows:

ẑ(k) =
2n

∑
i=0

W(i)z(i)(k)

Pzz(k) =
2n

∑
i=0

W(i)
[
z(i)(k)− ẑ(k)

]
·
[
z(i)(k)− ẑ(k)

]T
+ R(k)

Pxz(k) =
2n

∑
i=0

W(i)
[
z(i)(k)− x̂(k)

]
·
[
z(i)(k)− ẑ(k)

]T

(11)

Calculate the Kalman gain of UKF as follows:

K = Pzz(k)P−1
xz (k) (12)

State the mean and variance are updated, as follows:{
x̂(k) = x̂(k) + K[z(k)− ẑ(k)]

Px(k) = Px(k)− KPzz(k− 1)KT (13)

The state parameter estimation system optimizes the state parameter estimation value
through each iteration update, thereby reducing the system error.

2.3. Design of Yaw Stability Control

The state parameter observation method of the 4-WID electric vehicle provides support
for vehicle yaw control, and takes tracking the target side slip angle and the target yaw
rate as the yaw stability control target, and comprehensively optimizes the yaw stability of
the vehicle.

2.3.1. Model Control Prediction Algorithm Design

The model predictive control method [15,16] is a feedback control algorithm. It is
mainly composed of the following three parts: model, forecast and control. The model
predictive control process is shown in Figure 3.
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2.3.2. The Main Steps of Model Predictive Controller Design

(1) The establishment of the model.

According to the relationship between the speeds in the bicycle model, we can get
the following:

vy f =
.
y + aγ vyr =

.
y− bγ (14)

vx f =
.
xvxr =

.
x (15)
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The vertical load of the tire is as follows:

Fz f =
bmg

2(a + b)
(16)

Fzr =
amg

2(a + b)
(17)

Conversion solution can be obtained by the following:

.
ξd = fd(ξd, ud) (18)

ηd = hd(ξd) (19)

(2) Linearize the dynamic model.

The reference value of the control system, the expression is as follows:

.
ξr = f (ξr, ur) (20)

Linearize the control system, expand the control system model using Taylor series at
the reference point, ignoring higher-order terms, as follows:

.
ξ = f (ξr, ur) +

∂ f (ξ, u)
∂ξ

∣∣∣∣ ξ = ξr
u = ur

(ξ − ξr) +
∂ f (ξ, u)

∂u

∣∣∣∣ ξ = ξr
u = ur

(u− ur) (21)

.
ξ̃ = A(t)ξ̃ + B(t)ũ

ξ̃ = ξ − ξrũ = u− ur

A(t) = J f (ξ), B(t) = J f (u)

(22)

Use approximate discretization for this equation, as follows:

Ak,t = I + TA(t)Bk,t = TB(t) (23)

ξ̃(k + 1) = Ak,t ξ̃(k) + Bk,tũ(k) (24)

where T is the sampling time.

(3) Set the system objective function.

Set the objective function of the system as the following:

J(k) =
N

∑
j=1

χT(k + j|k )Qχ(k + j) + uT(k + j− 1)Ru(k + j− 1) (25)

Among them, Q and R are the weight matrix.
Improve the above formula, as follows:

J(k) =
Np

∑
i=1
‖η(k + i|k )− ηr(k + i|t )‖2

Q +

Nc−1

∑
i=1
‖∆u(k + i|t )‖2

R + ρε2 (26)

In the formula, Np is the time domain of the prediction; Nc is the time domain of the
control; ε is the relaxation factor; ρ is the weighting coefficient.

Convert the discretized error model into vector form, as follows:

ξ( k|t) =
[

χ̃( k|t)
ũ( k− 1|t)

]
(27)
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Combine construction to get a new state space expression, as follows:

ξ( k|t) = Ak,tξ( k|t) + Bk,t∆u( k|t)
η( k|t) = Ck,tξ( k|t)

(28)

where Ak,t =

[
Ak,t Bk,t

0m×n Im

]
, Bk,t =

[
Bk,t
Im

]
, n represents the dimension of the state

quantity, and m represents the dimension of the control quantity. On this basis, the following
assumptions are made:

Ak,t = At,t, k = 1, · · · , t + N − 1

Bk,t = Bt,t, k = 1, · · · , t + N − 1
(29)

(4) Predict, solve, and feedback control of the system.

The output prediction of the system is as follows:

Y(k) = ψ(k) + θ∆U(k) (30)

Therefore, (26) and (30), together, constitute the objective function of the system.
In the control system, the final solution to the control increment is to convert the

control quantity and control increment in the control time domain. The matrix form
conversion process is as follows:

The control quantity, at this moment, is the control quantity at the previous moment
plus the control increment at this moment.

u(t + k) = u(t + k− 1) + ∆u(t + k) (31)

Transform the control quantity constraint into the following:

Uttmaxmin (32)

where Umin is the minimum set of control quantities in the control time domain, and Umax
is the maximum set of control quantities in the control time domain.

(5) Quadratic programming solution

The goal is to find an optimal solution that minimizes the cost function according to
the constraints, and solve the following optimization problems:

J(ξ(t), u(t− 1), ∆U(t)) =
s.t.∆Utmaxmin

Uttmaxmin

yhchc,maxhc,min

yscsc,maxsc,min

ε > 0

(33)

where Ht =

[
θT

t Qθt + R 0
0 ρ

]
, Gτ =

[
2eT

t Qθt 0
]
, et is the tracking error in the pre-

diction time domain, yhc is the hard constraint, ysG is the soft constraint, and ε is the
relaxation factor.

The optimal solution that satisfies the constraints is output to the controlled object,
and the next cycle is optimized through the measured value to obtain a rolling optimization
solution. In each control process, Equation (16) is solved, and the solution obtained is the
control input increment, as follows:

∆U∗t =
[
∆U∗t , ∆U∗t+1, · · · , ∆U∗t+Nc−1

]T (34)
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Set the first element in the control input increment to the actual value of the system
control input increment.

u(t) = u(t)− 1 + ∆u∗t (35)

The constraints in the control system are as follows:

−0.1 m/s ≤ v− vd ≤ 0.1 m/s

−0.02 m/s ≤ ∆v ≤ 0.02 m/s
(36)

In the formula, vd represents the desired vehicle speed, and ∆v represents the vehicle
speed increment.

(6) Lateral following ability test

First, keep the steering wheel at the extreme right position, then turn the steering
wheel to the extreme left position at a constant speed to obtain the steering time and
steering angle. The experimental results are shown in Table 1.

Table 1. Steering test.

Turn Left Limit Right Limit

Steering wheel angle (◦) −497 501
Front-wheel angle (◦) −35 35

Time (s) 5.5 5.5

It can be seen from Table 1 that in the whole test, the left limit position of the steering
wheel is 497◦, the corresponding front wheel angle is 35◦, the right limit position is 501◦,
and the corresponding front wheel angle is 35◦.

Through calculation, set the front wheel angle and the front wheel angle increment
as follows:

−35◦ ≤ δ ≤ 35◦

−0.63◦ ≤ ∆δ ≤ 0.63◦
(37)

According to Equation (37), the constraints of the vehicle yaw stability control system
are as follows:

System control quantity constraints:
[
−0.1
−35

]
≤ ukin ≤

[
0.1
35

]
System control incremental constraints:

[
−0.02
−0.63

]
≤ ∆ukin ≤

[
0.02
0.63

]
3. Design of Yaw Moment Controller

Based on CarSim and Simulink, a 4-WID electric vehicle state parameter observation
and yaw stability control simulation platform is developed in this paper. CarSim was
used to build a 4-WID electric vehicle model. Simulink was used to state the parameter
observation and yaw stability control algorithm [17,18]. The main parameters of the vehicle
are shown in Table 2.

Table 2. Experimental vehicle parameters.

Parameter Names Numerical Value Parameter Names Numerical Value

Width/mm 1440 Vehicle height/mm 1780

height of center of mass/mm 540 The moment of inertia around
the X-axis/kg·m2 288

Total weight/kg 1000 The moment of inertia around
the Y-axis/kg·m2 2031.4
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Table 2. Cont.

Parameter Names Numerical Value Parameter Names Numerical Value

wheel base/mm 2600 The moment of inertia around
the Z-axis/kg·m2 2031.4

The distance from the center
of mass to the front axis/mm 1040 Reference model front shaft

cornering stiffness/N·rad-1 −53,388

The distance from the center
of mass to the back axis/mm 1560 Reference model rear shaft

cornering stiffness/N·rad-1 −35,592

The front wheel radius/mm 311 Rear wheel radius/mm 311
Wheel base/mm 1210 Tire outside diameter/mm 580

3.1. Overall Structure Design of Simulation Platform

The 4-WID electric vehicle state parameter estimation and yaw stability simulation
platform is jointly built by CarSim–Simulink. The vehicle dynamics model is built by
CarSim, and the vehicle state parameter observation and yaw stability control algorithm
are built by Simulink. The overall structure of the simulation platform is shown in Figure 4.
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Figure 4. Overall structure of the simulation platform.

3.2. Simulation Verification of Yaw Stability

In order to verify the effectiveness of the yaw stability control strategy for 4-WID
electric vehicles, the model predictive control module and the state parameter estimation
module need to be co-simulated. The algorithm is verified by using two commonly
used working conditions in automobile handling stability tests, double-lane change and
serpentine working conditions.

(1) Simulation of double-lane change test

In order to evaluate the effect of the model predictive control strategy on the yaw
stability control of electric vehicles, the ISO3888-2-2002_BS double-lane change interna-
tional standard test conditions are used. The road condition is a highly adhered road. The
model predictive controller predicts time domain Np = 60, control time domain NC = 30,
and control period T = 0.05s. The car first accelerates to 60km/h, and then begins the
double-lane change performance test. The steering wheel double-lane change input signal
is shown in Figure 5a. Simultaneously observe the vehicle’s yaw rate, side slip angle, and
the driving torque of each wheel.
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(a) Steering wheel angle (b) Yaw rate 

Figure 5. Simulation of double-lane change test. (a) Steering wheel angle; (b) Yaw rate; (c) Side slip
angle; (d) Driving torque.

The simulation result shows that the steering wheel angle is basically zero at the linear
acceleration part from the beginning of the simulation, the yaw rate and the side slip angle
of the center of mass are unchanged, and the error of the test result can be ignored. When
the target speed is reached, the car starts a double-lane change motion test. In the straight
driving stage, the driving torque of each wheel is the same. After entering the double-lane
change surface, the left and right wheel hub motors provide different driving forces, so that
there is a significant torque difference between the left and right wheels. As the steering
angle increases, the left and right wheels are distributed. The torque difference obtained is
also correspondingly increased to realize the smooth driving of the car during the turning
process, thereby ensuring the yaw stability of the car during the course of driving under
the double-lane change.

(2) Simulation of snake test

In the serpentine test, the test conditions are GB/T 6323-2014 vehicle handling and
stability test conditions, and the steering wheel input is shown in Figure 6a. The target
vehicle speed is set to 60 km/h, the initial value of the longitudinal vehicle speed is set to
be consistent with the test vehicle speed, and the lateral vehicle speed and yaw rate are set
to a small arbitrary value. The road attachment conditions are good.
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Figure 6. Simulation of snake test. (a) Steering wheel angle; (b) Yaw rate; (c) Side slip angle; (d)
Driving torque.

The simulation results show that the proposed control strategy enables the yaw rate
to track the target yaw rate well. Figure 6b shows that the maximum error of the yaw rate
is 1.3647◦/s and the average error is 0.5041◦/s. In Figure 6c, the center of mass slip angle is
far below the limit range, the maximum error of the center of the mass slip angle is 0.7334◦,
and the average error is 0.2966◦, indicating that the vehicle driving process is very stable.
At the same time, the left and right wheel hub motors provide different driving forces,
so that there is a significant torque difference between the left and right wheels, which
effectively ensures the steering stability of the vehicle.

3.3. HIL Experiment

In order to verify the accuracy and real-time performance of the state observation
algorithm, a hardware-in-the-loop (HIL) platform, based on MicroAutobox, DSP28335,
CarSim and Simulink, is used to verify the control strategy. Figure 7 shows the workflow
diagram of the HIL platform. The on-board controller (VCU) uses DSP28335. The control
strategy built in Simulink is to automatically generate a real-time code to the corresponding
VCU, through the RTW real-time code generation environment. Download the real-time
code of the vehicle dynamic simulation model set in CarSim to MicroAutobox, and connect
it to the VCU I/O port by using the real-time interface (RTI) provided by dSPACE. The
experimental platform adopt CAN communication, and the baud rate is set at 500 Kbit/s.
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Figure 7. Schematic diagram of the working process of the HIL platform.

In order to verify the accurate performance of the UKF algorithm, we carry out the
steering wheel step input response analysis under the road adhesion coefficient µ = 0.8. The
simulation conditions are as follows: the speed is 18 km/h; starting from 1s, the steering
wheel rotates 100 at a constant speed and keeps the simulation results as shown in Figure 8.
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According to Figure 8a,b, there is a certain error between the estimated value and the
actual value in the initial stage, but, within a short time, the estimated value of the state
parameter tends to the true value through the action of the state estimation controller. The
estimation error of yaw angular velocity is 0.5 × 10−3 ◦/s, and the standard deviation is
0.47× 10−2 ◦/s. The estimation error of the side slip angle of the centroid is 0.3 × 10−3 ◦/s,
and the standard deviation is 0.3 × 10−2 ◦/s. The deviation between the estimated value
and the true value of both are small and can be ignored.
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4. Conclusions

In order to verify the proposed state parameter observation method and yaw stability
control method for four-wheel independently driven electric vehicles, a simulation platform
was developed, by combining the vehicle model built by CarSim, and the motor model
and control strategy built by Matlab/Simulink, and the state parameter estimation strategy
and yaw stability control strategy were verified in turn.

(1) Based on the HIL simulation platform of the vehicle state parameter, the estimation
algorithm is verified, and the simulation results show that the Kalman estimation
algorithm under the steering wheel angle step input yawing angular velocity of
the average estimated error was 0.5 × 10−3 ◦/s, the average estimated error of side
slip angle was 0.3 × 10−3 ◦, and the simulation result shows that the algorithm can
effectively estimate the vehicle state parameter, high estimation precision, and meet
the demand of the vehicle online estimate;

(2) With the double-lane change condition and snake conditions for electric vehicles, the
yawing motion simulation layer is used to verify. The simulation results show that
the maximum errors of yaw velocity are 0.4335 ◦/s and 1.3647 ◦/s, respectively, in
double-lane change and snaking conditions, which can better track the target value
of the yaw rate. The maximum errors of the side slip angle of the center of mass are
0.34◦and 0.7334◦, respectively. The side slip angle of the center of mass is far below
the limit range, which ensures that the vehicle has a sufficient yaw stability margin in
the course of steering;

(3) In this paper, the four-wheel-independent-drive electric vehicle state parameter ob-
servation and yawing stability study comprehensively improve the real-time stability
of the vehicle safety. However, this paper still has some shortcomings. The proposed
method can only focus on the influence of the stability of the horizontal pendulum on
the state parameters, but ignores the multi-parameter state observation to improve
the effect of the yaw stability controller. In addition, in the case of drive skid and
drive failure, how to maintain the driving capacity of each wheel to ensure the lateral
stability of the vehicle, still needs further research.
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