
applied  
sciences

Article

Development and Validation of Electronic Stability
Control System Algorithm Based on Tire
Force Observation

Dang Lu 1,*, Yao Ma 1, Hengfeng Yin 1, Zhihui Deng 1 and Jiande Qi 2

1 State Key Laboratory of Automotive Simulation and Control, Jilin University, Changchun 130025, China;
suoyr18@mails.jlu.edu.cn (Y.M.); yinhf20@mails.jlu.edu.cn (H.Y.); gaolei18@mails.jlu.edu.cn (Z.D.)

2 SAIC-GM-Wuling Automobile, Liuzhou 545007, China; jiande.qi@sgmw.com.cn
* Correspondence: ludang@jlu.edu.cn

Received: 10 October 2020; Accepted: 29 November 2020; Published: 7 December 2020
����������
�������

Abstract: In view of the higher and higher assembly rate of the electronic stability control system
(ESC in short), the control accuracy still needs to be improved. In order to make up for the insufficient
accuracy of the tire model in the nonlinear area of the tire, in this paper, an algorithm for the electronic
stability control system based on the control of tire force feedforward used in conjunction with tire force
sensors is proposed. The algorithm takes into consideration the lateral stability of the tire under extreme
conditions affected by the braking force. We use linear optimal control to determine the optimal yaw
moment, and obtain the brake wheel cylinder pressure through an algorithm combining feedforward
compensation based on measured tire force and feedback correction. The controller structure is
divided into two layers, the upper layer is controlled by a linear quadratic regulator (LQR in short)
and the lower layer is controlled by PID (Proportional-integral-derivative) and feedforward. After that,
verification of the controller’s algorithms using software cosimulation and hardware-in-the-loop
(HIL in short) testing in the double lane change (DLC in short) and sine with dwell (SWD in short)
conditions. From the test results it can be concluded that the controller based on tire force observation
has partially control advantages.

Keywords: observation of tire force; electronic stability control system; control algorithm

1. Introduction

Electronic stability control (ESC) is an active safety system that controls the braking of the wheels
to adjust the body’s posture under extreme conditions. In recent years, the technology of ESC has
become more and more mature, and the assembly rate on real vehicles has also become higher. Many
researchers have optimized the ESC control strategy through modern control theory and performed
simulation verification, and achieved obvious control effects [1]. Daegun Hong et al. of Hanyang
University used a braking and wheel slip monitor to propose a target slip rate allocation algorithm for
the vehicle stability control system [2]. Sungyeon Ko et al. of Sungkyunwan University proposed a
method for a vehicle stability control algorithm for an in-wheel independent drive vehicle using vehicle
speed and yaw rate during turning [3]. Li Zhai et al. proposed a new control strategy to improve
vehicle stability by using the method of motor drive and regenerative braking torque distribution [4].
Ming Yue et al. introduced a supervisory mechanism for yaw moment control and slip rate adjustment,
and proposed a novel control strategy to improve the stability performance of four-wheel independent
drive electric vehicles during critical cornering [5]. However, none of the above studies considered
that the ESC control strategy is limited by the tire adhesion limit. If the applied braking torque is too
large, the lateral stability of the vehicle will be reduced.
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The tires are the only component that connects the vehicle to the road. The force of the tires
determines the body’s movement posture. Only by making full use of the friction conditions between
the tires and the ground can ESC control be more precise [6]. Many scholars have also considered
the influence of tire force in the control of the chassis electronic control system. Yue Xiaowei et al. of
Tsinghua University used the magic tire formula to develop a vehicle stability control system (VSC
in short) based on PID control and differential braking control [7]. Linsheng Jin et al. used the GIM
tire model to propose a fuzzy logic controller based on the automotive electronic stability controller
system to improve the stability of the vehicle at high speed on low-attached roads [8]. Matteo Corno
et al. used the Burkhartd tire model to solve the problem of active lateral dynamics control during
braking of four-wheeled vehicles [9]. However, the accuracy of using the tire model to estimate the tire
force is limited. Taking the influence of the tire force into consideration, obtaining accurate tire force
will help improving the control accuracy of the vehicle chassis electronic control system.

Based on the research results that have been put forward by researchers in the industry [1–9], an ESC
control algorithm with the tire force sensor to measure the three-component force of the tire is proposed.
Based on the consideration of the longitudinal and lateral adhesion limits of the tires, the optimal
yaw moment is determined by linear optimal control, and the brake wheel cylinder pressure is
obtained by the algorithm combining feedforward compensation and feedback correction. In this paper,
Section 2 introduces the composition and working principle of the tire three-component force sensor.
Section 3 introduces the control strategy of ESC based on tire force observation. A software cosimulation
of the proposed control strategy was carried out in Section 4, using CarSim and Simulink to compare
the ESC control algorithm with PID control under double lane change (DLC) and sine with dwell
(SWD) conditions. Section 5 uses NI Veristand to perform a hardware-in-the-loop (HIL) comparison
test between ESC algorithms using tire force observation and PID control. Section 6 summarizes
the full text.

2. Three-Component Force Sensor for Tires

The tire three-component force sensor in spoke form is one of the most common [10]. As shown
in Figure 1, the tire force sensor is connected to the rim and rotates with the wheel, and is installed
between the rim and the hub. The advantage of the sensor is that the force transmission path of the tire
force passes completely through the sensor, and it can detect the tire force accurately. A common
spoke-type three-component force sensor consists of the strain gauge, elastomer, encoder, adapter,
slip ring and conductor pole etc.
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Figure 1. Spoke-type three-component force sensor.

The force measurement principle of the spoke-type three-component force sensor is based on
the resistance strain effect, and the resistance value changes with the deformation of the metal conductor
under the action of external force. The internal components of the sensor are all installed on the elastic
body. The strain gauges for electronic component on the elastomer are attached to the four strain
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gauge beams between the inner and outer rings of the elastomer, and each beam has eight strain
gauges. The wiring form is designed according to the principle of Wheatstone bridge, three sets of
output bridges are designed according to different combinations of strain gauges, and then the voltage
output in three directions is detected respectively. The output voltages of the three bridges are all weak
voltages, and the force values in the three directions of the wheels must be obtained through voltage
amplification and the settlement of the coefficient matrix. The sensor of the three-component force
rotates with the wheel and the angle changes all the time. Therefore, the encoder needs to be adapted to
calculate the angle. When installing the sensor on a wheel, it is also necessary to configure the adapter,
slip ring, conductor pole and other accessories. The installation position of the tire three-component
force sensor is shown in Figure 2. The strain gauges and the three bridge channels are arranged inside
the elastomer, which is shown in the red part in the Figure 2. The elastomer, strain gauges, and the three
bridge channels make up the three-component force sensor of the tire.
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Figure 2. Installation location of the spoke-type three-component force sensor.

The tire three-component force sensor is the first generation of smart wheels, which can only
detect the force in three directions. In order to have a more comprehensive detection of the mechanical
behavior of tires, improvements are made based on the three-component force sensor to design
smart-tire six-component force products.

3. Design of Control Strategy

3.1. System Structure

Different from the traditional ESC control strategy, this paper designs a controller based on
optimal linear control, and proposes an ESC control strategy based on tire force observation control,
in order to be able to use with tire force sensor to improve the control accuracy of the electronic stability
control system. First, in the nominal value calculation part, the influence of the maximum lateral
force of the tire under extreme conditions by the longitudinal force is considered, and the expected
value of the control index is determined according to the road surface information, the vehicle state
information, and the measured tire force. After that, based on the nominal and actual values of
the control indicators that determine the vehicle’s instability state, if the vehicle is determined to be
unstable, the controller will be triggered to work. Next, after the vehicle is determined to be unstable,
the upper controller determines the tires to be braked according to the control command. Vehicle state
controller outputs target longitudinal force based on desired state. What’s more, the lower controller
determines the braking pressure applied to the target wheel based on the target longitudinal force.
At last, spoke-type three-component force sensor detects the force of the controlled tire in real time
and serves as input to the controller, making the system a closed loop. The controller structure is
shown in Figure 3.
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3.2. Calculation of Nominal Value

The linear two-degree-of-freedom model is used as the reference model for calculating the nominal
value [11,12]. As shown in Figure 4. The differential equation of its motion is shown in Equation (1).
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Including, C f is the cornering stiffness for the front axis; Cr is the cornering stiffness for the rear
axis; β is side slip angle; u is longitudinal speed; a is the distance from the center of mass to the front
axis; b is the distance from the center of mass to the rear axis; δ is the steering angle of front wheels; m is
the mass of the vehicle; ω is the yaw rate; Iz is the moment of inertia of the vehicle around the Z-axis;
.
ω is the yaw acceleration.
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Assuming the vehicle is in a steady state,
.
v and

.
ω are both equal to zero, meaning ωd = Gω·δ,

βd = Gβ·δ. In simultaneous Equation (1), there are transfer functions characterizing the steady-state
yaw rate and the steady-state side slip angle as shown in Equations (2) and (3).

Gω =
u

L(1 + ku2)
(2)

Gβ =
u2

L(1 + ku2)
·

(
b

u2 +
ma
CrL

)
(3)

where Gω is the transfer function of the yaw rate; Gβ is the transfer function of the side slip angle; L is
the wheelbase; k is the stability factor; ωd is the expected value of the yaw rate; βd is the expected value
of the side slip angle.

If the value of the state maximum lateral force is limited according to the pavement friction
condition [13,14], the maximum lateral force can be defined as Equation (4) and the centripetal
acceleration can be defined as Equation (5). Without regard to the effect of longitudinal forces on
the tires, according to the Equations (4) and (5), the expected yaw rate ωd can be limited as Equation (6).
Combining equations ωd = Gω·δ and βd = Gβ·δ can obtain Equation (7), and the limits of the desired
side slip angle can be obtained and defined as Equation (8).

m
∣∣∣ay

∣∣∣ ≤ mµg (4)

ay =
.
v + uω (5)

|ωd| ≤
µg
u

(6)

βd =
Gβ
Gω

ωd (7)

∣∣∣βd
∣∣∣ ≤ ∣∣∣∣∣∣µg

(
b

u2 +
ma
k2L

)∣∣∣∣∣∣ (8)

where ay is the lateral acceleration of the vehicle; µ is the coefficient of adhesion between tire and road
surface; g is the acceleration due to gravity; v is the lateral speed of vehicle.

The controller in this paper considers the effect of longitudinal force on the lateral force of the tire,
and the longitudinal and tangential forces of the tire at the limit of adhesion form a friction circle with
a radius less than µ [15], as shown in Figure 5. With the introduction of tire force feedback, the tire
force vector and its longitudinal and lateral components are known, limiting the maximum value of
the state according to the friction circle. Expressed in Equation (9).

Fymax =
∑2

i=1

(√
(Fziµi)

2
− F2

xi·cosδ+ Fxi·sinδ
)
+

∑4

i=3

√
(Fziµi)

2
− F2

xi (9)
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In the Equation (9), Fymax is the maximum lateral force of vehicle; Fzi is the vertical force of tire;
Fx is the longitudinal force of tire; in addition, i = 1, 2, 3, 4, They represent left front, right front, left rear
and right rear wheels respectively.

Replacing Equation (4) m
∣∣∣ay

∣∣∣ ≤ mµg with m
∣∣∣ay

∣∣∣ ≤ Fymax obtains a constraint on the value of
the maximum lateral force for the desired state based on real-time tire force observations.

3.3. Judgment of Vehicle Stability

Under the extreme conditions, using formula (10) and formula (11) to determine whether
the vehicle is unstable.

Under extreme conditions, use Equations (10) and (11) to determine whether the vehicle is unstable.
Equation (10) is the judgment condition for yaw rate, Equation (11) is the judgment condition for
the side slip angle. When the vehicle state satisfies either one of (10), (11), it is in vehicle instability [16].

|∆ω| ≤ CωNO (10)∣∣∣∣B1
.
β+ β

∣∣∣∣ ≤ µB2 (11)

Among them, ∆ω is the difference between yaw rate and nominal yaw rate; ωNO is the nominal
yaw rate. C, B1, B2 are stability coefficients. According to experiences C = 0.165, B1 = 0.4, B2 = 0.12.

3.4. The Selection of Control Wheel

Using the same side two-wheel control, adopting the positive and negative yaw rate deviation
and the front wheel steering to determine whether to control the left wheel or the right wheel.
Through comprehensive analysis, when the Equation (12) is satisfied, the left wheel is controlled to
satisfy the Equation (13) when controlling the right wheel.

∆ω = ω−ωNO < 0 (12)

∆ω = ω−ωNO > 0 (13)

To prevent the brake command from switching back and forth between the wheels on both sides,
the following explains the logic when the left wheel is under braking control. When the left wheel is
under brake control, ∆ω < 0, switching from left wheel braking control to right wheel braking control
is subject to Equation (14) and Equation (15). The switching logic of the left and right sides wheel
braking control is shown in Figure 6.

∆ω > D (14)

∆ω/|ωNO| > P (15)

Among them, D and P are the threshold value set. D and P represent the absolute error
and the relative error of the yaw rate respectively, the two together constitute the switching criterion for
the control of left and right-side wheel. When the values of D and P are small, the control accuracy is
high, and the overshoot of yaw rate is small, but the wheel control on both sides is switched frequently,
and the yaw rate jitter is obvious. When the values of D and P are large, the control accuracy is low
and the overshoot of yaw rate is large, but the wheel control on both sides is not switched frequently,
and the yaw rate hardly shakes. In practical applications, the balance between control accuracy
and jitter should be weighed and the switching threshold should be set reasonably.
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|ωNO |

∣∣∣∣ = P, the blue line is determined by the formula |∆ω| = D, and the blue dotted
line distinguishes the area where the left and right wheels brake when there is no brake switching
logic. Therefore, unilateral braking needs to be performed in areas where the red line and blue line are
unexpected, and the controller does not work in the inner area. Obviously, whether it is switching from
the left braking control to the right braking control or from the right braking control to the left braking
control, it will pass through an area where the controller does not work.

3.5. Upper Control Strategy

The longitudinal force of the tire is directly changed by braking to control the stability of the vehicle.
According to the left and right sides control, different differential equations are listed: the resultant
lateral force is shown in Equation (16), and the total moment of inertia in the vertical direction is shown
in Equation (17).

m
( .
v + um

)
=

∑
Fy (16)

Iz
.
ω =

∑
Mz (17)

where,
∑

Fy is the resultant lateral force of vehicle;
∑

Mz is the total moment about the vertical direction.
From the equation of equilibrium for yaw motion, as shown in Equation (18), left wheel control

can be derived as shown in Equations (19) and (20).

Iz·
.
ω =

[(
Fx f l + Fx f r

)
sinδ+

(
Fy f l + Fy f r

)
cosδ

]
·a

+
[(

Fx f r − Fx f l
)
cosδ+

(
Fy f l − Fy f r

)
sinδ

]
·d + (Fxrr − Fxrl)·d

−

(
Fyrl − Fyrr

)
·d

(18)

.
β = −ω+

∑
Fy

mu
(19)

.
ω =

z1

Iz
+

Fxrld + Fx f l(cosδ·d− sinδ·a)

Iz
(20)

Inside, Fx f l is the longitudinal force on the left front wheel; Fxrl is the longitudinal force on

the left rear wheel; z1 is the measurable distractors moment; z1 = −
[
Fx f rsinδ+

(
Fy f l + Fy f r

)
cosδ

]
·a−[

Fx f rcosδ+
(
Fy f l − Fy f r

)
sinδ

]
d− Fxrr·d +

(
Fyrl − Fyrr

)
·b.

Inside, Fxrl is the longitudinal force on the right front wheel; Fxrr is the longitudinal force on
the right rear wheel; Fy f l is the lateral force on the left front wheel; Fy f r is the lateral force on the right
front wheel; Fyrl is the lateral force on the left rear wheel; Fyrr is the lateral force on the right rear wheel;
d is the half of wheelbase.
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Right-hand wheel control is as shown in Equations (21) and (22):

.
β = −ω+

∑
Fy

mu
(21)

.
ω =

z2

Iz
+
−Fxrrd− Fxrl(cosδ·d + sinδ·a)

Iz
(22)

Inside, is the measurable distractors moment, and z2 = −

[
Fx f lsinδ+

(
Fy f l + Fy f r

)
cosδ

]
·a +[

Fx f l −
(
Fy f l − Fy f r

)
sinδ

]
·d + Fxrl·d +

(
Fyrl − Fyrr

)
·b.

To facilitate the design of the controller, the left- and right-side controls are written as a unified
expression. The equation of state is shown in Equations (23) and (24) as follows.

.
β = −ω+ s (23)

.
ω = z + U (24)

where s is the interference term of side slip angle, and s =
∑

Fy
mu ; z is the measurable interference

of the yaw rate, and the expression is shown in Equation (25); U is the virtual control unit,
shown in Equation (26).

z =

{ z1
Iz

; control o f le f t side
z2
Iz

; control o f right side
(25)

U =


Fxrld+Fx f l(cosδ·d−sinδ·a)

Iz
; control o f le f t side

−Fxrrd−Fx f r(cosδ·d−sinδ·a)
Iz

; control o f right side
(26)

The equation of state is formulated into the error form as shown in Equations (27) and (28).

.
e1 =

.
βd −

.
β =

.
βd − (−ω+ s) = −(ωd −ω) +

(
ωd +

.
βd − s

)
= −e2 + s′ (27)

.
e2 =

.
ωd −

.
ω =

.
ωd − z−U = U′ (28)

where e1 is the error of the side slip angle; e2 is the error of the yaw rate. Inside, s′ =
(
ωd +

.
βd − s

)
;

U′ =
.
ωd − z−U.

Presented in matrix form as in formula (29).[ .
e1
.

e2

]
= A

[
e1

e2

]
+ BU′ +

[
1
0

]
s′ (29)

Inside, A =

[
0 −1
0 0

]
; B =

[
0
1

]
.

To determine the controllability of the system, Rank(B, AB) = 2, when the matrix satisfies
the full rank.

In this paper, the feedback gain matrix for closed-loop control is designed by the LQR control
algorithm to define the performance index function as shown in Equation (30).

J =
1
2

∫
eTQe + U′TRU′ (30)

where Q is the error weight matrix; R is the input weighting factor; the Riccati equation can be obtained
as shown in Equation (31).

− PA−ATP + PBR−1BTP−Q = 0 (31)
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Solving the algebraic Riccati equation, we can get the P, then the feedback gain matrix can be
equal to K, K = −R−1BTPx(t), and then U′ =

.
ωd − z−U = −k1e1 − k2e2, thus U = k1e1 + k2e2 +

.
ωd − z,

K =
[

k1 k2
]
.

Therefore, the brake for the left wheel is as in Equation (32):

U = k1e1 + k2e2 +
.
ωd − z =

Fxrld + Fx f l(cosδ·d− sinδ·a)

Iz
(32)

Then we get the Equation (33):

Fxrld + Fx f l(cosδ·d− sinδ·a) = Iz
(
k1e1 + k2e2 +

.
ωd

)
− z1 (33)

the brake for the right wheel is as in Equation (34):

U = k1e1 + k2e2 +
.
ωd − z =

−Fxrrd− Fx f r(cosδ·d + sinδ·a)

Iz
(34)

After that, we can get the Equation (35):

Fxrrd + Fx f r(cosδ·d + sinδ·a) = −Iz
(
k1e1 + k2e2 +

.
ωd

)
+ z2 (35)

Due to the small longitudinal acceleration, the front and rear axle-load transfer is small. The front

and rear longitudinal force is distributed according to the static axle load:
FX f
Fxr

= b
a .

The constraint of maximum longitudinal force is based on the current friction circle to constrain
the maximum longitudinal force, which is defined as Equation (36):

Fxi ≤

√
(Fziµ)

2
− F2

yi (36)

In addition, due to the existence of driving force, the calculated target longitudinal force can be a
negative value, if its absolute value is not greater than the current driving force of the tire.

3.6. Lower Control Strategy

The final input to the vehicle due to the controller for tire force observation is the brake cylinder
pressure, it is therefore necessary to convert the longitudinal force of the target tire into the target
braking pressure. The tire force controller adopts feedforward and feedback control strategies as
shown in Equations (37) and (38).

P f =

(
Fxb_re f + Ft

)
r

Cb
(37)

Pb = Kp
(
Fxb_re f − Fxb

)
(38)

where P f is the feed-forward brake-pressure; Fxb_re f is the target brake pressure; Ft is the driving force;
r is the tire rolling radius; Cb is the brake efficiency factor; Pb is the feedback brake pressure; Kp is
the feedback gain; Fxb is the actual brake-pressure.

Feedforward is the corresponding relationship between braking force and braking pressure under
completely ideal conditions, which can improve the response speed of the system; feedback is used to
reduce errors and improve control accuracy.

4. Software Cosimulation

The controller in this paper was simulated and analyzed by software in a Simulink environment
and the vehicle dynamics model was in CarSim, which uses a nonlinear tire model. The ISO3888-2
Double Lane Change avoidance condition and FMVSS 126 Sine with Dwell were studied and analyzed
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in comparison with the conventional PID control algorithm in ESC, which the PID controller is not
based on tire force sensor.

4.1. Double Lane Change Condition

In the Double Lane Change condition, the vehicles were set up for simulation testing at different
speeds on different adhesion coefficients of pavement. Two pavements with adhesion coefficients of
0.5 and 0.8 were selected to represent the low and high attached pavement respectively, and the vehicle
speed was selected to be 80 km/h, 100 km/h and 120 km/h, the three speed limits commonly applied
to vehicles.

In the Figures 7–9, the reference represents the nominal yaw rate calculate by the controller
proposed in this article; the open loop represents the yaw rate without the controller, but still keeps
the driver model; the closed loop represents the yaw rate with the controller in this pa per; and the PID
control represents the yaw rate with traditional PID control, for which the PID controller is not based
on a tire force sensor.
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Figure 7. Comparison of yaw rate at 80 km/h with a coefficient of adhesion of 0.5 and 0.8. (a,b) reflect
the nominal yaw rate, and yaw rate of three control methods at a speed of 80 km/h on a pavement with
a pavement adhesion coefficient of 0.5 and 0.8.
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Figure 8. Comparison of yaw rate at 100 km/h with a coefficient of adhesion of 0.5 and 0.8. (a,b) reflect
the nominal yaw rate, and yaw rate of three control methods at a speed of 100 km/h on a pavement
with a pavement adhesion coefficient of 0.5 and 0.8.

According to the simulation results shown in Figures 7–9, it can be concluded that the control effect
of the ESC controller with tire force observation-based control is more pronounced on low-adhesion
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surfaces. The better the follow-through of the nominal yaw rate for vehicles controlled with this
controller, the more pronounced this phenomenon will be with increasing speed. On high adhesion
coefficient pavements, the difference between the two control methods is not obvious, and there is a
small error in the simulation results.
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Figure 9. Comparison of yaw rate at 120 km/h with a coefficient of adhesion of 0.5 and 0.8. (a,b) reflect
the nominal yaw rate, and yaw rate of three control methods at a speed of 120 km/h on a pavement
with a pavement adhesion coefficient of 0.5 and 0.8.

4.2. Sine with Dwell Condition

The sine with dwell (SWD) simulation test follows the standard FMVSS 126 requirements to set up
the simulation conditions. According to the simulation of the vehicle model used to obtain A = 13 deg.
At a speed of 80 km/h on the road surface adhesion coefficient of 0.5 and 0.8 on the test, each condition
was drawn to 1.5 A, 2 A, 2.5 A, . . . , 6.5 A and 270 deg as the maximum values of the yaw rate for
the sinusoidal steer angle.

Based on Figures 10 and 11, it can be concluded that the vehicle model without the controller
already produces severe skidding under the simulated conditions at both low and high road adhesion
coefficients. In the case of low-road-adhesion coefficient, the situation of following the nominal value
and jitter of the ESC controller based on tire force observation is better than those of the traditional
PID control. In the case of a high road adhesion coefficient, no significant difference in the following
of nominal yaw rate between ESC controller based on tire force observation and conventional PID
control, and there are small fluctuations in the yaw rate for both control methods.
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Figure 10. Cont.
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Figure 10. Yaw rate with a friction coefficient of 0.5 in the sine with dwell condition. (a–d) show
the nominal yaw rate, open-loop control yaw rate, PID control yaw rate and closed-loop control yaw
rate plots for the sine with dwell (SWD) condition on a pavement with an adhesion factor of 0.5.
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Figure 11. Yaw rate with a friction coefficient of 0.8 in the sine with dwell condition. (a–d) show
the nominal yaw rate, open-loop control yaw rate, PID control yaw rate and closed-loop control yaw
rate plots for the sine with dwell condition on a pavement with an adhesion factor of 0.8.

5. Hardware-in-the-Loop Test

The HIL test of this controller was done in an NI Veristand real-time simulation system, the upper
computer used the CarSim vehicle model, and the control strategy was built in the Simulink
environment. The HIL frame contained the ESC system, braking circuit, wheel cylinder pressure
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sensor, upper computer, lower computer, and the corresponding function boards, shown in Figure 12.
An HIL comparison test was performed under the same conditions as in Section 4.
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Figure 12. Hardware-in-the-loop test bench.

5.1. Double Lane Change Condition

In this part of the HIL test, the settings of vehicle speed and coefficient of pavement adhesion were
consistent with the software cosimulation, using the common high speeds of 80 km/h and 100 km/h,
and the pavement adhesion coefficient was set at 0.5 and 0.8.

In the hardware-in-the-loop test under the double lane change condition, the vehicle model based
on tire force observation in the low pavement adhesion coefficient condition followed the nominal
yaw rate better than the traditional PID control, and the vehicle model based on tire force observation
at the peak of the yaw rate curve had a clear advantage over the traditional PID control. However,
when the value of the yaw rate was close to the largest negative value, the yaw rate of the vehicle models
controlled by the two controllers had a certain fluctuation. Comparing the test time on the abscissa of a
and b in Figures 13–20, it can be seen that the response time of the actuator brake pressure value slightly
lagged behind the time at which the yaw rate curve separated greatly. Therefore, the high-frequency
braking signal caused the actual response pressure of the brake wheel cylinder to be insufficient.
Thus, it affected the actuator control of the vehicle model and made the yaw rate following worse.
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Figure 13. Test results based on the tire force observation controller at u = 80 km/h and µ = 0.5. (a) is a
comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder pressure
value collected from the wheel cylinder pressure sensor.



Appl. Sci. 2020, 10, 8741 14 of 20

Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 21 

Figure 13. Test results based on the tire force observation controller at 𝑢 = 80 km/h and 𝜇 = 0.5. (a) is 
a comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder pressure 
value collected from the wheel cylinder pressure sensor. 

 
(a) 

 
(b) 

Figure 14. Test results based on the conventional PID-based controller at 𝑢 = 80 km/h and 𝜇 = 0.5. (a) is a 
comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder pressure 
value collected from the wheel cylinder pressure sensor. 

 
(a) 

 
(b) 

Figure 15. Test results based on the tire force observation controller at 𝑢 = 100 km/h and 𝜇 = 0.5. (a) is a 
comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder pressure 
value collected from the wheel cylinder pressure sensor. 

2 4 6 8 10 12 14 16
Time [sec]

-2

0

2

4

6

8

10

12

14

WCP FL
WCP FR
WCP RL
WCP RR

0 1 2 3 4 5 6 7 8 9 10
Time [sec]

-20

-15

-10

-5

0

5

10

15

reference
hard in loop

0 1 2 3 4 5 6 7 8 9 10
Time [sec]

-5

0

5

10

15

20

WCP FL
WCP FR
WCP RL
WCP RR

Figure 14. Test results based on the conventional PID-based controller at u = 80 km/h and µ = 0.5.
(a) is a comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder
pressure value collected from the wheel cylinder pressure sensor.
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Figure 15. Test results based on the tire force observation controller at u = 100 km/h and µ = 0.5.
(a) is a comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder
pressure value collected from the wheel cylinder pressure sensor.
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Figure 16. Test results based on the conventional PID-based controller at u = 100 km/h and µ = 0.5. (a)
is a comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder pressure
value collected from the wheel cylinder pressure sensor.
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Figure 17. Test results based on the tire force observation controller at u = 80 km/h and µ = 0.8. (a) is a
comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder pressure
value collected from the wheel cylinder pressure sensor.
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Figure 18. Test results based on the conventional PID-based controller at u = 80 km/h and µ = 0.8. (a) is
a comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder pressure
value collected from the wheel cylinder pressure sensor.
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Figure 19. Test results based on the tire force observation controller at u = 100 km/h and µ = 0.8. (a) is a
comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder pressure
value collected from the wheel cylinder pressure sensor.
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Figure 20. Test results based on the conventional PID-based controller at u = 100 km/h and µ = 0.8.
(a) is a comparison of the nominal and actual values of the yaw rate, and (b) is the wheel cylinder
pressure value collected from the wheel cylinder pressure sensor.

In high road adhesion conditions, the actuators controlled by the two controllers hardly trigger
work. As far as the yaw rate follows, the controller based on tire force observation has obvious
advantages. The test conditions of high and low road adhesion coefficients at a speed of 120 km/h are
almost the same as those at a speed of 100 km/h.

5.2. Sine with Dwell Condition

The setting of vehicle speed and road adhesion coefficient in the sine with dwell condition in
the loop test is consistent with the software co-simulation. The vehicle speed is set to 80 km/h, the road
adhesion coefficient is 0.5 and 0.8, and the peak steering angle is 1.5 A, 2 A, 2.5 A, . . . , 6.5 A and
270 deg respectively.

Compared with the software co-simulation, as shown in Figures 21–26, firstly, the overshoot
caused by the fluctuation of the yaw rate during the steering hysteresis phase of the test of the controller
designed in this paper is smaller than that of the vehicle model with PID controller under the low
adhesion coefficient condition. Secondly, the fluctuation of the yaw rate for the controller based on tire
force observation during the steering hysteresis phase is larger for the vehicle model with PID control.
Thirdly, at high pavement adhesion coefficients, the yaw rate response of the vehicle model with both
controllers is improved at lower pavement adhesion coefficients, and the nominal yaw rate response of
the vehicle model with the PID controller is also improved at lower pavement adhesion coefficients,
both controller-controlled vehicle models have improved yaw rate response to low pavement adhesion
coefficients, and also improved the follow-through of nominal yaw rate for low pavement adhesion
coefficients conditions. Among them, the improvement in the yaw rate response of the vehicle model
based on tire force observations is more pronounced.
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Figure 21. The yaw rate graphs of the vehicle model based on tire force observation when µ = 0.5.
(a,b) are graphs of nominal yaw rate and actual yaw rate when the road adhesion coefficient is 0.5,
using the vehicle model based on tire force observation.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 17 of 21 

controller designed in this paper is smaller than that of the vehicle model with PID controller under 
the low adhesion coefficient condition. Secondly, the fluctuation of the yaw rate for the controller 
based on tire force observation during the steering hysteresis phase is larger for the vehicle model 
with PID control. Thirdly, at high pavement adhesion coefficients, the yaw rate response of the 
vehicle model with both controllers is improved at lower pavement adhesion coefficients, and the 
nominal yaw rate response of the vehicle model with the PID controller is also improved at lower 
pavement adhesion coefficients, both controller-controlled vehicle models have improved yaw rate 
response to low pavement adhesion coefficients, and also improved the follow-through of nominal 
yaw rate for low pavement adhesion coefficients conditions. Among them, the improvement in the 
yaw rate response of the vehicle model based on tire force observations is more pronounced. 

According to the images of brake cylinder pressure shown in Figures 23 and 26, it can be 
concluded that there is a certain discrepancy between the yaw rate of actual value and nominal value 
after the controller control as well as a small range of fluctuation, this is caused by a delay in the brake 
hydraulic circuit for a certain period of time, insufficient response to high frequency braking signals, 
and inconsistent response of the front and rear wheels to braking pressure. 

 
(a) 

 
(b) 

Figure 21. The yaw rate graphs of the vehicle model based on tire force observation when 𝜇 = 0.5. 
(a,b) are graphs of nominal yaw rate and actual yaw rate when the road adhesion coefficient is 0.5, 
using the vehicle model based on tire force observation. 

 
(a) 

 
(b) 

Figure 22. The yaw rate graphs of the vehicle model based on tire force observation when 𝜇 = 0.8. 
(a,b) are graphs of nominal yaw rate and actual yaw rate when the road adhesion coefficient is 0.8, 
using the vehicle model based on tire force observation control. 

Ya
w

 ra
te

 [M
Pa

]

Ya
w

 ra
te

 [M
Pa

]

Ya
w

 ra
te

 [M
Pa

]

Ya
w

 ra
te

 [M
Pa

]

Figure 22. The yaw rate graphs of the vehicle model based on tire force observation when µ = 0.8.
(a,b) are graphs of nominal yaw rate and actual yaw rate when the road adhesion coefficient is 0.8,
using the vehicle model based on tire force observation control.
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Figure 23. Based on the observation of tire force, the brake wheel cylinder pressure value under
the test condition of the maximum steering angle. (a,b) are the brake wheel cylinder pressure values of
the vehicle model using tire force observation when the maximum steering angle of the test conditions
is 270 deg and the road adhesion coefficient is 0.5 and 0.8 respectively.
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Figure 24. The yaw rate graphs of the vehicle model based on traditional PID control when µ = 0.5.
(a,b) are the nominal yaw rate and actual yaw rate of the vehicle model using traditional PID control
when the road adhesion coefficient is 0.5.
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Figure 25. The yaw rate graphs of the vehicle model based on traditional PID control when µ = 0.8.
(a,b) are the nominal yaw rate and actual yaw rate of the vehicle model using traditional PID control
when the road adhesion coefficient is 0.8.
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Figure 26. Based on the traditional PID control, the brake wheel cylinder pressure value under the test
condition of the maximum steering angle is shown. (a,b) are the brake wheel cylinder pressure values
of the vehicle model using traditional PID control when the maximum steering angle is 270 deg
and the road adhesion coefficient is 0.5 and 0.8.
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According to the images of brake cylinder pressure shown in Figures 23 and 26, it can be concluded
that there is a certain discrepancy between the yaw rate of actual value and nominal value after
the controller control as well as a small range of fluctuation, this is caused by a delay in the brake
hydraulic circuit for a certain period of time, insufficient response to high frequency braking signals,
and inconsistent response of the front and rear wheels to braking pressure.

6. Discussion

In the software cosimulation, different vehicle speeds and different road adhesion coefficients
were tested. As the vehicle speed increases, the ESC control algorithm based on the tire force sensor
shows better stability. The PID-controlled ESC control algorithm will have a significant overshoot
and the nominal yaw rate value will not follow tightly as the vehicle speed increases. The difference
between the different ESC control algorithms on the road with low adhesion coefficient is more obvious.
Generally speaking, the ESC controller based on tire force control follows the situation of the nominal
yaw rate better than the traditional PID controller (without the tire force sensor), the difference between
the two is not obvious on the road with high adhesion coefficient.

In the hardware-in-the-loop test, in addition to obtaining the same conclusions as in the software
cosimulation, it can also be concluded from the wheel cylinder pressure diagram in the sine with
dwell condition that the conventional PID controller sends signals to the actuator more frequently than
the ESC controller based on the tire force sensor, which indicates that the ESC control algorithm based
on the tire force sensor can effectively improve the efficiency of ESC control of the vehicle, improve
the control accuracy, and reduce the number of false triggers. However, this conclusion still needs to
be further tested and verified.

Compared with the traditional PID-controlled controller, the ESC controller based on tire force
observation in this paper shows some advantages in the case of a low road adhesion coefficient
and improves the following situation of the nominal value of yaw rate. This proves that the use
of the tire force collected by the tire force sensor as the input of the ESC controller can compensate
for the inaccurate expression of the tire model under extreme operating conditions and nonlinear
conditions, thus proving that the use of a controller based on tire force observation can be a new idea
to improve the control accuracy of the chassis electronic control system.

There are still some limitations to this paper. Firstly, under extreme conditions, there is a large
difference in the follow-through of the actual value to the nominal value of the side slip angle,
but the vehicle is still in a stable state that does not require ESC access control. Therefore, this article
does not carry out the test results of the side slip angle analysis. Secondly, another question is mostly
focused on the actuator response in the hardware-in-the-loop test. The actuator response accuracy
and rate will have a large impact on the control effect of the ESC controller; therefore, future work
will focus on the controller algorithm to consider the inherent problems of the actuator and improve
the speed of solenoid valve boosting in ESC.
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