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For the vehicle-to-grid system, the dynamic performance of the vehicle in the
transportation system is quite crucial. The stability of the vehicle is the basis of
the whole system. Compared to the traditional vehicle, the vehicle with a torque
distribution system allows the vehicle to have a better dynamic performance.
The torque distribution method has attracted a lot of attention from
researchers. Most of the current work focuses on the vehicle on the
concrete road. To improve the vehicle lateral stability in the critical work
condition, the nonlinear reference model and vehicle dynamic model with
8 degrees of freedom are established based on the vehicle dynamic theory. An
integrated active front steering (AFS) and direct yaw control (DYC) controller are
designed based on LQR (Linear quadratic regulator) and vehicle stability phase
portrait. To evaluate the performance of the vehicle on the road with a relatively
low adhesion coefficient. The double lane-change and fishhook maneuver are
chosen as the work condition. The steering angle, wheel torque, vehicle routine,
phase portrait track, and yaw rate are calculated and compared. The simulation
result validates the effectiveness of the proposed integrated AFS and DYC
control method. The stability of the vehicle on the low adhesion coefficient
road can lay a good foundation of the vehicle-to-grid system.

KEYWORDS

vehicle-to-grid, integrated stability control, low adhesion coefficient road, linear
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Introduction

The Electric vehicle (EV) shows a promising future due to its advantage in energy
conservation and environment protection. The EV with wheel motors has superior
performance in advanced chassis control algorithms because of its simplified chassis and
independent driving torque. The independent driving torque on the vehicle wheels allows
the vehicle to have a better ability on torque vectoring (TV) control. The TV control can
improve the dynamic performance of the vehicle according to the driver’s attention
without significantly damaging its speed.

Normally, the TV or differential braking control (DBC) is integrated with the
traditional steering system to improve vehicle performance (Soares et al., 2018) (Chen
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et al,, 2017). Based on the coordination of active front steering
(AFS), direct yaw control (DYC), and TV control, an integrated
control algorithm is provided to maintain the vehicle stability
during extreme work conditions (Aouadj et al., 2020); (Li et al.,
2019). Besides lateral stability, some researchers also consider roll
stability, the TV control is combined with the AFS to enhance the
yaw and roll stability of a coach (Zheng et al., 2018). Usually, the
torque control distribution algorithm is made up of 2 or 3 layers
(Khalfaoui et al, 2018). The stability judgment, slip rate
calculation, torque allocation, and steering angle are
determined in the upper layer, while the lower layer conducts
the torque inverting. The plane phase method can represent the
nonlinear characteristics, therefore, it is widely used in vehicle
stability judgment. The plane phase method can be classified
according to the state variable used in the plane phase, including
sideslip angle-sideslip angular velocity (Inagaki et al., 1994), yaw
rate-sideslip angle (Ono et al., 1998), and front-rear tire sideslip
angle (Bobier and Gerdes, 2013). Different torque control
algorithms, such as fuzzy control (Boada et al., 2005), PID
(Liu et al,, 2019), LQR (Linear quadratic regulator) (Dai et al,
2019), MPC (Model predictive control) (Zhang and Wu, 2016),
and sliding-mode control (Truong et al., 2013) are initiated to
allocate the needed torque during the steering process. For the
torque distribution process, even distribution, generalized
inverse matrix, and least square are the commonly used
algorithms (Xu et al., 2019).

Plenty of works have been done in this area, most of the
current research focuses on vehicles running on the regular
road with an adhesion coefficient of around 0.8. With a lower
adhesion coefficient, lower friction force can be provided by the
road surface, thus, the easier the vehicle runs out of control. To
deal with the critical situation of the passenger car, an 8 DOFs
vehicle and 2 DOFs reference model are established and
validated by the result of Carsim. According to the stability
phase portrait and LQR method, an integrated AFS and DYC
controller is designed. The effectiveness of the controller is
proved by the simulation of two critical maneuvers on low
road. The

improvement of the vehicle’s lateral stability.

friction adhesion results show the overall

Vehicle dynamic model

To investigate the differential torque steering control
algorithms, the vehicle dynamic model is established based on
the vehicle dynamic theory. For an operating vehicle, lots of
freedom exists in the whole system, the simplification must be
done based on the researchers’ focus. Normally, a 2 DOF model is
established as the reference model and the multiple DOF model
such as the 8, 10, or 14 DOF model is established to verify the
torque distribution algorithms (Jaafari and Shirazi, 2016);
(Goodarzi et al,, 2011). In this case, 2 and 8 DOF vehicle
dynamic models are built. Since the 8 DOF model is much
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more complicated than the 2 DOF model, the 8 DOF model is
introduced first. The 8 DOF model is combined with the vehicle
body, wheel, motor, and tire model.

Vehicle body model

For the vehicle dynamic model, the 4 out of 8 DOFs are for
the vehicle body and the remaining 4 DOFs are for the wheel
rotations. The 4 DOFs for the vehicle body model are the motion
of longitudinal, lateral, yaw, and roll (Figure 1). The four motions
can be identified as Eqs 1-4, the symbol and vehicle parameters
used in these equations are shown in Table 1.

R . 4 1
m(vx - vyy) + mshsyp = Zi:1F’“' - ECdAPVi -mgf (1)

m(f/y + vxy) - mshsgB = Z;Fﬂ (2)

1§ = mh(vy + yve) = L.y = mghed - (Ky + K, )¢
-(Cr+C)$ 3)
Ly-Le.$=M+(Fy+Fp)L—(Fs+Fu)l,  (4)
M:%(FXZ+FX4_FJ¢1_FX3) (5)

Where, v, and v, are the longitudinal and lateral speed of the
vehicle, y means the yaw rate, ¢ is the roll angle, F,; and F,; are
the longitudinal and lateral force of the four wheels in the
coordinate system based on the vehicle body, i = 1,2,3,4, 0 is
steering angle. The force on the wheels, F,; and F;, can be gained
by the wheel force in the coordinate system based on the wheel

itself, F.yi and Fy;.
Fu| | cosO —sin0; || Frui
Fy,' - sin 6,‘ cos 6,‘ wai

In this case, only the front axle is the steering axle, therefore,
0, =0,=0,0;=0,=0.

(6)

Wheel model

The rotation motion of the four wheels is taken into
consideration in the wheel dynamic model. The dynamic of
each wheel can be demonstrated as follows:

Iw(bi = Ti - inRw (7)

Where, T; means the driving torque of the wheel. The slip rate of
the wheel, s;, can be acquired by Eq. 8.
wiRw — Vwi

= e Ve 8

) max (w;Ry» Vi) ®)
Where, v,; is the speed of the wheel. For the wheels on the
steering axle, the speed of the left and right wheel, v,,; and, vy,
can be expressed as:
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FIGURE 1
Diagram of the 8DOF model.
TABLE 1 Vehicle parameters.
Parameter Symbol Value Unit
Vehicle mass m 1704.70 kg
Sprung mass ms 1527 kg
Vehicle area A 21 m’
Roll inertial of the vehicle I 744.0 kg-m?
Yaw inertial of the vehicle 1, 3048.1 kg-m?
product of inertia of x, z axis I, 21.09 kg-m?
Height of the sprung mass h 0.55 m
Distance between the vehicle gravity left to the front axle Ly 1.035 m
Distance between the vehicle gravity left to the rear axle L, 1.675 m
Distance between the wheels L, 1.39 m
Rolling stiffness of the front axle Ky 4728 Nm-rad ™'
Rolling stiffness of the rear axle K, 3731 Nm-rad ™'
Rolling damper of the front axle Cy 2823 Nms-rad™
Rolling damper of the rear axle C, 2653 Nms-rad™
Wheel radius R, 0.313 m
Inertial of wheel I, 2.5 kg-m*
Air drag coefficient Cy 32 —
Rolling resistance coefficient f 0.002 —
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Vil = (vx - %y) cos 6 + (vy + Lfy)sinG
)
L, .
Vyp = (vx + 7)/) cos 0 + (vy + Lfy)sme

For the wheels on the rear, the speed of the left and right
wheel, v,3 and, v, can be expressed as:
v (V L, y)
w3 — X
2
10
L ) (10)
5 -7

Vws = (Vx

Motor model

For the EV, as the driving unit, the motor is quite critical for
the vehicle dynamic model. There are kinds of methods to
2013). In this case, the
torque distribution algorithm is the concern of our work. The

establish the motor model (Adam,

mechanism inside the motor is not the priority. Thus, the model
is built with a simple method that can represent the torque
characteristic of the motor.

The motor model calculates the maximum torque in the
current rotation speed, based on the dynamic response
characteristic simulated by the first-order inertial response
unit, the output torque of the motor, T, can be acquired.

1
T= max(Tmmmp Td)

11
1+ 1 ()

Where, 7, is the constant time in a first-order system, T, max
means the maximum output of the motor in the current rotation
speed, T, represents the demand torque form the vehicle
control unit.

Tire model

The tire system contacts the vehicle to the road surface, all of
the vibration and forces are translated by it. To present the
characteristic of the tire accurately, lots of work have been done
to establish the tire model, the Fila tire model, UA tire model,
Gim tire model, Dugoff tire model, HRSI tire model, Uni-Tire
model, Magic Formula tire model (MF tire) are widely used in the
vehicle dynamic model. In this case, two tire models are used, MF
tire and brush tire.

For the MF tire model, its parameters are fit from the analysis
of the test. It can be expressed as (Pacejka and Besselink, 1997):

Y (X) = Dsin[Carctan{BX — E(BX — arctan(BX))}] (12)

When Y is the longitudinal force,
slip rate of the wheel, s. When Y is the lateral force,

F,, the variable, X is the
F,, the
corresponding variable, X, is the sideslip angle the wheel, a. The
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FIGURE 2

2 DOF reference model.

B, C, D, E are parameters fitted based on the test on different road
types, wheel load, camber angle, temperature, inflation, and tread
wear. Some of them are related to the tire load F,, which can be

gained by:
mgL, ma.h, mK ¢ (ayh + ghs¢>
F,= -
2Lp+L) 2(Lp+L) Ky+K, Ly,
mgL, ma.h mK ¢ (ayh + gh ¢>
FzZ = -
2(L+L) 2(Li+L) Ki+K,
F.= mgLy mayh; mK, (ayh + ghs ¢>
?a(Lp+L) 2L+ L) K +K,
mgLy ma,h, mK, (ayh + ghs </>>
Fz4 = -
2(Lp+L) 2(Lp+L) Kf+K,

(13)

In which, the longitudinal acceleration a, = v, — vy, lateral
acceleration, ay = vy + wvy.
For the later force of the tire, F,, on the road with the

adhesion coefficient, y, can be determined by Eq. 14.

F,=uD, sm[(5 M)C arctan{(z #)Bya— E ((Z—y)By(x

- arctan( (2- .“)By“))}]

(14)

2 DOF reference model

The 2DOF model (shown in Figure 2), also known as the
single-track model or bicycle model, is a classic model to analyze
the lateral stability of a vehicle. In this model, only the degree of
lateral and yaw motion is taken into consideration, the tire
sideslip angle of one axle is the same.

The 2 DOF model can be built based on the simplification of
Eqgs 2, 4. The simplified equations to describe the lateral and yaw
motion of the vehicle are Eqs 15, 16:

(15)
(16)

m(vy + vxyr) Fyrcos0+F,,

I,y=FyscosOL; — F,L,
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The relationship between the lateral force and tire sideslip
angle is nonlinear. A nonlinear tire model is necessary to
calculate the lateral force. A brush tire model variant of the
Fiala nonlinear brush model, assuming one coefficient of friction
and parabolic force distribution, as described by Pacejka
(Pacejka, 2012). In the brush model, the lateral force, F,;, can
be expressed as:

_Cuf (&) tana;
A CEY )
fi—f_iz*' gg 5 18l <3uF;

f&)= 3uF;  27u°F; (18)

Hin |£1| 2 3!'4in

LY tana; |’
= 2 1 2 1

Row; — vy 20)

"~ ax (Rywi, Vy)

The footnote, i, stands front f and rear r, respectively. The
normal force of the front and rear axle, F.s and F.,, can be
defined as:

_ mgL,
Fer = (L +L)
(21)
mgLys
Fzr =7 N
(Ly+ L)

ag is the sideslip angle corresponding to the full saturation of the
tire force.

3uF,

o

ay = arctan (22)

«y and a, are the sideslip angle of the front and rear tires,

respectively.
vy + Lsy
ap = ——=
Vx
(23)
A, = Vy = &y Lry
Vx

Model validation

To investigate the vehicle dynamics control algorithm, the
accuracy and efficiency of the model should be taken into
consideration. The model should be able to reflect the vehicle
dynamics but not too complicated. Normally, the vehicle field
test result or results are simulated by commercial platforms, such
as Adams/Car and Carsim. In this case, Carsim is chosen to
validate the established model.

The severe double lane-change maneuver is one of the most
common conditions to verify the accuracy of models. It is a
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FIGURE 3
Comparison of yaw rate.
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FIGURE 4
Comeparison of vehicle sideslip angle.

dynamic process consisting of rapidly driving a car from its
original lane to another parallel lane and returning to the initial
lane. During the process, the vehicle should not exceed the lane
boundaries. It is widely used in vehicle stability assessment
because its result is repeatable and discriminatory. In this
case, the double lane-change maneuver on the high adhesion
road with the speed of 80 km/h is chosen to verify the established
models.

The vehicle yaw rate, sideslip angle, and trajectory of the
established models and Carsim model in the double-lane change
condition on the road with the adhesion of 0.3 are compared in
Figures 3-5.
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FIGURE 5
Comparison of vehicle trajectory.

TABLE 2 MAPE of the established models.

Output 8 DOFs model (%) 2 DOFs model (%)
Yaw rate 1.36 3.66
Vehicle sideslip angle ~ 1.91 5.71
Vehicle trajectory 2.44 4.29

’ 0
r
Reference Integrated AFS | A6 [
model 4.®ﬂ. and DYC
B AMz
B
Torque
Distribution
N
. . V)
Swbility | B |  Sidestip SDOE
S e—{  dynamic vehicle
nsIysis observer model
Vx 7
FIGURE 6
Structure of control strategy.

According to the comparison in Figures 3-5, the output of
the established 8 DOFs and 2 DOFs models is close to the Carsim.
Taking the result of Carsim as the baseline, the MAPE (mean
absolute percentage error) is listed in Table 2.

The MAPE of the 8 DOFs model is lower than the 2DOFs
model. The MAPE of the 2 DOFs model stays at a relatively low
level, the maximum MAPE is lower than 6%. Therefore, these
two models can be used in further analysis.
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Design of control system

The structure of the proposed control strategy is shown in
Figure 6. The reference model is a 2 DOF model with a nonlinear
brush tire. The main goal of the control system is to make the
actual yaw rate, y, to follow the ideal yaw rate, y,, generated by the
reference model and maintain the vehicle sideslip angle, 3, in a
certain range to prevent the vehicle from spinning. According to
the comparison of the ideal and actual yaw rate and vehicle
sideslip angle, the controller generates the active steering angle,
A, and yaw moment, AM . The yaw moment is converted to
driving torque on the four wheel motors.

Integrated AFS and DYC controller

Based on Eqs 14-17, the state-space function of the 2 DOF
model can be expressed as:

%(t) = Ax(t) + By (t) + Byu(t) (24)
x=[8 »l (25)
2(ky + k) 2Lk, - Lsky)
mvy - mvi
A=|2(Lk -Lik;)  2(Ljks+ LK), 26)
I, Vy
T
B, = [ 2 —ZL;—kf] 7)
y(t) =10 (28)
2k
N (29)
PolaLgks 1
I I
u(t)=[A0 AM,]" (30)

The lateral stiffness of the front tire can be gained based on
Eqgs 16, 22.

k _Ey
f o

F (31)
K, = 2"

oy

According to the 2 DOFs model, the ideal vehicle yaw rate
and sideslip angle can be gained. The active steering angle and
torque are acquired according to the optimal solution of equation
(24). It can be expressed as:

0

J = J[x(t)TQx(t) +u(t) Ru(t)|dt

0

(32)

Where, matrix Q and R are symmetric positive definite weighting
matrix. The optimal controller u (t) can be written as:
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8 (radfs)

FIGURE 7
Stable region in the sideslip angle and angular velocity phase
portrait.

u(t) = —R'BTPx(t) = -Kx (t) (33)
The matrix meets the Riccati equation.
PA+A"P-PBR'B'TP+Q=0 (34)

Coordination of AFS and DYC

Once the steering angle and yaw moment are gained, the control
task should be determined. According to Aouadj’s work, the steering
angle will always be taken as the input, the yaw moment will be
initiated only when the vehicle is in a dangerous condition (Aouadj
etal,, 2020). In this case, the § — 8 phase portrait is used to determine
the stability state of the vehicle, as shown in Figure 7.

As shown in Figure 7, the phase portrait is divided into three parts,
one stable region, and two unstable regions. The boundary of the
stable and stable region can be described by Eq. 35 (He et al., 2006):

N =|a+bp,N<1 (35)

The parameter a and b are acquired based on the 8 — 8 phase
portrait boundary (dash lines in Figure 4).

Y
/3—Vx y (36)
Simulation and discussion

There are some classical work conditions to access the vehicle’s
lateral stability, such as steady steering, snake steering, fishhook,
and double lane change. Among them, the double lane-change and
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Comparison of front wheel torque.

fishhook are the most critical conditions. Therefore, they are
chosen to compare the lateral stability performance with two
different torque control algorithms. The double lane-change is
initiated based on the regulation in ISO-3888-1-2018 (ANSI,
2018)(Passenger cars-Test track for a severe lane-change
maneuver: Part 1 double-lane change), the fishhook test is based
on Laboratory test procedure for dynamic rollover, the fishhook
maneuver test procedure (New car assessment program, NCAP).

Double lane-change

Normally, the recommended speed on the snow or ice road is
within 30 km/h. However, some drivers run the vehicle at a
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https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.969676

Wang et al.

100 . . : . .
» [ - r
——RLwithoutcontrol | 4 1 ' 4 !
- = =RL with control " I’ ‘I on : | :l
—— RR without control l‘l i : 1L 5 'l h
50 |- - -RR with control : ol 130 STy J

Torque (N'm)
o

()
-50 | R i B
[ 1 [
R VIR P V|
v 3 v AN
2100 L L L L L
0 S 10 15 20 25 30
Time (s)
FIGURE 10

Comparison of rear wheel torque.

of T T T T T ]
EO 1 . L AL ST
§ 120 140 160 180 200 220 240
& T T T T T T T
o5f | .
o
0 S I T Y ¥ a4 T
120 140 160 180 200 220 240
Boundary Routine without control - - - Routine with control
Distance (m)
FIGURE 11

Comparison of double lane-change routine.

A T T

——Without control}
- = = With control

3 (rad/s)

-0.1 0

-03 -02

FIGURE 12
Comparison of the phase portrait.

Frontiers in Energy Research

08

10.3389/fenrg.2022.969676

0.3 T T T T T
Reference
——— Without control

0.2 [ [~ = = With control
@ o1}
=3
g
2 0
S
2
S 01

021

03 F L s L L

0 5 10 15 20 25 30
Time (s)
FIGURE 13

Comparison of yaw rate.

higher speed based on their experience. Therefore, the speed of
36 km/h is chosen to initiate the simulation.

The steering angle and torque of each wheel are shown in
Figures 8-10, respectively.

In Figure 8, the steering angle with and without control is
compared. Without control, the steering angle is the same as the
reference. With the controller, the steering angle is different from
the reference, the maximum gap is 0.002 rad.

According to the comparison in Figures 9, 10, with the
control algorithm, the torque varies to maintain the stability
of the vehicle. The left and right wheel torque of the same axle
have the opposite variation trend.

The vehicle routine, phase portrait, and yaw rate are
calculated and compared in Figures 11-13.

In Figure 11, the red line represents the lane boundary
regulated in ISO 3888:2018. The box means the vehicle, the
blue and green dash line is the vehicle routine without and with
the control method. Without control, the vehicle fails to pass the
double lane-change test. The maximum offset distance is 1.41 m.
With the control algorithm, the vehicle can finish the test without
exceeding the boundaries.

In Figure 12, it is clear that the envelope with control is
smaller than the envelope without control. The envelope without
exceeds the stable boundaries a bit, which means the vehicle is at
the edge of stable and unstable. With the controller, both of the
vehicle sideslip angle and angular velocity are maintained in a
lower range.

Figure 13 shows the yaw rate variation of the reference
model, without and with control. With control, the maximum
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error of the reference model is 0.01 rad/s. Without control, the
actual vehicle yaw rate is lag behind the reference model with
approximately 0.5 s, the maximum error is 0.1 rad/s if the effect
of the time delay is eliminated.

Fishhook maneuver
Fishhook maneuver is the test procedure of the New Car

Assessment Program (NCAP) used by the National Highway
Traffic Safety Administration (NHSTA) to evaluate light
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Comparison of double lane-change routine.

vehicle dynamic rollover maneuver. This test procedure is
also used by the researchers to evaluate the lateral stability
(Jin et al., 2017). According to the test procedure, the steering
angle variation during the process is shown in Figure 14
(without control).

With the controller, the AFS makes the steering angle
varies from the reference angle. The gap occurs at the
sudden change of the steering angle, the maximum gap is
0.016 rad.

During the fishhook maneuver, the toque of the wheels is
shown in Figures 15, 16.
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Comparison of yaw rate.

The vehicle routine, phase portrait, and yaw rate during the
fishhook maneuver are calculated and compared in Figures
17-19.

Figure 17 illustrates the vehicle track of the reference model,
with and without the control algorithm. With the integrated
control, the gap between the reference model and the 8 DOF
model is relatively small. The difference between the track of the
model without control and the reference model occurs at the
beginning of the steering and gets bigger with time.
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Figure 18 demonstrates the difference of the phase portrait
track. The track of the model without control exceeds the
boundary of stable boundaries. The variation range of the
vehicle sideslip angle is much higher than the vehicle
sideslip angular velocity. With the help of control method,
the AFS and DYC are coordinated and the track stays in the
stable region.

In Figure 19, the yaw rate of the three models is compared.
The yaw rate of the reference model varies strictly with the
steering input. The yaw rate of the model with control is close to
the yaw rate of the reference model, except for the two inflection
points 10.5 and 11.75 s, the error between the model with control
and reference model gets bigger. The maximum error is 0.03 rad/
s. For the yaw rate of the model without control, it takes more
time to eliminate the gap to the reference model, the maximum
error is 0.03 rad/s. However, the mean error is bigger than the
model with control.

Conclusion

The goal of this study is to design an integrated vehicle
dynamics controller to enhance the vehicle lateral stability.
To deal with the critical condition on a low adhesion
coefficient road, a 2 DOF nonlinear reference model and
8 DOFs model are built and validated by Carsim. The
integrated AFS and DYC controller is designed. Based on
the dynamic analysis, the effectiveness of the provided
algorithm in two typical conditions is proved by the
8 DOFs model.

Without the control method, the vehicle fails to pass the
double lane-change test at the speed of 36 km/h on the road with
a low adhesion coefficient of 0.3. The track on the 8 — § phase
portrait exceeds the stable region in both the double lane-change
and fishhook maneuvers. With the integrated controller, the
vehicle yaw rate, the routine can follow the reference model
with a much smaller error, and the track on the - phase
portrait stays in the stable region, which means the vehicle
stability is enhanced.

According to the comparison of lateral stability indicators of
double lane-change and fishhook maneuver, the goal is achieved,
the lateral stability and path tracking ability of the vehicle on the
low adhesion road is improved. The improvement of the vehicle
safety and path tracking ability lays a good foundation for the
whole vehicle-to-grid system.
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