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Abstract: - For the braking regeneration process of distributed 4WD vehicles, based on the requirements of ECE

R13 regulations and I curve and on the premise of vehicle stability, further consider achieving the optimal braking

energy feedback. On the distributed drive control, a fuzzy control algorithm does design to combine stability

control with optimal regenerative braking energy feedback control, and the limiting conditions of battery and

motor on torque output are comprehensively considered. The driving or braking torque demand of a four-wheel

drive motor is given, which improves the stability of a four-wheel drive vehicle and achieves optimal braking

energy recovery. Finally, the effectiveness of the strategy is verified by the actual vehicle tests under pylon course

slalom and double-shift conditions.
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1 Preface

The distributed drive has become the leading research
direction for most automakers. Since all four wheels
of distributed drive 4WD vehicles are involved in
driving, there are many types of research on stability
control of 4WD vehicles based on yaw rate and
centroid sideslip angle control during the driving
process, while there are few kinds of research on
brake process stability control and optimal brake
energy feedback. There needs to be more discussion,
especially for the combination of optimal braking
energy feedback and anti-slip braking during the
braking process, which meets the requirements of
ECE RI13 regulations. This article discusses the
control strategy and calculation formula for
the braking feedback of
distributed four-wheel drive vehicles equipped with

calculating optimal
four motors during braking, which meets the
requirements of ECE R13 regulations and is verified
through actual vehicle tests. Research on Parallel
Braking Control of Distributed Four-wheel-drive
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Fig. 1: Power system layout of 4WD pure electric

vehicles

Electric Vehicle, [1], studied the influence of
vehicle speed constraints on the final four-wheel
torque output based on fuzzy control and considering
battery SOC; however, the ECE R13 restriction and
optimal braking feedback were not considered.
Taking a two-axle four-wheel drive electric vehicle as
the research object, a recent study developed the
braking energy recovery strategy, [2], based on the
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I-curve braking force distribution; this literature is
only based on simulation research and does not have
actual vehicle testing to verify the effectiveness of the
[3], the
four-wheel drive electric vehicle as the research

strategy.  Literature, takes two-axle
object and develops the braking energy recovery
strategy, [3], based on the I-curve braking force
distribution. The description of braking strategy after
ESP needs to be described, and the vehicle speed
prediction strategy in literature, [3], is not defined.
[4],
identification based on the brake pedal, [4], only

Literature, describes  driver  intention
simulation analysis was conducted without actual
vehicle test validation, and there was no description
of the speed prediction algorithm. A recent study
analyzed yaw control based on front and rear loads,
[5]. Still, there is no analysis of vehicle speed
prediction and acceleration changes, there aren’t
prediction algorithms for future velocity and
acceleration, and there aren’t control algorithms for
vehicle stability control. In this paper, based on the
comprehensive consideration of the braking process
and the vehicle stability control, the slip rate, motor
fault state constraints, and front and rear load
constraints, the optimal feedback braking function is
formulated, and the practicability of the control
strategy is verified through the actual vehicle test.
The layout of four-wheel drive and two-drive
vehicles is shown in Figure 1 and Figure 2. The

motors can be wheel-side motors, hub motors, and
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ordinary motors.

Direction of
vehicle
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Fig. 2: Four-wheel drive power system layout of
REEV
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In Figure 1 and Figure 2, MCU1: motor controller 1
MCU2: motor controller 2
MCU3: motor controller 3
MCU4 : Motor controller 4

Fig. 3: Topology of the main controller of distributed
drive

EOP1 is responsible for the cooling of motor
controller 1 and motor 1, EOP2 is responsible for the
cooling of motor controller 2 and motor 2, EOP3 is
responsible for the cooling of motor controller 3 and
motor 3, and EOP4 is responsible for the cooling of
motor controller 4 and motor 4. MCU 12 receives the
control command sent by PCU to control motors 1
and 2, and MCU 34 receives the control command
sent by PCU to control motors 3 and 4. The ECM
receives the PCU command to start the engine and
drive the generator to generate electricity for the drive
motor and high-voltage battery. The IGM controls the
generator to generate electricityy. BMS controls
battery charging and discharging. VDDM is the
chassis domain controller responsible for ABS, ESP,
TCS, VDC, and other functions. SRS is responsible
for safety belt and collision safety. SAS sends
steering wheel angle information to PCU for yaw rate
control. The topology of the main controller of the
distributed drive is presented in Figure 3.

Volume 18, 2023



WSEAS TRANSACTIONS on POWER SYSTEMS
DOI: 10.37394/232016.2023.18.11

2 Stability Control and Optimal
Braking Feedback Control Strategy

2.1 Stability Control and Optimal

Regenerative Feedback
Develop a Figure 4 (appendix) strategy based on
stability control and optimal feedback.

This section discusses achieving the optimal
control strategy for braking feedback energy during
the braking process. After determining that the brake
pedal is pressed, enter the braking process and follow
the optimal energy feedback control curve
0O-A-B-C-D-E-F, which is set in Figure 10. During
the braking process, estimate the ideal yaw rate and
the required center of mass sideslip angle, [6], [7],
collect the actual yaw rate, [8], and calculate the
current center of mass sideslip angle. Then, based on
the difference between the ideal yaw rate and the
actual yaw rate, the estimated center of mass sideslip
angle and the calculated current center of mass
sideslip angle are used as inputs. The fuzzy control
strategy, which is described in section 2.2, is adopted,
and the effect of ESP/ABS interference is considered,
Output the torque requirements of four motors,
control the four wheels, and achieve control of
vehicle stability, thereby achieving the dual goals of
optimal braking feedback energy and vehicle stability

control, [9], [10].

2.2 Determination of Vehicle Stable Yaw
Moment based on Fuzzy Control Theory
Based on the fuzzy control theory, [11], the fuzzy
controller of the expected yaw moment, [12], is
designed, as shown in Figure 5.

The controller input variable is the desired yaw
rate w, and actual yaw rate o difference e, and the
desired centroid sideslip angle [; and actually
estimated centroid side slip angle B difference eg ;
the controller output variable is the expected yaw

moment M,q,
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Fig. 5: Fuzzy controller of expected yaw moment

1) Fuzzification: First, the precise input value will
be fuzzed into fuzzy values. The input variable
e, and eg will be equally divided into 5 fuzzy
sets, and the output variable M,; is divided
into seven fuzzy sets, see Table 1 for details.
Establish yaw rate error e, Membership

function,  centroid  sideslip

error  eg
Membership function, expected yaw moment
M,; membership function, as shown in Figure

6, Figure 7 and Figure 8.
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Fig. 6: Yaw rate error membership function
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Table 1. Input and output fuzzy set of expected yaw

moment controller

NB (Negative | NB NB (Negative
bigness) (Negative | bigness)
bigness)
NS (Negative | NS NM (Negative
small) (Negative | middle)
small)
ZE (Zero) |ZE (Zero) | NS (Negative
small)
PS (Positive | PS ZE (Zero)
small) (Positive
small)
PB (Positive | PB PS (Positive
bigness) (Positive | small)
bigness)
— — PM (Positive
middle)
— — PB (Positive
bigness)
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Fig. 7: Membership function of centroid sideslip

angle error

2) Fuzzy reasoning:

fuzzy reasoning is the core of fuzzy controller, that is
to use fuzzy language to describe the logical

relationship between input and output variables after

fuzzing, see Table 2 for details.
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Fig. 8: Desired yaw moment M,; membership

function

3) defuzzification:

After obtaining the fuzzy value of the output value, it
is necessary to convert the fuzzy value into an
accurate value through ambiguity resolution before it
can be used for subsequent control.

2.3 Develop a Seven-Degree-Of-Freedom
Vehicle Model, Distribute the Yaw Moment to
the Four Wheels according to the Front and
Rear Axle Load Ratio

Fig. 9: Simplified diagram of 7-DOF vehicle model

1 :Develop the vehicle 7-degree of freedom model, as
shown in Figure 9,

where d (m) is the track width, Fy.(m) is the
driving force of the left wheel of the rear axle in the
Y-axis direction, F,,;(m) is the driving force in the
X-axis direction of the left wheel of the rear axle,
Fr(m) is the driving force of the right wheel of the

rear axle in the Y-axis direction, F,,.-(m)is the driving
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force of the right wheel of the rear axle in the X-axis

direction.

Table 2. Fuzzy rule reasoning of desired yaw
moment controller

eg(N | eg(N | eg(Z | eg(P | eg(PB)
B) S) 0) S)
es,(| NB | NB NB | NM NM
NB
)
eos(| NB | NM | NM | NS NS
NS
)
e,( | NS NS 70 PS PS
70
)
eus( | PS PS PM | PM PB
PS)
e,(| PM | PM PB PB PB
PB)

Fyr1(m) is the driving force of the left wheel of the
front axle in the Y- axis direction, Fyr.(m) is the
driving force of the left wheel of the front axle in the
X-axis direction, Fyr.(m) is the driving force in the
Y-axis direction of the right wheel of the front axle,
Fysr(m) is the driving force in the X-axis direction

of the right wheel of the front axle. [, (m) is the
distance from the rear axle to the vehicle
centroid, l¢(m) is the distance from the front axle to
the vehicle centroid, 1 (rad/s) is the yaw rate, 3 (rad) is

the sideslip angle of the vehicle centroid.

2 : Distribute the yaw moment to the four wheels
according to the front and rear axle load ratio.
According to the 7-DOF vehicle model, considering
the longitudinal force and the Y-axis moment
generated by the longitudinal force, the following
formula is obtained:

My = L (Fepy = Fiept) sin 8 + 5 [ (Fupr —
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(M

Because the steering angle is small during steering,

d
Fxfl) cosé + 2 (Fxrr - Fxrl)]

so cosd =1, sind =0. So formula (1) can be
converted into :

AM,, = %[(Fxfr - Fxfl) + (Fepr — Fxrl)] ()

M,y = My + M, (3)
Where M, is the stable yaw moment calculated in
Figure 5 based on the centroid sideslip angle and yaw
rate, My is the front axle yaw moment, M, is the
rear axle yaw moment.

According to the front and rear load of the vehicle,
the distribution is as follows:

szl"'szr

Mf - kaZd - szl+szr+Fzrl+Fzrr MZd (4)

— — Fzrr+Fzrl
Mr B krMZd B szl+szr+Fzrl+Fzrr MZd (5)
|Trt| = |Tpr| STl = T (6)

Where F,f; is the vertical load of the left wheel of
the front axle, F,f is the front axle right wheel
vertical load, F,,; is a vertical load of the left wheel
of the rear axle, F,,., is rear axle right wheel vertical
load. kf is the front wheel cornering stiffness, k, is
the rear wheel cornering stiffness Tf; is the torque of
the left wheel of the front axle, T, is the torque of
the right wheel of the front axle, T,; is the torque of
the left wheel of the rear axle, T is the torque of the
right wheel of the rear axle.

The relationship between motor torque and
longitudinal driving force is:
T,

E = ?m (7)

T,, (Nm) is the motor torque. Combining the formula
(2) and (7), formula (8) can be obtained:

Myq === [(Tr = To) + (T = Tr)] - (®)

Combining equations (4), (5) and (6), the torque
value of yaw torque based on load proportion at four
wheels is :

Mz4R

; ©)

Tfl = _kf
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M_qR

Ty = —k, dd (11)
M_qR

T = ker (12)

2.4 Calculate the Braking Torque Demand of
Four Wheels according to the Front and Rear
Loads

Fig. 10: Optimal braking torque distribution of each
wheel based on ECE R13 regulation and braking
force I curve

The abscissa is the front axle braking force, and the
ordinate is the rear axle braking force. F stands for the
front, and r stands for real. Fx represents the braking
force function.

Instruction :

1 : The straight line AB is the tangent of the ECE
regulation curve after the extension of point A, and
point A is the intersection point of the ECE regulation
curve at Fyr axis. Point B is the intersection point of
the vertical line at the maximum braking force of the
two motors on the front axle and the tangent line AB
and then extends to the I curve along section BC of
the f line group (f line group is the relationship curve
of the front and rear ground brake force when the rear
wheels are not locked and the front wheels are locked
the with different
coefficients), and point C is the intersection point of

on roads road adhesion
the braking force f line group extending to the I curve
and the I curve.

I curve formula is :
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1|6 , 4hyL Gb
Among:
Fy, (N) is the total braking force of the rear axle

brake; Fj,¢(N) is the total braking force of the front

axle brake; G(N) is the vehicle gravity, b(m) is the

distance from the vehicle centroid to the rear axle;

L(m) is the wheelbase; hy(m) is the distance from the

vehicle centroid to the ground;

2: The OA segment function is:
Fpr = 2G
Fpr =0

(14)
(15)

Where z is the braking intensity.

Fig. 11: Force diagram of vehicle braking

According to Figure 11, the moment of force at
the earth connection point in the rear wheel can be
obtained:

d
F,L =Gb + md—’:hg (16)

Where: F,; (N) is the normal reaction force of the
ground to the front axle, G(N) is the vehicle gravity,
and b(m) is the distance from the rear axle centerline
to the center of mass. hy(m) is the height of the

du

centroid,
dt

vehicle (m/sz) is the wvehicle

deceleration. Calculate the moment of force at the
earth connection point in the front wheel,

a7

du
F,L = Ga — mahg

Where, F,, (N) is the normal reaction force of the
ground to the rear axle, an (m) is the distance from the
center line of the front axle to the center of mass,
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order

du
dat

(18)

Z is the braking strength, and g is the acceleration of
gravity.

Zg

3: Then the CF segment function can also be
expressed as:

zG (b+zhg)

Fpp=— (19)
zG(a—zh
Fyy = 2002a) (20)
4: ECE curve formula is :
_ z+0.04 _ G(b+zhy)
For = =55 L ’ (21)
(0.2<z<0.8)
Fbr =zG — be (22)
5: BC straight line formula is :
L-¢h Gb
Fyr = Q)hQQXbe_h_g (23)

In Formula (23), @ is the road adhesion coefficient.
The coordinate of point A is (FfA, 0), Fry is the

intersection point of the ECE curve and F, s axis.

6: The straight line formula of the AB section is : The

AB linear equation is:

L7XF

0.85a—hg( +0.034

Fy, = (Fps — Fra)

0.85XF
fA
g +0.85b

(Ffax0.85+0.034+

24)

Moreover, it is noticed that Figure 12 presents the
flow chart of braking anti-skid strategy. In the (24)
formula, an (m) is the distance from the front axle
centerline to the vehicle centroid.

7:

1) When the total braking force demand of the vehicle
is in the OA section, the braking force is entirely
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provided by the feedback braking torque of the two
motors of the front axle.

2) When the total braking force demand of the vehicle
is in section AB, the braking force of the front axle is
still provided by the feedback braking torque of the
two motors of the front axle. If the braking force
demand of the rear axle is less than the sum of the
feedback braking torque of the two motors of the rear
axle, the braking force of the rear axle is provided by
the two motors of the rear axle. If the braking force
demand of the rear axle is greater than the feedback
braking force that can be provided by the two motors
of the rear axle, the braking force is first provided by
the feedback braking force of the two motors of the
rear axle, and the remaining insufficient parts are
supplemented by hydraulic pressing power.

3) When the total braking force demand of the vehicle
is in the BC, CD, DE, and EF sections, the front axle
braking force is still preferentially provided by the
feedback braking force of the two motors of the front
axle. The insufficient part is supplemented by the
hydraulic braking force of the front axle, the rear axle
is preferentially provided by the feedback braking
force of the two motors of the rear axle, and the
insufficient part is supplemented by the hydraulic
braking force of the rear axle.

4) After z>0.7, the front and rear axle braking forces
are all provided by hydraulic braking force, and the
electric braking is quit.

8 : If the yaw angle measured by the center of mass or
the yaw rate exceeds the threshold value, and the yaw
control is involved, add the yaw moment to each
wheel (the yaw moment value is from formula (9) to
(12)), and combine the front and rear axle braking
force Fj,r and Fp,., the braking torque is calculated
as follows:
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( R X be MzdR
Myriem = — ky (25)
2 d
R X F M, R
Myfrom = > "y ks Zd (26)
) y RXFyr o MR o (
bri+M = Ky
2 d
R x F, M, 4R
\Mbrr+M = 2 -+ k; ; (28)

Where Myf;4 is the braking torque of the front left
wheel after the stability yaw moment intervention,
My 4y is the braking torque of the front right wheel
after the stability yaw moment intervention, My.; 4y
is the braking torque of the left wheel after the
stability yaw moment is involved, My, 1s the
braking torque of the rear right wheel after the
stability yaw moment is involved.

9 : Driving force limit, corresponding to the driving
force limit layer in Figure 4:

1): If the motor fails, the motor controller will limit
the torque, limit the power and close the tube
according to the detailed fault level.

2): The total power of the four motors cannot exceed
the maximum charging and discharging power limit
provided by the battery. Y71 P; < Ppar max> Where
P; is the motor power, Phg¢ may 1S the maximum
charge and discharge power of the battery.

3) The driving or charging torque of a single motor
cannot exceed the limit value given by each motor

controller. Treq < Tpp where Typq is the

Otayailble °
motor torque demand sent by the vehicle controller to
each motor controller, Tyo¢ . avaibie 18 the
maximum torque each motor can output, which is
sent by the controller.

4): Each wheel’s driving or braking force shall meet
the requirement of making the wheel slip rate s <
20%.

5): The whole vehicle controller judges and outputs
the maximum driving force or braking force that each
driving wheel motor can provide according to the
fault level of the entire vehicle.

2.5 Braking Anti-Skid Control Strategy
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See flow chart 12 of braking anti-skid control (see
Appendix). In this section, the anti-slip control
algorithm is described.

1) First, whether the brake pedal is pressed is judged.
If the brake pedal is pressed, the program enters the
braking process. Firstly, determine whether the ESP
is activated. If the ESP is activated, the anti-slip
program will enter the process of stopping the driving
torque, reducing the driving torque to 0 within a
specified time according to a specific gradient, and
cooperating with the ESP system to complete the
braking process while avoiding forward impact of the
vehicle.

2) If ESP is not activated and enters the anti-slip
braking process, the first step is to calculate the slip
rate of each wheel based on the effective vehicle
speed, determine which wheel is slipping, and
perform torque reduction control on the slipping
[13].

determine whether the deceleration change rate

wheel, Then based on the acceleration,
exceeds the preset value, and if it exceeds the preset
value, torque intervention should also be carried out.
3) The genetic algorithm+BP neural network
algorithm is used to predict the future velocity and
acceleration under different driving conditions and
driving habits

4) Based on the predicted vehicle speed, predict the
sliding trend of each wheel in the future. If the wheel
slip rate exceeds the set value or the deceleration
value increases by more than the set value,
intervention should be carried out for the braking
torque.

5) Determine whether the steering wheel angle
exceeds the set value. If it exceeds the set value, the
body stability program intervenes, using yaw rate and
center of mass sideslip angle as inputs to control the

body stability.
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6) Based on the above strategy, braking torque will be
outputted to four motors and control the braking

torque of each wheel.

2.5.1 Longitudinal Speed Calculation

The estimation of longitudinal speed plays a very
The
estimation of vehicle speed is inaccurate, and the

critical role in vehicle anti-skid control.
vehicle anti-skid will lose its foundation. According
to [14], the estimation method of vehicle speed is
shown in Table 3 (see Appendix). Based on the above
information, this paper uses a fusion algorithm to
calculate the current vehicle speed using the Kalman
filter under low-speed conditions. It uses acceleration
integral to estimate the current vehicle speed when it
is in slip/brake lock conditions. UKF (Unscented
Kalman Filter) is used to estimate vehicle speed.
UKF is a nonlinear Gaussian filter proposed by
JULIER in the 1990s. UKF inherits the basic
structure of KF, but UKF does not need to solve the
Jacobian matrix but carries out state error propagation
based on odorless transformation. Theoretically, the
tasteless conversion can approximate the posterior
mean and covariance of any nonlinear Gaussian
system state with at least third-order Taylor precision.
When the nonlinear degree of the target object is
improved to a certain level, UKF will have higher
accuracy, does not need to linearize the system, and
does not need to calculate the Jacobian matrix of the
system during the operation process, which can
improve the efficiency and stability of the estimation.
The state equation of the nonlinear system is as

follows :
Xk = f(Xy—1, Ug—1) + Wy (29)
Observation equation :
Zi = h(Xg_1) + Vi (30)
The flow of UKF is described below:
1: initialize
X¢ = E(X,) 31
. o \T
P¢=E|(Xo- X)X —%8)"] (2

2: Time update section
1) Generate 2n sigma sampling points, which are
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from the vicinity of the original state and are
obtained by proper operation

XAlic—l = XAIlc)—l + X0 (33)
T
X0 = ( /np,f,?_1> (34)
i
T
R -( /np,g_1> (35)
2

2) Substitute each sampling point into the equation
of state to obtain:

(l)

= f(Xk-1, Ug-1) (36)
3) Calculate the mean value of k time :
= -y &P (37)
4) Calculate the covariance at time k
Pe = —Z 1(X(‘) X(a))(X(l) X(a))T
Qk-1
(38)

3: Watch the update section
1) Regenerate a batch of sampling points according
to the predicted value

29 =%e + X0 (39)
X0 = (/nP), (40)
XD = —(/nPF); @1)

2) By substituting each sampling point into the
observation equation, we can get:

2 = h&?) (42)
3) Calculate the mean value of time k

o 1 A(i

Zi= -3 20 (43)

4) Calculate the covariance at time k

(20 -2) (20 - 2,) +Re @)

5) Estimating the covariance between states and

1
2n

P; =

observations

Pxz = ﬁ 1221 (XAlgi) - XAI?) (Zlgi) - Zk)T (45)

Volume 18, 2023



WSEAS TRANSACTIONS on POWER SYSTEMS
DOI: 10.37394/232016.2023.18.11

Finally, the state quantity is updated using Kalman

gain:
Kk = PXZPZ_l (46)
KR = X¢+ Ke(Zie — Zy) (47)
PP = P& — Ky P,KY (48)

Estimated state quantity longitudinal vehicle speed V,

Lateral speed V, , Yaw rate o, longitudinal
acceleration Ay , Lateral acceleration A, .Write as

vector

Xe=[Ve, V), w, Ay, Ay]T (49)

Observation variable longitudinal acceleration 4, .

Lateral accelerationA,,. In the form of a vector,

2(0) = [Ay. Ay 0] (50)

The equation of state is as follows :
Veto) = Vae—1) + [Axe-1) + Vye-1y@r—1]At (51)
Vyty = Vye-1) + [Ayae-1) = Vage-n @-1]At (52)

W = g + ”f—zzAt (53)
1
Axiy = 5 (54)

{[Ferte-1) + Frage-1)] €088 = [Fyage-1) +
FyZ(k—l)] Siné + Fyzk—1) + Fratk-1) — Fw-1) —
Fr k-1

(35)
1
Ayiy = 3 UFy10e-1) + Fyzge-n] + [Frage-y +
FxZ(k—l)] siné + Fy3x-1) + Fy4(k—1)}
(56)
The observation equation is as follows :
T
Z(0) = [Axey Ay ey 0 (k)] (57)

*******
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Fig. 13: UKF Vehicle speed estimator estimation
process

In addition, Figure 13 presents the UKF Vehicle
speed estimator estimation process. When excessive
wheel slip/slip occurs, the correlation between wheel
speed and vehicle speed decreases rapidly; when the
wheels lock or slip completely, the relationship
between wheel speed and vehicle speed is no longer
relevant. At this time, if the Kalman filter algorithm is
still used, the vehicle speed estimation results will
have a significant deviation. Therefore, when all
wheels have no slip/slip, the vehicle speed Vx is
obtained using the wheel speed signal without
excessive slip/slip through the Kalman filter. On the
contrary, when all wheels experience excessive
slip/slip, the longitudinal acceleration integral is used
to estimate the vehicle speed.

When the vehicle is skidding, it is usually in
emergency braking or with a large driving force. At
this time, the yaw rate and lateral speed are not
significant. Therefore, a two-degree-of-freedom
vehicle model can be used, and the relationship
between the first derivative of the longitudinal speed
and the longitudinal acceleration is:

/ (38)
Where w, is the yaw rate. By integrating Equation
58,

Uy = Vo + f(ax + vywy)dt (59)

Where, vy is initial speed. When switching to the

Ve = ay +vyw,

vehicle speed estimation algorithm based on
acceleration integration, take the estimated vehicle
speed v, based on the Kalman filter at the last
moment as the initial value of acceleration

integration.
2.6 Real Vehicle Test Verification

2.6.1 Pylon course Slalom Test
The pylon course slalom and split road test with high
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requirements for handling and stability were carried
out in the test field, and the test results are as follows.

Fig. 14: pylon course slalom test

As can be seen from Figure 15, the steering wheel
angle changes between 3.6rad and -3.4rad. As seen in
Figure 14, the actual yaw rate (pink line) and the
expected yaw rate (black line) follow closely, which
means that the control effect is very good to ensure
the vehicle’s driving stability.

e

Fig. 15: Steering wheel angle
2.6.2 double-shift Road Test

Fig. 16: Double-shift test

The left side of the double-shift road
high-adhesion asphalt pavement, and the right side is

is a

a low-adhesion water-sprayed ceramic pavement. It
can be seen that the right rear wheel has a runout, but

E-ISSN: 2224-350X

114

Yuehang Dong, Yuanyuan Yang,
Hongjun Zhai, Changming Zhao

the overall runout is controlled within an acceptable
range, and the other wheels maintain the same speed
very well. On the open-circuit surface, the control
strategy can still ensure the body’s attitude and the
vehicle’s driving stability. The double-shift test is
presented in Figure 16.

2.6.3 Vehicle Jumps from High-Adhesion Road to
Low-Adhesion Road

[

Fig. 17: vehicle is driven from a high-adhesion road
to a low-adhesion road

As can be seen from Figure 17, starting from
31.36 second, when the accelerator pedal is pressed at
100%
high-adhesion road to a low-adhesion road. From

percent the vehicle is driven from a
Figure 17, it can be seen that there is a sudden
increase in the speed of the front left and front right
This
distributed controller has yet not detected the change

wheels. sudden increase is because the
in road adhesion coefficient after the vehicle is driven
from a high adhesion road to a low adhesion road.
Therefore, the driving force for each wheel driving
motor has not been adjusted. Because the driving
force of the front left and front right motor is greater
than the friction provided by the road to the front left
and front right tires, causing each wheel to slip,
resulting in a sudden change in the wheel’s speed.
When the distributed controller has detected the
wheels are starting to slip, it quickly invokes the
anti-slip control program to adjust the driving torque
based on the magnitude of road friction force. As
shown in Figure 17, the front left and right wheels’
speed increase steadily after being adjusted for 1.4
seconds. The entire process took 1.4 seconds and the

control effect was acceptable.
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3 Conclusion
A longitudinal speed calculation algorithm is
developed by establishing a 7-degree-of-freedom
model of a four-wheel drive vehicle equipped with
four motors. The vehicle yaw torque is controlled to
ensure vehicle driving stability based on the fuzzy
control algorithm and using yaw rate and centroid
sideslip angle. Based on ECE regulations and the I
curve, the optimal strategy of braking energy
recovery in the braking process is formulated, which
combines stability control and optimal regenerative
feedback

comprehensively considers the limited conditions of

braking energy control, and
battery and motor on torque output. The driving or
braking torque demand of a four-wheel drive motor is
given, which improves the stability of a four-wheel
drive vehicle and achieves optimal braking energy
recovery. Finally, the actual vehicle test verifies the
above strategy's effectiveness.

For this research topic, further in-depth algorithm
optimization and more experimental verification are
needed. Especially for road surface recognition and
speed prediction, conduct more in-depth research.
Another important research direction is the control
boundary and control authority division between
distributed controllers and ESP/ABS controllers
during the braking process, which requires extensive

exploration and research.
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pressed separately.
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Enter the brake co
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input, vehicle speed, actual torque of
each motor, steering wheel angle,
lateral and longitudinal acceleration,
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Enter the distributed brake
control algorithm based on
adjusting the yaw rate and
the centroid Sideslip angle

Drive control
strategy (drive
process)

Brake
pedal
opening

Dynamics module
layer

<
Dynamic module of vehicle ‘\-
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Yaw rate, center of mass
sideslip angle control t

expected value sideslip angle

Yaw moment
formulation layer
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Electronic
differential control
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Calculate the braking force of v
each wheel in the braking
process according to Figure 9

Braking force distribution
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Driving force
distribution layer

. - parameters input of
Driving force limit ESP/ABS activation, restraint conditions,
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.

Actual torque and
speed of motor
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Fig. 4: Flow chart of braking process stability control and optimal braking feedback control
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Yes Anti-slip control
 mmm—  Strategy for
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Fig. 12-1: Flow chart of b

raking anti-skid strategy: judgement layer
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Fig. 12-2: Flow chart of braking anti-skid strategy: Braking anti-skid control algorithm layer

Distributed drive control algorithm
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Enter the distributed drive
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Using fuzzy control algorithm to
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Fig. 12-3: Flow chart of braking anti-skid

strategy

: Braking anti-skid control algorithm layer

Driving force
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added to the driving torque of
four wheels and distributed to

four driving motors
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|
:

The drive motor
executes the torque
command sent by MCU

After receiving the ESP action flag
sent by the ESP, the PCU reduces
the braking torque and exits the
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time according to a certain gradient,
which not only avoids the vehicle

A

setback caused by the excessive

fluctuation of the braking torque at

the initial stage of ESP intervention,

but also avoids the interference of

the motor braking force on the ESP
function

Fig. 12-4: Flow chart of braking anti-skid strategy : Body stability control layer
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Table 3. Vehicle speed estimation method

classification method Applicable working | merit and demerit accuracy
conditions
Kinematics-based | Wheel speed method | Good adhesion to road | The method is simple and easy to realize, but the | low
method surface, no emergency | adaptability of working conditions could be
acceleration/braking better, the requirements for wheel speed signal
conditions noise are high, and the accuracy could be higher
under emergency braking and braking during the
acceleration process.
Slope method Emergency braking | Depending on the initial braking speed, many | low
condition experiments are needed to calculate the
acceleration  under  emergency  braking
conditions and adapt to different road adhesion
conditions.
radar/GPS Wide application range, | The signal accuracy is high and easy to obtain, | higher
measurement not affected by road | but the signal update frequency is low, and it is
surface and vehicle status casy to be affected by weather and obstacles.
Wheel speed and | Any condition, To some extent, overcome the shortcomings of | general
acceleration acceleration and wheel speed signals; However,
integration method the accuracy will decline under the limited
working condition for a long time.
Dynamic-based Kalman filtering Any condition Good adaptability to working conditions, and the | general
approach classical Kalman filtering method is easy to
implement in engineering; However, it requires
high accuracy of the model and needs real-time
acquisition of process noise and observation
noise
Observer-based Any condition The estimation accuracy depends on the model | general
method accuracy, and the adaptability to the model
parameters could be better.
Intelligent Intelligent estimation | Specific working | It is optional to establish an accurate model of | low
estimation method conditions (depending on | the controlled object, still, the estimation
method training sample database | accuracy depends on the training samples, which
or fuzzy logic rule base) is challenging to meet the accuracy and real-time
requirements of vehicle dynamics control and is
difficult to achieve in engineering.
fusion method Multi-information Any condition The fusion method of multi-sensor and | high

and multi-method

fusion

multi-model overcomes the defects of a single
method, and has a wide range of applications
and high accuracy, but the algorithm logic is

complex and requires a high controller.
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