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Abstract: To improve the comprehensive performance of the distributed wheel-side four-wheel-drive
electric bus, the problem of optimal distribution of the driving torque of the four wheel-side motors
is studied. Aiming at the poor economy and failure of switching control due to the consideration of
both straight and steering conditions, this paper proposes a fuzzy yaw moment control strategy based
on the golden section search algorithm. Under full working conditions, according to the efficiency
characteristics of the front and rear axle drive motors, the golden section search algorithm is used to
determine the best front and rear axle motor torque distribution coefficient K to distribute the front
and rear axle motor torques. Given the stability problems existing in the steering conditions, based
on the optimal torque distribution of the front and rear axles, fuzzy control is used to calculate the
expected yaw moment, and the left and right wheel torques are adjusted in real time. The simulation is
carried out through TruckSim and MATLAB/Simulink, and a hardware-in-the-loop platform is built
for experimentation under step steering conditions and sine wave steering conditions. The results
show that the proposed torque optimal distribution strategy can optimally distribute the torque of
the four drive motors through the real-time identification of working conditions. Compared with
the four-wheel equal distribution, under two different steering conditions, the torque distribution
efficiency of the torque distribution strategy using the golden section search algorithm increased
by 4.35% and 3.83%, respectively. The energy utilization rate of the whole vehicle is improved
under all of the working conditions. Under steering conditions, compared with the four-wheel equal
distribution and the torque distribution strategy using the golden section search algorithm under all
of the conditions, the yaw rate deviation and the slip angle deviation can be reduced, and the yaw
stability has been improved.

Keywords: automotive engineering; electric vehicle; distributed drive; economy; yaw stability

1. Introduction

Compared with traditional vehicles, distributed drive electric vehicles (DDEVs) have
the characteristics of a compact structure, high transmission efficiency, and independent
control for four drive motors [1–4]. DDEVs offer the possibility of improving the handling
performance and energy efficiency. Hence, DDEVs are considered the next-generation
vehicles due to their flexible manipulation and emission reduction [5,6].

The driving range is a key issue that restricts the further development of electric
vehicles [7,8]. Thus, DDEVs are able to use different algorithms to optimize the torque
distribution in order to improve the energy utilization rate of the vehicle and to extend
the driving range of electric vehicles [9–11]. For straight driving conditions, Chen and
Wang [10] compared different methods, including the adaptive energy-efficient control
allocation (EECA), the Karush–Kuhn–Tucker (KKT)-based algorithm, and the rule-based
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EECA. The results indicate that the KKT-based algorithm is the best in terms of improving
efficiency; Wang et al. [12] used a control Lyapunov approach to develop an optimal control
allocation algorithm based on a dynamic update law to generate the requested force of each
actuator. However, this is impractical in real electric vehicles due to the complexity of the
algorithm. Sun et al. [13] proposed a front-axle and rear-axle torque distribution method
for reducing the energy consumption of the vehicle. The control logic of the in-wheel
motor was obtained based on the ordinary least squares, and the algorithm of optimal
torque allocation was capable of maintaining the working point of the driving motor in the
high-efficiency area.

Ding et al. [14] proposed an optimal driving and braking torque vector distribution
strategy based on the dynamic programming method, aiming at economy and stability,
respectively. Ma et al. [15] proposed a hierarchical control method for the coordinated
control of multiple control variables and the optimal torque distribution problem in mil-
itary multi-wheel electric drive vehicles. The upper layer is the motion tracking control
layer, which improves the coordinated control of the yaw rate and the center of mass slip
angle, and the lower layer is the torque distribution control layer, which comprehensively
considers the tire force and energy consumption economy, and optimizes the vehicle energy
consumption economy. Based on the distributed drive electric vehicles, Zhang X. et al. [16]
proposed an energy-efficient torque distribution method using an objective function that
minimizes the power loss of four electric motors. Fujimoto, H. and Harada, S. [17] pro-
posed a model-based range-extending control system for electric vehicles by optimizing
the distribution of front and rear drive braking forces by considering wheel slip rates and
motor losses.

When the vehicle is turning, the yaw stability is greatly reduced; when the vehicle is
turning at a high speed and large wheel angle, it is prone to instability. Direct yaw moment
control (DYC) is an effective way to improve the stability of DDEV [18]. In this setting,
DYC judges the driver’s intention by collecting the steering wheel angle information and
adjusting the yaw motion of the vehicle [19]. Katsuyama et al. [20] focused on tire slip
power loss and described the development of an efficient DYC that minimizes the tire slip
power loss during acceleration and deceleration while turning. Moreover, Chen et al. [21]
proposed a hierarchical control strategy. The upper controller was based on the driver
model and the vehicle model was designed to use sliding mode control (SMC) to calculate
the required yaw moment so that the actual yaw rate can follow the required yaw rate.

In a previous work, the torque distribution strategies of DDEVs were usually exclusive
for stability or economy. In this context, it is important to note that the torque distribution
strategies are single and the torque distribution is not based on the current driving condi-
tions. Hence, when the actual driving conditions are complex and changeable, the most
reasonable torque distribution strategy needs to be selected according to the current driving
conditions of the vehicle. Li et al. [22] comprehensively considered the steer-by-wire system
and the four-wheel-drive system and suggested a coordinated control algorithm based
on the vehicle dynamics and energy optimization of the driving system. Furthermore,
Chen and Wang [23] proposed a hierarchical control structure based on a dynamic SMC
and adaptive EECA scheme, which is used to track the driving trajectory of DDEV and to
achieve optimal energy consumption. However, the switching of different control strategies
between different working conditions cannot guarantee the energy utilization rate of the
motor system. In theory, a switching controller with a distinguished performance is affected
by the response lag of the actual electrical, mechanical, hydraulic, and information systems.
Particularly, in the frequent switching process under complex and variable road conditions,
the distributed drive control system may fail or even lose control.

Aiming at the problem of a poor economy and the failure of switching control due
to both straight and steering conditions, this study proposes a fuzzy yaw moment control
strategy based on a golden section search algorithm. Under full working conditions,
according to the efficiency characteristics of the front- and rear-axle drive motors, the
golden section search algorithm is used to determine the best front- and rear-axle motor
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torque distribution coefficient—K. K is employed to distribute the front- and rear-axle
motor torques that can achieve the best economy of the vehicle. Given the existing stability
problems in the steering conditions and based on the optimal torque distribution of the
front and rear axles, fuzzy control is used to calculate the expected yaw moment. The left
and right motor torques are adjusted in real-time according to the expected yaw moment.

TruckSim and MATLAB/Simulink are used for software-in-the-loop (SIL) simulation.
Furthermore, DSP development board and PXI chassis are used to build a hardware-in-
the-loop (HIL) platform for test verification. The test results show that the proposed
control strategy not only improves the economy of the vehicle, but it also improves the
yaw stability, the control effect is outstanding, and it has good theoretical significance and
engineering value.

2. DDEV Model

Figure 1 shows the configuration of the DDEV. In this paper, the distributed drive
electric bus is equipped with four wheel motors, and the four-wheel-independent control
is realized through different signals of the controller. The vehicle controller calculates
the corresponding driving torque according to the torque distribution strategies. Motor
controllers transmit it to the driving wheels through the wheel motors and reducers to
drive the electric bus. The related parameters of the distributed drive electric bus are shown
in Table 1.
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Figure 1. Configuration of DDEV using wheel motors.

Table 1. Electric bus parameters.

Parameters Value Unit

Vehicle quality (m) 15,500 kg
Wheel rolling radius (r) 0.48 m

Wheelbase (L) 5.6 m
Distance between the front axle and

centroid (a) 3 m

Distance between the rear axle and
centroid (b) 2.6 m

Tread (W) 1.838 m
Front tire cornering stiffness (Kf) 120,000 N/rad
Rear tire cornering stiffness (Kr) 220,000 N/rad

Gear ratio (λ) 12
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When the same type of motors are used for the front-rear axle, the even distribution
can optimize the overall efficiency of the entire vehicle [24]. In this paper, different types of
drive motors are used for the front and rear axles of the electric bus. The two coaxial left
and right motors have the same type of system configuration. The specific parameters of
the front and rear axis motors are presented in Table 2.

Table 2. Motor parameters of the front and rear axles.

Parameters Front Axle Motor Rear Axle Motor Unit

Power rating (Pe) 35 35 kW
Maximum torque (Tm) 255 255 N·m

Torque rating (Te) 135 135 N·m
Maximum rotational Speed (nm) 6000 6000 rpm

Rotational Speed rating (ne) 2500 2500 rpm
Pole pair (p) 16 16 Ω

Stator winding resistance (Ra) 0.032 0.018 Ω
Iron resistive loss (Ri) 0.17ω + 1.5 0.12ω + 1.5 N/rad

Rotor permanent magnet flux (ψ) 0.368 0.0276 Wb
d-axis inductance (Ld) 0.088 0.126 mH
q-axis inductance (Lq) 0.088 0.126 mH

Friction torque (Tf) 5 3 N·m

3. DDEV Torque Distribution Strategy

Given the existing instability problems in the steering conditions, the torque distri-
bution strategy used fuzzy control to calculate the expected yaw moment based on the
expected and actual values of the yaw rate and the side slip angle. Moreover, based on the
optimal distribution of the front and rear axles, the torque distribution strategy calculated
the left and right wheel torque adjustment values according to the expected yaw moment.
This not only guarantees the yaw stability during steering, but also assures that the best
economy of the vehicle is achieved without switching control. This study proposed the
overall structure of the torque control strategy, as shown in Figure 2.
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3.1. Torque Distribution of Front and Rear Axles Based on the Optimal Overall Efficiency

The torque distribution problem of the front and rear axles of an electric bus can be
converted into the problem of determining the torque distribution coefficient K of the front
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and rear axles. The torque distribution coefficient K is defined as the ratio of the front axle
motor torque and the total demand torque, as follows:

K = Tf ront/Ttotal , (1)

where Tfront is the sum of the motor torques on the left and right sides of the front axle, and
Ttotal is the total required torque of the vehicle.

This paper uses the golden section search algorithm to quickly and accurately de-
termine K. The golden section search algorithm is an optimization algorithm with a one-
dimensional search dimension, which is mainly used to determine the extreme points of a
convex function (or a concave function) in a given interval [a, b]. The convex characteristic
(or concave characteristic) in a given interval [a, b] is a sufficient and necessary condition
for the correct use of this algorithm.

When the permanent magnet synchronous motor is working, the motor power has the
following relationship:

Pin = Pout + Ploss = Pout + PCu + PFe + Pm (2)

where Pin is the input power, Pout is the output power, and Ploss is the power loss. Ploss
includes copper loss PCu, iron loss PFe, and mechanical loss Pm. Pm is generated by the
friction torque Tf when the motor is working. The input power of a single motor can be
obtained with the following:

Pin = Tout · ω + Ra

[(
ω2L2

p2Ri2
+1
)

Tout
pψ + ωψ

pRi

]2
+

ω2

p2Ri

[(
ω2L2

pRi

Tout
pψ + ψ

)2
+
(

L Tout
pψ

)2
]
+ Tf · ω

(3)

where Tout is the motor output torque,ω is the motor speed, and the other parameters can
be referred to in Table 2.

In the driving conditions, all of the parameters in the formula are positive numbers,
so the total power loss can be expressed as follows:

Ploss = Ploss f + Plossr

= a f (KTtotal)
2 + b f KTtotal + c1+

ar[(1 − K)Ttotal ]
2 + br(1 − K)Ttotal + c2

(4)

where af, bf, cf, ar, br, and cr are all positive numbers. Ploss calculates the second-order partial
derivative of K:

∂2Ploss
∂K2 = 2A1Ttotal

2 + 2A2Ttotal
2 > 0 (5)

in the search interval, the value is always greater than 0. In driving conditions, Ploss is a
concave function of K.

The overall vehicle efficiency ηtotal can be expressed as follows:

ηtotal =
Ttotal · ω

Ttotal · ω + Ploss
(6)

where Ttotal and ω are positive and fixed, and ηtotal is the convex function of the front and
rear axle torque distribution coefficient K. The golden section search algorithm can be used.

The optimization objective function used by the algorithm is ηtotal. Here, ηtotal can
be calculated by the number of pole pairs of the motor, the stator wire resistance, the
inductance, and other internal parameters. The search interval changes according to the
real-time operating conditions, because K is a non-negative number in the interval [0,1], and
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it is guaranteed that the torque does not exceed the maximum load of the motor. Therefore,
the left boundary a and right boundary b of the search interval are set as follows:

a = max
{

0,
Trear_m

Ttotal

}
(7)

b = min
{

1,
Tf ront_m

Ttotal

}
(8)

where Trear_m is the maximum torque of the rear axle at the current speed, and Tfront_m is
the maximum torque of the front axle at the current speed.

Figure 3 presents the flow chart of the golden section search algorithm. The total
required torque of the current driving conditions and the current speed of each motor are
known. Each cycle compares the ηtotal at the two insertion points x1 and x2 in the current
search interval. If ηtotal (x1) is superior to ηtotal (x2), the search interval is narrowed. Note
that a is equal to x1 and b remains unchanged; otherwise, a remains unchanged and b is
equal to x2. Furthermore, the insertion points x1 and x2 are updated. The calculations
are made multiple times until the specified search accuracy is reached. Subsequently, the
K of the current working condition can be obtained. In this study, the search accuracy ε
of the algorithm was set to 0.0001. The insertion points were located at 0.382 and 0.618
of the search intervals, respectively; these were the golden section points. One of the
insertion points of the reduced interval was located at the same place as the other insertion
point of the interval prior to the reduction, so the calculation of the efficiency value of the
insertion point could be omitted. Hence, the calculation efficiency of the algorithm could
be improved.
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3.2. Torque Distribution Strategy of Left and Right Motors Based on Driving Conditions

The economy was mainly considered in the straight-travel operation of the electric
bus, and the average distribution of the left and right wheel torques could achieve the best
economic efficiency. According to Ttotal and K, the output torques of the driving wheels are
calculated as follows: 

Tf l = (K · Ttotal)/2
Tf r = (K · Ttotal)/2

Trl = [(1 − K) · Ttotal ]/2
Trr = [(1 − K) · Ttotal ]/2

(9)
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where Ti denotes torques of the driving wheels, and i = fl, fr, rl, and rr denote the front-left,
front-right, rear-left, and rear-right wheels, respectively.

The optimal distribution of the front and rear axle torques guarantees the optimal
economy of the electric bus. However, stability under steering conditions is a key factor
that must be considered. Based on the optimal economical torque distribution, this paper
uses the direct yaw moment control to distribute the torque of the left and right wheels to
ensure economic efficiency and improve vehicle yaw stability.

To obtain the expected yaw moment of the vehicle, a fuzzy controller is designed based
on the yaw rate and the side slip angle. The fuzzy controller takes the yaw rate deviation
∆γ and the side slip angle deviation ∆β as the input. The fuzzy controller outputs the
expected yaw moment Md when turning.

∆γ is the difference between the actual yaw rate γ and the expected yaw rate γd. ∆β is
the difference between the actual side slip angle β and the expected slip angle βd:

∆γ = γ − γd (10)

∆β = β − βd (11)

where γ and β can be obtained through the established TruckSim electric bus model. γd is
calculated from the two-degree-of-freedom vehicle model:

γd = min
{∣∣∣∣ vx

L(1 + kv2
x)

δ

∣∣∣∣, ∣∣∣∣µg
vx

∣∣∣∣} · sgn(δ) (12)

where δ is the average steering angle of the front wheels, vx is the longitudinal speed of the
vehicle, µ is the road adhesion coefficient, and k is the stability factor, where its expression
is as follows:

k =
m
L2 (

a
Kr

− b
K f

) (13)

To enable the vehicle to travel along the desired route, this article believes that the side
slip angle should not be too large, and the expected value βd is set to zero.

The fuzzy subset of the yaw rate deviation is [NB, NS, ZE, PS, PB], where NB stands
for ‘negative big’, NS stands for ‘negative small’, ZE stands for ‘zero’, PS stands for ‘positive
small’, and PB for ‘positive big’. The fuzzy subset of the slip angle is set to the same as the
fuzzy subset of the yaw rate. The fuzzy subset of the expected yaw moment Md is [NB,
NM, NS, ZE, PS, PM, PB], where NB stands for ‘negative big’, NM stands for ‘negative
medium’, NS stands for ‘negative small’, ZE stands for ‘zero’, PS stands for ‘positive small’,
PM stands for ‘positive medium’, and PB stands for ‘positive big’. Figure 4a–c shows the
membership functions of the yaw rate deviation, the side slip angle deviation, and the
expected yaw moment. The expected yaw moment fuzzy inference rules are shown in
Table 3. The designed fuzzy controller determines Md in real time according to ∆γ and ∆β.

Table 3. Fuzzy inference rules of the expected yaw moment.

eβ(NB) eβ(NS) eβ(ZO) eβ(PS) eβ(PB)

eω(NB) NB NB NB NM NM
eω(NS) NB NM NM NS NS
eω(ZO) NS NS ZO PS PS
eω(PS) PS PS PM PM PB
eω(PB) PM PM PB PB PB
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(1−K)Ttotal

2 − (1 − K)∆T
Trr =

(1−K)Ttotal
2 + (1 − K)∆T

(Tf r cos δ−Tf l cos δ+Trr−Trl)
W
2

r +
(Tf l+Tf r)a sin δ

r = Md

(14)

The torque adjustment value ∆T of the left and right wheels can be calculated as follows:

∆T =
Mdr − 2aKTtotal sin δ

W(K cos δ + 1 − K)
(15)

The output torque of each of the four motors can be obtained as shown in Equation (14).

4. DDEV Torque Control Strategy Simulation and Analysis

To verify the designed controller, the DDEV torque distribution control model was
established to first perform the SIL simulation analysis.

First, the driver model, motor external characteristic model, and DDEV torque control
strategy model were established using MATLAB/Simulink. Second, the electric bus model
was implemented using TruckSim. Together, these composed the distributed torque control
simulation platform for the four-wheel-drive electric bus.

The driver model was composed of the accelerator pedal signal and the steering wheel
angle signal. It mainly provided the initial Ttotal and the steering wheel angle. Hence, the
external characteristic model of the motor mainly limited the initial Ttotal through the output
of the driver model and the current vehicle speed to prevent the motor from overloading.
The four-wheel-drive torque control model calculated the four-motor torque input through
the TruckSim electric bus model according to the driver’s input signals and the torque
distribution strategy.

The four-wheel torque equal distribution is currently the most widely used control
strategy for DDEVs. It is simple and easy to implement and it serves as a simulation
control group for the torque distribution optimization strategy designed in this study.
Simultaneously, to verify the effect of improving the yaw stability of steering conditions, the
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torque distribution strategy using the golden section search algorithm under all conditions
was also used as the simulation control group. The step steering conditions, as well as the
sine wave steering conditions, are typical driving conditions. A simulation was carried out
under these two conditions.

4.1. Step Steering Conditions

Under the step steering conditions, the accelerator pedal opening input by the driver
was reduced from 0.6 to 0.3, and the steering wheel angle remained unchanged at 90◦ to
the left after going straight for 2 s. The initial vehicle speed was set to 45 km/h, and the
road adhesion coefficient was set to 0.4. Figure 5a–e shows the longitudinal velocity, the
four-wheel torque after optimized distribution, the comparison result of the efficiency, the
yaw rate deviation, and the side slip angle deviation using the three distribution strategies.
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Figure 5a shows that the longitudinal velocity increased from 45 km/h to 74.37 km/h.
Figure 5b shows that the front and rear axle motors distributed the total demand torque
according to K in the first 2 s of straight driving. Moreover, the left and right wheel torques
were equally distributed. After 2 s, the vehicle started to turn. The controller adjusted the
left and right wheels based on the best distribution of the front and rear axle torques.
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The averages of the efficiency of the three control strategies were 80.78%, 85.62%,
and 84.59%, respectively. Figure 5c shows that compared with the four-wheel torque
distribution, the efficiency of the torque distribution strategy using the golden section
search algorithm under all conditions increased by 4.84%. Under the steering conditions,
the torques of the left and right wheels were adjusted. The reason for this is that the overall
efficiency of the vehicle decreased slightly. However, compared with the efficiency of the
four-wheel torque equal distribution, it was augmented by 3.81%.

The yaw rate and the side slip angle are two significant indicators for evaluating the
stability of the vehicle. Figure 5d,e show that the deviation of the yaw rate and the side slip
angle were almost 0 when traveling straight in the first 2 s. The expected running trajectory
was better tracked without deviation. After 2 s, the left and right wheel torques were
adjusted to reduce the deviation between the actual value and the expected value of the
yaw rate and the side slip angle. Compared with the four-wheel torque equal distribution
and the torque distribution strategy using the golden section search algorithm under all of
the conditions, the yaw stability improved significantly.

4.2. Sine Wave Steering Conditions

To verify the improvement effect of the control strategy on the yaw stability under
the condition of large turning angles and frequent changes in the turning angle, the sine
wave steering conditions were designed for simulation verification. The accelerator pedal
opening input by the driver was reduced from 0.5 to 0.2, the steering wheel angle changed
at ±120◦, the initial vehicle speed was 45 km/h, and the road adhesion coefficient was set
to 0.4. Figure 6a–e shows the longitudinal velocity, the four-wheel torque after optimized
distribution, the comparison result of the efficiency, and the yaw rate deviation and the
side slip angle deviation using the three distribution strategies.

It can be seen from Figure 6a that the longitudinal velocity increased from 45 km/h
to 59.84 km/h. Moreover, Figure 6b shows that to improve the yaw stability, as the
steering wheel angle increased, the left and right wheel torque adjustment value ∆T was
augmented accordingly.
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The averages of the efficiency for the three control strategies were 82.85%, 86.68%, and
85.32%. Furthermore, Figure 6c shows that compared with the four-wheel torque equal
distribution, the efficiency of the torque distribution strategy using the golden section
search algorithm under all conditions and the optimized distribution algorithm increased
by 3.83% and 2.47%, respectively. From Figure 6d,e, it is clear that adjusting the left and
right wheel torques significantly reduced the deviation of the yaw rate and the deviation
of the side slip angle, and the yaw stability improved. Moreover, in comparison with the
torque distribution strategy using the golden section search algorithm, under all conditions,
the efficiency value decreased with the increase in the left, and the right wheel torque
adjustment value ∆T.

5. HIL Test and Analysis

Although the SIL simulation results show that the torque distribution strategy pro-
posed in this study improved the overall efficiency of DDEV, when the computer was used
for MATLAB/Simulink and TruckSim co-simulation, the calculation step was set to 1 ms
or even shorter. However, under the existing technical conditions, the actual calculation
period of the control system was generally 10 ms or even longer. Subsequently, there will
be data frame loss when communicating between nodes in the control network. Therefore,
it is necessary to conduct further HIL tests on the proposed torque distribution strategy
before the application on a real vehicle.

The HIL test system architecture of the four-wheel-drive torque controller is shown in
Figure 7. The real-time version of TruckSim was used to simulate the real-time wheel-side
four-wheel-drive electric bus dynamics model and virtual driving scene. DSP28335 was
employed to make a four-wheel drive torque controller, which calculated and distributed
the torque of the four drive motors in real-time. The NI_PXIe-1085 chassis equipped with a
PXI-8512CAN interface module was used to receive feedback signals and send four motor
torque signals to control the electric bus.
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5.1. Step Steering Conditions

Based on the simulation analysis of Section 4.1, the test used the same working condi-
tions to further verify the feasibility of the torque optimal distribution strategy. Figure 8a–e
shows a comparison of the results using three control strategies under step steering conditions.
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It can be seen from Figure 8a that the longitudinal velocity increased from 45 km/h to
73.43 km/h, which was slightly lower than the simulation result, mainly due to a certain
delay in the HIL test calculation at the beginning of the simulation. On the other hand, the
torque distribution results in Figure 8b were consistent with the SIL simulation results.

The averages of the efficiency of the three control strategies were 81.10%, 85.55%, and
84.85%. Figure 8c shows that the torque distribution efficiency of the torque distribution
strategy using the golden section search algorithm under all conditions increased by 4.35%
in comparison with the four-wheel torque equal distribution. The strategy of optimizing
the adjustment and distribution of the left and right wheels improved by 3.75% compared
with the four-wheel torque distribution, which is consistent with the SIL simulation results.
Figure 8d,e is consistent with the SIL simulation results. In comparison with the simula-
tion results, the HIL test results maintained a better consistency, which indicates that the
proposed torque distribution strategy was controlled in real-time under step steering condi-



Electronics 2022, 11, 3546 13 of 15

tions and was able to achieve the expected optimization effect on the overall performance
of the vehicle.

5.2. Sine Wave Steering Conditions

To further verify the effectiveness of the torque distribution strategy proposed in this
paper under the condition of a large turning angle and continuously changing steering
wheel angle, the HIL test was carried out with the same sine wave steering working
condition, as given in the simulation in 4.2. Figure 9a–e shows the comparison results of
the HIL test under the sine wave steering working conditions of the three control strategies.
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Figure 9a shows that the longitudinal velocity increased from 45 km/h to 59.24 km/h.
The averages of the efficiency of the three control strategies were 82.89%, 86.72%, and
85.63%. Moreover, Figure 9c shows that the torque distribution efficiency of the torque
distribution strategy using the golden section search algorithm under all conditions in-
creased by 3.83% compared with the four-wheel torque equal distribution. The strategy
of optimally adjusting the distribution of the left and right wheels improved by 2.74% in
comparison with the four-wheel torque distribution. Figure 9d,e shows that after adjusting
the left and right wheel torque, the deviation of the yaw rate and the actual value of the
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side slip angle were significantly reduced when the rotation angle value was large. Note
that the HIL test results were consistent with the SIL simulation results.

The results successfully verified that the torque distribution strategy proposed in this
study distributed the torque of each wheel in real-time during the driving process of the
vehicle, improving the economy and the yaw stability of the vehicle.

6. Conclusions

Given the poor economy and failure problems of switching control due to both linear
and steering conditions, this study suggested a new fuzzy yaw moment control strategy
based on the golden section search. Under full working conditions, according to the
efficiency characteristics of the front- and rear-axle drive motors, the golden section search
algorithm was used to determine the best front- and rear-axle motor torque distribution
coefficient K. K was used to distribute the front- and rear-axle motor torques, which were
able to achieve the best economy of the vehicle. Given the stability problems under steering
conditions and based on the optimal distribution of the front and rear axles, fuzzy control
was employed to calculate the expected yaw moment, and the left and right wheel torques
were adjusted in real-time, which not only guaranteed the yaw stability during steering,
but also achieved the best economy of the vehicle without switching the control.

Under step steering conditions and sine wave steering conditions, SIL simulation and
HIL testing were carried out using the three control strategies, four-wheel torque equal
distribution, torque distribution strategy using the golden section search algorithm under
all conditions, and the torque distribution strategy proposed in this study to verify the
improvement of the economy and the yaw stability. The results show that compared with
the four-wheel torque equal distribution algorithm, the torque distribution control strategy
designed in this study significantly improved the economy and the yaw stability; under
steering conditions, the economy was reduced in comparison with the torque distribution
strategy using the golden section search algorithm under all of the conditions. However,
the yaw stability was improved.

Regarding the construction of the hardware-in-the-loop test bench, there was still
room for improvement in this study. The hardware-in-the-loop platform built by Liu Gang
et al. [25] combines some hardware systems, such as driving simulators, with computer
simulation software systems. The hardware part can accurately reflect the mechanical
characteristics and hydraulic characteristics of the system, and the simulation software
can simulate various road conditions so as to verify the validity and reliability of the yaw
moment control algorithm. In order to verify the effectiveness of the dual steering direct
yaw moment control strategy for in-wheel motor-driven vehicles, Yang et al. [26] integrated
the driver operating system, the actual vehicle central controller, and other hardware into
the built hardware-in-the-loop test platform. Based on the above literature, this study will
continue to optimize the construction of the HIL bench.
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