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ABSTRACT The hybrid electric ground vehicle (HEGV), driven by in-wheel motors IWMs), is a good
solution for prolonging vehicle driving range and improving dynamics performance. This paper presents
a hierarchical optimization control strategy for a four-axle HEGV driven by IWMs to improve handling
stability. In the proposed hierarchical control strategy, the upper layer controller controls the vehicle motion
states to track the desired ones, in which the controlled force and moment are considered as resultant of
the longitudinal tire force, and is determined by using the nonlinear sliding mode control method. In the
lower layer controller, the control allocation method is adopted to assign torque to all actuators, including
the IWMs and brakes, to generate the controlled force and moment determined by the upper layer controller.
Considering the motor torque capability, tire workload rate, and road adhesion, we establish an objective
function with constraints, which is solved by using the optimization algorithm. The software simulation
and the hardware-in-loop test results show that the proposed control strategy exhibits excellent performance
in terms of vehicle handling stability, compared with the commonly used control strategies, and has the
capability of real-time implementation.

INDEX TERMS Control allocation, four-axle ground vehicle, hybrid electric vehicle, in-wheel motor, sliding

mode control, vehicle handling stability.

I. INTRODUCTION
Vehicle electrification is a current and future direction in
the automotive industry. Compared to Pure Electric Vehi-
cles (PEVs), which are hampered by battery technology
due to limited range and lengthy charge times, the Hybrid
Electric Vehicles (HEVs) have the potential to bridge the
gap between the conventional Internal Combustion Engine
(ICE) powered vehicles and the PEVs [1], [2]. In some
special purposes and military fields, the multi-axle Hybrid
Electric Ground Vehicles (HEGVs) have been developed for
improving energy efficiency and driving range [3], [4]. Most
researchers have concentrated on the power management
strategy of HEVs [5]-[9]. The majority of driving conditions
of multi-axle ground vehicles include high speeds with heavy
loads, drastic turning maneuvers, and on slippery roads [10].
Appropriately equipping the stability control systems for
multi-axle HEGVs is necessary.

With the development of In-Wheel Motors IWMs), com-
pared to the HEGVs driven by centralized motors, the

Remote Module.
Cooling

Li-Ion Hybrid
Battenes

Militanized
Commercial Diesel

| In-Wheel
/ Electric Motor
Drive

Hybrid Electric Drive

i 2 6
= External High Pressure
— | Air Suspension
Electionics Hybrid Steering

FIGURE 1. Hybrid electric ground vehicle driven by in-wheel motors.

HEGVs driven by IWMs, as shown in Fig. 1, have great
potential to improve vehicle handling stability and dynam-
ics performance. That is because the IWMs, which are
mounted into wheel hubs, can be independently controlled
and directly actuated. The redundancy and flexibility of
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IWMs reinforce the performance of vehicle dynamics con-
trol. In addition, the removing centralized powertrains is ben-
eficial to design vehicle weight distribution for best handling
performance [11]-[14]. However, these merits are companied
with technical challenges. The usage of IWMs alters vehi-
cle structural and mechanical parameters. Vehicle dynamics
characteristics are significantly changed, so that the existing
vehicle dynamics control systems are not well applicable.
What is more, the redundant IWMs perform as an over-
actuated system with complicated constrains. Especially for
the multi-axle HEGVs driven by IWMs, the coordinated
torque allocation among multiple IWMs is crucial to improve
vehicle handling stability.

Various methods for improving handling stability have
been studied and actively developed for two-axle vehicles
driven by IWMs, and studies of multi-axle vehicles have been
conducted based on those findings. These methods mainly
focus on vehicle motion control and driving/braking torque
allocation. Hierarchical and centralized control strategies
are used in vehicle dynamics control, and the hierarchical
control strategy has been proved to be more flexible and
effective [15]. In a hierarchical strategy, the upper layer is
considered as a vehicle motion controller to maintain vehicle
dynamics stability by determining the desired force and/or
moment, and the lower layer serves as a torque allocation
controller in charge of assigning force and torque to each
actuating motor and/or brake to generate the desired force
and/or moment required by the upper layer [16].

In vehicle motion control research, vehicle yaw rate and
side slip angle, based on the two degrees of freedom (DOFs)
linear model, are generally considered as vehicle desired
motion states [17] because most drivers are familiar with
vehicle dynamics performance and able to control vehicle
with stability in the linear region of the vehicle. In addition,
the desired yaw rate and side slip angle are constrained by
the road adhesion conditions and vehicle stability margin
[18], [19]. By linearizing the tire dynamics model, the vehicle
yaw rate and side slip angle can be synchronously controlled
based on linear control methods [20], which can improve
vehicle stability in the linear region of the tire. However,
tires have nonlinear characteristics under the high speed and
low adhesion conditions, which weakens the effectiveness
of the linear control methods. Therefore, nonlinear control
methods are adopted to handle the nonlinear characteristics
of the vehicle and tire. Chen et al. [12] considered the yaw
rate and the side slip angle as an interacting system with
nonlinear characteristics. They set the yaw rate as an inter-
mediate variable, and controlled the side slip angle by using
the dynamic sliding mode control (SMC) method to improve
vehicle handling stability.

In addition, various nonlinear adaptive control methods,
such as the neural network control method [21] and fuzzy
control method [22], are widely used to determine the desired
force and/or moment for maintaining vehicle motion stability.
However, as indicated in [12], the yaw rate interacts with the
side slip angle, meaning they are not independently controlled
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to track the desired states with a single control variable, such
as the desired force or desired yaw moment. The integrated
control method [23], based on the active steering control
and the direct yaw-moment control (DYC), is effective for
independently controlling the yaw rate and side slip angle.
However, it is not applicable to vehicles without active steer-
ing equipment.

In the torque allocation research, the driving and/or braking
torque is assigned to actuators, such as IWMs and brakes, by
using the rules-based methods or optimization-based meth-
ods. Jackson et al. [24] established 49 fuzzy rules, based
on the yaw rate and the change rate of a three-axle HEGV
driven by IWMs, to allocate the driving torque of the six
IWMs. Wang textitet al. [25] assigned the torque to the two-
side tires based on the rules of equal values and opposite
directions. The rule-based control methods are effective but
lack of accuracy and optimality, resulting in a suboptimal per-
formance. The optimization-based method, by contrast, can
simultaneously handle multiple control objectives and actu-
ator constraints, and can perform actuator reconfiguration,
to some extent, when encountering issues such as actuator
failures [16], [26].

Kyongsu [10], [27] investigated the optimal torque alloca-
tion for three-axle and four-axle HEGVs driven by IWMs,
in which the objective functions were established based on
the yaw rate and the tire load rate. The Generalized Inverse
Method (GIM) and a numerical algorithm of extremum were
used to solve the objective functions to calculate the optimal
torque allocation. Wang et al. [28] proposed a real-time hier-
archical control algorithm for a multi-axle land vehicle with
IWMs to improve the vehicle performance, in which an opti-
mal control allocation algorithm was adopt to coordinate the
motor torque under some physical constraints of the actuators
and the tire dynamics. Zhao et al. [29] investigated a nonlin-
ear control allocation scheme, based on the model predictive
control (MPC) method, for EVs with IWMs to improve vehi-
cle stability, in which the constraints of actuating motors and
tire slip ratio were considered to address the unintended side
effects, such as skidding or discomforting the driver under
critical driving conditions. Xiong et al. [30] proposed a direct
yaw control method, based on driver operation intention, for
stability control of an EV driven by IWMs under emergency
steering alignment conditions. The driving conditions could
be identified by using the driver operation intention recog-
nition module, and the motor torque is optimally allocated
by using an active set algorithm. Novellis et al. [31] estab-
lished different objective functions and constraints based on
the motor performance, the battery capacity, and the road
adhesion, and the optimal torque allocation was found by
using an interior point algorithm.

According to these studies, torque can be precisely allo-
cated by using the optimization algorithm with simpli-
fied constraints. However, the optimization accuracy would
decrease under complex conditions, meanwhile, the reliabil-
ity and real-time performance need to be improved. In addi-
tion, most of the studies were conducted on two-axle vehicles.
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Whereas, the motion control and torque allocation are much
more complicated for a vehicle with more axles.

To address these drawbacks in vehicle motion control and
torque allocation for multi-axle HEGV driven by IWMs,
this study proposes an optimization control strategy with
hierarchical structure to improve vehicle handling stability.
The main contributions lie in the following aspects. First,
the upper layer controller, by using the sliding mode con-
trol (SMC) method, is devised to determine the controlled
force and yaw moment to ensure vehicle motion states track
the desired states for motion stability, whereby the vehicle
velocity, yaw rate, and side slip angle are independently
controlled. Second, in the lower layer controller, by using
the control allocation (CA) method, the driving and braking
torque are assigned to all actuators, including the IWMs and
brakes. We consider the motor capacity and tire adhesion
as constrains, and establish an objective function based on
the tracking precision and tire workload rate to optimize the
torque allocation on the eight IMWSs and eight brakes. Finally,
a simulation based on the Matlab/Simulink software, and
a test experiment based on the controller hardware-in-loop
(HIL) platform, are conducted to validate the effectiveness of
the proposed control strategy.

The remaining sections of this paper are organized as
follows. Section II introduces the architecture and nonlinear
dynamics model of a four-axle HEGV driven by IWMs.
A hierarchical control strategy for improving vehicle han-
dling stability is explained in Section III. The software simu-
lation and the HIL test results of the proposed control strategy
are demonstrated in Section IV. Finally, the conclusions are
drawn in Section V.

Il. VEHICLE SYSTEM DYNAMICS MODELING

A. VEHICLE ARCHITECHURE DESCRIPTION

The architecture of a four-axle HEGV driven by IWMs is
shown in Fig. 2, with three subsystems: the vehicle con-
trol subsystem, the hybrid power source subsystem, and the
electric driving subsystem. The vehicle control subsystem
communicates with other subsystems through the Controller
Area Network (CAN) bus, sending control signals and receiv-
ing feedback signals. The hybrid power source is mainly
composed of a power battery pack and an engine-generator
set with their management systems. The electric power of the
battery and that of engine-generator set converges and then
the power is distributed to the electrical components by the
power distribution unit. The electric driving subsystem con-
sists of the IWMs and their controllers. Each controller can
independently control the tow coaxial motors, and each motor
is mounted into the wheel hub with a wheel-side reducer.

B. VEHICLE SYSTEM DYNAMICS MODEL

To improve vehicle handling stability, we primarily focus
on the control of vehicle planar motion. Regardless of the
influences of suspension system, we assume that the vehi-
cel is driven on a flat surface by eight IWMs. The vehicle
system model, as shown in Fig. 3, has 11 free degrees of
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FIGURE 3. Vehicle system dynamics model.

freedom (DOFs), including 3 DOFs of vehicle planar motion
(longitudinal, lateral, and yaw motions) and 8 DOFs of wheel
rotational motion. To clearly state the model, the subscripts i
andj (i = 1,2, 3,4;j = r, 1) are used to denote the wheel
numbers. For example, the subscript 1/ denotes the left wheel
in first axle.

According to the force equilibrium and the moment bal-
ance on the vehicle coordinate frame (0-xyz) with the origin
located at the center of gravity (C.G.), the dynamics equations
of vehicle model in Fig. 3 can be expressed as:

4
m(iy — vyw;) = Y (Fuit + Fur) — (mgfy + 0.5CpAy pavy)
i=1

ey

4
m(iy + vews) = (Fyit + Fyir) 2
i=1
4 2

. Dy,
Lo, = 7 E (Fyir — Frir) + E [Li(Fyil + Fyir)]
i=1

= i=1

4

— > [Li(Fyit + Fyir)] 3)
i=3
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where m and I, represent the vehicle mass and vehicle yaw
inertia, respectively;vy, vy, and w, represent the vehicle lon-
gitudinal velocity, lateral velocity, and yaw rate, respectively.
L; (i = 1, 2, 3, 4) represents the distance from each axle
to the C.G.. And D,is the wheelbase between the left and
right wheels. Fy; and F\; (i = 1, 2, 3, 4; j=nl) repre-
sent the longitudinal tire force and lateral tire force on the
vehicle coordinate frame (0-xyz), respectively; g represents
the gravity acceleration. f, represents the rolling resistance
coefficient. Cp presents the drag coefficient. Ay presents the
vehicle frontal area, and p, presents the air density.

The longitudinal tire force and lateral tire force are basi-
cally measured on the tire coordinate frame (0"-x"'y"z") with
the origin located at the tire center. The relationship between
the tire force in the vehicle coordinate frame and that in the
tire coordinate frame can be expressed as:

inj = I xwij COS 5,']' — wa,'j sin 5,']' (4)
Fyij = waij sin ‘Sij + waij cos 5,']'

where F\y;; and Fyy;; (i = 1,2,3,4; j=r1) represent the longi-
tudinal tire force and lateral tire force on the tire coordinate
frame (0"-x"y"z"), respectively; and §;;(i = 1,2,3,4; j=r, )
presents the steering angle of each wheel. In this paper, the
vehicle is steered with the front two axles, thus §; (i = 3,
4; j=r, ) = 0. The four front wheels steering angles can be
derived as:

8
S = ls—w
sw
L Ly —d
Sy = arccot(u - cotdyy)
Ly +g4 —d.
b
81 = arccot(———— 4 cotd
1r (L] s 11)
Dy, Ly+Ly—d,
8>, = arc cot( - cotdyy)
Ly+Ly—d.  Lp+Ly—de
Ly — 13
d. = >
©)

where Jg, represents the steering wheel angle, and i, is
the transmission ratio of steering mechanism. In addition,
ignoring the wheel vertical movement, the wheel rotational
motion can be expressed as:

Iwijd)wij = Twheelij - Tﬁj - wainwij (6)

where I,,; represents the wheel rotation inertia; w,,;; repre-
sents the wheel rotation speed. T\,pcc;ij Tepresents the driving
force or braking force of the IWM and/or braking system.
Tj;j represents the wheel rolling resistance torque, and R,,;; is
the wheel effective radius.

C. TIRE MODEL

Tire force is crucial to vehicle dynamics control. Especially
in the extreme circumstances, such as steering on the slippery
road with high speed, nonlinear tire characteristics signifi-
cantly influence the driving stability. Therefore, building a
precise tire model to calculate tire force is necessary. The
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“Magic Formula” tire model, developed by Jansen et al. [32]
and Bakker et al. [33], is widely used in vehicle dynamics
research, and can accurately calculate the longitudinal tire
force and lateral tire force based on the basic parameters, and
is adopted in this study.

The magic formula is a type of mathematical formula that
is capable of describing basic tire characteristics surprisingly.
Under pure longitudinal slip circumstances, the longitudinal
tire force can be expressed as a function based on the vertical
load and the longitudinal slip ratio. Under pure lateral slip
conditions, the lateral tire force can be expressed as a function
based on the vertical load and the lateral slip angle. The basic
magic formula of the tire model can be expressed as:

y(x) = Dsin{C arctan[Bx — E(Bx — arctan(Bx))]} (7)

where y represents the longitudinal tire force or lateral tire
force in the pure slip circumstances. x represents the longitu-
dinal slip ratio or lateral slip angle of tire. B, C, D, and E are
the performance parameters based the testing data.

Further, under combined slip circumstances, the tire is
driven or braked while it is cornering. Based on the “magic
formula™, the tire force is fitted with the weighting functions
as follows:

{Fx: xO‘Gxot(av )"Fz) (8)

Fy = Fy - Gy(a, A, Fy)

where Fy and F, represent the longitudinal tire force and
lateral tire force in the combined slip circumstances, respec-
tively. And Fy¢ and F) represent the longitudinal tire force
and lateral tire force in the pure slip circumstances, respec-
tively. Gxq and Gy, represent the weighting functions.

In this paper, the longitudinal tire force and lateral tire
force under pure slip conditions with different road adhesion
coefficients are shown in Fig. 4(a) and (b), respectively. The
longitudinal tire force and lateral tire force in combined slip
conditions are shown in Fig. 4(c).

D. IN-WHEEL MOTOR MODEL AND ELECTRIC WHEEL
TORQUE REGULATION

In this paper, eight permanent magnet synchronous motors
(PMSMs) with inner rotor are assembled into the hubs.
In each electric wheel, a reducer is connected to the inner
rotor to increase the driving torque. To satisfy the power
performance of the four-axle ground vehicle, a PMSM fea-
turing a peak torque of 1100Nm and a peak power of 90kW
is selected. Based on bench testing data, a lookup table-
based model of the PMSM, as shown in Fig. 5, is introduced.
The PMSM model considers the motor torque coefficient
and rotation speed as inputs, and the motor torque as an
output. The introduced lookup-table model can be simply
expressed as:

Twij = f (aij, nij) &)

where T,; represents the PMSM torque. a;; represents the
torque coefficientand —1 < a;; < 1. n;j represents the PMSM
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FIGURE 4. Tire forces based on the “magic formula” tire model. (a) Tire
longitudinal force under pure longitudinal slip conditions. (b) Tire lateral
force under pure lateral slip conditions. (c) Tire forces under combined
slip conditions.
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FIGURE 5. Lookup table-based model of the PMSM.

rotation speed, and f () represents the lookup-table function
based on the testing data.

The torque actuators in each electric wheel include a
PMSM and a brake. The effective torque acting on the wheel
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includes the PMSM torque and braking system torque, so the
PMSM can provide both driving and braking torque, and the
braking system can provide braking torque only. Therefore,
the effective torque acting on the wheel is limited due to the
capacity of PMSMs and braking system, as shown in Fig. 6.
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FIGURE 6. Effective torque limitation of electric wheel.

When driving, the effective torque of electric wheel only
originates from the PMSM, and can be expressed as:

Tywij = Tij - ig (10)

where T,,;; represents the effective torque acting on the wheel,
and i, represents the transmission ratio of the wheel-side
reducer.

When braking, we assumed that the effective torque of
electric wheel primarily originates from the PMSM, and the
mechanical braking system is considered as a supplement.
That can be expressed as:

if |Twij| = Tmaxmij ' ig
_Tmaxmij : ig - Tbij7 if |Twzf/'| > Tmaxnzi/ : ig
11
where the minus sign denotes that the wheel is working
under the braking conditions. Tyqymij is the maximum PMSM

torque responding to its rotation speed. Tj;; is the mechanical
braking system torque.

—Toii - i
by t8
Twij =

IIl. VEHICLE HANDLING STABILITY CONTROL STRATEGY
A. HIERARCHICAL CONTROL SCHEME

Vehicle handling stability can be evaluated based on the key
motion states, the longitudinal velocity, side slip angle, and
yaw rate. According to the vehicle dynamics model, the three
key states can be controlled by the resultant force and yaw
moment acting on vehicle body. The controlled force and
yaw moment are the resultant of the tire force. Furthermore,
the tire force originates from the IWMs torque and braking
system torque.

In this study, the vehicle motion control and the actuator
torque allocation are processed in different layers in a hierar-
chical scheme. And a hierarchical control strategy is proposed
to address the dynamics coupling and nonlinear issues, as
shown in Fig. 7. In the proposed strategy, the desired motion
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FIGURE 7. Vehicle handling stability control strategy with hierarchical structure.

states include the desired longitudinal velocity vyges, desired
side slip angle Bes, and desired yaw rate w_g.5. To eliminate
the biases between the measure states and desired states,
an upper layer controller is designed to calculate the con-
trolled resultant force and yaw moment acting on the vehicle
body, whereby a controlled longitudinal force F,., a con-
trolled lateral force Fy., and a controlled yaw moment M,
can independently control the longitudinal velocity, side slip
angle, and yaw rate, respectively. The lower layer controller is
designed to calculate the driving and braking torque of each
actuator, including the IWM and braking system, to satisfy
the controlled force and moment determined by the upper
controller. In addition, we assume that the motion states, such
as the velocity and force, can be accurately measured.

B. DESIRED STATES
The desired motion states, i.e., the desired longitudinal veloc-
ity, desired side slip angle, and desired yaw rate, are cal-
culated based on the driver’s operation and vehicle motion
states. The driver provides an acceleration and a steering
angle to the vehicle. Based on that, the vehicle motion states
are controlled to track the desired states. To enhance vehicle
stability, we determine the desired states in the linear manoeu-
ver region of the tire dynamics characteristics.

According to driver’s pedal operation, the desired longitu-
dinal velocity can be calculated as:

t

T R (12)
fo
where v, represents the longitudinal velocity at time #, and
a, represents the acceleration command which is assumed to
be linear with the pedal angular displacement.

The desired yaw rate is calculated based on the two DOFs
linear vehicle model and the road adhesion conditions. The
yaw rate under the steady-state steering condition can be

calculated as:
(13)

W55 = G55 + 81
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where G, ss represents the steady gain of the yaw rate, and &;
represents the steering angle of the first axle.

In addition, the yaw rate is limited due to the tire-road
adhesion capacity. That is:

lw | < - g/vx (14)

where u represents the tire-road adhesion coefficient. Thus,
the desired yaw rate is determined by:

w-g/vx)sgn(ér)  (15)

A modest side slip angle provides a proper feedback to
drivers, whereas the increased side slip angle, especially
when the side slip angle exceeds four degrees on slippery
roads, leads to a vehicle deviation problem, making the driver
feel nervous and vehicle unstable. Therefore the purpose of
side slip control is to minimize the side slip angle both in
steady and transient states [34], [35]. Two methods are mainly
utilized to determine the desired side slip angle. One method
is setting the desired side slip to zero to achieve a good
performance in trajectory tacking and driver maneuverabil-
ity. This method is widely adopted in the all-wheel-steering
vehicle control [36]-[38]. But for the vehicle without all-
wheel-steering function, the lateral force acting on vehicle is
inadequate to maintain the zero side slip angle. Thus the other
method is calculating the desired side slip angle based on the
two DOFs linear vehicle model, meanwhile the desired value
is limited due to the tire-road adhesion capacity [39], [40].
That is:

Wrdes = min(|Gw1ss : 51\ s

Baes = min [|Gpys - 81|, arctan(0.02u8)] - sgn(81)  (16)

where Ggg represents the steady gain of the side slip
angle. The G, and Ggs were specifically derived by
Liu et al. [41]. The side slip angle determined by this method
is based on vehicle motion states and road conditions, result-
ing in, to a certain extent, an undesired value in critical
situations.

In this study, the yaw rate and side slip angle are indepen-
dently controlled by decoupling vehicle motion states, and the
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eight IWMs possess sufficient capacity to satisfy the control
requirements. Therefore, the desired side slip angle in this
study is set to zero for a good handling stability. That is

Baes = 0. a7

C. UPPER LAYER CONTROLLER FOR VEHICLE

MOTION CONTROL

The upper layer controller is designed to control vehicle
motion states to track the desired ones, i.e., the desired longi-
tudinal velocity, desired side slip angle, and desired yaw rate.
The three motion states are controlled by the resultant force
and moment, i.e., the longitudinal force F, lateral force Fy.,
and yaw moment M., which originate from the tire longitu-
dinal force Fy,;; and lateral force F),,;;. Notably, the tire lon-
gitudinal force F),,;; can be precisely controlled by adjusting
the driving or braking torque of electric wheel. However, the
tire lateral force Fy,;; is relatively difficult to control because
of the nonlinear cornering characteristics of tires. Especially
for a vehicle without active steering equipment, the control of
the lateral force F),,;; would make the algorithm too complex
tg apply practically. Thus, in this study, the control variables
F , of upper controller are selected as the longitudinal force
Fyc, lateral force Fy., and yaw moment M,.. They originate
from the tire longitudinal force Fj,;; on the tire coordinate
frame only, rather than from the tire lateral force Fy,,;;. That is

- 4 —
Z (Fwit €08 8jj + Fyyir cOS 8;1)
Fie i=1
4
% . .
Fy= ch = Z (Fxwit sin 8;; + Fyyir sin §;y)
i=1
M

4

Dy

7 E (Fywir €08 8 — Fiyij €08 8j7)
i=1

(18)

ﬁ
Based on the control variables F, the dynamics
equations (1) to (3) can be rewritten as:

4
m(Vy — Vya)z) = Fy — Z (wail sin d;; + Fywir sin 6;r)
i=1
— (mgfy +0.5CpArpav?) + & (19)
4
mVx(B +w;) = Fyc + Z (wail Cos 8il+wair cos ;) + Ey
- (20)

4
. Dy, . .
Lo, = M + [7 Zl (wail sind; — Fyiwr sin §;y-)
1=
2
+ Z Li(wail + wair)
i=1
4
= LilFywit + Fywir)] + & @1
i=3
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where &,, &, and &, represent the nonlinear uncertainties
caused by model simplification and the environmental dis-
turbance.

According (19) to (21), the longitudinal velocity, the side
slip angle, and the yaw rate can be independently controlled
by the longitudinal controlled force F., the lateral controlled
force F), and the controlled yaw moment M., respectively.
This method simultaneously control the three motion states,
without linearizing of the vehicle model and the tire model,
which is beneficial to improve the control effectiveness under
the extreme conditions.

Because the vehicle motion features nonlinear uncertain-
ties and environmental disturbance, the general linear control
algorithms, such as the linear quadratic programing (LQR),
are not feasible. As a control method with good effects on
nonlinear systems, the sliding mode control (SMC) algorithm
improves the system robustness in terms of the nonlinear
uncertainties and disturbances. Therefore, the SMC is used
to control vehicle motion in this section.

1) LONGITUDINAL VELOCITY CONTROL

The longitudinal velocity controller is designed to determine
a longitudinal controlled force to track the desired longi-
tudinal velocity. To eliminate the bias between the mea-
sured velocity and the desired velocity, we define the sliding
surface as:

Sy, = Vx — Vxdes (22)
To reduce the chattering effects, an exponentially reaching

law with a saturation function is defined as:

8y, £y, >0, ky, >0 (23)

= —gy, sat(sy,) — ky sy,

Based on (19), the longitudinal controlled force for veloc-
ity tracking can be deduced as:

4 . .
Fyxe = Zl (wail sind;; + wair sin §;)
+ (mgf, + 0.5CpAr pav?)

+ m[Vxges — VyWz — SVXSQI(SVX) - kvxsvx] (24)

2) SIDE SLIP ANGLE CONTROL

The side slip angle controller is designed to determine a
lateral controlled force to track the desired side slip angle.
We define the sliding surface as:

s = B — Bues (25)

An exponentially reaching law with a saturation function
is defined as:

.'Y/g = —Eﬁsat(Sﬁ) - kﬁslg, &g > 0, kﬁ >0 (26)

Based on (20), the lateral controlled force for side slip
angle tracking can be derived as:

4
ch = - Z (wail cos & + wair €cos §;r)

i=1

+mvy[w; + Baes — epsat(sg) — kgsgl  (27)
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3) YAW RATE CONTROL

The yaw rate controller is designed to determine a controlled
yaw moment to track the desired yaw rate. We define the
sliding surface as:

Sw, = Wz — Wzdes (28)

X

An exponentially reaching law with a saturation function
is defined as:
S

= —€u,8at(Sw,) — ko, - Sw,»  Ew, >0, ko, >0 (29)

Z Z

Based on (21), the controlled yaw moment for yaw rate
tracking can be deduced as:

4
Dy, . .
M, = _7 § (wail sin §;; — Fyiwr sin ;)

i=1

2
- Z Li(wail + wair)
i=1

4
+ Z Li(wail + wair)
i=3
+ I [@zdes — 8wzsat(swz) - szswz] (30

Notably, in (23), (26) and (29), the saturation function is
defined as:

sgn(s), if Isl = @

s/, if |s|<® S

sat(s/P) = {

D. LOWER LAYER CONTROLLER FOR

TORQUE ALLOCATION

The lower layer controller is designed to allocate the electric
wheel’s torque, including the driving torque and braking
torque, to provide the controlled force and moment deter-
mined by the upper layer controller. In this paper, the Con-
trol Allocation (CA) algorithm, wildly applied in flight con-
trol [42], is used to optimize the torque allocation of electric
wheels. In addition, an conventional torque allocation method
based on rules is intruduced as a comparison.

1) CONTROL-ALLOCATION-BASED CONTROLLER

The control variables T*’)v, determined by the upper layer
controller, are generated by the tire longitudinal force Fyy;j,
which essentially originates from the elec_t)ric wheel’s torque.
Based on (18), the relationship between F y and F),,;; can be
expressed as:

F, = Byii (32)

where

Equation (31) represents a statically indeterminate sys-
tem, which indicates that the four-axle ground vehicle is an
over-actuated system. To achieve optimal handling stability
control, an objective function with constraints is established,
based on two factors: the tracking precision and the dynamics
stability.
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To precisely track the desired motion states, the resultant
force and moment, generated by the tire longitudinal force
1, should approximate the controlled variables F y as much
as possible. Therefore, we define an objective function of the
tracking precision:

2
(33)

j1 = argmin H W,(Byu — i‘v)

where W, represents a weighting factor matrix for tracking
performance, which is defined as:

W, = diag(WvF,\-cv WVchv WVMZ_C) (34)

By adjusting the values of Wypye, Wiy and Wiy, the
tracking performance of the longitudinal velocity, the side
slip angle, and the yaw rate are controlled, respectively.

In addition, the tire workload rate influences vehicle
dynamics stability. In this paper, the longitudinal tire work-
load rate p is defined as:

F. XWij
l/«ijF zij
where the denominator (1 F;;) represents the maximum tire
adhesion force. The smaller the tire workload rate, the higher

the stability margin. Therefore, we define another objective
function of the handling stability as:

pij = (35)

j» = argmin | W,,ﬁ”2 (36)

where W, is a weighting matrix with adjustable factors C;;
(i = 1,2,3,4;j = I, r) for adjusting tire workload rate,
shown as:

Cu Cir Cy Cyr
m1Fzu ' wirFzy ' warFpi ' w2rFar T

Cy Csr Cyy Cyy

wstF31 n3rFoar” waiFoar parFoar

W, = diag

(37

The tire force F,,; is restrained by the electric wheel
torque capability and the friction ellipse constraints.

According to the objective functions of the tracking preci-
sion and handling stability, a comprehensive objective func-
tion of torque allocation with constraints is established as:

J = argmin (y |W, Bu —v)[1> + [W,ull?)

2
v (ﬂiszij) _Fgwy = waij =
t.

2 2
(MijFle) - waij
S. .
Tmmaxlg

Ry,

T maxig — Thmax
Ry,

= waij =
(38)

where y is the weighting factor. The optimal solution F ;“wij
of (38) can be solved by using the Sequential Quadratic
Programming (SQP) algorithm, which is widely used for opti-
mization issues with constraints, and features a good global
and super-linear convergence [16], [43].

Once the optimal tire forces Fj;wij are solved, according to
the relationship between the driving torque and the braking

torque in the electric wheel, as shown in (10) and (11),
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the PMSM torque T, and the braking torque 7p; can be
allocated as following rules:

If
—Tmax mijig < F;‘winw < Tmax mijlg> (39)
then
Tonij = FiRw/ig,  Tpij = 0; (40)
Otherwise
Toij = —Twmaxmijs ~ Toij = —(FrpyiiRw + Tmaxmijig).  (41)

2) RULE-BASED CONTROLLER
For centralized powered vehicles, the handling stability con-
trol is mainly achieved by adjusting the braking system
torque. The braking strategy is as follows [10]: when the
steering yaw moment must be increased, braking the inner-
rear wheel is the top priority, and when the steering yaw
moment needs to be reduced, braking the outer-front wheel
is the top priority.

Based on above braking strategy, a rule-based braking
torque allocation method is utilized to compare to the
CA-based method proposed in this paper. As shown in Fig. 8,
if vehicle performs understeer, the inner-side wheels are
braked; and if vehicle preforms oversteer, the outer-side
wheels are braked. A single wheel is difficult to satisfy the
large value of the required yaw moment VM, for multi-axle
vehicles. Thus, we allocate the braking torque to the braking-
side wheels as follows: the top priority wheel provides 50%
of the total braking torque, and the other wheels on the same
side 25%, 15%, and 10%, respectively.

According to the above rules on braking torque allocation,
we can determine the braking torque of each electric wheel
as follows.

(1) If the vehicle is making a left turn with understeer, val-
idated by w;ges > 0 and |w;| < |w,ges|, the left-side
wheels are braked, and the wheel marked as 4/ is the
top priority wheel. The braking force of the four left-side
wheels is calculated by:

4 4
Dy .
My = — > (Fpircos ) — Y (LiFpir sin 81))

i=1 i=1

-~ -
Desired \ trf'ztcutgl Actual \\ Desired
trajectory \| faJectory trajectory \ frajectory
Qo

FIGURE 8. Rule-based torque allocation. (a) Understeer situation.
(b) Oversteer situation.

(2) If the vehicle is making a left turn with oversteer, val-
idated by w;ges > 0 and |w;| > |w_ges|, the right-side
wheels are braked, and the wheel marked as /r is the top
priority wheel. The braking force of the four right-side
wheels is calculated by:

4 4
VM = % ; (Fpir 08 8ir) + 121: (LiFpir sin 1)
Fpi, =0.5Fp;  Fpopr = 0.25Fy;
Fp3, = 0.15Fp; Fpgr = 0.1F}
(43)

(3) If the vehicle is making a right turn with understeer,
validated by w,4es < 0 and |w;| < |wqes|, the right-side
wheels are braked, and the wheel marked as 4r is the top
priority wheel. The braking force of the four right-side
wheels is calculated by:

4 4
Dy, .
VMzp = =23 (Fpir 03 8ir) = 3 (LiFpir sin d1,)

i=1 i=1

Fpii =0.1Fp;  Fpy = 0.15F; Fpir = 0.1Fp;  Fpor = 0.15Fp;
Fp31 = 0.25Fy;  Fpa = 0.5F Fp3r = 0.25Fp;  Fpar = 0.5F)
(42) (44)
F, = [Fx ch MZC]T
u= [Ficwll Fxwir  Faw2t Fawor  Fxwsl Fxwsr  Fawal wa4r]T _
cos 8] Ccos 41, cos 8y coS 82y 1 1 1 1
sin 8y sin 81, sin &y sin &y, 0 0 0 0
D D, D, D
B, = _Tb cosdy; Tbcosélr —Tbcos&l ?hcos&r Dy Dy, Dy Dy
+L sin dy; +L; sin 8y, +L, sin 8y; +L, sin 8y, 2 2 2 2
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(4) If the vehicle is making a right turn with oversteer, val-
idated by w.ges < 0 and |w;| > |wges|, the left-side
wheels are braked, and the wheel marked as /! is the
top priority wheel. The braking force of the four left-side
wheels is calculated by:

4 4
VM = % le (Fir cos 8ir) + Zl (LiFpit sin 817)
Fpi1 =0.5F,; Fpop = 0.25F;
Fp3; = 0.15Fp;  Fpg = 0.1F}
(45)

By using (42) to (45), we can calculate the braking force
Fpij (i =1,2,3,4;j =i, 1) of each wheel. Finally, the braking
torque Tp; (i = 1,2, 3,4; j = i, 1) is determined by:

Tbij = Fbij “Ry. (46)

IV. SIMULATION AND TEST VALIDATION

In this section, a simulation based on the Matlab/Simulink
software and a hardware-in-loop (HIL) test based on the
dSPACE platform are performed to validate the effectiveness
of the proposed control strategy. The vehicle basic parame-
ters, as shown in table 1, are obtained from a full-sized four-
axle HEGV driven by IWMs, as shown in Fig. 9.

TABLE 1. The basic parameters of the ground vehicle.

Variables Notation Value Unit
Vehicle mass m 21000 kg
Vehicle inertia Moment around z axis L 36000 kg'm2
Distance from the mass center to the L 293 m
first axle
Distance from the mass center to the L, 081 m
second axle
Distance from the mass center to the

. L; 1.19 m
third axle
Distance from the mass center to the L 261 m
fourth axle ! '
Wheel-track D, 2.6 m
Tire mass (including the IWM) m, 400 kg
Tire inertia moment around y" axis I, 150 kg~m2
Wheel effective radius R, 0.59 m
Transmission ration of the wheel-side ; 1 )
reducer 8
Transmission ration of the steering ; 20 )

mechanism

A. FISH-HOOK STEERING SIMULATION

In this simulation, the tire-road adhesion coefficient is set to
0.4, and the vehicle desired velocity is set to 50 km/h. The
fish-hook steering inputs, as shown in Fig. 10 (a), include a
pulse steering (0-2s) and a step steering (2-10s), in which &g,
represents the steering wheel angle, and §;; represents the four
front directive tires’ steering angles.

VOLUME 6, 2018

FIGURE 9. Full-sized four-axle HEGV driven by IWMs.

Fig. 10 (b) shows the trajectory tracking results of the
control schemes. Both of the CA-based control and the rule-
based control improve the vehicle tracking performance. In
the enlarged view, the rule-based control makes vehicle a little
understeer in the pulse string period (0-2s), and oversteer in
the step steering period (2-10s). By contrast, the CA-based
control performs best in trajectory tracking in the whole
process. Fig. 10 (c) presents the desired yaw rate tracking
performance of the control schemes. It can be seen that the
vehicle without control fails to track the desired yaw rate,
indicating the vehicle is instability in this situation. The
vehicle under the rule-based control tracks the desired yaw
rate with large overshoots and a long settling time in 1-3s
period. The vehicle under the CA-based control stably tracks
the desired yaw rate with high precision in the whole process,
resulting in the excellent trajectory tracking performance.
Fig. 10 (d) compares the phase plane of the side slip angle
under the control schemes. Compared to the vehicle without
control, the vehicles’ side slip angle under the CA-based
control and the rule-based control eventually converge in the
phase plane. Especially, the side slip angle and its change rate
under the CA-based control are smaller than those under the
rule-based control, meaning that the CA-based control results
in better vehicle stability.

Fig. 11 shows the torque allocation of electric wheels,
including the PMSM torque and braking torque, under the
CA-based control. It can be seen that torque is allocated to
the different PMSMs and brakes. Under the pulse steering
maneuver (0-2s), torque from the four front wheels is domi-
nated. This is because the four front wheels contribute to more
lateral force and yaw moment as steering wheels. As shown
in Fig. 11 (a) and (b), when the PMSM torque reaches the
constraint boundary, the corresponding braking torque com-
pensates. Under the step steering maneuver (2-10s), torque
is primarily allocated to the right-side PMSMs, as shown
in Fig. 11 (a) and (c), to ensure vehicle handing stability.
Because the torques is within PMSMSs’ capacity, no braking
torque occurs in this period, as shown in Fig. 11 (b) and (d).

Fig. 12 shows the braking torque allocation with the rule-
based control. During the pulse steering maneuver (0-2s),
the braking torque dramatically shifts among the wheels.
During the step steering maneuver (2-10s), the braking torque
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FIGURE 10. Vehicle motion states. (a) Fish-hook steering inputs.
(b) Trajectory tracking. (c) Yaw rate. (d) Side slip angle and change rate.

is mostly output from the two front right-side wheels for
generating the controlled yaw moment to overcome vehicle
oversteering.

Fig. 13 displays the tire workload rate under the two control
schemes. During the step steering maneuver, the workload
rates of the right side tires are larger than that of the left side
tires because the steering yaw moment is primarily generated
from the torque of right side tires. In comparison, the tire
workload rates under the CA-based control are lower and
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FIGURE 11. Torque from PMSMs and brakes in control allocation
(CA)-based control. (a) Torque of the four front PMSMs. (b) Braking
torque of the four front wheels. (c) Torque of the four rear PMSMs.
(d) Braking torque of the four rear wheels.

more stable, indicating that the vehicle is more stable margin
and has better handling stability.

B. VEHICLE CONTROLLER IN LOOP TEST
To validate the reliability and real-time performance of
the proposed CA-based control strategy, a hardware-in-loop
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FIGURE 12. Torque from brakes with rule-based control. (a) Braking
torque of the four front wheels. (b) Braking torque of the four rear wheels.
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FIGURE 13. Tire work load rate in (a) CA-based control, and
(b) rule-based control.

(HIL) test based on the dSPACE platform was conducted.
As shown in Fig. 14 (a), the vehicle model is downloaded
to the real-time platform dSPACE autobox, and the proposed
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FIGURE 14. Hardware-in-loop (HIL) architecture and test platform.
(a) dSPACE-based HIL architecture. (b) HIL test platform.
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FIGURE 15. Driver inputs. (a) Steering wheel angle. (b) Longitudinal
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control strategy is run on an electronic control unit (ECU)
hardware. The real-time platform communicates with the
ECU controller through a Controller Area Network (CAN)
bus. Fig. 14 (b) displays the HIL test platform. The ECU
in the HIL is developed based on the MC9S12DP256 chip,
which is one of the Freescale Semiconductor’s HCS12 family
of microcontrollers.

In this HIL test, the driver inputs, as shown in Fig. 15,
include the vehicle steering angle and acceleration, based
on the steering wheel and the pedal, respectively. The
tire-road coefficient is set to 0.4 with an initial velocity
of 70 km/h. Fig. 15(a) presents the steering input, which is
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FIGURE 16. Vehicle motion states. (a) Longitudinal velocity. (b) Yaw rate.
(c) Side slip angle. (d) Lateral acceleration.

approximately a sine wave. In the test, we attempted to main-
tain a constant velocity, but the acceleration fluctuated within
a certain range, as shown in Fig. 15 (b).

Fig. 16 shows the vehicle motion states in the HIL test.
Compared to the uncontrolled vehicle, the vehicle with
CA-based control maintains the velocity better, and exhibits
better performance in tracking the desired yaw rate and side
slip angle, indicating the proposed control strategy effectively
improves vehicle motion stability. However, as shown in
Fig. 16 (b), compared to the software simulation result in
Fig. 10 (c), some deviation between the controlled motion
states and the desired ones occurs. That is mainly because
the algorithms running in the controller are based on a fixed
step solver. And, the periodic transmission mode of the CAN
bus results in a certain information transmit lag. In addition,
the ECU adopted in the HIL is not efficient in the floating
point arithmetic due to the limited memory size. In the HIL
test, the objective function was solved offline, and then the
optimal solutions were tabulated and loaded into the memory
flash of ECU for looking up online. These reasons lead to
the deviation between the controlled motion states and the
desired ones.

Fig. 17 demonstrates the torque allocation in the elec-
tric wheels. As shown in Fig. 17 (a) and (c), the PMSM
torque is assigned based on the proposed CA-based con-
trol. When the PMSM torque reaches the constraint bound-
ary, the braking torque compensates it, as shown in
Fig. 17 (b) and (d). The PMSMs and the braking sys-
tem coordinate to output the torque based on the proposed
control strategy with good performance in real-time and
reliability.
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FIGURE 17. Torque from PMSMs and brakes of vehicle with control.

(a) Torque of the four front PMSMs. (b) Braking torque of the four front
wheels. (c) Torque of the four rear PMSMs. (d) Braking torque of the four
rear wheels.

V. CONCLUSIONS
This paper presents an optimization control strategy for a
four-axle HEGV driven by IWMs to improve the handling
stability. The key conclusions include:

(1) The architecture of a four-axle HEGV driven by IWMs
was introduced. Focusing on improving vehicle handling
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stability, a nonlinear vehicle dynamics model with 11 DOFs
was established. By using the “Magic Formula™ tire model,
the vehicle dynamics model could precisely reflect the vehi-
cle characteristics of the longitudinal, lateral and yaw motion.

(2) To improve vehicle handling stability, a hierarchical
optimization control strategy was proposed. In the upper
layer controller, by using the nonlinear sliding mode control
(SMC) method, the controlled force and yaw moment were
determined to independently control the vehicle motion states
to track the desired states. In the lower layer controller,
the controlled force and moment, determined in the upper
controller, were realized by assigning the actuators torque.
Considering the motor torque capability, the tire work load
rate, and the road adhesion as constraints, we established
an objective function. The control allocation (CA) method,
based on the Sequential Quadratic Programming (SQP) algo-
rithm, was used to solve the objective function for the optimal
torque allocation. In addition, a rule-based torque allocation
method was introduced for comparison.

(3) A software simulation and a HIL test were conducted
to validate the effectiveness of the proposed control strat-
egy. The simulation results of the fish-hook steering showed
that, the proposed control strategy exhibited excellent perfor-
mance for vehicle handling stability. Furthermore, the HIL
test results demonstrated that the proposed strategy had the
capability of reliability for real-time implementation.
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