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ABSTRACT This paper proposed control schemes to realize the collaborative control as well as enhance
the control precision for the distributed driving electric vehicle (DDEV). Firstly, we suggested an electronic
line-shafting (ELS) to realize the cooperative control for the Multi-Motor system which is installed in the
DDEV. Secondly, we adopted a nonsingular terminal sliding mode control (NTSMC) method combined
with a sliding mode observer (SMO) to quicken the response velocity and strengthen the robustness of
the single motor controller. Finally, for the chattering value caused by the internal parameter variation
and external disturbance, a fuzzy algorithm is proposed to obtain the controller parameters of NTSMC in
real-time to eliminate the chattering value of DDEV. Through several simulations and experiments, the results
demonstrate that the proposed strategies can realize ideal collaborative control for the Multi-Motor system,
as well as improve the dynamic performance and anti-jamming ability for the whole control system of DDEV.

INDEX TERMS Distributed driving electric vehicle, multi-motor system, electronic line-shafting, nonsin-
gular terminal sliding mode control, sliding mode observer.

I. INTRODUCTION

In the last decades, the vehicle transportation system is occu-
pying a huge proportion of human life, while the traditional
vehicle industry can conduct to severe environmental pollu-
tion and energy consumption, which leads to the increasing
demand for energy-saving and environment -friendly auto-
mobile such as electric vehicle (EV) [1]. Due to the break-
through of the key technology of the electric motor and motor
controller, the EV industry is becoming a research hotspot
recently, which possesses the merits of high driving safety
and transmission efficiency [2], [3]. Nowadays, there are
two main types of transmission structures for EV, namely
centralized drive and distributed drive [4]. The transmission
structure of the centralized drive is very similar to the tra-
ditional engine structure, and this structure uses the electric
motor to replace the vehicle engine as the energy device, but
there is no change in other transmission devices. The central-
ized drive has the merit of the simple control structure and
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stable control process, but it cannot improve the transmission
efficiency and control precision of EV due to its transmission
structure [5]. The distributed drive is an advanced form of
EV, the main characteristic of which is electric motors are
installed in the wheel of EV. The transmission structure of
distributed drive can remove some mechanical transmission
parts such as gearbox, differential, and transmission shaft,
so this transmission type has the advantages of high space
utilization, compact structure, and precise control due to
its shorter control chain [6], [7]. Therefore, the distributed
driving electric vehicle (DDEV) provides a brilliant prospect
for the vehicle industry.

Although DDEV has the above merits during the driving
period, there are three key problems that need to be solved
during the driving period of the DDEV. Firstly, because
DDEYV eliminates differential in the automobile, when the
automobile crosses a rough road or turn, the torque received
by the in-wheel motor will be variable, which can con-
duct to the speed of motor deviate from the command
value [8]. Secondly, the mechanical parameters of in-wheel
motors installed in the wheel can change due to the frequent
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vibration, temperature change, and parts aging, which may
lead to the response time and the output speed are differ-
ent between motors when receiving the same command [9].
Thirdly, the control strategy of the motor can also affect the
driving efficiency of DDEV speed, if the control strategy is
not optimal enough and cannot achieve the response in the
given time, the vehicle will be unstable and unsafe. These
issues above can lead to the imbalance and control error of
the in-wheel motor installed in the DDEV, and may further
lead to skidding, idling, and rollover of DDEV [10].

In order to solve the issues presented above, Zhang et al.
proposed an algorithm based on a novel fuzzy observer-based
steering control which aiming at solving path tracking control
for distributed control object [11]. Zhao et al. established the
simulation model of DDEV and adopted a slip rate control
scheme to realize the synchronous coordinated control [12].
Wang et al. built a dynamic EV model and suggested the
hierarchical coordination control approach for coordination
control [13]. Park et al. built the EV mathematical model and
simulate the special conditions for the driving and steering
of the vehicle [14]. Huang e al. proposed a fast terminal
sliding mode algorithm for control of the in-wheel motor of
DDEYV, this control scheme is not sensitive to the change of
internal parameters of the motor and can effectively improve
the control precision of the single motor [15]. Zhang adopted
a sliding-mode observer to adjust the parameters variation
and efficiently reduce the disturbances caused by the inter-
nal parameter fluctuation of motor [16], [17] presented a
nonlinear optimal finite-time tracking controller based on a
state-dependent Riccati equation for the Multi-Motor driving
system, which adopted nonlinear sliding mode controller to
overcome the approaching problem of conventional SMC.
Reference [18] presented a novel nonlinear decoupling con-
trol scheme based on radial basis function neural network
inverse for permanent magnet in-wheel motors (PMIWM),
and this method improved the anti-jamming performance and
control precision of the controller.

These methods proposed above can effectively enhance
the control efficiency and control precision of DDEYV, while
there are two issue that still need to be solved. Firstly, former
research cannot realize the cooperative control when this
vehicle undergoes variable external disturbance, which can
conduct to the inconsistent speed of each motor. In addition,
the response speed and robustness of the single PMIWM
installed in the DDEV should be further optimized to improve
the performance of this type of vehicle in order to improve the
safety and comfort of it.

With the motivation of solve the problems that not be
studied by the former researcher and optimizing the driving
safety and control efficiency of DDEV, we proposed a novel
electronic line-shafting (ELS) to achieve the cooperative con-
trol of each motor installed in the DDEYV, and the total-amount
coordinated control (TACC) applied in this algorithm can
adjust the speed of each motor in real-time. Also, aimed at
the problems that internal parameters of each in-wheel motor
cannot be a constant when the DDEV is driving, we applied
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a nonsingular terminal sliding mode control (NTSMC) to
eliminate the influence of the parameters and improve the
anti-jamming performance of the single-motor controller. For
the propose of further optimizing the NTSMC and reduce
the chattering value of DDEV, we adopted a fuzzy algorithm
to observe the control parameters of NTSMC and enhance
the precision of the motor, as well as adopted a load torque
observer based on sliding mode observer (SMO) to com-
pensate the external load torque in real-time. We denote the
proposed method for the Multi-Motor system as ELS strat-
egy and the method for the single motor as SMO-NTSMC
strategy. The major contributions of this paper are as follows:

1) A novel ELS control method on the basis of the TACC
algorithm is suggested to realize the synchronous con-
trol of each in-wheel motor installed on the DDEV. This
scheme can effectively optimize the control accuracy
and anti-interference ability of the total motor control
system.

2) For the purpose of improving the response performance
and eliminating the influence of parameters for a single
in-wheel motor, we applied an NTSMC to realize that
the control error can be eliminated within finite time.

3) Aiming at solving the problem of the chattering value
arises during the period of NTSMC, we suggested a
fuzzy algorithm to observe the control parameters in
real-time, which can effectively overcome the chatter-
ing phenomenon and enhance the anti-jamming ability
of the control system.

The paper is organized as follows. In Section 2, the math-
ematical models of DDEV and in-wheel motor are designed.
In Section 3, the ELS control algorithm based on the
TACC algorithm is suggested to achieve the synchronous
control of the total motor control system. In Section 4,
we applied an NTSMC strategy to improve the control accu-
racy of the single motor, as well as designed fuzzy rules to
search the ideal control parameters for NTSMC, as well as
adopted a load torque observer to compensate for the external
torque. Numeral co-simulation and physical experiments are
implemented, and the results are discussed in Section 5.
Section 6 summarizes the whole paper.

Il. SYSTEM MODELING

In this section, a DDEV control model is established through
using Carsim and Simulink software, and a simplified
PMIWM model is built through Matlab/Simulink, the motion
equation of DDEV and PWIWM will be designed to deter-
mine the accurate mathematical model.

A. MATHEMATICAL MODEL OF DDEV

The configuration of DDEV driven by 4 PMIWM is shown
in Fig 1, in this chassis layout of DDEYV, the vehicle controller
sends control signals to 4 in-wheel motor controllers respec-
tively and receives torque and speed information from 4 con-
trollers to adjust control signals in real-time. Each PMIWM of
the DDEV control system is driven through the controller to
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FIGURE 1. Chassis layout of DDEV driven by 4 PMIWM.

produce traction torque and provides the driving force for the
corresponding wheel. In this paper, driving and steering of the
DDEYV are controlled by two front in-wheel motors [19], [20].

Consider the dynamic model of DDEYV, state of the vehicle
is defined by the second Newtons’ law, and the longitudinal
equation of motion is expressed as [21]

may = m(vy — vy, + v,wy) ))]
Lateral longitudinal motion equation is written as

may = m(Vy — V; 0y + Vxw;) 2)
Vertical motion equation is written as

mg(v; — Vxwy — Vywy) = F, I+ F; g7
+Fz_rl + Fz_rr —mg (3)

Rolling equation of motion is written as
By
Lay — (Iy — L)wyw, = _T(Fzﬂ + F; #)

B,
+ T(Fuz +F._n) @)

Pitch motion equation is written as
lr
Lyay — (I; — L)w;wy = _E(Fzﬂ + F f)

l
+5Fp+F) )

where m is the vehicle weight. m; is the sprung mass, g is the
acceleration of gravity. vy, vy and v, are the vehicle speed on
x-axis, y-axis and, z-axis, respectively. wy, wy and w; are the
angular velocity of the vehicle on x-axis, y-axis, and z-axis,
respectively. a, and ay are the longitudinal acceleration and
the lateral acceleration of the vehicle, respectively. By and B,
are the wheelbase of the front and rear wheels. Iy and /, are the
distance from the front axle and rear axle to the center of the
mass. F;_ g, F; 4, F;_y,and F,_,, are the longitudinal force of
the left of the front axle, the right of the front axle, the left of
the rear axle, and the right of the rear axle, respectively. Iy, I
and I, are the moment inertia of the vehicle on x-axis, y-axis,
and z-axis, respectively.
The wheel slip ratio A is defined as [22]

-V
A= o= ¥ for driving
rrw (6)
VvV —
A= Lohe for braking
rrw
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where r; is the wheel radius, and V is the vehicle speed.
According to [23], [24], friction coefficient shows similar
characteristics for various road conditions, which increases
with increasing A up to some point and then decreases. Even
if there is a difference in absolute value, we note that the
maximum friction coefficient exists in the range of A =
0.15 ~ 0.2 for each road condition. Therefore, in this study,
the slip ratio is controlled in the range A = 0.15 ~ 0.2.

B. MATHEMATICAL MODEL OF PMIWM

In order to simplify the mathematical model of PMIWM,
surface-mounted installation mode is adopted for permanent
magnets in motors, and the control current for the PMIWM
system can be expressed as follows:

dig R . n Ly, . n Uy

— = ——ig + —wi; + —uy

dt Ly Ly a4 Ly %
diy R . L, . n 11//

— =i, — —wi —Uuy; — —

dt [ P e A A

where iz and i, are the current of d — g axis respectively, L
is the self-inductance, Ly and L, are the inductance of d — ¢
axis respectively, R is the stator resistance, uy and u, are the
voltage of d — g axis respectively, ¥ is permanent magnet
flux linkage of the motor, w is the rotating angular velocity of
PWIWM, and the dynamic equation of PWIWM is expressed
as follows:

dw
T,— T, =J—
dt 8)

3
T, = §P[(Ld = Ly) iaiq + Vg

Based on the surface-mounted installation of PMIWM,
Lq = Ly, = L, Equation (8) can be simplified as follows:

.. 3 Ty,

0= PYig—— )

The control system layout of PMIWM established based
on Matlab/Simulink is presented in Fig 2. field-Oriented
control (FOC) structure and iy = 0 is adopted in this control
diagram, motor speed w and current of i, are two closed-loop
in this control process to eliminate control error [25].

j PMIWM

FIGURE 2. Control diagram of the PMIWM system.

Ill. CONTROLLER DESIGN

The proposed strategy in this paper can be divided into three
parts. Firstly, aiming at realizing the synchronous control
of two drive in-wheel motor which installed in the front
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wheel, we propose an ELS control strategy combined with
a load torque observer. Secondly, an NTSMC algorithm is
suggested to improve the controller precision and robustness
of each in-wheel motor. Thirdly, we adopt a fuzzy algorithm
to eliminate the chattering value, as well as adopt a sliding
mode observer to compensate for the fluctuation of external
load torque.

A. ELS CONTROLLER DESIGN

In this ELS controller, we denote a virtual electronic shaft as
a master physical shaft, which can control and drive the other
slave in-wheel motor through the control signal. As shown
in Fig 3, the target of this control algorithm is to make the
speed error between the Multi-motor system and the virtual
motor and ELS controller converge to zero. When the motor
is disturbed, the output speed of each in-wheel motor is
different from each other, the ELS receives the feedback from
the output speed signal for each motor and adjust the total
speed control signal until the motor control system reaches
the steady-state [26].

" e‘
o e, Virtual ELS controller —
+%

u,

In-wheel Motor 1

4
u, + Z ;

TACC - In-wheel Motor 2 054}
4
+
S
i=1

In-wheel Motor n

FIGURE 3. TACC method for controlling distributed system.

Because this distributed-motor system demands high-
precision and suitable control parameters, a total sliding mode
algorithm is suggested for this controller, which has the merits
of high control efficiency, strong robustness, and precision
tracking control [27]. In order to realize that the total speed
of the distributed-motor 1 system can track the given speed of
the virtual ELS, we denote the error of them as e, and the
tracking error of the distributed-motor can be expressed as
following [28], [29]:

4 4
e1=Y wi—w,=) xi (10)
i=1 i=1

Take the derivative of Equation (10)

4 4
er=Y di—dr=) xp (11
i=1 i=1
Select the surface as follows:

51 =cey + é (12)
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Simplified the motor equation (9) and the following
dynamic model can be obtained:

JO; = u; + di(r) (13)

where u; = %Pl//iqi, and denote u as the TACC protocol,
di(t) = TLi.
Design the TACC protocol as

1 )
uj = —n; sgn(sy) — di(t) — Jew; + Z(wr +or)  (14)

where approaching parameter ¢ > 0, sgn(s1) is sign function.
Select the Lyapunov function as follows:
1,
V1 = 5 51 (15)
According to the above Equations, the differentiation of V;
can be obtained as:

. . 1 1
Vi = §151 = s1(—cs1 — Vi sgn(sy) + ;d(r))
1 1
=ﬂﬂﬁ—mm+nﬂms—fﬁ (16)

Because J and c are positive odd numbers, V1 < 0, It can
be seen from Equation (16), this control system is stable.

B. DESIGN OF SPEED AND CURRENT CONTROLLER

In the conventional SMC strategy, a linear sliding mode
surface is frequently adopted to eliminate control error. How-
ever, this sliding mode surface cannot converge to zero in a
limited time, which is not suitable for high precision control
of a single motor [30]. Aiming at solving this problem, [31]
adopted a terminal sliding mode surface to substitute for the
conventional linear sliding mode surface. Terminal sliding
mode surface owns the characteristic that can converge to
zero in a limited time, but it is possible to occur the singular
phenomenon in the control process, so we design a nonsin-
gular terminal sliding mode surface to realize ideal control
performance of the single in-wheel of DDEV system.

The NTSMC proposed to optimize the single motor system
owns two merits. Firstly, the sliding mode surface adopted
in this controller can converge to zero in finite time and can
obtain quicker response speed than the conventional SMC.
Secondly, this nonsingular terminal sliding mode surface can
overcome the nonlinear singularity phenomenon during the
control process. The control effect of the NTSMC is pre-
sented in detail in Section I'V.

The state parameters are denoted as following in the
NTSMC strategy:

/
nEmeme (17)
Xy =X =0 — o
where x1, x are state parameters of speed, o’ is the command
speed, and w is the output speed.

Denote the nonsingular terminal sliding mode surface as

following [32]:

1
$” = X1 + Exg/q (18)
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where §, p and ¢ are control parameter of NTSMC, 8 > 0, p
and ¢ are positive odd number and p > q.

Denote the single in-wheel motor as a second-order
dynamic system

!’:” - (19)
Xp =f(x)+ gu+d(t)

According to (10),f(x) =0,¢g = }, d(t) = Tr. Design the
NTSMC protocol as

u=—g ') + B inf”/" + (D + msgn(s2)  (20)

where 1 < p/q < 2, n > 0, |d(t)] < D, and d(0) = 0,
because d(¢) is time-variant, the value of can be obtained
through the adaptive method applied in the [33], [34]

Select the Lyapunov function to verify the stability of this
NTSMC system:

Vo = s2dp = 52+ (k1 + ll—jxg/q_lfcz)
Bq
1 _
=5 - (xz + ngg/ () + gou + d(t)))
=5 (llzxg/q_l(—(D + n)sgn(sz) + d(t)))

Bq
1 _
_ ngg/q Ys2d(t) — (D + 1) I52]) 2D

Because 1 < p/q < 2,and 8 > 0, then
1 _
5282 < E’éxg/q "= s (22)

It is obvious that when x; # 0, the controller satisfies the
stability conditions for the Lyapunov equation.

Because the current loop of the whole control system plays
less important role in the control precision than the speed
loop, in order to lessen the computational burden, we pro-
posed a simpler SMC for this loop and analyze the stability
of it.

./ .
X3 = lq» — lq'

S (23)
X4 = X3 = 1q; — 1q;

where x3, x4 are state parameters of current iy, iy; and iy; are
the output current and input current, respectively.
Select the sliding mode surface of i, as follows:

53 =x3 (24)
Denote the reaching law of the sliding mode surface as:
53 = —k sgn(s3) (25)

It is obvious that 5353 < 0, according to Lyapunov func-
tion, we can prove the stability of the current loop.

According to (7), the control input u,4; can be obtained as
follows:

diyi
Ugi = Lf + Rigi + oyy — k sgn(s3) (26)
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Similarly, select the same surface s4 for the current iy and
the stability can be proved as iy, and the control input uy; can
be expressed as follows:

dig;
Ugi = L% + Rigi — wLiq — k sgn(s4) 27)

C. DESIGN OF FUZZY CONTROLLER AND SMO

Because PMIWM installed in the DDEV is sensitive to
parameters variation and external influence, which can cause
a chattering phenomenon that can weaken the robustness and
control accuracy of the DDEV [35]. Besides, if the chattering
phenomenon is in excessive inhibition, the robustness of the
control object will be weakened, which will deteriorate the
anti-jamming ability of the PMIWM system. Therefore, how
to make a balance of overcoming the chattering value as well
as realizing optimal robustness of the control object is a key
issue that needs to be solved.

In order to overcome the above issues and further optimize
the dynamic performance of the in-wheel system. Firstly,
we designed fuzzy rules in this section to adjust the con-
trol parameter n of the NTSMC in real-time to eliminate
the interference of the chattering value as well as optimize
the anti-jamming ability of the control system. Secondly,
a load torque observer is proposed to detect and feedback the
external disturbances of the in-wheel motor. This method can
effectively weaken the influence of external disturbance.

Because n is designed as the control parameter for the
NTSMC strategy, and n is the key factor to affect the
approaching speed and chattering value during the control
process [36], [37]. Aiming to decrease the chattering phe-
nomenon as well as realize ideal anti-interference capability,
a fuzzy algorithm is suggested to obtain 7 sgn(s) online.

Denote the output of the fuzzy system as

h(s |6;) = n sgn(s) (28)

where 6 is the optimal parameter and denote the adaptive
law 6, as follows:

O = ysé(s) (29)

where y is adaptive control parameter and y > O.
Denote the optimal parameter 6, as

0} = arg min [sup |A(s ‘éh) — 1 sgn(s) [] (30)
0LeQ

where 2y, is the set of éh

In the fuzzy controller designed in this section for the
in-wheel control system, s and ¢(s) are denoted as fuzzy
inputs and h(s |9;f) is denoted as fuzzy output, the corre-
sponding relation of input and output is designed as Table 1,
and the degree of membership for the fuzzy parameters is
shown in Fig 4.

Through adopting the fuzzy controller, the approaching
parameter in the NTSMC strategy h(s |9;l‘ ) can be obtained
online for the PMIWM system. Using h(s |0;l“ ) to replace the
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FIGURE 4. The degree of membership for the fuzzy parameters (a) Input s
(b) Input ¢(s) (c) Output h(s |0”; )-

n sgn(s) in Equation (14) and the full expression of NTSMC
can be obtained as follows:

= —g ' W) + B gxif”/ 4 his |07) + d(D)sgn(s))
(31)

Because there are lots of parameter variation during the
driving period of the DDEV, especially the external load
torque 77, the variation of this value can lead to undesirable
control accuracy, limit cycles, and even instability. In order
to compensate the external load torque of the control system
in real-time, an estimation scheme on the basis of SMO is
developed with the inspiration of [38].
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The SMO algorithm owns the merits such as simple imple-
mentation, precision estimation ability, and strong robust-
ness [39]. In this method, we assumed that the load torque
of the control system is a constant for a short period, and
Equation (9) can be expressed as follows [40]:

dw _ Te TL
dt 7T (32)
T, =0

In this load torque observer, we denote the output angular
acceleration and load torque objects for the SMO, and an
extended sliding mode observer is designed as follows:

do T, Tp L

. T x T x —KkS

a —j g " (33)
T = gsm

where @, 7"@, f"L and J are the observe values of w, T,, Tt
and J respectively. k and g are the sliding mode gain and the
feedback gain, respectively. s, = sgn(w, — w).

Denote e3 = & — w and es = 17 — T, combine (32)
with (33) and the state equation of SMO can be obtained as
follows:

=M —k
e3 Sm (34)
€4 = 8Sm
where
T,—T, T.—T,
M = e A L 1Le L (35)
J J
Define the sliding surface as follows:
S3=eée3 =wr —w (36)

Based on the Lyapunov function, the stable condition of
the SMO is 5353 < 0, according to (36) and (34), we have

5353 = eze3 = e3(M — ksy) 37

When equation (37) satisfies the stable condition of the
Lyapunov function, the parameter k can be obtained as
follows:

k= |M| (38)

When the sliding mode observer approaches the sliding
mode, e3 = ¢3 = 0 is satisfied. Then Equation (34) can be
simplified as:

M — ks, =0
o (39)
e4 = gSm
From (39), the state equation of the SMO is derived as:
. gM
€4 — T =0 (40)

Combine (40) with (35), and the following equation can be
obtained:

_ g(T, —Tp) _

es— L ey = 0 (41)
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Solution (41) and the observer error can be obtained as
follows:
s, (T, =T
e4=Cek,’_M (42)
J
On the basis of the above algorithm, we can compensate
for the error of the external disturbance in real-time, which
can eliminate the influence of the external disturbance and
strengthen the robustness of the controller.

IV. SIMULATION AND EXPERIMENTS

In this section, we implemented several simulations and
experiments on the in-wheel motor system and discussed
some experimental results in detail. The results verify the
availability and effectiveness of the control methods

A. IMPLEMENTATION OF THE SIMULATION FOR SINGLE
IN-WHEEL MOTOR SYSTEM

In this subsection, we adopted Matlab/Simulink to implement
simulations for a single in-wheel motor system. Table 2 shows
the performance parameters of the in-wheel motor for sim-
ulation and the control flow chart of the motor under the
SMO-NTSMC strategy is shown in Fig 5.

Input 1 Furzy rules Output
nput 2

Parameters

FIGURE 5. Control flow chart of the in-wheel system under the
SMO-NTSMC strategy.

For the purpose of testing the starting performance,
we give a starting speed instruction (a)/ = 12007/ min) to
the PMIWM system and simulate the starting performance
of the SMO-NTSMC scheme, NTSMC scheme, and conven-
tional SMC scheme, the control parameters and control algo-
rithm of NTSMC and conventional SMC scheme are referred
to [41], [42], respectively. The starting performance simula-
tions of these schemes are presented in Fig. 6. Fig. 7 shows the
response performance of the control system when undergoing
an external torque load of 20N-m at 1.0s. Fig. 8 illustrates the
speed simulation of the motor system that receives a —20N-m
unload instruction at 2.0s.

For the purpose of verifying the speed tracking capability
of the SMO-NTSMC scheme, we implement simulations
which receive two different time-varying speed instruc-
tion, Fig. 9 presents the speed simulation of the PMIWM
system that receives a cosine function speed command
(@ = 1200 cos(4rt)) under the SMO-NTSMC strategy
and NTSMC strategy respectively. Fig. 10 shows the track
performance of these two strategies which receive a pin speed
signal. Fig 11 and Fig 12 presents the output value of torque
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= SMO-NTSMC

1210
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1190!
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T/s

FIGURE 6. Starting response of single PMIWM of three control strategies.
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FIGURE 7. Speed curve of receiving load.

1600
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—NTSMC
——SMO-NTSMC

1500

1210

1190

1
1300} ’ / ’

1200

1400

n/rpm

11001

1000

175 2.00 225 2.50 275
Tis

FIGURE 8. Speed curve of receiving unload.

and current when receiving step torque and linear step torque
respectively to test the effectiveness of SMO.

Fig 6 presents the starting performance of the sin-
gle PMIWM motor under the control strategies of SMO-
NTSMC, NTSMC, and conventional SMC. It can be seen
clearly that SMO-NTSMC and NTSMC strategies can
respond to starting instruction without overshoot value, but
the SMC scheme shows large overshoot value when the
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FIGURE 10. Speed track curve of the system (pin signal) (a) SMO-NTSMC.
(b) NTSMC.
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FIGURE 11. Output value of torque and current when receiving step
torque (a) Torque value. (b) Current value.

control system starts up, and this overshoot phenomenon
can seriously deteriorate the accuracy and performance
of the control object. When it comes to the proposed
SMO-NTSMC and NTSMC strategy, this simulation result
shows that SMO-NTSMC consumes less response time than
the NTSMC scheme when receives the starting instruction.
In addition, from the 1.0-1.2 second magnification of Fig 6,
we can observe that the proposed SMO-NTSMC scheme
illustrates smaller speed fluctuation than NTSMC and SMC
strategy when the steady-state is achieved

As shown in Fig 7 and Fig 8, speed simulations of the
single PMIWM speed are presented when receives a load
instruction at 1.0s and an unload instruction at 2.0s of the
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torque (a) Torque value. (b) Current value.

SMO-NTSMC, NTSMC, and SMC strategies. It is clear that
the SMO-NTSMC scheme owns a quicker response speed
than the other two strategies both with the load and unload
instructions. Besides, the proposed SMO-NTSMC scheme
presents less speed variation than the other two methods
during the speed adjustment period. When the system returns
to the steady-state, SMO-NTSMC shows smaller speed vari-
ation and owns better control performance than the others.
The specific data comparison of the three control strategies is
shown in Table 3.

Fig 9 and Fig 10 show tracking performances of the single
PMIWM system when receiving speed instructions which
change with time. It can be seen from these two simula-
tions that the SMO-NTSMC consumes less time to track the
reference value than the other scheme. In addition, we can
observe that when the control object receives the variable
speed instruction of cosine signal and pin signal, there are
track errors exist in the control system when the control speed
reaches the steady-state under the NTSMC strategy, while the
SMO-NTSMC possess better track performance. The com-
parison of these two control strategies with the time-varying
speed signal is shown in Table 4.

As shown in Fig 11(a), When the control system receives
instructions of a 20N-m load at 1s and a —20N-m unload at
2s, the SMO of the proposed control strategy presents ideal
torque estimation capability, and the torque error fluctuation
is within 1.5N-m, which will not affect the safety and stability
of the vehicle. In addition, we can observe from Fig 11(b) that
the curve of three-phase current i, is stable and shows slight
fluctuation in general.

Fig 12 shows the torque estimation of SMO and
three-phase current i,4. of a single PMIWM system when
receives a linear increasing torque in 1s and a linear decreas-
ing torque at 2s. It is obvious that the proposed SMO of
the system possesses excellent observe performance when
receives a time-varying torque signal. Also, the three-phase
current i,q. of PMIWM is relatively smooth.

From the above simulation of the single PMIWM system,
we can obtain that the proposed SMO-NTSMC strategy has
the following three merits through with other two strategies:
1) owns quicker starting and response speed. 2) has stronger
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TABLE 1. Corresponding relation of fuzzy parameters.

TABLE 5. Parameters of the multi-motor system.

s SYMBOL Quantity Motor 1 Motor 2
Viscous friction
. T3>~ NB NM ZO PM PB , 008N-m- -
¢(S h(s |0h ) B coefficient 0.008N"ms 0.008+ AB N'm's
Inductance of ¢
NB NB NB NM NM NM Lg axis 10.0mH 10.0mH
NM NB NM NM Z0 Z0 Inductance of d
70 NM  Z0 7O 70 70 Ld axis 10.0mH 10.0mH
PM NM Z0O Z0 PM PM Moment of 2 )
PB PM PM _PM__PB__PB 4 inertia 0.004kg'm*  0.004+AJ kg'm
v Rotor’s 0.285Wb 0.285Wb
magnetic flux
TABLE 2. Parameters of the PMIWM. i
R Nominal phase 375, 23750
resistance
SMO-NTSMC ~ NTSMC SMC P, Number of pole 4
Startup time (s) 0.142 0.474 0515 paus
Switching SKH. QKH
Startup overshoot 0 0 24.3% f frequency z z
Adjust time(20N'm) (s)  0.193 0.212 0.304 0 Rated power SkW SkW
Adjust time(-20N-m) 0.188 0.221 0.298
() 1400
Adjust fluctuate 4.93% 8.25% 15.61% —Motor2
(20N"m) (percent) 300 D \M/
Adjust fluctuate (- 4.88% 8.13% 16.42%
20N-m) (percent) 1000 /
1202
300 1200
TABLE 3. comparison of the speed responses. H ”":‘m TR
" 600
SMO-NTSMC NTSMC
Tracking time (s) 0.142 0.474 400
(cosine signal)
Tracking time (s) 0.083 0.114 200
(pin signal) | . . . . . ) )
Steady error ((percent)) 2.35% 5.32% 0 025 050 075 L0125 LS 175 200
(cosine signal) )
Steady error ((percent)) 4.29% 8.57% (a)
(pin signal) 1400 T T
—Motor2
1200 >
TABLE 4. comparison of the tracking performance.
1000
SYMBOL QUANTITY VALUE o
B Viscous friction coefficient ~ 0.010N‘m's g B 1198
Lq Inductance of g axis 8.0mH £ 090 110 120 130
Ld Inductance of d axis 8.0mH 600
J Moment of inertia 0.008kg m2
v Rotor’s magnetic flux 0.295Wb 400
R Nominal phase resistance 2.385Q
P, pole pairs 4 200
f Switching frequency 8kHz
0 Rated power SkW 0
0 035 05 075 100 135 150 175 200
(b

robustness and better dynamic performance. 3) owns better
tracking ability when giving variable command.

B. IMPLEMENTATION OF THE SIMULATION FOR
MULTI-MOTOR SYSTEM

For the purpose of verifying the effectiveness of the proposed
ELS scheme for Multi-Motor system in this paper, we estab-
lish this system which combined with two front-drive motors
in the DDEV system. Because the parameters of two-front
drive motors cannot be exactly the same due to the internal
structure and external disturbance, we denote Motor 2 with
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FIGURE 13. Starting tracking performance of Multi-Motor system (a)ELS.

(b) Master-Slave.

parameters variation (B + AB, J + AJ), and the parameters
of motors are shown in Table 5. In the following simulations,
we give instructions of starting, loading, and unloading to the
Multi-Motor system and observe the tracking performance

between two motors.

Fig 13 shows the starting performance of the Multi-Motor
system under the strategies of the proposed ELS scheme
and Master-Slave scheme and Fig 14 presents the tracking
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FIGURE 14. Starting tracking error of Multi-Motor system (a)ELS.
(b) Master-Slave.
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FIGURE 15. Load tracking performance of Multi-Motor system (a) ELS.
(b) Master-Slave.

error of them. As shown in Fig 14 (a), the tracking error of
two motors is under 5 r/min under the ELS control scheme,
which presents ideal starting tracking performance. However,
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FIGURE 16. Experimental platform of the motor system.

the tracking error of the Master-Slave scheme is around
3 times the value of the ELS scheme. In addition, as shown
in Fig 13 (a) and Fig 13 (b), we can observe from when
the Multi-Motor reaches the steady-state, the proposed ELS
scheme presents less tracking error than the Master-Slave
scheme.

In order to simulate the road condition in which two
front-drive of DDEV can undergo different load torque,
we gave different load and unload to two motors in the
Multi-Motor system and observe the speed tracking of them.
For Motor 1, we gave it a 30 N-m external load in Is
and a —30N-m external unload at 1.4 s. For Motor 2,
the external load and unload instructions of it are 15 N-m
and —15N-m, and the simulations of Multi-Motor system
with ELS and Master-Slave strategies are shown in Fig
15. We can observe from Fig 15 that the tracking error
of two motors with the proposed ELS strategy is less than
20r/min when receiving different load and unload instruc-
tions, while the value of the Master-Slave strategy is more
than 80 r/min, which is more than 4 times the error of ELS
strategy.

From the simulation of the multi-motor control system,
we can summarize that the proposed ELS strategy has the
following advantages: 1) presents less starting tracking error
of multi-motor system 2) owns better anti-jamming ability
when the control system undergoes external disturbances.
3) presents less steady-error when the multi-motor system
reaches the stable state.

C. EXPERIMENTS AND ANALYSIS
In order to further verify the simulation results of the control
strategy proposed in this paper, the experimental platform
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FIGURE 17. Experimental results of starting responses under the control
strategies (a) 1200r/min (b) 800r/min.

of the motor system is built, and several experiments are
implemented, which is shown in Fig 16. The executive mod-
ule is combined with two PMIWMSs, each one of them has
a load motor to provide torque and a load torque sensor
to observe torque. The control module mainly includes a
host PC, Real-time simulator (made in China), load torque
sensor (made in China), PMIWM (made in Japan), and load
motor (made in China). Signal instructions such as motor
speed and torque are sent by the host PC, then the Real-time
simulator sends control signals to the motor side driver and
load side driver which can drive PMIWM and load motor
respectively.

In the first experiment, we take the single PMIWM
control system as the experimental object. experimental
results present the control performance and robustness of
SMO-NTSMC strategy and NTSMC strategy respectively.
Fig 17 (a)(b) compared the starting speed of these two
strategies when receiving 800 r/min and 1200 r/min starting
instruction. Fig 18 and Fig 19 presents the response per-
formance of the PMIWM control system of SMO-NTSMC
and NTSMC control scheme, which receive load and unload
instructions under the speed of 1200r/min. Fig 20 and Fig 21
show the torque which tested the load torque sensor of
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FIGURE 18. Experimental results of speed responses under the control
strategies (1200r/min)(a) 30N-m (b) —30N-m.

PMIWM under the SMO-NTSMC and NTSMC control
scheme respectively.

Fig 17 compares the starting performance of SMO-
NTSMC and NTSMC scheme when receiving two start-
ing instructions of 1200 r/min and 800 r/min respectively.
As shown in this Figure, the proposed SMO-NTSMC scheme
consumes less time to reach the stable state than the other
scheme. In addition, when arriving at the command speed,
the speed chattering of the SMO-NTSMC strategy is within 5
r/min, while that of NTSMC is more than 25 r/min. Therefore,
the proposed SMO-NTSMC presents an ideal starting and
steady performance.

Fig 18(a)(b) presents the response performance of the
single-motor system when receiving a 20N-m load instruction
at 1.4s and a —20N-m unload instruction at 1.8s. As shown
in Fig 17(a), when giving the motor a load instruction under
the speed of 1200r/min, both the proposed SMO-NTSMC and
NTSMC scheme can return to steady speed no more than
0.08s, while the overshoot value of the NTSMC scheme is
about 6.4%, which is almost twice that of SMO-NTSMC
strategy.

Fig 19(a)(b) shows the speed response performance of
the single-motor system when receiving the same load and
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FIGURE 19. Experimental results of speed responses under the control
strategies (800r/min)(a) 30N-m (b) —30N-m.
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FIGURE 20. Experimental results of load torque observer when receiving
torque command (10N-m) (a) BAS-NTSMC (b) NTSMC.

unload instructions under the speed of 800/min. The exper-
imental results further verify the proposed strategy shows
better anti-jamming ability and dynamic performance than
the other.

Fig 20(a)(b) compares the torque value tested by the load
torque sensors of the control object under the proposed
SMO-NTSMC strategy and NTSMC strategy. As shown
in Fig 20(a), when the PMIWM system receives a load
instruction of 20N-m at 1.4s and an unload command
of —20N-m at 1.8s, the adjust time of the proposed
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FIGURE 21. Experimental results of load torque observer when receiving
torque command (20N-m) (a) BAS-NTSMC (b) NTSMC.
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FIGURE 22. Experimental results of starting tracking performance of
Multi-Motor system (1000 r/min) (a) ELS. (b) Master-Slave.

SMO-NTSMC scheme is about 0.1s, while that of the
NTSMC strategy is 3 times of the proposed strategy. In addi-
tion, the overshoot of these two strategies is around 5 N-m,
which is caused by the parameters and temperature variation
of the control system.

As shown in 21(a)(b), when the PMIWM receives a
load command of 10N-m at 1.4s and an unload command
of —10N-m at 1.8s, the experimental result shows the pro-
posed SMO-NTSMC scheme has a faster torque response
with smaller overshoot than that of NTSMC strategy.
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FIGURE 23. Experimental results of starting tracking performance of
Multi-Motor system (1200 r/min) (a) ELS. (b) Master-Slave.

In the second experiment, we take the Multi-Motor sys-
tem as the experimental object to verify the anti-jamming
ability and response speed of the proposed ELS scheme.
Fig 22 and Fig 23 compared the starting speed of these
two strategies when receiving 1000 r/min and 1200 r/min
starting instruction. Fig 24 and Fig 25 presents the
response performance of the PMIWM control system
of the proposed ELS and Master-Slave control scheme,
which receive load and unload instructions under different
running speeds.

In order to further simulate the road state on which DDEV
drive, we gave different load and unload instruction to two
motors in the Multi-Motor system and observe the speed
tracking of them. For Motor 1, we gave it a 10 N-m load
torque in 0.8 s and a —10N-m unload torque at 1.6 s. For
Motor 2, the load and unload torque instructions of it are
20 N-m and —20N-m, and the experimental results of the
Multi-Motor system with ELS and Master-Slave strategies
are shown in Fig 24 and Fig 25.

We can observe from Fig 24 and Fig 25 that the track-
ing error of two motors with the proposed ELS strategy
is within 30 rpm when receives different load and unload
instructions, while the value of the Master-Slave strategy is
more than twice that of the proposed strategy.
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FIGURE 24. Experimental results of load tracking performance of
Multi-Motor system (a)ELS. (b) Master-Slave.

As shown in Fig 22(a)(b), the experimental results show
the starting tracking performance of the Multi-Motor system
when receiving a 1000 r/min starting instruction. It is obvious
that the proposed ELS control scheme presents less track-
ing error between two motors than the Master-Slave control
scheme. The tracking error of two motors is within 10 r/min
under the proposed ELS control scheme, while that of the
Master-Slave scheme is more than 25 r/min.

Figure 23(a)(b) presents speed tracking experimental data
when receiving a 1200 r/min starting instruction, in order
to further verify the starting tracking performance of the
proposed ELS control scheme. We can observe that the pro-
posed strategy owns a better tracking performance than the
Master-Slave strategy.

In summary, compared with other strategies, the proposed
strategy:

1) has ideal starting performance and the anti-jamming
ability for the single PMIWM system because of the
proposed NTSMC strategy.

2) has smaller charting phenomenon during the control
period because of the fuzzy algorithm to optimize the
NTSMC parameters online.

3) Own the merits of better dynamic performance and
robustness performance for single PMIWM through the
load torque observer to observe the output torque in
real-time
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FIGURE 25. Experimental results of unloading tracking performance of
Multi-Motor system (a)ELS. (b) Master-Slave.

4) For Multi-Motor system, has less tracking error
between two motors during the starting and load period,

V. CONCLUSION

An SMO-NTSMC scheme Based on fuzzy rules is pro-
posed in this paper to improve the dynamic performance and
anti-jamming ability of the single motor system, and a novel
ELS control scheme on the basis of the TACC algorithm is
suggested to realize the synchronous control of each in-wheel
motor installed on the DDEV. The following conclusions can
be summarized from the simulation and experiments we have
implemented.

1) Through adopting the NTSMC strategy combined with
SMO, the response speed can be effectively accelerated
with less time delay, and this method can effectively
enhance the anti-jamming ability and the starting per-
formance of the single-motor system.

2) By implementing the fuzzy algorithm to obtain the
approaching parameter of NTSMC, the chattering
value caused by the parameter variation has been elim-
inated.

3) A novel ELS control scheme on the basis of the TACC
algorithm is suggested to realize the synchronous con-
trol of Multi-Motor system which can undergo different
load torque on each motor, the experimental results
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verify that this control scheme can realize ideal syn-
chronous control performance.

In conclusion, the proposed strategy can not only enhance
the response speed and robustness of the single-motor system,
but also realize ideal collaborative control of the Multi-Motor
system. In addition, the chattering phenomenon can be effec-
tively solved through the proposed fuzzy algorithm. Simula-
tion and experimental results verify that the proposed method
can be applied in the DDEV in the future.

In addition, the chattering phenomenon of the control sys-
tem is still a trouble that cannot be completely reduced. In the
future research, the fractional-order adaptive control will be
adopted to further optimize the chattering phenomenon of the
PMIWM system and the method proposed in this paper can
adopted to other control system such as aircraft, robots, and
hydraulic servo valves.
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