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Abstract: A fast terminal sliding mode control is proposed in this paper for improving the dynamic
performance and robustness of a permanent magnet in-wheel motor system driven by a voltage
source inverter. Firstly, a fast terminal sliding mode approaching law was designed to accelerate
the approaching rate of the control system. Then, a torque load observer was designed to
compensate for disturbances and uncertainties. Finally, fuzzy rules were designed to suppress the
chattering phenomenon. Simulation and experimental results demonstrated that the fast terminal
sliding mode control strategy presented better response speed than the conventional sliding mode
control strategy. It had better dynamic performance and anti-interference and effectively reduced
the chattering phenomenon in the control process.

Keywords: permanent magnet in-wheel motor; fast terminal sliding mode control; torque load
observer; chattering phenomenon

1. Introduction

With the increasingly prominent issues of resource shortages and environmental pollution,
energy-saving and environmentally friendly hybrid electric vehicles (HEVs) are proving to be the
optimal choice for the future vehicle industry. HEVs have been rapidly booming in recent years due
to their low energy consumption, lesser environmental impact, stable performance, and other merits
[1,2]. Unlike in the traditional automotive drive structure, HEVs can be propelled by using in-wheel
motors. This drive method has the outstanding advantages of being space-saving, highly efficient,
simple in structure, and allowing the independent control of torque [3,4]. These traits will make
contributions to the prospective development of HEVs.

Permanent magnet synchronous motors (PMSMs) have recently typically been used in
aerospace applications, marine applications, and industrial applications because of their advantages
of having high power, small size, high power density, fast response speed, and low vibration [5-7].
These advantages have made PMSMs become the ideal choice for in-wheel motors. A permanent
magnet in-wheel motor (PMIWM) can be seated in the small space of the wheel of HEVs [8,9]. The
performance of PMIWMs is sensitive to uncertain external factors such as temperature, vibration,
magnetic saturation [10-13] and affects the comfort and safety of a vehicle. Therefore, the research on
the control system of PMIWMs should take the external factors into consideration. The properties of
PMIWMs are also linked to the internal control strategy, which influences the response speed and is
the main factor affecting the dynamic performance of PMIWMs [14,15]. A proportional integral
derivative (PID) is widely used in the speed and current control of PMIWMs, though it is difficult to
determine optimal parameters for PID control [16-18], as this requires a balance between
overshooting and rapidity of the whole control system.
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Due to its deficiencies, the PID control is currently not in a position to meet the control accuracy
and stability of PMIWM that is required [19]. Many novel control strategies have been proposed to
resolve the decoupling of nonlinear systems like PMIWMs, such as direct torque control (DTC), field-
oriented control (FOC), differential geometry control (DGC), variable-voltage and variable-frequency
control (VVVEFC), adaptive control, neural network control (NNC), fuzzy control, genetic algorithms,
and sliding mode control (SMC). DTC is achieved using the space vector method, which allows direct
control of the stator flux linkage and electromagnetic torque [20,21], though DTC has defects such as
flux ripple and a dead-time effect. FOC strategies can allow control of motor torque by measuring
and controlling the stator current vector [22,23], which is an ideal solution for the decoupling of
nonlinear systems. However, FOC has low control accuracy. VVVEC is a convenient control strategy
but it has the problem of insufficient torque when the speed is very low [24]. Differential geometry
control can be applied to control nonlinear systems [25], though this control strategy requires the
establishment of an accurate mathematical model of the control system. Adaptive control can make
adjustments accounting for external disturbance [26,27], though this strategy is unable to realize ideal
control performance at the beginning of its use because of the lack of a disturbance value. NNC is a
novel branch of intelligent control which is useful in solving the control problem of complex,
nonlinear, decoupling and uncertain systems [28,29]. Fuzzy control can simplify dynamic systems to
achieve control, but the fuzzy rules mainly come from experience and knowledge of experts [30,31].
SMC has the traits of rapidity and strong anti-jamming, does not require the building of a precise
mathematical model, and is insensitive to fluctuations of parameters [32].

Although the above strategies can effectively improve the control efficiency and accuracy of
PMIWM systems, difficulties still exist in making a balance between response speed and robustness.
Therefore, the issue of how to increase the start-up speed as well as graduate the stability of PWIWM
has become crucial. This issue is intended to be solved in this paper. In [33], we presented a fuzzy
sliding mode control (FSMC) strategy to improve the robustness of PMSMs through the use of a fuzzy
controller. Because PMIWMs are more sensitive to external disturbances and need more ideal control
accuracy, the approaching rate designed in [33] is not suitable for PMIWMSs, so this paper proposes
a novel approaching rate to replace the one formerly used]. Because PMIWMSs which are installed in
HEVs may be disturbed by variable load, this study designed a torque disturbance observer to detect
load torque in real time to compensate for the torque disturbance. Additionally, the fuzzy rules
designed in this paper are based on [33] but they are applied to reduce the chattering phenomenon
in PMIWM systems instead of PMSMs. Simulation models verified that the fuzzy rules proposed in
this paper can realize more stable control than FSMC.

This paper proposes a fast terminal sliding mode control (FTSMC) strategy in combination with
a torque disturbance observer in order to control the speed of PMIWMs, and its major contributions
are as follows:

1. A novel FTSMC strategy is proposed to realize the rapidity and enhance the robustness of the
control system.

2. A torque disturbance observer is designed to compensate for the external torque, which
improves the control accuracy of the system.

3. Fuzzy rules are presented to overcome the chattering phenomenon of the FTSMC, which
improves the dynamic performance of the system.

The rest of this paper is organized as follows: In Section 2, the PWIWM model is established,
and some assumptions are made in order to simplify the mathematical model. In Section 3, the
FTSMC method is presented in detail, the disturbance observer is designed, and the fuzzy rules are
devised for FTSMC. Mathematics simulation and experiments are carried out, and the results are
analyzed in Section 4. Section 5 presents the conclusions of this paper.
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2. Mathematical Model of PMIWMs Fed by a Three-Phase Voltage Source Inverter (VSI)

This section establishes a simplified mathematical model for PMIWMSs fed by a three-phase
voltage source inverter (VSI). The motion equation of PWIWMs will be designed in order to
determine the accurate mathematical model.

2.1. Mathematical Model of PMIWMs

On the premise of fewer influences on control accuracy, a simplified mathematical models can
be established under the following assumptions [34]: (1) the magnetic circuit is unsaturated; (2)
porcelain and eddy current loss are ignored; (3) there is no damping winding on the rotor; (4) the
distribution of the magnetic field air gap is a sine wave; (5) the permanent magnets of PMIWMs are
surface-mounted. On the above assumptions, the mathematical model of PMIWM can be obtained
with Equation (1) [35]:

did R. -
—=——Ild + wlg+—Ud
dt L L

dis R

1
——iqg— wid +£u i f v
it L LY

where ¢ and lq are the current of the d—q axis, respectively, L is the self-inductance, L=Ld=Lq

, Ld and Lg represent the inductance of the d and g axes, respectively, R is the stator resistance,
Ud and Ug are the voltages of the d and g axes, respectively, ¥/ is the permanent magnet flux

linkage of the motor, @ is the rotating angular velocity of the PWIWM.
The motion equation of PWIWM s can be stated as:
do
Te—-T=J — ()
dt

where T¢ is the torque of the PMIWM, TL s the load torque, J is the moment of inertia. The
PMIWMs torque equation can be stated as follows:

Tezg Pn |:( Ld-Lq)idiq+ !//lq:| (3)

where Pn is the number of the magnetic pole. The d-axis magnetic inductance Ld and the g-axis
magnetic inductance Lq of the motor are equal in surface-mounted PMIWMs. Equation (3) can be
simplified as:
3, .
Te= E Pnlﬂlq (4)

2.2. PMIWM Control System Fed by Three-Phase VSI

The diagram of PMIWMs fed by a VSI is shown in Figure 1, and the voltages in a three-phase
stationary coordinate abc system are given as follows:

1
Ua = = Udc(2Sa — Sb — Sc
3 ae( b—Sc)
1
Ub = 3 Ude(—Sa+ 2Sb — Sc) (5)

Uc = %Udc(—Sa —Sb+ 2Sc)
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where Ua, Ub, and Uc are the voltages in the three-phase stationary-coordinate abc system,
respectively, Ud is the DC bus voltage of the power unit and is the upper power switch state of one

leg, when the upper power switch is on or off, as shown in Figure 1. The layout of the voltage space
vectors of the VSI is shown in Figure 2 [36].

a—{m} b—L: r—E}
a'.t:} b'lE i ('Jﬁ—r\f}

Figure 1. Upper power switch state.
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Figure 2. Voltage space vectors of a voltage source inverter (VSI).

In order to simply the mathematical model, state variables from the abc static system can be
converted to an af static system using the Clark transformation and the af static system can be
converted to a dg rotating system using the Park transformation [37]:

p 1L
Tabc/aﬂ:\F 2 2 (6)
3o B B
2 2
. cos® -sind
Tor dq_Lin@ cose} 7

where 6 is the angular position.

3. Novel Fuzzy FTSMC Strategy Based on a Load Torque Observer for the PMIWM System

This section proposes an FTSMC algorithm based on a load torque observer in order to control

the speed of the PMIWM system. Fuzzy rules are designed to reduce the chattering phenomenon of
the system.
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3.1. FTSMC Algorithm for Controlling the System

By combining (2) and (4), the dynamic mathematical model of the PMIWMs can be stated as
follows [38]:

= 3 . T
=2 Pyiq—— 8
57 VT ©)
denoting the state parameters as follows:
Xi=a'-o
.. ©)
X2=X1=w

where X1 and X2 are the state parameters, @' is the given speed, and @ is the real speed.
Equation (9) can be differentiated as follows:

To 3
Xlz—w—T—ZPl/Iq
3 (10)
X2 = 1= ——— Pyiq=— DU
AT T

denoting the control input as U=iq, D= % Py .

Because PMIWMSs are a high-order single-input-single-output (SISO) nonlinear system, the
recursive equation of the PMIWM can be stated as follows:

{Xi =Xi+1(1=12,---, n-1)

%o = f(X)+ g (XU ()

where f(X), g(X) aresmooth functions of the domainin R", X1, X2 ...Xi are state errors of the

sliding mode.

Because PMIWMs can easily be interfered with by external and internal disturbances, the
conventional index approaching rate is not suitable for the control system. FTSMC is a novel
approaching rate which has fast approaching speed and response speed, according to [39]. The novel
FTSMC variable is defined as:

¥
S1=So+ oS0+ oS0 /"

qyl
S2 = S1+ aS1+1517°
(12)

qnfy
Sh= Sn—1+an—13n—l+ﬂn—13n—1 Pt

where i ,ﬂ r qi, and pi are the sliding mode approaching parameters, &i, B >0, qi, and

Pi  are positive odd numbers ( Pi > el . The global FTSMC law is stated as:
p g
1 n-2 (k1) n-2 et ,
N—K-! k/ pk
u)= —m(f (x)+ kz_o OkSk + kE_O ﬂkWSkq * 4 Sn —1+7S§_f) (13)

The time of the system state reaching the sliding surface sn-1(t) along with § ,=-¢s ,-ys¥?
can be obtained as follows:
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__ P S ©0)" Y+ »
p(p—1) /4

By setting ¥, @, P,and (], the system can converge to equilibrium state in a limited time {s.

(14)

n-1

According to a study [40], the Lyapunov function is denoted as follows:

1.
V==s 15
> (15)

The differentiation of V is:
V =s$§=—as® — BsPr'P (16)

Because P and ( are positive odd numbers, ( p+q)/ p is a positive even number, and as a

,B >0, V<0, the nonlinear system is stable.

Considering that PMIWM is a second-order SISO nonlinear control system, the state parameters
of the PMIWM system are stated as:

X1:X2
XZE-T—L (17)
23]

According to the design of the fast terminal sliding mode surface shown in (11), the full
expression of FTSMC can be stated as follows:

1T ; - .
U=-J(3+a% +ﬂ%x1(q° W%+ s, +ysi'T) (18)

where ¢, F are the sliding mode approaching parameters. In this paper, the optimal parameters
are selected according to [41], and the FTSMC design parameters o :1, B :1, p =1, ¢ =10 ,
V= 10, and q=>5 are selected.

3.2. Design of the Load Torque Observer

From Equation (18), we can see that the FTSMC speed controller designed in this paper has load
torque T, .In the actual control process, T, will change due to the disturbance of external loads, and

T, is a dynamic parameter which is difficult to measure. To solve the above problems, a load torque
observer was designed to detect the load torque in real time [42,43]. The observed value was denoted
as 'I:L and replaced T, in (18), thus the full expression of FTSMC became:

1T . o)l
v :_F(TL+“>‘1+53><1(“" PP+ s, +757'7) (19)
P
From (10), the extension equation of PMIWMSs can be obtained as follows:
._ 3 T
w=——Pylq— —
2] J (20)
TL=0

On the basis of Equation (20), the extended sliding mode load torque observer was established
by taking @ and T, as observing objects. The extended sliding mode observer equation was

obtained as follows:
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3 . T
w=——Pyiq——+U,
2J J (21)
ﬂzg U,
where U, =ksgn(w—®), K isthesliding mode gain, @ is the observation value of speed, and {
is the feedback gain.
Combining (20) and (21), the equation of sliding mode observation error can be obtained as:
. P
&=——e,+U,
J (22)
e, =gqU

where & is the observation error of speed, & is the observation error of torque, denoting the

sliding mode as 5=

3.3. Design of the Fuzzy Controller

Because PMIWMs are a complex control system with strong coupling and nonlinearity, a
chattering phenomenon must exist in their actual control through the FTSMC strategy. The chattering
phenomenon will affect the control accuracy of the control system to a certain extent, but with the
elimination of chattering, the anti-jamming ability and robustness of the control system will also
decrease. Some measures should therefore be taken to reduce chattering without affecting the
dynamic performance of the control system. This section designs a fuzzy controller in order to solve
the problem of chattering by controlling the sliding mode approaching parameter a in real time.

As shown in (16), differentiation of V can be changed as:
V =s§=-as? - sV = K (t)s? — ps® )

where K (t) is denoted as switching gain, and K (t) is the main cause of the chattering
phenomenon. In order to reduce the chattering phenomenon, fuzzy rules have been proposed to
adjust K(t) in real time.

The existence condition of the sliding mode is S$ <0, and the system would remain on the
sliding mode surface when reaching it. As is shown in (23), K (t) can guarantee the approaching

speed of the system, while its value should meet the existence conditions SS$ < 0. The fuzzy rules can
be denoted as follows:

1 If s>0, s>0, then (t) should increase

t

( ) should decrease
('[) should decrease

K
If s>0, $<0, then K
If s<0, $>0, then K

If s<0, $<0, then K (1’) should decrease

= W N

According the fuzzy rules above, a fuzzy control system can be designed. In this system, $ and
S are denoted as fuzzy input, and K (t) is denoted as fuzzy output. The fuzzy set of the system’s

input/output is defined in Table 1, and the input/output of the fuzzy system is shown in Figure 3.



Energies 2020, 13, 188 8 of 18

Table 1. Fuzzy set of the system’s input/output. NB: large negative, NM: middle negative, ZO: zero,
PM: middle positive, PB: large positive.

s
(t NB NM Z0 PM PB
s
NB NB NB NM Z0 PM
NM NB NM Z0 PM PM
Z0 NM NM Z0 PM PM
PM Z0 PM PM PB PB
PM PM PM PM PM PB
N NM Z0 PM PB \B Y 70 M P
a 0.8 Q0 8
é 0.6 é 06t
£ g
g 0.4 g 0.4t
gﬁo.z 802
0 0
.10 _é 6 5; 10 -1.5 -i -0t5 6 0j5 i 15
S ds
(a) (b)
NB  NM z0 PM  PB
1
L 08
é 06f
£
S04
g
0.2}
0
1 05 0 05 1
K(t)
(c)

Figure 3. The input/output of the fuzzy system. (a) input S, (b) input S, (c) output K (t) .

Using a fuzzy controller to adjust the upper bound of K (t) in the control system in real time

is another contribution of this paper. K (t) can be calculated through the integral method:
K (t)=G[ AKdt 24
()=G|, (24)

where G are the proportional parameters, and K (t) replaces @ in (19). The full expression of
FTSMC can obtained as:
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U=-J(t+ K(t)&w%xl(%”“)""’fq s, +7577) 25)

The control block diagram of the FTSMC system using the proposed fuzzy rules is presented in
Figure 4 [35].

Fuzzy rules

| integrator

sds
K

Sliding mode ® Control
controller object

Compensate

v

Input

Load
Torque observer

Figure 4. Control block diagram of the fast terminal sliding mode control (FTSMC) system based on

fuzzy rules.

4. Simulation and Experimentation

This section shows numerous simulations and experiments, and the specific parameters of the
PWIWM are shown in Table 2.

Table 2. Parameters of the permanent magnet in-wheel motor (PMIWM).

Symbol Quantity Value

B Viscous friction coefficient 0.006 N-m-s
Ly Inductance of q axis 8.0 mH

La Inductance of d axis 8.0 mH

] Moment of inertia 0.002 kg - m?
P Rotor’s magnetic flux 0.185 Wb

R Nominal phase resistance  2.315 Q

p Number of pole pairs 4

f Switching frequency 8 kHz

Q Rated power 5 kw

A MATLAB/Simulink simulation model was established in order to verify the effectiveness of
the proposed control strategy, which can precisely simulate the experimental environment in a
practical PMIWM drive system. The starting speed order was @w'=800r/min, and the torque was
T=IN'm. The speed curve of the SMC and FTSMC strategies are shown in Figure 5 in order to
demonstrate the starting performance of the proposed FTSMC strategy. Figure 6 shows the speed
curves of the SMC and FTSMC strategies for a system receiving a load torque of 20-m at 0.6 s and a
load torque of -20 N'm at 1.0 s in order to verify the dynamic performance of the FTSMC strategy.
Figure 7 shows the three-phase current curve of the SMC and FTSMC strategies. Figure 8 shows the
observation values of the torque using the load torque observer. Figure 9 shows the state errors Xi,
X2 and the control input U .
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Figure 5. Starting speed curves.
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Figure 9. Sliding mode parameters of PMIWM. (a) State errors x1, (b) state errors x2, (c) control input U.

As shown in Figure 5, the red curve presents the speed simulation based on FTSMC, and the
green curve shows that based on SMC. It can be observed that the FTSMC strategy can respond more
quickly, while the speed performance of the SMC strategy is poorer, consumes more time to reach
the reference speed, and greatly fluctuates under state-steady performance. As shown in Figure 6,
the comparison of the two curves shows the FTSMC strategy had better dynamic performance when
receiving a load torque. It can be seen that the FTSMC strategy needed less time to regulate the system
to a steady state. Also, the overshoot of the FTSMC strategy was smaller than that of the SMC strategy.
Table 3 shows the comparison of the speed responses of the FTSMC and SMC strategies.

Figure 7a,b shows the three-phase current simulation response curve. It can be seen that the
three-phase current response of the FTSMC strategy had smaller overshoot than that of the SMC
strategy, so the FTSMC strategy was more stable.

Figure 8a,b shows the simulation curves of the two control strategies when the load torque
increased from 1 N-m to 20 N'm at 0.6 s and decreased from 20 N'-m to 1 N'm at 1.0 s. When the
PMIWM started under a torque of 1 N'm, the FTSMC strategy had a smaller overshoot than the SMC
strategy. When the speed reached a steady state, the FTSMC strategy had less fluctuation than the
SMC strategy, but the adjustment time was longer.

Figure 9a—c shows the approaching simulation of state errors x1, x2 and control input U. It can be
seen that the approaching time of x1, x2, and U were faster under the strategy of FTSMC than under
that of SMC and FSMC and also that the fluctuation of U was smaller under the strategy of FTSMC.
The approaching time of these three parameters and the fluctuation of U are shown in Table 4.

Table 3. Comparison of the speed responses by the FTSMC and SMC strategies.

Change Parameters SMC Strategy FTSMC Strategy

Startup time (s) 0.207 0.055
Fluctuation 2.5% 1.2%
Adjust time (15 N'm) (s) 0.113 0.037
Adjust time (=15 N'm) (s) 0.121 0.034

Overshoot 5.76% 3.7%




Energies 2020, 13, 188 13 of 18

Table 4. Comparison of the sliding parameters of the FTSMC and SMC strategies.

Change Parameters SMC Strategy FSMC Strategy FTSMC Strategy

Approaching time (x1) (s) 2.832 2.125 1.121
Approaching time (x2) (s) 2.821 1.986 1.861
Approaching time (U) (s) 2.829 2.045 1.831

Fluctuation (U) 2.112 2.102 1.980

In order to verify the performance of the FTSMC strategy, relevant experiments were done based
on a TMS320F28335 digital control board (made in Guangzhou, China). The experimental bench is
shown in Figure 10 [33].

AC 380V AC 380V
l Power -
dynamometer - "
‘ Torque. Speed PMSM . 1 h‘ ‘
S Sonsor
— DC pow
Powermput : o Drive: power sup£|y
: - input
Power output ! ] ol
Siemens
inverter
w
p=l
o
=z
<
O - -
T. N\ P U. I Electrical 5
Mechanical parameters parameter measurement ng;’;;;r
measurement m RS232
’ CAN bus - communication
- - e
Measurement and m’.
control instrument Table

Figure 10. Experimental bench of PWIWM.

The operating table, connected with the control instrument via a CAN bus and connected with
a power analyzer via RS5232, sent the instructions in the process of the experiment. A Siemens inverter
(made in Beijing, China) was connected with the control instrument via CAN communication.

The first experiment indicated the dynamic performance of the FTSMC and SMC strategies, as
shown in Figure 11. The second experiment indicated the currents iz and 74 of the FTSMC and SMC
strategies, which are shown in Figures 12 and 13, respectively.

Figure 11 shows the dynamic performance of the FTSMC and SMC strategies with changing
speed commands, where the speed of PMIWM started at 500 r/min then reduced to 450 r/min at 1.0
s and increased to 550 r/min at 2.0 s. It can be seen that the dynamic performance of the FTSMC
strategy had a shorter adjust time when receiving a changing speed command, and the overshoot of
the FTSMC strategy was less than 15 r/min, while that of SMC strategy was more than 20 r/min.
Furthermore, the chattering and ripple of the FTSMC strategy were reduced more effectively
compared with those of the SMC, making the speed ripple of FTSMC about 50% of that under the
SMC strategy.

As shown in Figure 12, the current iz under the SMC strategy had bigger chattering than that of
the FTSMC. It can be seen that the biggest fluctuation value was almost 10 A under the SMC strategy,
while the current curve of iz was ideal under the FTSMC strategy.

As shown in Figure 13, the current lg under the FTSMC strategy had a quicker response to the
changing speed commands, which saved about 38% of the response time under the SMC strategy.
Additionally, the overshoot of FTSMC strategy was about 23% of that under the SMC strategy, and
the chattering of current under the FTSMC strategy was obviously reduced.
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Figure 11. Dynamic performance of PMIWM. (a) FTSMC, (b) SMC.
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In summary, compared with the other strategy, the FTSMC strategy:

had a better start response performance

had a smaller overshot phenomenon

had ideal steady-state performance

when increasing and decreasing the load, saved about 68% of the adjust time which was needed
in the SMC strategy.

had ideal robust performance

had a smaller chattering phenomenon because of the design of fuzzy rules.

5. Conclusions

In this paper, an FTSMC strategy with a load torque observer was investigated for the control of

a PMIWM, and fuzzy rules were designed to reduce the chattering phenomenon. On the basis of

theoretical analysis, simulation, and experimental results, the conclusions are as follows:

1.

by implementing the FTSMC approaching law, the main finding is that the proposed method
can accelerate the approaching speed of the control system effectively, which can increase the
start-up speed and response performance of PMIWMs;

through torque disturbance observer, the PMIWM control can detect the torque load and
compensate it in real time, which effectively decreases the control error and improves the control
accuracy;

the fuzzy controller proposed in this paper can reduce the chattering phenomenon significantly,
which can improve the control stability and robust performance of the PMWIM.

All in all, the simulation and experiments results demonstrated that the proposed control

strategy can not only increase the response speed and start-up speed of PMWIMSs but also improve
their dynamic performance and stable performance effectively.

The limitation of this study is that the fuzzy rules were designed by experience. Although these

fuzzy rules can effectively alleviate the influence of the chattering phenomenon of the system, better
fuzzy rules may exist to solve the problem of the chattering phenomenon and improve the control
performance of the PMIWM.
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