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Abdul Khalique Junejo ™, Wei Xu

Moustafa Magdi Ismail, and Yi Liu

Abstract—In order to enhance the speed control performance of
the permanent magnet synchronous motor (PMSM) with internal
and external disturbances, a new adaptive terminal sliding mode
reaching law (ATSMRL) is proposed with continuous fast terminal
sliding mode control (CFTSMC). Firstly, the ATSMRL is presented
with the aim of reducing the input control efforts, which can
dynamically adopt all positive aspects in terms of the finite time con-
vergence, high tracking precision, and reduction of the chattering in
the control input of the system. Secondly, an extended sliding mode
disturbance observer (ESMDO) is designed to estimate the total
disturbances of the system, and then the estimated disturbance has
been brought for the feed-forward compensation technique, which
would enhance the disturbance rejection ability of the system.
Afterwards, the close loop stability is validated by the Lyapunov
function. Finally the comprehensive numerical and experimental
analyses have been carried out to demonstrate the superiority of the
ATSMRL method than those of conventional exponential sliding
mode reaching law (ESMRL) and terminal sliding mode reaching
law (TSMRL).

Index Terms—Adaptive terminal sliding mode reaching law
(ATSMRL), continuous fast terminal sliding mode control
(CFTSMC), extended sliding mode disturbance observer
(ESMDO), Lyapunov function, permanent magnet synchronous
motor (PMSM), terminal sliding mode reaching law (TSMRL).

I. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are simple
in structure with high power density and high efficiency, which
are widely used in the field of electric vehicles (EVs), robotics,
computer numerical control (CNC) machines, aerospace, pumps
and other fields of engineering [1]. PMSMs are multivariable
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with strong coupling and have the disturbances and uncertain-
ties, e.g., load disturbances, parameter mismatch, friction, and
unmolded dynamics.

If the linear control algorithm such as proportional integral
(PD) controller is implemented in drive system, the control
precision range would be limited to certain limit. At same
time the PI controller depending on the system parameters,
which means that the PI control methods are sensitive to the
system model accuracy, which is highly susceptible to external
disturbances and internal parameter mismatch. Therefore, it is
essential to control aforementioned variations, but it is not easy
to limit these disturbances by employing the linear algorithms,
like PI controllers [2]. In order to overcome these problems,
the nonlinear algorithms have been implemented in the field of
servo systems for the realization of high performance control.
The nonlinear algorithms include robust control [3], fuzzy con-
trol [4], sliding mode control (SMC) [5], disturbance rejection
control [6], predictive control [7], [8], terminal sliding mode
control (TSMC) [9]-[15], and so on. Among them, the SMC
control algorithm has a priority in research area, because the
SMC has not much requirement for the model accuracy, and has
the strong robustness against all nonlinearities, e.g., external and
internal disturbances. Till now, the SMC has been successfully
applied in the field of servo systems [16].

However, it can be noted from the literature survey that the
SMC has two parts, one is reaching law and the other is sliding
mode surface. The reaching law helps the system states to reach
the designed sliding mode surface, but it is difficult that the
system states remain on the sliding surface with zero error [17].
The system states constantly traverse on both sides of sliding
surface, which leads to the unavoidable chattering in the system.
Therefore, the reduction of the chattering is key in the SMC.
The reaching law design is important in the SMC, because the
reaching law is directly related to the process of the system states
to reach the sliding mode surface [18].

The chattering phenomenon is one inherent attribute of SMC,
which s directly associated to the reaching law. The reaching law
contains the switching function, which creates the chattering in
the SMC. In order to guarantee the strong robustness against
disturbances, the switching function gain must be set larger
enough to compensate the system disturbances. However, it is
difficult to know the exact upper bound of the disturbances. Due
to larger switching gain, the reaching law would lead higher
frequency chattering in the SMC. Thereof, it can be concluded
that if the switching gain is decreased, then the system robustness
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against disturbances may be compromised. Thus, to alleviate this
drawback of the SMC controller, more advanced reaching law
and no-linear disturbances observer can be designed.

Traditionally, the exponential sliding mode reaching law
(ESMRL) has an exponential term and proportional rate term.
The procedure of this reaching law is to design the larger
switching gain of proportional rate term so as to compensate
the system disturbances. The larger switching gain leads the
chattering phenomena in the system. The ESMRL can only
guarantee the faster convergence, when the sliding states are
near to the sliding mode surface [22]. Afterwards, the TSMRL
has been designed to improve the system performance in terms
of faster convergence, and the reduction of chattering [24]. In the
design of TSMRL, the power rate term is added instead of the
exponential term of ESMRL. The power rate term would make
the sliding states faster when those would be far from the sliding
mode surface. The TSMRL has better control performance than
that of exponential reaching law in terms of convergence and
chattering.

Therefore, in this article, one improved adaptive terminal slid-
ing mode reaching law (ATSMRL) is proposed to increase the
dynamic performance of the PMSM drive system. The proposed
ATSMRL reaching law can improve the performance of reaching
time and reduce the chattering effectively from the control
system. Furthermore, one extended sliding mode disturbance
observer (ESMDO) is designed to estimate the disturbances
of the close loop system and enhance its disturbance rejection
ability. The estimated disturbances are then considered for the
feed-forward compensation with output of the speed loop.

This article is organized as follows. In Section II, it discusses
the preliminaries with dynamic modeling of the PMSM, and
general SMC design. In Section III, the CFTSMC with ATSMRL
is designed for the speed regulation, and the ESMDO is de-
signed for the estimation on total disturbances. Comprehensive
experimental analyses have been made in Section IV, which
demonstrate that the PMSM drive system has very strong robust-
ness based on the proposed algorithm. Finally, the conclusion is
summarized in Section V.

II. PRELIMINARIES
A. Mathematical Model of the PMSM

The mathematical model of the PMSM under uncertainties
and load disturbances with the motion and current dynamics
can be expressed as [25]

dw Gy . B n

R >
di Rs . . U

7: == + npwiy + fd ()
dig npWipy  Ug

3)

S . .
= ——1g + Npwiq —

dt L, L, L,

where G, = 2/3 n,?1y, n,, is the number of poles pairs, 1/ the
flux linkage, J the moment of inertia, B the viscous damping
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Fig. 1. Phase plane of SMC process.

co-efficient, iy, i, uq and u, are the d and g-axis currents and
voltages, separately, R, and L, the resistance and inductance of
the stator, and 7', is the load torque of motor.

B. SMC Design With TSMRL Reaching Law

The design of SMC controller has two stages, one is the
sliding mode surface, and the other is the reaching law. However,
the reaching law may produce the chattering phenomena in the
system, which is very crucial in the SMC design. This problem
motivates the researchers to introduce chattering free reaching
laws. The chattering phenomena can be reduced effectively by
implementing suitable techniques. In this section, the TSMRL is
introduced to design the SMC, which must satisfy the following
sliding mode reaching condition

ss <0 4

where s is the sliding mode surface. Fig. 1 shows the phase plane
of the SMC, which describes the reaching process of the system
state on the designed sliding mode surface.

The second order nonlinear system is described as

X1 = X2
{ Xz = h(x) +9(x) + b(x)u ©)

where x = [x1, x2]7 is the system state, u the control input and
g(x) the total disturbances of the system. The CFTSMC has been
chosen as the sliding mode surface [12], which is described as

s = oo + p1|z2|”" sign (z2) + po|z1]”? sign (x1)  (6)

where p; > 0, po > 0,0 < 01 < 2, 09 > 01 and 07 =
0/0, both ¢ and # are the odd positive number. In order to
improve the whole system performance, it is desirable to reduce
the chattering phenomena and enhance the finite convergence
effectively. Thereof, the TSMRL can be designed according
to the TSMRL [24], which must satisfy the reaching condition
55 < 0 with

§ = —x1(8) — Aa|s|7? sign(s) )

where A1 and Ao are the two positive designed constants for the
reaching phase 0 < o3 < 1. Taking derivative of (6) and then
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substituting in (7), it will get
—11(5) — Aa|s|7® sign(9) = i + oy |za| i sign (2)
+ oapa|ze|” " sign (z1)

0 = @ + py|wa|” sign (x2) + pa|r1]|7? sign (1)
+ / 31(5) + Aals|” sign() ®)

Substituting (5) into (8), the control input u can be described
as
1

T [h(x) +900) + 2| sign (z2)

+ polx|7? sign (z1) + /Al(s) + Ao|s|7® sign(s)
)

In (9), there are two discontinuous terms b !(x), and
Aals|?8 sign(s). The chattering phenomenon appears in the
system due to these discontinuous terms. The chattering level
is related to the switching gain value of Ao. If Ao is larger, the
chattering would be greater; while if Ao smaller, the chattering
would be smaller [22]. The reaching time of the state variable
can be derived by integrating (7) with respect to time, which can
be written as

SO, 1
)\1 A2(1—|—0'3).

Eq. (10) shows that the reaching time of state is related to
A1, Ao, and o3. If the values of these switching gains are higher,
then the reaching time would become smaller, but the chattering
level would be higher [22]. Thereof, the optimal switching gain
selection is very important in this work [2], [24].

t =

(10)

C. Comparison of the ATSMRL, TSMRL, and
Conventional ESMRL

Through numerical analyses, different reaching laws with
CFTSMC are fully studied in this article. The ESMRL [22],
TSMRL [24] and ATSMRL are compared in details. Main pa-
rameters are chosen as h = —25%, b = 133, g(t) = 10sin(nt),
and z, = sin t, respectively.

Fig. 2 shows the control input and the phase plane trajec-
tory response of the system under ESMRL [22], TSMRL [24],
and ATSMRL. Fig. 2(a) obviously shows that the proposed
ATSMRL has better tracking, smaller chattering, and smaller
steady state error than those of conventional reaching law
ESMRL [22], and TSMRL [24]. Furthermore, Fig. 2(b) indicates
that the ASMRL has faster convergence rate and smoother steady
state process than those of the ESMRL [22] and TSMRL [24].

III. DESIGN OF SPEED CONTROLLER FOR THE PMSM DRIVE
A. Proposed ATSMRL

The TSMRL has the ability of alleviation in the chattering
phenomena, and faster in the finite time convergence. The afore-
mentioned characteristics of the TSMRL can be enhanced by
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Fig. 2.  Control performance of the system under ESMRL [22], TSMRL [24],
and ATSMRL. (a) Input control u response. (b) Phase plane trajectory response.

designing ATSMRL based on the adaptive function, which can
be described in Assumption 1.

Assumption 1: Let €, be known as the reduction control
amplitude gain, which can minimize the gain value of the
controller and make the controller robust against disturbances
of the system. The (2, must be positive, as defined by

Qp = MpinQ — H > 0 (11)

where M and H are the positive constants and € is chosen as

Q= % Once the reduced control amplitude has been designed,
the ATSMRL can be described as

s4=-0Q sign{s+ ;Ji}

The ATSMRL is based on TSMRL by using adaptive tech-

nique, and ) depends on the switching mechanism, then €
[—9, Q], as described by

12)

m sl —m2l3]; it Q> 5= +n

nls| + 2|3 if Q< Q
0 otherwise

0= (13)

where 71 > 0, 72 > 0, and 0 < 53 < £ are the constant arbi-
trarily gains to tune the optimal switching rate.

B. Design of Speed Controller

The speed controller should be designed in such a way that the
tracking of the speed reference could be the actual speed under
the load disturbances and uncertainties. To get this control target,
the tracking error of the speed is described as

E=w,—w. (14)
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Fig.3. Speed control block diagram of the PMSM drive under CFTSMC with
ATSMRL method.

In this article, the speed w is the control target of PMSM.
Therefore, (1) can be rewritten as

& = mi} + D(t) (15)
B T. Gi,. .
D(t) = —Zw~ 7L - 7t(zq — i) (16)

where m = G/J. Then, the CFTSMC has been chosen as the
sliding mode surface for the speed loop [12], which is defined
in (6). Taking the derivative of (14) and combining with (15),
we will get

E =6, — b = by —mi;, — D(t).

17
The SMC needs two parts, one is the sliding mode surface
and the other is the reaching law. Thereof, the new ATSMRL is
designed on the basis of (12).
Theorem 1: The speed error in (14) is selected as the state of
the system, which would converge to the zero (s = 0), while the
sliding surface in CFTSMC is preferred as (6) with the ATSMRL

in (12). Therefore, the speed controller can be designed as
i = (Hoy + Hy) (18)

Heq =wy + 1

Erl sign (E) ¥ 0| B|°? sign (E)  (19)

t L.
Hb:/O—Q sign{s—l—;('i'}dt.

The block diagram of the final control law is shown in Fig. 3.

(20)

C. Stability Analysis of the Speed Controller

The Lyapunov function is selected to check the stability of the
speed loop. The Lyapnuov stability condition can be described
as

lim V = lim s5 < 0. (21)
s—0 s—0
By considering (6) and (12), (21) can be rewritten as
. ) _ s|s
VssAs[§251gn{s+25|2T|H. (22)

The conclusion can be drawn from (22), which is simplified

as
V= [—Q sign {82 + SQSQL?H

- V3]
—Qs 2V
blgn{ + 20, }

V= . (23)
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Fig. 4.  PI controller block diagram for the current loops.

In (23), Q and €, are the constant gains, which are greater
than zero, and |$] is the positive value. Therefore, the Lyapunov
stability condition is fully satisfied. It can be concluded that the
state variables of the system would converge to zero in the finite
time.

D. Design of Current Controller

The structured controllers in series are employed for one speed
loop and two current loops. Two PI controllers are adapted to
the current loops, which can stabilize the current tracking errors
of the dg-axis currents respectively. However, to enhance the
tracking precision of the current controllers, the advance control
techniques can be employed for the current loops. Due to the
complexity of control technique in real time implementation,
the PI controllers can be a good choice to guarantee the high
tracking precision of the current loops. The simple diagram of
current loops is shown in Fig. 4. The design of current controller
is based on the PI controllers, which are shown in Fig. 4.

The output of PI current controller is uq and u voltages. The
design of the PI controller can be illustrated as

Ugq = Kpegq + /Kiedq (24)
where k;, and k; are the proportional and integral gains, respec-
tively, and e, is the error between reference and actual values
of d- and g-axis currents. The ¢4, can be expressed as

(25)

— g% __ 4
€dq = qu ldq

where izq and ¢4, are the reference and actual values for the
current controllers, respectively.

VI. ANTIDISTURBANCE SLIDING MODE SPEED CONTROLLER
BASED ON THE PROPOSED ATSMRL

A. Extended Sliding Mode Disturbance Observer (ESMDO)

In order to improve the control performance of the PMSM
against lumped disturbances, the ESMDO has been designed to
estimate the lumped disturbances D(t) online, then the estimated
D(1) is carried out for the feed-forward compensation with 7.

The ESMDO design is based on the conventional load torque
observer, and its block diagram is shown in Fig. 5.

According to the load torque observer, the speed w and D(t)
are chosen as the state variables, the electromagnetic torque 7',
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Fig.5. Block diagram of the ESMDO.

is used as input of the system, and the speed is taken as the output
of the system. The ESMDO equations can be expressed in state
space as

w ,E ,l w l
[D@)]: 77 ol 7] e

The motor speed and estimated disturbances are the observa-
tion objects, and then the sliding mode based disturbances can
be obtained for (26), which can be written as

1
SHES

ju B 1 1
[fw)} - o

g J
0 0 0
where y(w,) is the sliding mode rate of the ESMDO observer
for the speed error, and / is the observer gain. By combining (26)
and (27), the observer error can be expressed as

+

lﬁ(:f)

J J (28)

{éw - *Eew - leD y(wf’)
ép = _ly(we)

where e,, and ep are the speed and disturbance errors, respec-
tively. The integral sliding mode surface is selected for the
ESMDO, which can be described as

Sw = €, + /cewdt (29)

by taking the derivative of (29), and the reaching law for ESMDO
is

S = €, +cey. (30)
Thereof, the reaching law can be chosen as
S = —k sign(sy) 31)

where k is the switching gain of the reaching law. By combining
(30), (31) and using f%e p as the disturbances term, then the
control law for ESMDO can be written as
B .
Y(we) = | cw — 7 ew + ksign(sy). (32)
Equation (32) is the control law under the action of this SMC,

then the state of the system would reach on the sliding mode
surface in the finite time.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 11, NOVEMBER 2020
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Fig. 6. Block diagram of ESMDO based ATSMRL for the speed regulation
of PMSM.

m |Eo1 sign(E)+y2 |E|o'2 sign(E)

B. Stability Analysis of the ESMDO Observer

The Lyapunov function is selected to check the stability of
the ESMDO. Therefore, the Lyapunov stability function can be
described as

lim V = lim s§ < 0 (33)
s—0 s—0
V = 5,8, = Su [cew, + éu)
- +—Ze+ Tepy(.)
= S, |cey, Je“’ JeDy We
— s, [~k sign(s..)]
= —kls,| <0. (34)

Equation (34) has a coefficient k, which is a positive constant
gain. The coefficient k would ensure that the designed ESMDO
can get stable in terms of the tracking error, and converge to zero
in the finite time.

C. Anti-disturbance Sliding Mode Speed Controller Based on
the ATSMRL

The ESMDO can estimate the disturbances D(t) of the sys-
tem, which can be compensated with the output of the speed
controller. Then, the final output of the speed controller with
disturbances compensation technique can be rewritten as

ip=my W+ NI‘E‘GI sign (E) + | E|” sign (E)

+/thi n s+$|$| dt + D(t)]
o & 20 '

r

(35)

The final antidisturbance block diagram of the CFTSMC
based on both ATSMRL and ESMDO is shown in Fig. 6.

V. EXPERIMENTAL VALIDATION

In order to verify the proposed method, the comprehensive
experiments have been conducted in this section to demonstrate
the speed and g-axis current performances of the PMSM from
four typical cases, including start-up process, loading process,
speed reversal process, and parametric mismatch.
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Start
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Inputs @ @ iq

v L]
CFTSMCH+ATSMRL | | ESMDO
Feed forward
compensation
A
End
Fig. 7. Flowchart of the proposed (CFTSMC+ATSMRL) method with ES-
MDO.
TABLE I
PARAMETERS OF THE PMSM
Symbol Name Value and Unit
ny Machine pole pairs 3
P Rated power 3.0kW
n Rated speed 2000 rpm
Ry Stator resistance 0.8Q
7 Rotor flux linkage 0.35 Wb
Ly dg-axis inductances 0.005 H
Inertia 3.78x10™ kg.m’
B Viscous damping 1.74x107° N -m-s/rad

Controller Board rt.‘i
= . S5

Computor

Mcchaical
[ Load
EReE R

Fig. 8. Test platform.

The flowchart of the proposed method is shown in Fig. 7 and
main parameters of the PMSM are given in Table I. To validate
the effectiveness of the proposed method, one experimental
test platform has been established, as depicted in Fig. 8. In
addition, Fig. 9 shows the circuit diagram of the test platform.
One three-phase rectifier is implemented to provide the dc power.
The pulsewidth modulation (PWM) converter is adopted to drive
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Encoder
a

|

PI |
Controller| |
|

|

dq < abc|[__|APC

Fig. 9.

Circuit diagram.

the system. Both 1 and 10 kHz sampling frequencies have been
selected for the speed and current loops, respectively.

The full algorithm includes the space vector pulsewidth mod-
ulation (SVPWM), and DSP (TMS32028335) controller. The
DSP code of the proposed method has been written in code com-
poser studio (CCS) and then loaded to the DSP controller. The
smart code (AU6802N1) sensor has been used, which has the
characteristics of wide operating range in terms of temperature,
including working temperature —40 °C to 4125 °C, tracking
rate 240,000/min, 20-MHz input clock, and 10 Bit resolution.

The Rohde and Schwarz, RTE-1024 scope, is selected to get
the correct experimental results. The digital scope has sampling
frequency band width of 200 MHz and 5G/s, respectively. The
scope has four channels (MSO-X 3024A, and SSO-X3024A).
The N2863B probes are selected to collect the results from the
DSP, in which the probes rating are 10 M€, 15 pF, the attenuation
ratio 10:1, 300 Vrms, and 300 MHz bandwidth. The control
parameters of the PI, TSMR, and ATSMRL are optimized for
the speed and current controllers, as listed in Table II.

A. Start-Up Response

The start-up speed performance of the PMSM under different
control schemes are compared in details. The speed and g-axis
current responses under the PI, ESMRL, TSMRL, ATSMRL,
and ESMDO based ATSMRL during the start-up transient pro-
cess are shown in Fig. 10(a) and (b), separately. As seen from
Fig. 10(a), itis known that the PI controller has 16.5% overshoot,
while the ESMRL [22], TSMRL [24], ATSMR, and ESMDO
based ATSMRL have no overshoot at the start-up transient time.
The settling process of the speed response under PI, ESMRL,
TSMRL, ATSMRL, and ESMDO based ATSMRL is 0.234,
0.188, 0.089, 0.055, and 0.045 s, respectively.

It can be concluded that the start-up transient process of the
speed response under the proposed ATSMRL is 76.5%, 62%, and
20% faster than those of the PI, ESMRL, and TSMRL, respec-
tively. Moreover, Fig. 10(b) shows g-axis current response of
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TABLE II
PARAMETERS OF THE CONTROL METHODS

Name Value
PI gains of speed controller 120 and 50
PI gains of current controller 50 and 25
PI gains of current controller (SMC) 1 and 1000
Saturation limit 10 A
Sampling frequency of speed loop 1 kHz
Sampling frequency of current loop 10 kHz

The gains of TSMRL

14=1000, ,=4000, /,=0.001 and

k>,=80000

The gains of ATSMRL

11=1000, ,=4000, /,=0.001 and

=80000, 5, =20 5, =3 and
Q, =50

The gains of ATSMRL+ESMDO

11=1000, £,=4000 , k,=0.001
and k, =80000,
7,=20 n,=3and Q, =50
¢=30, [=0.001and &=5000.

COMPARISON OF START-UP TRANSIENT PERFORMANCE OF THE PI, TSMRL,

TABLE III

ATSMRL, AND ESMDO BASED ATSMRL METHODS

Control Method IAE Index of Speed Settling Time (s)
rror Response
PI 71746 0.234
ESMRL [22] 62832 0.188
TSMRL [24] 42807 0.089
ATSMRL 33967 0.055
ATSMRL+ESMDO 31980 0.045

the PMSM under PI, ESMRL, TSMRL, ATSMRL, and ESMDO
based ATSMRL during the start-up transient process. Fig. 10(b)
shows that the chattering phenomenon and current ripple in
g-axis current under ATSMRL and ESMDO based ATSMRL
are smaller than those of PI, ESMRL and TSMRL, respectively.
It is evident from Fig. 10(b) that the g-axis current can approach
to the steady state position under the PI, ESMRL, TSMRL,
ATSMRL, and ESMDO based ATSMRL in 0.234, 0.188, 0.089,
0.055, and 0.045 s, respectively.

Furthermore, the integral absolute error (IAE) is chosen to
calculate the speed responses during steady state process un-
der the PI, ESMRL, TSMRL, ATSMRL, and ESMDO based
ATSMRL, separately. The IAE can be expressed as

w= \/%2511@%1(1) — Wap)?

(36)

where w,,, (i) and w,,, are the instantaneous and average speed
value, respectively. The IAE index of the speed responses is
calculated during the start-up process, as listed in Table III.

Furthermore, Fig. 11 shows the speed and g-axis cur-
rent responses under TSMRL, ATSMRL, and ESMDO based
ATSMRL at the reference speed of 2000 rpm, separately.

It is obviously shown in Fig. 11(a) that the steady state error
of the speed response under TSMRL is more than those of
ATSMRL and ESMDO based ATSMRL. The g-axis current re-
sponses under TSMR, ATSMRL, and ESMDO based ATSMRL
are compared with each other. In Fig. 11(b), it is known that the
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1600 r/min. (a) Speed. (b) g-axis current.

ESMDO based ATSMRL, and ATSMRL have smaller chattering
and current ripples than those of the TSMRL.

B. Load Adding Response

The speed performance of the PMSM under the PI, ESMRL,
TSMRL, ATSMRL, and ESMDO based ATSMRL is compared
under the loading condition. The speed and g-axis current re-
sponses are taken with the load of 5 Nm at the reference speed
of 1200 rpm. The speed and g-axis current responses under the
PI, ESMRL, TSMRL, ATSMRL, and ESMDO based ATSMRL
are shown in Fig. 12, respectively. As shown in Fig. 12(a),
the settling times of the speed response under the PI, ESMRL,
TSMRL, ATSMRL, and ESMDO based ATSMRL are 0.245,
0.125, 0.112, 0.083, and 0.070s respectively. Also, it is shown
that the speed drop under the PI, ESMRL, TSMRL, ATSMRL
and ESMDO based ATSMRL s 332,317,308, 289, and 265 rpm,
respectively.

Fig. 12(b) shows the g-axis current responses under the con-
trols of PI, ESMRL, TSMRL, ATSMRL, and ESMDO based
ATSMRL at 1200 rpm with 5 Nm load. It is known that the
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Fig. 11. Speed and g-axis current responses under TSMRL, ATSMRL and
ESMDO based ATSMRL controller with the no load @ 2000 r/min. (a) Speed.
(b) g-axis current.

TABLE IV
TRANSIENT PERFORMANCE COMPARISON OF PI, TSMRL, ATSMRL, AND
ESMDO BASED ATSMRL METHODS

IAE Index of Seitling Time Speed
Control Method Speed Error £ Drop
at Load (s)

Response (rpm)
PI 63467 0.7 445
TSMRL 51578 0.64 490
ATSMRL 32467 0.61 425
ATSMRL+ESMDO 27680 0.4 390

ESMDO based ATSMRL has the quickest g-axis current re-
sponse in terms of current ripple and chattering among these
five methods.

Furthermore, the speed and g-axis current responses are taken
with the load of 10 Nm at the reference speed of 1600 and
2000 rpm, respectively. The speed and g-axis current responses
under PI, TSMRL, ATSMRL, and ESMDO based ATSMRL are
shown in Figs. 13 and 14, respectively. Itis seen from Fig. 13 that
the PI controller has an overshoot, while TSMRL, ATSMRL,
and ESMDO based ATSMRL have no overshoot at start-up
process, respectively. The settling transient process of the speed
response at loading point under PI, TSMRL, ATSMRL, and
ESMDO based ATSMRL is 0.7,0.64,0.61, and 0.4 s, separately.
Furthermore, as seen from this figure, the speed drop under PI,
TSMRL, ATSMRL, and ESMDO based ATSMRL is 445, 490,
425, and 390 rpm, respectively.

Moreover, the IAE index of PI, TSMRL, ATSMRL, and
ESMDO based ATSMRL, is listed in Table IV, respectively.

In addition, Fig. 14 shows the g-axis current responses of
the PMSM under PI, TSMRL, ATSMRL, and ESMDO based
ATSMRL during the loading condition. Itis evident from Fig. 14
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Fig. 12. Speed and g-axis current responses under PI, ESMRL, TSMRL,
ATSMRL and ESMDO based ATSMRL controller with the load @ 1200 r/min.
(a) Speed. (b) g-axis current.

that both PI and TSMRL have bigger current ripple and chat-
tering than those of ATSMRL, and ESMDO based ATSMRL,
respectively.

Moreover, the speed and g-axis current responses are taken
at the reference speed of 2000 rpm with the load of 10 Nm.
The speed and g-axis current responses under PI, TSMRL,
ATSMRL, and ESMDO based ATSMRL are shown in Fig. 15.
It is shown in Fig. 15(a) that the speed drop under TSMR,
ATSMRL, and ESMDO based ATSMRL with 10 Nm load is
300, 250, and 150 rpm, respectively. Moreover, as seen from
this figure, the speed fluctuation in TSMRL is higher than those
of ATSMRL, and ESMDO based ATSMRL.

Fig. 15(b) shows the g-axis current responses of the PMSM
under TSMRL, ATSMRL, and ESMDO based ATSMRL with
10 Nm loading condition, respectively. It is evident from
Fig. 15(b) that TSMRL has higher current ripple and chattering
than those of ATSMRL, and ESMDO based ATSMRL,
respectively.

C. Speed Reversal Response

The speed reversal and steady state performance of the PMSM
under PI, TSMRL, ATSMRL, and ATSMRL with ESMDO are
fully compared. The speed and g-axis current responses for PI,
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(a) PL. (b) TSMRL. (c) ATSMRL. (d) ESMDO.

TSMRL, ATSMRL, and ATSMRL based ESMDO during the
speed reversal transient, from 2000 to -2000 rpm and then back
to 2000 rpm, are shown in Fig. 16.

Itis evident from Fig. 16(a) that the speed under Pl has an over-
shoot with more settling time than those of TSMRL, ATSMRL
and ATSMRL based ESMDO, when their speed changes from
2000 to -2000 rpm and then back to 2000 rpm. At the same

=Y

Time(s)
(d

Fig. 14.  g-axis current responses under the load of 10 Nm @ 1600 r/min. (a)
PIL (b) TSMRL. (c) ATSMRL. (d) ESMDO.

time, it can be noted that the steady state error of the speed in
PI and TSMRL are higher than those of ATSMRL and ESMDO
based ATSMRL, respectively. Furthermore, the g-axis current
responses are taken under speed reversal process. It is seen from
Fig. 16(b) that the g-axis current ripple and chattering under PI
and TSMRL are bigger than those of ATSMRL and ESMDO
based ATSMRL.
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D. Speed Response Under Parameters Change

In this article, the speed loop is considered that is why
the resistance and inductance mismatch can be omitted. The
speed performance under inertia mismatch is sufficient to check
the robustness of the PMSM for speed regulation. The speed
and g-axis current performance under the inertia mismatch are
fully compared. The speed and g-axis current responses under
TSMRL, ATSMRL, and ESMDO based ATSMRL with half and
double (0.5 J and 2 J) inertia mismatch under the load of 10 Nm
are shown in Figs. 17 and 18, separately.

It is noted from Fig. 17(a) that the steady state error of the
speed response in TSMRL is bigger than those of the ATSMRL,
and ESMDO based ATSMRL, respectively. Furthermore, as
seen from this figure, the speed drop under TSMRL, ATSMRL,
and ESMDO based ATSMRL is 248, 215, and 160 rpm, sepa-
rately.

Fig. 17(b) shows the g-axis current response under the
TSMRL, ATSMRL, and ESMDO based ATSMRL with load
of 10 Nm, respectively. It is evident from Fig. 17(b) that the
TSMRL has higher current ripple and chattering than those of
the ATSMRL, and ESMDO based ATSMRL under half inertia
(0.5J) mismatch, separately.

Furthermore, it is evident from Fig. 18(a) that the steady state
error of the speed response in the TSMRL is higher than those
of the ATSMRL, and ESMDO based ATSMRL, respectively.
Moreover, as seen from this figure, the speeds drop under the
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TSMRL, ATSMRL, and ESMDO based ATSMRL is 254, 186,
and 158 rpm, respectively.

Meanwhile, Fig. 18(b) shows the g-axis current response
under the TSMRL, ATSMRL, and ESMDO based ATSMRL
withload of 10 Nm, respectively. Itis evident from Fig. 18(b) that
the TSMRL has higher current ripple and chattering than those
of the ATSMRL, and ESMDO based ATSMRL under double
inertia (2J) mismatch.

VI. CONCLUSION

In this article, a new adaptive reaching law (ATSMRL) has
been proposed to improve the dynamic performance of the
PMSM drive system. The ATSMRL is used to improve the
reaching velocity under starting and load transient, and suppress
the chattering phenomena effectively, which is different from
those of the ESMRL [22] and TSMRL [24], respectively.

Then, considering the chattering phenomena caused by the
switching high gains, an ESMDO has been developed to estimate
the total system disturbances for the feed-forward compensation
technique.

In order to further strengthen the disturbance rejection ability
and eliminate the chattering phenomena, one improved ESMDO
combining both CFTSMC and ATSMRL is presented in this
work. The stability of close loop control system combined
with ESMDO is presented and verified by Lyapunov function.
Detailed comparisons have been fully made on the robust abil-
ity against load disturbance and parametric mismatch among
five methods, including the proposed ATSMRL in this article,
conventional PI, the existing ESMRL [22], the existing TSMRL

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 11, NOVEMBER 2020

[24], and proposed ATSMRL based ESMDO methods. Compre-
hensive numerical analysis and experiments have demonstrated
the proposed ATSMR can benefit from the faster transient re-
sponse, quicker reduction of chattering, and stronger disturbance
rejection ability over the existing methods.
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