IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 9, NO. 2, APRIL 2021

1605

An Extended-State-Observer-Based Sliding-Mode
Speed Control for Permanent-Magnet
Synchronous Motors

Lizhi Qu

Abstract— To improve the tracking performance of the speed
controllers of permanent-magnet synchronous motor (PMSM)
drive systems with different disturbances, such as internal para-
meter variations and external load changes, a novel extended-
state-observer-based sliding-mode speed control (ESO-SMSC)
scheme for PMSM drives is proposed in this article. First, a fast-
response SMSC is designed based on the upper bound of the
total disturbance. Then, an ESO is designed to estimate the total
disturbance in real time. The parameters of the ESO can be
easily designed based on the desired bandwidth of the ESO. The
estimated total disturbance is then used to update the control
law of the SMSC in real time. The resulting ESO-SMSC has
improved speed tracking performance and strong robustness
to disturbances while maintaining the fast dynamic response.
The stability of the closed-loop PMSM drive system with the
proposed ESO-SMSC is proven through the Lyapunov theory.
The proposed ESO-SMSC is validated by experimental results
for a 200-W salient-pole PMSM drive system.

Index Terms— Active disturbance rejection control (ADRC),
extended state observer (ESO), permanent-magnet synchronous
motor (PMSM), sling-mode speed control (SMSC).

I. INTRODUCTION
ERMANENT-MAGNET synchronous motor (PMSM)
drives have been widely used in many industrial appli-

cations due to their high power density, high efficiency, and
high reliability. The closed-loop control schemes of PMSM
drives are commonly designed by using the field-oriented con-
trol (FOC) technique. If an FOC-based PMSM drive operates
in a speed control mode, the outer-loop speed control provides
the reference signal for the inner current loop and, therefore,
affects the performance of the whole drive system directly.
Due to its simplicity, the traditional linear proportional-integral
(PD) control method has been widely applied to design the

Manuscript received November 13, 2019; revised January 23, 2020 and
March 30, 2020; accepted April 18, 2020. Date of publication April 27,
2020; date of current version April 1, 2021. This work was supported in
part by the U.S. National Science Foundation under CAREER Award ECCS-
1554497 and in part by the University of Nebraska Collaboration Initiative
Seed Grant. Recommended for publication by Associate Editor Juan C. Balda.
(Corresponding authors: Wei Qiao; Liyan Qu.)

Lizhi Qu is with Toshiba International Corporation,
77041 USA (e-mail: lizhi.qu@toshiba.com).

Wei Qiao and Liyan Qu are with the Power and Energy Systems Lab-
oratory, Department of Electrical and Computer Engineering, University of
Nebraska—Lincoln, Lincoln, NE 68588-0511 USA (e-mail: wqgiao3@unl.edu;
Iqu2@unl.edu).

Color versions of one or more of the figures in this article are available
online at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JESTPE.2020.2990442

Houston, TX

, Member, IEEE, Wei Qiao™, Fellow, IEEE, and Liyan Qu, Senior Member, IEEE

speed controllers for PMSM drives [1]. However, internal and
external uncertain disturbances, such as parameter and load
variations, respectively, are always present in practical PMSM
drives. It is difficult to mitigate these disturbances rapidly
when using the traditional linear PI controller.

To improve the performance of the PMSM drive systems
with different uncertain disturbances, many advanced con-
trol schemes, such as adaptive control [2], intelligent con-
trol [3], predictive control [4], robust predictive control [5],
and sliding-mode control (SMC), have been developed for
the speed control of PMSM drives. Among these advanced
control schemes, the SMC scheme has demonstrated superior
tracking performance and robustness to internal parameter
variations and external load disturbances in different appli-
cations [6], [7]. However, since it is hard to determine the
upper bounds of the disturbances, the robustness of the SMC
was usually achieved by using a large switching gain, which
yielded an undesired chattering problem [8]. To overcome this
drawback, combining the SMC with a disturbance observer is
an attractive approach. The disturbance observer estimates the
total disturbance of the system in real time, which is then com-
pensated timely in the SMC to mitigate its impact [9], [10].
Various disturbance observers have been designed for the
speed and current control of PMSM drives [11]-[14]. How-
ever, the design of these disturbance observers relied on an
accurate model of the drive system.

Recently, the active disturbance rejection control (ADRC)
method [15], [16], whose design does not require an accurate
system model, has been applied for the disturbance-tolerant
control of PMSM drives [17], [18]. In [17], a hybrid sensorless
FOC scheme combining an ADRC-based high-frequency (HF)
current injection method with another ADRC-based back elec-
tromotive force (EMF) method for the rotor position estima-
tions in low- and high-speed regions, respectively, for PMSMs
was presented. However, the speed loop was still designed
by using the conventional PI controller. In [18], a linear
ADRC (LADRC) combined with a load torque observer was
proposed to realize a robust speed control for a five-phase
PMSM to achieve a reduced overshoot and improved dynamic
response when a disturbance occurred. The speed controller
was designed by using the simple proportional control method.

This article proposes a novel extended-state-observer-based
sliding-model speed controller (ESO-SMSC) for FOC-based
PMSM drives to improve their disturbance rejection ability as
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well as steady-state and dynamic speed tracking performance.
The disturbances considered include the rotor magnetic flux
linkage and load torque variations. The ESO-SMSC combines
an SMSC with an ESO, which is a core part of the ADRC. The
SMSC is designed to achieve fast speed tracking performance
based on the upper bound of the total disturbance, which is
estimated in real time by the ESO whose parameter can be
simply designed based on the desired bandwidth. The control
law of the SMSC is then updated in real time by using the
total disturbance estimated by the ESO in the feedforward
path to mitigate the influence of the total disturbance on
the speed tracking error in both steady-state and transient
conditions. Thus, the proposed ESO-SMSC is robust to system
disturbances and has fast speed tracking performance. The
stability of the closed-loop PMSM drive system with the ESO-
SMSC is proven by using the Lyapunov theory.

This article is organized as follows. Section II presents
the dynamic motion model of a salient-pole PMSM without
considering disturbance and the proposed SMSC. Section III
presents the dynamic motion model of the PMSM considering
disturbances, the proposed ESO and ESO-SMSC, the speed
tracking error dynamic analysis, and the parameter tuning
method for the ESO. Experimental results on a salient-pole
PMSM drive system are provided in Section IV to show the
superiority of the proposed ESO-SMSC over the conventional
PI speed controller (PISC), the SMSC without using the ESO,
and a disturbance observer-based SMSC (DO-SMSC) [9].
Finally, Section V provides concluding remarks of this article
and a brief discussion of the future work.

II. PROPOSED SMSC FOR PMSM DRIVES

A. Dynamic Motion Model of a PMSM Without
Considering Disturbance

The electromagnetic torque equation of a general salient-
pole PMSM in the d-q reference frame is

3 : .
T, = Enp[l//mlsq + (Ld - Lq)lsdlsq] (1

where T, is the electromagnetic torque; i;q and iy, are the
d- and g-axis stator currents, respectively; Ly and L, are the
d- and g-axis inductances, respectively; v, is the rotor magnet
flux linkage; and n,, is the number of pole pairs.
The mechanical motion equation of the salient-pole PMSM
can be written as
1% 1 Ba, )
dt
where J is the moment of inertia; B is the viscous friction
coefficient; @, is the rotor mechanical angular speed; and
Ty, is the load torque.
In this article, the FOC system of the salient-pole PMSM
uses the izy = 0 control method. Since w, = n,-w,,, according
to (1) and (2), the following equation can be obtained:

dwe 1/3 2 .
i = 7 Enpl//mlsq — Bw, —n,T,
= aiyg — bow, — Ty, 3)

where a = (3/2)(nf,1//m/f), b= (B/J),and c = (n,/J).
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B. Proposed SMSC for the PMSM

Define the rotor speed error e, as follows:

— Wer (4)

Cn = Wy

where w,, is the rotor speed reference. The objective of the
SMSC is to control ¢, to be zero.

To design the SMSC, the following sliding surface func-
tion [7], [9], [19] is chosen due to its simple structure and
precise steady-state speed tracking performance

%=%+%/% 5)

where ¢, is a positive number that determines the decay rate
of the rotor speed error.

Then, a suitable control law is derived such that o, satisfies
the following sliding mode condition:

00,00 < 0. (6)

If (6) is satisfied, o, will approach zero in finite time.
To satisfy (6), the control law of the SMSC can be designed
as follows:

isqr = —)0x — ﬂsgn(ﬂw) (7

where iy, is the g-axis current reference; sgn is the sign
function; y is a positive number that determines the decay
rate of the rotor speed error; 7 is the switching gain, which
guarantees the stability, induces a sliding motion on the sliding
surface in finite time, and is defined as follows:

1
n= - (bloe| +cpL + coleul) ®)

where ¢ is the bound of the absolute value of the load torque,
i.e., |T| < ¢@r. Then, the sliding mode condition (6) can be
proven to be satisfied as follows:

0wl = Ou(aiyy — bwe — cTy + cpey)
= —ay 0-(3 — ano,sgn(o,) + 0,(—bw, — cTr + cyew)
< —ayo, —anlo,| + (bl + cpr + coles|)loy

= —ay 0'&2) < 0. 9

Therefore, the closed-loop speed control system is asymp-
totically stable [20].

III. PROPOSED ESO-SMSC FOR PMSM DRIVES

A. Dynamic Motion Model of a PMSM Considering
Disturbances

The SMSC has a certain degree of robustness to system
disturbances, including parameter variations and external dis-
turbances. To minimize the effect of the chattering problem,
a small switching gain is desired for the SMSC. However,
to ensure that the SMSC is robust to large disturbances, a large
switching gain is desired, which, however, will lead to the
undesired chattering problem. An attractive solution to this
dilemma is to make the control law of the SMSC adaptive to
the disturbances, which are estimated online by an observer.
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To design an appropriate disturbance observer, the dynamic
motion equation of the PMSM that considers machine parame-
ter and load torque variations is expressed as follows according
to (3):
do, 31 B

dl‘e 5 ])Zmo isq - T(())we + fid + fed
= aOisq — bowe + fid + fed

where ap = (3 /2)(n?,z//mo /Jo); bo = (By/ Jp); the subscript “0”
denotes nominal parameter values; fiq and f.q represent the
uncertain dynamics caused by machine parameter and external
load torque variations, respectively, which are expressed as
fia = —(AJ e/ Jo) = (ABwe/ Jo) + (3/2)(n Aymisg/ Jo) and
fea = —(n, T/ Jo), respectively, where AJ = J — Jo; AB =
B— By, Ay, = W — Wmo; and J, B, and y,, are actual
parameter values.

Let fig = fia + feq be the total disturbance, x = [w,, fia]”
be the state vector, and u = [iy, 017 be the control input vector.
Assume that fig is constant during every sampling period.
Then, the mathematical model (10) can be rewritten in the
following matrix form:

(10)

X =Ax+ Bu (11)
where
B 37
A= Jo and B=| 2
0 0 0 0

B. Proposed ESO-SMSC for the PMSM

An ESO is designed as follows to online estimate the total
disturbance fiy for the speed control loop of the PMSM drive

e =0 —
®e = fia — Porer + aoisq — bowe

fra = —Pner

where @, and ﬁd are the estimated values of w, and fg,
respectively; fo; and fg, are the gains of the ESO. Equa-
tions (12) indicate that the design of the ESO only requires the
nominal values of the PMSM parameters and, thus, is robust
to PMSM parameter variations.

By taking into account the estimated total disturbance, a new
control law of the SMSC is designed as follows:

12)

isqr = —Y0p — ﬂ/Sgn(Uw) - iftd (13)
ao

where 7' = %(bolwel + cylew]), which is much smaller than

the original switching gain 5 expressed by (8) to avoid the

chattering problem; and m is the compensation gain designed

as m = 64/ fu > 0.

If the bandwidth of the ESO is high enough as compared
with the time variation of the internal disturbance, the variation
of fi4 is nearly zero during each short sampling period, such
as 100-200 us commonly used for FOC-based PMSM drives,
that is, ﬂd = 0 [21]. Define the total disturbance observation
error Afig = fiua — fu. Then

Afu= fu— ]étd = _]étd~ (14)
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ESO-based SMSC

We

Fig. 1. Schematic of an FOC-based PMSM drive system with the proposed
ESO-SMSC.

Define the following Lyapunov function:

I, 1 2
Then, the derivative of V can be derived as follows:
V = 0460 +mAfigA fiu

= 0o (aoisy — bow, + fia + cvew) +mAfiaA fia

= —aopy 0'0(2) - aO"]/Ungn(Uw) + 00 (—bowe + C0lw)
~mAfig fra + 00 Afua

< —apyo; — apn'|ow| + (bolwe| + colew)los|
~mAfia fra + 00 Afra

= —ayy aaz) < 0. (16)

Thus, the asymptotical stability of the closed-loop speed
control is proved. Finally, the proposed ESO-SMSC is
obtained by combining (12) and (13).

Fig. 1 depicts the block diagram of the FOC-based PMSM
drive using the proposed ESO-SMSC for the speed tracking
control. The PMSM is fed by a pulse-width modulated (PWM)
inverter. The entire control system adopts the commonly
used double-loop structure. PI controllers are used for the
inner current loop. The proposed ESO-SMSC is used for
the outer speed loop, which generates the reference is, for
the torque producing current igq. The reference of the field
current iy is set to be O A. An incremental encoder is used to
measure the PMSM rotor speed w,. The rotor position 6, is
obtained by integrating the rotor speed w, for the coordinate
transformation.

C. State Tracking Error Dynamics Analysis and Parameter
Tuning Algorithm for the ESO

Equations (12) can be written in the following matrix form:

£ = Apk + Buu + Cpx (17)

where ¥ = [@,, f,d]T is the estimated state vector; A,, is the
gain matrix of the ESO; and B,, and C,, are nominal matrices.
These matrices are expressed as follows:

[—ﬁm 1]
o2 O

3nil//m0
Bn=B=|2
0

Am

0 , and C,, = [_%+ﬂ01 0].
0 Poz 0
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Fig. 2. Block diagram of the experiment system.

Subtracting (17) from (11) gives

é=Aye (18)

where e = [e1, e2]" = [@c — we, fra — fa]”. Equation (18)
shows that the eigenvalues of A,,, which depend on the
ESO parameters fy; and S, determine the behavior of the
ESO. If and only if By, > 0, the error dynamics (18) is
asymptotically stable.

Since the state tracking error of the ESO is determined
by the bandwidth of the ESO, i.e., the larger the bandwidth,
the faster the tracking dynamics and, thus, the smaller the
state tracking error, the parameters of the ESO can be simply
designed according to the desired bandwidth of the ESO [16].
In this article, the parameters of the ESO are designed such
that the matrix A, has a double eigenvalue A that is equal
to the bandwidth of the ESO. Thus, the following equation
should be satisfied:

A+ por —1 ‘

AE — A, | =
| | Poz A

= 22+ Bo1 A+ Por= (A — ax)*
(19)

where g is viewed as the bandwidth of the ESO. Once
is chosen, the ESO parameters fy; and S, can be determined
according to (19) as fo1 = —2wp and Sy = . Thus, larger
values of Bo; and By, lead to a larger bandwidth of the ESO.

The bandwidth @y should be large enough to ensure that the
dynamics of the ESO is sufficiently fast to track the variation
of the total disturbance. On the other hand, a larger bandwidth
will make the ESO more sensitive to sampling noise. Thus,
in practice, the bandwidth of the ESO can be designed
as a tradeoff between disturbance tracking performance and
immunity to sampling noise.

1V. EXPERIMENTAL RESULTS
A. Experiment Setup

Experimental studies are carried out for a 200-W FOC-
based salient-pole PMSM drive system to evaluate the pro-
posed ESO-SMSC in comparison with the conventional PISC,
the SMSC, and the DO-SMSC [9]. The block diagram
and hardware setup of the experiment system are shown
in Figs. 2 and 3, respectively. The parameters of the PMSM
are given as follows. The rated speed is 1500 rpm; the rated
load torque is 1.5 N-m; the stator resistance is R; = 0.235 Q;
the d-axis stator inductance is Ly = 0.275 mH; the g¢-
axis stator inductance is L, = 0.364 mH; the rotor magnet
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Fig. 3. Hardware setup of the experiment system.

TABLE I

PERFORMANCE COMPARISON OF THE FOUR SPEED CONTROLLERS
UNDER SUDDEN SPEED CHANGES

Performance Metrics ESO-SMSC|DO-SMSC|SMSC|PISC
Settling Time ¢, (ms) 90 120 180 | 210
Rising Time #, (ms) 82 115 130 | 170
Steady-State Tracking Error e, (rpm) 2 5 14 16

flux linkage is w,,0 = 0.013439 V-s; the voltage constant is
K., = 9.7 mV/rpm; the number of pole pairs is n, = 4; the
moment of inertia is Jy = 0.000007 kg-mz; and the viscous
friction coefficient is B = 0.009 N-m-s/rad. The DC bus
voltage of the inverter is 41.75 V. The switching frequency of
the inverter is 10 kHz. The control algorithms are implemented
in a dSPACE 1104 real-time control system with a sampling
period of 100 us. The dead time was set as 1 us.

In the experimental studies, the parameters of the current
loop are set to be the same for the PMSM drive with four
different speed controllers. The bandwidth of the current loop
PI controllers is selected as 2000 Hz. The bandwidth of the
conventional PISC is chosen as 28.5 Hz according to [22]
and [23]. The bandwidth of the ESO is designed as 90 Hz
as a tradeoff between disturbance tracking performance and
immunity to noise. The bandwidth of the DO of the DO-SMSC
is the same as that of the ESO. The SMSC of the ESO-SMSC
is the same as that of the DO-SMSC. The SMSC parameter
y that determines the decay rate of the rotor speed error is
usually between 0 and 1 and is chosen to be 0.1 to achieve
fast speed tracking performance in this article. The SMSC
parameters 7 and #’ are chosen to be 2 and 0.01 according
to (8) and the definition after (13), respectively. The total
compensation gain m/ag, which only needs to be larger than
zero, is chosen to be 0.5 as a tradeoff between steady-state
and transient performance.

B. Sudden Speed Changes at Constant Load Torque Without
Parameter Mismatch

In this test, the torque reference is kept constant at 1.5 N-m
but the speed reference is step changed from 1000 to 1500 rpm
and then back to 1000 rpm. Fig. 4 shows the comparison
of the reference and actual rotor speeds and the rotor speed
tracking errors of the PMSM with the PISC, the SMSC, the
DO-SMSC, and the proposed ESO-SMSC during the test.
Fig. 4 shows the comparison of the detailed transient responses
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Fig. 4. Experimental results under sudden speed changes. (a) PISC. (b) SMSC. (c) DO-SMSC. (d) Proposed ESO-SMSC.
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Fig. 5. Comparison of transient responses of the four speed controllers.

of the four speed controllers. Table I provides the comparison
of the settling time f,, rising time f#,, and average steady-
state tracking error ey, of the PMSM rotor speed using the
four speed controllers after the step changes in the speed
command. The settling time and rising time of the proposed
ESO-SMSC after the sudden speed changes are 90 and 82 ms,
respectively, which are much shorter than 120 and 115 ms of
the DO-SMSC, 180 and 130 ms of the SMSC, and 210 and
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Fig. 6. Load torque reference for the four controllers.

170 ms of the PISC, respectively. The speed rising times
of the PMSM using the four different speed controllers are
also clearly shown in Fig. 5. Moreover, the steady-state speed
tracking error of the proposed ESO-SMSC is 2 rpm, which
is much smaller than 5 rpm of the DO-SMSC, 14 rpm of
the SMSC, and 16 rpm of the PISC. These results show that
by properly estimating and compensating the total disturbance
shown in Fig. 4(d), the ESO-SMSC has better steady-state
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and transient speed tracking performance than the PISC,
the SMSC, and the DO-SMSC.

C. Sudden Load Torque Changes at Constant Speed Without
Parameter Mismatch

In the second test, the load torque, which is an external
disturbance, is step changed from 0.75 to 1.5 N-m and then
back to 0.75 N-m, as shown in Fig. 6. The speed reference
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Experimental results under sudden load torque changes. (a) PISC. (b) SMSC. (c) DO-SMSC. (d) Proposed ESO-SMSC.

TABLE I

PERFORMANCE COMPARISON OF THE FOUR SPEED CONTROLLERS
UNDER SUDDEN LOAD TORQUE CHANGES

: ESO DO
Performance Metrics SMSC | -SMsC SMSC | PISC
Steady-State Tracking Error ess (rpm) | 4.4 6.7 20 22
Overshoot e,s (rpm) 0 0 100 125

is kept constant at 1500 rpm during the test. Fig. 7 shows
the comparison of the reference and actual rotor speeds and
shows the rotor speed tracking errors of the PMSM with the
PISC, the SMSC, the DO-SMSC, and the proposed ESO-
SMSC during the test. Table II shows that the average steady-
state tracking error ¢;; of the PMSM rotor speed after the step
changes in the load torque using the proposed ESO-SMSC
is only 65.7%, 22%, and 20%, respectively, of that using the
DO-SMSC, the PISC, and the SMSC. Moreover, as shown
in Fig. 7 and Table II, when using the ESO-SMSC and DO-
SMSC, the speed overshoots after the step load torque changes
are negligible, but are much larger when using the SMSC and
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Fig. 9. Experimental results at 1500 rpm and the rated load with the rotor magnetic flux linkage mismatch. (a) PISC. (b) SMSC. (c) DO-SMSC. (d) ESO-PSC.
(e) Proposed ESO-SMSC.

the largest when using the PISC. These results prove that by the ESO in real time, as shown in Fig. 7(d), the ESO-SMSC
properly compensating the total disturbance fy estimated by exhibits a remarkably improved capability of rejecting or
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TABLE III

PERFORMANCE COMPARISON OF THE FIVE SPEED
CONTROLLERS WITH PARAMETER MISMATCH

ESO-
SMSC

ESO-
PSC

DO-

SMSC SMSC | PISC

Performance Metrics

Steady-State Tracking Error ess (rpm)
before Parameter Mismatch
Steady-State Tracking Error ess (rpm)
after Parameter Mismatch

2.5 49 5 11 13

2.5 6.8 7 13 17

robustness to the external disturbance and, thus, has better
steady-state and/or transient speed tracking performance than
the conventional PISC, the SMSC, and the DO-SMSC.

D. Constant Load Torque and Constant Speed With
Parameter Mismatch

In the third test, the robustness of the proposed ESO-
SMSC to rotor magnetic flux linkage variation is verified in
comparison with the PISC, the SMSC, the DO-SMSC, and
an ADRC-based speed controller that consists of an ESO
and a proportional speed control (ESO-PSC). The bandwidth
of the PSC is the same as that of the PISC. The bandwidth of
the ESO is the same as that of the proposed ESO-SMSC.
The speed reference and load torque are kept constant at
1500 rpm and 1.5 N-m, respectively. Assume that the rotor
magnetic flux linkage w,, used by the five speed controllers
is mismeasured to be 200% of w,o from 4.2 s onwards,
as shown in Fig. 8. Fig. 9 and Table III shows the comparison
of the rotor speed tracking performance of the PMSM using
the five speed controllers during the test. The results clearly
show that both the average value and the magnitude of
oscillation of the steady-state tracking error of the PMSM
rotor speed using the proposed ESO-SMSC are much smaller
than those using the PISC, the SMSC, DO-SMSC, and the
ESO-PSC. Moreover, with the help of the ESO to estimate
and compensate the total disturbance ﬁd in the ESO-SMSC,
as shown in Fig. 9(e) and Table III, the rotor speed tracking
performance is not affected by the parameter mismatch at all.
However, when using the PISC, the SMSC, the DO-SMSC, or
the ESO-PSC, the rotor speed tracking error increases when
the parameter mismatch occurs. Therefore, the ESO-SMSC
exhibits an improved capability of rejecting or robustness to
internal disturbance (parameter mismatch) compared to the
PISC, the SMSC, the DO-SMSC, and the ESO-PSC.

V. CONCLUSION

An ESO-SMSC was proposed for PMSM drive systems to
achieve a fast dynamic response, precise tracking performance,
and high robustness to disturbances of the system, such as
parameter variations and load torque changes. First, a fast-
response SMSC was designed based on the upper bound
of the total disturbance. Then, an ESO was proposed to
online estimate the total disturbance of the PMSM drive
system. Finally, the control law of the SMSC was adapted by
compensating the estimated total disturbance with the stability
proven by the Lyapunov theory, leading to an ESO-SMSC
with improved disturbance rejection ability over the SMSC.
The experimental results showed that the PMSM drive system
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using the proposed ESO-based SMSC has a better disturbance
rejection capability, smaller steady-state speed tracking error,
and improved dynamic response than that using the conven-
tional PISC, the SMSC, the DO-SMSC, and the ESO-PSC.

In the future work, the ESO-based SMC method will be
applied to the current loop of the PMSM drive system to
further improve the robustness of the closed-loop system
to other disturbances such as inductance and/or resistance
variations.
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