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Abstract: This paper focuses on the speed regulation of a permanent-magnet synchronous motor
(PMSM) with an uncertain extended load disturbance. A novel super-twisting sliding-mode control
(NSTSMC) was proposed via a nonlinear integral sliding surface and a modified reaching law,
effectively suppressing the chattering phenomenon. In addition, the NSTSMC can improve the
convergence performance with a 0.04 s settling time, satisfying the super-twisting algorithm stability
condition. For the novel integral sliding surface, the integral power term of the system state variables
was incorporated into the conventional sliding surface to effectively improve the convergence rate and
anti-disturbance ability. Moreover, an extended sliding-mode disturbance observer (ESO) was used to
estimate the lumped extended disturbance and add the corresponding feedback compensation value
from the sliding-mode disturbance observer to the output of the speed controller for the improved
robustness of the system. The ESO-NSTSMC was developed to improve the performance of PMSM
speed regulation by combining the advantages of the novel integral sliding surface, achieving a
settling time of 0.01 s without overshoot. We confirm the performance of the proposed NSTSMC
through a PMSM speed simulation and demonstrate that the controller can enhance the dynamic
performance and robustness of the system.

Keywords: PMSM; integral sliding surface; super-twisting algorithm; disturbance observer
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1. Introduction

Permanent-magnet synchronous motors (PMSMs) have received widespread attention
among the various types of AC synchronous motors due to their advantages of low acoustic
noise, high power density, lofty torque-current ratio, and simple structure [1-3]. Due to
its advantageous characteristics and wide applications in industry, a PMSM as the control
object has become a research hotspot, as introduced in [4,5]. However, the existence of pa-
rameter perturbations, system uncertainties, and unavoidable external disturbances in the
speed regulation system of the PMSM makes it difficult to simultaneously obtain excellent
anti-disturbance properties and achieve high-precision speed-tracking performance using
the conventional linear control methods such as the linear proportional-integral control
algorithm and linear quadratic-regulator control [6,7]. With the rapid development of
modern control theories, various nonlinear advanced control strategies and algorithms
have been applied to the PMSM system, including robust control [8], active disturbance
rejection control [9,10], He control [11], and sliding-mode control (SMC) [12,13].

Due to its insensitivity to uncertainties and disturbances, SMC is considered one of the
most effective strategies for dealing with uncertain nonlinear systems among the existing
advanced control algorithms, and fast dynamic responses and strong robustness can also
be achieved with SMC [14-16]. Since conventional SMC cannot converge to the equilibrium
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point in finite time, terminal SMC was developed [17], where the tracking error can be
steered to the equilibrium point in finite time. Furthermore, nonsingular terminal SMC
was designed to solve the singularity problem of terminal SMC for the PMSM system [18].
In [19], a new control strategy called the dual-time-scale SMC method for PMSM was
proposed. Based on the quasi-steady-state theory, two parallel SMCs were used to control
the PMSM rather than the conventional velocity-current dual-loop control.

However, the most prominent drawback of conventional SMC in previous studies was
the steady-state inaccuracies and chattering phenomena caused by discontinuous control
actions [20]. To reduce this tendency, many control strategies have been proposed [21-23].
With the development of SMC theory and the requirement for high-precision control,
an effective way to reduce chattering is to use high-order SMC techniques [24]. Since
the integrator in the super-twisting algorithm (STA) can smoothen discontinuous signals,
super-twisting SMC ensures higher accuracy in tracking performance and the simultaneous
damping of chattering phenomena for PMSM for which the STA is best known [25].

However, the SMC algorithm must choose a large control gain to provide adequate
control strength and restrain the adverse effects of disturbances [26], which can result in
the suboptimal dynamic and steady-state performance of the PMSM system. In addition,
the upper limit of the disturbances presented in the control systems of the PMSM cannot be
directly measured or estimated in practical applications [27], which worsens the chattering
phenomenon when the gain of the sliding-mode controller becomes much larger [28].

To solve these problems, an effective approach to overcome this difficulty is to use
composite control techniques [29,30]. Since disturbance observers can handle external
disturbances, they can be used to improve the control performance of the system [31].
By using a disturbance observer (DOB) to estimate the unknown incidental disturbances
and compensate for the estimates of SMC, better control performance can be achieved
without the need for a large control gain [32]. Due to the advantages of the ESO in terms
of its ease of application and robustness, many studies have shown that the expected
estimation performance is achieved using the interference observer with the sliding-mode
technique [33,34].

Based on the above research, in this study, a composite NSTSMC scheme is designed
by introducing a DOB and combining it with an NSTSMC algorithm to obtain better
performance for the speed-regulation problem of a PMSM system. We design a new finite-
time integral sliding surface and calculate its finite time. Moreover, a new reaching law is
added to the NSTSMC to improve the chattering phenomenon. The main contributions of
this work can be summarized as follows:

¢  Since the proposed nonlinear sliding surface makes the state of the control object
reach the equilibrium point quickly, we propose a novel nonlinear sliding surface by
developing a terminal attractor for SMC.

*  The proposed NSTSMC incorporates the STA to reduce chattering and improve the
control performance of the PMSM.

*  The finite time is calculated via the novel sliding surface.

*  The ESO is incorporated into the NSTSMC to suppress overshoot and oscillation for
the control precision of the PMSM.

The rest of this study is organized as follows. In Section 2, the mathematical model for
the three-phase PMSM and external disturbances is introduced. To estimate the unknown
lumped disturbance and compensate for the estimated value of SMC, the ESO is introduced
in Section 3. In Section 4, the proposed novel integral sliding surface based on a terminal
term is shown, and the adaptive super-twisting algorithm and analysis of system stability
using the strong Lyapunov function are discussed. In Section 5, the effectiveness of the
proposed methods is verified using simulations. Finally, the conclusions are presented in
Section 6.
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2. Mathematical Model of PMSM

The mathematical model of the surface-mounted PMSM (SPMSM) in the reference
coordination is represented as follows [20]:

Vs = Rig+ L%t — ppwmLsiy,

. d :
3pnr .
]L(dutm = lepf lq — TL - B(UWl/

whose parameters are listed in Table 1.

Table 1. Parameters of the dynamical model of the PMSM.

System Parameters Unit Description
Vi, Vg v d-axis and g-axis stator voltages
ig, ig A d-axis and g-axis stator currents
W rad/sec electrical rotor angular velocity
R; Q stator resistance
Ls H stator inductance
J kg - m? rotor-equivalent inertia
B N-m-s/rad viscous friction coefficient
(o Wb magnetic flux
Pn number of poles
T N-m load torque

For SPMSM, good control performance can be achieved using the rotor magnetic field
orientation control (FOC) method with i; = 0. Therefore, Equation (1) can be rewritten into
the mathematical model as

dig _

1 .
T = 1 (~Rig — pugeon + V),

dwy 1 3pntpy

@)

To change the dynamical model of rotational speed in Equation (2) into a state-space form,
the state variable regarding w,,,s and w;, must be defined as follows:

X1 = Wemd — Wy

®)

X2 = X1 = Wepd — Wi,

where w7 and wy, are the reference and actual angular velocities, respectively. In general,
Wemd = Wemg = 0 as weyy is designed to be a constant. By combining Equations (2) and (3),
X1 and X, can be redefined as follows:

. . . . 1 3pnyy .
xl:wcmd_wm:wcmd+](3wm+TL_ 721 flq)r
, 4
3Pn¢f ) diq B Ty ( )

+ —lom + —.

2] at ] ]

Here, u = diq /dt,a=B/],and b = 3p,¢ fi /2] are defined, and Equation (4) is transferred
to a state-space form, as in Equation (5).

X2 = Wepg — Wm = Wepd —

X1 = X,

Xo = —IZXz—bu+d(t), ©®)
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where d(t) = T/ ] + @ema + (B/])@ema is the lumped extended disturbance. During the
actual application of a PMSM, it is difficult to effectively measure the load disturbance
value. Therefore, we assume that the lumped extended disturbance is globally bounded
and define it as d = sup|d(t)| for t > 0.

3. Design of Extended Sliding-Mode Disturbance Observer

The extended sliding-mode disturbance observer technique is presented for the PMSM
control system [35]. By using the ESO, external load disturbances are subsequently applied
as feedback to the NSTSMC after being estimated online. Figure 1 shows the structure of the
ESO and the detailed procedure is demonstrated in the following description. Compared
to the system state that changes in each sampling cycle of the speed loop, the system
perturbations are regarded as considerably slow in a real PMSM-driven system. Therefore,
the derivative of d(t) in Equation (2) can be considered d(t) = 0 with respect to time
(t). The state-space equations of the system can be expressed as in Equation (6), with the
mechanical rotor angular velocity (w;,) and external disturbances (d(t)) as state variables,
the electromagnetic torque (T,) as the control input, and the external disturbance as the

system output.
W _B _1 w 1
T = J J " /
[d ] [ 0 0 [ d }+ 0 |1
— Wm
y=1_[0 1}[ d }

The ESO equation can be expressed as in Equation (7), where the mechanical rotor
angular velocity (wy,;) and the external load disturbance d(f) are taken as estimates.

(6)

1
]
0

Gl _ | =5 1|9 ] 4
d 0 0 d
where [ is the observer gain. By taking the speed observation error as ¢;, = wy — @,

1(eqo) is treated as the sliding-mode function. The equation of the observation error via
Equations (6) and (7) is given by

—

ot | [nte) @)

do = _?edo - %edis - ﬂ(edo)r (8)

Cgis = —1 - 77(30.'0)/
whereey;s = d — d is the observation error for the external load disturbance. The sliding
surface is demonstrated for this ESO as follows:

t

0w (t) = eqo(t) + 7\1/0 eqo(T)dT )

where A is a positive scalar. The exponential reaching law based on the boundary layer
method is adopted to reduce the chattering from using the ESO.

0w = —kwsat(ow) — ktwow, (10)

where ki, > 0 is the exponential coefficient of the convergence law and k., > 0 is the
switching gain. By using —ey;s/J as the perturbation term and substituting Equation (10)
into Equation (11), the sliding-mode function #(e4,) can be written as

n(eq) = (/\1 — 1]3) g0 + kwsat(ow) + kiwow. (11)
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The following conditions are satisfied when the observer trajectory reaches and stays
on the sliding surface o, = 0 within a finite time.

O-(UZO-(UZO,

. 12
edo = 4o = 0. 12)

Combining Equations (8) and (12) yields the equation of the observation error, and
Equation (13) is as follows:

egis = —J - U(edo)/

. 13

bais = —1 -1 (eq0)- 1)
Therefore, based on Equation (13), the estimation error of the external load disturbance
with respect to time is given by

1
eais = cqel, (14)
where ¢, is a positive constant. The observer gain should satisfy [ < 0 to guarantee that
the observation error of the external load disturbance converges to zero. In addition, the

observer gain is related to the convergence speed of the estimation error. The Lyapunov
function is defined below to ensure the stability of the ESO.

1

By differentiating V; with respect to time (t) and applying the control law in Equation (11),
the following equation can be obtained:

Vl = 0w 0w
B 1
= 0w <_]edo - Tedis - U(edo) + Aew) (16)

1
=0y <—]6’d1‘s - kwsat(aw)> — ktwaf,.

To satisfy the finite-time Lyapunov stability theorem V < 0 for Equation (16), the con-
dition of the control gain is chosen as

1
ko + ktwew > j|edis|r (17)

where ¢, is the layer thickness of Equation (10). Based on Equation (17), the ESO is
asymptotically stable at an appropriate observer gain while the observer trajectory moves
and approaches the sliding-mode surface within a finite time. Figure 2 shows how the
ESO is embedded in the NSTSMC. Figure 3 illustrates the schematic structure of the entire
PMSM system.

T |4
S
-1 l——a
W, + d(1)
crmd ——>
a)m

Figure 1. Block diagram of ESO.



Mathematics 2023, 11, 1618

6 of 15

L%

@ g 1 u u g
q q o >
- NSTSMC: | E“B . Inverse | ;
1 oo u, Park w. | svPwm »| Inverter
RN Y i B R
D 7E_>Transformat|on > ;
ESO Lo e
- . Park < Clark [
) !y [Transformation}e Transformation|_%
PMSM

Figure 2. ESO-embedded NSTSMC structure diagram.
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Figure 3. Block diagram of PMSM system based on the NSTSMC with the ESO scheme.

4. Design of PMSM Speed Controller
4.1. Design of a Novel Integral Sliding Surface

To improve the convergence speed and robustness, a novel integral sliding surface
(NSS) is proposed as follows:

t q

0= Aaxa + A3 / (x,  + Agxy)dT, (18)
0

where A, >0, A3 > 0,A4 < 0,and g > p > 0. Equation (18) becomes zero when the initial
state arrives at the sliding surface (). Equation (18) can be obtained after rearranging
Equation (19) when o = 0, as follows:

. )\3 [ p 1-1 )\4 2
= 0) 7+ =x5(0)]. 19
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We can obtain t; by taking an integral from 0 to the convergence time (t;) and from
x(0) to x(ts) for Equation (19), as follows:

te = 2)\2((]—}))
s — —q .
2pA3]x1(0)] 7 + A3A4(p —q)[x1(0)]

(20)

4.2. Design of Novel Reaching Law

To address the chattering phenomenon, the super-twisting algorithm (STA) with a
perturbation term is introduced, which can be written as follows [36]:

i 1
o= —kilo|2sgn(o) — koo + z, 1)
z = —kssgn(c) + 0,
where ky, kp, and k3 represent the positive scalar. Moreover, o stands for the sliding surface
calculated using Equation (18). The perturbation term ¢ = A, [d(t) —d (t)} is supposed to

be bounded as |#| < p with p > 0. Based on the STA, a novel super-twisting algorithm
called the NSTA is proposed as follows:

¢ = —ki || 2sgn(c) — ko (t)o + 2 )
z = —ksna(t)sgn(o) + 9,

where, #71(t) and 75(t) represent the adaptive terms, as in Equations (23) and (24), and
0<e<1,ky>0.17(t) and #5(t) are globally bound and defined as ; = sup #;(t) and
2 = sup 12 (t), respectively, for t > 0.

1

e+ (ko—b—ﬁ —s)e—|‘7\.

mt) = (23)

The property of #; (t), which was introduced in [37], is that #; () converges to a value
of 1/¢ greater than 1 if |o| increases. Therefore, 71 (f) indicates that faster arrival times can
be obtained after joining Equation (22). On the contrary, the denominator term of 7 (t)
converges to k, + 1/|c]if || decreases and 71 (t) converges to ||/ (k,|c| + 1), where the
system state |o| decreases to zero under the control inputs proposed in the subsequent
section. This indicates that 771 () decreases to zero to suppress chattering when the system
trajectory approaches the sliding surface. By varying #;(t) between 1/¢ and zero, the
controller designed based on the proposed convergence law can dynamically adapt to
changes in the sliding surface and the system state |o|.

1

2(t) = g+ (e —1)elol’

(24)

Based on [38], ¢ is a strictly positive offset that is less than 1. The parameter function
given by Equation (24) does not affect the stability of the control since 7,(t) is always
strictly positive. If |o| increases, #,(t) approaches 1/¢; therefore, 1/1,(t) converges to
¢, which is less than 1 via Equation (24). This means that the convergence speed of the
sliding surface will be faster as 7,(t) increases during the reaching mode. Meanwhile,
12(t) approaches 1 if |o| decreases; thus, 112 (t) converges to 1. This means that 1/#,(t) is
gradually reduced to limit the chattering as the system approaches the sliding surfaces.
Consequently, the ERL allows the controller to vary between 1 and 1/¢ by allowing 1/#,(t)
to dynamically adapt to changes in the switching function. By combining the advantages
of Equations (23) and (24), if |o| increases, k171 and k31, converge to kp /€ and kze in the
NSTSMC, respectively. Meanwhile, if |o| decreases, ky#7; and k31, converge to ky and 0,
respectively. By selecting a small gain of k, the system control performance can be satisfied,
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and the divergent influence is removed by the integral term k3#,sgn(c). By combining
Equations (5), (18) and (22), the NSTSMC without a perturbation term is given by

1
i = b/ ( axy + ”+/\4x1)+zx\a|%sgn(a)
(25)

+/5771(t)<f+/0t yia(t)sen(c)d ) e

Since the performance of the anti-disturbance characteristics of the controller can be
improved by combining the estimated values, the performance of the anti-disturbance
characteristics of the controller can be improved by combining the estimated values of the
ESO and Equation (25). Therefore, the proposed NSTSMC is given by

_a
iy = b/ ( ax2+ ! +/\4x1)+zx\a|%sgn(0)
(26)
+Bi(t)o + /o y12(t)sgn(o)dt + d(t)) at.
4.3. Stability Analysis of Controller
The candidate Lyapunov function for the speed controller is given by
vy =¢'Pe, 27)
where the vector ¢! is [¢] &) = [|U|%sgn((f) z]. The NSTA with the disturbance is ob-
tained as :
—[k1 +01(t)]|o|2sgn(0) +z,
. 5 (28)
z = —&(t)sgn(c) + 0.

Here, 61(t) = kznl(t)|(7\%, 52(t) = ksna(t) are globally bound by & = sup d;(#)
and &5, = supdp(t) with t > 0, respectively. By taking the derivative of the vector &7,
Equation (29) is given by
1

¢= &l A+ == E(IE1]9), (29)

\§|

], E—H] (30)

Matrix P can be obtained via the strong Lyapunov function, which is expressed as

(k1+51( 1) k(1)
P = [ 252( ) 2 2 ] . (31)

where matrices A and E are

O NI

k1401 (t)
— 2
—0(t)

k1+51( )? 1

Equation (32) is obtained by taking the derivative of Equation (27) as follows:

= z7[¢TATPE + CTPAS +(|C118)ETPE + (11]8) ¢ PE].
Equation (32) can be rewritten in an inequality form in terms of the assumption on the
bounded perturbation as follows:

Vs < ﬁ (67ATPE +TPAG + p|2[* +¢ PEETPE). (33)
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0%|&1|* can be switched to p?¢TCTCE after defining C = [1 0]. By substituting p?|&;|?
into Equation (33), Equation (34) is derived as

v, < |Cl1| (chATPC + &TPAE + p%¢TCTCE +§TPEETP§). (34)

Using the algebraic Lyapunov equation, Equation (34) can be rewritten as

1

Va < ——¢TQg, (35)
51
where Q = —(ATP+ PA+ p*CTC + PEETP). ky + &} is defined by A, where A is an
arbitrary positive scalar. Matrices A and P can be rewritten in the following form:

A 1 x| A2 A

s 5 205+ 5% —%

= 2 2 = 2 2 2
A [_53 O}’ P _% 1 ] (36)
Matrix Q presented in Equation (37) can be calculated using matrices A, E, C, and P as

A A asiA 2 A
Q= 74T % L2 . (37)
2 71

If Q > 0, V < 0. Using leading principal minors, the conditions to be stable are
given by

ki > 2 -7,
A A3 Ap? 2°
ks > 275(3A2—6) 43 (A2-2X) + 15 (3AZ=61)  13(3AZ—61) (38)

A>2.

4.4. Overall Stability Analysis including the Disturbance Observer and Controller

As the disturbance observer and controller are included in this study, the stability of
the entire speed loop must be guaranteed, including the ESO and NSTSMC. The candidate
Lyapunov function (V,;;) for the overall system using Equations (15) and (27) is expressed as

n
V=Y Vin=12. (39)
i=1

By taking the derivative of Equation (39), Equation (40) is given as follows:

n
Var =) Vin=1,2. (40)
i=1

By using Equations (16) and (35), V,;; < 0 is satisfied. Therefore, the stability of the
entire speed loop can be guaranteed.

5. Simulation

Table 2 summarizes the parameter values of the PMSM. We carried out performance
comparison tests to effectively present our proposed ESO-NSMC. In case I, we compared
the performance of conventional reaching law (CRL) + conventional sliding surface (CSS)
and CRL+NSS, as shown in Figure 4. In Figure 4a, the simulation time was set to 0.3 s and
the motor starting load torque was set to 0 N-m. The load torque suddenly increased to
10 N-m at 0.15 s. The simulation results illustrate that CRL+NSS approaches the target speed
faster than CRL + CSS for the same control gain, as shown in Figure 4a. The corresponding
current change, which represents the change in the control action, is shown in Figure 4b.
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Table 2. Parameter values of the PMSM.

Parameter Value Unit
Resistance R; 2.875 Q]
Inductance L 8.5 mH]
Magnetic flux ¥y 0.175 Wb
Inertia | 0.0003 kg - m?]
Viscous friction coefficient B 0.0008 [N -m-s/rad
Pole pairs 1, 4
Reference speed w g 1000 [r/min]
Sampling time T, 1x107° [s]
1500 : x x x w
CRL+NSS
. ‘/\ CRL+CSS
é 1000 \/
9
VE
3 500f A
0 Il Il Il Il Il
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)
(a)
50 T T T T T
CRL+CSS
30 .
< 20 ]
= 1ok w————-—-—-—
ol v A
10 A
-20 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)
(b)

Figure 4. Comparison of CRL+NSS and CRL+CSS: (a) speed regulation, (b) control action.

In case 1I, the conventional super-twisting algorithm (CSTA) with NSS was compared
to the CRL+NSS, as shown in Figure 5. The simulation times were set to the same as those
shown in Figure 4, that is, 0.15 and 0.4 s, respectively. For speed regulation, the comparison
of the CSTA+NSS without overshoot and the CRL+NSS is presented in Figure 5a. Figure 5b
shows the current change with respect to the speed change. For case IlI, speed regulation
and speed tracking, including the corresponding current (control action) changes, are
illustrated in Figures 6 and 7, respectively. In Figure 6a, the performance of the NSTA
with NSS and the CSTA with NSS for speed regulation is compared. The NSTA with NSS
can track 1000 rpm in 0.01 s, which is faster than the CRL+NSS. Moreover, the current via
the NSTA+NSS can change and approach the desired value more quickly compared to the
CSTA+NSS, as shown in Figure 6b. Figure 7a shows the speed-tracking results using the
same control strategy shown in Figure 6a. Figure 7a illustrates that the NSTA with NSS
adapts better to speed changes when the desired speed drops from 800 rpm to 400 rpm in
0.05 s and increases from 400 rpm to 1200 rpm in 0.1 s. Compared to the CSTA+NSS, the
current in the NSTA+NSS can change to the desired value quickly and smoothly, as shown
in Figure 7b.
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1200 . .
1000k 25
z D —
-~ 300 1040 — 5 TANSS |
E CRL+NSS
o 600 1020 i
B 1000
3 4001 i
980
200} , 1 . -
0.01 | 0.02 0.03 0.04 |
0
0 0.05 0.1 0.15
Time (s)
(a)
40 T I
— CSTANS S
30F CRL+NSS | |

Time (s)

(b)

Figure 5. Comparison of CSTA+NSS and CRL+NSS: (a) speed regulation, (b) control action.

1200 T T

1000

NSTA+NES
800F CSTA+NSS

(r/min)

6001 -

w
m

400 1

Time (s8)

(a)

NSTA+NSS
— CSTAHNSS |

Time (8)
(b)

Figure 6. Comparison of NSTA+NSS and CSTA+NSS: (a) speed regulation, (b) control action.
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1500 1

1000F
-— - _wcm'_l

— ]S TAANSS
CSTA+NES

(r/min)

w
m
0
(=]
(=]
T

Time (s)
(a)
40 T

NSTA+NSS

CSTA+NSS
20 -

i ()

—ap 1 I

Time (s)

(b)
Figure 7. Comparison of NSTA+NSS and CSTA+NSS: (a) speed tracking, (b) control action.

In case IV, since the ESO can handle external disturbances and improve the control
performance of the system [31], we appended the ESO to the NSTA+NSS and compared
it with the NSTA+NSS, as shown in Figures 8 and 9, to illustrate the speed regulation,
speed tracking, and corresponding current (control action) changes. The results shown
in Figure 8a demonstrate that the NSTA+NSS produced overshoot and oscillation after
the disturbance (torque as a disturbance in this study) was added. However, overshoot
and oscillation could be greatly reduced when the ESO is involved in the NSTA+NSS.
Furthermore, the current changes quickly and smoothly due to the ESO, as shown in
Figure 8b. Figure 9a demonstrates that the NSTA+NSS with the ESO adapts better than
the NSTA+NSS to speed changes when the desired speed drops from 800 rpm to 400 rpm
at 0.04 s and increases again from 400 rpm to 1200 rpm at 0.08 s. The effect observed in
Figure 8b is confirmed in Figure 9b due to the ESO.
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Figure 8. Comparison of NSTA+NSS+ESO and NSTA+NSS: (a) speed regulation, (b) control action.



Mathematics 2023, 11, 1618

13 of 15

References

1500 ,
1220
1200 = S—
1180 !
E 1000 1160 B
E . 0.092 0.096 0.1 "
=
. E I l
3 500 | I - i
. - - o
W NSTA+NSS+ESO
NSTA+NSS
0 . .
0 0.05 0.1 0.15
Time(s)
(a)
40 . .
NSTA+NSSHESO
NSTA+NSS
20
< o s
'___U
200 i
40 I L
0.05 0.1 0.15
Time(s)
(b)

Figure 9. Comparison of NSTA+NSS+ESO and NSTA+NSS: (a) speed tracking, (b) control action.

6. Conclusions

A strategy combining an NSTSMC and ESO was proposed to improve the anti-
disturbance capability of a PMSM system. After combining the NSTSMC and ESO, we
performed an overall analysis to ensure the stability of the entire speed loop. In the
NSTSMC+ESO method, the adaptive law was used to estimate the model uncertainty per-
turbation, and the ESO was employed to estimate the external perturbation. NSTSMC+ESO
can achieve the desired control of a PMSM system in the presence of parameter variations
and external disturbances since the estimated values were designed as feedback terms for
the NSTSMC controller. The validity of the proposed method was verified by comparing
the numerical simulation results with those obtained using conventional control methods
on a case-by-case basis. After the comparison of the simulation results, the efficiency of the
settling time of the NSTSMC+ESO (NSTA+NSS+ESO) increased by 75% compared to the
NSTSMC (NSTA+NSS) and 91% compared to the CSTA+NSS. The proposed method can
be applied to PMSM systems with extreme parameter variations, especially in cases where
the load disturbance of the motor drive system should be estimated online.
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