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Abstract—This study presents a novel approach to enhance the
speed control performance of the permanent magnet synchronous
motor (PMSM) drive system by integrating a new sliding-mode
reaching law (NSMRL) with a variable-parameter generalized
super-twisting observer (VGSTQO). The NSMRL is developed based
on the terminal attractor concept and an adaptive method. It
overcomes the slow convergence of the traditional exponential
reaching law. The proposed sliding-mode controller consists of the
NSMRL and an integral sliding-mode surface, achieving superior
convergence dynamics. Besides, the adaptive function enhances fast
transient response. The VGSTO addresses the traditional extended
state observer’s issue of limited bandwidth selection due to system
stiffness, offering better observing performance without a large
bandwidth. The added linear and extra terms further speed up
observer convergence. The introduction of variable parameters
further reduces the observation error of the observer. Experiments
confirm the superiority of the proposed control strategy.

Index Terms—Extended state observer (ESO), integral sliding-
mode surface, new sliding-mode reaching law (NSMRL),
permanent magnet synchronous motor (PMSM), sliding-mode
control (SMC), variable-parameter generalized super-twisting
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I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSM) have

many advantages, such as high dynamic performance, high
power density, high torque-to-current ratio, and high efficiency.
It is widely used in high-precision servo control systems, such
as robots, CNC machine tools, and large-aperture telescopes[1],
[2], [3]. However, the PMSM drive system is a multivariable,
strongly coupled nonlinear system, and the traditional linear
proportional-integral (PI) controller, although able to meet its
control requirements to a certain extent, cannot satisfy the high-
precision speed control performance of the PMSM when the
system is affected by uncertain perturbations, such as internal
parameter variations and external load torque [4]. Therefore,
PMSM speed control strategies based on modern control theory,
such as fuzzy control [5], auto-defect rejection control [6], neural
network control [7], and sliding mode control (SMC) [8], [9],
[10], have been widely studied. Among these methods, SMC
has been widely used in PMSM drive systems because it does
not require high accuracy of the system model and has strong
robustness to external perturbations, which can effectively im-
prove the system’s immunity to disturbances [11].

However, in practical applications, the traditional SMC
method has problems, such as slow convergence of the reach-
ing law and high-frequency chattering owing to the time lag
in switching the control law, which can reduce the transient
response performance of the system [12]. Therefore, many
scholars have proposed alternative methods to the traditional
reaching law to overcome the shortcomings of traditional sliding
mode control. Mishra et al. [13] added a terminal attractor to the
traditional reaching law, which ensured faster convergence speed
while removing the inherent sliding-mode chattering of the sys-
tem. The literature [14] applied a discrete-time fractional-order
terminal sliding mode variational structure to the velocity con-
troller and experimentally verified that the method can improve
the transient performance of the controlled system; however,
the theoretical proof is relatively complicated. In [15], for the
chattering problem of SMC, a reaching law combining the seg-
mented function and the super-twisting algorithm was proposed,
which not only effectively reduced the chattering of the system,
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but also ensured faster convergence; however, it also increased
the complexity of the algorithm. In the literature [16], the power
term of the exponential term in the proposed novel reaching
law is limited by the absolute value of the switching function,
which means the reaching law can be expressed in two different
forms during the convergence process. The reaching law not
only effectively suppresses intrinsic sliding-mode chattering, but
also accelerates the speed at which the system state reaches the
sliding-mode surface.

In this study, in order to further improve the response speed
of the control system, a terminal attractor is introduced into the
reaching law. It replaces the isokinetic term in the traditional
exponential reaching law. The design of the nonlinear exponen-
tial term ensures a faster convergence speed at each stage of
the system state variables. The speed controller consists of an
integral sliding-mode surface and the new sliding-mode reach-
ing law (NSMRL). The introduction of the adaptive function
further enhances the transient and steady-state performance of
the system. Moreover, since the sign function in the traditional
sliding-mode function is not used, the sliding-mode chattering
of the system is well suppressed.

In conventional sliding-mode variable structure control, peo-
ple want to ensure the system’s strong robustness and stability
[17]. So, the switching gain is usually set large enough to sup-
press system disturbance. When the system has a disturbance,
the control switching gain will rise as the system disturbance
increases. However, a larger switching gain will make the sys-
tem generate high-frequency jitter. Moreover, the upper bound
of the system disturbance is generally difficult to determine,
which seriously affects the control performance of the system.
Various observers have been proposed to solve this problem.
Extended state observer (ESO), as a kind of observer that is
widely used in the field of system disturbance observation, has
many merits [18], [19]. In recent years, nonlinear disturbance
observer control methods for uncertainty [20], [21] have been
intensively investigated. The results show that by designing
feed-forward compensating observers, uncertainty disturbances
can be eliminated from the output without affecting the system’s
performance. Several scholars have made improvements to the
traditional ESO. Literature [22] proposed a high-order nonlin-
ear extended state observer (NESO) with continuous nonlinear
terms to estimate the total disturbance and motor speed simul-
taneously, thereby achieving satisfactory control performance.
In [23], a generalized NESO is used to optimize the dynamic
properties of PMSM systems. Hou et al. [24] proposed a super-
twisting extended state observer (STESO), which introduced the
super-twisting concept into the traditional ESO and ultimately
achieved good disturbance suppression effects.

To address the issue that the ESO cannot select an overly large
observer bandwidth due to the influence of system stiffness and
considerations of high-frequency noise [25], [26]. The VGSTO
proposed in this study can achieve better observation perfor-
mance without selecting too large an observer bandwidth. The
adoption of variable parameters further improves the observation
performance and anti-interference ability of the observer.

The main contributions made in this article are summarized
as follows:
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1) NSMRL is proposed based on the concepts of a nonlinear
function, adaptive method, and terminal attractor, based
on which the designed improved sliding-mode controller
(ISMC) suppresses system sliding-mode chattering, while
improving the system convergence speed.

2) The proposed VGSTO has a faster response speed and
higher estimation accuracy than the traditional ESO. The
introduction of variable parameters further enhances the
observation performance of the observer further improves
the observer observation performance, thereby optimizing
the antidisturbance capacity of the PMSM system.

3) The robust speed control strategy (RSCS) based on the
ISMC and VGSTO compositions has superior transient
performance and robustness.

The rest of this article is organized as follows. The mathemat-
ical model of the PMSM is presented in Section II. Section III
describes the design of the NSMRL and finite-time convergence
proof. Section IV describes the design of the ISMC based on
the NSMRL and integral sliding-mode surface. Section V intro-
duces VGSTO and the proof of the overall stability of RSCS.
Finally, Section VI presents the experiment. Finally, Section VII
concludes this article.

II. MATHEMATICAL MODEL OF PMSM CONSIDERING
DISTURBANCE CONDITIONS

Neglecting the effects of core saturation, eddy currents, and
hysteresis losses on the PMSM, the voltage equation of the
surface-mounted PMSM in the synchronous rotating (d — q)
coordinate system can be expressed as

— Pywn Lig
dig

ug = Rig+ L% "
g = Riq+ LG¢ + Powm(Liq + ¢5)

where ug4, ug, 4, and i, represent the voltage and current
components in the d and ¢ axes, respectively, R represents the
stator resistance, L is the stator inductance, w,, represents the
mechanical angular velocity of the rotor, P,, represents the polar
logarithm, and ¢ represents the permanent magnet chain.

The kinetic model of PMSM can be described as

. K . B Ty,

Wm = 72,1 — jwm — 7 (2)
where J is the moment of inertia, 77, is the load torque, B is the
viscosity coefficient, and K, = BP’T‘W is the torque constant.
The dynamic model of the PMSM can be redescribed as

dw .

d;n = Kyiq — Bwy, —Tp,. 3)
Further, the kinetic (2) for PMSM can be rewritten as
K
G = —i' 4+ D, (4)

J q

where z';'ef denotes the g¢-axis reference current. D, is the
aggregate disturbance, formulated as

Kt e - T, Buwm

A (zq q — — —. 5)

D, =
J J
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III. DESIGN OF THE NSMRL

The phase trajectory of the SMC can be divided into reaching
and sliding phases. The reaching phase refers to the process in
which the system converges from the initial state to the sliding-
mode surface.

A. Design of the Traditional Exponential Reaching Law
The traditional exponential reaching law can be expressed as

% = —esgn(s) — ks (6)
where esgn(s) represents the isokinetic term; ks denotes the
exponential term.

Although the reachability problem is solved by adding isoki-
netic terms, discontinuous isokinetic convergence terms cause
high-frequency sliding-mode chattering, and a larger gain k of
the exponential convergence terms further motivates the sliding-
mode chattering caused by the isokinetic convergence terms
while increasing the convergence speed of the system. This was
analyzed as follows.

In (6), when s > 0 it can be obtained that

d
= =—c—ks. (7)
When s(t) = 0 integrating from 0 to ¢ for (7)
s(t) t
— / ds__ / dt. (8)
s(0) €+ ks 0

The time to reach the sliding-mode surface can be calculated
as

1 k

From (9), it can be observed that the larger the value of k,
the faster the system converges to the sliding-mode surface.
Therefore, to obtain a faster convergence speed, the gain k of the
exponential term should be increased; however, a value that is to
k may result in the sliding-mode surface reaching too quickly,
which may stimulate sliding-mode chattering.

B. Introduction of the Terminal Attractor

The terminal attractor model is shown
dzr q

E = —XIrP
where p and ¢ are odd numbers greater and satisfy p > g > 0,
and (10) can be transformed as

(10)

—xrdt = da. (an
Integrating both sides of (11) simultaneously gives
2(0)' 7
=" (12)
p

where x(0) represents the initial state of the system state variable
and ¢, represents the time for the state variable in the terminal
attractor to reach the equilibrium point from the initial state.
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From the proof, it can be concluded that the system state
variables can converge to the equilibrium point in finite time,
while the terminal attractor has the property of accelerating the
convergence near the equilibrium point; thus, the introduction of
the terminal attractor can make the system state converge quickly
in finite time. The exponential reaching law for introducing a
terminal attractor can be expressed as

ds

pri —as? — kis. (13)
Proof 1: When s(t) = 0 integrating (13) from 0 to ¢
s(t) d t
_ / ds / dt. (14)
s(0) as? 4+ kis 0

The time to reach the sliding-mode surface can be calculated
4

as
ky - s(0)7
— L |14
ki(p—q) « 1

If the reaching law introducing a terminal attractor has the
same convergence time as the conventional exponential reaching
law, t = t;. Combining (9) and (15) yields

t = In (15)

1 k P ki - s(0)F"
—In{14+s0)—-|=——=In |1+ ————|. (16)
k [ ( )J ki(p—q) a
Further available
1 p
=7 (17)
ko kilp—q)
where p and g are all satisfy p > ¢ > 0
LI Y (18)
ko p—q

The coefficient of the exponential term in the reaching law is
larger than that in the traditional exponential reaching law after
the introduction of the terminal attractor; therefore, the terminal
attractor enhances the speed of convergence of the exponential
term in the reaching law.

C. Design of the NSMRL

Integrating the terminal attractor mentioned above and taking
the sign(s) function into account, in this paper, a NSMRL is
proposed based on the concept of the terminal attractor and the
idea of an adaptive function

ds

dt
where « >0, L >0,a>0,p>q, k>0,0<b< 1, and p,q
are odd.

Proof 2: For the first term of the proposed NSMRL (19),
when the state of the system is far from the sliding-mode
surface, sgn(|s| — 1) = 1, the improved nonlinear exponential
term gain k|s|” greater than traditional exponential term gain
k. The larger the sliding-mode function s is, the larger the
gain of the exponential term is, and the sliding-mode func-
tion s rapidly approaches the sliding-mode surface owing to
the larger gain of the exponential term. As the system state

= —k|s/"ses-Dg — q{tanh[r(|s| — a)] + 1}s?  (19)
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Fig. 1. Diagram of the relationship between the speed approaching the sliding-
mode surface and sliding-mode function.

approaches the sliding-mode surface, the gain of the improved
nonlinear exponential term k|s|” decreases as the sliding-mode
function approaches the sliding-mode surface, thus avoiding the
excitation of sliding-mode chattering owing to the large gain
of the exponential term. When |s| = 1, the same gain as the
conventional exponential term gain k is achieved. As the state of
the system continues to approach the sliding-mode surface, the
sliding-mode functions |s| < 1 and sgn(|s| — 1) = —1. At this
point the gain of the improved nonlinear exponential term be-
comes k|s| *. Apparently, there is k|s| * > 1 > k|s|”. Thus, the
gain of the improved nonlinear exponential term is greater than
or equal to that of the conventional exponential term throughout
the convergence of the system state to the sliding-mode surface,
where the larger the value of b, the faster the system converges.

However larger values of b speed up the convergence of the
system, while at the same time, due to the introduction of the
sign function. This leads to a discontinuity in the derivative
of the exponential convergence term at |s| = 1, which in turn
leads to a discontinuity in the convergence speed of the system
as it converges to the sliding-mode surface, which is further
exacerbated by increasing b values.

To solve this problem, an adaptive function is introduced
based on the nonlinear exponential term

b= B(1— e Xsl=D)% (20)
where x > 0and 0 < 8 < 1.

Proof 3: According to the first term in (19), when s > 0 and
the state variable is approaching s = 1, due to the existence
of the switching function, there will be situations of ks(1-0)
and ks on both sides of s = 1. If b is set as a constant, it
will lead to the problem of discontinuous. However, when the
adaptive function (20) is introduced, it ensures that b = 0 when
s = 1. Based on ensuring continuous switching, this makes the
switching of the state variable smoother when s = 1.

For k taking the value of 1, 5 = 0.1, and y = 30. The velocity
at which the system converges to the sliding-mode surface versus
the sliding-mode functions for the three index terms is shown
in Fig. 1. The lines of three colors, respectively, represent the
exponential term of the traditional exponential reaching law
in (6), the nonlinear exponential term: The first term in (19),

16551

and the improved nonlinear exponential term: the first term in
(19) with (20).

As mentioned previously, the value of b should not be too
large, as it affects the convergence speed of the system to
some extent. The second term in NSMRL (14) addresses this
problem by proposing an adaptive function that ensures that the
system achieves a faster convergence rate when moving away
from the sliding-mode surface. The second term of NSMRL
achieves a smaller switching gain to avoid overshooting the
system response.

In summary, the convergence speed of NSMRL is always
higher than that of the conventional exponential reaching law in
the convergence stage. The introduction of the terminal attractor
suppressed the sliding-mode chattering of the system, while
improving the convergence speed. In addition, the introduction
of the adaptive function accelerated the convergence speed of
the system and suppressed sliding-mode chattering caused by
the switching term to a certain extent.

Proof4: The time required for the conventional reaching law
to converge to the sliding-mode surface is

. /S<0> ds /S<0> ds +/1 ds_ oy
M= ) exks )i e+ks  Jy e+ks

The upper bound on the time required for the ARL to reach
the sliding-mode surface proposed in this article is:

S(O) ds 1 dS
tarn < / — -l-/ — (22)
1 asps + Bslth 0 asrs + 35170

because of

5(0) d s(0) ¢4

/ < / ° (23)
1 asps + Bsltd 1 e+ ks
1 1

/ __9 . / ds (24)

0 asrs + 35170 0o €+ks

Then, we have

tarRL < trsmc- (25)

Therefore, the NRL proposed in this article has a faster
convergence rate than the traditional reaching law.

IV. DESIGN OF THE ISMC

The design of the ISMC is based on the above-mentioned
NMRL and the integral sliding mode surface. First, the velocity
error x1 is defined as

ref
m

T =w Wi (26)

where wf is the given mechanical angular velocity of the rotor,

which is obtained by combining (4) and deriving for

_ &iref _
Ja
In the design of a conventional sliding-mode surface, intro-
ducing the differential component of the velocity error usually
leads to high-frequency noise. At the same time, to further
improve the speed of approaching the sliding-mode surface, in
this study, according to the [27], the integral quantity x5 of the

T] = —Wpy = D,.

27)
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velocity error is introduced in the design of the sliding-mode
surface as follows:

¢ t
xo :/ :cldt:/ (wre! — wy,)dt.
0 0

Then, the integral sliding-mode surface s is designed as
follows:

(28)

s =1x1 + cro (29)
where ¢ > 0.

Proof 5: The integral sliding-mode exhibits significant ad-
vantages in terms of approaching speed and chattering suppres-
sion.

Advantages in chatter suppression: The integral sliding-mode
transfers the discontinuous control action from the actual control
path to the internal dynamic process. The equivalent control
is obtained by means of ci; 4+ x1 = s. After redesigning the
switching function, the actual control path remains continuous,
thus avoiding high-frequency chattering.

Advantages in approaching speed: The integral sliding-mode
enables the system to enter the sliding-mode at the initial mo-
ment. By constructing the switching function s = s¢(x) + z and
making z satisfy Z = —%(f(w) + B(z)ug(x)) and z(0) =
—s0(x(0)), it ensures that s(0) = 0. This effectively avoids the
non-robustness problem during the approaching phase and can
quickly converge to the desired state.

By substituting s = 0 in (29), the derivation of (29) can be
obtained as follows:

l"l = —CI3. (30)

From (30), we can solve for 21 (t) = x1(0)e ", which shows
that the velocity error tends to zero exponentially with the time
constant c. Therefore, the dynamic characteristics of the sliding
phase of the system can be expressed by the coefficient c. To
design the ISMC, by combining (14), (27), and (29), we obtain

— g — Dy, +cxy = —a{tanh [x (|s| — a) + 1]} s7
— k|s|tsen(s=D g, 31)
Further, it follows from (31) that:
vef q
il = E(cxl + a{tanh [A (|s| — a)] + 1} sP
+ k|s/Psenls-Dg D). (32)

The block diagram of the ISMC structure is shown in Fig. 2.

V. VGSTO DESIGN AND STABILITY DEMONSTRATION

Inpractice, the D,, systemis usually difficult to obtain because
of uncertain perturbations, such as internal parameter variations
and external load torque. Therefore, the observers must be
designed to estimate them appropriately and compensate for
them back into the speed controller.
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Ty

1

1

Sliding-mode | |
+|I|—> surface(29) L: k‘s|

1

1

1

a{tanhl:l(|s|—a):|+l}s%

b-sgn(a]-1)
s

Fig. 2. Structural diagram of the ISMC.

A. Design of the Generalized Super-Twisting Observer
(GSTO)

To further improve the system’s anti-interference perfor-
mance, a disturbance observer is designed to observe the sys-
tem’s aggregate disturbance D,,. In response because conven-
tional ESO is not able to select an observer bandwidth that is too
large because of the limitation of the system stiffness; thus, it is
not possible to obtain a better observation performance. GSTO
solves the above problem, and the introduction of linear and
extra terms further improves the convergence speed.

According to (27), GSTO can be designed as

=—hioi(er) + Brire/ + D,

o

R (33)

Dy, = —lapa(er)
where e¢; = w,,, — Wy, €2 =D, — ﬁw, W, and ﬁw is the
observed value of the observer. The bandwidth parameterization
strategy is adopted to select the observer gain, from which it is
derived that

l1 = 2w,
{ b — .3 (34)
1
¢1(e1) = piler|sgn(er) + pzeq (35)
2 1
¢a(er) = Hsgn(er) + 3 paler|?sgn(er) + pa’er

where 1 takes the value of 0 or 1 and ps > 0. 1 and po are
not equal to 0 at the same time. ¢;(e) is a nonlinear term.

During ;13 = 1 and po = 0, the observer is super twisting.
During 11 = 1 and pe > 0, GSTO has additional linear terms
and extra terms. When the estimation error e; is large, puse; >
pler|?sgn(er) and 3ppzlen [sgn(er) + pa’er > 4 sgn(er)
are satisfied. Therefore, faster convergence is guaranteed [28].

A structural diagram of GSTO is shown in Fig. 3.

According to (33), the error estimation system can be written
as

{é1 = —ligi(e1) + ez (36)

ey = —lapa(e1) — D,,.

Proof 6: The error state equations of the traditional ESO are

b =ey —1
(?1 €2 ] 1€1 (37)
€y = —Dw — l2€1.
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Fig. 3.

Structural diagram of the GSTO.

And the error state equations of the observer proposed in this
article are

{él = e2 — li¢1(e1) (38)

€y = —Dy,, — laga(er)

where es represents the total disturbance observation error of
the set, and D, is the disturbance derivative.

The traditional ESO is subject to the influence of perturbed
differentials. Despite the fact that the global asymptotic con-
vergence of the observation error can still be guaranteed, the
equilibrium point of this asymptotic convergence will deviate
under the impact of perturbed differentials. In other words,
the observation error varies in accordance with the changes in
the disturbance. When taking into account the dynamics of the
observation error, it can be represented as follows:

{se (5) = = Duls) = 55 ea(s)

stwe _ Dw(S) (39)

2
e2(s) = FoiTam
The observer proposed in this article corrects the deficiencies
of the original ESO. Specifically, for the dynamics of e;, due
to the large initial error of e;, the nonlinear term can provide
a faster convergence speed when e; is far from the equilibrium
point. Moreover, considering that e; is the input of the sign
function, it is not advisable to adjust further to increase the
convergence speed of e; near e; = 0. For the dynamics of e, in
order to correct the observation error of the original ESO when
the disturbance derivative is not zero (D, = 0), the nonlinear
term is introduced to correct the influence of the equilibrium
point shift caused by D,, # 0. At the same time, in order to
provide a faster convergence speed.

B. Stability Proof of GSTO

The Lyapunov function is chosen as

Vi =¢roe (40)
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compensation

Output 7

!

End

Fig. 4. Structural diagram of the RSCS.

where C' is a symmetric and positive definite matrix ¢7 =
[qbl (e1) 62] , and the time derivative of £ is given by

. —li¢1(er) + ez
g = ¢1(€1) - __ds
261(e1) Frlen)
= $1(e1) (A — BN) (41)
here A= —dt A= —h 1 and B = 0 Inspired b
W T e T 2y 0 = [q| meprea by
T T

[29], set A(E,A) = Lﬂ []; f@ ﬂ , where the 6 > 0. In

addition, appropriate R and S matrices are selected to ensure
AEN) > 0.

Theorem I: Let there exist a positive definite symmetric matrix
C and a positive constant « satisfying the following matrix
inequality:

ATC+CA+KkC+R CB+ 8T
[ BTC + S _p |0 @2
System (36) is finite-time stable.
Proof 7: According to (36):
hawin {CYIE]3 < €7CE < amax {CHIEN;  43)
where 1{C'} is the eigenvalue of C', and
3
1115 = 1a® [ea] + 2ppzlen|® + pa’er® +e2®.  (44)
From (43) and (44) it follows that:
1
V2
‘€1|% S HgHQ S 11 . (45)
Ha Hl)‘-mini {C}

With the help of (41), one has
Vi = ¢1(e))[§T(ATC + CA)E +ABTCE + ¢ CB

~aenf] [ 5 [

<aien{[{] 5 T[]+
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where ¢, (e;) = %/,61|€1|_% + 9. It follows from (44):
. 2)min? {CYV2E
V< e ACYVE Ly 7)

2

It can be observed that (47) satisfies the finite-time conver-
gence criterion presented in [30]; therefore, the error system
in (36) achieves finite-time stability.

C. Introduce variable parameters into the VGSTO

In order to further reduce the dynamic and steady-state obser-
vation errors of the observer, the gain p5, which was originally
a fixed value, is designed as a variable gain

pi2 = p{sign|(wpsl — wir| — wed)] + 2} (48)

Encoder

Among them, y is the adjustable gain. w™ represents the set

rotational speed of the motor, and w2 is the observed value
of the observer. These two are fixed parameters and cannot
be adjusted. Finally, wg” is the expected limit, which is an
adjustable parameter. It is worth noting that (48) represents
a bounded function, and the value of uo is bounded. It still
satisfies (47), so the finite-time convergence of VGSTO can still
be ensured.

The change of parameter 15 can be equivalent to the change
of the bandwidth gain of the observer, thereby ensuring both
the dynamic and steady-state observation performance of the
observer [31]. When the difference between the observed value
of the observer and the set rotational speed is greater than w7,
t2 = 3, the observer will reduce the error of the set rotational
speed at a faster convergence rate. When the error drops below
we¥, o = . Since an excessively large value of j12 may lead
to a large steady-state observation error, the gain switching
mentioned above also ensures that the observer will not have an
overly large observation error during the steady-state operation.

The control flowchart of the RSCS is shown in Fig. 4.

D. Stability Analysis Of RSCS

Feed-forward compensation of disturbance observation: D,
at velocity loop controller output According to (32), the com-
pensated velocity loop sliding-mode control law can be obtained
as follows:

77 = L (s + a{tanh b (s] - a) + 1} s
t

n k|8|b-sgn(\s\—1)8 _ Dw) (49)

As shown in (49), the observed system disturbances are
compensated in the control law in known quantities. When a load
disturbance occurs in the system, the controller can respond to
the torque change promptly, thus achieving a better disturbance
immunity performance without the need for a large control gain.

The stability of the closed-loop control system of the RSCS
was analyzed using the Lyapunov stability discriminant theory
to demonstrate its stability.
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4 4 4
2, < 2 <
g e e s g g g
3° 9] 3O i - 9] 14
] 2 ] 12 0.54A 2 12 m 0.42A
F -2 g §-2 1 ] - g -2 1 ‘ .
o o o o 0.8 iaivtututututute b Saleid
. . 6 605 6.1 [ NETSM(] “ 6 605 6l [=NSMRL]
. 4 ) K 6 3 10
<2 <2 <2 =2
Eo 5o Eo 5o
E E E E
52 52 52 52
[} 23 o 1 o
g -4 % .4 24, Zab oL V] SR
= = = =
o6 <6 gef ! i ol
“ ) “ . ) 6 6056l [ NETSMC] ) [=NSMRL]
! 6 8 0 4 6 0 4 6 8 0 4 6 8 10
Time [s] Time [s] Time [s] Time [s]
(@ (b) © @

Fig. 8.
NETSMC. (d) NSMRL.

Setting time [s]

Performance of steady state phase g-axis current and a-phase current for four control methods under 500 r/min speed reference. (a) PI. (b) SMC. (c)

®
*e

750

SMC
NETSMC
NSMRL

Controllers

4

3

2

1
PI

0

1000
Speed [r/min]

Fig. 9.
step speed references.
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Can be obtained by substituting (47):

V = —a{tanh

+ s (ﬁw —Dw>

(A (sl —a)] +1}s 77

G g|s[been(lsn g2

(S

where the estimation error of the observer Bw — D,, is bounded,
and let the bound on the estimation error take the value d, we have
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|D,, — D,,| < d. Simultaneously, both a and k are positive, as
are 1 —e sl > 0and |s|** > 0. Therefore, it follows from (32)
that:

. a+p

V<-—asr +sd. (52)

Taking o = g + d, and s“" > sensure that I/ <0.

When V=0, s=0. A closed-loop control system with a
RSCS is asymptotically stable according to the Lyapunov sta-
bility theory. A block diagram of the PMSM speed-regulation
system is shown in Fig. 5.

The superiority of the transient performance and robustness
of the proposed RSCS in a PMSM closed-loop control system
was verified. Correlation studies under constant speed, variable
speed, and sudden load experimental conditions were carried
out on a 2.2 kW-SPMSM experimental platform. The experi-
mental platform included a drive motor, load motor, dc source,

Rotational speed fluctuation values and observed errors of the three observers under loads of 0.9 N- m and 2.7 N- m. (a) ESO. (b) GSTO. (¢) VGSTO.

TABLE I
PARAMETERS OF PMSM

Parameter Value and Unit
Number of pole pairs 4
Stator inductance 6.5 mH
Stator resistance 0.12
Moment of inertia 0.028kg - m?
Damping factor 0.0048
Permanent-magnet flux linkage 0.18542Wb

motor driver, encoder, PC, load controller, and main controller.
The main controller uses a TI TMS320C28346 floating-point
processor. A physical diagram of the experimental platform is
shown in Fig. 6, in which the dual motor-to-drag loading mode
is used; the nominal parameters of the SPMSM are listed in
Table I.
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VI. EXPERIMENTAL VALIDATION

In this study, an experiment was conducted in two main parts
to verify the superiority of the proposed RSCS based on ISMC
and VGSTO. First, we compare the transient performance of the
NSMRL proposed in this study with that of the conventional PI,
SMC, and NETSMC algorithms based on a nonlinear exponen-
tial term proposed in [16].

Furthermore, to verify the advantage of the NSMRL proposed
in this article in suppressing sliding-mode chattering, the ERL
proposed in [32] is introduced. It suppresses the sliding-mode
chattering of the system by rewriting the sign function in tra-
ditional SMC. A series of experiments were carried out under
constant reference speed and variable reference speed conditions
with an initial load. In addition, the experimental parameters
of the NSMRL presented in this article are as follows: p = 5,
q=3a=2,A=5a=1k=0.3,8=0.26,and x = 30. To
demonstrate the superiority of the observation performance of
the VGSTO proposed in this article compared to conventional
ESO, a series of sudden load increase and sudden load decrease
experiments were performed. In addition, to ensure the fairness
of the comparison experiment, the speed loop control algorithm
isunified using the NSMRL proposed in this article, choosing the
same w, as 20. The GSTO parameters are selected as: ;11 = 1 and
o = 1. The parameters of the VGSTO are selected as: ;11 = 1,
pw=1and wiy = 5.

A. Experimental Verification of NSMRL

To ensure fairness of the comparison experiments, for all
four groups of experiments, the PI controlled the motor system
current loop, and the parameters were kept the same. Fig. 7 shows
the speed response results for the four schemes under the step
speed reference. When the set rotational speed is 500 r/min, the
response times of the four control algorithms are 3.48,0.65,0.47,
and 0.31 s, respectively. When the set rotational speed is 750
r/min, the response times of the four control algorithms are 3.96,
0.93,0.63,and 0.40 s, respectively. When the set rotational speed
is 1000 r/min, the response times of the four control algorithms
are 4.51, 1.27, 0.76, and 0.54 s, respectively. It can be seen that
the NSMRL control algorithm proposed in this article has the
shortest response time. Fig. 8 shows the current performance of
the four control methods in the steady state phase of the system
at a step speed of 500 r/min. It is clear that the g-axis current of
the proposed NSMRL exhibits less fluctuation, and the a-phase
current is smoother than that of the NETSMC. The THD value of
the a-phase current of the NSMRL is also smaller. The fastness

Observed errors of the three observers under the condition of variable set rotational speeds from 500 to 750 r/min. (a) ESO. (b) GSTO. (¢) VGSTO.

values of the four control methods are compared in Fig. 9. It
can be clearly seen that the NSMRL proposed in this article has
advantages in terms of rapidity.

Fig. 10 shows the response to Pl and NSMRL speed tracking
under variable speed conditions, indicating that NSMRL has
good speed and no overshooting of the response under variable
speed conditions.

In order to further demonstrate the advantages of NSMRL in
terms of sliding-mode chattering, a comparison was conducted
in the steady-state phase under experimental conditions of set ro-
tational speeds of 500 r/min and 1000 r/min, as shown in Fig. 11.
When the set rotational speed is 500 r/min, the peak values of
chattering in the steady state of the four control algorithms are
3.48,14.32,7.50 and 1.22 r, respectively. When the set rotational
speed is 1000 r/min, the peak values of chattering in the steady
state of the four control algorithms are 14.05, 15.12, 14.57, and
1.53 1, respectively. It can be seen that the chattering of the
NSMRL proposed in this article is smaller than that of ERL,
SMC, and NETSMC.

B. Experimental Verification of VGSTO

In order to demonstrate the superiority of the VGSTO pro-
posed in this study, we applied and unloaded the same magnitude
of load at the same time during the experimental process. A com-
prehensive comparison was carried out in terms of disturbance
rejection performance and observation performance (including
the speed observation performance in dynamic and steady states,
as well as the ability to observe the load).

Fig. 12 shows the peak values of speed fluctuations and the
dynamic and steady-state observation errors under the action
of three observers when the loads are 0.9 and 2.7 N- m. It can
be seen that compared with the ESO, the GSTO has smaller
peak values of speed fluctuations and better speed observation
performance in both dynamic and steady states under the action
of the two loads. At the same time, the addition of variable
parameters enables the VGSTO to have smaller peak values of
speed fluctuations and better performance in terms of dynamic
speed observation errors.

Fig. 13 shows the observation errors of the three observers
under the variable speed setting condition where the set rota-
tional speed changes from 500 to 750 r/min. The observation
errors of the three observers during the speed change are 15.40,
10.28, and 5.99 r, respectively. Compared with the ESO and
GSTO, the VGSTO has smaller observation errors and shorter
adjustment time, demonstrating the strongest performance in
terms of dynamic speed observation error.
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Finally, as we can see from Fig. 14, as the applied load in-
creases, the observation errors of the three observers in observing
the load will also increase. Compared with the traditional ESO,
the GSTO has a shorter adjustment time when observing the
load, but the peak value of the observation error it causes will
increase. The VGSTO effectively solves the above contradiction.
It not only achieves a shorter adjustment time, but also has
the smallest peak value of the observation error, demonstrating
excellent ability in observing the load.

VII. CONCLUSION

To improve the performance of a permanent magnet syn-
chronous motor speed control system, an NSMRL is proposed,
which has a faster convergence speed and suppresses sliding-
mode chattering compared to the traditional exponential reach-
ing law and other reaching laws in the literature that use non-
linear exponential terms. Based on NSMRL, ISMC is designed
and VGSTO, which introduces linear and extra terms, has better
observation performance and is superior to the traditional ESO.
Finally, VGSTO solves ESO’s problem by not selecting an
observer bandwidth that is too large because it is affected by
considering the high-frequency noise and the stiffness of the
system. The superiority of the proposed RSCS (ISMC+VGSTO)
method was experimentally verified, and the results show that
the proposed method can achieve satisfactory performance
with a fast transient response and strong anti-interference
ability.
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