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ABSTRACT: To address internal parameter ingress and external load perturbations in the speed loop of a permanent magnet synchronous
motor (PMSM) and enhance the dynamic performance and robustness of its speed control system, this study proposes a novel adaptive
sliding mode reaching law-based controller integrated with a global non-singular fast terminal sliding mode observer (GNFTSMO). The
proposed reaching law incorporates system state variables as power functions, thereby minimizing steady-state errors and resolving the
inherent trade-off between chatter suppression and rapid response. To further enhance the dynamic and steady-state performance of
the PMSM control system, a GNFTSMO is designed. This observer reduces the switching gain of the convergence law while incor-
porating feed-forward compensation for perturbations, thereby improving the system’s anti-disturbance capability. The feasibility and
effectiveness of the proposed sliding mode control method are empirically validated through both simulation and experimental studies.

1. INTRODUCTION

Permanent Magnet Synchronous Motors (PMSMs) are exten-
sively utilized in urban rail transit, electric vehicles, wind
power generation, and related applications due to their high per-
formance, high-power density, and structural simplicity [1-4].
Conventional PMSM speed control systems typically employ
traditional proportional-integral (PI) control, leveraging its al-
gorithmic simplicity, ease of implementation, and straightfor-
ward tuning, making it a common choice for linear control sys-
tems. However, practical PMSM speed control systems exhibit
nonlinearity, strong coupling, and multivariable dynamics, ren-
dering linear control methods like PI algorithm insufficient for
achieving both rapid response and robust performance [5, 6].
To enhance the performance of PMSM speed control sys-
tems, more and more high-performance and high-precision
control strategies have been proposed in recent years includ-
ing fuzzy control [7, 8], self-resilient control [9], adaptive con-
trol [10], sliding-mode control (SMC) [11], and many other ad-
vanced nonlinear control theories have been successfully ap-
plied to the speed control system of PMSM. In comparison to
other methods, SMC has gained prominence in PMSM speed
control systems due to its rapid dynamic response and inherent
robustness [9]. However, the predominant use of linear slid-
ing mode surfaces in SMC prevents finite-time convergence
to equilibrium, thereby limiting its practical applicability [12].
Nonlinear sliding mode surfaces have been widely adopted
to enhance the dynamic performance of SMC systems com-
pared to their linear counterparts. The Terminal Sliding Mode
Controller, among the earliest strategies employing nonlinear
surfaces, enables finite-time convergence of system states to
steady-state conditions [13—15]. However, singularity-induced
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control input divergence has restricted its practical implemen-
tation. To address this, [16] proposed a non-singular termi-
nal sliding mode controller, accelerating the system’s response
time and mitigating chattering through singularity avoidance.

The chattering phenomenon stems from non-ideal conver-
gence of the system trajectory toward the sliding mode surface.
The effectiveness of this convergence process, governed by the
design of the reaching law, highlights the necessity of advanced
reaching laws to suppress chattering. In[17], a power term inte-
grated with system state variables is constrained by the absolute
value of the switching function, reducing chattering while ac-
celerating convergence to the sliding mode surface. In [18], re-
placing the switching function with a saturation function atten-
uates chattering but compromises convergence speed and sys-
tem robustness. Alternative strategies integrate SMC with aux-
iliary algorithms to optimize convergence dynamics. In [19], a
reaching law fused with particle swarm optimization enables an
intelligent second-order sliding mode controller that achieves
robust disturbance rejection. However, practical deployment
faces limitations, including computational complexity and sen-
sitivity to parameter tuning [20]. The aforementioned methods
may compromise the steady-state accuracy of system state vari-
ables under external disturbances. Moreover, the approach to
reaching law effectively attenuates chattering under conditions
of limited disturbance magnitude. However, for substantial or
bound-unknown disturbances, reaching law design necessitates
sufficiently large switching gains to ensure robust disturbance
rejection, inevitably exacerbating SMC. Conversely, insuffi-
cient switching gains impair the system’s robustness and dis-
turbance rejection capabilities.

To address these challenges, a widely adopted strategy inte-
grates SMC with disturbance observers to enhance system ro-
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bustness. In [21], a disturbance observer (DO) was developed
to account for both parametric uncertainties and external distur-
bances in PMSM speed control systems. In [22], a composite
controller integrating a novel disturbance observer (NDO) with
SMC was designed, leveraging a composite barrier function to
achieve superior dynamic performance in PMSM speed regula-
tion. In contrast to DO-based methods, sliding mode observer
(SMO)-based approaches exhibit enhanced disturbance rejec-
tion, reduced sensitivity to parameter variations, and simplified
parameter tuning [23].

To enhance the dynamic performance and robustness of
PMSM speed control systems, this work proposes an adaptive
sliding mode reaching law (ASMRL) controller integrated with
a global non-singular fast terminal SMO (GNFTSMO). The
principal contributions of this study are threefold:

(1) A novel ASMRL is proposed to optimize the speed con-
troller. Theoretical analysis demonstrates that ASMRL reduces
convergence time while resolving the inherent trade-off be-
tween rapid convergence and chattering suppression.

(2) A GNFTSMO, grounded in a non-singular fast termi-
nal sliding mode surface, is designed to observe and compen-
sate for aggregate disturbances, thereby enhancing the system’s
anti-disturbance capability particularly critical in complex dy-
namic operating conditions.

(3) Several sets of experiments are designed to verify that
the proposed anti-disturbance controller based on the ASMRL-
GNFTSMO has better dynamic and steady-state characteristics.

2. DYNAMIC MATHEMATICAL MODEL OF PMSM

Assuming symmetrical windings and neglecting core saturation
and disregarding eddy current losses and hysteresis losses, the
mathematical model of a PMSM can be obtained according to
the motor control theory in [2]. The mathematical model of
PMSM in a d-q synchronous reference frame can be written
as [4]:

di
uqg = Rig — Lqiqpnwm + Ldﬂ
dt
. . diq
ug = Rig+ +(Laiq + ¥ 1)pnwm + LqE
3 ()
Te = 5 Puig[(La — Lq)ia + y]
dw,
J =T, —T; — Bw,,
dt L=

where ug and ug, 79 and iy, Lq and L, denote the d-q axis stator
voltages, stator currents, and stator inductances, respectively;
R is the stator resistance; w, is the mechanical angular speed;
P, and 1y represent the number of pole pairs and flux link-
age of permanent magnet, respectively; J and B are the motor
inertia and viscous friction coefficients, respectively; T is the
electromagnetic torque; 77, is the load torque.

For surface mounted PMSM (SPMSM), the inductance in d
axis equals that in q axis (Lq = Lg). Therefore, Eq. (1) can be

24

replaced by:
di 1 )
ditq = L—(—qu — Powmy + uq)
q
@
dw 3 :
Jidtm = §Pn¢f1q — T, — Bwp,

3. SLIDING MODE CONTROL BASED ON AN ADAP-
TIVE REACHING LAW

3.1. Existing Sliding-mode Reaching Law

SMC is a variable structure control method that is inherently
nonlinear. The following general nonlinear second-order dy-
namic system is widely employed to describe SMC systems uti-
lizing reaching law approaches. Consider a nonlinear second-
order dynamic system:

.%"1 = T2
{@ _ () + gla)u + d(a) ®

where © = |21, xg]T is the state variable, u the control input,
f(x) the system function, g(x) the input function, d(z) repre-
sents the entire system disturbance, and d(z) bounded.

The design of the SMC is divided into two steps. Firstly,
SMC should ensure that the system state reaches the surface
of the sliding mode and the stability of the controller, with the
traditional sliding mold surface (TSMS) selected as:

s=cx1+ o 4
where c is a constant that satisfies the Hurwitz condition.
The derivation of s gives:
s = C(tl + (tg
(%)

— cxs + f(z) + glw)u + d(a)

The second step in the sliding mode control process is the de-
sign of the sliding mode reach law, a well-defined reach law en-
sures the dynamic quality of the convergent motion of the sys-
tem. The traditional sliding mode reaching law (TSMRL) [24]
is defined as:

$ = —kysign(s) — kas (6)
where k; and k, are parameters to be determined, and k; > 0,
ko > 0.

The reference sliding mode reaching law (RSMRL) is stud-

ied in [25] as:

§=—ky |x|atal’1h(>\ S) — kas (a |3|b -+ |ﬂ|b> (7)
S

where z denotes the system state and flim |z| = 0. k1, ka2, a,
[— 00

b, a, B are parameters to be determined, and k1 > 0, ko > 0,
1>a>0,1>b>0,a>3>0.
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According to Egs. (3)—(6), the controller is designed as:

u=——=(—cxs — f(x) — d(x) — kysign(s) — kos)

1
g(z) ®)

Integrating both sides of Eq. (6) with s(t) = 0 at time ¢, the
convergence time of the state variable is as:

1 k1
t=—In(14+ —
I Il< + oo |80|>

where s is the initial state of s.
Integrating both sides of Eq. (7) with s(¢) = 0 at time ¢, the
convergence time of the state variable is as:

©

1-b
o, ¢ (10)

b= ks B(1 + b)

o kQOé(]. — b)

where C' is a constant indicating the state amplitude of the
switching point.

The above equation leads to the conclusion that ¢ varies with
the variation of parameters in the reaching law. In the TSMRL,
increasing the velocity term can reduce the time to reach the
sliding mode surface. However, when the error between the
system’s initial state and estimated state is large, the velocity
term drives the reaching law toward the sliding mode surface
with a fixed gain. Since it cannot be adaptively adjusted ac-
cording to the system state, this will lead to severe chattering
and large deviations in the system. The introduction of system
state variables can effectively weaken the effect of jitter, but the
convergence time will be affected by s and x. In addition, the
introduction of state variable coefficients into the velocity term
will weaken the anti-disturbance performance of the RSMRL.

3.2. Proposed Adaptive Sliding Mode Reaching Law

To resolve the above problem of the sliding mode reaching law,
this paper proposes a state variable-based ASMRL:

1 1
§ = —k |s|** 72T tanh (A s) — ko |s|** T T2 s
{ 1Is (As) — ks s "

lim || =0
t— o0

where = denotes the system state; k1, ko, a1, o, b1, ba, A are
the positive constants and 0 < a3 < 1,0 < as < 1,0 < by,
0 <by,0< A, and g < 1/by, —1/by < «g preventing system
divergence or convergence failure.

The reaching law consists of two parts: the power
term —k; \s\al*ﬁ tanh (As) and the power term

1
—ky|s|**T 72T s based on the state variables.  When
the system is far away from the sliding mode surface s = 0,

1
ie, |s| > 1, the power term —ky|s|**" %2+ 5 plays
1
the main role, at this time ks |s|**T %2+ s > kys and

__a o .
Ky |s|** " ®iFl > kq, which indicates that the reaching law

25

proposed in this paper is faster than the traditional reach-
ing law in this stage, ensuring that the system arrives at
the sliding mode surface quickly; when the system state is
close to the sliding mode surface, i.e., |s| < 1, the power

_71 .
convergence term —k1 |s|*'” *1+1= tanh () s) plays the main
_ 1
role, and at this time there are ky|s|™'~ #1+e1 < ky and

ks |s|a2+m s < kos. The ASMRL adaptively adjusts as
the system state x diminishes, mitigating chattering induced
by fixed velocity term coefficients. Additionally, the sign
function sign(s) is substituted with the hyperbolic tangent
function tanh(As), further attenuating chattering. Fig. 1
illustrates the comparative profiles of tanh(As) and sign(s).
As illustrated, reducing A enhances the smoothness of the
reaching law, thereby minimizing chattering.

2
tanh(As) =1 — —— 12
anh(Xs) = 1 - 7 (12)
1.0 ; ;
0.5
0.0

S, én( s)
tanh(4s)

-0.5 tanh(2s) -
tanh(s)
| tanh(0.5s)
-1.0 : ! .
-6 -4 -2 0 2 4 6

FIGURE 1. Images of tanh( s) and sign(s).

3.3. Convergence Time Analysis of the ASMRL

Theorem 1: The state of the system under the action of ASMRL
can reach the sliding mode surface s = 0 from any position s
in finite time ¢5,_,0 when |xo| > 0 [25].

Proof: Define V = 0.552; combined with (11), the derivative
of V' can be calculated as:

V=si=s [~k |s|™ 5T tanh (A s)— ko | 5|22 s

=—k |s|al_b1ilﬂ—'l—"_1 — ko ‘3|a2+b2i\1’\+2 <0

(13)
In summary, there is ss = 0 if and only if s = 0. It follows
that the convergence law exists and is reachable, and the system
can reach the equilibrium point under the action of Eq. (11).
Assuming an initial state of the system s(0) > 1, a finite time
calculation is performed in two stages.
Process 1: In s(0) — s = 1 process, the power
term —ko |s|0‘2+ 5+ s acts much more than the power
term —k; \5\0‘1751#'”\ tanh (A s), and only the power term
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—ky |s|*2T %2+ 5 is considered. At this time, the exponent
ag + bz%lrl follows |x| — 0 which tends to ag + é.

§1 = —ko |S|a2+%+l

(14

The convergence time of the state variables can be derived
by integrating Eq. (14) as:

- a2+%
= Lst0) () (15)
ka (042 + é)

1 = s =

Process 2: In s = 0 process, the power
1
term —kq |s|*"” ®1+1= tanh (A s) acts much more than the
1
power term —ko |s|a2+b2+\z\ s, and only the power term

—kq |s|*' T ?#1eT tanh (A s) is considered. At this time, the

exponent vy — ﬁ\xl follows |x| — 0 which tends to a; — %
. oy —
So = —k‘l |$| b1 (16)

The convergence time of the state variables can be derived
by integrating Eq. (16) as:

1

ty = an
kl <1 — a1 + %)
The sum of the time required for the two processes as:
1
1 — s(0) (o2t ) 1
= 1230 + (18)
kg (Oéz-f—é) kl (1—0414—&)
When s(0) < —1, one has:
1
14 s(0)”(22+35) 1
= L0 L (19)

kz (ag + é)

where ¢ represents the cumulative convergence time of dom-
inant power terms active during distinct operational stages.
Finite-time convergence analysis ensures that the system state
reaches equilibrium from any initial condition within a bounded
time frame. Therefore, the actual ASMRL convergence time is
less than Egs. (18) and (19).

kl (1—0414—%)

3.4. Analysis of Steady-State Error Bounds in the Presence of
ASMRL Perturbations

The analysis of ASMRL demonstrates finite-time convergence
to the equilibrium point. However, under external bounded
uncertain disturbances, the system converges only to a neigh-
borhood of (0, 0) via the reaching law, defining the perturbed
steady-state boundary.

In the general nonlinear second-order dynamical system
Eq. (3), it is assumed that f(x) and g(x) are bounded nonlinear
matrix functions of the state of the system, respectively, and

|d(z)| < M. The equivalent ASMRL-based control law can
be obtained as:

w= s (mema— (@) — I ol anh (3 5) ko s["5) @0

1 _ 1
where p = oy a4 = @2+

Substituting Eq. (20) into Eq. (5) gives:

$ = —kq |s|’ tanh (X s) — ko |s|? s + d(z) (21)

Lemma 1: Assume that the system state xt € D C R", and
& = f(x)f : R® — R" are continuous functions defined
in the domain D of the equilibrium point, and assume that the
continuous functions satisfy the following conditions: (D) V' is
positive definite; 2) V is negative definite except at the equi-
librium point; and () there exist a domain M C D and a real
number o > 0, 8 > 0 such that V + aV? <0, then & = f ()
converges at the equilibrium point in finite time [26].

Theorem 2: The system states s and $ converge in finite time
to the following region.

M 1/p M 1/q
s| < min — s | =
ol < (Kl) (K2>
M p/q
$| <min | Ky | — , M
< < 1<K2) )

/
+ min (M, Ko (I]\f)q p) +M (23)

(22)

1

Proof: According to the Lyapunov function, the derivation
of V along Eq. (4) leads to:

V = ss=s(u+d(z))
s (—ki|s|” tanh (X s) — ko |s|? s + d ())
= —ki|s]Ps —ko|s|?s® +d(x)s

< —ky 8P — ko |s| 7T+ M |5 (24)
Eq. (24) can be rewritten as:
V < ks = ko |s|TT s+ M |s]
= — (ka|s|" = M) |s| — ko |s|**? (25)
When satisfying k; |s|” — M > 0, it follows that:
V < —ko |87 = —kys (2V) 2 FD/2 (26)

Therefore, according to Lemma 1 the system converges in
finite time with the region of convergence as:

Ml/P
< (2=
m(m)

Convergence of the system can be ensured. Eq. (2) can also
be rewritten as:

Vo< —ky st = ko |s|TTE 4+ M |s|

@7
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= = (Ralsl™" = M) s = ks 28)

Similarly, when satisfying ks |s|? s — M > 0, it follows that:

V< —ky 8P = —ky (2V) (P2 (29)

Hence, by Lemma 1 the system converges in finite time with
the region of convergence as:

M 1/9
< P
ol < <K2)

The convergence of the system can be guaranteed. Combin-
ing Eqgs. (27) and (30) yields the convergence region.

M 1/p M 1/q
< mi il il
|s| < min (K1> , (Kz)

Substituting Eq. (31) into Eq. (21) gives:
|| < kq|s|Ptanh (\s) + k2 |s|?s + d (x)
<k |s|” +kals|s+ M

M p/4q
< min <K1 <K2> ,M)

M a/p
+ min (M,KQ () )—l—M
K

To summarize, get the proof. When the system encounters
a perturbation, the proffered convergence law suppresses the
perturbation and reduces the steady state error.

(30)

€2))

(32)

3.5. Performance Comparison of Several Reaching Laws

The performances of the TSMRL, RSMRL, and ASMRL can
be compared using the numerical analysis method. For this pur-
pose, a second-order nonlinear model as shown in Eq. (33) is
established [27].

O(t) = —f(6,t) + bu(t) + d(t) (33)

where f(0,¢) = 250 is the system position, u(t) the input of
controller, b = 133 a constant, and d(t) the lumped disturbance.
The derivative of Eq. (4) based on a TSMS is combined with
Eq. (11) as follows:

5= ciy + iy = c(8) + E(t)
. . (34)
= —k; ‘S‘alibl*"z‘ tanh ()\ s) — ko |s|“2+m s

where e(t) is the error, e(t) = 0;(t) — 6(t); 0;(t) represents the
reference position, 6;(t) = sin(t).

By substituting Eq. (33) into Eq. (34), the control input u(t)
is as:

c(; — 0) +6; + f(0,t) — d(t)

S| =

27

+k’1 |S|a17”141-\m\ tanh ()\ S)+k’2 |S|a2+bz-%{lml 5:| (35)

Comparing the performances of TSMRL, RSMRL and
ASMRL, the s-function in MATLAB is used to simulate the
motor model. The parameter values are set as follows: ¢ = 10,
ki1 =15,k =130, A =1, a1 = aa = by = by = 0.1, the
lumped disturbance set as d(t) = 10sin(nt), and the initial
system state set as [z, 2] = [—2, —2], and x1 and x5 are the
state variables of the system.

In Fig. 2, the control performances of TSMRL, RSMRL, and
ASMRL are compared. Fig. 2(a) compares the position track-
ing curves of TSMRL, RSMRL, and ASMRL, demonstrating
the superior tracking speed of the proposed ASMRL. Fig. 2(b)
shows the phase trajectory of the system state from sy — s.
It can be seen that ASMRL has a faster convergence speed
than TSMRL and RSMRL. Fig. 2(c) presents the control in-
puts for all three methods: TSMRL exhibits pronounced chat-
tering; RSMRL demonstrates moderate oscillations; ASMRL
achieves near-complete chattering suppression. Fig. 2(d) shows
the system state convergence process of the three arrival laws,
in which the system convergence accuracies of TSMRL and
RSMRL are 0.0029 and 0.0014, respectively, and ASMRL is
nearly zero. Collectively, ASMRL demonstrates marked im-
provements in convergence speed, steady-state error reduction,
and chattering mitigation.

4. SPMSM SPEED CONTROL SYSTEM ASMC REAL-
IZATION

4.1. Design of Speed Controller Based on the ASMRL

The design objective of a robust sliding mode velocity con-
troller is to mitigate the impact of external load disturbances
and internal parameter variations, where the entire system dis-
turbance d(t) is integrated into Eq. (2) as follows:

. 3 . B 1
wm = ipnwflq - F7Wm — 7d(t)

7 7 36)

For the design of the sliding mode controller, the motor-
speed error and its derivative are formulated as follows:

T1 = Wpref —Wm = €
{1 f m 37)

T2 =T1 = Wref —Wm = €

where w,. is the speed reference value, and w,, is the actual
speed feedback value.

To mitigate system chattering and enhance dynamic re-
sponse, this paper develops a non-singular fast terminal sliding
mode surface (NFTSMS) from the TSMS, formulated as
follows:

s =e+ P |e|"sign(e) + B2 |é|” sign(é) (39)

where (31 and (3, are gain coefficients of the nonlinear terms;
B1, B2 > 0, n, and ~ are fractional power parameters with 0 <
n < land 1 < ~ < 2; sign(-) is a sign function to ensure the
directionality of the slip mode surface.
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Time(s)
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——TSMRL |
——RSMRL |
—— ASMRL

(d)

X

-0.3 0.0 0.3 0.6 0.9 12 1.5 1.8

Time(s)

FIGURE 2. Performance comparison among TSMRL, RSMRL, and ASMRL. (a) Position tracking. (b) Phase trajectory. (c) Control input. (d) System

state convergence process.

NFTSMS

A 4

Bile|" sign(e)

T
k1|s|a1' b +|x| tanh(As),

2 |i,

[32|e|y sign(e)

i
k2|s|a2+sz\x\s

RIATS

FIGURE 3. Structure block diagram of ASMC.

The derivative of the NFTSMS is:

s=c+Bmle" e+ Bayle e

(39

Figure 3 illustrates the block diagram of the adaptive SMC
(ASMC). To further attenuate sliding mode chattering, the
ASMRL proposed in this study, integrated with Egs. (36)—(39),

yields the current reference value i; as follows:

L2

t
i =50, [k 5[ 7T tanh (1)

iy |52t AT

—1
(1+517I|€|n )éQ—’y

+
Bay

B
_7é dt

(40)
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4.2. Stability Proof of the ASMC

To verify that the ASMC, a speed control system is designed
so that the speed error of the SPMSM converges to 0 in a fi-
nite time, and the stability of the system can be analyzed using
the Lyapunov function. The Lyapunov function is defined as
follows:

1

V= 532 (41)
The derivation of Eq. (41) gives:
Vi=si=s(e+pulel" e+ Byle]7 )
- [é + Bunlel"™ " e+ Bovy e
<_<1 - 6m|e|"‘1>é2_w>
B2y (42)

—k'l |3|°‘1_m tanh ()\ 5) _ ]412 |S|a2+m s

=Boy ¢ s(—ky |s|™ T tanh (A s)
— ko |S|a2+b2i\z\ 3)

Considering that 85y |é|771 > 0, k1 and ko are all positive
constants. It follows that:

V<0 (43)

This proves that the speed control system ASMC is stable.

5. REALIZATION OF SMC-GNFTSMO BASED SPEED
CONTROL SYSTEM

5.1. Design of GNFTSMO

As demonstrated in Eq. (4), the entire system disturbance d(t)
is incorporated into the sliding-mode speed controller designed
via the NFTSMS. Theorem 2 establishes that d(¢) adversely im-
pacts the speed accuracy of the SPMSM control system. To en-
hance system robustness, this paper proposes a GNFTSMO to
estimate perturbation magnitude in the SPMSM system, em-
ploying feedforward compensation for improved disturbance
rejection.

The state-space equations are obtained using the mechanical
angular speed w,,, and entire system disturbance d(t) as vari-

ables:
o] = [0 ol « o)

wy, and d(t) were employed as observations to derive the
following equation for the GNFTSMO:

F il F AR A

(44)

29

where ¢ is the observer gain; h(e,, ) represents the sliding mode

control law for the observer error; @, and cf(t) are the obser-
vations of w,, and d(t), respectively.

The speed observation error e, and the total system distur-
bance observation error e4 are defined as:

€ = Wm — Ot}m
(46)

eq = d(t) — d(t)

From Eq. (44) to Eq. (46), the error equation of the observer
is obtained as:

; B 1
€u _ -7 -7 €u . ].

=1 el - e

For GNFTSMO, considering —e,/J as the disturbance term,

Eq. (39) is chosen as the sliding mode surface, and the reaching

law $ = 7sign(s) is selected, which combines Eq. (47) to derive
the control law.

h(ew):/ot

where 7 denotes a positive constant, by adjusting the design pa-
rameters appropriately, and GNFTSMO can obtain satisfactory
tracking effect. Fig. 4 is the structure diagram of GNFTSMO.

47

B2y “ o

n—1
<1+5m|ewl>ézﬂ_3éw+mgn<s>]dt @)

>

m

d
M—

FIGURE 4. Structure block diagram of the GNFTSMO.

5.2. Stability Proof of the GNFTSMO

Proof of convergence of GNFTSMO, the Lyapunov stability
condition, is V = s$ < 0, i.e., the system trajectory arrives at
the sliding mode surface under the action of h(e,,), and the ob-
servation error converges to zero, to satisfy the following equa-

tion:
s§=s5s=0 (49)
e, =¢€,=0
From Eq. (47), it follows that:
éa="eq (50)
Solving the differential equation for Eq. (51) gives:
eq = cde%t (51

WWwWw.jpier.org



rPIER B

Liu, Wang, and Nie

where cg4 is a constant. For the system perturbation error e to
converge, the gain g < 0 must be satisfied.
The Lyapunov function is derived as:

V=ss=s (éw + Binew|™ e + Bay |éw|” " éw>

s (—7sign(s)) (52)

—7s] <0

With the above designed GNFTSMO, the entire system dis-
turbance d(t) of the system can be estimated, and Eq. (4) can
be rewritten as:

. 2J ¢ ap——1
a _:’)inf/o [k1|s| ' 7T tanh (A s)

+ ko |52 TEE 5 (53)

-1
(4Bl o

B .
— —éldt+d(t
B2y J ®)

+

The control structure of the SPMSM speed regulation system
based on the proposed ASMC-GNFTSMO method is shown in
Fig. 5.

dq
aff

dldt Position
|/—' Sensor

SPMSM

FIGURE 5. Structure diagram of SPMSM speed control system.

6. SIMULATION AND EXPERIMENT RESULTS

6.1. Simulation Verification

Prior to the comparison, the TSMRL-based control was desig-
nated TSMC and the RSMRL-based control designated RSMC.
In order to verify the effectiveness and correctness of the pro-
posed method, a simulation model was built based on the MAT-
LAB/Simulink platform. A comparison of the control strategies
with those of TSMC, RSMC, ASMC, and ASMC based on GN-
FTSMO is then made. The vector control mode with 74 = 0 is
adopted; the simulation step size is le-5s; and the space vec-
tor pulse width modulation switching frequency is 10 kHz. The
SPMSM parameters utilized in the simulation are enumerated
in Table 1, while the control parameters of all the control strate-
gies are shown in Table 2.

The observed plot of load disturbance for the GNFTSMO
is presented in Fig. 6. It can be noted that the response curve
of GNFTSMO effectively suppresses pulsations following the
load disturbance, resulting in a smooth output. The locally
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TABLE 1. Main parameters of the simulation.

Symbol Parameters Value
Uge DC voltage 311V
Yy Flux linkage 0.175 Wb
Rs Stator resistance 2.875Q
J Rotational inertia 0.003 kg - m?
B Damping coefficient 0.008 N-m - s
Lg dg-axis inductance 8.5mH
P, Number of pole pairs 4

TABLE 2. Parameters of the control system.

Control strategy Parameter value
TSMC k1 = 2200, k2 = 5000, 51 = 4,
B2 = 0.0009,n =0.4,v=1.5,
k1 = 2200, k2 = 5000, o = 100, 5 = 150,
RSMC a=0.7,b=0.00,A=1, 51 =4,
B2 = 0.0009,n = 0.4,y = 1.5,
k1 = 2200, k2 = 5000, a1 = 0.3, a2 = 0.6,
ASMC a1 =1,b1=2,A=1, 51 =4, f2 = 0.0009,
n=04,v=1.5,
k1 = 2200, k2 = 5000, oy = 0.3, a2 = 0.6,
ASMC-GFNTS
MO a1 =1,b=2,A=1, 51 =4, f2 =0.0009,
n=04,v=15,9g=-1,7=0.56

zoomed-in plot reveals that the response time of GNFTSMO is
0.0042 seconds, indicating its excellent tracking performance.

Figure 7 depicts the no-load starting speed response of the
system under a 01000 rpm ramp reference. The results demon-
strate that TSMC exhibits the longest settling time and high-
est overshoot, followed by RSMC. In contrast, ASMC and
ASMC-GNFTSMO achieve near-zero overshoot, with ASMC-
GNFTSMO achieving the fastest response time. These results
confirm that the proposed ASMC-GNFTSMO methodology ef-
fectively suppresses overshoot and delivers superior dynamic
performance.

To validate the anti-disturbance implementation of the pro-
posed strategy, the load was abruptly increased to 8 N - m when
the system was operated for 0.2's and the load was abruptly
decreased to ON - m at 0.4s. As demonstrated in Fig. 8 and
further supported by Table 3, the ASMC-GNFTSMO control
exhibited the fastest speed and torque response, along with the
most effective anti-disturbance performance. As demonstrated
in Fig. 8(a), the TSMC exhibited the most significant over-
shoot of 53.2 rpm and the longest adjustment time during load
changes; the RSMC demonstrated an overshoot of 24.8 rpm; the
ASMC exhibited a maximum overshoot of 18.3 rpm and rapidly
returned to the nominal speed with optimal anti-disturbance.
In contrast, the speed drop of ASMC-GNFTSMO with dis-
turbance compensation is less than that of ASMC without
disturbance compensation, and the recovery time of ASMC-
GNFTSMO is the shortest at 35 ms (Overshoot 1 is the no-
load start-up overshoot; Overshoot 2 is the add-load overshoot;
Overshoot 3 is the un-load overshoot; Adjustment time 1 is the
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FIGURE 8. Speed and torque responses under abrupt load change. (a) Speed responses. (b) Torque responses.

TABLE 3. SPMSM system performance under simulation.

Performance Indicators ~ TSMC RSMC ASMC  ASMC-GNFTSMO

Speed error 0.8 rpm 0.4 rpm 0.2rpm 0.18 rpm
Overshoot 1 31 rpm 11.3rpm 0 rpm 0rpm
Overshoot 2 52.5rpm  232rpm 17.8rpm 9.4 rpm
Overshoot 3 532rpm  24.8rpm 18.3rpm 9.8 rpm

Adjustment time 1 78 ms 42 ms 16.7 ms 14.8 ms

Adjustment time 2 55ms 23.5ms 14 ms 3.5ms

Adjustment time 3 58 ms 26 ms 17 ms 4ms

no-load start-up adjustment time; Adjustment time 2 is the add-
load adjustment time; Adjustment time 3 is the un-load adjust-
ment time.)

To verify the robustness of the proposed control method,
the reference rotational speed was varied between 800 and
1200rpm, as illustrated in Fig. 9. This figure indicates
that methods TSMC and RSMC exhibit significant over-
shoot relative to method ASMC, whereas method ASMC
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demonstrates notably slower response speed than method
ASMC-GNFTSMO. These comparative results confirm
the superior robustness of the proposed controller during
variable-speed operation.

The conclusion drawn from this analysis is that the pro-
posed control strategy demonstrates both dynamic and anti-
interference performances.
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6.2. Experiment Verification

This section validates the feasibility and effectiveness of the
proposed ASMC-GNFTSMO method on a 0.4 kW SPMSM ex-
perimental platform (Fig. 10), with detailed analysis of exper-
imental outcomes across diverse operating conditions. The
experimental setup comprises a direct-drive SPMSM coupled
with a load motor, a dedicated motor control module, and a
torque sensor. The control algorithms were executed on a DSP
TMS320F28335, supported by a PC, DC power supply, Analog
to Digital Converter (ADC), current sensors, a drive power sup-
ply, and signal conditioning and adapter boards. The inverter
has an operating frequency of 10 kHz, a rated torque of 1.27 N
- m, a rated voltage of 48V, and a rated current of 12.5A. A
2500-wire incremental rotary encoder is mounted on the end
of the motor shaft to measure the digital position to obtain the
SPMSM speed.

Figure 11 shows the experimental waveforms of speed,
torque, and A-phase current for the four control methods
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during no-load starting. From Fig. 11(a) to Fig. 11(d), as
evident in Fig. 11(a) to Fig. 11(d), the overshoots of TSMC
and RSMC are 50 rpm and 18 rpm, respectively. In contrast,
ASMC and ASMC-GNFTSMO demonstrate a negligible
overshoot. The response times of TSMC, RSMC, ASMC, and
ASMC-GNFTSMO are 0.556, 0.512s, 0.495s, and 0.454s,
respectively. Meanwhile, ASMC-GNFTSMO has a significant
effect in suppressing torque pulsation.

Figure 12 gives the histograms of the experimental perfor-
mance comparison of the motor startup, and the speed over-
shoot and response time are selected as the comparison terms.
As shown in Fig. 12, TSMC overshoot is observed to be greater
than that of RSMC, while ASMC and ASMC-GNFTSMO ex-
hibit negligible overshoot. The response time from slow to
fast is TSMC, RSMC, ASMC, ASMC-GNFTSMO. This find-
ing indicates that the proposed control method is capable of en-
hancing the system’s responsiveness and effectively mitigating
speed and torque pulsations.
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FIGURE 12. Performance comparison of four control methods under startup.

Figure 13 shows the experimental waveforms of speed,
torque, and A-phase current during loading and unloading with
different control methods. From Fig. 13 and Table 4, it can be
seen that the proposed ASMC method can suppress the load
disturbances well; the speed drop during loading is 29.09%
and 35.56% of TSMC and RSMC, respectively; the speed rise
during load shedding is 27.52% and 34.09% of TSMC and
RSMC, respectively. In addition, the torque pulsation and
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speed fluctuation of ASMC during loading are also smaller
than those of TSMC and RSMC. The ASMC-GNFTSMO
method further improves the above indexes, which verifies
that the control method proposed in this paper has better dis-
turbance suppression capability. (Overshoot 1 is the add-load
overshoot; Overshoot 2 is the un-load overshoot; Adjustment
time 1 is the add-load adjustment time; Adjustment time 2 is
the un-load adjustment time.)

WWwWw.jpier.org



rPIER B

Liu, Wang, and Nie

—
o
=

700

w N
[=E -}
S O

i, (A) Torque(N-m) Speed(rpm)

—_
o
<
wn [*N) N
W (=Y}
(=) (=] (=)

N A

i, (A) Torque(N'm) Speed(rpm)

Time(1s/div)

=3
S
T
]

Time(1s/div)

FIGURE 13. Comparison of speed, torque, and A-phase current under sudden loading and unloading conditions. (a) TSMC. (b) RSMC. (c) ASMC.
(d) ASMC-GNFTSMO.

'
w

—~
o
~
x©
(=3
S

650

3
~ S

i, (A) Torque(N-m) Speed(rpm)

Time(0.25s/div)

Time(0.25s/div)

—~

o

=
=)
(=3
(=}

650
500

i, (A) Torque(N-m) Speed(rpm)

Time(0.25s/div)

FIGURE 14. The speed, torque, and A-phase current response of different methods. (a) TSMC. (b) RSMC. (c) ASMC. (d) ASMC-GNFTSMO.

34

Www.jpier.org



Progress In Electromagnetics Research B, Vol. 113, 23-36, 2025

rPIER B

TABLE 4. Performance comparison of four control methods sunder step load condition.

Performance Indicators TSMC RSMC ASMC ASMC- GNFTSMO
Overshoot 1 110rpm  90rpm  32rpm 30 rpm
Overshoot 2 109rpm 88rpm 30rpm 29 rpm

Adjustment time 1 0.631s  0.549s 0.366s 0.343s
Adjustment time 2 0.611s  0.573s 0.382s 0.362s
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FIGURE 15. Performance comparison of four control methods under variable speed.

Figure 14 shows the experimental comparison of the four
control methods for increasing the speed from 500rpm to
800 rpm. From Fig. 14 and Fig. 15, it can be seen that the re-
sponse times of the proposed ASMC-GNFTSMO and ASMC
methods are slightly smaller than that of the RSMC method and
much smaller than that of the TSMC method during the speed
change, which confirms the rapidity of the proposed methods.
Compared with TSMC and RSMC methods, the speed and
torque pulsations of the ASMC-GNFTSMO and ASMC meth-
ods are greatly reduced, which verifies that the proposed meth-
ods are able to greatly reduce the steady-state jitter.

7. CONCLUSION

To improve the dynamics of the SPMSM speed governing sys-
tem, this paper proposes an adaptive state-variable-based reach-
ing law, which has the advantages of reducing the steady-state
error and weakening the jitter while arriving at the sliding-
mode surface quickly compared with the existing sliding-mode
reaching law. In order to further reduce the steady-state er-
ror of the SPMSM speed control system, this paper designs a
global non-singular fast terminal sliding-mode observer on the
basis of the speed controller designed with the proposed reach-
ing law, which is able to feedforward compensate the distur-
bance of the speed controller, and improves the rapidity and
anti-interference of the speed control system. Simulated and
experimental results show that the proposed method can effec-
tively improve the response speed of the system, suppress the
torque-speed pulsation, and improve the anti-interference per-
formance to external loads.
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