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ABSTRACT: Improving only the speed-loop controller in a PMSM drive system is insufficient to address limitations in the current loops,
such as integral saturation and severe oscillations. To achieve high-performance current control across the speed-current loop structure,
this paper proposes an improved non-singular fast terminal sliding mode continuous composite control (INFTSMC) method, integrated
with a fast super-twisting sliding mode observer (STSMO). Firstly, a state-space model of the PMSM speed-current loops is established.
Then, speed and current loop controllers are designed using the STSMO within the INFTSMC framework. The fast super-twisting
control law is adopted to reduce the number of observer parameters and to mitigate the severe oscillations caused by high gains in
conventional sliding mode observers. Finally, the proposed composite control strategy is compared with conventional PI and SMC +
SMO controllers through both simulation and RT-LAB experiments. The results demonstrate that the proposed approach significantly
enhances the dynamic response performance of the PMSM drive system.

1. INTRODUCTION

ermanent magnet synchronous motor (PMSM) has be-
Pcome a major focus of research in modern industrial
and technological fields due to their high-power density and
precise control capabilities [1,2]. However, in practical
applications, PMSM control systems face several challenges,
including parameter variations, demagnetization faults, and
load disturbances [3], which can significantly impact overall
performance and system stability [4]. Therefore, developing
high-performance control strategies to address these challenges
is of great importance [5]. Proportional-integral (PI) controller
is widely used due to its simplicity and ease of implementation,
but it exhibits limited effectiveness in coping with parameter
variations and external disturbances [6]. Sliding mode control
(SMC), as a robust nonlinear control technique, offers sig-
nificant advantages in such scenarios. Its core principle is to
simplify controller design via orderreduction compensation
[7-9]. This ensures that the system’s trajectory rapidly con-
verges to the sliding surface and remains stable within a finite
time. As a result, SMC enables fast dynamic response and
high-precision tracking, while improving robustness against
internal parameter uncertainties and external disturbances.

SMC offers several advantages, including low dependency
on model accuracy, strong robustness against nonlinear dis-
turbances, and ease of implementation [8]. Owing to these
benefits, SMC has been widely adopted in motor control ap-
plications [10]. In [11], a disturbance observer is introduced
to alleviate the chattering effects commonly associated with
SMC, thereby enhancing both the smoothness and robustness
of the control response. In [12], a continuous fast terminal
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sliding mode control strategy is applied to PMSM drive sys-
tems, achieving faster convergence, improved speed tracking
accuracy, and increased robustness. This method significantly
enhances the system’s dynamic response and stability under
complex operating conditions, offering a promising solution
for high-performance PMSM control. In [13], a second-order
super-twisting sliding mode algorithm is proposed to ensure
continuous control signal output, effectively reducing the oscil-
lations typically observed in conventional SMC. Additionally,
a sliding mode-based weak magnetic control scheme utilizing a
super-twisting sliding mode observer (STSMO) is developed to
enable accurate real-time observation of motor states [14]. In
[15], a control strategy combining disturbance observer com-
pensation with a terminal sliding mode controller is designed to
simultaneously enhance system disturbance rejection and min-
imize steady-state error — two objectives that are traditionally
difficult to achieve concurrently.

Most existing studies have focused on improving the speed-
loop controller to address the issue of slow speed conver-
gence [16]. However, the d-q axis current loops in PMSM
drive systems are still typically controlled using conventional
PI controllers, which fail to meet the requirements for high-
performance current regulation. To address this limitation,
a composite control (INFTSMC) scheme based on a sliding-
mode extended state observer (STESMO). A composite control
framework combining INFTSMC and STESMO is designed
to enhance the overall control performance of the speed and
current loops. Experimental comparisons with PI and SMC +
SMO control strategies demonstrate that the proposed method
significantly improves the dynamic response and robustness of
the PMSM drive system.
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2. MATHEMATICAL MODEL OF PMSM Equation (4) can be designed as
The mathematical equation of PMSM under ideal operating X=Au+Ax+F (5)

conditions can be expressed as [17]:
, T . T
dig whereu:[zq Ug uq],x:[we iq zq],
ug = Rgig + Lg— — weLqiq T

dt F = [F, Fi F], M = diag(Mw, Ma; M),

di )
ug = Ryig + qu + we (Lata + 1)
5 (1)
T. = 5" [V + (La — Lq)ia] iq
dwe nyp
= —_— T _— T - B
g~ g Te=Ti—Bum)

where 14, iq, Uq, Uq are the d-g axis currents and voltages, re-
spectively. Lq, Ly, ¢, R, are the d-q axis inductances, mag-
netic flux, and stator resistance, respectively. T, T, are the
electromagnetic torque and load torque of the PMSM.

In actual engineering applications [18], disturbances affect
the dynamic performance and stability of PMSM. Consider-
ing the composite perturbation of parameters and external time-
varying disturbance conditions, Eq. (1) of PMSM can be rewrit-
ten as:

d
uqg = Rgig + % — Weq + Aug

d
ug = Ryig + % + wetq + Aug

(2)
3 .
T, = inp [(Wf + (La — Lg)ialiq + AT,

dw, 377,127 )
a "oy Vel T

—Zwe+ AP, + AD
+22 - (AT, — Tp + ATy)

where AD is the “unmodeled dynamics” in the system. Aug,
Aug, AT,, and AP, are disturbance quantities.

3. DESIGN OF INFTSMC BASED ON STSMO

3.1. Speed-Current Loops Model of PMSM
The first-order nonlinear model [19] can be expressed as

y=x

3)

d (

dig = Mu+ Aoz + F

where z € R, \; € R; y and u are the system output and input;

Ao 1s the gain to be designed; F' is the unknown part.
Combining Eq. (2) and Eq. (3), the speed-current-loops

model for the PMSM is designed as:

dw, )

E = )\lwlq + )\2wwe + Fw

di .

de = AqUg + A2gia + Fa 4)
di .

7; = A1qlUq + Aoqlq + Fy

)\2 = diag()\zw, A2dv >‘2¢1)‘

3.2. Design of INFTSMC

According to Eq. (4), the control laws for PMSM speed-current
loops are designed as follows:

o we - )\wae + Uiw + Fw
Zq =
>\1w

. dd— dagiq +uig + Fy

Ug = i (6)
ut = iq_)‘2qiq+“1q+Fq
q Mg

Equation (6) can be designed as

X" — A F
u*:X 2X+ll1+ (7)
A1

AR IR RN R RS L

. [ s
where u* = [ i ; .

[ U1w w1 uig }T. u* and x* are given values for the sys-
tem, and u; represents the output of the controllers.

Substituting Eq. (7) into Eq. (5), € = —u;. The state errors
are e, = W) — We, €4 = 1 — iq, €4 :z'j; — gt

e=Xx"—x ®)
where e = [ e, eq e ]T,x = [wr ay i ]T,x =
. 4T
[we iqg g ] )
Defining e; = e, €; = ¢, designing s as [21]:
s=e; + alell1 + azeé2 + e 9)

where a; = diag(ai, @14, a14), @10 > 0, a1g > 0, a4 > 0.
ay = diag(aaw, @24, G2q), A2 > 0, azg > 0, agg > 0. [} =
p/q,la =g/h,g>0,h>0,p>0,qg>01<1l <2
lo > 1.

Take the derivative of Eq. (9):

: . l1—1 lo—1 - .
s = e+ 3111611 eo + 3212922 es + €9

ey + il ley + (a212el;—1 + 1) & (10)

The index convergence law [21] is
§ = —m;sgn(s) — 1,8 (11)

where 1, = diag(M1w, M1d; M1q)> Mw > 0, M1a > 0, 14 > 0.

My = diag(Maw,, Maas Mag)s N2w > 0, m2a > 0,124 > 0.
From Eq. (10), the equivalent control law for sliding mode
surface uy 1S

Uge = (1 + aglgel22_1> . (ez + alllegelf_1> (12)
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From Eq. (11), the equivalent control law for index conver-
gence ujgq is
Uiq = 7;5gn(s) + 18 (13)
From Eq. (12) and Eq. (13), the equivalent control law for
INFTSMC u; is

up = ug +uy (14)
From Eq. (14) and Eq. (7), the overall control laws u* for the
INFTSMC speed-current loop controllers can be obtained as:

X*—Xox+u — F
A1

*

1
_ 1| daxFr(1rahd) (15)
A1 '(62+a111626l11_1> +mnysgn(s) +mys

Proof of system stability: Selecting Lyapunov function V'
as

1

V= 552 (16)

Take the derivative of V:

V=s [62 +alel tey + (aglgeérl + 1) é2}
=5 [ (aztack ™ + 1) (1P| = msen(s) — mes) |
< (astacy ™+ 1) (IF1 = m) sl = nellsl®) ()

while n; > HFH +p (p > 0), V < 0. The convergence time

of the INFTSMC is T, < In (1 + expeT V(TO)) Jer.

3.3. Design of STSMO for INFTSMC

Defining x = X — x3, X = [d}e id g
.. 9T
X1 = [ We d g ] .
Redefine the new equation as

dx .
 — >\1u + AZX +F+ Ustsmo

i (18)

T
where [usts7rzow Ustsmod Ustsmogq } )

Ustsmo =
F=[F, F; F)7.
From Eq. (18), Eq. (19) can be expressed as:

dx

E = >\2X + F + Wstsmeo (19)

where F = [F, F; FJ]T,F=F-F.

Design s = s; = X = X — X1, and design fast super-twisting
control law [22] as

él = 7k1 |Sl|% sgn (Sl) —+ kgSl — /kgsgn (Sl) +F (20)

31

where ki = diag(kiw, k14, k1q)> k1w > 0, k1g > 0, k1g > 0,
ks = diag(ksw, k3a, ksq), k3w > 0, ksg > 0. ksg > 0, ke =
Ao.

From Egs. (18)—(20), the control law for STSMO ug¢sme can
be expressed as:

t
1
Ugtsmo = —K1 [81]2 sgn (sy) — / kssgn (s1) dt 21
0

Proof of system stability: Selecting Lyapunov function

Vi (z) as
1, 1,
Vi(z) = 2ksls|+ 59"+ 58
2 2
1 T
(4ks + k?) |s|2 sgn (s) — kikas — k1g
1
=3 —kiky |s|? sgn (s) + k3s + kag
1
ke |5l sgn (s) + kas + 29
51 sgn (s)
s (22)
g
Equation (22) can be simplified to
Vi=¢'Q¢ (23)
(4kz +k7) —kiky —ka
where Q = z —kiky k3 ko,
—k; ky 2

¢" = [lsltsen(s) s o],

In Eq. (21), the determinants of the first-order master form
Q1, second-order master form Q-, and third-order master form

Q3 are

Q1] = |[4ks + k7| > 0
Ak + k2 —kik
Q2| = _3 ! 50 1>0
ks K2
(24)
Aks + k2 —kiky —Fky |
Q3| =| —kik2 k3 ky >0
—k ka2

From Eq. (24), Q is a positive definite matrix, and V; is a
positive definite and continuous function [23]. Applying the
chain rule d |x| /dt = &sgn (x) to find V;. Take the derivative
of ¢:

. T
&= [lsl2sen(s) s g
1 1| TR ke 1 \s\% sgn (s)
= 7z 5 0 0 0 S
|s| —2k; 0 0 g
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0 0 O 0 I T
= — P.—M - P, — M 28
I N P ‘3‘1/2C (Py 1)¢—¢ (P2 2) ¢ (28)
0 0 0 F
From Eq. (28), while Py —M > O and P — M, > 0, V1 < 0.
= 71/2WC +L(+v (25) The necessary and sufficient condition for Py — M > 0 is
Is|
k3 4 2k3 + 2Fsgn (s) > 0
—k1 ke 1 0 0 0 )
where W = 1 0 0 0|, L=1|—k ko 1], k3 (k3 — 2kiFsgn(s)) > 0 (29)
—2ks 0 0 0 0 0 _ .
. k3 (9k? + 8ks + 28F'sgn (s) + 202 /k?) < 0

v = [ 0 0 F ]
. The necessary and sufficient condition for Py — M, > 0 is
Take the derivative of V;:
. o 2k% + Fsgn(s) > 0
Vi = ¢Q¢+¢"Q¢ . (30)
) kI + Fsgn(s) — k?ky > 0

= *ﬁCTplC — (P + Fp'C
|s] From Eq (29) and Eq. (30):

< oL B Rc s 26 Amin (Q) [I€]1° < Vi < Amax (Q) €] (31)
T S|1/ 2 ! 2 P From the quadratic standard inequality, we can see that
where p = (k1 ky 2], F <6, s < ¢l < V2 /e (Q) (32)
L[ ks b KD (R kyky kT where (€] = \/Js| + [sI? + P
Pr= o (k4 kg)ko —kiks —kiks |, In summary, it can be concluded that
k2 —k1 ko —ky
Vi = - - ¢"(Pr—My) ¢ — ¢ (Py—My) ¢
kT —kiky —k |s|1/2
P2 = kjg 7]61 k’z k% k2 .
—kq ko 1 < —H1V11/2 _ 'LL2V1/2
The boundary of " is < —un?
<0 (33)
a |s['/* sgn(s)
Fp¢=F[ -k ko 2] s where i1 — [Ajn/j Q)5 (P, —Ml)} /AL (Q),
g
. 1/2 1/2 M2 = /\rln/u? (PQ - MZ) /)\max (Q)) Amin (Q) and Amax (Q)
__r —kq |s] /2. [s] / sgn(s) are the minimum and maximum eigenvalues of Q, respec-
s/ [ haslsl* + g Lol g 15| fively.
From Eq. (33), the designed STSMO satisfies the Lyapunov
R T stability theorem [24]. From Eq. (19) and Eq. (21), the expres-
= ‘3‘1/2 ¢ Mi¢ + ¢ My¢ 27 sion for F' is shown in Eq. (34):
) . R t
—k1Fsgn(s) 0 Isgn (s) F=k |s1\% sgn (s1) + / kssgn (sq) dt (34)
where M= 0 ko F 0 , 0
Fsgn(s) 0 0 Therefore, the total control law u* of INFTSMC + STSMO
—kngsgn (s) 0 0 is expressed as:
M,= 0 0 0 . .
0 0 0 wr= X T Aextuw —F
A1
Substitute Eq. (27) into Eq. (26): )
. . ) . ) 1| R dax B (T askel ) 55)
Vi = _WC Pi¢—C a0+ ‘8‘1/2C Mi¢ + ¢ Mo A | (e2+a1l1e2elf_1)+msgn(s)+772s
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FIGURE 1. The block diagram of INFTSMC + STSMO.

TABLE 1. The parameters of PMSM.

Parameters Units Values
Stator resistance/Rs Q 2.75
Rated speed/nn r/min 1900
Pole number/n,, pairs 2
g-axis inductance/L, H 0.009
d-axis inductance/L g H 0.004
Inertia/.J kg-m? 0.029
Damping coefficient/ B N-m-s/rad  0.001
Magnetic flux/t) s Wb 0.12

This paper uses saturated function D(s) instead of symbolic
function. D(s) is expressed as

S

P = r3a

(36)
where A > 0.

4. ANALYSIS OF EXPERIMENTAL RESULTS

4.1. Analysis of Simulation Results

The proposed INFTSMC + STSMO control algorithm is im-
plemented on a MATLAB/Simulink platform and evaluated
through the comparison with conventional PI and SMC + SMO
control strategies. Parameters of the PMSM used in the simu-
lation are listed in Table 1, and the experimental conditions are
detailed in Table 2. The overall block diagram of the INFTSMC
-+ STSMO scheme is illustrated in Fig. 1.

4.2. Analysis of Simulation Results

Figure 2 presents a simulation-based comparison among the
PI, SMC + SMO, and INFTSMC + STSMO control strate-
gies. A comparison of Figs. 2(a) and 2(b) demonstrates that
the proposed INFTSMC + STSMO method yields the best per-
formance. Specifically, the PI controller exhibits a significant

33

TABLE 2. The experimental conditions of PMSM.

Time/s Change in parameters  Range of change
1.0 R./Q 2— 2.6
1.5 Y /Wb 0.12 — 0.09
2.0 n*/t/min 1000 — 2000
2.5 L4/H 0.004 — 0.0031
3.0 L,H 0.009 — 0.0061
3.5 B/N-m-s/rad 0.001 — 0.0041
4.0 J/kg - m? 0.029 — 0.041
4.5 Tr/N-m 15— 20
5.0 Tr/N-m 20 — 15

overshoot in the speed response, while the SMC + SMO ap-
proach, despite avoiding overshoot due to its nonlinear con-
trol characteristics, requires a longer time to reach the desired
speed.

Figures 2(b)—2(d) further illustrate that the output torque and
d-q axis currents under INFTSMC + STSMO control remain
the most stable, featuring fast response times and minimal os-
cillations. In contrast, both the PI and SMC + SMO con-
trollers produce transient overshoots and exhibit larger steady-
state ripples in torque and current, indicating inferior dynamic
and steady-state performance.

Figure 3 presents the observation performance of the slid-
ing mode observer (SMO) and super-twisting sliding mode ob-
server (STSMO). As shown in the figure, the SMO exhibits lim-
ited tracking capability for the rotor speed and d-q axis currents
of the PMSM drive system, with tracking errors failing to con-
verge stably to zero. In contrast, the STSMO achieves rapid
and accurate tracking of the system’s reference speed and cur-
rents, with its tracking error stably converging to zero. Both
SMO and STSMO can effectively estimate the unknown total
disturbance term F' in the three-loop PMSM control system.
However, under composite parameter perturbations, the SMO
demonstrates reduced estimation accuracy, while the STSMO
maintains precise estimation performance, highlighting its su-
perior robustness to system uncertainties.

WWwWw.jpier.org



rPlER Letters

Liu et al.

(a) T T T T T T T T T T
E—
2000H"""" SMC+SMO
= —— INFTSMC+STSMO
=
1000} \L%]Sli,
1000 A
o
.|.'1|.|.|0;2|.|.|.|.|.|.
8.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 50 55
1s]
(b) 50 ———— T
45+ = ==CPL
a0k -~ SMC+SMO 1
15 — INFTSMC+STSMO| 1
£ 30 22
Ezs_ 20) \ il
20 §s46a7a84950 ]
15+
10+ 1
S5k i

t[s]

1 I I 1 1 1 1 1 I 1 ]
8.0 05 10 1.5 2.0 25 30 35 40 45 50 55

3536,

---- Pl
=== SMC+SMO I
—— INFTSMC+STSMO

949

_4 IR A S T il
8.0 0.5 1.0 1.5 2.

L 1 I 1 n
0 25 3.0 35 40 45 50 55

1[s]

(d) 50

45[

40

15

---- PI
-~ SMC+SMO
—— INFTSMC+STSMO,

4.0

(] SRR S N EU S RIS T N R —
00 05 1.0 1.5 2.0 25 30 35 40 45 50 55

1[s]

FIGURE 2. The simulation comparison of PI/SMC 4+ SMO/INFTSMC + STSMO. (a) Simulation of n. (b) Simulation of T.. (¢) Simulation of 7.

(d) Simulation of 4.

(a) 0.5 T T

{331 N .

il

-10k

_1% 1 1 1 1 1 1 1 1 1 1
0 05 10 1.5 20 25 3.0 35 40 45 50 55

FIGURE 3. The observation results of SMO/STSMO. (a) The error of n. (b) F,

t [s]

34

-1500,

-1600]

-4000, E
! 1793 40
-6000! 1 1 1 1 1 1 1 1 1 1
00 05 1.0 1.5 20 25 3.0 35 40 45 50 55
1[s]
(d) 1000

-6000

1 1 1 1 1 1 1 1 1 i
05 1.0 1.5 2.0 25 3.0 35 40 45 50 55
t[s]

. (c) The error of 4. (d) Fy. () The error of i4. (f) Fj.

WWwWw.jpier.org



rlER Letters

Progress In Electromagnetics Research L, Vol. 127, 29-37, 2025

Fundamental (33Hz) = 29.74 , THD= 12.15% ]

—~
&
=

(b) T T T T T T
| Fundamental (33Hz) = 29.74 , THD= 8.83%

~

10+

=
T
L

50 T

|——— SMC+SMO)|

il

w
T

S
]

w
T

Mag (% of Fundamental)
(3]

Mag (% of Fundamental)

5.1 5.2 (Is] 53

L L L

500 600 700

5.4 5.5

5.2 5
ts]

600

300 400
Frequency (Hz)

200

800 0 100 200 300 400 700 800

Frequency (Hz)

500

(c) 4F T T T T |
Fundamental (33Hz) = 29.74 , THD= 5.74%

50, T T T T
—— INFTSMC+STSMO

w
n
I

)
T

]
n
T

L

in
T

Mag (% of Fundamental)
[ ]

0.5

200

300 400
Frequency (Hz)

500 600 700 800

FIGURE 4. The THD analysis of i, for PI/[SMC + SMO /INFTSMC + STSMO. (a) The THD of PI. (b) The THD of SMC + SMO. (c¢) The THD of
INFTSMC + STSMO.

TABLE 3. The comparison of results.

Performance indicators PI SMC 4+ SMO  INFTSMC + STSMO
torque pulsation 14.11% 10.01% 6.83%
THD /% 12.15 8.83 5.74
Response time 0.4/0.4 0.18/0.18 0.13/0.15
static differential 0.062 0.0253 0.011

_ | DSP ' l
RT-LAB iy DsP
g Controller

TMS320F2812

S

FIGURE 5. The experimental platform of RT-LAB.

Figure 4 illustrates the phase-,, current waveforms and total
harmonic distortion (THD) comparisons for the three control al-
gorithms. As shown in Figs. 4(a)—4(c), the proposed INFTSMC
+ STSMO method achieves the lowest THD among all strate-

35

gies and effectively suppresses current pulsations induced by
parameter perturbations. This results in improved current qual-
ity and enhanced overall performance of the PMSM drive sys-
tem.

4.3. Analysis of RT-LAB Experimental Results

Figure 5 depicts the RT-LAB real-time hardware-in-the-loop
(HIL) experimental platform used in this study. The PMSM
drive system was simulated on the RT-LAB platform during the
experiments. Fig. 6 presents the experimental waveforms ob-
tained from the PI, SMC + SMO, and INFTSMC + STSMO
control algorithms.

Based on the simulation results shown in Figs. 2 and 6, the
overall performance of PI and SMC + SMO is limited. Specif-
ically, system convergence speed, output torque stability, d-g
axis currents, and total harmonic distortion (THD) values fail
to meet the demands of high-performance control. In contrast,
the proposed INFTSMC + STSMO method effectively over-
comes these shortcomings, enabling the PMSM drive system

WWwWw.jpier.org
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FIGURE 6. The RT-LAB experimental waveforms. (a) PI. (b) SMC + SMO. (¢) INFTSMC + STSMO.

to achieve high-precision control. Table 3 summarizes the per-
formance comparison among PI, SMC + SMO, and INFTSMC
+ STSMO.

5. CONCLUSION

To address the limitations of PI and SMC + SMO in achiev-
ing high-quality current control, this paper optimizes the speed-
current loops of a PMSM drive system and proposes a contin-
uous INFTSMC + STESMO control method. The proposed
composite control approach reduces a number of tuning param-
eters and mitigates system vibrations. Furthermore, it enhances
control performance, improves the robustness of the PMSM
drive system, and accelerates the dynamic response
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