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A Predefined Time Fast Terminal Sliding Mode
Predictive Speed Control for PMSM Drives

Delin Kong
and Wenkai Zeng

Abstract—This article proposes an improved predefined time
sliding mode predictive control strategy for surface-mounted per-
manent magnet synchronous motor to achieve superior antidis-
turbance capability and tracking performance. Compared to the
conventional predefined time sliding mode surface (PTSLMS), a
linear term is introduced to enhance the convergence rate of system
states. A more broadly applicable formulation of the PTSLMS is
presented. Then, a cost function is provided to make the one-step
forward prediction of the sliding mode surface approach the target
value. The lumped disturbances from load torque and uncertainties
are estimated and compensated by an enhanced predefined time
disturbance observer. Simulations and experiments are carried
out to verify the effectiveness of the proposed method in dynamic
response performance and antidisturbance capability.

Index Terms—Convergence rate, permanent magnet synchro-
nous motor (PMSM), predefined time, sliding mode predictive
control (SMPC), speed regulation.

I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs), have

been extensively applied in machine tool processing, servo-
driven robots and new energy industries for their inherit ad-
vantages, such as high efficiency, high-power density and small
installation volume [1], [2]. PI control, as a commonly algorithm
for PMSM speed control, is limited by the nonlinear modeling
of PMSM and cannot satisfy some specific requirements for the
dynamic response performance and antidisturbance capability
[3]. Thereby, many nonlinear algorithms emerged, such as model
predictive control (MPC), sliding mode control (SMC) and
adaptive control, etc.

MPC has caught the attention of scholars for the evolution of
the digital technology and its simplicity in dealing with nonlinear
problems [4]. MPC can be effectively applied to nonlinear
systems by utilizing explicit models of PMSM and minimizing
a cost function over a finite prediction horizon. However, this
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approach inherently implies that the control performance of
MPC is highly dependent on the accuracy of the system model.
In addition, MPC is sensitive to external disturbances, which has
been hot issues in current research [5], [6]. Hence, a continuous
control set MPC speed control method with reduced-order incre-
ment model of SPMSM is proposed, which naturally includes
integrators. The experimental results confirm that the proposed
method effectively eliminates steady-state errors induced by
both parameter variations and external disturbances. However,
the enhancement of antidisturbance capability remains limited
and requires further improvement. Additionally, a short predic-
tion horizon is utilized to balance steady-state performance and
dynamic response [7].

To improve the robustness to parameter variations, motor
parameters of different operating conditions are identified offline
as presented in [8]. However, it is difficult to identify the param-
eters of all operating conditions and enhance the resistance to
external disturbances. Least squares (LSs) method can estimate
parameters according to the measurements recorded online and
update the model at the present moment to improve the control
performance [9]. Recursive LS (RLS) method can estimate and
update system models online uninterruptedly, which reduces
the dependence of the MPC on the disturbances of parameter
variations [10], [11], [12]. Model reference adaptive system
method has been wildly applied in parameters identification
for less computational load compared to the LS and RLS [13].
However, the impact of external disturbances on MPC has not
been taken into account in these methods.

Disturbance observers (DOs) can estimate and compensate
systems disturbances, including parameter variations and exter-
nal disturbances, which significantly improves systems antidis-
turbance capability [14]. To mitigate the sensitivity of MPC to
external disturbances, a dual second-order sliding-mode distur-
bance observer is proposed for estimating lumped disturbances.
The estimated disturbances are then integrated into deadbeat
predictive direct speed control to compensate for significant dis-
turbances and model uncertainties in PMSM. The effectiveness
of dynamic response and disturbance rejection performance is
verified by simulations. However, the stabilization time of the
observer is disregarded [15]. A novel sliding mode exponential
reaching law-based DO is utilized to improve the robustness
of the PMSM deadbeat predictive current control. The results
of simulations and experiments indicate the effectiveness of
the proposed approach. The proposed DO can achieve finite
time stabilization. However, the stabilization and convergence


https://orcid.org/0009-0006-8010-4820
https://orcid.org/0000-0003-1462-7405
https://orcid.org/0009-0005-3050-3340
mailto:230238814@seu.edu.cn
mailto:haiweicai@seu.edu.cn
mailto:haiweicai@seu.edu.cn
mailto:220213079@seu.edu.cn
https://doi.org/10.1109/TPEL.2025.3544281

KONG et al.: PREDEFINED TIME FAST TERMINAL SLIDING MODE PREDICTIVE SPEED CONTROL FOR PMSM DRIVES

time depend on the initial state of the system [16]. Similarly,
the stabilization time of the DO in [17] is also affected by
the initial state of the system. In [18], a second-order fixed
time convergence sliding mode observer (FTSMO) is presented
to enhance the robustness of the model-free predictive current
control of PMSM. Although the stabilization time of FTSMO
can be less than a maximum value for any initial state of systems,
it still cannot be predefined and is often desired to be shorter.
Therefore, a DO that can stabilize within a faster and predefined
time needs to be researched.

By exploiting the robustness of SMC [19], [20], [21], sliding
mode predictive control (SMPC) has been extensively studied,
which integrates SMC into MPC. SMPC differs from MPC
in that the cost function is defined as the deviation between
the one-step forward prediction value and the target value of
the sliding mode surface. The optimal control output is then
obtained by minimizing the cost function, consistent with the
approach used in MPC. An SMPC based on linear sliding mode
surface (LSMS) is proposed for the boiler-turbine system with
uncertainties [22]. Although the simulation results indicate that
the proposed strategy enhances the antidisturbance capability,
the system is asymptotically stable. To enhance the antidistur-
bance capability of the MPC for the SPMSM speed regulation,
an SMPC with an LSMS is proposed in [17]. The same PI
current controllers are designed for both SMPC and MPC. The
results show that the proposed method can effectively improve
the robustness of MPC. However, since the sliding mode surface
is linear, the system is asymptotically stable.

Kang et al. [23] proposed an SMPC utilizing fast terminal
sliding mode surface (FTSLMS) for a parallel micropositioning
piezostage to achieve faster convergence of the sliding mode
surface and the system states. This approach improves the dy-
namic response performance and the robustness of MPC, but the
convergence of the system states is still affected by the initial
state of the system.

The issue of the system states convergence performance being
dependent on the initial state of the system has been addressed
in several studies on SMC. For example, fixed time SMC is
proposed, which can realize the fixed time convergence of the
system regardless of the initial state of the system [24], [25].
However, the system states convergence time cannot be prede-
fined. A predefined time SMC is developed and validated on
a space triangle tethered formation system. The system states
can converge in a predefined time [26], but the convergence
rate still needs to be improved. To achieve better dynamic
response performance, a linear term is introduced into traditional
predefined time frameworks in [27], which not only realizes the
predefined time convergence but also increases the convergence
rate of the system states.

However, there is little research on the application of prede-
fined time SMPC theory to PMSM. In [28], a predefined time
sliding mode predictive method for SPMSM speed control is
proposed. The robustness and tracking performance are verified
to be enhanced by experiments, but it is generally desired that
the system converges as fast as possible. Therefore, a linear
item is introduced into traditional predefined time SMPC for
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SPMSM speed control to accelerate the system convergence
rate in this article. The existing predefined time theory applied
in SMC of synchronizing chaotic systems [27], including linear
item, is adjusted by the predefined time parameter for the output
control gain. Since the introduction of a linear term, the system
is prone to jitter when the predefined time is small, especially
for some small inertia PMSM speed control. Meanwhile, there is
potential to further improve the dynamic response performance
and robustness of the system.

Considering the shortcomings of [27], a predefined time fast
terminal SMPC method based on a predefined time DO is pro-
posed for PMSM speed control in this article. First, a linear term
and adjustment parameters are introduced into the traditional
predefined time sliding mode surface (PTSLMS) to speed up
the system convergence rate and facilitate the adjustment of the
control output gain. A predefined time FTSLMS (PTFTSLMS)
with broader applicability is thus established. Then, the sta-
bility analysis is presented, and a DO based on the improved
predefined time reaching law is designed for observing and
compensating for the lump disturbances of parameter variations
and external disturbances. Next, a cost function is defined by
the error between the sliding mode surface of one-step forward
prediction and its target value. Finally, the control output gain of
the speed control is obtained by minimizing the cost function.

The rest of this article is organized as follows. Section II
introduces the mathematical model of SPMSM and prelimi-
naries. The proposed predefined time fast terminal SMPC and
predefined time DO are shown in Section III. Simulation and
experimental comparisons are carried out in Section I'V. Finally,
Section V concludes the article.

II. MATHEMATICAL MODEL AND PRELIMINARIES
A. Mathematical Model of SPMSM

The general mathematical model of SPMSM can be expressed
as

{Jd‘;;;n - Te - TL - bwm

where J is rotational inertia, T is electromagnetic torque, 77, is
the load torque, w, is the rotor speed in rad/s, b is coefficient of
viscous friction, p is number of magnetic poles, v ¢ is permanent
magnet flux linkage, R, is stator resistance, and %4, i, are stator
current magnitude dg components.

In fact, the parameters of SPMSM systems are affected by
parameter perturbation, system uncertainty, and external distur-
bance. These parameters can be described as

{J: Jo+AJ
Yy =0 + Ay

where Jy and ¢y represent the nominal values, A.J and Ay
denote the uncertainty values. SPMSM systems typically consist
of an inner loop (speed loop) and outer loop (current loop). The
reference for the current control (igf) on the d-axis component
is OA and the output of the speed control determines the reference
for the g-axis component (?grer).

ey

@)
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When ¢4ef = 0 A, the reference of the mechanical equation
can be derived as (3) from (1) (2)

o = g — d 3)

where d; = 3p(AyrJo — AJY) /200 AT + bwy,/J + T /T
is the lumped disturbance, including parameter perturba-
tion, system uncertainty, and external disturbance, and a =

3pyo/2Jo.
The speed tracking error is defined as

€1 = Wr —Wnm (4)
€9 :U.JT —LUm

where e; is the speed tracking error, es is the derivative of e,
and w,. is the speed reference in rad/s.
By combining (3) and (4), (5) is derived

él = €9
{éz = —au + dl )

where w is the output of the speed loop.

B. Preliminaries

A nonlinear system is defined as
= f(x),z(0)=xo (6)

where x € R™ represents the system states, and f(z) is known.

Definition 3.1 [29]: System (6) is called predefined time
stable if it can achieve global stability within a predefined time
T., where the stability time T, (z¢) < T.,Vzo € R™.

Lemma 1 [27]: For the system (6), if there exists a Lyapunov
function V satisfying

12 . o
V<-——Z(0U4+Viz4yvite), 7
< Tca( + + ) (7

Then, the system (6) is called predefined time stable, where
Tc > 0 is the predefined time and 0 < o < 1.

III. PREDEFINED TIME FAST TERMINAL SLIDING MODE
PREDICTIVE CONTROL AND IMPROVED PREDEFINED TIME
DISTURBANCE OBSERVER

A. Predefined Time Fast Terminal Sliding Mode Predictive
Control (PTFTSMPC)

1) Predefined Time Fast Terminal Sliding Mode Surface: To
suppress the potential jitter caused by the introduction of linear
terms which aims to accelerate the convergence rate and extend
the application range of the existing predefined time theorem in
[27], a PTFTSLMS is introduced. This enables its application
to SPMSM speed control. The general form of PTFTSLMS is
shown as

Sw = ez + 2 (x1sgn' " (e1) + xze1 + xzsgn' (e1))
1
B Wﬂ(:ﬂ =2/X1Xx2
- 1 {g — arctan (g‘%;%)} X3 > 2/X1X2
vX2§ 2
®

where s, is the sliding mode surface, xi1, X2, X3 >0,
0<v<1,x3<2/X1x25gn  (eg) = |el\17”sign(el), and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

sgn't(ey) = |ey|' " sign(er). Here, T is the system states
. 5 12
convergeilce time, ¢ = 3+ — (3%)%, p(e1) = ef + 355 When

B = TG and x1 = x2 = 1, the design of (8) is consistent

with that in [27].
When the sliding mode face s,, = 0, (9) can be derived

B
€2 = T (X1sgn17” (e1) + xze1 + X2Sgnl+y (61)) NC)

2) Convergence Time: The time for the system states to
converge from the initial value e1(0) to zero is defined as ¢,
and ¢ can be derived by solving (9)

/t g — /t - Tdey '
0 o B(xisgn'™”(e1) + xze1 + xasgn'* (e1))
(10)
Then ¢ can be expressed as
Tdxy

an

e1(t)
t:/ -

1(0) v X3 2 X1 X3 2
BZ/XQ (61 + %) + X2 (@)

Case % — (;‘732)2 =0, x3 = 2,/X1 X2, itcan be obtained that
/elm Tde
t= - .
< Buy {(6? +/2) ]
o T 1 €1 (t)
BVXQ@T-’- /X1 61(0)
X2
T
< (12)
Bv/x1x2

Substituting (8) into (12), it can be obtained that ¢ < 7'. Thus,
the system state e; can converge within a predefined time 7.
The (13) can be derived as

S = €3 + x15gnt (e1) + 2y/X1x2€1 + xosgn' T (e1) .
(13)

a2 2 L.
Case % — (;‘732) >0, y3 > 2,/X1X2, it yields that

Td[s 5 ()]

e1(t)
t :/ - 1 1
e1(0)  Bryxag? {g‘ipz (e1) + 1]

_r arcta [ -3 ( )} !
— I n|¢ &
7BVX2§% ple €1 (0)

T |:7T < E X3 ):l
<——— |~ —arctan | ¢ 2 .
B]/XZCE 2 2X2

By substituting (8) into (14), it can be derived thatt < 7', and
the system state e; can converge from initial state e; (0) to zero
within a predefined time 7". Equation (15) can then be obtained
as

(14)

2y
X xisgn!™? (e1)

1
7 — arctan (g’i ﬁ)
Sy = €o + (

TVXzC%

+xse1 + xzsgn't (e1)) . (15)
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Fig.1. Relationship between T and the adjustment parameters of sgn' " (e1),
sgn'™(e1), and e1. (@) x3=2yX1x2- (b) x3 = 2y/X1x2- (©) X3 >
2y/xaxz- @A) x3 =2y/xix2 = 1.

When % =1, x1, X2, X3 are the direct tuning factors of each
component in the proposed PTFTSLMS. For the convenience of
parameter selection, the % is set to 1, and then Y1, x2, and X3
can be obtained at different values of 7. A smaller value of T’
may lead to system jitter. The relationships between the system
states settling time and x1, X2, and x3 are shown in Fig. 1(a),
(b), and (c).

When % — (;‘732)2 =0 and x3 = 2,/X1X2, the selection of
X1, X2 and xs is performed on a curve at a predefined time.
When % —.(2%)2 > 0and x3 > 2,/X1X2, the selectipn of x1,
X2, and x3 is performed on a surface at a predefined time. The
final parameters 7', x1, X2, and 3 are obtained by scanning the
parameter groupings in Fig. 1(a), (b), and (c).

The factor parameters for the provided PTSLMS in [27]
correspond to a fixed point at a predefined convergence time
without the adjustment of x1, X2, X3, as shown in Fig. 1(d).
In contrast, this may reduce the parameter tuning task but
limit the adjustment of the control gain. Parameter tunability
is reduced at the same predefined time, which will likely affect
the convergence performance. Moreover, as the time parameter
decreases, it is more prone to cause the system jitter at the same
predefined time.

Compared with the predefined time theorem in [27], PTFT-
SLMS shows better parameter tuning capability and a wider
range of the control gain adjustments, which is meaningful for
applications in small inertia systems. The proposed PTFTSLMS,
ILSMS [17], FTSLMS [30] and PTSLMS [27] are compared in
Fig. 2. Obviously, the proposal PTFTSLMS can converge faster
compared to the others.

3) Stability Analysis: When s,, — 0, the system states will
slide on the sliding mode surface, and (9) is achieved. A Lya-
punov function is chosen as V' = %e%, and the derivative of V'
can be expressed as

V= 61é1

= €162
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— lg T — lg T
3 ¢ ——————— LSLMS 3 ¢ ——————— LSLMS
=, (2J .\\ =, % ‘\\
_ lgo : 0.05 0.1 _ lgo i 0.05 0.1
@2 - — = = FTSLMS 2
S 6 ‘l— 2 6 - — — = FTSLMS
z 4 ! = 4
el |
100 0.05 0.1 10O 0.05 0.1
@ o [ © 3
=5 g ;: PTSLMS 5 g ,: PTSLMS
£ 4 L PTFTSLMS £ b PTFTSLMS
o % o %
0 0.05 0.1 0 0.05 0.1
Time(s) Time(s)
(a) (b)
Fig. 2. System states convergence rate comparison between LSLMS, FT-

SLMS, PTSLMS, and the proposal PTFTSLMS. (a) e1 (0) = 1000. (b) e (0) =
5000.

B v v
=7 <X1|61|2 +xsed + xaler [ ) <0.  (16)

When B = y\/ﬁ and x1 = x2 = 1, the (16) is the same as

Lamma 1. Equation (16) indicates that the system can be globally
stable, and it can be simplified as

. -B L (1) 1
V= T (212X1 (56%) + 2X3 (56%)
. /1 ,\'"2
+21+§X2 (56%)

-B y y . .
== (212 VT2 42y V + 21T Ex VIR

Then, the time for system stabilization ¢y, can be derived by
solving (17)

V(tv)
o [
v(0)
/V(tV)
~Jvo B

Case % — (;‘7"’2)2 =0, x3 = 2,/X1X2, the (18) can be ex-

pressed as

7)

TdV
B (215 xaVIT5 42y V + 215y, V1F3)

Td(2V)”

. . (18)
X1+ x3(2V)= + XQ(QV)U>

/N

Ty, /Xd(2V)®
X2

Vi(ty)
e [ |
V() (g— +2,/8@v)% + [@V)f] )
N
X1 b
X2 ’/E + (2V)

<1,/ : -
X2 =+ 2V (tv))?

<T.

V (ty)
Vv (0)

(19)
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Equations (16) and (19) show that the system can be stable
within the predeﬁned time 7.

Case % — (2x )2 > 0,xs > 2,/X1x2, the (16) can be ex-
pressed as (20). At the initial state v(f)— o0, and from (16), it
can be derived that v(#)—0

; /V“v) Td(2V)”
V= - V 2 2
O (enfe ) - ()]
T _1 V (tv)
= ————arctan |[¢ 2 1%
BVX2§5 |: pV( )} ‘ \% (O)
< Ll {F — arctan (c_é)(?’)] (20)
BZ/X2g§ 2 2X2

where py (V) = (2V)" + 352 It can be derived that ty < T.
Therefore, the system states can achieve global stability within
a predefined time 7'.

4) Discretization and Cost Function: By Euler discretizing
(5) and (8), and then (21) and (22) can be obtained as

{61 (k + 1) = €1 (k) + Tseg (k)
ea (k+1) =es (k) — aTsu (k) + Ad; (k)

sw (k) = ez (k) + 2 (xasgn' ™ (e (k)
+x3e (k) +X2Sgnl+" (e1 (K)))
swl(k+1)=ex(k+1)+ £ (xisen’ ™ (e1 (k+ 1))
T xser (k+ 1)+ xasgn™ (er (k + 1))
(22)

2y

where Ad;(k) = dj(k + 1) — di(k), T} is the discrete time pe-
riod. Since the system states are not initially in the sliding state,
an optimization approximation based on the target value zero
(TVZ) of the sliding mode surface is explored in this article.
The cost function based on TVZ is given as follows, and it is
defined as the error between the predicted sliding mode face
value and the tracking value

G(k)=s2(k+1). (23)

The optimized control gain u(k), which makes the predictive
sliding mode surface optimally approximate the target trajec-
tory, can be obtained by solving G (k) /Ou(k) = 0. Here, u(k)

represents the control output gain
u (k)

_ 1 [-ea (k) + Adi (k) — A (xasgn' ™ (ex (k + 1))

—aT, |~ xze1 (k+1) — xosgn' ™ (e1 (k +1)))
(24)
The command of current control can be expressed as
iqref(k) = Zq(k) + Tsu(k) (25)

B. Predefined Time Fast Terminal Disturbance Observer

The sliding mode surface of the proposed predefined time fast
terminal disturbance observer (PTFTDO) is defined as

0= Wm — W (26)
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A linear item is introduced to speed up the convergence
rate and improve the convergence performance. The proposed
PTFTDO is designed as

B, — y
di = — =2 (xo158n' 7 (0) + X030 + Xo2sgn' " (o))

T,

t
_ / Xossign (o (£))dr @7
0

where Xo1» Xo2 Xoa > 0, 0 < Xo3 < 2,/Xo1Xoa2, 1o is the
system state convergence time, and B, is the tunning factor
consisting of X1, X2, and Xo3

p\/ma X3 = 2\/ Xo1Xo2

B,=
! I {5 — arctan (9,2 o )} » Xo3>2+/Xo1Xo2
PXo2So
2
__ Xol _ [ Xo3
0= Xoz 2X;2 )
(28)
According to (3), it can be obtained that
O = aig — dy. (29)

After differentiating (26), substituting (3), (27) and (29) yields

{‘7 = — 2= (xorsgn™ (a.) + X030 + Xo2sgn' ™ () +¢
i = —xossien (o (1) + d -
(30)

A Lyapunov function is chosen as V,, = 3 L 52, and the deriva-
tive of V,, can be expressed as

Vo - _ 2+1/)

(Xolo' =+ X030' + Xo20

B,
T,

- \a|/ (xo4 — djsign (a))dt <0 31)
where |dl| < ¢, ¢ > 0. Let xo4 > ¢, and it is obvious that
lo| [ (xoa — disign(o))dt > 0. Therefore, the proposed DO
(30) is able to stabilize, and (31) can be derived as

. B,
< _°
V, < T

o

(2B X1 Vol 4 2x0s Vi + 21 E oV, 11 E)

(32)

Then, the stability time 77, for the estimated error from initial
value o (0) to zero can be calculated by solving (32). Similar to
the calculation process (16)—(20), it can be obtained that Ty, <
T,, which shows that the designed DO can stabilize within a
predefined time independent of the initial state.

The block diagram and flowchart of the proposed PTFTSMPC
based on the PTFTDO (hereafter, PTFTSMPC refers to the
PTFTSMPC based on the DO PTFTDO by default) are shown
in Figs. 3 and 4, respectively.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

The proposed PTFTSMPC speed controller shown in Fig. 3
is validated by simulations and experiments in this section.
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PTDO ), i ;
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3 [ ==

Fig. 3.

Block diagram of the proposed PTFTSMPC.

4

Achieve speed and g-axis current reference.

Measure phase currents and speed.

4
Estimate dj(k) based on (27).

4
Calculate the estimate of A dy(k)

v
Obtain i, (k) based on (24) and (25) .

v

PI current control

\ 4
Output pwm signals based on SVPWM.

End

Fig. 4. Flowchart of the proposed PTFTSMPC.

A. Simulation Verification

To validate the effectiveness of the proposed PTFTSMPC
speed controller, MATLAB/Simulink is utilized based on the
block diagram in Fig. 3. ¢ 4 is the output of the speed controller,
and 74 = O A. PI controllers are used in the current control,
which are designed to be the same for all the speed controllers
to ensure a fair comparison. The parameters of the SPMSM are
givenin Table I. The comparative experiments of the major speed
control algorithms include: the traditional PI speed controller
designed in [31] and [32], the conventional linear-sliding-mode-
surface-based sliding mode predictive control (LSMPC) for
speed regulation in [17] and [31], the proposed PTFTSMPC
speed control method.
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TABLE I
PARAMETERS OF THE SPMSM

Name Parameters Nominal Value
Stator Resistance R, (Q) 0.3
Stator inductance L (H) 4.6 x10*

Pole pairs )4 2
PM flux ¥, (Vs) 0.0371
Rotor inertia J (kg'm?) 4.4109x10°
Rated speed N (r/min) 3000
Rated power P.(W) 314
Rated torque T,(Nm) 1
DC link voltage Vie (V) 50

1) Parameter Tuning: Parameter Tuning of the Proposed
Method: A small T, of the PTFTDO represents fast convergence
of the observer, but an excessively small 7}, may cause jitter.
To balance convergence rate and the observation jitter of the
PTFTDO, the convergence time 7}, is taken as 0.001 s in this
article. Large values of X,1, Xo2, and x,3 Will speed up the
convergence time of the PTFTDO, but excessively large values
may cause jitter. Although excessive x,3 and x,; will also
cause jitter, their impact is less significant compared to Y ,o.
The values x,1 = 3000, xo2 = 800, x0o3 = 2500 are set in sim-
ulations and experiments to minimize 2 under the condition
of T, = 0.001s. Additionally, x4 = 109 is selected to satisfy
the condition of y,4 > ¢. Based on the designed PTFTDO pa-
rameters, the PTFTSMPC parameters are selected by scanning
the parameters grouping in Fig. 1. The steady-state error will
increase with large v and thus v = 2/3 is selected. Similar to
the PTFTDO, large values of x1, X2, X3 will accelerate the
speed convergence rate but may cause jitter. Thus, combined
with the Fig. 1, parameter groups with 7 from 0.01 s to 0.045
s are scanned. Finally, the values x; = 573.091, x» = 20.189,
and y3 = 177.889 are taken for the PTFTSMPC speed controller
in simulations and experiments.

Parameter Tuning of the LSMPC: The design of the LSMPC
is same as that in [31]

s(k) = crer(k)+ea(k)
u(k) = —a—i (—cre1 (k+1) —ea (k) + s(k)
= kys(k) = ka|s (k)["sign (s (k)))
igre (k) = ig(F) + Tsu(k)

(33)

where ¢; > 0,0 < ky < 1,0 < ko < 1. Large values of ¢y, ky
will accelerate the convergence rate of the system, but exces-
sively large values may cause jitter. To be fair in comparison,
c1 = 200, ky = 0.7, ka = 0.6, v = 2/3 are chosen in the simu-
lations and experiments.

Parameter Tuning of the PI Speed Controller: Accord-
ing to [32], the output of the PI speed controller is %grr =
(kpw + kiw/s)(wr — W) — Wy Ba, where B, is the factor of
the active damping and B, = (f.,J —b)/(1.5pw¢). The pro-
portional coefficient k,,, is designed as k., = fo,J /(1.5p),
and the integration coefficient k;,, is designed as k;,, = fi,kpe-
Here f,, is the desired bandwidth of the PI speed controller and
fw = 400 rad/s. To balance the overshoot and dynamic response
speed, kp, = 0.159, k;, = 15.852, and B, = 0.001 are set in
simulations and experiments.
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Parameter Tuning of the PI Current Controllers: PI current
controllers are implemented for the d-axis and g-axis current
regulation. The parameters of the two PI current controllers are
identical. From [33], the proportion factor k) and the integration
factor k. of the PI current controllers are selected as k. = f.L,
kic = fcRs and f. is the bandwidth of the PI current controllers.
To reduce the limitation of the current response rate on the speed
dynamic performance, the bandwidth of the current controller
is chosen as f. = 27w /(L/Rs) = 4100 rad/s. After adjustment,
the final factors are selected as k. = 1.15, k;c = 1231.995 for
simulations and experiments. For fair comparison, PI current
controllers of the PI, LSMPC and PTFTSMPC are the same.

2) Step Response Performance: Fig. 5 shows the simulation
results of the step response comparison with an amplitude of
1000 r/min at no load. The rise time of the PTFTSMPC is the
52.63% and 42.11% of that of the LSMPC. Besides the settling
time of the PTFTSMPC is the 50.00% and 46.15% LSMPC.
Despite the fact that the PI has shorter rise time, the settling time
of the PI is 241.67% of that of the PTFTSMPC. Moreover, the
overshoot of the Pl is 16.60%, while the overshoot of the LSMPC
and PTFTSMPC is approximately zero. Thus, the proposed
PTFTSMPC exhibits superior dynamic response performance.

To further validate the superiority of the proposed method in
dynamic response performance, a simulation with a sequence
of different speed step commands response is conducted. A
square wave command for speed is set as 200 r/min, 700 r/min,
1200 r/min, 1400 r/min at 0 s, 1 s, 2 s, and 3 s respectively.
The frequency of the square wave speed command is 1 Hz
and the duty cycle of the signal is 50%, 50%, 50%, and 40%,
respectively. As shown in Fig. 6, the proposed method still has
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superior dynamic response performance compared to the PI and
LSMPC with different speed step commands.

3) Speed Reversal Performance: As shown in Fig. 7, the
speed reference of the SPMSM changes abruptly to — 1000 r/min
after running at 1000 r/min for 0.2 s without load. The pro-
posed PTFTSMPC has a rise time close to that of the PI
and a shorter settling time compared to both the PI and
LSMPC. The undershoot of the PI is 28.07% while that of the
LSMPC and PTFTSMPC is nearly zero. Therefore, the proposed
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Fig. 8. Simulation results of speed and phase current for load disturbance
performance test. (a) Speed. (b) Phase current.

PTFTSMPC enhances the dynamic performance of the SPMSM
speed control.

4) Load Disturbance Performance: As shown in Fig. 8, the
SPMSM is running at 1000r/min without load, and a 1 N-m load
torque is applied at 0.2 s. It can be observed that the overshoot of
the proposed PTFTSMPC is 66.83% of the LSMPC and 21.00%
of the PI. The overshoot recovery time of the PTFTSMPC is
shorter than that of the PI and LSMPC. Hence, the PTFTSMPC
demonstrates stronger antidisturbance capability.

5) Parameter Mismatch Test: Fig. 9 shows the simulation
results of the parameter mismatch test performance comparison.
The control parameter J is set to 10% of its real value, and the
step response test is conducted with an amplitude of 1000 r/min.
It is evident that the rise time and settling time of the proposed
PTFTSMPC are shorter than those of the PI and LSMPC. The
overshoot of the PI is 43.13% of the speed reference, which is
the largest among the three. Thus, the proposed PTFTSMPC
demonstrates stronger robustness against parameter mismatch
compared to the PI and LSMPC.

B. Experimental Verification

The hardware platform consists of an SPMSM with a resolver,
aload motor, a digital controller, a driver, and dc power supplies.
As shown in Fig. 10, the algorithms are implemented on the
digital controller based on TMS320F28335. The sample period
is 0.0001 s, and the frequency of the inverter is set to 10
kHz. The signal from the SPMSM resolver is decoded by a
12-bit decoder board. The experimental platform framework is
illustrated in Fig. 11. The control parameters of the PI, LSMPC
and PTFTSMPC are the same as those used in the simulations,
and d-axis current reference 4. is set as O A. To ensure a fair
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comparison, the same PI current controllers are applied in all
the algorithms.

1) Step Response Performance: Fig. 12 compares the step re-
sponse performance of the PI control, the conventional LSMPC
and the proposed PTFTSMPC with an amplitude of 1000 r/min
at no load. The proposed PTFTSMPC has a rise time close to
that of the PI control and a shorter settling time compared to both
the PI and LSMPC. The overshoot of PI is 8.518% of the speed
reference while the overshoot of the other two control methods
is nearly negligible. Overall, the proposed PTFTSMPC exhibits
a faster convergence rate than the PI and LSMPC, indicating
superior dynamic convergence performance.

In addition, Fig. 13 shows the experiment results of a sequence
of different speed step commands response performance. A
square wave command for speed is set as 200 r/min, 700 r/min,
1200 r/min, 1400 r/min atOs, 1 s, 2 s, and 3 s, respectively. The
frequency of the square wave speed command is 1 Hz, and the
duty cycle of the signal is 50%, 50%, 50%, and 40% respectively.
The proposed method still exhibits superior dynamic response
performance compared to the PI and LSMPC under different
speed step commands.

2) Speed Reversal Performance: As shown in Fig. 14, the
motor operates at 1000 r/min for 0.2 s without load initially,
and the speed reference is abruptly changed to -1000 r/min. It is
evident that the fall time and the settling time of the PTFTSMPC
are shorter than those of the LSMPC. Although the PI has a short
fall time, the settling times of the LSMPC and PTFTSMPC are
0.058 s and 0.029 s, respectively, which are 16.76% and 8.38%
of the settling time of the PI. Additionally, the undershoot of PI
is the 9.17% of the speed reference, which is the largest among
all the algorithms. Clearly, the proposal PTFTSMPC displays
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better dynamic performance, particularly in terms of settling
time.

3) Load Disturbance Performance: Fig. 15 shows the results
of the antidisturbance capability comparison of the PI control,
LSMPC and the proposed PTFTSMPC. The motor is subjected
to a 1 N-m load torque after running at 1000 r/min without any
load for 0.25 s. It can be observed that the PTFTSMPC has a
lower overshoot than that of PI and LSMPC. The overshoot of
the PTFTSMPC is the lowest, being 11.97% and 39.63% of that
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of the PI and LSMPC, respectively. Moreover, the recovery time
of the PTFTSMPC is shorter than that of the PI and LSMPC.
Hence, the proposal PTFTSMPC exhibits stronger antidistur-
bance capability than the PI and LSMPC.

4) Parameter Mismatch Test: The effect of ten-fold increase
in 1)y is equivalent to the ten-fold decrease in J. The comparison
of the robustness to parameter mismatch is shown in Fig. 16. The
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TABLE II
SIMULATION RESULTS
Tests Parameters PI LSMPC PTFTSMPC
Rise time/s
. (10%-90%) 0.004 0.019 0.008
ep —
Settling time/s
response (50%-98%) 0.029 0.026 0.012
Overshoot/% 16.60 / /
fall time/s
- (90%-10%) 0.007 0.025 0.012
pee —
. Settling time/s
revisal (50%-98%) 0.033 0.032 0.015
Undershoot/% 28.07 / /
Undershoot /% 20.05 6.30 421
Load Undorshoot
disturbance naersioo 0037 0013 0.005
recovery time/s
Risetime/s = 010 038 0.014
(10%-90%) ) ) )
Parameter Settling time/s
variation (50%-98%) 0.068 0.04 0.017
Overshoot/% 43.13 / /
TABLE III
EXPERIMENTS RESULTS
Tests Parameters PI LSMPC PTFTSMPC
Rise time/s
. (10%-90%) 0.007 0.037 0.015
ep —
Settling time/s
response (50%-98%) 0.090 0.051 0.015
Overshoot/% 8.52 / /
fall time/s
(90%-10%) 0.015 0.040 0.015
Speed Settling time/s
revisal (50%-98%) 0.346 0.058 0.029
Undershoot/% 9.71 / /
Undershoot/% 26.31 8.37 3.15
Load Undershoot
disturbance naerstioo 0381 0.091 0.061
recovery time/s
Risetime/s = nes (13 0.105
(10%-90%) ) ) )
Parameter Settling time/s
variation (50%-98%) 0.378 0.245 0.119
Overshoot/% 26.46 / /

control parameter J is set to 0.1 times its actual value, and a step
response test with an amplitude 1000 r/min is employed. It is
evident that the rise time of the proposed method is close to that
of the PI and shorter than that of the LSMPC. In addition, the
settling time of the PTFTSMPC is shorter than that of the PI and
LSMPC. Therefore, it can be concluded that the PTFTSMPC
also exhibits stronger robustness against parameter mismatch.
The specific results of the simulations and experiments are
given in Tables II and III. The proposed PTFTSMPC demon-
strates better dynamic response performance and stronger ro-
bustness against load disturbance and parameter variations in
both simulations and experiments. The computational burden
and the performance comparison of the proposed PTFTSMPC,
LSMPC and PI are given in Tables IV and V. The proposed
PTFTSMPC is recommended when the computational resources
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TABLE IV
COMPUTATIONAL BURDEN OF THE PROPOSED METHOD AND OTHERS

Operations PI LSMPC PTFTSMPC
+/- 4 10 20
*+ 13 16 16
Program Time 4.61us 6.461s 13.61us
TABLE V

COMPARISON OF THE PROPOSED METHOD AND OTHERS

Performances PI LSMPC PTFTSMPC
Dynamic performance medium medium good
External disturbances poor medium good
Parameter sensitivities poor medium good
Number of parameters 3 3 7

complexity simple medium complex
Computational burden low medium high

of the controller are sufficient and high control performance is
required.

V. CONCLUSION

This article proposes a PTFTSMPC approach for SPMSM
speed regulation, incorporating a predefined time DO to estimate
and compensate for general disturbances. Theoretical analysis
indicates that the proposed PTFTSLMS exhibits a faster con-
vergence rate compared to LSLMS, FTSLMS, and PTSLMS.
Stability analysis demonstrates that the system can be stabilized
within a predefined time. Simulations and experiments are em-
ployed to validated that the proposed PTFTSMPC outperforms
both PT and LSMPC in dynamic response and disturbance rejec-
tion. The proposed method significantly increases the dynamic
response performance, load disturbance resistance and robust-
ness to control parameter mismatch.

Future investigations will focus on combining adaptive al-
gorithms with predefined time SMPC to reduce the workload
of parameter tuning and improve the SPMC speed tracking
accuracy.
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