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ABSTRACT In this paper, a robust model-free nonsingular terminal sliding-mode control (MFNTSMC)
algorithm based on the ultra-local model is proposed to reduce the influence of permanent magnet (PM)
demagnetization for PM synchronous motors (PMSMs). First, the PMSM mathematical model in normal
and demagnetization is described, and the ultra-local model of speed loop and current loop is constructed
based on the input and the output of the PMSM vector control system. Then, the MFNTSMC method is
proposed and adopted to design the speed controller and d-g-axis current controller, and the sliding-mode
observer is designed to estimate the unknown terms of the ultra-local model. Finally, compared with the PI
control method and model-free control method, the results of simulations and experimentations show that
the MENTSMC method can improve the dynamic response while maintaining robustness of PMSM driven
system, reduce the dependence of the design of controller on the precise PMSM model, and has fault-tolerant
control function for PM demagnetization fault.

INDEX TERMS Ultra-local model, permanent magnet synchronous motor (PMSM), demagnetization,

model-free nonsingular terminal sliding mode control (MFNTSMC), sliding mode observer (SMO).

I. INTRODUCTION
Permanent magnet synchronous motors (PMSMs) have grad-
ually become one of the most potential motors in indus-
try field due to its advantages of simple structure, high
efficiency and energy saving [1]. In recent years, PMSMs
have been widely applied in railway traction system, elec-
tric vehicle, aerospace and other fields. The traditional
proportional-integral (PI) control scheme are widely applied
in the speed controller and current controller of PMSM drive
systems, because of their simplicity and easy implementation.
However, traditional PI controller is difficult to meet the con-
trol requirements of high-performance drive systems because
of integral windup [2].

The stability of permanent magnets (PM) is often affected
by temperature, electromagnetic field and other factors,
in severe cases even leading to the demagnetization fault.
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The demagnetization has direct influence on the accuracy
PMSM drive system [3], [4]. In [5], the terminal sliding
mode controller based on nonlinear disturbance observer is
designed to overcome the effect of the parameter perturba-
tion. In [6], a robust fault-tolerant predictive current control
method is proposed for PMSM considering demagnetization
fault, and the fault tolerance and robustness are verified by
simulation and experimental results. In [7], a fault-tolerant
predictive control algorithm based on active flux linkage is
proposed, the SMO is designed to estimate active flux link-
age; deadbeat control strategy is adopted to eliminate the error
of active flux linkage. The proposed methods in [5]-[7] are
all model-based control methods, while the model of PMSM
is uncertain when parameter perturbation is considered.
Compared with model-based control methods, the model-
free control (MFC) method can reduce the dependence on the
system model, and significantly improve the control perfor-
mance of motor [8], [9]. The MFC is appropriate for non-
linear, uncertain, strongly coupled PMSM driven systems.
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The MFC is proposed based on the ultra-local model, which is
established with the input and output of the system [10]-[12].
In [13], the model-free controller is designed to control a two-
tank system, and the experimental results show that the MFC
method has the merit of robustness and simple implementa-
tion. In [14], aiming at the robust synchronization problem
of master slave chaotic systems, the ultra-local model is
established, and the fixed-time differentiator is used to esti-
mate the unmeasurable states. In [15], the predictive current
controller of PMSM is designed based on ultra-local model.
The method has faster transient performance and smaller
pulsation. In [16], aiming at the problem that the parametric
uncertainties and inverter nonlinearity in PMSM, a model-
free deadbeat predictive current control (MFDPCC) method
is proposed. Compared with conventional PI controller
and model-based deadbeat predictive current controller,
MFDPCC has stronger robustness.

In this paper, a model-free nonsingular terminal sliding
mode control (MFNTSMC) method is proposed, which com-
bines model-free control [10], [17] with nonsingular terminal
sliding mode control (NTSMC) [18], to guarantee reliable
operation of PMSM regardless of PM demagnetization fault
and external disturbances. The ultra-local model based on the
input and output of PMSM is established, to reduce the depen-
dence of the controller on the precise PMSM model. The
speed and current controllers are designed by MFNTSMC
algorithm, so as to improve the response speed and steady
state tracking accuracy of the PMSM system, and the SMO is
designed to estimate the unknown variable of the ultra-local
model. The results of simulations and experimentations show
that the proposed method has faster response speed and higher
control accuracy, and has fault-tolerant control function for
PM demagnetization fault.

The remainder of this paper is organized as follows. The
mathematical model of PMSM in normal and demagneti-
zation is described, and the ultra-local model of PMSM is
established in Section II. A MFNTSMC controller and a
SMO are designed in Section III. The results of simulation
and experimental are shown in Section IV and V. A brief
conclusion is presented in Section VI.

Il. SYSTEM DESCRIPTION

A. MATHEMATICAL MODEL OF PMSM IN

NORMAL CONDITION

The stator voltage equations of the healthy PMSM in the
d-g-axis reference frame can be expressed as follows [18]:

. dya

ug = Ryig + —— — wewq

a8 M

ug = Ryig + d_[l] + wea,

where ug, u, are the d- and g-axis voltage (V), respectively;
iq, ig are the d- and g-axis stator currents (A), respectively;
Y, ¥y are the d- and g-axis stator flux linkage (Wb), respec-
tively; R is stator resistance (£2), and w, is the rotor electrical
angular velocity (rad/s).
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The stator flux linkage of PMSM is expressed as follows:

{wd = Ld.ld + Yo )
Vg = Lyig,
where Ly, L, are the d- and g-axis stator inductances (H),
respectively; ¥, is the normal parameters of the rotor PM
flux linkage (Wb).

The electromagnetic torque equation of PMSM in the
d-g-axis reference frame can be expressed as:

3
T, = 5”17 (Wdiq - qud)

3
= 5 [V + (La = Ly) ia]ig

3

= E pwextiq’ 3)

where T, is the electromagnetic torque(Nm); n,, is the number
of pole pairs; V., represents the active flux [19]-[21].

The speed equation of PMSM in the d-g-axis reference
frame is as follows:

dw,
dt

where T, is the load torque(Nm); w,, is the rotor mechan-
ical angular velocity (rad/s), and w. = npwy; J is the
moment of inertia (kg~m2); B is the viscous friction coeffi-
cient (Nm-s/rad), and Bw,, is the viscous friction torque.

np
= 7 (Te — Ty, — Bwy) , @

FIGURE 1. Variation of PMSM flux-linkage.

B. MATHEMATICAL MODEL OF PMSM WITH PM
DEMAGNETIZATION

The permanent magnet (PM) demagnetization occurs
because of the external influence, such as temperature rise
and other external factors [22]. When the PM demagnetiza-
tion fault occurs, the PM flux linkage amplitude and direction
will change. The flux linkage amplitude varies from initial
Yo to Y-, and a deviation angle y exists between the direction
of the rotor flux and the d-axis of the reference frame. It is
illustrated in Figure 1 [2], [22].
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When the PM demagnetization fault occurs, the equation
(2) no longer holds, and stator flux-linkage of PMSM are
formed as follows:

Ya = Yo + Laia + A
Vg = Lgiqg + Ay,

where A,y is perturbation values of the flux-linkage compo-
nents of d-axis, AvYr,y = ¥, COs Y —Vyo; Ay, is perturbation
values of the flux linkage components of g-axis, Ay, =
Yrsiny;y € [0, 2)

Substituting (5) into (1), the stator voltage equations of
PMSM is expressed as follows when PM demagnetization
fault occurs:

&)

. . dig

uqg = Rsig — weLgig + Lg—
d A
+ (wm + 1/frd) . (UeA'(//rq
dt . (6)

) ) dig  dAyy
ug = Rsig + weLgig + LqE —

Fwe(Vro + AYra).

Considering that the time constant of the mechanical sys-
tem is much larger than that of the electrrcal system in the
PMSM, that is 4Wetava) ~ o 28%5 ~ 0 [2]. Then,
the stator voltage (6) of PMSM can be rearranged as follows:

. . di
ug = Rsig — weLgig + Lg—— — we Ay

' ™
qE + @ (Yo + AYa).

g = Ryig + weLaiq + L

According to (7), the state equations of PMSM in d-g-axis
reference frame can be expressed as follows:

diy uqg Ry L, . Ay,

— =———igtwe qlq+a)e Vg

dt Ly Ly Ly Ly 8)
d lg Ug Ry . Lg . Yro + AV

— = = iy — Wl — W .

dt L, L Ly L,

The electromagnetic torque (3) of PMSM can be rear-
ranged as follows:

3 . .
T, = 5” ("pdlq - wad)
= ‘”p [(¥ro + (La — Lg) ia) ig + AViaig — Arrgia]
3 .3 . .
= Enpwexth + Enp (AWrdlq - AI//rqld) . 9)

According to (4) and (9), the speed equation can be rear-
ranged as follows when PM demagnetization fault are con-
sidered:

dw,
dt
n, [ 3 . . .
= 7 Enp (I/Iexth + (N/frdlq - Al/frqld)) — T — Boy,
3n) 3n? .
1!frulq 2] ( Lq) ldlq
?)n2 ) np
+ 7 (Awrdlq Alﬂrqld) - 7 (Tr, + Bwy,) . (10)

VOLUME 7, 2019

C. THE ULTRA-LOCAL MODEL OF PMSM

According to input and output of the system, some nonlinear,
complex and variable systems can be replaced by ultra-local
model. A first-order ultra-local model of a single-input and
single-output system is expressed as follows [10]:

dy

o =au—+F, (11

where y and u are the output and control variables of system;
is a non-physical constant parameter; F* denotes known parts
of the system and unmodeled dynamics.

In order to reduce the dependence of the speed controller
and current controller on the PMSM system model, and the
influence of the PM demagnetization fault on the controller,
according to (8) and (10), the ultra-local model of the speed
loop and current loop for PMSM can be designed as follows:

dia +F

— =g

dt dUd d

diy

% = =aquy +Fy (12)
dw, .

I = dpiq + Fo,

where oy, a, are the designed voltage parameter, o, is the
designed current parameter; Fy, Fy, F, are known parts
of the mathematical model of PMSM in normal condition
and the PM demagnetization fault, and they are all bounded
quantities.

According to ultra-local model (12), the equation can be
rearranged as follows:

x=oau+F, (13)
where x = [igig 0]’ & = diag(ag, ag ap); u =
[ua ug ig]"s F = [Fa Fy Fo]'

Remark 1: The ultra-local model of PMSM is constructed.
When the PM demagnetization fault occurs, the F will
change. The SMO is used to estimate the variable F and feed
back to the MFNTSMC controller. The MFNTSMC method
can be used to design the d-q-axis current controllers and
speed controller without depending on the specific model of
the nonlinear PMSM system.

Ill. MFNTSMC METHOD WITH SMO

In order to obtain higher steady-state tracking accuracy,
reduce the dependence of the design of controller on the
precise PMSM model, the MFENTSMC method is proposed
in this paper.

Figure 2 illustrates the structure of MFNTSMC. The
schematic diagram includes MFNCSMC controller and
SMO. The SMO is used to estimate the variable of the ultra-
local model and feed back it to the controller. The controller
is used to control speed and current. The MFNTSMC method
can be used to design the d-g-axis current controllers and
speed controller for PMSM vector control system.
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FIGURE 2. Schematic diagram of MFNTSMC.

A. DESIGN OF MFNTSMC CONTROLLER
The state error of the controller is designed as follows:

el =x* —x, (14)

where e = [edl eq1 e‘w]]T, and ej| = i; —ig,eq = i:; — g,
ol = O — we. x* = [I i a)j]T, and &, i} are the given
value of d-g-axis current, w} is the given value of the rotor
electrical angular velocity.
The state variables x| = f e and x» = e are introducing,
the state-space equation is as follows:
e (15)
X =x"—oau—F.

A second-order nonsingular terminal sliding mode
(NTSM) manifold is designed as follows [23]:

s1=x1 + B4, (16)

where B = diag (B1. B2, 3), 1 > 0, p2 > 0, B3 > O are the
designed parameter; p, g are all odd, 1 < p/q < 2.
Differentiating (16), the following equation is obtained:

§1 = ki + ﬁgx';/q‘lscz
= xa + BRI — F — au). 17)
q
Theorem 1: For (15), the state error can converge to zero

in finite time, if the NTSM manifold is chosen as equation (16)
and the control law (18) is designed as follows:

1 A 1 _
u= ;[—F +x*+ ngi Pl 4 yisgnist) +msil, (18)

where F is the estimated values of F; n1 > 0, ny > 0 are the
designed parameter; n; > HF — FH + u(p > 0).

Proof: The following Lyapunov function is selected
to be:

1
V= 5s'{sl. (19)

Differentiating V; with respect to time, and substituting
(17) into it, then the following equation is obtained:

. T
Vi=s181

p —1,
= s?ﬂ;x’z’/" (F — F — nisgn(s1) — nos1)
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P —1,%
=s{ﬂax§/‘f (F — nisgn(s1) — ms1)

IA

B (F | = lsil = mlsil). @0)

where F = F — F is bounded.

Becauseof 1 < p/q <2,0 <p/q—1 < 1l,andp,q(p > q)
are all odd, we gotx‘g/q’f1 > 0; when 11 > Hf‘” + u(p > 0),
then the following equation is obtained:

. p —1
Vi sﬁzlxﬁ/" (—ullsill = malis ) <0. @D

This completes the proof. |
The speed controller and the d-g-axis current controllers
are designed by the proposed MFENTSMC. The structural
diagram of the PMSM driven system is presented in Figure 3.

SVPWM Inverter

Position and speed
measurement

FIGURE 3. Schematic diagram of PMSM control system.

B. DESIGN OF SLIDING MODE OBSERVER

In equation (13), F is an unknown term, the sliding mode
observer is designed to obtain the estimated value F. The
sliding mode observer can be designed as follows:

* = au + ksgn(x — %), (22)

where k = diag (k1, k2, k3); k1 > 0, ky > 0, k3 > 0 are all
the designed parameter.
The observer error is defined as follows:

eH=x—1X, (23)

where e, = [eq2 e ewz]T,fc = [;d §q c?)e]T. “ A denotes
the estimated values, ejo = iy — fd, e = ig — ?q, ey =
We — We.

Then, the stator error equation can be obtained by subtract-
ing (13) from (22):

ey = F — ksgn(ey). 24)

Theorem 2: Choosing the sliding mode manifold s, = e,
the stator error equation (24) will converge to zero in finite
time if the appropriate k is chosen.

Proof: The following Lyapunov function is selected
to be:

1
Vo, = ES%Sz. (25)
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Differentiating (25) with respect to time, then the following
equation is obtained:

Vy = sgs'z = egéz
= eg(F — ksgn(e2))
= el F — el ksgn(er)
< lle2ll |1F || — ki leaz] — k2 |eqa| — k3 lewn|
< lle2ll (IF Il — ka) , (26)

where k4 = min {ky, k», k3}.
When k4 > ||F|| + 1 (n > 0) is chosen, according to
equation (26), the following equation is obtained:

Vo< —nlleal . 27)

Therefore, according to the Lyapunov stability criterion
and the sliding mode reachability condition, the stator error
e will converge to zero in finite time, and it can be known
that observer is asymptotically stable.

This completes the proof. g

Remark 2: When stator error stays on the sliding mode
manifold, it satisfies e = ey = 0, according to the sliding
mode equivalent control method [24], the following equation
is obtained by equation (24):

F = ksgn(e»). (28)

IV. SIMULATION RESULTS

In order to verify the effectiveness of the proposed
MENTSMC method, the Matlab/Simulink is used to simulate
PMSM driven system. The vector control scheme of Maxi-
mum Torque Per Ampere (MTPA) is adopted. The sampling
period Ty is set as 5- 1079 s. The PMSM parameters are listed
in Table 1.

TABLE 1. Nominal parameters of permanent magnet synchronous motor.

Parameters Unit Values
Rated voltage (Un) \ 1500
Stator resistance (Rs) Q 0.02
Number of pole pairs (1)) paires 4

g-axis inductance (Lq) H 0.003572
d-axis inductance (Lg) H 0.001500
Rotor PM flux (o) Wb 0.892
Rotational Inertia (.J) kg - m?2 100

Viscous friction coefficient (B) Nm -s/rad  0.001

A. SIMULATION FOR PMSM IN NORMAL CONDITIONS
The simulation time is set as 6 s. The initial rotor electrical
angular velocity is set to 50 rad/s and subsequently increases
to 200 rad/s at 2 s; The initial load torque is set to 1000 Nm
and subsequently increases to 3000 Nm at 4 s. The simulation
results are shown in Figure 4-Figure 13.

Figure 4 demonstrates the speed comparison diagram by
the proposed MFNTSMC method, MFC method and PI
method. When the speed increases at 2 s, the speed response
of the motor controlled by MFNTSMC method is faster
than PI method, and compared with MFC method, the error
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FIGURE 4. Comparison diagram of speed. (a) Pl and MFNTSMC. (b) MFC
and MFNTSMC.
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FIGURE 5. Comparison diagram of d-axis current.

is smaller. When the torque increased at 4 s, it can be seen
from the enlargement diagram, the speed controlled by PI
control method has a relatively obvious reduction process.
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FIGURE 6. Comparison diagram of g-axis current.

16000

“= 12000

m

torque/(N
&
(=3
=

IS
=)
S
=3

=

=)

20000

16000

- a—y

12000

8000

torque/(N-m

4000

FIGURE 7. Comparison diagram of torque.

The speed controlled by MFNTSMC method is not obvious,
and the steady-state error is small. Compared with MFC
method, the speed error controlled by MENTSMC method is
smaller. Figure 5 and Figure 6 show the comparison diagram
of d-g-axis current by the proposed MFNTSMC method,
MFC method and PI method. It clearly shown that the
d-g-axis current pulsation controlled by the MENTSMC
method is smaller than PI method and MFC method.
The comparison diagram of torque controlled by proposed
MFENTSMC method, MFC method and PI method are
presents in Figure 7. It can be seen that the torque pulsa-
tion controlled by the MFNTSMC method is smaller than
PI method.

Figure 8-Figure 13 demonstrate the results of slid-
ing mode observer of MFNTSMC in normal condition.
Figure 8-Figure 9 demonstrate the observed results of speed
and the estimated value of F,,. Figure 10-Figure 11 show the
observed results of d-axis current and the estimated value
of F;. Figure 12-Figure 13 show the observed results of g-axis
current and the estimated value of Fj. It is known that the
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FIGURE 8. The observation results of speed.
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FIGURE 9. The estimated value of F,,.
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FIGURE 10. The observation results of d-axis current.

estimated error of speed and d-g-axis current are small. When
some variables have been changed, the error will change, and
it will converge to zero in short time.
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FIGURE 11. The estimated value of F4.
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FIGURE 12. The observation results of g-axis current.
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FIGURE 13. The estimated value of Fg.

It can be drawn from the simulation result that the motor
speed controlled by MENTSMC is faster than PI, and the
robustness is better than PI method and MFC method.
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FIGURE 14. Comparison diagram of speed. (a) PI and MFNTSMC. (b) MFC
and MFNTSMC.

B. SIMULATION FOR PMSM IN PM DEMAGNETIZATION
The simulation time is set as 6 s, the given speed is 200 rad/s,
and the given torque is 3000 Nm. The PM demagnetization
occurs at 3 s, the flux linkage amplitude is set to 0.4 Wb,
and the flux linkage deviation angle is set to O to /4. The
simulation results are shown in Figures 14-Figures 23 by the
proposed MENTSMC method, MFC method and PI control
method.

The comparison diagram of speed is shown in Figure 14.
When PM demagnetization occurs at 3 s, the speed controlled
by MFNSMC method and MFC method can still keep up with
the given value, but the speed error of MENTSMC method
is smaller. It can be seen from Figure 15 and Figure 16,
when the PM demagnetization occurs at 3 s, the d-g-axis cur-
rents change quickly. Compared with the PI control method
and MFC method, the current controlled by MENTSMC
method is restored to stability in short time, and the current
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FIGURE 16. Comparison diagram of g-axis current.
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FIGURE 17. Comparison diagram of torque.

pulsation is relatively small. Figure 17 shows that the torque
will fluctuate when the PM demagnetization occurs at 3 s. But
the torque will restored to a stable value quickly.
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FIGURE 19. The estimated value of F,,.
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FIGURE 20. The observation results of d-axis current.

Figure 18-Figure 23 demonstrate the results of slid-

ing mode observer of MFNTSMC in PM demagnetization.
Figure 18-Figure 19 show the observed results of speed and
the estimated value of F,, Figure 20-Figure 21 show that the
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FIGURE 22. The observation results of g-axis current.
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observed results of d-axis current and the estimated value
of Fy. And the observed results of g-axis current and the
estimated value of F; are shown in Figure 22-Figure 23. It is
known that the estimated error of speed and current is small.
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FIGURE 25. Configuration of the RT-Lab HILS system.

FIGURE 26. The experimental result of MFNTSMC method in normal
condition.

When the PM demagnetization occurs, the error will change,
and it will converge to zero in short time.

Compared with PI control method and MFC method,
the steady-state error controlled by MENTSMC method is
smaller. It is known that the MENTSMC algorithm has strong
robustness when the permanent magnet has a demagnetiza-
tion fault.
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FIGURE 27. The experimental result of Pl control method in normal
condition.

FIGURE 28. The experimental result of MFC control method in normal
condition.

V. EXPERIMENT RESULTS

PM demagnetization is difficult to simulate. Thus, the
RT-Lab hardware-in-the-loop simulation (HILS) platform
is used in this work. The RT-Lab HILS platform is com-
posed of DSP controller, OP5600 simulation motor, and
upper computer monitoring interface, etc. The RT-Lab HILS
platform is shown in Figure 24, and the configuration
of the RT-Lab hardware-in-the loop simulation system is
shown in Figure 25 [20]. The experimental results are shown
in Figures 26-31. The sampling period T} is setas 5- 1070 s.

A. PERFORMANCE COMPARISON OF MFNTSMC, PI

AND MFC IN PMSM NORMAL CONDITIONS

In Figure 26 to Figure 28, the experimental results of the
rotor electrical angular velocity (w.), the torque (7,), the
d-g-axis current (iy,i,) controlled by the MFNTSMC method,
PI control method and MFC method in normal condition
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FIGURE 29. The experimental result of MFNTSMC method in PM
demagnetization.

FIGURE 30. The experimental result of Pl control method in PM
demagnetization.

are shown. As show in Figure 26 to Figure 28, the pulsation
controlled by MFNTSMC method is smaller than PI control
method and MFC method.

B. PERFORMANCE COMPARISON OF MFNTSMC,

PI AND MFC IN PM DEMAGNETIZATION

Figure 29 to Figure 31 show the experimental results of the
rotor electrical angular velocity (w.), the torque (7,), the
d-g-axis current (ig, i;) controlled by the MFNTSMC
method, PI control method and MFC method under PM
demagnetization. The results show that the motor torque
and current pulsation controlled by MENTSMC method is
small than PI method and MFC method. When the PM
demagnetization occurs, the torque and current controlled by
MENTSMC method restored to a stable value in short time.
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FIGURE 31. The experimental result of MFC control method in PM
demagnetization.

It is proved that the MFNTSMC method has strong
robustness and has fault-tolerant control functions for PM
demagnetization.

VI. CONCLUSION

The novel MENTSMC algorithm for PMSM drives system is
proposed in this paper. The ultra-local model is constructed
based on the input and output of the PMSM system. The speed
and d-g-axis current controllers are designed by MENTSMC,
and the SMOs are designed to estimate the unknown vari-
ables in the ultra-local model. Compared with the PI con-
trol method and MFC method, the results of simulations
and experimentations verify the efficiency of the proposed
MFENTSMC scheme. The MFNTSMC method can increase
the response speed and robustness in normal condition, and
has fault-tolerant control function for PM demagnetization
fault. When the PM demagnetization occurs, the simulations
and experimentations indicate that the MFNTSMC method
can operates well. The MFNTSMC controller can reduce
the dependence on the precise model of PMSM system, and
increase the response speed and robustness.
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