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Improved Supertwisting Nonsingular Fast Terminal
Sliding Mode Observer-Based Deadbeat
Fault-Tolerant Predictive Control for IPMSM

Demagnetization Fault

Dingdou Wen, Xiaorui Wei

Abstract—In this article, a deadbeat fault-tolerant predictive
control (DFTPC) strategy based on the improved supertwisting
nonsingular fast terminal sliding mode observer (IST-NFTSMO)
is proposed. First, the IST-NFTSMO is designed by combining
the improved supertwisting algorithm with the nonsingular fast
terminal sliding mode (NFTSM) to observe the flux linkage and
the current prediction value quickly and accurately. Based on the
observed values, the DFTPC algorithm is designed to effectively
compensate torque loss caused by demagnetization of permanent
magnet, thus achieving fault-tolerant control. The improved su-
pertwisting control law accelerates the convergence speed of the
system and suppresses the system chattering. Second, a NFTSM
controller based on improved extended supertwisting sliding mode
disturbance observer (IEST-SMDO) is designed. The controller is
combined with the DFPTC to further enhances the robustness and
response speed of the system. Disturbances caused by demagneti-
zation, load changes, and the action of the DFTPC algorithm in
the system can be observed faster by IEST-SMDO. The observed
disturbances are feedforward compensated to the speed loop con-
troller and the immunity of the system is boosted. Finally, the
experimental results show the proposed method has stronger fault
tolerance and robustness than the conventional method when the
IPMSM suffers from demagnetization fault.

Index Terms—Demagnetization fault, fault-tolerant control,
interior permanent magnet synchronous motor, nonsingular fast
terminal sliding mode observer.

1. INTRODUCTION

ECENTLY, interior permanent magnet synchronous mo-
R tors IPMSM) have been widely applied in various indus-
trial fields, such as industrial conveying system, robot drive,
wind power generation, and railway transportation due to its ex-
cellent performance and high stability [1], [2], [3], [4]. However,
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owing to the increase in temperature of the motor itself, or op-
erating in complex and variable environments such as corrosion
and electromagnetic interference, permanent magnet (PM) may
suffer from irreversible demagnetization fault of varying degrees
[5]. Among them, the effect of the motor’s own temperature rise
on the demagnetization of PM is more serious. At the same
coercivity, the magnetic flux density amplitude of PM with high
temperature is lower [6], [7], [8], [9]. After the demagneti-
zation of the motor, the performance of its control system is
seriously affected. It is possible to stop the machine to replace
the PM material, but this often requires the interruption of the
corresponding industrial production process, which affects the
production efficiency and product quality. Moreover, in many
fields such as aerospace and railway transportation, PMSM
cannot be easily stopped, so it is necessary to fault-tolerant
control of faulty motors to ensure their smooth operation.

The demagnetization fault detection methods of PM mainly
include data-based and model-based methods. Data-based di-
agnosis methods include Fourier transform [10], finite element
method [11], convolutional neural network [12], [13], and ex-
treme learning machine [14], [15]. In [16], the stator current
feature signal of PMSM is analyzed utilizing the fast Fourier
transform to detect the demagnetization fault of the PM. This
enables demagnetization fault in PM to be effectively monitored,
but it is not suitable for dynamic demagnetization fault moni-
toring. In [17], machine learning and Fourier transform (STFT)
are combined to detect demagnetization fault in IPMSM. This
method is faster to detect, but the STFT is more sensitive to
the noise and interference in the signals. However, data-based
fault diagnosis methods rely on the computational power of
the controller. Model-based methods include extended Kalman
algorithm [18], model reference adaptive system (MRAS) [19],
[20], and sliding mode observer (SMO) [21]. In [22], the MRAS
flux observer is used for PM demagnetization detection of
permanent magnet synchronous linear motors. But the design
of the MRAS adaptive law is complex and susceptible to the
starting values of the identification parameters, which is not
conducive to practical operation. In [23], a nonsingular terminal
SMO is used to detect demagnetization fault in IPMSM. How-
ever, high-frequency chattering is generated during system state
tracking, which makes the system stability degraded. In [24],
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two integral-type terminal sliding mode observers are utilized
to detect changes in the flux linkage of a five-phase IPMSM.
However, it is sensitive to the initial error, and may leads to
an unstable initial response of the system. In [25], multiple
observers and estimation errors are utilized to calculate the flux
linkage and detect demagnetization faultin PMSM. This method
eliminates the impact of inductive mismatch, but its reliability
rest with the accuracy of the observer output.

The above methods can effectively detect the demagnetization
fault in motors, but cannot achieve fault-tolerant control when
IPMSM experiences demagnetization. In [26], an improved
model prediction fault-tolerant control strategy is proposed. The
decoupling term related to speed is introduced into the conven-
tional supertwisting algorithm to achieve decoupling between
the speed and the system state error. Demagnetization fault can
be accurately detected by improved observer and inputted into
model predictive controller to update flux linkage parameters.
The effect of PM demagnetization is mitigated by this method,
and the control performance of the motor is improved. In [27], a
fault-tolerant predictive control algorithm is proposed for online
detection of the PM flux linkage. The observations of the state
current are calculated based on the flux linkage observed by
the SMO and is then fed back to the fault-tolerant predictive
controller. The bias between the actual current value and the
predicted value is eliminated, and the fault tolerance control is
achieved. In [28], a model-free fault-tolerant predictive control
strategy is proposed to construct a novel hyperlocal model. The
unknown portion of the new hyperlocal model is estimated
by the SMO. This method is fault-tolerant and robust against
parameter disturbances and demagnetization fault of the motor.
In [29], an integral terminal SMO-based the robust cascaded
fault-tolerant predictive control method is proposed. The method
takes into account the disturbances due to demagnetization fault
and parameter perturbations of PMSM during modelling, which
effectively avoids the rectification of the weight factors, and has
strong robustness.

However, in [26], [27], [28], and [29], only the problem of
the mismatch between the flux linkage and motor parameters in
the speed and current loop controllers due to PM demagnetiza-
tion is solved, but the problem of torque loss is not resolved.
Especially when the demagnetization fault is more serious, the
g-axis current has reached saturation. At this time, if only the
flux linkage in the controller is updated in actual time without
compensating for the missing torque, the effect of fault-tolerant
control cannot be achieved.

In [30] and [31], an equivalent input disturbance method is
proposed for PM demagnetization. The disturbances caused by
motor demagnetization fault is effectively suppressed by this
method. But if only the disturbance caused by demagnetization
fault is eliminated, fault-tolerant control cannot be achieved. At
this point, the electromagnetic torque still cannot keep up with
the load torque. In [32], a fault-tolerant control strategy based
on active flux linkage is put forward for PMSM. In this strategy,
SMO is utilized to estimate the active flux linkage of the motor,
and a deadbeat control method is adopted to remove the deviation
of active flux linkage before and after the fault, so as to achieve
fault-tolerant control. However, in this method, only the loss of
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the flux linkage amplitude of the PM is taken into account, and
the change of magnetic deviation angle is not considered.

In this article, a deadbeat fault-tolerant predictive control
(DFTPC) method based on the improved supertwisting non-
singular fast terminal sliding mode observer (IST-NFTSMO)
is proposed. The method has a faster and more accurate demag-
netization fault detection capability. Unlike existing methods, it
can compensate for torque loss due to motor demagnetization
fault. The main contributions of this study are as follows.

1) AnIST-NFTSMO with faster convergence rate is designed
by combining the improved supertwisting control law with
nonsingular fast terminal sliding mode (NFTSM). The
IST-NFTSMO can observe the flux linkage of the motor in
real time more accurately and quickly, and the chattering
brought by conventional NFTSMO is suppressed. The
observed flux linkage is fed into the controller, allowing
the effects of mismatched flux linkage parameters to be
eliminated.

2) The proposed DFTPC algorithm can make the d-axis ref-
erence current of the next moment to be timely output after
a demagnetization fault occurs in the motor. So that the
missing torque is compensated and the sudden rise of the
g-axis current is suppressed. Owing to the electromagnetic
torque and g-axis current quickly recover to normal values
after PM demagnetization, the fault tolerance ability of the
system is further improved, and the motor can then drive
larger loads.

3) To further enhance the robustness and response speed
of the system, a nonsingular fast terminal sliding mode
speed controller (NFTSMC) based on the improved ex-
tended supertwisting sliding mode disturbance observer
(IEST-SMDO) is designed. The disturbances caused by
load changes, PM demagnetization and the action of the
DFTPC algorithm can be accurately observed by the IEST-
SMDO in real time and compensated feed-forward, thus,
the antidisturbance capability of the system is boosted.

The rest of this article is organized as follows. In Section II, the
IPMSM normal and fault mathematical model is established. In
Section III, the principle and implementation process of DFTPC
algorithm is introduced. In Section IV, the design principle of
IST-NFTSMO is explored. In Section V, the design principle
of IEST-SMDO-based NFTSMC controller is discussed. In
Section VI the experimental results and analysis is given. Finally,
Section VII concludes this article.

II. MATHEMATICAL MODEL OF CONVENTIONAL AND
DEMAGNETIZED IPMSM

A. Conventional Mathematical Model of IPMSM

The conventional mathematical model of IPMSM in the dg-
axis coordinate system is represented as [33]

{Ud = Rsigq + % — Wetyq 1)

. d
Ug = Ryig + % + Wethy
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Fig. 1.  Variation relationship of IPMSM flux linkage.

where u d, uq, ig, iq, 1 4, and 1) 4 are the dg-axis stator voltages,
stator currents, stator flux linkages, respectively, R, is stator
resistance, w. is the electrical angular velocity.

The electromagnetic torque equation of IPMSM in the dg-axis
coordinate system can be represented as

3
Te = §np[w7'o + (Ld - Lq)id]iq (2)

where T is the electromagnetic torque, n,, is the number of pole
pairs, Ly and L, are the dg-axis inductances, 1, is PM flux
linkage.

The stator flux linkage is represented as follows:

wd = 1/%0 + Ldid
. . 3
{wq = Lqiq ©)
The effective flux linkage is defined as [34]
wext = ¢7’0 + (Ld - Lq)id~ (4)

The mechanical equation of motion for IPMSM is represented
as follows:
dw n
dte = TP(TE - TL - me,) (5)
where J is the rotational inertia, 77, is the load torque, B is the
viscous friction coefficient, and w,, is the mechanical angular
velocity.

B. Demagnetization Mathematical Model of IPMSM

The IPMSM due to its own temperature rise, may cause the
PM demagnetization, and the amplitude of its flux will change
from the initial ¢, to ¢,. The direction of the magnetic field
orientation will deviate from the direction of the flux linkage by
an angle «y [35]. Therefore, two new components ,4 and 1,
will be generated on the dg-axis, respectively, as shown in Fig. 1.
Equation (3) is rewritten as

{de = Yro + AYrg + Laiq = VYra + Laia
g = Aqu + Lgiq = trqg + Lqiq

where At,q and A1), are variables of the PM flux on the dg-
axis, Arq = 1P ,c087-17,<0, At)rg = 1,siny>0. 1q and

(6)
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are two new components of ¢,. on the dg-axis, ¥,q = 1,c0s7,

/(/)rq = 1,siny.
Substituting (6) into (1), the demagnetization fault mathemat-
ical model of IPMSM is expressed as

ug = Ryig+ Lq% — wethrq — weLgiq
dig + Wwe (Ldid + ’(/er)'

Ug = Rsig + Lg—7
Substituting (6) into (2), the electromagnetic torque equation
for demagnetization fault of IPMSM is represented as follows:

(N

3 , s ;
T, = S lbvaiy + (La— LoYisiy — i ®

III. DESIGN OF DFTPC STRATEGY

Deadbeat control can theoretically realize the real values of
the controlled variable are exactly the same as the given values in
one or several control cycles, and can achieve the precise control
of the motor torque. When IPMSM is demagnetized, it can be
seen from (8) that to keep T unchanged will inevitably cause a
sudden rise of i,. However, at this time, i, is close to saturation,
and the missing T'. cannot be compensated by adjusting i, fault-
tolerant control can only be achieved by adjusting i4. Based on
the above idea, make the effective flux linkage after a fault track
to the prefault value within one control cycle, thus, the missing
T. is compensated by adjusting the i .

From (6), the flux linkage equation for the demagnetization
fault of the IPMSM is represented as

{l/fd = Yra + Lgiq = Yext—§ + Lygta
Vg = Vrq + Lyqiq
where 1.4 is the effective flux linkage of the PM after demag-
netization Vg f = V¥rq + (Lg — Lg)iq.
Substituting (9) into (1) yields
&d = gz % + We¢q + uq + %:wemt—f
wq = —fj wq — Wethg + Ug + %qu-

©))

(10)

Performing first-order Eulerian discretization on (10), the
demagnetization fault equation of state for the IPMSM is

Y(k+1) = e(k)Y(k) + T(k)u(k) +P(k)

where ¢(k) = [Ya(k) oK), u(k) = [ua(k) uq(k)]"

(11)

1T IES Tewe(k) T, 0
(k) = ﬂ%w)lﬂf;,mm:{o ﬂy
Ts& ext— k
P = |
Tsp2trq (k)

From (11), the following expression can be acquired as:
R
Galk +1) = (1= T2 )0a(k) + Towe () (k)
q
R
+T5Ud(k) +Tsf¢ezt7f(k) (12)
q

where T's is the sampling period.
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Performing first-order Eulerian discretization on (9), yields
{%(k) = ¢ewt—f(k') + Lqid(k)
Vq(k) = ¥rg + Lqiq(k).

From (13), the flux linkage equation at time k+1 can be
acquired

{ﬂu(k-%l)
Yg(k +1)

13)

= Yewr_f(k 4+ 1) + Lyi’ (k + 1)

= T/Jrq + Lqiq(k + 1) (14)

where zref (k4 1) is the d-axis reference current at the next
time.

Substituting (13) and (14) into (12), the effective flux linkage
at time k+1 is represented as

Veat—f(k+1) =thear— (k) + <1 — T 7
q

+ Tuwe (k) Lyiq(k) + Tyua(k) — Lyin™ (k +1). (15)

From the theory of deadbeat control, let the effective flux
linkage of the fault at k41 is equivalent to the normal effective
flux linkage, then (15) is rewritten as

¢&ﬁ(k)::¢%ztf(k)+'<1——jg§g

a

) qud(k) + Tswe(k)qu
+Tswe (k) Lyig(k) + Tsug(k) — Lyittd (k + 1).
(16)

In this article, iy = 0 control is used. From (4), the effective
flux linkage of IPMSM without demagnetization as

wemt = '(/}7‘0~

From (8), after the motor is demagnetized, an error term
(—trqiq) appears in the 7. At this moment, it is not reasonable
to directly make the effective flux linkage at the k+1 time equal
to normal 1) ... Due to the existence of the error term (—,.424),
the T, after fault tolerance will be greater than the normal 7.
This will result in zref (k 4 1) being larger than the ideal value,
thereby causing the stator current to approach the limit value.
However, the output capacity of the inverter is limited, and the
stator current cannot surpass the ultimate value. So that the fault
tolerance of the system will be greatly reduced. To achieve better
fault tolerance for the system, a suitable ¢ is necessary to be
chosen instead of .. (k) to obtain a more accurate zref (k+1).

According to the idea of torque deadbeat control to obtain
an appropriate ®, the T, after the fault is made equal to the 7,
before the fault, i.e.,

a7

§n1ﬂ/}roiq (k) .

np @iy (k+ 1) = trgialk +1)] = 3 (18)
From (18), ® is obtained as
& - Urotq(k) + Yrgia(k + 1) (19)

ig(k+1)

In order to quickly restore the value of i, after the demagne-
tization fault to normal operating value, let

ig(k+1) =iq(k). (20)

RS> Lyialk)+Towe (k)ibrg
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i, (k)= zq(k+l)
T,(k) =T,k +1)

i,(k+1)
i,(k+1)

l/;rd

z’ef (k+1D)
A4
end

Fig. 2. Flowchart of DFTPC strategy.

Substituting (20) into (19), ® is obtained as

quid(k + 1) )

d = ro + B
Yrot T 1)

ey

Replacing (21) for 1c.¢ (k) in (16), z'ef(k; + 1)can be repre-
sented as

ref . qu%d(k + 1)
(k + 1) |:¢azt f( ) 1bro + 7;(1(]{; T 1)
+ (1 ) a(k)
+i[<@%mm+ww+mwwm

(22)

where iq(k + 1), i,(k 4 1) are the observed current prediction
value of the dg-axis currents at k+1, which are obtained from
the IST-NFTSMO proposed in this article.

When IPMSM operates normally, 1), = 0, ¥ g (k) = 9 o.
From (22), the system still adopts the control strategy of i; = 0
during normal operation. When a demagnetization fault occurs,
Vrg#0, Y eg-p (K)#1) 1o, then the zref(k + 1) calculated by (22)
is needed to be adjusted to compensate for the lack of torque due
to demagnetization. In addition, because the output capacity of
the inverter is limited, z'ef (k 4+ 1)needs to meet the following
constraints:

(23)

The flowchart of DFTPC strategy is shown in Fig. 2.

IV. DESIGN OF IST-NFTSMO

The key to implement the DFTPC algorithm lies in the real-
time observation of the PM flux linkage. In order to observe the
PM flux linkage more quickly and accurately, in this section, the
improved supertwisting control law is combined with NFTSM to
form IST-NFTSMO. It has faster convergence speed and higher
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observation accuracy, which maximizes the usefulness of the
DFTPC algorithm.

A. Design and Stability Analysis of IST-NFTSMO

From (22), to obtain igef (k + 1), itis necessary to kKnow .4,
Vg 14(k 4 1), and 7,4 (k + 1). Therefore, an observer needs to
be designed to observe these four variables.

From (7), the state equation can be obtained as follows:

& = Ax + Bu + Dd
{y —Ca (24)
where z = [ig )T, u=[ua ug|T, y=[ia ig]T, d=[tra
qu}T, A, B, C, D are the coefficient matrixes

R. L

q 1
= | 7%, “Ei| B= Ls 0 ,c:[l 0}7
“Wel, 1, I 01
p=| % L

The IST-NFTSMO designed based on (24) is as follows:

T=Az+ Bu+v (25)
where  is the observed value of x, & = [iy %q}T,v = [vag vq}T
is the sliding mode term.

Subtracting (25) from (24), the current error state equation is
as

é=Ae+Dd—v (26)

where e = x — 7 is the current observation error.

To enable the convergence speed of the current error to be
boosted, the designed nonsingular fast terminal sliding surface
is as follows:

Sp = e+ ﬁem/T + Aé + uép/q 27

where «, [, A, p are the positive numbers, m, r, p, g are the odd
constants 1<m/r<2, 1<plq<2, m/r<plq.
The derivation of (27), the following expression is obtained:

$n = aé+ —Be™ ey b 4 Dper/ats (28)
r q
To accelerate the arrival of system state variables on the
sliding mode surface, the improved supertwisting control law
introduced is as follows [36]:

{Sn = —k1|sn\0'55gn(sn) —kosy, + 0 (29)

o = —kssgn(s,) — kyo

where k1, ko, k3, k4 are all positive numbers to be designed,
sgn(.) is the symbol function, and ¢ is the auxiliary variable.
In [26], the decoupling of the speed and the system state error
is realized by introducing a decoupling term related to speed in
the supertwisting. But the parameter sensitivity of the system
is increased. The approach proposed in this article introduces
a closed-loop feedback term in the conventional supertwisting.
The feedback of ¢ allows the dynamic response of the system
to be improved, thus accelerating the arrival of the system state
variables to the sliding mode surface. Meanwhile, the dynamical
couple relation between s, and o is unchanged to maintain
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the basic tuning performance of the conventional supertwisting
algorithm unchanged.
The designed IST-NFTSMO control law is represented as

V= Veq + Un
Veq = Ae

t [oet+mpem/m1e 0.5
Un = f() [ Dep/a-T g + k1lsn|”“sgn(sn) + kasp — o |dr
q

o = —kssgn(s,) — kso
(30)

where v,, is the switching control law, it improves the state
variable to reach the sliding mode surface quickly. And v, is
the equivalent control law, it ensures the state variable continues
to remain on the sliding mode surface s,, = 0 after reaching the
sliding surface.

Theorem 1: For the error state equation of (26), by choosing
the nonsingular fast terminal sliding mode surface (27) and
the improved supertwisting control law (29), the IST-NFTSMO
control law is designed as (30), then e converges in finite time.

Assumption 1: | Dd| is bounded and k, |s,,|*®> — | Dd] > 0,
ka|sn| — | Dd] > 0.

Proof: The selected Lyapunov function Vj is as follows:
Lo

Vi=gsi 31)

Taking the derivative of (31), the following expression is
obtained:

Vi = 8pén = 5n {aé 4+ Dgemir=1s 4 <,\ + puép/‘“) e]
r q

(a + %Bem/H> é
ho+ Bpép/at

=5, ()»—i—p,uép/q_l) &+
q

(32)
Derivating of (26), the following expression is obtained:
&= Aé+ Dd — 1. (33)

Substituting (33) into (32), the following expression is as:

Vi =s, (A + pﬂép/q1>
q

. m . m/r—1\ ;
<Aé+Dd—i)+(a+rﬂ6 )eﬂ. (34)

X
A+ %uép/qfl

Taking the derivative of (30), the following expression is
obtained:

. . aetpem/m e 0.5,
0= Aé + TEpse + E1lsn| Psgn(sy) + kos, — o
o = —kssgn(s,) — kqo.

(35)

Substituting (35) into (34), the following expression is as:

Vi= — ()L + pﬂép/q1> {S” (7Dd.+ k1|sn|0'5sgn(sn)
q

+ kQSnO')]
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Equation (36) can also be expressed as
Vl = — ()» + ];Mép/q_l) [(k1|5n|1.5 — 0 Sp + |sn
<k2 5] — Dd’))} . 37)

Because p/g>0, ¢P/0~1 > 0, ky>0, o is the opposite sign of
Sn, it can be inferred by Assumption 1 and (36) that

Vi= — (k + Z,uép/q_1> [(kos? — 0 - sp + |

pd))

- <x + puép/“) [(kos? = o+ 50+ |sal
q

(talsal*? =[]}

< - (A + Suéf’/‘“> (kost —o-s,) <0 (38)

(k1|8n|0‘5 o

IN

Because k;>0, it can be inferred by Assumption 1 and (37)
that

Vl = - <)\ + p'uép/q1> |:(k1|5n|1.5 — 0 Sp+ |Sn‘
q
(kalsn] - Dd))]
= (A ’ p“ép/q_1> [(Falsal™® = - 50+ [l
q

e o)
< - <,\+ puép/“) (k1\5n|1-5 . 5) <0. (39)
q

From (39), it can be seen V1 < 0, so the state variables will
reach the sliding mode surface in limited time, and the designed
observer can achieve the stabilization condition.

B. Observation of Flux Linkage and 1 (k+1)

When the system enters the sliding mode, it can be inferred
that

ée=e=0. 40)
Substituting (40) into (26) gives

Dd =wv. (41)
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u 1 []
df — >+ |
Ld
i [T v
o Lo 4
d
Va
iy | R L
———— bl
Ly
U, [ 1 _ M
— T PH +
L’J
i [L v
_d.—L—"w€++ (5]
q
Yq
AR :
L, i
Fig. 3. Block diagram of IST-NFTSMO.

Therefore, the observed values of the dg-axis flux linkages

can be represented as
—v, Ld
djrd - x
_ Ud L
qu We

where v, v, are the sliding mode control laws for the dg-axis,
respectively.

From (25), the observed value of the predicted current at the
next time can be represented as

alk+1) = (1- £7,) fa(h) + £
(()+%W%M)+Mw)
ig(k+1) = (1 ) k)+L
(u U+wwwm>+%@

(42)

(43)

where 74(k) and 7, (k) are the observed value of dg-axis currents
at the current moment.
The block diagram of IST-NFTSMO is shown in Fig. 3.

V. DESIGN OF NFTSMC CONTROLLER BASED ON
IEST-SMDO

Considering the effects generated by load changes, PM de-
magnetization and the action of the DFTPC algorithm, in order to
achieve high-performance control of the IPMSM in the demag-
netized state and to accelerate the speed dynamic response. In
this section, an IEST-SMDO-based NFTSMC speed controller
is designed by taking into account the above disturbances in the
establishment of the speed loop model. Where IEST-SMDO esti-
mates the disturbances in the system generated by load changes,
PM demagnetization and the action of the DFTPC algorithm
in real time by measuring the inputs and outputs of the actual
system, while feed-forward compensation of the NFTSMC is
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performed to improve the robustness and response speed of the
system.
A. Design of NFTSMC Controller

From (5) and (8), the mechanical equation of motion for the
demagnetization fault is given by

dw 3n ) . . .
Ttm = 57[) [wrozq + (Ld - Lq)’Lqu + Awrdlq - ¢7‘q7fd}
1
- j(TL + me)~ (44)
Equation (44) is rewritten as
dwp, 3n, . B 1
W = §7¢T0/Lq 7wm jAd (t) (45)

where Ad(t) is the aggregate disturbance of the control sys-
tem, Ad(f) = T1-1.5n, AT, including the load disturbance, the
demagnetization fault disturbance, and the disturbance caused
by the action of DFTPC algorithm. AT, is the electromagnetic
torque variable resulting from demagnetization fault as well as
the action of i/, AT, = (La-Ly)igi g+ A i gl a-

The reference speed is defined as w,.f, and the actual speed
is defined as w,,, the speed error and error change rate are as
follows:

{em = Wref — Wm ) (46)

ém = wre f— OJm

To enable the convergence speed of the system state to be

boosted, the nonsingular fast terminal sliding mode surface
selected is as follows:

t t
S = € + a/ emdT + b/ lem | sgn(en, )dr 47)
0 0

where a>0, b>0, 0<c<1.
Derivation of (47)

ém = ém + aey, + b‘em|csgn(6m)- (48)
Substituting (45) into (48) gives
. 3n . Bw,, Ad(t)
Sm = — 571)1/}7‘0111"_7"_ 7 + aep,
+ blen|“sgn(en). (49)

To enhance the system convergence speed and suppresses the
chattering, a new exponential approach law is introduced. On
this basis, the Sigmoid(.) function is used instead of the sgn(.)
function, and the system state variables are introduced in the
exponential term. The sliding mode surface will change with
the state of the system, and the inherent chattering of sliding
mode can be diminished

i = —eey (1— e Mloml?) (m% — 1) — klz|"sm
lim |z] =0
t—o0

(50)

where £>0, 1 >1, >0, h>0, g>0, k>0, n>0. s,, is the sliding
mode surface defined by the system, and x is the state variable
e, of the system.
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Theorem 2: For the error state equation of (46), by choosing
the nonsingular fast terminal sliding mode surface (47) and
the novel exponential approach law (50), the control law of
NFTSMC controller is designed as (51), then e, converges in
finite time

Ad - :
o 1 T(t) + BT + aey, + blem|“sgn(en)
m D +eeq (]. — eih‘smlg) (ﬁ - 1) + k‘€7n|n5m
(5D
where D = 3"5?“’ , U, = Ig, and AJ(t)is the observed value of

the aggregate disturbance in the system. .

Assumption  2:  eeq(1 — e Pleml?) — (||%(t)|| +p) >0,
p> 0.

Proof 2: The selected Lyapunov function V5 is as follows:

1

Va (52)

Taking the derivative of (52) and substituting (48) and (49)
into (52) gives
VZ - Snté'm =S [ém + aey, + b‘em|csgn(€m)]
Bw,, Ad(t)

_ 3n,
—5m|: Qszmuer 7 + 7

+ aey, + bem|csgn(em)}

B Ad(t)  Ad(t) hfs®
= Sm <_ Ni + 7 — E€1 (1—6 )

2
- 1 _ n
(1 + e NSm ) klem| 8’”)
- Ad(t) bl 2
_%<J_{ﬁ0_e ) (7o !

— k|em"sm>

(53)
where AJ(t) is the aggregate disturbance error of the system
and is bounded, Ad(t) = Ad(t) — Ad(t).

Since >0, e1>1, 0 < 1 — e "sml” <1, k>0, |e,n|" > 0,
according to Assumption 1 and (53), it can be concluded that

;o Ag (t) 7h‘sm‘y 2
V?”’”( 7o e (e ) (e

— k|emnsm>

< ( — ey (1 - ehs’”'g)> [[sm|

- k|em‘n“3m”2 < 0.

Ad (t)

J

(54)

From (54), it can be seen Vg < 0, so the state variables will
arrive the sliding mode surface in limited time, and the designed
controller is able to achieve stability condition.
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Fig. 4. Block diagram of NFTSMC based on IEST-SMDO.

The block diagram of the IEST-SMDO-based NFTSMC is
shown in Fig. 4.

B. Design of IEST-SMDO

IEST-SMDO estimates the disturbances caused by loads,
demagnetization fault, and the action of the DFTPC algorithm in
actual time, and feedforward compensates the NFTSMC. Thus,
the fault tolerance and robustness of the system is boosted.

The IEST-SMDO constructed by (45) is as follows:

L = 8545 iy — Bl — JAL () +
55
dlad®)] (55)
dt -

Guy,

where @, is the observed value of w,,, G is the sliding mode
coefficient G>0, and u,, is the sliding mode control law.
The selected sliding surface is shown below

en = Wm — Whn- (56)
Taking the derivative of (56) yields
. B -

eLn = —7en—|—F—|—uw 7)
F = Guy, — £(1)

o 5 Ad Ad
where F' is the rate of change of F', F' = J(t) — Ad) &(t) =

J
ar

dtTheorem 3: By selecting the speed observation error e,, as

the state variable and introducing the improved supertwisting
(29), the IEST-SMDO control law is designed as (58), and e,,
converges in finite time

{um = —kalen|"*sen(en) = (ky = F)ent 01 (sq

o1 = —kesgn(ey,) — kqoy

where k,, kp, k., kg are the positive numbers to be designed,
o1 is the auxiliary variable.
Assumption 3: ka\en|0'5 — |Z*:'| >0, kplen| — \l*:’\ >0,
is bounded.
Proof 3: The selected Lyapunov function Vs is as follows:
Ly

‘/325671.

F|

(59)
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Fig. 5.

Block diagram of IEST-SMDO.

Taking the derivative of (59) and substituting (57) into (59)
gives

. B ~
Vi = enén = ey <_Jen +F+uw>

B - B
= €n <_J€n + F— ka|en|0.5sgn(en) - (kb_J> €n+0'1>

=—e, (—F+ka|en\0'5sgn(en)+kben—Ul)
= — (—F ey + ka\en|0'5sgn(en) ey +kpey - en — 01 - en)

= - (kbei —01€én+ ‘en| (ka|en|0.5 - F)) .

Equation (60) can also be expressed as
VA (ka|en|1‘5 o1 e+ |en] (kb len| — F)) . (6D

Because k, >0, k;,>0, o1 is the opposite sign of e,,, according
to Assumption 3 and (60), it can be concluded that

Vy < — (kbei — o1 ep + e (ka|en|0'5 — ‘FD)

(60)

< — (kpez — o1 - €,) <0. (62)
From Assumptions 3 and (61), it can be concluded that
V3 < - (ka\en|1'5 — 01 e+ en] (kb len| — ‘FD)
<~ (Kaleal™ =1 e0) <0. 63)

From (63), it can be seen V3 < 0, so the state variables will
reach the sliding mode surface in limited time, and the designed
observer can achieve the stabilization condition.

The block diagram of IEST-SMDO is shown in Fig. 5.

The system block diagram of IST-NFTSMO-based DFTPC is
shown in Fig. 6.

VI. EXPERIMENTAL RESULTS AND ANALYSIS

Since the demagnetization fault of IPMSM is difficult to
simulate in real motors, to validate whether the proposed method
is effective and feasible, this article adopts RT-LAB to establish
the hardware in the loop simulation experiment (hardware in
the loop simulation, HILS) platform without affecting the ex-
perimental results. The schematic diagrams are shown in Figs. 7
and 8. The DSP utilizes the TMS320F2812, and the IPMSM and
its demagnetization fault are constructed by RT-LAB (OP5600).
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Fig. 6.

System block diagram of IST-NFTSMO-based DFTPC.

Fig. 7. RT-LAB experiment platform.
@ <>| DSP Controller [«>| |
TMS320F2812
PC
Fig. 8. RT-LAB hardware-in-the-loop system configuration.

The IPMSM'’s control strategy adopts i; = 0. The parameters
of IPMSM are given in Table I, the control parameters for
all control methods are shown in Table II, and the observer
parameters are shown in Table III.

First, the three methods, proportional integral (PI) control,
sliding mode control (SMC) and the proposed IEST-SMDO-
based NFTSMC are compared without using the proposed
DFTPC algorithm. Second, the PI control, SMC and the IEST-
SMDO-based NFTSMC are combined with the DFTPC algo-
rithm to obtain the methods of DFTPC-PI, DFTPC-SMC, and
DFTPC-IEST-SMDO-NFTSMC, respectively. The proposed
DFTPC-IEST-SMDO-NFTSMC method is tested against both
DFTPC-PI and DFTPC-SMC.

A. IPMSM Control Without DFTPC Algorithm

In order to compare the three methods (PI, SMC, and the
proposed IEST-SMDO-based NFTSMC) without using the pro-
posed DFTPC algorithm, the working conditions are set as
follows.
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TABLE I
PARAMETERS OF IPMSM

Parameters Values Unit
Number of pole pairs (1,,) 4
Stator resistance (R,) 0.02 Q
g-axis inductance (L,) 0.003572 H
d-axis inductance (Ly) 0.0015 H
PM flux linkage (y,,) 0.892 Wb
Dc voltage (Uqe) 1500 \%
Rated torque (7y) 1008 N- m
Rotational inertia (J) 1 kg m?
Viscous friction coefficient (B) 0.001 N- m- s/rad
TABLE II
PARAMETERS OF THE CONTROL SYSTEM
PI1 SMC NFTSMC
k,=150 %1 =20000 a=0.02
k,= 5000 k> =1000 b=10.04
- - c=0.1
- - & =2
- - =180
- - h=3
- - g=3
- - n=0.8
- - k=2190
- - n=0.1

Remark 1: The current loop PI parameters are first calibrated according to the
type I system, then the current loop is equivalent to a link in the speed loop, and
finally the speed loop PI parameters are calibrated and fine-tuned according to the
type Il system.

Remark 2: k, k; (k;>0, k;>0), are the exponential convergence law parameter in
SMC. First select a sufficiently large value to make the system converge, and then
perform fine tuning.

Remark 3: The selection of sliding mode surface parameters in NFTSMC directly
affects the stability of the motor control system. After selecting the approximate
parameters of a, b,and ¢ (>0, b>0, 0<c<I) to confirm system stability, fine tuning
is performed, a, b,and ¢ become larger, causing the system to overshoot during
transients. a, b,and ¢ become smaller, causing a slower speed response and a
longer time to reach the given value. €, €l and k (e>0, e/>1, k>0) are the control
law parameters, and the control law is to improve the dynamic quality of the
convergence motion of the sliding mode variable structure. Within the specified
range of the parameters, after several simulations to select the approximate
appropriate &, ;,and k, and then fine tuning to obtain better control effect. h, g,
and n (h>0, g>0, 5>0, n>0) are used to optimize the jitter problem of the sliding
mode motion.

The total experimental time is 1 s, the motor starts with no load
and the reference speed N/ is 300 r/min. The load torque T},
is loaded from O to 650 N.m (65% rated load) at 0.2 s. At 0.4 s,
the IPMSM is demagnetized, and the flux linkage amplitude
of PM ,,, decreases from 0.892 to 0.6 Wb (demagnetization
33%), while the magnetic deviation angle -y is changed from 0
to 7/6 rad.

Figs. 9, 10, and 11 show the experimental results of PI control,
SMC, and the IEST-SMDO-based NFTSMC without DFTPC
algorithm under demagnetization fault, respectively. Among
them, Figs. 9(a), 10(a), and 11(a) show the response curves of
the dg-axis currents, Figs. 9(b), 10(b), and 11(b) show the output
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Fig. 9. Experimental results of PI control without DFTPC algorithm. (a) dg-axis current. (b) Electromagnetic torque. (c) Speed.
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Fig. 11.  Experimental results of the IEST-SMDO-based NFTSMC without DFTPC algorithm. (a) dg-axis current. (b) Electromagnetic torque. (c) Speed.

TABLE III
PARAMETERS OF OBSERVER

EST-SMDO IEST-SMDO SMO NFTSMO  IST-NFTSMO
kq, = 5000 k, = 5000 kq = 50000 a =200 a =200
ks, = 5000 ki, = 5000 k,=150000  f=200 £ =200
ke = 5000 k. = 5000 - A=4 A=4

G =250 ka=10 - ©=0.01 1=0.01
- G =250 - m/r=5/3 m/r=5/3
- - - plq="1/5 plq="1/5
- - - ky = 6500 ki =0.1
- - - k=5 k> = 6500
- - - - ks =0.1
- - - - ks = 0.1

electromagnetic torque curves, and Figs. 9(c), 10(c), and 11(c)
show the speed curves, respectively.

From Figs. 9-11, the IEST-SMDO-based NFTSMC method
reaches the steady state speed at 0.04 s, while the PI and SMC
methods reach steady state 300 r/min at 0.1 s and 0.14 s, respec-
tively. The speed overshoot of the SMC and the PI methods
at no-load start-up is 7.13% and 0.14%, respectively, while
the IEST-SMDO-based NFTSMC method’s speed has almost
no overshoot, and the corresponding i, quickly recovers to the
steady-state value after reaching the rated value in a short period
of time, respectively. At 0.2 s, T, is loaded from O to 650 N.m,
the speed of PI, SMC and the IEST-SMDO-based NFTSMC
drop by 7 r/min, 5.5 r/min and 2.4 r/min, respectively, and
finally recover to the steady state value at 0.32 s, 0.28 s, and
0.22 s, respectively. As can be seen the speed of the proposed
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Fig. 12.  Experimental results of the d-axis currents and the d-axis reference currents. (a) DFTPC-PI. (b) DFTPC-SMC. (c) DFTPC-IEST-SMDO-NFTSMC.
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Fig. 13. Experimental results of the dg-axis currents. (a) DFTPC-PI. (b) DFTPC-SMC. (c¢) DFTPC-IEST-SMDO-NFTSMC.

IEST-SMDO-based NFTSMC method shows less fluctuation
and faster recovery when T7, increases. The corresponding i,
reach the steady-state value of 122 A at 0.28 5,0.24 s,and 0.22 s,
and its 7, reaches the steady-state value of 650 N.m at 0.28 s,
0.24 s and 0.22 s, respectively. The results show compared with
the remaining two methods, the IEST-SMDO-based NFTSMC
method has better dynamic response.

At 0.4 s, the PM is demagnetized, and the i, of the PI, SMC,
and the IEST-SMDO-based NFTSMC increase rapidly to the
limit value of 200 A, which is insufficient to maintain the stability
of T.. At this moment, the output 7, of the three methods are
only 620 N.m, which is smaller than 7. This leads to a sharp
drop in speed that cannot track a given speed.

In summary, during normal motor operation, the proposed
IEST-SMDO-based NFTSMC method has smaller overshoot
and faster dynamic response than the conventional PI and SMC
methods. However, due to the lack of adjustment by the DFTPC
algorithm, the IEST-SMDO-based NFTSMC method still fails
to make the motor operate normally when demagnetization fault
occurs in the IPMSM.

B. IPMSM Control With DFTPC Algorithm

In order to compare the three methods (DFTPC-PI, DFTPC-
SMC, and the proposed DFTPC-IEST-SMDO-NFTSMC) in the
case of using the proposed DFTPC algorithm and to verify
the fault tolerant capability of the proposed DFTPC algorithm
(whether it is able to drive a heavy load when the PM is
demagnetized), the operating conditions are set as follows.

The total experimental time is 1 s, the motor starts with no load
and the reference speed N’/ is 300 r/min. The load torque T},
is loaded from O to 650 N.m (65% rated load) at 0.2 s. At 0.4 s,
the IPMSM is demagnetized, and the flux linkage amplitude
of PM ,,, decreases from 0.892 to 0.6 Wb (demagnetization
33%), while the magnetic deviation angle -y is changed from 0
to 7/6 rad. At 0.6 s, T, is loaded from 650 to 900 N.m (90%
rated load).

Figs. 12, 13, 14, and 15 show the experimental results of
PI control, SMC, and the IEST-SMDO-based NFTSMC with
DFTPC algorithm during IPMSM demagnetization fault, re-
spectively. Among them, Fig. 12(a), (b), and (c), respectively,
shows the comparison curves of d-axis current and d-axis refer-
ence current for DFTPC-PI, DFTPC-SMC, and DFTPC-IEST-
SMDO-NFSMC methods. Fig. 13(a), (b), and (c), respectively,
shows the g-axis current response curves of the three methods.
Fig. 14(a), (b), and (c) and Fig. 15(a), (b), and (c), respectively,
display the output speed and torque curves of the three methods.

Before 0.4 s, the IPMSM is in normal operation and the output
i (k 4 1) = 0. From Figs. 1215, the experimental results of
dg-axis current, torque and speed are the same as those in Figs. 9,
10, and 11.

At 0.4 s, the PM is demagnetized. From Fig. 12, the output
value of izef (k 4 1) under the three control modes decreases
from 0 A to —82 A, with a theoretically calculated value
—82.1 A, indicating that the DFTPC algorithm is able to accu-
rately calculateigef (k + 1). When T, is 650 N.m, the calculated
constraint value of iy is —158.4 A, indicating that i,/ (k + 1)
is within the constraint range.
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Fig. 15.  Experimental results of the output torque. (a) DFTPC-PI. (b) DFTPC-SMC. (c) DFTPC-IEST-SMDO-NFTSMC.

From Fig. 13, the i, of the three methods rises by 19 A, 78 A,
and 9 A at 0.4 s, and finally returns to the steady state value of
122 A during normal operation at 0.408 s, 0402 s, and 0.4015 s,
respectively. This indicates after using the DFTPC algorithm,
the i, of the motor in case of demagnetization fault does not rise
abruptly, and quickly recovers to normal values. The current
loss of control is effectively suppressed. The i, in the proposed
DFTPC-IEST-SMDO-NFTSMC method is recovered faster and
with less fluctuation than the other two methods. From Fig. 14,
the speeds of the three methods drop by 1.2 r/min, 1.2 r/min, and
0.33 r/min at 0.4 s, and finally return to steady state at 0.405 s,
0.406 s, and 0.402 s, respectively. From Fig. 15, the T, of all three
methods can recover to 650 N.m quickly. However, compared
to the other two methods, the 7', of the proposed DFTPC-IEST-
SMDO-NFTSMC method exhibits faster recovery and smaller
fluctuations at the moment of PM demagnetization. The results
indicate the DFTPC-IEST-SMDO-NFTSMC method has better
dynamic response under motor demagnetization fault. Its ripple
of current and torque is smaller, and the waveforms are smoother.

At0.6 s, T1, is loaded from 650 to 900 N.m. From Fig. 12, the
output value of i’/ (k + 1) decreases from —82 A to —96.6 A
with a theoretical value of —96.4 A, while the constrained value
of i, is calculated to be —108.2 A when T, is 900 N.m. The
results show igef (k + 1) is still within the constraint range. From
Fig. 13, the i, of the three methods reaches steady-state values
of 168.5 A, 169.8 A and 168.2 A at 0.61 s, 0.606 s, and 0.603 s,
respectively. From Fig. 14, the speeds of the three methods
decrease by 2.71 r/min, 1.2 r/min, and 1.1 r/min, and finally
recover to the steady state values at 0.724 s, 0.65 s, and 0.623 s,
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Fig. 16. THD analysis of A phase stator current. (a) DFTPC-PI control.

(b) DFTPC-SMC. (c) DFTPC-IEST-SMDO-NFTSMC.

respectively. From Fig. 15, the T, of the three methods reaches
steady-state values of 900 N.m at 0.61 s, 0.606 s, and 0.603 s, re-
spectively. The results show that when the PM is demagnetized,
the DFTPC algorithm enables the motor to drive the 90% rated
load to operate normally with strong fault tolerant capability. The
proposed DFTPC-IEST-SMDO-NFTSMC method shows lower
current and torque ripple and faster dynamic response under the
large load operating condition.
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TABLE IV
PERFORMANCE COMPARISON OF VARIOUS CONTROL METHODS OVER THE
ENTIRE LOAD RANGE

T
Load THDA%)  |Torque ripple/(%)| Load THD/(%) orue
ripple/(%)
. 5
5/;’ ra;ed 19.78/23.01/16.82[33.13/40.68/28.77 551/“:3‘6‘1 2.57/2.74/2.00 | 4.37/6.03/3.65
oa 04
0, 0,
101/”?“‘ 12.37/16.43/10.83|17.08/28.72/13.37 (’Of’r?ed 236/2.58/1.81 | 4.20/5.73/3.47
0al 0al
5 5
ISf”Zted 8.38/11.76/6.84 |12.57/21.83/10.58 Gsl/”zted 220/2.38/1.72 | 4.12/5.25/3.33
0a 0a
20% rated 70% rated
I“Ze 7.13/8.03/4.90 | 9.92/15.87/7.94 f’r:e 2.05/2.23/1.56 | 3.88/5.10/3.12
0a 0a
25% rated 75% rated
12;36 5.45/6.10/3.98 | 8.93/12.42/6.75 l:’);ze 1.95/2.09/1.51 | 3.90/4.80/2.98
" 5
30?”3@ 4.44/5.02338 | 7.10/10.71/5.46 801/”3'6‘1 1.84/1.99/1.44 | 3.67/4.65/2.85
0a 0a
35% rated 85% rated
12;36 3.79/4.26/2.91 | 6.33/8.84/4.99 l/f):;e 1.78/1.90/1.35 | 3.48/4.63/2.68
40% rated 90% rated
l“rze 334/3.72/2.61 | 5.58/7.95/4.53 l”ze 1.70/1.82/1.31 | 3.41/4.27/2.74
0a 0a
45% rated 95% rated
orated| 3 00333034 | 496710413 | 20T
load load
" T00°
S0%rated) ) 26 9014 | 467662387 | 1007 rated
load load

Remark 4: The data in the table are derived under IPMSM demagnetization
condition (demagnetization 33%, y change ©/6 rad), where 1/2/3 are the
following three methods: DFTPC-PI, DFTPC-SMC, and DFTPC-IEST-
SMDO-NFTSMC.

Fig. 16(a), (b), and (c) shows the total harmonic distortion
(THD) analysis of the A-phase stator current for the three
methods under the condition of PM demagnetization and 7', of
650 N.m, respectively. The waveform analysis shows the THD
of the three methods are 2.20%, 2.38%, and 1.72%, respectively.
The results show the proposed DFTPC-IEST-SMDO-NFTSMC
method can effectively suppress the current harmonics of the
IPMSM after a demagnetization fault occurs, relative to the
DFTPC-PI and DFTPC-SMC methods.

The performance comparison of all control methods over the
entire load range is shown in Table IV. In Table IV, because
the proposed DFTPC method achieves fault-tolerant control by
adjusting the i 4 rather than magnetising the PM material. There-
fore, when the T';, increases above 95% of the rated load and the
PM is demagnetized (demagnetization 33%, v change 7/6 rad),
due to the limited output capability of the inverter, DFTPC-PI,
DFTPC-SMC, and DFTPC-IEST-SMDO-NFTSMC methods
are unable to compensate for the torque deficit caused by the
demagnetization.

In summary, the DFTPC algorithm exhibits stronger fault
tolerance in the control system and is able to drive larger
loads in case of IPMSM demagnetization fault. Compared with
the DFTPC-PI and DFTPC-SMC methods, the DFTPC-IEST-
SMDO-NFTSMC method shows less speed fluctuation, faster
response, more stable torque and dg-axis current waveforms,
fewer harmonics, and stronger anti-interference capability.

The theoretical comparison of all methods is shown in
Table V.

C. Experimental Results of the Flux Linkage Observer

The comparison experimental waveforms of SMO,
NFTSMO, and IST-NFTSMO are shown in Fig. 17. Among
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TABLE V
THEORETICAL COMPARISON OF METHODS

Indicators Methods Values
N:0.15/0.325/0.405s/0.124s
DFTPC-PI iy: 0.04s/0.08s/0.008s/0.1s
T.: 0.038s/0.08s/0.006s/0.046s
N: 0.14s/0.285/0.406s/0.05s
Convergence
. DFTPC-SMC i4:0.09s/0.055/0.0025/0.04s
time

T.: 0.15/0.06s/0.0025s/0.05s
N:0.04s/0.225/0.402s/0.023s
i4:0.034s/0.025/0.00015s/0.03s

DFTPC-IEST-SMDO-

NFTSMC
T.: 0.034s/0.025/0.002s/0.03s
N/(r/min): 0.41/7/1.2/2.71
DFTPC-PI i,/(A): 0.42/4.13/19.3/0.91
T./(N'm): 2/15.34/99.73/9.1
N/(r/min): 21.4/5.5/1.2/1.2
Overshoot and
DFTPC-SMC i,/(A): 18.78/7.04/78/0.26
undershoot
T./(N'm): 27.22/34.7/200/10.5
N/(r/min): 0.05/2.3/0.33/1.1
DFTPC-IEST-SMDO-
i/(A): 0.09/2.27/9.03/0.2
NFTSMC
T./(N'm): 0.84/10.73/106.8/5.4
DFTPC-PI 12
Number of DFTPC-SMC i
parameters

DFTPC-IEST-SMDO-

NETSMC 20

Remark 5: 1/2/3/4 are the values corresponding to the variables of the motor in
the following four states: 1) no-load start, 2) loading to 650Nm, 3)
Demagnetization (demagnetization 33%, y change w/6 rad), 4) loading to
900N"m.

them, Fig. 17(a) and (b) shows the dg-axis flux linkages
waveforms observed by SMO, NFTSMO, and IST-NFTSMO,
respectively.

The motor is started with no load before 0.4 s. From Fig. 17(a),
the 1,4 observation of SMO reaches the steady state value of
0.8917 Wb at 0.09 s, while the 1,4 observation of NFTSMO
and IST-NFTSMO reaches the steady state value of 0.892 Wb
at 0.11 s and 0.08 s, respectively. From Fig. 17(b), the v,
observation of the three observers can maintain 0 Wb, and the
theoretically calculated values of 1,4 and v, are 0.892 Wb
and 0 Wb, respectively, showing that the designed observer can
accurately observe the flux linkage of the motor during normal
operation, and the observation speed is faster.

At0.2s, T, isloaded from O to 650 N.m, and the 1,4 observed
by SMO, NFTSMO, and IST-NFTSMO rises by 0.00285 Wb,
0.0016 Wb, and 0.0006 Wb, respectively, and eventually at
0.224 s, 0.22 s, and 0.215 s, respectively, return to steady state,
while the 1,,, observed by the three observers remains almost
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TABLE VI
COMPARISON OF THE PERFORMANCE OF FLUX LINKAGE OBSERVERS-D-AXIS
Performance indicators Observers Values
SMO 0.09/0.224/0.46/0.632
Flux linkage
. NFTSMO 0.11/0.22/0.46/0.602
convergence time (s)
IST-NFTSMO 0.08/0.215/0.44/0.601
SMO 0.8917/0.8917/0.5207/0.5207
Flux linkage
NFTSMO 0.892/0.892/0.52/0.52
steady state value (Wb)
IST-NFTSMO 0.892/0.892/0.52/0.52

Remark 6: 1/2/3/4 are the values corresponding to the variables of the motor in
the following four states: 1) no-load operation, 2) loading to 650N-m, 3)
Demagnetization (demagnetization 33%, y change n/6 rad), 4) loading to 900N m.
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Experimental results of the flux linkage observer. (a) Comparison of

TABLE VII

COMPARISON OF THE PERFORMANCE OF FLUX LINKAGE OBSERVERS-Q-AXIS

Performance indicators Observers Values
SMO 0/0.2/0.48/0.635
Flux linkage
. NFTSMO 0/0.2/0.49/0.603
convergence time (s)
IST-NFTSMO 0/0.2/0.48/0.602
SMO 0/0/0.2986/0.2986
Flux linkage NFTSMO 0/0/0.3/0.3
steady state value (Wb) —
IST-NFTSMO 0/0/0.3/0.3

d-axis flux linkage. (b) Comparison of g-axis flux linkage.

unchanged. The results show the designed observer has a faster
convergence rate.

At 0.4 s, the PM is demagnetized. The 1,4 observation of
SMO reaches the steady state value of 0.5207 Wb at 0.46 s, while
the 1,4 observations of NFTSMO and IST-NFTSMO reach the
steady state value of 0.52 Wb at 0.46 s and 0.44 s, respectively.
The 1),,, observation of SMO reaches the steady state value of
0.2986 Wb at 0.48 s, while the 1., observations of NFTSMO and
IST-NFTSMO reach the steady state value of 0.3 Wb at 0.49 s
and 0.48 s, respectively. In addition, at the moment of demagne-
tization of the PM, SMO produces a large jitter and NFTSMO
shows a certain degree of overshooting. Compared with the two,
the observed waveforms of the designed IST-NFTSMO are much
more stable and almost free of overshooting. The theoretical
calculated values of 1,4 and 1) 4 are 0.6 cos(7/6) = 0.5196 Wb
and 0.6 sin(7/6) = 0.3 Wb, respectively, it is shown that the
designed observer achieves accurate observation of motor fault
flux linkage.

At 0.6 s, the T, is loaded from 650 to 900 N.m, and the
14 observed by SMO, NFTSMO, and IST-NFTSMO rises by
0.0015 Wb, 0.0004 Wb, and 0.00015 Wb, respectively, and
finally at 0.632 s, 0.602 s, and 0.601 s, respectively, returns
to steady state, while the 1., observed by the three observers
remains almost at the steady state value.

In summary, the observation of the flux linkage by the de-
signed IST-NFTSMO is faster, the flux linkage waveform is
smoother, and the chattering is reduced. In comparison with

Remark 7: 1/2/3/4 are the values corresponding to the variables of the motor in
the following four states: 1) no-load operation, 2) loading to 650N'm, 3)
Demagnetization (demagnetization 33%, y change n/6 rad), 4) loading to 900N-m.

SMO and NFTSMO, IST-NFTSMO demonstrates a better dy-
namic performance, less chattering, and higher robustness.

Tables VI and VII show the performance comparison of
the flux linkage observer for the d- and g-axis flux linkage
observation, respectively.

D. Experimental Results of the Disturbance Observer

Fig. 18 shows the observed waveforms of EST-SMDO and
IEST-SMDO for the total system disturbance, where Fig. 18(a)
shows the observed waveforms of IEST-SMDO and EST-
SMDO, and Fig. 18(b) shows the comparative waveforms of
EST-SMDO and IEST-SMDO for the disturbance observation,
respectively.

From Fig. 18, the IPMSM is run unloaded until 0.2 s, the
IEST-SMDO shows much smaller overshoots. At 0.2 s, T, is
loaded from O to 650 N.m. It can be clearly seen the designed
IEST-SMDO observes the disturbance faster. At this moment,
the theoretical value of the disturbance is basically equal to 7';,.
The results show the designed IEST-SMDO can more accurately
observe the disturbances of the motor during normal operation.

At 0.4 s, the PM is demagnetized. The disturbance observa-
tion values of EST-SMDO and IEST-SMDO both recovered to
steady-state values of 652 and 651.5 after a small fluctuation,
respectively. At this time, the theoretical calculated value is
650.324. It shows the designed IEST-SMDO can accurately
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Fig. 18.  Experimental results of the disturbance observer. (a) IEST-SMDO
and EST-SMDO. (b) Comparison between IEST-SMDO and EST-SMDO.

TABLE VIII
PERFORMANCE COMPARISON OF DISTURBANCE OBSERVERS
Performance indicators Observers Values
Disturbance EST-SMDO 0.045/0.233/0.416/0.633
convergence time (s) IEST-SMDO 0.041/0.225/0.15/0.627
Disturbance EST-SMDO 0/651.6/652/902.4
steady state value (Wb) IEST-SMDO 0/651/651.5/902

Remark 8: 1/2/3/4 are the values corresponding to the variables of the motor in
the following four states: 1) no-load operation, 2) loading to 650N'm, 3)
Demagnetization (demagnetization 33%, y change /6 rad), 4) loading to 900N-m.

observe the disturbances of the motor during demagnetization
fault.

In summary, compared with EST-SMDO, the designed IEST-
SMDO can observe the system total disturbance caused by load
changes, PM demagnetization and the action of the DFTPC
algorithm more accurately with better dynamic response, and
the anti-interference ability of the system is effectively boosted.

Table VIII shows the performance comparison of the distur-
bance observer.

VII. CONCLUSION

Aiming at the issues of torque degradation, poor robust-
ness, and slow response of IPMSM after the occurrence of
demagnetization fault, an IST-NFTSMO-based DFTPC strategy
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for IPMSM demagnetization fault is proposed. The proposed
method can compensate for the torque loss caused by demag-
netization fault, enable the system’s fault-tolerance, robustness,
and response speed to be enhanced. Through the experimental
analysis of different working conditions, the following conclu-
sions are drawn.

1) The designed IST-NFTSMO can observe the dg-axis flux
linkages of IPMSM more quickly and accurately. After
demagnetization of the PM, the observation of flux link-
age can quickly converge, and the chattering caused by
conventional NFTSMO is suppressed. The observed flux
linkage is fed into the controller, and thus the effects of
flux linkage parameter mismatch to be eliminated.

2) The proposed DFTPC algorithm combined with conven-
tional PI and SMC methods can timely output the d-axis
reference current for the next moment after motor demag-
netization, thereby the missing torque is compensated and
the sudden rise of i, is suppressed. This ensures the nor-
mal operation of the motor under demagnetization fault,
and can drive a larger load with stronger fault-tolerance
capability.

3) The IEST-SMDO is designed to observe motor distur-
bances more quickly and accurately and perform feed-
forward compensation, the immunity of the system is
boosted. DFTPC-IEST-SMDO-NFTSMC has faster re-
sponse and better steady state performance. When the
demagnetization fault occurs, the THD under whole load
range of DFTPC-IEST-SMDO-NFTSMC is reduced by
an average of 20% and 32.2%, and the torque ripple
is suppressed by an average of 18.5% and 42.8% when
compared with DFTPC-PI and DFTPC-SMC, further en-
hancing the robustness of the system.

In addition, since the proposed method adjusts the parameters

by empirical method, further optimization of the design of the
parameters will be the next research work.
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