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ABSTRACT: To address the issues of electromagnetic torque attenuation and insufficient robustness caused by demagnetization faults in
interior permanent magnet synchronous motors (IPMSMs), a deadbeat fault-tolerant compensation control (DBFTCC) strategy based
on a variable reaching law nonsingular fast terminal sliding mode observer (VRL-NFTSMO) is proposed. First, the VRL-NFTSMO is
designed to achieve a precise observation of the flux linkage and next current value. Second, DBFTCC is constructed based on flux
linkage and current information, which can effectively suppress electromagnetic torque attenuation caused by demagnetization faults,
improve system robustness, and achieve reliable fault-tolerant control under demagnetization faults. Finally, the experimental results
indicate that the proposed compensation strategy has stronger fault tolerance and robustness than traditional methods when the IPMSMs

suffer from both demagnetization fault and large load variation.

1. INTRODUCTION

urrently, interior permanent magnet synchronous motors

(IPMSMs) are widely applied in fields such as rail tran-
sit, deep-sea exploration, high-end medical treatment, and wind
power generation owing to their simple structure, high power
density, and excellent operational stability [1-4].

To ensure the stable operation of the IPMSMs, various ad-
vanced control strategies have been proposed in academia
and industry, such as fuzzy proportional integral (PI) con-
trol [5], sliding mode control (SMC) [6], model predictive
control (MPC) [7], and deadbeat predictive current control
(DPCC) [8,9]. Excellent current control performance is the
key to improving the dynamic and static quality of control
systems [10]. Compared with other control strategies, DPCC
demonstrates stronger control performance in current control
scenarios owing to its faster current response speed and higher
tracking accuracy.

However, IPMSMs typically operate in complex environ-
ments, such as high temperatures, strong electromagnetic inter-
ference, and harmonic pollution. Permanent magnets (PMs) are
prone to demagnetization faults, leading to a significant deterio-
ration of motor control performance and electromagnetic torque
attenuation [11]. The main methods for diagnosing demagneti-
zation faults include the nonlinear transformation method [12],
back-EMF method [13], and observer method [14,15]. To
achieve effective detection of PM demagnetization, although
a traditional sliding-mode observer (SMO) can observe the
flux linkage, the observed values are not sufficiently precise.
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In [16], the fast Fourier transform is used to analyze the sta-
tor current signal of a permanent magnet synchronous motor,
achieving the detection of demagnetization faults; however, it
is difficult to apply to dynamic working conditions. In [17], the
demagnetization fault of a permanent magnet synchronous mo-
tor is diagnosed based on the harmonic characteristics of the
back-electromotive force; however, the anti-interference abil-
ity is weak and the diagnosis is prone to failure. In [18], an
adaptive forgetting factor, recursive least squares flux linkage
observer was constructed to observe flux linkage values; how-
ever, it is sensitive to disturbances and complex to adjust the
parameters. In [19], a method based on current analysis is pro-
posed to obtain disturbances caused by flux linkage mismatch,
which can calculate the actual flux linkage value of the motor;
however, it has a low separation accuracy.

In [16-19], the diagnosis of demagnetization fault is
achieved; however, no effective solution is proposed for
fault-tolerant control after the fault. After the motor demagne-
tization fault, the d-q axis flux linkage value changes. Owing
to the reliance of the traditional DPCC on model accuracy,
it leads to inaccurate DPCC prediction and reduced system
stability. To achieve continuous and stable operation after
the IPMSM’s demagnetization fault, a new control method is
proposed in [20], which improves the robustness of the system
by constructing an improved ultra-local model and using
SMO to estimate the unknown terms in the model. In [21],
an equivalent input disturbance fault-tolerant control method
based on improved SMO is proposed, which decouples speed
and state errors by the observer and improves the system’s
anti-interference ability. In [22], the integral terminal SMO is
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adopted to consider demagnetization fault during modeling,
eliminating the weight factor parameter tuning steps and
obtaining the optimal control law to achieve fault-tolerant
control. In [23], a robust fault-tolerant predictive current
control algorithm based on a composite observer is designed,
which observes the predicted value of compensation voltage
and current in real time, and adds a compensation voltage
regulation link to improve the robustness of the system.
In [24], a fault-tolerant method combining fuzzy extended
state observer and sliding mode control is proposed to detect
and reconstruct demagnetization fault, thereby enhancing the
anti-interference ability of the motor. However, in [20-24],
fault-tolerant control strategies have not been able to solve
the problem of electromagnetic torque attenuation caused by
demagnetization fault. When a demagnetization fault and a
sudden large load change occur, the motor cannot maintain
normal operation without real-time torque compensation.

In summary, to address the issues of electromagnetic
torque attenuation and insufficient robustness caused by
demagnetization faults in IPMSMs, a deadbeat fault-tolerant
compensation control (DBFTCC) strategy based on a variable
reaching law nonsingular fast terminal sliding mode observer
(VRL-NFTSMO) is proposed. Compared with the SMOs and
NFTSMOs reported in [20-23], the proposed VRL-NFTSMO
integrates an improved nonsingular fast terminal sliding mode
surface and a variable reaching law in its design. Torque
compensation is achieved by combining VRL-NFTSMO with
DBFTCC, improving the robustness of the system. The main
contributions of this study are as follows:

(1) A VRL-NFTSMO is constructed, which can quickly and
accurately observe the d-q axis flux linkage parameters.

(2) Based on the actual flux linkage observed by VRL-
NFTSMO, a DBFTCC strategy is designed to output the op-
timal d-axis reference current during demagnetization faults,
restoring the g-axis current to normal values and effectively
compensating for the loss of torque.

The remainder of this article is structured as follows. In Sec-
tion 2, the mathematical model of the [IPMSMs for normal op-
eration and demagnetization fault is established. In Section 3,
the DPCC method for normal and demagnetization fault con-
ditions is constructed. In Section 4, the implementation mech-
anism of the DBFTCC strategy is explored. In Section 5, the
design principle of VRL-NFTSMO is described. In Section 6,
the experimental results and analysis are presented. Finally, the
conclusions are presented.

2. MATHEMATICAL MODEL OF NORMAL AND DE-
MAGNETIZATION FOR IPMSMS

2.1. Normal Mathematical Model of IPMSMs

The normal voltage equation for the IPMSMs in d-q coordinate
system can be expressed as [25]:

, ()
Uy = d;‘;“ + wepq + Rig

d .
{ ug = "5 — wepq + Rig

The stator flux linkage equation is expressed as follows:

{ ©d = Yro + Lgiq

. 2
¢q = Lqiq

where uq, uq, ¢4, and ¢, denote the d-q axis stator voltages and
stator currents, respectively. R, we, Lq, and L, denote the stator
resistance, electrical angular velocity, d-axis stator inductance,
and g-axis stator inductance, respectively. (g and ¢, are the
stator flux of d-q axis respectively. ¢,., is the PM flux linkage.

The electromagnetic torque equation is expressed as follows:

T, = 1.5n, [(La — Ly) idig + Proiq) ?3)

where T, is the electromagnetic torque, and n,, is the number
of pole pairs.
The effective flux linkage of the IPMSMs is defined as [26]:

Pact = (Ld - Lq) id + Pro 4)

2.2. The Demagnetization Mathematical Model of IPMSMs

When demagnetization occurs in IPMSMs, the amplitude of the
PM flux linkage changes from ¢, to ¢,., and its magnetic dec-
lination angle A changes from 0° to (0°, 90°). The flux linkage
relationship is shown in Fig. 1. (2) is rewritten as

{ ©d = Pro + Laiq + Aprq = Laiq + ¢rd 5)
g = Lqiq + Aprg = Lgiqg + ¢rq
Ord = Pro + AYrg = ©r COS A ©
Prq = ASprq = Pr sin A

where ¢,q and ¢, are the d-q axis flux linkage components,
respectively; Ay,q and Ay, are the variations in d-q axis flux
linkage, respectively.

FIGURE 1. Relationship diagram of PM flux linkage.

Substituting (5) and (6) into (1), the demagnetization voltage
equation of the IPMSMs can be expressed as:

dig (7

Ug = Ld% + Rig — weLlgiq — Werg
g = Ly + Rig + weLgiq + wepra

The demagnetization electromagnetic torque equation of
IPMSMs is expressed as:

T, = 1.5n, [(La — Lq) idlq + Pralq — @rqid] (¥
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3. DPCC CONTROL PRINCIPLE

3.1. The DPCC Control Principle for Normal Operation

Performing first-order Eulerian discretization on (1), the DPCC
predictive voltage for normal operation of IPMSMs is:

wy (k) :de +Riq (k) — Lqwe (k) iq (k)
wy (k) =Ly D=9 E) 4 Ri (k) + Lawe (k) ia (k) 9
+ We (k) Pro
where u), u;‘, 1y, and z';‘ denote the d-q axis reference voltages

and currents, respectively.

3.2. The DPCC Control Principle for Demagnetization Fault

By performing first-order Eulerian discretization in (7), the
DPCC predictive voltage for the demagnetization fault of the
IPMSMs is expressed as follows:

w (k) = LoiaktD=ia(t) | by ()
(

— Lywe (k) iq (k) — we (k) orq
i (k1) —ig ()
Ts

(10)
ul (k) =Ly

+ dee (k‘) id

+ Riy (k)
(k) + We (k) Prd

4. DESIGN OF DBFTCC METHOD

From (3), for DPCC control with ¢y = 0, the effective flux is
inversely proportional to i, at the same electromagnetic torque.
When the IPMSMs suffer a demagnetization fault, ¢, increases
abruptly. However, the output capacity of the inverter is lim-
ited, and i, reaches its limit. %4 can only be adjusted by
DBFTCC to compensate for the loss of torque and reduce i,
output.

From (4), the demagnetization fault effective flux linkage
equation of the IPMSMs is expressed as:

(11)

Performing first-order Euler discretization on (7), the d-axis
current equation is:

Lalia (k+1) —iq (k)] = Tswe (k) Lyiq (k) + Toug (k)
~TRig (k) + Tywe (k) ¢rq (12)

Pact = (Ld - Lq) Z.d + Prd

To obtain the d-axis reference current i’ 4 (k + 1), the d-axis
current at time k£ + 1 in (12) was con51dered as the reference
current. (12) was rewritten as:

La |t (k+1) —ig (/c)} = Twwe (k) Lyig (k) + Tyug (k)

—TRiq (k) + Tswe (k) @rq (13)

To introduce the effective flux linkage, (13) is rewritten as:
Pact (k +1) = Tywe (k) Lqiq (k) + Tsua (k)
—T5Riq (k) + Tswe (k) 0rqg + Laia (k) + 0rd

+ (Lg— Ly)ia (k+1) — Lai¥ (k+1) (14)
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where @act(k+ 1) = @ra+ (Lg — Lg)ia(k + 1). @act(k+1)
and i4(k + 1) are obtained using the VRL-NFTSMO.

If the motor operates without a demagnetization fault at time
k, a demagnetization fault occurs at time k + 1. From (8), the
torque exhibits a term —,4iq. It is unreasonable to make the
effective flux linkage at time k + 1 equal to that at time k. Ow-
ing to the presence of the error term —¢,4%4, the compensated
electromagnetic torque is greater than that of the normal torque.
As i (k4 1) is larger than its ideal value, the stator current ap-
proaches its limit value. Owing to the limited output capacity
of the inverter, the stator current cannot exceed this limit value.
To enhance the fault-tolerant capability of the system, the ef-
fective flux linkage at time k + 1 is equated to an effective flux
linkage ¢+ that enables compensation for the nominal electro-
magnetic torque, and a new d-axis reference current is obtained.
(14) is rewritten as

Gact = Tswe (k) Lyiq (k) + Tsuq (k) — TsRig (k)
+Tswe (k) ¢rq + Laia (k) + ¢ra
+ (L — Ly)ia(k+1) — Laiid (k+1)  (15)
To obtain a suitable effective flux linkage ¢,.¢, based on the
principle of deadbeat control, the electromagnetic torques be-

fore and after the demagnetization fault are equated, with the
effective flux linkage post-fault replaced by ¢, that is,

1.5np0r0tq (k) = 150, [(Lg — Lq) iq (kK + 1) iq (K + 1)
+rdiq (k + 1) — Prqld (k + 1)} = 1.5n, [d)actiq (k + 1)

—Prqia (k+1)] (16)

(16) can be simplified as follows:
Prata (k +1) + ¢rotq (k)

ac 17

ot = FEE (a7

To restore i, to its normal value, let i,(k + 1) = i4(k),

and (17) is rewritten as:
rqta (k41
Gact = w + Vro (18)

ig (k+1)

Substituting (18) into (15), the flux linkage and current at
time k + 1 is replaced by the observed values. The expression
is as follows:

1d [T (k) Liq (k) + Tuua (k)

ik +1) = — T.Rig (k)

1 ~
+Tswe (k) @Tq + Lqig (k;)]_‘_i Lq) id (k + 1)

S (L
I {¢d+( d

Grqia (k+1)

5 19
ig (k+1) (19

—Oro —

When the IPMSMs
(Ld—Lq)id(k+1) = Qact = Pro and Prq = 0,
then i (k+1)=0. Therefore, the motor has no
electromagnetic torque loss and does not require com-
pensation. When a demagnetization fault occurs,

operate normally, ¢,.q +
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Gra + (La— Lg)ta(k+1) = ¢aet # ©ro and @ # 0.
At this point, the output i’ (k 4 1) can compensate for the
electromagnetic torque loss. In addition, owing to the limited
output capacity of the inverter, izlef(k + 1) must satisfy the
following constraints:

(k4 1) > —\/231 (k+1)—2(k+1)  (20)

By substituting the flux linkage observation values into (10),
the predicted voltage of the DPCC is as follows:

gy (k) = Ly @EED=14®) 4 Riy (k)
—Lgwe (k) iq (k) — we (k) ¢rq o1
* iq (K+1)—iq (k) .
ug (k) = Lq . T, - + Rig (k)
+dee (k) ’id (]f) + We (k) gﬁ,«d

Owing to the delay in the output u x (k) of the inverter at time
k41 in traditional DPCC, the control voltage is delayed by one
beat. To minimize the impact of the delay on the system control
performance, let i(k) = i(k + 1) and i%(k + 1) = i’ (k + 1),
then the expected voltage of the DBFTCC is as follows:

1 (et 1)~ ,
w (k) = Ly DD 4 Ry (k)
—Lqwe (k) iq (k) — we (k) ¢rq

wj (k) = L, WD R (k)
+dee (k) id (k) + We (k) @rd

(22)

In addition, since Ly = L, in the surface permanent magnet
synchronous motor (SPMSM), (L4 — Ly)ig = 0. It is impossi-
ble for DBFTCC to compensate for the torque deficit by adjust-
ing i4. Therefore, the DBFTCC is not applicable to SPMSM.

5. DESIGN AND STABILITY ANALYSIS OF NONSIN-
GULAR FAST TERMINAL SLIDING MODE OBSERVER
BASED ON VARIABLE REACHING LAW

As shown in (19), to obtain i;ef (k + 1), the observed values of
the flux linkage and current at time k£ + 1 must be known. The
designed VRL-NFTSMO algorithm can obtain accurate flux
linkage and current parameters in this study.

(7) is rewritten as the state equation:

X — A B Dd
{x X + Bu + 23)

y=Cx

where x = [ig iq}T, u = [ug uq]T, y = [ia iq]T, d =

[ord @,.q]T, A, B, C, and D is the coefficient matrix, where A =

R L 1
- weL—Z B — i 0 C - 1 0
N R A R O
weLq q L‘l
L, 0
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The VRL-NFTSMO designed based on (23) is as follows:

X=AX+Bu+v (24)

AT
where X is the observed value of x, X = {id zq] .V =[vg vq]T

is the sliding mode term.
Subtracting (24) from (23) yields the error state equation:

e=Ae+Dd—v (25)

where e is the observation error, e = X — X.
To accelerate the convergence speed of the current error, the
nonsingular fast terminal sliding surface is designed as follows:

s =ae+ Bé+ner + et (26)

where o, 3, n, and & are the positive parameter matrices to be
designed; h, r, p, and g are odd constants to be designed, such
that1 < h/r < 2,1 <p/q < 2.

Taking the derivative of (26), the following expression is ob-
tained:

. . . h n_q. p_1..
s:ae+5e+n7e%*1e+58eq e 27
r q

To accelerate the convergence speed of SMO, an improved
variable reaching law is expressed as follows:

s = —ky [s|" sgn(s) — ko |s|" sgn(s) — k3s
[ n s[> 1 (5)
"= max {1,[s|} s| <1
where k| = [k1q k14)7, ko = [k2a kog|T, ks = [kza kaq]”,

n>1,0 <m < 1, ky, ko, k; are positive parameter matrices
to be designed, and n, m are positive parameters to be designed.

Owing to the introduction of the variable exponential de-
sign in the improved reaching law, when the system state sat-
isfies [s| > 1, the reaching law can be expressed as § =
—k; |s|#sgn(s) — ky|s|™sgn(s) — kss. Its effect is equivalent to
that of the novel double-power reaching law, which shortens the
convergence time and accelerates the reaching speed. When the
system state condition is |s| < 1, the double-exponent power
reaching law can be expressed as § = —k; |s| — ka|s|™sgn(s) —
kss, which is equivalent to the single-power fast reaching law.
At this point, the system can smoothly enter the sliding sur-
face and converge to the vicinity of the equilibrium point.
This reaching law can effectively alleviate chattering, while the
piecewise design guarantees global convergence.

Theorem 1: For the error state (25), if the sliding sur-
face (26) and improved reaching law (28) are selected, the de-
signed VRL-NFTSMO control law is as follows:

V= "Veq+ V,

Ved = Ae
(29)

dr

Ky |s|" sgn (s) + ko |s|" sgn (s) + k3s
+ (aé+n%e%—1é) (ﬁ+5§é§—1)

t

Vo = 0
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where the VRL-NFTSMO control law comprises v, and v.q4.
v, is a switching control law that allows the state variable to
quickly reach the sliding surface s, whereas v, is an equivalent
control law that ensures that the state variable remains ats = 0
after reaching s.

Proof 1: The selected Lyapunov function V' is as follows:

1
V= 5s2 (30)

Taking the derivative of (30) and substituting (28) yields:
V =s$
=s[—ky|s|" sgn(s) — ko |s|™ sgn (s) — k3s]

= —kq |s|" " sgn (s) — ko |s|"! sgn (s) — kss?
<0 (€29)

ifand only if s = 0, ss = 0.

According to the continuity of the system, the existence the-
orem and reachability definition of the sliding mode reaching
law, if s§ < O is satisfied, the designed reaching law satisfies
the sliding mode reachability condition, and the double power
exponential law designed using (28) can converge to the equi-
librium point.

Theorem 2: For the improved double-power exponential
variable reaching law of (28), assuming that the initial state of s
is 89, the corresponding states s and s both reach the sliding sur-
face and converge to 0 within a finite time, with a convergence
time less than (t; + t, + t3). Here, ¢, ¢, and ¢; are the time for
so to s(t1), s(t1) to s(t2), and s(t,) to s(¢3), respectively.

Taking |s| > 1 as an example, the convergence time t;, t,
and t3 are respectively:

B 1 .k
tl = m |:1n (SO H -+ gsgn (SO))
1— kq
—In (,u B4+ —sgn (so)ﬂ (32)
k3
1 k
t, = (m—1)ks {ln <m1m + k—zsgn (so))
ko
—In (1 + —sgn (s@)} (33)
k3

1 k
ty = [ln (mlm + >__sgn (so))
(m —1) (ky + k3) ki + k3

ko
—In (1 + T sgn (so))] (34)

Proof 2: Taking 1 < p < s¢ as an example, the global pro-
cess is divided into three stages.

In the first stage, the system reaches from sy to s;1, and (28)
can be rewritten as:

$ = 7k1§“ — kQSm — kgs (35)

To solve (35), because of the excessive number of unknown
parameters, the equation can be solved in two steps. Firstly, the

process of solving the equation s + k;s* = —kss is as follows:
d;
s_“d—: Fkss'H = —k, (36)

Assuming the existence of an intermediate variable y =
s' =, (36) can be expressed as:

Ok =D ky G

Lety = u(t)exp(— [(1 — p)ksdt), where u = u(f) is a
continuous function. Substituting into (37) yields:

%‘: =—(1—p)kyexp (/(1u)k3dt> (38)

Integrating (38) yields:
u= /_(1 — ) ki exp (/(1 —u)k;»,dt)dt—&-C 39)

where C is a constant.

v - [/—(1—u)klexp (/(1—u)k3dt) dt+C}
exp <— / (1—p) kgdt> — Cexp (— /(1 — ) kgdt>
_ [l': exp (/(1 — ) kgdt)]exp(— /(1 — ) kgdt>

= Cexp (—/(1 — ) k3dt> — % (40)

3

Simplifying (40) yields:
1—p k1
s H=Cexp|— [ (1—p)ksdt T 41)
3
Setting time ¢ = 0, the constant C can be solved as:
C=s; "+ (42)
From (41) and (42), t; can be obtained:

1 1— Kk, B Kk,
= (st ) (e )| @
“ (1—M)k3[n<s0 +k3> n(u +k3)] )

Similarly, t, and t; can be obtained as follows:

1

_m k2 ko
m Dk [‘“ (ml * k) - (1 * kﬂ ()

1 k
t; = [ln (ml_m + —2 sgn (so))
(m—1) (ki + k3) ki +ks3

WWwWw.jpier.org
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TABLE 1. The parameters of IPMSMs.

Parameters Values
Direct current voltage (Usc) 1500V
Rotational inertia (J) 1 kg-m?
Viscous friction coefficient (B)  0.001 Nm-s/rad
Stator resistance (R) 0.0292
d-axis inductance (L) 0.0015H
g-axis inductance (Lg) 0.003572H
PM flux linkage (¢ro) 0.892 Wb
Polar logarithm (n;,) 4
ko
In (1 + K +k30(so)>} (45)

Therefore, the time required for the system to move from
s(t1) = 1to s(t2) = m and from s(t) = m to s(t3) = 0 is less
than t, and t3, respectively, indicating that the total convergence
time required by the system is less than (t; + t, + t3).

Taking the derivative of (30) and substituting (27) yields:

V = ss

s [aé + nﬁe%—lé + (5 + 5pé51) é]
r q

T . aé+nlerle
s<ﬂ+£peq1> Rl LA BT
q B+&Len

Taking the derivative of (25) and substituting (46) yields:

) b , .. aetnherle
V—s(ﬁ+£pe«—1> (Ae+de+nT
q

Btghei
(47)
Taking the derivative of (29) and substituting (47) yields:
V= - (5 + £§é5‘1> (k1 Is|" " + ka |s|”
+s| (k2 |s|™ — Dd)) (48)
(48) can also be rewritten as:
Vo= — <ﬂ +§§é§1> (k2 5| + ks [s?
+1s| (ki |s|" — Dd)) (49)

Assuming that ky|s|™ — Dd > 0, k;|s|” — Dd > 0, k; > 0,
ko > 0, k; > 0, p/q > 0, and é*/9~1 > 0, then |Dd| is
bounded.

From (48), it can be inferred that:

V<- (ﬁ + sZé5—1> (ke s+ + ks Is) <0 (50)
From (49), it can be inferred that:

V<- <ﬁ+§’;é§1> (ke lsI™" + ks Is”) <0 (5)

210

TABLE 2. The parameters of the sliding mode observer.

SMO VRL-NFTSMO
kq = 50000 a =200
kq = 50000 B=4

\ n =200
\ ¢ =0.01
\ n=18
\ m=0.8
\ ki = 5000
\ k> = 5000
\ ks = 9500
\ h/r =5/3
\ p/a="17/5

FIGURE 2. The block diagram of VRL-NFTSMO.

From (50) and (51), it can be seen that due to V <0, the
state variable will reach the sliding surface in a finite time.

According to (24), the predicted current value observed by
VRL-NFTSMO at the next moment is expressed as follows:

ta (k+1) = iq (k) = % tia (k) + 75 ua (k)
TsLowe (k)2 'sWe ~
+= L. (*)Zq (k) + L Ld(k) Prq (52)
%q (k+1)= 2q (k) — Tff%q (k) + %uq (k)

s we (k)2 swe (k) A
_TLqu ( )Zd(k)—TLq( )Sﬁrd

The block diagram of the VRL-NFTSMO is shown in Fig. 2,
and the system block diagram of DBFTCC based on the VRL-
NFTSMO is shown in Fig. 3.

6. EXPERIMENTAL RESULTS AND ANALYSIS

Because the demagnetization fault is difficult to simulate in real
motors, a hardware in the loop simulation experiment (HILS)
platform was established based on RT-LAB to verify the feasi-
bility and effectiveness of the proposed algorithm, as shown

WWwWw.jpier.org
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L

$ IPMSM

LN
e

FIGURE 3. The system block diagram of DBFTCC based on VRL-
NFTSMO.

in Fig. 4. The DSP adopts TMS320F2812, and the demag-
netization fault of the IPMSMs was simulated using RT-LAB
(OP5600).

The IPMSMSs’ control strategy adopts 74 = 0. The parame-
ters of the IPMSMs are listed in Table 1, and the parameters of
the sliding mode observer are listed in Table 2. The experimen-
tal results of the DPCC, DBFTCC-SMO, and DBFTCC-VRL-
NFTSMO methods were compared to verify the superiority of
the proposed method.

Remark 1: k4, kg (kg > 0, kg > 0) are the exponential
convergence law parameters in SMO. First, select a sufficiently
large value to make the system converge, and then perform fine
tuning.

Remark 2: The selection of sliding mode surface parame-
ters in VRL-NFTSMO directly affects the stability of the motor
control system. After selecting the approximate parameters of
a, 8,1, &, h/r and p/q to confirm system stability, fine tuning
is performed, o, 8, 1, &, h/r and p/q become larger, causing the
system to overshoot during transients. «, 3, 1, &, h/r and p/q
become smaller, causing a slower speed response and a longer
time to reach the given value. k,, k,, and ks are the convergence
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 ki,
ky and k3, and then fine tuning to obtain better control effect.
1 and m are used to optimize the jitter problem of the sliding
mode motion.

Experimental conditions: The motor starts with no load, and
the reference speed w; is 300r/min. At ¢ = 0.2s, the load
torque 77, increases from O to 650N-m. At ¢ = 0.65s, the
IPMSMs are demagnetized; the flux amplitude of PM decreases
from ., = 0.892 Wb to 0.6 Wb; and the magnetic deflection
angle X\ changes from 0 to w/6rad. At 1.1s, T, decreases to
S550N-m. At 1.55s, T}, increases to 750 N-m. The total running
time is 2s.

Figures 5, 6, 7, and 8 show the speed, electromagnetic torque,
d-axis, and g-axis current waveforms of the DPCC, DBFTCC-
SMO, and DBFTCC-VRL-NFTSMO methods, respectively.
Figs. 9, 10, and 11 show the d-axis reference current, d-axis,
and g-axis flux linkage observation waveforms of DBFTCC-
SMO and DBFTCC-VRL-NFTSMO, respectively.
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FIGURE 4. RT-LAB experimental platform.

(1) Result analysis without demagnetization fault

Before 0.65s, as shown in Figs. 5-8, the speeds of DPCC,
DBFTCC-SMO, and DBFTCC-VRL-NFTSMO strategies are
maintained at 300 r/min, and the electromagnetic torque 7, out-
put is 650 N-m, with ¢4 and 7, stable at 0 A and 122 A, respec-
tively. Therefore, the speed, electromagnetic torque, and d-q
axis current output of the three methods are normal, indicating
that the IPMSMs are in normal operation.

As shown in Fig. 9, the output of i(rff (k4 1) for both
DBFTCC-SMO and DBFTCC-VRL-NFTSMO is 0 A, which
is consistent with the theoretical value.

As shown in Figs. 10 and 11, the observed values .4 of
SMO and VRL-NFTSMO are stabilized at 0.8918 Wb and
0.892 Wb, respectively, and ., are stabilized at 0 Wb and
0 Wb, respectively, whereas the theoretical values of ¢,.; and
¢rq are 0.892 Wb and 0 Wb, respectively. Therefore, VRL-
NFTSMO can observe the flux linkage more accurately dur-
ing normal operation, and its flux linkage observation accuracy
is better than that of SMO, reducing the motor’s ripples of w,
and T, minimizing the impact of inaccurate flux observation
on fault-tolerant control, and further improving the robustness
of the system. Compared with DPCC, DBFTCC adopts the ob-
served flux linkage by the observer instead of the nominal flux
linkage, and the motor speed, electromagnetic torque, d-q axis
currents, and output of i(rff (k + 1) are consistent, which does
not affect the normal operation of the motor.

(2) Result analysis with demagnetization fault

At 0.65 s, the PM was demagnetized.

As shown in Figs. 5-8, with the DPCC method, when 777, was
650 N-m, T, only output 620 N-m, which is lower than 77, re-
sulting in a significant drop in speed and ¢, quickly reaching the
limit value of 200 A. At 1.1s, when T, decreased to 550 N-m,
T, could not output 550 N-m in time. At 1.55s, when 77, in-
creased to 750N-m, 7T, only output 620 N-m, and the speed
decreased rapidly. In contrast, with the DBFTCC-SMO and
DBFTCC-VRL-NFTSMO methods, the demagnetization fault
occurred at 0.65 s, and T, decreased to 550 N-m and increased
to 750N-m at 1.1s and 1.55s, respectively. The speed was
maintained at 300 r/min, 300 r/min, and 300 r/min, respectively,
and 7T, output 650 N-m, 550 N-m, and 750 N-m, respectively,
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FIGURE 8. The waveform of the g-axis current. (a) DPCC. (b) DBFTCC-SMO. (¢) DBFTCC-VRL-NFTSMO.

which are consistent with 77,. Compared with DBFTCC-SMO,
DBFTCC-VRL-NFTSMO had a smaller torque ripple, and i,
did not suddenly increase to the limit value, stabilizing at 122 A,
102 A, and 140 A, respectively. Therefore, when the load sud-
denly changed significantly, the proposed DBFTCC method
can compensate for the lack of 7, during demagnetization,
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maintain normal speed, and improve the robustness of the sys-

tem.
As shown in Fig. 9, the proposed DBFTCC method can out-

put data in a timely manner to compensate for the missing
torque after an IPMSMs demagnetization fault. When 77, was
650 N-m, 550 N-m, and 750 N-m, the theoretical calculated val-
ues of zref(k +1) were —82.1A, —74.8A, and —88.2 A, re-
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TABLE 3. Comprehensive performance comparison of IPMSMs de-

magnetization control strategies.

Parameter Method Value (%)
DBFTCC-SMO 0.0011/0.0055/0.0108
e DBFTCC-VRL-NFTSMO | 0.0009/0.0019/0.0038
T DBFTCC-SMO 0.0855/0.0995/0.0777
DBFTCC-VRL-NFTSMO | 0.0760/0.0853/0.0705
o DBFTCC-SMO 0.0923/0.1072/0.0834
¢ DBFTCC-VRL-NFTSMO | 0.0736/0.0824/0.0652

spectively, and the constraint values were —158.5 A, —172.1 A,
and —142.8 A, respectively. Within the constraint range, the
i’ (k 4 1) output values of DBFTCC-SMO and DBFTCC-
VRL-NFTSMO were consistent with the theoretical ones.

213

As shown in Figs. 10 and 11, after the demagnetization fault
at 0.65s, T, decreased to 550 N-m and increased to 750 N-m at
1.1sand 1.55s, respectively. The observed values ;. of SMO
and VRL-NFTSMO stabilized at 0.5207 Wb and 0.52 Wb, re-
spectively, and ¢, stabilized at 0.2986 Wb and 0.3 Wb, re-
spectively, whereas the theoretical values of ¢,4 and ¢,, were
0.5196 Wb and 0.3 Wb, respectively. The results demonstrated
that VRL-NFTSMO could more accurately observe the flux
linkage during demagnetization faults and large-load sudden
coupling, with a higher flux observation accuracy than SMO.
In combination with DBFTCC, the ripples of w,, T., and ifff
were reduced, and the influence of the impact flux parameter
on fault-tolerant control was minimized, further improving the
robustness of the system.

A comprehensive performance comparison of the IPMSMs
demagnetization control strategies is presented in Table 3, and
the performance comparison of the flux-linkage observer is pre-
sented in Table 4.
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TABLE 4. Performance comparison of flux linkage observers.

Parameter Observer Observed value MAPE (%)
SMO 0/0.2986/0.2986/0.2986 0/0.47/0.47/0.47
ora VRL-NFTSMO 0/0.3/0.3/0.3 0/0/0/0
SMO 0.8918/0.5207/0.5207/0.5207 | 0.02/0.21/0.21/0.21
prd VRL-NFTSMO 0.892/0.52/0.52/0.52 0/0.08/0.08/0.08
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FIGURE 12. The THD analysis of phase-A stator current. (a) DBFTCC-SMO. (b) DBFTCC-VRL-NFTSMO.

Remark 3: 1/2/3 denote three operating conditions: 1. De-
magnetization fault of the IPMSMs. 2. IPMSMs demagnetiza-
tion fault and load drop. 3. IPMSMs demagnetization fault and
load increase.

Remark 4: 1/2/3/4 denote four operating conditions: 1.
IPMSMs without demagnetization. 2. IPMSMs demagnetiza-
tion. 3. IPMSMs demagnetization and load drop. 4. IPMSMs
demagnetization and load increase.

(3) THD analysis with demagnetization fault

The total harmonic distortion (THD value of the phase-
A stator current during demagnetization is shown in Fig. 12.
As shown in Fig. 12, the THD values of DBFTCC-SMO
and DBFTCC-VRL-NFTSMO were 2.13% and 1.89%, respec-
tively. The VRL-NFTSMO enables more accurate observation
of flux linkage values, leading to smoother current reference
values and PWM voltage outputs. Finally, harmonic distortion
in the system is significantly suppressed. These results indicate
that DBFTCC-VRL-NFTSMO had a better effect on suppress-
ing harmonics.

In summary, both DBFTCC-SMO and DBFTCC-VRL-
NFTSMO can compensate for the torque loss caused by
PM demagnetization, thereby improving the robustness of
the system. When the IPMSMs demagnetize, the control
effect of DBFTCC-VRL-NFTSMO is better than that of
DBFTCC-SMO, and VRL-NFTSMO can more accurately
observe the flux linkage, outputting more accurate magnetic
flux observation values for DBFTCC, thus avoiding adverse
effects on fault-tolerant control caused by inaccurate flux
linkage observation.

7. CONCLUSION

In this study, a DBFTCC method based on VRL-NFTSMO is
proposed, which can accurately observe the flux linkage, effec-

tively compensate for torque loss caused by demagnetization
faults, and suppress the degradation of control performance,
further improving the system’s fault tolerance and robustness.
The main conclusions obtained from the experimental analysis
are as follows:

(1) Compared with the DPCC method, the proposed
DBFTCC can compensate for torque loss after demagneti-
zation fault and quickly adjust the torque output, thereby
improving the fault tolerance capability of the system.

(2) VRL-NFTSMO can observe the flux linkage more ac-
curately, avoiding the degradation of fault tolerance caused by
inaccurate flux observation. Additionally, the combination of
VRL-NFTSMO and DBFTCC optimizes the output accuracy
of % (k 4 1) and enhances the robustness of the motor.

(3) Compared with DBFTCC-SMO, when demagnetization
and load sudden changes occur simultaneously, the proposed
DBFTCC-VRL-NFTSMO method reduces speed ripple, torque
ripple, and total harmonic distortion by 49.48%, 11.55%, and
11.27%, respectively, further improving the stability of the sys-
tem.

This study focuses on the investigation of IPMSM’s perfor-
mance under demagnetization fault and sudden load change
scenarios. The next step will explore the impact mechanism
of motor parameter mismatch on control systems.
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