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ABSTRACT: To address the issues of decreased electromagnetic torque, poor robustness, and failure of demagnetization fault detection
caused by permanent magnet demagnetization and inductance mismatch in interior permanent magnet synchronous motor (IPMSM), a
robust deadbeat fault-tolerant predictive current control (RDFTPCC) strategy based on cascade flux linkage observer (CFO) is proposed.
The proposed CFO is constructed by combining a discrete model reference adaptive system (MRAS) with an improved non-singular
fast terminal sliding mode observer (INFTSMO). MRAS and INFTSMO perform d-q axis inductance estimation and demagnetization
fault detection, respectively. A better current prediction can be obtained via the parameter state information from CFO. Moreover, the
RDFTPCC is constructed by the state information obtained from CFO, which can compensate for the torque deficit due to permanent
magnet demagnetization and the control performance degradation due to parameter mismatch, hence realizing fault-tolerant control. The
experimental results indicate that the proposed method exhibits stronger fault-tolerance and robustness than the conventional method
when the IPMSM suffers from demagnetization fault and inductance mismatch.

1. INTRODUCTION

ecently, interior permanent magnet synchronous motor

(IPMSM) has been extensively utilized in the fields of
railway transportation and aerospace due to its benefits such as
strong power density and overload capacity [1,2]. The output
effect of the electromagnetic torque is closely influenced by
the dynamic characteristics of the current control loop of
the IPMSM. The performance of the control system can be
significantly enhanced with favorable current control [3].

To realize fast and accurate control of motors, many ad-
vanced control methods such as robust control [4], fuzzy pro-
portional integral (PT) control [5], and deadbeat predictive cur-
rent control (DPCC) [6] are proposed. In contrast, DPCC
method is widely studied due to its ability to rapidly and pre-
cisely track a given current and good stability [7, 8].

On the other hand, IPMSM generally operates in complex
and variable environments such as corrosion and electromag-
netism, and its own temperature is highly susceptible to in-
crease. The control performance of the IPMSM may be im-
pacted by uncertainties such as demagnetization fault and pa-
rameter mismatch [9,10]. For example, demagnetization of
permanent magnet (PM) can cause a significant decrease in
the output torque of the motor [11]. DPCC depends on an ex-
act IPMSM model, and once the model parameters are mis-
matched, the calculated voltage vectors are in error, which de-
grades the control performance of the DPCC [12].
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Refs. [13—16] extract the stator current signal of PMSM
by using signal processing methods such as Hilbert Huang,
wavelet transform, Fourier transform, convolutional neural net-
work, and machine learning, respectively, for demagnetiza-
tion fault detection. However, they rely on the computational
power of the controller. To address the above issues, detection
methods such as extended Kalman filter (EKF) [17, 18], model
reference adaptive algorithm [19], and sliding mode observer
(SMO) [20, 21] are proposed.

The above methods are effective in detecting motor demag-
netization fault, but they do not provide fault tolerant control
for faulty motor. In [22], an EKF observer is utilized for the
estimation of PM flux linkage, which is input in real time into
a dual-vector model predictive controller to diminish the effect
of PM demagnetization on the motor control system. In [23],
demagnetization fault reconstruction is carried out by using an
SMO and inputs the observed flux linkage into a fault-tolerant
controller, which continuously updates the flux linkage param-
eters in the controller, achieving the purpose of fault-tolerant
control. In [24], a novel hyperlocal model is constructed, and
an SMO is utilized to observe the uncertain part of the hyper-
local model, which allows the robustness of the system to be
improved.

Nevertheless, [22—24] solve the parameter mismatch prob-
lem caused by the demagnetisation of permanent magnets, thus
improving the current tracking accuracy. In [22-24], the prob-
lem of parameter mismatch caused by PM demagnetization is
solved, which improves the tracking accuracy of current, but
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it cannot solve the problem of torque loss due to PM demag-
netization. Especially when the motor drives a large load in
a demagnetized state, the motor still cannot operate normally
without compensating for the missing torque. In [25], an SMO
is utilized to estimate the active flux linkage of the motor, and a
deadbeat control strategy is used to achieve fault-tolerant con-
trol. However, the method only investigates the amplitude re-
duction of the PM flux linkage during demagnetization fault,
without considering the variation of magnetic deviation angle.
In [26], the back electromotive force caused by PM demagne-
tization is stored in a table, and a fault-tolerant deadbeat con-
troller is designed using the lookup table method, which elimi-
nates the impact of demagnetization fault in axial flux PMSM,
but the method does not combine accuracy and speed at the
same time.

In summary, a robust deadbeat fault-tolerant predictive cur-
rent control (RDFTPCC) method based on a cascade flux link-
age observer (CFO) is proposed. Unlike existing methods, the
method can accurately observe the faulty flux linkage even
when the inductances are mismatched and compensate for the
torque deficit due to the PM demagnetization. Therefore, it has
stronger parameter robustness. The main contributions of this
study are concluded as follows:

(1) Anincremental current prediction error model with induc-
tance decoupling and no flux linkage parameter is derived,
and a discrete model reference adaptive system (MRAS)
is designed based on it to identify the actual d-gq axis in-
ductance. Combined with the designed improved non-
singular fast terminal sliding mode observer (INFTSMO),
a CFO is constructed, which is able to accurately detect
demagnetization fault during inductance mismatch, with
stronger robustness.

RDFTPCC method is designed through the state informa-
tion obtained from CFO, which can timely output the cor-
rect d-axis reference current in the case of PM demagneti-
zation and inductance mismatch. Thus, the missing torque
is compensated, and the g-axis current can be quickly re-
stored to the normal value, which improves the fault toler-
ance of the system.

@)

(3) The CFO is designed to accurately observe the current pre-
dicted value at the next moment and replace the sampled
current in the RDFTPCC, overcoming the effect of one-
step delay. The predicted current values observed during
PM demagnetization and inductance mismatch are more

stable.

The remainder of this article is structured as follows. In Sec-
tion 2, the IPMSM normal and fault mathematical model is es-
tablished. In Section 3, the principle of conventional DPCC is
introduced. In Section 4, the design principle of cascaded flux
linkage observer is elaborated. In Section 5, the implementa-
tion process of robust deadbeat fault-tolerant predictive current
control strategy is explored. In Section 6, the experimental re-
sults and analysis are given. Finally, the conclusion section is
presented.
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2. MATHEMATICAL MODELS OF CONVENTIONAL
AND DEMAGNETIZED IPMSM

2.1. The Mathematical Model of Healthy IPMSM
The stator voltage equation of IPMSM is represented as [27]

{ ud:Rsid—F%—weﬂ)q 1)
Ug = Rsiq + d:j;q + we¢d
where the stator flux equation is

Vg = Lqiq

where 14 and 9, are the d-q axis stator flux. 1), is the PM
flux linkage. ugq, ugq, 14, and ¢, are the d-q axis stator voltages
and stator currents, respectively. Ry, we, Lq, and L, are stator
resistance, electrical angular velocity, and d-q axis stator induc-
tances, respectively.

The electromagnetic torque equation is

3 L q
T, = inp[d)ro + (La — Lq)ialiq (3)
where T is the electromagnetic torque, and n,, is the number
of pole pairs.
From (3), the effective flux linkage of the IPMSM is as [28]:

wext = 1/}7‘0 + (Ld - Lq)id (4)

2.2. The Mathematical Model of Demagnetized IPMSM

When the IPMSM is demagnetized, the amplitude of the PM
flux linkage will change from ., to 1,.; the magnetic deviation
angle will change from 0° to 7, and v € [0°,90") [29] (see
Fig. 1). Therefore, (2) is rewritten as

Ya = Laiq + Yro + Atprqg = Laiq + Pra (5)
Vg = Lqiq + Aqu = Lgiq + thrq

wrd = wro + Awrd = wr COos 7y (6)
qu = A'I/Jrq = 7/17" Sin’Y

FIGURE 1. Variation relationship of PM flux linkage.
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From (1), (5), and (6), the stator voltage equation for IPMSM
demagnetization is

jit (Lqiq +w?q)

{ ug = Ryig + Lg%d — %)
Ug = Ryig + Ly gt + we(Laia + ra)

The electromagnetic torque equation for IPMSM demagne-
tization is represented as follows

T, = Ty [d)rdiq + (Ld quzd] (8)

3
3 Ly)iaiqg —

3. PRINCIPLE OF CONVENTIONAL DPCC

The forward Euler method is adopted to discretize (1), and the
discrete current model of IPMSM is represented as

ialk+1) = (1= 52 i4(1)

+Tewe®la (k) + Loug(k) ©)
ig(k 4+ 1) = (1= 522 iy (k)

7TsweL(f)Ld Zd(k) S Uq(k) Ts‘ze;(k) 1/)7“0

where T is the sampling period, and k and k + 1 represent the
current value and next moment value, respectively.

From (9), the expected voltage of the DPCC method can be
written as

uZ(k) _ LdZZ(k+1) ia(k)
—we (k)L ( )+ R siq(k)
iq (k+1) iq(k)

+we(k')LdZd(k) + R Zq( )+We( )7/}7"0

(10)

where i and i are the d-q axis current reference values. uj and
uy are the d-q axis voltage reference values output by DPCC.

As shown in (10), the PM flux linkage, stator inductance,
and resistance are included in the model of the conventional
DPCC, indicating that the DPCC is sensitive to the motor model
parameters. Refs. [30,31] point out that the mismatch of resis-
tance parameters has a negligible effect on conventional DPCC.
Therefore, in this paper, only the effects of PM demagnetiza-
tion and inductance mismatch on the performance of DPCC are
considered.

4. DESIGN OF CFO

4.1. Discrete MRAS-Based Identification of D-Q Axis Stator In-
ductances

Because the electrical time constant of the IPMSM is much
less than its mechanical time constant, w, can be assumed to
be fixed during adjacent control cycles. The predicted current
increment can be represented as [32]

Nig(k+1) = (1 ) Nig(k)
+ Teee(B)Ey qmq()+ = Aug(k) an
Azq(k+1) (1 ) iy (k)
_ Tase)la pg k) + 2 - Ay (k)
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where Aug and Awu, are the d-g axis voltage increments, and

Aig and Ai, are the d-g axis current increments, respectively.
When IPMSM experiences inductance mismatch and PM de-

magnetization, the actual predicted current increment is

Ai%t(k+1) =
Towe (k) L2
+ e

Auct(k + 1) —

Tswe(k)LG®
eLTtdAZ

(1 %) Aiak)
Aig(k) + WAUd(k)
(1- ) st
(k> + Lgct Auq(k)

(12)

where L% and LZCt are the actual d-q axis stator inductances,
and L% = Lq+ ALy, LZ“ = L, + AL, Ai%* and Aigd/
are the actual d-q axis current increments, respectively.

Subtracting (11) from (12), the incremental current predic-
tion errors is

where A%d and qu are the d-q axis incremental current predic-
tion errors.

Because the current amplitude is much less than the volt-
age amplitude, and the voltage varies quickly, the amplitude of
its fluctuations is much more than the amplitude of the current
fluctuations [33], then (13) can be abbreviated as

Motk D) =T, (= ) Bl
Niglle+1) = T, (e — ) Auy(h)
Rewrite Aig(k + 1) and Aig(k + 1) as
Azd(k +1) =[i%"(k+ 1) —iq(k + 1)]
—[ig® (k) — ia(k)] = dia(k + 1) — dia(k) (15)
Azqk—i-l [zgdk—i-l —zqk—i—l]
— [iae (k) —iq(k)] = &ig(k + 1) — dig(k)

where di4 and d7, are the d-q axis current prediction errors.
From (14) and (15), the d-g axis current prediction errors at
moment k can be further introduced as

dia(k)=
dig(k) =
where uq(k — 2) and uy(k — 2) are the d-q axis stator voltages

at moment k — 2. g and )\, are the d-q axis inductance coeffi-
cients, and Ay = (1/L§" —1/Lg), Ay = (/L3 —1/Ly).

5Zd(k' — 1)+>\dTS [’U,d(k - 1) — ud(k —
Sig(k — 1)+ ATy [ug(k — 1) — ug(k —

2)]

2)] (16)
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For univariate discrete systems, the following reference
model is adopted [34]

(17)

where u(t) and y*(¢) are the input and output of the reference
model. a1, 5; are the reference model coefficients, which are
fixed values.

Replacing the fixed coefficient in (17) with the adjustable
coefficient, the parallel adjustable model is

—da(t = Dylt— 1)+ 3 filt— Dule - i)

2
= (t)y(t—1) + Zoﬂi(t)u(f — 1)
(18)

From (18), the parallel adjustable model consists of two
parts, where the first part is the prior output yo (), i.e., the
output obtained from the adjustable coefficients at the previ-
ous moment. The second part is the posteriori output y(t), i.c.,
the output obtained from the adjustable coefficients at the cur-
rent time. &1 (t) and j3;(t) are the adjustable coefficients to be
identified for item .

From (17) and (18), the following expression is obtained

Yo(t)
()+sz (t—1)

eo(t) =y (t) —
i), vo(t)=

e(t)=y*(t) 7y(t),
e(t)+ > pie(t—

i=1

19
where ey(t) and e(t) are the prior output error and posterior
output error, respectively. vg(t) and v(t) are the linear compen-
sator outputs of the prior output error and posterior output error,
respectively. r and p; are the parameters to be designed, which
only need to satisfy the stability conditions. To simplify the
subsequent proof process, this paper selects the case of r = 0
and p; = 0.

The estimation value of traditional adaptive algorithms con-
tains only integral terms é& (¢) and 3;(¢). To further accelerate
the convergence speed of the identified value, the proportion
terms G (t) and Bpi (t) of the memoryless part are introduced.
The designed adaptive law for designing adjustable coefficients
is as follows

dn(t) = aa(t - D +o(t)y(t = 1) + ap ()
=di(=1)+ Z (1+0) [o(z)y(z — 1)]
(1) = Ou(D)ylt — 1)
Bit) = Bt = 1+ ottt — i)+ By
= Bi(-1) + go (1+0) [v(x)u(z — )]
Bpi(t) = 0v(t)u(t — i)

where 6 is the proportional gain coefficient, i = 0, 1, 2.
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Substituting p; = 0 into (19), the discrete MRAS reference
and adjustable models are shown in (21), and the adaptive law
is shown in (22).

Y () = any*(t— 1)+ 32 feult — i)

=0
2

y(t) = aa(t)y(t — 1) + ;)Bi(t)u(t — 1)

@n

Gi(t— 1yt —1)— Zﬁl(t_ )
= (t - 1) + (1+9)V0(t)u(t i)
14+(146) [y (t— 1)2+Z u(t—i)?]

Bz(t) — Bl(t _ 1) + (1+9)l/0(t)u(f ’L)
1+(140)[y(t—1)2 +,-Z:0u(t_i)2]

vo(t)=y*(t)—
G (t)

(22)

The proof of system stability is as follows:

1) Verification of the forward loop satisfies strict positive re-
alness

From (19), the following expression is obtained

_ [ 5 <1+e>[v<x>y<x—1>]+@1<—1>—a1]y<t—1>

0
<1+9>[v<x>u(m‘>]+ﬁi<1>ﬂz}u(tz‘)

(23)
When p; = 0, the transfer function of the forward loop is:

G(2) = v(z) 1 __

—((2) T l-aiz ! z-ay

Since a; = 1 is a fixed value in the reference model,
when the system is boundary stable, and the amplitude
frequency characteristics are positive over the entire fre-
quency range, the forward loop transfer function satisfies
strict positive definite condition.

2) Verification of the feedback loop satisfies the Popov in-
equality

24

Popov inequality is established as follows

t1

= Cw(t) = —rf, Yt >0

t=0

1(0,t1) (25)

Substituting (23) into (25), the following expression is ob-

tained
0(0,0) = 3wl — 1)
t=0
> (1+0)[v(z)y (xl)Hal(l)al]
x=0
+ {Z (t)u(t — i) [2(14-0)
1=0 t=0 =0

> —12(26)
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Reference model
2

YO =y -1+ Bult—i)
i=0

k
Ug (k) \ 1y, (k)
AAdjustable n;osiel (1)
V() =GOy =D+ B (0ult—i)
i=0
[':;mt\ Lcallct

V' (¢)

f Adaptive law2 \

Vo) =" ()= &t =Dyt =)= > Bt = Du(r i)
i=0
1+ Oy, (u(r —i)
1+A+0)[y(-1)* + iu(:f i)*]

1+ 0, (Hu(t—i)

at)y=a -1+

B(O=Ba-D+

1+ (1+0) [y -1)> +22:u(z—i)2]

1] y

.

FIGURE 2. The block diagram of discrete MRAS-based d-q axis stator inductances identification.

Lemma 1: (27) inequality holds for any x + 1 real number
w; [35]:

T 1 T 2
Zwi (Zwt +w0> = % (sz +w0>
i=1 t=1 i=1
(27)

IR 2 w% w%
- 2 _ 20 5 _ 70
+2;wl 2 = 2

When || < 1 (6 = 0.0001 in this paper), the following
expression can be obtained from (26) and (27)

10,6 2 —3 [(@a(-1) - ar)?
2 /. 2

+> (-1 - 8) ] = —r2 (28)
=0

Therefore, MRAS is asymptotically stable when |0| < 1.

Applying the adaptive law (22) to (21), the adjustable model
y(t) will converge to y*(t), and the identifiable adjustable co-
efficients G (¢) and /3;(¢) will converge to a; and f3;. The final
identification expression for the inductance is

{

The block diagram of discrete MRAS-based d-q axis stator
inductances identification is shown in Fig. 2.

igct — TsLs/ T, + LSB1(t)

29
s=d or q @)

4.2. Design and Stability Analysis of INFTSMO Based on Im-
proved Double Power Reaching Law

The key to implement the RDFTPCC method is the observa-

tion accuracy and speed of the CFO. To make the CFO observe

each state information faster and more accurately, in this sec-

tion, the improved double power reaching law is introduced and

combined with the NFTSM to form the INFTSMO, which has

a faster convergence speed and higher observation accuracy.
Equation (7) is rewritten as the state equation as

{

X = Ax + Bu+ Cd

Y —Dx (30)

193

where x = [ ig ig [T,u=[uqs ug |y = 1[40 ig]|"
andd = [ ¥rqa vUrq |T. A, B, C and D are the coefficient
matrices.
- R. jact 1
~ Tact We Lg,cf Tact 0
A = %th Rd 3 B= (d) 1 5
—_ = —_ == I:a(.t
L e Lgct Lgct q
0 e
Lact 1 O
C = . a D = |: :| .
_{éét 0 ’ 0 1

The INFTSMO designed based on (30) can be expressed as

X=AX+Bu+v 31)
J".

where X is the observed value of x, X [ ia iq
v=_[wvg v, |'is the sliding mode term.
Subtracting (30) from (31), the current error state equation is

as
e=Ae+Cd—v
where e is the current observation error, € = x — Z.
To ensure the rapid convergence of current errors, the non-

singular fast terminal sliding mode surface is designed as fol-
lows

(32)

s = ae + bé + ce?/? (33)
where a, b, and ¢ are the positive parameter matrices to
be designed, a = diag( aq aq ), b = diag( ba by ),

¢ = diag( ca ¢q ). s is sliding mode surface, and
s=1[sqs s, " pand g are the odd constants to be designed,
1<p/q < 2.

Deriving (33), the following expression is obtained

§ = aé +bé 4 p/q - ce?/T71¢ (34)

To ensure that the system state variables enter the sliding
mode surface quickly and suppress chattering, an improved
double power reaching law [36] is selected as shown in (35).
Compared to the existing improved sliding mode convergence
law, the introduced improved double power reaching law is able
to reach the sliding mode surface quickly while reducing the
steady state error and weakening the jitter

{

§ = —ka (x| [s|)"~“*sgn(s) — ks |s|"" sen(s)
limx=[0 0]

t—o0

(35)
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where k; and k; are the positive parameter matrices to be de-
signed, ki = diag ( kiq kiq ), ke = diag( kaq kaq ),
and sgn( ) is the symbol function. x is the system state variable,
x=[zq x4 |7 =[iq iq]". dis the positive parameter
to be designed, 0 < d < 1, and the presence of powers 1 + d
and 1 — d can improve the speed at which the system state state
variables reach the sliding mode surface and reduce jitter.

Theorem 1: For the error state equation of (32), if the sliding
mode surface (33) and the improved double power reaching law
(35) are selected, and the designed INFTSMO control law is
(36), then error e converges in finite time. Taking the g-axis as
an example, the convergence time ¢, is (37)

V="Veq+Vn
Veq = A€

i ka [s|' " sgn(s) + ki (|| [s[)" ™
0| +aé/(b+p/q-cer/a—t)

1 kog kag
ts = N — arctan 4/7\ q|
kaqd k1q |17q|1 ¢ ( k1q ‘$q|1 ¢

< Tnax =

(36)
-

sgn(s)}d

(37

™
2dy+/kaghiq

where INFTSMO control law consists of v,, and v4. vy, is the
switching control law that allows the state variables to quickly
reach the sliding mode surface s. v.4 is an equivalent control
law that ensures the state variable continues to stay on the s = 0
after reaching the s.

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

1
V= 5s2 (38)

Taking the g-axis as an example, deriving (38) and substitut-
ing (35) into (38) yields

. ] 4
V= 548 = 54 [_qu (|| |5q‘)1

sgn (sq) — kg |5q|1+d sgn (Sq)}

= —kiq (Jzgl I5g)* ™" = kg |sg*** <0 (39)

When s, > 0, the following expression can be obtained from
(35) follows

S+ k1g (|7q] 5¢)" ™ 4 kagsltd =0 (40)
Dividing both sides of (40) by s}~ yields
Ut kg |zt kagsa® =0 41)

Sqq

LetT = s;_d, then (41) can be expressed as follows

4 dkogm? + dkyg 2] % =0 (42)

Solving (42) yields the general solution as follows

k —
T = #—d tan (To —dt ququ |xq|1 d) (43)

k1g |24l

From s,(0) = s40, therefore T;) = arctan(y/k14|zq| =% /kaq

|sq0]?); then when s, () = 0, ¢4 can be obtained from (42) and
(43) as follows

1 kgq qu d
= 1/ — arctan ———sy|" | 44)
k2qd k1q |xq|1 ¢ ( k1q |515q|1 ¢

Since the value range of the arctan function is (—7/2, 7/2),
when |z4] > 1, the following inequality can be obtained as
follows

m
2. /Fraqkig

Deriving (38) and substituting (34) into (38), the following
expression is obtained

V =ss=s {aé—i— (b + pcé”/q_1> é]
q

IZ 'p/q—l . aé
s<b+qce ) <e+b+p/q~cé1’/q1 (46)

Deriving (32) and substituting it into (46) yields

V o=s (b+ 2cép/q1>

<Aé+Cd—V+

ts < Thax = (45)

ae
e 47
b+p/q-cép/q—1> “7)

Deriving (36) and substituting it into (47) yields

vV = <b+qcep/’1 1)

(kz s/ + I (a (] s)' " = €d) ) (48)

Equation (48) can also be represented as

vV = —<b+pcé5_1>
q

(k1 x| s>+ || (k2 5]+ — cd)) 49)

Assuming that |Cd| is bounded when k; (|x||s|)!~¢—|Cd| > 0,

ky|s|'*4—|Cd| > 0,andp/q > 1,é7/971 > 0,k; > 0,k; > 0.
From (48) the following inequality can be obtained

V< (b n % : cé”‘”) <k2 |s|2+d) <0 (50)

WWwWw.jpier.org
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i — |l ce,” " PHmS,
q act act : 1+d
—,L; /Ly 1 Iy 'Dbéd R I—» k2d|sd| sgn(s, ) —>+ l v,
) Vi RARE - €d|ﬂ| _/ Y=y » K
i _ +—(p q)c.e, d
R /L Jac) o F
) :
Uy 7] —[ae] >[4 =]
— l/Lfit e ll — rqu(|xf1"sf1|) Sgn(sq) N
P 2 e ce "l+4s
i — i+ 4 d -
Slg fa it T 0e Ld]] 1 ke Js,| sen(s,) 4| [T
s|~ dt| o — = 5
. Y >+ % |_| q (p/q)cép/q"+bq X :
i n +
—»‘q -R,/ L‘;" |—> + »ac,| >+

FIGURE 3. The block diagram of INFTSMO.

LZC’ - l/;rd
MRAS —»| INFTSMO ——»
LZU (//rq

The designed CFO

FIGURE 4. The schematic diagram of CFO.

From (49) the following inequality can be obtained
V< (b n % . cé"/‘”) (k1 Ix|' 4 |s\2‘d) <0 (51

From (50) and (51), it can be seen that V <0, and the state
variables will reach the sliding mode surface in limited time.
In summary, the design steps for the CFO are as follows

1) The discrete MRAS is constructed from (21) and (22).

2) The d-q axis inductances are estimated from (29) and used
as the input to (31).

3) According to (31), the INFTSMO is constructed, which is
ultimately cascaded with discrete MRAS to form a CFO
for real-time observation of the PM flux linkage.

The block diagram of INFTSMO is shown in Fig. 3, and the
schematic diagram of CFO is shown in Fig. 4.

From (31), the predicted current value for the next moment
observed by INFTSMO is as follows

itk +1) = (1 L) i)

Tswe (k)L we (K)Ts 7
+Tmzq<k>+ Fisrua(k) + 2L g
. st (52)
lg(k+1) = 1—% iq(k) — TeeslOLi g (k)
+£a(‘1 (k) Lart 7/)7“

where 74 and i, are the observed value of d-¢ axis currents re-
spectively.
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5. DESIGN OF RDFTPCC STRATEGY

When ¢4y = 0 control is adopted, and it can be shown from (3)
that the PM flux linkage is a reverse ratio to i, in the case of
certain electromagnetic torque. When the IPMSM is demagne-
tized, it will inevitably cause a sudden increase in 7,. However,
the output capacity of the inverter is limited, and ¢, will reach
its limit value. At this time, it is no longer possible to compen-
sate for the missing electromagnetic torque by adjusting ¢4, and
it can only be achieved by adjusting 4.

When the motor suffers from inductance mismatch and de-
magnetization fault, (5) can be rewritten as

{

where ¢, = 1.4 + (L& — Li)ig is the effective flux link-
age of the motor after PM demagnetization and inductance mis-
match.

Substituting (53) into (1) and performing the forward first-
order Eulerian discretization, the d-axis stator flux at the next
moment is obtained as follows

(1-

R
+TSUd(k) + TSLT;
q

wd = 7//7"(1 + Laetzd - ¢ext + LaCt

Yo = g + Lt Y

Yulk+1) T, ) ) + T )0 4

F
ext

(k) (34
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A first-order forward Eulerian discretization of (53) and the
flux equation at moment k + 1 can be further expressed as

{ Ya(k+1) =
Yg(k+1) =
where i7°/ (k + 1) is the d-axis reference current at the next
time.

Substituting (55) into (54), the effective flux linkage at mo-
ment k + 1 is

ext(k + ]') LaCt TEf(k + ]')

g+ 1) + L, (k + 1) )

R ac
La(f)L t (k)

T ywe (k) thrq +Tswe (k)L ()

emt(k+1) ext(k) (1 T

+Tyuq(k)— Lo (k+1) (56)

Using the theory of deadbeat control, let the effective flux
linkage at moment k& + 1 equal to a suitable value U, (56) is
rewritten as

R ac
Lact)L t (k)

FTswe (k) trg + Twe (k) LEi, (k)

¥ = b+ (1-,

+Tug(k) — Lo (k + 1)

This paper adopts control with iq = 0. From (4), the effec-
tive flux linkage of IPMSM without demagnetization is

¢emt = 1/]7"0

Let the electromagnetic torque before and after the demag-
netization fault be equal, and we can obtain

(57

(5%

. . 3 .
np[Wig(k + 1) — pgia(k +1)] = 5”p¢rozq(k) (59)
Therefore, from (59) ¥ can be denoted as
. , 1
\I] — wTOZQ<k) + 1/’Tq2d(k7 + ) (60)

ig(k+1)

To quickly restore 7, after demagnetization to its value of the
normal operation of the motor, let

ig(k +1) = ig(k) (61)

Substituting (61) into (60), the following expression is ob-
tained

quid(k + 1)

v = ro .
Yrot k1)

(62)

Substituting (62) into (57) and replacing the d-q axis flux
linkage component, d-q axis inductances, and d-q axis current
at k + 1 with the observed values, the i’ (k + 1) is

Urgialk +1)
iq(k+1)

ref(k+ 1)

emt( ) [%o

T act
q
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R
Lgct

+ (1 - Ts> ia(k)

g e (144 )+ a0+ () (63

act
Lq

When IPMSM operates normally, 1., = 0, L, (k) = 0,
and from (63), i/ (k + 1) = 0. Therefore, the system still
adopts the control strategy of ¢4 = 0. When demagnetization
fault occurs in the motor, ¥4 7é O F (k) #po. At this
point, it is necessary to adjust the i/, (k + 1) calculated by (63)
to compensate for the torque loss caused by demagnetization.

In addition, due to the limited output capacity of the inverter,
i (k + 1) needs to satisfy the following constraint

def(k + 1) > = igmax - Zg (64)

The control system of a conventional DPCC has a delay the
reference voltage v* (k) is output by the inverter at the moment
k + 1, resulting in a one-beat delay in the control voltage. To
make the system control performance as unaffected as possible
by the delay, (k + 1) should be used instead of the sampling
current (k).

In summary, replacing the ;(k+ 1) in (10) with the z’ef (k+

1) in (63), and replacing the inductance, flux linkage and cur-

rent with the observed values, the desired voltage output by the
proposed RDFTPCC is shown in (65).

*(k.) — igct Zref(k+1) 7jd(k‘i’l)

( )+de( )_we( )w7q

act % (k+1) iq(k+1)

( )+qu( >+we( )wrd

(65)

In addition, since Ly = L, in the surface permanent magnet
synchronous motor (SPMSM), (L3 — L3“*)ig = 0. It is not
possible to compensate the missing torque by adjusting its i
therefore, the proposed RDFTPCC method is not applicable to
SPMSM. The flowchart of RDFTPCC is shown in Fig. 5, and
the system block diagram of CFO-based RDFTPCC is shown
in Fig. 6.

6. EXPERIMENTAL RESULTS AND ANALYSIS

Since the demagnetization fault of IPMSM is difficult to simu-
late on real motors, to verify the feasibility and validity of the
proposed algorithm, RT-LAB is used to establish the hardware
in the loop simulation experiment (HILS) platform, as shown in
Fig. 7. The DSP adopts TMS320F2812, and IPMSM demag-
netization fault and parameter mismatch are reconstructed by
RT-LAB (OP5600).

In this paper, iq = 0 control method is adopted. The pa-
rameters of IPMSM are given in Table 1, and the parameters
of the control system are given in Table 2. In addition, the pa-
rameter 0 of the designed discrete MRAS is set to 0.0001. The
experimental results of the proposed RDFTPCC-CFO method
are compared with DPCC, RDFTPCC-SMO, and RDFTPCC-
INFTSMO methods.
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iy, (k) =i, (k+1)
T,(k) =T, (k +1)

FIGURE 5. The flowchart of RDFTPCC.

TABLE 1. Parameters of IPMSM.

Parameters Values
Number of pole pairs (np) 4
Stator resistance (Rs) 0.0292
g-axis inductance (Lg) 0.003572 H

d-axis inductance (L) 0.0015H
PM flux linkage (¢r.0) 0.892 Wb

DC voltage (Uqc) 1500V
Rotational inertia (J) 1kg-m?

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

TABLE 2. The parameters of the control system.

SMO INFTSMO

kq = 50000 a = 200
ky = 50000  b=0.2
- c=0.01

- p/a="T/5

- k1 = 5000

- ko = 5000

- d=0.33

6.1. Performance Comparison of Control Methods for PM De-
magnetization

The working conditions are set as follows: The motor starts
with no load, and the reference speed N7/ is 300 r/min. At
0.2 s, the load torque 77, is loaded from 0 to 650 N - m. At 0.5s;
the IPMSM is demagnetized; and the amplitude of the PM flux
linkage decreases from v, = 0.892 Wb to v, = 0.6 Wb, while
the magnetic deviation angle v changes from 0 to 7/6rad. At
0.7s, Ty, is loaded from 650 to 700N -m. The total running
time is 1 s.

Figures 8, 9, 10, 11, and 12 show the experimental wave-
forms of four methods for IPMSM PM demagnetization, re-
spectively. Among them, Figs. 8, 9, and 10 show the d-
q axis current, electromagnetic torque, and speed waveforms
for the four methods, respectively. Fig. 11 shows the d-
axis reference current waveforms for the RDFTPCC-SMO,
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RDFTPCC-INFTSMO, and RDFTPCC-CFO methods, respec-
tively. Figs. 12(a), (b), and (c) show the observed waveforms
of the d-q axis flux linkage and the identified waveforms of the
d-g-axis inductances, respectively.

The experimental waveforms after 0.5 s PM demagnetization
are analyzed as follows.

From Figs. 8 to 10, at 650 N -m load torque, the i, of the
DPCC rapidly increases to the limit value of 200 A, and its 7
isonly 620 N - m, which is less than the load torque. This results
in a substantial decrease in speed. Compared with the DPCC,
the 7, of the other three methods do not increase abruptly to the
limit value, and they all quickly return to the steady state value
of 122 A after a small fluctuation. 7, can always be maintained
at 650 N - m. Therefore, their speeds can quickly and accurately
track the given speed. When the load torque abruptly changes
from 650 to 700 N - m, the T, of the other three methods can still
reach and maintain 700 N - m, and their speeds remain normal,
so the proposed RDFTPCC method can drive a larger load when
the permanent magnet is demagnetized.

From Fig. 11, compared with the DPCC, the remaining three
methods can output i/ (k + 1) to compensate for missing
torque. At 650 N - m load torque, the theoretical calculated and
constrained values of i;ef(k + 1) are —82.1 A and —158.4 A,
respectively. At 700N -m load torque, the theoretical calcu-
lated and constrained values of i’/ (k 4 1) are —85.1 A and
—150.69 A, respectively. The outputs of 74 and i;ef (k+1)
from the three methods are consistent with the theoretical val-
ues within the constraint range.

From Fig. 12, CFO can quickly and accurately identify Lg4
and L, and since there is no flux linkage parameters in the de-
signed MRAS, the demagnetization of PM has hardly any ef-
fect on the identification of inductance, demonstrating strong
robustness. Whether during normal motor operation or in the
event of demagnetization fault, the CFO can achieve the same
accuracy of flux linkage observation as INFTSMO. The obser-
vation accuracy is higher than SMO, and the waveform jitter is
smaller than SMO.

In summary, compared to the conventional DPCC, the re-
maining three methods are able to compensate the torque deficit
caused by PM demagnetization in the motor and have stronger
fault-tolerance. The 44, iq, T., speed, and i:ff (k + 1) of
the proposed RDFTPCC-CFO method are not affected by the
inductance identification, and the waveforms are still stable.
When the motor is demagnetized, the same control effect as
the RDFTPCC-INFTSMO method can be achieved, both bet-
ter than the RDFTPCC-SMO method. Compared with SMO
and INFTSMO, the MRAS in the proposed CFO can accurately
identify the Lq and L, when the motor is demagnetized and
quickly input it into INFTSMO, thus realizing the accurate ob-
servation of the PM flux linkage. There is no issue of failure
in detecting demagnetization fault caused by inaccurate induc-
tance identification.

6.2. Performance Comparison of Control Methods for PM De-
magnetization and Inductance Mismatch

The working conditions are set as follows: the motor starts with
no load and N;"ef 18 300 r/min. At 0.2s, T7, is loaded from O to
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FIGURE 6. The system block diagram of CFO-based RDFTPCC. .
FIGURE 7. RT-LAB experiment platform.
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FIGURE 8. The waveforms of the d-q axis current.

650N -m. At 0.55s, the IPMSM is demagnetized, and the am-
plitude of the PM flux linkage decreases from ., = 0.892 Wb
to ¢, = 0.6 Wb, while the magnetic deviation angle v changes
from O to 7/6rad. At0.9s, Ly and L, decrease to 0.5 times of
the nominal value. At1.25s, Lg and L, increase to 1.5 times of
the nominal value. At 1.6, T, is loaded from 650 to 700 N - m.
The total running time is 2 s.

Figures 13, 14, 15, 16, and 17 show the experimental wave-
forms of four methods for PM demagnetization and inductance
mismatch, respectively. Among them, Figs. 13, 14, and 15
show the d-q axis current, electromagnetic torque, and speed
waveforms for the four methods, respectively. Fig. 16 shows
the d-axis reference current waveforms for the RDFTPCC-
SMO, RDFTPCC-INFTSMO, and RDFTPCC-CFO methods,
respectively. Figs. 17(a), (b), and (c) show the observed wave-
forms of the d-q axis flux linkage and the identified waveforms
of the d-g-axis inductances, respectively.

Before 0.9 s, the IPMSM only experiences the process from
normal operation to demagnetization fault. Therefore, the ex-
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FIGURE 9. The electromagnetic torque waveforms.

perimental results in Figs. 13, 14, 15, 16, and 17 are all the same
as those in Figs. 8,9, 10, 11, and 12.

The experimental waveforms after 0.9s inductance mis-
match are analyzed as follows.

From Figs. 13 to 15, at 650N -m load torque, the 7T, of
the DPCC method remains at 620 N - m, so the speed of the
DPCC method cannot track the given speed. The i, T, and
speed waveform jitter of the RDFTPCC-SMO and RDFTPCC-
INFTSMO methods are serious and abnormal. However, the
ig, Te, and speed waveforms of the RDFTPCC-CFO method
are smoother and more stable. When the load torque abruptly
changes from 650 to 700 N - m, the i, T¢, and speed waveforms
of the RDFTPCC-CFO method can remain smooth and stable.
The results indicate that the RDFTPCC-CFO method fully sup-
presses the effect of inductance mismatch.

From Fig. 16, at 650N -m load torque, when the induc-
tance decreases and increases, the theoretical calculated values
of i (k + 1) are —106.5A and —66.9 A, respectively. At
700 N - m load torque, when the inductance increases, the the-
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FIGURE 12. The identified waveforms.

oretical calculated value of igef (k+1)is —68.9A. The iy and

igef (k4 1) of RDFTPCC-SMO and RDFTPCC-INFTSMO
have significant deviations from the theoretical calculated val-
ues, and the waveforms have obvious jitter. However, the
i (k + 1) in the proposed RDFTPCC-CFO can still be ac-
curately calculated, and the waveform is more stable.

The comprehensive performance comparison of control
methods for PM demagnetization and inductance mismatch is
shown in Table 3.

From Fig. 17, when the IPMSM suffers from both demag-
netization fault and inductance mismatch, the demagnetization
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fault detection capabilities of SMO and INFTSMO both fail,
and the waveform jitter is serious. However, the designed CFO
can still quickly and accurately identify the actual Lg and L,
thus realizing the accurate detection of the demagnetization
fault, which greatly improves the fault tolerance and robustness
of the system.

The performance comparison of the flux linkage observer is
shown in Table 4.

Figure 18 shows the THD of the A-phase stator current for
the RDFTPCC-SMO, RDFTPCC-INFTSMO, and RDFTPCC-
CFO methods. Between 1.25s and 1.6s, the PM demagne-
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TABLE 3. The comprehensive performance comparison of control
methods for PM demagnetization and inductance mismatch.

Performance indicators Methods Values (%)
RDFTPCC-SMO 0.065/0.155
Speed ripple RDFTPCCINFTSMO | 0.04/0.096
RDFTPCCCFO 0.01/0.006
RDFTPCC-SMO 7.42/6.38
Torque ripple RDFTPCCINFTSMO 6.65/4.55
RDFTPCCCFO 6.35/2.84

Remark 1: I/II are the values obtained for the motor in the following two
states: I. PM demagnetization and inductance decrease to 0.5 times the
nominal value. II. PM demagnetization and inductance increase to 1.5 times
the nominal value.
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tization and inductance mismatch occur simultaneously. By
analyzing the waveforms in this interval, it is known that the
THDs of the RDFTPCC-SMO, RDFTPCC-INFTSMO, and
RDFTPCC-CFO are 5.90%, 4.05% and 1.29%, respectively.
The results indicate that the proposed RDFTPCC-CFO method
can effectively suppress current harmonics during PM demag-
netization and inductor mismatch.

In summary, when the demagnetization fault and inductance
mismatch occur simultaneously in a motor, compared with the
DPCC, RDFTPCC-SMO, and RDFTPCC-INFTSMO methods,
the proposed RDFTPCC-CFO reduces the impact of inductance
mismatch on demagnetization fault detection and fault-tolerant
control. Moreover, the MRAS in the proposed CFO can accu-
rately identify the actual Ly and L, and quickly feed back to
INFTSMO, realizing the accurate demagnetization fault detec-
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TABLE 4. The performance comparison of the flux linkage observers.

Parameters | Observers | Flux linkage steady state values (Wb)
SMO 0.8916/0.5207/0.55/0.495
Yrd INFTSMO 0.892/0.52/0.535/0.498
CFO 0.892/0.52/0.52/0.52
SMO 0/0.2986/0.232/0.335
Urq INFTSMO 0/0.3/0.304/0.375
CFO 0/0.3/0.3/0.3

Remark 2: I/II/III/IV are the values obtained for the motor in the following
four states: 1. Normal operation. II. PM demagnetization. III. PM
demagnetization and inductances decrease to 0.5 times the nominal value. IV.
PM demagnetization and inductances increase to 1.5 times the nominal value.

tion, and the impact of parameter mismatch on control perfor-
mance is reduced. Therefore, the waveforms are smoother; the
harmonics are suppressed; and the system stability is effectively
improved, with stronger fault tolerance and robustness.

7. CONCLUSION

An RDFTPCC method based on CFO is proposed, which re-
duces the impact of inductive mismatch on the demagnetiza-
tion fault detection and fault-tolerant control, effectively com-
pensates for the torque loss caused by the demagnetization fault
and the control performance degradation due to parameter mis-
match. The fault-tolerance capability and robustness of the sys-
tem have been further enhanced. Through the experimental
analysis of different operating conditions, the following main
conclusions can be obtained:

(1) In comparison to the conventional DPCC method,
i:ff (k + 1) can be timely output by the proposed RDFT-
PCC after demagnetization fault occurs in the motor,
and the missing torque is effectively compensated, with
stronger fault-tolerance.
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(2) Compared with the RDFTPCC-SMO and RDFTPCC-
INFTSMO methods, when inductance mismatch occurs,
the CFO in the proposed RDFTPCC-CFO can accurately
detect demagnetization fault and identify the actual
d-q axis inductance, which reduces the impact of the
parameter mismatch; therefore, i:ff (k + 1) can be more
accurately output, with greater robustness.

In contrast to the RDFTPCC-SMO and RDFTPCC-
INFTSMO methods, when PM demagnetization and
inductance mismatch occur simultaneously, the speed
pulsations of the RDFTPCC-CFO are in average reduced
by 92.7% and 88.2%; the torque ripples are in average
suppressed by 33.40% and 17.95%; the THD is decreased
by 78.1% and 68.1%; and the stability of the system is
further enhanced.
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