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Abstract—This article proposes a model-based strategy with
robust parameter mismatch for online high resistance connection
(HRC) diagnosis and localization in surface-mounted permanent
magnet synchronous machine (PMSM) drive system. The mathe-
matical mode of the PMSM with the HRC is established in the abc
stationary frame and dqg rotating frame. Based on the model, the
voltage distortion estimator is applied to estimate the voltage dis-
tortions caused by the HRC. According to the voltage distortions,
a new fault characteristic signal is defined and is analyzed under
different fault conditions. Based on the defined signal, the fault
indicators being insensitive to the parameter mismatch are defined
to diagnose the fault and locate the faulty phases. By the proposed
method, not only the HRC can be detected, but also the fault severity
can be assessed and the faulty phases can be located, where no
additional equipment or measurement devices are needed. Both
the simulation and experimental results verify that the proposed
method can effectively achieve online HRC diagnosis and location
in the PMSM drive system.

Index Terms—Estimator, fault diagnosis, high-resistance
connection, permanent magnet synchronous machine (PMSM).

1. INTRODUCTION

ARIABLE-SPEED drive has been widely used in the in-

dustrial applications. In particular, permanent magnet syn-
chronous machine (PMSM) drive systems are attracting more
and more attention due to their advantages of high efficiency,
high torque density, and low volume [1]-[3]. However, a variety
of the fault may occur in the PMSM drive system, mainly includ-
ing the electrical fault, mechanical fault, and demagnetization

Manuscript received January 8, 2020; accepted February 20, 2020. Date of
publication March 3, 2020; date of current version June 23, 2020. This work was
supported in part by the National Natural Science Foundation of China under
Grants 51637001 and 51607001, in part by the Natural Science Foundation of
Anhui Province under Grant 1708085QE108, and in part by the Science and
Technology Project of Guangxi Power Grid (0401002018030103WX00100).
Recommended for publication by Associate Editor J. Hur. (Corresponding
author: Jun Hang.)

Jun Hang, Jibo Zhang, Shichuan Ding, and Qunjing Wang are with the School
of Electrical Engineering and Automation, and also with the National Engineer-
ing Laboratory of Energy-saving Motor & Control Technique, Anhui University,
Hefei 230601, China (e-mail: jun_hang511@163.com; 2541682389 @qq.com;
dingsc @ 126.com; wangqunjing @ahu.du.cn).

Yourui Huang is with the School of Electrical and Information Engineering,
Anhui University of Science and Technology, Huainan 232001, China (e-mail:
hyr628@163.com).

Color versions of one or more of the figures in this article are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2020.2978139

Fig. 1.
HRC [5].

Overheating at a fuse joint in the electrical distribution system due to

fault [4]. Among them, high-resistance connection (HRC) is a
common electrical fault for the industrial electrical machine [5],
[6]. Failure at the joints due to excessive localized heating in
HRC, as shown in Fig. 1, is one of the leading root causes of
failures in industrial electrical distribution systems [5]. HRC
can be caused by a combination of poor workmanship, thermal
cycling and vibration, or damage of the contact surfaces due
to pitting, corrosion, or contamination. The HRC may lead to
the increased torque pulsation, increased losses and excessive
heating. As the electric fault is not diagnosed in time, its propaga-
tion can cause serious unexpected consequence. Hence, the fault
diagnosis is necessarily required to preventing serious damages
from happening and improving the reliability of the electrical
machine [4].

So far, many fault diagnosis methods are proposed for
the PMSM, mainly focusing on short-circuit fault [7]-[10],
static/dynamic eccentricity [13]-[15], partial/uniform demag-
netization [16]-[19], and open-phase fault [20]-[22], while the
research on the HRC is relatively few for the PMSM drive
system. The studies on the HRC first started with induction
machine [4]. In recent years, the HRC fault diagnosis in the
PMSM drive system attracts the related researchers’ attentions.
In [23] and [24], the stator currents and zero-sequence voltage
component (ZSVC) are proposed for the HRC diagnosis. In [25],
an improved fault indicator and angle difference are analyzed
to accomplish the HRC fault detection and location. In [26],
the stator current and zero-sequence current component are
applied to diagnose the HRC. In [27], the power signature
and stator currents are studied to diagnose the HRC. By the
methods proposed in [23]-[27], the fault severity cannot be
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quantitatively estimated, especially for the HRC occurring in
more than one phase. In [28], the fault severity can be quan-
titatively estimated, however, the faulty phases are required to
be known in advance. In [29], the fault severity is estimated
by the resistance deviations calculated from the equation group
established using the relationship between the stator currents,
ZSVC, and resistance deviations. In [30], a dc-flux-injection
method is proposed for HRC fault diagnosis in direct-torque-
controlled PMSM drive system. In [31], a new technique is
proposed for detecting and classifying turn fault and HRC fault
by utilizing both the high- and low-frequency components of
the ZSVC, where the dependence on the operating conditions
is minimized with the proposed fault indicators. In [32], a new
detection and classification algorithm is described for the turn
fault and HRC fault based on high-frequency impedance and
high-frequency pulsewidth modulation (PWM) ripple current.
The methods proposed in [29]-[32] can effectively achieve the
HRC diagnosis, fault severity estimation, or location of the faulty
phases. However, the extra voltage sensor and balanced resistor
network are required, thus leading to the increase of the cost of
fault diagnosis and reducing the reliability of fault diagnosis.
The aim of this article is to propose a model-based strategy
with robust parameter mismatch for online HRC diagnosis and
localization for the surface-mounted PMSM drive system, where
the voltage distortion estimator is applied to estimate the voltage
distortions. The proposed method not only can detect the HRC,
but also can estimate the fault severity and identify the faulty
phases, and the proposed method does not need additional
equipment or measurement devices, thus reducing the cost of
fault diagnosis and reducing the reliability of fault diagnosis. The
remainder of this article is organized as follows. In Section II,
the mathematical model of the PMSM with HRC is established
under different conditions. In Section III, the detailed fault
diagnosis process is described. In Section IV, the influence of
the parameter mismatch on the fault diagnosis performance is
analyzed. In Sections V and VI, both the simulation and experi-
ment platform are established to validate the proposed method,
respectively. Finally, the conclusion is drawn in Section VIIL.

II. PMSM MODEL
A. PMSM Model Under Healthy Condition

Neglecting the saturation, the voltage equations of the healthy
PMSM are expressed as follows:

d
ug = Rgiqg+ Lg—1iq — weLqiq
dt )

. d . .
Ug = Rslq + anlq + weLgiq + Wewf

where ug4 and v, the are dg-axis voltages under healthy condi-
tion, iq and %, are the dg-axis stator currents, L, and L, are
the dg-axis inductances, I is the stator resistance, 1y is
permanent magnet (PM) flux linkage, and w, is the electrical
angle frequency.
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Fig. 2. Equivalent model of PMSM with HRC fault.

B. PMSM Model Under Fault Condition

1) Stationary Frame: Asthe HRC occurs in the PMSM drive
system, as shown in Fig. 2, the voltage equation for three-phase
PMSM in the abc stationary frame can be expressed as follows:

ate] = (Roliane] + (La) S liose] + o] @)
where [Uape] = [ta, up, uc]? is the stator voltage matrix,
[iabe) = [ia, b, ic)T is the stator current matrix, [ L] is the stator
winding inductance matrix, [R 7] is the stator winding resistance
matrix, and [eqpe] = [€q, €b, |7 is the no-load electromotive
force matrix. In addition, [Ls] and [e,.] are respectively ex-
pressed as follows:

L M M
L= |M L M
M M L
Wyeos(0)
Yfa
e = L | = 2 ogeos (05
Vre pycos <9 + 2;)

As the HRC fault occurs in phase b, [Ry] is expressed as
follows:

R, 0 0
[Ref] = | 0 Rsg+ Raaas O
0 0 R,

Similarly, as the HRC fault occurs in the phases a and b
simultaneously, [R,] is expressed as follows:

RS + Radd_a 0 0
[Rsf] = 0 Ry + Raqas 0O
0 0 R,

where R, is the phase resistance, L is the stator phase self-
inductance, M is the mutual-inductance between the stator
phases, @ is the rotor electrical position, and R,qq_ and Raq4_»
are the additional resistances in the stator windings of the phase
a and phase b, respectively.
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2) Rotating Frame: Asthe HRC occurs in phase b, applying
Park’s transform to (2) yields

Uq_f = (Rs + %Radd_bcosz (9 — 2%)) iq
—%Raddfbsin( — 2?“)005(9—%”)2}1
+ Lg% — w,Lyi,
~ 2 cos (0 %) s
dig

+ (R + 3 Raaa sin® (0 — ) )ig + Ly G

3)

2 .
uqif = _gRadd7b51n(

+ welgtg + wed}f

where uq_y and u,_y are dg-axis voltages under fault condition.
Lg and L, are the dg-axis inductance, and Ly = L, = L-M.

Similarly, as the HRC fault occurs in phases a and b, applying
Park’s transform to (2) yields

Ud_f = (Rs + %Radd,acosw + %Radd,bcos2 (9 - 2?”)) id

— (2Raad_asinfcost + 2 Raqq psin (0 — ZF)

cos (0 — 2F)) iq + Ld%‘l —weLgiqg

— (%Radd_asin 0 cosO

Ug_f =
+ %Raddfb sin ( — %’r) cos(f — %’r) iq

+(Rs+§Radd_aSin29 + %Radd—bSinz (9 - %))%q

+ Ly%a 1 0 Laia + weiby.

4)
Based on (1), (3) can be rewritten as follows:
Ud_f = Uq + Auyg
{ (5)
Ug f = Ug + Auyg

where Aug and Au, are the dg-axis voltage deviations due to
the HRC, and Aug and Aug are expressed as follows:

Aud = %Raddfbidcosz (9 - 2?71')
—%Radd_biqsin ( — %’T) cos (9 - %”)
Auq = —%Radd_bidsin( — 2%) COS (9 — 2?”)
+%Raddfbiqsin2 (9 — 2%) .
Similarly, as the HRC fault occurs in phases @ and b, Au,4 and
Auwuyg are expressed as follows:

Aug = (%Radd_acos29 + %Radd_bCOSQ (60— %ﬂ)) id

2 . 2 . 2
— (gRaddfasm%ose + 5 Radad_psin ( — ?”)

cos (6 — 2)) iq
Aug = — (2 Rada_asinfcost + 2 Raqq_psin (6 — 2F)
cos (0 — &) iq

+ (%RaddiaSiHQG + %Raddjsinz (9 — 2?71')) ig-
(N
It can be seen from (4)—(7) that the stator voltages after fault
occurrence can be represented as two parts. One is the normal
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dg-axis voltages and the other is the dg-axis voltage deviations
caused by the HRC. In addition, the analysis for the HRC in
other phase can be made in a similar manner.

III. FAULT DIAGNOSIS AND LOCATION

To achieve the HRC diagnosis and location, a simple and
low-cost fault diagnosis algorithm is proposed based on the
voltage distortion estimator and it does not require any additional
hardware circuits. The voltage distortions due to the HRC in the
dg-axis reference frame are estimated based on the electrical
model of the PMSM. Based on the voltage distortions, the
new fault characteristic signal is defined to achieve the HRC
diagnosis and location.

A. Voltage Distortion Estimation

The current dynamics of a PMSM including the voltage
distortions caused by HRC can be represented as follows:

dig _ Ry welg
dt Lg Lg id
dig _wela _ R | |iq
dt Lg Lg
1 0
Lq ug + Aug
+ o+ ®
0 1 uq—i—Auq WeWf

As can be seen from (8), the stator currents are affected by
the voltage distortions caused by the HRC.

For the reference model, it is assumed that the system is
healthy and the voltage distortions are zero. Under this condition,
the calculated current dynamics with the rated parameters can
be represented as follows [33]:

digm _ R welLqg .
dt Ly Ly 1d
diq7n, _M _i Z.q
dt Ly, Lg
1 0 dead
L4 wy — ug®® 0
+ 0 1 ut — udead wet s (9)
T, q q Lq

where u; and uj} are the dg-axis stator voltage commands, %4y,
and i, are the dg-axis currents of the PMSM model, ugead and
ugead are the dg-axis voltage compensation due to the dead-time
effect, and are expressed as follows:

. o ugead
ugead 2 cosl cos (9 - ?) Cos (9 + ?) ydead
ude*d| 3 |ging sin (0—2°) sin(6—2F) ugead

)
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where udead, ydead ‘and ydead are the voltage compensations in

the abc stationary frame and are expressed as follows [34]:

ug*! = (2sgn(ia)—sgn(ip) — sgn(ic)) 4p

up* = (2sgn(ip) — sgn(ic) — sgn(ia)) Ap

ugt = (2sgn(ic) — sgn(ia) — sgn(in)) Ap

Ap _ % (2 (Udc — U, + Ud) (tdcad‘i’qt_‘jn*toff) + (Uce + Ud))

(1D

where sgn(') is a sign function of each phase current, Uy, is
the dc-link voltage, U, is the saturation voltage of the active
switch, Uy is the forward voltage of the antiparallel diode, T is
the sample period, #4caq 1s the intended blanking time to prevent
the short-circuit phenomenon, t,,, is the sum of the turn-ON delay
and transition time, and 7. is the sum of the turn-OFF delay and
transition time.

Based on (8) and (9), the voltage distortions due to HRC can
be obtained as follows:

Bu = L (4~ )

dead
—ug

di di dead (12)
Aug = Ly (%o - fgm) — u
where L, = Lg = L.
Then the average voltage distortions over ki, PWM step can
be derived from (12) and can be expressed as follows:

Aug = L, (id(k)}idm(k)) _ ugead

— iq(k _iqm k) ea
Aug = L, (%) - ug d,

13)

The model current ¢4, (k) and iy, (k) in (13) can be obtained
from the discrete form of (9) and are expressed as follows:

we(k=1)Ly .
iam(k)] 1— =T 7, 2e U Ld) ia(k —1)
igm (k) —T“’(kL%ql)Ld 1- £ ig(k—1)

+

(14)

where k and (k — 1) means the kth and (k — 1)th sample,
respectively.

B. Fault Characteristic Signal

It can be seen from (6) and (7) that the HRC can lead to
the dg-axis voltage deviations. Theoretically, the HRC can be
diagnosed by the dg-axis voltage deviations. However, as is
known from (6) and (7), the dg-axis voltage deviations contanins
more fault information, such as the additional resistance R,q4,
stator currents (i, i,) and trigonometric function. As only the
voltage deviation Aug or Au, is used, the HRC can be moni-
tored. However, the faulty phases cannot be located and the fault
severity cannot be easily estimated, especially for the HRC in
two phases. Moreover, it can be seen that there is a certain degree
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of symmetry for the dg-axis voltage deviation Aug or Auyg.
Therefore, it is hoped that both the dg-axis voltage deviations
Aug and Au, are used, and a simpler and more effective signal
can be constructed based on Auy and Awu,. Based on this idea,
to effectively achieve the fault detection and location, the new
fault characteristic signal Fy,y, is defined as follows:

Fyoum = Audiq + Auqid. (15)

For the HRC in phase b, by substituting (6) into (15), it has

2 . 2
Foum = <3Radd_bZdCOS2 <9 - 3>

_gRadd_quSIH (9 — 3> COoS (0 - 3)) iq
2 2 9
+ <—3Raddbidsin (9 — ;) cos (0 _ ;)
2 . 2w )
+ gRadd_quSIHQ (9 — 3)) ia

= gRadd_bidiq ((:052 (8 - ;) + sin? (9 _ ;))
_ gRadd,b (23 + 15) sin (9 — ;) cos (9 — ?:T)
2 1

= gRadd_b’idiq + gRadd_b (13 + ’Lg) sin (29 — g)

= Fyc + Fosin (20 + 0y) (16)

where Fy. is the dc component in Fgym, Fo and 0 are the
amplitude and the initial phase angle of the second harmonic
component in Fgy,,, respectively, and are expressed as follows:

2 . .
Fae = 5 Raad_blidig

Fy = §Raqaa v(ig +i7) A7)

oy = —I.

According to (17), it can be seen that the amplitude F 4. and Fo
are linear proportional to the additional resistance R,qq p as iq
and ¢, are unvaried. Hence, dc component and second harmonic
component in the fault characteristic signal Fg,;, could be used
to detect the HRC.

Similarly, as the HRC fault occurs in the phases a and b, by
substituting (7) into (15), it has

2 A
Foum = g (Radd_a + Radd_b) 1dlq -+ § (13 —+ Zg)
X (Radd_aSin (20 4 7) + Raqq psin (29 _ g))

= Fyc + Fbsin (29+6‘f) (18)
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where Fq., Fo and 0 are expressed as follows:

2 . .
Fae = 5(Radd_a + Radd_p)iaiq

Iy = % (13 + Zg) \/ Ridd_a + Ridd_b — Radd_aRadd_»

6y = arcsin | — @ - QR"‘ddf” .
\/Radd,a +RZ4q p—Radd_a Radab

(19)
It can be seen from (19) that the initial phase angle 0y is
determined by Raqq o and Radd ».

C. Fault Indicator

As discussed in Section III-B, the HRC could be detected
by DC component and second harmonic component in Fg,.
However, as the common 74 = 0 method is used to control the
PMSM, the F4. will be equal to 0 and cannot be used to detect
the HRC. Hence, in this paper, the second harmonic component
in Fgum 18 applied.

As the fault occurs in the phase b, according to (16), the
amplitude of the second harmonic component in the Fg,y, can
be expressed as follows:

1 . .
Fy = gRadd_b (ig+12). (20)
The additional resistance can be estimated as follows:
36
Ra e ™ 5 o 21
dd, P iz (21

where R,qq,c 1S the estimated resistance. Combining (20) and
(21),itcan be seen that R, qq. is not affected by the stator current
of the PMSM since the quantities sensitive to 74 and 7, in the
numerator and denominator of the right-hand side of (20) are
eliminated. Furthermore, it is obvious that the value of R,4q.e
is theoretically equal to the value of R 44 .

As the HRC occurs in phases a and b simultaneously, accord-
ing to (19), F» can be expressed as follows:

1,5,
P = 3 (id +i3) \/ R2yq o+ R2gq p — Radd_aRada s
1o .
= g (2(21 + Zg) Radd,e (22)
where I%,q4,¢ is expressed as follows:
Raad.e = \/ R2ga_a + Riaap — Radd_aRada b- (23)

And R,q44,c can be calculated by the following equation:

3k,

—_— 24
ig + i @4

Radd,e =

Combining (22) and (24), it can be seen that R,4q . is not
affected by the stator currents of the PMSM since the quantities
sensitive to ¢4 and %, are canceled out.

According to (21) and (24), it can be seen that the expressions
of the estimated resistance are the same no matter the HRC
occurs in single phase a or two phases a and b. Hence, R,4q,e
can be regarded as a reliable fault indicator, which is not affected
by the stator currents and not limited by the faulty phases.

TABLE I
INITIAL PHASE ANGLE UNDER DIFFERENT FAULT CONDITIONS
Case 6
Fault in the phase a T
Fault in the phase b -3
Fault in the phase ¢ 3
Reda Raaa » 273
Fault in the phases Ruta > Roat » (cx —2a3)
aand b
Radd a<Rada » (-27/3 -7/3)
Raddﬁh:Raddic 0
Fault in the phases
band E Reda > Radd (-73 0)
Radi 5<Rada ¢ 0 73)
Rada =Radd a 273
Fault in the phases
cand 5 Ruai &Rada o (3 2743)
Raddic<Radd7a (2 3 72')
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Once the HRC is detected by the fault indicator, and then
the faulty phases are required to be identified. In this article,
it is proposed that the identification of the faulty phases is
implemented by the initial phase angle ;. Based on (17) and
(19), it can be known that the initial phase angle 6 is equal to
—60 as the fault is just appeared in the phase b, and the initial
phase angle 0 is between —180 and —-60 as the fault occurs
in two phases a and b. Additionally, the similar results can be
obtained in the case of the HRC fault in other phases. Table I
lists the theoretical values of the initial phase angle 6; under
different HRC conditions, indicating that the angle 0 can be
used to identify the faulty phases.

D. Frequency Tracking Algorithm

In order to achieve online diagnosis of the HRC, it is necessary
to obtain the fault indicator in real time since one may not know
the moment that the HRC would aggravate to the extent leading
to machine breakdown. As seen from (17), (19), (21), and (24),
only Fo and ¢ are required to be extracted in real time to
calculate the fault indicator since the dg-axis currents 74 and
14 can be directly obtained from the PMSM control system.
Hence, the frequency tracking algorithm is applied to calculate
the amplitude and initial phase angle [25]. The detailed processes
are given as follows.

No matter the HRC occurs in one phase or two phases,
according to (16) and (18), itis known that the fault characteristic
signal Fg,,;, can be expressed as follows:

Fyum = Fyc + Fbsin (29+0f) (25)
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PMSM Control System
. . a
i;=0 Uy Ya | oy S": n
" e
. o PULL ddgloply, all
w Iy u, £|s
[0}
+
lq id l|_| IJ
|abc/dqla—2
g Encoder
dovdt [
HRC Fault YYVY WY Y gy, ¥ idl
Diagnosis Reference |4 g Voltage > Fault_ .
Model  |Zn | Distortion |du, | Characteristic
Eq.(14) “|  Eq(13) > Signal
. . Rﬂdd,ﬂ . . F ¢ Fsum
Diagnosis Fault - Estimated Resistance 2 Faul
Result [ Diagnosis Rudde ault
d G Feature
and -< Extraction
Location

Fig. 3. Configuration of the proposed fault diagnosis method.

First, (25) is transformed into a stationary orthogonal refer-
ence frame, and the voltage components are defined as follows:
Faum_d = (Fac + Fasin (20 + 65)) cos(26) 26)
Faum_g = (Fac + Fasin (260 + 65)) sin(26).
By using trigonometric identities, (26) can be expressed as
follows:

{Fsumd = Fyccos(20) + 3 F [sin (40 + 05) + sin (6y)]

Fuum_q = Facsin(20) + 3 F; [cos (46 + ) — cos (6y)] .
27
Then the harmonic components of the voltage signals in (27)
is filtered out by a first-order low-pass filter, where the cut-off
frequency is set to w, based on the expression of (27), and it has

{Fsum_dl - %FQSin (ef)

(28)
Rurrl_(;l - %FQCOS (Qf)

where Fyum_q1 and Fyum_g are the dc voltage components in
Fyum_a and Fy,py, 4, respectively. It can be seen from (28) that
Fyum_ai and Fgyy g have a direct relationship with the ampli-
tude and initial phase angle of the second harmonic component
in Fgum. Finally, the amplitude and initial phase angle can be
calculated as follows:

_ 2 2
F2 - 2\/Fsurr1de + Fsurnfql
Hf — tan~! (Ecum,d,l) )

sum_ql

(29)

It can be seen from (29) that the amplitude and initial phase
angle can be effectively extracted.

E. Fault Diagnosis and Location

Fig. 3 shows the block diagram of the proposed fault diagnosis
method. First, the voltage distortions Aug and A, are observed
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from the plant and model currents of the PMSM drive system
based on (13) and (14); then the fault characteristic signal Fgym,
is calculated according to (15); next, the fault features F5 and
0 are extracted from F,, by the frequency tracking algorithm
and the fault indicator can be calculated based on (19) or (22).
Finally, the status is judged by comparing the fault indicator with
the preset threshold which is corresponding to its value for the
healthy PMSM, and then the faulty phases are identified by the
angle 0.

IV. ANALYSIS OF PARAMETER MISMATCH ON FAULT
DIAGNOSIS PERFORMANCE

As seen from (13) and (14), the voltage distortions are de-
pendent on the parameters of the PMSM, mainly including the
stator resistance I2, dg-axis inductances L4 and L., and PM
flux linkage 1 ¢. As is known, the parameters of the PMSM
are affected by the temperature, operating conditions and so on.
Hence, it is greatly necessary to analyze the influence of the
parameter mismatch on the performance of the proposed fault
diagnosis method.

It is supposed that the three-phase resistances vary to
Rs 4+ AR, and the dg-axis inductances vary to Lg+ ALy
and L, + AL,, respectively, and the PM flux linkage varies
to ¥+ Ay, As the HRC occurs in phase b, (3) is
changed into

ug_g = (Rs + AR + 2 Raqa_scos? (0 — &) ig
—2 Radd_pigsin (0 — Z) cos (6 — 2F)
+(La+ ALg) %t — we (Lg + ALg) ig

Ug_f = —§ Raad piasin (0 — 3) cos (0 — 3 (30)

+ (Rs + ARg 4 2Raqa ssin? (0 — 27)) iq

+(Lg+ ALy %a 4w, (Lg + ALg) i
+ we (Y + Aty).

In this case, based on (1), (5), and (30), the voltage distortions
Aug and Awu, are obtained as follows:

Aug = (AR + 2 Raqa scos? (0 — &) iq + ALy =

dt
—weALgig — %Raddfb sin ( — 2{) cos ( — 27“) iq

— 25 cos ( —%’r)—l-AL dig

2 . .
Aug = —5Rada_piasin ( 3 a7dt

+ (ARS + %Raddfbsirﬁ (9 — 2{)) iq + weALygig
+ weAl/Jf.

(€29
As the PMSM operates at a fixed load, the dg-axis currents ¢4
and 44 are usually constants. Hence, the diy/dt and di,/dt are
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equal to 0, and (31) can be simplified as follows:

Aug = (AR + % Raqaa pcos® (6 — %)) iqg — weALyiq
—5Raaa psin (0 — ) cos (0 — ) dg
Aug = —3 Rada pigsin (0 — &) cos (6 — %)

+ (ARS + %Radd_bsinQ (9 — 2{)) iq + wGAde

+ weALgiy.
(32)
By substituting (32) into (15), it has

Fsum

= ((ARS + g]%ade,COS2 (9 — 23?)) id — weALqiq

2 2 2
—gRadej sin (9 — ;) cos (9 — ;) iq) 1q
+ <§Radd_bidsin (0 — 2;) cos (0 — 2;)
2 2
+ (ARS + gRadd_bsin2 <6‘ — 37T>> iq + weAL/Jf

+ We ALdid)id

2 ) 9
= gRad(LbZ‘diq(COSQ (0 — ?:T) + Sin2 (9 _ ;))

2 2
_ §Radd_b(iﬁ + ig)sin (9 - ;) cos <0 - 3>
+ 2ARgiqig + we (ALqii — ALgi?) + weAtpyig

2
= 2ARsidiq + gRadd_bidiq + we (ALd’Lg —ALqig) —HdeAd)fid

DC component

1
+ *Raddfb (22 + 23) SiIl (29 — g) . (33)

3

As seen from (33), as the PMSM operates at a fixed operating
point (speed and load), it can be known that the parameter
mismatch only influences the dc component in the Fg,,, and has
no influence on the second harmonic component in the Fgyy,. In
this article, only the second harmonic component in the Fgyp,
is used, hence it is deduced that the parameter mismatch has
no influence on the performance of the proposed fault diagnosis
method. In addition, as the HRC fault occurs in the phases a and
b, the same analysis results can be obtained. Meanwhile, it can
be explained, from another aspect, that why the dc component
in the Fgyyy, is not adopted for the fault diagnosis in this article.

V. SIMULATION VERIFICATION

To validate the proposed method, the simulation is carried out
in the MATLAB/Simulink environment. The parameters set for
the studied PMSM are listed in Table II. The inverter used in the
simulation is the same as that used in the experiment, and the
voltage distortions due to the dead-time effect in the abc frame
are summarized, as shown in Table III. In the simulation, HRC
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TABLE IT
MAIN PARAMETERS OF STUDIED SURFACE-MOUNTED PMSM
Rated Power (W) 750 L,=L, (H) 0.035
Rated Current (A) 4.4 PM Flux Linkage (Wb) 0.063
Rated Torque (N.m) 2.39 Rated Speed (r/min) 2000
Number of Pole Pairs 4 Stator Resistance(€2) 0.7
TABLE III
SPECIFICATIONS FOR DEAD-TIME EFFECT
DC-link (V) 350 Dead-time (us) 3
Switching 20 Saturation 5
Frequency (kHZ) Voltage (V)
o . IGBT
Switching Device (FF300R12ME4) Forward Voltage (V) 1.65
Turn-on Time (us) 0.17 Turn-off Time (us) 0.45
.20 20
< <
Z 0 Z 0
g H
20 20
0.5 0.55 0.6 1.2 1.25 13
Time (s) Time (s)
~ 8 ~ 8
< <
Z 6 Z 6
2 2
I N
B 9 B,
g g
< < ,U
0 2 4 6 0 2 4 6

Harmonic order Harmonic order

() (b)

Fig.4.  Fgum and FFT results of Fg,;, under healthy and HRC fault conditions.
(a) Healthy. (b) HRC in phase b (Raqq » = 0.5 €2).

is simulated by adding an additional resistance R,qq connected
in series with one stator winding.

A. Fault Diagnosis and Location

Fig. 4 shows the simulation results under healthy and HRC
fault condition, where the PMSM operates at the reference speed
600 r/min with the load of 2 N-m. In addition, in the case of HRC,
the fault occurs in phase b (R,q4_» = 0.5 €2). It can be seen that,
as the HRC occurs, the second harmonic component is generated
in in the Fgy,, compared with healthy condition. Additionally,
the amplitude of the fundamental component is also increased.
It can be seen that the simulation results are in good agreement
with the theoretical analysis.

Fig. 5 shows the time-domain waveforms of the stator currents
and Fg,y, together with the fault diagnosis information, where
the PMSM operates at the reference speed 600 r/min with the
load of 2 N-m. At t = 1 s, the additional resistance R,qq » =
0.5 € is connected in series with stator winding in the phase
b of the PMSM. It can be seen from Fig. 4 that the estimated
resistance rapidly increases, converging to a value of 0.5. The
angle 0; is close to —m/3. At t = 1.5 s, a simultaneous fault
in the phases @ and b (Raqq ¢« = 0.3 Q and R,qq 4 = 0.5
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Fig. 5. Simulation results for the HRC in the phases a and b. (a) igpc-
(b) Fsum- (¢) Raddse- (d) de.

Q) is introduced. As a consequence, the estimated resistance
converges to a value near to 0.45, and the angle difference 0
is changed into —57/9. 0.5 s after the second failure, R,qq_q
increases to 0.5 © and R,qq_p is still equal to 0.5 €. As a result,
the estimated resistance increases to a value near to 0.5, and
0y is changed into —27/3. As seen from Fig. 5, the estimated
resistance is effectively calculated as the fault occurs in one
phase or two phases, and the faults are properly detected through
the difference of the estimated resistance between the nonfault
and fault states. The value of the angle 0 is agreed with the
theoretical analysis under different conditions and clearly show
the faulty phases. Hence, the simulation results show that the
proposed method is effective in detecting and identifying the
HRC no matter the fault occurring in one phase or two phases.

It is noticed from Fig. 5(c) that the period oscillations appear
in the estimated resistance as the fault occurs, which is due to
the appearance of the negative sequence current, thus leading to
the harmonic with twice stator current frequency in the dg-axis
currents ¢4 and 7. Hence, a sliding window is adopted to reduce
the oscillations, improving the fault diagnosis performance. The
mean of the sliding window is defined in (26) and used as a new
fault indicator

k
. 1 ,
add,e(k : TS) = N 4 E Radd7€(l : TS)
i=k—N+1
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Fig. 6. Mean of sliding window for the HRC in the phases a and b.
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Fig.7. Faultindicator and initial angle versus additional resistance (Raqd »)-
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where T is the sampling period, 7, is the electrical period of
the stator current, and k is an integer.

Fig. 6 shows the mean of sliding window in the case presented
in Fig. 5(c). It is shown that the oscillations are obviously
decreased, compared with the results in Fig. 5(c).

B. Evaluation of Fault Diagnosis Method

It is important to state that the additional resistance is often
set close to the value of the rated phase resistance in the previous
studies [23], [35]. In this article, to show the sensitivity of
the proposed method, seven different values of the additional
resistance are set, namely 7.1% (0.05 €2),21.4% (0.15 ©2),42.8%
(0.392),57.1% (0.4 €2), 71.4% (0.5 2), 85.7% (0.6 €2), and 100%
(0.7 Q) of the rated resistance value.

Fig. 7 presents the fault indicator and initial angle versus
the additional resistance, where the PMSM operates at the
reference speed 600 r/min with the load of 2 N-m. It can be
seen from Fig. 7(a) that the fault indicator increases with the
increase of the additional resistance, and it is nearly equal to
the value of the additional resistance, being in good agreement
with the theoretical analysis. Moreover, it is noted that the fault
indicator has a high sensitivity to the variation of the additional
resistance even for its smaller value (for example, Raqq p =
0.05 ), where the fault indicator (equal to 0.06) is larger than
the threshold (equal to 0.03), as shown in Fig. 7(a). This indicates
that the fault can still be detected even as the value of the
additional resistance is smaller. It can be seen from Fig. 7(b)
that the initial angle 0/; is hardly affected with the increase in the
value of the additional resistance and is always close to —m/3.
Hence, the faulty phases can be effectively identified by the
initial angle 6.
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C. Operating Point

To further validate the proposed fault diagnosis method, the
simulation is carried out under different operating points, where
Rada_» = 0.5 Q is connected in series with the phase b.

Figs. 8 and 9 show the simulation results at different loads with
the reference speed 600 r/min and at different speeds with the
load of 2 N-m, respectively. It can be seen that the operating point
has a little influence on the obtained fault indicator and initial
angle. Hence, the simulation results show that the proposed
method has the good robustness on the operating point.

D. Transient Condition

To verify the performance of the proposed fault diagnosis
method, the simulations are performed under transient condi-
tions. Fig. 10 shows the simulation results for the speed transient,
where the PMSM is healthy and operates at the load of 2 N-m,
and the reference speed is changed from 300 to 1200 r/min
at the instant ¢+ = 2 s. It can be seen that, during the speed
transient processes, the stator currents and Fgy,;,, have the sudden
variations, while the fault indicator R,qq . are hardly influenced
by the sudden change of the speed. Fig. 11 shows the simulation
results for the load transient, where the PMSM operates at
reference speed 600 r/min, and the load is changed from 0.5
to 2 N'm at the moment # = 2 s. As seen from Fig. 11, the
amplitudes of the stator currents and Fgy,,, are increased as the
load is changed. However, the fault indicator Raqq . is hardly
influenced by the sudden change of the load.

Hence, the experimental results in Figs. 10 and 11 show that
the proposed fault diagnosis method is insensitive to the speed
and load transient, and the set threshold (equal to 0.03) allow
the proposed fault diagnosis method to deal with the extreme
situations (the speed and load transients), being without the false
detection.
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E. Effect of Parameter Mismatch

To further investigate the effect of the parameter mismatch
on the proposed fault diagnosis method, the simulations are
performed under different situations.

Supposing the dg-axis inductance varies by +50%, i.e.,
Lg=0.5Lg* /Ly =05L;, Lg=15Lg* /Ly = 1.5Lgx, re-
spectively, where Lj and L; are the nominal values. The
phase resistance also varies by +50%, i.e., Ry = 0.5R4* and
Ry = 1.5Rs*. The PM flux linkage also varies by £50%, i.e.,
1y = 0.5¢ x and 1oy = 1.52); *. Fig. 12 shows the simulation
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Fig. 12.  Simulation results under fault different situations. (a) Variation of
phase resistance. (b) Variation of dg-axis inductance. (c) Variation of PM flux
linkage.
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Fig. 13.  Experimental platform.

results with different parameters, where the PMSM operates at
the reference speed 600 r/min with 2 N-m. Before t = 1 s, the
PMSM is healthy, and after = 1 s, the HRC fault occurs in the
PMSM, where the HRC occurs in phase b (Raqq » = 0.5 Q).
As seen from Fig. 9, compared with the case with the nominal
values, the fault indicator is hardly varied, showing that the pa-
rameter mismatches have little influence on the effectiveness of
the proposed fault diagnosis method, which is in good agreement
with the theoretical analysis.

VI. EXPERIMENTAL VERIFICATION

To further verify the proposed fault diagnosis method, the
experimental platform is established, as shown in Fig. 13, mainly
including a PMSM, an induction machine (IM), one torque
sensor, hardware circuits, a transducer, and MicroLabBox.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

The PMSM, IM, and torque sensor are coupled together through
the couplings, and the IM driven by the transducer is used as
the load of the PMSM. The speed information is obtained by an
encoder of 1000 pulses per revolution mounted on the rotor shaft
end of the PMSM. Together with the MATLAB/Simulink and
dSPACE ControlDesk, the MicroLabBox controller provides
real-time control and monitoring of the PMSM drive system. The
related parameters of PMSM used for the experimental verifica-
tion are the same as those listed in Table II. In the experiment, the
HRC is simulated by adding an additional resistance connected
in series with one stator winding.

A. Fault Diagnosis and Location

Fig. 14 shows the experimental results under different con-
ditions, where the PMSM operates at the reference speed
600 r/min with the load of 2 N-m. Fig. 14(a) shows the exper-
imental results under healthy condition. It can be seen that the
faultindicator R,qq,* is close to 0, and the initial phase angle 0
is fluctuated in the range from —7 to 7. The experimental results
of the HRC in phase b (R,qq_» = 0.5 2) is presented in Fig. 14(b).
It is seen that the fault indicator increases, compared with the
healthy condition, and it is close to a value of 0.5, and the initial
phase angle 0 is changed and is close to —7/3. A simultaneous
fault occurs in phases a and b, as shown in Fig. 14(c), where
Radd o = 0.3 Q and R,qq » = 0.5 Q. In this case, the fault
indicator is close to the value of 0.44, and the initial angle 0
is close to —197/36. Fig. 14(d) shows the experimental results
of the HRC in phase @ and phase b (Raqqa » = 0.5 Q and
Raad » = 0.5 ). As can be seen, the fault indicator is approxi-
mately close to the value of 0.5, and the initial phase angle 0 is
close to —27r/3. From the experimental results, it can be known
that both the fault indicator and phase angle have the similar
behaviors with the theoretical analysis and the simulation results
under different conditions. As the fault occurs in one phase or
two phases, both the fault indicator and the phase angle can be
accurately estimated. Hence, the HRC fault can be effectively
diagnosed through the difference of the fault indicator between
the nonfault and the fault states, and the faulty phases can be
accurately located by the initial phase angle . Therefore, the
experimental results clearly indicate that the proposed method
can effectively achieve the HRC diagnosis and location no matter
the fault occurs in one phase or two phases.

B. Evaluation of Fault Diagnosis Method

Fig. 15 presents the fault indicator and initial angle versus
additional resistance, where the PMSM operates at the reference
speed 600 r/min with the load of 2 N-m. It can be seen from
Fig. 15(a) that the fault indicator increases with the increasing of
the additional resistance, and it is nearly equal to the value of the
additional resistance. Hence, the experimental results indicate
that the fault indicator can be also used to assess the fault severity.
As seen from Fig. 15(b), the initial angle is hardly influenced by
the variation of the additional resistance, showing that the phase
angle can be effectively used to locate the faulty phase.
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C. Effect of Parameter Mismatch

To further investigate the effect of the parameter mismatch
on the proposed fault diagnosis method, the experiments are
carried out under different situations. It should be noted that the
actual values of the parameters of the experimental prototype can
be not easily changed. Hence, in the experiment, the parameter
mismatch of the PMSM is simulated by changing the parameters
of the voltage distortion estimation method, as expressed in (13)
and (14). In addition, the parameter variations of the PMSM are
the same as those in the simulation. The dg-axis inductance, the
phase resistance, and the PM flux linkage all vary by £50%.

Fig. 16 shows the experimental results with the different
parameters, where the PMSM operates at the reference speed
600 r/min with 2 N-m, and the HRC occurs in phase b
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Fig. 16.  Experimental results under fault different situations. (a) Variation of
phase resistance. (b) Variation of dg-axis inductance. (c) Variation of PM flux
linkage.
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(Raga_p = 0.5 Q). As seen from Fig. 9, compared with the case
with the nominal values, the fault indicator is hardly varied,
indicating that the effectiveness of the proposed fault diagnosis
method is hardly affected by the parameter mismatches of the
PMSM, being in good agreement with the theoretical analysis
and simulation results.

Additionally, it can be seen that there is a little difference
between the simulation results and experimental ones. It may
be caused by the combination of several factors, such as the
measurement interference of current sensors, the nonlinearity
of the PMSM, and so on. Even so, the simulation and exper-
imental results show that the proposed fault diagnosis method
can effectively achieve the fault diagnosis and location of the
faulty phases.

VII. CONCLUSION

This article proposes a model-based strategy with robust
parameter mismatch for online HRC diagnosis and localization
for PMSM drive system. Both the simulation and experiment
results verify the effectiveness of the proposed method. From
the theoretical analysis, the simulation and experimental results,
the following works and conclusion are drawn.

1) A new fault characteristic signal is defined and is analyzed

under different fault condition.

2) Based on the defined signal, the new fault indicators are

defined to diagnose the fault and locate the faulty phases.

3) By the fault indicators, the proposed fault diagnosis

method not only can detect the HRC, but also can es-
timate the fault severity and identify the faulty phases,
being without requirement of the additional equipment or
measurement device.

4) The proposed fault diagnosis method can work under

steady state and transient state.

5) The proposed fault diagnosis method is robust against the

changes of the PMSM operating point and the parameter
mismatch of the PMSM drive system.
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