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A Fast and Robust Open-Switch Fault Diagnosis
Method for Variable-Speed PMSM System

Xinxiu Zhou", Member, IEEE, Jun Sun

Abstract—Traditional open-switch fault diagnosis methods suf-
fer from poor rapidity or robustness. To solve this issue, a new
differential current observer-based fault diagnosis method is pro-
posed in this article. With the designed differential observer, fault
symptoms (residuals) can be generated and adopted for fault diag-
nosis easily. Considering that the residuals are sensitive to motor
operating condition in the conventional model-based method due
to model error, an adaptive fault detection threshold is designed.
As a result, the false detection and missed detection caused by
the change of working condition can be avoided, and stronger
robustness against speed, load, and parameter variations can be
achieved with superior rapidity compared with existing methods.
Finally, the rapidity and robustness of the proposed fault diagnosis
method are verified sufficiently through experimental results.

Index Terms—Fault diagnosis, observer, permanent magnet
motors, pulsewidth modulation (PWM) invertor.

NOMENCLATURE
Ugo Terminal voltage.
Uz,  Average terminal voltage in every PWM period.
u,,  Terminal voltage command given by current loop.
Aug, Terminal voltage distortion.
uy,  Phase voltage.
uy,”  Phase voltage command given by current loop.
Uj Actual equivalent input.
1 Estimated equivalent input.
u Estimated equivalent input vector.
Au;  Differential voltage distortion.

ug Differential voltage distortion vector.
iy Phase current.
Phase current reference.
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i Differential current.

Ai;  Forward difference of 4.

i Estimated differential current.

i Differential current vector.

Ai;  Differential current distortion.

T Residual.

r Residual vector.

Tn Normalized residual vector.

rnk  ldeal normalized residual vector after fault.
Zp Closed-loop pole of the observer.

M, Modulus of residual vector/fault detection index.
T First adaptive fault detection threshold.
Tho Second adaptive fault detection threshold.
F Fault status flag.

P Fault source indicator.

I. INTRODUCTION

HE permanent magnet synchronous motor (PMSM) has

been widely applied in various applications such as air-
craft, automotive, and transportation, which require high relia-
bility [1]-[5]. However, unpredictable faults may occur in the
PMSM drives. It is found that almost 70% of faults in the drives
relate to power switches (short/open-switch faults) [6]. There-
fore, a power switch fault diagnosis is a critical issue in practice.
Generally, the short-switch fault is hard to be detected by the
software, thus hardware detection and protection circuits are
utilized to avoid motor damage [7]. With the protection circuits,
the short-circuit switch is turned OFF, and the short-circuit fault
turns to an open-switch fault. As for the open-switch fault, it may
lead to motor phase current distortion and torque fluctuation.
Hence, fast and reliable open-switch fault diagnosis is not a
trivial task but worth studying.

Recently, various voltage source inverter (VSI) open-switch
fault diagnosis methods have been proposed. According to the
information required for residual generation, these methods can
be classified into voltage-based method [8]-[15], current-based
method [16]-[23], and model-based method [24]-[30]. In the
voltage-based methods, residuals are obtained by comparing the
voltage reference values with their measured values, and those
voltages include instant bridge arm pole voltages [8] [9], instant
bridge arm pole-to-pole voltages [10]-[13], or gate voltages
[14], [15]. These methods possess fast detection speed. But,
additional hardware is required for detecting the voltage, which
increases the system cost, volume, and complexity. As for the
current-based method, it generates residuals from motor currents
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indexes, including current vector [16]-[19], average current
[20], current reference error [21], [22], and near-zero current
[23]. As the current information is available in most of the motor
control systems, extra hardware can be avoided in this kind of
fault diagnosis method. Besides, improved robustness against
load variation can be obtained owing to the current index’s
normalizations. Nevertheless, a large time delay (at least one
electrical period) is induced by the current index’s calculation.
As a result, the current-based fault diagnosis method presents
poor rapidity.

For fast diagnosis without additional hardware, model-based
methods are proposed in [24]-[30]. In these methods, motor
models are employed to estimate motor voltage/current variables
(or their derivation indicators), and the residuals are obtained by
comparing the reference/measured values with their estimated
values. These model-based methods can be divided into voltage
observer-based methods [24], [25] and current observer-based
methods [26]-[30]. Although the voltage observer-based meth-
ods possess the advantage of rapidity, its anti-interference ability
is limited. For better anti-interference performance, the current
observer-based methods are proposed in [26]-[30]. In [26],
switch open fault is diagnosed based on a decoupled closed-loop
current observer. Its fault detection time is acceptable, but it
requires quite a long time for fault isolation (about five electrical
periods). Noticed that the fault diagnosis mainly includes fault
detection and fault isolation (FDI) two steps, both steps will
affect the total fault diagnosis time. It is necessary to find a
decent solution to reduce the FDI time simultaneously.

In [27], the fault isolation time is greatly shortened by judging
the residual vector direction. Nevertheless, at least one electrical
period is required for the whole fault diagnosis. In [28], a mixed
logical dynamic (MLD) model of the motor drive system is
employed to estimate the motor three-phase currents and to
generate the currents residuals vector. With the MLD model,
fault diagnosis finishes within a quarter of the electrical period.
However, the fixed fault detection threshold makes its robustness
inferior. In [29], the d—q currents observer is used to realize
fault diagnosis in permanent-magnet synchronous generators
drives. Especially, this method shows fair robustness against
load variation by utilizing the current form factors (variables
insensitive to load variation) as fault detection indexes. However,
the fixed fault detection threshold obtained by cut-and-trail
reduces the reliability of fault diagnosis results, which also
makes the algorithm more difficult to implement. After that, an
improved method with an adaptive fault detection threshold is
introduced in [30]. This method shows better robustness against
load variation and shorter fault detection time (a quarter of the
electrical period). However, its effectiveness has not been ver-
ified during motor acceleration/deceleration, and its robustness
against parameter variation is unknown.

Through the published fault diagnosis methods, it can be
noticed that the robustness and rapidity are hard to balance for the
conventional fault diagnosis method, particularly in the variable
speed condition. Therefore, further studies are still necessary.

This article proposes a novel switch open-fault diagnosis
method based on the differential current observer. Owing to
the differential operation for motor three-phase currents, the
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Fig. 1. Three-phase VSI-based PMSM drive system.

designed observer shows superior anti-interference ability, and
the fault can be diagnosed by simple residuals processing and
FDI logics. To further improve its robustness under different
operating conditions, an adaptive fault detection threshold is
designed. As aresult, superior robustness against speed change,
load variation, and parameter errors can be obtained, with fast
detection speed. The rest of this article is organized as follows.
The terminal voltage distortions induced by switch open fault are
analyzed in Section II. A new differential current observer-based
fault diagnosis method with an adaptive threshold is proposed in
Section III. Sufficient experiments are developed in Section IV.
Finally, Section V concludes this article.

II. TERMINAL VOLTAGE DISTORTIONS INDUCED BY
SWITCH OPEN FAULT

Switch open fault in VSI leads to voltage distortions in
PMSM, which can be utilized to diagnose the fault. Hence,
the motor voltages change laws under faulty conditions are
analyzed.

A. Terminal Voltage Expression Under Faulty Condition

The typical three-phase VSI-based PMSM drive system can
be described in Fig. 1. The PMSM three-phase voltage equation
under healthy condition can be written as

Uan Rs 0O 0 g
Uy | = |0 Ry 0 ip
Ucn 0 0 Ry Li
Lo Moy Mg 4 | €q
+ | Moy Lo My T Wi+ je| (D
Muye Mpe  Lec te Ce

where g, , Upy, and u, are the three-phase voltages, 44, 45, and
i. are the three-phase currents, e, e, and e.. are the three-phase
back electromotive forces (EMFs), R is the phase resistance,
Laa, Lpy, and L. are the three-phase self-inductances, and My,
M., and My, are the phase mutual inductances.

Assuming that PMSM is three-phase symmetrical, i.e., L,
= Ly = Lee = L, My = My, = M,. = M, (1) can be
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Fig. 2.

TABLE I
INSTANT TERMINAL VOLTAGE UNDER SWITCH T; OPEN FAULT

Switching Signal i.>0 1,<0
S.=0 140=0 Uao =0
S.=1 U0 =0 Uao=Use
simplified as
: diy

where u,,, i, and e, are, respectively, the phase voltage,
current, and back EMF of phase x, and x = a, b, c.

Normally, through controlling the switching signal, the motor
terminal voltage is clamped close to zero or Uy,

Ugo = ST ' Udcaiac 7é 0 (3)

where u,, is the terminal voltage with respect to ground (nega-
tive end of dc bus) of phase x, Uy, is the dc bus voltage, and S,
is the switch signal.

Through conducting state-space averaging operation for u,,
the average terminal voltage (i,,) can be derived as

Ugo = u;m Iy # 0 4)

where u},, is the terminal voltage command given by current
loop and u},, = d,, - Ug., and d,, is the duty cycle of S, .

In order to illustrate the current and voltage variations induced
by fault, switch T; open fault is taking as an example here. After
switch Ty opens, the paths of phase current ¢, can be described
in Fig. 2. It can be seen that when S, = 1 and 7, > 0, 7, would
freewheeling through diode D5 and u,, is clamped to zero [see
Fig. 2(a)]. Similarly, the current paths under other conditions
can be described as Fig. 2(b)—(d), and the values of u,, can be
obtained as given in Table L.

In the case of ¢, = 0, phase A can be regarded as disconnected
from the bridge arm. Thus, its terminal voltage w4, is not
controlled by the switching signal S,. To calculate u,, under
such condition, PMSM three-phase voltage equation [see (2)]
is utilized. By substituting i, = 0 into (2) and ignoring the
inductance term, it can be derived that phase voltage u,,, equals
phase back EMF, i.e., ug, = €4.

According to [28], the relationship between motor terminal
voltages and phase voltages can be expressed as

— Upo — uco)/3~ (5)

Ugn = (2uao
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Current paths of i, under switch T open fault. (a) S, = 1 and 3, > 0. (b) S, = l and ¢, < 0. (c) S, =0and i, > 0.(d) S, =0and ¢, <O0.
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Phase current and terminal voltage distortion after switch T1 open

Substituting u,, = e, into (5), the terminal voltage u,, can
be derived as

1
Ugo = 5 . (360, + Upo + uco) 77;a =0. (6)

From Table I and (6), the postfault average terminal voltage
g, can be obtained as

who, 1q <0
ligo = § 2 (Bea +uj, +uly), ia=0 @)
0, iq > 0.

Noticed that after switch Ty open fault, the average terminal
voltage ,, equals its reference only when 7, < 0. Therefore,
the system can be considered as healthy when 7, < 0, but it must
be regarded as faulty under other conditions.

B. Terminal Voltage Distortion Characteristics After Fault

From (7) it can be found that the terminal voltage distortion
exists only when i, > 0. In order to diagnose the fault cor-
rectly, the terminal voltage distortion characteristics should be
analyzed. Assuming that phase current reference ¢;, > 0, then i,
would try to track its reference. However, according to Table I
and (7), the terminal voltage u,,, is negative when ¢, > 0, which
leads to a continued decline in 7, until 7, is no longer positive.
Thus, 7, cannot be positive stably. Instead, it will be near zero
as shown in Fig. 3 [31]. Therefore, terminal voltage distortion
should be considered only when i, is near zero.
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TABLE II
POLARITIES OF TERMINAL VOLTAGE DISTORTIONS UNDER DIFFERENT
FAULT SOURCES

Faulty Voltage Polaritics Conditions for
switch Distortions nonzero distortion

T Attgy - i >0

T, Attgy + i <0

Ts Autp, - ib* >0

Ty Ay, + iy <0

Ts Aty - ii>0

Ts Autg, + i’ <0

From (7), the terminal voltage distortion induced by the fault
can be derived as

3eqtuy, tuy,—2uy, i ~0
— & o 2 A
Algo = Ugo — Uy, = ) )
0, 1e <0

where Au,, is the fault-induced terminal voltage distortion.
As for the three-phase PMSM, its voltage references satisfy
the following equation:

* * *
Ugn + Upp, + Uep = 0

* * % *
Ugp, — Uyp = Ugo — Uyo 9

where uan, uy,., and uY,, are the motor phase voltage references,
, and uy,, are the phase voltage references of phases x and

y, respectlvely, and v}, and u
voltage commands.
Substituting (9) into (8), the terminal voltage distortion can

also be expressed as

_ 3(Uan—¢€a)
A’Ufao = 2 ,
0,

In (10), (u},,, — eq) can be regarded as the expected voltage
drop on inductance and resistance of phase A according to (2).
Thus, it can be approximated as

., are the corresponding terminal

=0

10
1q < 0. (10)

di’,
dt

Ignoring the phase lag caused by the inductance term in (11),
(u},, — eq) is proportional to ¢;,. Therefore, the terminal voltage
distortion Auy,, in (10) varies with ¢, after switch Ty open fault,
as shown in Fig. 3. Consequently, the polarities of terminal
voltage distortions under different open-switch faults can be
obtained, as given in Table II.

From the last column of Table II, it can be noted that the VSI
works abnormally only under certain conditions. For simplicity,
the following analysis only refers to the section that voltage
distortion is nonzero.

uy, —eq = Rgil +(L—M)—= (11)

an

III. DIFFERENTIAL CURRENTS OBSERVER-BASED FAULT
DIAGNOSIS METHOD

The terminal voltage/current distortions caused by the switch
open fault can be monitored by voltage/current state observers.
To achieve superior fault diagnosis performance, a new differen-
tial current observer-based fault diagnosis method is proposed in
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Proposed differential current observer

da’ dp, d.
Voltage UsosUpos
Modiﬁcation [3 1]
Eq.(17)
Back-EMF €a> €h, Ec
4> Estimation [33] =~ A A
R #”1,”2,“3
Las Ibs Le[Differential] £10 125 13 T, 12,13 P
q.(16) >

-1

Fig. 4. Diagram of the proposed differential current observer.

this article. Especially, the fault detection threshold is adaptive
regulated.

A. Differential Current Observer
Based on (2), PMSM current state equation can be derived as

diy R - 1
—_ = = . Z$
dt L-M L—-M
Then, the discrete phase current state equation can be obtained
as

(Ug, — €2) . (12)

where coefficients g = exp{ — R ;Ts/(L—M)} and h = (1 — g)/R,,
and Ty is current sampling time.
Thus, the phase current observer can be designed as

io(k+1) = g-iz(k) + h - (ugn(k) — ex(k))

where i, is the estimated phase current and k is the iteration
integer.

Considering that the circuit noise would degrade the observer
performance, a new closed-loop differential current observer is
proposed in this article. It can be written as

where j = 1, 2, 3, 4; is the actual differential current, [iy, i2,
i3] = [iq — T, 1p —1ql, §j is the estimated differential
current, the difference between i; and i; is defined as residual
r; for short, I is the feedback coefficient, and 1 is the estimated
equivalent input, which can be calculated as

(14)

— ¢, 1c

iy (k) Uan (k) = Uzm( ) = ea(k) + ep(K)
o (k) | = | up, (k) —ul, (k) —ep(k) + ec(k) (16)
az (k) uzn(k)—u n(k) = ec(k) + ea(k)

Substituting (9) into (16), the estimated equivalent input can
be written as

iy (k) Ugo(K) = upo(k) — ea(k) + ep(F)
g (k) | = | upo(k) = uco(k) —en(k) + ec(k) (17)
a (k) ugo(k) = uge(k) = ec(k) + ea(k)

The back EMF e, in (17) can be estimated with electrical
speed w,, electrical angel 6., and the back EMF waveform
functions [32].

The diagram of the proposed observer can be described as
Fig. 4. For the closed-loop observer, its performance heavily
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depends on the feedback coefficient. Generally, the observer
closed-loop pole is expected to be 3—5x faster than the current
loop pole. Therefore, the feedback coefficient can be determined
according to the expected pole of the observer. Considering that
the PMSM is approximately three-phase symmetrical, the three
feedback coefficients can be selected equal (I; = Is = I3 =[) for
simplicity.

Through differential operation and closed-loop design, the
anti-interference of the observer can be improved distinctly, and
accurate residuals can be obtained.

B. Residual Characteristics Analysis

Terminal voltage distortion leads to differential current de-
viations (residuals). Therefore, the residual characteristics are
analyzed for fault diagnosis rule making.

By conducting differential operation for (13), the motor dif-
ferential current state equation can be written as

ij(k+1) =g-ij(k) + h-u;(k) (18)
where w; is the actual equivalent input, u; = uj + Auj, Auj is
the differential voltage deviations induced by switch open fault,
Aup = Au, — Auy, Aus = Auy — Au,, and Aus = Au, —
Aug,.

Subtracting (15) from (18), the residual state equation can be
obtained as

ri(k+1)=(g—1)-rj(k)+h-Au;(k). (19)

Conducting z-transform for (19), the transfer function from

voltage distortion to residual can be derived as

_ Rj(»)  h
=AU (20)

zZ—zp

Gj (2)

where R;(z) and AUj(z) are the z-transforms of r; and Auy,
respectively, and z, is the pole of the observer, z, = g — [.

From (20), it can be seen that G';(z) is a first-order inertial
element. Therefore, r; is determined by Aw; (terminal voltage
distortion essentially) with short inertia delay.

In healthy conditions, the terminal voltage distortions are very
small, thus the induced residuals can be neglected. Once the
switch open fault appears, the subsequent voltage distortions
would lead to nonzero residuals.

To analyze the residual characteristics conveniently, defining
residual vector as r = [rq, ra, r3]7, and its normalized vector
as ry = rl||r|lz (||°||z is the modular operation). According to
Table II, it can be seen that when switch Ty is open, Aug,, < 0
and Aup, = Aue, = 0. Thus, Au; = — Ausz < 0, Aug = 0.
Then, the induced residuals satisfy r; = — r3 < 0, ro = 0 as
well. Thus, it can be derived that the normalized residual vector
rat =[—1,0, 1]//2 is fixed. Similarly, the normalized residual
vector under other open-switch faults can be calculated, as given
in Table III.

It can be noticed that the open-switch fault leads to a nonzero
and direction-fixed residual vector, which can be adopted for
fault detection and isolation.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 3, MARCH 2021

TABLE III
NORMALIZED RESIDUAL VECTORS UNDER FAULT CONDITIONS

Fault Source Voltage Distortions r,,T
T Auy=-Auz<0 Futt =(-1,0,1)A2
T Aur=-Auz>0 Fa2t =(1,0,-1)A\2
Ts Aur=-Aur>0 Fast =(1,-1,0)A2
Ty Au=-Au<0 Fatd =(-1,1,0)A2
Ts Aur=-Auz<0 Fust =(0,-1,1)2
Ts Aur=-Aus>0 Fus! =(0,1,-1)A\2
Las Ips iﬁ i1, by, I3
d,, dy d " Modular ]Mé _F>
——2 | Differential ’ Oipsresitn | |
Uic » Current 1Al P
0, Observer —»
— e p 2R Feature Extraction

Iy L

Fig. 5. Diagram of the proposed fault diagnosis method.

C. Proposed Fault Diagnosis Method

The proposed fault diagnosis method diagram can be de-
scribed as Fig. 5. It mainly includes four modules, differential
currents observer, low-pass filter, feature extraction module,
and FDI module. First, the actual differential currents and their
estimated values are calculated with the differential current
state observer (see Fig. 4). By comparing the actual differential
currents with their estimated values, the residual vector r is
obtained, which is then put into the low-pass filter to reduce
noise. Through the modular and normalization operation for the
filtered residual vector, diagnostic variables (M, and r,,) can be
obtained and employed for FDI.

In the FDI module, the fault detection logic is defined as

F= (Sign(Mr - Th) + ]-) /2 20

where F is the fault status variable (F = 0 switch healthy, while
F = 1 switch fault), M, is the modulus of the residual vector,
and 7}, is the fault detection threshold.

As for the fault isolation, it is achieved based on minimal-
distance principle as

[rnrap|l2 = min ([[raral2) (22)
k=16

where 7,1 represents the ideal normalized residual vector listed

in Table III, k = 1-6, subscript P is the fault source indicator

(Tp is the faulty switch), and ||*|; is the modular operation,

respectively.

The low-pass filter in Fig. 5 is a first-order inertial element. To
balance the filtering delay and filtering performance, the cutoff
frequency of the filter can be set as 1/15-1/30 of the voltage
PWM frequency.

D. Adaptive Threshold for Fault Detection

Considering that interferences and model errors may de-
grade observer accuracy and lead to false/missed detection
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subsequently, an adaptive fault detection threshold is designed
in this article.

Taking the model errors into account, the differential current
state equation [see (18)] can be written as

i(k+1) =G -i(k) + H - (k) +up(k))  (23)

where G’ and H' are the actual state transition matrix and control
matrix, respectively, i is the differential current vector, i = [i1, is,
is]", 4 is the estimated equivalent input vector, @ = [iy,1,13]",
uy is the differential voltage distortion vector, and uy = [Auy,
Aug, Aug]T.

By subtracting (15) from (23), the residual state equation can
be obtained as

r(k+1) =2z, -r(k)+ AG-i(k) + AH - a(k) + H - ug(k)
(24)
where AG=G' —g-E,AH = H — h- E, and E is the unit
matrix.
The z-transform of (24) can be derived as

R(z) = Mi(2) - I(2) + M,(2) - U*(2) + My () - Ug(2)

(25)

where R(z), I(z), U(z), and U ¢(z) are the z-transforms of

variables r, i, @, and u, respectively, M; = AG/(z — zp,), M,
= AH/(z — zp), and My = H'/l(z — zp).

From (25), it can be seen that the residual vector relates toi and
u, thus it varies with motor operating conditions as well. If the
fault detection threshold is set a fixed value as in the conventional
method, false/missed detection may occur once the load or
motor speed changes. To diagnose fault correctly, threshold 7}, is
expected to be larger than M, in healthy condition but smaller
after the fault. Therefore, the upper bound of M, in normal
condition should be analyzed first.

It is found that the transfer functions M, and M, can be
regarded as inertial elements. From (25), it can be derived that in
healthy condition, if the phase lags caused by inertial elements
are neglected, the residual satisfies

M, <m1-||i|\2—|—m2-\|11||2 (26)

where m; = (1-z,) ™' - sum(JAG|), ma = (1 — z,) "' - sum(|AH)),
| - | is the absolute value symbol, and sum(-) is the function to
add up all elements of a matrix.

With the derived upper bound, the threshold 7}, can be de-
signed as

Tha = To +may - |[i]]y +ma - ||, 27

where T is a small positive constant.

It should be noticed that phase lags are ignored in the deriva-
tion of (26). But 7}, should be synchronized with M,. to avoid
false detection caused by the phase lags. The signal synchro-
nization method is shown in Fig. 6, where the inertial element
I.(z) is inserted to compensate the phase lag 1, and the bottom
two filters are designed the same as the top one to compensate
the phase lag 2.

To fully compensate the phase lag 1, the inertial element is
designed as

_l1-z

Ie(2) = (28)

zZ— Zp
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Fig. 6. Synchronization for fault detection threshold and index.
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Fig. 7. Waveforms of the two adaptive thresholds.

With the adaptive threshold 7}, false detection can be
avoided. However, a high missed detection rate would be in-
duced, especially under light load (illustration is shown in the
Appendix). To reduce missed detection, the threshold 7}, should
be redesigned.

From (23), it can be found that in healthy condition (uy = 0),
@ can be calculated as

u(k) = (H/)f1 ik +1) =G i(k)) ~ % (i(k+ 1) —1i(k))
(29)
in which the approximate conditions are H' =~ H = hE, G’ ~ G
=gE, g =exp{—R,TJ/(L-M)} =~ 1.
Substituting (29) into (27), a new adaptive threshold can be
obtained

Tha = To +ma - |[i]]y +ms3 - ||Ad]], (30)

where Ai(k) = Ai(k + 1) — i(k), mg = ma/h, respectively. Note
that the selection of parameters m; and ms in (30) heavily relies
on model errors (AG and AH), which are unavailable normally.
In practice, AG and AH can therefore be roughly set as large
values (estimated when resistance and inductance vary 30% and
50%, respectively). As for T, it can be roughly set to 10% of the
motor rated current and then fine-tuned under no-load condition.

Noticed that 7} and T} are almost equal under healthy
conditions, false detection can be therefore avoided. Under
faulty conditions, |[|i]| and ||Ai]|> decrease (see the Appendix),
which leads to a decline in adaptive threshold 7}, after the fault
(see Fig. 7). As a result, the missed detection rate as well as the
detection time can be reduced. Consequently, the robustness of
the fault diagnosis method can be improved significantly through
the designed adaptive threshold, without sacrificing the rapidity.
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TABLE IV
PARAMETERS OF THE PMSM CONTROL SYSTEM

Parameters Unit Value
Rated Power w 120
Rated Current A 3.1
Rated Output Torque N-m 1.1
Rated Rotor Speed rpm 1000
Flux Linkage Wb 0.13
Phase Resistance Q 0.67
Phase Inductance mH 34
Mutual Inductance mH -1.6
Pole Pairs — 2
DC Bus Voltage \% 50
PWM Frequency kHz 20
Current Sampling Time S 5%10°7
Angle Sampling Time s 6.5x10*

IV. PMSM CONTROL SYSTEM EXPERIMENT
A. Experimental Setup

Sufficient experiments have been performed on the three-
phase PMSM plat shown in Fig. 8. The digital signal processor
(DSP TMS320F28335) based PMSM control system is used
for the experiment. Rotor position is measured with a 12-bit
absolute encoder. Hall current sensors are used to measure the
phase currents of the PMSM. The inverter circuit includes an
integrated power module, which is powered by the dc voltage
source. The motor load is provided by a magnetic powder brake.
The main parameters of the system are listed in Table IV.

In tests, the feedback gain /, threshold coefficients 7, m;, and
ms are selected as [ = 0.20, 7o = 0.3, m; = 0.2, and m3 = 4. The
open-switch fault is simulated by removing the gate signal of the
“faulty” transistor. In this article, the proposed open-phase fault
diagnosis method is compared with the method in [30]. Based
on these settings, detailed experiments are performed.

B. Experiment I: Effectiveness and Rapidity Comparison in
Variable-Speed System

First, the effectiveness of the proposed fault diagnosis method
is verified at the rated condition. The motor operates at rated
speed (1000 r/min) under rated load (1.1 N-m). Both the upper
switch (T1) and bottom switch (T2) open faults are simulated to
verify the effectiveness. Switch T; opens at # = 0.105 s in the
first test, while the switch Ty open fault occurs at # = 0.100 s in
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the second test. The experimental results of the proposed method
are shown in Figs. 9 and 10.

From Fig. 9, it can be seen that before the fault, the motor
operates smoothly, and the fault detection index M, is far below
the threshold 7},5. However, the switch open fault leads to serv-
ing distortions in motor three-phase currents, thus induces great
fluctuations in d—¢g currents and motor speed (see Fig. 9(a)—(c)].
Meanwhile, from Fig. 9(e), it can be observed that once the
switch open fault occurs, T},» does decrease significantly, and
the rising index M, exceeds the falling threshold 7} quickly.
It contributes to a fast fault detection speed (within 2.9 ms,
9.7% of a current period) and a lower missed detection rate.
Moreover, the residuals waveforms [see Fig. 9(d)] show that
the normalized residual vector is near to r,,1* = (=1, 0, 1)/+/2,
which is consistent with Table III. Consequently, the fault is
detected and located successfully, as shown in Fig. 9(f). From
Fig. 10, it can be found that the fault occurs at the lower switch
of the inverter leg can also be detected and located with the
proposed method, which proves that the effectiveness of the
method is independent of the fault source.

Second, the proposed method is tested during motor accel-
eration and deceleration under rated load. In the acceleration
test, switch T; open fault occurs at + = 0.17 s, during motor
acceleration from 500 to 1000 r/min. As for the deceleration
test, the fault happens at r = 0.13 s, during motor deceleration
from 1000 to 250 r/min.

From Fig. 11(a)—(d), it can be seen that the switch open
fault leads to motor speed fluctuation no matter the motor is
accelerating or decelerating. It can be noted that the threshold
The is higher than index M, in healthy condition but lower
than M, in faulty condition [see Fig. 11(b) and (e)]. Thus, the
proposed method can detect the open switch fault correctly under
different motor operating conditions. The diagnostic results,
shown in Fig. 11(c) and (f), indicate correct fault detection and
localization. The above experiment results verify the effective-
ness of the proposed fault diagnosis method in a variable speed
system.

Third, the rapidity of the proposed fault diagnosis method is
verified and compared with that of the conventional method [30].
The corresponding experiment results are described in Fig. 12.
Here, T, and R, are, respectively, the fault detection threshold
and index in the conventional method, while F; and F5 are the
fault detection results of the proposed method and conventional
method, respectively.

From Fig. 12(a) and (b), it can be seen that the fault detection
indexes (M, and R,,) increase rapidly after the fault both in the
proposed method and in the conventional method. But the adap-
tive threshold 7, rises while T}, falls after the fault occurrence.
As a result, much faster fault detection speed can be achieved
by the proposed method in all of the three tests [see Fig. 12(c)].
For quantitative comparison, the fault detection times of these
two methods are listed in Table V. The proposed method shows
superior rapidity compared with the conventional method.

It can be noticed that the fault detection times of the proposed
method are quite different in the three tests. Actually, the fault
detection time for the proposed method mainly includes two
parts. One is the time delay caused by data processing links
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TABLE V
FAULT DETECTION TIMES IN EXPERIMENT [

Methods Rated-speed  Acceleration  Deceleration
Proposed method 2.9ms 1.2ms 1.3ms
Conventional method 6.5ms 4.1ms 9.0ms

(such as the observer and low pass filter), which varies with
observer closed-loop pole and filter cutoff frequency. And the
other one is the time required for voltage distortion to become
large enough (to make the index M,. larger than threshold T}5).
As the voltage distortion is approximate the periodic function
of the electrical angle (see Fig. 3), the second part relates to
the electrical angle at fault occurrence. In the three tests, the
electrical angles at fault occurrence are different, which leads to
different fault detection times.

C. Experiment II: Robustness Against Load Variation

In this experiment, the robustness of the proposed method
against load variation is verified under healthy and faulty con-
ditions respectively.

Detection of the open-switch fault on Ts. (a) Residual components. (b) Diagnostic variables. (c) Diagnostic results.

First, the comparative test between the proposed method and
the conventional method is conducted under healthy conditions.
In the test, the motor operates at rated speed, and the load
torque changes from the light load (0.11 N-m) to rated load
(1.1 N-m) at t = 0.15 s and the corresponding experimental
results are reported in Fig. 13. From Fig. 13(a), it can be found
that the index R, is larger than the threshold 7, under light
load in the conventional method. This eventually leads to false
detection. Thus, the fault detection result of the conventional
method is unreliable under the light load conditions. Under the
same condition, the comparative test with the proposed method is
developed, as described in Fig. 13(b). It can be seen that the index
M, in the proposed method is always below the threshold 77,.
Therefore, false detection would not appear with the proposed
method under healthy conditions, even when the load mutates
from light value to rated value. The proposed method possesses
superior robustness against load variation than the conventional
method.

Second, the robustness of the proposed method is verified
under faulty conditions. In this test, switch Ty open fault occurs
att=0.1s, while the motor load changes from 0.11 N-m to rated
load 1.1 N-m at r = 0.2 s. The experimental results are shown
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in Fig. 14. From Fig. 14, it can be seen that M, is lower than
T},2 before the fault, but higher than T3, after fault, regardless
of the load variation. The results show that load variation would
not lead to missed detection in the proposed method.

It should be noticed that in a healthy system, the distance from
index M, to threshold T}5 under light load condition is much
smaller than under rated load condition [see Fig. 13(b)], and the
situation is the same under faulty condition (see Fig. 14). This
indicates that the false detection rate and missed detection rate
under light load are higher than these under heavy load. Thus, the
parameters (such as threshold coefficient 7 and the filter cutoff
frequency) in the proposed method should be finely tuned under
a light load.

D. Experiment IlI: Robustness Against Parameter Variation

In this experiment, the robustness of the proposed method
against parameter variation is verified. It is well known that
winding resistance and inductance are the key parameters in
motor; therefore, two groups’ inaccurate values are set for these
two parameters in the proposed method during the test. One is
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M;0—M,-4 are the fault detection indexes under different parameters condition.
M,o9:Rs=Rsoand L= Lg; M,1:Rs =0.7Rsg and L = Lg; M,2: Rs = 1.3Ryo
and L = Lo; MT3Z RS = RsO and L = 0.7L0; MT4Z Rs = 0.7R50 and L = 1.3L0.
R and L are the observer parameters while Ryp and Ly are motor parameters.
(a) Robustness against resistance variations. (b) Robustness against inductance
variations.

set as Ry = Ryy, Rs = 0.7Ry9, and Ry, = 1.3Ry(, another is set
as L =Ly, L =0.7Ly, and L = 1.3Ly (Rs, L, and Ry, Ly are
observer and motor parameters, respectively). From the analysis
conducted in Section IV-C, it is found that the missed/false
detection probability is higher under light load condition. To
verify the superiority of the proposed method, the light load
(0.11 N-m) is applied in the tests, and the motor operates at
1000 r/min, the switch T; open fault occurred at r = 0.25 s.
With these settings, detailed experiments are conducted. The
experimental results are presented in Fig. 15.

From Fig. 15(a), it can be seen that the fault detection indexes
(Mo, M1, and M,.5) under different resistance settings almost
overlap. It indicates that resistance errors have little effect on the
fault detection index. As for the inductance variation, the results
are different. From Fig. 15(b), it can be observed that positive
inductance error (L > Lg) increases the index (M,.3). As aresult,
the false detection rate increases while the missed detection rate
decreases. On the contrary, negative inductance error lowers
false detection rate but increases missed detection rate. Although
the fault detection index changes with the inductance variation,
the diagnosis results are correct in all of the tests. The proposed
method is robust against parameter variation.

V. CONCLUSION

This article proposes a novel open switch fault diagnosis
method based on the differential current observer. In this method,
the residuals are generated from the measured and estimated
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differential currents. And the diagnosis variables are obtained
by simple feature extraction of the residuals. To avoid false and
missed detection caused by the change of operating conditions,
an adaptive fault detection threshold is designed. Owing to the
self-adjusting characteristics of the designed threshold, superior
rapidity and robustness can be obtained, compared with the
conventional method.

The effectiveness and superiority of the proposed fault diag-
nosis method are verified by experiments on PMSM. The ex-
perimental results indicate that compared with the conventional
method, the proposed method possesses higher fault detection
speed [within 9.7% of an electrical period)] and stronger robust-
ness against speed change, load variation, and key parameters’
errors simultaneously.

APPENDIX

The adaptive fault detection thresholds are analyzed in detail
here, and switch T; open fault is taken as an example for
analyzing.

The symbols used in the following illustration are listed first,
uy and uy are the d—g current controller outputs, uy,,, is phase
voltage command obtained by conducting Clark and Park inverse
transformation for u and uj;, izt 18 the theoretical value of
phase current which is determined by phase voltage reference
[see (31)], 7q; and iy are the theoretical motor d—g currents,
which are obtained by (32), and i, and 74, are the stator current
amplitudes and their theoretical value obtained by (33) and (34),
respectively.

It is known that motor currents depend on motor voltages,
which are near to their reference values in a healthy system.
Therefore, motor currents can be estimated according to the
voltage reference and motor model. The currents estimated by
this method are defined as the theoretical motor currents.

According to (2), the relationship between phase voltage
reference and theoretical phase current can be written as
digt

7 (€20)
where Z is the impedance of the stator winding. Ignoring
the phase lag induced by inductance, the impedance can be

expressed as 7, = \/RE + we (L — M)?.
Then, the motor theoretical d—g currents can be written as

Us, — €q = Rgige + (L — M)

xn ~ ZLixt

i :2 cos(6,) cos(f — &) cos(fe + %’T) ZZC:
i | 3| —sin(f.) —sin(f. — ZF) —sin(f. + ) ; i
(32)
The actual stator current amplitude is
; 2 0 2 D 2 2
is =4/ig+i; = 3 15+ iy + e (33)
and the theoretical stator current amplitude 74, is
ist = \/ iar® + iqt2~ (34)

With the above definitions, the adaptive thresholds are ana-
lyzed. It is well known that the switch open fault would lead
to actual stator current amplitude ¢4 decreased. Under the effect
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of current closed loop, current controllers would increase the
theoretic stator current amplitude ¢, in order to increase its ac-
tual value. If the variables in the adaptive thresholds expression
[/|2]|2,]|%||2, and ||A%]|2 in (27) and (29)] can be replaced by i
and 74, the analysis will be much easier.

After switch Ty open fault, the phase currents satisfy

ia =0
{ia+ib+z’C:O. (33)

Therefore, variable ||2||2 can be simplified as

lily = /(o — i) + (i — i0)* + (i — i0)* = VB - Jis].
(36)
Similarly, stator current amplitude 75 can be simplified as

is = \/i2 +i2 + i = V2ip| . (37)
According to (37), (36) can be written as
. 3vV2
lilly = == - is. (38)

Hence, ||||2 is expressed with i successfully. As for the vec-
tor u, it components can be simplified as follows by substituting
(31) into (16):

*

Uy Uy, — Up, — €q + € Tat — Tt

~ _ * * . . .

U | = | up, — Uy, —€+ec | =2 |ty — et | - (39)
~ * * . .

us Uep — Ugp — €c + eq et — lat

By inversing (32), theoretical phase currents can be expressed
as

Bt cos(0) — sin(h) .
it | = cos(f — 2F)  —sin(f — 2F) [idz] . (40)
bet cos( + &)  —sin(f + 2F) !

With (39) and (40), the variable ||u||2 can be rewritten as

3v2

Thus, ||@||2 is expressed with i4:. As to the variable ||Ag||2,
its components can be written as follows according to (18):
Aij(k) = 1;(k+1) —i;(k) = ij(k+1) — gij(k) = u; (42)

where g = exp{— R;Ts/(L— M)} = 1.
Therefore, Ai can be expressed as

Uy Uan — €q — (Upn — €p)
Ai= [uy | = | Upp — € — (Uen — €c)
us Uen — €c — (uan - ea)
ia - Z.b
=Zp | tp—t.| =212 43)
Z‘c - ia

With (38), (41), and (43), the designed adaptive thresholds
can be expressed as

3v2
Ty = To 4+ V3my -is + %ZLm2 st (44)
Tho :T0+3\/§(m1 +msZL) - is. 45)
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From (44), it can be found that under light-load condition
(is =~ 0), Ty1 would increase with i, after the fault. However,
under faulty conditions, the fault detection threshold is expected
to be much smaller than the fault detection index to avoid missed
detection. Therefore, the increase of 77,1 would lead to the rise
of the missed detection rate.

As for the adaptive threshold 77,5 shown in (45), it is positively
correlated with 7. Thus, 7},5 decreases with i after fault, which
makes the fault easier to be detected.
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