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Detection and Localization of Open-Phase Fault in
Three-Phase Induction Motor Drives Using Second
Order Rotational Park Transformation

Ali Hajary ¥, Reza Kianinezhad, S.Gh Seifossadat, S.S Mortazavi, and Alireza Saffarian

Abstract—The open-phase fault in vector-controlled drives is
known as one of the most prevalent failures that require imme-
diate detection. It is still challenging to develop a trustable fault
diagnosis scheme at light load, transients, and low-speed regions.
This paper presents a novel open-phase fault diagnosis strategy for
three-phase induction motor drives over the entire speed range and
for different load conditions. By taking advantage of the second-
order rotational park transformation (SORP), new fault indices
are proposed to identify the open-phase location without using any
additional sensors or electric equipment. Comparing with root-
mean-square (RMS) calculation-based methods, the proposed
method detects the fault at least twice faster, with minimal sys-
tem resources. The presented scheme may be implemented simply
and is robust against the operating point changes. Proof of the
proposed fault detection and localization method has been shown
through experimental tests on a 250-W three-phase induction ma-
chine which is controlled by TI-DSP F28335.

Index Terms—Fault diagnosis, open-phase fault detec-
tion, second-order rotational park transformation, three-phase
induction motor.

1. INTRODUCTION

HREE-PHASE induction motor drives have become one
T of the main devices in various high-performance indus-
trial applications such as hybrid and electric vehicles, automo-
tive powertrains, oil pumps, and renewable energy conversion
systems [1]—[3]. For these applications, fast and secure fault de-
tection becomes essential to prevent damage to the motor drive
system and guarantee high-reliability levels. On the other hand,
in order to achieve a fault-tolerant control, the machine failures
have to be immediately and effectively detected [3]-[6].

For implementing advanced speed control algorithms,
highly efficient semiconductor switches are used to generate
pulsewidth modulation (PWM) voltages. Hence, the reliabil-
ity of converters is critical for three-phase machine drives [4].
Power converter switch failures can be generally classified as
the short circuit and open circuit faults [7]-[9]. Usually, a
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short circuit fault in these elements causes a high overcurrent
and consequently trips the drive system immediately. Nowa-
days, electric drives are easily protected against short-circuit
faults. By contrast, open-phase faults that may happen due to
open-converter leg switches, mechanical shocks, vibrations, and
unsecured stator winding connectors may not activate the over-
current protection. Such undetected motor faults can lead to
excessive electrical and thermal stress on the healthy switches,
torque ripple, and eventually serious mechanical vibrations in
the faulty drives [2], [14]. Hence, the open-phase fault diagno-
sis for three-phase machines has become an important research
topic.

In recent decades, various open-phase fault detection meth-
ods have been proposed for three-phase motor drives [10]-[34].
Generally, existing fault detection works could be divided into
three groups: signal-based [10]-[23], model-based [24]-[31],
and artificial intelligence methods (artificial neural networks
and fuzzy systems) [32]-[34]. Fuzzy logic/neural network tech-
niques have serious drawbacks that require real experience/mass
data to develop an optimum fault diagnostic strategy. Hence,
they are complex to implement.

Over the past few years, model-based and signal-based fault
diagnosis approaches have been the most researched methods
in this area. In [24], a model reference adaptive system (MRAS)
technique for a permanent magnet synchronous motor (PMSM)
drive is employed to detect faulty switches. In [25], a current pre-
dictive technique is considered to detect the open-phase fault.
Some simple diagnostic strategies were proposed in [26] and
[27] to identify multiple open-switch faults based on three-phase
current distortions. Also, in [28] and [29], two real-time algo-
rithms were proposed for detection of open-circuit and unbal-
ance faults in power converters. Model-based methods are easy
to implement in existing speed-control techniques and present
fast real-time detection. However, they require precise identifi-
cation of the model or signal patterns. Hence, these methods are
sensitive to model parameters and state estimation.

Signal-based techniques are subdivided into frequency-
domain [10]-[13] and time-domain approaches [14]-[23]. In
[10], a harmonic analysis using zero-sequence voltage compo-
nents has been proposed to detect interturn faults. In [11], the
normalized harmonic components of the bus current have been
used to detect the open-circuit faults in switched reluctance mo-
tor drives. Then, in [12], signal features are extracted using Fast
Fourier transform (FFT) to locate the open-circuit faults. In high

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0003-2878-2529
mailto:Alihajary@gmail.com
mailto:reza.kiani@scu.ac.ir
mailto:seifossadat@yahoo.com
mailto:mortazavi_s@scu.ac.ir
mailto:a.saffarian@scu.ac.ir

11242

—speed regions, the fault harmonic and other nonlinear harmonic
effects could be discriminated clearly. Hence, these approaches
can easily detect the fault. However, at low speed, the operating
frequencies are quite low to effectively separate them from the
fault harmonics. Hence, fault detection might fail when adopting
FFT to diagnose the fault at low speed operating conditions. On
the other hand, the fault harmonic spectrum analysis becomes
more difficult in the transient regime [13], [22]. It is noteworthy
that the converter switch failures primarily occur due to the high
rates of switching spikes (dv/dt) during transients. For such con-
ditions, frequency-domain approaches may not provide perfect
fault detection for variable frequency drives. By contrast, the
time-domain signal processing approaches are much more effi-
cient for such transients and for load disturbances [22], [23]. A
common time-domain open-phase fault-detection technique is
to calculate the root-mean square (RMS) values of three-phase
stator currents over a fundamental period [14]-[18]. In this tech-
nique, a current residual value is considered for fault detection.
When the residual value exceeds the predefined threshold, a
fault indication signal is generated. In rms-based methods, the
detection signal is triggered at least one electrical cycle after the
fault inception. Hence, a significantly large memory is required
in low-speed regions to activate the fault-detection algorithm. A
cost-effective rms-based approach has recently been proposed
in [18]. In this method, a zero-voltage vector sampling approach
is applied to reconstruct the phase currents and generate diag-
nostic variables. For an induction or synchronous motor drive
which is controlled using FOC, the faulty phase could be found
by measuring phase currents and applying the arctangent func-
tion of stator current d—qg components [19]. When the drive is
operating near the full-load condition, this method may easily
detect the faulty phase. However, diagnostic accuracy is atten-
uated under no-load and light load operations. To overcome
this shortcoming, some approaches were developed based on
the neutral point (NP) voltage measurement [20]-[23]. In [20],
an open-phase fault detection and discrimination scheme based
on zero-sequence voltage component has been proposed for the
PMSM drive systems. A similar fault diagnosis method has also
been developed in [21] to detect interturn faults. In the presented
technique, the zero sequence of both voltage and current com-
ponents are utilized. In [22], the induced fault harmonic in NP
voltage is measured to identify the faulty phase. In addition,
a fault-tolerant driving control strategy is employed to enable
the drive to continue during the fault. Moreover, the harmonics
in both d—q currents and the NP voltage are analyzed in [23]
to detect the open phase. Although in these methods a higher
level of detection performance is achieved, these methods re-
quire additional voltage sensors or electrical circuits, resulting
in significant system cost and complexity.

Considering all the aforementioned drawbacks, this pa-
per presents a novel time-domain open-circuit fault-diagnostic
scheme based on analyzing the d—¢g currents in the second-
order rotor-reference frame for vector-controlled drives. The
SORP transformation of d—q current signals contains infor-
mation needed to detect and locate the open-phase. Employ-
ing the second-order reference frame signals, the open-phase
faults could be detected within a half electrical cycle. The fault
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Fig. 1.  Schematic diagram of the three-phase induction machine under field-
oriented control drive together with the proposed fault diagnosis scheme.

-diagnosis system has been developed regarding its applications
in industrial electric drives. The developed system identifies
and locates the open-phase faults for condition monitoring and
triggers fault-tolerant control schemes. The proposed scheme is
effective over the whole speed range and for any loading con-
dition, contrary to the previously proposed methods, e.g., [19].
A significantly less amount of computation or memory storage
is required than the rms-based methods [14]-[18], avoiding the
use of additional sensors and the increase of drive system cost
and complexity [22], [23]. Thus, the proposed method is suit-
able for low-cost motor drive systems. The performance of the
proposed scheme has been analyzed through experimental tests
on a sample three-phase induction machine. However, it can be
implemented on six-phase machines configured with two iso-
lated neutrals, by extending the Clarke and Park transformations
in these machines.

The second part of this paper explains the SORP transforma-
tion mathematically. In Section I1I, the proposed fault diagnostic
scheme is described in detail. Verification of the fault detection
performance is presented through hardware implementation in
Section IV. Finally, the last section provides the main conclu-
sions.

II. PROPOSED OPEN-PHASE FAULT DETECTION METHOD

This part describes the mathematical analysis of the three-
phase induction machine during an open-phase fault. Practi-
cally, it is desirable that the fault detection scheme employs d—g
currents which already are available from the prime FOC con-
trol system. The fault detection unit is independent of the drive
system, so it can be easily embedded as a subsystem. Fig. 1 illus-
trates the field-oriented SVPWM drive system combined with
the fault diagnosis unit which detects and locates the open-phase
faults.

A. Analysis of d—q Currents in Healthy Operation

When the induction motor is driven by a healthy voltage-
source inverter, the three-phase symmetrical current waveforms
are as follows:

ia = I, cos (wst + )
iy = Iy, cos (wst — 2m/3 + ) (1)
ie = I, cos (wst + 27/3 + )
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where wy is the phase current frequency, [,,; the amplitude
of each phase current in healthy condition, and ¢ the initial
phase angle which is also the load angle in healthy condition. In
the field-oriented control scheme, the three-phase quantities are
transferred to a—(3—o currents based on Clarke transformation

NS
[T]:§ 0 V3/2 —\/3/2 )
05 05 05
lia i i0]" =[T).[ia i ] 3)

The core part of FOC is the rotor flux position, 65 which is
calculated as [36]

0, = /ws.dt: / (p.wm + Zq_ >.dt 4)
T iq

where w,, is the rotor speed, p the machine pole pairs, and 7, is
the rotor time constant. The rotational park transformation [D],
converts the a—( subspace to the d—¢q plane

sin @, }

cos b,
(5

—sinf, cosb,

o= |

lia i]" =[D).[ia 5] (6)

Using the generalized park transformation, the three-phase
motor currents are transformed to two orthogonal components
in the field-oriented control. Therefore, in healthy operation, the
d—q currents can be expressed as

{Id = I, cosp

7
I, =1, sinp ™

Theoretically, the load angle ¢ remains between 0 and 90
degrees for an induction motor under healthy condition. At no-
load condition, ¢ is close to zero; thus, the torque component
current, %, is nearly zero [23]. According to the principle of the
FOC scheme, the flux component current, ¢4 is controlled to
keep it, the same as its value at no-load condition (¢ = 0) i.e.,
iq = I,,,. However, when the motor is loaded, both of 7,,,; and ¢
increase, resulting in an increment in %,. By contrast, i4 nearly
remains constant as I,,,; increases and cos (¢) decreases under
field-oriented condition (See Fig. 2).

B. Analysis of d—q Currents in Faulty Operation

Itis possible to accomplish the theoretical analysis of the fault
condition by expressing the post-fault equations for the other
healthy phases. It is assumed that open phase occurs in phase
a,i.e., i, = 0and i, = —i. = —I,,cos (wst + @, ). According
to (3) and (6), iq and %, should be modified in faulty condition
as follows:

. NE
la, sy = _glrwz sin (260 4 ¢,) + ?Imz sin (¢q)
—_————
DC Value (8)

1y,

—fault

: 3
= —@Imzcos (20 + v,) — g[mzcos (¢a)-
—_——

DC Value
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Fig. 2. Induction motor currents at no-load and 45% of load (Experiment test
at 500 rpm speed reference).

Similarly, for the faulty phase b; i, = —i, = —I,,,cos
(wst + 901))
Idb*f;\ult = %ITRQSin (29 + 5017) + %ImZCOS (29 + Qﬂb)
3 . 1
— %Imz sin (pp) + §Im2 cos (gp)
DC Value i
Ly e = —%Im?sin (20 4+ ¢p) + %Imz cos (20 + ¢p)
1 V3
+ §Im,2 S111 (‘Pb) + ?Imz COSs (%)
DC Value
9
And for the faulty phase ¢; i, = —i, = —1I,,,, cos (wst + ¢, )
Lo, 0 = ?an sin (20 + ¢.) — %Imzcos (20 + ¢.)
V3. 1
- 7Im,2 S111 (SO(:) - 71771,2 COoS (QO(:)
6 2
DC Value
Iy, o = %Lmsin (20 + @c) + ?Imzcos (20 + ¢.)
1 V3
- §I,nzsm (pe) + ?Imz cos ()
DC Value

(10)
where ¢, , 3, and @, are, respectively, the post-fault phase an-
gles related to faulty phase a, b, and ¢ conditions. In (8), (9) and
(10), I, is the current amplitude in the fault condition. Ana-
lytically, it can be seen from the above fault equations that due
to the open-phase fault, an oscillating signal with a frequency
equal to twice of the fundamental frequency appears in both iy
and 7, [23]. However, the positive pre-fault dc (average value)
related to the load condition is not affected by the fault [19] (See
Fig. 3).

Taking the effect of current phase angle variations un-
der healthy condition(0 < ¢ < 7/2)and comparing dc values
of pre/post-fault equations, the phase angle variations under
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Fig.3. Induction motor currents in pre- and post-fault conditions (Experiment

test at 500 rpm speed reference and no load).

post-fault condition should be as follows:
7T/ 2<@,<m

—7/6 <y <7/3
—5m/6 < . < —7/3.

an

As seen in (11), different phase angles are observed for the
two remained healthy phases under the fault condition. Phase
angles are shifted by 90, —30, and —150 degrees for fault in
phase a, b, and c, respectively.

III. DERIVATION OF THE FAULT DIAGNOSIS SCHEME
A. The d—q Currents in Second-Order Reference Frame

According to the above equations, d—g currents under the
faulty condition and a—( currents under the healthy condition
proceed in the same manner, i.e., there is 90° phase shift between
them. The rotational second-order park transformation [Dsg],
converts the (d—q)y subspace to the (d—q)2¢ plane. These two
new variables presented here, provide efficient fault detection
and localization in a three-phase machine

cos20,  sin 20
Dol = k ' 12
(D] |:—Sin 20,  cos 20, :| (12)
lds,) _ | cos 20, sin26; | [ia,, .
iq(zg) —sin20; cos20; | [ig,, :

Applying the proposed second-order rotational park transfor-
mation to the (7), (8), (9), and (10), 7, and %, in the second-order
rotor reference frame are calculated as follows:

1) Healthy Operation:

Iy, = I, cos (20 — @)
Iy, = —Im,sin (20 — ).
As seen in (14), pure sinusoidal waveforms are produced by

applying the SORP transformation, in (d—q)2¢ currents. Hence,
the average value of the I;(39) and (29 under normal operation

(14)
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take zero values within half period of the fundamental period

. 2 )H—TS/Q
qu(zg) = f/f IdtJ(zg)'dt ~0

where I_dq(29> is the average value of (d—q)2¢ currents within
a half cycle. Therefore, the average absolute values higher
than a predefined threshold could be considered for registering
a fault.

2) Faulty operation: The detection variables I;,(2¢) just
identify the open phase fault. In order to locate the faulty phase,
the 129y and I,(29) could be investigated in open-phase fault
occurrence.

5)

Fori, =0
Li,,, = I:d(zﬁ) + jd(m = 7§1’mzcos (20 + ©,)
— ?IWHCOS (¢a)
N
Tus,)
Ly, = Lo, + f;z,,) — B1,,sin (20 — o,) (16)
- ?Imz sin (,) -
Lyay)
And for i, =0

V3
71771,2

1
= §Imzsin (20 + pp) + -

Lagy,) = Lagy,) + i,

1 3
xcos (20 + ¢p) — §Im251n(apb) + %Imcos (¢p)

"(2¢9)

. . V3. 1
IQ<29) = IQ(zﬁ) + If](zm = ——1In,sin (20 + @) + §Im2

6
3 . 1
xcos (20 + vp) + %Imz sin (vp) + 5],,12605 (pp) -
jf](‘-’g)
(17
And fori. =0
- . 1. V3
Id(zg) = Id(Za) + Id(‘za) = _§Imzsm (29 + 900) + ?Iﬂlz
1 3
xcos (20 + ¢.) + il,nzsin (pe) — %Imzcos (pc)
f'i(Qa)
- _ V3 ] 1
Iq(ze) = IQ(29> + qQ29) _?Iszln (29 + 906) - §Imz
3 . 1
xcos (20 + ¢.) + %Imzsm (pe) — §Im2c0s (pe)
jq(Qg)
(18)

where I dq(20) and qu<29> are the (d—q)2¢ oscillating and aver-
age terms in fault condition, respectively.

To mitigate associated problems with the transients, and
to set the same thresholds for various speed drives with
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TABLE I
PER UNIT NORMALIZED d—g AVERAGE VALUES VERSUS PHASE ANGLE VARIATIONS IN NORMAL REFERENCE FRAME

11245

Healthy Phase a-Fault Phase b-Fault Phase c-Fault
¢ TZM T{q)l{ wa 7‘:}“ T[(;u wb I_ZM Tzu (06 Tzll
0 1 0 1.57 1 0 -0.52 1 0 -2.61 0
0.1 0.995 0.0998 1.7 0.9917 0.1288 -0.3 0.9751 0.2217 -2.4 0.9763 0.2163
0.3 0.9553 0.2955 1.9 0.9463 0.3233 -0.1 0911 0.411 -2.2 0.9139 0.4059
0.5 0.8776 0.4794 2.1 0.8632  0.5048 0.1 0.8118 0.584 -2 0.815 0.5794
0.7 0.7648 0.6442 2.3 0.7457  0.6663 0.3 0.6796  0.7336 -1.8 0.6837  0.7298
0.9 0.6216 0.7833 2.5 0.5985 0.8011 0.5 0.5203 0.854 -1.6 0.5251 0.8511
1.1 0.4536 0.8912 2.7 0.4274 0.9041 0.7 0.3403 0.9403 -1.4 0.3455 0.9384
1.3 0.2675 0.9636 2.9 0.2392 0.971 0.9 0.1467  0.9892 -1.2 0.1522  0.9883
1.57 0 1 3.14 0 1 1.04 0 1 -1.047 1
TABLE II
PER UNIT NORMALIZED d—q AVERAGE VALUES VERSUS PHASE ANGLE VARIATIONS IN SECOND-ORDER REFERENCE FRAME
Healthy Phase a-Fault Phase b-Fault Phase c-Fault
4 TZ(uza) T 1;?20) P T 5?20) T f,?za) Py T 51?20) 1/ qzlza) P T%ﬂ) T Z?za)
0 0 0 1.57 0 -1 -0.52 0.866 0.5 -2.61 -0.866 0.5
0.1 0 0 1.7 0.1289 -0.9915 -0.3 0.7335 0.6796 -2.4 -0.9536 0.3008
0.3 0 0 1.9 0.3233 -0.9461 -0.1 0.5838 0.8117 -2.2 -0.9943 0.1055
0.5 0 0 2.1 0.5048 -0.8632 0.1 0.411 0.9068 -2 -0.9955 -0.0942
0.7 0 0 2.3 0.6663 -0.7456 0.3 0.2217 0.9751 -1.8 -0.9569 -0.2901
0.9 0 0 2.5 0.801 -0.5984 0.5 0.0236 0.9997 -1.6 -0.8802 -0.4745
1.1 0 0 2.7 0.9041 -0.4273 0.7 -0.1754 0.9844 -1.4 -0.7648 -0.6399
1.3 0 0 2.9 0.9709 -0.2392 0.9 -0.3675 0.9299 -1.2 -0.6259 -0.7797
1.57 0 0 3.14 1 0 1.04 -0.5 0.866 -1.047 -0.5 -0.866
variable current amplitudes, the normalization is conducted. And fori, =0
The per unit normalization is carried out by dividing each av-
P Y 8 e o= I = Bsin (20 + @)
erage value of 159y and I,(29) by current Park vector in the (26) d20) (20)
second-order reference frame, and peak values of the currents 1 cos (20 \/§ . 1
in (14) +5 cos (20 + o) — 7s1n(<pb)+§cos(<pb)
Thu
_ V3 > L 20)
}Iswg) | - ? V + 4(29) (19) IpLzba) = Ipléo + I Lzbw -2 5 sin (29 T
1 V3
The per unit normalized d—g currents in the second-order +\/7§ cos (20 + ¢p) + 5 S (0p) + 5 cos (op) -
reference frame can be formulated as -
L0
pu — I(d*(I)zs (20) (22)
d—q(20) |7 | And fori. =0
5(20)
peo i (20+ ¢
where Igfq(w) is the normalized per unit d—¢g current in the doy — “den) T Tdeo) 2 ( )
second-order feference frame. As a ?esult of normal.hzatlon, the + % €08 (20 + p.) + = sin (00) + = cos (g
dc values fall into [0, 1], and the variables become independent 2 2
of currents amplitude. Finally, the normalized per unit I;(24) e
@(20)
and [, a(20) currents under faulty condition could be rewritten as; e — I”“ I = —Lsin (20 + )
Fori, =0 9(20) q(20) q(20)
NG 1. V3
—X2cos (20 + p.) + = sin (. ) — —— cos (@) -
pU 7PU 7pU _ _ 2 c c c
divey = Lagyy, T 1a,, = —c0s (20 + ¢q) — cos (pq) 2 2
T Zpu
ru 111(29)
. e (23)
e = Ip“ P =sin (20 — — sin . .
4(20) 9(20) + q(20) ( #a) w As mentioned, the dc values of the d—¢ currents are not af-
1) fected by any open-phase fault condition (a, b, or ¢) and vary
(21)  only upon the load condition. However, the fault localization
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Fig. 4. 1, dq variations in fault condition based on normal park transformation

against the phase angle for each fault scenario.
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Fig. 5. I_ZZ'(Z(,) variations against the post-fault phase angle (¢, ) concerning
the phase-a open-phase fault.

method for each fault scenario has a distinct symptom for (d—
q)2¢ currents. The summary of IZ ; IZ , IZ(QQ), apd 72(29) val-
ues under healthy and faulty conditions concerning the phase
angle variations have been provided in Tables I and II. As can

be observed, the same results could be observed in 72", Tf;u for

each fault scenario while 757{29) and 731(1'29) take different values

for each fault condition. As an example, the behavior of the
dc values of d—¢g currents against the phase angle in the nor-
mal reference frame is represented in Fig. 4 for the open-phase
fault in phase a(7/2 < ¢, < 7). By contrast, the I—Ség)and

u

I_g(mvalues for three open phase fault scenarios do not have
the same variation pattern (see Figs. 5-7). This is the theoret-
ical basis of fault localization for the proposed fault-detection
scheme.

B. Fault Localization Strategy

Regarding the open-phase faults, specific characteristics cor-
responding to the faulty phase will provide the open-phase fault
diagnosis and localization. All the detection variables are close
to zero during the normal operating conditions. However, when
the fault occurs, the nglzo) and I_ZFQQ)Values carry diagnostic
information about the faulty phase. Unlike the normal reference
frame, they allow performing a different evolution of the fault
indexes. Based on the difference between these average values,
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Fig. 7. I_ZZ(%) variations against the post-fault phase angle (. ) concerning
the phase-c open-phase fault.

TABLE III
DIAGNOSTIC SIGNALS UNDER DIFFERENT OPEN-PHASE FAULT CONDITIONS

Fault Condition
Phase-a Fault

Fault Signatures
(“l=y I <0+7),&(0—y<I™ <l+y)

Phase-b Fault 05-y<I/" <1+y)&(-0.5-y<I* <3/2+y)

Phase-c Fault (\B2—y<I" <05+y) &(-1-y <I[" <-05+7)

7o
! 29y

Healthy

<o

the faulty phase can be effectively detected. As seen in Fig. 5,

the I_SFQQ) stays at values close to zero under healthy condition.

However, it gets “—1” value at the no-load condition as I_S]&g)

take unity value for highest load magnitudes when phase a is
opened. The unique pattern is obtained for fault in phase b that
I_SZX%)) take values above 0.5 under different load conditions
(see Fig. 6). On the other hand, for fault detection in phase c,
the value of I_Id)zlw) can be considered as a fault indicator that
will take negative values below —0.5 for all range of operating
conditions (see Fig. 7). It is noteworthy that the fault signatures
also allow determining the severity of fault according to the load
angle behavior. Finally, the fault symptom variables that allow
performing the fault diagnosis are listed in Table III.

To obtain more accuracy in fault detection and generate a
distinct fault index, the security margin is also set to compensate
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Fig 8. Schematic representation of the proposed fault diagnosis method.
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for the undesirable features in electric drives and computation
errors [35], [37].

The threshold margins v and ¢ have been taken for high
immunity to false alarms in both healthy and faulty operations.
These values were experimentally established for fault detection
in the whole operating range under different load conditions. It
is also possible to decrease the value of o if the accuracy of
Ty is ensured in the drive regulated with FOC. This detection
procedure involves the following steps:

1) Computing the (d—q)2¢ currents using the SORP transfor-

mation;

2) Normalization of (d—¢q)2¢ currents based on current park

vector;

3) Integration of the (d—¢q)2y current signals over the half

electrical period;

4) Analyzing the average values to detect and locate the

faulty phase.

The described fault diagnostic scheme is summarized in
Fig. 8. The experimental investigation of the proposed method
is reported in the next section to verify the trends of theoretical
analysis.

IV. EXPERIMENTAL RESULTS

To verify the capabilities of the proposed method, an ex-
perimental platform is established. Figs. 9 and 10 describe the
real-time data acquisition system and the test bench platform
used for experiments. Due to the limitations of power used
in the laboratory, the VSCs are connected to a 180 V dc bus
voltage. The SVPWM VSI is provided by a high-performance
integrated IGBT inverter module Fairchild FSBS15CH60. The
three-phase induction machine is coupled with a dc machine

11247

Fig. 10.  Three-phase induction motor coupled to the dc machine and recording
equipments.

TABLE IV
THREE-PHASE INDUCTION MACHINE SPECIFICATIONS

Machine Parameters Value
Rated power 250 W
Rated voltage(V,) 230V
Rated current (Z,) 0.76 A
Rated speed (N,,,) 1350 rpm
Stator Resistant(R;) 42.00 Q
Rotor Resistant (R,) 23.Q
Stator Inductance (L) 10.16 mH
Rotor Inductance (L,) 10.16 mH
Mutual Inductance (M) 18.50 mH
Number of pole pairs(P) 2

as a step load and the equipment sets used for recording and
monitoring the electrical characteristics of the machines. The
SVPWM frequency, as well as current sampling frequency, is
10-kHz.

The field-oriented control and fault detection techniques were
implemented by a 32-bit DSP; TMS320F28335 from Texas In-
struments. Experimental data were captured using an Advantech
Real-Time data acquisition device. The modeled system was
programmed using Texas Instruments’ Code Composer Studio
software. Then, the C code is generated and Embedded to DSP
for real-time laboratory experiments and processed using MAT-
LAB/Simulink environment. Speed information is derived from
a high-resolution encoder with 1024 pulses per turn. Three Hon-
eywell CSNE151-100 hall-effect sensors are employed to obtain
the motor currents. To investigate the proposed fault diagnosis
performance, the steady-state and dynamic behavior of the drive
system under different modes of operation is, presented. The
open-phase fault detection performance under speed accelera-
tion, load torque disturbance, and the sensor offset situations are
examined. The motor parameters are detailed in Table IV. The
open-phase fault condition is performed by manually opening
the motor terminal connections.

A. Fault Detection Performance at Light Load Operation

First, the evaluation of the proposed method has been per-
formed under light load operation, at low- and high-speed re-
gions (400 and 1300 rpm) has been performed. The first step in
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Fig. 11. Fault detection performance when the open-phase fault occurs on
phase a (400 r/min speed reference and no load).
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fos<iqr <o
[ Heattny—> ("5
Los<ialt <0

[ Phase (0 —— Phase () —— Phase () —id2t) —ia20) — Theu] | 51

' A BAAMAMAMAMMAMM

e L

0. NS 4SS 46 465 47 475 48 abs 49 495§
U5 4S5 46 465 47 475 48 485 49 495 5 Time (5]
Time [s]

Fig. 14.  Fault detection performance when the open-phase fault occurs on
phase a (1300 r/min speed reference and no load).

experimental tests is to set 7y, and o parameters to define the se-
curity margin and threshold values for trustable fault detection.
The values of v and ¢ in Table III are designed experimentally
and set to 0.3, and 0.25, respectively.

To describe time-domain motor phase currents, rotor flux
position, and the per unit normalized average values 1_23(29),
the detection indices are shown during the presence of phases

a” “b)> and “c” faults sequentially It is concluded that fault
mdexes 75 d(%) and T (29> rapidly converges to certain values
whereas in healthy condition remain close to zero value with

a small ripple. As seen in Figs. 11— 13 29) converges to

approximately —1, 0.5, and 0.5 and T° d(26) takes around 0.25,
0.9, and —0.75 values under different fault conditions.
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Fig. 17. Fault detection performance when the open-phase fault occurs on
phase a (500 r/min speed reference and 45% of the load).

These estimated values verify the analysis demonstrated in
Section III. It is noticed that observed small oscillations are
due to the estimation error in w,, and implementation issues.
Experimental results show that fault detection time depends
upon the speed of operation at the fault occurrence time.

As can be seen from Figs. 11—13, the detection time is in
the range of 11 to 16 ms, at the operating speed of 400 rpm.
This is corresponding to 13% up to 24% of the motor current
fundamental period, respectively. On the other hand, when the
open phase fault happens with a mechanical speed of 1300 rpm
the fault detection time varies from 6 to 8 ms which is around
26% to 34% of the electrical cycle (See Figs. 14—16).

One of the main difficulties for time-domain fault diagnosis
approaches is the fault detection at light load operating con-
ditions. The open-phase fault can be detected in the proposed
method even at no load, without using any additional hardware
in contrast to the approaches proposed in [19]-[23].

B. Fault Detection Performance at Loaded Operation

The performance of the proposed fault detection approach is
evaluated under loaded operation in this part. In this experiment,
the motor is controlled to trace the speed of 500-rpm. Regarding
the VSI-fed induction motor drive, aload level equivalent to 45%
of the motor rated torque, is considered. Figs. 17-19 show the
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Fig. 20.  Fault detection performance during the speed transient regime under
phase b open-phase fault (500 r/min speed reference).

diagnostic process for the considered operating condition. The
open-phase faultis introduced to phase a, at = 3.747 s as shown
inFig. 17. As aresult, the diagnostic variables TSFQQ) and 75?29)
converge to 0.75 and —0.65 values that correspond to the fault
symptoms described in Table III for fault in phase a. When the
fault happens on phase b, at t = 4.102 s, the diagnostic variables
Id(29) and T (26 ) converge to 0.1 and 1 values (see Fig. 18).
Finally, at r = 3.95 s, an | open- 01rcu1t fault occurs on phase c.
Clearly, fault indexes T d(29> and T, q(gg) converge to —0.75 and
—0.25 values immediately (see Fig. 19). The obtained results
perfectly match those obtained in Section III-B. Hence, it is
verified that open-phase fault, could be effectively detected and
localized under different load conditions.

C. Investigating False Alarms During Speed Transient

In this part, the sensitivity of the fault diagnosis method dur-
ing the speed transient is examined. Fig. 20 shows time-domain
current waveforms and detection variables’ behavior. Phase b
is manually disconnected at t = 1.92 s during the acceleration
time (start-up time). Consequently, the analogous behavior is
observed for fault indices. As seen in Fig. 20, the TSE;@) and
175(1129) converge to 0.75 and 0.5, respectively, once the open
phase fault is introduced under speed transient. Comparing the
fault trigger signals, the TI; 2129) response is observed slower than
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Fig. 21.  Open-phase fault detection immunity to load disturbance (500 r/min
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TEF%)' However, the proposed scheme detects the fault occur-
rence almost 10 ms, which is 11% of the motor phase currents’
fundamental period. Consequently, the proposed fault detec-
tion scheme presents robust behavior under transient modes.
Generally, the capability of this method will be guaranteed if
the synchronous speed accurately estimated in each sampling
period.

D. Investigating False Alarms During Load Disturbance

Fig. 21 shows the corresponding operation of three-phase
induction machine under load-torque disturbance. For investi-
gating the accuracy and rapidity of the proposed method under
load disturbance, the load torque steps up from no load to about
45% rated load at # = 3.52. The speed reference is set to 500 rpm.
As can be observed from the experimental test, the fault detec-
tion scheme is not affected by the load variation obviously. This
shows the robustness against load disturbance. It is noteworthy
that the observed small oscillations related to the estimation er-
ror in ws may not attenuate the capability of the fault detection
strategy thanks to the use of security margin.

E. Fault Detection with Phase Current Measurement Error

One of the prevalent issues that may affect the practical ap-
plications is the sensor measurement error. As reported in [38],
the sensor offset measurement errors might cause the harmon-
ics at twice the fundamental component of stator frequency in
a vector controlled motor drive. Therefore, using distorted cur-
rent/voltage signals may disrupt the fault detection process. To
investigate the robustness of the proposed method to current
measurement error the following offset components might be
considered

g —offset = Qg , Up—offset = Oa Le—offset = —Cp- 24

In (24), a positive offset on phase a sensor and a negative
offset is assumed on phase ¢ where i, gt 1S the offset error. The
d—q offset currents’ components, ¢j_ofrset, and i4_ofser, Can be
calculated according to (3) and (6)

(25)

I —offset =

2 2 2
300 €08 9) — 360 cos (0 + ?:T)

2 2 2
Gg—offset = —3% sin (0) + 360 sin (0 + 3) ) (26)

By adding (25) and (26) to d- and g-axis currents, and ap-
plying SORP transformation, the following expressions will be
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TABLE V
COMPARISON BETWEEN DIFFERENT FAULT DETECTION TECHNIQUES AND THE PROPOSED METHOD

Fault Diagnosis Method Dete‘ection Robustness  Cost Sensitive to  Implementation Computation

Time Parameters Effort amount

RMS based methods [14-18] > 1 cycle Medium Low Low Low Medium
Fuzzy based methods [32-34] ~ 2 cycles Low Low Low High High
Model based methods [24-28] < 1/4 cycle Low Low High Low Low
Frequency based method [10-13] > 1 cycle Low Low Low Low Low
Time domain methods [19] <1/2 cycle Low Low Low Low Low
Time domain+ NP methods [20-23] ~ 1/4 cycle High High Low High High
Proposed method < 1/2 cycle High Low Low Low Low
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Fig. 22.  Open-phase fault detection immunity to current measurement errors
(500 r/min speed reference)

added to (14), (16), (17), and (18)

Ydisp)-ofrset

2 2 27
= 30 cos (30) — 3¢ cos (39 + 3) 27

T 020) -otteer = —%aosin (36) + %cosin <30 + 2;) . (28)

Therefore, the third-order harmonic occurs on (d—g)2y cur-
rents due to the offset where the magnitude is proportional to
the offset error. Nevertheless, since both components in (27) and
(28) are periodic errors, produce negligible dc offset component
averaging over an interval with a period T /2 in the second-order
reference frame.

An experimental evolution is provided in this part to verify the
immunity of fault diagnosis technique against the current sensor
measurement errors. The 5% offset on a-phase current and —5%
on c-phase current are selected for result comparison. As seen
in Fig. 22, remarkable oscillations appear in d—q currents due
to current offset. However, in spite of the current measurements
errors, the waveforms of the T g5, and T, 5y in Fig. 22 allow
robust verification of fault detection. Clearly, diagnostic signals
do not show observable variations. Comparing the detection
method developed in [19] it is clear that, the fault diagnostic
variables have a very similar behavior when there is no current
measurement error, while in [19] a small current offset can
induce a large error on fault detection signals which, might
result in false alarms [23].

V. COMPARISON OF PROPOSED AND DIFFERENT FAULT
DIAGNOSIS METHODS

In this section, some important indices are selected to investi-
gate the strengths and limitations of the different fault diagnostic
techniques. The results of this comparative study are shown in
Table V. The detection time, robustness (speed transients, motor
start-up, and load disturbance), sensitivity to motor parameters,

cost, and implementation complexity, are taken into considera-
tion. By comparing the various indices as a whole, it is found
that the proposed scheme, presents highly efficient performance
while the other approaches have one or more deficiencies.

VI. CONCLUSION

In order to prevent damage to the motor drive system, the
open-phase faults need to be immediately and effectively de-
tected. This paper offers a novel low-cost fault detection tech-
nique for three-phase machines using SORP transformation.
It ensures trustable fault alarms at different operating condi-
tions without additional hardware requirement. According to
experimental evaluations, the proposed scheme presents ro-
bust behaviour over the entire speed range and different load
conditions. Moreover, it presents high robustness against the
transients and current measurement error. Due to faster fault de-
tection in the second-order d—¢ frame, less computation amount
and memory storage are required in comparison to rms based
methods. Finally, the developed signal processing strategy has a
simpler structure than conventional methods which is important
for industrial control applications.
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