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Abstract—Due to the increasing requirements of safety and
reliability in more electrified applications (transportation for
example), fault detection and diagnosis (FDD) of electrical
systems has become a hot research topic. In the process of FDD,
there are three steps: fault detection, fault isolation and fault
estimation. The first two items are the commonly addressed
while the last one is less tackled as it requires the development
of a fault model which parameters are relevant of the fault.
In this paper, we propose an analytical model of multiple fault
effects on a three phases electrical system. The model is based on
the expressions of the currents in the (d,q) or Park synchronous
rotating reference frame. We prove through simulation results
the efficiency of the model for fault combination of gain, offset
and phase shift. The results show also the accuracy of the model
that could be used for fault estimation purpose.

I. INTRODUCTION

Because of the increasing requirements for safety, reliability
and availability in industrial processes and transportation
applications, fault detection and diagnosis (FDD) has become
a very popular area of research [1], [2].

For FDD process there are different methods that can be
used depending on the initial knowledge on the process.
There can be mainly classified in three families, model-based
[3], language-based and data-driven [4] as displayed in the
following Figure 1, [5].

This process requires:

o The modelling of the process,

o The adequate information domain selection (time, fre-
quency, time-frequency or time-scale),

o The relevant features extraction and analysis.

The term fault is commonly used to denote any unexpected
behaviour due to the fact that a variable or a parameter is
outside its usual range. The symptom is the effect of the
fault, that can be observed or estimated.
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Figure 1. Fault detection and diagnosis approaches

The FDD process includes three steps, fault detection,
fault isolation and fault estimation. In fact, to extract the
characteristics of the fault (fault estimation), a fault model
must be derived which parameters reflect as accurately as
possible the fault. The method is summarized in Figure 2.

In this work we propose to focus on the fault modelling in
a three phase system. With a sufficiently accurate model, the
fault estimation could be easily considered while inverting the
model for example in diagnosis or prognosis purposes.

For three phases AC drives, the most common features used
for fault detection and diagnosis [6] in the literature are:

o the currents as they are usually available to the control,
(71, [8]

o the other electromagnetic quantities [9], [10] such as
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power, torque, fluxes, etc...
o the vibrations signals [11], [12].
There are three types of fault occurrence: the abrupt fault,
the gradual fault and the intermittent fault. Their description
are displayed in Figure 3.
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Figure 3. Main fault types

For each fault type an analytical model should be derived
for the fault estimation. In this work, we are mainly interested
in faults occurred in an three phase electrical system. The
features under interest are the currents flowing into the system.
The paper contribution is the development of an analytical
model of the combined faults based on the currents in the
(d,q) synchronous rotating frame. The paper organization is a
follows:

o section II presents the general fault model for a three

phase system,

o section IIT presents the model in the case of an AC drive
structure. The machine windings coupling (star or delta)
is considered,

o the model is validated in section IV,

o a conclusion closes the paper.

In order to study the influence of a fault on each of
park currents, it is necessary to develop a model describing
the variation of these currents in case of presence of a
certain symptom (gain variation, offset, phase shift, or the
combination of two or three symptoms). In this chapter,
we’ll derive this model and evaluate its validity it in a noisy
environment.

The objective is to find an analytical model that could fit
with the data measured on a real process.

II. FAULT EFFECT MODELLING

A. Current modelling

Considering that faults in a three phase electrical system is
performed on its feeding currents, we propose here to consider
the combined effect of the faults on these currents. Let’s
consider the 3 currents 4., %, ¢, respectively for the 3 phases
a, b, c. With a healthy behavior, these currents can be written
Tay» by» te, Such as :

ia, = IV/2sin(6) (1)
i, = IV/2sin(6 — %ﬁ) 2)
icp = IV/2sin(0 + %ﬁ) 3)

Where: 6 = wt with w the frequency and ¢ the time variable.
I is the current root mean square value.

We propose here to consider a combination of several basic
faults (gain, phase, offset, ...). For this work, we consider that
when a fault occur, the current signal elements in the three
phases a, b, ¢ of the electrical system are modified in terms
of amplitude (gain fault A;;), mean (offset fault ;) and time
delay (phase shifting fault ¢;) in the jth corresponding phase
of the motor. We can then write the faulty signals Tags Tbys
ic, such as :

ia, = (IV2 4 Aq))sin(0 + 1) + 7 (4)
in, = (IV2 + Ay,)sin(0 — 2?” )

2
bep = (I\/§+Ai3)sin(6+ % +3) + 73 (6)

Then while we consider the evolution of the currents in the
Park transform domain, we obtain the two currents 74 and 4,4
and the homopolar component ¢y from the three currents %,
ip, 1 such as :

g "

iq= %[iacos(ﬁ) + ipcos( 3 )+ iccos(6 + 2%)} (7

2 2 2
iy = 3liasin(9) + isin(6 - g) + iesin(0 + %)] )
1
Z'0 = g[ia + 1y + Zc] (9)

Then, if we compute the equations ¢4, i, and ig in the
faulty case while considering (4), (5), (6), we obtain the faulty

expressions id, lq; and 1o, -

B. Fault effect in the Park transform
1) Faulty signal calculation of: ig,
Equation (7) can be written as the following one :

. 2. . 2 . 2
ia, = g[zafcos(@) + iy, cos(0 — ?W) +ic,cos(0 + %)} (10)



Let’s denote the different constants due to the three
considered fault effects for the d component such as :
Qg =7 — %(’Yz +73)

Hd = @(72 —73)

Ba = arctg(£2)

dq = cos(p1) — cos(p2 — ) — cos(p3 + %)

eq = sin(p1) — sin(p2 — §) — sin(ps + §)

na = sin(p1) + sin(p2) + sin(es)

oq = A cos(p1) — Aiycos(p2 — 3) — Aiycos(ps3 + 3
Ta = A, sin(p1) — Agysin(pz — §) — Agysin(ps + 5§
vg = Ay, sin(pr) + A, sin(p2) + A, sin(ps)

~—

Thus, we can obtain the expression of the faulty current
along with the d component of the park transform as:

2
iay = 3ly/ad + pgeos(0 — Ba)+
e a1
I\/i(gy/éd + e2cos(26 — arctg(e—)) + 577d)+
d

1 1
—y/03 4+ 12cos(20 — arctg(ﬁ)) + —vd]
2 T4 2

Nota : The arctg(.) function derives an angle with an
accuracy k7 with k an integer value.

an

2) Faulty signal calculation of: i4,

Equation (8) can be written as the following one :

)

. 2. S o 2m
zqf:g[zafsm(G)—l—zbfsm(H— 3 —l—chsm(ﬁ—i—?)] (12)

Let’s denote the different constants due to the three considered
fault effects for the ¢ component such as :

ag =7 — 5(72+73)

Hg = (73 — 72)

Bq = a?"ctg(%z)

0q = sin(p1) — sin(pz — §) — sin(pz + %)

gq = —[cos(p1) — cos(p2 — §) — cos(ps + 7]

Nq = cos(ip1) + cos(p2) + cos(p3)

o4 = Aj, sin(pr) — Ay, sin(ps — g) — A, sin(ps + g)
Tq = —[Ai cos(p1) — Ajycos(pa — §) — Aiycos(ps + §)]
vg = Aj,cos(p1) + Ai,cos(pa) + Ajscos(ps)

We can notice that : g = g5 ftg = —pd 6q = €45
gq = 04504 = Tg; Tq = —04.

X 2
igf = 5[’/(13 + p2cos(0 — By)+

1 d 1

- 2 2 _ q -
I\/§(2,/6q + e2cos(20 arctg(eq)) + 277q)+ (13)

1 o 1

- 2 2 _ q -

5\ [o2 + T2c0s(20 — arcty( T ) + 2vq]

3) Faulty signal calculation of : iy,

Equation (9) can be written as the following one :
. 1 .
l0; = ghl + 792 473 + (IV2 + A, )cos(pr)sin(6)
— (IN2 + Ay,)cos(pa + g)sm(e)
— (IV2 + Aig)cos(ps — 5)sin(9)
+ (I\/§ + Ay, )sin(e1)cos(0)
— (I\/i + Ay,)sin(p2 + il

3 )eos ()
— (IV2 + Ay,)sin(p

(14)

™
3 — —

$)cos()

IIT. APPLICATION TO PARTICULAR MACHINE COUPLING

As an example, for the fault detection and diagnosis of
an induction motor drive, the output currents of the inverter
feeding the AC drive can be considered. (Figure 4). Never-
theless, the coupling mode of the electrical machine have to
be considered as a particular way of use.
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Figure 4. Voltage fed induction motor

According to the machine coupling mode, specific con-
ditions can be deduced from the Park’s transform currents
given in equations (11), (13), (14). For our study, we have
considered 3 different coupling modes :

o Star coupling with an isolated neutral

o Star coupling with a non isolated neutral

o Delta coupling

This allows us to more easily explain and interpret the
results obtained after a fault occurrence.

A. Star connection coupling with a non isolated neutral

With a star connection with non isolated neutral, there are
no constraint on the currents. In this case, the equations in the
faulty cases are not constrained. Thus the representations of
this currents in the Park transform domain cannot be reduced.

B. Star connection coupling with an isolated neutral

While using a star connection coupling with an isolated
neutral, the currents feeding the machine are constrained (see
Figure 5).

In this case, the sum of the currents feeding the three phases
of the electrical system and arriving in the same neutral node




Figure 5.  Star coupling with isolated neutral mode

must be zero either for healthy and faulty behaviors. So in
the faulty case, we have to respect the condition ) i;, =
0. Then whatever the fault (gain, offset and phase shifting)
combination, we have to respect the equation 4., +ip, +i., =
0. Therefore, we have:

m=—(r+%)

. R T
2
w2 p3 2w (13)
Ail = 72Ai2008(7 — ? — ?>
A, = Ay,

So if we consider no phase shifting on the current in phase
b and c, i.e 3 = @3 = 0 this induces that there will have no
phase shifting on phase a ¢o; = 0 then we will have constraints
on the gain faults such as :

2T

A = —2Ai2003(—?)
= Aiz = Ai3

So, while there is no phase shifting, the gain fault effect will
be the same for the three phases of the induction machine.

(16)

C. Delta connection coupling

For a delta connection coupling mode, the currents circula-
tion can be modeled by the scheme depicted in Figure 6. In

i ’\"'
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Figure 6. Fresnel representation of currents

such mode, the currents to be considered are those in the delta
triangle scheme i.e in the branches ab, bc and ca leading to
the corresponding currents 74y, ipe, and iq,. It is well known
that they can be written as denoted in equation (17):
iab - ia - ib
ibc = Z'b - ic (17)

leqg = b — lg

In the heathy or faulty case these equations will be respectively
written with a h or f letter as lowerscript. Then in a balanced
system, the corresponding currents will be:

2
Tab, = I\/;sin(G + %)
2
be), = I\/;sin(e - g)
2
ica), = I\/;sin(O — %r)

If we consider that A;__, 7., and ¢, are respectively the
gain, offset and phase shifting equivalent faults in the delta
mode coupling for the currents in the zn'” branch, we can
then write them according to the faults of the three original
currents :

(18)

So, let:
Ail = Iﬁ(% - 1) + Ailz
Aiz = I\/ﬁ(% - 1) + A1'23
Ai3 = I\/i(% - 1) + Aisl
71 = 712 Y2 = 723 V3 = 731
p1 = §tpi2 P2 = §+pas p3 = Ft+ea

Then we obtain the faulty currents in the equivalent delta
coupling mode as :

iab, = (IV2 4 Aq))sin(0 + 1) + 71
ey = (V3 +A3)sin(0 — 2 +0) 4% (19)
ica, = (IV2+ Ay,)sin(0 — %ﬁ +¢3) +73
For the delta coupling mode the currents must respect the
constraint i,y + tpe + fecq = 0

Under this constraints, for the faulty currents, we show that
the faults will satisfy the following relations :

Y12 = —(y23 + 731) (20)
@12:%ikw k=1,2,... Q1)
\f 1
A1'12 =-1I 2(% - 1)_
P23 P31 2w

2Ai31003 7 — 7 — ?)7 (22)

1 P23 P31 2T

2IV2(— —1 == —

VA = Deos( 0 = G =)
Considering these results, the delta connection is a

particular case of the star connection coupling mode and then
the same results are obtained.



IV. MODEL VALIDATION

In order to validate the derived analytical model, we
propose to consider three phases currents ., %p, 4. and
corrupt them with the mentioned faults. The park transform
is applied to the faulty signals and the resulting waveforms
obtained for the currents ¢4, 7, and iy are compared to the
ones proposed in the modelling and obtained through the
equations (11), (13), and (14).

For the validation we propose to consider a star connection
coupling with isolated neutral. At the first step, we create
three phase currents i,, %5, ¢ Where the signal frequency is
50Hz, the signal to noise ratio is 20dB, the currents amplitude
peak to peak is 2A (Figure 7).
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Figure 7. Healthy currents with SNR=20dB

In these conditions, the Park transformed currents ¢4, ¢, and
1g are DC values.

Then we corrupt the currents with the mentioned faults
simultaneously. For the displayed results we will consider a
fault on the phase a i.e on i, with a gain fault of 25% of the
original current amplitude, an offset fault with an amplitude
of 15% of the original current amplitude and a phase shift
of 35% of the full phase range. The effect of these faults
combination is given in Figure 8.

With the faults combination, the Park transformed is com-
puted. The results highlights sinusoidal waveforms for the
currents 74,, and 7,, with varying amplitude. The spectrum
analysis of these signals highlights that the main frequency
for both is 100Hz (twice the original frequency). The current
ig, has a noisy resultant signal with zero mean (Figure 9) and
a lower amplitude. With a spectrum analysis we can confirm
that the main frequency of this signal is SOHz (same frequency
as the original three phase currents).

For the same fault combination, we have computed the
model derived in the equations (11), (13), and (14) respectively
corresponding to the Park currents 44, , iy, and ig,. The result
obtained for the modelled currents are displayed in Figure 10.

To check the efficiency of the model and compare its
results with those obtained while computing directly the Park
transformation, we have plotted on the same figure the same

Noisy faulty Currents (A)

Time(s)

Figure 8.  Faulty currents with SNR=20dB, Gain fault 25%, Offset fault
15% and Phase shift 35%
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Figure 9. Faulty currents in the Park transform domain for fault conditions:
Gain 25%, Offset 15% and Phase shift 35%
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Figure 10. Model of the currents idf, iqf and i()f

modelled and simulated current. On Figure 11 the signals
corresponding to i4, are displayed. These two currents
are exactly the same (same amplitude with same frequency
spectrum). While computing the error we obtain a mean value
equal to 1 x 10716, This proves that the model derived in (11)
is accurate.



T
Simulated id'

P | — e - Modelled iy aB

o
o

|
o
o

Faulty currents in the Park transformed domain (A)
1
- o

N
&)
o

0.01 0.02 0.03 0.04 0.05 0.06
Time(s)

Figure 11. Faulty Park transformed current ¢4 comparison between modelled
and simulated signal

On Figure 12 the signals corresponding to 7,, are displayed.
The 2 currents are very close (same amplitude with same
frequency spectrum). The mean error value between the two
currents is equal to 1.6 x 10~'7. This proves the efficiency of
the model derived in (13).
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Figure 12. Faulty Park transformed current 7, comparison between modelled
and simulated signal

On Figure 13 the two signals corresponding to i, are
displayed. They are similar even if the simulated one is
widely influenced by the noise level. The mean error value
between these two currents is 4.4 x 10~%. This value is higher
than those obtained for i, " and i, . because of their lower
amplitude. The efficiency of the model derived in (14) is
proved.

V. CONCLUSION

In this paper we have studied the effect of combined
multiple faults on the currents feeding AC drive motors. We
have proposed to consider gain faults, offset faults and phase
shifting faults for the three phase currents. We have proposed
to do this study in the (d,q) Park transformed domain. We
propose a theoretical model for the three park currents ig4,
iq and 7o taking into account the fault effect. We prove the

0.08

0.06%

T
. Simulated ioq
b | -0 - Modelled iO 'f
3 Il

0.02+% { ] ] 4 B |

0.04

002t ‘ : g J 1
004t § & e f 2 P 1

006k i ¥ |

Faulty currents in the Park transformed domain (A)
o

-0.08

0 0.01 0.02 0.03 0.04 0.05 0.06
Time(s)

Figure 13. Faulty Park transformed current 79 comparison between modelled
and simulated signal

efficiency of the proposed model compared to the simulated
signals. Such approach is useful to forecast the currents behav-
iors for prognosis and the evolution of the system. Moreover,
while reversing these models, they could be efficiently used
for estimating the faults severity characteristics for diagnosis

purpose.
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