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Abstract — The paper is concerned with detection of a stator and rotor winding faults in a squirrel-cage induction motor. The idea of the
fault detection is based on a hypothesis that each of windings faults results in a sharp increase or decrease of internal parameters’ values
of the machine, therefore it can be treated as a suitable fault symptom. Resistances of the stator and rotor windings seem to be adequate
quantities due to their direct relationship with the machine windings. An observation and analysis of the parameters’ changes in a
real- time domain enables to an incipient detection of the fault. It is evident that internal parameters of the machine can’t be measured
directly during operation on the drive system thus the only way is an estimation by specialized algorithms. In the paper two estimators
based on active (P) and reactive (Q) power based Model Reference Adaptive System (PQ-MRAS) estimators were utilized to achieve
this goal. The estimator employs the active (P) and reactive (Q) power of the machine which is calculated by the only measurable signals,
such as stator voltage and current. Two simple algorithms for faults detection are proposed as well. Detailed description of fault detection
systems is included in the paper. Proposed systems were tested on computer simulations performed by MATLAB/Simulink software.
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I. INTRODUCTION Other faults are related to the bearing and another
machine’s components [5], [3]. Stator windings damages are
related to an insulation degradation, what causes interturn
short-circuit (ITSC) within a coil, while broken rotor bars and
end-rings are electrical faults in the cage of the IM [4].
Motor’s winding faults have a negative impact on the

operation of the drive, and they should be detected as soon as

Electric drives with induction motors (IM) are basic
components in various systems, such as electric and hybrid
cars, trams, trains, metro, power plants and industrial
machines [1]. During operation of any electrical drive,
damage of its components can be occurred including sensors
(electrical or mechanical), power electronics devices and the

machine  [2], [3]. Internal faults of the machine can be
divided into mechanical and electrical [2], [4]. According to
the literature up to 40% of faults belong to the stator
windings and about 10% to the rotor winding.

possible, to avoid further degradation of the machine and
enable a safety stop of the drive [4], [6], [5], [3].

Several diagnostics techniques related to stator and rotor
windings faults have been developed.
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One of the most popular method is the signal- based (SB)
diagnostic procedure [4], [6]. This technique consists of an
analysis of measured signals such as: current, voltage,
electromagnetic flux, power, mechanical vibration, angular
speed and temperature [7], [3]. The analysis is performed on
time, frequency or time-frequency domains to extract specific
symptoms which are related to the faults [4]. These methods
often utilize signal analysis techniques, which are based on
the Fast Fourier Transform (FFT), Short Time Fourier
Transform (STFT), Wavelet Transform (WT), Hilbert
Transform (HT) [6], [3] etc. To improve an effectiveness of
the faults diagnosis, these methods are often supported by
solutions based on artificial intelligence (Al) (artificial neural
networks (ANN), fuzzy logic (FL)) [6], [3], [8].

Nowadays, it has become a standard, that IM’s work in
closed-loop control systems what enable to precise regulation
of IM’s electromagnetic torque or the angular speed [1], [7].
However, closed-loop control systems (including vector
control algorithms) can compensate effects of windings
faults, what complicates the extraction of the faults symptoms
from measured signals (f. ex. Stator currents) [9], [10].
Several signal-based diagnostics methods for closed-loop
control systems are developed and presented in papers [10],
[11],[12], [13], [14], [15], [16].

Another approach to damages detection is the model-
based (MB) fault diagnosis technique which in general relies
on a mathematical model of the machine [4], [17], [18], [3].
One of these methods is based on hypothesis, that
winding faults symptoms can be observed as changes (a
sharp decrease/increase, oscillations) of values of the IM
parameters [19], [20], [17]. This method requires an
identification of the IM parameters during its operation.
Several identification algorithms have been utilized in a
context to the IM’s stator or rotor windings faults diagnosis.
They have based on: last square error minimization [20],
Kalman Filter [22], [22], [23], [24], [25], [26], [27], nonlinear
programming [21], state observers [23], [28], [29], Moving
Horizon Estimation, [30], [31], genetic algorithm [31],
Sparse grid optimization [32], trust- region and Broyden-
Fletcher-Goldfard-Shano (TR- BFGS) technique [30], and
Sliding Mode Observer [34].

Despite, that many identification algorithms have been
tested in a context to the IM’s fault detection, not all existing
approaches have been taken into consideration. One of them
are estimators based on Model Reference Adaptive System
(MRAS), which are often utilized in the IM drives to
calculate state variables and parameters of the machine [35],
[36], [37]. The major drawback of the proposed approach

is the fact that both (adjustable and reference) models are
directly dependent on the estimated parameters. The
PQ-MRAS estimator which enables the estimation of both
resistances simultaneously. It is based on the active and
reactive powers of the induction motor. The main benefits
of proposed estimator are that reference models are
calculated using only measurable signals, such as current,
voltage and rotor speed [45].

Therefore, in this paper a two estimators based on active
(P) and reactive (Q) power based Model Reference Adaptive
System (PQ-MRAS) estimators are used to the IM’s
parameters identification in order to rotor or stator faults
detection. Two estimators are utilized: first one [46], [47]
is used to the rotor resistance estimation while second [47],
[48] is used to the stator resistance estimation. Estimated
parameters are utilized in faults detection algorithms, which
are based on two simple assumptions [39], [41]:

» first — connected with rotor windings faults — rupture of a
rotor’s bar(s) results in a sharp increase of the estimated rotor
resistance;
esecond — connected with stator windings faults — ITSC
results in a sharp decrease of the estimated stator resistance.
Due to the fact, that values of both resistances are
strongly dependent on windings temperature (heating or
cooling process), proposed algorithms were tested also for
this phenomenon.

Studies were performed in the closed-loop control system
based on Direct Field Oriented Control (DFOC) structure.

In the paper results of computer simulation studies are shown
which were carried out by MATLAB/Simulink software.

The article is composed of several sections. In Section 2
a Mathematical Model of the induction motor for the rotor
and the stator windings faults. A detailed description of
estimators of induction motor parameters based on the PQ-
MRAS estimator is presented in section 3 [46]. Section 4
includes the explanation of the vector control structure for the
induction motor, while Section 5 presents the algorithms for
the induction motors ’s windings faults detection. Section 6
discusses the results of simulation tests.

II. MATHEMATICAL MODEL OF THE INDUCTION MOTOR
FOR THE ROTOR AND THE STATOR WINDINGS FAULTS

During computer simulations, a mathematical model of
the IM with possibility to tests the stator and rotor windings
faults are necessary. In the paper two types of mathematical
models were used which are described in the stationary
reference frame (o-f). The first model to the stator faults
analysis, the second one for the rotor faults analysis.
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In this chapter the control structure is also presented.

2.1. Model of the induction motor for the stator windings
faults

To the ITSC simulation, a model proposed in [30] was
used.

Fig.1. ITSC in a phase A of the IM

It can be assumed [29], that the total number of turns in
each phase is Ny and amount of shorted turns in Ngj.

Relative number of shorted turns is 71 = Ngh/Ns. Fig. 1

illustrates the scheme of the IM’s stator windings with a
short circuit in the phase A. The short circuit is characterized
by the short-circuit current ir and its resistance 7. The
inductance of the short circuit is assumed to be negligible and
is not taken into account.

Flux yf is induced in the short circuit, therefore the

voltage equation of the short circuit in phase A can be
described as:

d

v, . o
TNth:szf—quﬁ(zsA—zf), (1)

The voltage equations for the remaining phases can be
derived respectively.

Equation (1) can be transformed to o-f stationary
reference frame in the following way:

v, _
Nodr

where: R, — stator windings resistance, R, — shorted circuit

R, —R; (luaisa +:“ﬂisﬂ) t|Hap

resistance, i, — shorted circuit current, i; — stator current
vector, 1, N= 1/ (27[ f?N), ‘ U aﬁ‘ is a modulous of the vector,

T . . . .
Moy = [ i, p ﬂ} which indicates the relative value and

the direction (phase) of the short circuit. Depending on

Rij. @)

which phase is faulty, it can take the following forms: wich
indicate the fraction of the shorted turns and a phase of the
short corcuit respectively.

Hopla =My [0 I]T ) (32)
r T
Hopip = m i 5> o |
r T
B B o
Hoge =Trc i 5 5 | c

where 77,45 7] 155 7] > relative amount of shorted turns for

each phase. The current in the short circuit can be obtain by
the equation :

W/‘ —(ﬂal/lsa + ﬂﬂwsﬁ)

lf = 2 5 s (4)
o :uaﬂ - luaﬂ Las

3

Where Ly — stator leakage inductance. The stator flux
vector components ,,, ¥,; can be calculated from
modified differential equations of the stator windings (5a,
5b). Thus the stator and rotor voltage equations are:

T, dy, =u —R (l _%uaﬂifj, (5a)

dt
TN dt = uxﬂ _Rv (lsﬁ _gﬂﬂlf]’ (Sb)
dy .
T 2 =—R -0 ., 5¢
N dt rlra ml//rﬂ ( )
dy,
T, % =—Ri,+o,,,, (5d)

where : ug — stator voltage vector, i — stator windings
resistance, Yy — stator flux vector, Ry — rotor windings
resistance, wy; — angular rotor speed.

The flux-current equations of the stator and rotor
circuits become:

L L, 2
lsa = _Wsa __l//ra +_lualf’ (661) >
w w 3

I

L 2
e X TRV SO ()
sp W‘/jsﬂ W l//rﬂ 3'Llﬁf ( )

oL L,
lra = _‘l//m __l//sa’ (60) 5
w w
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components are equal to the nominal value of this
;= _m . . . .
bp = Vop Yspo (6d) uantity. During rotor bars faults obtained rotor resistance
w w q y g
components oscillate, what results in stator currents

modulation.
where: Ly=Lm~+Lrg, Ls=Lm+Lsg. Lr, Ls - rotor and stator

inductance, Ly, Lss - rotor and stator leakage inductance, III. ESTIMATORS OF INDUCTION MOTOR PARAMETERS

. 2 . BASED ON THE PQ MRAS ESTIMATOR
Lm - main inductance, w = LgL; — Ly #. Electromagnetic

torque T and the equation of motion are: The proposed estimator consists of two subsystems:
9 ) . P-MRAS—based on the active power (P) of the
I, =y, (lv 2 —g Y7, ﬂj P j ~Yy (isa —5 yai f,j, (7) machine; it is used to calculate the stator resistance.
e Q-MRAS—based on the reactive power (Q) of the
) d @, _ l(T -T ) (8) machine; itisused to calculate the rotor resistance.
’ dt B
. Each subsystem has its own independent adaptation
where: TE — electromagnetic torque, 77 — load torque, mechanism based on a PI (Proportional-Integral)
Lg, Ly, Ly — stator, rotor, mutual inductance, respectively, controller. The common part of P and Q-MRAS is the
J—inertia of the shaft. rotor flux estimator.
2.2. Model of the induction motor for the rotor windings A reference model of the P-MRAS is given by:
faults "
To the rotor bars damage simulation, the model proposed P = RC{MS A *} =Ug, g, Tl g, (8))

in [41] was used. This model assumes that a rupture of each
of the rotor’s bar results in an increase of the rotor resistance
value. Rotor resistance components in a-f coordinates system
are obtained by:

where ug=usq + jusp— stator voltage vector, ig=
isq + JisB— stator current vector, ir = irg + jirp— rotor
current vector, Wr = Yrg + jyrf— rotor electromagnetic
flux vector, ws = ysq + jysp—stator electromagnetic

= N bRrN , 9) flux vector, ®m —totational shaft speed, TE —

’ ) %“ 6.6 in? (0 .\ @ J electromagnetic torque, T —load torque. Rg, Ry—stator,

ol v N b rotor resistances respectively; Lg, Ly, Lm —stator, rotor,

R N,R, (10) magnetizing inductances, respectively; pp —number of

e 2% G () sin?l o+ ﬂ_ﬁ ’ pole pairs, J—inertia of the shaft, w = LgLy — Lm2 ,
el N, 2 -

o=1- .
LL
where: Np —number of rotor bars, § — angle of rotor ) ) ]
In an adjustable model, estimated stator voltage is
used instead of the measured one. The estimated stator
voltage vector can be expressed as:
est *
est . Lm dl//r dls
: Ri+—>2—"—+0L
Rotor resistance components calculated by (9-10) are § SO dt S dt
used in the rotor voltage equation (5a-5b) instead of the '
constant Ry parameter. When Np = 0 rotor  resistance

position, Gy — vector of rotor bars conductance, where
each element corresponds to rotor bar condition (if

G,(k)=0 - faulted, G, (k) =1- healthy).

w

) 12)

Finally, the formula of P-MRAS adjustable model is :

‘ dl dlb L d est d g est
P =Re{u i ) =R (i} +i )+ oL | i, e vi, =L |4 ) Dy il
dt dt ) L dt

4

., (13)

It can be observed that the value of active power, mechanism is the minimization of the error between the two
calculated by the adjustable model, directly depends on stator models:
resistance. Therefore, the role of stator resistance adaptation
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&, =P7 P, (14) .

R =Ky, &p+ Ky | €,dt, 15)

where KpRrg, K[Rs— coefficients of the proportional

and integral terms, respectively.

Rotor flux components in (16) are derived from the
current model estimator [49]:

; , di di L
" —Im est & g\ _ L |7 sa __; sa |4 Zm
Q‘ld {us ls } O. s (lsa d 1 lsﬂ d 4 J L

/a

dl//rﬂest

v, = [ IZV (Lod, =y, )+ dpseo, ™ j dt, (16)

I

The reference model of the Q-MRAS is given by:
f _ . _ . .
Q”e _hn{us.ls *} _usﬂ'lsa_usa'lsﬁ’ (17)

whereas the adjustable model of this subsystem uses the
estimated value of the stator voltage (12):

dl// est
ra , 18
i (18)

dt sp

In this model the dependence on the rotor resistance is implicit. It consists of the rotor flux components which are
calculated by the current model (16) which directly depends on the value of this parameter. The rotor resistance
adaptation mechanism minimizes the error between the reference and adjustable models :

_ ‘Qadi

£, = \Q“’f , 19) ;

where KpRry, K[Rr——coefficients of the proportional
and integral terms, respectively. The sign of the
reactive power is changed due to the shaft rotational
speed reversals, therefore in the adaptation mechanism
the absolute values of Q™! and Q3 are used. In Figure 2
a block diagram of the PQ-MRAS estimator is shown.

Rrest — K

wneo + Ko [ £00lt, (20)
——| P - Reference F‘m)r E
o model (7) I
] ]
+Y &p !
:
0 1| D
P— Adustable | |P?Y ! —%
madel (9), I
est ] =
ost d / Rs 1 w
BRI TP —=E==== i -i\
as
==  Rotor ﬂu% Ry E
»= estimator (12) I
]
”‘e‘st‘""i{"“ “““““““““““ :/
Y v !
adj &2
Q- adjustable | |Q77 e
™| model (14) s
[fe) i L
=
+ 1
Q - Reference i
= model (13) |Qref| 1/
1

Figure 2. Scheme of the PQ-MRAS estimator.

IV. DESCRIPTION OF THE VECTOR CONTROL STRUCTURE
FOR INDUCTION MOTOR

Direct Field Oriented Control (DFOC) structure has
become a commonly-known and popular control method
which allows to control the speed of the induction motor drive
precisely and similarly to the separately-excited DC motor. A
block diagram of the control structure is shown in Figure
3.
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“n 1—Sa

Voltage

calculation

Decoupling
block

Rotor flux ABC

isaB.c

-————————

t estimator [+— W |

Figure 3. Scheme of the DFOC system.

The main part of the control structure are the four
controllers (PI-type in this paper): two outer ones which
control the speed and amplitude of the rotor flux (weakened
when the speed exceeds the nominal value), and two inner
ones to control the components of the stator current vector.
The reference voltage vector components are the inputs of the
Space Vector Modulation block, which ensures that the real
voltages are the same as the desired ones, and defines the
transistor on/off signals Sa, Sg and Sc. These three signals,
and the DC voltage value ud , are then used to estimate the

-Loow, 1,

L
dlSX + _m TN dl//}’

u,=Ri_+oLT,
dt L, dt

X

sy (Za

, di, L ,
u,=Ri +oLT, ’n +L—a)wl,yr +L.ow, 1

r

. L dy
u =0=Li -y +—T,—- 21c) ;
23 ‘m"”sx l//r R N dt ( )

7

2
m

LL

sr

where: o=1-

Due to the coupling in the control paths, the decoupling
block is applied, and the idea of the decoupling is shown in
Fig. 4. For the purpose of the figure, it is assumed that the
voltage modulator is ideal, and the reference voltage is equal
to the real one, without any delay. If the decoupling signal ex

voltage vector components, if they are necessary in the
operation of a flux estimator.

The outputs of the PI current controllers could be the
reference voltage vector components in synchronous x-y
frame directly, however, it is known that the control paths are
both coupled (21a), (21b). The stator and rotor voltage
equations in the synchronous reference frame, rotating with
the rotor flux vector velocity wyr are as follows:

is estimated correctly, the control path reduction (-ex, +ex)
causes the strict control of the isx component by the output of
the Risx controller, and therefore this component is
independent on the remaining variables (as in (21a)). The
second control path is decoupled respectively.
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X

sV

Fig. 4.The idea of the control paths decoupling for induction motor field oriented control

The decoupling of the control paths can be presented in terms of the following expressions:

1
=—u_+e, 22a
f;c RS X N ( )
di L dy. Lo

h =i +T —=* e =—"-T, L ~ 1,
Wwhere f;c X so dt x RSLr N dt RS wr sy
S = iusy te,, (22b)

, di L, Lo .

whete J, =hy + T 5+ & TR TR e

The decoupling block (Fig. 3) calculates the decoupling
signals using the expressions from (22). The synchronous
velocity wwr can be calculated, after some simple
transformation, from (21d). As it will be shown in the next
section, the decoupling signals ex, ey, and the control signals

fxref ‘, fyre/ ' carry very useful diagnostic information. These

control variables will be utilized by the proposed diagnostic
method of the short-circuit turns of the IM stator winding.

Voltage vector components were calculated using
control signals and measured DC bus voltage from a
Voltage Source Inverter (VSI):

_ O-TN Lx
R

soc
s

ungud(SA—%(SB+Sc)j, 23)

V3

l/lsﬁ =?ud (SB +SC)’ (24)
The PQ-MRAS estimator can operate in two modes
(Figure 4):

*Open-loop mode—independently of the control
structure;

¢ Closed-loop mode——coupled with the control
structure; the estimated parameters are injected to the

control structure (flux estimator).
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. W, Rotor flux —Isap
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i |

| ref
— Usg
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Yr ‘ i Rotor flux
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Rres! ] Rsest
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PQ-MRAS W
Usqp

(b)m

Figure 4. Operation of the PQ-MRAS estimator: (a) open-loop mode, (b) closed-loop mode.

V. ALGORITHMS FOR THE INDUCTION MOTORS ’S
WINDINGS FAULTS DETECTION

Two winding faults detection algorithms are discussed in
the paper. The algorithms cooperate with estimators of
windings resistance. A general idea of a detection system is
illustrated in Fig. 5. The system is strictly related to the
model-based fault detection approach [17], [18].

us Induction I, W -
motor drive "

.| Parameter |

= estimator =

rSESt ar l-r-ESt

Parameter
analysis

Fault
symptoms

Detection

Fig. 5. The main idea of the diagnostic system for IM drive

In the further part of this section a detailed descriptions of
detection procedures are presented.

5.1. The rotor fault detection algorithm

The rotor winding faults detection algorithm assumes that
ruptures of the rotor bar(s) results in a sharp increase of the
estimated rotor resistance. According to the assumption, a
simple detection method is proposed which uses a derivative
of the estimated rotor resistance:

If %Rﬁ“ >g, thenl else0, (28)

where:g,. - threshold of a rotor windings fault

detection.

When the modulus of the derivative is greater or equal to
the fixed threshold the detector sends a logical 1 which
indicates on a bar damage.

5.2. The stator fault detection algorithm

The stator winding faults detection algorithm is analogous
to the previous one. It assumes, that ITSC results in a sharp
decrease of the estimated stator resistance. Based on this
hypothesis, the detection method is proposed, which uses a
derivative of the estimated stator resistance:

If %RS“’ > g, thenl else0, (29)

where: gp, - threshold of a stator windings fault detection.

If the modulus of the derivative is equal of greater to the
threshold the detector sends the logical 1, which indicates on
occurring of ITSC.

Vol. 23 No. 2 November 2020

ISSN: 2509-0119 73



Induction Motor Windings Faults Detection Using Active and Reactive Power Based Model Reference Adaptive System Estimator

VI. SIMULATION RESULTS

The rated data of the tested induction motor are
summarized in Table Al. During the simulation and
experimental tests, the values of adaptation mechanism
coefficients were the same (Table A2). State variables from
the drive, such as: rotational speed, electromagnetic torque,
rotor flux and stator current are presented along with internal
signals from the PQ-MRAS estimator: active and reactive
powers, estimated stator and rotor resistances. Each of the

signals and state variables is normalized to its nominal value.

Simulation tests were performed using Matlab-Simulink
software using Euler method with sampling time 1e-6 s.

During the simulations, the estimator was tested for the
open-loop as well as closed-loop operation modes. In a
simulation model, effects such as signal offsets,
measurements noise and inverter nonlinearity were not taken
into consideration.

Table Al. IM Data.

Symbol Rated Data Value Unit
PN Power 1.1 kW
UN Stator voltage 400 \Y
IN Stator current 2.8 A
nN Mechanical speed 1360 rpm
tN Torque 7.7 Nm
Rg Stator resistance 5.9 Q
Rr Rotor resistance 4.5 Q
Lg Stator inductance 451.0 mH
Ly Rotor inductance 451.0 mH
Lm Magnetizing inductance  424.4 mH

J Inertia 0.0143 ko-m2
Ph Pole pairs 2 -
n Efficiency 0.79 -

Table A2. Coefficients of PI controllers in adaptation mechanism.

Symbol

Value

KpRs
KiRrs
KPRr
KRy

10

20
2
0.25

6.1. Operation of the PQ-MRAS in Open-Loop
Mode
The main goal of the first test was to check the general

performance of the PQ-MRAS. The results are presented in
Figures 5 and 6. It can be observed that both estimated
parameters tracked real values with high accuracy.
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Figure 5. Operation of the PQ-MRAS estimator: (a) estimated rotor resistance, (b) reference and estimated reactive power, (c)
estimated stator resistance, (d) reference and estimated active power; (simulation results), (om ref =+0.5 omN, tL = =£0.75 tN,
Rr=RrN, Rs=RsN).
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Figure 6. State variables of the drive: (a) reference and simulated rotational speed, (b) electromagnetic torque and stator
current component isy , (c) estimated rotor flux vector module and stator current component isx , (d) stator current components
isa,f ; (simulation results), (om ref = +0.5 omN, tL = £0.75tN, Rr = RrtN , Rs=RsN ).

Even during speed reversal variations the estimated considered. The obtained results (Figures 7 and 8) show that
parameters were negligible (maximum estimation error for both parameters were calculated with high accuracy even for
stator resistance increased to 2%). During the second test, the load variations.

robustness of the estimator to load torque variations was
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Figure 7. Operation of the PQ-MRAS estimator: (a) estimated rotor resistance, (b) reference and estimated reactive power, (c)
estimated stator resistance, (d) reference and estimated active power; (simulation results), (mm ref = 0.5 @mN, tL = var, Rr =
RrN, Rs=RsN).
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Figure 8. State variables of the drive: (a) reference and simulated rotational speed, (b) electromagnetic torque and stator

current component isy , (c) estimated rotor flux vector module and stator current component isx , (d) stator current components
isa,, ; (simulation results), (om ref = 0.5 ®@mN, tL = var, Rr = RrN , Rs = RsN ).

The aim of the next analysis was to check how the nominal values (Appendix B), nominal values
values of adaptation mechanism coefficients impact the multiplied by 5 and nominal values divided by 5. The
estimator performance. Figure 9 shows a comparison of coefficient values have a major impact on the dynamics of
estimator signals for different sets of coefficients: the estimator, nevertheless it operated in a stable manner.
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Figure 9. Operation of the PQ-MRAS estimator for different values of parameters in adaptation mechanisms: (a) estimated
rotor resistance, (b) reference and estimated reactive power, (c) estimated stator resistance, (d) reference and estimated active
power; (simulation results), (om ref = 0.5 @mN, tL = 0.75 tN, Rr = RtN , Rs = RsN ).

During the next test, it was assumed that both
resistances increased up to 150% of their nominal values,
which was related to the changes of machine windings
temperatures. It can be seen that both resistances were
estimated correctly (Figure 10). Due to rotor resistance
variations, the estimation error of the rotor flux can be

observed (Figure 11), because the current model is
directly influenced by this parameter (17). The
inaccurate calculation of the rotor flux vector results in
the coupling of flux and torque control paths, which
consequently results in the deterioration of drive
performance.
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Figure 10. Operation of the PQ-MRAS estimator: (a) estimated rotor resistance, (b) reference and estimated reactive power, (c)
estimated stator resistance, (d) reference and estimated active power; (simulation results), (om ref = 0.5 omN, tL = 0.75 tN, Rr =
var, Rs = var).
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Figure 11. State variables of the drive: (a) reference and measured rotational speed, (b) electromagnetic torque and stator current
component isy , (c) estimated rotor flux vector module and stator current component isx , (d) stator current components isa,f ;
(simulation results), (om ref=0.5 omN, tL =0.75 tN, Rr = var, Rs = var).

6.2. Operation of the PQ-MRAS in Closed-Loop of the rotor resistance was injected into the control system
Mode (to the rotor flux estimator—to the current model) at t =
During further tests, the estimator was operating in 12 s. It resulted in the elimination of the flux error
the closed-loop mode. Both estimated parameters estimation and the decoupling of the control paths (Figure
tracked their real values (Figure 12).The estimated value 13).

Vol. 23 No. 2 November 2020 ISSN: 2509-0119 78



Induction Motor Windings Faults Detection Using Active and Reactive Power Based Model Reference Adaptive System Estimator

% Rrestimation algorithm enabled
T T

i
; b —| |
| Rt | -
S R | S ——— — . ——)

er‘RrN [']
QO bk bk
DWROrDN
T T T 5t
[ G

Q/Qu[-]
‘@ Q
i

0 4 8 12 16 20
—_ (C) » Rs estimation algorithm enabled
| 1L.5F= T ———) = T o
— 15[ /\
5 09 —
M 06+ ! R —]_
2 o5t | | o
0 (d) 4 8 12 16 20
e T T T T
— 0.4} R e
Z | T
& 02| { Prd—|
Pt | Pan’.'_‘
Ry 0 I i L
0 4 8 12 16 20

Figure 12. Operation of the PQ-MRAS estimator: (a) estimated rotor resistance, (b) reference and estimated reactive power, (c)
estimated stator resistance, (d) reference and estimated active power; (simulation results), (om ref = 0.5 @mN, tL = 0.75 tN, Rr =
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Figure 13. State variables of the drive: (a) reference and measured rotational speed, (b) electromagnetic torque and stator current
component isy , (c) estimated rotor flux vector module and stator current component isx , (d) stator current components isa.,f ;
(simulation results), (om ref=0.5 @mN, tL = 0.75 tN, Rr = var, Rs = var).

A similar study was performed with a voltage rotor resistance). Therefore, it can be used to evaluate
model [1] instead of the current model as the estimator P-MRAS operation in the closed-loop mode. The
of the rotor flux (18). This estimator directly depends on estimated stator resistance was injected into the control
the stator resistance value (current model depends on system at t = 11 s, which resulted in the improvement
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of the rotor flux estimation accuracy (Figures 14 and 15).
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Figure 14. Operation of the PQ-MRAS estimator: (a) estimated rotor resistance, (b) reference and estimated reactive power, (c)
estimated stator resistance, (d) reference and estimated active power; (simulation results), (om ref = 0.5 @mN, tL = 0.75 tN, Rr =
var, Rs = var).
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Figure 15. State variables of the drive: (a) reference and measured rotational speed, (b) electromagnetic torque and stator current
component isy , (c) estimated rotor flux vector module and stator current component isx , (d) stator current components isa,f ;
(simulation results), (om ref=0.5 @mN, tL = 0.75 tN, Rr = var, Rs = var).
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6.3. Rotors’ windings faults
At first, the rotor fault detection system was verified. A
total rupture of rotor bars was modelled (moments of bars

cracking, and their amounts are marked on figures as
arrows). Fig. 6 shows the transients of the rotor resistance
value and signals from the fault detector.
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Fig. 6. Rotor winding resistance (a) and detector’s signals (b, ¢) during ruptures of rotor bars; simulation results

It can be observed, that the estimated rotor resistance (Ry)
increases according to rotor bars ruptures (Fig. 6a).
Consequently, it results in detector activation (Fig. 6b)
because the threshold value & is exceeded by the modulus of
rotor resistance derivative. Ripples in the rotor resistance
transient can be observed as well, what is also visible in the
detector derivative signal. Fig. 7 presents the transients of
the stator current a and stator current component in axis y.

iy [pu] &

Fig. 7. Stator current components isa (2) and isy (b) during
ruptures of rotor bars; simulation results

It is evident that value of the rotor resistance varies as a
result of heating (or cooling) process of machines’ windings.
It may result in incorrect performance of the fault detector.
Therefore, other tests were carried out where a linear increase
of the rotor resistance was simulated up to 120% of the
nominal value. A low slope of the resistance rise was
assumed because of fact, that thermal time constant of the
machine can reach even several minutes. Results are shown
in Fig. 8 - 9.
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Fig. 8. Rotor winding resistances (a) and detector’s signal
(b) during heating process; simulation results
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Fig. 9. Rotor winding resistances (a) and detector’s signals
(b, ¢) during simultaneous rotors’ bars ruptures and heating
process; simulation results

It can be noticed, that the derivative value doesn’t exceed
assumed threshold — variation of rotor resistance due to
thermal effects is much slower than due to a bar damage. It
can be concluded that proposed rotor fault detector is immune
to thermal effects occurring in the machine.

6.4. Stators’ windings faults

Subsequently, the stator fault detection system was
verified. An ITSC in phase A of stator windings were
simulated (moments of turns short and their amounts are
marked on figures as arrows). Fig. 10 and Fig. 11 shows
transients of the estimated stator resistance, signals from fault
detector and stator current components.
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Fig. 10. Stator winding resistance (a) and detector’s signals
(b, ¢) during ITCS in phase A; simulation results

It can be observed, that the estimated stator resistance
sharply decreases according to short circuits (Fig. 10a).
Consequently, it results in the stator’s fault detector activation
(Fig. 10c) because the threshold value ¢y is exceeded by
the modulus of estimated resistance derivative.

The stator current increases due to ITCS and the
amplitude level depends on the fault severity (Fig. 11).
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Fig. 11. Stator current in phase A (a) and isy current
component (b) during ITSC in phase A; simulation results
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Fig. 12. Stator winding resistance (a) and detector’s signal
(b) during simultaneous ITSC in phase A and heating
process; simulation results
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Fig. 13. Stator winding resistance (a) and detector’s signals
(b, ¢) during simultaneous ITSC in phase A and heating
process; simulation results

Similarly, to the rotor, a value of the stator resistance
varies due to heating (or cooling) process of machines’
windings. It can provoke incorrect performance of the fault
detector as well. Therefore, other tests were performed which
were analogous to the case of the rotor faults (a linear
increase of the stator resistance were simulated up to 120%
of the nominal value). In Fig. 12 it can be noticed, that
derivative value doesn’t exceed assumed threshold. It can be
concluded, that proposed stator fault detector is also immune
to thermal effects which are occurred in the machine.

Abbreviations and Symbols

Rs Stator Resistance

Rr Rotor Resistance

Ls Stator Inductance

Lr Rotor Inductance

Lm Magnetizing Inductance

Pb Number of Pole Pairs

J Shaft Inertia

cp Estimation Error of the Active Power
£Q Estimation Error of the Reactive Power
KPRs Coefficient of the Proportional Term in

the Stator Resistance Adaptation Mechanism

KIRrs Coefficient of the Integral Term in the
Stator Resistance Adaptation Mechanism

KPRr Coefficient of the Proportional Term in
the Rotor Resistance Adaptation Mechanism

KIRr Coefficient of the Integral Term in the
Rotor Resistance Adaptation Mechanism

VII. CONCLUSIONS

In the paper two systems for IM fault detection were
proposed. The first one for the rotor’s bars cracking detection
and the second one for ITSC detection in stator windings.
Both systems rely on the hypothesis that each of windings
faults results in a sharp change of internal parameters’ values
of the motor, thus observation and analysis of changes these
parameters in a enable to faults detection. Therefore,
estimators of IM parameters based on PQ MRAS technique
are used to calculate rotor and stator resistances. Obtained
resistances are utilized in simple detection algorithms which
are based on derivative calculation.

MRAS Model Reference Adaptive System ] S

M Induction Motor ' The malr'l feature of both systems. ¥s quite simplicity in
) ) ] implementation because they utilized a well-know

DFOC Direct Field Oriented Control mathematical model of the IM 2and derivative algorithm.

DTC Direct Torque Control Moreover, to enable proper operation of the vector control

VSI Voltage Source Inverter method an on-line identification of the machine’s

P Active Power parameters should be applied, nevertheless. On the other

Q Reactive Power hand, PQ MRAS estimators are dependent not only on

us Stator Voltage Vector calculated parameter what is the main problem, but It can be

is Stator Current Vector solved by methods mentioned in the paper.
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