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Abstract: While each industrial sector aims to provide uninterrupted customer service,
unplanned shutdowns are undoubtedly undesirable. For this purpose, many studies have
been dedicated to fault detection in early stages, to make correct and timely decisions to
avoid sudden shutdowns. This paper focuses on detecting broken rotor bar faults in
asynchronous motors, industry's dominant machines. A model-based-parameter estimation
approach is presented, to detect this fault under variable load conditions. The simulation
results demonstrate deviations in the motor’s parameters across different scenarios of
broken rotor fault intensity and under varying loads. Moreover, the results imply a linear
relationship between the fault’s intensity and rotor resistance variations. Consequently, the
approach is not only to detect the presence of the fault, but to also to provide information
concerning the fault’s severity.
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1 Introduction

The ultimate goal for detection systems is to minimize shutdown time and maximize
the efficiency of an operating system. As a matter of fact, asynchronous machines
are widely employed in various industrial sectors, due to their impeccable
characteristics. Hence, several studies are devoted to fault detection and diagnosis
in these machines. A review study given in [1], covered related works within the
timeframe from 1990 to 2022. Yet, this research area is still active, and developing
an optimal diagnosis system receives substantial concern from the researchers. This
paper aims to provide a detection system for a Broken Rotor Bar (BRB) in
asynchronous machines. The following paragraphs will provide insight into the
literature review of the most recent related works.
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Literature review:

Broken rotor bar, bearing, eccentricity, and inter-turn faults detection using a neural
network is considered in [2], the neural system was trained with current and voltage
signals of a total of 5418 files with a signal duration of 20 seconds. The accuracy
of the suggested system was 72%, and the insufficient information in the data
justifies this number. The authors recommended further studies considering
increasing the measurement frequency to make the effect of faults defects visible in
high frequency spectrum of the input signals. Furthermore, they signified that
increasing the signal duration could result in accurate fault classification with a
drawback of computation-time increment.

One of the most widely used methods for faults identification is based on current
signal analysis, which is also referred to as Motor Current Signature Analysis
(MCSA). A comparison study between a traditional MCSA and similar methods
like motor square current signature analysis, Park’s vector square, Park-Hilbert, and
Park’s Vector Product Approach (PVPA) is shown in [3]. The study concluded that
PVPA approach is highly sensitive to the presence of stator or rotor faults in
asynchronous machines among the other approaches under load level variations.
The advantage of such detection methods lies in analyzing current signals, which
are easy to gather by non-invasive sensors. Using two current sensors and
calculating the third, is more convenient for a balanced supply. Nevertheless,
unbalanced supply operation and machine asymmetry harmonics can easily mislead
these methods [1].

In [4], an approach based on advanced transient current signal analysis has emerged
to identify malfunctioning machines with a broken rotor fault. The approach tracks
the ‘V’ shaped pattern in the time-frequency plane of the signal.

A broken rotor bar influences the smoothness of the healthy stator currents and leads
to the generation of an envelope. This envelope has been used for extracting fault’s
features and fed to a neural network system for detecting different classes of broken
rotor bars at full load operation [5]. Promising results have been obtained with
almost 100% accuracy; however, the main drawback of this strategy was
highlighted as it is impossible to use this method if the healthy data of the
asynchronous motor is unavailable. Furthermore, this paper did not examine this
system at light load.

A possible way to detect the broken rotor bar fault without training by measuring
healthy and faulty data is through model-based strategies. This has been addressed
in [6] a model-based support vector classification was implemented to detect broken
rotor bar faults at full load conditions. Nonetheless, the method cannot identify the
severity of the presented fault. Moreover, the capability of detection under the
model’s parameters uncertainty, has not been proven.

The parameter estimation method is introduced as a superior diagnosis method
when it comes to speed variation for a machine fed by an inverter. Unlike the signal
spectral analysis methods, which rely on detecting the frequency spectrum that
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varies with the speed variation [7] [8]. In [7], stator and broken rotor bar faults in
three-phase induction machines are diagnosed by estimating the parameters of a
faulty model where prior knowledge of the electrical parameters of the motor is
required. Moreover, the speed signal was used for parameter estimation, rendering
the suggested method as an intrusive diagnosis method.

This paper investigates the parameter estimation method to detect a broken rotor
fault. Particularly, following the trajectory of rotor resistance to achieve this goal.
Even though the variation of the rotor resistance of a malfunction machine with a
broken rotor fault was exposed in [9]. In [10], the same approach was employed
with respect to a machine fed via a drive with close-loop field-oriented control. Both
studies used an extended Kalman filter for the parameter estimation. However, load
level variation was not considered in these studies, and another offline detection
method by FFT is suggested in [10] to mitigate the load variation effect on the rotor
resistance. Here, variation of the rotor resistance at no load, half load, and full load
is revealed in this article.

2 Modeling of Asynchronous Motor with Broken
Rotor Bar

For the comprehension of an asynchronous motor behavior under a broken rotor
fault, this section gives a mathematical representation of a faulty machine with a
variable number of broken rotor bars. Moreover, model-based detection methods
rely mainly on using a machine model. Yet, providing a simple model with
sufficient details to describe the fault effects is very important [11].

The electrical and mechanical dynamic equations of a healthy asynchronous motor
in the qd0 reference frame are as follows [12]:

do d0;qdo 0 1.0 a0 . axd®® o
Vi =r{Ti{Ttw|-1 0 0)AT+= 0= (1)
0 00
do 40 ;qdo 0 1.0 do aal®®
v =1+ (w-w)[-1 0 0]l —I— )
0 00
[Lis + Lm 0 0 Lo, 0 07
0 Lis+L, O 0 L, 0
21 | o 0 Lys 0 0 0 [[i9% 3
29| =] Ly 0 0 Ly+L, 0 0 ||jea0] ©
0 L, 0 0 Ly +L, O
l o 0 0 0 0 v,
3 . .
Tem = Tp (Adslqs - Aqslds) “4)
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Wy = %I(Tem - Tl - Tdamp)dt (5)

In the above equations, the subscripts s and r refer to the stator and rotor reference
frames. The column vectors p3%°, §940, 2990 340 490 3990 ronresent stator and
rotor voltages, currents, and fluxes, respectively. Matrices r‘;‘“’ and r;"” express
the stator and rotor resistances. The variables 8, w,, Lis, L'y, L, Tem, P, Ty, and
Tqqmp represent the transformation angle from the abc reference frame to the gd0
reference frame, the rotor speed, the stator leakage inductance, the rotor leakage
inductance referred to the stator, the mutual magnetizing inductance,
electromagnetic torque, the pole pairs, the load torque, and the damping torque,
respectively.

A broken rotor bar can be mathematically represented by changing the values of
rotor parameters. The faulty phase draws less current than the other unfaulty phases.
Consequently, a nonlinear magnetic field will be generated between the stator and
rotor due to the asymmetrical currents, which are also responsible for the induced
harmonics in the stator currents [13]. The changes in the rotor inductances due to
the broken rotor fault can be considered negligible compared to the rotor resistance
changes. The changes in the rotor resistances in the abc reference frame can be
described as follows [15]:

(- + A1.0) 0 0
= 0 (- + Aryp) 0 (6)
0 0 (- + 4r.)

Where the variables 41, 41y, and Ar,.. are the changes in the three-phase rotor
resistances after the presence of the broken rotor fault. The value of per-phase rotor
resistance 7;. is given in equation (7):

(2N)*
T = ijs T (7

where N, Np, and 13, are symbols for the number of stator winding turns, the number
of total rotor bars, and the rotor bar resistance, respectively.

The values of A1, A1y, and A7, can be obtained from the following equation:

(2Ng)2 (2Ng)? 3n
Apgpe=1""—1 = > b Ty = ob T (3
" (Np/3)—1pp Np/3 Np—3npp

where ny,, is the number of broken rotor bars.

Transforming equation (6) into qd0 reference frame results in the following matrix:
Tr11 Tr1iz Tri3

1,990 = |11 Tra2  Tros
Tra1 Tr32 1133

O

Where,
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1 1 V3
Tr11 = g(Arm +4r,, + 4r,) + g (24r,, — 4r,, — 4r,.) cos(260,) + ? (ar,, — 4r,.) sin(26,)

V3
? (Arrb - Arrc)
-1 . V3
Tr12 = ? (ZArm — Ar,, — Arrc) sin(26,) + ? (Arrb - Arrc) cos(26)

1 V3 _
Tri3 = 5(2Arm — Ar,, — Ar,.) cos(6,) — 5 (ar,, — 4r, ) sin(6)

Tr21 = Tr12
1

1 V3
Tyop = S (ar,, + &r,, + or,,) - A (24r,, — ar,, - 4r,,) cos(26) + - (ar,, - ar,.) sin(26)

1 | V3
23 = ? (ZArra - Arrb - Arrc) sm(@r) - ? (Arru - Arrc) COS(HV)

1
Tr31 = Err13

1
Tra2 = 5Tr23

1
rT33 = ;(Arra + Arrb + Arrc)

3 Broken Rotor Fault Detection Technique

A notable markup for the incidence of a broken rotor bar in an asynchronous motor
is the machine’s parameters changing. A model-based detection strategy is
proposed in this article to delve into the variation of parameters and extract signs
for the detection of this fault. The process chart of the method is given in Fig. 1.

The fault’s features are supposed to be taken from the trajectory of rotor resistance;
therefore, two nonlinear optimization methods are suggested for estimating the
under-test machine’s parameters. The Trust-Region Method (TRM) and Levenberg-
Marquardt (LM) methods are used in this paper. Although other optimization
methods employed in various applications [14-18] can also be utilized , one crucial
reason for selecting TRM and LM methods is the need for a fast optimization
process, which results in quicker BRB detection alarms.
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Figure 1
Process chart of broken rotor fault detection
The nonlinear optimization problem is as follows:
Minimize f(X) = ¥.(ia —ia")? + (ib — ib")? + (ic — ic“)z} (10)
X ={n,7Lys, L1y, Ly, LL }

Where f(X) is the cost function, which is the sum squared of errors between the
three-phase stator currents of the machine under test and their reciprocal currents
from the mathematical model. The solution for this problem is given in the vector
X, a new parameter is introduced in this vector that represents the percentage of
load level (LL). Because it is necessary to take into consideration the effect of load
on the parameters’ behavior. The initial values of vector X parameters are fed into
the mathematical model through a Matlab m-file, and then the model generates the
corresponding stator currents, which are required in Eq. (10).

3.1 Trust-Region Method (TRM)

The TRM is regarded as the alternative optimization method to the classical line
search methods, which might be trapped in the neighborhoods of saddle points [19].
To encapsulate the idea of the TRM, the process starts with an initial solution X
and constructs a quadratic model using a Taylor series around the current solution,
which simplifies the main cost function. Next, the quadratic function is minimized
to obtain a minimal solution that represents a solution within a trust region. If the
given solution is not the minimal, the method updates the size of the trust region
and searches again for the optimal solution. The TRM process is as follows [20]:

1. Set initial a trust region boundary: radius Ay> 0 :set0 < 7; <71, <1,
0 < 73 < 74, upper radius limit A™>0and 0 < e K 1

-216 -



Acta Polytechnica Hungarica Vol. 22, No. 3, 2025

2. Calculate the gradient of the cost function as in Eq.(11).
_[9rx) af(x) 35 (0)
- [ dia 9ib  dic ] an

3. Solve the quadratic problem to find the solution di:

min g, (d) = g,7d + % dTBkd} (12)

Such that ||d|| < Ax

Where By, is the approximate of the Hessian matrix given in Eq. (13), and ||d|| is
the norm of the vector d.

3%f(x) 8% (x) 8%f(x)
82ia 0Z%iaib 92%iaic

_|8%f(x) 9%5(x) 8%f(x)

" |9%ibia 92%ib 9Zibic (13)
9%f(x) 9%F(x) 9%f(x)

02%icia 8%icib 0dZ2ic

4. Update the trust region radius as in Eq. (14).

T3y, ifn <t
Dpyy= A, ifTi<mne< 1, (14)
min{z, Ay, A7} if 1 > Ty, [ldl| = Ak
fxg)—f (X +di)

Where e = = 0 -a(@n)

5. Update the solution: If 1, > 74 then xj.1 = X + dg, Bry1 = By, k=k+1
and go to step 1

Else xj41 = xy, k=k+1 and go to step 2

3.2 Levenberg-Marquardt (LM)

The LM optimization method was first introduced in the early 1960’s by Levenberg
and Marquardt. It combines the gradient descent optimization method with the
Gauss-Newton method. Therefore, it is reasonably faster than the gradient method
and more stable than the Gauss-Newton method [21]. The LM method behaves like
the gradient descent when the current solution is far from optimal and behaves like
the Gauss-Newton otherwise [22].

The process of LM method:

Set initial guess Xg, Jo where J is the damping factor, no.of iteration

Compute the cost function f(X,)

1
2
3. Calculate the Jacobian matrix J and the Hessian H
4. Compute Hygmpeq = J + diagonal (H)

5

Calculate the gradient of the cost function (Vf(X,))
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10.

Solve Hygmpea dX = —(Vf(X,) for dX, which represents the updated
direction

Update parameters X,,.,, = Xo + dX

Calculate the new cost function f(Xpen)

Check if f (Xpew) < f(Xo)
Then update J = J/10 and calculate fy;rr = |f (Xpew) — f(Xo)|
Else J = J *10

Termination condition

If fairr > 10" — 3, or no.of iteration <100, then go to step 2

Otherwise, end

3.3 Application Steps for the Suggested BRB Technique

To implement the proposed BRB detection technique, illustrated in Fig. 1, the
following steps are followed:

Stepl:

Step2:

Step3:
Step4:

Step5:

Step6:

Acquire the three-phase stator current signals of a three-phase induction
motor. In this work, these currents are obtained from the faulty BRB
model.

Set initial values for the basic parameters ( vector X in Eq. (10)) of the
motor’s mathematical model. The initial values are provided in Table 1,
and for practical scenarios, these parameters can be initialized as
indicated in [23].

Calculate the cost function, which is given in Eq. (10).

Apply the optimization method (TRM or LM) with settings similar to the
Isqnonlin solver in Matlab R2023a.

Obtain the estimated values of the basic parameters that represent the
solution of the optimization function.

Use the trajectory of the estimated rotor resistance to detect the BRB fault

4 Simulation Results and Discussion

The fault detection method is verified in Matlab/Simulink environment R2023a.
Table 1 shows the parameters of the used asynchronous motor [13]. The faulty
model was run at different numbers of broken rotor bars, and the results of phase
‘a’ stator current, which are depicted in Fig. 2, are typically the same as those given
in [13]. This figure shows that the broken rotor fault generates an envelope in the
stator current signals, which is confirmed in [5]. In the same manner, the impact of
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the fault on the electromagnetic torque and the speed is shown in Fig. 3. The amount
of ripple in the speed and torque signals significantly rises with regard to the fault’s

severity.

ia/ A

Table 1
Asynchronous motor parameter
Parameter Value
Rated Power 3 hp
Rated Voltage 230V
Rated Current 9A
Rotor Resistance 0.816 Q
Stator Resistance 0.435Q
Mutual Inductance 0.0695 H
Stator Inductance 0.0024 H
Rotor Inductance 0.0024 H
Moment of Inertia 0.089 kg.m?
Load Torque 15 Nm
Number of Rotor Bars 28
T T T 15 T
10 Healthy 10 - KB
5
0 5 0
10
L L L L -15 L L L
15 1.6 17 1.8 19 1.5 1.6 1.7 18 19
Time / Sec Time / Sec
(@) (b)
: 3BRB 10 : 5BRB
10
15 l.‘6 l.‘7 l.é L‘9 15 1.; 1.‘7 1.;1 1.;
Time / Sec Time / Sec
(©) (d)
Figure 2

Stator current for (a) healthy condition, (b) one broken rotor bar, (c) three broken rotor bars, and (d)

-10

five broken rotor bars
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200 ‘ ‘ 300
Healthy — Healthy
150 ______1BRB 1BRB
3BRB — _3BRB
200
5BRB ______5BRB
100 .
Y
£ g 302
" <
z < 10 300
E = 298
1 15 2
0
0 1 2 3 0 1 2 3
(a) Time / Sec (b) Time / Sec

Figure 3
Simulation outcomes for (a) Torque and (b) Speed for healthy, one broken rotor bar, three broken rotor

bars, and five broken rotor bars conditions

Fig. 4 and Fig. 5 display the estimated parameters, which are the stator and rotor
resistances and inductances, mutual inductance, and load level, obtained by using
TRM and L-M optimization methods at healthy and faulty states. While all the
parameters change with respect to the load’s variation and the broken rotor fault’s
severity, the rotor resistance shows a distinguishable linear increment with a rapid
rise of fault’s severity. The behavior of rotor resistance is anticipated as the broken
rotor fault leads to an unbalanced rotor magnetic field that results in nonlinear
current flow ending up with a higher rotor resistance value. Refereeing to a previous
study [24], the rotor resistance and the mutual inductance are the dominant
parameters of asynchronous machines. As a result of this, the presence of broken
rotor bars can be established via the deviation of the rotor resistance parameter.
Table 2 articulates the estimated deviation of the rotor resistance and the mutual
inductance from their primary given values under faulty broken rotor bars
conditions. Compared to the rotor resistance, the mutual inductance variation is
mundane, especially in the case of minor fault intensity (1 BRB).
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Figure 4
Estimated (a) stator leakage inductance, (b) rotor leakage inductance, (c) mutual inductance, (d) stator
resistance, (d) rotor resistance, and (e) load level by TRM at healthy 1 BRB, 3 BRB, and 5 BRB states
and at various load conditions.
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Figure 5
Estimated (a) stator leakage inductance, (b) rotor leakage inductance, (c) mutual inductance, (d) stator
resistance, (d) rotor resistance, and (e) load level by L-M at healthy, 1 BRB, 3 BRB, and 5 BRB states
and at various load conditions.

-221-



R. A. K. Aswad et al. Trajectory of Rotor Resistance for Detecting Broken Rotor Bars of Asynchronous Machines

Table 2
Deviation of rotor resistance and mutual inductance from the original value at faulty broken rotor bar

states

State Estimated Estimated 7 Deviation | L,, Deviation /

7./ Ohm Ly /H % %

One No | 0.85307 0.069163 454 -0.699
Broken Load

Rotor Bar | 1p311 | 0.83881 0.069492 2.79 -0.226
Load

Full | 0.85175 0.069651 438 0.0001
Load

Three No | 0.94571 0.068351 15.89 -1.865
Broken Load

Rotor Bars | [alf | 0.88946 0.068761 9.00 -1.276
Load

Full | 0.92624 0.069694 13.51 0.06317
Load

Five No | 1.0531 0.066724 29.05 -4.20
Broken Load

Rotor Bars | [alf | 0.93661 0.06783 14.78 2613
Load

Full | 1.0236 0.068701 25.44 -1.362
Load

The convergence of the TRM and LM for the state of one broken rotor bar fault at
no-load, half-load, and full-load is revealed in Table 3. The time consumed to
complete the estimation process is also demonstrated in Table 3. This table conveys
the optimization methods' success in average estimation time equals 5.3 minutes.

Table 3
Comparison between TRM and LM
State Starting Cost Cost Estimation | Estimation
Cost function function time time
function | minimiza | minimiza | consumed consumed
value tion by tion by by TRM by LM
TRM LM / Minute / Minute
One No 1036.5 3.5219 3.5219 7 8
Broken | Load
Rotor Half | 302.7676 3.8485 3.8485 44 5
Bar Load
Full 10.2689 4.7956 4.7956 4.5 3
Load

To summarize the results, it is recommended that the broken rotor fault be detected
by the trajectory of the rotor resistance parameter for the following reasons. Firstly,
the parameter linearly rises with the fault’s intensity; therefore, fault diagnosis is
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possible as well. Secondly, this method is robust against false alarms by other types
of faults like an inter-turn fault because it has been proved in [20] that the rotor
resistance significantly decreases when the latter fault happens. Finally, estimating
the rotor and mutual inductance is mandatory for a machine fed by a drive, making
it a cost-effective method. A concise comparison between the proposed approach
and recent related works is provided in Table 4.

Table 4
Comparison of this work with recent relevant studies
Reference BRB Validation | Robustness | Required | Identifying
Detection against against time for fault’s
Method load other kinds | detection severity
variation of fault
[5] Current X Not verified Not Yes
Envelope and reported
ANN
[10] Model-based X Not verified Not Yes
Kalman filter reported
[6] Model-based X Not verified Not No
SVM reported
[3] Park’s vector v Robust Not No
product against reported
inter-turn
fault
This Model-based v Robust 5.3 Yes
paper TRM and LM against minutes
inter-turn
fault
Conclusions

Detecting minor broken rotor bar faults in asynchronous motors is an important
subject, because this kind of fault, directly threatens the motors' lifespan. A strategic
technique based on parameter estimation of a reciprocal healthy asynchronous
motor, has been proposed in this study. Two nonlinear optimization methods
perform the estimation. Based on the simulation results, the rotor resistance verifies
the superior variation, which is linearly increased with the fault’s intensity.

From a mathematical viewpoint, this is due to the high impact of the rotor resistance
on the model’s behavior [24]. Therefore, this paper recommends estimating the
rotor resistance parameter, of an asynchronous motor, to detect broken rotor bar
faults.
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