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1. INTRODUCTION

Due to their vast range of applications, induction motors (IMs) are among the most vital electrical
equipment and efficiency in a variety of industrial applications, including pumps, compressors, fans,
conveyors, and electric vehicles [1]. Furthermore, their utilization is in progress due to their low cost,
ruggedness providing flexibility in a wide range of operating circumstances [2]. Besides that, the high
reliability of IMs for ensuring an uninterrupted and problem-free functioning in the industry. IMs are subject
to a variety of inevitable stressors, including mechanical, electrical, thermal, and environmental restrictions.
This last constraint leads to many faults within the motors. In addition, the non-obvious of the faults in early
stages produces a catastrophic motor failure. Therefore, the industry will suffer financial losses. To avoid this
last, the early fault detection and diagnosis of IM components is required for offering the adequate warning
of the coming failures [3]-[8]. One of the important failures is broken rotor bar (BRB) which represents 10%
of induction motor faults. Detecting this fault under a closed loop control is a challenge for many researchers.
Therefore, many control techniques have been used and applied, such as field oriented control (FOC), direct
torque control (DTC) [9], [10].

In this research, DTC have been used as a control mechanism owing to its simple construction, rapid
response, and excellent decoupling [11], [12]. The control settings and switching frequency of the DTC cause
the presence of a high frequency component in the stator current spectrum of a DTC-fed squirrel cage
induction motor (SCIM). In addition to the control structure, the sideband amplitude around the supply
frequency of the phase current will be impacted [13]-[16].
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In order to analyze the stator current spectrum tow techniques were applied, the first one is
considered as motor current signature analysis (MCSA) most typical malfunction signature and the second is
the Hilbert transform (HT). Both techniques are to be compared to show their efficiency. The spectral
leakage it's one of limitation of fast fourier transform (FFT) because of the finite time window. Thus, a high
frequency resolution and variety of side band frequencies are required. At the frequencies listed in [17], [18]
additional components have been induced in the stator current:

fo=(1+2Ks)f, K =123.. )

Where f,, is the frequency of bar fractures, f; is the frequency of supply and s is the lapse (slip).

This paper deals with experimentally validation of BRB fault diagnosis within SCIM using MCSA
and MCSA via HT. Where the HT is proposed to defeat the difficulties in MCSA particularly at very low slip
and it provide against the low-level load condition a very low sensitivity [9], [19]. The HT method is
dependent on the envelope analysis of each stator current for BRB [20]. In any case, the envelope was
produced by modulation of the stator current. Both MCSA and MCSA through HT are simulated in closed
loop with DTC control, and the results are shown to validate the efficacy and practicability of the HT
method, which provides the ability to identify BRB faults even in no-load conditions, in comparison to
MCSA.

2. METHOD

DTC is a control philosophy that makes advantage of AC machines' torque and flux-producing
capabilities when supplied by a voltage source inverter without current regulator loops. However, it achieves
the same performance as a vector control drive [21]. Figure 1 displays the DTC method for selecting the six
non-zero and two zero voltage vectors of an inverter based on instantaneous torque and stator flux magnitude
errors (Figure 2). This is accomplished by selecting the correct sector in the spatial vector modulation, which
will be detailed in more detail later in this section. The DTC technique estimates magnetic flux and torque by
measuring the motor's voltages and currents. If the torque or flux exceeds a certain tolerance range
(hysteresis band), the variable speed drive transistors are changed to the next state in order to bring the torque
or flux to inside the tolerance range as fast as possible [20], [22].
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Figure 1. Block diagram of DTC of the SCIM
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Figure 2. Inverter output voltage sectors

2.1. Behavior of the stator flux
The following equation can be used to calculate the stator flux, in the (o, ) reference. Where: @g
represent the stator flux vector; R represent the stator resistance; Vg represent the voltage vector.

7 — P J. 4 30s
Vs = Rsls +— @)

2.2. Behavior of the torque
According to the following formula, electromagnetic torque is proportional to the vector product of
stator and rotor flux [23].

Te = K(@s X ¢r) = K|osloy|sin(o) @)

With:{p;is the vector of stator flux;é, is the vector of rotor flux; cis the angle between the vectors of stator
and rotor flux.

2.3. Sequences of the switching table

The DTC algorithm (Figure 1) identifies the correct inverter voltage vector to be applied to the
induction motor based on the hysteresis state of the torque, flux, and the switching sector of the stator flux,
indicated by (o). The parameters of an inverter's switching device are the outputs of the switching vectors in
the various stator flux sectors.

a=Lps = tan‘l(% 4)

According to Table 1, the vectors of active switching are V; through ¥ as well as the zero switching vectors
V, and V. The stator flux switching sectors may be organized according to the six sectors shown in Table 1.

—-30% < a; < 30°
30° < @, < 90°
90° < a3 < 150°
150° < a, < 210°
210° < as < 270°
270 < a; < 330°

(®)

a =

Table 1. Sequences of inverter voltage vector switching
Sector (S) 1 2 3 4 5 6
K,=1 Kr=1 110 010 011 001 101 100

Kp=0 111 000 111 000 111 000
Kp=-1 101 100 110 010 011 001
=0 Kp,=1 010 011 001 101 100 110
Kr=0 000 111 000 111 000 111
Kp=-1 001 101 100 110 010 011

Ky
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2.4. Hilbert transform for detection broken rotor bar fault

As is well known, HT has been used in a number of scientific fields, involving signal transmission,
processing of geophysical data, and detection or diagnosis of faults [17]. In our example, HT is used to
identify IMs with BRBs. This section discusses briefly the use of HT for stator current analysis of SCIM
under a closed-loop drive [19], [24]. i5(t) is the mathematical description of an actual signal's HT ig(t) [17]:

+0oo,
50 =4[ ©®)

The aforementioned analytical signal ig(t) consists of connecting ig(t)and is(t):

5(t) = is(t) + jis(t) = a(t)e/?® ™

a®) = Jisa?(0) +15*(8) and 6(2) = tan~16 (222) ®)

Where a(t) is the so-called envelope (g, (t)instantaneous amplitude), which might represent how i, (t)

energy changes in time, and 6(t)is the instantaneous phase of ig,(t). The processes for obtaining the

diagnostic and analysis one-phase stator current envelope for the BRB scenario may be defined as [17]:

- Measure stator current on a single phase, indicated as i z(t).

- Calculate the HT of i (t), also known as ig(t) (in practice, the HT is calculated using an FFT based
procedure [25]).

- Calculate the Hilbert modulus a(t) as shown in Figure 3 based on (21).

- Subtract the average of the dc component in a(t) and call the result a(t)*,i.e a(t)* = a(t) — mean(a(t)).

- Using FFT, extract the spectrum of a(t)* and study the BRB indication, i.e. the components in the
spectrum at frequencies of 2sf1 and 4sf1.

As a result, the envelope can be used to identify a BRB fault. To identify BRBs faults in a particular
the use of a FFT either the stator current's HT or its modulus and applying it to the diagnosis of asymmetric
rotor defects, particularly under no-load situations, provides significant advantages [9], [19]. Aside from that,
this study focuses on identifying rotor asymmetries in SCIM drives running at low loads and the resolution of
difficulties caused by the switching closed-loop method when the SCIM is operating at high
frequencies [13], [26], [27].
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Figure 3. Stator current la and its envelope for two BRBs operating under distinct load conditions

3. RESULTS AND DISCUSSION

As indicated in Figure 4, the BRB fault was manufactured in experimental testing by drilling a
3 mm-diameter hole at each rotor bar depth. Figure 5 demonstrates the experimental configuration and
software/hardware connection of the testing apparatus. Using a numerical oscilloscope equipped with a real-
time interface (RTI) through a dSPACE 1104 board linked to a PC running control desk software, the results
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are gathered. The following are the primary components of the testing apparatus, as seen in Figure 5: 1)
three-phase 3-kW SCIM (see Table 2 for more details), 2) the SCIM is coupled with synchronous generator
provide variable load torque, 3) the Semikron power converter is comprised of a rectifier and insulated gate
bipolar transistors (IGBT) inverter with adaption interfaces (5-15 V), 4) incremental encoder that permits
rotor speed measurement, 5) current and voltage sensors of the Hall type, 6) automatic transform (0-450 V),
7) dSpace 1,104 linked to a PC with control desk software, 8) mechanical coupling between SCIM and
synchronous generator, 9) torque sensor, 10) variable load of the synchronous generator, 11) continuous feed,
and 12) multimeter.

Figure 4. Induction motor rotor bar fracture Figure 5. Photo of experimental setup and
(broken) software/hardware linkage

The dS1104 accepts sensor input signals (speed, current) and produces digital control signals. These
signals are delivered to a MATLAB/Simulink application using an RTI that provides input/output (1/O) ports
for the dS1104 in Simulink’s library. The implementation on the dS1104 board will change it into a hardware
(dspace 1104) real-time system, as opposed to a software system (Simulink). Using control desk software,
system variables such as gains, and reference signals. are modified to achieve the desired control behavior.
The DC-bus converter is stabilized by filtering the input voltage using a three-phase rectifier. Analog control
signals are sent through dspace and are shifted from one to the next (0-5 V). To activate the IGBTSs of the
inverter, however, the control signals are amplified to (0-15 V) using a laboratory-built adaptive amplifier.
Lastly, the SCIM is used to control the inverter through the control desk. The experimental outcomes are
shown using an oscilloscope connected to RTI.

Table 2. Technical data of SCIM

Parameter Value
Rated power 3kw
Rated voltage 380V
Rated frequency 50 Hz
Stator winding connection Y
Pole pairs number 2
Rotor slot number 28
Stator slots number 36
Air-gap length 0.3 mm
Rotor inertia moment 0.023976- Kg. m?
Stator winding turns per coil 25
Stator per phase resistance 1.8Q
Rotor bar resistance 0.02856 mQ
End ring resistance 0.01856 mQ
Stator per phase leakage inductance 10 mH
End ring leakage inductance 0.04535 pH
Rotor bar leakage inductance 1.27 uH
Stator phase 'a' winding scheme A-0-9’-1-10’-2-11’-18-27"-19-28°-20-29’-X

3.1. Healthy state of the squirrel cage induction motor

Figure 6 depicts the DTC SCIM's healthy testing results. In 10 seconds, several mechanical and
electrical parameters are measured. As seen in Figure 6(a), the rotor speed response is given without overrun
(1 div=200 rpm). The rotor speed looks to be a useful reference point. As shown in figure, the growth of the
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stator flux components (1 div=0.5 Wb) in the plane (o,B) is exactly circular as showed in Figure 6(e). The
electromagnetic torque (1 div=10 Nm) in Figure 6(b) is dynamically rapid. Where the wave patterns of phase
currents in the stator (1 div=5 A) are mostly sinusoidal with variable amplitudes according to the fluctuating
load, as seen in Figures 6(f) and the zoom of stator current in Figure 6(g). As shown in Figures 6(c) the
functioning of the machine in reverse rotation at high speed (1 div=500 rpm), and Figure 6(d) at low speed (1
div=200 rpm) indicates the DTC superior performance.
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Figure 6. In a healthy condition, the mechanical and electrical quantities of the DTC (a) rotor speed,
(b) electromagnetic torque, (c) reverse speed test (300 rpm), (d) reverse speed test (1,000 rpm), (e) stators
flux trajectory (a, B), (f) stators phase current, and (g) stators phase current (zoom)

3.2. One broken rotor bar fault of the squirrel cage induction motor

One cracked rotor bar was found during testing of the motor. Based on the study of the findings
acquired from one BRB Figure 7 compared to the healthy condition Figure 6 demonstrates that the rotor
speed is unaffected by a single BRB owing to closed-loop regulation, as seen in Figure 7(a). The default
value affects the electromagnetic torque. By the emergence of distinct waves when a weight is applied, as
seen in the Figure 7(b). In Figures 7(f) the amplitude of oscillating stator phase current is greater than in a
healthy condition and the Figure 7(g) as well as. The flux trajectory of the stator is unaffected, as seen in
Figure 7(e). Figures 7(c) illustrate the excellent performance of the DTC during reverse speed operating at
low speed (1 div=200 rpm) and Figure 7(d) at high speed (1 div=500 rpm).
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Figure 7. Mechanical and electrical DTC faulty values indicate one damaged rotor bar: (a) rotor speed, (b)
electromagnetic torque, (c) reverse speed test (300 rpm), (d) reverse speed test (1,000 rpm), (e) stator flux
trajectory (o, B), (f) stator phase current, and (g) stator phase current (zoom)

The speed of rotation of the SCIM operating under the DTC technique is 1,000 rpm (Figure 6), and
frequency fundamental related to rotational speed under no-load circumstances in a healthy case is 33,64 Hz
(Figure 8(a)). Figures 8 and 9 display the FFT's results in the form of normalized spectra. This last image
displays phase current's FFT (MCSA) and the filtered phase current envelope i, (t), respectively. Figure 8
shows the results of the stator phase current processing. As demonstrated in Figures 8(a) and (b) for the
healthy and BRB situations, respectively, at no-load, the frequency components of the BRB state are
obscured by the mains frequency component spectral leakage. Figures 8(c)-(e), under 25%, 50%, and 75%
load conditions, respectively, clearly illustrate the frequency characteristic components of the BRB as the
load increases. The fault harmonic component (1 + 2s)f;(Hz) evident on the low, medal, and full load
spectrometers. However, the amplitude of the harmonics increases as the load increases from 25% to 75%.
As illustrated in Table 3 and Figure 8, Under no-load or even low-load conditions, the typical MCSA
approach is unable of detecting a BRB problem. Alternatively, this approach is effective in detecting rotor

asymmetries at high loads.

The HT is based on an analysis of the positive peaks in the oscillations of the stator phase current
(envelope). Figure 9 shows the results of the identified envelope processing. Figure 9(a) depicts healthy
instances. Compared to Figure 8(b) under no load, Figure 9(b) clearly displays the frequency characteristic
components associated with a BRB failure. The fault harmonic component 2sf;(Hz) and 4sf;(Hz) as seen in
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the Figures 9(b)-(e), are plainly evident on the no-load, low, medal, and 75% load specters. In contrast, the
amplitude of the harmonic increases from no-load to 75% load. The HT can conclusively detect the
frequency signature associated with a BRB failure under any load scenario, even complete no-load.
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Figure 8. The current phase spectrum under a DTC strategy (a) healthy motor, (b) one BRB at no-load

condition, (c) one BRB at 25% load condition, (d) one BRB at 50% load condition, and (e) one BRB at 75%
load condition

Table 3. Experimental examinations of a healthy and defective motor using the DTC approach

Motor Load Slip (%)  2sf,(Hz) 4sf;(Hz) (1+2s)f,(Hz)
Healthy No load 0.009 0.54 1.45 -
One BRB  No load 0.009 0.54 1.63 34.18

32901
25% load 0.029 2.18 4 36.73
32.18
50% load 0.045 3.27 7.09 38.36
31.64
75% load 0.05 49 7.63 40.18
30.36
Two BRB  No load 0.009 0.54 127 34.91
32.18
25% load 0.045 2.909 6 40.73
28.91
50% load 0.069 49 10 44.55
24.73

75% load 0.105 7.63 15.45 52
21.45
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Figure 9. The spectrum of the envelope of phase current using a DTC strategy: (a) healthy motor, (b) one
BRB at no-load, (c) one BRB at 25%, (d) one BRB at 50% load, and (e) one BRB at 75% load

The study of Table 4 reveals that the computed frequencies in experimental data are very close to
the inferred frequencies, and the errors are insignificant. The computed frequencies of the broken bar are
34.25 and 33.03 Hz, compared to 34.18 and 32.91 Hz that were determined. We identify very little flaws that
might be overlooked.

Table 4. Magnitude and frequency of the spectrum and envelope of the stator current la
Experimental results

$=0.009 (1+2s)f;(Hz) (1 —2s)f;(Hz) 2sf,(Hz) 4sf.(Hz)
fcalculated (HZ) 34.25 33.03 0.61 1.22
faeaucea(Hz) 34.18 3291 0.54 1.63
Magnitude (Hz) -35.07 -37.42 -43.05 -48.04

4. CONCLUSION

This study gives a simulation and experimental analysis of broken rotor fault using FFT analysis for
electrical values based on stator phase current and its envelope for the SCIM under closed-loop driving.
Using the MCSA and HT methods, a rotor fault signature was created. The machine's DTC mechanism. The
outcomes demonstrate a good control dynamic in both healthy and defective machine instances. The MCSA
approach was unable to identify the BRB issue in the absence of load. The basic frequency spectrum leaking
conceals the fault frequency characteristic components. In contrast to the HT approach, this technique has
shown its ability reliably detect BRB frequency characteristic components under any load condition,
including absolute no-load, using just a single stator phase current and a minimal storage capacity. Because
of these benefits, it is suitable for both software and hardware implementations. The experimental
implementation validates the simulation tests and yields identical rotor failure signatures.
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