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Condition monitoring of distribution and power transformers is of utmost
importance to utilities due to cost effectiveness concerns. The common
faults that occur in transformers are short circuits and winding deformation.
To date, there are many established test methods used to detect these faults.
In this study, three test methods (insulation resistance (IR), transformer turn
ratio (TTR), and frequency response analysis (FRA)) were compared to
assess their effectiveness in detecting short circuit and winding deformation
in a three-phase transformer. Based on the results, the three test methods
were found to be capable of detecting short circuits. However, only TTR and
FRA can detect winding deformation, and FRA can further indicate which
phase is faulty. Therefore, it is concluded that FRA is more effective in
detecting short circuit and winding deformation of a three-phase transformer.
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1. INTRODUCTION

Transformer is one of the costliest equipment in an electrical power grid. Transformers play an
important role to ensure reliable electricity supply. Transformers are subjected to thermal, mechanical, and
electrical stresses throughout their lifetime. Studies have identified that transformer failures frequently occur
in windings (49.4%), tap changers (23%), bushings (13%), lead exits (6.4%), cores (3.7%), and others (3.9%)
[1], [2]. Failure of a transformer component will result in significant financial losses because the transformer
will be out of service for extended periods, and this includes the cost of repair or replacement. Hence, it is
crucial to detect transformer faults as early as possible to prevent catastrophic failure of the transformer [3],
[4]. It is, therefore, necessary to detect any fault within the transformer at an early stage to prevent any
unplanned failure [5], [6]. The majority of transformer faults is due to windings, which is a major concern to
manufacturers. On average, the life expectancy of oil-immersed and dry-type transformers is more than 30
years [7], [8]. Despite the seemingly long-life expectancy, the life expectancy of transformers is dependent
on the condition of the insulation system. The insulation system will degrade over time, which will shorten
the life expectancy of transformers. The majority of transformer faults occur in windings such as short
circuits and winding deformation [9]. Short circuits tend to occur when the transformer becomes hot as
plenty of dust adhere to the transformer over the years. Winding deformation refers to a displacement of the
coil windings, where the windings may also bulge. Winding deformation is mainly caused by the axial
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leakage flux between the inner and outer coils. The coil is stretched by a radial force, which compresses the
inner coil. This induces pressure on the line ring, resulting in partial coil wire bending. The bending moment
will further increase, resulting in an “avalanche”. Insulation resistance (IR), transformer turn ratio (TTR), and
frequency response analysis (FRA) are frequently used to assess the health of transformers [10]. Short
circuits can occur across any two lines or when the neutral point of the transformer is grounded between any
lines [11]. Figure 1(a) shows an impact of continuous overcurrent causing transformer to become short
circuit. Meanwhile, Figure 1(b) shows another impact of overcurrent by developing winding deformation. To
date, utilities implement a strategy to monitor the condition of transformers through three tiers namely,
i) tier 1-routine online condition assessment, ii) tier 2-offline condition assessment, and iii) tier 3-advanced
condition assessment [12]-[15]. Tier 1 pertains to chemical tests such as dissolved gas analysis, oil analysis,
and thermography. Electrical test methods such as IR and TTR are also used to monitor the condition of
transformer and are categorized under tier 2, while FRA is categorized under tier 3. All of these methods can
be used to detect transformer faults based on their technology, system advancement, robustness, and pricing.
In this study, the effectiveness of IR, TTR, and FRA in detecting common transformer faults (short circuit
and winding deformation) is assessed. It is believed that the findings of this study will facilitate industrial
practitioners to identify which electrical test method is best for condition monitoring of transformers.
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Figure 1. Transformer faults: (a) short circuit and (b) winding deformation [11]

- Insulation resistance
IR test is focused on measuring the current that flows through an insulation or isolating structure upon the
application of a DC voltage [16]. The IR of a transformer is measured between high voltage winding and
low voltage/earth winding with respect to ground [17]. The measurement readings are taken from three
locations: i) high voltage side, ii) low voltage side, and iii) high-to-low voltage side. The polarization
index (PI) is used to assess the IR, and is given by (1),

Pl — IR1o (1)

IR,

where IR10 and IR; denote the IR reading at 10 min and 1 min, respectively.

- Transformer turn ratio
In the TTR test, the turn ratio, phase shift, and excitation current of distribution and power transformers
are measured [16], [18]. The IEEE C57.12.90-2015 standard is the standard test code for oil-immersed
distribution and power transformers [19]. The turn ratio is basically a voltage ratio to evaluate the
condition of the transformer windings, and can be determined using (2), (3) and (4).

. Pri Lt
Rated transformer voltage ratio = —— > °—29¢ (2)
Secondary voltage /3

. Pri It
Measured transformer voltage ratio = ————2 2°=29¢_ (3)
Secondary voltage
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2.

TTR (%) — Rated ratio —Measured ratio % 100 (4)

Rated ratio

Frequency response analysis

FRA involves calculating the impedance of a transformer winding across a wide range of frequencies and
the results are compared with a reference set [20], [21]. This test method is being gradually introduced in
the field of power transformer testing and diagnosis [22]. FRA or sweep frequency response analysis can
determine if the transformer windings have displaced from their original positions. The FRA results can
be used to assess tramsformer faults and the transformer can be further examined using other methods.
The condition of the transformer (good, fair, poor, bad) can be identified based on the tolerance
conditions according to the IEEE standard [23], [24]. For the FRA measurements, the preset signal (Vin)
was injected on the line lead, and the response (Vout) Was detected on the neutral lead of the transformer.
Based on the transfer function (TF), the frequency response magnitude is the attenuated voltage in
decibels (dB), as given by (5). The FRA is typically described by two-dimensional Bode diagrams, where
the x- and y-axes denote the frequency and frequency response magnitude, respectively.

TF (in dB) = 20 log (%) (5)

in

METHODOLOGY
In this study, a three-phase transformer with a step-down rating of 255/60 VAC was used (Table 1

and Figure 2(a)). The turn-to-turn varnish insulation was removed in order to simulate a short circuit on the
transformer winding, as shown in Figure 2(b). Sandpapers with a grit size of 500 and 1000 were used for this
purpose. The winding deformation was simulated by applying force to shift the secondary winding of the
transformer from its original position, as shown in Figure 2(c). It shall be noted that the faults were applied
only at the red phase low voltage winding while the other phases remained normal.

3.

Table 1. Details of the tested transformer

Parameter Detail
Model DE LORENZO
Capacity Three-phase
High voltage winding 255 V Delta connected
Low voltage winding 60 V Star connected
Rating 350 VA

Figure 2. Photographs of the tested transformer: (a) connections of the transformer, (b) short circuit, and
(c) winding deformation.

RESULTS AND DISCUSSION
The results obtained in this study are categorized into three transformer conditions: i) normal

condition, ii) short circuit condition, and iii) winding deformation condition. Testing results of insulation
resistance (IR), transformer turn ratio (TTR) and frequency response analysis (FRA) from each category are
presented in this section. Then, discussion is made to determine which testing method that capable to
determine overall types of electrical faults (short circuit and winding deformation).
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3.1. Transformer in normal condition

Figure 3(a) shows the results of the IR measurements based on the PI mode. The PI is the ratio of
the IR at 10 min divided by the IR at 1 min, where a voltage of 250 VDC was injected at the low voltage
side. The PI values for the red phase show an opposing trend to the PI values for the blue phase. In contrast,
the PI values are rather invariant, unlike the fluctuating patterns observed for the red and blue phases.
Figure 3(b) shows the TTR test results for normal transformer condition. It can be seen that the PI values for
the red phase are similar to those for the blue phase. By contrast, the PI values for the yellow phase show an
increasing trend and differ significantly from those for the red and blue phases. It shall be noted that the age
of the transformer is more than 10 years. Therefore, it can be expected that the readings of each phase will
differ from one another, though the transformer is still in good condition. Figure 4 shows the FRA results for
all three phases of the low voltage winding. It can be observed that all of the measured traces are identical to
one another throughout the frequency range, indicating that the transformer is in good condition.
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Figure 3. Test results for normal transformer condition: (a) IR measurements (Pl mode) and
(b) TTR measurements
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Figure 4. Results of the FRA measurements for normal transformer condition

3.2. Transformer in short circuit condition

Figure 5(a) shows the results of the IR measurements in Pl mode for the transformer in short circuit
condition. It is apparent that the PI values are higher for the red phase compared with those for other phases,
except for the fifth test, where the PI values for the red and yellow phase coincide. The results can be
attributed to the short circuit in the red phase low voltage winding. During the TTR test, a short circuit occurs
in the red phase, as shown in Figure 5(b). When compared to the typical state, the turn ratio reveals a distinct
pattern. According to Ohm’s law, when the current in a short circuit is high, the voltage will be low. Since
the short circuit occurs in the red phase, the percentage of error of the red phase is lower compared with those
for the other phases. Figure 6 shows how the short circuit at the red phase primary winding affects the
transformer winding. The number of turns is reduced when a short circuit occurs within the winding. The
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flux produced in the coil decreases as the number of turns in the coil decreases. When compared to the
normal transformer condition, the initial response anti-resonance shifts slightly to the right, as indicated by
the black boxes. The results are indeed expected because the short circuit occurs in the red phase winding and
the frequency response for the red phase winding shifts significantly from those for the yellow and blue
phases.
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Figure 5. Test results for the transformer with short circuit: (a) IR measurements (Pl mode) and (b)
TTR measurements
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Figure 6. Results of the FRA measurements for the transformer with short circuit

3.3. Transformer in winding deformation condition

Based on the results shown in Figure 7(a), the PI values of faulty phase (red phase) are lower than
those of the normal phases (yellow and blue phases). The PI values show a similar trend to one another and
thus, it is difficult to distinguish whether winding deformation has occurred based on the IR results alone.
Based on the results shown in Figure 7(b), it is possible to distinguish that winding deformation has occurred,
though it is not possible to identify which phase is faulty. Since the fault occurs in the red phase, this fault
also affects the yellow phase due to the flux distribution centered between the red and yellow phases. By
contrast, based on the FRA measurements, there is a significant shift in the red phase due to winding
deformation, as indicated by the black boxes shown in Figure 8. According to Yousof et al. [25], the
frequency range for winding interaction is between 2 and 20 kHz, while the frequency range for the winding
structure is between 20 kHz and 1 MHz. Hence, FRA can be used as a means to indicate which phase is
faulty, particularly winding deformation, unlike the IR and TTR methods.
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Figure 7. Test results for the transformer with winding deformation: (a) IR measurements (Pl mode) and
(b) TTR measurements
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Figure 8. Results of the FRA measurements for the transformer with winding deformation

4. CONCLUSION

In this study, three test methods (IR, TTR, and FRA) used to detect short circuit and winding
deformation faults in a transformer were compared. Based on the results, the IR, TTR, and FRA methods are
capable of detecting short circuits in the transformer. The TTR and FRA methods can detect winding
deformation, though the former can only detect that winding deformation occurs whereas the latter can both
detect and indicate which phase undergoes winding deformation. FRA can be used to identify both short
circuit and winding deformation faults based on the differences between the impedance of the normal phase
(i.e., fingerprint) and faulty phase. Hence, FRA is more effective compared with IR and TTR in detecting
short circuit and winding deformation in a transformer.
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