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Abstract: In this paper, variable reactance (VR) criteria are proposed to mitigate voltage deviations in
power transformers under light-load inductive and capacitive conditions, as well as for over-load
conditions. Under capacitive load conditions, power transformers are affected by the Ferranti effect
as much as AC lines are and can suffer damage if a large over-voltage is present at the secondary
winding. A classical solution for this is the installation of expensive and bulky inductive reactors
at different locations of the AC lines to absorb the reactive power. Instead, this paper addresses VR
techniques focused on power transformer reactance modification to compensate for the over-voltage.
With these techniques, the Ferranti effect on power lines can also be reduced. Another benefit is the
cancellation of over-voltages whose cause is different from the Ferranti effect, namely under inductive
load conditions. In addition, they can also enhance the parallel operation of power transformers by
allowing more flexibility for overload sharing among transformers. The VR techniques are derived
from the Kapp phasor-diagram theory and have been validated experimentally at a small scale in the
laboratory. When implemented in a big network, they can also improve the load-flow voltage and
AC line-loading profiles and even increase the power factor of certain generators.

Keywords: Ferranti effect; transformers; Kapp phasor diagram; light-load conditions; AC lines;
parallel operation of transformers

1. Introduction

The problem of over-voltage in AC grids can be due to several causes [1]. These causes
may involve a reactive power imbalance with excessive reactive power levels within an
AC grid [2]. Apart from this, significant load shedding can provoke over-voltages and
may even imply voltage instability [3]. Furthermore, harmonics, resonances, switching
operations and faults may lead to the amplification of voltage levels due to non-linear
loads, power electronic devices, insulation failures or ground faults, among others [4–6].

Currently, there are also renewable energy generators that impact the grid voltage
levels, especially if not properly controlled [7]. Last but not least, the over-voltage level
may be due to inadequate grid planning or even voltage regulation and control issues [8,9],
as the traditional load voltage regulating transformers are still used [10]. Therefore, there is
still room for improvement in this area, and the present paper encompasses this general
topic.

The Ferranti effect has been traditionally studied in transmission lines, with almost no
mention of the power transformers that are part of their surroundings [11,12]. However,
under capacitive load conditions, power transformers are also affected by the Ferranti effect
and can suffer from damage if a large over-voltage is present at the secondary winding.
A classical solution for it is the installation of expensive and bulky inductive reactors at
different locations of the lines to absorb the reactive power [11,13–18].

However, other measures in the literature have been found to mitigate the Ferranti
effect and to compensate for reactive power [19–21]. In [22,23], the usage of a static
synchronous compensator as a FACT device is proposed to mitigate the Ferranti effect
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on an AC line. In a similar way, the authors in [24,25] used a thyristor-controlled reactor
based on a FACT device to compensate for the Ferranti effect. In [26], energy storage
systems were studied for the purpose of minimizing reactive power requirements and,
therefore, avoiding Ferranti effect issues. In addition, there are authors that use static VAR
compensators to mitigate Ferranti effect [22,27].

However, neither of these papers considered power transformers as key elements
that also suffer from the Ferranti effect. Indeed, they can also provide countermeasure
effects as well as fault diagnosis [28]. Nevertheless, the authors in [29] developed a variable-
reactance transformer to limit the fault current and adjust the secondary voltage that relies
on a movable iron block as the mechanism to change the value of the leakage reactance.
Furthermore, in [30], an improved saturable reactance transformer with a main core and a
pair of adjacent auxiliary cores was invented, where the auxiliary cores carry DC control
windings that control the reactance of the main core. The mechanism for reactance change
relies on a control voltage signal applied to the control windings that regulates the output
of the secondary windings. However, the criteria for reactance change under different load
conditions were neither extracted nor proved.

Therefore, in this paper, criteria for VR techniques are derived from a Kapp phasor
diagram of a power transformer under light-load inductive and capacitive conditions as
well as over-load conditions. The VR techniques have the advantage of being computable
using phasors measured by PMUs and have been validated experimentally at a small scale
in the laboratory. With these VR techniques, the Ferranti effect on power lines can also
be reduced, and consequently, expensive compensation reactance can be reduced in size.
Hence, the main contributions of this paper are summarized below:

• An analytical framework that relates load power factor, load index and transformer
leakage reactance with the module and sign of the transformer internal voltage drop.

• Experimental results that demonstrate the displacement of the load power factor at
which the transformer first experiences the Ferranti effect under capacitive loads,
thanks to the modification of transformer leakage reactance. Evolution of Ferranti
angle for different load indices and transformer reactance levels. Exploration of the
transformer’s behavior at light- and over-load inductive conditions.

• Based on the analytical expressions and experimental results, transformer VR tech-
niques are defined that mitigate voltage deviations at the secondary windings of
transformers under light-load capacitive and inductive conditions, as well as in over-
load conditions in a set of two transformers working in parallel.

• Impact of the VR techniques on a simplified 2-bus system. Mitigation of the Ferranti
effect on an AC line and reduction of the necessary shunt reactor size. Mitigation of
over-voltage at the secondary winding under light-load inductive conditions. Flexibil-
ity enhancement of the parallel work of two transformers at over-load conditions.

• Impact of the VR techniques in other grid elements near to the transformer within a
large, standardized grid, the IEEE-39-node AC grid. Modification of voltage profile
of nodes, change in AC lines loading levels, other transformer’s loading levels and
power factor levels at generator buses.

The paper is organized as follows: In Section 2, a theoretical analysis is provided
for power transformers at light-load capacitive and inductive conditions as well as for
over-load conditions. As a result, analytical relationships that relate the effect of the power
factor on the sign of the internal voltage drop of the transformer as well as the impact
of transformer reactance on the mitigation of over-voltages in light-load capacitive and
inductive conditions are obtained. Furthermore, similar guidelines for the transformer
reactance change address the case of overload sharing between two transformers working
in parallel to manage the overload more efficiently or even to cancel it, as well as to prevent
them from suffering from under-voltages. In Section 3, the methodology followed in this
paper is presented, and further steps are described. This methodology consists of three
stages: an analytical stage, the experimental verification in a laboratory and the simulation
in both a simplified and a large grid to study the impacts of VR techniques on other grid
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elements. In Section 4, the experimental verification at a small-scale in a laboratory is
presented, together with the description of the experimental setup and results. In Section 5,
proposals of corrective VR techniques for the different studied situations are given, namely
light-load inductive and capacitive conditions as well as over-load conditions. In Section 6,
the simulation of the three different VR techniques is addressed in two types of AC grids:
a simplified 2-bus system grid and an IEEE-39 node grid. In the simplified 2-bus system
grid, the three VR techniques are implemented for three different transformers; in addition,
for the step-down transformer, the implementation of the VR technique demonstrates the
mitigation of the Ferranti effect, not only at the secondary side of the transformer but also
at the receiving end of the adjacent AC line, with simultaneous reduction in the required
reactance. In the IEEE-39 node grid one, the impact of the three VR techniques on other
grid elements is studied, considering overall voltage profiles, AC line-loading levels, other
transformers’ loading levels and power factor levels or the generators. In Section 7, the
main conclusions are extracted.

2. Analysis of Power Transformers in Light- and Over-Load Conditions

In this section, the main theoretical relationships of a power transformer are extracted
from its single-phase approximate equivalent circuit in light- and over-load conditions and
from phasor and Kapp’s diagrams. The main outcomes of this section will be:

• The analytical expression of the relative internal voltage drop, εc(%), as a function of
the short-circuit reactance, Xsc, the power factor at the secondary side, cosϕ2, and the
load index, λ.

• The analytical expression of the Ferranti angle, ϕFerranti, as a function of the load index,
λ, and the short-circuit reactance of the power transformer, Xsc.

• Criteria for the variation of the short-circuit reactance of the power transformer, Xsc,
as a function of the load index; the power factor at the secondary side and the source
of over-voltage. From this relationship, the VR techniques will be extracted for both
light-load capacitive and inductive conditions as well as for over-load conditions.

To extract these relationships, the approximate single-phase equivalent circuit reduced
at the primary side of a three-phase transformer is presented in Figure 1. In it, the main
equivalent circuit parameters are indicated, namely those of the series branch, Rsc, jXsc and
→

Zsc, being the short-circuit resistance, reactance and impedance, respectively, and these of
the parallel branch, RFe and jXµ, being the iron-core resistance and magnetizing reactance,
respectively.
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Figure 1. Approximate single-phase equivalent circuit reduced to the primary side of a three-phase
power transformer.

Different measurable magnitudes are also depicted in Figure 1, such as the primary

phase voltage and current,
→
V1 and

→
I1, respectively; the secondary phase voltage and the
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current referred to the primary side,
→

V′2 and
→
I′2, respectively; and the no-load currents,

→
I0,

→
IFe and

→
Iµ.

The load connected at the secondary side of the transformer is also included by means

of
→

Z′L and may imply unity, or a lagging or leading power factor. Based on the sign of the
power factor at the secondary side of the transformer, two phasor diagrams are depicted in
Figure 2a,b, which correspond to a lagging and leading power factor at the secondary side,
respectively.
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Assume that
∣∣∣∣ →V1| is equal to the rated primary phase voltage

→
|V 1r|. According to

Figure 2, the phasor diagram of the transformer connected to an inductive load will impose

a lagging power factor at the secondary side, and the condition
→
|V′ 2| <

∣∣∣∣ →V1r| is always

guaranteed for the complete spectrum of lagging power factors at the secondary side of the

transformer. This implies that the internal voltage drop
→

∆V =
→

Zsc ∗
→
I′2 for every lagging

power factor level is positive. Therefore, unless there are over-voltages on the primary side,
the phase voltage at the secondary side will not suffer any over-voltage.

However, the phasor diagram of the transformer connected to a capacitive load will

impose a leading power factor at the secondary side, and the condition
→
|V′ 2| <

∣∣∣∣ →V1r| is

not always guaranteed. Indeed, there will be a maximum power factor level at which
→
|V′ 2| >

∣∣∣∣ →V1r| , and below this power factor level at the secondary side, the transformer

internal voltage drop will be negative. Therefore, this leading power factor level will define
the sign change for an internal voltage drop of the transformer and, thus, the occurrence
of the Ferranti effect. Therefore, the phase angle corresponding to the power factor level

at the secondary side that first makes the condition
→
|V′ 2| >

∣∣∣∣ →V1r| true will be designated

from now on as the Ferranti angle, ϕFerranti. Hence, power factor levels that correspond
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to phase angles greater than ϕFerranti will produce the Ferranti effect. These angles will
imply over-voltage condition at the secondary side of the transformer, which endangers
equipment connected to it.

In Figure 3, phasor diagrams of a transformer for both inductive (lagging) and ca-
pacitive (leading) load conditions, as well as the Ferranti angle, ϕFerranti, are depicted
graphically based on Kapp’s diagram.
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According to Figure 3, the phase shift between the
→
I′2 vector and the vector connecting

the origin with the point marked with “C” is depicted as the Ferranti angle, ϕFerranti. The
point “C” is defined as the intersection between the open-circuit circle, whose radius is
→
|V 1r|, and the secondary terminal voltage circle, whose radius is

→
|V′ 2|. Therefore, the “C”

point marks the leading power factor level at the secondary side that makes the internal
voltage drop negative and, therefore, implies over-voltage due to the Ferranti effect.

The relative internal voltage drop for a power transformer εc(%) can be approximated
as a function of the load index, λ, the short-circuit angle ϕsc (º), the secondary power
factor angle ϕ2 (º), the primary rated current I1,r, the primary rated voltage V1,r, and the
short-circuit resistance, reactance and impedance, Rsc, Xsc, Zsc, respectively, as indicated
in (1).

εc =

→
V1 −

→
V′2
→

V1,r

=

→
∆V
→

V1,r

=

→
Zsc ∗

→
I′2

→
V1,r

=

→
Zsc ∗ C ∗

→
I1,r

→
V1,r

∼= λ ∗
√

R2
sc + X2

sc
V1,r

∗I1,r ∗ cos(ϕsc ± ϕ2) (1)

The expression in (1) presents a ± sign to indicate the sign of the power factor at the
secondary side of the transformer. Therefore, there will be a “+” sign for leading power
factors and a “−” sign for lagging power factors.

Hence, the analytical expression of ϕFerranti is calculated by using the expression in (1)
for leading power factors and making it equal to zero, as indicated in (2). Thus, in (3), the
approximate expression for ϕFerranti is obtained, and in (4), a more accurate expression of
the Ferranti angle is formulated based on the phasor diagram in Figure 3.

εc ∼= λ ∗
√

R2
sc + X2

sc
V1,r

∗I1,r ∗ cos(ϕsc + ϕFerranti) ∼= 0→ (2)

ϕFerranti
∼=

π

2
− ϕsc (3)



Machines 2023, 11, 797 6 of 33

ϕFerranti =
π

2
−
(

arccos
(

λ ∗ Zsc ∗ I1,r

2 ∗V1,r

)
− arctan

(
Rsc

Xsc

))
(4)

Therefore, a set of conclusions are derived from the analytical expressions for capaci-
tive load conditions:

• ϕFerranti is very similar for different λ load indices but for greater load indices, ϕFerranti
slightly increases.

• For greater λ load indices, higher εc values will be obtained.
• For greater ϕsc short-circuit angle values, ϕFerranti is reduced. A greater ϕsc can be

obtained by increasing Xsc. In this way, the Ferranti effect can appear for a greater
variety of secondary power factor levels.

• For lower ϕsc short-circuit angle values, ϕFerranti is increased. A lower ϕsc can be
obtained by decreasing Xsc. In this way, the Ferranti effect can appear for a lower
variety of secondary power factor levels.

• Therefore, to minimize the risk of the Ferranti effect in capacitive load conditions,
ϕFerranti should be as high as possible so that it is difficult to be exceeded. In essence,
Xsc should be as low as possible to avoid over-voltage at low leading power factors.

Similarly, a set of conclusions can be derived from the analytical expressions for
inductive load conditions:

• There is no Ferranti effect and no sign change for the transformer internal voltage
drop, this being always positive.

• For greater λ load indices, higher εc values will be obtained.
• If the source of over-voltage is on the primary side, greater values of Xsc are preferred

to mitigate over-voltage at the secondary side, as
→

V′2 =
→
V1 −

→
∆V.

• If a transformer which works in parallel with another transformer is subjected to
over-load conditions, as its Xsc is increased, the overload can be transferred to the
second transformer to achieve a better share of the overload or even to cancel the
overload for the complete set of transformers, A and B, working in parallel. This
comes from the condition of equal voltage drops at both transformers, as indicated
in (5). ∣∣∣∣ →Zsc,A ∗

→
λA ∗ I1,r,A

∣∣∣∣=∣∣∣∣ →Zsc,B ∗
→

λB ∗ I1,r,B

∣∣∣∣ (5)

• Therefore, if
∣∣∣∣ →Zsc,A

∣∣∣∣ is increased by means of Xsc,A, then λA must be decreased and

vice versa.

3. Methodology

In this section, the methodology for this paper is described. In Figure 4, the methodol-
ogy is presented by means of a flow-chart.

The methodology is composed of 3 stages: theoretical analysis, experimental verifica-
tion and model validation through simulations.

In the first stage, the main theoretical equations are described for a power transformer
at different load conditions. In the case of capacitive loads, the analytical expressions for
the Ferranti angle are formulated based on corrective measures for transformer parameters
that could mitigate the over-voltage level at the transformer secondary side. In the case
of inductive loads, a similar analysis is developed, and analogous corrective actions on
transformer parameters are studied. In addition, in a set of 2 transformers working in
parallel, a similar analysis is carried out, but in this case, for over-load conditions. Therefore,
the outcome of this stage is the proposal of VR techniques to be applied to transformers
subjected to a variety of load conditions, such as over-voltage in light-load capacitive or
inductive conditions or under-voltage in over-load inductive conditions. This stage has
been described in Section 2.
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In the second stage, an experimental study is carried out to verify the analytical
relationships extracted in stage 1 and to provide more information regarding critical events,
such as the change of sign in the internal voltage drop when the transformer is subjected
to capacitive conditions. This stage is divided into two separate tasks: experiments for
a single-phase transformer and those for a three-phase transformer. For both types of
transformers, the main implications derived from the theoretical analyses in Section 2 are
confirmed. In addition, the asymmetrical behavior in power and currents of the three-phase
transformer topology is explored when considering the reactance changes.

In the third stage, the proposed framework is validated through simulations, on the
one hand, on a simplified 2-bus grid, and on the other hand, on an IEEE 39 node system to
analyze the impact on other grid elements, such as in the loading level of other transformers
and AC lines, the voltage profile of nodes and the power factor levels at generators.

The final conclusions are finally proved to be consistent with the developed method-
ological stages, and pros and cons are finally addressed for these VR techniques, considering
other grid elements.

4. Experimental Study

In this section, experimental verification stages are developed for both single-phase
and three-phase transformers. These experimental setups have been built in the Laboratory
of Electrical Machinery of the Electrical Engineering Department of the University of
Zaragoza, Spain. First, an experimental setup was implemented for testing single-phase
transformers to confirm the previous implications extracted in Section 2. Afterwards, a
second experimental setup was also implemented for testing three-phase transformers to
explore the effect of asymmetrical power and currents due to the central column of the core.
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4.1. Description of Experimental Setups and Instrumentation

The instrumentation used for sensing the different variables in these tests consists of
two grid analyzers based on current transformers, whose main datasheet parameters are
included in Table 1.

Table 1. Main datasheet information of the grid analyzer Circutor CVM-C10-ITF-485-ICT2.

Manufacturer Model AC Power Supply

Circutor CVM-C10-ITF-485-ICT2

Nominal
voltage (V) Frequency (Hz) Consumption (VA)

95. . .240 V ± 10% 50. . .60 4. . .6

Current measurement circuit

Installation
category

Nominal
current

(In)

Phase-current
measuring range

Maximum
input

consumption

Maximum pulse
current

Minimum current
measurement

CAT III 300V . . ./5 A, . . ../1 A 2. . .120% In 0.9 VA 100 A 10 mA

Voltage measurement circuit

Installation
category

Frequency measuring
range

Nominal
voltage

(Un)

Voltage
measuring range

Minimum
measurement

voltage (V)

CAT III 300V 45. . .65 Hz 300 V ph-N, 520 V ph-ph 5. . .120%Un 15

Measurement accuracy (Phase voltage measurement)

0.5% ± 1 digit

However, since the nominal current for the grid analyzer is set to 5A, as indicated
in Table 1, and the maximum current to be sensed is 10 A, in the case of three-phase
transformers, these grid analyzers include three current transformers inside its case, as
seen in Figure 5. The aforementioned current transformers convert the measurable current
(maximum 10 A) into a lower current that is compatible with the measurement unit of
the grid analyzer. The main datasheet information for current transformers is included in
Table 2.

As seen in Figure 5, the number of primary turns of these current transformers have
been increased to 6, thanks to the cable arrangements, so that whenever there are 10 A to be
measured, the current transformers inside the grid analyzer reduce this current to 830 mA.
This last value of the sensed current is then compatible with the nominal current rating of
the grid analyzer, which is 5 A.
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Table 2. Main datasheet information of a current transformer, c.

Manufacturer Model Electrical Characteristics

Circutor TC5 60/5 A

Power
(VA)

Operating
voltage (kV)

Nominal
frequency

1.25 VA
(Class 1) 0.72 kV max 50/60 Hz

Current measurement circuit

Primary current
measurement (In)

Thermal short-circuit
current

(Ith)

Dynamic
current

Transformation
ratio

Measurement
range Standards

60 A 60 In 2.5 Ith . . ./5 A 60/5 A
IEC 61869-1
IEC 61869-2

BS2627

The connection sketch and photos of the experimental setups are enclosed in Figure 6
for both single-phase and three-phase transformers. In these setups, three different single-
phase 380/127 V transformers, Tr-1, Trf-2 and Trf-3, and two three-phase transformers, Trf-4
and Trf-5, are the objects of study that are subjected to light-load and over-load capacitive
and inductive conditions.
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The rated parameters of the complete sets of power transformers being tested are spec-
ified in Table 3, where the current and voltage ratings for the three-phase transformers are
their phase-to-phase values. For this purpose, variable resistive, inductive and capacitive
loads in five steps have been included. Their technical information has been included in
Table 4.

Table 3. Rated values for the three single-phase and three-phase transformers under test.

Sr(kVA) V1,r(V) V2,r(V) I1,r(A) I2,r(A) Rl (Ω) Xl (Ω)

Trf-1 1.5 380 127 3.94 11.81 1.37 10.45

Trf-2 1.5 380 127 3.94 11.81 1.37 7.25

Trf-3 1.5 380 127 394 11.81 1.37 4.88

Trf-4 (wye-wye) 5 400 254 7.21 11.36 0.55 1.07

Trf-5 (wye-wye) 5 400 254 7.21 11.36 0.55 0.647

Table 4. Rated values for the variable loads for the two experimental setups.

Resistive loads 10. . .350 Ω

Capacitive loads 10. . .350 Ω

Inductive loads 10. . .350 Ω

Here, Sr is the rated power; V1,r and V2,r are the rated primary and secondary voltages,
respectively; I1,r and I2,r are the rated primary and secondary currents, respectively; and Rl
and Xl are the leakage resistance and reactance values, respectively.

4.2. Behavior of Single-Phase and Three-Phase Transformers under Light- and Over-Load
Capacitive and Inductive Conditions

In this subsection, the theoretical analyses developed in Section 2 are validated by
means of the experimental setups described in Section 4.1.

The five aforementioned transformers were subjected to different light-load and over-
load tests consisting of a variation in the leading power factor at their secondary sides as
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well as of their load indices. By using the different capacitive and resistive steps of the
variable loads, the power factor was varied from 1 to 0.955 leading for the single-phase
transformers and from 0.55 to 1 leading for the three-phase transformers. Different ranges
of the power factor at the secondary sides were considered since the single-phase and
three-phase transformers have different Ferranti angles, and with these two ranges, the
change in reactance can be better seen separately. Therefore, the evolution of the internal
voltage drop at each transformer with the variation of load index and power factor at
the secondary side was registered, and the results are summarized in Figures 7–9 for the
single-phase transformers Trf-1, Trf-2 and Trf-3 and in Figures 10 and 11 for the three-phase
transformers Trf-4 and Trf-5.
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It can be noted that the sign change from a positive to a negative voltage drop occurs
at a different power factor level for each of the five different transformers.

Among the single-phase transformers, the power factor levels that correspond to sign
changes of an internal voltage drop are 0.9875, 0.9825 and 0.9765 leading for Trf-1, Trf-2
and Trf-3, respectively. Therefore, Trf-1, with the highest leakage reactance of 10.45 Ω, will
be the one most prone to suffer the Ferranti effect for the widest spectrum of leading power
factors at the secondary side, while Trf-3, with a lower leakage reactance of 4.88 Ω, will be
less prone to it.

Among the three-phase transformers, the power factor levels that correspond to sign
changes of an internal voltage drop are 0.89 and 0.76 leading for Trf-4 and Trf-5, respectively.
Therefore, Trf-4, with the highest leakage reactance of 1.07 Ω, will be the more prone to
suffer the Ferranti effect for the widest spectrum of leading power factors at the secondary
side, while Trf-5, with the lowest leakage reactance of 0.647 Ω, will be less prone to it.

To illustrate this evidence, the Ferranti angle was computed for the three transformers
at different load index levels and the results are shown in Figure 12. For each load index
and transformer, the Ferranti angle adopts a different value. Among single-phase trans-
formers, the Ferranti angle values corresponding to Trf-3 imply greater values than these
corresponding to Trf-2 and Trf-1. Among the three-phase transformers, the Ferranti angle
values corresponding to Trf-5 imply greater values than those corresponding to Trf-4. And,



Machines 2023, 11, 797 13 of 33

when comparing the three-phase and single-phase transformers, Ferranti angle values of
Trf-4 and Trf-5 lie much above than these of Trf-1, Trf-2 and Trf-3.
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In addition, the lowest leakage reactance of Trf-5 makes the overall values for the
internal voltage drop lower than the remaining transformers, making Trf-5 more efficient
than the remaining transformers when delivering power.

Therefore, the experimental results confirm the theoretical analysis. Furthermore,
more information regarding the secondary voltage and its associated THD is added for
Trf-1, Trf-2, Trf-3, Trf-4 and Trf-5 working at a load index of 0.24 and at a leading power
factor values of Figures 13 and 14, respectively.

In Figure 13, Trf-1 is the power transformer that presents the largest values for the sec-
ondary voltage for the complete set of leading power factor values, exceeding the 1.05 p.u
limit value. In contrast, Trf-3 present the lowest values for the secondary voltage, which
are within an acceptable range from 1 p.u. to 1.05 p.u. As for the three-phase transformers,
in Figure 14, Trf-4 presents over-voltages for power factor levels at its secondary side
that exceed the 1.05 p.u. limit for power factors lower than 0.7. In turn, Trf-5 presents
over-voltages at the secondary side but does not exceed the 1.05 p.u. limit.

Apart from this, the five mentioned transformers are also subjected to light-load
inductive conditions. The internal voltage drop levels for Trf-1, Trf-2, Trf-3, Trf-4 and
Trf-5 are shown for different load indices and lagging power factors in Figures 15–19,
respectively.

Machines 2023, 11, x FOR PEER REVIEW 14 of 34 
 

 

In addition, the lowest leakage reactance of Trf-5 makes the overall values for the 
internal voltage drop lower than the remaining transformers, making Trf-5 more efficient 
than the remaining transformers when delivering power. 

Therefore, the experimental results confirm the theoretical analysis. Furthermore, 
more information regarding the secondary voltage and its associated THD is added for 
Trf-1, Trf-2, Trf-3, Trf-4 and Trf-5 working at a load index of 0.24 and at a leading power 
factor values of Figure 13 and Figure 14, respectively. 

In Figure 13, Trf-1 is the power transformer that presents the largest values for the 
secondary voltage for the complete set of leading power factor values, exceeding the 1.05 
p.u limit value. In contrast, Trf-3 present the lowest values for the secondary voltage, 
which are within an acceptable range from 1 p.u. to 1.05 p.u. As for the three-phase 
transformers, in Figure 14, Trf-4 presents over-voltages for power factor levels at its 
secondary side that exceed the 1.05 p.u. limit for power factors lower than 0.7. In turn, Trf-
5 presents over-voltages at the secondary side but does not exceed the 1.05 p.u. limit. 

 
Figure 13. Secondary voltage for Trf-1, Trf-2 and Trf-3 at a load index equal to 0.24 and a leading 
power factor at the secondary side. 

 

Figure 14. Secondary voltage for Trf-4 and Trf-5 at a load index equal to 0.24 and a leading power 
factor at the secondary side. 

Apart from this, the five mentioned transformers are also subjected to light-load 
inductive conditions. The internal voltage drop levels for Trf-1, Trf-2, Trf-3, Trf-4 and Trf-5 are 
shown for different load indices and lagging power factors in Figures 15–19, respectively. 

Figure 13. Secondary voltage for Trf-1, Trf-2 and Trf-3 at a load index equal to 0.24 and a leading
power factor at the secondary side.



Machines 2023, 11, 797 14 of 33

Machines 2023, 11, x FOR PEER REVIEW 14 of 34 
 

 

In addition, the lowest leakage reactance of Trf-5 makes the overall values for the 
internal voltage drop lower than the remaining transformers, making Trf-5 more efficient 
than the remaining transformers when delivering power. 

Therefore, the experimental results confirm the theoretical analysis. Furthermore, 
more information regarding the secondary voltage and its associated THD is added for 
Trf-1, Trf-2, Trf-3, Trf-4 and Trf-5 working at a load index of 0.24 and at a leading power 
factor values of Figure 13 and Figure 14, respectively. 

In Figure 13, Trf-1 is the power transformer that presents the largest values for the 
secondary voltage for the complete set of leading power factor values, exceeding the 1.05 
p.u limit value. In contrast, Trf-3 present the lowest values for the secondary voltage, 
which are within an acceptable range from 1 p.u. to 1.05 p.u. As for the three-phase 
transformers, in Figure 14, Trf-4 presents over-voltages for power factor levels at its 
secondary side that exceed the 1.05 p.u. limit for power factors lower than 0.7. In turn, Trf-
5 presents over-voltages at the secondary side but does not exceed the 1.05 p.u. limit. 

 
Figure 13. Secondary voltage for Trf-1, Trf-2 and Trf-3 at a load index equal to 0.24 and a leading 
power factor at the secondary side. 

 

Figure 14. Secondary voltage for Trf-4 and Trf-5 at a load index equal to 0.24 and a leading power 
factor at the secondary side. 

Apart from this, the five mentioned transformers are also subjected to light-load 
inductive conditions. The internal voltage drop levels for Trf-1, Trf-2, Trf-3, Trf-4 and Trf-5 are 
shown for different load indices and lagging power factors in Figures 15–19, respectively. 

Figure 14. Secondary voltage for Trf-4 and Trf-5 at a load index equal to 0.24 and a leading power
factor at the secondary side.

Machines 2023, 11, x FOR PEER REVIEW 15 of 34 
 

 

 
Figure 15. Internal voltage drop (εc(%)) for Trf-1 in light-load inductive conditions. 

 

Figure 16. Internal voltage drop (εc(%)) for Trf-2 in light-load inductive conditions. 

 

Figure 17. Internal voltage drop (εc(%)) for Trf-3 in light-load inductive conditions. 

 

Figure 15. Internal voltage drop (εc(%)) for Trf-1 in light-load inductive conditions.

Machines 2023, 11, x FOR PEER REVIEW 15 of 34 
 

 

 
Figure 15. Internal voltage drop (εc(%)) for Trf-1 in light-load inductive conditions. 

 

Figure 16. Internal voltage drop (εc(%)) for Trf-2 in light-load inductive conditions. 

 

Figure 17. Internal voltage drop (εc(%)) for Trf-3 in light-load inductive conditions. 

 

Figure 16. Internal voltage drop (εc(%)) for Trf-2 in light-load inductive conditions.



Machines 2023, 11, 797 15 of 33

Machines 2023, 11, x FOR PEER REVIEW 15 of 34 
 

 

 
Figure 15. Internal voltage drop (εc(%)) for Trf-1 in light-load inductive conditions. 

 

Figure 16. Internal voltage drop (εc(%)) for Trf-2 in light-load inductive conditions. 

 

Figure 17. Internal voltage drop (εc(%)) for Trf-3 in light-load inductive conditions. 

 

Figure 17. Internal voltage drop (εc(%)) for Trf-3 in light-load inductive conditions.

Machines 2023, 11, x FOR PEER REVIEW 15 of 34 
 

 

 
Figure 15. Internal voltage drop (εc(%)) for Trf-1 in light-load inductive conditions. 

 

Figure 16. Internal voltage drop (εc(%)) for Trf-2 in light-load inductive conditions. 

 

Figure 17. Internal voltage drop (εc(%)) for Trf-3 in light-load inductive conditions. 

 
Figure 18. Internal voltage drop (εc(%)) for Trf-4 in light-load inductive conditions.

Machines 2023, 11, x FOR PEER REVIEW 16 of 34 
 

 

Figure 18. Internal voltage drop (εc(%)) for Trf-4 in light-load inductive conditions. 

 

Figure 19. Internal voltage drop (εc(%)) for Trf-5 in light-load inductive conditions. 

In accordance with the results under the leading power factors, Trf-3 presents the 
lowest internal voltage drop values compared with Trf-1 and Trf-2, while Trf-1 presents 
the greatest ones. Although Trf-3 is more efficient than Trf-1, when both are subjected to 
an over-voltage at their primary sides, Trf-1 will reduce the over-voltage level at the 
secondary side more than Trf-3 will, thanks to the greater values of the internal voltage 
drop. Therefore, for the situation presented, Trf-1, with a greater leakage reactance level, 
will be more advantageous than Trf-3 at cancelling over-voltage at the secondary side 
when the source of over-voltage is at the primary side. 

A similar deduction can be made using the three-phase transformers. While Trf-4 
presents the greatest voltage drop values, Trf-5 presents more reduced values, thanks to 
its diminished reactance level. However, while Trf-5 is more efficient than Trf-4, Trf-4 will 
reduce over-voltage thanks to the greater internal voltage drop when the source of the 
over-voltage is on the primary side. 

In previous analyses, the internal voltage drop values of Trf-1, Trf-2, Trf-3, Trf-4 and 
Trf-5 were presented for a wide range of load indices. Though these analyses were 
oriented to light-load conditions, load indices close to 1 were included to reflect that the 
variable reactance mechanism can be also applied to over-load conditions; in that sense, 
the change in leakage reactance of one transformer within a set of two transformers 
working in parallel could also help to share the overload or even cancel it. 

4.3. Study of the Asymmetrical Current and Power Consumption in Three-Phase Transformers 
Despite the analyses in Section 4.2, for three-phase transformers, there is an 

asymmetrical issue in the current and power signals. The authors in [31] associated two 
types of causes with such asymmetry: asymmetrical mutual impedances between phases 
due to the asymmetrical disposition of phases in space, and the deviation of the phase 
angle difference between phase voltage signals of the three-phase source. In the previous 
analyses, only the information regarding one phase was used, but now a detailed analysis is 
made for a leading power factor at the secondary of 0.4 for both Trf-4 and Trf-5, when working 
at a load index of approximately 0.4. The results are summarized in Figure 20, where the 
voltage levels at the secondary side and the load-index levels among phases are shown. 
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In accordance with the results under the leading power factors, Trf-3 presents the
lowest internal voltage drop values compared with Trf-1 and Trf-2, while Trf-1 presents
the greatest ones. Although Trf-3 is more efficient than Trf-1, when both are subjected
to an over-voltage at their primary sides, Trf-1 will reduce the over-voltage level at the
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secondary side more than Trf-3 will, thanks to the greater values of the internal voltage
drop. Therefore, for the situation presented, Trf-1, with a greater leakage reactance level,
will be more advantageous than Trf-3 at cancelling over-voltage at the secondary side when
the source of over-voltage is at the primary side.

A similar deduction can be made using the three-phase transformers. While Trf-4
presents the greatest voltage drop values, Trf-5 presents more reduced values, thanks to
its diminished reactance level. However, while Trf-5 is more efficient than Trf-4, Trf-4 will
reduce over-voltage thanks to the greater internal voltage drop when the source of the
over-voltage is on the primary side.

In previous analyses, the internal voltage drop values of Trf-1, Trf-2, Trf-3, Trf-4 and
Trf-5 were presented for a wide range of load indices. Though these analyses were oriented
to light-load conditions, load indices close to 1 were included to reflect that the variable
reactance mechanism can be also applied to over-load conditions; in that sense, the change
in leakage reactance of one transformer within a set of two transformers working in parallel
could also help to share the overload or even cancel it.

4.3. Study of the Asymmetrical Current and Power Consumption in Three-Phase Transformers

Despite the analyses in Section 4.2, for three-phase transformers, there is an asymmet-
rical issue in the current and power signals. The authors in [31] associated two types of
causes with such asymmetry: asymmetrical mutual impedances between phases due to the
asymmetrical disposition of phases in space, and the deviation of the phase angle difference
between phase voltage signals of the three-phase source. In the previous analyses, only
the information regarding one phase was used, but now a detailed analysis is made for
a leading power factor at the secondary of 0.4 for both Trf-4 and Trf-5, when working at
a load index of approximately 0.4. The results are summarized in Figure 20, where the
voltage levels at the secondary side and the load-index levels among phases are shown.
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It can be seen that the asymmetry between the load indices among phases is present,
with load indices that range from 0.38 to 0.395 in Trf-4, and from 0.406 to 0.408 in Trf-5. Due
to the asymmetrical current distribution, the voltage levels at the secondary side varies
between 1.01375 p.u. and 1.0139 p.u. in Trf-4 and between 1.006 and 1.007 in Trf-5.

Therefore, there could be situations where one phase is more affected by the Ferranti
effect than others but the difference among phase currents is not significant, as there are
not no-load tests under consideration. Therefore, the following sections are oriented to
three-phase transformers by analyzing one phase only.

5. Discussion and Proposal of a VR technique

As analyzed in the previous section, to avoid the Ferranti effect in light-load capacitive
conditions, five power transformers with different parameters were considered.

Under capacitive load conditions, the reduction of leakage reactance is the key measure
that can shift the sign change condition for the internal voltage drop to a greater value
that is more difficult to reach, as seen with Trf-3 in comparison with Trf-2 and Trf-1 and
with Trf-5 compared with Trf-4, as shown in Figures 7–12. According to these figures, the
absolute value of the load index is not a critical parameter that affects the sign change of
the transformer internal voltage drop. However, the power factor at the secondary side of
the transformer is indeed critical for the appearance of negative internal voltage drops and,
therefore, for the occurrence of the Ferranti effect. For a specific power factor level of the
secondary side, an increase in the load index value provokes a greater absolute value of
the internal voltage drop, and the Ferranti effect in this case is more severe. Therefore, a
decrease in the leakage reactance level is proposed for transformers working under risky
capacitive load conditions.

Furthermore, contrary measures could also help the transformer operation in other
light-load situations, such as in inductive conditions where the source of over-voltage is
not the Ferranti effect but an over-voltage level occurring at the primary side. In that case, a
transformer with a greater leakage reactance level is more advantageous than another one
with a lower leakage reactance level, as seen in Figures 15–19. According to these figures,
the change in the load index does not alter the sign of the transformer internal voltage drop,
as it is always positive. For a specific power factor level of the secondary side, the increase
in the load index value provokes a greater absolute value of the internal voltage drop. So,
in the case where there is a source of over-voltage in the primary side of the transformer, an
increase of the reactance level is proposed to mitigate over-voltage at the secondary side.

When there is a set of two transformers working in parallel in over-load conditions,
the decrease in reactance levels can help to share the overload more efficiently when needed
or even to cancel an under-voltage issue at the secondary side of both transformers.

6. Simulations

In this section, the previous analyses are put into practice by implementing variable
leakage reactance levels in a target transformer into two types of grids: first, in a simplified
2-bus system implemented in Matlab–Simulink to test the impact on the transformer itself
or on immediately adjacent network elements; and second, in a standardized IEEE-39 node
AC grid implemented in DIgSILENT PF to test the impact of variable leakage reactance
transformers on voltage profiles of the remaining buses, AC line and transformer loading
levels and power factor levels of the generators. It must be noted that for evaluating
the over-voltage severity, a 1.05 p.u. level has been set as the maximum secure limit for
operation. Analogously, in order to evaluate the under-voltage severity, a 0.95 p.u level has
been set as the minimum secure limit for operation.

6.1. Simplified 2-Bus System

In this subsection, a simplified 2-bus system consisting of one three-phase AC grid, a
three-phase transformer and a three-phase load is implemented. For cases of the Ferranti
effect and over-load conditions, more elements are considered, such as shunt reactors or
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a second transformer to connect it in parallel to the first transformer. In each following
subsection, a generic schematic with the rated data of grid elements is included for the sake
of clarity. All the transformer parameters employed in the following subsections are listed
in Table 5.

Table 5. Rated parameters for transformers in Section 6.1.1, Section 6.1.2, and Section 6.1.3.

Section Rated Power (MVA) Relation and
Connection

Short-Circuit
Resistance (p.u.)

Magnetization
Resistance (Ω)

Magnetization
Reactance (Ω)

Section 6.1.1 150 MVA 220/132 kV
(Step-down) wye-wye 0.004 500 500

Section 6.1.2 150 MVA 15/132 kV (Step-up)
wye-wye 0.004 500 500

Section 6.1.3 150 300 220/132 kV
(Step-down) 0.004 500 500

6.1.1. Light-Load Conditions with Highly Capacitive Loads: Mitigation of the Ferranti
Effect at the Output of a Step-Down Transformer

The generic model for studying the mitigation of the Ferranti effect due to light-load
capacitive conditions is shown in Figure 21, where the main data of the equipment are also
indicated.
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Figure 21. Generic model for studying the mitigation of the Ferranti effect in a step-down transformer
when subjected to light-load capacitive conditions.

Two scenarios are considered for this analysis: the baseline scenario, where the leakage
reactance is set to 0.8 p.u, and the VR technique scenario, where the transformer reactance
is reduced 10 times with respect to the baseline value. In Table 6, the main results of
simulations in both scenarios are collated.

Table 6. Main results for the step-down 220/132 kV transformer at light-load capacitive conditions.

Load
Index Xsc (p.u.) V2,transformer (p.u.) εc,transformer (%)

Baseline 0.105 0.8 1.109 −10.92

VR
technique 0.095 0.08 1.01 −1.028

While in baseline scenario, the voltage level at the secondary side of transformer
exceeds 1.05 p.u. and presents a largely negative internal voltage drop of −10.92%, in
the VR technique scenario, the leakage reactance value is reduced 10-fold with respect to
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the baseline. Then, the voltage level at the secondary end of transformer is kept below
1.05 p.u., and the internal voltage drop, though still negative, is reduced significantly to
−1.028%. Therefore, in both scenarios, there is evidence of the Ferranti effect as the voltage
at the secondary side is beyond 1 p.u, but with the VR technique, the over-voltage at the
secondary side is mitigated below limit levels. In addition, a second case for the Ferranti
effect is analyzed for a transformer subjected to light-load capacitive conditions but with
an AC line that connects the transformer with the load. The generic scheme implemented
in Matlab–Simulink is shown in Figure 22, where all the rated values are shown. It is
interesting to check how this VR technique can also help to mitigate the Ferranti effect at
the receiving end of a long AC line, since the Ferranti effect has been mostly studied in
long AC lines. Also, a shut reactor is included to reduce the Ferranti effect on the receiving
end of the AC line, and the relative contributions between the shunt reactor and the VR
technique to mitigate the Ferranti effect are assessed.
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The main results for this second analysis are summarized in Table 7. Four scenarios
are now considered: the baseline scenario without a shunt reactor nor the VR technique,
the 10 MVAr shunt reactor, the VR technique, and a combination of the VR technique plus
the 1 MVAr shunt reactor.

Table 7. Main results for the step-down 220/132 kV transformer at light-load capacitive conditions
with an AC line interconnection.

Load
Index

Shunt
Reactor Size

(MVAr)
Xsc (p.u.) V2,transformer

(p.u.)
V2, AC line

(p.u.)
εc,transformer

(%)
εc,AC line

(%)

Baseline 0.159 None 0.8 1.201 1.247 −20.05 −4.6

10MVAr
shunt reactor 0.084 10 0.8 1.065 1.05 −6.47 1.45

VR technique 0.134 None 0.08 1.017 1.057 −1.74 −3.906

VR technique + 1MVAr shunt
reactor 0.128 1 0.08 1.016 1.05 −1.632 −3.348

Within the baseline scenario, the voltage level at the secondary end of the transformer
is 1.201 p.u., which is much greater than the 1.05 p.u. limit as well as the voltage level at
the receiving end of the AC line, which is 1.247 p.u. Since the internal voltage drop at both
the transformer (−20.05%) and the AC line are negative (−4.6%), an adverse Ferranti effect
becomes evident, and solutions are needed to mitigate it.
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In the second scenario, with the same light-load capacitive conditions as for the
baseline, a 10 MVAr shunt reactor is connected at the receiving end of an AC line, which
sets the voltage at that bus at the limit of 1.05 p.u., which leads to a positive internal voltage
drop of the AC line of 1.45%. However, although this measure also reduces the severity of
the Ferranti effect at the secondary side of the transformer, the voltage level at the secondary
end is still at the limit of 1.05 p.u., and the transformer internal voltage drop is still negative
at−6.47%. Therefore, by including a 10 MVAr shunt reactor, the problem is partially solved
for the receiving end of the AC line but not for the secondary side of the transformer.

In the third scenario, with the same light-load capacitive conditions as for the baseline,
a VR technique is implemented in the transformer that changes its leakage reactance from
0.8 p.u. to 0.08 p.u. without connecting any shunt reactor. The outcomes of this measure
are the reduction of the voltage level at the secondary side of the transformer to 1.017 p.u.,
which is below the 1.05 p.u, limit, and the reduction of the voltage level at the receiving end
of the AC line to 1.057 p.u., which, in contrast, is still beyond 1.05 p.u. The internal voltage
drops at both the transformer and the AC line are −1.74% and −3.906%, respectively.
The negative εc,trans f ormer is reduced in both the baseline and the 10 MVAr shunt reactor
scenarios, while the εc,AC line is only been reduced with respect to the baseline, but it turns
to be more negative than with the 10MVAr shunt reactor.

Therefore, having analyzed the three previous scenarios, we can propose an interesting
mixed strategy that combines both previous measures to reduce the size of the shunt reactor
so that the adverse Ferranti effect can be cancelled. Therefore, a fourth last scenario is
analyzed in which a combined action of VR technique that changes the leakage reactance
from 0.8 to 0.08 p.u. plus a 1 MVAr shunt reactor is implemented. The outcomes of this
measure are the reduction of the voltage level at both the secondary end of the transformer
and the receiving end of the AC line to 1.016 p.u. and 1.05 p.u., respectively, which are
below or equal to the 1.05 p.u. limit. Thus, the absolute value of the negative internal
voltage drops at both the transformer and the AC line are reduced to −1.63% and −3.34%,
respectively. Hence, while there is still a certain degree of the Ferranti effect as the voltages
are greater than 1 p.u., the effect is not adverse since the voltage levels are kept within
limits.

Consequently, the implementation of the VR technique at transformers can help to also
mitigate the Ferranti effect at AC lines and reduce the required size of the shunt reactors
for this purpose. In addition, this protects the secondary windings of the transformer from
over-voltages.

6.1.2. Light-Load Conditions with Highly Inductive Loads: Mitigation of an
Over-Voltage Scenario

Highly inductive loads can also provoke over-voltages at different points of the
electrical networks. In this subsection, implementation of the VR technique in a transformer
is achieved to mitigate the over-voltage level. The main circuit schematic is shown in
Figure 23.

In this subsection, the source of the over-voltage is not the Ferranti effect but the main
three-phase source connected to the primary side of the transformer, which is elevating
the voltage to 16.2 kV from its rated value of 16 kV. Therefore, the over-voltage is also
transferred to the secondary side of the transformer connected to the inductive load.
According to Table 8, the secondary side of the transformer experiences a 1.068 p.u. voltage
level, which is beyond the 1.05 p.u. limit. When implementing a VR technique that changes
its leakage reactance from 0.8 p.u. to 0.4 p.u., the voltage level is reduced to 1.024 p.u.,
which is below the 1.05 p.u. limit. In turn, the internal voltage drop of the transformer is
increased from 1.15% to 5.54% when the VR technique is applied.
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Figure 23. Generic scheme for a step-up 15/132 kV transformer under light-load inductive conditions.

Table 8. Main results for the step-up 15/132 kV transformer in light-load inductive conditions.

Load Index Xsc (p.u.) V2,transformer (p.u.) εc,transformer (%)

Baseline 0.07 0.8 1.068 1.157

VR technique 0.073 0.4 1.024 5.54

6.1.3. Over-Load Conditions: Redistribution of Load between Transformers Working
in Parallel

The parallel operation of two transformers is an arrangement to increase the power
yielded by a transformation center whenever there is an increase in the demanded apparent
power, which becomes a full-load condition. This arrangement allows the transformers to
share the load to prevent either transformer from overloading while the yielded power by
the group is increased. However, there are situations where there is a temporary overload
to be withstood by the two transformers in parallel. Due to the parallel condition, the
transformer with the higher relative short-circuit voltage will withstand a greater load than
the other transformer and vice versa. The degree of relative overload will also depend on
the difference in the rated apparent powers of the transformers. In Figure 24, the generic
scheme for two step-down 220/132 kV transformers working in parallel is shown.
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In Table 9, the main results for the implementation of the VR technique for the trans-
formers working in parallel are summarized.

Table 9. Main results for 2 step-down 220/132 kV transformers of equal apparent rated power
working in parallel under over-load conditions.

Load
Index-1

Load
Index-2 Xsc-1 (p.u.) Xsc-2 (p.u.) V2,transformer (p.u.)

Baseline 1.108 0.74 0.08 0.12 0.938

VR technique 1 0.61 1.017 0.1 0.06 0.96

VR technique 2 0.88 0.88 0.08 0.08 0.953

In the baseline scenario in Table 9, Trf 1 presents a lower εsc than Trf 2, which causes
the overload of Trf 1, with a load index of 1.108, while Trf 2 is loaded at a 0.74 index. In
addition, in the baseline scenario, there is an under-voltage issue, as the voltage level at
the secondary sides of the transformers is 0.938 p.u., which is below the minimum level of
0.95 p.u.

When VR technique 1 is implemented, Trf 2 assumes the overload with a load index
of 1.017, while Trf 1 becomes loaded at 0.61. This has been made possible by changing the
leakage reactance values of both transformers, namely by increasing Xsc-1 from 0.08 p.u. to
0.1 p.u. and by reducing Xsc-2 from 0.12 p.u. to 0.06 p.u. In this case, the under-voltage
issue has been solved as the voltage level at secondary side of transformers is 0.96 p.u.,
which is greater than 0.95 p.u. However, this technique does not cancel the overload but
alternates it from one transformer to another.

To cancel the overload in the parallel group, VR technique 2 is implemented; just by
making both Xsc-1 and Xsc-2 equal to 0.08 p.u., both transformers are loaded to 0., and
neither of them becomes overloaded. Therefore, with proper VR techniques, the over-load
condition can be cancelled so that transformers are as little affected as possible. In this last
scenario, the voltage level at the secondary side is still within the 0.95 and 1 p.u. limits.
Hence, it is important to design the VR technique so as not to cause under-voltage issues at
the secondary side of the transformers.

Having analyzed the previous cases in simplified networks, it is also necessary to
study the impact of these VR techniques in larger networks to assess how these affect the
voltage profiles of different buses, the loading levels of the remaining transformers and AC
lines and the power factor levels at the generators.

6.2. Impact of the VR Technique on Transformers within the IEEE-39 Node AC Grid

In this subsection, similar study cases as in Section 6.1 are analyzed within a larger
grid, and the impact of varying the leakage reactance of the target transformer is assessed
in other nodes. The selected larger grid for this purpose is the IEEE-39 node AC grid, whose
schematic is shown in Figure 25, and the nomenclature for the different nodes, generators,
AC lines and transformers is also indicated for the following analyses. Basic information
related to this grid can be found at [32], including the transformer parameters.

6.2.1. Impact of the VR Technique on a Step-Down Transformer under Light-Load
Capacitive Conditions

In Section 6.1.1, the impact of varying the leakage reactance of a step-down transformer
under light-load capacitive conditions was assessed for a simplified 2-bus system. Now
such an impact is studied in the case of the transformer Trf 13-12 in the IEEE 39-node grid
presented in Figure 25, which joins buses 13 and 12 in the grid. In this case, two reactance
modification proposals are assessed from the base leakage reactance value of 0.1305 p.u.:
one lower, 0.0326 p.u., and one larger, 0.522 p.u. According to the analysis in Section 6.1.1,
for light-load capacitive conditions, the improvement in voltage profiles in the 2-bus system
was achieved by decreasing the leakage reactance of the involved transformer.
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Figure 25. IEEE-39 node AC grid.

In Figure 26, the voltage profiles of nodes in the IEEE-39 node AC grid are shown for
the previous leakage reactance values for the transformer Trf 12-13 when Load 12 stops
consuming 88 MVAr and starts injecting 88 MVAr. The change to Load 12 from an inductive
to a capacitive nature with no leakage reactance changes provokes an overall increase in
the voltage profile of the buses, exceeding in a several of them the predefined 1.05 p.u. level
for the bus voltage, although there were buses that previously exceeded this level with an
inductive Load 12, namely 35 and 36.
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However, bus 12 experiences an over-voltage condition from 1 p.u. to 1.055 p.u. with
this change. Based on the previous analysis in Section 6.1.1, a new lower leakage reactance
value for Trf 13-12 was tested, namely 0.0326 p.u., and this returned bus 12 to below the
1.05 p.u. limit.

Also, a greater leakage reactance value for Trf 13-12 was tested, namely 0.522 p.u., and
while buses 25 and 26 set the voltage below the 1.05 p.u. limit, the over-voltage level is
exacerbated in bus 12, reaching 1.064 p.u. at their secondary side.
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The values for relative internal voltage drop are −2.33, −1.27 and −2.47% for Trf
13-12 leakage reactance values of 0.1305, 0.0326 and 0.522 p.u., respectively. In all the
three light-load capacitive conditions, Trf 13-12 exhibits negative internal voltage drop
and there is certain degree of the Ferranti effect, since the voltage level at bus 12 exceeds
1 p.u. However, the Ferranti effect in case of leakage reactance values of 0.1305 and 0.522 is
aggravated since it drives voltage level at bus 12 beyond the 1.05 p.u. level.

As for the effect on the line and transformer loading levels, in Figures 27 and 28,
it is clear that modification of the leakage reactance values of Trf 13-12 does not alter
significantly the loading level of either the AC lines or transformers in the IEEE node-39
AC grid. There only increase is in the loading level in Line 02-25, from a 40% to a 50% level,
which is from varying the leakage reactance value to 0.522 p.u. In addition, the involved
Trf 13-12 transformer experiences an increase in the loading level from 10% to 20% when
its leakage reactance is changed from 0.1305 to 0.0362 p.u. and a decrease in the loading
level from 10% to 5% for a leakage reactance change from 0.1305 to 0.522 p.u.
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As shown in Figure 29, the leakage reactance changes in Trf 13-12 modify the power
factor in several generators of the IEEE-39 node AC grid. Without changing the leakage
reactance level of Trf 13-12, the change from an inductive to a capacitive nature in Load
12 increases the power factor level in all the generators so that they are bounded overall
between 0.95 and 1, except for that of G10, which remains below 0.9.
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When the leakage reactance level is decreased to 0.0326 p.u., the power factor level of
G10 increases to 0.89 p.u., and in turn, when it is increased to 0.522 p.u., the power factor
level of G10 decreases markedly to 0.8. With the last change, the power factor level of G08
also decreases below 0.95. In contrast, the increase to 0.522 p.u. enhances the power factor
level of G02 to values close to 1.

Therefore, this analysis is consistent with the one performed in Section 6.1.1, and it
validates the reduction of the leakage reactance level of the transformer whenever it is
subjected to light-load capacitive conditions, as it improves not only the behavior of its own
transformer buses but also improves the power factor of the closest generator. Furthermore,
it also alleviates the over-voltage level in bus 12 due to the Ferranti effect and keeps it
below the 1.05 p.u. level. However, the decrease in the leakage reactance level of Trf 13-12
does not help to mitigate other over-voltage levels in the grid, such as in the 25, 26, 35 and
36 buses, as they maintain their voltage level beyond 1.05 p.u. regardless of the leakage
reactance change. The increase in the reactance level of Trf 13-12, on the contrary, increases
the over-voltage level in bus 12 due to the Ferranti effect, but it reduces the over-voltage
levels of buses 25 and 26 to below 1.05 p.u.

6.2.2. Impact of the VR Technique on a Step-Up Transformer under Light-Load
Inductive Conditions

In Section 6.1.2, the impact of varying the leakage reactance of a step-up transformer
under light-load inductive conditions was assessed for a simplified 2-bus system. Now a
similar impact is studied in the case of the Trf 02-30 transformer in the IEEE 39-node grid
presented in Figure 25, which joins buses 2 and 30 in the grid.

In this case, two reactance modification proposals are assessed from the base value of
0.181 p.u.: one lower, at 0.0362 p.u., and one larger, at 0.905 p.u. According to the analysis in
Section 6.1.2, for light-load inductive conditions, the improvement in voltage profiles in the
2-bus system was achieved by increasing the leakage reactance of the involved transformer.

In Figure 30, the voltage profiles of nodes in the IEEE-39 node AC grid are shown for
the previous three scenarios for the Trf 02-30 transformer. It can be seen that the 0.905 p.u.
leakage reactance value improves the voltage profiles of the remaining buses, and especially
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of buses 01, 02, 25 and 26, which are the closest buses around Trf 02-30 and whose voltage
levels equal or exceed the limit set at 1.05 p.u.
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In contrast, a lower leakage reactance value of 0.0362 p.u. for Trf 02-30 worsens the
voltage profiles of the remaining buses, as the orange curve is boosted over the previous
values, especially for buses 01, 02, 25 and 26, which exceed the 1.05 p.u. limit.

As for the effect on the line loading, the 0.905 p.u. leakage reactance value for Trf 02-30
marginally decreases the loading level of the AC lines in the model or keeps it constant, as
shown in Figure 31.
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Figure 31. Line-loading level (%) of AC lines in the IEEE-39 node AC grid in response to changes in
the leakage reactance in Trf 02-30.

In Figure 32, a magnified view of Figure 31 is presented to show the lines most affected
by this change. The AC lines that surround Trf 02-30 marginally decrease their loading level
when the leakage reactance of Trf 02-30 is increased to 0.905 p.u. and marginally increase
their loading level when the leakage reactance of Trf 02-30 is decreased to 0.0362 p.u.
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In Figure 33, the loading level of the transformers present in IEEE-39 node AC grid
is shown for the different leakage reactance levels of Trf 02-30. As can be seen, the other
transformers are not affected by such changes. However, Trf 02-30 marginally decreases its
load level to 24.8% from 27.6% when its leakage reactance is increased to 0.905 p.u. from
0.181 p.u. However, its loading level is marginally increased from 26.6% to 34.7% when its
leakage reactance is decreased from 0.181 p.u. to 0.0362 p.u.

Machines 2023, 11, x FOR PEER REVIEW 29 of 34 
 

 

 
Figure 32. Magnified view of Figure 31 for lines 01-02, 01-39, 02-03, 02-25, 03-04 and 03-18. 

In Figure 33, the loading level of the transformers present in IEEE-39 node AC grid is 
shown for the different leakage reactance levels of Trf 02-30. As can be seen, the other 
transformers are not affected by such changes. However, Trf 02-30 marginally decreases 
its load level to 24.8% from 27.6% when its leakage reactance is increased to 0.905 p.u. 
from 0.181 p.u. However, its loading level is marginally increased from 26.6% to 34.7% 
when its leakage reactance is decreased from 0.181 p.u. to 0.0362 p.u. 

 
Figure 33. Transformer loading level (%) of transformers in the IEEE-39 node AC grid in response 
to changes in the leakage reactance in Trf 02-30. 

In Figure 34, the power factor levels of generators in the IEEE-39 node AC grid are 
shown for the changes in the leakage reactance level of Trf 02-30. In this case, the increase 
of leakage reactance from 0.181 to 0.905 p.u. causes small reductions in the power factor 
level of G02 to below 0.95; in contrast, it achieves a great increase in the power factor level 
of G10, from 0.87 to 0.96. In turn, the decrease in leakage reactance from 0.181 to 0.0362 
p.u. causes small increments in the power factor level of G02 to beyond 0.95, but, in 
contrast, it achieves a great decrease in the power factor level of G10, from 0.87 to 0.69. 
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In Figure 34, the power factor levels of generators in the IEEE-39 node AC grid are
shown for the changes in the leakage reactance level of Trf 02-30. In this case, the increase
of leakage reactance from 0.181 to 0.905 p.u. causes small reductions in the power factor
level of G02 to below 0.95; in contrast, it achieves a great increase in the power factor level
of G10, from 0.87 to 0.96. In turn, the decrease in leakage reactance from 0.181 to 0.0362 p.u.
causes small increments in the power factor level of G02 to beyond 0.95, but, in contrast, it
achieves a great decrease in the power factor level of G10, from 0.87 to 0.69.
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Therefore, this analysis is consistent with the one performed in Section 6.1.2, as it
validates the increment in the leakage reactance level of the transformer whenever it is
subjected to light-load inductive conditions. In addition, it improves not only the behavior
of its own transformer buses but also enhances, albeit marginally, the overall voltage profile
of the nodes and the line-loading level of the surrounding buses and lines, respectively.
Furthermore, it increases the power factor of the closest generator.

However, a decrease in the leakage reactance level provokes the contrary effect, as it
worsens not only the behavior of the transformer’s own buses but also the overall voltage
profile of the nodes and line loading level of surrounding buses and lines, respectively, albeit
marginally. In addition, it largely deteriorates the power factor of the closest generator.

6.2.3. Impact of the VR Technique on Two Transformers Working in Parallel under
Over-Load Conditions

In Section 6.1.3, the impact of varying the leakage reactance of step-up transformers
working in parallel under over-load inductive conditions was assessed for a simplified
2-bus system. Now, a similar impact is studied for the case of transformers Trf 11-12 and Trf
13-12 in the IEEE 39-node grid presented in Figure 25. It is important to note that these two
transformers are not actually working strictly in parallel, although they share the bus at
their secondary sides, bus 12, where Load 12 is connected. Instead, the buses at the primary
ends of both transformers are two independent buses, buses 11 and 13, which are rated at
the same voltage level of 345 kV. However, it is interesting to analyze how the change in
the leakage reactance level of 1 transformer alleviates the loading level to below 100% by
alternating the over-load condition among transformers or even by canceling the over-load
condition for each transformer.

Therefore, according to the analysis in Section 6.1.3, an over-load condition is obtained
in the IEEE-39 node AC grid by increasing the active power consumed by Load 12 from 7.5
to 750 MW and by reducing the consumed active power of Load 8 from 522 to 52 MW. In
such conditions, an overload situation can be simulated for Trf 11-12 and Trf 13-12 with
minimal alterations in the other buses. In Figure 35, the loading levels of all transformers
in the IEEE-39 node AC grid are shown; except for Trf 02-30 and Trf 19-30, all of them
are loaded by more than 60% for all simulated leakage reactance cases of Trf 11-12 and
Trf 13-12.
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Figure 35. Transformer loading level (%) of transformers in the IEEE-39 node AC grid in response to
changes in the leakage reactance level in Trf 13-12 and Trf 11-12.

Trf 11-12 becomes overloaded beyond 100% when the leakage reactance levels of
Trf 11-12 and Trf 13-12 are equal. This can be avoided by either decreasing the leakage
reactance level of Trf 13-12 or by increasing the leakage reactance level of Trf 11-12. In the
first case, both Trf 11-12 and Trf 13-12 becomes loaded below 100%, and in the second case,
Trf 11-12 becomes loaded below 100% at the cost of overloading Trf 13-12.

In Figure 36, the loading levels of the target transformers of this case study are shown
at a magnified view for the sake of clarity. With equal leakage reactance levels of 0.1305 p.u.,
Trf 11-12 presents an overload level of 1%, while Trf 13-12 is loaded at 96.2%.
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With a lower leakage reactance level in Trf 13-12 of 0.12 p.u., Trf 11-12 reduces its
loading level to 97.2%, while Trf 13-12 increases its loading level to 99.2%. In this situation,
no transformer is overloaded.

However, the underloading of Trf 11-12 can also be obtained by increasing its leakage
reactance level, f.i., to 0.15 p.u. In this case, the loading level of Trf 11-12 is reduced to 94.8%
at the cost of overloading Trf 13-12 to 3.2%.
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The effectivity of both strategies is conditioned more by the degree of modification of
the leakage reactance level. In the first case, the loading levels were set to below 100% in
both transformers as the range for varying the reactance was lower (1.08 times lower than
0.1305 p.u.) compared with that of the second case (1.15 times greater than 0.1305 p.u.).
Therefore, the relative increase or decrease in the leakage reactance level plays an important
role in achieving the desired equilibrium. The voltage level at the secondary side of both
transformers for the mentioned leakage reactance cases is shown in Figure 37.
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Therefore, this analysis is consistent with the one performed in Section 6.1.3, as it
validates both the increase in the leakage reactance level of the transformer that suffers the
overload or the decrease in the leakage reactance level of the non-overloaded transformer.
However, either strategy yields either an alternation of the over-load condition among Trf
11-12 and Trf 13-12 or a cancellation of the over-load condition at both transformers. For
this purpose, the relative change in the leakage reactance level should be kept as small
as possible to prevent alternating the over-load condition but kept significant enough to
cancel the overload in both transformers. The implementation of both leakage reactance
changes does not affect the rest of the buses in the IEEE-39 node AC grid. Therefore, the
voltage profile of the buses, the loading levels of AC lines and the power factor levels of
generators in the IEEE-39 node AC grid have not been shown.

7. Conclusions

The main conclusions of the paper are hereafter summarized. Different VR techniques
have been proposed for transformers working at light-load capacitive and inductive con-
ditions as well as in over-load conditions. The VR techniques have been first deduced
analytically by means of phasor diagrams and have subsequently been verified experimen-
tally. Therefore, different criteria for varying the reactance of the transformer have been
extracted depending on the operation condition. For light-load capacitive conditions, the
reduction of transformer reactance levels is recommended to mitigate the Ferranti effect.
This technique can also contribute to the mitigation of the Ferranti effect at the receiving
end of adjacent AC lines while reducing the size of shunt reactors. For light-load inductive
conditions subjected to over-voltages, an increase in transformer reactance levels is recom-
mended to mitigate the over-voltage level. For over-load conditions and particularly, in
a set of two transformers working in parallel, the modification of reactance can alleviate
the overload level of the most loaded transformer or allow the overload to be shared more
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efficiently. In addition, the VR techniques have been validated by means of simulations in
two types of grids: a simplified 2-bus system grid and a standardized IEEE-39 node grid.
In the last grid, the impact of these VR techniques on other grid elements and variables
has been studied, i.e., on the voltage profile of buses, the AC line and other transformer
loading levels and power factor levels of generators.
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