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Three-phase transformers are integral components of modern electrical
power systems, serving as the backbone of energy transmission and
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analyze the characteristics of three-phase transformers using MATLAB.
The results of the analysis obtained in the research of the characteristics of
3-phase transformers produce an active power (P) of 6183.42 W, a reactive
power (Q) of 3832.14 VAR, an apparent power (S) of 7274.61 VA and a
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a polar graph representing the radiation pattern of the magnetic field (H
field) and electric field (E field).
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1. INTRODUCTION

Three-phase transformers are vital components in the electric power system that function to
transform voltage and current according to the needs of the distribution and transmission system.
However, in its operation, three-phase transformers face various technical problems that can affect its
performance. One of the main problems is power losses, which consist of copper losses due to winding
resistance and core losses caused by hysteresis and eddy currents. These losses contribute to the decline
in transformer efficiency, which needs to be analyzed to improve the performance of the electric power
system [1][2][3]. In addition, the distribution of current and voltage in a three-phase transformer is often
uneven due to load imbalance. This condition can cause power distortion which has an impact on the
quality of the electrical power supplied. Therefore, it is necessary to analyze the characteristics of the
transformer under balanced and unbalanced load conditions to understand how the system works under
various operational conditions [4] [5]. Furthermore, modeling the equivalent circuit of a three-phase
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transformer becomes an important aspect in the analysis of its characteristics. The equivalent circuit is
used to determine key parameters such as impedance, leakage reactance, and winding resistance.
However, manual calculations are often complex and require a more efficient method. By utilizing
MATLAB, transformer characteristic analysis can be done more accurately and systematically through
numerical modeling-based simulations.

To overcome these problems, validation is needed with simulation using MATLAB, which can help
interpret the characteristics of three-phase transformers more effectively. MATLAB provides various
functions and toolboxes for power system analysis, allowing modeling and simulation that are closer to
actual operational conditions. Thus, this study aims to develop a more systematic analysis method in
evaluating the characteristics of three-phase transformers and provide optimization recommendations
based on simulation results [6][7][8]. This research aims to analyze the characteristics of three-phase
transformers using MATLAB, focusing on theoretical concepts, simulation, and performance
evaluation. By leveraging MATLAB's computational strengths, the research will explore key
transformer characteristics, investigate the effects of operational conditions, and validate theoretical
results through practical simulation models[9], [10], [11]. The insights gained from this research will
contribute to a deeper understanding of transformer behavior and demonstrate the significance of
computational tools in modern electrical engineering practices.

2. RESEARCH METHOD

A transformer is an electrical device that uses electromagnetic induction and magnetic coupling to
change the alternating current voltage from one level to another. The primary coil and the secondary
coil are the two coils that form the laminated iron core of the transformer. One of the main factors
contributing to the widespread use of alternating current in the production and distribution of electricity
is the ease and reliability of using transformers, which allows the selection of the most cost-effective
and appropriate voltage for any need. This research uses an analytical approach and MATLAB-based
simulation to analyze the characteristics of a three-phase transformer. The method used consists of
several main stages, namely mathematical modeling, simulation of transformer characteristics, and
validation of simulation results against theory and experimental data.

2.1 Voltage Transformation

The core principle of voltage transformation relies on electromagnetic induction. Alternating
current (AC) produces a fluctuating magnetic flux in the core of a transformer when it passes through
the primary winding. Depending on the turn's ratio, this flux causes a voltage to be induced in the
secondary winding that may be more or lower than the primary voltage [12]. The relationship between
primary and secondary voltages is given by the turn’s ratio of the transformer can be calculate by
equation 1 and despite changing the voltage, transformers conserve power (neglecting losses) between
the primary and secondary circuits. This conservation of power is expressed as by equation 2.

V primary _ N primary (1)
V secondary N secondary
Vprimary X |primary = Vsecondary X |secondary (2)

2.2 Transformer Efficiency

A fundamental performance metric called transformer efficiency gauges how well a transformer
minimizes losses when converting input electrical power into output electrical power. In an ideal
transformer, the efficiency would be 100%, meaning that all the input power is transferred to the
secondary side without any loss[13], [14]. The output power to input power ratio, represented as a
percentage, is a transformer's efficiency (1).

— Doutput y 1009% )

P input
2.3 Voltage Regulation

Voltage regulation refers to the percentage change in the secondary voltage of a transformer as the
load changes from no load to full load. It is an indication of how much the voltage varies with the change
in load. Mathematically, voltage regulation (\Vr) is expressed as:
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V no load-V fullload
V full load

VR = x 100% 4)
2.4 Losses

In transformers, losses are inevitable due to the inherent properties of the materials and components
used. Understanding these losses is essential for optimizing transformer design and improving
efficiency. The primary losses in a transformer can be categorized into core losses (also known as iron
losses), copper losses, and stray losses. Each of these losses occurs due to specific factors such as
resistance, magnetic flux, and leakage inductance.

A. Core Losses (Iron Losses)

Core losses, sometimes known as iron losses, occur in the transformer's magnetic core. The
alternating magnetic field created by the current passing through the primary winding is what causes
these losses. Energy is released as heat when the magnetic flow in the core shifts direction. Hysteresis
loss and eddy current loss are the two primary components of core losses. As the transformer's
alternating current (AC) reverses direction, the core material magnetizes and demagnetizes, causing
hysteresis loss [15], [16]. The magnetic domains within the core material change direction in response
to the applied magnetic field, which requires energy, causing heat to be generated. Circular currents
called eddy currents are created inside the core material as a result of fluctuating magnetic flux. Energy
losses result from the resistive heating caused by these currents flowing in loops within the core.

B. Copper Losses (Winding Losses)

The resistance in the transformer's primary and secondary windings is what causes copper losses.
When current flows through the winding, energy is dissipated in the form of heat due to the resistance
of the copper wire (or aluminum wire) used for the windings. These losses increase with the current,
and therefore, are load dependent[17], [18]. The copper 10SS Pcopper in either the primary or secondary
winding is given by:

Pcopper = |2R (4)

Copper losses are higher when the transformer is fully loaded and smaller when it is lightly loaded
or not loaded at all because they are proportional to the square of the current. The resistance of the
windings as current passes through them causes copper losses in transformers. The square of the current
and the winding's resistance determines the copper loss exactly. The amount of copper loss in a
transformer depends on a number of parameters. These variables mostly have to do with the
transformer's windings' properties and the current passing through them.

2.5 Power Handling

The ability of a transformer to transfer electrical energy effectively and efficiently from the primary
(input) side to the secondary (output) side is known as power handling. In AC circuits, transformers are
used to increase or decrease voltage while maintaining power. However, its design, size, insulation,
temperature limitations, and the load it handles are some of the elements that affect its power handling
capacity. The voltage rating, current rating, frequency, and other characteristics of a transformer all
affect how much power it can handle. The power handling capacity of a transformer is commonly
measured in megavolt-amperes (MVA), kilovolt-amperes (kVVA), or volt-amperes (VA). A transformer's
ability to handle power is determined by its voltage and current ratings. The product of the maximum
voltage and current determines the maximum power the transformer can handle.

Smax = Virated X lrated (5)

A. Active Power (P)

Active power in a transformer is the power used to do real work, that is, the power that can be used
to drive a load connected to the electrical system, such as a motor, heater, or other electronic device. In
a transformer, active power is calculated based on the relationship between voltage, current, and power
factor, which reflects how the voltage and current are in phase with each other[19], [20],[21]. In a three-
phase transformer, active power can be calculated using the equation:

P=13xVxIxcos(0) (6)
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B. Reactive Power (Q)

Reactive power is the power component that does not do any actual work but is needed to support
the operation of the transformer and inductive loads (such as electric motors, the transformer itself, and
other inductive devices). This reactive power is important for maintaining the magnetic field in the
transformer and other inductive devices. Reactive power in a three-phase system is calculated by

Q=3 xVxIxsin(0) (7)

C. Apparent Power (S)

Apparent power is the total power supplied by an electrical system, which includes both active
power (which does real work) and reactive power (which does no real work). In the context of
transformers, apparent power describes the total amount of power received and used by the transformer
to drive the load and maintain the magnetic field in the system. Apparent power in a three-phase system
is calculated by

S=vV3xVxlI (8

2.6 MATLAB

MATLAB is a technical computing high-performance programming environment that is frequently
used for method creation, data analysis, simulation, and numerical computing. It provides a vast range
of tools and functions to help engineers, scientists, and researchers model systems, visualize data, and
solve complex mathematical problems. For analyzing 3-phase transformers in MATLAB, MATLAB
provides an easy interface to model and simulate electrical systems such as transformers. The analysis
of 3-phase transformers typically involves simulating key characteristics like voltage regulation, load
effect, efficiency, and losses.

3. RESULTS AND DISCUSSION

The results and discussion of the MATLAB simulation-based examination of a three-phase
transformer's properties are presented in this part. The analysis involves computing and visualizing
several key parameters of the transformer such as power, voltage regulation, efficiency, and losses.
These results are obtained using MATLADB's built-in functions and custom code to model and simulate
the behavior of the transformer under various operating conditions that can be seen in Figure 1 shows
the three-phase voltage waveforms obtained from the MATLAB simulation. In this graph, there are
three sinusoidal curves that represent the voltages of each phase (Va, Vb, and Vc¢). The three waves have
a phase angle difference of 120°, which is a typical characteristic of a three-phase power system. From
this waveform, it can be observed that the voltage amplitude remains stable, indicating that the
transformer is operating under normal conditions without any significant disturbances. If there is a
change in the load or an imbalance in the system, the voltage waveform may experience distortion or
amplitude shift. The MATLAB simulation allows for accurate monitoring of these changes, which is
useful in transformer performance analysis, and Figure 2 shows the three-phase current waveforms
generated from the MATLAB simulation. Just like the three-phase voltages, the three-phase currents
(la, Ib, and Ic) have a phase angle difference of 120° between each other, indicating that the system is
operating under balanced load conditions.
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Figure 1. 3-phase voltage waveform
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Figure 2. 3-phase current waveform

In a three-phase transformer, there are three main channels for voltage and current, each of which
has a different value and phase. The three-phase system can be described by the interconnected voltage
and current vectors shown in Figure 3 where the three voltage vectors (A, B, and C) will be distributed
at an angle of 120 degrees, forming a triangle on the phasor diagram, and the currents on the primary
and secondary sides will describe a similar relationship, but with the influence of the turns ratio. Phase
differences between voltage and current can occur, depending on the load impedance.

Voltage Phase Vector Current Phase Vector
90 500 0 10
120 60 120 1 60
150 250 30 150 5 30
180 5 0 180 . 0
210 330 210 " 330
240 300 240 300
270 270

Figure 3. Vector on a 3-phase transformer (voltage and current)

From Figure 1 to Figure 3 above, it can be seen that the research of the characteristics of the 3-
phase transformer produces an active power (P) of 6183.42 W, a reactive power (Q) of 3832.14 VAR,
an apparent power (S) of 7274.61 VA and a transformer efficiency of 97.75% with a time of 0.02 s and
produces losses in copper of 81.65 W can be seen in Figure 4 shows the simulation results of the power
generated by a three-phase transformer under various operating conditions. In a three-phase power
system, the power transferred can be calculated in several main forms, namely active power (P), reactive
power (Q), and apparent power (S). This shows that the 3-phase transformer has met the applicable
international standards.

In a 3-phase transformer, it produces an electric field (E-field) and magnetic field (H-field)
radiation pattern in the form of a polar graph. The electric field pattern (E-field) shows a cosine-based
distribution, with maximum intensity on a certain axis and minimum intensity in other directions. The
magnetic field pattern (H-field) shows a sine-based distribution, with maximum intensity in different
directions from the electric field, indicating an orthogonal relationship between the E-field and H-field.
The operating frequency (50 Hz) produces a radiation pattern with low frequency properties, where the
effects of electromagnetic waves are still dominant at close range around the transformer. The field
distribution shows a relationship between the intensity of the electric and magnetic fields with the
angular position to the transformer core as shown in Figure 5 shows the electromagnetic field
distribution generated by a three-phase transformer during operation. This electromagnetic (EM) field
radiation occurs due to the electric current in the transformer windings, which produces a magnetic field
around the core and windings. Electromagnetic field radiation can be analyzed to understand its impact
on transformer efficiency, power losses, and potential electromagnetic interference (EMI) that can affect
other electrical equipment in the vicinity.
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Figure 4. Power generated by a 3-phase transformer
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Figure 5. Electromagnetic field radiation in 3 phase transformers

4. CONCLUSION

The MATLAB-based analysis conducted in this study aims to provide a comprehensive
understanding of the operating characteristics of a three-phase transformer, especially in relation to the
voltage, current, and power generated. With this approach, various key parameters of the transformer
can be accurately evaluated, allowing the identification of factors that affect efficiency and power losses.
The results of the analysis show that the active power (P) generated by the transformer is 6183.42 W,
which is the real power used by the load. The reactive power (Q) generated is 3832.14 VAR, which
reflects the energy circulating in the system due to the inductive or capacitive components of the load
and the transformer itself. The apparent power (S) generated is 7274.61 VA, which represents the vector
combination of active power and reactive power in a three-phase system. With a transformer efficiency
reaching 97.75%, it can be concluded that the transformer operates with high performance and only
experiences minimal power losses. One important aspect in this analysis is the calculation of copper
losses of 81.65 W, which occurs due to resistance in the transformer windings. These losses contribute
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to the dissipation of energy in the form of heat and generate electromagnetic field radiation. The study
of these radiation patterns shows that the electric field (E field) and the magnetic field (H field) form a
polar graph, which describes the distribution of the direction and intensity of the fields in space. The
electric field (E) distribution shows a cosine-based pattern, with maximum intensity in certain directions
and minimum intensity in other directions. Meanwhile, the magnetic field (H) distribution shows a sine-
based pattern, with maximum intensity in different directions from the electric field. This indicates that
the electric and magnetic fields have an orthogonal relationship with each other, as expected in the
electromagnetic wave theory. With this understanding, it can be concluded that MATLAB-based
analysis not only allows the evaluation of the operational parameters of the transformer but also provides
deep insight into the interaction of electromagnetic fields generated during operation. These findings
emphasize the importance of maintaining an ideal power factor to optimize transformer performance
and minimize energy losses, so that the power system can operate more efficiently and stably.
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