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Abstract

The growing consumption electricity has burdened the existing power grid, potentially leading to overloads and power
outages when supply does not meet demand. Integrating alternative resources, such as Gas Power Plants (PLTG), as
backup solutions can mitigate these risks. PLTG relies on various DC components to power the machines, all supplied by
a high-capacity battery bank. This research is conducted at the PLTG UPK Sebalang, where the existing system cannot
stabilize the rectifier voltage during battery charging. As a result, failures occur during the generator starting process.
Therefore, this study aims to stabilize the output voltage of the existing three-phase rectifier system at PLTG UPK Sebalang.
To achieve this goal, the Space Vector Pulse Width Modulation (SVPWM) rectifier with Proportional Integral Derivative
(PID) control method is proposed. This method dynamically reduces steady-state error to produce a stable output voltage
from the rectifier. In repetitive experiments, the system effectively kept the rectifier voltage stable at 125V, experiencing an
average decrease of just 1.05%.
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1. INTRODUCTION

The increasing demand for electricity has caused an overload in the grid. This occurs when electricity
demand surpasses supply, potentially leading to system failure and blackouts in the transmission network [1],
[2]. A solution to this issue is to integrate alternative power plants, such as gas power plants, as a backup
supply.

During a blackout, most power generation units cannot operate normally, which impacts the electricity
generation capacity of the transmission system, making it much lower than the load demand and potentially
leading to transmission network outages. When this occurs, the electric power system must quickly normalize
the transmission network to resume serving the load or electricity users. In relation to this condition, the
Sebalang Power Generation Unit (UPK Sebalang) has a gas power plant (PLTG) that acts as a power transfer
unit during a blackout. This plant is connected to the 150KV transmission network and is referred to as a black
start generator.

However, in reality, the PLTG cannot operate if the direct current (DC) system of the battery does not
function optimally. The most common failure in a power plant that uses an engine is battery failure, accounting
for at least 30% of total failures [3,4]. Therefore, battery replacement in the PLTG is necessary. To address
this issue, a stable rectifier is needed to charge the high-capacity batteries used in the PLTG.

Recently, several studies have addressed this issue. Mansouri et al. [5] introduced a three-phase Space
Vector Pulse Width Modulation (SVPWM) rectifier that utilizes the Artificial Neural Network (ANN)
approach to maintain a stable voltage for renewable energy storage. Ali et al. [6] developed a three-level T-
type Vienna rectifier employing a soft-switching technique. Teng et al. [7] proposed a new SVPWM-based
method for charging a 48V battery. These studies demonstrate encouraging results with low power loss, though
complexity remains a challenge to be addressed.

Fuzzy control is a modern approach that combines automatic control technology with Fuzzy system
theory, making it highly effective for managing the challenges of non-linear systems [8]. Some studies use a
Fuzzy Logic Controller to enhance rectifier performance [9,10], generating a PWM signal based on power
from renewable energy sources. This approach enables an adaptive response with minimal circuit
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modifications. However, it slows down the response system. This limitation can be addressed by using a more
straightforward controller, such as a PID controller [11,12].

In this paper, we propose a three-phase SVPWM rectifier designed to generate a constant voltage for
effective battery charging. Recognizing the limitations identified in previous studies, we introduce a PID
control method aimed at enhancing the response of the existing rectifier system. This method leverages the
principles of proportional, integral, and derivative control to provide more accurate voltage regulation and
improved dynamic performance.

2. MATERIALS AND METHOD

This section describes the mathematical modeling of the three-phase SVPWM rectifier presented in this
study. It includes SVPWM vector control and proposed PID control. While this study highlights the application
for rectifiers, it can similarly be applied to three-phase SVPWM inverter applications [13,18].

2.1. The Direct Quadrature Voltage Vector

The dg-axes are made up of the d-axis and the g-axis within a dq0-coordinate system. The voltage on
the d-axis corresponds to a three-phase source represented in direct current form, while the voltage on the g-
axis is zero [19]. O’Rourke et al. [20] analyze the Clarke and Park transformations, which involve quantities
such as abc, a0, and dq0. The voltage transformation from abc to dqO is illustrated in Equations (1), (2),
and (3).

[VVV]—21 LN R R | P
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2.2.  SVPWM Vector Control

The proposed system puts forward SVPWM conventional configuration as shown in Table 1. Figure 1
illustrates each sector, with each sector covering a 60° angle. In this configuration, V, and V, represent zero
vectors, while V; through Vg are nonzero space vectors. The angle 0 rotates anticlockwise from 0° to 360° along
the axis, specifically revolving from 0° to 60° between two axes. Each sector contains two space vectors that
correspond to the switching configurations of the transistors, enabling efficient operation of the rectifier
system. This approach ensures effective control of the voltage output in the three-phase SVPWM rectifier.

Table 1. Switching Sequences of SVPWM

Sector Switching Sequence

1 Vo, Vi, Vo, Vo, Vo, Vi, Vg
VOI V3' VZ' V7! VZ! V3' VO
VO' V3, V4' V7! V4' V3! VO
VO' VSI V4' V7! V4' VS! VO
VO' VS! V6r V7, V61 VSr VO
VO' Vll V6' V7, V6J Vll VO

U~ WN

. Sector 1

8

Sector 4 { Sector 6

Vs Ve

Figure 1. Voltage Space Vector Diagram
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2.3.  PID Control

Figure 2 illustrates a simplified block diagram of the SVPWM rectifier, with the proposed PID method.
This approach aims to enhance the transient response, particularly in reaction to abrupt and fluctuating changes
in the rectifier loads. As noted in the previous section, the output voltage of the rectifier is directly proportional
to the load current, meaning that V. varies linearly with the battery's State of Charge (SOC). In light of this
situation, the PID constants are then chosen accordingly. The Equations (4), (5), and (6) show the mathematical
representation of gains P, I, and D respectively.

P = Kpe(t) @)
t
I =K, f e(t)dr
‘o ©)
de(t)

D=K,—~ 6
i (6)

Lare Vi ¥

) PID [ St ] svewnl =3

Figure 2. Block Diagram of Proposed PID Control

PID gains are determined based on experimental results; therefore, the rectifier's responses are observed
while varying the State of Charge (SoC) from 0% to 100%. This comprehensive analysis allows us to assess
how the rectifier behaves across the entire range of battery charge levels. By closely monitoring the system's
performance under these conditions, we can identify the optimal PID parameters that ensure efficient operation
and stable voltage regulation throughout the charging process.

3. RESULTS AND DISCUSSION

This section analyzes the experimental results of the proposed system. The findings are presented to
assess the system's effectiveness in generating a constant voltage across various scenarios compared to an
existing system. Following this, a comparison with the existing P1 system as previously analyzed in the work
conducted by [21] is conducted to evaluate the performance of the proposed system.

3.1. Experimental Setup

The experiment is conducted based on the parameters outlined in Table 2. Figure 3 illustrates the
experimental setup for the proposed rectifier system. In this setup, the rectifier module is connected to a lithium
battery bank and three motors, which are utilized to initiate the gas power plant generator. The primary focus
of the experiment is to analyze the output of the rectifier when it is linked to the battery bank, particularly with
the additional parallel connection of the three motors. This arrangement allows for a comprehensive evaluation
of the rectifier's performance in real-world conditions, as it operates under the influence of both the battery and
the motors.

Table 2. System Parameters

Parameter Value
Grid Voltage (RMS): V. IV 380
Frequency: f/Hz 50
Inductor Filter: Lg/mH 0.5
Capacitor Filter: Cc/mF 0.1
DC bus Capacitor: C/mF 5.6
Battery Voltage: V,/V 125
Battery Capacity: C,/Ah 200
Motor Load: I;/A 150.25
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Parameter Value
Proportional: P 2
Integral: I 500
Derivative: D 10

:,,,l 1 (LU
(i 8 s

= P L ‘

="
Figure 3. Experimental Setup of the Proposed System.

The P,I, and D parameters represent proportional, integral, and derivative gains of the controller
respectively. These parameters are tuned manually by considering the step response of a controller. Initially, P
gain is selected at a minimum level to prevent excessive oscillation. Once the proportional gain is appropriately
adjusted, I is introduced to address and eliminate steady-state error, ensuring the system reaches and maintains
its desired setpoint over time. Following this, the D is applied to minimize the overshoot that may result from
a high integral gain, thereby improving the system’s responsiveness and reducing the oscillation.

3.2.  SVPWM Signal Response

Figure 4 shows the SVPWM signal response sampled at a frequency of 10 kHz. From the figure, it can
be observed that there are six SVPWM signals used to control each IGBT in the system. In this context, these
signals are divided into two main groups.
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Figure 4. SVPWM Signal Response

Signals S;, S5, and Sg are the primary signals that directly influence the output voltage of the rectifier.
These signals are responsible for determining the ON duration of each IGBT, which in turn affects the
magnitude and quality of the DC voltage produced by the rectifier.

In contrast, signals S,, S,, and S, are the inverse signals of the primary signals. These inverse signals
are designed to provide balance within the system by ensuring that each IGBT operates in the appropriate
sequence to effectively regulate the phase of the voltage and current. In other words, these inverse signals assist
in maintaining the stability and efficiency of the power conversion process, reducing harmonic distortion, and
ensuring more precise control over the output voltage.
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3.3. Rectifier Step Response

A comparison is performed to evaluate the response as well as the performance of the proposed PID
controller. In this scenario, the rectifier is tested while the battery is in charging mode with a motor load of
150.25 A. Figure 5 shows that the voltage of the rectifier in the existing Pl system drops by 5.6% from the
reference voltage. This decline is attributed to the lack of adaptive control, which results in a slower response
from the rectifier. In contrast, the proposed rectifier system is able to maintain the voltage at the reference
level. Although there is a voltage drop during the time frame of 0 to 0.2 seconds, the PID control successfully
restores the voltage to a stable position within 1.78 seconds.
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Figure 5. Step Response Comparison Between the Existing and Proposed Systems

3.4. Performance Analysis

In this section, tests are conducted on the current of the rectifier during the battery charging process.
Figure 6 presents the charging current response from the point when the battery is empty until it is fully charged.
Observations indicate that the proposed system successfully enhances the charging current by 55% compared
to the existing system.

Existing System
PID

100

Charging Current {A)

0 20 40 60 80 100
SoC (%)

Figure 6. Battery Charging Current with the SoC of 0-100%

Considering a battery capacity of approximately 200 Ah, the proposed system can charge the battery
from an empty state (0%) to a full in about 4.5 hours. This significant charging speed indicates that the proposed
system provides much better efficiency compared to the existing model, as presented in Table 3. These findings
highlight that the new system not only drastically improves the charging current but also accelerates the overall
battery charging process.
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Table 3. Comparison of Rectifier Performance

Existing System Proposed System

The time to fully charge is about 10h The time to fully charge is about 4.5h
Voltage drops gradually when motors are Voltage stabilizes after 1.78s
connected

Voltage drop is about 3.2% Voltage drop is about 1.05%

4, CONCLUSION

Based on the design results and analysis of the experimental outcomes, it can be concluded that the
proposed PID control-based rectifier system has proven effective in achieving stabilization of the rectifier
voltage. In various experiments, the system successfully maintained the rectifier voltage at 125V, with an
average drop of only 1.05%. Additionally, validation results indicate that the proposed PID method can replace
the existing rectifier module in the UPK Sebalang gas power generation system. Notably, the proposed system
is capable of charging 5.5 hours faster compared to the existing system, demonstrating its efficiency and
effectiveness in enhancing overall performance. The proposed system still has limitations especially when
handling non-linear loads. This problem can be addressed by incorporating sophisticated machine-learning
algorithms into the controller. Such an enhancement has the potential to optimize the system's adaptability and
performance in complex operating conditions.
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