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Abstract — In the era of Industry 4.0, power converters such as Active Rectifiers have become crucial
for converting AC voltage to adjustable DC voltage. While implementing a DC Constant Power Load
is beneficial, it introduces additional complexity in maintaining power system stability. This research
optimizes PI control on Active Rectifiers using the PSO method to address this challenge. The results
indicate that the PI controller optimized with PSO achieved a Kp of 0.4509 and a Ki of 2.7611 in
tests with resistive loads, and a Kp of 3.1364 and a Ki of 6.8141 in tests with constant power loads.
Using constant power loads showed a faster response with lower rise time but often resulted in higher
overshoot compared to resistive loads. Nevertheless, both testing conditions demonstrated a stable
system without undershoot, confirming the effectiveness of the PI-PSO controller in optimizing the
performance of active rectifiers for more responsive and efficient power electronics applications.
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. Introduction

In the era of Industry 4.0, marked by changes in
production systems and technological devices, the
interconnection between electronic devices has
significantly increased. One key component in
electrical systems is the power converter, which
plays a crucial role in converting AC voltage to DC
voltage[1]. In this context, the active rectifier
represents an extraordinary evolution of power
converters and has become a focus of cutting-edge
research due to its ability to produce better-regulated
DC voltage compared to  conventional
methods[2][3].

Active rectifiers face several challenges that need to
be addressed to ensure their operational efficiency.
One of the main obstacles is the use of DC Constant
Power Load (CPL) as part of the power system,
which introduces additional complexity. A DC CPL
is a load that maintains constant power consumption
regardless of input voltage fluctuations. Despite its
many benefits, implementing a DC CPL can also
present unique challenges, such as negative
resistance, which increases current when voltage
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drops. Voltage fluctuations can lead to instability in
the system[4].

To address these challenges, this study emphasizes
the importance of optimizing the Proportional
Integral (PI) controller in active rectifiers to maintain
the stability of the DC output voltage. Employing the
Particle Swarm Optimization (PSO) method can
effectively overcome the challenges of determining
the optimal PI parameters. Inspired by the collective
behavior of groups in nature, PSO has proven
successful in various optimization applications,
including control settings. Through PSO, the search
for optimal Pl parameters (Kp and Ki) can be
conducted both efficiently and accurately[5][6].

The use of the PSO optimization method on PI
controllers has been conducted by previous
researchers. In the study titled "Implementation of
PV-Based Boost Converter Using Pl Controller with
PSO Algorithm," the PSO method and PI controller
were applied to a photovoltaic (PV) system to
achieve maximum power. MATLAB/SIMULINK
simulations demonstrated improved tracking speed,
oscillation elimination, and the ability to find the
maximum power point[7]. Another study titled
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"Optimal Tuning of PI Controller for Speed Control
of DC Motor Drive Using Particle Swarm
Optimization" compared the PI controller parameter
tuning methods using Ziegler-Nichols, Modified
Ziegler-Nichols, and PSO optimization in a DC
motor system. PSO showed superior performance in
minimizing rise time, settling time, and overshoot for
better speed response [19]. The study "PSO-Based PI
Controller for Speed Sensorless Control of PMSM"
tested various optimizations by comparing the speed
of a permanent magnet synchronous motor (PMSM)
without a sensor using PI controllers with Heuristics,
MATLAB PID auto tuner, and PSO. Simulations
showed that PSO produced better performance in
parameters such as rise time, settling time, overshoot,
undershoot, and root mean square error (RMSE)[8].
In the research titled "Design of Pl Controller in
Pitch Control of Wind Turbine: A Comparison of
PSO and PS Algorithm," the PI controller with PSO
optimization method was used in a wind energy
conversion system (WECS). PSO demonstrated
advantages in designing controllers with shorter
times and better accuracy compared to other
algorithms[9].

1. Research Method

The primary objective of this research is to analyze
the stability of an active rectifier with a P1 controller
optimized using PSO under constant power load and
resistive load conditions. The research process
includes various essential stages: beginning with the
initial stage, marking the start of the research;
problem identification and formulation to analyze
the characteristics of constant power loads and
compare them with resistive loads; a literature
review and analysis of relevant studies on active
rectifiers, Pl controllers, and PSO optimization,
along with data collection on parameters. Following
this is the determination of main parameters for
simulation, including system parameters, Pl
controller criteria, performance metrics, and PSO
parameters. The system design phase involves
designing the active rectifier system with the PI
controller and PSO optimization. Simulations are
then conducted in MATLAB with constant power
and resistive loads. Performance evaluation and
analysis follow, assessing the system's performance
before and after optimization, evaluating the
effectiveness of the PSO-optimized Pl controller,
and validating simulation results against literature to
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ensure accuracy and reliability. The final stage
concludes by summarizing the key findings and
drawing conclusions based on the research results.

I1.1.

Figure 1 illustrates the block diagram scheme of an
Active Rectifier system. The grid eabc is known as a
3-phase voltage source that feeds back to the DC Bus
Controller. Together with VVdc from the capacitor,
these voltages are used to regulate and control the
output voltage of the active rectifier[10]. The DC
Bus Controller comprises several key components:
the Clark Transform, which converts 3-phase voltage
(abc) into 2-phase voltage (af); the Park Transform,
which converts 2-phase voltage (af) into voltage in
dq reference; the Phase Locked Loop (PLL), which
synchronizes the frequency and phase of the grid
voltage with the control system; and the Proportional
Integral (PI) controller[11][12][2]. In this study, the
P1 controller is optimized using Particle Swarm
Optimization (PSO) to find optimal values of Kp and
Ki that maximize the performance of the active
rectifier system.

Active Rectifier System
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Fig. . Block Diagram of Active Rectifier System

1.2.

Proportional Integral Controller

Fig. 1. Block Diagram of Control System with PI
Controller
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A PI controller is a feedback controller consisting of
Proportional (P) and Integral (I) components. The
Proportional component generates a control signal
based on the error between the set point and the
actual output, while the Integral component
accumulates error over time to reduce steady-state
error, thus providing a quick response to changes
[13]. The basic equation for a Pl controller is as
follows:

u(t) =K, - e(t) + K; - [, e(r) dr
Where u(t) is the generated control signal, e(t)

represents the error between the set point and the
actual output, Kp denotes the proportional gain, and

2.1)

Ki represents the integral gain. To evaluate
controllers such as the Pl controller, several
indicators are used, including
IAE (integral absolute error)
IAE = [Jle(t)ldt 22)
ISE (integral of square error)
ISE = [ e2(t)dt (2.3)
ITAE (integral of absolute error)
ITAE = [ tle()ldt (2.4)
ITSE (integral of square error)
ITSE = [l te?(e)dt (2.5)

In this study, the objective function used is the ITAE
indicator. This performance metric combines time
and error magnitude, giving greater weight to errors
occurring at the beginning of the control process.
ITAE provides a better depiction of system
performance in reducing overall error and the time
required to reach the set point [14][15]. A smaller
ITAE value indicates better controller performance
in reducing error and achieving the set point in less
time [16].

1.3. Pl Controller with PSO

The PI controller system using the Particle Swarm
Optimization (PSO) method is implemented by
searching for Pl parameters (Kp and Ki) through
simulations in MATLAB software. The process flow
of tuning Pl parameters using the PSO method is
illustrated in Figure 4.

Copyright © 2024 Journal of Electrical Technology UMY

30

Set initial values for PT control parameters
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particle

|
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PSO equations

J

Update pbest (local best) and ghest (global hest)
values

Fig. 11l. Flowchart of Pl Controller Design with PSO
Optimization Method

In this study, the objective function applied is the
integral of absolute error (ITAE). The boundary
function in this research is set as the minimum ITAE
value, meaning the optimization goal is to minimize
ITAE to achieve optimal controller system
performance. The parameters used in this study
include various variables relevant to PI controller
tuning, such as the proportional constant (Kp) and
integral constant (Ki) [17][18]. These parameters
will be optimized using the Particle Swarm
Optimization (PSO) method to find combinations of
values that yield the best performance according to
the predefined ITAE criteria [19][20]. During this
optimization process, simulations are conducted
using MATLAB to ensure accuracy and efficiency in
tuning control parameters.

TABLE. 1
PSO PARAMETER FOR Pl CONTROLLER
No Parameter Unit
1 Number Variabel 2
(nVar)
5 Number of Particel 5
(noP)
3 Maksimal lteration 50
(maxIter)
4 Upper Bound Kp, Ki 10, 10
5  Lower Bound Kp, Ki 0,0
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No Parameter Unit
6 Acceleration Constant 5

(C1)
7 Acceleration Constant 5

(C2)

w
: = wMax
8  Weight Factor _, (WMax 3 WML,n)
maxlter

Il. Results And Discussion

-.J‘i‘\_ivju - 1

Fig. IV. Simulation of Active Rectifier System with PI-
PSO Controller

At this stage, several tests are conducted. Firstly,
tuning of the PI controller using the PSO method on
the active rectifier with resistive load. Secondly,
tuning of the PI controller using the PSO method on
the constant power load. The PI controller needs to
be optimized with PSO because this method can
efficiently and effectively find optimal parameters,
thereby enhancing controller performance in
maintaining system stability and response. Thirdly,
testing of the PI controller optimized with the PSO
method on the active rectifier, both with resistive and
constant power loads. These tests aim to measure
reference voltage and actual voltage to observe the
effect of load variations. Figure 4 depicts the testing
of the active rectifier with the PI-PSO controller
using MATLAB software.
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TABLE. 2
GBEST VALUES (KP AND KI) AND OBJECTIVE
FUNCTION FOR EACH ITERATION IN RESISTIVE LOAD

. Ghest Obijective
Iteration -

Kp Ki Function
1 1.8410 7.2578 5.7092
0.5661 6.2074 1.5234
10 0.5661 6.2074 1.5234
15 0.6030 3.2489 1.3357
20 0.4843 3.0666 1.3139
25 0.3930 2.6823 1.2939
30 0.4728 2.8152 1.2886
35 0.4534 2.8267 1.2800
40 0.4513 2.7332 1.2758
45 0.4513 2.7332 1.2758
50 0.4509 2.7611 1.2742

Based on Table 2, the analysis of the first test, which
involves tuning the PI controller using the PSO
method on the active rectifier with resistive load at
time 0 seconds, shows successful optimization in
reducing the objective function values through
adjustments in Kp and Ki parameters. From the first
iteration to the 5th iteration, there is a significant
decrease in Kp, Ki values, and the objective function.
However, from the 5th iteration to the 10th iteration,
both Kp, Ki values, and the objective function remain
constant, indicating temporary stability in the
optimization process. The significant drop in Kp and
Ki values in the first iteration, followed by a slower
decrease from the 10th to the 50th iteration,
demonstrates that the PSO optimization method
swiftly identifies a better parameter range and then
makes minor adjustments to Kp and Ki values. This
process continues until the 50th iteration to achieve
optimal results. It is noted that the optimal objective
function value reached at the 50th iteration is 1.2742,
with Kp = 0.4509 and Ki =2.7611. The PI controller
resulting from PSO tuning is henceforth referred to
as the PI-PSO controller.

In the second test, an evaluation was conducted on
the PI-PSO controller applied to the active rectifier
with resistive load at time 0 seconds. In this test, the
parameters Kp and Ki obtained from the PI-PSO
tuning process are 0.4509 and 2.7611, respectively.
The evaluation involved measuring the voltage at the
active rectifier, where the reference voltage was set
to 400 VDC, and a resistive load of 100 ohms was
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used. The results of the actual voltage measurements
at the active rectifier with a 100-ohm load are
presented in Figure 5.

Fig. V. Actual Voltage with 100-ohm Resistive Load at
Time 0 Seconds

From the test results, it can be observed that the
system exhibits a very fast rise time of 0.0125
seconds, indicating a swift response to changes. The
settling time of 0.1285 seconds demonstrates that the
system quickly reaches a stable condition after the
addition of the resistive load. An overshoot of
7.7829% indicates a slight surge above the desired
reference voltage before achieving stability, which is
a common characteristic of systems with a fast
response. The undershoot value of 0% indicates that
the system does not experience a drop below the
reference voltage during the transient period.

In the third test, an evaluation was conducted on the
PI1-PSO controller applied to the active rectifier with
a resistive load at time 0.25 seconds. In this test, the
parameters Kp and Ki obtained from the PI-PSO
tuning process were 0.4509 and 2.7611, respectively.
The evaluation involved measuring the voltage on
the active rectifier, with the reference voltage set to
400 VDC and a resistive load of 100 ohms applied at
time 0.25 seconds. The results of the actual voltage
measurements on the active rectifier with the 100-
ohm load are presented in Figure 6.
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eter | Value |
| 00113 |
2 | ime | 03334
3 | Overshoot | 114266
4 | Undershoot 0

Fig. VI. Actual Voltage with 100-ohm Resistive Load at
Time 0.25 Seconds

From the test results, it was found that the system has
a very fast rise time of 0.0113 seconds, which is even
slightly faster than the rise time of 0.0125 seconds
observed in the second test. This indicates that the
addition of a 100-ohm resistive load does not
significantly slow down the initial system response,
as the resistive load becomes active at 0.25 seconds.
However, the settling time increased to 0.3334
seconds compared to 0.1285 seconds in the second
test. This shows that after adding the resistive load,
the system takes longer to reach a stable condition. A
resistive load can slow down the settling time
because it adds extra load that the system must
stabilize, increasing complexity and requiring more
time for the system to adjust and achieve stability.

Additionally, there was an increase in overshoot to
11.4266% of the reference voltage. This value
indicates that the overshoot becomes larger after the
resistive load is added at 0.25 seconds, up from
7.7839% in the second test. The undershoot value
remains at 0%, indicating that despite the increase in
overshoot, the system does not experience a drop
below the final value during the transient period.

TABLE. 3
GBEST VALUES (KP AND KI) AND OBJECTIVE
FUNCTION FOR EACH ITERATION IN CPL LOAD

. Gbest Objective
Iteration Kp Ki Function
1 1.2699 9.1338 2.9286

0.7582 6.9244 1.8025
10 0.7582 6.9244 1.8025
15 3.1268 8.1334 1.6835
20 3.1268 8.1334 1.6835
25 3.1268 8.1334 1.6835
30 3.1268 8.1334 1.6835
35 3.1213 7.2025 1.6497
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. Ghest Objective
Iteration :
Kp Ki Function
40 3.1392 6.7944 1.6307
45 3.1364 6.8160 1.6273
50 3.1364 6.8141 1.6273

In the fourth test, the tuning of the PI controller using
the PSO method was evaluated on the active rectifier
with a constant power load at time 0 seconds. Based
on Table 3, the analysis results show the success of
the optimization process in reducing the objective
function value through the adjustment of the Kp and
Ki parameters. From iteration 1 to iteration 5, there
was a significant decrease in the values of Kp, Ki,
and the objective function. However, after iteration
10, Kp increased while Ki remained consistent at a
high value before eventually decreasing again from
iteration 35 to iteration 50.

There were small fluctuations in the Kp and Ki
values from iteration 40 to iteration 50, indicating
that the parameters were still being optimized to
achieve the minimum objective function value. The
objective function showed a significant decrease
from iteration 1 to iteration 10, indicating rapid
improvement in the optimization. The stability of the
objective function values from iteration 15 to
iteration 30 suggests that the optimization process
found an optimal parameter area. A small decrease
from iteration 35 to iteration 50 indicates that
optimization was still ongoing, with room for minor
improvements. The PI controller resulting from the
PSO tuning is hereafter referred to as the PI-PSO
controller.

In the fifth test, an evaluation was conducted on the
PI1-PSO controller applied to the active rectifier with
a constant power load implemented at time O
seconds. In this test, the Kp and Ki parameters
obtained from the PI-PSO tuning process were
3.1364 and 6.8141, respectively. The evaluation
involved measuring the actual voltage on the active
rectifier, with the reference voltage set to 400 VDC
and the constant power load set to 100 watts. The
results of the actual voltage measurements on the
active rectifier with a 100-watt constant power load
are presented in Figure 7.
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Fig. VII. Actual Voltage on a 100 Watt Constant Power
Load at Time 0 Seconds

From the test results, the system has a very fast rise
time of 0.0050 seconds, indicating a rapid response
to changes. This is the fastest rise time compared to
the second and third tests. The settling time of 0.1107
seconds shows that the system reaches a stable state
quickly with the addition of a constant power load,
faster than some previous conditions (resistive load).
An overshoot of 11.5802% indicates that the system
experiences a significant spike above its reference
voltage value, suggesting that a faster/aggressive rise
time results in a higher overshoot. The undershoot
value of 0% indicates that the system does not dip
below the reference voltage value during the
transient period.

In the final test, an evaluation was conducted on the
P1-PSO controller applied to the active rectifier with
a constant power load implemented at 0.25 seconds.
In this test, the Kp and Ki parameters obtained from
the PI-PSO tuning process were 3.1364 and 6.8141,
respectively. The evaluation involved measuring the
actual voltage on the active rectifier, with the
reference voltage set to 400 VDC and the constant
power load set to 100 watts, applied at 0.25 seconds.
The results of the actual voltage measurements on the
active rectifier with a 100-watt constant power load
are presented in Figure 8.

'Fig. VIIL. Voftage on a 100 Watt Constant Power Load
at Time 0.25 Seconds
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From the test results, it can be observed that the
system has an extremely fast rise time of 0.0048
seconds, compared to the previous test (0.0050
seconds), due to the load not operating during the rise
time. The settling time of 0.1061 seconds indicates
that the system reaches stability very quickly, even
with the addition of a constant power load at 0.25
seconds. This contrasts with resistive loads, which
tend to slow down the settling time. The overshoot of
12.8342% shows that the system experiences a
significant spike above the reference voltage,
suggesting that a faster/aggressive rise time leads to
a higher overshoot. The undershoot remains at 0%,
indicating that the system does not dip below the
reference voltage during the transient period. The
system demonstrates good stability without
undershoot, but the increased overshoot may require
further attention due to the characteristics of the
constant power load. The constant power load forces
the system to quickly adjust voltage and current to
maintain stable power, resulting in a more aggressive
response and higher overshoot.

IV.  Conclusion

Based on this study, the PI controller optimized with
PSO for the active rectifier shows distinct
performance characteristics under different load
conditions. When using a resistive load, the
optimized parameters were Kp = 0.4509 and Ki =
2.7611 achieved at iteration 50, minimizing the
objective function to 1.2742. Meanwhile, with a
constant power load, the parameters were tuned to
Kp = 3.1364 and Ki = 6.8141, minimizing the
objective function to 1.6273.

Introducing a resistive load at t = 0 seconds resulted
in a rapid system response with a rise time of 0.0125
seconds and settling time of 0.1285 seconds. The
system exhibited a moderate overshoot of 7.7829%
without undershoot, indicating effective overshoot
control and adherence to the reference voltage.
Introducing the resistive load at t = 0.25 seconds
reduced the rise time to 0.0113 seconds but extended
the settling time to 0.3334 seconds. The overshoot
increased to 11.4266%, still without undershoot,
demonstrating stable performance despite the higher
peak.

In contrast, introducing a constant power load at t =
0 seconds resulted in an exceptionally fast rise time
Copyright © 2024 Journal of Electrical Technology UMY
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of 0.0050 seconds and a relatively quick settling time
of 0.1107 seconds. The system exhibited a high
overshoot of 11.5802%, indicating an aggressive
initial response, yet remained stable without
undershoot. Introducing the constant power load at t
= 0.25 seconds further reduced the rise time to
0.0048 seconds and settling time to 0.1061 seconds.
However, the overshoot reached its highest value at
12.8342%, suggesting a very aggressive response
without undershoot.

In summary, the constant power load induces faster
responses compared to resistive loads but with higher
overshoot, especially when introduced at t = 0.25
seconds. All conditions demonstrate stability without
undershoot, but the higher overshoot requires further
tuning for optimal performance.
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