Journal of Electrical, Marine and Its Application Technology Vol ......., No. .......
ISSN xxxxxx Publication Periode

Performance Analysis of a Single-Phase Controlled Half-Wave Rectifier Applied to AC Motor

Imam Mursyid Muttaqin', Salsabila Ika Yuniza’?, Anggara Trisna Nugraha®
1,2,3 Marine Electrical Engineering, Shipbuilding Institute of Polytechnic Surabaya

" mursyidmuttaqin24@student.ppns.ac.id ,* salsabilaika@student.ppns.ac.id , * anggaranugraha ns.ac.id

Abstract

The rapid pace of industrial development is closely tied to the increasing demand for efficient material
handling systems. Cranes, which are integral to the movement of products or goods, often rely on direct current
(DC) motors for propulsion. Conventional methods of controlling these motors, which utilize fixed-voltage
rectification powered by transformers, are still widely adopted. However, these traditional approaches suffer
from several limitations, including the lack of flexibility in voltage regulation and the bulkiness and high costs
associated with the transformer setup. This study presents an innovative solution by exploring the use of a fully
controlled single-phase rectifier, leveraging the ICTCA785 integrated circuit for precise thyristor firing angle
control. The rectifier's performance was evaluated with different load configurations, including resistive (R),
resistive-inductive (R-L), and resistive-capacitive (R-C) loads, under varying conditions. A proportional-integral
(PI) controller was employed to adjust the load voltage and current amplitude. The findings reveal that
increasing the PI controller's gain results in higher amplitude of the load voltage and current, highlighting the
importance of the controller's tuning in regulating the rectifier output. Furthermore, the study demonstrates that
in certain configurations, the PI controller has minimal or no impact on the load voltage amplitude, depending
on the specific rectifier design and load setup. The results underscore the significance of rectifier circuits in
converting alternating current (AC) sine waves into stable DC pulses, which are fundamental for powering
electronic devices and industrial systems. This research provides valuable insights into the practical application
of fully controlled single-phase rectifiers, offering improvements in voltage regulation, efficiency, and
flexibility, making them highly applicable in modern industrial automation and motor control systems.
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1. Introduction

In modern electrical systems, most electronic devices operate using standard AC power supplied by
electrical utilities, typically at 220V/50Hz, as is common in many countries such as Indonesia (Nugraha &
Eviningsih, 2022) . While some smaller electronic devices, like radios, rely on batteries as their primary power
source, a significant portion of industrial and domestic appliances are powered by the alternating current (AC)
from the public grid. However, many electronic systems, especially in industrial automation and motor control,
require a steady supply of direct current (DC). To achieve this, it is essential to convert the AC power to DC,
and this process is commonly achieved through a rectifier circuit (Faj’riyah, Setiyoko, & Nugraha, 2021).

Rectifier circuits are crucial components in power supply systems, as they facilitate the conversion of
alternating current (AC) into direct current (DC), which is necessary for powering a wide range of electronic
equipment. A basic rectifier circuit typically consists of several key components: a transformer, diodes, and a
capacitor. The transformer is used to either step down or step up the input voltage, adapting it for use in
different applications. Capacitors play a critical role in smoothing out the rectified output, storing energy
temporarily and filtering fluctuations in the voltage. Diodes, on the other hand, act as the core components in the
rectification process, allowing current to flow in one direction while blocking reverse current, thus ensuring that
only direct current flows to the load (Nugraha et al., 2023).

The type of rectifier circuit explored in this study is the single-phase half-wave controlled rectifier, which
represents an essential step in converting the AC input into DC pulses required for the operation of various
electrical devices. The importance of such experiments lies not only in their theoretical contributions but also in
their practical applications across various industries, where they are used to power motors, automation systems,
and electronic appliances (Agna, Yuniza, & Nugraha, 2022).

Furthermore, one of the advancements in rectifier technology is the bridge rectifier, which allows for a half-
wave controlled rectifier design with a single-phase, two-wire input. This configuration is advantageous in
reducing both the cost and the weight of the power supply system, compared to traditional rectifiers that require
a three-wire transformer input with center-tapped secondary coils (As’ad, Yuniza, & Nugraha, 2022) . The use
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of a bridge rectifier enables a more compact and efficient solution for DC conversion in industrial and
residential applications.

The theory of electric current flow, as initially outlined by Benjamin Franklin and largely adopted by
engineers today, dictates that current flows from the anode to the cathode through a conductive material
(Nugraha & Eviningsih, 2022). Although the direction of free electron flow in conductors is actually from the
cathode to the anode, the conventional flow direction remains standard in engineering applications (Wibowo &
Nugraha, 2023). In a single-phase half-wave rectifier, when the input voltage is positive at one end of the
transformer, current flows through the load and returns through the other side of the transformer, creating a
directional flow of current that is rectified into a DC output (Agna, Sobhita, & Nugraha, 2023).

The application of these rectifier circuits is particularly relevant in the context of motor control, where they
serve as a foundation for controlling the speed and torque of motors in various automation systems. In this
study, the performance of a single-phase controlled half-wave rectifier is analyzed and tested with different load
types, contributing to the optimization of power conversion in real-world industrial settings. These findings are
expected to have a profound impact on improving the efficiency and cost-effectiveness of motor control systems
used in industrial operations, where precise and stable DC power is critical.

2.  Material and methods

2.1. Material

A. Diode

A diode is a semiconductor device that has two terminals: the anode and the cathode. It functions as a
one-way valve for electric current, allowing current to flow in only one direction. When the anode is more
positively charged than the cathode, the diode is in the forward bias state, and current flows freely from the
anode to the cathode (As’ad & Nugraha, 2022) (Bui, Nguyen, & Seo, 2023). This behavior is essential in
rectifier circuits where diodes are used to convert alternating current (AC) into direct current (DC), as they
effectively block reverse current flow.

Conversely, when the cathode is more positively charged than the anode, the diode enters the reverse
bias state, preventing current from flowing from the cathode to the anode (Bidadfar, Saborio-Romano,
Cutululis, & Serensen, 2020). This property of the diode is crucial in maintaining the directional flow of
current within rectifier circuits, ensuring that only the desired portion of the AC waveform is allowed to
pass through (Handandi et al., 2023).

However, the diode has an inherent limitation known as the breakdown voltage or reverse breakdown
voltage (Li & Xu, 2020). This is the maximum reverse voltage that the diode can withstand before it
begins to conduct current in the reverse direction, potentially leading to permanent damage or failure of
the diode (Yu, Xu, Zhu, & Li, 2021). The breakdown voltage is a critical parameter in the design of power
electronic circuits, particularly in high-voltage applications such as motor control systems, where diodes
must operate reliably within their specified voltage ratings to prevent malfunction (Wu et al., 2021).

In the context of single-phase controlled half-wave rectifiers used in AC motor control, understanding
the behavior of diodes under both forward and reverse bias conditions is essential. The performance and
reliability of these circuits depend significantly on the proper selection and operation of diodes within their
rated breakdown voltage limits, ensuring efficient and stable operation of the motor drive systems in
industrial applications.
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Figure 1. The working principle and form of the diode circuit
B. Wave Rectifier / Rectifier
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A rectifier is a critical component in power supply systems, designed to convert alternating current
(AC) voltage signals into direct current (DC) voltage. This conversion process is fundamental in many
electronic applications, especially in power electronic systems that require a stable and controlled DC
supply. A controlled rectifier, also known as a converter, is a power electronics circuit that facilitates the
transformation of sinusoidal AC voltage into a controlled DC output. The use of controlled rectifiers is
essential for achieving precise voltage regulation, which is crucial in various industrial applications such
as motor drives, power supplies, and renewable energy systems (Safari, Barile, Stornelli, & Ferri, 2020).

In controlled rectification, one of the key components used to regulate the output voltage is the
thyristor. The thyristor is a semiconductor device capable of controlling the flow of current based on its
ignition angle. By varying the firing angle or triggering angle of the thyristor, the output voltage can be
dynamically adjusted, making it possible to obtain a controlled DC voltage from an AC input (Yildirim,
2021). This control mechanism is especially valuable in systems where the voltage must be modulated to
meet specific operational requirements, such as in AC motor speed control or voltage regulation in
industrial applications.

The three-phase thyristor rectifier is a commonly used configuration in power electronics, particularly
in industrial motor control and high-power applications. This setup consists of six thyristors (Q1, Q2, Q3,
Q4, Q5, and Q6) arranged in a specific manner. The cathodes of thyristors Q1, Q3, and Q5 are connected
to the positive terminal, while the anodes of thyristors Q2, Q4, and Q6 are connected to the negative
terminal of the circuit. Each thyristor is triggered by a distinct ignition pulse (UG1, UG2, UG3, UG4,
UGS, UG6), which determines the conduction period and, consequently, the output DC voltage. This
configuration is particularly effective in driving resistive loads (RL) and is frequently utilized in systems
where the load characteristics require smooth and regulated DC output (Leuw et al., 2022).

The study of these rectifiers and their control mechanisms is vital for optimizing power conversion
systems and ensuring their reliability and efficiency in modern engineering applications, such as in
industrial motor drives and renewable energy integration. Analyzing the performance of controlled
rectifiers, particularly in relation to their ability to regulate voltage for different load types, is crucial for
enhancing the functionality of motor control systems used in sectors like manufacturing, automation, and
transportation.
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Figure 2. The working principle and form of the rectifier cicruit

C. Half wave converter

The topology of a three-phase half-wave converter is illustrated in Figure 1, which highlights the
operational sequence of the thyristors and the corresponding phase voltages across the load. In this
configuration, when thyristor T1 is triggered at t = w/6+, the phase voltage V_an appears across the load,
sustaining current flow until thyristor T2 is activated at t = 5n/6+. At this point, T1 becomes reverse biased
because the source voltage, V_ab = V_an - V_bn, turns negative, causing T1 to turn off and effectively
cease conduction.

When thyristor T2 is activated, the phase voltage V_bn is applied across the load, continuing until thyristor
T3 is triggered at t = 3w/2+. With T3 in conduction, T2 is deactivated, and the phase voltage V_cn is now
supplied to the load. This cycle repeats, with T1 once again being triggered at the beginning of the next
cycle. This sequence of thyristor activation ensures that the AC voltage is effectively rectified to a
controlled DC output, with each phase voltage appearing sequentially across the load at specific time
intervals.
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The output voltage of a single-phase half-wave controlled rectifier can be described as a fraction of the
maximum peak voltage V_max (V_peak) of the AC supply, modified by the ignition angle of the

triggering pulses. Specifically, the output voltage is given by:

Vout=Vmax/2m + function of firing angle (a)

This equation reflects how the rectifier’s output voltage is directly related to the peak voltage of the AC
cycle, as well as the controlled firing angle of the thyristors. The ability to modulate the firing angle is key
in adjusting the output voltage to meet specific operational requirements, such as in AC motor speed
control or power regulation in industrial systems. The performance analysis of such controlled rectifiers
plays a critical role in improving power conversion efficiency and ensuring the stability of DC motor
drives in various applications, particularly in automation, manufacturing, and electrical power distribution

systems (Rotenberg et al., 2020) (Xu et al., 2022).

Output DC Voltage:
Lo
Vooo= 279 Vmsin|wt|d(wt)
m[1+ }_VS(maX)
Voooy= 21 cosa = 2 [1+cos

And Output RMS Voltage is:
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RMS Current:
Vrms

RAALLL 2
Irms= R  withripple factor RF = \/F F_q

To calculate the output power, the following equation is used:
Prms = Vrms x Irms
Pdc =VdcxIdc[14]

Methods

The type of research used in this research is quantitative research with experimental methods. The
experimental method is carried out by designing, making, and testing tools (measurements). [15]

The block diagram of a controlled rectifier can be broadly divided into 3 blocks, namely the trigger circuit
block from the transformer, the 1 phase half wave converter from the rectifier and the 1 phase filter as follows:

AC INPUT

TRANSFORMER

|

RECTIFIER

FILTER

DC OUTPUT
Figure 3. Block diagram of the rectifier circuit

A. Principle of 1 phase half wave-controlled rectifier
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Figure (4) shows when the controlled rectifier is loaded resistively. During the positive half cycle of the
input voltage, the anode of the SCR is positive relative to the cathode so that the SCR is forward biased.
When SCR T1 is turned on at t =, SCR T1 will be connected and current will flow to the load. When the
input voltage starts to be negative at t =, the anode of the SCR will be negative with respect to the cathode
and the SCR T1 will be said to be reverse biased and no current will flow to the load. The trigger circuit is
planned with an input voltage of 50 Vac, thus R min is calculated by calculating the value of 3.3 kQ. The
value of the capacitor is determined at 0.1 uF 100 V thus the circuit is as follows:[10]

£ 2

T

Figure 4. Single Phase Half-Wave Rectifier Circuit.
The snubber circuit is basically a safety circuit for the semiconductor components used in
rectifiers, namely diodes and SCR overvoltage, which may arise during the reverse recovery process. Based
on the calculation, the value = 220.

The time when the input voltage is positive until the thyristor is turned on at wt = is called the
delay angle or ignition angle[16]. When these two alternating signals are out of phase with each other, the
two diodes, each acting as a half-wave rectifier, can operate alternately. A diode that rectifies the positive
cycle of the top coil and then replaces the positive cycle rectifier of the bottom coil as the reverse phase of
the negative cycle of the AC input signal.[§8]
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Figure 5. Waveform of Siﬁgle—Phase Half-Wave Rectifier

The output of a controlled rectifier is 1 phase half-wave thicker than a half-wave rectifier, which
reduces the ripple present in the DC voltage output. As a result, the output of a half-wave 1-phase
controlled rectifier is smoother and more stable than the output of a half-wave rectifier. It can be said that
the calculation of the DC voltage in a 1-phase half- wave-controlled rectifier is twice that of a half-wave
rectifier. This is because all AC signal cycles are output.

Then for the circuit form using PSIM which will be used in this research as follows:
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Figure 6. Single Phase Half-Wave Rectifier Circuit with Single Phase AC Motor Load.

3. Results and discussion

The simulation results are used to validate the design results. This verification is intended to test the design
results according to the characteristics of the components or devices used to minimize design and manufacturing
errors. [17] The following figure shows the simulation results of the trigger circuit design. This trigger circuit
basically examines the characteristics of the DIAC. Based on the picture below, the design result has the same
characteristics as the diac. Therefore, it can be properly designed and manufactured[19].

Figure 7. Graphics Output of Single Phase Half Wave Rectifier with Motor Load.

The calculation of the simulation results is used to validate the output design results of the Single Phase Half-
Wave Rectifier with Load as follows:

1. Average value of DC voltage dan DC current:
a. DC voltage with the value of a 15

Vm _ Vs(max) .
VO(DC):E[HCOSO(}_—ZH [1+cos® &
220 220

=2 _1140,96]=22%
Voo = 2(3,14)[ +0.6 6,2811,96°
= 68,66 volt

b. DC Current for o 15
Io (DC)=Vo (DC)/R
= 68,66/ 100
=0,68

2. Average value of DC voltage dan DC current:
a. DC voltage with the value of o 30
Vm _ Vs(max)

Vowo = E[1+cosa}— o [l+cos

a6
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220 220
1+0,86|= [
Vowo= 2(3,14) [ = 6,2811,86
= 65,37 volt

b. DC Current for o 30
Io (DC)=Vo (DC)/R
=65,37/100
=0,65

3. Average value of DC voltage dan DC current:
a. DC voltage with the value of o 45
Vs(max)

m
Voo = 2—[ 1+cosa|= 5 [l+cos
220

220
1+0,70 [
Vowo)= 2(3,14) [ = 6,28[1,70°
= 59,80 volt

al

b. DC Current for a 45
Io (DC)=Vo (DC)/R
=59,80/100
=0,59

4. Average value of DC voltage dan DC current:
a. DC voltage with the value of a 60
|= Vs(max)
o [ltcos

o0
+0,50}——6’28[1’50(,

[1+cosa al

220 [

Vowo= 2(3,14)
= 52,50 volt

Vooo= 27T

b. DC Current for o 45
Io (DC)=Vo (DC)/R
=52,50/100
=0,59

5. Average value of DC voltage dan DC current:
a. DC voltage with the value of o 75
Vs(max)
o [1tcos

220 ,
+0,50} _ﬁ[l,so"

[1+cosa}

220 [

Voo = 2(3,14)
=440 volt

Vooo)= 271 al

b. DC Current for a 75
TIo (DC)=Vo (DC)/R
=44,0/100
=0,44

6. Average value of DC voltage dan DC current:
a. DC voltage with the value of a 90
Vs(max)

Vv :—m[1+cosaf}=—1Jr al
00T D gr 2 [1tcos
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220 [1+0]= 220 .
Vooo= 2(3,14) 6,28[1°
=35 volt

b. DC Current for a 45
Io (DC)=Vo (DC)/R
=35/100
=0,35

7. Average value of DC voltage dan DC current:
a. DC voltage with the value of o 100

_m[1+cosaf]:M ad
Vomooy= 2 27 [1+cos
220 i )
Vooo=2(3,14) [0,83¢
=29,0 volt

b. DC Current for a 100
Io (DC)=Vo (DC)/R
=29/100
=0,29

2. PAC input power and PDC output power
Then for the result of the Pdc output output power
Table 1. Result Pdc output

Vol. ......., No. .......
Publication Periode

Vs(rms) a Vo(dc) Is(dc) Po(dc)
(L-N) (Volt) (A) (W)
(Volt)

25 15 140 1,40 196
25 30 130 1,30 169
25 45 119 1,19 141
25 60 105 1,05 110
25 75 88 0,88 77
25 90 69 0,69 47
25 100 57 0,57 32

Based on the input power Vo, it can be seen that its effect on Pdc can be illustrated in the bar chart as follows:
From the experiment above, it can be concluded that the value of a affects the output of both Vo(DC) , Io(DC),

To(RMS) and Vo(RMS) where:

Effect of Vo(DC) on power
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Figure 8. Graph result

a. The value of a will make the value of Vo(DC) and lo(DC)inversely proportional to the magnitude of
Vo(DC) and Io(DC) where if the value of a is greater then the value of Vo(DC) and Io(DC) will be
smaller.

b. The value of a will make the value of [o(RMS) and Vo(RMS) inversely proportional to the magnitude
of Io(RMS) and Vo(RMS) where if the value of a is greater then the value of Io(RMS) and Vo(RMS)
will be smaller.

c. The value of a will make the value of the output power (Po(dc)) constant with the voltage and current
sources of the circuit.

4. Conclusion

1. In the context of power electronics, rectifier diodes serve a critical role as wave rectifiers, which are
essential for converting alternating current (AC) voltage into direct current (DC) voltage. This
conversion process is fundamental for the operation of various electronic devices and systems, as well
as for ensuring the stable and efficient supply of DC power for applications such as motor drives,
industrial machinery, and sensitive electronic equipment. The performance of such circuits is heavily
influenced by the diode characteristics and the rectifier configuration, with three-phase rectifiers
offering superior efficiency and lower ripple compared to single-phase systems.

2. The study reveals that using a Proportional-Integral (PI) controller in a single-phase controlled rectifier
without feedback does not significantly impact the magnitude of the load voltage or the current
amplitude. This indicates that the system cannot efficiently control the voltage or current amplitude
under such conditions, highlighting the need for more sophisticated control strategies in systems where
precise power regulation is required. The absence of feedback in the control loop restricts the rectifier’s
ability to adapt to load variations, underscoring the importance of implementing closed-loop control
systems for better performance in AC motor speed control and power conversion applications.

3. The output voltage in an unfiltered rectifier can be derived from the standard equations that govern a
half-wave rectifier. In a single-phase half-wave controlled rectifier, these equations are applied to
determine the magnitude of the output voltage. Additionally, the magnitude of voltage ripple in a
filtered rectifier can be predicted using the same principles that apply to half-wave rectifiers. Despite
the differences in circuit configurations, these findings emphasize the significance of proper filtering
techniques to minimize ripple, which directly affects the DC output quality and overall system stability.
This analysis is crucial for understanding the behavior of single-phase rectifiers in both unfiltered and
filtered states, particularly for power supply design and motor control applications.

4.  When a single-phase feedback-controlled rectifier is tested with different load types, such as resistive
(R), resistive-inductive (R-L), and resistive-capacitive (R-C) loads, it is observed that the amplitude of
the load voltage and current can be effectively controlled by adjusting the PI controller settings. The
proportional-integral (PI) controller plays a crucial role in regulating the voltage and current by
compensating for load fluctuations and ensuring the rectifier operates within desired parameters. The
experimental results show that an increase in the PI controller's proportional gain leads to a rise in the
amplitude of both the load voltage and current, providing valuable insights into the design of more
adaptive and responsive control systems for applications in industrial power conversion and motor
speed regulation.

5. In the case of a single-phase controlled rectifier connected to an R-L-C load, the output voltage and
current amplitudes become relatively fixed, meaning that variations in the PI controller settings have a
diminished impact on the load characteristics. This suggests that, for more complex load
configurations, such as R-L-C combinations, the controller's influence on the output becomes less
significant, especially when the system operates within a predefined range of parameters. These
findings indicate the necessity of considering load dynamics and control strategies that can adapt to
various load types and ensure efficient performance across a broad spectrum of engineering
applications, particularly in motor control and power electronics.
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