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Abstract

Due to harmonic problems caused by various factors that resulted in damages and malfunctions of
electrical equipment in the power system, eliminating harmonics in the electrical system has become an
important issue for both industrial and household sectors. This article focuses on developing a current control
method for a single-phase shunt active power filter (APF) that controls current by an indirect method. The
detection of load current to generate reference signals uses the dg-axis reference frame for a single-phase
electrical system. The design of circuit parameters and PI controller parameters for compensating current and
DC bus voltage are based on a simple calculation method. Simulation and experimental results confirm that the
proposed current control method and PI controller design effectively eliminate harmonics, with the percent of
total current harmonic distortion (THDi) values of the supply current after compensation within the IEEE Std
519-2022 standard limit.

Keywords: Single—phase shunt active filter (SAF), Indirect current control, PI (Proportional-Integral), dg-axis, Harmonic

Distortion

1. Introduction

The advent of electric vehicle (EV) technology,
which has undergone significant advancements to
replace internal combustion engine (ICE) vehicles,
has prompted many companies in the automotive
sector to quickly adapt. They are developing their
own technologies to prepare for this transition. With
the influence of leading electric vehicle technology
companies like Tesla, especially with the
advancements in efficient electric motor and battery
technologies, vehicles can now travel longer
distances. Therefore, battery charging equipment
becomes crucial for electric vehicle systems, akin to
a power source charging energy into the battery.
However, the technology advancements also come
with challenges, notably the battery charging
equipment, which is a primary factor in rapidly
charging or transferring electrical energy to the
vehicle's battery with high electrical wattage. This
results in high Total Harmonic Current Distortion
(%THDi), which is harmful to the power supply
system. Research on mitigating harmonic currents
over a period of three years revealed that the impact
of THDi resulted in damage and malfunctions of
various electrical equipment in the power system,
such as circuit breakers, due to the use of nonlinear

loads like rectifiers, which convert alternating
current to direct current, a fundamental circuit of
battery chargers used in all types of electric vehicles,
including personal electric vehicles, electric
motorcycles, and electric golf carts. Consequently,
these effects are unavoidable and can significantly
affect the power system if left unaddressed.
Therefore, a single-phase shunt active power filter
circuit can effectively address this issue [1-4].
Detecting load currents to generate reference
signals is the process of measuring any load current
and performing mathematical calculations in various
methods to derive the control system's reference
signals. Several methods exist for detecting load
currents to generate reference signals in active power
filtering circuits, such as Fast Fourier Transform
(FFT), Instantaneous reactive power theory, Kalman
filter (KF), Neural network (NN), and Synchronous
d-q reference frame [5]. However, in this article, the
researchers chose to use the method of detecting load
currents to generate reference signals in the D-Q
Reference Frame wusing the basics of Park
Transformation. To apply this method in a single-
phase electrical system, it is placed on the stationary
reference frame by introducing imaginary variables so
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that the values of the variables or signals assumed are
shifted back 90 degrees or -7/2 [6].

From related research studies on current control of
shunt active filters, two primary methods can be
distinguished: direct current control and indirect
current control. In direct current control, harmonic
current is used as the reference signal to control the
compensating current to match the reference signal,
effectively eliminating harmonic currents in the
electrical system and making the source current
closely resemble a sinusoidal waveform at the
fundamental frequency [7-9]. However, designing
controllers in this manner presents challenges in
tracking the reference signal due to its harmonic
nature, which involves multiple frequencies. The
control design must consider the bandwidth of the
highest-order harmonics, known to be beyond the
suitable range for a PI controller, which is not ideal for
controlling signals with high bandwidths. Conversely,
indirect current control uses a sinusoidal reference
signal at the fundamental frequency to command the
source current to match the reference current. This
control method is suitable for a PI controller, as the
required bandwidth of the signal is low, equivalent to
the fundamental frequency, making the control design
straightforward. Several researchers have proposed
indirect current control methods [10-11] and found
this control approach to be satisfactory, capable of
reducing the number of sensors required for
measurement.

This  article presents the design and
implementation of a PI controller for a single-phase
shunt active filter based on the indirect current control
technique. Simulation results and actual testing
demonstrate the effectiveness of eliminating harmonic
currents in the electrical system, aligning with the
IEEE Std 519-2022 standard.

2. Single-Phase Shunt Active Filter
2.1 The fundamental principle

The Single-Phase Shunt Active Filter circuit functions
as a filter to reduce or eliminate harmonic currents from the
electrical system, ensuring that the supply current closely
resembles a sinusoidal waveform or matches the supply
frequency. As depicted in Figure 1, the structure of the
Single-Phase Shunt Active Filter circuit comprises
essential components including the supply utility,
nonlinear load, and inverter circuit, which acts as a current
source when operating with a controlled rectifier. The
components of the Single-Phase Shunt Active Filter
inverter circuit consist of four IGBTs (Insulated Gate
Bipolar Transistors), four power diodes, one capacitor and
one shunt active inductor. The operating principle of the
Single-Phase Shunt Active Filter circuit begins with
measuring the load current entering the control system to
calculate and determine the required compensation current
reference. Once the control current reference is obtained,
the control system calculates appropriate values to switch
the four IGBTS of the inverter.

The inverter acts as a voltage source with a capacitor
connected in parallel with the IGBTs, as shown in Figure 1,
serving as the energy source for supplying voltage to the
inverter. When the output voltage of the inverter exceeds
the supply system voltage appropriately, it creates a
voltage drop across the inductor, resulting in current
flowing through the inductor to the supply current, thus
generating compensation current.  This  injected
compensation current is the difference between the supply
current and the load current. When the compensation
current is injected, it causes the supply system current to
closely resemble a sinusoidal waveform, eliminating
harmonics and leaving only the fundamental frequency.
However, the control system design needs to be in a
closed-loop form to ensure the system's controllability and
stability.
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Figure 1 The conventional scheme

of a Single-Phase Shunt Active Filter
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2.2 Direct Current Control

Direct current control, as shown in Figure 2, the
reference signal (ij) is the harmonic current
calculated from the load current (i) and the current
passing through the inductor (igy,). This signal is
feedback into the control system to ensure the system
can inject compensation current according to the
reference signal. This process eliminates harmonic
currents in the electrical system, making the supply
current resemble a sinusoidal waveform, leaving only
the fundamental frequency [12—14]. However, in this
control method, the reference signal (i}) contains
harmonic components of various frequencies, which
means the controller design must consider the
bandwidth of the highest-order harmonics to achieve
effective control. Therefore, it is necessary to select a
controller type suitable for handling high-bandwidth
currents, such as Fuzzy Logic control [12], Robust
control [15], Dead-beat control [16], and PR
(Proportional + Resonant) [17]. Nevertheless, direct
current control methods for shunt active filters still
often employ PI (Proportional-Integral) and PID
(Proportional-Integral-Derivative) current controllers.
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Figure 2 The structure of a single-phase shunt active
filter with direct current control.

2.3 Indirect Current Control

The indirect current control of the single-phase
shunt active filter, as shown in Figure 3, uses a
reference signal (ig) that is a sinusoidal current
waveform with a frequency equal to the fundamental
frequency. This reference signal is calculated from
measuring the load current (i) and the supply current
(i5) to provide feedback to the control system. The aim

is to force the supply current to be a sinusoidal
waveform with a frequency matching the fundamental
frequency according to the reference signal, thereby
eliminating harmonic currents regardless of the
waveform of the current passing through the inductor
(ign) [18-21]. Consequently, the researcher has chosen
to use the indirect current control method for the
single-phase shunt active filter. This method's
advantage is that the reference signal (i3) is a
sinusoidal waveform with a frequency equal to the
fundamental frequency, which is 50 Hz, resulting in a
low bandwidth. This allows for the use of less complex
controllers, such as Hysteresis control and PI
controllers, which are suitable for controlling signals
with low bandwidth and simplifying the design of
controller parameters.
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Figure 3 The structure of a single-phase shunt active
filter with indirect current control.

3. Proposed Control Scheme

It is well known that converting electrical energy from
alternating current (AC) to direct current (DC) using a
rectifier circuit to supply power to a load, known as a
nonlinear load, results in harmonic currents at the supply.
These harmonics distort the waveform from its sinusoidal
shape due to the presence of additional frequencies in the
system. The design principle and method proposed, as
illustrated in Figure 4, start by determining the reference
current (iz) by measuring the load current (i) and the
supply voltage (V;). These measurements are input into the
Harmonic Current Extraction block, using the d-q
Transformation principle to determine the amplitude of the
load current at the fundamental frequency of 50 Hz (1 ).
Another crucial aspect of the active filter's operation is
maintaining the DC bus voltage. The outer loop control
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maintains the voltage at 450 volts using a PI controller,
which serves as the energy source for the inverter to
generate compensating current through the active inductor
(Lgn)- The output from the PI Voltage Controller, ipc, is
added to I 4 to obtain the reference current i;. The inner
loop control, which manages the compensating current,
also uses a PI controller. Due to the selection of indirect
current control for the active filter, this approach results in
a low bandwidth, allowing the use of a less complex and
effective controller. Nonetheless, designing the PI
controller to find the Controller Gains for both loops is
done using a specified method, selecting appropriate
values for governing damping and natural frequency.

Nonlinear
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PI Current
Controller

Control card

- I ﬁ

Figure 4 The proposed control scheme

3.1 Reference Current Generation Techniques

The detection of the load current to determine the
reference current signal (ig) utilizes the fundamental
method of the Park Transformation [22]. The load current
(i1,) is transformed to the stationary reference frame (o —
B), resulting in the variables iy, and ijg. The ijp is
obtained by shifting the load current (i;,) by -90 degrees or
-1r/2. Next, these variables are transformed to the rotating
reference frame (D-Q Reference frame) using the phase
angle (0) or wt derived from the PLL (Phase-Locked
Loop) block, which in turn is obtained from the
measurement of the supply voltage. The result of this
transformation is iy 4 and iy 4, with i; 4 not used. The i 4
signal is then passed through a Low Pass Filter set at 10 Hz
to obtain a DC-like signal ; 4, which is added to the result
from the DC bus controller ipc. Finally, the signal is
transformed back to the stationary reference frame.
Therefore, the result is the reference current signal ig, as
shown in Eq. (1).

3.2 Controller Design

Considering Figure 4 , the single-phase shunt
active filter is connected to the utility grid, functioning
to compensate for the distorted current waveform
caused by the load connected at the PCC (Point of
Common Coupling). If the utility grid is assumed to be
an infinite load, the equivalent circuit of the inner
current control loop is shown in Figure 5. Power is
transferred through the inductor (Lg,) by controlling
the duty cycle of the single-phase shunt active filter,
which is the output derived from the DC voltage
control circuit across the capacitor (Cpc). As shown in
the Figure 5, this represents the equivalent circuit of
the single-phase shunt active filter. The open-loop
transfer function of the inner current control loop can
be derived as shown in Eq. (2). However, due to the
very low resistance in the inductor, it is omitted, as
shown in Eq. (3). Then, by applying the Laplace
transform to Eq. (3), Eq. (4) is obtained.
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Figure 5 Equivalent circuit of a single-phase shunt
active power filter

, di
Ve = Rplsy + Loy = )
dig
Voc = Ly 2 3)
Vbe(s) = sLglg(s) 4)

From Eq. (4), the open-loop transfer function of
the inner current control loop can be obtained as
shown in Eq. (5).

Lsh(s) 1
Vpe(s) Sk ©)
However, considering Figure 4, the capacitor at the
DC bus (Cp) is charged and discharged by the single-
phase shunt active filter circuit. The differential
equation can be written as shown in Eq. (6). Then,
applying the Laplace transform yields Eq. (7).

. d
ic = Cpe =< (6)
Ic(s) = sCpcVpe(s) (7

From Eq. (7), the open-loop transfer function of
the outer voltage control loop at the DC bus can be
obtained as shown in Eq. (8).

Vpe(s) _ 1
Ic(s) sCpc

(®)
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The control of compensating current using PI
controllers is an effective and easily designable
method. To control compensating current using PI
controllers, it is necessary to work in conjunction with
Pulse Width Modulation (PWM) switching techniques
to generate control pulses for the IGBT switch devices
in the shunt active filter circuit, as shown in Figure 4.
The block diagram represented the PI controller
design can be seen in Figures 6—7. From the diagram,
the difference between the reference current (i3)
obtained through harmonic detection using the single-
phase d-q transformation method and the supply
current (i) injected by the active filter circuit is fed as
an input to the PI controller. The output is then set as
the reference voltage (U) to be passed through the
plant, represented by the shunt inductor (Lg,), to
simulate the compensating current (iy,) on the output
side. This compensating current (iy,) is therefore
related to the result of the difference between iy and

5+ Kus+k, | U 1 ’s

< s sLg,

PI controller Inductor

Figure 6 Block diagram of the compensating
current control system

Vbe ipc pe
+ K,s+K, | Inc 1
A N sCoc
PI controller Capacitor

Figure 7 Block diagram of the DC-bus
Voltage control system

From the block diagram of the control system, the
closed-loop transfer functions can be derived. Eq. (9)
represents the transfer function for the current loop,
while Eq. (10) represents the transfer function for the
voltage loop. The design of the PI controller involves
an approximation method by comparing the
performance of the control system transfer function
with the standard second-order transfer function, as
stated in Eq. (11). This comparison leads to the Egs.
(12)—(15), which allow for the design of the K,;, Ki
values for the current loop, and K., K;, values for the
DC-bus voltage loop, respectively [23].

KpiS+Kii
i_S — ( Lh ) (9)
is 52+(@)5+ﬁ
Lgh Lgh
(Kp,,s+Ki,,>
Yoc _ _\ Cpc J (10)
Vb 52+(%>s %
wh
T) = Fgtsamrat (1
Kpi = 20 wp1 Ly (12)
Ky = wpiLg, (13)
va = 2(2(’~)112CDC (14)

Ky, = (Uazqz 8% (15)

A properly designed compensator is required for a

stable closed-loop Single-phase SAF with appropriate
performance. The typical procedure of compensator
design is as follows: 1) Collect system parameters such as
input voltage, output voltage, maximum load/output
current, switching frequency, input and output
capacitance, and output inductance. 2) Determine the
transfer function of the system.
3) Determine the zero-crossover frequency of the inner
loop, i.e., the current loop first. Usually, this frequency is
chosen at least equal to 1/10 to 1/5 of the switching
frequency. As shown in Figure 8, the switching frequency
is w;, and the zero-crossover frequency is wy,; = (1/
351)ws . 4) Determine the compensation type. The
compensation type is determined by the location of zero
crossover frequency and the characteristics of the proposed
system.
5) Determine the desired location of the poles and zeros of
the selected compensator. By following the mentioned
procedure, the controller design of the Single-phase SAF
making sure the system is stable and attenuation of
switching noise, is expressed as follows.

The zero-crossover frequency settings of the designed
current and voltage control laws are presented in Figure 8.
The switching frequency (f;) of the shunt active filter is set
to 25 kHz (ws = 157,079 rad/s). The current loop, which is
the inner loop, is designed to have a higher bandwidth
compared to the outer DC-bus voltage loop. According to
the Nyquist-Shannon theory [24], the natural frequency
(wy,q) for the current loop should be chosen to be less than
half of the switching frequency (ws). Thus, a value of
approximately 1000 rad/s is selected for w,,;. For the DC-
bus voltage loop, the natural frequency (w,,,) is set to 20
rad/s, which is 50 times lower than w,,; . These values are
depicted in Figure 8, enabling the determination of the
stability boundaries for the overall system. The unstable
region lies beyond the natural frequency w,;. To ensure
transient behaviors with low overshoot and fast response,
the damping ratios {; and {, are tuned to be 0.05 and 0.25,
respectively. However, for the presented work, the values
Wpq = 447.39 rad/s and w,, = 22.36 rad/s have been
determined, which resulted in the best response obtained
from the experiments. This success can be attributed to the
use of the defining and selecting method for governing
damping and natural frequency.
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Figure 8 The zero-crossover frequency settings of the
designed controllers
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4. Simulation and Experimental Validation
4.1 Simulation Results

The following simulation results confirm the proposed
concept outlined above. The simulations were conducted
using MATLAB/SIMULINK, with the sampling time set
to align with realistic values for both the power and control
sections. The control section's sampling time was set to
1/f;, while the power section's sampling time was set to
100 times that of the control section. The parameters and
components of the active filter used in the simulations and
actual experiments are shown in Table 1. Figures 9—10
show the results of measuring the load current (iy,) to
generate the reference current signal (i), which follows
the theory discussed in section 3.1. The resulting signal
retains only the fundamental frequency load current at 50
Hz without harmonic distortion. Additionally, the Bus DC
voltage is effectively maintained at 450 volts.
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- o

-3 1 | 1 Il | | |
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Figure 9 iy, i1, i1q and i;4: After compensation
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Figure 10 iLd’ iLd + iDC’ l; and VDC: After
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Figure 11(a) illustrates the control performance
of the proposed active filter circuit. The supply
current effectively tracks the reference current,
reducing the total harmonic distortion (THDi) of the
supply current from 58.84% to 2.21%, specifically
with a nonlinear load. Figure 11(b) compares the
load current (i), supply current (ig), compensation
current (ig,), and the DC bus voltage (V). It is
noticeable that the supply current closely
approximates a sinusoidal waveform.
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Figure 11 Performance of single-phase SAF: Before
& After compensation (Simulation results)
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Figure 12 shows the simulation of the single-phase
shunt active power filter (SAF) circuit with indirect
current control, where both a linear load and a
nonlinear load are connected to the system to evaluate
the performance of the proposed circuit. Figure 13
illustrates the system's response during simulation
when a linear load is added at time ¢ = 1.2 s. It can be
observed that the current waveform of i; increases,
with its shape changing. This also causes an increase
in the supply current i due to the added load. As
shown in Figure 14, the DC bus voltage drops
momentarily at # = 1.2 s. However, the system still
manages to converge to the reference signal V. at 450
volts within approximately 1 second. Additionally, the
compensating current control loop ig remains
controllable, closely tracking the reference current ig,
as shown in Figure 15(a), reducing the total harmonic
distortion of current (THD1) from 43.14% to 1.36%.
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Figure 12 The structure of the single-phase SAF circuit simulated with a linear load
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Figure 15 Performance of single-phase SAF with the addition of a linear load: Before & After compensation
(Simulation results)

4.2 Experimental Results

The experiments were carried out utilizing
dSPACE and Control Desk within MATLAB/
SIMULINK. The obtained experimental results are
very close to the assumptions made in every aspect,
as depicted in the accompanying figure. The actual
results from the experiments strongly support the
parameter values used in the simulation model, thus
validating the proposed system hypothesis. The
experimental results for the input signals to the
system when it is not yet operational, and the input
signals obtained from the measurement circuits, are
sent to the ADC channels of the dSPACE Interfacing
Card. These measured signals include the supply
voltage (V;), the DC bus voltage (Vpc) obtained from
the voltage measurement circuit, as well as the
supply current (is), load current (i;), and active
inductor current (iy,) from the current measurement
circuit, as shown in Figure 16.

The experimental results for load current
detection to generate the reference signal for the
single-phase shunt active power filter with indirect
current control, as described in sections 3.1 and 4.1,
detail the design of the load current detector to
generate the reference signal (i5) for the single-
phase shunt active power filter controlled in the d-q
reference frame. This was simulated using
MATLAB/SIMULINK (SimPower-Systems). This
section presents the experimental results obtained
from actual experiments to indicate that the results
are consistent with the previously designed
simulation results, as shown in Figures 17-22.
Figures 23-24 illustrate the comparison results of a
chart showing the total harmonic distortion (THD)
of the supply current before and after harmonic
current compensation, respectively. Figure 25
shows the hardware of the single-phase SAF used in
this experiment.
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Simulations and experiments demonstrate the system's
efficiency in mitigating harmonic currents, meeting
the IEEE Std 519-2022 standards. The results
showcase excellent control of the supply current in
steady-state conditions. In the simulation, the total
harmonic distortion (THD) of the supply current is
reduced from 58.84% to 2.21%, and in the
experimental setup, it is reduced from 62.13% to
2.67%, as shown in Table 2.

Table 1 Specification and Parameters of The Single-
Phase Shunt Active Filter

AC supply voltage 230 V,50 Hz
Nonlinear load
(Bridge Rectifier) 1,600 V, 100 A
Inductor (L), 7.5 mH,
Capacitor (Cy,), 1,100 uF,
Resister (Ry) 3330
Active Filter impedance 2.498 mH,
(Lsh, Rsn) 0.124 Q
DC voltage reference (Vpc) | 450V
DC-link capacitor (Cpc) 1,360 uF, 900 V
Inverter Rate 10 kW
Switching frequency (f;) 25 kHz
Sampling time of simulation | 0.4 us
Sampling time of experiment
on dSPACE 04 s
Gain of K, 0.1118
Gain of Kii 500
Gain of K, 0.0152
Gain of Ky 0.6805
- IGBTs 1,200 V, 100 A
Table 2 Comparison of the Total Harmonic Current

dSPACE Interfacing Card

Figure 25 Hardware of a Single-Phase SAF

5. Conclusion

This research presents a circuit set designed to
address the issue of harmonic currents caused by non-
linear loads using a single-phase shunt active filter.
The filter employs indirect current control, allowing
the use of a simple PI controller, which is widely
utilized in the industry. The controller gains are
determined and selected based on appropriate values
for damping and natural frequency control. The
reference current signal is generated using the single-
phase synchronous d-q reference frame method.

Distortion (THDi) Before and After Using a Single-
Phase Shunt Active Filter

Before After

(THD1) (THD1)
Simulation 58.84% 2.21%
Experimental 62.13% 2.67%
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