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The strong development of renewable energy sources (RES), especially
distributed energy sources, brings many benefits to the power system.
Single-phase photovoltaic (PV) systems are the fastest growing type of
distributed energy source worldwide today. Besides the beneficial factors for
the distribution power system, the high penetration rate of solar power
systems also causes negative impacts, especially power quality issues. PV
inverters generate harmonics during the high-frequency switching of
semiconductor elements. Traditionally available passive filters are not
effective enough to ensure output power quality when the PV system
generates power to the distribution grid. Therefore, this study presents the
design of a proportional resonant current controller combined with active
filter harmonic compensated (PR+HC) for a single-phase PV inverter. This
controller, when integrated into traditional PV inverter, will provide better
output power quality, contributing to reducing total harmonic distortion
(THD) on the distribution grid. This study analyzes the parameters affecting
the harmonic attenuation effect of the PR+HC controller, then simulates it
on MATLAB Simulink to evaluate the results. The results of the study show
that the PR+HC controller is not only effective in reducing the amplitude of
odd harmonics, but also operates reliably even when the grid frequency
fluctuates widely.
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1. INTRODUCTION

Distributed energy resources (DER) are being developed vigorously to meet the increasing energy
demand. DER are typically renewable energy sources (RES) such as solar, wind or small hydropower.

Among them, photovoltaic (PV) occupies a large share of the distributed power category because of its
advantages in performance, reliability, and affordability. Single-phase PV inverters grid-connected are
commonly used systems that contain i) DC/DC boost converters that perform maximum-power-point
tracking control and voltage amplification and ii) DC/AC inverter which responsible for power quality,
equipment protection and synchronous grid-current injection. Various PV module orientations and
technologies can be integrated thanks to this adaptable design [1]-[4]. When connected to the grid, PV
inverters must ensure the international standards specified by each grid (e.g., IEC 61727). They are required
to comply with the requirements of power quality, fault ride through and the ability of anti-islanding when
there is a blackout. PV inverters must comply with specific criteria regarding voltage, frequency and
generated harmonics to ensure satisfactory power quality [5], [6].
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Power quality is one of the most concerned issues when RES integrated into the power system
[71-[10]. The harmonics of the PV system are mainly generated from the power electronic inverter. It
consists of high-frequency switching semiconductor devices and injects these high-frequency harmonic
current components (also known as super-harmonic) into the grid. This amount of harmonics has a negative
impact on the power system, causing transient, instability, increase transformer and conductor loss [11].
According to Digalovski et al. [12], the distribution system has a total harmonic distortion (THD) of the grid
voltage of about 10%, transformers can suffer from 2% to 15% losses, generators can suffer from 6% losses,
and capacitor losses can range from 15% to 16%. Even though PV inverters have provisions to control the
level of harmonics generated, when there is a high level of PV penetration, the THD of the grid is still
exceeded. At the same time, although the current controller has a high sinusoidal reference monitoring
ability, the output current of the grid-connected PV inverter always has a certain distortion. In cases where
DER penetration level increases above the system's hosting capacity, the harmonics they create can degrade
the overall power quality of the power distribution system. Similarly, the level of harmonic pollution is high
at the point of common coupling (PCC), the hosting capacity of the system is reduced and the grid cannot
absorb the maximum DER potential [13]-[15].

Due to the current controller's crucial role in ensuring high-quality sinusoidal output from the PV
inverter to the grid, precise design is imperative to minimize harmonics. Based on linear current control, a
proportional integral (PI) controller is proposed for application [16]. Despite its simplicity, this structure has
considerable drawbacks in terms of phase and amplitude errors in steady state. Although high control gain
can reduce steady-state errors, this is not a practical solution due to increased disturbance and probable
instability [17]. Another drawback of the modified Pl controller is the potential for current distortion as a
result of background harmonics created in the internal circuit when the grid voltage is distorted [18].
Proportional resonant (PR) current control is proposed as an alternative to the conventional Pl controller used
in DC/AC inverters [19]-[21]. The PR controller provides superior performance in both reference tracking
and noise reduction, thereby decrease steady-state error [22]-[25]. PR current controller is widely used in
studies on minimizing harmonics from PV systems [26], [27].

There are many studies on eliminating harmonics from DER to facilitate their sustainable
development in distribution power systems [28]-[30]. Some studies propose active filters that not only
compensate for harmonics generated by distorted and fluctuating loads but also mitigate harmonics generated
from the DER itself [31]-[35]. He et al. [33] proposed a controller for DER with the goal of ancillary
harmonic compensation (HC) for local non-linear load and in case of frequency disturbance. The system is
equipped with two effectively independent control branches. The first branch oversees the fundamental
current control of the DER unit, while the second branch is dedicated to compensating for local load
harmonic current or feeder resonance voltage. The results of the study show that in the case of local load
harmonic current, the THD of current grid is reduced from 41.73% to 3.64%; in case of feeder resonance
voltage, THD of PCC voltage decreased from 17.03% to 5.25%. However, this study has not performed
analyzes to select parameters for the harmonic controller. Furthermore, there is no mention of addressing the
reduction of harmonics generated by the DER itself. By specifically addressing the minimization of
harmonics from DERs, which serve as the primary contributors to harmonic distortion, it ensures that the
THD remains within acceptable limits across the distribution power system. With that philosophy, research
[35] proposed a model combining PR current controller and harmonic compensator (HC) with many parallel
blocks for single-phase PV inverter grid-connected. The HC resonator is designed to compensate for odd-
order harmonics emitted from the PV inverter itself. Simulation and experimental results with a 2 kWp PV
system show that the output power quality of the inverter is greatly improved. The odd-order current
harmonics from the PV inverter output were all reduced to below 0.4%. However, a limitation of this study is
that the parameters of PR and HC are chosen based on experience without going through any analysis.

Based on the limitations of previous research and the advantages of PR controller and HC active
filter, this paper proposes to design a PR+HC controller for single-phase PV inverters to compensate for odd
harmonics generated by itself. The selective HC are connected in series and all are connected in parallel to
the PR current controller. MATLAB Simulink is used to simulate the model. The obtained harmonic analysis
results and bode diagrams are generated with this software [36]. The contributions of this study include:

— Building a model of a grid-connected single-phase PV system integrating PR+HC system to minimize
generated harmonics. Test the operation of this model using the reliable software MATLAB Simulink;

— Analyzing the effects of PR and HC parameters to select appropriate values for each harmonic filter
element in this system. This is an aspect that is often not mentioned much in research on harmonic
suppression controllers;

— Evaluating the output power quality of PV inverter in case of missing and complete PR+HC active filter
blocks;

— Evaluating the stable working ability of PR+HC in case of frequency fluctuations.
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There are five sections in this study. The structure of PV inverter including LCL filter, the PR
controller and the resonant HC system are introduced in section 2. Section 3 describes the parameters of the
aforementioned systems as they apply to the 2 kWp single-phase PV inverter grid-connected. Section 4
delves into the simulation results, detailing their implications, while section 5 summarizes the conclusions
drawn from the study.

2. LCLFILTER, CURRENT CONTROLLER AND HARMONIC COMPENSATORS
2.1. LCL filter

Figure 1 presents the model of single-phase PV inverter grid-connected. To decrease harmonics
generated by the DC/AC converter, the power circuit contains an LCL filter. Even at low L and C values, the
LCL filter can provide quite good harmonic attenuation ratios. The damping resistor R is connected in series in
the branch of the capacitor circuit C; to increase stability and reduce resonance. This system is called a passive
damping filter. The use of both the PR+HC active filter and the LCL passive filter further enhances the
suppression of harmonics generated by the inverter. The transfer function of the LCL filter is given by (1):

RgCrs+1

Gr(s) = LiLgCrs3+(Li+Lg)RaCrs2+(Li+Lg)s @
The filter’s resonant frequency is determined by:
_ Li+Lg
a)TES - LiLng (2)
PV Array DC/DC Converter DC/AC Inverter LCL Filter

( I; ‘i ‘g
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Figure 1. Single-phase PV inverter grid-connected model

2.2. PR current controller

Figure 2 presents the PR current controller scheme, where I; is the current output of the inverter, I,..f is
the current reference, V,..f is the voltage reference and I,,.,4 is the output current of the inverter after the LCL
filter. In addition, Gr(s) represents the LCL filter. G,(s) is the transfer function of the PV inverter. This
includes G, (s) is the transfer function of the PWM module and G, (s) is the control processing delay. For high
switching frequency, the PWM module G, (s) can be modeled by a simple gain which is determined by (3). The
control processing delay G, (s) is the delay time of one sampling period in PWM module defined by (4):

14 C

Gp(s) = ©)

Gy(s) = e Tas (4)

where V;,, and T, denote the magnitude of the PWM triangular signal and the latency period of one sampling
cycle, respectively. PR control is responsible for monitoring the reference signal. It is made up of a damped
generalized integrator that has been set to resonate at the grid frequency f,. The PR current controller is
divided into two types: ideal and non-ideal, which are represented by (5) and (6), respectively:

Ger() = Ky + Ki 77z (5)
Gpr(s) = Kp + K; m (6)

where K, is the proportional gain term, K; is the integral gain term and w, = 2 rf; is grid frequency and .
is cutoff frequency.
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Figure 2. The PR current control block

The study conducts a comparative simulation of both ideal and non-ideal PR controllers, each with
the same parameter of K, = 1,K; = 100 and o, = 1 rad/s. The Bode diagram results are presented in
Figure 3(a) for the ideal controller and Figure 3(b) for the non-ideal controller. In contrast to the ideal PR
controller depicted in (5), which has infinite gain at the fundamental frequency w, and exhibits no phase or
gain deviations at other frequencies, the non-ideal PR controller in (6) offers a more practical approach. Its
gain is finite, although it is still rather high for imposing minor steady-state errors. The o, components in (6)
broaden the bandwidth, reducing sensitivity to grid frequency fluctuations and facilitating easier
implementation in digital systems. Consequently, this study utilizes a non-ideal PR controller for a single-
phase PV inverter grid-connected. It is clear from (6) that the design of the PR controller is dependent on the
values of three parameters: K,, K; and .. To investigate the influence of these parameters, the study simply
assumes that any two parameters are constant and examines the effect of changes in the remaining parameters
through Bode diagram.

- For the case K,, = 0 and o, = 1 rad/s, the change of K; affects only the gain of the PR controller, not the
bandwidth. It can be shown that as K; increases, the magnitude of the PR controller also increases. Base
on this analysis, employing a high K; value is suitable for achieving substantial attenuation of current
harmonics. The Bode diagram of this case is shown in Figure 4(a);

- For the case K,, = 0 and case K; = 1 the change of w, affects both the magnitude and the phase of the
PR controller. The magnitude and phase increase as m, increases, but every o, peaks at the same
resonant frequency of the controller. The resonance peak will be smaller and the filter more sensitive to
frequency fluctuations with a lower .. This also results in a slower transient response. Thus, according
to research [18], o, should be chosen from 5-15 to obtain a compromise. The Bode diagram of this case
is shown in Figure 4(b);

— For the case K; = 1 and o, = 1 rad/s, when K,, is added, the magnitude of the PR controller grows and
reaches a peak at the resonant frequency, while the magnitude of the phase decreases. Based on the
diagram, modest K, values are preferable for obtaining adequate bandwidth to accommodate the other
HC while maintaining system stability. The Bode diagram of this case is shown in Figure 4(c).
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Figure 3. The PR controller block single-phase PV inverter grid-connected model frequency responses of;
(a) ideal and (b) non-ideal PR controller with K, = 1, K; = 100 and @, = 1 rad/s
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Figure 4. Frequency responses of non-ideal PR controller when; (a) K; changes, (b) @, changes, and
(c) K, changes

2.3. PR current controller and HC
Figure 5 shows the control diagram of PR current controller combined with HC, which represented
by block G (s). The ideal HC is represented by (7):

N
Guc(s) = Zn=357,. Kin 503 7

where h is the harmonic order to be compensated for, K;;, is the individual resonant gain at the harmonic h
and ha, is the resonant frequency of the harmonic h. Because of the infinite gain, the ideal HC, like the ideal
PR control, can cause stability issues. To circumvent this issue, the HC can be turned into a non-ideal by
using (8). The HC gain at harmonic frequency h is still sufficient for compensation in the same case as the
fundamental PR controller (see Figure 6). This research utilizes a non-ideal HC for a single-phase PV
inverter grid-connected.

2 C
Gyc(s) = Zh:3,5,7,...Kih S (8)

$2+2wcs+(hawg)?

where, w, is the bandwidth around the harmonic frequency of hawj.

The principal function of the HC system is to suppress odd harmonics with significant amplitudes,
such as the 3", 5™ and 7" harmonic frequencies. According to (8), the HC system is mainly determined by
two factors, @, and Kj,. It is necessary to fine-tune these two parameters for the compensator to achieve
optimal operation. For the cut frequency @., choosing it uniformly is best suited to obtain low bandwidth for
effective selective HC. This is also true because the harmonic regions adjacent to the 3, 5" and 7%

Active filter harmonic compensator with proportional resonant current controller for ... (Le Khoa Nam)
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harmonic frequencies have very small widths. Figure 6 shows the resonance peaks of the HC unit at selected
frequencies of 150 Hz, 250 Hz and 350 Hz. In this figure, w, uniformly has a smaller value, indicating that
the resonance peaks are narrower. This improves the compensator’s selectivity with predefined harmonics.
However, a too low @, value can cause the HC to work inefficiently when the fundamental frequency
changes. In addition, a low o, value makes it difficult to make the HC implementation as a digital system.
On the other hand, the parameter K;;, represents the individual resonance gain, similar to the PR controller. It
should be sufficiently large to induce minimal steady-state error while avoiding destabilization of the entire
system. As the value of h increases, the amplitude of the harmonics will become smaller, so K;, may not
need to be selected uniformly. Parameter K;; can be selected with high value and decreasing for K;s and K;-.

Figure 5. The PR controller and HC block
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3. LCLFILTER AND CURRENT CONTROLLER DESIGNATION
3.1. PV inverter and LCL filter parameters

This study uses a single-phase 2 kWp PV system to test the PR+HC system. The parameters of LCL
filter are as follows: inverter-side filter inductor L; = 5 mH; grid-side inductor L, = 2.8 mH; filter capacitor
Cr = 5 uC; filter damping resistor R, = 0.5 Q; switching frequency is 2 kHz. The grid voltage (RMS) is
380 V with the normal frequency f, is 50 Hz. DC bus voltage reference is 400 V. V;, is PMW triangular
signal amplitude and set to 400 V and computational delay of PWM T; = 50 ps.

3.2. PR controller parameters
According to the analysis outlined in section 2.2, the study selects the parameters for the design of
PR current controller as follows: K,, = 10, K; = 200 and e, = 1 rad/s. The transfer function is represented

as (9):

Gpr(s) = 10 + 200 ——=>—— ©9)

$2+25+(2m50)2

Open-loop and closed-loop bode diagrams are shown in Figures 7(a) and (b) to evaluate the stability
of the PR controller. This control system has only PR controller and no HC (system in Figure 2). By the
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function of MATLAB, the closed-loop is determined to be stable with the gain margin obtained is 39.4 dB at
a frequency of 1150 Hz and the phase margin obtained is 24.5 deg at a frequency of 51 Hz.

3.3. HC parameters
According to the analysis outlined in section 2.3, the HC applied for the main frequencies 3™, 5%,
and 7" is designed as follows:
—  The compensator component targets the 3™ harmonic, resonating at frequency 3w, (150 Hz) is designed
with parameters including @, = 1 rad/s and K;; = 500;
—  The compensator component targets the 5™ harmonic, resonating at frequency 3w, (150 Hz) is designed
with parameters including @, = 1 rad/s and K;5 = 400;
—  The compensator component targets the 7 harmonic, resonating at frequency 3w, (150 Hz) is designed
with parameters including @, = 1 rad/s and K;; = 300;
The transfer function of the complete system with PR+HC (system in Figure 5) is presented as (10).
Figures 8(a) and (b) respectively illustrate the bode diagram of its open-loop and closed-loop. By the function
of MATLAB, the closed loop is determined to be stable with the gain margin obtained is 38.8 dB at 1210 Hz
and the phase margin obtained is 13.8 deg at 151 Hz.
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Gpr(s) + Gyc(s) =10+ 10
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Figure 7. Frequency responses of the system with PR controller without HC; (a) open-loop and
(b) closed-loop
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4.  SIMULATION RESULT

The 2 kWp PV inverter grid-connected with PR+HC system is modeled and simulated in MATLAB
Simulink. The solar panel test parameters are placed under standard test conditions including 1000 W/m?
radiation, 1.5 AM spectrum and a cell temperature of 25 °C. The study investigates the responsiveness of the
PR+HC system in the case of grid voltage sinusoidal waveform with background THD=1.23%. The standard
IEC 61727 [6] is used to evaluate the accuracy of the designed controller. Harmonic analysis using
rectangular windows of 10 periods for 50 Hz networks (0.2 s with 5 Hz of resolution [4]). Total harmonic
grid-current distortion is less than 5.0%; harmonic distortion (h = 3,5,7) is less than 4.0%. High-frequency
harmonics from 9th and above are often lower than the standard, so they are not considered in the study.
Simulations are performed to compare the effects of using and not using the HC system.

Figures 9(a) and (b) present the signal waveform for the two scenarios of the PR controller without
and with the HC system, including the inverter current (I;), grid current (I,), reference current (I,..r), output
voltage inverter (V;), grid voltage (1), and DC voltage after the MPPT block (V). There is no phase
difference between the current and voltage signals in either simulation case. This demonstrates the effective
function of the PR controller. Without the HC system, the odd harmonics produced by the inverter distort the
current supplied to the grid, as shown in Figure 9(a). Due to the close resemblance between I; and I,, the
LCL filter’s performance is insufficient for filtering harmonics. When the PR controller is used with the HC
system, there is a noticeable change in the current signal’s smoothness. Standard sinusoidal waveform is
shared by the current reference, the inverter current, and the grid current. This leads to the conclusion that the
HC active filter outperforms the traditional LCL filter in terms of efficiency.
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Figure 9. Simulation result of current waveform in two scenarios; (a) PR without HC and (b) PR with HC
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MATLAB’s FFT function is used to analyze the total harmonic current distortion. Figure 10 shows
the THD result of each current harmonic of the inverter with PR controller in turn including Figure 10(a)
without HC, Figure 10(b) with 3" HC, Figure 10(c) with 3™ and 5" HC, and Figure 10(d) with 3", 5% and 7™
HC. Cases (a) and (d) are the two cases with the signals presented in Figures 9(a) and 9(b) respectively.
Table 1 summarizes the harmonic amplitude values of the four cases mentioned above. In the case of using
PR current controller without HC, THD has a high value of 8.81%, where 3™ and 5" harmonic did not meet
IEC 61727 standard (7.42%>5% and 4.60%>4% respectively). The high frequency harmonics from 7™ and
above all meet the grid connection standard, less than 1%. The intensity of the frequency harmonics is
minimized when applying the HC components to the PV inverter system in turn. THD value decreases from
8.81% to 1.03% and satisfies the requirement with THD limit of <5%. All odd harmonics of PV system have
amplitude below 1%. The ability of harmonics reduction of each HC component is gradually reduced from
3 HC to 39, 5" 7" HC. For example, the 3™ HC has suppressed chiefly the amplitude of the 3" and 5%
harmonics, and they are already below the THD according to IEC 61727 standard (for 3™ harmonic, the
amplitude drops from 7.42% to 1.92%; for 5" harmonic, the amplitude decreases from 4.60% to 2.93%).
Although the 5 and 7" HC components also reduce the amplitude of the 250 Hz and 350 Hz harmonics, the
attenuation is not much and has little effect on the 3" harmonic. However, using a complete 3¢, 5 and 71"
HC unit is not redundant because the greater the reduction in harmonics, the more beneficial it is for the
connected power grid.

FFT analysis FFT analysis

Fundamental (50Hz) = 13.04, THD=8.81% Fundamental (50Hz) = 13.01, THD= 3.57%
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Figure 10. THD simulation results with 4 types of HC; (a) PR without HC, (b) PR with PR with 3 HC,
(c) PR with 3 and 5" HC, and (d) PR with 3", 5™ and 7" HC

Table 1. Result of THD value of four case simulations

THD (%) 1 harmonic (%) 3" harmonic (%) 5™ harmonic (%) 7" harmonic (%)
PR without HC 8.81 100 7.42 0.81
PR with 39 HC 3.57 100 1.92 2.93 0.48
PR with 3¥and 5" HC 174 100 0.96 1.47 0.24
PR with 3, 5" and 7" HC 1.03 100 0.72 0.58 0.06
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In addition, the PR+HC system of PV inverter is also tested while the fluctuating grid frequency
decreased to 49 Hz and increased to 51 Hz. Figure 11 shows the THD values of the grid current for two grid
frequency variations: Figure 11(a) for f =49 Hz and Figure 11(b) for f =51 Hz. When the grid
frequency changes, either up or down, THD slightly rises from 1.03% at f, = 50 Hz to 1.58% and 1.44% at
fo =49Hz and f, = 51 Hz respectively. Each current harmonic’s amplitude is under the IEC 61727
standard distortion limit. This indicates that the fundamental frequency fluctuations have relatively little
impact on the PR+HC active filter.

FFT analysis FFT analysis
Fundamental (49Hz) = 13.02 , THD= 1.58% Fundamental (51Hz) = 13.05, THD= 1.44%
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Figure 11. Simulation result of THD with PR+HC in case of grid frequency variation; (a) grid frequency
fo = 49 Hz and (b) grid frequency f, = 51 Hz

5. CONCLUSION

In this paper, a design of a PR current controller combined with HC active filter applied to a 2 kWp
single-phase grid-connected PV is presented. This study also performed an analysis of the 3", 5" and 71
frequency harmonic attenuating effectiveness of the HC system. Simulation results show the effectiveness of
the PR+HC system in reducing the amplitude of the harmonics of 150 Hz, 250 Hz, and 350 Hz from 6.72%,
5.38%, and 1.15% of cases without HC to 0.72%, 0.58%, and 0.06%. The result meets the harmonic
requirements of the PV inverter when synchronously connected to the power grid. In addition, the PR+HC
system is stable and continues to function effectively when there is a fluctuation in the grid frequency in the
range of 49 Hz to 51 Hz. In two fluctuating grid frequency scenarios, the THD value only slightly increased
above the nominal frequency case. All of them have values below 2%. Through this study, applying the
PR+HC system to each single PV installation can bring about an overall positive effect on the THD of a
power grid. Ensuring each component lessens its harmonics can significantly improve the grid’s overall
operational efficiency. In the future, the research will conduct experimental tests on actual PV models and
improve the integrated PR+HC unit for three-phase PV inverter as well as other types of DER.
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