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in photovoltaic systems. The study highlights the significance of harmonic
reduction in photovoltaic inverters, as harmonic distortions can lead to power
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SPWM control methods are considered an efficient approach to minimize

Control . these distortions. To assess the performance of the SPWM control
Harmonic techniques, the researchers employed both simulation-based experiments and
Inverter real-world experiments with actual photovoltaic systems. The simulation-
Photovoltaic based approach allowed them to model various scenarios and optimize the
Power control methods under different conditions, while the real-world experiments

provided valuable insights into the practical applicability of these techniques.
The observed experimental results show that the proposed method has a
lower level of output harmonic distortion than the previous control method,
and at the same time, the practical value closely follows the reference value
and complies with the operating standards of IEC and IEEE.
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THONG TIN BAIBAO TOM TAT

Ngay nhan bai:  13/7/2023 Bal viét tim hiéu viéc trién khai céc k¥ thuat diéu khién ché d¢ rong xung hinh sin
SPWM) dé giam thiéu song hai trong b bién tan quang dién. Cac nha nghién
Ngay hoan thi¢n:  21/8/2023 ¢y da sir dung két hop céc danh gid md phong va thir nghiém dé danh gia hiéu
Ngay diing:  22/8/2023 qué cta cac phuong phap nay trong cac hé théng quang dién. Nghién ciru nhan
manh tim quan trong cua viéc giam séng hai trong bo nghich luu quang dién, vi
| . bién dang song hai c6 thé dan dén cac van dé vé chat luong dién ning va anh
TU KHOA hudng dén hiéu suat tong thé caa hé théng quang dién. Cac phuong phap diéu
Didu khién khién SPWM duoc coi 1a mot céch tiép can higu qua dé giam thiéu nhing bién
dang nay. D€ danh gia hiéu suat cia cac k¥ thuat diéu khién SPWM, cac nha
o nghién ciru da sir dung ca thi nghiém dya trén mo phong va thi nghiém trong thé
Bién tan gidi thuc véi cac hé thong quang dién thuc té. Cach tlép can dya trén mo phong
cho phép ho 1ap md hinh céc kich ban khéc nhau va t6i uu hoa cac phuong phap
diéu khién trong céc diéu kién khéc nhau, trong khi céc thur nghiém trong thé gioi
thuc cung cap nhiing hiéu biét c gia tri vé kha ning ng dung thyc té cua cac ky
thuat nay. Két qua thuc nghiém quan sat duoc cho thay phuong phéap dé xuat co
mirc méo hai dau ra thip hon so véi phuong phap diéu khién trudc day, dong thoi
gia tri thyc té bam st gia tri tham chiéu va tudn thu cac tiéu chuén van hanh ciia
IEC va IEEE.
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1. Introduction

Because conventional generation sources are gradually limited, renewable energy plays a
significant role in ensuring energy security when the system is operating. The power electronics
industry and converters are improving through the day, showing this energy's increasingly
competitive cost and technology. Especially in the distribution system, small solar panel system
is known as photovoltaics system in the form of rooftop increasingly taking up a large proportion
of electricity generation [1], [2]. Still, the high penetration level of this type of energy also has
many underlying causes of instability when connected to the system [3], [4]. Inverters help to
convert solar energy into AC energy with high stability and easy inject to the distribution system.
However, power quality can be degraded due to harmonics generated during conversion.

Some previous studies used a K-factor transformer as a filter to reduce harmonics [5], [6].
This solution increases the installation cost and is only effective with large power sources. Some
previous studies have investigated advanced passive filters of form LCL, or LLCL integrated into
converters to reduce high-order harmonics [7] — [9]. The effectiveness of this method has also
been shown to reduce harmonics to an acceptable level. However, the fabrication cost of the
converter will increase as well as the size. Therefore, it is necessary to study the control methods
of the inverter and the source of harmonic problems in the converter.

There have also been many studies dealing with various control methods for the inverter to
smooth the output responses of the converter. Converter control methods for improving output
response stability without regard to whether there is any influence on the harmonics produced level
[10], [11]. Moreover, most of these studies are simulations under standard conditions without
outside physical effects like the natural environment, application for energy backup sour.

Evaluating inverter control methods in experimental conditions to prove their stable
performance and observe the level of harmonics injected into the grid is necessary when the
rooftop PV is a trend. Therefore, this study proposes a control method for the inverter and
compares it with the current popular inverter method. The evaluation process is conducted
through simulation and an empirical evaluation model. The inverter model is an H-bridge with
less than 2kW, suitable for inverters applied to current rooftop PV. From there, the accuracy and
high objectivity of the results in this study can be shown.

2. Advanced Inverter Control Techniques
2.1. SPWM for H-Bright inverter

SPWM is a PWM-based sinusoidal modulation method for inverters based on the requirement
to provide a sine wave for AC load in output. The control signal transmitted to the semiconductor
valves of the inverter is generated by changing the width pulses in proportion to the amplitude of
the reference signal. In other words, the control signal is generated by comparing a sine control
wave of frequency f, and amplitude v, with a carrier of frequency f. and amplitude v..

The frequency of the carrier determines the switching frequency of valves, while the
amplitude and frequency of the control wave decide for output voltage and frequency of the
inverter, which is characterized by a m, amplitude modulation:

U ve (1)

For 0 < m, < 1, the control region is considered linear. Otherwise, m, > 1 is considered
nonlinear control region. Current control methods all give control wave values in the linear
region [10] with the amplitude of the fundamental sine component of the phase voltage Vac in the
output waveform proportional to the modulation factor according to the formula

VAC =m, ><VDC 2

http://jst.tnu.edu.vn 474 Email: jst@tnu.edu.vn



TNU Journal of Science and Technology 228(10): 473 - 481

Where: Vpc is the input voltage of the inverter.

Another important factor related to the quality of the inverter is the frequency modulation
factor which is the ratio of the f; to f,.. The m; value is designed to have an even positive value
[10]-[12]. Suppose m; is a non-integer value, subharmonic components in the output waveform. If
ms is not an even number, the output waveform has a DC component and even harmonics. The
value of m¢ should be a multiple of two single-phase countercurrents.

m; == 3

2.2. Control method 1 — use HF Signal

Using an HF signal is a variant of the classic unipolar method. Instead of one triangular wave
with an amplitude from -1 to 1, this method uses two alternating triangular waves to double the
frequency. The control signal is fed into valves in both branches A and B of the H-bridge
Inverter, shown in Figure 1. Branch A includes a pair of semiconductor valves S1 and S2, and
branch B includes a pair of semiconductor valves S3 and S4. The signal is generated by
comparing the control and carrier waves, as shown in Figure 2.

‘»u%'_m‘ Ve
. T
0=
val, | L, Ve N Y N
JZ_SLI(J’I_} _|:} ot s E:I_ J;Lké{_} lU 0.002 0.004 0.006 0.008 :J ;\l 0.012 UEJ 0.016 0018 02
== —
AT
HF Sign HF Sign 0 : . : : ;
0 0.002 0.004 0.006 0.008 [1;]())'\ 0.012 0.014 0016 0.018 02
1F I T T T | = ! 7
S, ERREERENE!
—U—U— _|H I_ —Ll—]_l— 0 0002 0004 0006 000 00T 0017 00 0066 001F 02
25kHz 25kHz ©
=
GND
Figure 1. H-bridge diagram and HF signal Figure 2. Control Waveform Method 1

2.3. Control method 2 — Combine HF sign and LF sign
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Figure 3. H-bridge diagram using HF signal Figure 4. Control waveform method 2

In this method, logic gates are added to change the control waveforms so that the HF Signal
feeds into the H-bridge A branch, and the other branch will be at 50Hz (LF Signal), as shown in
Figure 3 and Figure 4. The advantage of the method compared with HF signal is to use only 1
filter coil on the high-frequency side, so the loss is smaller while the harmonics output load less.
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Vgl and Vg3 are the conduction impulses for valves S1 and S3, while the leading impulse S2
compensates for the conduction impulse S1 and is similar for S4 and S3.

2.4. Simulation Evaluations
2.4.1. Simulation model

The LCL type filter is designed as Figure 3 with the total inductance of the two inductors, L,
and L,, that should be less than 10% of the base inductor of the system to avoid large voltage
drop [9], [10]. The current fluctuation Igjye is limited to 20% of rated current, from which
inverter side inductor L, is selected based on a maximum allowable ripple of Al Current as in
eg. (2).

Based on the theoretical diagram, the inverter is simulated in MATLAB/Simulink to evaluate
the operability through the two mentioned control methods. The details of the pulse generator
block, as Figure 5, send the signals to IGBT of H-bridge inverter in Figure 6 to operation. With
control method 2, the case of using one filter coil in branch A (HF sign) and the case of using two
filters are considered to show the advantages of the proposed control method. The simulation and
experimental cases are summarized in Table 1.

Table 1. Evaluation cases in simulation and experiment

Case Describe
1 Control method 1 with 2 inductor output filter
2 Control method 2 with 1 inductor output filter
3 Control method 2 with 2 inductor output filter
{ 1 - r l ‘;
LB a a
1o Eﬂ : :
| » @ = DC Voltage %
N o m “
5 Ad
'@{
Figure 5. Pulse Generator block Figure 6. IGBT module block

2.4.2. Simulation results

The simulation results in case 1 are shown in Figure 7 and Figure 8. The current and voltage
responses show that the output wave follows the standard sine form. The level of harmonics of
the voltage is a little high, leading to the effects still oscillating in the form of sawtooth
harmonics due to the triangular carrier wave f. shown in Figure 8, while the level of electrical
distortion is relatively low.

Detailed results of THD can be observed in Figure 8, with the total harmonic distortion of
voltage and current of 4.77% and 2.46%, respectively. The degree of distribution of low-order
harmonics (below 600 Hz, from 1st to 12th order) of voltage is lower than current, whereas high
harmonic (above 600 Hz, from 12th to 20th order) of voltage has a difference discharge more
than its current. That makes the obtained THD result of the voltage more significant.
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Figure 7. Current (above)- Voltage (under) responses — Case 1
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Figure 8. THD of voltage (left side) and current (right side) - Case 1

For case 2, with the responses investigated as in case 1, the voltage and current waves in
Figure 9 show that there are still harmonics present, but to a lower level and a smoother
waveform. Details of THD composition and similar results are also clearly shown in Figure 10,
with voltage THD and current THD values of 3.26% and 2.33%, respectively.

L
cmeu

Figure 9. Current (above)- Voltage (under) responses - Case 2
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Figure 10. THD of voltage (left side) and current (right side) - Case 2

Compared with case 2, case 3 added one more filter coil inductor in branch B to be similar to
case 1. The results of the obtained voltage and current waveforms are similar to case 2 with low
distortion. Even the THD of voltage is better than the case of only a filter coil with a value of
2.98%, while the THD of current is only 2.39%, as shown in Figure 11 and Figure 12.
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Figure 12. THD of voltage (left side) and current (right side) - Case 3
Table 2. Simulation results

o

THD I (%) THD V (%)
Case 1 2.46 477
Case 2 2.33 3.26
Case 3 2.39 2.98
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The results in the simulation cases are summarized in Table 2. It is easy to see that the
proposed control method when combining the HF signal and LF signal shows that the harmonic
level from the inverter is significantly reduced while that of the inverter that the practical value is
also much higher.

3. Experimental results and discussion
3.1. Integrated Filters for Grid-Tied Inverter
3.1.1. Experimental model

Based on the schematic block in Figure 13, the experimental model is designed and fabricated
from the simulation progress in Figure 14. All three cases are designed based on equivalent
parameters to ensure accuracy in the evaluation process. The test circuit uses the
dsPIC33FJ16GS502 microprocessor to control the IGBT via an optoisolated drive circuit using
the TLP2500pto. The DC source uses a voltage of 310VDC from the photovoltaic system, hash
rate is 25 kHz for HF Signal and 50 Hz for the LF signal, using a resistive load R=45Q. The filter
circuit has the value L=2.2 mH, C=4.7 uF, and coefficient m,=0.9. To measure harmonic
distortion, a multimeter Chauvin Arnoux CA.6116N was used, and Siglent SDS 1052DL+
oscilloscope with 50Mhz bandwidth, 50GSa/s sampling rate can get the data of the experimental
model correctly.

3BOVDC

Auxilary Power Feedback Circuit H Bridge
12vpe 220uAC

ﬁl | DsPIC 33F 11665502 | |
q Pover

Signal

Figure 13. Block diagram of experimental model

Figure 14. Experimental model
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3.1.2. Results

The experimental process is performed with two scenarios: no-load and load. The results
obtained with the control methods and the corresponding cases show that the output voltage
responses from Figure 15 to Figure 17 are in standard sinusoidal form with very low distortion,
and the output voltage frequency is around 50Hz.

Detailed experimental results are summarized in Table 3. Voltage harmonics at no-load and
have loaded almost equivalent, but the current harmonics of method 2 give lower harmonic
values than method 1 in both cases. The proposed solution shows the effectiveness of both the
significant value and the THD ratio. For IEEE and IEC standards, the total harmonic distortion
for the low voltage grid is less than 6.5%, the expected value is less than 5%, and the individual
harmonic distortion is less than 3%.

Table 3. Detail experimental results

Voltage THD at no-load Voltage THD at load Current
(%0)/Vno t0ad (Y0)/V Load THD(%0)/1 cad
Case 1 1.2% /209.7V 1.6% / 183.8V 4.7%/ 4.02A
Case 2 1.0% / 206.9V 1.3%/182.8V 1.8%/ 4.11A
Case 3 1.1%/ 212V 1.4%/186.1V 3.7%/ 4.16A

SAVEREC  Siglent

Figure 17. Experimental voltage waveforms with no load (left) and load (right) — Case 3
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4. Conclusion

With the increasing penetration of solar energy nowadays, especially in rooftop PV,
improving the inverter control method is essential to be studied in depth. Furthermore, simulation
and experimental evaluations are required to ensure power quality when connected to the grid or
supplied to the load.

This study investigates and proposes control methods for small inverters and, at the same
time, verifies the ability to operate under the influence of actual physical conditions to ensure
accuracy and objectivity. The results show that the experimental circuit coincides with the
simulation results and that the control method affects the output THD and the efficiency of the
proposed method.

However, the higher the rooftop solar system's installed capacity, the higher the inverter
capacity is required. That will require solutions to stabilize the system, improve power quality,
and need to be paid more attention to ensuring the safe operation of power systems.
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