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Abstract: This paper presents the design and simulation of a 30 kW DC to AC inverter. The inverter is
designed based on the Zeverlution Pro 33K three-phase DC to AC inverter. Currently, there are 6 units
of the inverters installed at 180 kW solar power plant located at Mukim Utan Aji, Perlis. So, in this
paper, the results from the computer simulation will be compared to the site measurement conducted
from this power plant. In this design, pulse with modulation (PWM) is used as the switching technique.
Even though PWM offers the ease of LC filter design and low Total Harmonic Distortion (THD), the
voltage amplitude of the sine wave output fails to achieve the required national grid parameters, i.e.
240 Vrms. To overcome this problem, a three-phase transformer has to be incorporated in the design to
obtain the desired outputs. Results from computer simulation using SIMULINK show that the targeted
AC parameters for all phases were achieved after comparing with the site measurement.

1. Introduction

Solar Power Plant at Mukim Utan Aji, Perlis, Malaysia

Perlis is the smallest state and located at northern Malaysia bordered with Thailand. The capital of the
state, Kangar is located 400 km from Kuala Lumpur. Even though it is a small state, Perlis is blessed
with sunshine throughout a year. The average temperature every month is always higher than
28°C[1].This climate provides an opportunity to whoever wants to invest in solar energy and reap the
benefit in the long term.

A solar power plant with maximum output of 180 kW was built by a private company back in 2016.
The image of the solar power plant, taken from Google Earth is shown in Figure 1(a). From this
figure, one can see that, at the site, 2 structures were built to mount solar panels on top of them. This
type of structure is called building integrated photovoltaic (BIPV). Solar panels used for these
building were supplied by Jinko Solar model JKM250P. Details of the important parameters are
provided in Table 1.Figure 1(b) shows the picture of the power plant from close range.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
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Figure 1. (a) Picture of the power plant taken from Google Earth. (b) The 180 kW power plant viewed from close range

Table 1. The important parameters of JKM250P solar panel [2]

Model of the solar panel Jinko Solar JKM250P
Maximum power per panel (W) 250 W
Maximum power voltage (Vmp) 304V
Maximum power current (Imp) 8.23A
Open circuit voltage (V) 376V
Short circuit current (I_) 8.81 A

Overall, there are 720 pieces of solar panels and 6 inverters installed at the site. So, every inverter has
to accommodate 120 panels. This means, the input for every inverter is equal to 30 kW, where the
connection of 120 solar panels finally produces 49.4 A and 608 V of direct current and voltage
respectively.

The inverters were supplied by ZeversolarGmBH and is shown Figure 2. The model of the inverter is
Zeverlution Pro 33K. The power of the inverter is rated at 33 kW.

Figure 2. Zeverlution Pro 33K DC to AC inverter

Basic three-phase inverter
Basic three-phase inverter consist of 6 transistors as shown in Figure 3. The load can be connected in
either star or delta. Detail explanations of three-phase inverterscan be found in this reference [3].
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Figure 3. Basic three-phase inverter with star connected loads

Figure 4 shows the output voltages for every phase with respect to the neutral point, N as shown in
Figure 3. It is important to note that the output voltages shown here have not been filtered yet. It

means, the amplitude of the pure sine waves are not necessarily equal to EVDC. To predict the
amplitude of the fundamental frequency, Fourier Series has to be applied.
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Figure 4. The output of three-phase inverter showing before filtering
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Fourier series is necessary to determine the fundamental harmonic amplitude of the ‘stepped’
sinusoidal voltage. By only using waveform of Vgnin Figure 4, and assuming the period T = 20 ms,
the b,coefficient can be determined, where [4];

4 000333 ] 4 000667 2 4 o010 1
b,=—— =V, sinno,tdt + — =V, sinnatdt + — =V, sinna,tdt
" 0.027 3« 0.02 Jo00333 3 % 0.02 Jo.0os67 3

For ease of analysis, the equation above is divided into three parts, where;
b,=A+B+C

From A,
B 4 0.00333 1

T 0.02% 3

200Vdc

=V, sinne,tdt

——%[sinn314.2t

]O .00333

_ 200V, ——% [cosn314.2(3.33m) —1]
942.6n

Ifn=1and Vg4 =608 V, A=64.65

From B,
4 0.00667 2
0 02 Jo.00333 3
400V, [

—V,. sinna,tdt

0.00667
0.00333

sinn314.2t]

= ggg\gjc [cosn314.2(6.67m) —cosn314.2(3.33m)]

Ifn=1and Vg =608 V, B=257.8
From C,

4 0.00667 11
0 02 Jo.00333 3
zoovdc

—V,, sin no,tdt

0.01
0.00667

[sinn314.2t]

= sgg\g“ [cosn314.2(10m) —cosn314.2(6.67m)]

Ifn=1and V4 =608V, C=63.82

Finally, b, = 386 V. By applying Fourier series, it is obvious that the fundamental harmonic amplitude
of the ‘stepped’ sinusoidal voltage is not necessarily equal to %VDC. By applying Fourier Series, the
amplitude of the phase voltages of the inverter can be predicted to be 386 V (or 273 Vims).

The ‘stepped’ sinusoidal AC voltages shown in Figure 4 is not favourable in the reality. It is because
the ‘stepped’ sinusoidal voltage contains odd harmonics. (n = 3,5,7 etc.). These harmonics are
difficult to filter using LC filter because they are located close to the fundamental harmonic[5].
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Inverter design with Pulse Width Modulation (PWM).

In DC to AC converter design, pulse width modulation (PWM) is a well-known technique in reducing
filter requirements[6]. Due the frequency modulation ratio (ms), the next harmonics after the
fundamental can be easily determined. This leads to smaller LC filter requirement if the harmonics are
place far away for the fundamental frequency[7].

In addition, PWM also offer ease of controlling the amplitude of the sine wave output. By setting the
amplitude modulation ratio, ma, the amplitude of the fundamental harmonic, Vi for the three-phase
inverter is defined as [8];

maVDC

V:
o2

1)

However, equation (1) clearly shows that three-phase inverter produces low fundamental amplitude at
the output side. Even with ma = 1, Vi will equal half of the Vpc. That is why a three-phase
transformershould also be incorporated in the inverter design to obtain the desired outputs.

2. Methodology
Simulation starts with the switching circuit for the 6 transistors. In this simulation, SIMULINK

software is used. The three-phase reference voltages are shown in Figure 5(a). All of the AC voltages
have frequency of 50 Hz and 14 Vamplitude.

5 \
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Figure 5.(a) Three-phase reference voltages (b) Reference signal
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The carrier signal (shown in Figure 5(b)) used for the comparison with the sinusoidal signals is a
triangular wave. The frequency of the carrier signal is 10 kHz and amplitude of 15 V. This means the
frequency modulation ratio, m; equals to [9];

mf — fcarrier =2000 (2)

reference

Meanwhile, the amplitude modulation ratio, m, equals to [9];

Vm reference
m, = e 0,933 ©)

a
m,triangular

By utilising equation (1) the amplitude of the fundamental frequency at the inverter output equals to
283.6 V and the Vms= 201 V. The inverter circuit constructed using SIMULINK is shown in Figure 6.
Table 2 states all values of the electrical components as shown in Figure 6.
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Figure 6. Three-phase inverter circuit built using SIMULINK

Table 2.Values of electrical components for Figure 7

Components Remarks

Inductors All inductors are 200 pH

Capacitors All capacitors are 300 pF except the DC link = 400 pF

Resistors All resistors are 4.05 Q

MOSFETSs All MOSFETs have FET resistance = 0.1 Q and internal diode resistance = 0.01 Q
Scope 1 To measure DC input current (A)

Scope 2 To measure DC input voltage (V)

Scope 3 To measure true power (W)

Scope 4 To measure 3-phase output voltage (Vims) (V)

Scope 5 To measure 3-phase output voltage (Irms) (A)
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Figure 7 shows the results from site measurement of the 180kW power plant. The voltage and current
was recorded using Fluke 1750 power meter. It is worth noting that during the site measurement
activity, one of the inverter was taken out for service. Thus only 5 inverters were working properly.

The result shows that the Zeverlution Pro 33K inverter is capable of producing smooth sinusoidal
output voltages with 50 Hz frequency. The measurement shown, represents 3 phase voltage from red,
yellow and blue phases. All of the voltages and currents were measured in rms values. From this
figure, one can see that all currents are in same phase with their respective phase voltage. Meaning,
the power factor is unity. The average rms voltage among the three phases is 262Vwhilst the average
rms current is 30 A.
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Figure 7.0utput voltages and currents from site measurement of five units Zeverlution Pro 33K string inverters
using Fluke 1750 power meter.

However, this measurement lack of input parameters. Input parameters can be determined by
conducting MATLAB simulation. The input parameters can be determined by adjusting the
parameters (in column A) gradually as stated in Table 3.

As can be seen from this table, the solar panel parameters have been gradually lowered in conjunction
with the impedance (column B). In this process, as a start, the values in column E were determined
from [2]. If after adjusting the impedance value, the outputs in column E failed to converge close to
262 Vims and 30 Ams, the values in column A will be lowered further. This process will only stop if
the phase voltage and current in column E are close to 262 Vims and 30 Ams and also the Vpc =
20*Vmp and lpc = 6*Imp.

3. Results and Discussion

Firstly, by observing Table 3, one can deduced that during the site measurement, the power produced
by the solar panel string (120 panels connected together) was = 17% lower than the power stated by
the manufacturer in the datasheet. That is why the simulation result shows the input power is close to
25 kW.

Secondly, without incorporating the three-phase transformer at the output side, the output voltage and
current will not achieve the targeted values as can be seen in column D. In column D, the phase
voltage is very low if compared to the typical Malaysian transmission line phase voltage (240 Vims).
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So, without incorporating the three-phase transformer in the inverter design, it is impossible to
achieve higher output voltage. The transformer ratio used for the simulation has 1.46 turns ratio. The
result in Table 3 also shows that equation (1) is proven true.

Table 3. Input and output parameters of the three-phase inverters

Solar panel Input Parameters Output Output parameters (with 3
parameters parameters phase transformer)
A B C D E
(Voc =376V z VDC |DC P Vrms |rms Vrms |rms P

Vi =304V @ VM | A | W VRO (A) (W)

I = 8.81 A 400 | 609 | 49.3 | 30024 | 196 | 49.2 [(287.0 | 358 || 28981

Iz%p*i/&zf 6A08 | [405 ] 613 | 490 | 30000 | 198 | 49.0 [[2891 | 37.0 |[ 29106
mp —

6% = 49.4 A 410 | 616 | 48.7 | 29970 | 199 | 48.7 |\291.2 | 37.0 )| 29102

N Solar panel parameters Output parameters deviate
according hugely from the real measurement
to the datasheet [2]
Voc = 35-6 V Z VDC |DC P Vrms |rms Vrms |rms P
Vimp =28.8 V Q) | (V) A | (W) V) (A) \%) (A) (W)
lsc=7.93 A 400 | 561 | 454 | 25460 | 181 | 453 | 2643 | 31.2 | 24576

|mp =741A
20%Vmp = 576 V/ 4.05 565 45.2 | 25520 180 45.2 | 263.3 31.1 | 24442

6%l = 445 A | 410 | 569 | 450 | 25570 | 184 | 450 | 2685 | 315 | 24804

(Voc =346V Z Ve loc P Vims lrms Vims lrms P
Vimp=27.9V Q| M | A | W M 1A M (A) (W)
lse=7.93 A 400 | 554 | 44.8 | 24790 | 179 | 44.7 | 260.9 | 30.4 | 23956
lmp = 7.41 A 405 | 557 | 446 | 24810 | 180 | 44.4 |[262.7 | 305) | 23965

20*V/mp = 558 VV

410 | 560 | 443 | 24800 | 181 | 44.1 | 2643 | 30.5 | 23962
\

The real solar panel Output
parameters parameters close
To the site
measurement

Figure 8(a) and (b)show the simulation results of AC output voltage and current for the red, yellow
and blue phases. Obviously, from these two figures, one can see that the alternating currents and
voltages produced are in pure sinusoidal form. The amplitudes of the voltages are 371.5 V. For the
phase currents, the amplitudes are 43.1 V. The phase angle between the voltages and their respective
currents is zero degree. Meaning, the power factor equals to unity. Figure 8(a)and Figure 8(b)also
show the ‘disturbance’ at the beginning of the sinusoidal waveforms. This phenomenon could be
caused by the presence of the inductors and the capacitors in the circuit.
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Figure 8. (a)Three-phase AC output voltage (b) Three-phase AC output current

4. Conclusion

This paper has presented the design and simulation of a 30 kW three-phase string inverter. The result
has shown that, the true input power to the inverter is 24810 Watt, which is =~ 17% lower than the
values provided by the manufacturer. To match the values obtained from the site measurement, the
DC input voltage and current were found to be 557 V and 44.6 A respectively.

This works has also shown that the pulse width modulation (PWM) technique in a three-phase
inverter needs transformer to step up the output voltage to the intended level. However, by using
PWM, the filtering of the unwanted harmonics is easy to implement with LC filter.
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