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Abstract. The number of the domestic power plants is
increasing rapidly. Most of these are photovoltaic (PV) systems.
It is worth examining the effects of the PV units on the
network, because the spreading of these units is expected.

This paper presents a solution how the effect of numerous
photovoltaic inverters on the power quality can be simulated
and examined if these are connected to the same low voltage
(LV) network. The harmonic effect of domestic PV systems is
discussed with the application of the so called Double Domain
Simulation method. However the distribution network is
modelled in the frequency domain, the PV systems are
simulated in the time domain. The calculations are performed
by different polluted upstream network configuration. Our goal
was to build an adequate simulation environment and to
examine the effect of numerous PV systems on the power
quality of the LV network.
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1. Brief introduction

Nowadays the renewable energy supply is increasing
rapidly. The electrical energy can be generated
dispersedly by domestic power plants, which are
becoming more and more widespread. According to the
Hungarian standards a power plant is caltidnestic
power plant if it is connected to the low voltage public
grid and its power not exceeds 50 kVA. These can be
connected to the single-phase or the three phase network.
Electrical power - that produced by domestic power plant
- can be supplied into the public grid or can be used to
cover the power demand of a household. In Hungary the
Electric Energy Law prescribes that the generated power
should be received and transmitted by the distribution
system operator (DSO). [1] [5]

The distribution network was built traditionally for one-
way distribution, but the spreading of the domestic power
plants causes bidirectional electrical energy flow in the
distribution network. Moreover the domestic power
plants inject harmonic currents into the grid because
these systems are connected to the grid through a power
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electronic device. Therefore these effects raise new
problems to the DSO.

The domestic power plant can generate electrical power
from wind- solar- or other renewable energy. This
research is focusing only on the PV devices. First a
simulation environment is described, and then the
simulation results are detailed. We assumed that ten PV
inverters are connected to the same LV network. We
would like to examine the effect of this on the power
quality of the LV network. Our research would like to
answer the issue of the DSO, what would happen if
numerous PV units are installed.

2. Applied Models

For the double domain simulation, the distribution
network is modelled in the frequency domain, while the
PV systems are simulated in the time domain.

A. Themodel of the distribution system

The system is based on a real LV transformer zone with
overhead wire system from the suburb of Budapest,
capital of Hungary. The model has been performed after
the layouts of the streets are supplied by the transformer.
There are 76 single phase customers are connected to the
network through 22 columns. The distribution system is
modelled in the frequency domain using the ATPDraw
software.

The upstream network is integrated with Thevenin-
representation. The network’s shortcut power is usually
around 150 MVA, can be approximated by an inductance
(the series resistance can be neglected):
X V: (21 kV)?
N s, 150MVvA
Ly=—N _ 2948 4 cg3imu
NTonf 2m-50Hz m
(where X: network reactance, Vnominal line-to-line
voltage, S shortcut power, | network inductance, f:
system frequency)

=2.940Q
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The simulations were calculated by different network
voltage distortion conditions. The applied voltage spectra
can be studied on Table 1.

Table 1. The voltage spectra

Ideal Distorted

THDy=0%  THDy=7.87%
A 12701.71V 12701.71 V
Vs oV 63.51V
Vs oV 988.72 V
va oV 133.81V
Vg oV 0.0635 V
Vi oV 245V
Vi3 oV 0.332V
Vis OV  0.0000635 V.
Vi oV 0.00607 V
Vi OV  0.000822V

The nominal power of the transformer is 630 kVA, the
voltage ratio is 21/0.4 kV. It is modelled by the
BCTRAN element of the ATPDraw, where the nominal
parameters can be substituted.

The overhead wire system is a 4*95 MAASC system,

its parameters are given by previous measurements and
can be parametered in the frequency domain model of
ATPDraw.

The consumers (which are in our case the customers of
the DSO) are connected to different phases in order to
cause the less asymmetry by the transformer. After the
yearly consumption values, all consumers can be
represented by its average consumption, which is
modelled with a resistance. The whole network can be
studied on Fig. 1

B. ThePV system
Usually the photovoltaic electrical energy converters of

the domestic power plants consist of the following parts:
photovoltaic panel, DC/DC converter, DC-link, grid tie

inverter, input filter block [2]. The photovoltaic panel
contains several PV cells connected in series or in
parallel. The panel is connected to the DC-link by a
DC/DC converter. The role of this converter is, to suit the
voltage level of the low voltage PV panel to the DC-link.
The grid tie inverter can only operate in controlled mode
if the DC-link voltage is higher than the peak value of the
grid line-voltage. The grid tie inverter is connected to the
AC grid through a filter block. A possible structure is
represented by Fig.2. that shows the direction of the
power flows.
=)

) 4920 9y 02090 )

Filter

Grid tie

- inverter
. DC-link

Fig.2. Structure of a PV unit

In this case the DC/DC converter and the grid tie inverter
enables unidirectional power flow. These systems are
often supplemented with battery storage devices (Fig.3.).
Therefore bidirectional power flow should be ensured by
the grid-tie inverter, the battery should be charged by the
grid.

[ ———3 ===
DC/DC
converter inverter

S —— \ DC-link

Fig.3. Structure of a PV unit with battery

Grid tie

Ou PV system model takes into account the DC/DC
converter and the PV cells as a current generator. In the
simulation the grid tie converter was modeled as a
bridge-type converter that enables bidirectional power
flow (Fig.4,5). T-type LCL filters were connected
between the inverters and the grid to eliminate the current
harmonics (Fig.6.). In our work we examined single- and
three-phase grid connected PV inverters. At the single-
phase grid connected devices we assumed that the
generated power is 1 kW or 2 kW, while at three-phase
connected case we assumed 5 kW.

Fig. 1. The model of the examined street
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Fig.4. Schematic circuit diagram of a three-phase connected,
bridge-type grid tie PV inverter
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Fig.5. Schematic circuit diagram of a single-phase connected,
bridge-type grid tie PV inverter

The power equations, can be written for both sides of
a grid tie converter (lossless converter assumed)

1phip; = ppc = v; - ii_= Upc * iD_c
3ph: p; = ppc = 3V; - I; = Vp¢ " ipc

The current of the DC-link:
ipc =ic +ipa

The current of the buffer capacitor:

. dvupc
T
To fulfil the requirements of network-friendly

equipments, the grid tie inverters need to have an
adequate control circuit. In our study it was equipped
with a cascade control (Fig.7,8.). This structure is
commonly used [2,3,4]. The primary control loop of the
cascade is a DC-voltage-controh£y and the secondary
loop is grid currents g, ign, ig) control. This structure
guarantees a high power factor and an adequate grid
current shape. The grid tie PV inverters were operated by
pulse width modulation (PWM) units. In the control
circuit the synchronization signal generator produces the
fundamental of the grid voltage at the points of common
coupling (PCC). Therefore the inverters are operated with
sinusoidal current reference signal. The single-phase
connected inverters were operated by alternative PWM,
because the current ripples can be reduced with this

" modulation technique.
Acn M Le a1
e YV
liF W ta ref Current | Vet [ 1
V¥ = 5" coitrol = 4v’—’m]_:: !
Acy i AR e i | Mgt Ol |t
Vapy Synchronization | Ly ] generation]; = o el
v | signal zeneration | igc £ @l Comiel T [ i{ 'JEII: -
LCL filter (3 phase) LCL filter (1 phase) :-7 ‘ Vo4,
i 3 f P i oy = Iph
Fig.6. LCL filters for three- and single-phase connected grid tie| * A PWM

PV inverter

We built up the models of the single and the three phase
grid tie PV inverter in the time domain in the
environment of Matlab Simulink. The inverter models
consist of two main parts: the model of the power
electronic circuit and the model of the control circuit. The
three-phase grid connected units was modelled with Park
vectors.

Based on the schematic circuit diagrams (Fig.4,5,6), the
following differential equations can be written. (The
overlines represent Park vectors, “1ph/3ph”; equation of
single/three-phase connected circuits.) [3,4]:

The equation of the LCL filter:

1 ph: 3ph:
dig _ dig
vg=LF1E+UF’ vg=LF1E+UF
lgzlp‘l'll, T‘q:lF+lL
) dvg B dvg
el WO
di dar,
g _ - g
Uy va_LFZE' i = Vr F2 g
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Fig.7. Control circuit block diagram of a three-phase grid
connecter inverter
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Fig.8. Control circuit block diagram of a single-phase grid
connecter inverter

Table 2. represents the applied quantities of the grid tie
inverter. Each unit was connected to the same 230/400V
LV voltage network; therefore the nominal voltage peak
value of the phase voltage is 325.27V. At the single-
phase connected inverters, the DC voltage level was set
to 390V, while at three-phase connected inverters it was
set to 650V. Relatively low switching frequency was
selected (4500Hz), higher frequency would enable lower
LCL filter. During the simulations we assumed that the
PV inverters generated the nominal current into the grid.

RE&PQJ, Vol.1, No.11, March 2013



Table 2: Quantities applied in the PV models

- 1ph 1kW  1ph 2.5kW  3ph 5kW

Vg nominal 325.2691 v
| nominal 6.15 15.37 10.21 A
© 314.1593 (250Hz) 1/sec
Lt 2 2 4 mH
Ce 0.361 2.26 210 uF
Les 5 0.8 2 mH
Ve ref 390 390 650 v
C 253 632 90 uF
f, 4500 Hz

3. Simulation

Different modelling technologies could be investigated
for modelling the harmonic current and voltages along
the network:

The easiest way is the simplified model where the whole
model is in the frequency domain. In this case the current
spectra of the time dependent elements (the PV inverters)
should be determined previously, thus the interaction
between the network and the inverters cannot be studied.
[6]

It would be possible to compose a sophisticated model
working in the time domain, but the parameters of the
network are given in the frequency domain, and the
conversion would result very difficult transfer functions.
[6]

This chapter gives a short overview on the calculation
results made by the application of Double Domain
Simulation method, which is using the combination of
the two domains.

A. The Double Domain Smulation method

The current spectra of the PV inverters are in function of
the distorted supply voltage. Because the voltage
distortion is caused partly by the PV inverters, an
iteration algorithm was developed to convert the
variables between the time and frequency domain vice
and verse. This method is called to double domain
simulation (Fig 9.), it was published for a railway

network in some previous conferences in papers [6,7,8].

START

next step
needed?

network model

inverter models

Fig. 9. Double domain simulation method
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B. Locations of the PV inverters

In reality, there are 22 PCC’s in the transformer area
(Fig.1.), where we were calculating with 10 PV systems.
The locations of the PV inverters - at different PCCs -
were randomly selected and presented in Table 3. The PV
inverters were considered as fundamental and harmonic
current generators. Therefore, the model in Fig.1 — that
represents the real conditions — was modified, at proper
PCCs, where PV inverters were assumed, the resistors
were replaced with current generators. The following
subchapter describes, how the generated current of the
PV inverters were calculated.

Table 3: Locations of the PV units along the LV network

3 a 1kw
6 c 1kwW
7. b 2.5kw
8. a,b,c 5kw
9 a 2.5kw
9. b 2.5kwW
11. a,b,c 5kwW
15. c 2.5kwW
20. a 2.5kwW
22, b 2.5kwW

C. Smulation process and examined cases

At the beginning of the simulation process, characteristic
resistances of the PV inverters were defined based on
their fundamental nominal current and the fundamental
grid voltage. Then these values were substituted into the
model of the network (Chapter 2.A). After it, the
ATPDraw software calculated the voltage spectra of each
PCC. Based on the voltage spectra, voltage time
functions could be defined that were the inputs of the
time domain simulation. The ten PV inverter models
(Chapter 2.B) received these voltage time functions
(Vg@abg in Fig.4,5), and the Matlab software was
calculating until the currents i in Fig.4,5) reached

the steady-state. These current responses are a function of
time, whereby the current spectra could be defined. These
current spectra became the input of the frequency domain
network model. These steps followed each other until the
differences between the steps did not become less than a
predefined small value (1%). This circulation process can
be followed in Fig.9. The results of the process were the
current spectra of the PV inverters, and the Tk#ues
cdculated by the spectra.

Calculations were performed for two cases: at first we
assumed that the upstream network possessed ideal
sinusoidal voltage, and then we examined the system by
setting distorted voltage on the upstream network
(Table 1.). We calculated the current spectra of the PV
inverters in both cases, while LCL filters or only L filters
were connected between the converters and the grid.
When L filters were examined (4=C=0 was assumed.
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D. Smulation results

We received approximately the same results, Fi
represents the current spectra of a selesingle-phase
connected PV inverter {9PCC, ‘b’ phas connected). At
alternative PWM the current harmonics appear
2f\+f£3f,... (f; fundamental frequenc' [9,10] The
resultsmeet the requirements because currermonics
can be observed at the around the ™ order
(2f,=9kHz—180"). According to the figure, PW)
generated high-frequency harmonizan be reduced t
well-tuned LCL filter.

Fig. 10. alsoshows that the low frequency harmonics
the grid voltage can be observed in the inverter ct,

but with low amplitudeThese harmonic components .
well-damped by both the L and the LCL filt:

Table 4: Simulation results: THDalue:

THD,  THD,
PCC phase P idea distorted
3 a 1KW  098%  3.80%
6 c 1TkW  1.00%  4.31%
7 b 25kW  1.13%  2.89%

a 228%  3.25%

8 b 5KW  2.33%  3.24%
c 2229 4.52%

9 a 25KW  1.32%  4.72%
9 b 25kW  1.44%  4.18%
a 220%  3.36%

1 b 5KW | 2.26%  3.27%
c 227%  4.66%

15 c 25KkW  1.01%  4.44%
20 a 25kW  087%  4.69%
22 b 25kW  0.85%  4.17%
THD v 2.33%  4.72%

Table 4. represents the Tiizalues, that were calculat
from the simulation results of each PV inverter cur
spectra, equipped with LCL filter. According to the ta
under distorted grid voltage conditions, the standard:
be fitted by a properly developed filter.
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upstream network voltagieal sinusoidal or distorte

4. Conclusions

The distortion of the grid voltage influences the distor
of the currents generated by the PV inves, the
dominant voltage harmonics appear in the cur
although their amplitude is relatively Ic We could only
examine this effect with the doie domain simulation
method, because the influel of the grid voltage and the
inverter currentscould be observe with it. Efficient
filters in the power circuit anwell-functioning current
reference signal generatoran reducethe harmonics of
the inverter currentbut these could not be tota
eliminated.

In the Hungarian standarflkl] there are limitations only
for the low frequency harmonics (up 63th harmonic
order), but it would be useful to investigate effort
examining and limiting the higher frequency harmor
that are injected by the PWM controlled inverters. Tt
current components infect epower line communication
(PLC) devices, smart meterincevices. In our research
the amplitude of these current harmonic compon
could reach 1A, although this value is depending or
switching frequency and the filter. Therefore, in orde
improve the power quality, it is worth to install
adequate LCL filter.

In our simulationwe applied a given LV network, ai

PV inverters with predefineqquantity parameters, but
different network installation, or ott PV inverter

structures can also bexaminer with our simulation

environment. The environment enges examining

different filtering methods, in the future we would like

dealing with this issue.
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