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In this paper, modeling, simulation and experimental study of a 10kW three-phase grid connected inverter are
presented. The mathematical model of the system is derived, and characteristic curves of the system are obtained in
MATLAB with m-file for various switching frequencies, dc-link voltages and filter inductance values. The curves
are used for parameter selection of three-phase grid connected inverter design. The parameters of the system are se-
lected from these curves, and the system is simulated in Simulink. Modeling and simulation results are verified with
experimental results at 10 kW for steady state response, at 5 kW for dynamic response and at —3.6 kVAr for reactive
power. The inverter is controlled with Space Vector Pulse Width Modulation technique in d-q reference frame, and
dSPACE DS1103 controller board is used in the experimental study. Grid current total harmonic distortion value
and efficiency are measured 3.59% and 97.6%, respectively.

Key words: Grid Connected Inverter, Inverter Modeling, Space Vector Pulse Width Modulation, Total Harmonic
Distortion.

Razvoj 10 kW trofaznog izmjenjivaca spojenoga na mrezu. U ovom radu prikazano je modeliranje, simuli-
ranje i eksperimentalno istraZivanje 10kW trofaznog izmjenjivaca spojenoga na mrezu. Izveden je matematicki
model te su u MATLAB-u uz koristenje m-skripti dobivene karakteristicne krivulje sustava za razlicite preklopne
frekvencije, napone dc-linka i vrijednosti induktiviteta filtra. Krivulje su koriStene za odabir parametara dizajna
trofaznog izmjenjivaca spojenoga na mrezu. Parametri sustava su odabrani iz krivulja, a sustav je simuliran u
Simulinku. Rezultati modeliranja i simuliranja eksperimentalno su verificirani na 10kW odziva u stacionarnom
stanju, 5kW donamickog odziva i -3.6 kVAr reaktivne snage. U eksperimentalnom istraZivanju izmjenjivac je
upravljan tehnikom prostorno vektorske Sirinsko-impulsne modulacije u d-q referentnom sustavu te je koriStena
dSPACE DS1103 upravljacka plocica. Ukupna harmonicka distorzija mrezZne struje i efikasnost su 3.59% 1 97.6%.

Kljucne rijeci: izmjenjiva¢ spojen na mrezu, modeliranje izmjenjivaca, prostorno vektorska Sirinsko-impulsna

modulacija, ukupna harmonicka distorzija.

1 INTRODUCTION

Energy transfer from renewable energy sources to the grid
is realized with power electronic converters. Depending
on the energy source, different power converters can be
utilized in distributed power generation systems (DPGSs).
DC energy produced by PV panels or fuel cells is gener-
ally converted to constant DC voltage with DC/DC con-
verter which provides DC-link of the inverter. In case of
wind power systems, the DC-link voltage is obtained with
an AC/DC converter. In some applications, an additional
DC/DC converter can be used to boost the DC voltage. In
the last stage, an inverter converts the DC energy to AC
energy in order to transfer the energy from DC-link to the
grid [1-5].

In grid connected systems, two basic considerations are
THD value of grid current and the power factor of the gen-
erated power. The THD value of grid current is required
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to be less than 5 % [6]. Three-phase currents must be syn-
chronized with related three-phase voltages. In order to
satisfy the power quality standards, inverter control and
modulation technique have an important role.

Three-phase inverters can be controlled in synchronous
rotating frame (d-q), stationary reference frame (a-£) and
natural frame (a-b-c). In d-q frame control, three-phase
voltages and currents are transformed by Park transforma-
tion into the d-q reference frame that rotates synchronously
with the grid voltage. Thus, three-phase variables become
DC quantities [7]. As the control variables are DC, dif-
ferent filtering methods can be used, and PI controller
achieves good performance in this reference frame con-
trol. In stationary reference frame, three-phase quantities
are transformed into - frame by Clarke transformation.
Thus the variables become sinusoidal. PI controller cannot
regulate the current well, therefore the current has a steady-
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state error. PR controller is the most common controller in
stationary reference frame. As PR controller is used with
«a-f quantities, Park transformation can be avoided [8].
The natural reference frame control uses the three-phase
grid voltages and currents. Hence, each phase value can be
controlled individually. Hysteresis current control (HCC)
and linear current control techniques are widely used in
stationary reference frame control [9].

In three-phase grid connected inverters, the most com-
monly used modulation technique is space vector pulse
width modulation (SVPWM). This technique controls
output voltage vector of inverter and provides optimum
switching pattern. Optimum switching decreases the
switching frequency and switching losses. The other ad-
vantages of SVPWM technique are constant switching fre-
quency, low harmonic content and better DC-link voltage
utilization than the conventional sine PWM [10,11].

Grid synchronization has an important role in DPGSs.
Different synchronization techniques such as zero cross-
ing, atan function and phase locked loop (PLL) are used in
a-f3 and d-q frame. Zero-crossing technique is the simplest
way for grid synchronization. The zero-crossing points of
grid voltage are detected every half cycle, and grid fre-
quency is obtained, but this technique has not fast dynamic
response to frequency variation [12]. In the atan function
technique, the measured grid voltages are transformed into
the reference frame, and they are filtered to avoid the ef-
fect of notches in the voltage. The delay cancellation tech-
niques are used to increase the performance because filters
cause delays in signals. The atan function technique can
be realized in d-q or o~ reference frame [13,14]. Another
synchronization technique is PLL. It is the most popular
and widely used technique, recently. PLL is generally im-
plemented in the d-q reference frame. The gq-component of
grid voltage is controlled to provide synchronization. It is
set to zero, and the error is applied to the PI regulator. The
PI regulator output gives grid frequency, and the integra-
tion of this frequency generates the grid angle. This angle
is used to produce the synchronized reference current [15-
17].

In this paper, a 10kW grid connected three-phase
inverter is proposed. The inverter is controlled with
SVPWM, and the synchronization is provided with PLL
method. The system is modeled in MATLAB, and char-
acteristic curves that show the total harmonic distortion
(THD) of grid current for various switching frequencies,
DC-link voltages and inductance values are obtained de-
pending on the modeling. The system is simulated in
Simulink with selected system parameters from the curves.
The simulation and modeling results are verified with ex-
perimental results.
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Fig. 1. Block diagram of the grid connected inverter.

2 SYSTEM DESCRIPTION

The block diagram of the three-phase grid connected in-
verter system is shown in Fig. 1. The DC-link voltage is
obtained from three-phase grid with a transformer, a diode
rectifier and capacitors. The transformer boosts the volt-
age and high DC-link voltage is obtained. The three-phase
two-level IGBT intelligent power module (IPM) inverter
is connected to the grid through L filters. The inverter is
controlled with dSPACE 1103 control board.

3 CONTROL ALGORITHM

The control block diagram of the system is shown in Fig.
2. The grid voltages are measured, and grid angle is deter-
mined with PLL method. The grid angle is used to trans-
form the grid currents and voltages from a-b-c reference
frame to d-q reference frame by Park transformation as
given in (1). The error is calculated from the reference
and measured d-q currents, and the errors in d-q frame are
given to PI regulators. The reference d-component of the
current defines the maximum value of the grid current. The
g-component current controls the reactive power flow. It is
set to zero for only active power injection. PI outputs are
summed with feed-forward grid voltage components and
decoupling components to produce reference inverter out-
put voltages. The outputs of the PI regulators are trans-
formed into o-3 frame using (2). Inverter reference volt-
ages in a- reference frame and DC-link voltage are used
in the SVPWM, and the switching signals are produced.

The reference output voltage vector of inverter (V)
is shown in Fig. 3. The reference voltage is the sum of «
and 8 components. These values are used for determining
sector of the reference voltage vector. It can be achieved
with atan function. This function is used to calculate the
vector angle.

-

Vq 3
cosf  cos(0—2ZF)  cos(d — AF) Zga
—sinf —sin(d — ) —sin(d — ) gb
Vge
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Fig. 2. Control block diagram of the inverter.

Sector 5

Fig. 3. SVPWM switching sectors.
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The sector changes in each 60°, therefore the sector of
reference vector is determined according to the calculated
vector angle. The inverter produces the voltage with com-
bination of two adjacent vectors and zero vectors. There
are six active (V;-V4) and two zero (V{,V7) vectors as
shown in Fig. 3. The vector durations are calculated in
each sector, and they are applied to the inverter semicon-
ductor switches.

The phase angle of grid voltage is calculated by soft-
ware PLL. The algorithm block diagram is given in Fig.
4. Grid angle is calculated using the q-component of grid
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Fig. 5. Grid angle variation.

voltage. The reference value of angle is set to zero. An-
gle error is given to PI regulator, and it generates angular
frequency. The output signal of PI is added to fundamen-
tal angular frequency of grid voltage to calculate the actual
angular frequency. Instantaneous phase angle is obtained
by integrating the angular frequency. Phase angle variation
with phase-a grid voltage is seen in Fig. 5.

4 MODELING OF THE SYSTEM

The circuit topology that is modeled for parametric analy-
sis is shown in Fig. 6. It is assumed that three-phase grid
voltages are balanced and stable, the switches are ideal,
and DC-link voltage is constant.

The system can be modeled in different frames such as
d-q, a-f and a-b-c. d-q model of the system is given in (3)
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Fig. 6. Three-phase grid connected inverter.

and (4). ;
Vg = L% —wlig +vgq 3)

di
vy = Lﬁ +whig + vgq, )

where v4 and v, are inverter output voltages, ¢4 and 7, are
grid currents, vyq and v, are grid voltages, w is grid fre-
quency and L is inverter output filter inductance.

In this study, the system is modeled in a-b-c reference
frame as given in (5)-(7). R is the equivalent series resis-
tance (ESR) value of the inductance. The circuit equation
for each phase can be derived as seen in (5). Since the
inverter has three-wire, there is a voltage difference (vy,q)
between neutral point of the grid and negative point of the
DC-link. The v, is defined as a function of inverter output
voltages by (6), and the inverter output voltages are defined
as a function of leg switching states by (7).

di
oo = L= + Ri. + gt + oo 5)
1
Upo = g(%o + vpo + Vo) (6)
Ve, Sp=1
UkO:Sk'Vdc:{ 37 S::O @)

In the equations above, k represents the phase of in-
verter, k& € {a,b,c} and S defines the states of upper
switches. When S is 1, the related upper switch is ON
and lower switch is OFF in the inverter leg.

Using the (5)-(7), the model of the grid connected in-
verter can be written in the state-space equation as below.

i = Ax + Bu

y=Cz ®)
The state and input vectors can be defined by (9) and

(10), respectively.

} T

©))

w=1[d. i@ i
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Va0 — Vga — Uno
U= | Vb0 — Ugb — Uno (10)
Veo — VUge — Uno

The coefficient matrices are given in (11).

R
% 0 0 + 0 0
A=| 0 -2 90 B=|0 1 0
o o -Z& 0 0 1

1D

The output coefficient matrix C' is a unity matrix with

dimensions of 3 x 3. The output variables are phase cur-
rents of the inverter.

5 MODELING AND SIMULATION RESULTS

The system is modeled and simulated for 10 kW output
power in MATLAB and Simulink with m-file and SimPow-
erSystems Blocksets, respectively. The Simulink block di-
agram model is shown in Fig. 7.

The system model and control algorithm are run in m-
file for parametric analysis. The system is investigated for
various parameters, and characteristic curves are obtained
as shown in Fig. 8 - Fig. 10. THD variation curves of
the grid current with different filter inductance values and
switching frequencies for V. = 650V and 5% THD limit
line are shown in Fig. 8.

Increasing the switching frequency and/or inductance
value decrease THD value. High value inductance in-
creases voltage drop, volume and cost. For the same THD
value with low inductance, switching frequency must be
increased, but high switching frequency decreases the in-
verter efficiency due to the switching losses. The inverter
can be switched at lower switching frequencies to increase
efficiency, but in this case, the inductance value must be in-
creased as shown in Fig. 8. According to modeling results
for 3mH inductance, the THD values of the grid current
are 10.22% and 3.41% for 3kHz and 9 kHz switching fre-
quency, respectively.

Fig. 9 and Fig. 10 show the THD variations of grid
current depending on the filter inductance value and DC-
link voltage at 3kHz and 9 kHz switching frequency, re-
spectively. As seen in the figures, high DC-link voltage in-
creases the THD value of grid current because of high volt-
age drop on filter inductors. Although increasing induc-
tance value provides THD decreasing, 3 kHz kHz switch-
ing frequency does not satisfy 5% THD limit for 1 — 5 mH
inductance values. Higher value inductor is needed to meet
the THD requirement.

In contrast to low switching frequency (3 kHz), THD
value at three times higher switching frequency (9 kHz)
meets THD limit with 2mH and 650V as shown in Fig.
10.
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Fig. 7. Control block diagram and power circuit of the system in Simulink.
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Fig. 8. THD variation of the grid current for Vg, = 650 V.

In simulation study, the DC-link voltage is 650V, in-
verter output filter inductance value is 3 mH, ESR value of
the inductor is 20 m§2 and grid phase-to-neutral voltage is
220 V. The power circuit is built using SimPowerSystems
Blocksets, and control algorithm is implemented with Em-
bedded Matlab Function block. The DC-link is splitted
into two capacitors that have 4800 uF capacity. The in-
put phase-to-phase voltage of the transformer is 380 V, and
output voltage is 460 V. In the control algorithm, PI con-
troller coefficients of grid regulation are used as Kp = 3
and K; = 3e — 3. The waveforms of grid voltages and
currents at 3kHz and 9kHz can be seen in Fig. 11 — Fig.
14.

The grid currents at 3kHz switching frequency are
given in Fig. 11. The currents are synchronized with grid
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Fig. 9. THD variation of the grid current for fs, = 3 kHz.

voltages but the current ripple is high due to low switching
frequency. The THD value of the current is 10.22% that
does not meet the THD limit. The THD value is the same
with the result obtained from the mathematical modeling
as shown in Fig. 9. d-q components are shown at 3kHz
switching frequency in Fig. 12, and the current ripple is
quite high.

The influence of higher switching frequency on grid
current is clearly seen in Fig. 13. In contrast to Fig. 11,
grid current ripple is quite less at 9 kHz. The ripple decre-
ment also can be seen from d-q component of grid current
in Fig. 14. The current THD value 3.44% is three times
less than the THD value at 3 kHz.

Dynamic response of the inverter is considerable in re-
newable energy conversion systems because of variable
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Fig. 12. d-q components of the grid current for fs, =
3kHz.

wind speed and solar radiation depending on the weather
conditions. In the study, PI regulator is used to regulate the
grid current in steady state or dynamic response. The dy-
namic response of the inverter can be seen in Fig. 15-Fig.
17. The reference and actual grid current in dq reference
frame are given in Fig. 15. As seen from the figure, id and
iq currents are regulated by the controller. d and q compo-
nents are set to 22 A-11 A-15.5 A and 7.7 A respectively to
show the dynamic response and reactive power generation
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Fig. 13. Three-phase grid currents and voltage for fq, =
9kHz.
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Fig. 14. d-q components of the grid current for fq, =
9kHz.
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Fig. 15. d-q components of grid current.

capability. Actual currents can track the reference values
in dq axis. In Fig. 16, it is clearly seen that during the only
active power flow, three-phase grid currents are synchro-
nized with grid voltages. On the contrary, there is a phase
shift between currents and voltages in the reactive power
flow interval. Output power variation based on the cur-
rents and voltages is given in Fig. 17. For three different
power level, inverter accomplishes the active and reactive
power flow.

6 EXPERIMENTAL STUDY

The experimental block diagram and laboratory prototype
for 10kW power are shown in Fig. 18 and Fig. 19, re-
spectively. The system includes a transformer, a diode rec-
tifier, two DC-link capacitors, a two-level IGBT inverter
and filter inductors. The specifications of the inverter pro-
totype are Vz. = 650V, L = 3mH, fya = 50Hz,
C1 and Cs are 4800 uF, sampling time is 20 us, fspy1 =
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Fig. 18. Experimental setup block diagram.

3kHz and fs,2 = 9kHz. The system control is real-
ized with SVPWM technique. The control algorithm has
been implemented using a dSPACE DS1103 board includ-
ing TMS320F240 DSP. The dSPACE can be programmed
with MATLAB/Simulink platform that provides easy pro-
gramming for DSP.

All currents, voltages in the power circuit and variables
in the control algorithm can be monitored using the Con-
troldesk that is a dSPACE software. In addition, param-
eters such as K, K; and reference signals can be con-
trolled with this program via Real-Time Interface (RTI).
The Simulink control model that is developed with Sim-
PowerSystems Blocksets, or software that is written in m-
file is converted to C-code with Real-Time Workshop. The
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Fig. 19. Laboratory prototype.

dSPACE 1103 has a connector panel (CLP1103) for /O,
ADC, DAC connections.

In the power circuit, Mitsubishi IPM PM50CL1A120
is used as the three-phase two-level inverter. The signal
isolation is provided with EVBL1S1XX evaluation board.
HCPLA4506 and PC817 integrated circuits are used on the
board to isolate IGBT gate and module fault signals, re-
spectively. The DC-link voltage is supplied from the grid
via a transformer, a three-phase diode rectifier module and
DC capacitors. The grid voltage is boosted by the trans-
former to obtain high DC-link voltage.

Three-phase grid voltages and DC-link voltage are
measured with LEM LV25-P sensors. Two voltage sen-
sors are used to measure the DC-link voltage. Each sen-
sor senses half of the DC-link voltage, and total DC-link
voltage is calculated in the software. There-phase grid cur-
rents are measured with LEM LA25-NP. Five voltages and
three currents measurements are given to ADC channels
via CLP1103.

In Fig. 20, three-phase grid currents and voltages
at 3kHz switching frequency are given for 10kW power
transfer. The currents are synchronized with related grid
voltages but THD value is 10.68%. The current THD value
is high and does not meet 5% THD limit because of low
switching frequency and inadequate value of L filter. RMS
value of the grid current is 14.9 A.

Three-phase grid voltages and currents at 9 kHz switch-
ing frequency are given in Fig. 21. The voltage scale (Chl,
ChA, ChB) is 70 V/div, and the current scale (Ch2, ChC,
ChD) is 6 A/div. The THD value is 3.59%, and rms value
is 15.1 A.

Grid angle that is calculated by PLL and phase-a grid
voltage waveforms are seen in Fig. 22. The angle crosses
zero points at the peak point moments of phase-a grid volt-
age as seen from the figure. Thus, coordinate transforma-
tions can be done, correctly.

The dynamic response of the inverter is shown in Fig.
23-Fig. 25. Three phase grid currents are given in Fig.

AUTOMATIKA 57(2016) 2, 319-328
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23. Firstly, the inverter produces 10 kW power, then out-
put power reduces to 5kW. In the first 70 ms, grid cur-
rents are synchronized with grid voltages because of ac-
tive power producing. As seen from the figure inverter has
fast dynamic response to reference change. During the last
30ms, grid voltages and currents are not synchronized be-
cause of reactive power generation. Actual and reference
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dg-components of grid currents are given in Fig. 24. g-
component is set to zero for no reactive power whereas
d-component controls the active power. g-component is
generated for reactive power.

Fig. 25 shows the output power variation in ControlD-
esk plotter that is a software of dSPACE hardware. It has
three power level 10kW, 5kW and 7.2kW-3.6 kVAr. Ac-
tive and reactive power generation capability of the inverter
can be seen from the figure clearly.

The obtained grid current THD values from modeling,
simulation and experimental studies are given in Table 1.
As seen in the table, modeling and simulation results are
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Fig. 26. Efficiency curve of the inverter.

verified with experimental results. The control algorithm
used in modeling is run via Embedded Matlab Function
in simulation and experimental study. As the same code
in Embedded Matlab Function is used in dSPACE control
board, very close results are obtained in simulation and ex-
perimental study.

Table 1. Grid current THD values for different methods

Modeling | Simulation | Experimental
3kHz | 10.22% 10.22% 10.68%
9kHz 3.41% 3.44% 3.59%

The efficiency curve of the inverter at 9kHz is given
in Fig. 26. Full power efficiency is 97.6% and European
efficiency is 97.2%.

7 CONCLUSION

In this study, performance of a 10kW three-phase grid
connected inverter is investigated for various filter induc-
tance values, DC-link voltages and switching frequencies.
The system is modeled in m-file, thus characteristic curves
of the inverter are obtained for different parameters. The
THD values of grid current for 3 kHz and 9 kHz with 650 V
DC-link voltage are 10.22% and 3.41%. For verification of
the modeling results, the system is simulated in Simulink.
The control algorithm is implemented in Embedded Mat-
lab Function in the simulation. The results are compared
at 3kHz and 9 kHz switching frequency, and modeling re-
sults are verified with simulation results that are 10.22%
are 3.44%. In order to verify the modeling and simula-
tion results, a laboratory prototype that is controlled by
dSPACE DS1103 control board is realized. In the ex-
perimental study, THD values are measured as 10.68%
and 3.59%. Furthermore, dynamic response and reactive
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power generation capability of the inverter are presented.
The experimental results verify the modeling and simula-
tion results. This verification shows that the system can be
designed for various system and control parameters using
the design curves. The study is realized for 10 kW power
but it is possible to obtain the characteristic curves for dif-
ferent power values. According to results, the switching
frequency or filter inductance value should be high to meet
THD limit. Furthermore, efficiency is another important
performance indicator. The efficiency at rated power and
the european efficiency of the inverter is 97.6% and 97.2%
at 9kHz.
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