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Highly efficient three-phase grid-connected parallel inverter

system

Evren ISEN', Ahmet Faruk BAKAN?

Abstract In this paper, a new three-phase grid-connected
inverter system is proposed. The proposed system includes
two inverters. The main inverter, which operates at a low
switching frequency, transfers active power to the grid. The
auxiliary inverter processes a very low power to compen-
sate for the grid current ripple. Thus, no active power is
processed by the auxiliary inverter. The goal is to produce
a grid current with a low total harmonic distortion (THD)
and to obtain the highest efficiency from the inverter sys-
tem. The main inverter is controlled via a space-vector
pulse-width modulation owing to its optimum switching
pattern, and the auxiliary inverter is controlled via a hys-
teresis current-control technique owing to the technique’s
fast dynamic response. The proposed system is analyzed in
terms of different DC-link voltage, switching frequency,
and filter inductance values. The optimum system param-
eters are selected that provide a THD value of less than 5%.
A prototype inverter system at a 10-kW output power has
been implemented. The main inverter operates at a 3-kHz
switching frequency, and the auxiliary inverter compen-
sates for the grid-current ripple. In total, a THD of 4.33%
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and an efficiency of 97.86% are obtained using the pro-
posed inverter system prototype.

Keywords Active filter, Inverter efficiency, Ripple
cancellation, Three-phase grid-connected inverter

1 Introduction

The energy obtained from alternative energy sources is
transferred to power grids through inverters. In high-power
applications, three-phase inverters are used, and in low-
power applications, single-phase inverters are used [1, 2].
Voltage-source inverters are widely used in grid-connected
systems owing to their simplicity and reliability. Three-
phase voltage source inverters can be implemented as
three-wire, four-wire, and four-leg systems [3-6].

Grid-connected inverters are expected to have high
power quality, high efficiency, and high reliability in
renewable energy applications. Therefore, inverter topol-
ogy and control techniques play important roles in grid-
connected systems.

Voltage-source inverters are connected to the grid via
filters. Different filters can be selected between inverters
and grids, such as L, LC, and LCL filter. The L filter allows
the use of a simple current-control strategy in the inverter.
There is only one control loop, and grid current is used as a
feedback signal. However, the inverter must operate at a
relatively high switching frequency, or a high-value L filter
must be used to meet the harmonic standards such as IEEE
929-2000 and IEEE 519. Because a high switching fre-
quency causes high switching losses, L filters are not uti-
lized in high-power renewable applications. To increase the
harmonic attenuation of the L filter, an LC filter is used
with an isolation transformer, but it is not generally used in
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grid-connected inverters, unlike stand-alone inverters. The
lowest total harmonic distortion (THD) value is obtained
with LCL filters at the same frequency compared with
other filters. However, the LCL filter design is quite
complicated owing to resonance and reactive power prob-
lems. It is important to determine filter component values
in order to prevent resonance and to decrease reactive
power generated by capacitors [7-9]. Additional passive
damping techniques and complex control algorithms are
used to suppress resonance. In the passive damping tech-
nique, additional resistance, capacitance, and/or inductance
are required [10, 11]. Current and voltages of the capacitor
and inductances are used in the control algorithm. Thus, an
additional two or more control loops make the control
algorithm more difficult [12].

In medium and large power-inverter applications, neu-
tral point clamped (NPC) inverters are preferred because of
their low voltage stress and low switching losses. NPC
inverters have three voltage levels, i.e., —V4./2, 0, and Vy./
2, and thus, the voltage drop on switching devices is
reduced. Therefore, switching losses decrease. However,
the control algorithm becomes more complex and con-
duction losses increase because of a series connection of
two switches on the upper and lower arms in NPC inverters
[13, 14].

Grid synchronization is important for grid-connected
inverters. The synchronization algorithm determines the
grid angle that is used for rotating reference-frame (dq)
conversion. Reference voltages and currents are produced
using the angle to meet the power-quality standards. Dif-
ferent synchronization algorithms are used in the literature.
The atan algorithm is a simple method for detecting the
grid angle. It is realized in two different frames, dg and af.
The reference frame components are filtered, and the off
components of the grid voltage are used in an atan
trigonometric function to calculate the angle. The disad-
vantages of the method are its poor performance in the case
of fluctuating frequency and unbalanced grid voltage [15].
In recent years, the widely used synchronization technique,
which has synchronous rotating frame phase-locked loops
(SRF-PLLs), has been utilized. It has good performance
when the grid voltage is balanced and not polluted by
harmonics. Such disturbances affect the SRF-PLL
dynamic-response performance [16]. Different filtering
techniques are used to enhance the performance of SRF-
PLL under distorted and unbalanced grid-voltage condi-
tions [17, 18].

In this study, a new highly efficient three-phase grid-
connected parallel inverter system is proposed. The pro-
posed system is developed for grid-connected systems
owing to the importance of efficiency in renewable energy
systems. The proposed system includes two inverters. The
main inverter operates at low switching frequency and
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transfers active power to the grid, while the auxiliary
inverter compensates for the grid-current ripple. Thus, no
active power is processed by the auxiliary inverter, and the
current is lower compared with the main inverter. Although
the auxiliary inverter acts as an active filter, the control
algorithm of the inverter is easier than that of the active
filters. In active filters, the reference current is calculated
from the grid current using different methods [19-21],
whereas this is more easily accomplished in the proposed
system. In addition, the main purpose of utilizing the
auxiliary inverter that is different from the active filter is an
increased system efficiency compared to a single six-
switch three-phase inverter with an L filter.

The proposed system is modelled in MATLAB and
analyzed in terms of the DC-link voltage, switching fre-
quency, and filter inductance values for a 10-kW output
power. The characteristic curves of the system are given,
and depending on these curves, the optimum system
parameters are selected to provide a THD value of less than
5% of the grid current. The control of the system is quite
simple because of the use of a basic L filter.

A prototype has been realized for a 10-kW output
power. The main inverter and auxiliary inverter are con-
trolled via the dSPACE real-time controller and analogue
controller, respectively.

2 System description

The proposed three-phase voltage-source grid-connected
parallel inverter system is shown in Fig. 1. The system
includes two voltage-source inverters. To obtain the
required THD results, a single inverter should operate at
relatively high switching frequencies, and in this case, the
efficiency is lower owing to high switching losses. In the
proposed system, the main inverter operates at a low
switching frequency to obtain lower switching losses.
Hence, the ripple in the main inverter current is large, and
the THD value of the current is high.

Main inverter
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Fig. 1 Proposed grid-connected parallel inverter system
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The auxiliary inverter processes only reactive power to
compensate the distortion in the main inverter current. The
auxiliary inverter is controlled via the hysteresis current
control (HCC). The operating frequency varies owing to
HCC, but it is always higher than that of the main inverter.
The power processed by the auxiliary inverter is low.
Hence, the losses on the auxiliary inverter are very low.
The DC-link voltage of the auxiliary inverter is obtained
from the grid via the current control.

The L filters are connected between the inverters and the
grid. Although the L filter has less harmonic attenuation
than the LC and LCL filters, it is preferred because of
design and control simplicity.

3 Modelling of proposed system

The proposed system is modelled with the assumptions
that the DC-link voltage is constant, the switching devices
are ideal, and grid voltages are balanced.

In a three-phase symmetrical system without a neutral
line,

Vsa+vsb+vsc:0 (1)
ip+ip+i, =0 2)

where vy, vy, Vs and i, iy, i define grid phase voltages
and currents, respectively.

Applying the Kirchhoff’s current law for each phase,
three-phase circuit equations for each inverter are obtained
as given in (3) and (4). The parameters k, v{, L1, Ry, and i,
define the phase name {a, b, c}, phase voltage, inductance,
inductor-equivalent series resistance, and phase current of
the main inverter, respectively.

di .
Vik :le—lthrRlllkJerkJrVno (3)
1
vio =3 (Via +vip + vie) (4)

Inverter phase voltages change with each leg-switching
state. This can be defined as

Vier Suu=1
Vik = SuVier = {Od ! 5111: —0 (5)

where V,. defines the DC-link voltage of the main
inverter. The leg-switching state is defined by S;. In the
main inverter, if the upper switch is ON, then S§; = 1, and
if the lower switch is ON, then S; = 0.

By combining (3), (4), and (5), the mathematical model
of the main inverter can be defined in a three-phase (abc)
reference frame as:
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. d . Sia + Sy + Sie
S1xVact = v + R + Ly & (i1k) + % Ve
(6)

Because the middle point of the DC-link is connected to
the grid neutral in the auxiliary inverter, it can be modelled
as three single-phase grid-connected inverters, as shown in

(M=)

di .
vk = Lo d—ztk + Raipr + v (7)
Va2
|ZZ0 ) Sa =
vor = Sok 7 = Ve o (8)
> %
Vae : d .
Sox d22 = vy + Raiop + Lz& (i2k) 9)

The parameters v,, L,, R,, and i, define the auxiliary
inverter phase voltage, auxiliary inverter inductor,
auxiliary inverter inductor-equivalent series resistance,
and auxiliary inverter phase current, respectively.
S becomes 1 and -1 in the auxiliary inverter, unlike the
main inverter.

The sum of the parallel inverter currents produces the
grid current:

(10)

The state-space model of the grid-connected parallel
inverters can be written using (6):

Ik = ik + g

dx

X _Ax+B

g —Ax T (11)
y=Cx

where the state and input vectors are defined as:

x=lita i Qe a b ] (12)
r S1a+ S S1e 7
Slavdcl — Vsa — (M)Vdcl
S1a + S1p + Sie
S15Vaet — Vb — (l—lhl)vdcl
S1a +S1p + Sie
S1cViaer — vse — (lflbl)vdcl
u= Vi (13)
S2a = Vsa
2
Vac
Sop d22 — Vg
Vi
L SZC% — Vsc |

The state and input coefficient matrices are
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R
EALY S 03,3
a=| b
- R,
03,3 —L—I3x3
- (14)
fl3x3 03,3
p= |l |
05 — I35
| O ol

The output matrix C is a unit matrix with a dimension of
6 x 6. The output variables are phase currents of parallel
inverters, and the grid current defined in (10) can be
calculated by adding the parallel inverter currents, as
shown in Fig. 2.

4 Control of proposed system

The main function of the grid-connected inverter is to
control the magnitude and phase angle of the grid current.
The real power is controlled via the current magnitude, and
active power is adjusted via the phase angle. In the pro-
posed system, two parallel inverters are connected to the
grid with an L filter, as shown in Fig. 3. Each inverter is
controlled with a different control technique. In the main
inverter, the output current is controlled using space-vector
pulse-width modulation (SVPWM). This control technique
is more appropriate for a three-wire three-phase inverter.
The advantages of this technique are the constant switching
frequency, low harmonic content, well-defined spectrum,
optimum switching signals, and high DC-link voltage uti-
lization. The optimum switching pattern provides a low
switching number and low switching losses. The SVPWM
technique is widely used in three-phase grid-connected
inverters [22].

Because an auxiliary inverter eliminates the current
ripple in the grid current, it requires a fast response. The
HCC technique meets the requirements of the auxiliary
inverter control. The nonlinear control technique, HCC,
simultaneously realizes the current error compensation and
PWM generation. It has an inherent peak-current protec-
tion, fast dynamic response, robustness against the
parameter variation, and simplicity. Although the control
algorithm is easy to implement, the sampling frequency
should be high in the control system. Its performance
depends on the hysteresis bandwidth, and the bandwidth
affects the switching frequency [23, 24]. The control
algorithm of the system is shown in Fig. 3.

i

i
—> +
]

Fig. 2 Total current at the output of state-space equation

u x=Ax+Bu
y=Cx
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The main inverter reference current is the reference grid
current. The grid current should be in phase with the grid
voltage for the maximum active-power transfer. The three-
phase grid voltages are measured, and they are used to
determine the grid angle (). Theta is determined via the
SRF-PLL algorithm. The three-phase voltages are trans-
formed to the dgq reference frame via the transformation
matrix (16) in the phase detector. The g-component output
of the grid voltage (v,) from the phase detector is used to
detect grid angle. The error of v, is passed through the PI
controller and added to the nominal frequency (w,,) of the
grid voltage. The reference value of v: is set to zero. The
resultant signal is the grid frequency. The grid angle is
determined by integrating the grid frequency, and is used to
transform the three-phase voltage to the dq reference frame
at the beginning of the algorithm. The block diagram of the
SRF-PLL algorithm is given in Fig. 4. Using 0 and the
reference power, the reference currents in the dg coordinate
system are calculated. The measured three-phase currents
are transformed to the dg coordinate system and compared
with the measured dg currents. By summing the output of
the PI controllers (K, = 1.5, K; = 0.001), the coupling
components, and grid voltage, the inverter reference volt-
ages in the dg coordinate system are obtained, and these
reference components are converted into «ff components.
The voltage-reference components in off reference voltages
are used in the SVPWM generation. Switching signals are
generated using voltage references, the grid angle, and DC-
link voltage.

The main inverter current follows the reference grid
current with an error owing to the high current ripple. This
error causes a high THD value in the grid current. The
auxiliary inverter is utilized to eliminate the current error
and to decrease the THD value. To eliminate the current
error, it is required to control the auxiliary inverter very
rapidly. Therefore, the HCC technique is preferred to
control the auxiliary inverter. The reference current of the
auxiliary inverter is the main inverter current error.

b, =1i;—1i; j=ab,c (15)
2 2
9 | cos(wtr)  cos(wr — ?n) cos(wt + ?n)
T = 3 , . 2n i 2n
—sin(wt) —sin(wt — ?) — sin(wt + ?)
(16)

Because the DC-link consists of two capacitors
connected in series, the voltages of capacitors should be
regulated. The regulation is realized with a phase-a current.
In the positive cycle of the grid voltage, the upper capacitor
voltage is regulated. The average voltage of the upper
capacitor and the error between the reference and actual
value is calculated at the beginning of the positive half-
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Fig. 4 SRF-PLL algorithm grid synchronization

cycle. The error is regulated with a PI controller
(K, =0.02, Ky = 5¢7%). The same algorithm is applied
to the lower capacitor in the negative half-cycle of the grid
voltage. The outputs of the PI controllers are added to the
auxiliary inverter phase-a current reference.

5 Power loss calculation of inverters

The energy loss of a semiconductor switch is the sum of
the conduction losses (Econyp) and switching losses (Egwy).

Erorar = Econp + Esw (17)
The conduction losses of the insulated-gate bipolar

transistor (IGBT) and diode are calculated from (18) and
(19), as given in [25, 26].

STATE GRID

0

where Vg, is the collector-emitter saturation voltage of
IGBT, ic is the collector current of the IGBT, vy is the
forward voltage drop of the diode, and i, is the diode for-
ward current. veg,,, 1S obtained from the ic-vepg, curve,
and v,is obtained from the i;-v,curve from the datasheet.

The switching-energy loss is the sum of turn-on (E,,)
and turn-off (E,) losses in the switching devices, as given
by

Esw = Esw on + Esw of (20)

The switching losses of the IGBT and diode are
calculated depending on the voltage and current values
from the E,, and E,; curves that are given in the datasheet.
The current values are used in (18)—(20), and conduction
energy losses are calculated. The power-loss calculation
process is shown in Fig. 5.

@ Springer

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE



1084

Evren ISEN, Ahmet Faruk BAKAN

icl ifl

Equations from curves
Vee=f (ic)
vy =f(iy)
Esw:f(iCy lf)

Equations

(18)-(19)

Output power

[Jy—— X
calculation

Vsk >

Fig. 5 Block diagram of power-loss calculation
6 Design procedure

The characteristic curves of the system are given in
Figs. 6, 7, 8 and 9. These curves depend on various DC-
link voltages, filter inductances, hysteresis bandwidth val-
ues (Al), and switching frequencies (f;,,;), and are obtained
using MATLAB for a 220 V grid voltage, 50-Hz grid
frequency, and 10 kW output power. The parameters are
determined to obtain low THD and low switching fre-
quency in the auxiliary inverter. The characteristic curves
of the main inverter and 5% THD limiting surface are
shown in Figs. 6 and 7. From Fig. 6, it is seen that the
THD, decreases when f;,,; increases. The operation below
the THD limiting surface can be ensured using different
inductance and frequency values. For f;,; = 9 kHz, the
THD variation is shown according to the DC-link voltage
V41 and filter inductance L; in Fig. 7. It is seen that the
THD increases with increased DC-link voltage. In contrast,
the increase of the L, filter inductor results in a decrease in
the THD value.

S
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Total harmonic distortion (%)
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If the energy is transferred to the grid using only the
main inverter, L, and/or f;,,; must be high enough to pro-
vide the required THD value. The proper parameters for
this case can be selected from the curves. In the proposed
parallel-inverter system, the goal is to decrease the
switching losses of the main inverter regardless of the grid-
current THD value. The auxiliary inverter is utilized to
compensate the grid current harmonics in order to meet
harmonic standards. The main inverter-current error
becomes the auxiliary inverter reference current. There-
fore, the selection of L, and f;,,; is important to determine
the performance of the auxiliary inverter because it deter-
mines the current of the auxiliary inverter.

To compensate for the dead-time, inductor, and switch
conduction voltage drops, and to control stability, a 700 V
DC voltage was selected. The main inverter filter inductor
was selected as L; = 3 mH. If the main inverter is operated
as a standalone, the switching frequency should be selected
to be approximately 9 kHz to meet the 5% THD limit. In
the proposed method, the switching frequency of the main
inverter is selected as f,; = 3 kHz in order to decrease
switching losses, and the ripple of the grid current is
eliminated via an auxiliary inverter.

In the auxiliary inverter, the IGBTs are switched at high
voltage. Thus, the switching frequency is an important
limitation. The auxiliary inverter currents are low, but the
current rise rate is high. Therefore, the selection of the
auxiliary inverter inductance L, and HCC bandwidth Al is
important. L, and Al values that provide a 5% THD limit
and achievable f,, are selected from the characteristic
curves as L, = 2 mH, and AI = 0.7 A. f,, is not constant,
and varies during the grid period. The average value of f;,,»
is approximately 20 kHz.

The control performance depends on the bandwidth
value of HCC. The increase in the bandwidth value
degrades the control performance, and the THD value of
the grid current increases, as shown in Fig. 8. A narrowing
of the hysteresis bandwidth decreases the THD, but
increases the switching frequency f,», as shown in Figs. 8
and 9.

7 Simulation results

The proposed system was simulated in MATLAB/
Simulink. The simulation parameters were determined
from characteristic curves in Figs. 6, 7, 8 and 9. The three-
phase current waveforms of the main inverter operating
standalone at f;,,; = 3 kHz are shown in Fig. 10. In this
case, THD is 14% and does not meet the standards. The
auxiliary inverter current that compensates the main
inverter current is shown in Fig. 11.

£l

pem g

arvg
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Fig. 10 Three-phase currents of the main inverter

-10 , . .

0 5 10 15 20 25 30 35 40
Time (ms)

Fig. 11 Phase-a current of the auxiliary inverter

Three-phase grid currents produced by two parallel
inverters are given in Fig. 12. The total grid current has a
433% THD that meets the standards. The auxiliary
inverter average switching frequency is approximately 20
kHz. Even though the average switching frequency appears
to be high, the switching losses are negligible owing to the
low level of the auxiliary inverter current.

Figure 13 shows simulation results of grid synchro-
nization for three fundamental periods. Three-phase grid
voltages and the grid angle, which is determined through
PLL, are given in Fig. 13a and b, respectively. As seen in
Fig. 13b, the grid angle changes over 0-2x (rad). The angle
is 4n/3 (rad) when the phase-a voltage is zero, phase-
b voltage is negative, and phase-c voltage is positive. The
angle reaches 2nt rad when the phase-a voltage becomes a
maximum and other phase voltages are equal. The angle
varies in 2m (rad) for 20 ms, which is the fundamental
period of the grid voltage.

Figure 14 shows the DC-link capacitor voltages of the
auxiliary inverter. The DC-link consists of two series-
connected capacitors, and the middle point is connected to
the grid neutral. Therefore, the voltages of the capacitors

30
20

i (A)
S

0 5 10 15 20 25 30 35 40
Time (ms)

Fig. 12 Three-phase grid currents of parallel inverter
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Fig. 13 Grid synchronization
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Fig. 14 Auxiliary inverter DC-link voltage

should be regulated. The regulation can be seen in Fig. 14.
Each capacitor voltage varies between 348 V and 352 V.
The total voltage ripple of 4 V is observed in each
capacitor voltage. The upper and lower capacitor voltages
move in opposite directions. The upper capacitor voltage
rises, while the lower capacitor voltage decreases for 10
ms.

40r
20k Ha iy e
< 0
20
40 5 10 15 20 25 30 35 40
Time (ms)

Fig. 15 Three-phase grid currents of the main inverter at

fow = 9 kHz
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Figure 15 shows the three-phase grid currents for the
standalone operation of the main inverter at f;,, = 9 kHz. A
similar THD value is obtained using the proposed method,
as shown in Fig. 13. In this case, the main inverter operates
at a 3 kHz switching frequency, and switching losses are
thus decreased by a factor of three times.

To evaluate the efficiency improvement of the proposed
parallel inverter system, the efficiency of parallel inverters
is calculated with V,. =700 V, L, =3 mH, L, = 2 mH,
fow1 = 3 kHz, and Al = 0.7 A, and the efficiency of the
standalone inverter is calculated with V,. = 700V,
L, =3 mH, and f,,; = 9 kHz. Figure 16 illustrates the
efficiency curves of the proposed system and the stan-
dalone operation of the main inverter for different output
power levels. The filter inductor losses are not taken into
consideration. The standalone inverter efficiency is 97.6%,
and the parallel-inverter system efficiency is 98.6% for the
rated power. The efficiency is increased by 1% with the
proposed control of the parallel inverters.

8 Experimental study

A laboratory prototype of the proposed system is real-
ized for a 10 kW output power. The control algorithm of
the main inverter was developed in MATLAB/Simulink
and implemented using dSPACE. The efficiency and THD
measurements were acquired using a HIOKI 3390 energy
analyzer.

The main inverter is supplied using a 700 V DC source,
and the auxiliary inverter regulates its DC voltage through
the grid with an active rectifier operation. The hysteresis
control of the auxiliary inverter is implemented using
analogue circuitry.

The system parameters and components used in the
prototype are given in Table 1. The three-phase current
waveforms of the main inverter operating standalone at
fow1 = 9 kHz are shown in Fig. 17. The measured THD
and efficiency values for this operation are 4.46% and
97.45%, respectively.

To decrease the switching losses, the main inverter
switching frequency is decreased to 3 kHz. The three-phase

99

98 Proposed inverter system

n (%)

97 Standalone inverter f;, =9 kHz

96 . - . - . - )
3 4 5 6 7 8 9 10
Output power (kW)

Fig. 16 Efficiency curves for the standalone inverter f;,, = 9 kHz
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Table 1 Summary of the proposed system

Component Main inverter Auxiliary inverter
Switch PM50CL1A120 IPM FGL40N120AND IGBT
fow 3 kHz 20 kHz (average)

Ve 700 V 700 V

Ly, 3 mH 2 mH

P 10 kW -

i (10 A/div)
5

Time (4 ms/div)

Fig. 17 Grid currents of the standalone inverter at f;,, = 9 kHz

currents of this operation are shown in Fig. 18. As can be
clearly seen from the figure, the low switching frequency
causes a high current ripple. The measured THD and effi-
ciency of this operation are 14.7% and 98.36%,
respectively.

To lower the THD of the grid current, an auxiliary
inverter is operated. In Fig. 19, the main inverter current
(Ch4), auxiliary inverter current (Ch3), and grid current
(Ch2) are shown with respect to the related phase voltage
(Chl). Although there is a high current ripple in the main
inverter current, this ripple is eliminated in the grid current
by the auxiliary inverter. Three-phase grid currents are
shown in Fig. 20.

Voltage waveforms of the DC-link capacitors in the
auxiliary inverter are shown in Fig. 21. The voltages are
measured from the output of the voltage sensors. In the
experimental setup, two LEM LV25-P voltage sensors are
used to measure each capacitor voltage. It has a 2500:1000
conversion ratio. The resistors used in the measurement

Gls)

i (25 A/div), v (250 V/div)
[

Time (4 ms/div)

Fig. 19 Proposed system operation with respect to phase voltage

i (10 A/div)

Time (4 ms/div)

Fig. 20 Three-phase grid currents of the proposed system

Ve ¢
~ . VE:ZZ
S e
3
>
Ny
- : p
» : ; :
Time (4 ms/div)

Fig. 21 DC-link capacitor voltages of the auxiliary inverter

board are 47 kQ and 330 Q. Thus, the ratio of the actual
and measured voltage is 57.14. The actual capacitor volt-
age of 350 V is measured at approximately 6.1 V, as seen
in Fig. 21.

The measured THD and efficiency values are 4.33% and
97.86% in the proposed system, respectively. Experimental

Table 2 Experimental results of the proposed system
_ System Efficiency THD P, P Pioss
5 (%) (%) &W)  &wW) (W)
<
= Main inverter 98.36 1470  10.110 9.945 165
s (3 kHz)
Main inverter 97.45 446 10340 10.076 264
: : : (9 kHz)
Time (4 ms/div) Proposed system  97.86 433 10170  9.953 217
Fig. 18 Three-phase currents of the main inverter for f;,, = 3 kHz
5&(7\2 STATE GRID ) Springer
%\\.\%5 Z_ opring

ORpoRsS
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Table 3 Losses of the proposed system

System Total IGBT Aux. Main Inv.
losses losses Inv. 4+ filter filter losses
(W) (W) losses (W) W)
Main 165 126 - 39
inverter
(3 kHz)
Main 264 240 - 24
inverter
(9 kHz)
Proposed 217 126 52 39
system

results taken from the proposed system are given in
Table 2.

The measured efficiencies given in Table 2 are slightly
different from the simulation study results shown in
Fig. 15. This difference is caused by the filter inductor
losses. The inductors are modelled as ideal elements in the
simulation. However, in the experimental study, it is seen
that inductor losses affect the overall system efficiency.

The software Melcosim was used to estimate intelligent
power module (IPM) losses of the main inverter. For a 9
kHz operating frequency, the IPM losses of the main
inverter are calculated as 240 W, and for a 3 kHz operation,
the IPM losses are calculated as 126 W. According to the
Melcosim software results, the losses of the proposed
system are as given in Table 3.

It can be seen that filter inductor losses are an important
factor that determines the efficiency of grid-connected
inverter systems. The losses due to the filter inductor
depends on many factors. From the experimental results, it
is observed that the main filter inductor losses are increased
when the main inverter is operated at lower frequency.

9 Conclusion

In this paper, a new three-phase grid-connected con-
verter system was proposed. The proposed system includes
two inverters. The main inverter operates at a low
switching frequency and transfers all of the active energy
from a DC source to the grid. The low-power auxiliary
inverter operates at a high frequency to compensate for the
grid-current ripple. The goal is to produce a grid current
with a low THD value and to obtain a higher efficiency.

The proposed system was modelled in MATLAB and
analyzed in terms of the DC-link voltage, switching fre-
quency, and filter-inductance values for a 10-kW output
power. The characteristic curves of the system are given,
and depending on these curves, the optimum system

@ Springer
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parameters are selected to provide a THD value of less than
5% of the grid current. Owing to the operation at low
switching frequencies, the main inverter switching losses
decrease compared with a single inverter for the same THD
value that is obtained from parallel inverters. According to
the experimental results, the proposed system efficiency
and grid current THD value are measured as 97.86% and
4.33%, respectively, whereas for a single two-level inver-
ter, the values are 97.46% and 4.46%, respectively. The
proposed system provides a 0.4% efficiency improvement
for a 10-kW grid-connected system. A higher efficiency
value can be obtained using a more efficient filter inductor
design and using different solid-state switching devices.
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