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Abstract: - This paper proposes a new circuit configuration and a control scheme for a single-phase current
source inverter with different operational modes. A sine-triangular wave pulse width modulation SPWM
technique is applied, where the switching angle of the inverter is optimized through PWM shifting angle. The
inverter is implemented using a single boost switch with H-bridge inverter, and a filter. Different configurations
of AC filters are applied mainly C, C-L, L-C, and CLC filter, where the waveform analysis has been detailed to
obtain pure sinusoidal output voltage and current with minimized total harmonic distortion, loses and high
efficiency. The simulations have been done in LabVIEW software to display the harmonic spectrum, output
voltages and currents waveforms. From the simulated results, CLC filter presents better results with respect to
the output voltage, load and battery currents, where the obtained total harmonic distortion factor is less than
1.67% and with efficiency of 95%. In addition to that, the drawn battery current for this filter configuration has
less values comparing with other configurations, which in turn increases the battery lifetime and reduces the
thermal and voltage stresses.

Key-Words: - Current Source Inverter, Sinusoidal Pulse Width Modulated (SPWM), Harmonic Decomposition,
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1 Introduction inverter (CSI) where high inductance is connected
in series with voltage supply.

With respect to circuit configuration inverters can
be designed as conventional voltage or source
inverter with maximum two input voltages or
currents, while multilevel inverters have a
minimum of three output voltage levels with
reduced harmonic content and increased number of
switches [9]-[10].

Photovoltaic Solar energy is the most promising
sector for sustainable energy in the coming decades
and the depletion over time, where intensive
growth in manufacturing huge diversity of solar
panels aiming at enhancing the photovoltaic
performances [1]-[3]. One of the most important
component of the solar system is so called power
converter which converts the input DC voltage to
output alternating AC voltage with predetermined

voltage and frequency [4]-[6], these converters are 2 The Proposed Circuit

known as Inverters. Current source inverters (CSIs) have major
Solar inverters found wide spread application in advantages such as eliminated short circuit
providing the converted energy to the local electric phenomena, simplified filtering requirements, low
network ( Grid), in this case these inverters are THD for output voltage and boosting-up capability.
called Grid-Tie inverters [7]-[8] aiming at Fig. 1 shows a block diagram of photovoltaic (PV)
overcoming the power fluctuation and discontinuity system with CSI.

of the source. Another type of inverters called off- Pulse width modulation (PWM) inverter techniques
grid inverters, where they have to energize isolated are motivated and developed to control the output
loads for economic or technical reasons. Recently AC voltage as well as reduce the harmonics by
for realizing stable and regulated energy, delivery implementing multiple switching within the
hybrid inverters are used that combine’s more than inverter with a constant dc input voltage. There a
one energy source. Generally, Inverters can be variety of PWM techniques: sinusoidal PWM
categorized into two types such as single-phase (SPWM), hysteresis band current control PWM,
inverters and three phase inverters. Inverters are random PWM, space-vector PWM, etc. The
also classified as voltage source inverters (VSI) SPWM technique is very popular for industrial
where the small or negligible reactor is connected inverters [9]-[13].

in series with voltage supply and current source
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Fig.1 Block diagram of PV system with CSI

The proposed current source inverter with an
auxiliary switch and H-bridge inverter with
proposed filter configuration as shown in Fig. 2. The
proposed topology and its operation are described
where the performance of the proposed inverter is
predicted by simulation study using LabVIEW
software.
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Fig.2 Circuit structure of the proposed PV inverter

The performance of the proposed CSI is optimized

for different types of filters as shown in Fig. 3 at

different modes of the auxiliary switch of the

converter. The optimized factors are:

1) Low THD

2) Reduced heat stress on power source and power
switches

3) Reduced the difference between the input and
output currents (I4c and Io)

4) High efficiency and power factor closed to unity.
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Fig.3 Filters’ arrangements
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3 System Description

CSI inverters are characterized with one direction
flow of the current during conducting mode for this
reason there is no need of freewheeling diodes
[13],[14]. The proposed CSI is connected to the load
via different types of filters as shown in Fig. 2. The
switch S, is used to limit the dc source surge current
during the inverter short circuit mode when either S;
and S4 or S, and Ss are conducts together. The surge
current is limited throughout connecting and
disconnecting of the resistance R, during active
(So=1) and inactive (S¢=0) switching mode. The DC
source (Vqc) represents a battery or any renewable
energy source with its associate DC/DC converter as
input to the CSI. Through the active and inactive of
So, four switching modes or operation modes for
current limiting auxiliary switch S are displayed in
Fig. 4.
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Fig.4 Operation modes of switch So with different
values of resistance Rpc

a) Mode A: Sg=1and Rgc =0;

b) Mode B: Sp =0 and Rgc = Ry;

¢) Mode C: Sp =0,1,0,1,0,1,.. and Rgc =Ry (1-D.),
where D, is duty cycle of boost converter

d) Mode D: So=0,1,0,1,0,1,0,1,1,1,1..; Rgc =Ry (1-
D.) for t< ts, and Rpc =0 for t>tg
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The combination of filter types according to Fig. 3
and different switching modes shown in Fig. 4, the
total CSI arrangements are stated in table 1.

Table 1: Different arrangements of CSI

Filter F1 F2 F3 F4
types |C-filter] L-C C-L | C-L-C
Modes filter | filter | filter

of So

A A-F1 | A-F2 | A-F3 | A-F4
B B-F1 | D-F2 | B-F3 | B-F4
C C-F1 | C-F2 | C-F3 | C-H4
D D-F1 | D-F2 | D-F3 | D-F4

The single phase CSI’s operation of each
arrangement can be divided into four switching
states, as illustrated in table 2 under consideration
the status of switch So according to figure 4 and
table 1 for different CSI arrangements. In table 2,
ON-state is depicted by 1 whereas OFF-state is
depicted by 0.

As example, the triggering signals for power
switches for CSI arrangements for mode C of Sy can
be described as shown in Fig. 5, where the output
parameters of CSI depends on the phase shift 6°.

Sameer Khader, Abdel-Karim Daud

Therefore, by regulating the control shift angle 6°,
the main output parameters are regulated as well
[15].

v

S,
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Fig.5 Triggering signals for power switches for CSI
arrangements (C-F1, C-F2, C-F3, C-F4).

Table 2. Output current switching pattern for different CSI arrangements
Power
witches So Modes Output
S1 S2 S3 Ss current
States o Al B C D io
Switching before te| after ts
1 1 0 1 1 1 1 1 0 0 ldc
2 1 0 0 0 1 1 0 0 1 0
3 1 0 1 1 1 0 0 1 1 - ldc
4 110 |0 0 1 0 1 1 0 0

3.1 Sinusoidal Pulse Width Modulation

Sinusoidal Pulse Width Modulation (SPWM)
technology is used for controlling the proposed
inverter as shown on Fig. 6 where the modulation
signal vy is a sinusoidal signal with a frequency of
50 Hz, while the high-frequency triangular carrier
signal v, is generated throughout FPGA clock of 40
MHz, using Lab VIEW software (FPGA — PWM).
Therefore, the frequency modulation ratio is very
high with 20000 ticks per cycle [16], [17].

The CSI performances can be regulated by changing
either the amplitude modulation index Ma or the
frequency modulation ratio Mr in order to achieve
pure sinusoidal and ripple free output voltage and
current at given configuration of the filter topology.
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3.2 Simulation Tools
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Table 3. PWM and Load Specifications

PWM Generation Load Data
The mentioned CSI circuit configurations are T FPGA-
. . P . . ype SPWM
simulated using Multisim simulation package [16]
in integration with Lab VIEW platform [17], as Clock frequency 40 MHz
shown in Fig. 7, while the load and inverter data are Refergnce frequency 50Hz
. IAmplitude R 10Q
stated in table 3. C 0.9
. . . modulation index Ma
The simulation results are conducted for different . -
, ! Pulses/period, Ticks [20000
CSI and filters’ arrangements according to table 1. Filter data CSl data
The simulat.ior} is obtained at optimized switching C, 600uF R, EXe)
angle 0, optimized values of the filter parameters C, To be
and Ly, and the operation mode of the switch Sy The G optimized | 600mH
optimized switching angle 0.,= 168° is selected and oL To be v L6y
applied for simulation of all CSI circuits according e optimized |"*
to results depicted in [15]. DDy éN5406RL
Qi-Qs or  |[Universal
(S1- S4&So)switches
Iro S0 .
? L1
ACP o
600m V1
Vo Va3
[ + -l 1
Rb Qo g .
3 {j WV V3
4
[IGBT1 lo D—{E IGBT3 [_ 1V
Rb1 Q3
Q1 XCP1
Ay Vw_B|
i 1N5406RLG | p3 =
Ibat D1 \ 4
6 IN5406RLG - W
XCP3
VL_inp V5 vQz
¢ f>_H1wv
XCP4
Vs IGBT2 V2
LY Vs_de O | ‘BT D—1Q2 I o
T o N5406RLG |
D4 L

1NS406RLG T

J

a) Multisim platform for the simulated model.
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b) LabVIEW platform for the simulated model

Fig.7 Simulation platforms of the proposed model

4. Optimization of CSI Filters’

Parameters

Referring to Fig. 3, the values of Lrand C, of filters
F», F3 and F4 should be optimized while C; is
maintained at fixed value of 600uF. Two key
parameters are analyzed, the system efficiency and
the circuit currents, as follows:

1) The effect of filter’s inductance Lt on the

circuit currents & efficiency:

While holding C, at constant selected value of
nearly 300 pF, varying the filter’s inductance Ly (L¢
=L,) causes significant change in the efficiency as
well shown on Fig. 8(a), where the maximum
efficiency approaches it maximum value at
optimized value of Loy =41mH. At this value of the
inductance, the load and battery currents have
closed values as shown on Fig. 8(b), which is good
indicator for energy utilization. Furthermore, the
proposed filter configuration generates additional
energy causing additional current to flow and
becomes greater than the inverted current. It noticed
that at inductance values greater than Lt o the load
current exceeds the drawn battery current realizing
self-generated phenomena.
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2) The effect of filter’s capacitance C2 on the
circuit currents & efficiency:

While holding Lf at constant value of 41mH,
varying the filter’s capacitance C, causes significant
change in the efficiency as shown on Fig. 9 (a),
where the maximum efficiency of 95% is achieved
at optimized capacitor value of Coope =276uF .

At this value, the load and battery currents have
closed values according to Fig. 9 (b), which is good
indicator for energy utilization as well. Furthermore,
this present filter’s configuration generates
additional energy causing additional current to flow
greater than the inverted current, where at values
greater than Coope the load current slightly exceeds
the drawn battery current. Based on the obtained
optimized simulation results the C-L-C filter
elements must have Ci=600uF, Cyp=276pF and
Ltp=41mH, where these values should serve as
reference for the following study and discussions.

Volume 18, 2019



WSEAS TRANSACTIONS on COMPUTERS

Efficiency vs L2
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Fig. 8 The effect of filter inductance on the
efficiency and currents of C-L-C filter

5 Comparison and Optimization of
CSI Arrangements

Refer to the CSI arrangements in table 1 and the
built simulation models displayed in Fig. 7, table 3
illustrates the performances of CSI circuits for
optimized switching angle and optimized filter
parameters. Fig. 10 illustrates the load and battery
current for all CSI arrangements at different filter
types, while Fig. 11 illustrates the most two
important quality parameters mainly the distortion
factor and the system efficiency.
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Efficiency vs C2
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b) Circuit currents

Fig. 9 The effect of filter capacitance C, on the
efficiency and currents of C-L-C filter

Referring to these two figures, case D (indexed by
D-F4) is characterized with optimized parameters
[0=3.59A, 1a=3.69A, n=95%, THD=1.66% and PF
closed to unity. The histograms displayed on Fig. 12
shows the comparison analysis between battery and
load current for all arrangements and filter types. It
noticed that Filter F4 with arrangement (case D) has
optimized load current at minimum battery current,
which in turn reduces the battery thermal stress, fast
discharging and causes long discharging time,
which is key indicator for Grid-off PV systems.
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Table 3: Performances of different CSI arrangements

Parameter | A-F1 A-F2 A-F3 A-F4 B-F1 B-F2 B-F3 B-F4
Io, A 5.87 5.27 5.57 3.62 2.04 1.61 1.80 2.71
Lge, A 20.89 25.12 22.64 3.80 7.18 7.70 4.40 2.82
THD, % 2.20 1.61 1.86 2.40 2.0 1.86 1.73 1.79
n % 46 31 38 93 16 9 12 71
PF 0.52 0.38 0.28 1.0 0.51 0.37 0.27 1.0
Parameter | C-F1 C-F2 C-F3 C-F4 D-F1 D-F2 D-F3 D-F4
Io, A 3.01 2.44 2.71 3.12 5.0 4.28 4.60 3.59
Ige, A 10.57 11.68 11.05 3.22 17.63 20.39 18.81 3.69
THD, % 1.74 1.75 1.81 1.8 2.08 1.98 1.75 1.66
M, % 24 14 19 82 39 25 31 95
PF 0.52 0.37 0.28 1.0 0.52 0.37 0.28 1.0
CSl at various filters- case A CSl at various filters-caseB
25.12 Hio Widc : 718 7.7 74 mlo mldc
2089 7 :
< 6
s
g
3 s 271 2.82
> 527 =37 362 382 2 - 161 18 I I
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Fig. 10 Battery and load currents clustered by CSI arrangement at different filter types, where in x-axis
and 4 means F4

1 means F;...
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Fig. 11 Quality parameters for CSI arrangements at filter type F4
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Battery current at various filters & switching modes
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Fig. 12 Battery and load currents at different CSI arrangements and filter types

6 Displaying of Optimized Proposed
CSI Arrangement

Way out from the obtained simulation results
displayed in table 3, where the proposed new CSI
circuit configurations are described for wvarious
switching modes. The CSI arrangement (D-F4)
presents the optimized arrangement, while the
second arrangement is selected to be (A-F4). Fig. 13
illustrates the front panel and the main circuit
parameters of F, filter (C-filter) for the optimized
switching mode corresponding to case D, [14, 15]. It
can be noticed that, there are big differences

E-ISSN: 2224-2872

194

between the load and battery currents, which in turn
causes poor system efficiency of 39%.

The simulation is repeated for the other filter types
F> and F3;, where the same current and efficiency
trends are observed. While it is worthy to study the
behaviors of filter F4 presenting C-L-C filter with
respect to the drawn current, efficiency and total
harmonic distortion.

Fig. 14 illustrates the obtained results for C-L-C
filter at optimized certain values of C;=600puF,
Coop=276 pF and Lgp=41mH, where it can be
noticed that, there is negligible difference between
battery and load currents, which is good indicator
for loss minimization with efficiency of n=95%, and
pure sinusoidal performances with THD=1.66%.
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Fig. 14 LabVIEW front panel and circuit parameters of C-L-C filter and case D
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7 Conclusion

Referring to previous research conducted by the
authors [15], which stated that changing the shifting
angle between the carrier and reference signal
enhances the CSI performance. At given system
parameters, it has found that at optimal angle of
0op=168 the inverter generates pure sinusoidal
waveforms with minimized total harmonic
distortion and enhanced efficiency. This paper
presents the effect of wusing various filter
configurations on the inverter performances at
difference switching modes defined as switching
modes. Four types of filter configurations were

analyzed starting with C, L-C, C-L, and C-L-C

filters presented as Fi, F,, F3 & F4 arrangements

respectively. The simulation results stated that:

- The optimized CSI performances occur at certain
values of C;, Ly & C, ., while other values
indicates huge loses, great voltage harmonic
distortion factor and poor efficiency.

- There is a slight difference between the load and
battery current for C-L-C filter in all CSI
switching modes, while this difference becomes
huge for the rest of filter types, which in turn
causes fast battery discharging, and poor system
efficiency.

- With respect to load current, case D realizes high
drawn efficient current with negligible difference
with respect to battery current, in addition to
realizing high efficiency and low THD factor.

Finally, combination of optimized switching angle

and optimized C-L-C filter values presents unique

solution for designing a single-phase CSI inverter
with high quality parameters.
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