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ABSTRACT: - This paper investigates three-phase Current Source Inverter (CSI) behaviors energized by
battery storage sources replacing Photovoltaic solar system. This source provides energy to a three-phase
balanced load throughout passive filters. Various types of filters’ configurations are utilized in order to reduce
the current and voltage ripples at the inverter output and to reduce the loading stress over the battery bank.
Three configurations of filters are investigated C, CLC, and LCL filters with respect to the drawn load current,
battery current, and battery loading rate.

A mathematical model for various filters is derived and simulation model using LabVIEW and Multisim
platforms were conducted to follow the inverter behaviors when the filters” parameters changed. A comparative
analysis between these filters is conducted by changing the filters’ capacitance and inductance and following the
inverter behaviors. The obtained simulation results stated that LCL filter with Wye connected capacitors
presents better performances with respect to output voltage level, loading current, load to battery current
utilization ratio at moderate capacitor values comparing with other filters but this advantage disappears at high
values of used capacitors due to drawn large battery current.

Index Terms— Current Source Inverter (CSI), Renewable Energy Sources, Photovoltaic Source, PWM,
Comparative analysis.

l. INTRODUCTION

Photovoltaic power is considered as one of the most important renewable energy sources [1] in Middle
East and used to convert the solar energy into AC signal that is suitable to energize local electrical network with
desired voltage and frequency. The photovoltaic system consists of dc source, dc chopper in order to maintain
the output dc voltage at values corresponding to the maximum extracted power, dc to ac converter having two
main classes voltage source inverter (VSI) and current source inverter (SCI) and output ac filter capable to
smooth the output voltage and current to have pure sinusoidal waveform with desired frequency by using both
passive and active filters [2], [3]. There are huge numbers of research articles concentrating on voltage source
inverters behaviors when being integrated with the solar photovoltaic source and energizing isolated loads of
connected to the local network configurations. Meanwhile there are limited research articles describing the
behaviors of current source inverter with various ac filters’ In the same manner CSI inverters have the advantage
rather than VSI when source current is limited such as solar source, or conventional battery source [4].
As well-known pulse width modulation converters (PWM) produce unwanted voltage and current harmonics
that is limited by increasing the rate of modulation frequency [5] and proposing optimized design of ac filter.
These filters comprise pure C filter, LCL filter and CLC filter combining both CL and LC filter [6]-[9].
The main aim of this paper is to conduct comprehensive comparative study of these filters with respect to
obtained output voltage, drawn source current, system efficiency including the filter efficiency and they are of
load current to drawn battery current.

1. MATHEMATICAL MODELING
The mathematical modeling and simulation procedure can be divided into the following stages:
- Proposing the three-phase current source inverter circuit;
- Deriving the main mathematical relationships for various filter;
- Simulating the CSI parameters
- Comparison analysis and discussions.
Way out from the proposed electrical circuit shown on Fig.1 with Battery source representing the PV solar
source, inverter circuit and filter unit energizing isolated load. The inverter and the filter configurations are
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displayed on Fig.2. Sinusoidal PWM modulation technique is applied to generate six pulse combinations needed
to turn-on the power switches in predetermined sequence [10].

One of the important key issues in photovoltaic solar sources is the rate of drawn load current to the battery
current at various filter’s configuration, which in turn investigates the level of temperatures stress on the battery
for different values of battery discharging unit.

A Generating the switching states
The switching states of the describes current source inverter can be expressed by the three binary signals [11],
[12] Sa, Sb & Sc according to (1):
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Fig.1. Proposed current source inverter with filter and R-load.

1, if Q10N ,and Q4= OFF

0 if Q10OFF,and Q4 =ON }

1, ifQ30N,and Q6 = OFF

0 if Q30FF,and Q6 =ON }

Sc = {1, if Q50N ,and Q2= OFF} 1

“=1l0 if Q50FF,and Q2 =ON @

According to (1) sinusoidal pulse width modulations (SPWM) signal are generated throughout FPGA module

existed in LabVIEW platform [13] as shown on Fig.3, where six variable width pulses are generator required to

switch-on three-phase SCI inverter. Sample of these pulses are illustrated on Fig.4 for two switches with
complementary operation Q1 and Q4.
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Fig.2.Three phase filters’ configuration

According to (1) sinusoidal pulse width modulations (SPWM) signal are generated throughout FPGA
module existed in Lab VIEW platform [13] as shown on Fig.3, where six variable width pulses are generator
required to switch-on three-phase SCI inverter.

Sample of these pulses are illustrated on Fig.4 for two switches with complementary operation Q1 and Q4.
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Fig.4. PWM pulses for two switches.
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Fig.5. Detailed equivalent circuit of CLC filter for Q1, Q2 & Q3 combination.
Where,
Iin=1;.+1,
Vw=1R,
le=Cr—or= C_f(l"” —1,)
dli,
Vipr = Lpy ar (6)

The matrix coefficients are displayed in (7), where Ry, Ry, and Rc are inductors and capacitor resistances
respectively; Ly and Lg are circuit inductances respectively, Vi, and V, are the inverter and load voltage
respectively.

a =—Rf1+RC'a =RC.a =_1
11 Lfl ’ 12 Lfl ’ 13 Lfl
R R, + R 1
Ay =—=—; Ay =——"——; QUy3 = —
21 Ly 22 Ly 23 Ly
1 1
az; = __Lfl; Qazy = +_Lf2; aszz = 0;
1 1
by, = T by, = L b3, = 0. )
f1 f2

Equation (5) can be expressed as continuous-time state-space variables [14] as stated in (8):

X(k+1) = A, X(k) + B,, V(K) (8)
where,
Ltk + 1) Ii(k)
X(k+1) =|lok+1) | X(k) =|I0@)|:
Ve(k + 1) Ve(k)
11 Q12 g3 2%
A =01 G ay3|; B = [by|;
Qa3; A3z Azg b3,
Am=eATs; Bm= [" e Bdr 9)
Substituting (9) in (8) yields:
X(k+1) = AT X(k) + [, eA%. B d7 V(K). (10)
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Fig.6. Equivalent circuit of CLC filter.

Now for small sampling time Ts the current change between two adjacent points is negligible, so lo(k-1)= lo(k)
and (8) can be expressed as:

lo(k) = lin(k — 1) = —[Vc(k) = Ve(k — 1)] (11)

The obtained transfer function between the load current and the inverter current is expressed in (12):

__ To(k-1) _i[Vc(k)—Vc(k—l)]
G(s) = lin(k-1) Ts  Iin(k-1) (12)

The capacitor value and charging states for two adjacent points corresponding to the sample time Ts dictate the
behavior of this function.

Since the battery storage system plays important role in energy conversion process mainly in isolated generation
system and micro-grids [15], [16] the relationship between the load current and battery current is going to be
investigated at various filters’ configurations.

The balanced inverter current is(ot) can be composed [17] in two components, DC current component which
comes from the battery Igq., and high frequency component that depends on the commutation frequency Ai(t),
which is bypassed through the dc-link capacitor, thus the inverter current can be expressed as:

is(at) = Igq + Ai(at) (13)
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Fig.7. Lab VIEW platform for SCI inverter.

In order to define the value of Igy and to estimate the ripples of the inverter current, there is a need to
decompose the obtained three phase current in Fourier series using FFT technique [18] yield the following
spectrum of current harmonics:
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iy(wt) = 25, Im,, sin(n. wt — n)'

(1
{I ip(wt) = 25, Im, sin (n wt—=—-180 ) 1)
|

i.(wt) = Xy Imy, sin (n. wt + T - Qn);
n=2v+1.

Where Im, is the magnltude of n-ti harmonic, and 0, is the phase angle of the same harmonic.
Assuming lossless inverter switches and input / output energy balance, the dc input current can be averaged over
one period as follows:

3 [ee)
Ipac =5 Ma. Z(Imn-cos 0,)%; n=2.v+1
v=0
Vmq

Ma = E (15)

Where Ma is the modulation index, Vm; is the magnitude of fundamental output phase voltage, Vdc is the
battery voltage (Vdc=Vg). For pure sinusoidal harmonic when n=1 according to [17], (16) becomes:

Igac = SMa. Im,.cos6, (16)

The input current of each phase can be calculated from switching states (1) and corresponding output current.
Consequently, the total inverter input current can be expressed as a sum of three phase current as follow:

is(wt) = Sa.iz(wt) + Sb.i,(wt) + Sc.i.(wt) 7)

The current ripples Ai(t) for the complete harmonic spectrum can be expressed by combining (16) and (17)
yields:

Ai(at) = is(at) — 2 Ma. [Ty o(my,. cos 6,)? (18)
These current ripples generate voltage ripples that can be eliminated by proper choice of dc-link capacitor and
PWM control strategy, and not scope of this research. In order to investigate the current stress on the battery at
various filters’ configurations load current to battery current should be determined using the following
expression:
loq

CRI = 22BMS _

IBRMS

;n=2v+1 (19)
52 0lon?

where Igrys IS the root mean square of the total battery current that is required to cover fundamental load current
lo; and corresponding high order harmonics. These harmonics cause fast battery discharging, excess of heat; and
battery life time reduction. The following section simulates the current behaviors at various filters’
configuration.

1lI. SIMULATION RESULTS

The simulation model is built in LabVIEW platform integrated with Multisim platform [19] for various
filters’ configurations C, CLC & LCL filter which is combination of LC and CL filter. The output voltage,
current, effective load power, efficiency, battery current, total harmonic distortion and load to battery current
ration are going to be simulated for various filter’s capacitance and inductance.

Fig.7 shows the complete LabVIEW program that calls another Multisim program with different filter’s
configuration, where Fig.8 shows three-phase current source inverter with C-filter.
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Fig.8. Multisim circuit for SCI inverter and C-filter.
Table | states the values of electrical elements involved in simulation process, while the values of dc-
link capacitor and input inductance affect the load and battery current as illustrated in Fig.9, where their values
are selected based on optimization procedure for obtaining maximum load current at minimum battery current.

Vout

Vi

Re iviv

10

TABLE I: CIRCUIT SPECIFICATIONS

Power | V=36V L1=45mH
elements | Ra=10 Q C1= 140pF
C-filter Cy=200uF R1=0.1 Q
LCL Cn=200uF R;=0.1 Q
filter* Ly=5uH Lyp=10mH
CLC filter| Cy=200uF R;=0.1 Q
Cp=200uF Lf;=10mH

*-Neglect the values of inductors’ resistances Ry and Ry,.
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Fig.9. Currents and their ratios versus L1.
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Having obtained the optimized values of L1=45mH and C1=140uF and fixing them in further studies, the main
parameters are clustered according to the investigated parameters as follow:

Output voltage: the obtained output voltages for various filters are displayed on Fig.10
Three-phase current: the obtained three-phase currents are displayed on Fig.11.
Battery current; the obtained battery and phase currents are displayed on Fig.12.
Battery power: the delivered battery powers are displayed on Fig.13.
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Fig.13. Battery DC power for various filters’ configurations

From these figures it is clearly shown that LCL has less battery consumption, which in turns cause
further thermal stress. For detailed comparison, load current, battery current and battery power are going to be

investigated for various filter’s capacitance and inductance

V.

COMPARISON ANALYSIS

After a brief review of the relationships between these parameters over time, it is now the role of
assessing the effect of filter’s capacitance on these parameters at various filter’s configuration as follows

Engineering Journal

Www.iajer.com

Page | 9



A Comparative Analysis Between Various Filters for Three Phase Current Source Inverter

> Fig.14(a) shows the load current at various capacitance where it is shown that CLC filter has dominant

values comparing with others causing further increase in the load current with 8.7% at Cy=120uF comparing
with C-filter.

: TFilter
Load current per phase | .
| g (1 filer

| = epem CLC filter

lowut, A

0 50 100 150 200 50 300 350
Ci1, pF

a) Loadcument.

| e C-Filter |
Battery current | e LL filkier |
5 [ == QL filter]
ﬂ‘dﬁl- --I:l---l'-i"-'.-;‘:
4 rm—t L
e - = —

0 50 100 150 200 150 300 350
Cf1, pF

by Battery currert
Fig.14. Battery and load current vesus filters capacitance for various filters.

> Fig.14(b) shows the battery current for the same conditions as mentioned in previous paragraph,
where CLC filter displays better performances with respect to battery current resulting in drop by 8.1%
comparing with C-filter and by 22% comparing with CLC filter.

> Fig.15 shows the ration between load current and battery current according to (20) with results stated
in Table I1, where the current ratio difference ACRI varies as the capacitor value changes. It is stated that for Cy
> 40uF CLC filter has dominant role with better CRI.
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TABLE Il: LoAD TO BATTERY CURRENT RATION

Cfl,uF C- LCL CLC ACRI LCL

Filter | filter | filter % vs C
2 086 | 0.76 | 0.66 | 11.62 {J
10 069 | 0.60 | 055 | 12.55 {
40 050 | 050 | 0.44 | -1.90 i)
80 0.45 | 050 | 0.40 | -11.28 i)
120 | 0.45 | 053 | 0.39 | -19.15 i)
160 0.43 0.49 0.38 | -12.04 T
200 0.39 0.47 0.35 | -20.85 T
240 0.41 0.45 0.36 -9.98 T
280 0.39 0.44 0.35 | -10.79 T
320 0.34 0.42 0.35 | -21.27 T

> Fig.16 (a) shows the battery power delivered to the load for various filter’s configuration, where it is

shown the delivered power at Cf;=120uF is reduced by 8.1% comparing with C filter and by 25% comparing
with CLC filter.

= g [ -Filter

Battery power g | (1 filter

18D - ugw= CLC filter

PB, Watt

0 50 100 150 m 0 300 350
£, uF
a) Battery power.
> Fig.16 (b) shows the rate of power oscillation for various filters as stated in (20):
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Fig.16. Battery power oscillations for filters capacitance for various filters.

JPBrMs*—PBpc?
API% = Y————— %100 (20)

PBpc

Where PBrys presents the total delivered power combining the load power and power required to cover
the harmonics in form of power oscillations causes excess of heat and battery stress, while PBpc presents the
drawn DC power in case of ripple free circuit, where the delivered power is directed to cover the load power.

The difference between these two components presents the power loss and additional heat. From Fig. 16(b) it is
shown that LCL filter has less battery power delivered during the capacitance range of Cf;= (115-160) uF with
API ranging between 23% and 16%. Further increase in capacitance value causes decrease in API% as well
causing high battery current to flow.

> Fig.17 shows the battery and load current for CLC filter, where it is shown that at C»= (110-120) uF
the load current is stabilized at minimum battery current. This mean that further increase of the capacitor value
causes only further increase in the battery current resulting an additional stress without significant effect on the
load current.
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Fig.17. Battery & load current of LCL filter .
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V. CONCLUSION & FUTURE WORK

Three phase current source inverter with various filter’s configuration of C, LCL and CLC filters are
studied, where mathematical model is derived using state-small variables in order to determine the load, inverter
phase and battery current.
Then load to battery current ration CRI is derived in order to study the rate of that ratio for various filter’s
configuration aiming at finding the maximum ration at minimum drawn battery current. In order to determine
the rate of battery discharging in form of excess of power needed to cover certain load power a rate of battery
power oscillation expression is derived.
Taking into consideration the mentioned procedure, load voltage, load current, battery current, load to battery
current ration, and power oscillation performances are studied for different values of capacitor filter Cy where
the CLC filter displayed better performances comparing with other in form of:
- An increase of 8.7% in the load current at the same battery current;
- At the same load current CLC filter results a drop in drawn battery current with 8.1% comparing with
C filter and 22% comparing with CLC filter;
- LCL filter causes better utilization with respect to load to battery current ratio when the capacitance
exceeds 40uF;
- The power oscillations reduce by 8.1 % comparing with C filter and 25% comparing with CLC filter
which is good indicator for less thermal stress and long discharging time at given load. These values occur when
Cs, ranging between 110uF and 160 pF, where the load current is stabilized at 110uF.

In order to increase CRI to be close to unity, there is a need of realizing feedback control unit based on (13) that
realizes effective regulation of inverter current which in turn affects the battery current causing further increase
in CRI. This issue could be a task for future work.
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