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New Soft-Switching Current Source Inverter for a
Photovoltaic Power System

Byung-Moon Han*, Hee-Jung Kim* and Seung-Taek Baek*

Abstract - This paper proposes a soft-switching current source inverter for a photovoltaic power sys-
tem. The proposed inverter has an H-type switched-capacitor module composed of two semiconductor
switches, two diodes, and an LC resonant circuit. The operation of the proposed system was analyzed
by a theoretical approach with equivalent circuits and was verified by computer simulations with
SPICE and experimental implementation with a hardware prototype. The proposed system could be ef-
fectively applied for the power converter of photcvoltaic power system interconnected with the AC

power system.

Keywords: soft-switching CSI(current source inverter), photovoltaic system, PWM (pulse width
modulation), IGBT (insulated-gate bipolar transistor). SPICE (simulation program with integrated cir-

cuit emphasis)

1. Introduction

The photovoltaic power system has been regarded the
most promising of all future alternative energy sources.
However, cost is still a key issue. One method to reduce the
cost is to increase the efficiency of the power converter,
because it is indispensable for interfacing the photovoltaic
cells with the commercial power system and load.

Many studies have been conducted to develop a high-
performance power converter for the photovoltaic power
system!"l. Voltage source inverter has been normally used
as a power converter for the photovoltaic power system,
although the photovoltaic cell has characteristics of both
the voltage source and current source!’. Mainly because
the voltage source inverter has higher efficiency than the
current source inverter, due to the low dissipative losses in
the DC link capacitor compared with the resistive and core
losses in the DC link reactor. Lately, many researchers pro-
posed have a soft-switching power converter to improve
the efficiency of current source inverter'™*,

In this paper, a new current source inverter with a soft-
switching scheme is introduced for the photovoltaic power
system. The basic idea is that the power converter using a
soft-switching current source inverter could have a higher
efficiency than the power converter using a hard-switching
voltage source inverter®!. The system is composed of a
single-phase current source inverter with an H-type soft-
switching module. The operation of the proposed system

* The authors are with the Dept. of Electrical Engineering. Myongji Uni-
versity. Yongin 449-728, Korea(Dr. Han can be reached at eri-
can@mju.ac.kr.)

Received February 14, 2002; Accepted December 14. 2002

was analyzed in detail through theoretical approaches with
equivalent circuit and computer simulations with SPICE. A
scaled prototype was built and tested for verifying the fea-
sibility of hardware implementation.

2. System concept

A current source inverter applied to the photovoltaic
power system provides the following advantages:

» Utilization of the current limiting characteristic of the
photovoltaic cell for safe operation, due to the low
short circuit current of 1.1 ~1.3 times the nominal
current.

* No concern regarding the inrush current due to the
short circuit of load and the short circuit of inverter
due to the fault.

 No requirement that the inverter output voltage higher
than the power system voltage for interconnection.

Load

Solar Commercial
Cell Soft-switching AC System
Current Source Iverter

Fig. 1 Concept for photovoltaic application
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The whole system concept for the proposed photovoltaic
power system is shown in Fig. 1. The major component of
the system is the soft-switching current source inverter,
which interfaces the solar cell output with the commercial
AC load and power system.

3. Current source inverter
The proposed soft-switching current source inverter has

a single-phase current source inverter with a commutation
circuit in the DC side as shown in Fig. 2.

Fig. 2 Proposed current source inverter

The single-phase full bridge inverter consists of four
IGBTs connected in series with four fast recovery diodes
(S\/D, ~S4/Dy). The soft-switching module consists of in-
ductor L, and capacitor C,, IGBT S,, and S, and fast-
recovery diode D,; and D,,. However, the power ratings of
these IGBTs and diodes are much smaller than those in the
full bridge.

The commutation process of the proposed system is di-
vided into six operation modes. Fig. 3 shows waveforms of
inductor current i, capacitor voltage vc, voltage across
main switches S; and S;, and voltage across auxiliary
switches S, and S, in the commutation circuit. Fig. 4
shows equivalent circuits for six operation modes. Each
operation mode was explained in detail using a step by step
approach.
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Fig. 3 Commutation operation diagram

Mode 0 — Initial state mode
The main current is assumed to be flowing through in-
verter switches S, and S, and the resonant current is zero.

The capacitor C, was already charged by —kV , where k is

an initial charge factor equal to about 1.3 and ¥V is the

nm

peak AC voltage.

Mode 1 — Current build-up mode

Commutation switches S;; and S,, turn on in a zero cur-
rent state. The resonant current i, starts to conduct and in-
creases up to nominal reactor current ly.. At the end of this
mode, switches S;and S; are in zero current mode. They
are turned off by gate signals. The resonant current and ca-
pacitor voltage can be expressed as the following equation,
where V7 is the AC terminal voltage at this mode.
Initial condition: i, =0, v. =—kV,

i =ZL(ka +V,)sinw, (t 1, M
v =V, —(kV, +V,)cosw, (—1,) 2)
where 7 _ L,’ w. = |
r Cr r {LrCr

The duration of Mode 1 can be calculated as

Z, 1,
AP R (VP ®
w, kv, +V,

The voltage across the resonant capacitor at t = t; is ob-
tained by

v('(tl) = Vm - J(kan + VT )2 - (Zrldc )Z (4)

Mode 2 — Capacitor discharge mode

The DC current flows through the DC reactor, and the
resonant current flows through S;,, C, S, until the resonant
capacitor C, discharges fully. The resonant current can be
expressed as

1 '
Ve = S ["idt + v (1))
4 Cr .[rl (5)

:%(t_tl)"'v('(t[)

r

where j =1,
The duration of Mode 2 is obtained by
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-C,
to—t =—v (1)
de

AT ECTR S O

Iy

where v (£,)=0

The time elapsed for reverse voltage across the switch
can be derived from equation (6)

L -L(V/‘ _V<'(t1))
==, Y - (2.1, ) ™

Mode 3 — Free-wheeling mode

The cell current flows through two paths of S;, - D, and
D;1 - Si2 with free-wheeling action. The voltage across the
resonant capacitor becomes zero, while the reactor current
is maintained.

i=1,,v.=0 (8)

The time elapsed during this mode is negligible. Therefore,
it is assumed almost zero.

6,—1.=0 9)

Mode 4 — Capacitor charging mode

Switches S, and S, in soft-switching mode turn off in a
zero voltage state. The cell current flows through D, C,,
and D,,. The capacitor C, is slowly charged, and its voltage
is expressed as

I/
=1, v :—C‘f“ -t) (10)

The time elapsed during this mode is calculated by the
following equation.

where v .(¢,)=—kV,,

Mode 5 — Current transition mode
At the end of Mode 4, the capacitor voltage is charged

by —kV . Inverter switches S; and S, turn on in a zero cur-

rent state. The commutation circuit is blocked from the
main circuit.

Initial condition: i =~/,, v.=—kV

de? n

i
i =—?(ka —V)sina, (1 —-1,) + 1, cosm, (f —1,) (12)

"

v =V, +(kV, —V])cosw,(t —1,) + Z.1 , sinw,(t —1,) (13)

d

where V'1 is the AC terminal voltage at this mode.
The duration of this current transition mode can be de-
rived as

Z. 1,
-ty = tan| Zele (14)
@ kv, -V,

v m

where j (£,)=0

Total commutation time can be derived by adding equa-
tions (3), (6), (9), and (11).

@, kv, -V, I,
ﬂgle (Vmﬁv(ka_FVm)z_(Zrld )2) (15)
de

—
—
—

T\

;
Idc '\\
~

(b) Mode 1
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Fig. 4 Operation mode of the proposed inverter

The design of the commutation circuit can be imple-
mented considering the detail operation mechanism of each
mode. The value of the charge factor k for proper commu-

tation can be determined by the following equation.

k14 e (16)
Z

m

where Vo

Y

The value of C, should be determined by considering the
maximum dv/dt and di/dt of the switching elements and the
maximum resonant commutation time.

The switching pattern to determine the turn-on and turn-
off instance of the switching element affects the harmonic
level of the output current. Generally, this can be reduced,
by increasing the number of pulses within a half period of
the power frequency. However, the maximum number of
pulses is determined by the switching speed of the switch-
ing element and the resonant frequency of commutation
circuit.

In this study, a special switching pattern was adopted.
The switches in the upper part, S1 and S3, operate in
square wave mode, while the switches in lower part, S2
and S4, operate in PWM mode. The PWM pulses are gen-
erated by comparing the reference sinusoidal wave with the
saw-toothed carrier wave as shown in Fig. 5. The gate
pulses for switch S4 are applied by inverting the pulses to
switch S2. The pulses for switch S2 are generated when the
reference signal is higher than the saw-toothed carrier for
one half period, while the pulses for switch S4 are gener-
ated when the reference signal is higher than the saw-
toothed carrier for another half period.

Logic Circuit
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-

To the Gate Drive
Circuit of Sq and S3

Logic Circuit T

To the Gate Drive
Circuit of S2 and Sy

VVcar

Sawtooth Wave >—
Comparator
Vref

/NN

Reference Sine Wave

Fig. § Gate pulse generation

4. Simulation

Computer simulation with SPICE have verified the fea-
sibility of the proposed soft-switching current-source in-
verter. The power network used in simulation is exactly the
same as that shown in Fig. 3. The circuit parameters used
in the simulation are shown in Table 1.
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Table 1 Simulation parameters

Source Voltage 150V
AC Filter L¢, Cy 5mH, 20uF
Resonant Reactor L, 18uH
Resonant Capacitor C, 0.15uF
DC Reactor L, 500mH

Fig. 6 shows the simulation results. Fig. 6a shows the
voltage and current waveforms, which explain the commu-
tation operation. The upper two waveforms show the volt-
age across switches S1 and S3. The third one shows the
resonant pulses for Srl and Sr2. The fourth and fifth wave-
forms show the resonant current and voltage in capacitor.
Fig 6b shows the square pulses for switch SI and S3 and
PWM pulses for switch S2 and S4. Fig. 6¢ shows the snap-
shot diagram for the turn-on instance of the main switches.
It is clear that the switch turns on in a zero-current state.
Fig. 6d shows the voltage and current variations of
switch §,; in the commutation circuit. It is clear that this
switch operates in a soft-switching scheme, too. Fig. 6e
shows the voltage and current waveforms in the output
terminal of the proposed inverter. Although it contains
some harmonics, the output voltage waveform has an enve-
lope of sinusoidal waveform.
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Fig. 6 EMTP simulation results

5. Experimental results

A scaled prototype was built and tested to confirm the
feasibility of actual system implementation. Fig. 7 shows
the circuit diagram of the scaled prototype, which has a
120V/2kVA rating. The power circuit is composed of six
IGBTs and six fast-recovery diodes. A 80C196KC 16-bit
microprocessor was used as a main controller for the whole
system. The bus voltage of phase A was detected, and the
obtained signal was sent to the zero-crossing detector for
synchronizing the inverter output voltage with the AC sys-
tem. The pulses for commutation switches are generated by
detecting the falling-edge of pulses for main switches and
by using EPLD ipL.S11032.
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Fig. 7 Hardware configuration of scaled prototype
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Table 2 PV module parameter ‘ il Bl |
Model name M65(SIEMENS) N 3
Max. output power 43 [Wp] e [ g \ i current
Open circuit voltage (Voc) 18.0 [V] v venRee \1 1
Short circuit current (Isc) 3.32 [A] ™
Voltage at load 14.6 [V]
Amperage at load 2.95 [A] j
Eight photovoltaic modules are connected in series to L ‘ ‘ —
obtain the operation voltage in the experimental work. The (¢) Turn-on transition of switch S,
ratings of the photovoltaic cell are shown in Table 2. I 1 - )
Fig. 8 shows the experimental results with the prototype 109 ] -

explained above. Fig. 8a shows the voltage and current 1 - - current St
waveforms in the commutation operation, which is very b ’ Man / l
close to the simulation results. Fig. 8b shows two sets of ]/ l(

pulses generated for switch S1 and S3 and the PWM gate
pulses generated for switch S2 and S4. Fig. 8c shows the
snap-shot diagram for the turn on instance of the main 1 )
switch, which is a very similar shape to that in simulation. , 1
Fig. 8d shows the voltage and current variations of the -
switch in the commutation circuit. It is clear that this (d) Turn-on and turn-off transition of S,
switch operates in a soft-switching scheme as verified in g F" 1 7
simulation. Fig. 8¢ shows the output voltage and current ‘
waveforms of the proposed soft-switching inverter. Al- vonag(\;_
though it has some high-frequency harmonics, the output o i

. - 18.0 A
voltage has an envelope of sinusoidal wave.
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Fig. 8 Prototype experimental results
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(a) Commutation waveforms This paper proposes a soft-switching current source in-
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verter with an H-type commutation module and analyzes
its operation in detail. For theoretical analysis, an equiva-
lent circuit for each operation mode was derived and com-
puter simulations with SPICE were performed to confirm
the system operation. A scaled prototype was built and
tested to investigate the feasibility of actual system imple-
mentation.

Both simulation and experimental results confirm that
the proposed system has very low switching stress through
a soft-switching scheme. The low switching stress can re-
duce the switching loss and extend the device lifetime. The
proposed soft-switching current source inverter can be used
for a solar power system.
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