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Abstract In the renewable energy power generation
system, voltage source inverters (VSIs) are commonly used
due to its stable operation, high efficiency and low cost.
However, a dc-dc boost converter is necessary for VSI to
operate which has increased the system complexity. Thus,
current source inverters (CSls) has become an alternative
of VSl due to its ability of voltage boosting and can provide
a better output waveform. This paper presents a
comparative evaluation of VSI and CSI focusing on
topological circuits and basic operational parameters of
these inverters. The performances of VSI and CSI are
analyzed in MATLAB/Simulink focusing on two
operational characteristics which are modulation index, m,
and switching frequency, f,. The performances of VSI and
CSl are dependent on the modulation index, increasing m,
increase the inverter efficiency. In term of switching
frequency, it does not affect much on the efficiency of
inverters, yet a normalized switching frequency of odd
multiple of three provides better fundamental output and
harmonic minimization. Furthermore, CSI presents its
voltage boosting capability which can boost 6-27% within
m, of 0.05-1.0 and using the same modulation technique,
VSI and CSI have present duality relationship in term of
output voltage and current wave shapes.

Keywords Voltage Source Inverter, Current Source
Inverter, PWM, Inverter Duality, Modulation Technique,
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1. Introduction

In recent year, renewable energy source is rising due to
increasing concern on environment pollutions and potential
scarcity of fossil fuels. Thus, renewable energy has become
a growing concern in power generation and distribution
system since it is clean and friendly to environment.

In renewable energy power generation and distribution
system, an inverter plays an important role to convert the
dc input to ac output with a fixed magnitude and frequency
[1]. Inverter can be classified as voltage source inverter
(VSI) and current source inverter (CSI) based on their input
source. Recently, VSI is most commonly used due to its
operation stability, ease of control, high efficiency and low
cost [2-4]. However, VSI always required a dc-dc boost
converter for boosting and regulating its input voltage [3,4].
This increase the circuit complexity and power losses for
overall system. As for CSl, it has advantages features such
as provide better output voltage and current waveform
quality compared to VSI [2]. Furthermore, CSI can implicit
voltage boosting capability through its dc-link inductor
which acts same function as a dc-dc boost converter
[2,3,11]. This feature has led CSI to become an alternative
of VSI with a dc-dc boost converter.

Since both inverters have their own advantages and
disadvantages, comparative analysis seems to be important
in order to select suitable topology for the required
application. There are several comparative analyses has
been investigated in term of power losses and system
efficiency [2,5-7]. In [5], a VSI and a CSI with an
intermediate step-down converter are implemented to a
low-power induction motor which its power is below 1kW.
Both inverters are compared in term of motor efficiency,
insulation stress and common voltage. The result shows
that CSI can provide a less distortion motor output voltage
and current, has a satisfied performance for insulation
stress and common voltage. From overall result, the
efficiency of CSI is comparable to that of VSI for a
low-power induction motor. For medium voltage
application [6], three types of inverters which are CSI with
active front-end, CSI with 18-p thyristor rectifier and VSI
with 12-p diode rectifier are compared based on conduction
losses, switching losses and system efficiency. The result
in [6] shows that both CSls have a lower efficiency
compared to VSI due to higher conduction losses in
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snubber and dc-link inductor. For high power application,
[7] presents a comparative analysis of several types of VVSIs
and CSls. In [7], the result shows that the efficiency of
VSlIs and CSls are competitive for nonregenerative low
dynamic applications while in regenerative application,
VSlIs can achieves higher efficiency than CSls. In addition,
a load-commutated CSI is preferred for very high power
applications due to its high reliability and efficiency [7].

Furthermore, the comparative analyses from low to high
switching frequency applications also establish in [2],
which state VSI has lower total semiconductor power
losses at low switching frequency while CSI has lower total
semiconductor power losses at high switching frequency.
From these previous researches, they indicate that the
selection of inverter topology should be always based on
the industrial requirement.

Although VSI and CSI have different features, they also
present a duality relationship. In [8], the authors present the
duality of VSI and CSI output equivalent circuits through
mathematical theory and calculation. In addition, due to the
duality relationship of VSI and CSlI, the same modulation
techniques can be implemented into both inverters [8].

The modulation technique is one of the important
criteria that affect the efficiency of inverters. One of the
most common modulation techniques is the sinusoidal
pulse width modulation (SPWM) technique. This
modulation technique provides an adjustable output
voltage or current and acts as a harmonic elimination
[9-13]. This paper presents a comparative evaluation of
VSI and CSI based on the operational characteristics of
modulation index, m, and switching frequency, f,,. The
open-loop performance of both inverters is investigated in

term of fundamental and THD in

MATLAB/Simulink.

output

2. System Configuration

The basic topologies of VSI and CSI are shown in figure
1. VSI consists of six switches (IGBTs) which can be
turned on and off to produce a pulse-width modulation
(PWM) voltage signal for regulating system switching
frequency and output fundamental frequency. An
uncontrolled diode is connected in anti-parallel with each
switch to provide a current path for inductive loads [1]. A
dc-link capacitor is connected parallel to dc input voltage
source. This dc-link capacitor functions as filtering dc
input, regulating dc-link voltage ripple and provide energy
storage for the system [2—4]. A simple LC filter is used for
VS| for harmonic elimination.

Meanwhile in CSlI, there are six switches which each
connected with an uncontrolled diode in series. These
diode functions as reverse current voltage blockage for the
IGBTSs. For CSlI, its passive component in dc-link side is a
dc-link inductor. This dc-link inductor implicit voltage
boosting characteristics which same function as a dc-dc
boost converter [2,3]. A simple CL filter is used for CSI
for harmonic elimination.

Sinusoidal pulse width modulation (SPWM) is the
common modulation technique for both VSI and CSI.
SPWM for CSI can be extended from SPWM VSI, yet it
needs an additional gating pattern generator to convert the
gating pattern develop for VSI to the gating pattern that
can be used by CSI [1,11].
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Figure 1. Basic topologies of (a) voltage source inverter (b) current source inverter.

2.1. Power Circuit Designation

(a) Voltage source inverter

For an ideal SPWM VSI with modulation index, m, is 1,
the dc voltage magnitude is expressed as (1) [1]:

Ve = ZVQJ, peak @

From (1), a theoretical minimum dc input voltage of
651V is needed to achieve Malaysia’s grid voltage which
is 230V, Accounting for the switching device losses
and system power losses, 700V dc input voltage is
selected as dc input voltage.

(b) Current source inverter

For an ideal SPWM CSI with modulation index, m, is 1,
the DC current magnitude is expressed as (2) [1]:

2
Idc =ﬁ|®,peak

Since the system output rated power is 2kW with a grid
voltage of 230V s, a theoretical minimum dc input current
4.099A is needed. Similar to the VSI, CSI also has

O]

switching and system losses, thus 5A dc input current is
selected.

2.2. Modulation Index, m,

Modulation index is defined as the ratio of amplitudes of
reference and carrier signals shown as (3) [9].
V, V,

ma — m, reference _ m,sine (3)
V V

m,carrier

m,tri

By using SPWM modulation techniques, the output of
VSI and CSI are dependent on m,. For VSI, the amplitude
of the phase voltage and line-to-line voltage are according
to (4) and (5) [1]:

V
V@,peak =My (%); 1< m, 4)

Vv
VL—L,peak = ma\/é(%j, 0<m, <1 (5)

Next, for CSI, the amplitude of phase current is
according to (6) [1]:
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|
Ig,peak = IL—L,peak = ma\/é(%) 0<m, <1 )

2.3. Switching Frequency, fqy

Frequency modulation ratio, my is defined as the ratio of
the frequencies of carrier and reference signals shown as (7)
[9]:

— fcarrier

f

= h (7

my
fsine

reference

There are some high harmonics with high magnitude
always exist and around the m;. Based on (7), switching
frequency increase will increase my, thus increasing the
frequency at which the harmonics occur. In [9], it states
that a normalized switching frequency should be an odd
multiple of three so that the ac line voltage output does not
contain any harmonic at the frequency of odd multiple of
three.

Table 1. SPWM VSI and CSI system parameters

o VSl Csl
Characteristics
Test | Test 11 Test | Test 11
DC link 700V 700V
voltage, Vg
DC link 5A 5A
current, lgc
CrayoNee: 230V 230V 230V 230V
grid
Rated power, 2kW 2kW 2kw 2kw
Prated
Fundamental 50Hz 50Hz 50Hz 50Hz
frequency, f,
Modulation 0.05-1.0 0.9 0.05-1.0 0.8
index, my
SWItChing  oupi;  500H-10kHz ~ 2kHz  500-10kHz
frequency, fq,
Load, R 100Q 100Q 100Q 100Q

3. Comparison Analysis of VSI and CSI

The parameters used for VSI and CSI in this
comparative analysis are shown in table 1. The
performance of both inverters is determined in term of
fundamental output and total harmonic distortion (THD).

3.1. Test I: Modulation Index, m,

Test | is conducted to identify an optimum modulation
index to be used in the proceeding analysis with
consideration of good fundamental output value and low
THD. In this test, the modulation index is varied from 0.05
to 1 while the switching frequency is fixed at 2kHz. Figure
2 presents the fundamental output and THD of VSI and
CSI respectively with modulation index, m, varying from
0.05 to 1. Figure 2(a), (b) and (c) present the phase voltage,
phase current and the line-to-line voltage simulation results
respectively. From figure 2 it is found out that the
fundamental output of both inverters is increased directly
proportional to m, while the THD is decreased
exponentially to m,.

CSI has presented an interesting feature of boosting
capability of its dc-link inductor in figure 2. In order to
achieve Malaysia’s grid voltage which is 230V s/400V s,
VSI required to use 0.9 m, while CSI can use 0.8 m,. CSI
can achieve a higher fundamental output by using lower m,
compared to VSI. Table 2 shows the boosting capability of
CSI compared to VSI. CSI able to boost its fundamental
output to about 6%-27% within the modulation index range
of 0.05 to 1. This indicates that a dc-dc boost converter is
unnecessary for CSI, thus the complexity of CSI power
system is simpler.

Furthermore, the THD result of VVSI and CSI shows that
both inverters have approximately the same THD under
same modulation index by using a fixed 2kHz switching
frequency. It indicates that THD of both inverters is not
much affected by the modulation index.
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Figure 2. Fundamental voltage and THD for SPWM VSl and CSI under varying m, (a) phase voltage (b) phase current (c) line-to-line voltage.
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Table 2. Boosting capability of SPWM CSI

Vg, peak (V)
ma
VSI Csl Boost capability (%)
0.05 21.0 22.33 6.587
0.10 35.0 43.42 24.199
0.20 68.6 87.40 27.424
0.30 107.9 128.60 19.184
0.40 139.7 172.50 23.479
0.50 174.9 219.90 25.729
0.60 209.2 257.90 23.279
0.70 246.9 301.70 22.195
0.80 279.6 343.80 22.961
0.90 315.1 386.90 22.786
1.00 351.0 430.20 22.564
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Figure 3. Fundamental voltage and THD of line-to-line voltage for SPWM VSI and CSI under varying fgy

3.2. Test I1: Switching frequency, fy,

Test 11 is a varying switching frequency test by using a
fixed modulation index, which is 0.9 m, for VSI and 0.8 m,
for CSI. Figure 3 has presented the simulation result of VSI
and CSI under varying switching frequency by using a
group of common switching frequency and a group of odd
multiple of three switching frequency. The phase voltage
and phase current have the same trending with the
line-to-line voltage.

In figure 3, it indicates that the increase of switching
frequency does not have much effect on fundamental
output and THD for SPWM VSI and CSI. From overall
result, the line-to-line voltage has a better performance by

using the switching frequency of odd multiple of three
which provides higher fundamental output and lower THD.
Furthermore, CSI always has a higher fundamental output
and THD compared to VSI. This indicates that CSI can
provide better fundamental output, but it always has higher
THD compared to VSI.

Figure 4 presented the line-to-line voltage FFT analysis
of VSI at 720Hz and 3000Hz. CSI line-to-line voltage FFT
analysis also has the same trending. In figure 4, it shows
that there are some high magnitude harmonics exist around
the my. This also proves that equation (7) which states that
when the switching frequency increases, the frequency
modulation, m; increases thus increasing the frequency at
which the harmonics occur.
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Figure 5. Upper switching signal, S; for VSI and CSI by using 720Hz as switching frequency

3.3. Duality of VSI and CSI

Based on Test I, m, = 0.9 for VSI and m, = 0.8 for CSlI
are needed to produce an output approximately to
Malaysia’s grid voltage. A normalized switching
frequency which is 3000Hz is selected since it provides an
optimized fundamental output and THD for VSl and CSl as
shown in figure 3.

Since VSI and CSI both using the SPWM modulation
technique to operate, the switching pattern of upper
switching signal, S; for VSI and CSI are compared in figure
5 by using 720Hz as switching frequency. In figure 5, it
shows that VSI has 30 pulses turned on while CSI has 27
pulses turned on during 2 cycles period. With this
assumption, it can predict that CSI may have a lower
switching loss compared to VSI.

The output waveform of SPWM VSI and CSI using the
selected m, and f, from Test | and Test Il are shown in
figure 6. Some CSI output waveform patterns are identical
with VSI output waveform. In figure, the CSI phase
voltage and current waveform are identical to VSI
line-to-line voltage waveform. Furthermore, the CSI
line-to-line voltage waveform is identical to VSI phase
voltage and current waveform. This established the duality
relationship between VSI and CSI.

However, even some waveform pattern of VSI and CSI
are identical, the output of VSI and CSI are different. In
figure 6, the overall outputs of CSI which from phase
voltage, phase current and line-to-line voltage are higher
than VSI. Furthermore, from THD simulation result which
shows in figure 3, CSI always has a higher THD compared
to VSI.
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Figure 6. Output waveform of VSI (m, = 0.9) and CSI (m, = 0.8) by using 3000Hz as switching frequency: (a) phase voltage (b)phase current (c)

line-to-line voltage

As a summary, VSI and CSI have some duality
relationship in term of circuit design, modulation
techniques used and output waveform pattern. However,
VSl and CSI both have different features in detail which
provide a significant effect on output and advantages.
Thus, a selection of suitable inverter topology is important
in order to fulfil industrial usage.

4. Conclusion

This paper compares the voltage source inverter (VSI)
and current source inverter (CSI) by using sinusoidal pulse
width modulation (SPWM) techniques. A comparative
analysis of VSI and CSI can be concluded as:

e  Both VSI and CSI output efficiency is depending on
the modulation index, m,. The efficiency of both
inverters increases with increasing m,.

e  CSI has implicit voltage boosting ability due to its
dc-link inductor. It can boost up to 6%-27% within
linear modulation index range.

e  Switching frequency, fy, does not influence on the
efficiency of the inverters. However, a normalized

switching frequency should be in an odd multiple of
three.

e  CSI can provide better performance on fundamental
output, but it has higher THD compared to VSI.

e By using the same modulation techniques, the output
waveform of VSI and CSI show a duality relationship
between the inverters.
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