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Operational Analysis of Improved ['-Z-Source
Inverter With Clamping Diode and Its
Comparative Evaluation

Zeeshan Aleem

Abstract—Due to a substantial shortage of conventional
energy sources, the utilization of renewable energy is gain-
ing attention. Power converters form interfaces to provide
power from renewable energy sources to end user systems.
Impedance-source inverters (ZSls) have become a research
hotspot and are widely used to overcome the drawbacks of
conventional voltage-source inverters and current-source
inverters such as two-stage power conversion and less im-
munity to electromagnetic interference noises. This paper
presents various transformer-based ZSIs mainly classified
as trans-ZSls, improved trans-ZSls, inductor-capacitor-
capacitor transformer ZSl, TZSls, and their comparisons
with a new family of ZSls called I'-Z-source inverters (I'ZSI).
Full operational analysis of an improved I'ZS| with the
clamping diode D, and its benefits over the conventional
T'ZSI are also discussed. The improved I'ZSI utilizes a
higher modulation index and consequently a lower duty cy-
cle to achieve same gain, thus reducing the switch voltage
stress and providing better output quality. Additionally, an
extra diode provides voltage clamping to the dc-link voltage
to limit voltage overshoots. The comparative evaluations of
all the above mentioned ZSlIs are presented in the literature
and to validate the advantages of the improved I'ZSI, simu-
lations, and experimental comparisons are also performed.

Index Terms—DC—-AC power conversion, high voltage
gain, transformers, Z-source inverter (ZSI).

[. INTRODUCTION

RADITIONALLY, there exist two types of power inverters

for dc—ac conversion: voltage-source (VSI) and current-
source (CSI). Despite their huge demand in industrial appli-
cations such as power distribution systems, photovoltaic (PV)
systems, and hybrid electric vehicles, they suffer from some se-
vere limitations that make them less preferable. Specifically, for
VSIs the obtainable output voltage cannot exceed the input dc
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Fig. 1. Classical Z-source inverter.

voltage, while CSIs output voltage is always higher than the in-
put dc voltage. Therefore, power systems that require both step
up/down operations, need an additional dc—dc power converter
resulting in a two-stage power conversion with a higher system
cost, low efficiency, additional circuitry, and complex control
[1]. Moreover, dead time is always required in VSIs to prevent
the short circuit but it causes waveform distortion. While, over-
lap time is the requirement in the CSIs to avoid the open circuit
which can destroy the switching devices.

In order to address these issues, an impedance source inverter
(ZSI) was proposed in 2003 [2], as shown in Fig. 1. It creditably
utilizes the shorting (shoot-through) of the phase legs to boost
the output voltage, and therefore proclaims single-stage power
conversion and has a better output waveform quality due to
the elimination of dead time. Since the first publication of ZSI,
many researchers have focused on developing new Z-source
topologies with improved modulation schemes, boost capabili-
ties, dynamics, and control methods, and have introduced them
in many diversified studies [3]-[32]. In [3], a family of quasi-Z-
source inverters (qZSIs) were introduced, which have benefits
over the ZSIs, such as sharing of common ground, improved
input profiles, and lower component voltage stresses. Despite
these significant benefits and theoretical infinite voltage gains,
all of these qZSIs suffer from one serious drawback, i.e., their
practical boost abilities are restricted due to higher component
stresses and low output power quality, caused by the tradeoff
between the modulation index (M) and the shoot-through duty
cycle (D)

~ Upn 1
M=1-D. 2)

The boost factor (B) of the classical qZSI is given in (1),
which indicates that for a given input voltage the shoot-through
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Fig. 2. PV systems. (a) Two-stage power conversion. (b) Single-stage

power conversion.

duty cycle can vary from O to 0.5 to get the desired output
voltage. However, from (2) it can be inferred that for a sub-
stantial increase in the shoot-through duty ratio it will conse-
quently utilize a lower modulation index, may be as low as half
the maximum value. This will result in poor output waveform
quality as the fundamental component of the ac output voltage
reduces linearly with modulation index and the total harmonic
distortion increases significantly [24]. Moreover, the utilization
of higher shoot-through duty ratio leads to higher component
voltage stresses and the voltage gain tends to decrease radically.

From the above reasons, the qZSIs are not so much effective
in the industrial applications that desire a high step-up inversion
of the input voltage. For instance, in PV generation systems,
the voltage produced by the solar cells is very low. So one
way to increase the input voltage is the serial connection of PV
panels, however, it is not recommended because of the substan-
dard power conversion efficiency and reduced lifetime of the
PV panels [20]. To overcome this problem, modular systems
were proposed as shown in Fig. 2(a), [21]. In these systems,
an independent high step converter followed by conventional
VSI was applied to the PV panel to increase the output voltage.
However, due to the utilization of more switching devices and
two-stage power conversion, the cost and complexity of such a
system increase. In order to replace these two-stage power con-
version systems with single-stage power conversion, (q)ZSIs
are utilized as shown in Fig. 2(b). But the boost factor of these
(q)ZSIs needs to be enhanced in order to meet the desired output
voltage.

Many extensive studies have been performed [4]-[8], [19],
[24], [26] to magnify the boosting capability of (q)ZSIs. Several
new modulation schemes and circuits are proposed to improve
the voltage gains by using a lower shoot-through duty cycle.
For example, a family of extended boost ZSIs (diode assisted
and capacitor assisted) is proposed in [4], which uses a multiple
number of diodes, capacitors, and inductors to enhance the boost
factor, which results in the increment of cost and volume of the
system. Similarly, in [24], switched inductor (SL) ZSI shown in
Fig. 3 is proposed, which replaces the inductors in the impedance
network with the SL cells to improve the voltage gain of the
inverter. Moreover, to achieve a higher boost factor multiple SL

Wi

Fig. 4.

Trans-Z-source inverter.

cells are used, which result in much higher component count.
Despite having higher gains these SL ZSIs suffer from some
severe drawbacks, such as discontinuous input current, high
component count, absence of common ground between input,
and the inverter bridge, and large inrush current at startup.

To overcome these issues, transformer-based ZSIs are pro-
posed [5]-[10] to achieve high voltage gains by keeping the
component count as low as possible. These inverters induce a
coupled inductor in the Z-source network and utilize the turns
ratio of the magnetic component to increase the voltage gain of
the inverters.

Il. INTRODUCTION TO TRANSFORMER-BASED
ZS| TOPOLOGIES

This section reviews the different transformer-based ZSI
topologies presented in literature.

A. Trans-ZSls

Fig. 4 shows the basic structure of a trans-Z-source inverter
[5]. The trans-Z-source inverter induces a coupled inductor in the
impedance network and the voltage of inductor L is reflected to
inductor Lo through magnetic coupling, therefore capacitor Co
can be removed from the impedance network. The boost factor
B (ratio of dc-link vy, to input voltage) of the trans-Z-source
inverter is defined as

v 1
B=*"=_ 3)
Vin (1-(14n)D)
where 7 is the turns ratio of the coupled inductor and can be
adjusted according to the desired output value. But there are
shortcomings associated with trans-ZSIs such as discontinuous
input current and huge resonant current at startup.

Authorized licensed use limited to: Technological University Dublin. Downloaded on January 21,2022 at 17:29:40 UTC from IEEE Xplore. Restrictions apply.
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B. Inductor-Capacitor-Capacitor Transformer (LCCT)-
Impedance-source inverter (ZSl)

Fig. 5 shows an LCCT ZSI [6], which adds one additional
inductor and capacitor to offer some benefits over the trans-Z-
source inverter such as continuous input profiles and reduced
inrush current at startup. However, these benefits are attained
at the expense of more components while retaining the same
voltage gain and other features of trans-ZSI.

C. Improved Trans-ZSI

In [7], improved trans-ZSI was proposed as shown in Fig. 6.
The improved trans-ZSI overcomes the issues of trans-ZSI,
which are discontinuous input current, inrush current at startup,
and unlike LCCT-ZSI, the improved trans-ZSI also provides
higher voltage gain compared to LCCT and trans-ZSI. The boost
factor is as follows:

Upn 1

S R ) v

D. TZSIs

Similarly, in 2013 a new family of TZ-source inverters was
proposed [8], as shown in Fig. 7. These inverters replace the
inductors with the transformers (7 and 75) to achieve a higher
gain than conventional trans-Z-source and improved trans-Z-
source inverters. The boost ability of the TZSI is expressed as

(@

L,
CE 4 4 y

Ly
N
D ; ,7 4 1 4
Vin TC : Vpn 00—
A  —
C1 )Y *

(b)

——00
[

Fig. 8. (a) Conventional I'ZSlI. (b) I'ZSI with LC filter.

follows:

) 1
B=2n 5
Ve (1= @+ +m)D) ©)

where n; is the turns ratio of 7% and n; is the turns ratio of 75.
The voltage gain of the inverter is adjusted by varying the turns
ratio of the transformers. Even with a turns ratio of 1 (n; =
ny = 1) the TZSIs produces higher gain than the trans-ZSIs.
However, there are disadvantages associated with TZSIs such
as absence of common ground between the input and inverter
bridge, utilization of two transformers results in increased size
and cost of the system and discontinuous input current.

Although the inverters discussed earlier are attractive and
have several significant features, the transformer turns ratio
might become too high for obtaining high voltage gain, which
leads to oversized and bulky transformers. They also require
isolation between the windings that cause the leakage induc-
tance to create voltage spikes. Siwakoti et al. [9], Loh er al.
[10], and Banaei et al. [11] propose a new type of ZSIs called
I"-Z-source inverter (I'ZSI) that uses the opposite approach to
boost the output voltage discussed in the next section.

IIl. TZSI AND IMPROVED I'ZSI| WITH CLAMPING DIODE

The I"ZSI, shown in Fig. 8(a), boosts the output voltage by
lowering the turns ratio of the transformer rather than increasing
it. As compared to other transformer based impedance source
topologies, the I'ZSI uses the same or less number of compo-
nents for producing higher voltage gain while utilizing a higher
modulation index and consequently a lower shoot-through duty
ratio. Moreover, the output voltage of the I'ZSI is adjusted by
varying the turns ratio of the magnetic component within a
narrow range of 1<n<2. This leads to lesser winding turns and
confined transformer size to achieve higher gain, which makes it
more preferable in the industrial applications. The boost ability
of the I'ZSI is expressed as

Upn 1

= T arim_nDy ©
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several serious drawbacks. at front ond
1) The input current is discontinuous, thus requiring an ad- Improved

ditional LC filter at the front end of the I'ZSI as shown in
Fig. 8(b) [11], to eliminate the discontinuity of the input
current and protect the energy source.

2) There is huge inrush current at startup and the resulting
voltage and current spikes can damage the devices. It
appears due to large resonant current flowing in to the
input diode, transformer windings, capacitor, and body
diodes of the insulated gate bipolar transistors (IGBTs).

3) The I'ZSI uses the same number of components as of
trans-ZSI, but with a different transformer placement.
This difference in dot polarities of the magnetic compo-
nent causes the capacitor C1 current to bypass, which is
very high. This leads in the increment of current ratings
and cost of the switching devices.

4) The leakage inductance of the transformer is utilized to
minimize the current of capacitor C1, however the leak-
age inductance is in series with the inverter bridge without
any snubber circuit causing large voltage spikes due to
the switching of the winding currents.

This paper presents and analyzes the improved I'ZSI that
enhances upon the conventional I'ZSI to overcome the afore-
mentioned drawbacks. Fig. 9 shows the basic structure of the
improved I"ZSI, which can be derived by rearranging the com-
ponents of Fig. 8(b) and by adding a clamping diode Ds.

The main features of the improved I'ZSI are as follows.

1) The input current is continuous and no additional filter is
required.

2) It provides startup inrush current suppression, unlike the
trans-ZSI, tZSI, and I'ZSI, because no current flows into
the main circuit at startup.

3) In other transformer-based Z-source topologies, the en-
ergy stored in the leakage inductance of the transformer
produces voltage spikes across the inverter bridge, while
in the improved I"ZSI inverter, the clamping diode forms
anew high-frequency loop comprising of Cy — Dy — C'.
As aresult, the dc-link voltage is clamped to (V.1 + V,.2),
thus eliminating the voltage spikes across the inverter
bridge.

4) The improved I'ZSI with clamping diode has higher volt-
age gain than the original I'ZSI and above discussed
topologies such that with same input/output conditions
and same transformer turns ratio, the improved I'ZSI
uses a lower shoot through duty cycle and consequently
a higher modulation index as compared to original I'ZSI,

trans-ZSI [7]

Rearrangment of
components in
LCCT-ZSI

Improved I'ZSI

Rearrangment of
components in ['ZSI
with LC filter with
extra diode

Fig. 10.  Flowchart diagram of derivation of improved I'ZS| from the
original ZSI.

which results in lower component voltage stress and bet-
ter output power quality.
Fig. 10 shows a flowchart diagram of derivation of improved
I'ZST with clamping diode from the original ZSI.

A. Operating Principle of the Improved I" ZSI With
Clamping Diode

Like all the other existing ZSIs, the improved I"ZSI inverter
with clamping diode have one extra shoot-through state besides
the two traditional zero states and six active states. For analytical
purposes, the operating states are simplified as shoot-through
state and nonshoot-through state. The equivalent circuits of the
improved I'ZSI inverter during these operating states are shown
in Fig. 11(a) and (b).

Mode I: In the shoot-through state, all the switches of the same
legs are turned ON and the circuit is equivalent to a short
circuit. During this shoot-through state both the diodes are
“OFF” and the windings 1 and 2 are charged by the capacitor
current C'y .

Mode 2: The nonshoot-through state consists of two zero states
and six active states, in this mode both the diodes are “ON” and
stored energy in the windings are released to the circuit and the
load, thus the capacitors C'; and C5 are charged by it. During
this state, the energy stored in the leakage inductances is
absorbed by C and C5 through diode D- and it is, therefore,
recycled without creating voltage spikes.

B. Boost Ability of the Improved I"ZSI With
Clamping Diode

The boost factor of the inverter is the ratio of dc-link voltage
of the inverter bridge v,, to the input dc voltage. Fig. 11(a)
and (b) shows the simplified equivalent circuits of the improved
I'ZSTinverter with clamping diode during the shoot-through and
non-shoot-through states.

Authorized licensed use limited to: Technological University Dublin. Downloaded on January 21,2022 at 17:29:40 UTC from IEEE Xplore. Restrictions apply.
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(a) Mode 1: Shoot-through state. (b) Mode 2: Active state (nonshoot-
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Fig. 12.  Simplified circuits. (a) Shoot-through state. (b) Nonshoot-
through state.

By applying Kirchhoff’s Voltage Law (KVL) to the circuit in
Fig. 12(a) in shoot through state, we obtain

_‘/(:1 + Vrosh — VUL1sh = 0
Vpish = Vrash — Ver — — — —(i)
vr1
n=— (7

VL2
_‘/in + Vr3sh — ‘/(:2 =0

Vr3.sh = ‘/in + ‘/r:Q - - - *(11)

Similarly, by applying KVL to the circuit in Fig. 12(b), we
obtain
—Ve1 — V5200 + VL1 non + Vpn =0
—Vin — VL3100 + Vr2mon + Ver =0
—Vin + VL2000 + Ve
Vi — — (i)

VL3 non = (8)
VL3 non = Upn — Vin

VUL1mon = —Ve2

NUL2 non = _chQ .

By applying the flux balance condition across L; and Lo, we
have

ULQ,shD = ULQ,non(l - D)

1-D
VL2 sh = *Vc2( D )
" )
ULLShD = ULl,non(l - D)
1-D .
VL1.sh = _%2% - 0 = _(IV)'

By substituting (iv) in (i), we have

VL1.sh = VL2.sh — Vei

)
- CQT - _‘/;:2 nD - ‘/cl (10)
_ o 1=D)(n-1)
Ve = Veo D ————(v).

By applying voltage second condition across L3, yields

(Vin +‘/;2)D = (/ULQJmn — Vi +V2’1) (]- _D)

_ Va(nD) . (11)
Ve=Taopy—izp OV
By substituting (vi) in (v), we have
‘w(l—D —1

n(l—2D)—1+4+D
where n is the turns ratio of the transformer, Vi, is the input
voltage, and DD is the shoot through duty of the improved
T'ZSI with clamping diode.

By (ii) and (iii), we can find the dc-link voltage, v,
of the improved I'ZSI with clamping diode, which is
expressed as

(Vin + %Z)D - (Upn - Vin -
‘/in (n - 1)
(n(1-2D) -1+ D)’

Therefore, the boost factor B of the improved I'ZSI with
clamping diode is given by

Ve2) (1= D)
(13)

Upn =

(n—1)
(n(1—2D) — 1+ D)’

B= (14)

IV. COMPARATIVE EVALUATIONS

To validate the benefits of the improved I'ZSI with clamping
diode, comparisons with the previously proposed topologies
have been made in this section. The plot of boost factor B versus
duty cycle D for the improved I'ZSI, TZSI, I'ZSI, trans-ZSI,
and improved trans-ZSI has been shown in Fig. 13. The turns

Authorized licensed use limited to: Technological University Dublin. Downloaded on January 21,2022 at 17:29:40 UTC from IEEE Xplore. Restrictions apply.
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ratio of the transformers has been set to 1.24 for each of inverter
topologies for the sake of comparisons. From the plot, it can
be inferred that the boosting capacity of the improved I"ZSI
with clamping diode is significantly greater than that of other
topologies with same number of turns.

All of the pulse width modulation schemes, developed for
the ZSTs, which are simple boost control, maximum boost con-
trol, and constant boost control [11]-[13] are applicable to the
improved I'ZSI with clamping diode as well. The simple boost
control scheme has been applied in this study. The relation be-
tween the modulation index and the duty ratio in simple boost
scheme is expressed as

M=1-D. (15)
The output phase peak voltage v, of the ZSIs is defined as
~ MBVin
Uph = 5 (16)

Therefore, from (15) and (16), the voltage gain G can be
expressed in terms of modulation index as

_ o M@®-1)
G(MB) = Vm}/l2  M@2n—1)—n’

a7

Fig. 14 shows the voltage gain versus modulation index graph
for the improved I'ZSI, tZSI, I'ZSI, trans-ZSI, and improved
trans-ZSI. From Fig. 14, it can be observed that with the decre-
ment in modulation index the voltage gain rises. Thus, for

(%]
=

1) Improved fZSI : i
2rzsr ' G)
L3)ZSI- il

...... ;...(4.).

n
=
-

i

J

4) Improved trans-iSI

"5)trans-ZST

=

-
L

-
=

Switch voltage stress, V5,
>

« s 6.7
Voltage Gain, G

Fig. 15.  Plot of voltage stress versus voltage gain with n = 1.24.

the same voltage gain compared with other impedance source
topologies the improved I'ZSI utilizes higher modulation in-
dex and consequently a lower shoot-through duty ratio, which
results in lower stress across the inverter bridge, better output
quality, and overall better spectral performance.

Another main concern associated with the ZSIs is the voltage
stress across the switching devices. The voltage stress across the
inverter bridge is the same as the dc-link voltage for every ZSI
which is expressed as:

Vew = Upn = BVi,. (18)

By using the relation in (18) and (14), the voltage stress of the
improved I"ZSI with clamping diode in terms of voltage gain
can be obtained as

Viw  G2n—1)+1-n
Vin n '

19)

The plot of switch voltage stress versus the voltage gain is
shown in Fig. 15. As discussed earlier, for obtaining the same
voltage gain the improved I'"ZSI with clamping diode utilizes a
higher modulation index with lower shoot through duty cycle
resulting in lower voltage stresses across the switching devices.
Thus, it is clearly shown in the Fig. 15 that for the same gain,
the voltage stress of the improved I'ZSI is the lowest among
the other mentioned impedance source topologies. This makes
improved I'ZSI with clamping diode a good practical candidate
for the industrial applications that requires higher boost abilities
with cost efficient demands.

Table I compares the governing equations for improved I'ZS1
with clamping diode, I'ZSI, TZSI, trans-ZSI, and improved
trans-ZSI. It summarizes all the voltage stresses under the condi-
tions of same input voltage and same shoot-through duty cycle.
In Table I, Sp represents the shoot-through switching function,
which is defined as “1”” when the inverters are in shoot-through
states and as “0” when the inverters are in nonshoot-through
states. In Table I, v, is dc-link voltage of the inverter, V, is
the voltage across the capacitor, Vp is the voltage of the input
diode, D is the shoot-through duty cycle, and r is the turns ratio
of the transformer.

Authorized licensed use limited to: Technological University Dublin. Downloaded on January 21,2022 at 17:29:40 UTC from IEEE Xplore. Restrictions apply.
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TABLE |

Trans-ZSI, Fig. 4 Improved trans-ZSI, Fig. 6

TZSI, Fig. 7

T'ZSI, Fig. 8(a), (b) Improved I'’ZSI With Clamping Diode, Fig. 9

V.

v

; Vo U v = Rl ey ey Vo = SR
¢ Vo = NA Ver = i) Ve =Ver = Ve Voo =NA Ver = st 2l
Vo1 = Sp - (i
Vp Sp (17(”1”%) Sp (%) Sp (%) Sp ‘(n Ymnn) D1 D ((n((::jfl))—)l\:n))
Vpa = 5Sp - (m)
G =MB T T T e T T DTy e
V. SIMULATION AND EXPERIMENTAL RESULTS (A) : t(s)
Saber simulations and experiments are performed to validate o ish
the operation of the improved I'ZSI with clamping diode. In : 0.0 A . d ‘ A, ,4 )1
simulations, all parameters are considered ideal. Simulations =
are performed for both converters to validate the advantages of 200.0. :
the improved I'ZSI with clamping diode over the conventional ) (V) t(s)
I'ZSI. Simple boost modulation scheme is applied. Below are 1.2k 4 5 5 vpn
the detailed electrical specifications: 9000 j-cooyremmssesprrsfrosepeossssspegspseesepos
2) output voltage: 220 V53 3000y
3) coupled inductor: L; = 200 pH, Ly = 130 pH; 0-0'|"' E | =5
4) inductor: Ly = 500 pH; 529m  52.95m  53.0m  53.05m
5) Z-source capacitors: C; = Cy = 100 pF; K(s)
6) modulation index: M = 0.9; @)
7) switching frequency: fs,, = 20 kHz;
8) output ac filter inductors: L, = 850 pH; (A) : t{dBus)
. 400 ;
9) output ac filter capacitors: C, = 100 uF; 0.0 {iin
10) resistive load: R = 20 ()/phase. = ’
For the sake of comparisons and explaining the issues faced 0.0 :
with conventional I'ZSI, simulations are presented for both -20.0 ] ]
conventional I'ZSI and improved I"ZSI with clamping diode. 99.33 99.34 99.35
Fig. 16 shows the waveforms of the conventional I'ZSI with t{dBLs)
shoot through duty 0.1 and modulation index 0.9, the dc-link 9.5k ) HE)
voltage is boosted to 314 V. Fig. 16(a) shows the waveforms of 2-0k _________________ in
dc-link voltage with Ly, = Lixs = 300 nH and shoot-through = '0 o
current. Fig. 16(b) shows the large inrush current at startup and )
the expanded waveforms of discontinuous input current. ety T [ 1
Fig. 17 shows the simulation results of improved I"ZSI with -5.0m 0.0 5.0m  10.0m
clamping diode. Fig. 17(a) shows the waveforms of the im- s)
proved I'ZSI inverter dc-link voltage and shoot through current. ®)
From the results, it can be realized that the voltage spikes caused  Fig 15, Simulation results of the conventional T-ZSI.

by the leakage inductances are minimized with the addition of
the extra diode. Additionally, with the same electrical param-
eters the dc-link voltage of the improved I'ZSI with clamping
diode is boosted to 400 V, which is higher than the original I'ZSI.
Fig. 17(b) shows the suppressed inrush current and expanded in-
put current waveform. As it can be seen from the waveform, the
input current is continuous, thus no additional filter is required
at the front end. Fig. 17(c) shows the waveforms of line-to-line
output voltage, output current and input voltage.

A hardware prototype of improved I'ZSI with clamping diode
is fabricated and experiments are performed to validate its

advantages. Simple boost control signals are generated using
a DSP-kit based on TMS320f28335. All the parameters in ex-
periments are kept same as in simulations. Fig. 18(a) shows
the experimental waveforms of input voltage Vi, line-to-line
output voltage v,;, and output current ¢,. Fig. 18(b) shows the
waveforms across the Z-source network capacitors C; and Cs,
and comply with the derived theoretical (11) and (12). Fig. 19(a)
and (b) shows the waveforms of input current and dc-link volt-
age vy, of the improved I'ZSI, i.e., with D, in Fig. 19(a) and
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(A) - s)
200.0+
L)
< 0.0 vab[350V / div] Vin[SOV /div]
-200.0- _
(V) s) i
800.0+
— 400.01
>
oodl Lo i i [NDA/Hiv]
-200.0-
! ' ' ' [10ms/div]
52.9m 52.95m 53.0m 53.05m |
t(s) (a)
(a)
(A) - t(dBus)
30.0 Tiin
< 20.0 Ve1[350V / div]
| [ |
99.33 99.34 99.35
t(dBus)
1.0k -
i 1 Veo[200V / div
— 5000 cal ]
= :
0.0 [10ms /div]
-500.0 .
| | T | ®)
-5.0m 0.0 5.0m 10.0m
us) Fig. 18. Experimental waveforms of improved I'ZSI with clamping
(b diode. (a) Input voltage, line-to-line output voltage, and output current.
(V) - t(s) (b) Capacitor voltages.
7 vin
s TABLE Il
(V) 1 t(s)
vab IGBT (Six Pack) CM100TU-12H
== Diode STTH60L06C
500.0 Core EE 110/114/36
) (A) - t(s) Capacitor ESR 2.5 m€ (100 pF)
15.0 i : : i Copper wire resistivity (p) 1.724 1 Q2 -cm
15.04] : r ] compared. The method used in [7] and [8] for efficiency cal-
200m 400m 60.0m 800m 01 culation is adopted here and PSIM simulations are performed
is) considering some loss related parameters, which are listed in
© Table II.
Fig. 17.  Simulation results of improved I'-ZS| with clamping diode. The main power losses within an inverter are semiconduc-

without Dy in Fig. 19(b). It clearly shows the added benefit of
clamping diode which eliminates the voltage spikes caused by
leakage inductances of the transformer. Fig. 20 shows the exper-
imental waveforms of output inductor currents. Fig. 21 shows
the picture of improved I'ZSI with clamping diode experimental
setup.

VI. EFFICIENCY CALCULATION

In this section, the efficiencies of improved I'ZSI with clamp-
ing diode, conventional I'ZSI, and I'ZSI with LC filter are

tor switching and conduction losses, inductor and transformer
core losses and its winding resistance, and losses in the equiva-
lent series resistance (ESR) of the capacitors. Among them, the
semiconductor losses are the most prominent and biggest. The
semiconductor losses are calculated using a thermal module in
PSIM simulations. Moreover, as it can be seen from the exper-
iment and simulation results, the improved I'ZSI with clamp-
ing diode clearly reduces the voltage overshoots as the leak-
age inductance energy is recycled through the additional diode
without creating voltage spikes, unlike the other inverters in
which the leakage inductance energy creates high voltage spikes
across the switching devices. Thus, it can use 600-V IGBT
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Fig. 19. Experimental waveforms of dc-link voltage and input current.

(a) With clamping diode Ds. (b) Without clamping diode D-.
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Fig. 20.  Experimental waveforms of output inductor currents.
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Fig. 21. Hardware prototype of improved I'"ZSI with clamping diode.
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Fig. 22.  Efficiency comparison.

module having almost four times smaller switching and con-
duction losses [33] compared to 1200-V IGBT module, which
has to be used for conventional I'ZSI and I'ZSI with LC filter.
The power losses in the magnetic components consists of its core
loss and copper loss, and the equations for calculating the power
loss are given in [7] and [34]. The core loss is calculated by

Pi. = K;.(AB) A L, . (20)

The inductor and transformer copper losses can be calculated
by

Pp ., = pN’MLTI? /K, W4

21
Pre, = (N1 +N212)2,0MLT/KUWA @0

where K. is the proportionality constant, AB s the flux density,
(3 is determined by the core manufacturers sheet, A, is the cross-
sectional area, [,,, is the mean core length, p is the resistivity, N
is the winding turns, I is the rms winding current, (MLT) is the
winding mean length per turn, K, is the winding fill factor, and
Wy is the core window area. Additionally, the improved I'ZSI
gain is higher than conventional I'ZSI, thus it requires small
inductance as compared to conventional I"ZSI, which results in
lower winding resistance and losses.

Under these conditions, the efficiencies of the three invert-
ers are plotted and shown in Fig. 22. From the plot, it can
be seen that despite having more components than conventional
I'ZSI, the improved I"ZST has higher efficiency because of much
smaller switching losses and winding losses due to the utiliza-
tion of higher modulation index (small shoot-through interval)
and clamping diode.

VIl. CONCLUSION

In this paper, an improved I'ZSI with clamping diode was
presented in detail. Compared to the conventional I'ZSI topol-
ogy, the improved inverter inherits the main advantages which
are: 1) continuous input current and improved input profile, 2)
minimization of the voltage spikes caused by the leakage in-
ductance of the transformer, and 3) higher voltage gain. For the
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same input and output voltage conditions, higher modulation in-
dex with lower shoot-through duty can be used thus resulting in
lower component voltage stresses, better output power quality,
and increased efficiency. The improved inverter is best suited
for applications that require a single-step high voltage conver-
sion with low-input dc voltage such as fuel cells and PV cells.
A 7-kW hardware prototype is constructed and experiments are
performed to validate its working operation and benefits.
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