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With High Woltage Gain
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Abstract—This paper proposes a new high boost quasi-Z-
source inverter (gZSl) with combined two quasi-Z-source
networks, which has a common ground between the input source
and the inverter bridge. Compared with other non-coupled
inductor-based (g)ZSls, by using the same total number of passive
and active components, the proposed inverter provides higher
boost capability, requires smaller inductance and capacitance
values at the impedance network, achieves lower voltage stress
across the active switching devices, and has higher modulation
index for the inverter bridge to improve the output waveform
quality. Although the proposed inverter has the same voltage
boost factor with the enhanced boost (quasi-)Z-source inverters
(EB-ZSI and EB-qZSl), the proposed scheme has lower capacitor
voltage stress than EB-ZSI and has higher efficiency than
EB-gZSl. The topological configuration, operating principles,
power loss analysis, and performance comparison with other high
boost (g)ZSls are presented. Finally, both simulations and
experimental results are given to validate the aforementioned
characteristics of the proposed topology.

Index Terms—DC-AC power conversion, boost factor,
impedance network, high-gain voltage, quasi-Z-source inverter
(qzZs)).

. INTRODUCTION

HE traditional three-phase voltage source inverter (VSI)

and current source inverter (CSI) are the most commonly
used two kinds of pulse width modulation (PWM) inverter
topologies. And, they have been widely used in many industrial
applications such as uninterruptible power supply, ac motor
drives, and hybrid electric vehicles [1]-[2]. However, both of
them still exist some major problems. For the traditional VSI,
its ac output voltage is always lower than the dc input voltage;
thus, the VSI only performs a buck converter for the dc-ac
power conversion. Similarly, the traditional CSI only performs
a boost converter due to its ac output voltage is always greater
than the original dc input voltage. For some applications where
both voltage buck and boost capabilities are needed, an
additional dc-dc converter will be required in VSI and CSlI,
which induces a two-stage power conversion, to obtain the
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desired ac output voltage. As a result, the volume and size of
the whole system will be increased, leading to high weight,
high cost and low overall efficiency[3].

To overcome the aforementioned limitations in traditional
VSIs, a novel, simple and efficient design of Z-source inverter
(ZS1) was firstly proposed by Peng in 2003[4], as shown in Fig.
1(a). By using the Z-source network, which consists of two
inductors and two capacitors connected in an X-shape, to
replace the traditional dc link in VSI, the ZSI can achieve both
voltage buck and boost operating capabilities with a
single-stage power conversion. In addition, both the
semiconductor switches of each phase leg can be turned on
simultaneously, which implies that the anti-interference ability
of the inverter can be further improved, especially for the
switches misgating-on caused by the electromagnetic

interference noise. And no dead time is needed, so the output
waveform distortion can be greatly reduced. Due to these
distinct advantages, the study of Z-source converter has
become a hot topic, and the researches mainly focus on the
modelling and control [5]-[7], the modulation strategies
[8]-[10], and new Z-source converter topologies [11]-[33].
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Fig. 1 Classicgl)(quasi—)Z—source inverters: (a) (Or)iginal ZS| [4], (b)
quasi-ZSI [13].

Despite the aforementioned advantages, the classical ZSlI
also has some drawbacks, such as huge inrush current at
start-up, lager voltage stress on capacitors and switches,
discontinuous input current, and the dc input voltage source has
no common ground with the inverter bridge [11]-[12]. To
address these problems, the quasi-Z-source inverter (qZSI) was
proposed in [13], as shown in Fig. 1(b), which not only retains
the main characteristics of classical ZSl, but also can provide
continuous input current, lower capacitor voltage stress, and
common ground between the dc input source and the inverter
bridge. However, the boost capability of the qZSlI is still not
high enough for many industrial applications.

Recently, a number of new Z-source impedance networks
have been proposed for high boost ZSls. In order to obtain high
dc-link voltage with a small shoot-through duty ratio, five
extended-boost qZSIs have been proposed in [14], which can
be categorized as the continuous- or discontinuous-current
diode-/capacitor-assisted qZSls (DA-qZSI/CA-qZSl), and the
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hybrid extended-boost qZSls (HE-gZSI), respectively. In
addition, by combining the switched-inductor (SL) cell,
switched-capacitor (SC) cell, and the hybrid SL/SC cells with
the classical (quasi-) Z-source network, several new (q)ZSls
have been proposed in [15]-[18]. In [15], a switched-inductor
Z-source inverter (SL-ZSI) was proposed by using two SL cells
to replace the two inductors in the Z-source network, as shown
in Fig. 2(a). In [16] and [17], by applying one SL cell and two
SL cells into the gZS network, two kinds of switched-inductor
quasi-Z-source inverters  (SL-qZSI) were presented,
respectively. In order to produce higher boost factor for the
classical ZSl, additional SL/SC cells can be cascaded at the
generalized multicell SL/SC ZSls, as presented in [18]. By
combining the active SC/SL cells with the gZS network, an
extended active switched-capacitor/switched-inductor-qZSI
(ASC/SL-qZSI) was proposed in [19]. In addition, by using the
switched Z-impedance network to replace the traditional
Z-source network, two kinds of enhanced boost-(q)ZSls were
proposed in [21] and [22],as shown in Fig. 2(b) and Fig. 2(c),
respectively.
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(quasi-)Z-source inverters: (a) SL-ZSI [15], (b) Enhanced boost-ZSI
(EB-ZS]I) [21], (c) Enhanced boost-qZSI (EB-qZSl) [22].

Fig. 2 Conventional non-coupled inductor type

For even higher voltage boosting, tapped- or coupled
-inductors and transformers have been used to replace the
traditional inductors in Z-source impedance network. Thus, the
TL-ZSls in [25], trans-ZSls in [27], TZ-ZSls in [28] and the
other new magnetically coupled ZSIs in [29] have been
proposed, respectively. However, for those coupled-inductor
(or transformer) based ZSI topologies, when their winding
currents are switched under the high dc-link voltage condition,
the over-voltages may would be caused by their leakage
inductances, which will shorten the life span of these magnetic
devices and damage the active power switches. In order to

reduce the voltage stress on passive/active components, an
alternate-cascaded technique between impedance networks is
proposed in [30], and accordingly some new cascaded high
boost ZSIs have been proposed in [31]-[33]. In [31], cascaded
multicell trans-ZSls are presented, in which a single high power
transformer with large turns ratio is replaced by cascaded
multiple small transformers, thus, the inverter can achieve
higher efficiency and lower component stresses. In [32] and
[33], two kinds of alternate-cascaded high-boost ZSls have
been proposed, which combine the switched-inductor with
tapped-inductor cells and transformer cells, respectively.

Based on the classical qZSl, this paper proposes a new high
boost qZSI with combined two gZS networks. Compared to the
existed non-coupled inductor-based (q)ZSls, the proposed
inverter can provide higher boost factor and lower voltage
stresses across active switching devices with the same
shoot-through duty ratio. Moreover, for obtaining the same
buck-boost factor, the proposed topology can use a higher
modulation index, thus, the output waveform quality can be
improved with lower total harmonic distortion (THD).

The remainder of this paper is organized as follows. Section
Il gives a description of the proposed topology. The operating
principles will be analyzed in Section Ill. In Section IV, the
design guidelines of passive and active components are
discussed. The comprehensive performance comparison with
other high boost (g)ZSls is presented in Section V. It is
followed by the power loss analysis and efficiency comparison
with other topologies in Section VI. In Section VII, both the
simulation and the experimental results will be conducted to
validate the theoretical analysis. Finally, a conclusion is drawn
in Section VIII.

Il. CONFIGURATION OF THE PROPOSED TOPOLOGY

The configuration of the proposed inverter is depicted in Fig.
3. It can be seen from Fig. 3 that the proposed inverter consists
of four inductors, four capacitors, five diodes and a three-phase
inverter bridge. Inductors L,, Ls, capacitors C,, Cs, and diode
D; composes the first quasi-Z-source network The second
quasi-Z-source network consists of inductors L, L, capacitors
C,, C4, and diodes D4, D4. The other two diodes D, and Ds are
used to connect these two quasi-Z-source network. Therefore,
by combining these two qZS network appropriately, the
proposed inverter would have higher boost capability.
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Fig. 3 Configuration of the proposed gZSlI with combined two
guasi-Z-source networks.

I11. OPERATING PRINCIPLE OF THE PROPOSED INVERTER

In this section, the operating principle of the proposed
inverter would be analyzed in detail. To simplify the analysis,
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we assume that all the components used in the topology are
ideal, capacitors, inductors, and resistors are all linear, time
invariant, and frequency independent.

A. Steady-state analysis of the proposed qZSI

The operating principle of the proposed gZSl is similar to the
classical (g)ZSls. It has six active states, two zero states and an
extra shoot-through zero state for the inverter bridge. For
analysis, it can be simplified into two operating states,
shoot-through and non-shoot-through states, as shown in Fig. 4.
The inverter bridge's action can be replaced by a current source
plus a single active switch [14]. The dc side theoretical
waveforms of the proposed inverter are shown in Fig. 5.

VeD l}f’ N

b
Fig. 4 Equivalent circuits of the pro(p())sed gZSl. (a) Shoot-through state,
(b) Non-shoot-through state.

1) Shoot-Through State: The equivalent circuit of the
proposed gZSl in this state, which is represented by a closed
switch, is show in Fig. 4(a), and the dc-link side is short
circuited. During this state, diodes D, and Ds both are forward
biased. While, diodes D,, D; and D, are all reverse blocking due
to the reverse parallel connection with capacitors. Assuming
that Ty is the time interval of this state, and To=DTs, where D is
the shoot-through duty ratio of the inverter bridge, Ts is the
switching period. There are four loops during this state: 1) loop
1 is composed of Vg, L1, C;. The input voltage source Vg is in
series with capacitor C; to charge inductor Ly; 2) loop 2 is
consisted of V., D,, Ly, C,. V4 and C, discharge the energy to
L,; 3) loop 3 is composed of Vg, Cs, L, Ds. V4 and Cs charge
inductor Ls in series; 4) loop 4 is consisted of Vg, C4, Ls. Ve
and C, discharge the energy to L, Thus, inductors are all
charged by the dc input voltage source and capacitors in series.
Assuming that all the capacitor voltages are kept constant
during this operating state, then the inductor currents increase
linearly. Therefore, from Fig. 4(a), by applying KVL, the
following equations can be obtained

U on =Vae +Ve, Uiz on =Vee +Ve, 1)

Uz on = Ve +VC3 Ura on = Ve +VC4 Ven =0 2

where u_ o, is the corresponding inductor voltage during this
shoot-through state, and Vpy is the dc link voltage across the
inverter bridge.
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Fig. 5 The dc side theoretical waveforms of the proposed gZSl.

2) Non-shoot-through state: The equivalent circuit of this
operating state, which is represented by an open switch, is
shown in Fig. 4(b), and the inverter bridge has six active states
and two zero states. During this state, diodes D;, D3 and D4 will
turn on, while diodes D, and Ds are turned off due to the reverse
voltage of inductors L; and L4. And there are five loops in this
operating state: 1) loop 1 is consisted of L,, D,, L,, D3 and Cs.
Inductors L, and L, discharge the energy to Cs; 2) loop 2 is
composed of Ly, Dy, Ly, D3, L3, D4 and C,. Inductors Ly, L, and
L discharge the energy to Cy; 3) loop 3 is consisted of D3, Ls,
D4, Ly and C,. Inductors L and L, charge capacitor C, in series;
4) loop 4 is composed of Dy, Ly, D3, L3, D4, Lg and C;. Inductors
L,, Lz and L, discharge the energy to C4; 5) loop 5 is consisted
of Vg, Ly, Dy, Ly, Ds, Ls, Dy L, and the inverter bridge.
Inductors Ly, Ly, Ls, Ly and the dc input voltage source Vg,
discharge the energy to the main inverter. From Fig. 4(b), by
applying KVL, we have

Upy of +UL2 off = Ve, 3)
Ups off +UL2 off +UL3 ot = Ve, 4)
Ups off +ULa off =V, (5)
Uz off +ULs off +ULs ot =V, (6)
VPN :Vdc ~Upg ot “Uia ot “ULs ot ~ULs off (7)

where u_ o is the corresponding inductor voltage during the
non-shoot-through state.

B. Boost factor derivation of the proposed inverter

In steady state, according to the volt-second balance
principle of inductor L, the average voltage of the inductor in a
switching period is zero. Assuming that all the capacitors have
the same capacitance, i.e., C;=C,=C3;=C,, and the capacitor
voltages can be assumed to be constant due to the large
capacitance and high switching frequency. Thus, by applying
the volt-second property of inductor L, from (1)-(2) and (3)-(6),
the capacitor voltages, Vci, Vea, Vez and Ve, can be obtained as

D(3-20) @

Ve, =Ve, =1 up 12

c =
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D(2-D 1-D 1
Ve, =Ve, =ﬁ a ©) Vo =Vo, =1 p e VoS gpr e (1Y)
Substituting (8) and (9) into (3)-(6), we have During the non-shoot-through state, diodes Dy, D3 and D, are
D on, while diodes D, and Ds are off, from Fig. 4(b), the voltage
= - — stress of diodes D, and Ds are
ULt off = UL4 off 1_4D+2D2 Ve w0 2 5 5 .
D(D_l) VDZ _VD5 _1_4D+2D2Vdc ( )
Uiz off = UL off :m de While, the corresponding capacitor voltage stresses have
Then, the peak dc-link voltage Vey during the derivedin Section ll.
non-shoot-through state can be derived as B. Current Stress of Each Component
\;PN _ 1 Vi, (11) Based on the ampere-second balance property of the
1-4D+2D? capacitor C, the average current through the capacitor in a
Therefore, the boost factor B of the proposed inverter is switch period is zero. Applying KCL to capacitors C;, C,, C;
VPN 1 12 and C, in Fig. 4(a) and 4(b), respectively. Thus, we have

"V, 1-4D+2D?
And the peak ac output phase voltage V.. from the inverter
can be derived as

7 VPN — Vdc — Vdc
VacMzMBsz (13)
where M is the modulation index. The buck-boost factor
G=M B, is the ac output voltage gain. From (13), it can be seen
that the ac output voltage gain can be controlled by changing
the shoot-through duty ratio D and the modulation index M.
Fig. 6 shows a plot of the boost factor B versus the
shoot-through duty ratio D for the classical qZSI [13], hybrid
extended-qgZSI  [14], SL-ZSI [15], DA-qZSI [14],
rSL-qZSl/cSL-qZSI [17], EB-ZSI [21], EB-gZSI [22] and the
proposed scheme. As can be seen from Fig. 6, the proposed
inverter produce the same boost factor with EB-ZSI and
EB-gZSlI, but higher than those of the other six non-coupled
inductor-based (q)ZSlIs with the same shoot-through duty ratio.

10,
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Fig. 6 Comparison of the boost factor B for these high boost (q)ZSls.

IV. PARAMETER DESIGN OF PASSIVE AND ACTIVE
COMPONENTS

Normally, the parameters design of the passive/active
components in a converter mainly depends on their rated
voltages and rated currents. Hence, the voltage and current
stresses of each component will be deduced at first.

A. Voltage Stress of Each Component

According to the operating principle analysis in Section Il1.
During the shoot-through state, diodes D,, D; and D, are turned
off. From Fig. 4(a), the voltage stress of D; , D; and D, can be
obtained as

’ _il_l,on)dt “'JESTS(iLz,oﬁ —lig o )dt =0

o (
oDTS( il_z,on)dt“‘JgsTs(iLl,off +lig ot =g off = Ii)dt=0 (16)
o (

T /- . .
'Ls,on)dt‘*‘LfTs('Ll,off g off ~lizoff — Ii)dt =0
DT,

o 5(—i|_4,on)dt +J§Ts(i|_3,off —lig off )dt =0
where ii_gn, ii_off are the inductor currents during shoot-through
state and non-shoot-through state, respectively. Assuming that
the inductors are large enough, and the inductor currents in each
operating state changed linearly. Therefore, the average
inductor current can be expressed as

= Di-l-s (?TS iL,ondt = ﬁ.@i iL,off at

Combining (17) with (16) and solving (16),we have
(1-D)’ 1-D
I =1, =——1 _ =1, =——"—1, (18
Lob T 14p42Dp? ™ b 1-4ps2p? ™Y (18)
Then, from Fig. 4(a), the current flow through diodes D, and
Ds are

17

I

_, . 1D |
b 1_4p+2D? ™

From Fig. 4(b), the current flow through diodes D,, D5 and
D, are

(19)

Ip, =1

1-D 1

- == =~ | 20
1-4D+2D2 ™ %1 4ps2Dp? ™ (20)

Ip, =,

C. Parameter Design of Inductors

By neglecting the power losses of active/passive components
and the effects of ac side harmonics, the average power
transferred from the dc link will be equal to the power delivered
to the three phase ac load over one ac cycle, that is

VPN (1_ D) Ipn = gvac IAac cos¢ (21)

where 7, is the peak phase current of ac side, cosg is the power
factor on the ac side of the inverter. Based on the constant boost
control method in [8], M=2(1-D)/v/3. Substituting M into (21),
one can obtain Ipy and the required shoot-through duty ratio D,
P %; 2 7 2
IPN :ﬁ IAac COS¢ D= 4’\/§Vac Vdc | dc +24Vac
2 YNEVN
During the shoot-through state, the capacitors and dc input
voltage source discharge the energy to inductors. From (1)-(2),

(22)
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we have di "/§Ts IAac COS¢(Vdc + \’ :dcz + 24\7&02 )
i C,=C,= (32)
_ e 2 3 - =
ULLOH a ULA,on B Ll dt *Vdc +VC1 (23) 2XCO/OKsthk: (4\/§Vac +Vdc + \A ;dcz + 24Vac2)
T diy, V. 4V (24) Therefore, for a given particular three-phase inverter
e application system, based on (27), (28), (31) and (32), the

where dt=DT¢/Kg, and Kg, is the number of the shoot-through
states in a switching period. di =x %I, and x,% is the given
permitted fluctuation range of the inductor current. Substituting
(8), (9) into (23) and (24),respectively. Then, the inductors can

be designed by
VT D(1-D)
Sl = s 25
b=l X %I, K, 1-4D +2D? (29)
L=t,- V,T. D(1-D) (26)

x %I Ky, 1-4D +2D°
For a practical three phase inverter application system, V.,

I, cos¢ and V. are usually fixed. Therefore, substituting (22)
into (25) and (26), the inductances of Ly, L,, L3 and L4 can be

designed by
2vdc-l-s (‘kﬁ\iac _Vdc - \4 ;dcz + 24\ia02 )
Bx %K g I, cos¢(VdC + W2+ 247, 2 )

7 2 7 2 2 7 2
VdcTs (4"/§Vac *Vdc - \%/dc + 24Vac )(Vdc + \/Vdc + 24Vac )

L=L, @7)

Lys= _ _ (28)
23 24[3x_ %K [, COS V.2
Table |
Voltage and current stresses of the proposed inverter
Proposed gZSI
Parameter Voltage Stress Parameter Current Stress
2
Cu Cs M . Ly Ly &M
1-4D+2D 1-4D+2D?
D(2-D -
oo | 2D T L | 6D -
1-4D+2D 1-4D+2D
(1-D) (1-D)
— Dy, D e
Dubi | Tt bt | 1-4D+2D? ™
D (1-D)
— = v D, D S i
DaDs | 1 74p op7 @ 2D | TapaopE ™
1 1
D — =V, D —
¢ 1-4D+2D> * : 1-4D+2D> ™

D. Parameter Design of Capacitors

Similarly, during the shoot-through state, the capacitors are
connected with the inductors in series. From Fig. 4(a), the
capacitor currents are equal to the inductor currents. Hence,

2
1-D
C=Cs= o, ( ) 7 len (29)
Xe %V Ky, 1-4D + 2D
C,=C,= DT, 1-D (30)

Xc Vg, Ky, 1— 4D + 2D? ten
where xc% is the given permitted fluctuation range of the
capacitor voltage. Substituting (22) into (29) and (30), the
capacitances of Cy, C,, C5 and C, can be designed by

n — 2
.0, cos¢(Vdc NPy )
4= N . =
16%¢ %K 4V Vg (2J§/ac PV + N + 24V, 2 )

c,=C (31)
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inductors and capacitors can be determined directly.

E. Parameter Design of Diodes

Generally, the parameter of diodes can be selected according
to their voltage and current stresses, as summarized in Table I,
to keep them operating in their safe operating area.

V. PERFORMANCE COMPARISON WITH OTHER HIGH BOOST
ZS| TOPOLOGIES

The performance of the proposed inverter is compared with
those of the conventional non-isolated high boost (q)ZSls. The
comparison analysis of the boost abilities, the number of the
components used at the impedance network, the voltage and
current stresses will be presented in a detailed way.

A. Comparison of the Boost Abilities

The relationship between the boost factor B and the
shoot-through duty ratio D for these eight (q)ZSls has been
plotted and compared in Fig. 6. When the constant boost
control method in [8] is applied to the proposed topology, the
shoot-through duty ratio D will be limited by the modulation
index M, that is, D=1-v/3M/2. Thus, the corresponding
buck-boost factor G can be expressed as

2M
3M? -2

Fig. 7 shows a plot of the buck-boost factor G versus the
modulation index M for these nine topologies. As shown in Fig.
7, for obtaining the same buck-boost factor, the proposed gZSI
can use higher modulation index for the inverter bridge.
Therefore, this inverter can output higher quality voltage
waveforms with lower total harmonic distortion (THD).

G=MB= (33)

10)

«——EB-ZSI[21)/EB-qZSI[22)/Proposed qZS1

e
T

Hybrid Extended-qZSI [14]

SL-ZSI[15)/rSL-qZSI [17]

cSL-qZSI [17]
DA-qZSI (Second Extension)[14]
Classical qZSI[13]

IS
T

Buck-Boost Factor, G

(=]
T

0
0.85 0.9 0.95 1 1.05 1.1 I.15
Modulation Index, M

Fig. 7 Buck-boost factor G versus the modulation index M.

B. Comparison of the Number of Components

Table II shows the comparison of the number of components
used at the impedance network for these high boost (q)ZSIs.
From this table, it can be seen that the proposed topology has
the same number of passive and active components with
DA-qZSI, EB-ZSI and the EB-qZSI, and has the similar
number of passive/active components with the other four
topologies. In addition, for these eight high boost (q)ZSIs, the
total number of the components used at the impedance network
is same, which is 13. Therefore, the number of the components
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used at the proposed topology is no more than the other high  boost (q)ZSIs.
Table 11
Comparison of the number of components used at the impedance network

rSL-qZSl Hybrid [14] Enhanced Enhanced Proposed

DA-GZSI[14] | SL-ZSI[15] /cSL-qZSI[17]| Extended-gZSI | Boost ZSI1[21]|Boost-gZSI[22]|  gZSI

Inductors 4 4 4 4 4 4 4
Capacitors 4 2 2 5 4 4 4
Diodes 5 7 7 4 5 5 5

this two parameters K; and K,, the factor k_ is defined as the

C.. Comparison of Inductance.and Capacitance Values ratio of the peak-to-peak inductor current ripple to the average
In order to make the comparison more clearly, Table Ill and  jnductor current, and ky is defined as the ratio of the

Table IV shows the detailed comparison of inductance values  peak-to-peak capacitor voltage ripple to the average capacitor
and capacitance values, respectively, for these eight topologies voltage, T, is the average value of the dc input current, and f, is

to achieve the same inductor current ripple and capacitor the operating frequency of the proposed inverter, which is twice
voltage ripple under the same boost factor. As shown in Table P greq y prop '

I11, two parameters K, =V, /k i, f, and K, =i, /k,V,.f, are defined the switching frequency f;=10kHz.
to simplify the expressions of inductances and capacitances. In
Table 111
Comparison of inductance and capacitance for these high boost (q)ZSls

SL-ZSI [15)/ DA-qZSI [14] ; Hybrid[14] Enhanced Boost Enhanced Boost
rSL-qzSI[17] |(second extension)| SIS | eyiended-gzsi 7SI [21] Z51 [22] Proposed gZS|
D D(1-3D%)
Lp=—————Kf = "7 g b D(1-D) D(1-DY _ D K
L= D(lfi(ol* Py, (1*2'3;(1* o (1*';)((11’;')3) b T p) o) | e :17£D+2)Dz A he :1—:D+2)DZ a RTINS
L= K - -
Inductances S >~ op Los o)) - o
1=L2=L3=L4= _ _ D _ _ -
L, = DK; ngimz K; Le=DKi 54 = apr2p? RAREETTTO ®"1-4D+2D7
(1+D)(1-3D)
o 2D(-3D) \ , D(2-D)(1-4D+2D%)
' (1-D)(1+D) "|Ci, =(1-2D)(1-D) K, 72D(1+D)(173D)K C.5 =2(1-3D)(1-D) ch B D(1—4D+2D2)K C]:WKV (1*D)(1*4D+2D2)
¢ =C,=¢ T o) SIS T S
(for SL-ZS1) . 2 ,
Capacitances T C,=2D(1-D)'K, C, =(1-3D)(1-D)’K, Cy4 =(1-4D+2D%)K,
- K,
CZ,C,“Cch, : C, =(1+D)(1-3D)K, X cg‘A:D(l—AszZ)KVC 7D(17D)(1—4D+2D2)K Cuz(l"‘D*ZDz)Kv
forrsLzsh C.=D(1-D)'K, ¢, =3D(1-DYK, T e 2-D
Table IV

Comparison of the inductance and capacitance values for producing the same boost factor B=5.86

Hybrid[14] Enhanced Enhanced Proposed

SL-ZSI[15] | DA-ZSI[14] | rSL-GZSI[L7] |eSL-ZSIAT] £, o ded-gzsi|Boost zSI[21] [Boost-zsI[22]  qzs

Day 0.2616 0.3171 0.2616 0.2765 0.2568 0.235 0.235 0.235

B 5.86 5.86 5.86 5.86 5.86 5.86 5.86 5.86
G=MB 5 462 5 4,895 5.03 5.18 5.18 5.18
Inductance L17=1.3776mH Li=0.495mH || - —0.762mH]|L, ,=0.695mH | L1,=0.695mH |L; =0.695mH

L1234=0.575mH| Ls=0.345mH |L; »34=0.575mH|L2,4=0.465mH

Values L,=0.161mH L3=0.356mH | Ls=0.131mH |L3,=0.407mH| L34=0.407mH |L;3=0.407mH
i C=Co=lOOF|  cojsour | cymzosur |CECSTIUF| ¢ mgsur | ST G, m6aur
Capacitance | ¢, _c—1500F | C,=170uF ' ! C157uF | Cpe=222uF |

Values

C,=185UF Co=211uF | C=270uF | c,=506uF | Cas=50UF | Cy=110uF | C23=119uF

For the dc input voltage of 60V, f,=20kHz,i =14.82 A, the ~ SL-ZSI and the EB-ZSI, but much lower than that of the other
factors k_=40% and ky=1%, the required shoot-through duty  four topologies.
ratio D to achieve B=5.86, and th_e correspon_ding inductance D, Comparison of the Voltage and Current Stresses
and capacitance values for these eight topologies are tabulated
in Table IV. From this table, it can be seen that the summarized
value of inductances (L;, L,, L3, L4) required at the proposed
topology is slightly higher than the cSL-qZSI, same as the . S .
Eg-ZSgly[Zl] ar? d EyB-ngI [22], but lower (’jhan the other four  cOmparison, the ac side circuit of these seven (q)ZSI topologies

high boost (q)ZSls. Additionally, the summarized capacitance is Si.mphﬁ.Ed as an ?quivalem de load , which is rep.resemed.by
values of the proposed topolog’y is a little higher than the an inductive load impedance (Z=RjtsL;) plus a single active
switch [6].

For the impedance network-type power inverters, different
control method, dc input voltage, and the load conditions would
provide varied current and voltage stresses. For exact
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Table V
Comparison of voltage and current stresses for these high boost (q)ZSls
) SL-ZSI[15)/ } Hybrid [14] Enhanced Enhanced
DAGZSIM4] | o) 7sipi7y | S92 ] | xiended-azst | Boost z81 [21] |Boost-qzs! [22]| PoPosed 428!
1 1+D 1 1 1 1 1
Boost Factor (1-2D)(1-DY 1-3D 1-3D 1_4D +3D2 1-4D +2D° 1-4D +2D° 1-4D +2D°
) (1-D)’B
Capacitor bB (1-D)B/(1+D) | (1-D)B/(1+D) DB (1-D)’B D(2-D)B
Voltage (1-2D)B D(1-D)B
Stresses } D(2-D)B
VVe) (wo)a2p) | 20B/+D) 2DB/(1+D) (1-3D)B (1-D)B i D(3-2D)B
(1-3D+D%B
B B
Diode 2DB B ZDZB/(l'DZ) B B B B
Voltage DB/(1+D)
Stresses (1-2D)B (1-D)B/(1+D) 2DBJ/(1+D) (1-3D)B DB DB DB
(VolVe) | D(3-2D)B
DB/(1+D) | (1-D)B/(1+D) 3DB (1-D)B (1-D)B (1-D)B
(1-D)(1-2D)B
(1-2D-D?)B/(1-D?)
Bu'c:I;;I?Oorost 4 AM —BM? oM 4 2M 2M 2M
(G=MB) 3/3M2 -3M 3.3M -4 3/3M — 4 9M - 443 3M%-2 3M2-2 3MZ -2
Inductor (1-D)B (DB (D)8 (1-D)B 1.D)E
Sctlr’;:g; (D8 | @-DpB/1+D) | (1-D)B 2
(/1) (1-D)'B (1-Dy’B (1-D)’B (1-D)’B (1-D)’B
Shoot-through
Current , ) ) ) )
Stresses [2-D+2(1-D)’)(1-D)B| 4(1-D)B/(1+D) 4(1-D)B [1-D+3(1-D)*B | 2[1-D+(1-D)*B | 2[1-D+(1-D)’B | 2[1-D+(1-D)*B
(Isn/1pn)
Average ) ) ) ) ) . .
DC-link (l_ D)VPN (l_ D)VPN (1_ D)VPN (1_ D)VPN (1_ D)VPN (1_ D)VPN (1_ D)VPN
Current (Ipy) R R R R R R R
Assuming that these eight topologies operate under the same s : . . : : . _
modulation index, dc input voltage, and output power. Then, £
the corresponding current and voltage stresses on the passive 34
components and switching devices are summarized in Table V. e SLazsii SLZSIISySLazSIT]
Where I; is the average inductor current, /; is the average load LE VA O I S
current during a switching period, and /, is the shoot-through 2
current flow through the inverter bridge during the E 1;1 . - Proposed aZS|
shoot-through state. Due to the shoot-through current I, is N i eB-azsi 1
higher than the average load current 7, thus, I, is defined as the ' z 3 5 5 i 2 i3 T6

current stress across the switching devices in the inverter
bridge.

The voltage stress across the active switching devices can be
defined as the ratio of the peak dc-link voltage Vpy to an
equivalent dc voltage GV, as illustrated in [8], the voltage
ratio represents the cost to achieve the desired voltage boost
under the same dc input voltage condition. The corresponding
voltage stress ratio of the proposed inverter can be derived as

Vey BVy 3G
GVie GVi 1+4/1+6G?2

Fig. 8 shows the active switching voltage stress comparison
for these nine topologies. It can be seen from this figure, the
proposed inverter has the same switching voltage stress with
EB-ZSI and EB-qZSI, but much lower than those of the other
six (q)ZSIs for the same buck-boost factor G.

The capacitor voltage stress comparison and the inductor
current stress comparison are presented in Fig. 9. Here, the
capacitor voltage stress is defined as the ratio of the capacitor

(34

Buck-Boost Factor, G

Fig. 8 Active switching voltage stress comparison.

voltage to an equivalent dc voltage GV, [21]. It can be seen
from Fig. 9(a) that the proposed inverter has lower capacitor
voltage stress than classical-qZSI and the EB-ZSI [21].
Although the capacitor voltage stress of V¢ and V¢, are higher
than the same value of in DA-qZSI and hybrid extended-qZSI.
But the capacitor voltage stress of Vi (=V3) is much lower than
the same value in SL-ZSI and the rSL-qZSI/cSL-qZSI. From
Fig. 9(b), it can be observed that for obtaining the same
buck-boost factor G, the inductor current stress of 7;5(=I;3) of
the proposed method is the same as the cSL-qZSI, DA-qZSI
(I14), EB-ZSI (I11,I15) and the hybrid extended-qZSI (/14). The
inductor current stress of I7;(=I;4) of the proposed inverter is
same as the EB-ZSI (/3,114), but lower than the classical-qZSI,
the SL-ZSI and the rSL-qZSI. This is because the proposed
topology can produce higher buck-boost factor G by using a
small shoot-through duty ratio.
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! : : : : : s ] factor of ac side.
< ok Based on (35), the comparison of SDPy.mosrers) and
s [ ] SDP ,.mosrets) factors for these eight topologies have been
plotted in Fig. 11. From Fig. 11(a), it can be seen that the peak

SDP of the proposed method is lower than the ¢cSL-qZSI, same
as the EB-ZSI and EB-qZSI, but slightly higher than the other
four topologies. From Fig. 11(b), it is clear that the proposed

inverter has the lowest average SDP for MOSFETs than those

| i Proposed \|/ISI f | \ll‘.qu?LS]H«ﬂ . |
0 2 3 4 5 3 7 s 9 0 of the other qZSIs.
Buck-Boost Factor, ¢
120, T T T T T T T T
. , (a) . : . ¢SLqZSI[17]
or SL-z81[15) 1 S or Hybrid [14]
. EBzSIEI) £ wl Extended-qZS1
It /EB-qZSI[22] §
Z6 = 6o}
Z . 2
S E 0 SL-ZSI[15] |
EE g ASL-gSIN]
2 :
% ? 20r DA-qZSI [14]
g2 second extension,
= ) 0 L L ‘ h : L ' | L L L
(I, | | | L TSL.-qLSI “7]‘ | I)A_qy,q“dj 1 B ’ : Buck-sﬁrmstl-a{::mr, G 7 * ’ I
? 3 I!uclf—lloosl FaZtor‘ G 7 § ? : 35 (a)
(b) I I l ‘ cS‘L-qZSI[‘W} I
Fig. 9 Voltage and current stress comparison of passive elements. (a) 230 L
Capacitor voltage stress comparison, (b) Inductor current stress <ot SL-ZS1 [15]
comparison. é‘ ASL-qZSI[17]
i : 2 20f
The total capacitor voltage stress and the total inductor £ Dz
oSS € ) 5.1 second extension .
current stress have been compared in Fig. 10. From Fig. 10(a), 2" Extended 475!
the total capacitor voltage stress of the proposed inverter is g wor 1
lower than that of the EB-ZSI, but higher than those of the other R EB-4251(22) 1
. . . Proposed qZSI
six topologies when the buck-boost factor G is larger than 3. S S T S
From Fig. 10(b), it can be seen that the total inductor current Buck-Boost Factor, G

. (b)
stress of the proposed method is lower than the ¢cSL-qZSI, same Fig. 11 SDP comparison for active MOSFETs. (a) SDP(peak)

as the EB-ZSI and EB-qZSI, but a little hlgher than the comparison, (b) SDP(average) comparison.

DA-qZSI, rSL-qZSI and the SL-ZSI. Similarly, the total average SDP and peak SDP for diodes are
ML T T T s T T s calculated as follows:
g8 3-4D +4D?
:H SDp(alv,diodes) = 1—4D +2D?2 out
‘ sl 3-2D (36)
'—éus eSL-aZ5I[17) 51 T' 1 = E : DA-qZSI[14] s SDP(pkfdiodes) - (1— D)(1—4D + 2D2) ™
’ é J‘ llu(ihm\l s-i\..r(; ;‘ I ¢ [ ‘: 5 Rullihun\l I-i,\ur(r": : f 50 T T T T T T T T
a (b) a5k SL-qZSI [17
Fig. 10 (a) Total capat_:itor voltage stress comparison, (b) Total inductor S Gmaliy
current stress comparison. =3
In order to better quantify the current and voltage stresses of 3 Y
diodes and MOSFE:s in the proposed topology, total switching 222 B Lt
device power (SDP) is calculated. The SDP of a switching : sp sLazsiin |
device is defined as the product of its current stress and voltage T DAz [14] 1
stress. The total SDP of an inverter system is expressed as the N premmen ]
summation of SDP of all the switching components used in the T b
circuit, which is a good measure for the total semiconductor (a)
device requirement, thus an important cost indicator of an =)
inverter system [3]. Based on the definition of the total peak £ s
and average SDP in [3]. The average SDP and peak SDP (for St EB7S1[21] -
MOSFETS) of the proposed inverter are derived as ;H
SDP — 2P0Ut (4_3M 2) + 4'\/§Pout 21“’ Hybrid [14] ]
(av_MOSFETs) 3M2_2 cos g é ) Extended-qZS|
(35) )’ il
SDP — ax 4F)OU[ + 4POUI (2 + \ﬁM ) 8PO|JI ! é I‘ ‘I1 Hutk—lsﬂoml rimr, G % é ‘1) I
(pk_MOSFETS) cosgM aMZ-2 ' cosgM (b)

Fig. 12 SDP comparison for diodes. (a) SDP(peak) comparison, (b)
where P, is the inverter's output power, cos¢ is the load power ~ SDP(average) comparison.
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Fig. 12 shows the comparison of the average SDP and peak
SDP of diodes for these high boost qZSIs. From this figure, it
can be seen that for the same buck-boost factor, the SDP ,, siodes)
and SDP, giodesy Of the proposed method are slightly higher
than the DA-qZSI, HB-qZSI and the SL-ZSI/rSL-qZSI, lower
than that of the cSL-qZSI, but same as the EB-ZSI and
EB-qZSI.

E. Component Stress Factor (CSF) Comparison

The component stress factor (CSF) in each component of
each converter have been calculated and compared in this
section. The definition and calculation process of the
component stress factor (CSF) have been described in [34].
Based on the definition in [34], the CSF is calculated with the
same component weight for all the components inside each of
the topologies. The resources to be assigned are selected as one
unit ( X;W; =1) and distributed equally between the
components of the same type. Then, the total inductors'
winding component stress factor (WCSF), capacitors'
component stress factor (CCSF), diodes' component stress

factor (DCSF) and the total active semiconductors' component T T \ e
stress factor (SCSF) of the proposed inverter can be calculated i EB-azS12] -
and derived in the following: g:;: EB-ZSI[21] e EB.zSI2I)
100 Proposed gZS| SL-ZSI[15]
2 4 Z 50 HB-qZS1[14]
WCSF = 2,W, -V"Z’“HXIE”"S = 64D°(1-D) E HE-qzSIL1 m..u]\m'-w _— I ,
W, p? (1 4D ZDZ)2 £ . T SLaZSILT] 7
i - + E - 2 _ . g
W 2p2 4 3 -D' T 4n u': |h c? I ’ v e ;T- 411 u'j 12‘ (L
N N 10 1_ D +10D 1_ D + 5 uck-baoost Factor G uck-boost Factor G
DCSF = Zl i, VD | I;rms — ( ) ( )2 (a) (b)
Wi P (1_ D)(1_4D+2D2) 4" ‘ I \I ' I S Hnm ' ' "esi \: I r I ‘
37 SOF SL-qZSI[17}—y, ,’/ 5\ ¢SL-qZS) ~ -
W Vz |2 8D3 [(17 D)Z (3*2D)2 +(27 D)2:| ( ) z‘: SLzs[Is—L / éﬁf:: EB-qZSI[22]
CCSF= Zj i, ek grms = 3 g‘_\i—u SLzSINTL_ //\ ?,m: EB-ZSI[21]
W, P (1— D)(1—4D+2D2) %2500 711 7~ DA-gZSI[ g 500 Proposcd gZS1
7 yd EB-ZSI[21] ﬁf‘m DA SL-gZSI[17]
2150 ~EB-qZS1[22] 1 &3
W. 292 D(2- D)2 4(17 D) 2100 e —— S 200
SCSF= 2iW; Vos IZS""S =16 ( et 50 * 100 HB-qZSI[14]
Wi P (1_ 4D+ ZDZ) 00 ¢ﬂ- M " : "2 x ‘ h‘lfu‘ :‘u F 14"‘;‘

Based on (37), the CSF comparison between the proposed
inverter and the other seven high boost qZSIs have been plotted
and shown in Fig. 13. From Fig.13(a), it can be seen that the
total inductors' winding component stress factor (WCSF) of the
proposed inverter is lower than the cSL-qZSI [17], same as the

EB-ZSI [21] and the EB-qZSI [22], but a little higher than the
other four inverter topologies. The total capacitors' component
stress factor (CCSF) comparison is shown in Fig. 13(b). It can
be observed that the proposed qZSI only has a little higher
CCSF than the DA-qZSI [14], same as the EB-ZSI [21], but
much lower than those of the other five topologies (SL-ZSI,
rSL-qZSI, cSL-qZSI, HB-qZSI and the EB-qZSI). Fig. 13(c)
shows the total diodes' component stress factor (DCSF)
comparison. From this figure, one can find that the proposed
inverter has the same DCSF as the EB-ZSI/EB-qZSI, but much
lower than those of the other five topologies. The total active
MOSFETSs' component stress factor (SCSF) comparison is
shown in Fig. 13(d), it can be found that the SCSF of the
proposed method is much lower than the c¢SL-qZSI, almost
same as the other six topologies.

In addition, the specific CSF values of different components
for these eight high boost qZSIs have been calculated and
shown in Table VI when they produce the same buck-boost
factor G=5.18. From this table, one can get the same conclusion
as it is derived from Fig. 13.

(©) (d)
Fig. 13 Component stress factor (CSF) comparison between the
proposed gZSI and the other high boost inverters. (a) Inductors' CSF
comparison, (b) Capacitors’ CSF comparison, (c) Diodes' CSF
comparison, (d) MOSFETs' CSF comparison.

Table VI
Comparison of the CSF values for these high boost qZSls under the same buck-boost factor G=5.18
DA-gZSI [14] | SL-zsI[15] |rSL-qZSI[17]| cSL-ZSI[17] E;Z:(’jiedd%%l Boizr;nscf[gl] Bof;t_‘;;gi?m Proposed gZSl
Day 0.3329 0.2642 0.2642 0.2798 0.259 0.235 0.235 0.235
(oot 6.724 6.095 6.095 6.229 6.05 5.86 5.86 5.86
Fggt%t'gi‘:\;tB 5.18 5.18 5.18 5.18 5.18 5.18 5.18 5.18
WCSF 22.72 48.85 48.85 80.65 50.98 58.14 58.14 58.14
CCSF 16.87 61.51 48.31 86.34 523 25.60 99.76 25.6
DCSF 198.7 605 605 1021 3345 75.88 75.88 75.88
SCSF 565.9 558.3 558.3 981 560 5709 5709 570.9
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VI. POWER L0OSS ANALYSIS AND EFFICIENCY COMPARISON

In order to analyze the power losses of these impedance
network-based inverter topologies. The diodes are represented
by the ideal diodes in series with their forward voltage drop Vg
and their parasitic resistances rp. The MOSFETs are
represented by the ideal lossless semiconductor switches in
series with the equivalent drain-to-source resistance rps.
Inductors and capacitors are represented by ideal passive
components with their equivalent series resistances r_and rc,
respectively.

To simplify the power losses calculation of the proposed
inverter, some conditions are assumed as follows: 1) Capacitor
voltage ripples and inductor current ripples are neglected; 2)
Off-state blocking losses of diodes and MOSFETs are
ignorable; 3) The ripple losses of capacitors are small enough to
be negligible.

A. MOSFETSs' Loss Calculation

Generally, the power losses of active semiconductor
switches can be classified into switching power losses during
the ON and OFF switching states, and the ohmic conduction
power losses, respectively. Therefore, the total switching losses
of MOSFETs in the proposed topology is calculated as

2(2-D)
1-4D+2D2
where t,, is the turn-on delay time, to is the turn-off delay time,
fsw is the switching frequency.

The total conduction power losses of switches can be
calculated by

Pow = (ton + Lot ) fsw (38)

1.081(1- D)P2
§D@7Dfﬁ+4——L——%ﬁL
3 M 2B?(cos¢) Vi,
where i;, is the average input current of the dc power supply,
cos¢ is the load power factor of ac side, rps is on-resistance of

MOSFETs.

Peond = 'bs (39)

B. Diodes' Loss Calculation

Power loss on diode is composed of the conduction loss in
forward voltage drop Ve and the loss associated with the
forward resistance rg. By assuming that the ripples of the
inductor currents are free, then the overall conduction power
losses of diodes can be derived as

. 3-2D .,
PDIoss = Vi +l_7rF|in

= (40)

C. Inductors' Loss Calculation

The power losses in inductors can be segregated into core
loss and winding conduction loss. Typically, due to the small
ripples of inductor currents, the core loss is negligible when
compared with the total power losses of inductors. The winding
loss is determined by the winding resistance and the rms value
of the current flow through it. Thus, the total conduction power
losses in inductors can be calculated as

. 2 .
PrLIoss = 2rL'i2r’| + 2(1_ D) rL'i% (41)

D. Capacitors' Loss Calculation

By taking the ESR of capacitors into consideration, the total
conduction power losses in capacitors is

2D@—2D+Dﬂ

2
R = rcii 42
rCloss 1-D Clin ( )

Table VII

Parameters used for power loss calculation and efficiency
comparison

Diode Sc"“m(nr:;';l;,’;' switch Inductor core  [Copper wire resistivity| ESR of capacitor
RURG3060CC | BSMI100GB60DLC }(\ITE‘::-]IZ\.J\: 1.724-10°Q-cm 110mQ

Based on the loss-related parameters that are summarized in
Table VII. The comparison of power losses of each component
among these eight high boost (q)ZSI topologies are shown in
Fig. 14. From Fig. 14(a), it can be seen that the MOSFETSs
power losses of the proposed topology is same as the EB-ZSI
and EB-qZSlI, lower than the cSL-qZSlI, but slightly higher than
the other four topologies. The diode power losses comparison is
shown in Fig. 14(b), although the proposed method has a little
higher diode loss than the SL-ZSI/rSL-qZSI, DA-gZSI and
hybrid extended-qZSI, it would be much lower than the
cSL-gZSI. From Fig. 14(c), it can be observed that, for the same
buck-boost factor G, the inductor loss of the proposed topology
is slightly higher than those of the SL-ZSI/rSL-qZSI, DA-qZSI
and the HE-gZSI, lower than the cSL-gZSI, but same as the
EB-ZSI and EB-qZSl. The capacitor power losses for the
proposed inverter, which is shown in Fig. 14(d), is only a little
higher than the DA-gZSI, and same as the EB-ZSI, but much
lower than those of the other five inverters (EB-qZSI, SL-ZSI,
rSL-qZSl/cSL-qZSI, HE-gZSI).

In addition, the power loss distribution percentage of each
component in the proposed topology is summarized in Fig.
14(e). It can be concluded that for higher values of the
buck-boost factor G, the major power losses come from
inductors, MOSFETs and capacitors. Among them, the
conduction power loss of inductors is obviously the largest.
Hence, the higher parasitic resistances of inductors in the power
loop will result in higher power losses of the inverter, and
finally, leading to lower efficiency.

E. Efficiency Comparison

Based on the power loss analysis of each component, the
efficiency expressions of these high boost (q)ZSls have been
derived in Table VIII. Using the parasitic parameters in Table
VII, the calculated efficiencies of the proposed scheme and the
other high boost inverters versus the buck-boost factor are
shown in Fig. 14(f). From the efficiency comparison results in
Fig. 14(f), it can be seen that for the same buck-boost factor, the
proposed inverter provides higher efficiency than those of the
SL-ZSI, rSL-qZSI/cSL-qZSI, hybrid extended-qZSI and the
EB-qZSl, same as the EB-ZSI, but lower than that of the
DA-gZSI (second extension), this is because it has lower
passive and active components' losses than the proposed
scheme.
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Table VIII

Derivation of the efficiency expressions for these high boost (q)ZSls
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Fig. 14 Power loss analysis and efficiency comparison: (a) MOSFET loss comparison, (b) Diode loss comparison, (c) Inductor loss comparison, (d)
Capacitor loss comparison, (e) Percentage power loss distribution of the proposed topology, (f) Efficiency comparison for these high boost (g)ZSls.

VII. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

To validate the effectiveness of the proposed high boost gZSlI,

the simulations are firstly verified by the Matlab/Simulink®
software platform. And the simulation parameters are selected
as:1) DC input wvoltage V=60V, 2) inductors
Ly=L,=Ls=L4=1mH, 3) capacitors C;=C,=C3=C,=470uF, 4)
fundamental frequency f=50Hz, 5) switching frequency
fs=10kHz, 6) output filter inductor L=2mH, 7) output filter
capacitor C=50uF, 8) three phase inductive load R, =50Q,
L.—5mH All the components are ideal in the simulation part.
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Fig. 15 Simulation results for the proposed qZS|I when D=0.235,

M=0.8834, G=5.18.

In order to produce the output phase voltage of 110Vrms
from the 60V dc input voltage with constant boost control
method, a shoot-through duty ratio D=0.235 is needed at

modulation index M=0.8834 for the proposed inverter. Thus,
from (14)-(15), we obtain the boost factor B=5.86, and the
buck-boost factor G=MB=5.18. Fig. 15 shows the simulation
results for the proposed inverter when D=0.235, M=0.8834.
From Fig. 15(a), it can be observed that the capacitor voltages
Vci1(=Veq) and Vea(=Ves) are boosted to 208V and 145V in the
steady state, and the peak dc-link voltage Vpy is boosted to
351V. Hence, the boost factor B can be calculated to be
351/60=5.85. Meanwhile, the peak ac output voltage is boosted
to 155V, and the corresponding buck-boost factor G can be
calculated as 155/30=5.17, which are in consistent with the
calculated values from (13) and (15). Therefore, it can be
concluded that in steady state, there is a good agreement
between simulation results and the theoretical analysis.

The diode (D1/D4, D,/Ds, D3) voltage stresses are shown in
Fig. 15(b). From this figure, it can be observed that the diode
voltages Vp1(=Vpas), Vp2(=Vps) and Vps are 268.5V, 82.6V and
351V respectively in steady state condition, which are
matching well with the values obtained in theoretical analysis.
Besides, the simulation waveforms of phase voltage (Vpnase),
line voltage (Viine), and phase current (ipnase) are shown in Fig.
15(c). Therefore, these results clearly verify the high boosting
capability of the proposed topology.

B. Experimental Results

In this section, the experimental prototype of the proposed
inverter in Fig. 16 was built in laboratory to verify the operating
principle. Table IX lists the parameters used for the
experiments, which are the same as the simulation parameters.
And three inductive loads (R =500, L;=5mH) are connected to
the three-phase ac outputs in a Y-connection. Based on the
constant boost control method in [8], the gating signals of the
three-phase inverter bridge are generated by a 32 bit
TMS320F28335 DSP operating with a clock frequency of
150MHz. All the power switches are driven by the 2BB0108T
basic board with driver 25SC0108T, and all the diodes are
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selected the RURG3060CC(600V, 30A). In addition, the
control block diagram and the switching logic for control signal
generation of the proposed inverter are shown in Fig. 17.

Proposed
Impedance
| Network

2BBO0108T basic
board with driver
~ 2SCO0108T

DSP Board N
TMS320F28335

Fig. 16 Photograph of experiental set-up.
Table IX
Parameters used for experiments

S.no Parameters/Descriptions Values
01 DC input voltage 60V

02 Modulation index, M 0.8834
03 Shoot-through duty ratio, D 0.235
04 Inductors (L=Ls=L3=L,) ImH

05 Capacitors (C,=C=C5=Cy) 470uF
06 Fundamental frequency, f 50Hz

07 Switching frequency, f; 10kHz
08 Output filter inductor, L, 2000uH
09 Output filter capacitor, C; 50uF

10 Switches (BSM100GB60DLC) 600V, 100A
11 Diodes (RURG3060CC) 600V, 30A
12 Three phase inductive loads R=50Q, L=5mH

Fig. 18 shows the experimental results for the proposed
inverter when V4.=60V, shoot-through duty ratio D=0.235, and
modulation index M=0.8834. As shown in Fig. 18(a) and (c),
the peak dc-link voltage Vpy is boosted from 60V to 329V,
which is slightly less than the theoretical value
(60*5.86=351.6V) calculated from (12) due to the voltage
reduction on inductors, capacitors and diodes. The capacitor
voltage Vci(=Ves), Vea(=Ves) are boosted to 200V and 138V,
respectively. While the calculated values from (9) and (10) are
208V and 145.8V, which are a little higher than the
experimental values. The inductor currents i 1(=i ) and i (=i 3)
are measured and presented in Fig. 18(b). From this figure, it

13
DC input Proposed quas_l—Z—_ AC load
voltage source power circuit
A A A A
S| S| S3| S| Ss| Se
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A Computer
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b

Fig. 17 (a) Block diagram of the(Elperimental system, (b) Switching
logic for control signal generation.

state, while in the non-shoot-through state, the energy stored in
these inductors are discharged and transferred to the main
circuit. Besides, the voltage stresses across all the diodes are
measured and shown in Fig. 18(d), which shows a good
agreement with the simulation results in Fig. 15(b). Meanwhile,
as shown in Fig. 18(e), the rms value of the ac output phase
voltage is measured about 107V, which is slightly lower than
the desired value, due to the parasitic effect of passive/active
components. In addition, the experimental waveforms of the
unfiltered/filtered ac output phase voltage, line voltage and the
phase current are also measured in Figs. 18(e) and (f), which are
fit well with the simulation results in Fig. 15(c), except for
some spikes and switching noise superimposed, which are
generated at nearly all semiconductor switching instants.

1

can be seen that the inductors are charged in the shoot-through
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Fig. 18 Experimental results for the proposed inverter when V4=60V, D=0.235, M=0.8834, B=5.86.
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voltages. From this table, it can be observed that the simulated

peak dc link voltage and capacitor voltages are, respectively, ALiLLLLLLLLLLLLLALLL LLLL LIS R R Sl Ll
6.27%, 3.85% and 4.82% higher than the corresponding 3 l \UW oy W ” o
experimental values. This is due to the fact that the voltage ] Time: 100ms/diy l e Ry
drops on inductors, capacitors and diodes were ignored in @ F T i i
N ) N A X @ 250v € 250y fiooms L To00h I|zzs,|z )
simulation, whereas these cannot be ignored in practical
applications. 250V /div
Table X o
Peak DC link and capacitor voltages in simulation and 3
experiment
Simulation Experimental A Experimental
Peak DC link voltage 351V 320V 6.27% Ww : : : : 2 H
20V € 250V f200ms J&® 0004 <10H1226:31
Capaf/ict?:r\‘/’gtage' 208V 200V 3.85% Py ]
o W
Ve2=Ves 145v 138v 4.82% "H“' “ ! MM Hﬁ l !
Additionally, the experimental harmonic spectrum of the ISA: i I i ha
unfiltered ac output line voltage (Vy.), filtered ac output phase b W 1 W i ‘
current are measured and shown in Fig. 19. From Fig. 19(a), it W SAldiy - e RO
can be observed that the harmonic spectrum of the unfiltered ac I v e )

output line voltage V. is mainly distributed near the switching
frequency (10kHz) and its integer multiple frequencies, which
shows a good accordance with the theoretical analysis. Fig.
19(b) shows the measured harmonic spectrum of the filtered ac
output phase current. From this figure, one can find that the
main spectrum components are the fundamental frequency
(50Hz) components, and the measured total harmonic

i 4 N 3 : I'L,,,,-,W:\S;\;"ciiv ' © " Time:20ms/div
distortion (THD) of the load current is about 2.43%. s i e ] AT o

(d)
Fig. 20 Experimental results of the transient-state with load change. (a)
From no load to full load, (b) Zoom in of Fig. 20(a), (c) From full load to

«+« KET of lino voltage 1, I"m:2_50\/r“diw no IOad, (d) Zoom in of Flg ZO(C)
Horizontal [skiz/div] Fig. 21 shows the experimental results when the load type is
Yertcabl50VIdi] 1 i considered to be unbalanced and nonlinear. For the unbalanced
ot ——— T Timesdmordiy load type, as shown in Fig.21(a), we set the load resistances of
o L Jam soov <wonfesss ] phase A, B and C are R,=50Q, R,=100Q, R =150,
(@) . . .
> respectively. For the nonlinear load type, a three-phase diode
= : bridge rectifier feeding to the R-L-C load is constructed, which
E3 + . . -
. 5 ; is shown in Fig. 21(b), and the L,=15mH, C,=470uF, R,=50Q.
T i T Fig. 21(c) shows the experimental results of the proposed
FFT: of ac autput phase curent iy . . .y s
\ | Horpomal SOHdN] (¢ 11 inverter when it is operated at the unbalanced load type. Due to
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Fig. 19 Experimental results of the harmonic spectrums for the proposed Li Ry || P E 22 e Co Ro
gZS| when D=0.235, M=0.8834. (a) Harmonic spectrum of the unfiltered phase b—»— \ - P Kook T
line voltage (Ve), (b) Harmonic spectrum of the load phase current. phase ¢—pvv 5 1 s

In order to better evaluate the dynamic response performance
of the proposed converter. The transient-state experimental
results with load change (from no load to full load and vice
versa) have been measured and shown in Fig. 20. Fig. 20(a)
shows the experimental results of filtered line voltage (Vap, Vi)
and phase current (iy, ic) from no load to full load, and Fig. 20(b)
is the zoom-in of Fig. 20(a). Fig. 20(c) shows the experimental

el AN
iy phase: 2A/diIV

results from full load to no load, and Fig. 20(d) is the zoom-in : o = r— e rowv <o)

of Fig. 20(c).
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(d)
Fig. 21 (a) Circuit diagram of the unbalanced load, (b) Circuit diagram of
the nonlinear load, (c) Experimental results of the proposed gZSI under
the unbalanced load condition, (d) Experimental results under the
nonlinear load condition.

the load resistance of phase A, B and C is different, the
measured load phase currents have different amplitude values,
as shown in Fig. 21(c), the peak value of load current i, is about
2A, while for the phase current i, the peak value is about 1.2A.
The experimental results of the proposed gZSI under nonlinear
load type is measured and shown in Fig. 21(d). From this figure,
it can be observed that the measured filtered line voltage and
phase current both have severe distortion, and the measured
THD value of the load current is about 36%.

Fig. 22 shows the comparison between the calculated and the
experimental boost factors. From this figure, it can be seen that
by increasing the value of the duty cycle the difference between
calculated and experimental results are increased. This is due to
the high conduction power losses on devices during a large

shoot-through interval, which exists in all kinds of (q)ZSls.
8

7t

>
T

X Experimental

—— Calculation

[
T

w
T

Buck-Boost Factor, B
S

%)
T
!
s

X

o -

! I I
0.1 0.15 0.2 0.25
Shoot-through Duty Ratio, D

Fig. 22 Calculated and experimental values of boost factor.

The efficiency of the proposed inverter with different output
power has been measured and depicted in Fig. 23 by changing
the load from 250W to 756W keeping the input voltage is 60V
to obtain 110VVrms ac output phase voltage. From this figure, it
can be seen that the maximum measured experimental
efficiency was about 91%, which was not high. This can be
explained by the fact that the proposed ZSI has a
shoot-through state and the passive/active components
selection were not optimal in the experimental setup. When the
shoot-through duty cycle is large for high voltage gain, the
power losses in passive and active components would be
significant.

1
0 0.05

90[- -

o
0

Efficiency (%)

250 300 350 400 450 500 550 600 650 700 750
Output Power (W)
Fig. 23 Measured efficiency versus different output power.

VIII.

A new high boost quasi-Z-source inverter with combined
two quasi-Z-source network was proposed in this paper. The
operating principle analysis, power loss analysis, and
performance comparison with other high boost (q)ZSls have
been described in detail. Finally, both the simulation and
experimental results are presented to validate the effectiveness
of the proposed topology. Compared with the conventional
high boost (q)ZSls, the proposed inverter not only has a
common ground between the input source and the inverter
bridge, but also can provide higher boost factor over the whole
shoot-through duty ratio range, smaller inductance and
capacitance at the impedance network, and lower active
switching voltage stress across the main inverter for the same
dc input and ac output voltages. Although the proposed
topology has the same voltage boost factor with the EB-ZSI and
EB-gZSlI, it has lower capacitor voltage stresses than EB-ZSI
and has higher efficiency than EB-qZSI. Therefore, it would be
applicable for the renewable energy system (like PV or fuel-cell
stacks) where the high boost inversion ability is required for the
low-voltage DG (distributed generation) sources.

CONCLUSION
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