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An Improved PWM Strategy for Z-Source Inverter
With Maximum Boost Capability and Minimum
Switching Frequency

Yan Zhang —, Member, IEEE, Jinjun Liu
Sizhan Zhou

Abstract—1Z-source inverter provides a competitive single-stage
dc-ac power conversion with the capability of both buck and
boost voltage regulation. In order to maximize voltage gain and to
increase efficiency, this paper proposes an improved pulse-width
modulation (PWM) strategy. By adjusting the shoot-through duty
ratio of one-phase leg, it regulates the average value of intermediate
dc-link voltage, which is the same as the instantaneous maximum
of three-phase line voltage in one switching time period (7). And
the other two-phase legs maintain the fixed switching states. Thus,
the equivalent switching frequency of power devices in the inverter
bridge is reduced to 1/3 f5 (f is the frequency corresponding to
T). The operating principles and closed-loop controller design are
analyzed and verified by simulation and experiments. Compared
with the existing PWM strategies, the improved PWM (IPWM)
strategy demonstrates higher efficiency under full operation range
of low voltage gain (1.27-2) application. However, with the IPWM
strategy, the inductor current and capacitor voltage contain six-
time-line-frequency ripples, which consequently require large size
of the passive components when the output frequency is very low.
Thus, it is also suitable for 400-800-Hz medium frequency aircraft
and vessel power supply system due to a relatively high output
line frequency. Furthermore, the idea of IPWM strategy can be
extended to other Kkinds of three-phase impedance network-based
inverters.

Index Terms—Closed-loop control, dc/ac conversion, minimum
switching frequency, pulse-width modulation (PWM) strategy,
voltage gain, Z-source inverter.

I. INTRODUCTION

ONVENTIONAL two-level three-phase voltage source
inverter (VSI) can only perform buck voltage regulation.
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Fig. 1. Z-source inverter.

For applications requiring both buck and boost power conver-
sion, an additional boost dc—dc converter is required in the
front. In view of two-stage power conversion increasing sys-
tem cost and lowering efficiency, Peng [3] proposed Z-source
inverter, shown in Fig. 1, introducing a unique impedance net-
work between the source and the inverter bridge. It achieves volt-
age boost capability by advantageously adopting shoot through
(ST) of inverter-bridge legs, which provides a potential low-
cost, high-efficiency, and single-stage power conversion when
the boost ratio is low (1-2) [33]. Furthermore, the ST permis-
sion of inverter-bridge legs and elimination of dead-zone time
are beneficial to improve the system reliability and quality of
output waveforms. Since Z-source inverter overcomes the lim-
itations of traditional VSI, various new topologies [4]-[14],
pulse-width modulation (PWM) strategies [15]-[26], and model
and control methods [27]-[31] were proposed to improve its
performance.

The existing widely used PWM strategies for Z-source
inverter include simple constant boost control (SCPWM) [3],
maximum boost control (MPWM) [16], and maximum constant
boost control (MCPWM) [17], according to the intermediate
dc-link voltage utilization. SCPWM uses carrier wave based
sinusoidal pulse width modulation (SPWM), and it has the
drawback of insufficient dc-link voltage utilization. In order
to increase voltage gain as well as to reduce voltage stress of
switching devices, Peng et al. [16] proposed MPWM, which uti-
lizes all the zero states for ST interval. However, the periodic ST
interval causes the six-time-line-frequency (6w) ripples in the
dc-side impedance network. In order to alleviate the undesired
influence of low-frequency ripples, Shen et al. [17] proposed
MCPWM with fixed ST interval. According to the distribution
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of ST current in three-phase legs, there are two major cate-
gories: single-phase leg ST (1P ST) and three-phase leg ST (3P
ST) [19], [20]. 1P ST method inserts ST interval by overlapping
the upper and lower switches in each phase leg at every switch-
ing commutation. Thus, the ST interval is averagely divided into
six parts in one switching time period (7), which is beneficial
to reduce the volume of inductors considerably. 3P ST method
inserts ST interval in three-phase legs simultaneously, which is
beneficial to reduce the current stress and conduction loss of
power devices. However, it introduces an additional switching
commutation.

This paper starts by reviewing typical PWM strategies of
Z-source inverter through modification of the conventional VSI
PWM strategies [e.g., SPWM and space vector modulation
(SVM)] in Section II, and then proposes an improved PWM
(IPWM) strategy with maximum voltage gain and minimum
switching frequency in Section III. By adjusting the ST duty ra-
tio of one phase leg, it regulates the average value of intermediate
dc-link voltage, which is the same as the instantaneous maxi-
mum of three-phase line voltage in one switching time period
(T). As aresult, the equivalent switching frequency of power
devices in the inverter bridge is reduced to 1/3f; (fs = 1/T5),
which makes a great contribution to the reduction of switch-
ing losses. After that, a comprehensive comparison between the
IPWM strategy and existing PWM strategies is carried out in
terms of power device and passive component requirements in
Section I'V. The detailed closed-loop controller design is inves-
tigated in Section V. Simulation and experiment verification are
presented in Section VI. The conclusion of this study is outlined
in Section VII.

II. TYPICAL PWM STRATEGIES OF Z-SOURCE INVERTER

The aforementioned PWM strategies including SCPWM,
MPWM, and MCPWM can use either 1P ST or 3P ST. They are
referred as SCPWM + 1P ST, SCPWM + 3P ST, MCPWM +
1P ST, MCPWM + 3P ST, MPWM + 1P ST, and MPWM +
3P ST in this study. Usually, all these six typical PWM strate-
gies can be derived by modifying the modulation waveforms of
conventional three-phase VSI.

Figs. 2 and 3 show the main circuit of conventional three-
phase VSI and three typical PWM strategies including SPWM,
SPWM with 3rd harmonic injection (SPWM + 3rd) or SVM.
Three-phase symmetrical output voltage and output power can
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Fig. 3. Equivalent modulation waveforms of carrier wave-based SPWM and

be expressed as follows:

Vao (Wt) = ﬁac . COS(u)t)

(Wt) = Dy - cos | wt 2
Upo \WT) = Vac - wt — -
l ¢ 3 (1)
N 2
Uco (Wt) = Uy * COS (wt + 371‘)
3 .
P, = 5 " Dac " fac cos(y) (2)

where 7,. and %a‘c are the peak value of phase voltage and
current, cos(y) is the load power factor, w = 27 fiine, and fiine
is the fundamental frequency of output phase voltage.

The voltage gain, as well as modulation index, is defined as
U, over half of dc-link voltage

{}ac
Udc/2

As is shown in Fig. 3, based on the assumption that the am-
plitude of triangular waveform is normalized, the expressions
of three-phase modulation waveforms for SPWM and SVM (in
the first sextant) are expressed as (4) and (5), respectively. Com-
pared with SPWM, SVM can increase the Modulation index to

2/V3

M; =

3

* 1 Mz'
VSap(San)(Wt) =3 + 5 - cos(wt)
Vo 1 M . 2
pr(Sbn)(wt) =3 + 5 cos wt — 3™ For SPWM
Vchp(Scn)(Wt) = 5 + 7 - COS <Wt + 37'(')
“)
where 0 < M; < 1,0 < wt < 27.
‘/Sap(San) (Wt) = 5 + 1 - COS (wt — g)
Vs};.p(s}:,n)(‘ut) =571 cos (wt + 5) For SVM
‘/Scp(Scn) (O.)t) = 5 - 4 - COS (O.)t — 7)
) s)
where 0 < M; < ﬁ,Oﬁwtg z
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Fig. 4. Switching states of SPWM or SVM in the first sextant (0<wr<7/3).

Fig. 4 shows the switching state of SPWM or SVM in the first
sextant. The comparison results of modulation waveforms and
triangular wave are adopted to control the switching state of the
upper and lower switches in each phase. Thus, the on-state duty
ratio of upper and lower switches are dg;  (wt) = Vg, (wt) and
g (wt) =1 = Vg g, (i) (i represents a, b, or c).

As described in Peng [3], voltage gain of Z-source inverter is
defined as the ratio of the peak phase voltage v,. over half of dc
source voltage

'Uac

= - B-M,
Vic/2

(6)

in which
1

1 —2dgr
where M; is the modulation index, and B is the boost factor
determined by ST duty ratio dg.

The obtainable dgt increases with the decrease of M;. As
described by Shen et al. [17], dgt and M; meet

B = (N

dsp = 1—M; (0<M;<1) for SCPWM ®)
V3 2
dstr = 1— YoM, (0< M,; < ——) for MCPWM (9
ST 2 (0 = \/3) or ( )
\/3 i s
- 1_ , — = <wt< =
s (wt) = 1= 52 M; cos (wt 6) (o <wt<z,

2
0< M < —
o \/?;>

A. SCPWM + 1P ST and MCPWM + IP ST

10)

Fig. 5 shows the equivalent carrier wave based PWM and
the switching state for MCPWM + 1P ST. The ST interval is
divided into six parts and averagely inserted in each phase by
overlapping the upper and lower switches at every switching
commutation. The control reference of six switches for Z-source
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Fig. 5. MCPWM with 1P ST (MCPWM + 1P ST). (a) Equivalent carrier
wave based PWM. (b) Switching states in the first sextant (0 < wt < 7/3).

inverter can be obtained as (11) by shifting the modulation
waveforms of conventional three-phase VSI [19]. V7., V", ,,
and V%, refer to the modulation waveform of conventional
three-phase VSI. Take the first sextant, for example, the

*
output voltage meets vao > Uho > Ve, SO V;ndx Vdep (San)’

* * *
led ‘/pr(Sbn)’ and lell ‘/Scp(SLn) in (4) or (5).
Sap — Vmax_Spy VSan — Vmax_Sn, Verp V;uid,Spa Vébn =

Vinid_Sns Vécp = Vmin_Sp; and Vsen = Vininsn are the modi-
fied modulation waveform expressions for MCPWM + 1P ST
in Fig. 5

1
V;nax,Sp (Wt) V£ax (wt) + gdST (wt)

1
V;nax,Sn (Wt) Vnﬁax (Wt) + 6dST (wt)

1
‘/;nid,Sp (Wt) = IIlld (Wt) + 6dST (Wt)

an

1
V;nid,Sn (Wt) = mld (Wt) 6 dST (Wt)

*
len

1
V;nin,Sp (Wt) (wt) - édST (Wt)

*
len

V;nin,Sn (Wt)

(wt) — %dST (wt)
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Fig. 6. MCPWM with 3P ST (MCPWM + 3P ST). (a) Equivalent carrier
wave based PWM. (b) Switching states in the first sextant (0 < wt < 7/3).

where the subscript max, mid, and min refer to the phase of
maximum, middle, and minimum output voltage.

B. SCPWM + 3P ST and MCPWM + 3P ST

Fig. 6 shows the equivalent carrier wave based PWM and the
switching state for MCPWM + 3P ST. 3P ST method inserts
ST interval in three-phase legs to replace zero state. The instan-
taneous ST current is averagely distributed among three-phase
legs, which is beneficial to reduce the current stress and conduc-
tion loss of power devices. However, it introduces an additional
switching commutation. As shown in Fig. 6, two straight lines
VsT_up and VT 10w compared with triangular waveform are
adopted to control ST interval [17]. During non-ST interval,
control references of six switches for Z-source inverter are the
same as modulation waveforms of conventional VSI expressed
in (5) in the first sextant

1
%T_up (wt) =1- _dST (wt)

max Sp(Sn) (Wt) ax (Wt)
mld_Sp Sn) (wt) m1d (Wt) (12)
mln_Sp(Sn) (wt) mm (wt)

VST Jow (wt) = —dST(Wt)

o o KSap VYun _ ‘VShp VShn
- = = _ =g ./
/|
A |
-l '
f - ff_ - bt ot - -
VScp v Sen
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A
VSu/J E y
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Fig. 7. MPWM with 1P ST (MPWM + 1P ST). (a) Equivalent carrier wave
based PWM. (b) Switching states in the first sextant (0 < wt < 7/3).

C. MPWM + IP ST

When MPWM is applied, all the zero-state intervals shown
in Fig. 4 are used for ST. Thus, from (5), the ST duty ratio in
the first sextant can be calculated as (10). And it changes with
six-time line frequency. Fig. 7 shows the equivalent carrier wave
based PWM and the switching state for MPWM + 1P ST [16],
[19]. Substituting (10) into (11), the modulation waveforms of
six switches can be rewritten as

Vmax.Sp(Wt) =1
1
Vinaxsn(wt) = Vi (wt) + gdST (wt)

1
V;nid_Sp (Wt) = m1d (wt) + = 6 dST (Wt)

(13)

V;nid_Sn (Wt) =

1
Hlld (wt) GdST (wt)

1
Vmin_Sp (wt> V;;iln( ) - adST (Wt>

V;nin_Sn (Wt) =0




610

Vsbp(sem

(@)

A
VST_H/) VS‘U[)(San ) . “dgp/2
*
VShp(Shnl
dsr/2 ¥ VSTer VSt'p(Scn/

7 110 7| 110 Y
Sho s
San >
Shy s
Shn »

Scp ’_: T ._°_> t
Scn 3 b .
> <« > €dyT/? > <
dSTTv/" FIRY dSTT\/4
ds. T g
€ dg, I, ——
% dSap T\' >
< T >
(b)
Fig. 8. MPWM with 3P ST (MPWM + 3P ST). (a) Equivalent carrier wave

based PWM. (b) Switching states in the first sextant (0 < wt < 7/3).

D. MPWM + 3P ST

Fig. 8 shows the equivalent carrier wave based PWM and the
switching state for MPWM + 3P ST. Two curves Vs _,, and
Vst 10w for ST interval control are the instantaneous maximum
and minimum value of three-phase modulation waveforms. The
control references of six switches can be written as

‘/ST-UI) (wt) - Vmax.Sp(Sn) (wt)

Vinax_sp(sn) (Wt) = Vi (Wi)
Vinid sp(sn) (Wt) = Vipiq (wt) (14)
Vinin Sp(sn) (wt) = Vi, (wt)

Vs dow (W) = Viin sp(sn) (wi)

III. IPWM STRATEGY OF Z-SOURCE INVERTER

Fig. 9 shows the relationship of three-phase output voltage
and available minimum dc-link voltage for conventional three-
phase VSI with SPWM and SVM. The fundamental frequency
fiine 18 50 Hz for analysis. Using SPWM, the minimum constant
dc-link voltage is twice the peak value of output phase voltage

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018
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20,., which is represented by the green solid line. Using SPWM
with 3rd harmonic injection or SVM to increase dc-link voltage
utilization, the minimum constant dc-link voltage is V30ac,
which is represented by the blue dot-dash line. Besides, there
is another available dc-link voltage, which is represented by
the magenta dashed line changing with six-time line frequency.
It is actually the instantaneous maximum value of three-phase
line voltage and it can be expressed as

’U:;c_link (Wt) = \/5 * Vg * COS (9 - %) (15)
where 6 is the remainder of wt divided by 7/3, 0 = wt%(m/3).

If the average dc-link voltage in one switching time period
< Vdelink >Ts can be accurately controlled as the magenta
dashed line shown in Fig. 9, the upper switch in the leg of
the maximum phase voltage (Umax) and the lower switch in
the leg of minimum phase voltage (vy,i,) are always turned
ON. The upper and lower switches in the rest phase leg (vpiq)
are controlled with PWM signal. The switching states of power
devices in three-phase legs are listed in Table I. The equiva-
lent switching frequency of power devices can be reduced to
1/3fs (fs = 1/Ty).Take the first sextant, for example, the in-
stantaneous dc-link voltage is the line voltage (Va0 — Veo)- Sap
and S, are always turned ON. Sy,;, and S}y, are controlled with
PWM to regulate v},,. In each sextant, only one phase leg oper-
ates under complementary PWM mode. And the corresponding
duty ratio of upper and lower switch dg; ,, dg;,, are expressed as

* ~ Umid (Wt) — Umin (wt)
dSip (wt) = Umax (W) — Umin (wt) (16)
dSm (wt) =1- Slp (Wt)

mln(vaov Uho, Uco) Umax
- mld(vam Uho, Uco)7

where in each sextant, v, (wt) =
(Wt) = m(l.’l?(’l}ao, Ubo, 'Uco)§ Umid (Wt)
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TABLE I
SWITCHING STATES OF POWER DEVICES IN THE INVERTER BRIDGE

Phase angle 0° <0 <60° 60° < 6 < 120° 120° < 0 < 180° 180° < 0 < 240° 240° < 0 < 300° 300° < 0 < 360°
g 0 0 0 0 0 0
Mod A Sap =13 8an =0 Sap San =PWM 84, =05 San =1 Sap =05 San =1 Sup San =PWM Sy, =1; Sun =0
Mod B Shp Shn = PWM Shp =1; S, =0 pr =1;S,=0 S},p Spn = PWM S\,p =0; Spy =1 Shp =0; Spn =1
Mod C Sep =0;Sen =1 Sep=0; Sy =1 Sep Sen =PWM Sy =1; 850 =0  Sep =138 =0 Sep Sen = PWM
i L lie_tink capacitance of '} and C is large enough and the voltage is
B N 7 almost constant in steady state. In order to reduce the switch-
i i . . . . .
¢ »C: C"\Z T mg.frequency. of power dev1ce§ in thf: }nverter. bridge so that
A a higher efficiency can be attained, it is possible to regulate
Va@® Vie i < Vdelink >7s to meet (15). Obviously, dgr is periodically
l changing in every 60° (1/6 output line frequency period)
. ™
(1 —dst ("‘Jt)) : (2VC - V;lc) = \/g Vac - COS (9 - 6) (18)
(2)
i L e i where 0 is the remainder of wt divided by 7/3, 8 = wt%(m/3).
> - > In this case, the average voltage of inductor in one sextant
i i . ) o
c }y ¢ C, \2 T should be zero, according to volt-second balance principle
" ) 3 m/3
Vae(® e ik Q) Tiny = / (dST (wt)TS Vo + (]_ —dgT (wt))TS

[

Fig. 10.  Equivalent circuit of Z-source inverter viewed from the dc-link of the
inverter bridge. (a) During ST interval. (b) During non-ST interval.

(b)

and ¢ representing the phase of v,iq(wt) changes between
a, b, and c.

As for conventional two-stage buck—boost VSI, at the inter-
mediate dc link, there is a large aluminum electrolytic capacitor
to absorb the high frequency current harmonics and compensate
the transient power difference between the front boost circuit
and inverter bridge [32]. Usually, the intermediate dc-link volt-
age is kept almost constant by adjusting the boost duty ratio in
steady state. It is difficult or even impossible to control the in-
termediate dc-link voltage like a six-pulse waveform. However,
for Z-source inverter, vq._ink 1S chopped dc voltage with high
switching frequency. Therefore, maybe there is a new PWM
strategy that is suitable for Z-source inverter.

According to the operation principles of Z-source inverter
described in Peng [3], Fig. 10 shows two equivalent circuits
seen from the dc link of the inverter bridge. During ST interval,
D, is reverse biased and Z-source network is shorted vqc jink =
0. During non-ST interval, Dy is conducting, both capacitors
and dc source are reversely connected to supply the inverter
bridge vqciink = 2Ve — Vie. Thus, the average intermediate
dc-link voltage in one switching time period is calculated in the
following equation:

1 dst T T,
< Udc,link>T_; - T . (/ 0dt +/ (2VC — ‘/dc)dt)
S 0 dst T

=(1—dgr) - (2Ve — Vge). a7

From (17), < vqcaink >7s can be regulated intermediately
by adjusting dgt. For simple analysis, it is assumed that the

™ Jo

(Vae = Vi) dwt = 0. (19)

Ignoring the low frequency ripples associated with output
line frequency fiine, Ve is determined by the average value of
ST duty ratio dyye

— 3 (3 e (wt)dwt 1 — dyvy ) Vae
VC _ m JO /3ST(W ) w _ ( dVg) de (20)
1-2. % 077 dst (wt)dwt 1 - 2d?lvg

in which, d,., can be calculated by integrating dg (wt) in (18)

in one sextant
3 (/3 Vdeink (wt)
Aaye = — + 1— —————2 ) - dwt
£ T /0 ( Vo —Vae )

C3VB
T 2Vo —Vao

Solving (6), (20), and (21), the capacitor voltage in steady
state can be derived as

=1

21

_3V3G

Ve o Vie- (22)

™

And the ST duty ratio is
T T

dst(wt) = 1— g(l — davg ) COS (wt - 6) (23)

3V3G —2
g = 2Y3C 227, (24)

613G — 27

When Z-source inverter operates under boost mode, dgr (wt)
> 0. So G should be larger than 1.27 from (23) and (24).

Fig. 11 shows the switching state of IPWM strategy for
Z-source inverter in the first sextant. The ST interval is sym-
metrically inserted into the phase-leg of vy,iq. In the first sex-
tant, the output three-phase voltage meet vy,ax = Vao, Umid =
Ubo, and vy = veo. The thick-shaded part represents the ST
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interval, which serves to regulate the intermediate dc-link volt-
age (< Vdclink>T, = Vao — Uco)- The active voltage vectors
(110, 100) are implemented during non-ST interval to regulate
Uho. For symmetry, the switching states in other sextants can
be obtained similarly. Since only power devices in one phase
leg operate at high switching frequency, IPWM + 1P ST can
minimize the equivalent switching frequency of power devices
in the inverter bridge. As a result, it can be predicted that the
switching loss will be reduced to a great extent. As shown in
Fig. 11, according to volt-second balance principle, the duty
ratio of upper switch ds;, and lower switch dg;, , output voltage
of phase B vy,;q meets

Umid (wt) — Umin (wt) = (dpr (wt) — dST (wt)) . (2VC _Vdc)
dsbn (wt) =1- dpr (wt) + dgT (wt).
(25)
Furthermore, < vqc1ink >7s 1S controlled the same as maxi-
mum value of three-phase line voltage

(]- - dST (Wt)) : (QVC - Vdc) = Umax (Wt) — Umin (Wt) (26)

Combining (24)—(26), the corresponding duty ratio expres-
sions of the upper and lower switches dg;,, and dsj, in (16) can
be modified as

U; (Wt) — Umin (Wt)
Umax (Wt) — Umin (Wt)
dsin (wt) =1 —dsjp (wt) + dsT (wt).

dsip (wt) = . (1 —dgT (wt))—i—dST (wt)

27

Like the typical PWM strategies of Z-source inverter, [IPWM

+ 1P ST can be obtained by the level shift of conventional three-
phase VSI modulation waveforms. Fig. 12 shows the equiva-
lent carrier wave based PWM and switching state for [IPWM
+ 1P ST. Six modulation waveforms are compared with the
triangular wave to produce the gate signals for switches in
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Fig. 12.  Equivalent carrier waveform based PWM for IPWM + 1P ST.

Z-source inverter. Assume the amplitude of triangular wave
is normalized, the modulation waveform expressions of six
switches are expressed as follows:

‘/max,Sp ((-‘-)t) = ‘/max,Sn(Wt)l: 1

Vaia sp () = Vg () + 5ds (1)
(28)
‘/mid,Sn (Wt)

V;nin,Sp (Wt) = ‘/min,Sn(Wt) =0

1
= Viia(wt) = §dST(Wt)

where V». , refer to the modulation of conventional three-phase
VSlin (5).

IV. COMPARISON OF PWM STRATEGIES

To investigate the inherent advantages and disadvantages of
IPWM + 1P ST, comparisons with the typical PWM strate-
gies are carried out in terms of voltage boost capability, the
requirements of power devices and passive components. Ac-
cording to the operation principle of Z-source inverter using
different PWM strategies, the steady-state operation points in-
cluding voltage gain G, ST interval dgr, capacitor voltage V-,
and inductor current I;, can be derived and listed in Table II.
The voltage gain comparison of Z-source inverter with different
PWM strategies is shown in Fig. 13. Due to full utilization of
intermediate dc-link voltage, IPWM + 1P ST and MPWM +
1P/3P ST have the maximum voltage boost capability.

A. Power Devices Comparison

As for Z-source inverter using SCPWM + 1P ST and
MCPWM -+ 1P ST shown in Fig. 5, the switching frequency of
power devices in the inverter bridge and Dy are f; and 6f; (fs =
1/Ty), respectively. For Z-source inverter using MPWM + 1P
ST shown in Fig. 7, the switching frequency of power devices
in the inverter bridge and Dy are 2/3f, and 4f, respectively.
IPWM + 1P ST uses single-phase leg for ST current con-
duction without introducing an additional switching commu-
nication, which is different from the existing PWM strategies.
The equivalent switching frequency is reduced to 1/3 f,, which
is the minimum value among the existing PWM strategies.
Table III lists the equivalent switching frequency of power
devices for Z-source inverter with different PWM strategies

(fs = 1/Ts)'
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TABLE II
EXPRESSIONS OF VOLTAGE GAIN FOR Z-SOURCE INVERTER WITH DIFFERENT PWM STRATEGIES

Modulation scheme SCPWM + 1P ST [3], SCPWM + 3P ST [3],

MCPWM + 1P ST [17], MCPWM + 3P ST

MPWM + 1P ST [16] MPWM + 3P ST [16]

[17], IPWM + 1P ST
. 1-dg M, 1-d M; _ 9x l-davg _ M,
Voltage gain(G) = 1fzdbsTT = o071 G= 271 2d‘)sTT VM, -1 G = 327 T2davg = 3VBM,; -
ST interval(ds or dyy ) dsp =1-M; = S=% dst =1-YIM; = ME2 davg = 1 — BB M; = ggg ;;
Modulation index (M;) M; =1—dst = 738 M; = Z2-(1—dst) = 2o M; = 25(1 —davg) = -
Capacitor voltage(Ve ) Ve = 1535 Vae = GVae Vo = 1% Vae = B Ve, Vo = 1ot Vg, = f v
Inductor current(/, ) i = %G’Z’M $: ;’(ISSTT Tac i = %GZM = Q\FII;%EM i = 4G2“ = 2\f 11 ;]li:\g Tac
3.0
@ 2.5 f’
E N
500 e
[ N 7]
o I
5t 2
S
>
1.0 : ) '
0 0.1 0.2 0.3 0.4 o
ST duty cycle (dsr) 1.0 1.5 2.0 2.5 3.0
Voltage gain (G
--~--- SCPWM+1P/3P ST ge gain (G)
==@-=+ MCPWM+1P/3P ST -=—-- SCPWM+1P/3P ST
—A— MPWM-+1P/3P ST or IPWM+1P ST ——@-= MCPWM+1P/3P ST
@ —A— MPWM+1P/3P ST or IPWM+1P ST
3.0 %
Y Fig. 14.  Voltage stress of power device for Z-source inverter with different
\ PWM strategies.
25 X 1
e .
£ According to the operation principle of Z-source inverter, D
2 20 and switching devices in the inverter bridge withstand the same
% “\ voltage stress, which is the maximum of intermediate dc-link
> LS e voltage in the following equation:
Skl o
1.0 el vs = 2Ve — Vye. (29)
07 08 09 10 L1 12

Equivalent modulation index (M)

--—-- SCPWM+1P/3P ST

-+=@-=+ MCPWM+1P/3P ST

—A— MPWM+1P/3P ST or [PWM+1P ST
(b)

Fig. 13.  Voltage gain of Z-source inverter with different modulation strategies.
(a) Gand dgt. (b) G and M;.

TABLE III
EQUIVALENT SWITCHING FREQUENCY OF POWER DEVICES FOR Z-SOURCE
INVERTER WITH DIFFERENT PWM STRATEGIES (fs = 1/T5)

Switching frequency

Modulation scheme Front diode  Switches in inverter bridge
SCPWM + 3P ST, MCPWM + 3P ST [17] 2fs 2fs

SCPWM + 1P ST, MCPWM + 1P ST [17] 6fs fs

MPWM +3P ST [16] 2fs 4fs/3
MPWM+ 1P ST [16] 4fs 2fs/3

IPWM + 1P ST 2fs fs/3

For existing PWM strategies and IPWM, substituting Vi
listed in Table II into (29), the voltage stress of power devices
as function of voltage gain G can be derived as follows:

vs= (2G — 1)Vy. (SCPWM + 1P/3P ST) (30)
Vg = @V@ (MCPWM + 1P/3P ST) 31
3v3G — 27
US - —VdC
2
(MPWM + 1P/3P ST or IPWM + 1P ST). (32)

Fig. 14 shows the power devices voltage stress comparison
for Z-source inverter with different PWM strategies. MPWM
strategies (IPWM + 1P ST and MPWM + 1P/3P ST) have the
minimum voltage stress of power devices.

In addition to voltage stress, another key parameter for the
selection of power device is the current stress (Ig). The three
typical indicators reflecting power device current stress are as
follows:
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1) Ig peak,the maximum instant current flowing through the
power device defined as (33);

2) Is ave, the average current flowing through power device
in each output line-frequency period defined as (34);

3) Ig_ms,therootmean square (rms) value of current flowing
through power device in each output line-frequency period
defined as (35) [32]

IS,pcak = maX(iS(wt)) (33)
5T dg (wt)-i H)d(wt
T5 g = QL fo 2:T (wt)-ig gt (wt)d(wt) )
T L4y dust(wt)isxst(wt)d(wt) |
T dgp (wit)-i2p (wt)d(wt
T+ fo7 dnst(wt)ikgr (wh)d(wt) ]

According to the definition in (33)—(35), the average and
rms current calculation depends on the on-state duty ratio and
current across power device. The mathematic expressions of on-
state duty ratio and on-state current in different switching states
are derived in the Appendix. Then, it is easier to use numerical
calculation to get the comparison results.

Figs. 15-17 show the current stress of insulated-gate bipo-
lar transistor (IGBT), free-wheeling diode, and D, for Z-
source inverter with different PWM strategies, respectively. The
load power factor is unit 1 here (cos(¢) = 1). As shown in
Fig. 15(a), MCPWM + 3P ST and MPWM + 3P ST have the
minimum peak current. It is because the large ST current is

simultaneously distributed among three-phase legs. Compared
with MCPWM + 1P ST and MPWM + 1P ST, IPWM —+ 1P
ST is beneficial to reduce IGBT peak current. This is because
the ST interval is inserted in the phase of vy,iq. As shown in
Fig. 15(b), all these PWM strategies have almost the same av-
erage current stress of IGBT. This is because eventually the
ST current is averagely distributed among three-phase legs in
each output line-frequency period. (Tjine = 1/ fiine). When it
comes to rms current of IGBT, PWM with 3P ST (MCPWM
+ 3P ST, MPWM + 3P ST) have the minimum value com-
pared to those with 1P ST (MCPWM + 1P ST, MPWM +
1P ST, IPWM + 1P ST). IPWM + 1P ST has a little smaller
value of rms current than that of MCPWM + 1P ST, MPWM
+ 1P ST.

As shown in Fig. 16(a), with MPWM strategies (MPWM +
1P/3P ST, IPWM + 1P ST), free-wheeling diode has the mini-
mum peak current, which is half of MCPWM (MCPWM+-1P/3P
ST). With MPWM+3P ST and IPWM+1P ST, free-wheeling
diode has the minimum average current and RMS current shown
in Fig. 16(b) and Fig. 16(c). Under the high load power factor,
the average and RMS current of free-wheeling diode are far
smaller than that of IGBT.

As shown in Fig. 17, MPWM strategies (MPWM + 1P/3P ST,
IPWM + 1P ST) have the minimum value of peak current for
Dy . With different PWM strategies, the average current flowing
through D is the input current under certain output power. Thus,
they have the same value of average current shown in Fig. 17(b).
Compared with MCPWM strategies (MCPWM + 1P/3P ST),
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MPWM strategies (MPWM + 1P/3P ST, IPWM + 1P ST) have 4.,
a little smaller value of rms current. T~
In all, for Z-source inverter, PWM strategies with different ) , —
ST injection methods mainly affect the current stress of IGBT, s Sictime i (e+Dm'3 .
) . ix-time line- Switching
but have little influence on the average and rms current of free- i frequency ripples frequency ripples
wheeling diode and the front-end diode. Z-source inverter with
IPWM + 1P ST demonstrates the maximum voltage boost ca- [ & S
.y .. .. . . 0 1 Il >
pability, minimum voltage stress, and minimum switching fre- k31 e+ 1)/3 7 i
) ve i Six-time line- Switching
quency of power devices. /N'WM"MWA‘,-M..W Sreqiiency ripples$ 'W'”"'“""Ww.\,m [frequency ripples
i N""-V.w,A,\@_gM,-,w.m‘W
B. Passive Components Requirement Comparison -
P 4 P ¢ 7] EIIE > ot
In general, the cost and volume of passive component are MZT
proportional to the available energy stored in it. The inductor 0 . , > ot
. . . . /3 K+ )73 >
core and winding are designed on the basis of the inductance
requirement (L) and average current level (/) under maximum ;. T
operation conditions. The inductance is selected to limit the 0 i i > ot
. . . L . ] "+ ha3 >
current ripples in a certain range. The capacitor is designed { i
based on the current capacity, capacitance requirement, and ter- P 11 i
minal voltage [27]. The current capacity usually refers to the oty ot wt, ot

rms value of the current ripples, which is related the capac-
itor working temperature and service life. The capacitance is
selected according to the limitations of the voltage ripple. The
current/voltage ripples of inductor/capacitor are defined as

AIL = 5L -1
AVe = ¢ - Vo

(36)
(37)

where ¢;, and d¢- are the ripples coefficients preset based on the
performance indices of power converter.

As for MCPWM (MCPWM -+ 1P/3P ST), ds in one switch-
ing time period is constant. Thus, in theory, passive components
just contain switching-frequency ripples, which are analyzed in
one switching time period 7. I, increases during ST interval
and decreases during non-ST interval, whereas v~ decreases
during ST interval and increases during non-ST interval.

With MPWM strategies (MPWM + 1P/3P ST, IPWM +
1P ST), dgt expressed in (23) keeps changing in each sex-
tant. The typical waveforms of inductor current and capaci-
tor voltage are shown in Fig. 18, in which, < vy >7; is the
average value of inductor terminal voltage in one switching
time period, and < i¢ >, is the average value of capacitor
current in one switching time period. In theory, besides the
switching frequency ripples, the passive components also

Fig. 18.  Inductor current and capacitor voltage waveforms for Z-source in-
verter with MPWM strategies (MPWM + 1P/3P ST or IPWM + 1P ST).

contain six-time-line-frequency ripples, which are analyzed in
one sextant. Usually, the amplitude of switching frequency rip-
ples is much smaller than that of six-time-line-frequency rip-
ples. Thus, the inductance and capacitance in Z-source net-
work should be designed to limit the low-frequency ripples in
the desired range. As shown in Fig. 18, ¢7 increases and v¢o
decreases during interval 1T (wt;, wty). According to induc-
tor’s VI characteristic, Al; can be calculated by integrating
< wy >7, from wt; to wty. Similarly, Ave can be derived by
integrating < i >75 from wt; to wty. The detailed derivation
process is in the Appendix. Table IV lists the expressions of
inductance and capacitance requirement for Z-source inverter
with different PWM strategies.

For Z-source inverter with the different PWM strategies, the
current of capacitor keeps changing periodically in every sex-
tant. Thus, the rms current of capacitor can be calculated by
integrating i in 60°. The expressions of duty ratio and ca-
pacitor current in different switching states are derived in the
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TABLE IV
EXPRESSIONS OF PASSIVE COMPONENTS REQUIREMENT FOR Z-SOURCE
INVERTER WITH DIFFERENT PWM STRATEGIES

Modulation scheme Inductance (L) Capacitance (C)

_ 1 V3G -2 Ve _ V3 . VBG-2 iac
1[\;I7C]PWM+3PST L=35r5 Vien st C= % Viao volsTae
_ 1. VBG-2 . _ Vge 1 V3G-2  _ iac_
I[\i[7C]PWMJF IPST L =57 Vs 5L-f.f-;.,n~, C=3F Va1 ol Ta.
_ 0.0181 | Ve _ _0.0181G iac
1[\;[;\}‘/111\)4\;,*1\141:/_3;552 L= Vam0p fLineac ¢ 4(3V3G —m) 3¢ fline Vde
0.8
S/ fiine=200
0.6
2 0.4 [ f/fin=100
0.2 pdline=30 o
e
o im
0 P :
1.0 1.5 2.0 25

Voltage gain (G)
--#-- MCPWM+3P ST
==Q:=- MCPWM+I1P ST
—A—MPWM+1P/3P ST or IPWM+1P ST

Fig. 19. Inductance requirement of Z-source inverter with different PWM
strategies.
Appendix

6

2 -2
IC'_rms = T ZA(t) 'ZC'(t)
Line
3 /3 ' )
=2 / (dsr(wt) - (e (b))
0

+dyst () - (ic (@) ) dwt)| . (38)

Based on the equations listed in Table IV and the afore-
mentioned definitions, the relationship of passive components
requirements versus voltage gain for Z-source inverter with dif-
ferent PWM strategies is shown in Figs. 19 and 20. fs/ fiine
is the ratio of switching frequency over the output voltage line
frequency. The parameters K, K¢, and K¢ ., are defined as

L
K= ———— (39)
Vdc/(SLfs Tac
Ko = L (40)
Zac/(SC fs ‘/d(:
KIC _ ICl_rms (41)

7’210
where K reflects the inductance requirement, and Ko and
K7 reflect the capacitance requirement and current ripples of
capacitor.
Based on the equations listed in Table II, under the same input
and output operation condition, Z-source inverter with different
PWM strategies has the same average current i7,. With MPWM
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Fig. 20. Capacitor requirement of Z-source inverter with different PWM
strategies. (a) Capacitance comparison. (b) RMS current of capacitor.

strategies (MPWM —+ 1P/3P ST and IPWM + 1P ST), it has the
minimum capacitor voltage v¢. As shown in Figs. 19 and 20,
MCPWM + 1P ST has the least inductance and capacitance re-
quirement. With the increase of switching frequency, MCPWM
+ 1P/3P ST needs much smaller inductance and capacitance
compared to MPWM + 1P/3P ST and IPWM + 1P ST. How-
ever, much high switching frequency causes large switching
losses of power devices. The tradeoff between the size of pas-
sive components and power devices loss should be considered
in practical application. Compared to MCPWM ~+ 1P/3P ST,
MPWM —+ 1P/3P ST and IPWM + 1P ST reduce the rms value
of capacitor current ripples.

V. CLOSED-LOOP CONTROLLER DESIGN

When Z-source inverter operates with constant boost control,
there are two control variables: dgt and M;. The intermediate
capacitor voltage v¢ is controlled by dgt and the output ac
voltage is controlled by M;, using separate controllers [27],
[29]. However, when Z-source inverter operates with MPWM
(IPWM + 1P ST), there is only one control freedom dgr for
both regulation of ve and 0,.. Fig. 21 shows the closed-loop
control system diagram, which consists of the dc-side dual-
loop capacitor voltage control and the ac-side output voltage
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Fig. 21.  Control system diagram of Z-source inverter with [IPWM + 1P ST.
control. For a given output voltage reference ¢ ., voltage gain Dy L P L
B LN g

G and reference capacitor voltage v{, are calculated by (6) and
(22). With regarding to the nonlinear relationship of G and dy
expressed in (24) and nonminimum phase characteristics of v¢
and d,y, in (20), the feedforward control technique with 9}
and input voltage V. is introduced to calculate the approximate
value of average ST duty ratio dy by (24). This is beneficial
to achieve a good transient performance. For ac-side control,
the amplitude of three-phase voltage is feedback because it is
dc component. v,,, v}, and v, are measured and transformed
into v, and vg in two-axis stationary reference frame according
to the following equation:

1 1 1
- a ~ a v
Vyy 2 2 2 ¢
ol = 2. o (42)
IR o V3 V3|,
2 2

where factor 2/3 is included, which means that the amplitude
of voltage vector equals to the peak value of the output phase
voltage. Then, v,. can be calculated by

L 2
Dye = v(%—i—vﬂ.

The proportional-integral (PI) controller output d; makes
sure three-phase output voltage follows the reference with zero
steady-state error. The PI controller output dy drives the dc-side
capacitor voltage to follow V. The phase angle 6 determines
which sextant the reference voltage vector is located in. The
instantaneous ST duty ratio dg is calculated based on d,, and
0 according to (23). Then, the PWM module generates PWM

(43)

} Vae ik Cre= [] R,

N

Fig. 22.

DC-side equivalent circuit.

signals for six power devices in Z-source inverter according to
27).

The state-space averaged model provides good understanding
of circuit characteristic and tools for parameters design of PI
controller. For Z-source inverter supplying three-phase balanced
load, the ac-side can be transferred to dc-side and simplified as
a resistive load connected with an essential LC filter. Fig. 22
shows the dc-side equivalent circuit. The equivalent load resistor
is calculated based on power balance

(44)

By taking all the inductor current (ir, iz ;) and capacitor
voltage (vc, ves) as the state variables and using the state-
space averaging method in one switching time period (7T ), the
state equations of dc-side equivalent circuit can be expressed as
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the following equation:

r d@iL i 0 - 1 —2dst 0 0 T
dt L
drUfC 1-— 2dST 0 B 1-— dST 0
dt _ C C
dZ‘Lf 0 2(1 - dST) 0 _i
dt Ly Ly
dvcy 1 1
0 0 — —
L dt - L Cf CfR6
1 —dsr
ir L
Vo 0
1 | Vae 45)
vef Ly
0
i (s)
Gij (S) = =
dSon(S)
a3 8 Fap st +an s+ ap (46)
a b4‘54+b3'83+bz'52+b1'S+b0
Vo (S
G (8) = = )
dSon(S)
_ ags - 8% 4 agy - 87 +as1 - s+ ag 47)
7b4'84+b3'53+b2-82+b1'S-‘rbo
0o f(s)
Goe, (5) = ZCre)
dSon(S)
_ agzs - §° 4 azy - s+ ag (48)

b4‘$4+b3'83+bz'52+b1'5+b0

where the numerator and denominator coefficients are as fol-
lows:

ar3 = CLyCfR.a, a1o = CLya+ (1 —2D)CyLsR. 3
a1, = (1—2D)L;B + CR.a+ (1 —D)CsRea,

ajp = 2(1 - D)«

a3 = —LL;CyR.[3

asy = —LLgB+[(1 - D)L+ (1-2D)Ls]CsReo,

as1 = [(1— D)L+ (1—2D)LsJa — LR.5,

ayo = (1—2D)R.«

azs = —LOR.a, a3 = —2(1 — D)LR. 3,

azo = (1 -2D)R.«

by = LCL;CsR., by = LCLy
by = LCR, + (1 —2D)?L;C;R, +2(1 — D)?LC R,
by = 2(1—D)’L+ (1 —2D)*Ly,
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Fig.23.  Block diagram of closed-loop controller for dc-side equivalent circuit.

by = (1—2D)’R,

1
= 2Veo —Vije = ——— Ve
07 C de ]-*dST des
1 Ve
B= 20 —I ;= ——5 -5
(1 —dgr)* Re

Performing small signal perturbation at the equilibrium oper-
ation point, the transfer functions of control to inductor current,
intermediate capacitor voltage, and output voltage perturbations
are derived as (46), (47), and (48), respectively.

It can be observed from (46) to (48) that the transfer functions
of ST duty ratio to intermediate capacitor voltage G, (s) and
output voltage G, (s) contains the right-half-plane (RHP) ze-
roes. With RHP zeroes, the expected voltage falls before rising
to the reference when the step increase of control command is
given [27]. This nonminimum phase system exhibits a worse
dynamic response and causes oscillation. Usually, the inner cur-
rent loop is essential to deal with such an influence and to obtain
the good response.

Fig. 23 shows the block diagram of dc-side closed-loop con-
troller. C;j(z) C,, (2), and C,, () are the typical digital PI
controller with antiwindup correction expressed in (49). H; and
H,., H,y are the coefficients of current and voltage sampling
units, respectively. (1 — e~7%)/s is zero-order hold. e~ T¢* is
time delay. G;, (s), Gy (s), and G, (s) are the control to
state variable transfer functions expressed in (46)—(48). G;, (s)
is the minimum phase system transfer function. And the total
phase delay is 90°. Therefore, the inner current regulator C; (2)
is easily designed to meet the bandwidth requirement. C,. , (2)
provides the guidance for controller parameters design for ac
output voltage. Applying the formula for Mason’s rule, the in-
ner current closed-loop transfer function is derived as (50). Once
the current loop is designed, it can be treated as a new power
stage for the outer voltage loop design. The closed-loop transfer
functions of capacitor voltage and filtered output voltage are
derived as (51) and (52)

Golz) = K, + KT, - —— (49)
o Ci(s) - Gi, (s)
T () = 1T H 60 o) (50)
_ C’U(f <5> i TiL (S) ) G'U(,' (5)
L) = Ge T Hyy 0o (5) T, () Con (3) )
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oo, () = i, (T (G,
v o CZ (S).GiL (8)+H1’('.f .CUCf (s).j—‘iL (S)Gb(f (5) .

(52)

VI. SIMULATION AND EXPERIMENT VERIFICATION

Numerical simulations using MATLAB/Simulink have been
performed to verify IPWM + 1P ST and theoretical analysis.
The main circuit parameters are: Vg, =300—400V, L =
8 mH, Cy =C» =330 uF, Ly =400 pH, Cy =25 uF, Rioaa =
60 Q, Liynq = 2 mH. The switching time period T is 100 us.
The output line frequency is fiine = 50 Hz. The current/voltage
ripple coefficients of inductor/capacitor for Z-source network
are preset as 0, = 0.4, ¢ = 0.0015 under the maximum
operation condition G =2.1,4i;, =10 A, and Vi = 600 V.
The cutoff frequency of low-pass filter in output side is set
about 2 kHz (f. = 1/5f5) to attenuate the switching frequency
ripples.

Fig. 24 shows the captured waveforms of Z-source inverter
with IPWM + 1P ST under the output reference voltage

of U, =310 V. According to (6) and (22), the voltage gain
G = 1.56, and the capacitor voltage Vi = 514.6 calculated in
theory are identical to the simulation results. Compared with
the existing PWM strategies, Z-source inverter with IPWM +
1P ST achieves the maximum voltage gain as well as minimum
voltage stress and switching frequency of power devices.

A laboratory prototype rated at 2.5 kW was built to con-
firm the IPWM strategy with Infineon power devices. Fig. 25
shows a photograph of the test platform. The main control
board is designed based on DSP28335. The drive circuit of
IGBT is designed with ACPL-330J based on the existing ma-
ture technology. A programmable dc power supply is arranged
as the dc source to simulate the V' — I characteristics of fuel
cells and solar arrays. A Y-type three-phase RL load is con-
nected to the ac side of the inverter. HIOKI 3390 power an-
alyzer simultaneously measures the input dc power and ac
output power to perform efficiency analysis. The time dura-
tion of each switching instant is precalculated in DSP28335.
The conditioning board performs logic operations to generate
gate signals of power devices according to the requirement of
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HIOKI 3390

Fig. 25.

Z-source inverter test platform.

TABLE V
SPECIFICATIONS FOR THE EXPERIMENTAL PROTOTYPE

Switching device Front-end diode DIODE (IDP30E120)

Saps Sans Sbp>Sbus Seps Sen IGBT(IGW25N120) and
DIODE(IDP18E120)
Passive components L 8 mH
Cy and Cy 330 uF
Three-phase EMI filer Ly 400 pH
Cy 35 uF
Three-phase RL load Rigad 40 — 300 ©
Lioad 2 mH
Switching time period T 100 ps
Current sensor H; 0.1
Voltage sensor Hy.and H.¢ 0.01

the output voltage vector. The specifications for the experi-
mental prototype are listed in Table V. The key parameters
of closed-loop controllers are G;, (z)= 0.11 4 0.0035 - z/(z —
1); Gue (2)=0.06 +0.012- z/(z — 1); Gy, (2) = 0.048 +
0.03-z/(z—1).

For Z-source inverter with IPWM + 1P ST, the inductor
current in the impedance network inevitably contains 300 Hz
low-frequency ripples for 50 Hz ac output. Fig. 26 shows the fre-
quency characteristic of control to inductor current, intermediate
capacitor voltage, and filtered output voltage. In order to sup-
press the undesired influence of low frequency ac components,
the bandwidth of inner current loop is designed below 300 Hz.
Fig. 27 shows the designed closed-loop frequency responses.
The inner current loop is designed with 200 Hz bandwidth and
45° phase margin. The intermediate capacitor voltage loop and
output voltage loop are designed with almost 25 Hz bandwidth
and 30° phase margin, which is beneficial to reduce the voltage
oscillatory.

Fig. 28 shows the experiment results for Z-source inverter
with IPWM + 1P ST under the output reference voltage of
Uae = 310 V when the input voltage Vy. = 300 — 400 V. The
maximum voltage gain of G = 2.07 can be obtained. Fig. 28(a)
shows the voltage waveforms of gate signals for power devices
(Sap, Svp, and Scp). During each sextant, the switches in the
legs of vy, 4« and vy, iy are fixed. Only switches in one phase leg of
Umiq are commutating with PWM. Fig. 28(b) shows the captured
waveforms of the intermediate dc-link voltage, the output phase
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voltage before and after the filter, as well as the output current.
By adjusting the ST to maintain the filtered output phase voltage
is 220 V/50 Hz, the measured intermediate capacitor voltage is
about 517.8 V, which is a little larger than the theoretical values
of 514 V. This is due to the voltage drop and power loss of
switches in the inverter bridge. Compared with existing PWM
strategies, [IPWM + 1P ST achieves the minimum intermediate
dc-link capacitor voltage and equivalent switching frequency.
The maximum boost PWM strategy introduces six-time-line-
frequency ripples in the dc-side inductor current and the ca-
pacitor voltage. Therefore, it is more suitable for 400-800 Hz
medium frequency application of power supply system due to a
relatively high output line frequency. Fig. 29 shows the captured
waveforms for Z-source inverter using IPWM + 1P ST when the
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and current (Vg. = 300 V). (c) Intermediate dc-link voltage, output voltage,
and current (Vg = 400 V).

output phase voltage is 110 V/400 Hz, the dc source voltage is
Viae = 200 V, and the switching time period is Ty = 50 us. The
maximum voltage gain of G = 1.56 can be obtained. The mea-
sured intermediate capacitor voltage 261.3 V is quite consistent
with the theoretical value 258 V calculated from (22).

Fig. 30(a) and (b) shows the experimental results when the ref-
erence output voltage 0. has a step change from 250 Vto 310 V

Sap drive Vg

25V/divNg

Sbp drive Vg

"1 Mﬁ;ﬁﬁnuil e="N

Scp drive Ve
25V/div \

M-

25.0V 2
25.0V oint

Tek Prevu ) [ ]

Phase voltage

250V/d|v\

DC link voltage v,
250V/div /

r

Filtered phase voltage
250V/di

\/\7\/\/

Line current
N SA/dlv\

~ I
\ 1 \ \ /
L / \ v N S/
\\‘\.,_ ‘\ o ./""' \\.4 A.//
250V 1 ©®
250 V o 5.00 A

(b)

:]

Fig. 29. Z-source inverter with IPWM + 1P ST (V. =200 V,R =
40 Q, fiine = 400 Hz). (a) Voltage waveforms of power device gate signals.
(b) Intermediate dc-link voltage, output voltage, and current (V. = 200 V).

and back to 250 V, respectively. The controller is stable under
steady state operation and the step change response is also fast
with acceptable response time. With controller design shown in
Fig. 21, the output three-phase voltage has good transient per-
formance. The output three-phase voltage follows the reference
when the intermediate capacitor voltage Vi = 413.5 V achieves
new steady state V- = 514.4 V. Fig. 31(a) and (b) shows the
experimental results when the load resistance has a step change
from Ry = 160 Q2to Ry, = 120 Q2 and back to R = 160 €, re-
spectively. The dc-side capacitor voltage and output ac voltage
recover quickly.

The losses of power converter include semiconductor devices
losses, passive components losses, controller and driver losses,
etc. Among them, the semiconductor devices losses are the dom-
inant part. IGBT losses consist of turn-on and turn-off switch-
ing losses besides conduction losses. DIODE losses include the
reverse recovery losses and conduction losses because the turn-
on losses are small enough to be neglected [35]. The switch-
ing losses model of semiconductor device can be expressed as
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follows [35]-[37]:

. 2\ Vaw

Esw(011,0ff) = (O[ + /8 “lgw + v Zzw) V. ; (53)
re

Psw = fsw . (Eswon + Eswoff) (54)

where V,, is the blocking voltage, i, is the switched current,
«, (3, v are the device parameters from the datasheet, and Vi is
the reference voltage under which device parameters are derived.

The conduction losses of the front-end diode and switches in
the inverter bridge can be calculated by

1" ,

Peonde = IT Vcon * Teondt (55)
s Jt
1 [* :

Peoniny = % deonVon * TeondOy (56)

where veon = Vi + Tieon 1 the on-state voltage drop, vyy, is the
threshold voltage, ris the on-state resistor, i,y 1S the conduction
current, and d..,, is the conduction duration.

According to the power devices losses model, the switch-
ing losses and conduction losses of each power device can be
calculated for theoretical analysis. Fig. 32 shows the losses dis-
tribution of Z-source inverter with different PWM strategies
operating at normal condition as a reference. IGBT switching
losses and front-end DIODE D, reverse recovery losses occupy
the main part. Therefore, the reduction of switching frequency
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and voltage stress is of great importance for efficiency improve-
ment. The conduction loss of free-wheeling diode is the minor
part. All the PWM strategies only have a slight difference in
the conduction losses of IGBT and Dj. This is because by us-
ing different PWM strategies, IGBT and D; have almost the
same average current stress in Figs. 15(b) and 17(b), respec-
tively. MCPWM + 1P ST has the maximum IGBT switching
losses due to a larger ST current compared with 3P ST method.
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Fortunately, for MCPWM -+ 1P ST in Fig. 5, MPWM + 1P
ST in Fig. 7, and IPWM + 1P ST in Fig. 11, the ST interval
is inserted at the instants of switching commutation between
antiparalleled diode and IGBT. All the free-wheeling diodes in
the inverter bridge achieve zero current turn OFF. Thus, free-
wheeling diodes have almost no reverse recovery losses [34].
The turn-on losses of IGBT can be reduced too. Because the
reduced switching frequency of IGBT and the front-end diode
contributes to lowering power device losses, IPWM + 1P ST
achieves the highest efficiency.

In order to quantify the improvement introduced by [PWM
+ 1P ST, the main circuit efficiency of Z-source inverter with
different PWM strategies is measured under different output
power and input voltage. Fig. 33 shows the efficiency compar-
ison results of Z-source inverter operating at (a) Vi =400V,
Uac = 311V, P, = 250 — 2500 W by the change of load resis-
tance, and (b) V. = 300 — 400 V, 0, = 311V, P, = 2500 W
by the change of input voltage. The efficiency is increased with
the decrease of voltage gain. Compared with existing PWM
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Current of Sy, during ST state for PWM strategies with 1P ST.

Fig. 34.

strategies, Z-source inverter with IPWM + 1P ST demonstrates
best efficiency due to the reduced switching frequency and volt-
age stress of power devices.

VII. CONCLUSION

This paper presents an IPWM strategy for Z-source inverter,
which can minimize the voltage stress and switching frequency
of power devices. Simulation and experiment results validate the
theoretical analysis. Compared with existing PWM strategies,
Z-source inverter with the [IPWM demonstrates higher efficiency
under full operation range of low voltage gain (1.27 — 2) ap-
plication. However, the dc-side inductor current and capacitor
voltage contain six-time-line-frequency ripples, which conse-
quently require large size of the passive components when the
output frequency is very low. Thus, it is also suitable for 400-
800 Hz medium frequency aircraft and vessel power supply
system due to a relatively high output line frequency. Further-
more, the idea of IPWM strategy can be extended to other kinds
of three-phase impedance network-based inverters.

APPENDIX

1) Current Stress Derivation of IGBT and Free-Wheeling
Diode

Because of the symmetry, each IGBT and free-wheeling diode
in the inverter bridge has the same current stress. Thus, only
IGBT S, and diode D,, are analyzed, for example.

(1) MCPWM + 1P ST

During ST interval, Dy is blocked. As shown in Fig. 34, ig,,
1S fde link MINUS Zhe. idelink 1S 297 - The represents the sum of
current across Sy, and S.;,, which depends on the current and
switching states of phase b and ¢

(57)
(58)

idcjink (wt) — ibc(wt) = QiL — ibc(wt)

pr -1 (wt) + Scp e (wt).

Z.Sap =

Tpe =

According to (57) and (58), ST current across S, , in different
sextants can be derived as

. ™ ™
no (Geas)
. . . ™ T
ig1(ig).sT(wt) = § 2ir — ip(wt) (g <wt< 5)

%1 — io(wi) (fg <wt < fg)
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From (59), the maximum instant current through .S,,, occurs
during ST interval ¢, ;T = 2¢7,. The ST interval dgt is ob-
tained from Table II.

During non-ST interval, S,,, and D,,, conduct when i, is pos-
itive (—7/2 < wt < 7/2). The conduction current is 4,. Thus,
the maximum instant current through D,,, is peak value of load
current i, Fw_DIODE = %ac. As shown in Fig. 5, the on-state
interval of S, and D, in a half line cycle can be derived as the
following equations:

dsap(1GBT) NST (WE)
Vaap(sam) () — dSTG(“’t) (Fswt<?)
= Woapsany @0 + B (T Ty o0
Viap(san) (wt) — d”ﬁ(“’t) —Z <wt<—%)
dSan(Diode) NST (W)
1 — dsapeer)NsT (W) — dSTQ(Wt) (—g <wt < %)
=91 = dsapanT) NsT (WE) — dSTéWt) (g <wt < g)
1 — dsapaBT)NsT(WE) — dSTéWt) (—g <wt < —g)

(61)

2) MPWM + 1P ST

For MPWM + 1P ST, the main difference from MCPWM
+ 1P is the periodically varied dgt in (10). D,, is always
turned OFF in the first sextant. Thus, the maximum instant current
occurs at the beginning of the second sextant. It is half of load
peak current i, pw _diode = 0-5%:“» Substituting (10) into (60)
and (61), the key parameters for current stress analysis can be
obtained.

3) IPWM + 1P ST

For IPWM + 1P ST, ST interval is inserted in phase a in the
second sextant (7/3 < wt < 27/3). Thus, the maximum instant
currents of IGBT and free-wheeling diode occur at the beginning
of the second sextant. i, jgpT = 27 — 0.5€ac. Ip FW _diode =
0.5%pc.

(4) MCPWM + 3P ST

For MCPWM + 3P ST, during ST interval, all the switches in
the inverter bridge are turned ON. Assuming the on-state resistors
of each switch have the same value shown in Fig. 35, the current
across Sy, and S,, meet

iSap (Wt) + Z’San(Wt) = %ZL
isap (Wt) — isan (WE) = ig(wt)

From (62), the ST current through S,,, can be derived as

(62)

2 1.
igap (W) = 3zL + = 2 iq (wt). (63)
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From (63), the maximum instant current through IGBT during
ST interval is

2. +1¢
=i —lac-
L 22

3 (64)

Ip IGBT =

Seen from Fig. 35, during non-ST interval, the conduction
current across S, and D,, is phase current 7., but the con-
duction duration of S,,, and D,,, decreases by dgt /2 compared
with conventional three-phase VSI

1
dSﬁPNST (Wt) = ‘/é*ap(San) (Wt) - idST ((“Jt) (65)

dpan NsT (W) = 1 — Vg1 (gan) (W) — %dST(wt). (66)

(5) MPWM + 3P ST

For MPWM + 3P ST, the key parameters of current stress
analysis can be obtained by substituting (10) into (65) and (66).
D,, is always turned OFF in the first sextant. Thus, the maximum
instant current occurs at the beginning of the second sextant
Z.pJ‘W,diode = 0.5%4c.

2) Current Stress Derivation of the Front-End Diode

As for Z-source inverter, Dy is conducting during non-ST
interval and the equivalent circuit is shown in Fig. 36. ipg can
be expressed as 2i; — iqciink- In one switching time period,
tdeaink changes among zero and different load current

ir(wt) +ic (wt) = 2ig (wt) — igcink (WE)
(67)

iponsT(wt) =

tdcaink (Wt) = Sap(Wt)ig (wit) + Spp (Wt)iy(wi)

+ Sep (wt)ic (wt). (68)
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In the first sextant, ip( in different switching state is

2 (111 000)
IPE(Diode) (Wt) = § 2ir —iq(wt)  (100) (69)
% +i.(wt)  (110)

The corresponding duty ratio of different switching state is
di111,000) (Wt) = 1 = Vg, (gam) (wt) (111000)
FVep(sen) (Wt) — dst (wt)

d(100) (W) = Vg, (sam) (@) = Vaip(sen) (@8) - (100)

di110)(wt) = Vs*bp(scn)(wt) - Vé*CMSm)(wt) (110)

With MCPWM + 1P ST and MCPWM + 3P ST, the peak
current of Dy occurs in zero switching state, which is 2iy.
With MPWM + 1P ST and MPWM -+ 3P ST, there is no zero
switching state in non-ST interval. From (69), the peak current

OfD() is
3 1\ .
- (2G2> lac-

With different PWM strategies, the interval of active voltage
vectors can be obtained from (70).

3) Passive Components Ripples Derivation

(1) MCPWM + 1P ST and MCPWM + 3P ST

(70)

= 2i; — —i, (71)

1p_FE(Diode) 5 lac

A. Inductor Requirement

As shown in Fig. 10, during ST interval, V; = Vi and i,
is increasing. And during non-ST interval, V;, = V4. — V¢ and
I;, is decreasing. The average voltage across inductor in one
switching time period is zero.

For MCPWM + 1P ST in Fig. 4 and MCPWM + 3P ST
in Fig. 5, each ST interval is 1/2d T and 1/6dgTs,, respec-
tively. Thus, the inductor current ripples can be appropriately
calculated based on dgt and Vi

1 dsr

Aip = Vo =T, ForMCPWM+3PST (72)

L
) 1 dst
Aip = I Ve - TT(; For MCPWM + 1P ST. (73)

Substituting V- and dgr listed in Table II into (72) and (73),
Ay can be rewritten as

Aip = ez 2 For MCPWM + 3P ST
£ 8 \/§G -1 Lfs
(74)
Aip = V3 (V3G -2)G  Vac For MCPWM + 1P ST.
24 \3G-1 Lf;

(75)

B. Capacitor Requirement

As shown in Fig. 10, during ST interval, the discharging
current of capacitor is 77,

10 ST (wt) = —1i7. (76)
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The charging current of capacitor during non-ST interval is
1, — Tde,ink» 1N Which, 4. 1inx changes among three-phase load
current at different switching states. ¢¢c_ngt in the first sextant
is expressed as

cxnsT(wt) =11 — facink (W)
ir (111000)

_ i — fne cos(wt) (100) 77)

A 2
i + Gac COS <wt + ;) (110)
The average current across the capacitor in one switching

time period is zero. From (76), the capacitor voltage ripples for
MCPWM + 1P/3P ST can be calculated based on dgt and iy,

1 d

AVp = aw'L-%TS For MCPWM + 3P ST  (78)
1 dst

AVe = iy —-T. ForMCPWM +IPST. (79)

Substituting i;, and dgt in Table II into (78) and (79), the
capacitor voltage ripples can be rewritten as

3 (VBG—=2)G i

AVp = 22¢ For MCPWM + 3P ST
“T 16 V3a-1 Cf,
(80)
1 -2 Iac
AVp = LOBG =G e vcpwh s P ST

16 V3G-1 CJF,

(81)

Based on (76) and (77), the capacitor rms current ripples can
be calculated as

6 2

T Zd(t) i (1)

dst(wt) - (—iz)* + d(111.000) (W) - (ir)
3 /77/3 +d 100y (Wt) - (i, — Gac(wt))?
0

2
ISJ‘IHS

- d(wt)|.

R 27\ 2
+dg10)(wt) - (iL + tac (wt+ ;)

(82)

(2) MPWM + 1P ST, MPWM + 3P ST, and IPWM + 1P ST

A. Inductor Requirement

The average voltage across the inductor in one switching time
period can be derived as

<UL (Wt»Ts = Ve - dg (wt)TS + (Vdc — V(j)(l —dsT (wt))TS.

(83)

Substituting Vi and dg; in Table II into (83), < vy, (wt) >7s
can be simplified as

3G |3

(vr, (‘Ut))n = —\g — - cos(wt — %) (84)
As is shown in Fig. 18, the first sextant is divided into three
time interval. During interval I (wty, wty) and HI (w2, wts),
when < vy >rs>0, ¢ is increasing. During interval II
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(wty, wty), when < wp >ps <0, i, is decreasing. In one
sextant, the average voltage across the inductor should be zero

/0 " (or (). d(wt) = 0. (85)

The critical instants wt; and wty for interval II can be calcu-
lated by assuming (vy (wt))r, =0

wt; = —acos (i) + % ~ 0.2222
3 ™ (86)
wty =acos | — | + = =~ 0.8250
O
Integrating (v, (wt))p, in (84) from wt; to wty, the inductor
current ripples can be derived as

0181 .
AL ~ _ 0.018 .\/ﬁavdc

1 0.8250
o | o)y, e
0.0184v3G Vi

B 4 LfLinc . (87)

wlL 2

B. Capacitor Requirement
Thus, the charging current of capacitor during non-ST interval
ic NST 1S as

icxsT(Wt) =i — ddetink (W)
i — fae cos(wt) (100)

) ) . (88)
i1, + Tac COS (wt + ;) (110)

From (76) and (88), the average current across the capacitor
in one switching time period can be derived and simplified as

(ic (Wt)>Ts = dgt(wt) - (—ip) + d(loo)(Wt) (i — iac(‘*}t))

N 2
+ d(Ho)(wt) . (ZL + iac (wt + 37‘—))

2%

= 73\/§7TG fac [cos (wt - E) - 3} . (89)
4(3v/3G — 1) 6 0

ve increases during interval II, the critical instants wt; and

wty can be calculated by assuming (i¢ (wt))r, = 0. Obviously,

the critical instants wt; and wt, are the same as (86). Similarly,

integrating (ic (wt))r, in (89) from wt; to wty, the capacitor

voltage ripples can be derived as

1 0.8250
Ave ~ — - ic(wt))y d(wt
wC Jp.2292 < )>T‘* )

0.0181  3v37G%iy

27TfLineC . 4(3\/§G — 71')

0.0181-3V37G? iy
87(3v3G — 1) fiineC~

(90)
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The capacitor rms current ripples can be calculated as
6 9
=T > d(t)-ie(h)
dst (wt) - (—ir)? + d(100) (wt)

3 /77/3 ~(iL — %ac(Wt))Q

2
ISIIHS

d(wt)].
™ 0 R 27_(_ 2
+d(110) (Wt) - (iL + tac <wt + 3>

oD

REFERENCES
[1

—

J. Momoh, Renewable Energy and Storage. New York, NY, USA: Wiley,
2012.

W. Li and X. He, “Review of nonisolated high-step-up DC/DC converters
in photovoltaic grid-connected applications,” IEEE Trans. Ind. Electron.,
vol. 58, no. 4, pp. 1239-1250, May 2011.

F. Z. Peng, “Z-source inverter,” IEEE Trans. Ind. Appl., vol. 39, no. 2,
pp. 504-510, Mar./Apr. 2003.

Y. P. Siwakoti, F. Z. Peng, F. Blaabjerg, P. C. Loh, and G. E. Town,
“Impedance-source networks for electric power conversion part I: A topo-
logical review,” IEEE Trans. Power Electron., vol. 30, no. 2, pp. 699-716,
Feb. 2015.

O. Ellabban and H. Abu-Rub, “Z-source inverter: Topology improvements
review,” IEEE Ind. Electron. Mag., vol. 10, no. 1, pp. 624, Mar. 2016.
Y. Tang, S. Xie, C. Zhang, and Z. Xu, “Improved Z-source inverter with
reduced Z-source capacitor voltage stress and soft-start capability,” IEEE
Trans. Power Electron., vol. 24, no. 2, pp. 833-838, Feb. 2009.

W. Qian, F. Z. Peng, and H. Cha, “Trans-Z-source inverters,” IEEE Trans.
Power Electron., vol. 26, no. 12, pp. 3453-3463, Dec. 2011.

F. Gao, P. C. Loh, D. Li, and F. Blaabjerg, “Asymmetrical and symmetrical
embedded Z-source inverters,” IET Trans. Power Electron., vol. 4, no. 2,
pp. 181-193,2011.

D. Cao, S. Jiang, X. Yu, and F. Z. Peng, “Low-cost semi-Z-source in-
verter for single-phase photovoltaic systems,” IEEE Trans. Power Elec-
tron., vol. 26, no. 12, pp. 3514-3523, Dec. 2011.

P. Chiang Loh, D. Li, and F. Blaabjerg, “I'-Z-Source inverters,” IEEE
Trans. Power Electron., vol. 28, no. 11, pp. 48804884, Nov. 2013.

M. Zhu, K. Yu, and F. L. Luo, “Switched inductor Z-source inverter,”
IEEE Trans. Power Electron., vol. 25, no. 8, pp. 2150-2158, Aug. 2010.
M.-K. Nguyen, Y.-C. Lim, and G.-B. Cho, “Switched-inductor quasi-Z-
source inverter,” IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3183—
3191, Nov. 2011.

H. E. Ahmed, H. Cha, S.-H. Kim, and H.-G. Kim, “Switched-coupled-
inductor quasi-Z-source inverter,” IEEE Trans. Power Electron., vol. 31,
no. 2, pp. 1241-1254, Nov. 2016.

D. Li, P. C. Loh, M. Zhu, F. Gao, and F. Blaabjerg, “Generalized multi-
cell switched-inductor and switched-capacitor Z-source inverters,” /EEE
Trans. Power Electron., vol. 28, no. 2, pp. 837-848, Feb. 2013.

Y. P. Siwakoti, F. Z. Peng, F. Blaabjerg, P. C. Loh, G. E. Town, and
S. Yang, “Impedance-source networks for electric power conversion part
II: Review of control and modulation techniques,” IEEE Trans. Power
Electron., vol. 30, no. 4, pp. 1887-1906, Apr. 2015.

F.Z.Peng, M. Shen, and Z. Qian, “Maximum boost control of the Z-source
inverter,” IEEE Trans. Power Electron., vol. 20, no. 4, pp. 833-838, Jul.
2005.

M. Shen, J. Wang, and F. Z. Peng, “Constant boost control of the Z-source
inverter to minimize current ripple and voltage stress,” IEEE Trans. Ind.
Appl., vol. 42, no. 3, pp. 770-778, Jun. 2006.

M. Shen and F. Z. Peng, “Operation modes and characteristics of the Z-
source inverter with small inductance or low power factor,” IEEE Trans.
Power Electron., vol. 55, no. 1, pp. 89-96, Jan. 2008.

P. C. Loh, D. M. Vilathgamuwa, Y. S. Lai, G. T. Chua, and Y. Li, “Pulse-
width modulation of Z-source inverters,” IEEE Trans. Power Electron.,
vol. 20, no. 4, pp. 1346—1355, Jul. 2005.

Q. Lei and F. Z. Peng, “Space vector pulse width amplitude modulation
for a buck-boost voltage/current source inverter,” IEEE Trans. Power
Electron., vol. 29, no. 1, pp. 266-274, Jan. 2014.

Y. Tang, S. Xie, and J. Ding, “Pulsewidth modulation of Z-source inverters
with minimum inductor current ripple,” IEEE Trans. Power Electron.,
vol. 61, no. 1, pp. 98-106, Jan. 2014.

[2

—

3

—

[4

=

[5

—_

[6

—_

[7

—

[8

—_

[9

—

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]



ZHANG et al.: IMPROVED PWM STRATEGY FOR Z-SOURCE INVERTER WITH MAXIMUM BOOST CAPABILITY 627

[22] FE. Bradaschia, M. C. Cavalcanti, P. E. P. Ferraz, F. A. S. Neves, and
C. Euzeli, “Modulation for three-phase transformerless Z-source inverter
to reduce leakage currents in photovoltaic systems,” IEEE Trans. Ind.
Electron., vol. 58, no. 12, pp. 5385-5395, Dec. 2011.

V. Erginer and M. H. Sarul, “A novel reduced leakage current modulation
technique for Z-source inverter used in photovoltaic systems,” IET Power
Electron., vol. 7, no. 3, pp. 496-502, 2014.

N. Sabeur, S. Mekhilef, and A. Masaoud, “Extended maximum boost
control scheme based on single-phase modulator for three-phase Z-source
inverter,” IET Power Electron., vol. 9, no. 4, pp. 669-679, 2016.

M. S. Diab, A. A. Elserougi, A. M. Massoud, A. S. Abdel-Khalik, and
S. Ahmed, “A pulsewidth modulation technique for high-voltage gain
operation of three-phase Z-source inverters,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 4, no. 2, pp. 521-523, Jun. 2016.

Y. Liu, B. Ge, H. Abu-Rub, and F. Z. Peng, “Overview of space vec-
tor modulations for three-phase Z-source/quasi-Z-source inverters,” IEEE
Trans. Power Electron., vol. 29, no. 4, pp. 2098-2108, Apr. 2014.

P. C. Loh, D. M. Vilathgamuwa, C. J. Gajanayake, Y. R. Lim, and C. W.
Teo, “Transient modeling and analysis of pulse-width modulated Z-source
inverter,” IEEE Trans. Power Electron., vol. 22, no. 2, pp. 498-507, Mar.
2007.

M. Shen, Q. Tang, and F. Z. Peng, “Modeling and controller design of
the Z-source inverter with inductive load,” in Proc. IEEE Power Electron.
Spec. Conf., 2007, pp. 1804-1809.

C. J. Gajanayake, D. M. Vilathgamuwa, and P. C. Loh, “Development of
a comprehensive model and a multiloop controller for Z-source inverter
DG systems,” IEEE Trans. Ind. Appl., vol. 54, no. 4, pp. 2352-2359, Aug.
2007.

Y. Li, S. Jiang, J. G. Cintron-Rivera, and F. Z. Peng, “Modeling and control
of quasi-Z-source inverter for distributed generation applications,” IEEE
Trans. Power Electron., vol. 60, no. 4, pp. 1532—1541, Apr. 2013.

Y. Tang and S. Xie, “System design of series Z-source inverter with
feedforward and space vector pulse-width modulation control strategy,”
IET Power Electron., vol. 7, no. 3, pp. 736-744, 2014.

J. W. Kolar and S. D. Round, “Analytical calculation of the RMS current
stress on the DC-link capacitor of voltage-PWM converter systems,” I[EE
Proc.—Elect. Power Appl., vol. 153, no. 4 pp. 535-543, Jul. 2006.

M. Shen, J. Wang, and F. Z. Peng, “Comparison of traditional inverters
and Z-source inverter for fuel cell vehicles,” IEEE Trans. Power Electron.,
vol. 22, no. 4, pp. 1453-1463, Jul. 2007.

J. Li, J. Liu, and Z. Liu, “Loss oriented evaluation and comparison of
Z-source inverters using different pulse width modulation strategies[C],”
in Proc. 24th Appl. Power Electron. Conf. Expo., 2009, pp. 851-856.

F. Blaabjerg, J. Pedersen, and A. Elkjaer, “An extended model of power
losses in hard-switched IGBT inverters,” in Proc. IEEE Ind. Appl. Conf.,
1996, pp. 3006-3012.

A. M. Bazzi, P. T. Krein, and J. W. Kimball, “IGBT and diode loss esti-
mation under hysteresis switching,” IEEE Trans. Power Electron., vol. 27,
no. 3, pp. 1044-1048, Mar. 2012.

D. Graovac and M. Piirschel, “IGBT power losses calculation using the
data-sheet parameters,” Infineon Technol., Neubiberg, Germany, Rep.
Appl. Notes, Jul. 2006, pp. 3-6.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

Yan Zhang (S°’09-M’ 14) received the B.S. and M.S.
degrees from Xi’an University of Technology, Xi’an,
China, and the Ph.D. degree from Xi’an Jiaotong Uni-

v versity (XJTU), Xi’an, China, in 2006, 2009, and
K & ) 2014, respectively, all in electrical engineering.
- Since 2014, he has been in the XJTU Electri-

cal Engineering School as a Teaching Faculty. Since
early 2016, he has also been a Postdoctoral Research
Fellow in the Department of Electrical and Com-
puter Engineering, Queen’s University, Kingston,
ON, Canada. His research interests include topology,
model and control of power electronic systems, high step-up dc—dc converters,
and power-electronics applications in renewable energy and distributed genera-
tion.

Jinjun Liu (M’97-SM’10) received the B.S. and
Ph.D. degreesin electrical engineering from Xi’an
Jiaotong University (XJTU), Xi’an, China, in 1992
and 1997, respectively.

He then joined the XJTU Electrical Engineering
School as a faculty. From late 1999 to early 2002, he
was with the Center for Power Electronics Systems,
Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA, as a Visiting Scholar. In late
42 2002, he was promoted to a Full Professor and then

the Head of the Power Electronics and Renewable
Energy Center at XJTU, which now comprises 14 faculty members and around
100 graduate students, and carries one of the leading power electronics programs
in China. From 2005 to early 2010, he served as an Associate Dean of Electrical
Engineering School at XJTU, and from 2009 to early 2015, the Dean for Under-
graduate Education of XJTU. He is currently a XJTU Distinguished Professor
of Power Electronics, sponsored by Chang Jiang Scholars Program of Chinese
Ministry of Education. He coauthored 3 books (including one textbook), pub-
lished nearly 300 technical papers in peer-reviewed journals and conference
proceedings, holds 39 invention patents (China/US), and delivered for many
times plenary keynote speeches at comprehensive IEEE conferences or China
national conferences in power electronics area. His research interests include
power quality control and utility applications of power electronics, micro-grids
for sustainable energy and distributed generation, and more/all electronic power
systems.

Dr. Liu received for seven times governmental awards at national level
or provincial/ministerial level for scientific research achievements or aca-
demic/teaching career achievements. He also received the 2006 Delta Scholar
Award, the 2014 Chang Jiang Scholar Award, the 2014 Outstanding Sci-Tech
Worker of the Nation Award, and the IEEE Transactions on Power Electronics
2016 Prize Paper Award. He has served as the IEEE Power Electronics Society
Region 10 Liaison and then China Liaison for 10 years, an Associate Editor
for the IEEE TRANSACTIONS ON POWER ELECTRONICS for 10 years, and from
starting 2015, the Vice President for membership of IEEE PELS. He is on the
Board of China Electrotechnical Society and was elected the Vice President
of the CES Power Electronics Society in 2013. Since 2013, he has been the
Vice President for International Affairs, China Power Supply Society (CPSS)
and since 2016, the inaugural Editor-in-Chief of CPSS Transactions on Power
Electronics and Applications. Since 2013, he has been serving as the Vice Chair
of the Chinese National Steering Committee for College Electric Power Engi-
neering Programs.

Xinying Li (S’16) received the B.S degree in
electrical engineering from Yangzhou University,
Yangzhou, China, in 2015. He is currently work-
ing toward the Ph.D. degree in electrical engineering
from School of Electrical Engineering, Xi’an Jiao-
tong University, Xi’an, China.

His research interests include topologies and con-
trol schemes of new high-voltage gain dc—dc convert-
ers in renewable energy and modulation strategies of
Z-source converter.

Xiaolong Ma received the B.S. and M.S. degrees in
electrical engineering from Xi’an Jiaotong Univer-
sity, Xi’an, China, in 2013 and 2016, respectively.

He is currently working as the Technical Manage-
ment Trainee in General Electric Technology Center,
Shanghai, China. His research interests include mod-
eling and control of power electronic systems, and
power electronics applications in renewable energy
and distributed generation.



628

Sizhan Zhou (S’ 12) received the B.S. degree in elec-
trical engineering, in 2010, from Xi’an Jiaotong Uni-
versity, Xi’an, China, where he is currently work-
ing toward the Ph.D. degree in electrical engineering
from School of Electrical Engineering.

His research interests include control of
grid-connected converters and renewable/distributed
power generation systems.

Hongliang Wang (M’ 12-SM’15) received the B.Sc.
degree from Anhui University of Science and Tech-
nology, Huainan, China, and the Ph.D. degree from
Huazhong University of Science and Technology,
Wauhan, China, both in electrical engineering, in 2004
and 2011, respectively.

From 2004 to 2005, he was an Electrical Engineer
of Zhejiang Hengdian Thermal Power Plant. From
2011 to 2013, he was a Senior System Engineer of
Sungrow Power Supply Co., Ltd. Since 2013, he has
been a Postdoctoral Fellow at Queen’s University,
Kingston, ON, Canada. He has published more than 50 papers in conferences
and journals. He is the inventor/coinventor of 41 China issued patents, 15 U.S.
patents and 6 PCT patents pending. His research interests in power electron-
ics include digital control, modulation and multilevel topology of inverter for
photovoltaic application and microgrids application; also include resonant con-
verters and server power supplies; and light-emitting diode drivers.

Dr. Wang is currently a Senior Member of China Electrotechnical Society
(CES) and China Power Supply Society (CPSS). He serves as a Member of
CPSS Technical Committee on Standardization, a Member of CPSS Technical
Committee on Renewable Energy Power Conversion, a Vice-Chair of Kingston
Section, IEEE, a Session Chair of ECCE 2015, a TPC member of ICEMS2012,
and a China Expert Group Member of IEC Standard TC8/PT 62786.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

Yan-Fei Liu (M’94-SM’97-F’13) received the
Bachelor’s and Master’s degree from the Depart-
ment of Electrical Engineering, Zhejiang University,
Hangzhou, China, and the Ph.D. degree in elec-
trical engineering from the Department of Electri-
cal and Computer Engineering, Queen’s University,
Kingston, ON, Canada, in 1984, 1987, and 1994, re-
spectively.

From 1994 to 1999, he was a Technical Advisor
with the Advanced Power System Division, Nortel
Networks, Ottawa, ON, Canada. Since 1999, he has
been with Queen’s University, where he is currently a Professor in the Depart-
ment of Electrical and Computer Engineering. He has authored more than 200
technical papers in the IEEE Transactions and conferences, and holds 20 U.S.
patents. He is also a Principal Contributor for two IEEE standards. His research
interests include digital control technologies for high efficiency, fast dynamic
response dc—dc switching converter and ac—dc converter with power factor cor-
rection, resonant converters and server power supplies, and light-emitting diode
drivers.

Dr. Liu serves as an Editor of the IEEE JOURNAL OF EMERGING AND SE-
LECTED TOPICS OF POWER ELECTRONICS (IEEE JESTPE) since 2013, an Asso-
ciate Editor of the IEEE TRANSACTIONS ON POWER ELECTRONICS since 2001,
and a Guest Editor-in-Chief of the special issue of Power Supply on Chip of
the IEEE TRANSACTIONS ON POWER ELECTRONICS from 2011 to 2013. He also
served as a Guest Editor for special issues of JESTPE: Miniaturization of Power
Electronics Systems in 2014 and Green Power Supplies in 2016. He serves as a
Co-General Chair of ECCE 2015 held in Montreal, QC, Canada, in September
2015. He will be the General Chair of ECCE 2019 to be held in Baltimore, MD,
USA. He has been the Chair of PELS Technical Committee on Control and
Modeling Core Technologies since 2013 and Chair of PELS Technical Com-
mittee on Power Conversion Systems and Components from 2009 to 2012. He
received the Premier’s Research Excellence Award in 2000 in ON, Canada. He
also received the Award of Excellence in Technology in Nortel in 1997.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


