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Abstract. This paper proposes an analysis of the calculation of voltage and current

1. Introduction

other problems of traditional inverters, in 2002, the
topology of the Z-source inverter [1] was proposed by
Peng.
Unlike other inverters, the Z-source inverter can
provide shoot-through states to boost the input dc
voltage when both switches in the same phase leg
are on, and, because of this feature, the reliability
of the inverter is greatly improved. In comparison
to traditional inverters, the Z-source inverter is more
reliable, has lower costs and higher eciency [2].
In recent years, the Z-source inverter has received
wide attention in research and industrial applications,
including motor drives [3], photovoltaic systems [4,5]
and the traction drive of fuel cell-battery hybrid electric
vehicles [6]. Besides, some investigations have also
presented new methods for performance improvement
of the Z-source inverter, such as reduction of Z-source
capacitor voltage stress [7], minimization of inductor current ripple [8,9], and improvement of voltage
boost ability [10]. In this paper, an analysis of
the main formulas of the Z-source inverter is proposed. For this purpose, the formulas of the inductor current ripple, capacitor voltage ripple, voltage
stress on the devices and capacitors, switching device
power and switching loss, are calculated. Simulation results are also presented to validate the analysis.

Z-source inverter;
Voltage stress;
Current ripple;
Switching loss;
Switching device
power.

ripples, voltage stresses, switching device power, and switching loss in the Z-source inverter.
In this paper, the formulas of the inductor current ripple, capacitor voltage ripple, voltage
stress on the devices and capacitors, switching device power and switching loss, are
presented. Computing these formulas will help us greatly in the performance improvement
of the Z-source inverter, and in this paper, a detailed analysis of the main formulas is
presented. Simulation results are also given to con rm the analysis.
c 2015 Sharif University of Technology. All rights reserved.

The Voltage Source Inverter (VSI) and the Current
Source Inverter (CSI) are two traditional types of
inverter. For the VSI, a dc voltage source paralleled
with a large capacitor feeds a three-phase bridge
(consisting of six switches). This dc voltage source
can be a battery, fuel cell or solar cell. For the
CSI, a dc current source feeds a three-phase bridge
(consisting of six switches). This dc current source
can be a large inductor which is fed from a battery,
fuel cell or solar cell. Despite widespread use, these
two traditional inverters have problems. For example,
for the VSI, the ac output voltage is lower than the
input dc voltage, thus, it can only perform a buck
dc-ac power conversion. On the other hand, for the
CSI, the ac output voltage is greater than the input dc
voltage, thus, presenting a voltage boost dc-ac power
conversion. Therefore, in applications where both
voltage buck and boost are needed, an additional dc-dc
converter should be placed before both VSI and CSI,
which signi cantly increases the complexity and cost
of the system. To overcome this problem, and many
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Figure 1. Con guration of Z-source inverter.

2. Operation principle of Z-source inverter
Figure 1 shows the structure of the Z-source inverter.
The Z-source inverter operates in two modes: the
shoot-through state and non-shoot-through state. In
the shoot-through state, both switches of the same
phase leg are on, simultaneously, and, in a non-shootthrough state, the upper switch of a phase leg and
the lower switch of another phase leg are connected,
simultaneously.
As analyzed in [1], If the capacitors and inductors
of the Z-source impedance network have the same
capacitance and inductance (C1 = C2 = C and L1 =
L2 = L), respectively, the maximum value of the Zsource impedance output voltage can be calculated as
follows:
T
v^i = VC vL = 2VC Vdc = sw Vdc = BVdc ;
T1 T0
(1)
where B is the boost factor and can be obtained as
follows:
1
1
T
=
 1; (2)
B = sw =
T1 T0 1 2(T0 =Tsw ) 1 2D
where T0 and T1 are the total shoot-through state
and total non-shoot-through state times, respectively,
during one switching cycle, Tsw , and Tsw = T0 + T1 . It
should be noted that D is the shoot-through duty ratio,
which is greater than, or equal to, zero, and less than,
or equal to, 0.5, and can be obtained from T0 =Tsw .
The peak value of the fundamental output phase
voltage can be expressed as:
M v^i
:
(3)
2
According to Eq. (1), Eq. (3) can be further expressed
as:
MBVdc
(^vo )1 =
:
(4)
2
To control the Z-source inverter, all traditional
pulsewidth modulations (PWM) can be used. But,
when the dc source voltage is not large enough, a
modi ed PWM with shoot-through states is needed
to increase the voltage [1]. Figure 2 shows the

(^vo )1 =

Figure 2. Waveforms and switching strategy of PWM
control method for Z-source inverter, considering
shoot-through states.

proposed PWM for the Z-source inverter used in this
study.
In this investigation, to control the shoot-through
duty ratio and produce switching PWM pulses, a
triangular carrier signal is compared with a sinusoidal
modulating signal. Also, two straight lines are used
as shoot-through reference lines, Vp and Vp . As
shown in Figure 2, whenever the triangular waveform
is more than Vp or less than Vp , the Z-source inverter
operates in a shoot-through state. It should be noted
that Vp is equal or greater than the peak value of the
modulating signals, and, in this study, the frequency of
the modulating signals is taken as 60 Hz.

3. Voltage stresses
3.1. Z-source capacitor voltage stress

As analyzed in [1], the capacitor voltage of the Z-source
impedance network can be calculated as follows:
VC 1 = VC 2 = VC =





1 T0 =Tsw
V
1 2T0 =Tsw dc

1 D
V :
(5)
1 2D dc
From Eqs. (2) and (5), the Z-source capacitor voltage
can be further expressed as:
=

B+1
B+1
BVdc =
V :
(6)
2B
2 dc
Therefore, from Eq. (6), VC increases by enhancing B
or Vdc .
As shown in Figure 3, the boost factor can be
controlled by the values of straight lines, as follows:
Vc =
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3.2. Voltage stress across the devices

According to Eq. (1), the voltage stress across the
switches, SS , can be expressed as:
SS = v^i = BVdc :

(12)

From Eqs. (2) and (12), it can be concluded that:
SS =

Figure 3. Triangular carrier signal and two straight lines
in one switching cycle.

tan a1 =

Vca Vp
;
T0 =4

(7)

Vca
;
Tsw =4

(8)

and:
tan a2 =

where Vca is the peak value of the triangular carrier
signal.
According to Figure 3, since angle a1 is equal
to angle a2 , the shoot-through duty ratio can be
calculated from Eqs. (7) and (8), as shown below:
T0
V
V
= ca p = D:
Tsw
Vca

(9)

By substituting Eq. (9) into Eq. (2), the boost factor
can be expressed as:
B=

1 2



1

Vca Vp
Vca

:

(10)

According to Eqs. (9) and (10), when Vca is constant
and Vp is increased, D and B are reduced. In such
circumstances, from Eq. (6), VC will decrease.
The Z-source capacitor voltage can be considered
as the voltage stress across the capacitors, SC , and,
from Eqs. (6) and (10), it can be further determined
by the following relation:
SC = Vc =

2Vp

Vp

V :
Vca dc

(11)

As can be derived from Eq. (11), Vp cannot be less than
Vca =2. Also, if Vp = Vca =2, VC goes to in nity, then, a
high Z-source capacitor voltage stress is presented.

1 2



1

Vca Vp
Vca

 Vdc

=

Vca

2Vp

V :
Vca dc

(13)

As can be derived from Eq. (13), SS increases by
enhancing Vdc and decreases by enhancing Vp . Also,
if Vp = Vca =2, SS goes to in nity, this may damage
the switching devices, because of the limitation of their
voltage rating.

4. Current and voltage ripples
4.1. Z-source inductor current ripple

As previously mentioned, during the shoot-through
state, the inductors are charged by the capacitors.
Therefore, the Z-source inductor current ripple can be
expressed as:
iL =

T0 VC DTsw VC
=
:
L
L

(14)

From Eqs. (2), (6) and (14), it can be concluded that:
iL =

B 2 1 Tsw Vdc
:
4B
L

(15)

As can be derived from Eq. (15), iL increases by
enhancing Tsw or Vdc and decreases by enhancing L.
Also, if B = 1 or D = 0, iL is equal to zero.
By substituting Eq. (10) into Eq. (15), the Zsource inductor current ripple can be further expressed
as:
iL =

Vca Vp Vp2 Tsw Vdc
:
Vca (2Vp Vca ) L

(16)

From Eq. (16), it can be concluded that changing Vp
has a signi cant impact on iL , so, if Vp = Vca =2 or
D = 0:5, then, iL goes to in nity.

4.2. Z-source capacitor voltage ripple

As previously mentioned, during the shoot-through
state, capacitors are discharged by the Z-source inductor current. Therefore, the voltage ripple across the
capacitors can be expressed as:
VC =

T0 IL DTsw IL
=
:
C
C

(17)

By applying the steady-state analysis presented in [11],
the average values of the Z-source inductor current and

1080

M. Shid Pilehvar et al./Scientia Iranica, Transactions D: Computer Science & ... 22 (2015) 1077{1084

load current can be obtained as follows:
1 D
IL =
I;
1 2D l

(18)

VC
:
(19)
Rl
From Eqs. (18) and (19), it can be concluded that:
Il =

D(1 D) Tsw Il D(1 D) Tsw VC
=
: (20)
1 2D C
1 2D CRl
Substituting Eq. (19) into Eq. (20) gives the following
relation;

VC =

VC = D



1 D
1 2D

2

Tsw Vdc
:
CRl

(21)

According to Eq. (2), Eq. (21) can be further expressed
as:
(B + 1)(B 2 1) Tsw Vdc
Vc =
:
(22)
8B
CRl
As can be derived from Eq. (22), VC increases by
enhancing Tsw or Vdc , and decreases by enhancing C .
Also, if B = 1 or D = 0, then, VC is equal to zero.
By substituting Eq. (10) into Eq. (22), the Zsource capacitor voltage ripple can be further expressed
as:
V (V V
V 2) T V
Vc = p p ca p 2 sw dc :
(23)
Vca (2Vp Vca ) CRl
From Eq. (23), it can be concluded that changing Vp
has a signi cant impact on VC . Also, if Vp = Vca =2
or D = 0:5, then VC goes to in nity.

5. Total switching device power
Each switching device of the Z-source inverter should
be selected according to the peak and average current
impressed and the maximum voltage on it. For this
purpose, the Switching Device Power (SDP) for each
switch is introduced. The total SDP of the Z-source
inverter is equal to the sum of SDP of all the switching
devices used in the circuit. Actually, total SDP is
a measure to choose the appropriate semiconductor
devices, and thus, an important cost indicator of the
Z-source inverter, whose average and peak are given
by:
Total average SDP = (SDP)t =
^ t=
Total peak SDP = (SDP)

n
X
k=1

n
X
k=1

v^skisk ;

v^sk^isk ;

(24a)
(24b)

where n is the number of switching devices used in the

circuit. Also, isk and bisk are the average and peak
current through the kth switch, and v^sk is the peak
voltage impressing the kth switch.
As previously mentioned, the current to the inverter bridge, ii , consists of two elements. One is
the current to the load during the non-shoot-through
state and the other is the current through the switches
during the shoot-through state. The current through
the inverter during the shoot-through state is 2iL , and,
because of the symmetry of the circuit, this current is
evenly distributed in three parallel paths. Therefore,
the average current through each switch of the inverter
bridge during the shoot-through state can be expressed
as:
2i
2I
Iss = L = L :
(25)
3
3
The peak fundamental output line current of the Zsource inverter can be calculated as:
2Po
(^io )1 =
;
(26)
3(^vo )1 cos '
where Po is the output power of the Z-source inverter.
Also, it is assumed that the load current of phase a is
lagging by ' from its load voltage.
In the non-shoot-through state, from Eqs. (17)
and (26), and since the line current is evenly shared
by two switches in a line cycle, the average current
through each switch is the same as conventional PWM
inverters, and can be expressed as:
Isn =

2 ^
2Po
4P o
(io )1 =
=
:
2
3(^vo )1 cos ' 3MBVdc cos ' (27)

From Eqs. (25) and (27), the average current through
each switch of the inverter bridge can be obtained as
follows:


T
T0
Is = Iss 0 + Isn 1
Tsw
Tsw
2
4Po
= IL D +
(1 D):
3
3MBVdc cos '

(28)

From Eqs. (1), (24) and (28), the total average
switching device power of the Z-source inverter can be
calculated as follows:

4D
8Po
I V +(1 D)
:
SDP t =6^vi Is =
1 2D L dc
M cos ' (29)
According to Eqs. (2) and (29), it can be concluded
that:

(B + 1) 8Po
: (30)
SDP t = 2(B 1)IL Vdc +
2B M cos '
According to Eqs. (10), (18), (19), and (30), the total
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Figure 4. Model of the inverter bridge during
shoot-through state.

average switching device power of the Z-source inverter
can be further expressed as:

4V 2 (V
V )V2
V
8Po
SDP t = p ca p3 dc + p
: (31)
(2Vp Vca ) Rl Vca M cos '
^ t , both peak currents through
To calculate the (SDP)
the switches during shoot-through and non-shootthrough states are needed. As shown in Figure 4, if
all switches have the same resistance during the shootthrough state, it can be concluded that:
^iSap s = 1 ia + 2 iL :
(32)
2
3
By ignoring the Z-source inductor current ripple, when
ia is at its peak, the peak current through switch Sap
occurs, which can be obtained as follows:
^iSap s = 1 ^ia + 2 IL = 1 (^io )1 + 2 IL :
(33)
2
3
2
3
According to Eqs. (16), (26) and (33), the peak current
through switch Sap during the shoot-through state can
be further determined by the following relation:
Po
2
2Po
2
^iSap s =
+ I =
+ I :
3(^vo )1 cos ' 3 L 3MBVdc cos ' 3 L(34)
Therefore, from Eqs. (1) and (34), the total peak
switching device power of the Z-source inverter during
the shoot-through state can be calculated as follows:
^ ts = 6^vi^iSap s = 4Po + 4BIL Vdc :
(35)
(SDP)
3M cos '
From Eqs. (18), (19) and (35), the total peak switching
device power of the Z-source inverter during the shootthrough state can be further expressed as:
2
^ ts = 4Po + B (B + 1)2 Vdc
(SDP)
3M cos '
Rl
4Vca Vp2 Vdc2
4Po
+
:
(36)
3M cos ' (2Vp Vca )3 Rl
On the other hand, the peak current through the
=
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switching devices during the non-shoot-through state
is equal to the peak fundamental output line current of
the Z-source inverter, and can be obtained as follows:
2Po
^iSap n = (^io )1 =
:
(37)
3(^vo )1 cos '
Therefore, from Eqs. (1), (17), and (37), the total
peak switching device power of the Z-source inverter
during the non-shoot-through state can be calculated
as follows:
^ tn = 6^vi^iSap n = 8Po :
(SDP)
(38)
M cos '
According to Eqs. (36) and (38), the total peak
switching device power of the Z-source inverter can be
expressed as:



^ t = max SDP
^
^ tn
(SDP)
; (SDP)
ts

!

4Vca Vp2 Vdc2 8Po
4Po
=max
:
+
;
3M cos ' (2Vp Vca )3 Rl M cos ' (39)
The average input current from the dc source, Iin ,
is equal to the average current through the Z-source
inductor, IL . Therefore, by ignoring the total loss of
the Z-source inverter, the input power from the dc
source, Pin , is equal to the output power, Po , and it
can be concluded that:
P
Iin = IL = o :
(40)
Vdc
By substituting Eq. (40) into Eqs. (29) and (35), the
total average and peak switching device powers of the
Z-source inverter can be approximately calculated as
follows:
4(V
V)
V
8Po
(SDP)t  ca p Po + p
;
(41)
2Vp Vca
Vca M cos '


^ t  max
(SDP)



4Po
4Vca
8Po
+
Po ;
:
3M cos ' 2Vp Vca M cos ' (42)

From Eqs. (41) and (42), the total average and peak
Switching Device Power Ratios (SDPR) of the Z-source
inverter can be expressed as:
8
(SDP)t 4(Vca Vp ) Vp
=
+
;
(SDPR)av =
Po
2Vp Vca Vca M cos ' (43)
(SDPR)pk =

^ t
(SDP)
Po




4
4Vca
8
=max
+
;
:
3M cos ' 2Vp Vca M cos ' (44)
As can be derived from Eqs. (43) and (44), a change
in parameters, such as Vp , M and ', has a signi cant
impact on (SDPR)av and (SDPR)pk .
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6. Switching loss
Although high values of switching frequency, fsw , cause
low voltage and current ripples, they also increase the
switching loss of the Z-source inverter. The switching
loss of each IGBT during non-shoot-through and shootthrough states, Pswn and Psws , are given by [2]:
Pswn =

1
(E
+ Eswo n )
2Tsw swonn



0
Z
B
@ sin xdx

0

Vdc (V)
Rl ( )
L (H)
C (F)
' (rad)

150
30
160  10 6
1000  10 6
6:66  10 5

Vca
Vp
M
Tsw (s)
fsw (Hz)

1
0.64
0.64
9:83  10 5
10:17  103

1

5 '
6Z

1
2

Table 1. List of constant parameters and their values.
Parameter
Value
Parameter
Value

jsin xj dxC
A;

(45)

6 '

1
(E
+ Eswo s );
(46)
2Tsw swons
where Eswonn and Eswo n are the turn on and turn o
energy loss of the IGBT at peak current, respectively.
Also, Eswons and Eswo s are the turn on and turn o
energy losses corresponding to the average switching
current of the shoot-through state, which is 2iL =3.
The Switching Loss Ratio (SLR) for a three-phase
Z-source inverter can be obtained as follows:
Pswn
SLR =SLRn + SLRs =
Eswonn + Eswo n
Psws =

Figure 5. Simulated waveforms of voltage stresses across
the (a) Z-source capacitor, and (b) switching devices.

Psws
;
(47)
Eswons + Eswo s
where SLRn and SLRs are the switching loss ratio
of each IGBT during non-shoot-through and shootthrough states, respectively.
Therefore, by substituting Eqs. (45) and (46)
into Eq. (47), the switching loss ratio can be further
expressed as:

+

0

SLR=

1 B 1
1+
2Tsw @ 

0
Z
B
@ sin xdx

0

5 '
6Z

1
2

6 '

11

C
jsin xj dxC
AA :

(48)

As can be derived from Eq. (48), a change in parameters, such as Tsw and ', has a signi cant impact on
SLR.

7. Simulation results
In this section, simulation results are given to con rm
the proposed analysis of the main formulas of the Zsource inverter. For this purpose, a three-phase Zsource inverter is studied, whose constant parameters
are listed in Table 1.
Figure 5(a) and (b) show the voltage stresses
across the Z-source capacitor and switching devices,
respectively. In these gures, it can be seen that
SC and SS are approximately boosted to 342 V and

Figure 6. Simulated waveforms of the (a) Z-source

inductor current, (b) Z-source average inductor current,
and (c) Z-source inductor current with details.

536 V, respectively. These two values are quite close to
theoretical values.
Figure 6 shows the Z-source inductor current iL
and its average value, IL . As indicated by this gure,
IL is approximately equal to 25 A, perfectly close to
the theoretical value.
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formulas of the inductor current ripple, capacitor voltage ripple, voltage stress on the devices and capacitors,
switching device power and switching loss have been
computed. Calculating these formulas will greatly help
in improving the performance of the Z-source inverter.
Simulation results have also been presented which
are perfectly consistent with theoretical values, and
this compatibility between theoretical and simulation
results has validated the analysis.
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