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1 Motivation for ZSI
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(a) Volatge Source Inverter (b) Current Source Inverter

Figure 1: Traditional Inverters

The Voltage Source Inverter (VSI) is the simplest of the inverters with a DC bus(or an equivalent
source) connected to a three-phase bridge. VSI is a buck inverter as the output AC peak voltage
is always lesser than the DC bus voltage. In applications where higher AC voltage is required, an
additional boost converter is required on the DC side to feed the inverter with a boosted DC source.
VSI also needs sufficient dead time , when switching between the top switch and bottom switch of
a phase-leg, to avoid shoot-through which may short the DC bus leading to a high current flowing

through that leg. This dead time could potentially cause waveform distortion.

Current Source Inverter (CSI) on the other hand has a current source at its input (or equivalently
a DC voltage source in series with an inductor). CSI is a boost inverter as the output AC voltage is
always higher than the DC voltage which is feeding the inductor. In CSI at least one of the devices of
each leg should be ON at any point of time to avoid any open circuit of the source inductor. Hence CSI

needs overlap time while switching the devices which also causes waveform distortion.

Neither VSI nor CSI can perform buck-boost operation. The main circuit of VSI consists a power
switch with an anti-parallel diode for bi-directional current flow. CSI’s switches consist of a power
switch with a series diode to block reverse voltage. Hence the main circuits of VSI and CSI are design

specific and cannot be interchanged.



Voltage Source Inverter

Current Source Inverter

Buck inverter

Boost inverter

Distortion due to dead-time

Distortion due to overlap-time

Output LC filter

Series diode with the switches to

prevent reverse voltage

Buck-boost inversion is not possible

Main circuits are not interchangeable between VSI and CSI

Table 1: Disadvantages of conventional inverters

2 Topology
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Figure 2: ZSI Topology

The Z-source Inverter (ZS1) [1] aims to standardize the inverter main circuit irrespective of a voltage

source or current source at the input. ZSI uses

inverter main circuit. This solves the major problem of the need for dead time or overlap time because
any open circuit or short circuit in the main circuit does not directly effect the DC source as it is isolated

from the main circuit through the Z-network. This impedance network helps to store energy and boost

the DC side voltage to a higher value.

3 Working Principle

Compared to VSI, ZSI has an additional zero-state vector which is the shoot-through zero state. Boost
feature of ZSI is obtained using the shoot-through zero state. Voltage is boosted when the shoot-

through zero state is implemented instead of the conventional zero state. Shoot-through can be achieved

an impedance network between the source and the

by shorting at least one of the legs of the inverter, which can be done in seven ways.
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During transient, the higher energy drawn from the source is stored in the inductor and is then trans-
ferred to the capacitor to build up the voltage. Inductor energy builds up during non shoot-through state
and is transferred to the capacitor during shoot-through state. The shoot-through state is equivalently
forming two LC circuits with Ly;C; and Ly; C5. Hence the energy transfer from L to C happens

through LC resonance.

3.1 Equivalent Circuit

(a) Non shoot-through (b) Shoot-through

Figure 4: Equivalent circuits in the two states

Figure |3| shows the equivalent circuit of ZSI with a DC voltage source at the input. The voltage
across the inverter is v; and the current drawn by the load is ¢;. During non shoot-through, the main
circuit is modeled as a current sink, so that even if no current is drawn by the load, the the voltage
across the main circuit could still be non-zero (Figure @a). Whereas during shoot-through, the main
circuit is shorted by at least one of the legs, so the voltage across it is zero (Figure db)). The source
diode will be OFF during the shoot-through stage as v; > V4. This is because the voltage across the

capacitors V¢ is at least 1 and the drop across the inductor would make vy = (Vo +vr) > W



3.2 Voltage Derivation

For simplicity, assume L; = Ly and C; = C5. Now the impedance network becomes symmetric,
Vp, = VU2 = U, and VC1 = VCQ = VC

Let 7§ be the switching period of the inverter. Let 77 and 7{ be the duration for which the inverter

is in non shoot-through and shoot-through states respectively in one switching period. These quantities

can be related as,

T, =Ty + T

During non shoot-through, from Figure

vy = Vo — Ve va = Vo3 v; =2Ve =Wy
During shoot-through, from Figure [4b]
vy, = Ve, vg = 2V v; =10

By applying volt-sec balance to the inductors,

< v >=0;
(Vo = Ve).Th + Ve Ty = 05

T
Vo = W
C= Tz 7,0
Voltage across the inverter during non shoot-through,
v, =2Ve — Vo = TlT_STO.V{) = B.Vy;
=l =1 >1

S
T Ti-Ty T 12 =

Maximum boost factor depends on the maximum time available for shoot-through. For a given

modulation index M, output high duration = M.T,. Maximum time available for an active state = 77.

M-Ts S Tl;



M'Ts S Ts - TO;
Ty < (1— M).T,

1

Bmaz:—
2M —1

For a given modulation index M and given voltage V;,,,, across the inverter, output AC voltage peak,

~ o \7A
Vac—maz = M. ZQM

In maximum boost operation, Vi, = 5 1\21/0—1 ;
R M W
Vac—mazr = S35, - &
2M —1 2
5
—— Buck mode
Boost mode
4 -
GE( 3 1
0.5V,
5
1
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Modulation Index

Figure 5: Buck-boost characteristics of ZSI

bac_ — )J and in maximum boost mode e = M

In buck mode oAl = 0.5Vge  2M—1

For boost operation, it is always better to operate close to the maximum boost line for the efficient
use of the Z-network. In any operating point under the maximum boost line, we would be boosting the
DC voltage to a higher value and operating at a lower modulation index compared to the maximum

boost point for the required AC peak voltage.



4 Sine-triangle Implementation

4.1 Direct Implementation

v a va
s g
Vc’“ vc*
S Sap
S p pr
SL‘!’ SCP
VHI VHJU VOOC VIGG VIH Vf” VIM VDO( VIGO V”J
Vf 10 | 1io 110 170
1
s B s, M
sz i) Sbn — Sbu
S['I’l [_ eyl SCH [_
(a) Traditional SPWM (b) SPWM with shoot-through

Figure 6: Inputs of the inverter switches

In Figure [6] v, vy, v. denote the values of the 3-phase modulating signals at a particular instant.
Sap, Sbp, Sep are the corresponding inputs to the top switches. Sy, Spn, Sen are the corresponding in-
puts to the bottom switches of the inverter.
In Figure [6d] the regions marked in orange denote the traditional zero-state of the inverter(Vooo, Vi11).
In the direct implementation, the shoot-through zero state is implemented during the traditional zero-
state by shorting atleast one of the legs. Compared to traditional SPWM, this shoot-trough implemen-
tation needs to tweak only two of the six wave-forms of the control voltages in every cycle. Hence it

is very efficient in terms of the logic used for its generation.

To achieve a shoot-through period of 7y = D.Ts, we have to identify the max and min of v,, vy, v,
and increase the max value by D for the corresponding top switch and reduce the min value by D for
the corresponding bottom switch. Doing this, we get a shoot-through time of % from each of the

two zero-states(Vgoo, V111). Note that the switching frequency of the switches remains the same.
In the above instant, v, is the maximum and v, is the minimum. So we have to effectively generate

SPWM with v, + D, vy, v, for top switches and v,, vy, v. — D for the bottom switches. Corresponding

plot is shown in Figure [6b|
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4.2 Dividing shoot-through equally

Shoot-through zero states

Figure 7: Equal shoot-through division

Figure[/|shows the implementation by dividing the shoot-through time equally among the three legs of

the inverter. Here also the switching frequency of the inverter doesn’t change.

Shoot-through state is introduced at every toggling of the legs. Each leg toggles twice in a period

and there are three legs, so there are six toggles happening in one period. A shoot-through duration of

D.Ts

== is introduced at every toggle of the legs to get an overall shoot-through duration of D.T; from the

entire period.

The implementation logic is slightly complicated because the toggling caused by mid is not close
to a traditional zero state. So to implement shoot-through for mad transition, zero state time has to be
borrowed from either max or min toggles, whichever has same sign as mid. This choice of max or
man is made to avoid any overlap of shoot-through’s of any of the six toggles. Borrowing zero state
from max or min with same sign as mid ensures non overlapping shoot-through’s as the shoot-through

time is borrowed from the same traditional zero state i.e., either Vo or Vi11.
This implementation gives the advantage of having an effective switching frequency of 6x between

shoot-through and non shoot-through states, hence smaller L and C' are needed to achieve a given

ripple specification.
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MATLAB code for the equal shoot-through implementation is given below:

$[mR,mY,mB] are the modulating signals at an instant

o\°

M - (Modulation index)
$[r,y,b] and [r_,y_,b_] are the output modulating signals for the top and

bottom switches

function [b,b_,y,v_,r,r_] = transform(mR,mY, mB,M)
inp = [mR,mY,mB];

out = [mR,mY,mB];

out_ = [mR,mY,mB];

m0 = 2% (1-M)/3;

[ma,amax] = max (inp);

[mi,amin] = min (inp);

if (inp(6—-amax—amin) > 0)

out_ (amin) = inp(amin) - mO0;
out (6—amax—amin) = inp (6-amax—amin) + mO0;
out (amax) = inp(amax) + 2%m0;
out_ (amax) = inp(amax) + m0;
else
out (amax) = inp(amax) + m0;
out_ (6—amax—amin) = inp(6-amax—amin) - mO;
out_ (amin) = inp(amin) - 2*m0;
out (amin) = inp(amin) - m0;

end

b = out(3); b_ = out_(3);
y = out(2); y_ = out_(2);
r = out(l); r_ = out_(1);

12




Given below is a simulation plot of the voltage across the inverter depicting the shoot-through

happening six times in one period -

il I I I I
i T T T T T ;
300 - -
200 - -
100 -
ol -
L I I L 1

I I I I I
14254 1.42541 142542 142543 1.42544 142545 1.42546 142547 142548 1.42549

Figure 8: Effective 6x switching frequency

S Inductor and Capacitor Ripple

5.1 Maximum Ripple Instant

M+ 14 — carrier
max
— mid
2 =1.5M "
— max =1.5M
04 mid 0
— min
-M
T 0.375*M*Ts
w N
e ; T -
(a) 3-phase modulating signals (b) T},,4 OCcurrence

Figure 9: Maximum time between two shoot-through’s

To find the accurate ripple expressions, we have to identify the period when the inverter stays in a

particular state(shoot-through or non shoot-through) for the longest time.

Suppose max,mid,min is the descending order of modulating voltages in a particular cycle, leg
corresponding to min switches first, then mid, then max. So to find the maximum time between two
shoot-through’s, we have to find the maximum possible value of (max-mid) or (mid-min). From Figure
the maximum value happens to be % and occurs when [max=M ; mid=min=-0.5M] or [min=-M ;

mid=max=0.5M]
The corresponding maximum time between shoot-through’s (Figure Ob) is given by,

13



3.M.T,
Tmax -

Shoot-through Non shoot-through
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Figure 10: Maximum ripple cycle

During the maximum ripple cycle, 7},,, occurs twice with some shoot-through states in between

(Figure[10). The corresponding duration of shoot-through and non shoot-through are given by,

Tost = 2% Thae + (17]\(;[).718;
M +2).T,
Thst = (7 ki ) :
12
1—-M).T;
- 010

The maximum ripple occurs as the resultant of 77,5, and T,

5.2 Inductor Ripple

During non shoot-through, vy =V, — Vo = — 21]\} Jylvg
During shoot-through, v, = Vo = 77—V,
Aipkfpk = M

(3M +2).(1— M) V,.T,
12.2M —-1) L

Aipk—plc =

14



5.3 Capacitor Ripple

During shoot-through, i¢o = I,

By amp-sec balance, during non shoot-through, icy = =151},
_ ic1.Thst+ica. Tst
A,Upk‘fpk — ns -

(3M +2).(1— M) I,.T,
12M C

Avpk:—pk =

Capacitor ripple has been obtained as a function of 7, which in-turn depends on the load. In the

ideal case of zero losses, P, = Py, and from the ZSI topology, < i, >= I.

— ‘/g[L = Pload

_ Pload
Vg

I

6 DCM Possibility in ZSI

Figure 11: Third possible state in DCM

Figure daland Figure #b|show the equivalent circuits during non shoot-through and shoot-through. The
main circuit switches are in our control to decide the state of the ZSI. The assumption is that during non
shoot-through, the inductor voltage is non-zero and is high enough to turn on the source diode. This
assumption fails in DCM when the inductor current saturates to zero and the voltage drop across the
inductor is zero. Since V. > 1}, the source diode turns off and the capacitors supply the required load
current. The equivalent circuit of the third possible state in ZSI is given in Figure [T} The equations

governing this state are:



7 An Improved ZSI Topology

7.1 Disadvantages of traditional ZSI

1. Switching current drawn from the source:
Since the source diode is OFF during shoot-through, the current drawn from the source is pulsat-
ing. This can be avoided by having a capacitor in parallel with the DC voltage source to absorb
the ripples.

2. Inrush current due to LC-resonance:
Inrush current is observed due to a combined effect of LC-resonance and shoot-through. During
startup when the capacitors are charging up, the voltage across them is not high enough to turn
OFF the source diode during shoot-through, making the circuit equivalently an LC circuit.
Shoot-through inrush can be eliminated by doing soft-start i.e., gradually increasing the shoot-
through time from zero to the desired value.

Figure 12: Equivalent circuit on start-up

Since load current is initially zero and the capacitors are not charged up, the circuit behaves as
an LC oscillator for a period of 7w/ LC'. After that the inductor current cannot go negative as the
source diode turns OFF and there is no further oscillation. As shown in the Figure[12] assuming

the main circuit is OFF initially, ¢;, = 2V \/%sm(\/%—c), for0 <t < v/ LC. So we observe a

c
current peak of Vj \/; on startup.

This inrush is not a problem with a solar array at the input because the current that the solar
array can provide is limited by its short-circuit current which is very low compared to the LC
resonance peak current.

3. High capacitor stress:
The steady state voltage across the capacitors is given by Vo = 2]\]4\4—71‘/9 (M>0.5), which is much
higher than V;, requiring bulky capacitors.

7.2 Alternate Topologies

1. Quasi ZSI [2]]: smooth source current

16



To AC Load or
1 - -1 Motor

>
>

T T e

Figure 13: Quasi-ZSI

Q
)

Quasi-ZSI’s topology has an inductor in series with the DC volatge source to have continuous
source current.

2. Swapping diode and main circuit: no LC resonance and reduced capacitor stress

Toac load
oF motor

Figure 14: No LC resonance ZSI

7.3 Improved Topology

The topology in Figure [[4] eliminates LC resonance and makes the inverter compact by reducing ca-
pacitor stress [3].

LC resonance is eliminated because the source-LC path completes through the inverter. Direct source-
LC path is established only during shoot-through, which is anyways being soft-started. The soft-start

period allows the LC network to charge up slowly instead of resonating.

17



7.3.1 Voltage Derivation

- YLz +
(a) Non shoot-through (b) Shoot-thorough
UL:—VC UL:Vg—i—VC
Uizvg+2VC iC:—IL

Figure 15: Equivalent circuits in the two states

V,. T
<UL>:0:>VCZTI‘T790
1-M
Vo = V.
CT oM 1"

The above derived V; is less than that in the traditional ZSI (Vo = WL_lVg), as M > 0.5 for boost
operation.

Voltage across the inverter, v; = V, + 2Vo = ﬁ\/g, which is same as in the traditional ZSI. The
voltages across the inductor and the currents in the capacitor during shoot-through and non shoot-

through are the same. So, the ripple quantities also do not change.

8 Solar array characteristics and topology

8.1 Solar panel characteristics

To a first order, solar cell can be modeled as a current source in parallel with a diode [4]. The current
source signifies the electron-hole pairs generated from the depletion region when light falls on it and
the diode signifies the recombination of few of the generated pairs due the forward voltage across the
solar cell, which itself is a special pn-junction diode.

A practical solar panel, which is obtained from a series-parallel combination of solar cells, can be

modeled with some series and parallel resistance along with the effective current source and diode.

18



practical PV device

Figure 16: Single diode model of a PV panel

The equation governing the above model is given by,

[=1, I [exp(%) - 1] ~ ViR,

V., = NS%T, when N cells are in series and a is the diode idelaity factor( ~ 1). The value of 1, is
a function of solar radiation.

Typical I-V and Power-Voltage characteristics of a solar panel are given below:

10

~
B
B

Ay

Current (A)

Power (W)

Current (A)

Voltage (V)

——1000 W/m? ——800W/m' ——G00W/fm! ——400W/m? 200 W/m? Voltage (V) Ve Ve

(a) IV characteristics at different radiations (b) Power-V characteristics at a particular radiation

Figure 17: Typical solar panel characteristics

As shown in the power-voltage characteristics, there is a particular voltage of operation at which
the output power is maximum. We need to operate close to the maximum power point for efficient use

of the panels. This is called Maximum Power Point Tracking (MPPT).

8.2 Solar array topology

A typical solar panel of 2m*1m dimensions has MPP at ~320Wp @ ~40Vp. Assuming a 16m>
rooftop area, 8 such panels can be used to get ~2.5KWp power

All panels in series: Advantage is that the boost factor will be lower as the DC bus voltage is higher.

19



But the disadvantage is that partial shadowing of one of the panel limits the current in the whole array
leading to a lesser output power.

Hence a 4*2 series-parallel topology is optimal.

8.3 Three phase vs single phase grid-connected ZSI

To keep the inverter hardware minimal, isolation transformer is tried to be avoided in the design.

Problem with transformer-less single phase grid-connected ZSI:

* Potential Induced Degradation(PID) in full-bridge topology. Here the neutral of the grid has to
be connected to a switching node. Considering neutral as a universal ground, all nodes in the
7S], including the solar panel terminals, will be switching wrt neutral. This makes the parasitic
capacitance between the solar panels and earth active through the frame of the panels. This not
only increases losses but also degrades the panels over time.

» Half-bridge topology is not feasible as the DC side is disconnected from the grid during shoot-
through state. So neutral cannot be connected to the mid voltage of the DC side. Theoretically
this is possible with an infinite capacitance on DC side, as an infinite capacitance need not satisfy
amp-sec balance.
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Back sheet w
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(a) Resistive parasitic between the panel and (b) Theoretical half-bridge topology

earth

Figure 18: Problems with single-phase ZSI

Though single-phase supplies are common in households, three-phase ZSI has been chosen, for the
above short-comings of single-phase ZSI. Three phase system gives the advantage of avoiding neutral

connection.
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9 Control Scheme

9.1 MPPT

MPPT can be implemented by a simple perturb and observe control [5] on the reference current pumped
into the grid. The volatge and current from the solar array is sampled at a rate slower than the switching
frequency. Let Aiy,., be the MPPT output and P,,., be the measured power in the previous instant
and P, be the power measured now. The sign of the present output A, should be the sign of
(Pewrr — Pprew) * Aidprey, 1.€., if in the previous instant reference current has been increased but the
power output has reduced it would imply that we are on the falling side of the power hill, so the
reference needs to be reduced. Similarly for the other three cases, the reference current is increased or

decreased accordingly.

9.2 Inverter Current Control [6]

The three phase grid-side currents are measured and converted to d-q quantities using the Clarke trans-
formation. The d-reference for current is given by the MPPT and the g-reference is set to zero to deliver
power at unity power factor. The compensator takes the grid-side dq current values as inputs and gives
out the required voltage and phase required on the inverter side output. Based on the compensator
output and the DC volatge of solar array, required modulation index for maximum boost operation
is calculated and fed to the switches. The ZSI is operated in maximum boost mode for the efficient

utilization of the Z-network.

10 Simulation Results

10.1 Three phase ZSI with R-load
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Figure 19: Three phase ZSI with R-load
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Functionality of ZSI has been verified by simulation with a 150V DC source and three phase R load.

The ZSI has been operated in maximum boost mode at a modulation index of 0.7 and a switching

frequency of 10kHz. Theoretical boosted voltage is given by A‘gdjl = 375V and the simulated value

matches the expected one. Shoot-through has been implemented as illustrated in Section 4.2}

: HJ;‘ m

(a) Inverter Voltage switching between 375V and OV (b) Three phase voltages with three levels
during non shoot-through and shoot-through states
respectively

147545 14755 ass s tarss

Figure 20: Simulation Plots

Inductor and capacitor values used are 1m H and 1mF' respectively. The ripple quantities as calcu-
lated in Section [5]are found to be matching with the simulated value.

Calculated ripple values are - (V, = 150 , M = 0.7, T, = 1074

N = SHBOGT 5614 Ay = QEBO-OLL g 557

Figure 21: Inductor current and Capacitor voltage in the maximum ripple instant

Calculated | Simulated
Atpr—pr(A) 3.84 3.82
Avp—pe(V) 0.53 0.41

Table 2: Ripple quantities comparison
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10.2 Improved ZSI with R-load

N

Figure 22: Three phase ZSI with R-load

Simulation of the improved ZSI is done with same component values as above except that the source
diode and main circuit are interchanged. The current peak due to resonance has become as low as
15A, which is much below the operating point of 75A. The capacitor voltage is 111V, which in case of

0.7 __

traditional ZSI was 262V, giving an improvement of % = 1-57 = 2.33 in the capacitor stress. The

inductor and capacitor ripple quantities have also been verified to be the same as with traditional ZSI.

%
)
/
///
/
R
il
L\
e
.

‘ L L L L ‘
01 02 03 04 05 08 07 as

wststz et dstste

(a) LC resonance peak being only 15A (b) Inductor and capacitor ripple being the same as tra-
ditional ZSI

Figure 23: Improved ZSI Simulation

10.3 Three phase grid-connected solar ZSI (openloop)
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Figure 24: Simulation schematic
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A solar array with 8 panels connected in 4-series, 2-parallel topology has been used as the input. The
IV and PV characteristics of the array at 1000 1W/m? radiation @ 35 ° C ambient temperature is given
below -

Array type: Vikram Solar ELDORA VSP.72.320.03.04;
4 series modules; 2 parallel strings
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Figure 25: Solar array characteristics

The modulation index has been adjusted so that the output power is close to the MPP. The ZSI is

operated at 0.6 modulation index which gave an output power of 2192W.

The solar array in steady state is operated @ 156V , 14.4 A. Theoretical boosted voltage is given by
% = 780V, but the simulated value is found to be 1066V which is because of the inductors which
are connected between the inverter and the grid. The 5-level phase voltage is because the voltages are

referred to the neutral of the grid and not the mid-point of the DC side.

00 i
an
i

I | i i ' |
| T 'l
B B
| H\W : | : I
{ I I I . T
"Wl AR R

(a) Inverter Voltage switching from OV to 1066V (b) Three phase voltages with five levels
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Figure 26: Simulation Plots

11 Conclusion

The Z-source inverter uses an impedance network between the source and main circuit, which provides
some unique features compared to the traditional VSI and CSI. It has been verified from simulations
that ZSI overcomes the shortcomings of conventional inverters. ZSI can effectively replace all the sys-

tems which use a boost converter and VSI pair to achieve boosted inversion.
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ZSI can also make household PV systems compact by avoiding a boost converter and also making
the controls minimal. The current control for grid-connected ZSI has to be done carefully as the shoot-
through implementation needs the present modulation index along with the modulating wave-forms

with both of them having same delay, and delay skew might vary the ZSI transfer function.
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