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Abstract— A Z-source inverter (ZSI) has a unique ability to
achieve single stage voltage buck-boost operation for energy
conversion. This paper presents a three level ZSI using a single
impedance network for photovoltaic (PV) application. A single
LC impedance network is used between DC voltage source and
neutral-point-clamped (NPC) inverter to achieve the desired
stepped-up and stepped-down output voltage level. Alternative
phase opposition and disposition (APOD) modulation
technique with proper triplen offset and appropriate addition
of time delay/advance is used to achieve the required boost in
DC link voltage. A traditional MPPT technique is used to
introduce a shoot-through interval in switching waveform to
extract the maximum power from the PV panel. Traditional
MPPT technique does not allow to boost the Z-network
capacitor voltage more than the maximum power point (MPP)
voltage of the PV array. This paper also presents a unified
voltage control technique to track the MPPT and also
maintains the desired Z-source capacitor voltage level. The
design, implementation and control of single impedance
network based multilevel ZSI for photovoltaic application is
discussed and their MATLAB/Simulink simulation and results
are presented in the later section of the paper to validate
proposed control scheme in PV application.

Keywords— Z-Source Inverters, Neutral point clamped
(NPC), MPPT algorithm, and Capacitor voltage control.

I. INTRODUCTION

The rapidly increasing demand of energy from all across
globe has urged the society to go for alternative energy
sources because of declining fossil fuel reserves, increasing
global warming etc. Out of all available and feasible
alternative energy sources, photovoltaic (PV) energy is the
most popular and promising one [1]. Inverter topologies
play a crucial role in PV generation system. Out of various
techniques for power conversion system (PCS), the two
stage converters are commonly used to boost up the DC
output voltage of the PV panel up to the desired voltage
level to meet the AC load demand [2]-[6]. A ZSI topology
overcomes the limitations and disadvantages of most
commonly used voltage source inverter (VSI) and current
source inverter (CSI) [7]. The block diagram of a ZSI based
DC to AC PCS is shown in Fig.1. Desired AC output
voltage is maintained by boosting the input DC link voltage
level using the shoot-through state, which is not permitted in
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the traditional inverters. In recent years multilevel inverters
are gaining attention of researchers and manufactures
because of their ability to produce better performance in
terms of output waveforms, lesser total harmonic distortion
(THD). Three level ZSIs provide a single stage voltage
buck-boost operation based energy conversion while
retaining all favorable advantages of traditional inverters.
The power circuit of three phase ZSI for PV system using
traditional shoot-through control is shown in Fig.2.
Topology of a single impedance based NPC three level ZSI
for buck-boost operation [8]-[10] is illustrated in Fig.3.
APOD carrier based modulation technique with a proper
triplen offset and appropriate addition of time delay/advance
is used to control the single impedance based three level
NPC-ZSI for PV system.

There are various methods to control the DC link voltage
along with the AC output voltage of an inverter [11]-[13]. A
simple power feedback based method is used to achieve
MPPT in a single phase ZSI based PV system [14].
Generally, in a ZSI based PV system MPPT controller gives
a duty ratio which is used to introduce the shoot-through
state so as to maintain the PV output voltage at maximum
power point (MPP). If the load power demands changes
then the inverter DC link voltage level is adjusted
accordingly to meet the load demand. To achieve this Z-
network  capacitor voltage of ZSI should be
increased/decreased. A traditional MPPT controller is
unable to boost the Z- network capacitor voltage beyond
MPP. This paper also incorporates a unified voltage control
technique to track the MPPT and also achieves the desired
capacitor voltage control.
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Fig.1. Block diagram of ZSI based PCS.
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Fig.2. Three phase ZSI based photovoltaic PCS

II. OPERATION OF SINGLE IMPEDANCE NETWORK
BASED THREE-LEVEL Z -SOURCE INVERTERS

Fig. 3 illustrates the topology of three level ZSI using a
single impedance network, having two capacitors (C; and
C,) and two inductors (L; and L,) connected between the
input DC voltage source and NPC inverter.

To achieve the buck operation, the pole voltage of ZSI
translates between the three distinct voltage levels of +V,
0V, -Vg similar to a traditional three phase three level
inverter. In order to achieve the voltage boost operation
shoot-through state is introduced in the switching
sequences. A simple method of introducing the shoot-
through state is to turn on all switches of a particular leg
simultaneously (e.g., SA1, SA2, SA3, SA4 of phase leg A
or SB1, SB2, SB3, SB4 of phase leg B in Fig. 3) which
gives an equivalent circuit with diodes D1 and D2 open
circuit as shown in Fig. 4(a). Thus ZSI inverter topology
does not require dead-time delay for short circuit protection
to protect the switches from longer duration of the short
circuit current.
From the equivalent circuit representation as illustrated in
Fig. 4(a) and for a symmetrical network it is assumed that
that inductor voltages V; = Vi, = V|, and capacitor
voltagesVe; = Vg, = Vi, then the Z-network capacitor and
inductor voltages during the shoot-through interval T, is
expressed as:

VL = Vc (1)
And during a non-shoot-through interval (T)), the equivalent
illustrated in Fig. 3(b) comes in operation. During the non-
shoot through state inverter circuit and load are treated as
current source. From this equivalent circuit, the capacitor
voltage and inductor voltage are given as

v = Vo — Ve

2

Average of Vi, for one complete switching cycle T gives
Ve _ _T1 3
Vo  T1-To )

Using equation (3), the DC link voltage (V, and the AC

output voltage, Vx (x = A, B or C) of the inverter during a

non-shoot-through state are given as:
1

Vi= Ve —v, =2Ve =V = —1; Vo “)
T
Vx = M"7 =M. Bf.%
Where, M is the modulation index and B, = - T is the

110
boost factor.
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Fig.3. Three level NPC ZSI topology using only a single LC impedance
network
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Fig.4. The Equivalent circuit representations of single impedance based
ZSI during (a) shoot-through state and (b) non-shoot-through state.

II1. MODULATION SCHEME

APOD based modulation technique for controlling the
three level ZSI is discussed in [12]. To introduce the
required shoot-through interval in the inverter switching
state, it is ensured that in all switching instances correct
volt-sec average is synthesized. Considering this criterion,
the feasible state sequence to control a traditional three level
inverter is illustrated in Fig.5. In this figure the two
triangular carriers which are vertically disposed and have
180° phase shift are used to form the APOD carrier
placement arrangements. In addition with two triangular
carriers, three sinusoidal reference signals are also required
to carry out the comparison of sinusoidal references with the

fwme
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Fig.5 APOD modulation for traditional three-level inverters

triangular carriers to generate gating signals for two
independent switches of a particular leg ( SA1 and SA2 of
phase leg A). While remaining Complementary switches of
that particular leg (SA3 and SA4 of phase leg A) are driven
by logically NOT signals, as it is reported in Fig.5. From
the generated switching state sequence as reported in Fig.5,
it can be observed that in APOD based three level NPC
inverter, state{0,0,0} is always present in the switching state
sequence. So partially replacing the zero state with the
shoot-through state as illustrated in Fig.6 will provide the
required boost in the DC link voltage of ZSI.

In Fig.5 it can be observed that the two reference signals
Vasau)and Vscry), is used to insert the shoot-through state
by modifying the switching on time of switches SA1 and
SC4. The original reference signals V, and V. (renamed as
Vasaryand Vescu), Fig.5) are used to control the termination
of shoot-through state by turning off the switches SA3 and
SC2. A vertical offset of TO/T is added to the reference V,
and same offset is subtracted from reference, V. to generate
the additional references Vysau) and Vscr). This reference
generation process is generalized by subtracting the vertical
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offset of Ty/T from the “minimum” reference (V=
min(V,,Vy,,V,) while adding the offset To/T to the
“maximum” reference (Vp.x=max(V,,Vy,V,) to get the
required references needed to control the ZSI. In this
reference generation process (Vg = mid(V,,Vy, V)= ) is not
modified.

A triplen offset (V) given by equation (5) is properly
added to the required three original sinusoidal references, so
that the resulting references are centered vertically within
the disposed triangular carrier bands, thus give a
synchronized gating signal for phase A and phase C. On
adding offsets to all original sinusoidal references, the
resulting set of required references to control the single
impedance network based NPC three-level ZSI is given as:
Vmax(SXU) = Vmax + Voffsel + TO/T

Vmax(SXL) = Vmax + Voffsel

Vmid(sXU) = Vimid T Voffet

Vmidgxy) = Vmid + Ve

Vmingxy) = Vmin + Ve

Vmin(SXL) = Vmin + Voffset - To/T

Voffset = —O.S(max(Va,Vb,VC) + min(vasvbsvc))
where X=A, B, or C; U=1and 2; L=3 and 4

)
(6)

IV. UNIFIED VOLTAGE CONTROL TECHNIQUE

The PV array possesses a non-linear I-V and P-V
characteristics as illustrated in Fig. 7. The PV output voltage
and current varies with variation in environmental condition
of irradiance and temperature [15]. To harness the
maximum power from PV panel different types of MPPT
techniques are available [16]-[18]. Fig. 8(a) illustrates the
operating principle of a traditional MPPT controller for a Z-
source inverter based PV power conversion system (PCS).
In a traditional MPPT technique the MPPT controller
directly controls the shoot-through interval and accordingly
reference signals can be generated as per expression (5) and
(6). The Z-network capacitor voltage level is boosted as per
the generated shoot-through time period, calculated by the
MPPT controller. It is not possible to increase capacitor
voltage beyond MPP voltage of PV panel, as the generated
shoot-through states can only track the MPP voltage. So, the
traditional MPPT algorithms can not boost Capacitor
voltage beyond MPP voltage value. Fig. 8 (b) shows a
unified voltage control technique which tracks the MPPT
and also achieves the desired capacitor voltage control. In
this MPPT technique an extra shoot period, (T°) is
generated to increase Z-network capacitor voltage beyond
maximum power point voltage of PV panel. The extra
generated shoot through interval (T’ ) is added to the MPPT
generated shoot-through period (Ty) to obtain the total shoot
through time period (Ty,). The flowchart of unified control
technique is shown in Fig.9, which tracks the MPPT and
also maintains the desired Z-network capacitor voltage.

A. MPPT Algorithm

There are two stages in the flowchart of the unified voltage
control technique, shown in Fig. 9. The first stage of the
flowchart generates the shoot through time period (Ty) to
track the MPPT by boosting the capacitor voltage level to
the MPP voltage level while the second stage of the
flowchart generates extra shoot through time period to
provide the required boost in the Z-network capacitor



voltage beyond MPP voltage level, if required. By adjusting
the shoot-through time period, the inverter DC link voltage
can be maintained to the desired voltage level by controlling
the Z-network capacitor voltage. Perturb and Observe
(P&O) MPPT technique is employed to extract the
maximum power from the PV panel [19] [20]. In P&O
algorithm, the output power of PV panel is continuously
measured and change in power is observed and accordingly
shoot-through time period is adjusted to achieve the MPP
voltage. The Z-network capacitor voltage is also updated
accordingly till capacitor achieves the MPP voltage, (V,,)
and thus maximum power is extracted from the PV array
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Fig. 7. The non-linear (a) I-V and (b)P-V characteristics of a PV array.
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Equation (4) can be expressed as follow:

(7

1 .
Vi= —rg Ver = Vv
-

B. Capacitor voltage control (CVC) algorithm

Using MPPT technique Z-network capacitor voltage is
raised to MPP voltage level. After achieving the MPP
voltage the actual Z-network capacitor, (V) is compared
with the desired/reference capacitor voltage, (V*C ) which
decides the ZSI DC link voltage level. If it is found that the
reference capacitor voltage is same as the actual capacitor
voltage (i.e. VC=V*C) then no extra shoot-through period
(T°0) is required. If MPP voltage is achieved but Z-network
capacitor voltage requires further boost to achieve the
desired voltage level (i.e. V* >V, then an extra shoot-
through time period (T,) is obtained shown in fig.9 which
is added to the shoot-through time period T, , obtained from
P&O MPPT algorithm. Similarly to step-down the Z-
network capacitor voltage(i.e. V*.<V.), then the extra
shoot-through time period (T°)) is subtracted from the
MPPT generated shoot-through time period (T,) and the
required total shoot-through time period (T,) is obtained.
Thus in this way total shoot-through time period (T,)
achieves simultaneous control of the MPP voltage along
with the Z-network capacitor voltage. The expression for the
total shoot-through time period (T,)) is as follow:

(8)

Where, T, gives MPP capacitor voltage (V*PV), and T,
controls the Z-network capacitor voltage (V) as per the
reference capacitor voltage (V'¢). The possible range of the
total shoot-through time period T, is given by:

T, /T «(1-M) )
The range of additionally required shoot-through duty ratio
(D’ ,=T’¢/T) is limited by the modulation index (M) and the



MPPT generated shoot-through duty ratio (D= T¢/T). By
substituting equation (8) into (3) the average value of Z-
network capacitor voltage and the ZSI DC link voltage are

expressed as follows: i r ey T 1 ‘ 7 7
§ i I M 1 < | | |
2 E : E ] [
|

)n’T 1 T = ] 1 ]
_TEED e TP e 1-Dsh e (10) sl . o ]
C 2(T0+TIO) PV T (ﬂ) PV open Y PV n} . \ T ! . ] T T ; ]

o | | |
The peak AC output voltage of the ZSI is expressed as: w’—\ : J
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Fig.11  Signal variation of Irradiance(scale:500  W/m2/div.),

V. RESULTS AND DISCUSSION Temperature(scale:25°C/div.), P pv(scale:50 kW/div.), Vpv( scale: 200
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photovoltaic application. The DC output voltage of PV
panel is boosted to desired voltage level and converted into
AC, so as to feed the generated power into the grid. By
employing suitable inverter control power is feed into the
grid at unity power factor. The effect of variation of
irradiance and temperature is studied by carrying out the
simulation work in the MATLAB/SIMULINK environment.
Simulink model of NPC three level ZSI using single
impedance network with a switching frequency of 5 kHz is

presented in Fig. 10. ol -L o e i 5 b & -
ZSI Prov]des desired boosted DC link vgltage to meet .the Fig.12 Voltage( scale: 10 kv/div) and current( scale: 0.5 A/div) waveform
required AC output voltage. From design consideration feeding into the grid when radiation is reduced to 500 W/m2 ,Time(scale:
value of Z-network is chosen as LI1=L2=0.02mH and 0.01sec/div.)

C1=C2=1mF. The ZSI output voltage is again step to grid
voltage level using suitable transformer. It is ensured that
even if irradiance changes as shown in Fig.11 grid voltage
is maintained constant(Fig.12 and 13). Current is feed into
the grid at almost unity power factor, shown in voltage and
current waveform of Fig.13. FFT analysis of steady state ;
current shows a THD content of 2.80% which is acceptable 3 o //'\\ i " ]
(Fig.14). 7 A\ [ \ I

7N/ \ va e

Nl | | \~J \—"

] o i s W ar o

Fig.13 Steady State voltage (scale 10 kV/le) and current (scale: 0.5A/div)
(Radiation is 1000 W/m2), Time(scale: 0.01sec/div.)
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Fig.10. Block Diagram of Three Level ZSI using single impedance network based Grid
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VL CONCLUSION

A single impedance network based NPC three level ZSI for
grid connected photovoltaic power conversion system is
implemented by simulation. The usefulness of APOD
modulation technique for photovoltaic application has been
established by the detailed simulation work. Unified control
technique provides control of MPP voltage and it also
maintains Z-network capacitor voltage for hassle free
operation of ZSI. For a grid connected system NPC three
level ZSI gives better performance at reduced cost and
complexity of hardware. Author is working for hardware
results and it will be appended in the final submission.
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