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Abstract:

In this paper, a two-stage renewable energy conversion system, consisting of boost dc-dc converter and a Ripple
Switch Inductor Z-Source Inverter (rSL-qZSI), is proposed. In recent years, besides Voltage Source Inverter and
Current Source Inverter, Quasi ZSI (qZSI) is getting focused because of having low device specifications for middle
and high-power range applications. An Incremental Conductance (IC) based Maximum Power Point Tracking
(MPPT) technique is used to develop the Pulse Width Modulated (PWM) signal for basic boost dc-dc converter for
extraction of maximum Solar Photo-Voltaic (SPV) power in variable ambient conditions. Further a rSL-qZSI is used
which has high voltage boosting capability and low switching device voltage stress compare to other conventional
gZSl. Two different control methods, i.e. Maximum Boost Control (MBC) and Third Harmonic Injection (THI)
control, are applied to boost the output voltage. In this paper operating principle, analysis and design of both dc-
dc converter and rSL-qZSI has been done. A comparative analysis has been shown between these control methods
for different modulation index. To verify the performance of the proposed topology, a MATLAB simulation model
has been designed. The implementation of MPPT along with the rSL-qZSI voltage boosting behavior has been
verified through the simulation results.

Keywords: Ripple SL-qZSI, MPPT, Maximum Boost Control (MBC), Third harmonic injection (THI) control.
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1. Introduction Photo Voltaic (SPV) output. Different researchers

Renewable energy is a kind of natural energy,
which is unlimited in nature and available
freely. Solar energy is one kind of renewable
energy that can replace fossil energy such as
coal, crude oil, etc. India lies on the Tropic of
Cancer, which provides large solar energy.
Conventionally a photovoltaic system is
required to improve solar energy, and it has
some advantages such as being environment-
friendly and low maintenance cost [1]. The main
disadvantage of PV is that it requires a high
installation cost and low efficiency. Characters
like irradiance, temperature, dirt, shadow and
sunlight spectral effects the efficiency of the solar
cell. Change in temperature and irradiance, due to
different type of weather, reduce the Solar

proposed different Maximum Power Point
Tracking (MPPT) techniques for maximum
power extraction from the SPV, improving the
efficiency all over the system.

In the conventional system, a DC-DC converter,
which behaves as an interface between SPV and
load, is used to transfer power to the load.
Different isolated[2], non-isolated[3], [4], buck
[5], boost[6] and buck-boost [7], [8]converter with
variable duty cycle is used to extract maximum
power from SPV. The maximum Power carries
out by the DC - DC convertor from the PV to the
load by adjusting duty cycle and when load
changes, DC-DC convertor distribute the maximum
power.
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capacitor assisted first extension boost Quasi-
ZS1 (CA-qZSI) are proposed in [12]. In [13], a
trans ZSI is proposed where Z-networked
inductors are replaced by a 2:1 turns ratio
transformer which enhanced the overall gain of
the network. As shown in the Fig. 2 (e) a
switched inductor structure is added with ZSI, 4716
named as switched-inductor ZSI (SL-ZSI), is
proposed in [12] which eliminates the boost
limitation of the conventional ZSI. Further with
a small modification of SL-ZSI, a rippled input
current Quasi-Z Source Inverter (rSL-qZSI) is
developed where high gain can be achieved.

Fig. 1. Basic Z-Source Inverter

A general Z-Source Inverter (ZSI) structure is
shown in the Fig. 1. As shown in the Fig.1 a two-
port unique impedance network, consist of a
cross shape connected split inductors (L;and
L;) and capacitors (Ci1 and C;), employed
between the dc power supply and the main
inverter circuit. Compare to the conventional
Voltage Source Inverter (VSI), where six active
states and two zero states are observed, ZSI has
an extra shoot through state. Shoot-through
state can be generated by different ways.
Presence of this shoot through state in ZSI
established a unique buck-boost feature into it.
But more losses along with increasing unreliability
may cause for classical ZSI with higher boosting
operation.

In recent years, several ZSI topologies are
proposed by different researcher. If modelling,
controls and modulation techniques are
prioritized by few and some researchers are
focused to developed new topologies. The
distortion in the output waveforms is significantly
reduced with increased reliability as dead time
switching is eliminated for Quasi- Z Source
Inverter (q-ZSI) operation. Fig. 2(a) represents
the basic structure of q-ZSI [9] which is nothing
but some small modification of conventional
ZSI. Similarly in Fig 2(c), an extended Z Source
Inverter (EZSI) is proposed [10] where the
primary dc source is divided into two part and
connected accordingly. Improved input characteristics
along with lower component specification for
same power rating can be achieved in this
topology. In [11], addition of several passive
component, like inductor, capacitor and diode,
to the conventional ZSI structure is proposed in
order to enhance the boosting factor. As shown
in the Fig. 2(c) and Fig 2(d), a Continuous- Fig 2. (d)
current diode assisted first extension boost

Quasi-ZSI (DA-gZSI) and Continuous-current
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Fig 2. (e)

Fig 2. (a) Basic qZSI with continuous input
current. (b) EZSI with continuous input current.
(c) Continuous-current first extension DA-qZSI.
(d) Continuous-current first extension CA-qZSI.
(e) SL-ZSI structure.

In this paper, a MPPT dc-dc boost converter fed
rSL-qZSI is proposed. Two different control
methods, i.e, MBC and THI control, are used to
enhance the efficiency of the system. The rest of
the article is organized as follows: In the next
section, named as proposed topology, explain
the total proposed topology. Next section which

is termed as operating principle, represents the
operation of IC based MPPT, dc-dc boost
converter and rSI-qZSI. In the next section, the
control design for the qZSI is explained. In the
later section, simulation results of different
power characteristics along with multiple
control are represented. In the final section the
total study is concluded and a comparison of the
proposed rSL-gZSI with other conventional ZSI
is also represented.

2. Proposed Topology:

As shown in the Fig. 3 the overall structure of
SPV-MPPT based rSL-qZSI with different
modulation techniques is demonstrated. The
whole configuration can be divided into two
primary stages. First stage where a dc -dc boost
converter is designed to extract maximum
power from the SPV panel and produce a high
voltage dc output.

SPV pasxi

DEDC 4 Rippic sunched Load
Comverter lsdxtor ¢-28

- \21] MEBC | THI Contol

N roley
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Fig. 3. Overall diagram of Proposed Topology

As, the SPV has a low output voltage, dc-dc boost
converter used to boost it. Whereas in the
second stage a rSL-qZSI is implemented for
development of single-phase ac with further
boosting factor. Along with this different control
methods, such as MBC and THI control, are used

to further boost the output voltage and 4717
improved the efficiency of the system.

3. Operating Principle:

A. SPV-MPPT system:

Photovoltaic system is a system that converts
the solar energy taken from the environment to
DC power. A PV is characterized by its open
circuit voltage (Voc), short circuit current (Is),
maximum voltage (Vmax) and maximum power
point (MPP) current. Those parameters shape
the I-V and P-V characteristic curve. The PV
itself is a nonlinear system and can be defined as

a variable current source which represented as
[g V+R§D]
h=los(e * -1) (1)
T ety (2)

los = lor (-F)se Bk T, T

Where, | and V are the output current and
output voltage of solar cell, I,sis diode’s reverse
saturation current, T is temperature in Kelvin, K
is Boltzmann constant (1,381e-23 J/K), q is
electric charge, I is short circuit current at
temperature of 25°C, Tr is reference
temperature (298.18K) and I is saturation
current at Tr. Current output also is influenced
by diode’s ideality factor and the range is
between 1 and 2.
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Fig. 4. (a) V-1 characteristics of SPV panel. (b) P-V
characteristics of SPV panel.

As the output power of the SPV is dependent on
atmospheric condition like solar irradiance and
temperature, as shown in Fig. 4, a tracking
algorithm need to be implemented for extraction
of maximum power from the SPV, generally
named as MPPT. MPPT stands for Maximum
Power Point Tracking is a technique which is
used to maximize the energy connected to the
solar module at any time during the operation.
In different time, different MPPT algorithms are
prescribed by multiple researchers [14], where
Perturb and observe (P and 0)[15], Incremental
Conductance (IC) [16] fuzzy-MPPT [17] and
Particle Swarm Optimization (PSO) -MPPT [18]
techniques are famous. IC based MPPT methods
are implemented in this proposed topology for
its simplicity. The operation of the IC-MPPT
algorithm is demonstrated in Fig. 5. IC will try
to improve the tracking time by comparing the
difference between dI/dV and -1/V. If dP/dV is
negative then MPP will lies on the right side of
the recent position and if dP/dV is positive then
MPP will present on left side. The equation of IC
method is

dP d(v.l) d (3)
W Vv
When dP/dV=0 then MPP is reached and
da_ 1 @
VAR
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Fig. 5. Flowchart of Incremental Conductance based
MPPT method.

If MPP lies on the right side then (dI/dV) < (-1/V)
and PV voltage will be decreased to reach the
MPP. IC method can be used for finding the MPP,
improve the PV efficiency, it also reduces the
power losses and cost of the system. The
oscillation around MPP area can also be
suppressed in trade of with its implementation
complexity.

B. DC - DC Boost Converter

As described earlier, the output of the SPV will
vary depending upon the ambience condition,
generally a dc converter is used to implement
MPPT. Besides that, the conventional SPV
output terminal voltage is low which may not be
suitable for different applications. So, a simple
dc boost converter is used here [19]. The basic
configuration of dc boost converter is shown in
Fig. (a) which consist of an inductor (L), full
controlled switch (Q) and a diode (D). Output
capacitance and load resistance is represented
by Co and Ro.

il 1\ i
D +== -]
LA i Co| Ro¥
Fig 6. (a)
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Fig. 6. (a) Basic Boost converter. (b) Operation of Boost
converter when Q turned on. (c) Operation of Boost
converter when Q turned off.

When the switch gets on, the diode becomes
reverse biased thus, isolating the load stage. The
input energy stores in the inductor. Once the
power switch is off, the load stage gets energies
from the inductor as well as from the input
source, therefore the voltage across the load is
greater than the source voltage. Further the
operation of this converter is demonstrated in
Fig. 6(b) and (c). The output voltage is
expressed as

v oY (5)
o 1-D

Where, D represents the duty cycle. Via
represent the supply input voltage. The value of
the inductor (L) and capacitor (Co) can be
designed using equation 6 and 7.

LYuD (6)
f.Al
_1D (7)

& f,AV,

Where, fs represented the switching frequency,
AVgand Algrepresent the ripple in output
voltage and current respectively.

C. Ripple switched-inductor quasi-Z-source
inverter

In the Fig. 7, ripple switched inductor quasi-Z-
Source inverter is shown. This topology is
derived from the SL-qZSI with a modification of
the dc source position. Instead of connecting the
dcsource in the middle of the two switched

inductor cell, as connected in SL-qZSI, dc source
is connected in series with two switched cell(L:
- Lz- Dzz - Dz3 - Dzaor L3z - La- Dzs - Dzs - Dz7).
Because of this constructional modification, a
small ripple emerges on the input current, for
which this topology sometime named as rSL-
qZSI. This topology can successfully minimize
the initial inrush current compare to SL-qZSI.
Besides that, a reduced voltage stress across the
capacitor, dc source common ground sharing
and having relatively flat shape input current
are some of the advantageous features of this
topology.

Generally, the operation of the conventional
qZSI can be divided into six active and two zero
states. Here in this topology an additional shoot
through zero state is observed. So, operation of
this topology is similar with the operation
observed in ZSI and SI-ZSI. For simplified
operation analysis the topology is divided in
shoot-through and non-shoot-through states.

g

Fig. 7. Ripple switched-inductor quasi-Z-source inverter
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Fig 7. (b)
Fig.7. (a) Operating circuit in non-shoot-through mode
(b) Operating circuit in shoot-through mode

Fig.7 (a) and (b), represents the non-shoot-
through and shoot-through states of the circuit.
As shown in the Fig. 7(a) in the non-shoot-
through mode main circuit draws a constant
current, denoted by i;, from the source. The
diodes Dz1, Dzzand Dzsare forward biased and
remaining diodes Dz, Dz4, Dzs and Dzyare
reversed biased. Energy transfer from the
supply dc (Vi,) to the main circuit by the
inductors L1, L2, Lzand Lsand capacitors, C1and
C; are getting charged. Vi1 ns, Vizns, Vizns and
Viansrepresents the non-shoot-through mode
voltage across the inductors Li, Lz, Lz and Ls
respectively. The equation of the inductor
voltages can be represented by

Vu =VL1_ NS =Vc2 _Vin _VL3_ NS (8)

VLZ :VLZ_ NS :ch _Vin _Vu_ NS 9)

V =V =V -V (10)
L3 S

L3 _NS c1 L4_N

VL4 = VL4_ NS T Vc1 _VL3_ NS (1)

Where V¢i and V¢, represents the voltage across
the capacitor C; and C; respectively. DC link

voltage Vag can be represented as
Vig=Ve+Ve,  (12)

Capacitor current can be given by,
e =l —lo =4 —io (13)

ic2: IL2_iO: ILl_iO (14)

In the shoot-through states, as shown in the Fig.
7(b), terminal voltage Vagbecome zero as both
switch in one of the legs becomes turned on.
Diodes Dz1, Dzzand Dye are turned off, as they are
reversed biased, and Dz, Dz4, Dzs and Dzzturned
on. Because of that, inductors L; and L;
connected in parallel same as Lzand L. All four-
inductor stored energy and capacitor Ciand C;
discharged. The inductor voltages can be
obtained as

Viu =V ==V -V, (15)

Vi=Vu="Ve, (16)

The capacitors current can be represented by
[ P (17)
ico=—lz— 1, (18)

After applying the volt-second balance equation
across the inductor and capacitors,

D 1
\Y; =V - vV - \ (19)
L1_NS 2 4_p ¢ 1_p "
= D _1 20
VLZﬁNS VCZ - 1-D VCl - 1— DV in ( )
-D
VL37 NS :VL47 NS 1— Dvcz +V01 (21)
1-D..
I=ly=lp=lg=I4= _3D '0 (22)
N2
1-D (23)

I, = (1+ D), = ——i,
in ( )Ll 1_3D|

Where, Iin represents the input average current
of the rSL-qZSI. Substituting the values from the
equation (8) - (14) to (19) to (23) capacitor
voltages can be obtained as

2D
Ver = —SDVin (24)
_1-D,, (25)
VCZ _173DV|n

The expression of dc-link peak voltage can be
calculated as

= 1-D,, - 2
VAB Vc2+VC2 = ]_gDVin Bvin (26)

Where, B stand for the boost factor, can be
expressed as
g-1-D (@27
1-3D
The variation of the boost factor for different
duty cycle can be shown in Fig. 8.

0.1 0.15 0.2 0.25
Duty Cycle (D)

Fig. 8. Relation between Boost factor Vs Duty Cycle

4. Control for the rSL-q-ZSI:
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Fig. 9. (a) Traditional carrier based PWM control of ZSI
(b) Simple boost control method of ZSI

Fig. 9(a) represents traditional carrier based
PWM control method where required PWM
signal is developed by comparing a high
frequency carrier signal with a sinusoidal wave.
Conventional g-ZSI can be controlled by simple,
maximum and constant PWM based boost
control method. As explained in this [20], [21],
in order to develop shoot through states, three
phase references are compared with a fixed
magnitude. The control of the duty cycle (D) can
be modified as constant in the shoot through
state. As shown in the Fig. 9(b). In simple boost
control method, the maximum value of the duty

cycle can be represented as
D=(1-M) (28)

Where, M denotes the modulation index. So,
from the equation (27) the equivalent boost
factor can be represented by

B——732_M (29)

The phase voltage peak voltage can be
represented by

" MV MBY,  (30)
Vo = =
2 2

A. Maximum Boost Control:

Disadvantage of Simple boost control, like more
shoot through loss and decreasing shoot
through duty ratio with increasing modulation 4721
index, can be overcome with maximum Boost
Control (MBC) method. As shown in the Fig
10(a), the shoot through state will developed by
comparing the carrier waveforms with maximum
and minimum value of the modulating wave. In
this method as the boost factor is maximum the
output voltage is also maximum. Besides that,
more switching loss can be observed as one of
the disadvantages of this method.

As observed in Fig 10(a), the shoot through

n .
states repeats periodically every 3 - Assuming
very high frequency switching compared to

T T
modulating frequency with an interval (_6, —2 ),

the average shoot through duty ratio can be
expressed as

2—(M sin® — M sin(6 — L )
T0) , 3 (31)
3 % 3 o
) jme-dmamm»{mame—gjw)@a
T % 5 3
T B
[ 2d0
B
To _ 21 -3.3M (33)
T 2n
Further the boost factor B can be expressed as

) (34)
1-2-o - L3M -1
T

B=
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Fig.10. (a) PWM generation for Maximum Boost Control
(MBC) (b) MBC with third harmonic injection

B. Maximum Boost Control with Third
Harmonic Injection:

In this method, the operation is almost same as
maximum boost control except the modulating
signal is modified by third harmonic injection.
Fig 10(b) represents the operation of MBC with
third harmonic injection. An additional 15%
voltage boost can be achieved for similar Vi,
Assuming similar shoot through repeating
period and switching period interval the
average shoot through duty ratio can be
calculated

2-(M sine+lMsin3e (Mssin(0 —)+ M sin30))
TO) 6 36 (35)
T 2
[ 1 ' m 1 (36)

jzde (_[(Ms.n9+6Msm39)de I(Msm(e )+ M sin30)do)

i

7

[ 2do

ig:Mﬁ_M (37)

T 2n
Further the boost factor B can be expressed as
B- L+ - T (38)
1-2 T 343M -1
T

5. Simulation Results:

(H
[ 3
> 3
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Fig. 11. Simulation diagram of Total circuit

As shown in the Fig. 11, based on the proposed
topology a simulation circuit is created in
MATLAB software. Verification of dc-dc
converter behavior and different control
characteristics of ripple SL-qZSI is done. Details
specification of different power circuit
component is given in the table-1. For this
design a SPV panel (A10 Green Tech, Model:
A10]-S72-175) with power rating of 175W, with
Vmpp and Impp of 36.6V and 4.784, is used. The
successful implementation of IC based MPPT
tracking operation id verified and shown in Fig.
12. A variation of irradiance is introduced (1000
W/m2to 500 W/m2to 800 W/m?2), indifferent
time and variation of maximum power SPV
power extraction (175W to 83W to 141W) is
observed.

Table-1 Component Specification
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t Voleage (Vo) 1
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ut Curcuit Cunrent (1)
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Solar PV Panel
(A0 Grven Tech)
Model - A101.572-

Tensp Coellicient of (Vo) | -03s16
| Temp Coefficient of (L) | DO41S (Midep ©)
Boost Converver Inductor 1 | ! lmH
- ] 20pF
] 800
requenc SkHz
Topple SLZ51- 7oy T |V | 300 pH
Comvertes ) cutor € and C) | 470 mF
Ourput Filter Inductor | 1mH
Ourpur Filter Inductor 1 470 uF
Load Resistance (Ry) | 00
Switching Fregoency 10k H:

An 175W DC-DC boost converter is also
designed with the specification given in table-1.
This boost converter succesfully boost the input
SPV panel voltage from 36.6V to 130V as shown
in Fig. 15. A Pulse Width Modulated (PWM)
signal, dc -dc converter switching, of 5 kHz is
developed by the MPPT controller as shown in
Fig. 16. A output voltage of 130V, with ripple of
6.15%, and output current of 1.3A,with a ripple
4.61%, are observed as shown in Fig. 16.

1000 bradience (W/m2)

800

SO0 ‘

200

|
100 l /
0 SPV o/'p Power (W)
0 2 4 Illll:t\l(, 8 10

Fig.12. MPPT tracking with variable irradience.
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Fig. 14 DC-DC converter output voltage and current with
gate pulse.
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Fig. 15.Charging and discharging of dc converter with
irradience variation.

In the Fig. 16, the load voltage and current for
ripple SL-qZSI with Maximum Boost Control
(MBC) for modulation index 0.7 is shown. A
voltage of 90V with 0.9Amp current are
observed. Besides that, voltage and current
across the switch is represented in Fig. 21. As
shown in Fig. 17, inductor current with peak
value 4.6A with 25% ripple is observed. The
voltage across the cpacitor (C1) is near 140V
with very minimal amount of ripple.

Maximun Boost Control

100 _ " - - OP voltage 4}'1
0 v | \
-100 =
1 - > oP current (A)
; /
l

2,78 278 Time(s) 281

Fig. 16. Load voltage and current for MBC-ripple SL-qZSI

For Maximwn Boost Control t
L1 Inductor Current (A)

A AA

0

150 — —
100

C1 Capacitor Voltage (V)

50

0

2.74 275 Tume(s) 2.76
Fig. 17. Ripple SL-qZSI inductor current and capacitor
voltage for MBC
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Third Harmonics Injection Method
150 \ A\ 7\ OP voltage (V)
0/ { ‘
=150 \
1% 4 la 2 /N OP current (A)
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-1
277 28 Time(s) 2.83 2.86

Fig. 18. Load voltage and current for THI- ripple SL-qZSI

Third Harmonics Injection Method

L1 Inductor Current (A)

4
R — -
150-
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0

275 276 Time(s) 2.77
Fig. 19. Ripple SL-qZSI inductor current and capacitor
voltage for THI control.

The output voltage of ripple SL-qZSI with Third
Harmonic Injection (THI) control for modulation
control 0.9 is shown in the Fig. 18. A peak
voltage of 154V with 1.08A are observed. Beside
that, in Fig. 19, the current through the inductor
(L1) and capacitor voltage (C1) are shown. A
peak value near 4Amp with maximum ripple of
25% is observed. Similarly capaitor voltage (C1)
of 170V with very minimum ripple is also
appeared.The voltage and current across the

switch for this THI control are shown in Fig. 20.
Maximum Boost Control '

120 Voltage across Inv Switch (V)

0—- e

Current Across Inv Switch (A)

41

247 248 Time(s) 2.49 2.5
Fig. 20. Voltage and current across Ripple SL-qZSI switch.

Third Hanmonic Injection Control

oI
200 Volwuge across by Switch (V)

0

Current Across lav Switch (A)

2.83 284 2.85 2.86
Time (s)
Fig. 21.Voltage and current across two SL- qZSI switch.
Table -2 Variation of Output Voltage and Current for
different Modulation

Maximum Boost Third Harmonic

Modulation Control (MBC) Injection (THI)
Index Output | Output | Output | Output
Voltage | Current | Voltage | Current

M (A) %) (A)

0.7 90 0.9 134 0.94

0.8 110 1.1 150 1.06

0.9 119 1.18 154 1.08

1 122 1.21 154 1.08

1.1 124 1.26 154 1.08

Effect of the variation of modulation index for
both MBC and THI control is shown in table 2.
Modulation index will varied from 0.7 to 1.1 and
an output voltage variation from 90V to 122V is
observed in MBC. For similar modulation index
variation, a range of output voltage from 134V
to 154V is noticed for THI control.

6. Conclusion:

In recent year qZSI type inverter structures are
getting importance for different power level
application. As, introduced earlier, different
qZSI topologies are already prescribed by
different researches. A comparative analysis, in
terms of boost factor and voltage gain is given in
table-2.

Table -2 Comparative analysis different ZSI

Topology Boost Factot Voltage Gain
SL.qZSI [22) - 14D ST M -6
B G- STM-63rM
-2 - » -
1-2D-D 8+ 243TM - 27M°
SCL-q251 {23 3 3\
32sl (23] p__ 3 =M
(1-4D) IM-3
Enhanced BZS| . 1 M
[24] e EET T G- P 2
z 2D -4D+1 2D° -4D+1
TL.qZSI [25] = 1+D G M[(1-AM)+1)
"> M -NO-MH1
qZ5-DMC [26] 1 - M
B= 3 Go——
e e \[f‘f” -3D =1 1
ASC/sLazsi(27] | o 1 ~.D G M- Vi)
1-3D 33M -4
Ripple SL.qZ81 . 14D M- M
TEa Ge2M-M
1-3D 3M-2
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In this paper a two stage, i.e. a dc boost
converter and a ripple SL-qZSI based renewable
energy system is proposed. For maximum
power extraction an incremental conductance
based MPPT control technique is also used in
this proposed work. Two different qZSI boost
control methods, MBC and THI control with
different modulation index from 0.7 to 1.1, are
also implemented. The total system is designed
in MATLAB software and verification of
different current and voltage characteristics are
successfully executed.
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