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Quasi Z source inverter (qZSI) has been preferable to perform DC-AC buck/boost inversion when

compared with traditional two-stage topology due to its single stage configuration. This work

extended the analysis and investigation of qZSI for photovoltaic (PV) system. The DC-link voltage of

qZS1 is regulated via the proposed dual-loop controller to ensure constant voltage level in regardless

of changing of loading conditions as well as varying of solar irradiance and temperature. On the other

hand, maximum power point tracking (MPPT) scheme is utilized in conjuction with carrier based

pulse width modulation (CB-PWM) technique to ensure maximum power extraction from the PV

array. All aforementioned outcomes are theoretically validated in simulation with mathematics. The

proposed qZSI is then employed to grid as static synchronous compensator (STATCOM) for

enhancing power factor.
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I. INTRODUCTION

Renewable energy is high in demand nowadays due to the
change in environmental conditions globally. As the majority
of power generation at the present time depends on fossil
fuel, the power plant may possess hazard which harm the
environment. By using renewable energy resources (RERSs) as
an alternative source for power generation, the emission of
greenhouse gases (GHG) can be reduced, simultaneously,
customers and utilities can also be benefited economically
(Rehmani et al. 2018). There are different kinds of RERs
available such as solar, hydro and wind energy. Solar energy
is considered a great source of renewable energy because of
its high availability and does not bring any negative impacts
to the environment. The PV system is categorized into three
classifications, mainly the standalone mode, hybrid and grid-
tie PV systems. The standalone PV system is the best option
to date and it is also suitable to be implemented in rural area
due to its reliability and clarity. As the consistency of solar
energy varies throughout the day, hence the efficiency of the

PV array will not be ideal. The current and voltage produced
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by the PV array is affected by the solar irradiance and
temperature, respectively, and this will also affect the
efficiency of the PV array. To overcome this problem, MPPT
is required to track the maximum power. Different kinds of
MPPT algorithm have been implemented such as P&O,
Incremental Conductance (IncCond) and fuzzy logic control.
These algorithms vary from each other in terms of
implementation complexity, speed of convergence and
sensed parameters (Gorgani et al. 2016; Chung et al. 2016;
Hanaah et al. 2017, Law et al. 2019a; 2019b, Cindy et al.
2019).

To ensure that an ideal amount of maximum power can be
delivered from the PV array to the load, a DC-DC converter is
required to be placed between the array and the load. In a
nutshell, a PV system consists of PV array, DC-DC converter
and DC-AC inverter. Normally, buck, boost, and buck-boost
converters are widely used for PV implementation but they
are only restricted to low power applications (Law et al. 2011;
2012; 2014a; 2014b; 2017; 2019¢; Meraj et al. 2019a; 2019b).
The use of conventional converters can be replaced by qZSI

as it has several unique features such as lower voltage stress,
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constant DC current from the PV array, twice the output
power versus the input one, and can operate with no dead-
band, which makes it more favourable to be implemented in
a PV system (Ong et al. 2018; Law et al. 2019d; 2019e; 2019f;
Sia et al. 2019). The circuit topology of the gZSI was
introduced in 2008 and it is the improved version of the Z-
Source Inverter (ZSI). The improvements include less
switching pulse, continuous DC current from the source and
the minimization of voltage stress on the capacitor. Besides,
the gZSI also has the ability to perform voltage buck/boost
functions in a single stage. These characteristics outshine the
performance of a conventional voltage source inverter (VSI)
where an additional DC-DC converter is needed to step-up or
step-down the DC voltage in order to obtain the suitable DC-
link voltage and then inverted into AC form afterwards. With
this quality of the qZSI, it is highly applicable for applications
which use renewable energy as the main source.

This paper focused on developing two controllers for the
qZSI; namely the grid-tie controller and the dual-loop DC-
link voltage controller. The first controller ensures maximum
power to be extracted and delivered to the load whereas the
latter controller ensures constant DC-link voltage under
different solar irradiance and temperature. Furthermore,
unipolar CB-PWM technique is employed in this work to
attain the single-phase AC output voltage waveform. This
paper is arranged in the following order: Section II explains
the operation of the qZSI and the P&O MPPT algorithm.
Section III reveals the design implementation of the proposed
controllers. Simulation results are analyzed, discussed and
presented in Section IV. Lastly, conclusions are made in
Section V.

II. OPERATING PRINCIPLES
OF QZSI AND MPPT
ALGORITHM

A. Quasi Z Source Inverter

Figure 1 depicts the schematic of qZSI. The operation of qZSI
consists of two operating states known as the shoot-through
state and non-shoot-through state (i.e., active state) detailed
in (Ong et al. 2018). During the shoot-through state, all
switches (i.e., Qi, Q2, Q3, and Q4) can be gated on

simultaneously forcing the diode to be off.
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Figure 1. Quasi Z source inverter

During the active state, switches Q: and Q, or Q= and Qs are
gated on sequentially and the diode is in forward biased;
charging up all the capacitors via the DC input voltage and the
energy discharged from the inductors. The state-space
equations of qZSI which govern the shoot-through state Do
and active state 1-Do can be found in (Sia et al. 2019) where
its passive components are represented by inductors L: and
L., capacitors C: and C.; current flowing through both
inductors is represented by Ir. and Ir»; voltage across both
capacitors is Vi and Vee; DC input voltage is Viv; DC output
current is Ipc, and the steady-state shoot-through duty ratio
is represented by Do. The operating time period of the qZSI

over one switching cycle is given by:

Ts=Do+(1—Dp) =1 )

where Tsis also the inverse of switching frequency fsw.

The relationship governed by I, Ir», Vo1, Vv, Inc, and Vpe

are derived in (2)-(9).

Iy =11 (6)]
Ipc = Ipp + 11 (3)
Vin =Ve1 — Vi @
Vpe =Ver + Ve (5)
Wc =V (6)
Yo 17 @)
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where [ in (9) represents the boost factor of qZSI.
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It can be understood that the value of shoot-through duty
ratio Do cannot be equal to or more than 0.5 as to prevent the

DC-link voltage from reaching infinity.
B. MPPT Algorithm

Climate change such as the weather variation leads to
inconstancy of solar energy absorbed by the PV array.
Therefore, the employment of MPPT is necessitate to improve
its power extraction efficiency. In this paper, the P&O MPPT
algorithm is utilized due to its less complexity in
implementation. With P&O method, the perturbation of the
PV voltage is involved based on the comparison made
between the present power measured from the PV array and
the perturbation of power stored in the memory. After it has
come to the realization that the present power is larger than
the perturbation power in the memory, the algorithm will
compare the previous PV voltage with the present PV voltage
in order to identify its maximum power point via the
determined direction of perturbation. Figure 2 shows the

concept of P&0O MPPT algorithm.
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Figure 2. Working principle of P&0O MPPT algorithm

III. QZSI AND CONTROL

SCHEME MODELLING

Figure 3 illustrates the simulation model of qZSI controlled

via the proposed grid-tie and dual-loop DC-link controllers.

A. Grid-tie controller

The grid-tie controller is structured with one outer voltage
loop and an inner current loop to ensure similar input and
output power profile. In other words, this controller outputs
the desired magnitude of modulating waveform for the CB-

PWM technique according to the weather condition.
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Figure 3. Proposed PV integrated qZSI model

Figure 4 depicts the simulation model of the proposed grid-
tie controller. From Figure 4, both P controllers are tuned via
the Simulink control design PID tuning tools while Cp is the
smoothing capacitor connected in parallel with the PV array.
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Figure 4. Proposed grid-tie controller

At active state, the qZSI acts as a traditional H-bridge inverter
where the non-shoot-through DC-link voltage is given by:

Vbensh = 1-2D. 2D, Vpy = Vpc (10)
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At shoot-through state, no voltage is supplied by the qZSI
and thus:
Vpesn =0 (11)
The output power is twice than the input power at active

state as derived below:

(12)

2VpylLimsn = 1oVo

From (10) and (12), the current flows through inductor L, at
active state is formed as follows:

L _IVo _ oV -
st = Wy 2Vpe(1 — 2Dg) 3

Subsequently, at shoot-through state, the inductor current
IL. is given by:
(14)

Ip1,sn = Ipy

where Ipy is the current produced by the PV array.

The aforementioned equations yield the inductor current I,
to flow through inductor L. over one switching cycle as
derived below:

IoVo(1 — Do)

I, =1pyD
11 = Ipy 0+2VDC(1—2D0)

(15)

By using KVL, the following equation can be obtained from
the qZSI model:
V, =I,R (16)
where Vo is the peak value of qZSI AC output voltage and R

represents the resistive load.

B. Dual-loop DC-link Voltage controller

The dual-loop DC-link voltage controller is proposed to
generate the desired shoot-through duty ratio that ensures
constant DC-link voltage under varying solar irradiance and
temperature. In contrast to traditional controllers, the
proposed dual-loop controller is able to cancel out
disturbances, achieve faster dynamic and transient
performances as well as stabilize the voltage across the DC-
link of qZSI.

Through small-signal analysis, the state-space equations of
qZSI which govern the shoot-through state and active state

are derived in (17) and (18), respectively, by taking the
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inductors’ stray resistances (i.e., r.=rr1=ri») and capacitors’

series resistances (i.e., rc=rci=rc-) into consideration.
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By equating (17) and (18), the non-linear time-invariant
state-space averaging equation over one switching cycle is

represented in first-order differential forms as given in (19).
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Due to akin state vectors from (19), the final essential
transfer functions of qZSI needed in this work are derived in
(20) (i.e., qZSI current transfer function Gir) and (21) (i.e.,
qZSI voltage transfer function Guc) after taking laplace
transform and considering the perturbation behavior of state
variables to (19):

w

do(s)

_ SC(Weq + Vep — lgere) + (1 = 2do) (ige — ipg — ir2)
S2LC + sC(r, +1o) + (1 —2d,)?

(20)
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Te(s)
do(s)
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(21)

Figure 5 depicts the single-line diagram of the proposed
dual-loop DC-link voltage controller.

[Gvcle

Figure 5. Proposed dual-loop DC-link voltage controller
Its P controller is tuned via the Simulink control design PID

tuning tools. The details of the transfer function of lead
compensator and the novel technique to find its parameters

can be found in (Yong et al. 2018).
IV. SIMULATION RESULTS
AND DISCUSSION

The proposed controllers and the P&0O MPPT algorithm are
integrated into the qZSI model to verify its effectiveness via
MATLAB/Simulink. The proposed qZSI model is simulated
under three conditions: using 1) a DC voltage source as the
input source without MPPT, 2) PV array as the input source
with MPPT at constant solar irradiance and temperature, 3)
PV array as input source with MPPT and varying solar
irradiance and temperature. All simulation parameters are as

listed in Table 1 below:

Table 1. System parameters used in QZSI for simulation

purposes

Parameters Value
Input Voltage, Vin 24V
Capacitor voltage reference, ve:" 48V
Switching frequency, fsw 100 kHz
Steady-state shoot-through duty ratio, Do | 0.33
Inductance, Li=L» 100 uH
Capacitance, C;=C: 1000 uF
Internal inductor resistance, rr1= rr. 32.2 mQ
Internal capacitor resistance, rci= rcz 56 mQ
Load resistor, R 26 O
Smoothing capacitance, Cp 50 nF
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A. QZSI with DC input voltage source

The proposed qZSI model was simulated with a 24 V battery
as the DC input voltage source. Under the same loading
condition, the modulation index m; was purposely step
changes from 0.67 to 1.34 at 0.5 s to validate the effectiveness
of the dual-loop DC-link voltage controller. Specifically,
Figure 6(a) depicts that the resultant shoot-through duty
ratio d, was constant throughout the 1 s of simulation period
under different value of modulation index m; (see Figure
6(d)). This reflects to achieve constant voltage amplitude
measured across capacitor C: (see Figure 6(b) and Figure 6(c))
which consistently tracked the capacitor reference voltage ve:".
Moreover, with (4), the DC input voltage level connected to

the qZSI can determined from Figure 6(c).
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Figure 6. Simulation results of the proposed single-phase
gZSI model with battery as input voltage source (a) shoot-
through duty ratio do, (b) reference vc:" and measured vc:
voltages across capacitor Ci, (c) voltages measured across

capacitor C; and C., and (d) modulating waveform vm.

B. QZSI with PV array under constant solar

irradiance and temperature

The feasibility of the proposed qZSI model was then justified
through simulation with the PV array employed as the DC
input voltage source under constant solar irradiance and
temperature. With the same simulation period of 1 s, the
proposed model was simulated according to the
meteorological analysis in Malaysia, with an average solar

irradiance and temperature of 1470 kW/m2 and 25°C,
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respectively, as depicted in Figure 7 below:

I 0z us us i [T 0

Figure 7. Constant of solar irradiance (top) and temperature

(bottom)

Figure 8(a) depicts the practicability of the dual-loop DC-
link voltage controller which was, once again, able for the
voltage across capacitor C: to track its reference voltage vei”

value (see Figure 8(b)).
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Figure 8. Simulation results of the proposed single-phase
qZSI model with PV array as input voltage source under
constant solar irradiance and temperature (a) shoot-through
duty ratio do, (b) reference vc:* and measured vc: voltages
across capacitor Ci, (c) voltages measured across capacitor

C: and C, and (d) modulating waveform vm

C. QZSI with PV array under varying solar

irradiance and temperature

In this section, the simulation was carried out by varying the
solar irradiance and temperature to further validate the
workability of the proposed qZSI model. The simulation
period was set at 6 s starting with the initial solar irradiance
and temperature values of 1470 W/m2 and 25 °C, respectively.
The aforementioned parameters values were then deviated

according as illustrated in Figure 9 below:
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Figure 9. Variation of solar irradiance (top) and temperature

(bottom)

The fluctuation of the solar irradiance and temperature
simulates the real-life condition of the inconsistent energy
that the PV array received. By referring to (Islam et al. 2014;
Skoplaki & Palyvos 2009), the changes of solar irradiance will
affect the PV array’s current output whereas the changes of
temperature will influence the voltage produce across the PV
array. From Figure o, it is observed that there were ramp
changes of solar irradiance from 1470 W/mz2 to 1000 W/mz2 at
0.5 s followed by 800 W/m2 to 1000 W/m?2 at 2 s. During this
period, the solar temperature was remained constant at 25 °C
indicating that the voltage Vpv produced by the PV array was
constant while the PV current Ipy was varied. From
simulation time of 2 s, the temperature has risen up from 25
°C to 50 °C which, theoretically, causing the PV array voltage
Vpv to drop. In contrast, the PV array voltage Vry should
increase from 4 s onwards as the temperature were reduced
from 50 °C to 0 °C.

The conclusion drawn from the previous paragraph states
that, without any controller, the inductor currents (i.e., iz; and
iz2) would varied from o s to 2 s (see Figure 10) while the
average of the qZSI DC-link voltage Vpc or the capacitor

voltage vc: supposedly would varied from 2 s and onwards.
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Figure 10. Simulation results of inductor currents iz; and iL»

Nevertheless, with the integration of the proposed dual-

loop DC-link voltage controller, the aforementioned voltage
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parameters remained constant throughout the 6 s of
simulation time (see Figure 11(b) and Figure 11(c)) despite the
variation in the irradiance and temperature.

Furthermore, with the proposed grid-tie controller and
P&O MPPT algorithm, the profile of both the DC input power
Ppy and DC output power Ppc characteristics were identical
despite the variation in the solar irradiance and temperature
as shown in Figure 12.

Figure 13 depicted both the DC-link voltage Vpc and current
Ipc measured from the qZS network demonstrating transient

stability performance offered by the proposed controllers.

duty ratio (pu.)
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(b)

(c)
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d)

Time (9
Figure 11. Simulation results for the single-phase qZSI
model with PV array as input voltage source under varying
irradiance and temperature (a) shoot-through duty ratio do,
(b) reference vc:” and measured ve: voltages across capacitor
(4, (c) voltages measured across capacitor C; and C», and (d)

modulating waveform vm
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Figure 12. Simulation results of input power Ppv and output

power Paqc
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Figure 13. Simulation results of (a) DC-link voltage Vpc and

(b) DC-link current Ipc

The zoomed in view of Figure 13 was shown in Figure 14 to
verify the design of this work. Specifically, the operating
mode of qZSI (e.g., either in continuous conduction mode, at
boundary condition, or discontinuous conduction mode) is
affected by the selection of switching frequency, size of

inductor, and the size of load.
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Figure 14: Zoomed in simulation results of (a) DC-link

voltage Vpc and (b) DC-link current Inc

The inversion of DC waveforms to AC waveforms through
the single-phase H-bridge inverter is shown in Figure 15 with

its zoomed in view illustrated in Figure 16.
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Figure 15. Simulation results of generated (a) AC voltage vo

and (b) AC current i,
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Figure 16. Zoomed in simulation results of (a) AC voltage vo

and (b) AC current i

The percentage of total harmonic distortion (THD) of AC

output voltage v, generated via the qZSI is shown at the

frequency spectrum of Figure 17 below.
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Figure 17. Frequency spectrum of AC voltage waveform v,
generated by the qZSI
According to the IEEE 519-2014, the THD generated from

the proposed qZSI is on par with the standard.

Last but not least, all aforementioned proposed work are
extended to grid application as STATCOM to improve its
power factor. The grid parameters with power factor of 0.7

is tabulated in Table 2.

Table 2. System parameters for grid and load

Parameters Value
Grid Voltage, vs 12V
Grid resistance, Rs 0.026 Q)
Grid inductance, Ls 0.82 mH
Coupling resistance, Rc 2.6 Q
Coupling resistance, Lc | 0.082 H
Load resistance, R; 18.4 Q
Load inductance, L; 0.06 H

From Figure 18, it can be observed that the grid source
voltage vs and current is is almost in-phase (see Figure

18(a)) when compared with the load one (see Figure 18(c))

indicating the superiority of the proposed PV integrated
Qzsi.

045

0.25 0.3 035
(c)

Time (s)

0.4 0.5

Figure 18. Simulation results of AC (a) grid voltage and

current, (b) gZSI voltage and current, and (c) load voltage

and current
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V. CONCLUSION
The proposed dual-loop DC-link voltage controller and the

grid-tie controllers were designed through detailed
mathematical derivations and the feasibility of the controllers
were verified through simulation via MATLAB/Simulink.
With the application of the lead compensator, the proposed
dual-loop DC-link voltage controller produced desired shoot-
through duty ratio feeding to the CB-PWM modulator. On the
other hand, the proposed grid-tie controller was able to

produce desired modulating waveform to generate switching
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