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ABSTRACT:-The quasi-Z source cascaded multilevel inverter presents remarkable advantages in application
to photovoltaic (PV) system. Each PV panel is connected to a quasi-Z-source H-bridge inverter to form a power
generation module. The paper proposes design analysis and efficient closed loop control for quasi- Z-source
cascaded multilevel inverter based PV system. The distributed maximum power point tracking (MPPT) for all
PV modules produce balanced dc-link peak voltage. A novel space vector modulation for the integration of
shoot through states synthesize a stepped output voltage waveform of quasi-Z-source inverters. The closed loop
control voltage ensures a high quality waveform to the grid. Simulation of cascaded multilevel quasi-Z-source
inverter for PV system is carried out to verify the results of the above proposed concepts using
MATLAB/Simulink.

Key Words:-Cascaded Multilevel Inverter (CMI),Photovoltaic system (PV), Space Vector Modulation (SVM).

I. INTRODUCTION

A recent development in the study of photovoltaic power generation emerges as they directly convert
the solar radiation into electrical energy without affecting the environment. But due to the effect of irradiation
and temperature, fluctuation of solar power,is inconsistent with the desired stable power injected to the grid. To
exploit the maximum power from the PV panels and feeding those into the grids at unity power factor become
the most important.

The H-bridge module lacks the boost function so that the inverter KVA rating has to be increased twice
that of the PV voltage range. Different PV panel output voltages result in imbalanced dc-link voltages. These
result in high complexity of the system control and cost but also decrease the efficiency.

Recently, the quasi-Z-source cascade multilevel inverter (qZS-CMI)-based PV systems were projected.
They possess the advantages of both traditional CMI and Z-source topologies. For example, the gZS-CMI: 1)
shows modular topology that each inverter has the same circuit topology, control structure and modulation.2)
has high-quality staircase output voltage waveforms with lower harmonic distortions, and reduces/eliminates
output filter requirements for the compliance of grid harmonic standards; 3) requires power semiconductors with
a lower rating, and greatly saves the costs; 4) most important of all, has independent dc-link voltage
compensation with the special voltage step-up/down function in a single-stage power conversion of quasi-Z-
source network ,which allows an independent control of the power delivery with high reliabilityand 5) can fulfill
the distributed MPPT [5], [6].

In order to properly operate the gZS-CMl, the power injection, andthe independent control of dc-link
voltages, space vector modulation /pulse width modulation are necessary.

The main objective of this paper includes: The distributed MPPT to ensure the maximum power
extraction from each PV array. The power injection to the grid at unity power factor with low harmonic
distortion. Theconstant dc-link peak voltage for all gZS-HBI modules.

This paper is organized as follows. An overview of the whole system is presented in Section Il. Section
I11 addresses the system modelling and control. Section 1V proposed multilevel svm for ZS-CMI.The proposed
strategy is verified bysimulation results in Section V. Finally, a conclusion is given in Section VI.
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Fig 1.Block diagram of gZS-CMI based grid tie PV power system.

11gZS-CMI BASED GRID TIE PV POWER SYSTEM
A.PV Array with MPPT control:

Fig.1 shows the block diagram of gZS-CMI-based grid-tie PV power system. The individual PV power
source is an array composed of identical PV panels in parallel and series. Each cell is fed by an independent PV
panel. The power of the PV module varies depending on the insolation and load (operating point). So it is
necessary to operate the PV at its maximum power point. Short-circuit current is directly proportional to the
insolation. The solar cell operates in two regions, that is, constant voltage and constant current region. So it is
essential to operate PV module at MPP always.

MPPT is a two-step procedure. First step is to plot ‘voltage” Vs ‘power’ graph of the cell. Power is
calculated by multiplying voltage across the cell with corresponding current through the cell. From the plot,
maximum power point is located and corresponding voltage is noted. The second step is to go to the V-I
characteristics of the cell and locate the current corresponding to the voltage at maximum power point. This

current is called the current at maximum power point.

Vi :V’"P

mp

DC-to-DC converter is used to balance between load and cell. The input resistance (Rin depends on the
load resistance and the duty cycle of converters. To the PV cell/module, the converter acts as a load and if Ry, of
the converter lies on the Vmp- Imp point, a system that automatically sets the duty cycleD value to duty cycle
for MPP Dmp such that maximum power can be transferred to the load. This is called Maximum Power Point
Tracking or MPPT.Here Perturb & Observe (P&O) is used to obtain MPP from the PV array. The P & O
algorithm states that when the operating voltage of the PV panel is perturbed by a small increment, if the
resulting change in power AP is positive, then we are going in the direction of MPP and we keep on perturbing
in the same direction. If AP is negative, we are going away from the direction of MPP and the sign of
perturbation supplied has to be changed. Thus Maximum power can be exploited for the PV array connected to
the qZS-CML.

B.qZS-CMl:

As stated before quasi Z-source inverter is preferred for PV applications as it can buck or boost up the
input voltages without changing the converter topology. gZSI draws a continuous constant dc current from the
source, which makes the system well suited for PV —PCS .The ratingof the components are greatly reduced.
The total output voltage of theinverter is a series summation of qZS-HBI cell voltages.

The gZS-CMI combines the gZS network into each HBI module. When the qZS-HBI is in non-shoot-
through states, it will work as a traditional HBI. There are
Vbek = Vevk [—1_21Dk]VHk = Sy - Vpek (1)

while in shoot-through states, the qZS-HBI module does not contribute voltage. There are
. VHK:0 VDCK:0 ....... (2)

For the gZS-CMI, the synthesized voltage is

Vi = k=1 Ve = Zk=q Sk - Voex ---(3)
whereVpyk is the output voltage of the K" PV array,Vpck is the dc-link voltage of the k”‘qZS—HBI module;
Dyrepresent the shoot-through duty ratio of thek"qZS-HBI; V. istheoutputvoltageofthe k"module, and Sk € {-1,
0,1} is the switching function of the kth qZS-HBI.
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Fig 2. gZS-CMI based grid —tie PV power system with DC-link peak voltage control.
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C.FUZZY LOGIC CONTROLLER:

The control scheme consists of a Fuzzy controller, a limiter, and a three phase sine wave generator for
the generation of reference currents and switching signals. The peak value of the reference current is estimated
by regulating the DC link voltage. The actual capacitor voltage is compared with a set reference value. The error
signal is then processed through a Fuzzy controller [7], which contributes to the zero steady error in tracking the
reference current signal. A fuzzy controller converts a linguistic control strategy into an automatic control
strategy, and fuzzy rules are constructed either by expert experience or with a knowledge database. Firstly, the
input Error ‘E” and the change in Error ‘4E’ have been placed with the angular velocity to be used as the input
variables of the fuzzy logic controller. Then the output variable of the fuzzy logic controller is presented by the
control current Imax. To convert these numerical variables into linguistic variables, the following seven fuzzy
levels or sets are chosen: NB (negative big), NM (negative medium), NS (negative small), ZE (zero), PS
(positive small), PM (positive medium), and PB (positive big) as shown in below fig

‘ W(E)

Input Variable
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Fig 3.Block diagram for a fuzzy logic controller.

A fuzzy inference system (or fuzzy system) basically consists of a formulation of the mapping from a
given input set to an output set using fuzzy logic. This mapping process provides the basis from which the
inference or conclusion can be made. A fuzzy inference process consists of the following steps: 1) Fuzzification
of input variables.2) Application of fuzzy operator (AND, OR, NOT) in the IF (antecedent) part of the rule.3)
Implication from the antecedent to the consequent (THEN part of the rules).4) Aggregation of the consequents
across the rules.5) Defuzzification.

The crisp inputs are converted to linguistic variables in fuzzification based on membership function
(MF). An MF is a curve that defines how the values of a fuzzy variable in a certain domain are mapped to a
membership value p (or degree of membership) between 0 and 1. A membership function can have different
shapes. The simplest and most commonly used MF is the triangular-type, which can be symmetrical or
asymmetrical in shape. Two MFs are built on the Gaussian distribution curve: a simple Gaussian curve and a
two sided composite of two different Gaussian distribution curves. The implication step helps to evaluate the
consequent part of a rule.Mamdani is proposed, which is the most commonly used implication method. In this,
the output is truncated at the value based on degree of membership to give the fuzzy output.

The control objectives of the qZS-CMI based grid-tie PV system are: 1) the distributed MPPT to ensure
the maximum power extraction from each PV array; 2) the power injection to the grid at unity power factor with
low harmonic distortion; 3) the same dc-link peak voltage for all gZS-HBI modules. The overall control scheme
of Fig. 2 is proposed to fulfill these purposes

Total PV array voltage loop adjusts the sum of n PV array voltages tracking the sum of n PV array
voltage references by using fuzzy logic controller (FLC). Each PV array voltage reference is generated
independently from its MPPT control.

Grid-tie current loop ensures a sinusoidal grid-injected current in phase with the grid voltage. The total
PV array voltage loop outputs thedesired amplitude of grid-injected current. A Proportional + Resonant (PR)
regulator [1] enforces the actual grid current to track the desired grid-injected reference. The current loop
output’s total modulation signal subtracts the modulation signal sum of the second, third, , and Kth qZS-HBI
modules to get the first gZS-HBI module’s modulation signal.

The separate n-1 PV array voltage loops regulatetheother n-1 PV array voltages to achieve their own
MPPTsthrough the n-1 FLC’s, such as FLC1to FLCN, respectively. With the total PV array voltage loop
control, the n PV arrays fulfill the distributed MPPT. In addition, the voltage feed forward controlis used to
generateeach qZS-HBI module’s modulation signal, which will reduce the regulators’ burden, achieve the fast
dynamic response, and minimize the grid voltage’s impact on the grid-tie current.

In order to achieve the same dc-link voltage for all the modules, the dc-link peak voltage is adjusted in
terms of its shoot-through duty ratio for each qZS-HBI module, as Fig. 2(b) shows. A proportional (P) regulator
is employed in the inductor L,current loop to improve the dynamic response, and a fuzzy logic controller of the
dc-link voltage loop ensures the dc-link peak voltage tracking the reference. Finally, the independent
modulation signals Vyx and shoot through duty ratiosDg of the qZS-CMI, Ke{1,2,3,..n}are combined into the
proposed multilevel SVM to achieve the desired purposes.

111 .SYSTEM MODELING AND CONTROL
The modeling of the proposed system and its control are discussed in this section.
A. Grid - Tie current Loop
The k"qZS-HBI module has following dynamic equation:
S dVpyy
i = Ipyk — G at C©))
where i; 1 the current of qZS inductor isL;, ipyxis the K" PV array’s current, and C, is the capacitance of PV
array terminal capacitor.
The qZS-CMI based grid-tie PV system has
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dig .
vy =V + Lfa + 14, (5)
WhereV, is the grid voltage,isis the grid-injected current,L¢s the filter inductance, rqand is its parasitic

resistance. The transfer function of the grid-injected current can be
Is(s) 1

Grs) = = (6)
© Vi) Vg L)+

A PR regulator is employed to enforce the actual grid-injected current to track the desired reference
Vimk = V’mk + Vg (S)Gvfk (S) (7)

1
Gvfk (S) =

nGinyk ()

Vi (
Ginvk (8) = V:; (3 = Vpex (8)

wherev', . is the regulated modulation signal from the separate voltage control of the Kth module, as Fig.
4shows. From (7) and (8), we have

VH (S) = Z Vimk Ginnvk (S)
K=1

= 2h_1 Vik Ginvie (8) + (8) Gy (5) Ginyi (5)(9)

At the dc-link peak voltage balance control, all dc-link peak voltages are the same. The n qZS-HBI modules
have the same transfer function, and we assume

Ginvk (8) = Gipy (5), k € {1; 2; .......,n}(10)
Using 6-10, the grid injected current will be

Is (S) = Gf(s)Ginv (S) ZE=1 Vl;lk (11)

Then, the current loop can be simplified as shown in Fig. 4, and the open-loop transfer function can be obtained
as
Is (S) vAdck
Gio(s) = Vo) Giny (8)Ge(s) = ROEED

With the compensation of the PR regulator, the transfer function becomes

(12)

Gicom (8) = Gpg; (8)Gio (5) (13)

vDCk(KiPSZ"'Kipwg‘H(iPwo)

Gicom(S) = (14)

Les3+rpsZ+sLiwi+ri ol

I7 + Vo (s I,
(%) ’T IGMJ(s)I S IGE.m,(s)I—-l G, (s) |—|—~ =)

Fig.4. Simplified block diagram of the grid-current closed loop

B. PV Voltage Loop

The equation of the PV voltage can be written as
1
Vovk (8) = m [Tpk (s) — L1k (£)](15)

In addition, the output power of each qZS-HBI module equals to its input power in the non-shoot-through state,
the kth qZS-HBI module has the power equation
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is<\7H1< N - -
5 = VnckIock = VevkILticnsh (16)

where T;, 1, s IS the average current of inductor in nonshoot-through state. Using (1), 1,1y s, Can be solved as
- T5‘7Hk
I =—@17)
L1k_nsh ZVDCk (1-2D)
In the shoot-through state, the average current of inductorL; can be expressed as
Tk nsh = lpvk = Tk (18)
Tk = Dylpag—sn + (1 — ?k)TLlK—nsh (19)
=Dyipyk + (1 = D)l 1k—nsh (20)
Then, the control block diagrams of total and separate PV voltage loops can be obtained in Figs. 5 (a) and (b).

Te_ 1-04
:;&,,417;;{1

Fig.5(a). Block diagram of total PV voltage loop.
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Fig.5 (b). Block diagram of separate PV voltage loop.
The closed-loop transfer function is
VPV t(S) _ _Gvcomt (s) (2 1)

G (s) =— =
vee \% PV t(S) 1- Gvcomt (s)
Similarly, from Fig. 5(b), the transfer function of the KthqZS-HBI module’s PV voltage loop, K € {2,3,...n}, is
given as

VPVK (S) _ _Gvcomk S)

Gy (5) = — = (22)
vek VPV]( 1_Gvcomk )

C.DC - Link Voltage Controller

o) . linductor Current Loop
Frew(s) - '

i (SY & RG]

Fig.6. Block diagram of the Kth module’s dc-link peak voltage control

The independent dc-link peak voltage control based on the inductor-L, current and the capacitor-C;
voltage is performed for each qZS-HBI module, as Fig. 2(b) shows. From [1], the K" qZS-HBI module’s
transfer functions from the shoot-through duty ratio to the dc-link peak voltage, Gyq(s), and from the shoot-
through duty ratio to the inductor-L, current, Gisk(S) can be obtained, respectively. With the employed fuzzy
logic and proportional regulator at the coefficient Ky, for the inductor current loop, asin the block diagram of
Fig. 6 shows, the closed-loop transfer function of inductor L,current and for dc link voltage loop can be
obtained respectively as

di (s) Kapk
Giaek (8) = - @3
et 28 1+ Kgpk Giak (s)
d Gidc
Gvdck (S) = k() _ dek () (24)

Vpck *  1+Gigek (8)Gypk (5)
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IV. PROPOSED MULTILEVEL SVM FOR QZS- Ml
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Fig 7: Proposed multilevel SVM for the single-phase gZS-CMI. (a)SWltchlng pattern of one gZS-HBI module.
(b) Synthetization of voltage vectors for the qZS-CMI.
The SVM for each qZS-HBI can be achieved by modifying the SVM technique for the traditional
single-phase inverter [4]. Using the first gZS-HBI module of Fig. 2(a) as an example, the voltage vector
reference U,..¢,iS created through the two U, vectors and,U, by

Ty Ty
Uperr = Uy T_s + U, T_s (25)

where Ts=1/fc and fc is the carrier frequency; the time interval T;is the duration of active vectors, and Tis
thedurationof traditional zero voltage space vectors Thus, the switching times for the left and right bridge legs in
traditional HBI are {t.,tr}e{To/4,T1/2+T,}. However, the shoot-through states are required for the independent
gqZS-HBI module.

For this purpose, a delay of the switching times for upper switches or a lead of the switching times for
lower switches are employed at the transition moments, as Fig. 7(a) shows. During each control cycle, the
Tgetotal time of shoot-through zero state is equally divided into four parts. The time intervals of ty,i,e min {t_,tz}
and tyax € max {t.,tr} remain unchanged ;tmin-={tmin-Tsn/4}andtpax+={tmax+Tsn/4} are the modified times to
generate the shoot-through states;SX1 and SY1 are the switching control signals for the upper switches, SX2
and SY?2 are that for the lower switches,{X,Y}<{L,R} . In this way, the shoot-through states are distributed into
the gZS-HBI module.

To generate the step-like ac output voltage waveform from the qZS-CMI, a phase difference, 2/ (nK)
in which K is the number of reference voltage vectors in each cycle, is employed between any two adjacent
voltage vectors, as Fig. 7(b) shows. The total voltage vector Uref is composed of n reference vectors Urefl,
Uref2....... , Urefnfrom the n qZS-HBI modules.

V. SIMULATION RESULTS
A seven-level qZS-CMI for grid-connected PV power system is simulated using Matlab Simulink
model and the results are shown below:

Fig8: Simulation results of DC link voltages with their shoot through perlods (VDC1& Vpv1l:VDC2&Vpv2)
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Fig9:(a).Seven level stepped output of the qZS-CMI .(b).Grid voltage and current,due to change in irradiation
the value of current has been reduced..

Fig 10: Simulation output of PV voltages with MPPT.

VI. CONCLUSION

The paper proposed a control method for qZS-CMI based single-phase grid-tie PV system. The grid-
injected power was fulfilled at unity power factor, all qZS-HBI modules separately achieved their own
maximum power points tracking even if some modules” PV panels are subjected to some change irradiation
conditions. A multilevel SVM integrating with shoot through states was proposed to synthesize the staircase
voltage waveformof the single-phaseqZS-CMI. The simulation were carried out on the seven-level gZS-
CMIwhich was tested and verified. In principle, the proposed system can work with the weak grid and can be
extended for three phase grid connection.
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