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Abstract: This paper describes the perfect small signal 
mathematical modeling of a non-ideal quasi-Z-source inverter 
(q-ZSI) by considering the parasitic resistances of capacitors and 
inductors. In this work, the detailed transfer function model of 
the system is derived mathematically by using state-space 
averaging method under continuous conduction mode (CCM). 
The deduced transfer function model exhibits the non-minimum 
phase of a system in the capacitor voltage-to-control transfer 
function due to the presence of Right-Half-Plane (RHP) zeros. 
The RHP zeros could impose a limitation on the controller 
design.  Therefore, the effect of parasitic resistances of passive 
elements on system dynamics is analyzed with the frequency 
response plots such as Bode plot, Root locus and Pole-Zero maps. 
This analysis helps to frame the guidelines for selecting the 
pertinent values of passive components and their parasitic 
resistances. The system stability and dynamic response of the 
presented small signal model are compared with circuit model 
and validated in Mat lab/Simulink environment 
 

Keywords:  non-ideal quasi-ZSI, small-signal model, dynamic 
response, Right half plane (RHP) zero, non- minimum- phase. 

I. INTRODUCTION 

The economic expansion of a country depends on the 
production of electricity. Currently, the electricity is 
engendered with fossil fuels (like coal, gas, diesel etc) with 
a share of 66.30% and, renewable energy sources with a 
share of 31.7% respectively [1]. Now, it’s time to increase 
electricity production with renewable sources to alleviate the 
negative aspects of traditional energy sources like pollution, 
depleting in nature and environmentally hazardous etc. 
[2].The non-conventional energy sources mainly depend on 
the meteorological conditions. The controlling of power 
systems is difficult since it has discrimination in 
characteristics, the unpredictability of the sources owing to 
the lack of load control. Thus, a power controlling unit like 
inverter plays a leading role in power conversion stages like 
ac-dc/dc-dc/dc-ac. Typically, voltage source inverter 
(VSI)/current source inverter (CSI) are placed to perform 
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the inversion operation in two-stages i.e., in the initial stage 
boosting operation of photovoltaic output voltage is done 
with the dc-dc converter, then in next stage inversion 
operation(dc-ac) takes place which result in  increase of 
system size, cost, and losses consequently poor efficiency. 
To overcome all these difficulties F.Z.peng [3], [4] 
developed Z-source inverter (ZSI). Various topological 
configurations are derived from the ZSI network and 
presented in [5] – [8] among them q-ZSI is a network which 
includes the additional advantages of continuous input 
current, reduced stress on a capacitor and high gain. These 
features mainly attract the applications related to 
photovoltaic (PV) energy. The high gain or boosting is 
achieved with a shoot-through state by conduction of 
switches of the same leg at the same time. Various pulse 
width modulation techniques (PWM) are implemented to 
control the shoot-through (ST) duty ratio, presented in [9]-
[12]. In simple boost control (SBC), the switching signals 
are generated by comparing the triangular carrier wave with 
a 3φ sine wave. However, higher gains are not achieved in 
this control due to the constraints on voltage ratings of the 
switches. Whereas  high voltage gain is achieved with 
maximum constant boost control, with less voltage stress 
across the passive components at some value of modulation 
index (M) by maintaining the ST duty ratio as constant and 
[13] presents the relative analysis of PWM schemes for the 
ZSI. Recently various researchers investigate the topological 
improvements of quasi-Z-source network(q-ZSN)to 
accomplish dc-dc/ac-ac/ac-dc conversions [14].Therefore, it 
is required to study about the various characteristics of q-
ZSN such as sizing of passive components, dynamic 
response to system control, limitations and solutions. In this 
paper, the state space equations are derived by considering 
the internal voltage drops in shoot-through and non-shoot-
through mode are discussed in section 2.The transfer 
functions related to capacitor voltage-to-control, inductor-
current-to-control, capacitor voltage-to-output current, and 
inductor current-to-output current are derived in section 
3.Section 4 presents the sensitivity analysis of the transfer 
function with the help of root locus, bode diagram and polo-
zero plots. The effects of internal resistances, passive 
elements and shoot-through duty ratio on system stability 
are also discussed and findings are summarized in this 
section. Section 5 presents the validation of the derived 
small signal model with circuit model in Matlab/Simulink. 
The transfer functions (henceforth, abbreviated as TF) are 
obtained from the state space equations and also the system 
response is analyzed. The passive component sizing of 
quasi-ZSN and its limitations are studied with parameter 
sweeping approach. Finally, the proposed model is validated 
with the simulation results. 
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II. STEADY STATE OPERATION AND STATE SPACE 

AVERAGING OF NON IDEAL- QUASI-ZSI 

A. Operating principle of quasi-Z-Source Inverter 

Fig.1 shows the basic non-ideal q-ZSI structure 
consisting of the diode (D), two inductors (L1, L2) and two 
capacitors (C1, C2) with parasitic resistance of 
inductors(r1,r2)and capacitance resistances(R1,R2) 
respectively.  

The input to the network (Vin) is of any D.C source like 
PV panel, fuel cell or batteries. The q-ZSI conducts in 
shoot-through (ST) and non-shoot- through (NST) modes as 
shown in Fig. 2. The following assumptions are made for 
the entire circuit analysis in this paper: 

a) The resistors, inductors, and capacitors are linear, 
frequency independent and time-invariant. (However, the 
parasitic resistances of inductors and capacitors are taken 
once the transfer functions are obtained in the impedance 
form.) 

b) The inverter switches MOSFET/IGBT and the diode 
is ideal. 

c) For simplification of mathematical analysis of small 
signal model, consider that L1=L2=L; C1=C2=C;r1=r2=r; and 
R1=R2=R. 

d) Define that ‘T’ is the time period over a one switching 

cycle
10 TTT  , where ‘T0’and ‘T1’are the time period of ST and 

NST states respectively. Therefore, the shoot-through duty 
ratio D0=T0/T. 

 

Fig. 1. Basic configuration of quasi ZSI connected to 
Load with an LC Filter. 

 

 

(a) 

 

(b) 

Fig. 2. Equivalent circuit of q-ZSI in (a) shoot-through 
mode (b) Non-shoot-through mode 

(a). Shoot-through Mode 

From Fig.2 (a) the ST mode compels the diode to act in 
reverse biased condition. This leads to short-circuiting 
across the load and the energy stored in capacitors is 
transferred to the inductors. At the same time, the output 
voltage across the load is nearly zero. The voltage across the 
inductors, diode, and load during ST mode are given as: 

 inCLL VVirRV 
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                                             (1) 

Since the diode is reverse biased, the capacitor and output 
currents are given as 

   21 LC ii 
 

   12 LC ii 
      
21 LLout iii 

     (2) 
Where R, r are the parasitic resistance of capacitor and 

inductor respectively. The ic1, ic2, iL1, iL2 are the current 
through the quasi-Z- source capacitors  and inductors. The 
iout and vout are the output current and voltage respectively. 
The VL1,VL2, VC1,VC2,Vdiode and vout are the voltage across 
inductors, capacitors, diode and the load respectively. Re 
arranging (1)-(2) in matrix form, the state space equations of 
the q-Z- source network are given as in (3) 
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(b). Non-Shoot-through Mode 

During NST mode the inverter bridge functioned as 
normal voltage source inverter and the diode is forced to act 
in forward bias direction. From Fig. 2(b) the voltage across 
the inductors, diode and load are given as 

RiVVirRV outinCLL 
111

)(
 

RiVirRV outCLL 
222

)(
 

21 CCout VVV 
                   

  0diodeV           

The diode current and capacitor currents are expressed in 
terms of the inductor and dc-link currents. i.e.                              

outLC iii 
11  

 outLC iii 
22                                                                  (6)
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outLLdiode iiii 
21  

Re arranging the expressions (5)-(6) in matrix form, the 
state space equations of the quasi-Z- source network are 
given as in (8) 

UBXAX
dt

dx
22  

    

     
     
                          A2   B2 

 

B.  State Space Averaging  

The average form of the quasi-Z- source network is 
obtained by multiplying the shoot-through state matrix(A1) 
with shoot through duty ratio(D0) and non-shoot through 
state matrix(A2) with the compliment of D0(i.e. D1

0=1-D0). 
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C.  Steady- state Equations  

Ideal QZSI: The steady state solution of (9) by ignoring 
the resistances of inductor and capacitors are given as 
follows: 
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Non-Ideal QZSI: The steady state solution of (9) by 
considering the resistance of inductor and capacitors are 
given as follows: 
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III. SMALL SIGNAL MODELING OF THE NON-IDEAL Q-ZSI 

AND TRANSFER FUNCTIONS 

To analyze a small-signal model of non-ideal q-ZSI in 

detail a small perturbation is applied to inV̂  and duty ratio 

.ˆ
0D After perturbation the input voltage and ST duty ratio 

becomes )(ˆ)( tVVtV ininin   and )(ˆ)( 000 tDDtD   respectively. The 
changes in the perturbation lead to small signal variations in 

state variables  TCCLL VViix 2121
ˆ,ˆ,ˆ,ˆˆ  , input variables  Tinout Viu ˆ,ˆˆ  and duty 
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Now, the resultant equations with small signal modelling 
becomes 
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By substituting the values of  matrices A,B from(9) and 
(14) in (13) the resultant state space equations are as 
follows: 
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 Equation (15) has been solved by using Laplace 
transformation to obtain current, voltages for inductor and 
capacitor respectively.  
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From (16) and (17) the transfer function (T.F) for 
capacitor voltage and inductor current can be solved as 
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Where  rRLSKCSrRLCSK  2
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Due to the asymmetrical structure of the quasi-ZSN the 
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      The transfer functions from ST duty ratio-to-
capacitor voltage is same for both capacitors in the q-ZN 

and denoted as )(ˆ
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.Similarly the transfer functions from 
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symmetric energy exchanging process between the two 
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From the TF )(ˆ

0̂
sG cV

D
the term )( 21 LLout iii   is negative 

since ))(( 21 LLout iii  .  Hence the zeros lie on the right 
half of the plane(RHP) and poles are lies on left half of the 
plane (LHP).If any system is having zeros on RHP then it is 
called non-minimum phase system. So for RHP zeros 

system controller designing is crucial. Moreover, stability of 
RHP zeros will be analyzed with Root locus and Bode plot 
in further sections. 

A. Dynamic characteristics 

From the small signal modelling of the non-ideal q-ZSI the 
characteristic equation is 

0
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Compare (26) with standard characteristic equation of 
second order system (27)   
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From the expressions of natural frequency ( n ) and damping 

ratio (  ), it clearly shows that the shoot through duty ratio, 
inductance and capacitance affects the system dynamic 
behaviour. 

 

IV. SENSITIVITY ANALYSIS OF THE TRANSFER FUNCTIONS 

OF NON IDEAL Q-ZSN 

This section describes the effects of parameters on non-ideal 
q-ZSI system and is analyzed with the help of frequency 
response plots such as Root locus, pole-zero map and Bode 
plot. The sensitivity of the proposed small signal transfer 
functions are dependent on the parameters like L, C, r, R 
and D0.The stability of the proposed system gets affected by 
the perturbations in the state variables and D0.Apart from 
this the parasitic resistances of inductors and capacitors also 
affects the dynamics and system stability and the findings 
are summarized in the Table I. 

 
(a) 

 
(b) 
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                                  (c) 

 
(d) 

Fig. 3. Ploe-Zero map for the transfer function )(ˆ

0̂
sG cV

D
 for different 

values of (a) Inductance (b) Capacitance (c) Shoot-through-duty 
ratio(d) Parasitic resistance of inductor and capacitor 

 
(a) 

 
(b) 

 
(c) 

Fig. 4. Rootlocus for the transfer function )(ˆ

0̂
sG cV

D
 for different values 

of (a) Inductance and Capacitance (b) Shoot-through-duty 
ratio(c) Parasitic resistance of inductor and capacitor  
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(b) 
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(c) 

Fig. 5. Bode plor for the transfer function )(ˆ

0̂
sG cV

D
 for different values 

of (a) Inductance and Capacitance (b) Shoot-through-duty 
ratio(c) Parasitic resistance of inductor and capacitor  

 

Fig. 6. Step Response for the transfer function )(ˆ

0̂
sG cV

D
 for different 

values of Inductance and Capacitance 

A.  Effect of variations in passive elements (L and C) on 
system dynamics of q-ZSN 

From Fig.3. When ‘L (inductance)’ is increasing, the 
movement of complex poles and zeros shifts from the RHP 
towards the origin indicating an increase in the degree of a 
non-minimum phase of the system. Whereas an increase in 
the value of ‘C (Capacitance)’ results that there is a minute 
variation in RHP zeros and the complex conjugate poles 
shifts nearer to the origin. The corresponding Bode plots are 
shown in the Fig.5. It is clear that the increase in inductance 
leads to faster response with a reduction in corner frequency 

and peak -overshoot. Whereas the increase in C, leads to an 
increase in the value of ξ (damping ratio) increases but a 
reduction in the frequency and peak overshoot. Hence, the 
amplitude characteristics change is steeply. 

B. Effect of variations in shoot-through duty ratio (D0) 
on system dynamics of q-ZSN 

From pole-zero map Fig.3. (c) ,When shoot-through duty 
ratio (D0) increases, the movement of RHP zeros and 
complex conjugate poles shifted to the origin indicating the 
non –minimum phase behavior of the system. From the 
Bode-plots Fig.5 (b) it is evident that an increase of shoot-
through duty ratio reduces the corner frequency. 

C. Effect of variations in parasitic resistance(r and R) 
on system dynamics  

From Fig.3 it shows that the system damping varies with 
the parasitic resistances of passive elements. As ‘r’ increases 
the complex poles and zeros in right half-plane shifts nearer 
to the origin and the system damping decreases. Whereas an 
increase of R drags the complex poles from RHP towards 
the origin along with the real axis and very less variation in 
RHP zeros. The system damping increases with the increase 
of R value. From the analysis, the impact of parameter 
changes such as L, C, D0, r, R in the non-ideal quasi-ZSI 
dynamics is summarized in Table I. This analysis can be 
able to provide a direction for designers to implement the 
suitable components sizing of inverter and controller for PV 
applications. 

D. Passive component selection  

For the proposed system, during a shoot-through time 
the capacitors charge the inductors hence the same current 
flows through both of them. Therefore, the capacitance can 
be calculated by the following: 

incVV

DP
C


 00

              (29) 

Where cV is the desired capacitance voltage ripple, inV  
is input voltage, 0P is the output power and 0D is the shoot-
through duty cycle. Again, during a shoot-through period 
both voltages across inductors and capacitors are same. 
Then  

L

c

i

DV
L


 0

ˆ
        (30) 

Where ‘ Li ’is the inductor current ripple and cV̂ is the 
average capacitor voltage. 

TABLE I.   A CONCISE SUMMARY OF PARAMETER VARIATIONS ON THE QUASI-Z-SOURCE INVERTER DYNAMICS 

Parameter Change Effect on position of Impact on system Dynamics 
Conjugate poles Zeros 

     
Inductance(L) 

 
Increasing Shifts near to the 

imaginary axis 
Shifts near to the 
imaginary axis 

 Non-minimum phase undershoot increases. 
 Settling time increases 
 Damping ratio decreases 
 Natural frequency decreases. 
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Capacitance(C) 
 

Increasing Shifts near to the  
origin 

Constant  Damping ratio increases 
 Rise time increases 
 Settling time increases 
 Natural frequency decreases 

Shoot-through duty 
ratio(D0) 

Increasing Shifts near to the  
origin 

Shifts near to the  
origin 

 Non-minimum phase undershoot increases. 
 Settling time increases 
 Natural frequency decreases 

 
Resistance of 
Inductor(r) 

Increasing Shifts near to the  
origin 

Shifts near to the  
origin 

 Damping ratio increases 
 Non-minimum phase undershoot increases. 
 Voltage ripple across the inductance 

increases. 
Resistance of 

Capacitor 
(R) 

Increasing Shifts near to the  
origin 

Shifts near to the  
origin 

 Damping ratio increases 
 Non-minimum phase undershoot increases 
 Current ripple through the capacitance 

increases. 

 

Fig.7. shows that transient response of capacitor voltage and 
inductor current for a step change in ST duty ratio subjected 
to various combinations of L and C as (i) L=500µH, 
C=200µF (ii) L=1200µH, C=200µF (iii) L=1200µH, 
C=600µF from these L=1200uH and C=200uF gives the 
minimum peak overshoot and settling time. Hence, a 
conclusion can be drawn from the results of the Root locus, 
Bode plots and system response is, choose the passive 
components properly by considering the size of components, 
cost, damping factor, quality factor, ripple factor and phase 
margin in closed-loop control. The designers can also take 
the help from dynamic characteristics like peak overshoot, 
settling time, rise time for proper selection of L and C. 
Hence, there must be the limit between 0D  for the required 
boost and the degree of a non-minimum phase of a system 
can sustain. 

 

 
(a) 

 

 

(b) 

Fig. 7. Step response of a) Capacitor voltage and b) Inductor current 
for step change in 0D̂ with varying L and C. 

V. SIMULATION RESULTS 

TABLE II.  SIMULATION PARAMETERS 

Parameters Values 
Input Voltage(Vin) 25V 
Inductance(L1,L2) 20mH 
Capaciance(C1,C2) 90µF 

Parasitic resistance of inductor(r ) 0.5Ω 
Parasitic resistance of capacitor (R) 0.3Ω 

Parameters Values 
Shoot-through duty ratio(D0) 0.3 

Modulation index(M) 0.7 
Switching frewquency(fs) 

 
20kHz 

Load 
RL=8Ω, 

LL=10mH 
 

 

 

Fig. 8. Small signal and circuit model validation for voltage of 
capacitor and Inductor current 

The simulation of the detailed circuit model is implemented 
in MATLAB/Simulink shown in Fig.9.The steady state 
wave forms like input voltage, capacitor voltage, inductor 
current,  and output voltage are obtained as shown in Fig.10 
from the circuit model for a shoot through duty ratio of 0.3.  
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Fig. 9. Detailed circuit model of non-ideal quasi-ZSI implemented in 
MATLAB/Simulink 

 

                                           (a) 

 

(b) 

Fig. 10. Steady state waveforms of non-ideal quasi-ZSI with RL load 
simulation model  (a) voltage of capacitor and Inductor current  

(b)Output voltage across  the load 

VI. CONCLUSION 

In this paper, the complete transient analysis of non-ideal 
q-ZSN with the parametric sweeping approach is presented. 
An accurate small signal model is developed for non-ideal 
quasi-ZSN to show the impact of passive elements (L and 
C), internal resistances(R and r) and shoot through duty ratio 
on the performance of q-ZSN. From the proposed model, the 
transfer functions are derived by using the state-space 
averaging method and it shows that zeros lie on RHP of the 
system. The effectiveness of the derived transfer functions 
capacitor voltages, inductor currents-output, and location of 
RHP zeros and complex conjugate pole trajectories are 
investigated with time domain and frequency response plots. 
Thus, the presented design analysis indicates that by 
increasing inductance in the quasi Z- source network leads 
to increase the degree of a non-minimum phase of the 
system whereas an increase of capacitance leads to a very 
little effect on the degree of the non-minimum phase of the 
system and dynamic response becomes slow. Simulation 
results have been given to verify the small signal model of 
the non-ideal quasi ZSI with detailed circuit model of the 
system.  
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