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Abstract: This paper presents the proposed model of proportional Integral (PI) controller using continuous time least square method (CT-LSM) for a quasi-Z source inverter 
(qZSI). PI control is one of the most applicable control methods in power systems. Then, CT-LSM is mainly a statistical optimization method including parameter estimation 
for nonlinear systems to control. The proposed model is designed to set a control structure without using the nonlinear loads of qZSI and also improve PI control applications 
against the nonlinear system dynamics. Controller design for qZSI is divided into two parts which are explained as dc side and ac side in both two mode operations. For the 
dc side of the system, PI controller is designed according to approved system and its estimated parameters which are calculated from state space analysis of qZSI. As for 
the ac side, the voltage and current regulations are controlled in order to transfer the power to inverter legs based on design criteria. Simulation results by using the current 
qZSI model on Matlab/Simulink are used to research and analyze the effectiveness and efficiency of the proposed control design. 
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1 INTRODUCTION 
 Narrow, 10pt, Bold) 

Power converters have been designed to manage 
maximum energy collecting and power processing for 
using a green, renewable, and independent energy source 
because fossil fuels are scarce and we are becoming more 
and more dependent on renewable sources to meet the 
rising global energy demand. Buck, boost and buck-boost 
derived topologies can be used by regarding the need of 
output voltage [1]. As a solution, novel power electronics 
topologies within switch mode power supplies 
(abbreviated as SMPS) have been investigated and have 
increased in popularity. SMPSs are used in many 
applications, such as generation resources, hybrid 
electrical vehicles, battery backup systems for 
uninterruptible power supplies, and LED lighting systems 
[2]. 

Depending on their applications, the performance of 
SMPS becomes critical issue. Therefore, stability analysis 
and stabilization problems for switched systems have been 
extensively studied [3]. Impedance source inverters have 
been investigated for new-generation inverter topologies, 
which offer significant advantages in a single stage without 
requiring additional switching devices [4]. To obtain 
proper performance of the SMPSs, as an interface between 
power source and application area, ZSI provides an 
attractive feature for one-stage power conversion with 
simultaneous buck-boost ability [5]. It reduces the power 
consumption and cost of the control system, improves 
efficiency, and accelerates the system dynamic response 
[6].  

The Z-source inverter (ZSI) was proposed as an 
alternative to the traditional DC-AC converter [7]. With its 
voltage buck/boost properties, the ZSI can overcome input 
voltage variables in a wide range, although it is generally 
yielded by a two-stage including DC-DC converter and 
DC-AC structure. With the low cost and high reliability 
due to shoot-through state, there has been attention in ZSI 
and its several applications. Without the use of extra 
switching devices, the ZSI concept uses an x-shaped 
configuration of inductors and capacitors to achieve 
voltage buck/boost in a single step. Shoot-through state 
(ST) is harmed by the energy that is released from 
inductors' stored energy. The voltage increase is then 

established at the non-shoot-through (NST) state.         
Pulse-width modulation (PWM)-based voltage boost 
techniques have been initially researched as various control 
structures and approaches for ZSI. 

Then, a qZSI shown as in Fig. 1 has been proposed for 
power applications. It has fewer harmonic contents, greater 
buck/boost characteristics, and the ability to control the 
phase angle output. It does not require the filter, and has 
high power performance characteristics over the 
conventional inverter [8]. It can utilize the shoot-through 
(ST) state to boost the input voltage, which improves the 
inverter reliability and increases its application field [9]. 
The qZSI operates in two modes alternatively as 
continuous conduction mode (CCM) and discontinuous 
conduction mode (DCM). In addition, the voltage boost 
and ac inversion functions can be combined into one power 
conversion stage [10]. 
 

 
Figure 1 General Structure of Three Phase Quasi Z Source Inverter 

 
By evaluating both steady-state and dynamic 

performances, the design of qZSI is examined. By putting 
state-space and closed-loop controllers into practice, the 
dynamic model and transient analysis of qZSI are 
examined. The control variables, dsth (shoot-through duty 
ratio) and M (modulation index) which provides the power 
balance between input and output of the inverter [11] of the 
qZSI, should be considered.  

Therefore, many control approaches such as 
proportional including sliding mode control, neural 
network, and fuzzy control [12-13] have been constructed 
to qZSI. These control strategies have been successfully 
applied to grid-connected inverters with improved 
performance [14]. PI control based on PWM technology is 
widely applied [15] to the impedance source network 
inverter's control method. PI control is a linear control 



Özkan ÖZKARA, Ahmet KARAARSLAN: Continuous Time Least Square PI Control Method For Quasi-ZSource Inverter 

Tehnički vjesnik 30, 4(2023), 1088-1095                                                                                                                                                                                                               1089 

technique that has a slow rate of adjustment and weak 
resilience. Although the system can achieve a control effect 
with faster response and less fluctuation after a long period 
of repeated adjustment of the parameters of the PI 
regulator, it often takes a lot of time during the debugging 
process, and the output of the PI regulator is often saturated 
or fluctuates greatly [16-17]. 

For nonlinear systems, parameter estimation of the 
continuous-time systems with time delays has received 
particular attention during the past decades [9]. Parameter 
estimation is expressed as an optimization problem that 
measures the error value between the expected output in a 
sampling time sequence of a cost function and the observed 
system output measurements. To solve the estimation 
problem involving linear systems with a single delay and 
no other unknown parameters, many computational 
methods have been proposed [18-19]. This algorithm is 
further extended to more general nonlinear systems         
[20-21]. 

Consequently, parameter estimation can be a property 
for control approach since qZSI includes nonlinear circuit 
elements such as capacitors and inductors. These nonlinear 
parameters affect directly characteristic equation of qZSI 
which is yielded from steady state analysis. Then small 
signal modelling and dynamic approach are determined by 
obtaining relations among voltage current, ST duty cycle. 
To develop PI control of qZSI, in this way, a system 
equation is approved similar to the small-signal equation of 
the system. Second, this equation is estimated using 
continuous time least square method (CT-LSM) and 
converges to the real system parameters. Finally, the PI 
controller parameters are determined in accordance with 
the estimated system. Therefore, qZSI has been 
implemented by improving the robustness and fast 
dynamic response against unintended variations during 
operation. 

The thorough modeling and control difficulties of the 
qZSI to be used in low power applications are further 
examined in this study. By using small-signal analysis, the 
dynamic model of the quasi-Z-source network is created. 
System features are thoroughly examined to determine the 
ideal component parameter and operating state of the 
system. A brand-new control technique called Continuous 
Time Least Square Method (CT-LSM), which can be 
applied across a wide voltage variation range, is suggested 
based on the dynamic model. 
 
2 MODELLING OF QUASI-Z SOURCE INVERTER 
 

Fig. 1 shows the circuit configuration of qZSI. The 
qZSI has two inductors L1 and L2, and two capacitors C1 
and C2. Each capacitor and inductor is chosen with an equal 
value. The continuous conduction mode (CCM), also 
known as the shoot-through state and the                                
non-shoot-through state, has two operating states for the 
qZSI. The total switching cycle time is called as T, which 
consists of the shoot-through cycle time and non-shoot-
through cycle, To and T1 respectively. Therefore, the shoot 
through duty ratio is calculated as dsth = To/T. Generally, 
dsth is called as "D". 

 
(a)                                                      (b) 

Figure 2 States of qZSI for: a) Shoot-through state, b) Nonshoot-through state 
 

The DC part of the inverter passes to short-circuit with 
the upper and lower switches during the shoot-through 
state. Fig. 2a, shows the qZSI in the shoot-through state. 
From shoot-through equivalent circuit. 
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State space form of ST from Eq. (1) is given in Eq. (2) 

and Eq. (3); 
 

1 1X A X B U                                                                       (2) 
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The inverter functions like a typical voltage source 

inverter when it is not in the shoot-through state. The qZSI 
is depicted in the non-shoot-through state in Fig. 2b. Using 
the comparable circuit without a shoot-through. 
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State space form of NST from Eq. (4) is given in        

Eq. (5) and Eq. (6); 
 

2 2X A X B U                                                                       (5) 

 
Then two states are solved together and the equation is 

given below briefly. 
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For ideal qZSI, internal resistance of capacitors and 

inductors is ignored and the steady state solution given as 
below. 
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where VPN represents the total voltage of capacitors in DC 
side. 
 
2.1 Small Signal Modelling and Dynamic Approach of 

Quasi Z Source Inverter 
 

D and Vin are subjected to a modest disturbance in 
order to analyze a small-signal model of q-ZSI. Small 
signal variations in the state variables are caused by 
changes in the perturbation. 
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Equations with small signal modeling that result are: 
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By calculating the values of matrixes, A, B from          

Eq. (10) and Eq. (11), state space equations are as follows: 
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While operating the system, the parameters stated at 

the transfer function, Iload, IL1, IL2, VC1, VC2  are accepted as 
stable parameters; however, qZSI depends on D as a factor 
to provide changes. Eq. (12) has been solved by 
implementing Laplace transform to determine current, 
voltages for inductor and capacitor respectively. The 
functions for capacitor voltage and inductor current can be 
solved as: 
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According to Eq. (14), for the initial condition set out 

in Eq. (15), the characteristic equation of the qZSI related 
to Vin and total voltage of capacitors can be obtained as: 
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For DC-side modeling, the three-phase inverter bridge 

and external ac load are represented by a single switch and 
a current source connected in parallel [22]. The 
characteristic equation for the non-ideal q-ZSI is derived 
from small signal modeling as follows: 
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According to Eq. (10), the second order system 

equation is given as. 
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ωn is calculated as. 
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And   is damping ratio and also calculated as: 
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From the expressions that are given above it clearly 

shows that the shoot through duty ratio, inductance and 
capacitance affects the system dynamic behavior. 
 
3 CONTINUOUS TIME LEAST SQUARE ESTIMATION 
 

It is impossible to determine the parameter estimation 
error since the parameters are unknown. Instead, the error 
between the actual signal and the reconstructed signal 
using estimated parameters is used [23]. After the 
nonlinear system was described as a polynomial equation, 
the model system parameters were calculated using the 
continuous time least squares technique. These polynomial 
equations are based on state-space analysis with small-
signal modelling.  

As the system has been accepted entirely, the system 
has run in continuous time, so parameter estimation has 
been carried out in continuous time, so θ called estimated 
parameters, error of estimation is explained as at t; 
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ε(t, τ)=y(τ) − φ(τ)θ(t)                                                           (21) 
 

The equation below seeks to reduce the error of 
estimation for the (t) vector and is a cost function that 
encompasses the optimization and linearization approach. 
Depending on the estimation error, if the error is the least, 
the system converges to the real system [22]. 
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where; 

- Β, a constant coefficient that is greater than 0, 
- θ0, the initial parameter estimation vector, which is 

equal to 0,  
- S0 information matrix at the starting point expressed 

as αI, α is near 0, and I is a unit matrix, 
- θ(t)utilizing the cost function to estimate the error. 
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is written as: 
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where: 

- S(t) data matrix,  
- θ(t), vector of estimation parameter.  
These two vectors identify the continuous time least 

square approach, and the information matrix is recursively 
arranged along with the parameters at t + h. In this scope, 
the parameter matrix is: 
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where h is sampling range. 
 
4 CONTROL DESIGN OF QUASI Z SOURCE INVERTER 
 

Several control techniques, such as nonlinear 
controllers and the traditional proportional-integral (PI) 
method, have been proposed for qZSI to attain fast 
dynamic response, good steady-state performance, and 
robustness against parameter variations [24]. As illustrated 
in Fig. 3, the control of the dc side and the ac side is 
examined individually. To operate the switches in the 
inverter section, the OR gate evaluates the signals 
produced by the dc-side control and the ac-side control for 
the dc-to-ac conversion together. By setting up the 
reference of total capacitor voltage to obtain expected 
outcomes, the overlap of D and M can be avoided. Total 
capacitor voltage VPN is measured for dc-side control. The 
transfer function in Eq can be utilized to determine the 

dynamics of VPN produced by Eq. (16). By using small-
signal modeling, the qZSI can be approximated linearly. 

For linear approach, PI controller contributes the 
feedforward D with D1 which is applicable as the shoot-
through compensator. D0 is satisfied depends on total 
voltage of capacitors VPN and Vin in steady state. 
 

 
Figure 3 Controversial Feedforward PI Control Structure of qZSI 
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in
*V  is the input voltage Vin after a low-pass filter. The 

whole capacitor voltage control loop's PI parameters can 
be determined via small-signal modelling. Traditional 
techniques are used to manage the voltage on the qZSI for 
the ac-side control. A simple PI compensator should be 
used to convert fundamental frequency from a three-phase 
system via d − q transformation method. This approach has 
been used in this paper. 
 

 
Figure 4 The diagram of generating d0 for qZSI 
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The calculation of PI controller parameters could be 

difficult due to the values of capacitors and inductors. 
Instead of that, the characteristic in Eq. (16) is expressed as 
in Eq. (28) by approving a new parameter to characteristic 
equation. In order to optimize the parameters, CT-LSM is 
used and they are estimated. Subsequently, the PI 
controller parameters are easily calculated and 
implemented to proposed system. 
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Based on estimated system parameters, within 

feedforward control, PI controller parameters have been 
satisfied by using Bode diagrams. Each estimated system 
parameter needs different PI control parameters to obtain 
ideal results.  

The ideal VC1 and VC2 values are calculated using the 
input voltage over D obtained at the output under the dc 
side control. The system is controlled by comparing the 
sum of VC1 and VC2 with the assigned reference VPN. The 
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control model of the ac side, the acquisition of the 
modulation signal is performed using conventional 
methods. The control design of the qZSI with the VPN 
reference voltage block diagram is shown in Fig. 5. 
 

 
Figure 5 Control design of qZSI with VPN reference voltage 

 
Close loop transfer function according to Fig. 6 can be 

written as. 
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T(s) is written as using Eq. (30), Eq. (31) and Eq. (32) 

below: 
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5 SIMULATION RESULTS 
 

The values of the system parameters are listed in     
Tab. 1. According to the proposed control method, a 
system equation was suggested similar to Eq. (16). 
 

Table 1 System design parameters 
Design Parameters and Values Values 

QZS network (ideal conditions) 
L1 = L2 = L3 500 µH 
C1 = C2 400 µF 

Output Filter 
Lf 5 mH 
Cf 2.2 µF 

Rload 10 Ω 
Switching frequency (fsw) 50 kHz 
Reference frequency (fr) 50 Hz 
Input voltage (Vi ) 220 Vrms 

 

     
(a)                                                                                                            (b) 

     
(c)                                                                                                               (d) 

     
(e)                                                                                                      (f) 

 
(g) 

Figure 6 (a) System input voltage Vin = 220 V rms ~ 380 V (b) System output voltage (c)The voltage of switches for Vab (d) Vpn voltage (e) IL current on inductors. (f) IDC 
DC-link current (g) Output current on load 
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Fig. 6 shows the steady-state responses of the dc and 
ac-side variables according to approved system equation. 
The results were obtained to load when Vpn and ac-side load 
voltage references were 500 V. The PI parameters on the 
dc side are calculated with a Bode diagram on Matlab. The 
PI parameters were calculated as Kp, 36 and KI, 28 × 10-4 
for the dc side and Kp, 25 and Kı, 1 for the ac side. The 
responses are shown for 10 Ω in Fig. 6. Vpn was measured 
approximately 600 V, which implied that the boost factor 
(B) and D values are approximately 1.80 and 0.22, 
respectively. Also, it was observed that the system output 
did not compensate for the phase shift that may occur in 
the output of the system. 

The system parameters were estimated on Matlab 
based on parameter estimation algorithm by using Eq. (26). 
The equations of the estimated system equations at 
identified frequency ranges are listed in Tab. 2 and some 
samples are shown in Fig. 7.  
 

Table 2 Estimated system parameters 
Approved System 

Equation 
Sampling Range Estimated System Equation 

2

1

4 1s s 
 

h = 1 2

0 29

0 88 1 62 1

.

. . s 
 

h = 0.5 2

0 48

1 44 2 28 1

.

. . s 
 

h = 0.1 2

0 82

2 48 3 43 1

.

. . s 
 

h = 0.05 2

0 91

2 72 3 68 1

.

. . s 
 

h = 0.01 2

0 97

2 92 3 91 1

.

. . s 
 

 
(a) 

 
(b) 

 
(c) 

Figure 7 Estimated Parameters a) for sampling range h = 1 b) for sampling 
range h = 0.1 c) for sampling range h = 0.01 

 
 

 

      
(a)                                                                                                          (b) 

      
(c)                                                                                                                    (d) 

Figure 8 System Outputs for dynamic Vref (a) Output load voltage (b) Output load current (c) Voltages in DC side (d) Currents in DC side 
 

Fig. 8 shows the dynamic responses of the dc and ac 
variables for an abrupt change in the output reference 
voltage. The system was operated with new system 
equations, whose parameters were estimated with sampling 
range h =0.01. The references for Vpn, PI control 
parameters, load, and Vin are given same as design criteria.  
The output reference voltage changes from 300 VAC,          
500 VAC and 100 VAC respectively to observe buck-boost 

capabilities of the proposed system. The proposed system 
behaves successfully according to given output reference 
voltages in Fig. 8a. 

The output current was changed from 10 A to 25 A, as 
shown in Fig. 8b. Both capacitor voltages on the dc side 
are maintained at a constant value, but the Vpn voltage has 
exceeded to its reference voltage and equals 1550 V in    
Fig. 8c. As a consequence of the output voltage change, the 
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inductor current and total current on the dc side increased, 
and spikes are observed in Fig. 8d. The calculated boost 
factor and D values were 2.27 and 0.372, respectively. 

The behavior of the system estimated at a certain 
sampling interval with the proposed system is examined in 
Fig. 9. Here, it is seen that if the equation estimated for    
CT-LSM PI is applied at small sampling intervals, the total 
voltage explained as in related figure maximum value of 
Vpn to be transferred to the inverter part of the system 
increases and the boost factor increases accordingly. It has 
been observed that the proposed system is superior to PI 
control in terms of efficiency performance for qZSI. 

 

 
Figure 9 Comparison of stability and robustness for different systems 

 
6 CONCLUSION 
 

The CT-LSM PI control is designed and analyzed for 
the qZSI. This proposed control model provides enhanced 
boost for qZSI, higher voltage but increases capacitor 
voltage stress. That model also contributes to control such 
nonlinear systems without using real system parameters. In 
detail, the controller design and application of the proposed 
method are improved, including additional design stages 
required, if compared to the conventional PI methods, due 
to no need of estimation process for parameters in             
CT-LSM. Comparison results between PI control and CT-
LSM PI control showed ideal steady-state behavior and 
high robustness of the qZSI using the proposed method. 
Some drawbacks are observed on dc side voltages, spikes 
in output currents when higher sampling ranges are used to 
estimate the system parameters. The potential of the 
proposed method is employed for industrial power 
applications for electrical motors and battery charging 
units connected to renewable energy resources such as 
solar systems. Future work will be conducted on 
eliminating the spikes and achieving wide input voltage 
intervals to develop efficiency for qZSI. 
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