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Quasi-Z-source converters (QZSC) are gaining popularity because they operate 

in a single stage, use smaller components, and maintain continuous input current 

with a common ground. This converter is widely used in various applications that 

require a DC-DC converter. The small-signal analysis and linearization methods 

are often employed for controlling the Quasi-Z-source converters. The linear 

model of QZSC does not provide sufficient stability control over a wide range. 

Sliding Mode Control (SMC) is widely used in electronic power converters due 

to its variable structure. This paper presents a SMC for a QZSC with three 

objectives:1) to achieve stability across a wide range of QZSC; 2) to 

systematically select the proposed controller coefficients; and 3) to enable 

tracking of the reference voltage in spite of changes in input voltage, reference 

voltage, and output load. The simulations have been done with the help of 

MATLAB/Simulink and show the effectiveness of the proposed method. 

 

 
 

I. Introduction 

As the demand for energy grows, humanity is seeking for new 

ways to produce electricity on a large scale to satisfy the 

demands of industrial projects. Due to the limitations and risks 

associated with electricity generation with fossil resources and 

nuclear fuel, these approaches are not suitable solutions for 

supplying electrical power. One of the most effective methods 

for generating electricity is the use of renewable sources, like 

solar and wind energy [1, 2]. A DC-DC converter is essential 

because of the low voltage level and DC output from these 

sources [3]. Today, the use of DC-DC converters in medical 

equipment, power factor correction (PFC), electric vehicles, 

uninterruptible power supply (UPS), green energy systems, 

portable electrical equipment, photovoltaic systems, wind 

turbines, fuel cell systems, x-ray systems, auxiliary power 

supplies, and discharge lamps is commonplace [4, 5]. 

The Z-source converter (ZSC) is one of the widely used non-

isolated converters. It is capable of converting power across  

AC-DC, AC-AC, DC-AC, and DC-DC configurations [6]. The 

Quasi-Z-Source converter (QZSC) is a variant of the ZSC and 
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shares its characteristics. QZSC has all the same characteristics 

as ZSC. This converter is notable for its broad voltage range, 

great protection from electromagnetic interference, and 

immunity to short-circuiting [7]. QZSCs have lower voltage 

and current stresses, and a higher voltage gain than ZSCs. 

Recently, various configurations based on the traditional 

QZSC have emerged [8]. Each configuration is designed for 

particular applications [9, 10]. Considering the changes in 

various model parameters in electronic power converters 

across a wide operating range, the closed-loop control of these 

converters is a field of research. To effectively design the 

controller, it is essential to utilize the state-space model of the 

converter. To derive the system’s state-space model, 

the averaged state space method has been employed. [11]. The 

adapted state space model is a non-linear model because of the 

presence of various non-linear components in the structure of 

converters. Different nonlinear control techniques, such as 

passivity-based control [12], feedback linearization [13], 

sliding mode control [14], and adaptive control [15], can be 

utilized to adjust the output voltage, providing an appropriate 

response to this issue. Considering the variable structure of 

power electronic systems and the simplicity of their design, the 

sliding mode control method can be an appropriate choice for 

controller design. The initial step in the development of the 

controller is choosing the sliding surface. The sliding surface 

can be defined from the combination of system state variables 

[16]. The goal here is to use a zero-sliding surface to find the 

control input that will place the system response on the sliding 

surface. To prevent chattering and limit switching frequency, 

an adjustable range of bandwidths around the sliding surface 

is chosen to determine the switching frequency [17]. 

The most important defect of this method is the change of 

switching frequency, which has been used to solve this defect 

by the design method of equivalent control and soft switching 

[18]. In the equivalent control method, it is necessary to select 

the derivative of the sliding surface as zero, in addition to the 

sliding surface itself. Consequently, the controller design 

assumes that the derivative of the sliding surface is zero. The 

equivalent control method in controller design involves 

experimenting with different parameters of the model until the 

desired output is achieved. In [19], an adaptive sliding model-

based equivalent control method is employed to design the 

controller for the ZSC. During the controller’s design, the 

influence of the output filter within the circuit was not 

considered. The design process that employs the 

aforementioned method is highly complex and involves a 

substantial amount of calculations. In [20], control is 

conducted by utilizing the definition of hysteresis band based 

on the feedback linearization control method. In this article, 

the hysteresis band is not clearly defined, resulting in 

disruption of the control operation. In [21], the controller for 

the converter was designed using the sliding step-back control 

method. By utilizing a trial-and-error approach, the control 

parameters for this article have been determined. The design 

procedure in the mentioned method is complex and requires a 

high number of calculations. In [22], the linearization method 

is employed to design the controller; however, this does not 

guarantee stability in a wide range. In [23], the sliding mode 

controller design method is employed for controller design. In 

the design of the controller in this method, the effect of the 

output filter, which is used to eliminate electromagnetic noise, 

has not been considered. In [24], the sliding mode control 

technique is employed to design the controller. This study does 

not examine the impact of variations in the reference 

voltage on the output. Also, the time required to reach the 

steady state in tracking the reference voltage is long. In [25], a 

predictive controller is employed to design the controller. The 

advantage of these controllers is that they can track sinusoidal 

currents with near-zero error. This controller has 

been engineered to function at a specific point within the set, 

which precludes it from exerting control across a wider range. 

Based on the presence of a right-sided zero in the voltage 

transfer function of the capacitor to the duty cycle, it can be 

inferred that the system is a nonminimum-phase system. 

Utilizing the duty cycle for directly adjusting the capacitor 

voltage leads to instability within the closed loop [26]. In order 

to address this problem, a forward feedback strategy has been 

suggested in [27]. In this reference, the adjustment of the duty 

cycle value is based on the steady-state error. The primary 

limitation of this approach is the substantial error that exists 

throughout a wide range of converter performance. In [28], a 

sliding mode controller has been designed. This controller has 

three drawbacks. Firstly, in order to calculate the reference 

current of the inverter, it requires access to the load value, 

which adds the need for incorporating a sensor into the 

structure. Secondly, the designed controller is of hysteresis 

type, which leads to variable frequency. Thirdly, the sliding 

mode controller is designed based on ideal equations, which 

may not hold valid in persistent state situations. In [29], the 

design and simulation of a neural sliding mode controller for 

the electric vehicle’s braking system are detailed. This 

controller exhibits superior performance relative to that of the 

conventional PI controller. In [30], proposes a solution to 

overcome the aforementioned three issues. In this reference, an 

ultra-surface is introduced to regulate the DC voltage and 

mitigate the nonminimum-phase behavior of the capacitor 

voltage on the DC side. Additionally, there is no need to 

separately calculate the reference current of the inductor. This 

controller, being designed based on a nonlinear model of the 

converter, offers the capability to operate over a wide range. 

However, the effects of input voltage variations and load 

changes on the output voltage of the converter are not 

addressed in this reference. Additionally, the adjustment of 

seven parameters is necessary to attain zero steady-state error 

in the reference output voltage. Consequently, this issue leads 

to an amplification of computational complexity and a 
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deceleration in the tracking operations. This research presents 

a novel step-by-step design method for a robust sliding mode 

controller in a DC-DC QZSC. The parameters of this controller 

are systematically determined, and then stability analysis is 

conducted. The design process for controlling the DC-DC 

flyback converter is discussed in [31]. In [32, 33], new 

structures of converters are presented with the aim of 

increasing voltage efficiency. From a control perspective, 

these converters, with increased voltage gain and a higher 

number of components, introduce more complexity in the 

control operation. Apart from the introduction, this article is 

comprised of the following sections: In the second section, the 

topology and averaged state-space model of the QZSC are 

discussed. The third section focuses on the small-signal model 

of the targeted converter. The fourth section describes the 

transfer functions of the QZSC using the small-signal model. 

In the fifth and sixth sections, linear and nonlinear controllers 

are proposed for the QZSC. The seventh section presents 

simulations and examines the system's response to variations 

in reference voltage, load changes, and input voltage variations. 

Finally, in the eighth section, a summary and conclusion are 

provided. 

 

II. Topology and state-space model of QZSC 

The QZSC has a topology as shown in Figure (1). This circuit 

consists of capacitors𝐶1and𝐶2, as well as inductors 𝐿1and𝐿2. 

Additionally, this circuit includes a diode and a power switch, 

denoted as 𝐷1and S, respectively. In order to reduce noise in 

the output of this circuit, a capacitor-inductor filter is utilized, 

with 𝐿𝑓 and𝐶𝑓 representing the respective components. The 

output load is denoted by𝑅𝐿. In this circuit, 𝑉𝑖𝑛represents the 

input voltage, while 𝑉𝑜  represents the output voltage of the 

converter. 𝑖𝐿 represents the current flowing through the 

impedance network inductor, while 𝑖𝐿𝑓 denotes the current 

flowing through the output filter. Moreover,𝑣𝐶1  denotes the 

voltage across the capacitors associated with the QZSC, 

while𝑣𝐶𝑓  represents the voltage across the capacitor of the 

output filter. To analyze this converter, it is crucial to consider 

the following key points: 

All components are assumed to be ideal, including the control 

switch, which is of the MOSFET type. 

The converter operates in continuous conduction mode, and 

its performance is analyzed during steady-state operation. 

The capacitance of the capacitors is high enough to 

disregard the ripple voltage across them. 

The state equations of the converter are derived from both 

the ON and OFF states of the switch. By examining these 

two states, we can obtain the final state equations of the 

converter using the method of averaging the state equations. 
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Fig. 1. Configuration of QZSC 

 

III. Analysis of the QZSC in the ON switch 

state 

Figure (2) illustrates the state associated with the switch being 

in the ON position. In this state, the diode in the converter is 

OFF. During this state, the capacitors associated with the 

impedance network in the converter start charging the 

inductors of the impedance network. In this case, by 

composing suitable equations, the state equations can be 

represented as equation (1). 
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Fig. 2. Configuration of QZSC in ON switch state 
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 𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 + 𝑣𝐶2

𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= 𝑣𝐶1

𝐿𝑓
𝑑𝑖𝐿𝑓

𝑑𝑡
= −𝑣𝐶𝑓

𝐶1
𝑑𝑣𝐶1

𝑑𝑡
= −𝑖𝐿2

𝐶2
𝑑𝑣𝐶2

𝑑𝑡
= −𝑖𝐿1

𝐶𝑓
𝑑𝑣𝐶𝑓

𝑑𝑡
= 𝑖𝐿𝑓 −

𝑣𝐶𝑓

𝑅𝐿

  (1) 

IV. Analysis of the QZSC in the OFF-switch 

state 

The state depicted in Figure (3) corresponds to the OFF state 

of the switch. In this state, the energy stored in the inductors of 

the impedance network is transferred to the capacitors. The 

diode is in a forward-biased state during this condition. As a 

result, by formulating suitable equations, the state equations 

can be expressed as equation (2). 
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Fig. 3. Configuration of QZSC in OFF switch 

 

{
 
 
 
 

 
 
 
 𝐿1

𝑑𝑖𝐿1

𝑑𝑡
= 𝑉𝑖𝑛 − 𝑣𝐶1

𝐿2
𝑑𝑖𝐿2

𝑑𝑡
= −𝑣𝐶2

𝐿𝑓
𝑑𝑖𝐿𝑓

𝑑𝑡
= 𝑣𝐶1 + 𝑣𝐶2 − 𝑣𝐶𝑓

𝐶1
𝑑𝑣𝐶1

𝑑𝑡
= 𝑖𝐿1 − 𝑖𝐿𝑓

𝐶2
𝑑𝑣𝐶2

𝑑𝑡
= 𝑖𝐿2 − 𝑖𝐿𝑓

𝐶𝑓
𝑑𝑣𝐶𝑓

𝑑𝑡
= 𝑖𝐿𝑓 −

𝑣𝐶𝑓

𝑅𝐿

  (2) 

By applying the principle of the second voltage balance to the 

inductors, we can obtain the following equations (3): 

∫ 𝑖𝐿1𝑑𝑡 +
𝐷𝑇𝑠
0

∫ 𝑖𝐿1𝑑𝑡 = 0
𝑇𝑠
𝐷𝑇𝑠

            

∫ 𝑖𝐿2𝑑𝑡 +
𝐷𝑇𝑠
0

∫ 𝑖𝐿2𝑑𝑡 = 0
𝑇𝑠
𝐷𝑇𝑠

 

∫ 𝑖𝐿𝑓𝑑𝑡 +
𝐷𝑇𝑠
0

∫ 𝑖𝐿𝑓𝑑𝑡 = 0
𝑇𝑠
𝐷𝑇𝑠

        (3) 

In equation (3), the coefficient D represents the duty cycle, 

which is the ratio of the switch-on time or the duration of the 

short connection period to the total time of one switching cycle. 

By applying the principle of the second voltage balance to the 

inductors, the gain of the converter in the steady state can be 

calculated as equation (4). 
𝑣𝐶𝑓

𝑉𝑖𝑛
=

1−𝐷

1−2𝐷
  (4) 

V. Averaged state-space model of QZSC 

The final state equations of the system are derived by 

multiplying the state equations corresponding to the switch-on 

state by the coefficient D, and multiplying the state equations 

corresponding to the switch-off state by the coefficient 1-D. It 

should be noted that the following assumption has been made: 

𝑥 = [𝑖𝐿1 = 𝑥1, 𝑖𝐿2 = 𝑥2, 𝑖𝐿𝑓 = 𝑥3, 

 𝑣𝐶1 = 𝑥4, 𝑣𝐶2 = 𝑥5, 𝑣𝐶𝑓 = 𝑥6] (5) 

We express the system state equations in affine form. 

𝑥̇ = 𝑓(𝑥) + 𝑔(𝑥)𝐷  (6) 

𝑓(𝑥) =

(

 
 
 
 
 
 
 

𝑉𝑖𝑛−𝑥4

𝐿1
−𝑥5

𝐿2
𝑥4+𝑥5−𝑥6

𝐿𝑓
𝑥1−𝑥3

𝐶1
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,  𝑔(𝑥) =

(

 
 
 
 
 
 

𝑥4+𝑥5

𝐿1
𝑥4+𝑥5

𝐿2
−𝑥4−𝑥5

𝐿𝑓
𝑥3−𝑥1−𝑥2

𝐶1
𝑥3−𝑥1−𝑥2

𝐶1

0 )

 
 
 
 
 
 

         (7) 

VI. Dynamic analysis and controller Design 

To design a linear controller for the QZSC, it is necessary to 

perform linearization around a specific operating point. To 

achieve linearization in equation (7), we replace the state 

variables and the duty cycle with the relations (8). 

𝑥𝑖 = 𝑋𝑖 + 𝑥̃𝑖 (𝑖 = 1 𝑡𝑜 6) 

𝐷 = 𝑑 + 𝑑̃  (8) 

In equation (8),𝑿𝒊 represents the system's operating point, 

while𝒙𝒊represents the disturbances around the operating point. 

Using the volt-second balance law for inductors, we can 

express the value of the state variables in steady state as 

equation (9). 

{
 
 

 
 𝑋6 = 𝑉𝑟𝑒𝑓 , 𝐷 =

𝑉𝑟𝑒𝑓−𝑉𝑖𝑛

2𝑉𝑟𝑒𝑓−𝑉𝑖𝑛

𝑋5 =
𝐷𝑉𝑖𝑛

1−2𝐷
, 𝑋4 =

(1−𝐷)𝑉𝑖𝑛

1−2𝐷

𝑋1 = 𝑋2 =
(1−𝐷)𝑉𝑟𝑒𝑓

(1−2𝐷)𝑅𝐿𝑂𝐴𝐷
, 𝑋3 =

𝑉𝑟𝑒𝑓

𝑅𝐿𝑂𝐴𝐷

 (9) 

By separating the different components and neglecting the 

product of small signal components (small signal 

approximation), we can obtain the linearized state-space model 

of the converter. It is important to note that when simplifying 

the derivative related to the system's operating point, it 

simplifies to zero. By utilizing this property, one can calculate 

the operating point of the system. By separating the matrix 

related to the states from the matrix related to the inputs, we 

can also derive the matrix of this converter. It should be noted 

that the product of two small signal values has been 

disregarded. The matrix of this converter can be expressed by 

equation (10). 

 𝑥̇̃ = 𝐴𝑥̃ + 𝐵𝑑̃ 

𝐴 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 0 0 0

𝑑 − 1

𝐿1

𝑑

𝐿1
0

0 0 0
𝑑

𝐿2

𝑑 − 1

𝐿2
0

0 0 0
1 − 𝑑

𝐿𝑓

1 − 𝑑

𝐿𝑓

−1

𝐿𝑓
1 − 𝑑

𝐶1

𝑑

𝐶1

𝑑 − 1

𝐶1
0 0 0

−𝑑

𝐶2

1 − 𝑑

𝐶2

𝑑 − 1

𝐶2
0 0 0

0 0
1

𝐶𝑓
0 0

−1

𝑅𝐿𝐶𝑓]
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𝐵 =

[
 
 
 
 
 
 
 
 

𝑥4+𝑥5

𝐿1
𝑥4+𝑥5

𝐿2
−𝑥4−𝑥5

𝐿𝑓
𝑥3−𝑥2−𝑥1

𝐶1
𝑥3−𝑥2−𝑥1

𝐶2

0 ]
 
 
 
 
 
 
 
 

                                (10) 

In the representation of state space equations, C corresponds to 

the output vector of the system. In two situations, the transfer 

function of the system will be computed. When considering 

the inductor current and the output capacitor voltage, 

vector C in the standard state equations is represented 

as equation (11). 

𝐶1 = [1 0 0 0 0 0] 

𝐶6 = [0 0 0 0 0 1]  (11) 

VII. Transfer functions of QZSC 

The voltage transfer functions of the output filter capacitor and 

the inductor current with respect to the QZSC during the short 

circuit cycle will be calculated in the following calculations. 

These functions are denoted as H1 and H6, respectively. The 

following equation is utilized to calculate the aforementioned 

transfer functions. By applying the Laplace transform to 

equation (10) and utilizing the defined matrices C, we obtain:  

𝐻(𝑠) = 𝐶(𝑆𝐼 − 𝐴)−1𝐵 + 𝐸  (12) 

S is the Laplace variable. In equation (12), the variable I 

represents the 6x6 identity matrix, and E is the feedforward 

matrix of the system and its value is assumed to be zero. 

The transfer functions of H1 and H6 are calculated based on 

the values given in Table 1. These transfer functions are 

represented by equation (13).  

{
 
 
 
 

 
 
 
 𝐻1(𝑠) =

𝑛1(𝑠)

𝑑1(𝑠)

𝐻6(𝑠) =
𝑛6(6)

𝑑1(𝑠)

𝑛1(𝑠) = 1.5𝑒6𝑠
5 + 9.438𝑒7𝑠4 + 3.416𝑒13𝑠3 + 1.67𝑒15𝑠2

  +1.88𝑒20𝑠 + 5.57𝑒21
𝑛6(𝑠) = −4.412𝑒9𝑠

4 + 1.673𝑒12𝑠3 − 5.49𝑒16𝑠2 − 
  2.231𝑒19𝑠 + 5.22𝑒22
𝑑1(𝑠) = 𝑠6 + 39.22𝑠5 + 2.307𝑒7𝑠4 + 6.739𝑒8𝑠3 +

  1.301𝑒14𝑠2 + 2.014𝑒15𝑠 + 4.68𝑒18

 (13) 

 

TABLE.1. NOMINAL PARAMETERS OF QZSC 

Parameters Symbol Value 

Input voltage Vin 50V 

Network impedance inductors L1, L2 0.5mH 

Output filter inductor Lf 1mH 

Network impedance capacitors C1, C2 150µF 

Output filter capacitor Cf 170µF 

Output resistor RL 150Ω 

Reference voltage Vref 500V 

Switching frequency fs 50kHz 

 

Upon calculating the zeros and poles of the H6 transfer 

function, it becomes evident that this function possesses zeros 

situated to the right of the imaginary axis. The positions of both 

the zeros and poles for the H1 and H6 transfer functions are 

depicted in Figure 4. Hence, it is not feasible to directly 

regulate the capacitor voltage as an output. The H1 transfer 

function is a minimum-phase transfer function, allowing for 

indirect control of the output voltage by manipulating the 

inductor current. Next, we will describe the process of creating 

a control loop to indirectly regulate the converter's output 

voltage.  

 
Fig. 4. Location of poles and zeros of QZSC transfer function 

 

VIII. Indirectly controlling the output voltage 

of QZSC 

Because the output capacitor voltage exhibits a non-minimum 

phase behavior and direct control is not possible, the voltage 

of the capacitor is indirectly regulated by manipulating the 

inductor current. Furthermore, considering the minimum-

phase characteristic of the transfer function the inductor 

current to the duty cycle, the inductor current can be directly 

regulated by adjusting the duty cycle. The block diagram of the 

closed-loop system with the inclusion of the PI controller is 

depicted in Figure 5. The presented block diagram includes a 

pair of PI controllers. 
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Fig. 5. Block diagram of the indirect control of the output 

voltage of the QZSC 

 

 The PI1 controller receives the signal that is the difference 

between the impedance network’s inductor current and its 

reference value. The output of the PI1 controller represents the 

value of the duty cycle. The PI2 controller selects the reference 

current value of the inductor according to the error between the 

reference voltage and the output voltage. The selection of these 

coefficients in this section has been done through a process of 

trial and error. The specific values of these coefficients are 

listed in Table 2. Smart algorithms can be employed to select 

coefficients that enable the control system to achieve desired 

values for evaluated parameters such as settling time, 

overshoot, undershoot, and steady-state error. Figure 6 

illustrates the response of the block diagram when a reference 

voltage of 500V is chosen. The output reaches 500V after one 

undershoot and several overshoots. The controller design using 

the linearization method is relatively simple, but it does not 

ensure stability in a wide range. By changing the operating 

point, the linearized model is not valid and the output does not 

converge to the reference value. Hence, employing non-linear 

control methods is appropriate for the aforementioned system. 

Mr. Yutkin introduced the sliding mode control method for 

systems with variable structure. This method is widely used in 

power electronic systems because of their variable structure. 

The first step of the sliding mode control method is to define 

the sliding surface. The sliding mode control brings the system 

states to the sliding surface. When the system reaches the 

sliding surface, the sliding mode control maintains the system 

state close to and along the sliding surface. Usually, the sliding 

surface is defined as the output error of the system. After 

placing the answer on the surface, the system switches to the 

sliding mode. With proper switching, the response slides on 

the surface until it stabilizes. 

 
Fig.6. Step response of QZSC 

 

TABLE. 2. SELECTED VALUES OF CONTROLLER 

COEFFICIENTS 

controller coefficients PI1 PI2 

P 0.01 100 

I 0.01 20 

 

IX. Design of sliding mode controller in 

nominal condition 

The sliding surface is defined by the current of the inductor 

in the impedance network. Equation (14) defines the sliding 

surface. 

𝑆 = 𝑥1
∗ − 𝑥1  (14) 

The following definition is used to enter the output voltage in 

Equation (14). 

𝑥1
∗ = 𝐾𝐼 ∫(𝑥6

∗ − 𝑥6)𝑑𝑡  (15) 

The output error is reduced to zero by including the integral 

factor. By substituting equation 15 into equation 14, we obtain 

the following result: 

𝑆 = 𝑥1
∗ − 𝑥1 = 

𝐾𝐼 ∫(𝑥6
∗ − 𝑥6)𝑑𝑡 − 𝑥1  (16) 

Assuming that the sliding surface’s derivative is zero, we can 

derive the equivalent controller. 

𝑆̇ = 0 → 𝑥̇1
∗ − 𝑥̇1 = 0  (17) 

Using the state equations in equation (17), we can express the 

converter’s short circuit cycle as equation (18). 

𝐷 =
𝐾𝐼𝐿1(𝑥6

∗−𝑥6)+(𝑥4−𝑉𝑖𝑛)

𝑥4+𝑥5
 (18) 

Figure 7 presents the block diagram associated with the 

proposed control method. 
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Fig.7. Block diagram of the proposed control method 

 

By choosing the reference voltage and computing the duty 

cycle, the other state variables will be in the steady-state as 

equation (19). 

{
  
 

  
 𝑋6 = 𝑉𝑟𝑒𝑓 , 𝐷 =

𝑉𝑟𝑒𝑓−𝑉𝑖𝑛

2𝑉𝑟𝑒𝑓−𝑉𝑖𝑛

𝑋5 =
𝐷𝑉𝑖𝑛

1−2𝐷
, 𝑋4 =

(1−𝐷)𝑉𝑖𝑛

1−2𝐷

𝑋1 = 𝑋2 =
(1−𝐷)𝑉𝑟𝑒𝑓

(1−2𝐷)𝑅𝐿𝑂𝐴𝐷

𝑋3 =
𝑉𝑟𝑒𝑓

𝑅𝐿𝑂𝐴𝐷

 (19)  

 

X. Systematic selection of the integral 

coefficient on the sliding surface  

By substituting equation (18) for the duty cycle into equations 

(6) and (7), we obtain the state equations in the form of 

equation (20): 

 

{
 
 
 
 
 

 
 
 
 
 𝑥̇1 = 𝐾𝐼(𝑥6

∗ − 𝑥6), 𝑥̇2 = 𝐾𝐼(𝑥6
∗ − 𝑥6) +

𝑥4−𝑉𝑖𝑛−𝑥5

𝐿2

𝑥̇3 =
−𝐾𝐼𝐿1(𝑥6

∗−𝑥6)+𝑉𝑖𝑛+𝑥5−𝑥6

𝐿𝑓

𝑥̇4 =
𝐾𝐼𝐿1(𝑥6

∗−𝑥6)+(𝑥4−𝑉𝑖𝑛)

𝑥4+𝑥5
(
𝑥3−𝑥1−𝑥2

𝐶1
) +

 (
𝑥1−𝑥3

𝐶1
)

𝑥̇5 =
𝐾𝐼𝐿1(𝑥6

∗−𝑥6)+(𝑥4−𝑉𝑖𝑛)

𝑥4+𝑥5
(
𝑥3−𝑥1−𝑥2

𝐶2
) +

 (
𝑥2−𝑥3

𝐶2
), 𝑥̇6 = 𝑥3 −

𝑥6

𝑅𝐿

(20)  

Assuming that the changes around the operating point are 

small, we can linearize equation (20) around a specific 

operating point. We use the Jacobian method to linearize the 

system. The system under investigation has a 6x6 Jacobian 

matrix, and we can calculate its terms using equation (21). 

{
 
 
 

 
 
 𝑎𝑖𝑗 =

𝛿𝑓𝑖

𝛿𝑥𝑗
 (𝑖, 𝑗 = 1,2,3,4,5,6)

𝑥̇1 = 𝑓1(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6)

𝑥̇2 = 𝑓2(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6)
𝑥̇3 = 𝑓3(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6)

𝑥̇4 = 𝑓4(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6)

𝑥̇5 = 𝑓5(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6)

𝑥̇6 = 𝑓6(𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑥6)

 (21) 

The components of the Jacobian matrix are calculated 

according to equation (22). By substituting the system 

parameters and the desired operating point into equation (22), 

we obtain the Jacobian matrix as shown in equation (23). We 

note that the rest of the elements in the Jacobian matrix are 

zero. Using the Jacobian matrix that we computed, which 

depends on the integral gain, we can verify the system stability 

near the chosen operating point. We derive the system’s 

characteristic equation from equation |𝑆𝐼 − 𝐴| = 0 . 

According to the Routh-Hurwitz stability criterion, the systems 

with 0 < 𝐾𝐼 < 200  are stable. The system’s characteristic 

equation is given by equation (24). Within the given range, the 

system has all its poles on the left of the imaginary axis. S 

represents the Laplace variable in this context.  

{
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 𝑎16 = 𝑎26 = −𝐾𝐼 , 𝑎25 =

−1

𝐿2
, 𝑎24 =

1

𝐿2

𝑎35 =
1

𝐿𝑓
, 𝑎36 =

𝐾𝐼𝐿1−1

𝐿𝑓

𝑎41 =
1

𝐶1
−

𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6
∗−𝑥6)

𝐶1(𝑥4+𝑥5)

𝑎42 =
−(𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6

∗−𝑥6))

𝐶1(𝑥4+𝑥5)

𝑎43 =
𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6

∗−𝑥6)

𝐶1(𝑥4+𝑥5)
−

1

𝐶1

𝑎44 =
(𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6

∗−𝑥6))(𝑥1+𝑥2−𝑥3)

𝐶1(𝑥4+𝑥5)
2 −

 
𝑥1+𝑥2−𝑥3

𝐶1(𝑥4+𝑥5)

𝑎45 =
(𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6

∗−𝑥6))(𝑥1+𝑥2−𝑥3)

𝐶1(𝑥4+𝑥5)
2

𝑎46 =
𝐾𝐼𝐿1(𝑥1+𝑥2−𝑥3)

𝐶1(𝑥4+𝑥5)

𝑎51 = −
𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6

∗−𝑥6)

𝐶2(𝑥4+𝑥5)

𝑎52 =
1

𝐶2
−

𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6
∗−𝑥6)

𝐶2(𝑥4+𝑥5)

𝑎53 =
𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6

∗−𝑥6)

𝐶2(𝑥4+𝑥5)
−

1

𝐶2

𝑎54 =
(𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6

∗−𝑥6))(𝑥1+𝑥2−𝑥3)

𝐶2(𝑥4+𝑥5)
2

− 
𝑥1+𝑥2−𝑥3

𝐶2(𝑥4+𝑥5)

𝑎55 =
(𝑥4−𝑉𝑖𝑛+𝐾𝐼𝐿1(𝑥6

∗−𝑥6))(𝑥1+𝑥2−𝑥3)

𝐶2(𝑥4+𝑥5)
2

𝑎56 =
𝐾𝐼𝐿1(𝑥1+𝑥2−𝑥3)

𝐶2(𝑥4+𝑥5)

𝑎63 = 1, 𝑎66 =
−1

𝑅𝐿

 (22) 

𝐴 =

(

 
 
 
 

0 0 0 0 0 −𝐾𝐼
0 0 0 2000 −2000 −𝐾𝐼

0 0 0 0 1000
𝐾𝐼

2
− 1000

3.5 × 103 −3.2 × 103 −3.5 × 103 −233 211 0.22𝐾𝐼
−3.2 × 103 3.5 × 103 −3.5 × 103 −233 211 0.22𝐾𝐼

0 0 1 0 0 −6.7 × 103)

 
 
 
 

 (23)  

 𝑆6 + 23.4𝑆5 + (1.684 × 107 − 0.5𝐾𝐼)𝑆
4 + 

 (3.12 × 108 − 233.9𝐾𝐼)𝑆
3 + (4.68 × 1013

− 6.316 × 106𝐾𝐼)𝑆
2 
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 (6.238 × 1011 − 3.119 × 109𝐾𝐼)𝑆 + 4.678 × 10
12𝐾𝐼 =

0                                          (24)  

  

  

XI. Correction of Sliding Model Controller 

and Proof of Stability 

The relation derived for the sliding mode controller in equation 

(18) is based on the nominal parameters of the model. To cope 

with model uncertainties, 𝐾  𝑠𝑔𝑛( 𝑆)  can be incorporated 

into the equivalent controller. To ensure that the sliding surface 

is absorbing, we define a Lyapunov function and verify the 

Lyapunov stability condition. We use equation (25) to define 

the Lyapunov function: 

𝑉(𝑆) =
1

2
𝑆2  (25) 

The defined Lyapunov function has the initial condition of 

being positive definite. In order for the sliding surface to be 

absorbing, the derivative of the Lyapunov function must be 

negative definite. 

𝑉̇(𝑆) = 𝑆𝑆̇ ≤ −𝜂|𝑆|  (26) 

We choose𝜂 as a positive parameter for controlling the system.  

𝑆̇ = 𝐾𝐼(𝑥6
∗ − 𝑥6) − 𝐷

𝑥4+𝑥5

𝐿1
−

𝑉𝑖𝑛−𝑥4

𝐿1
 (27)  

We substitute the duty cycle with the following expression in 

equation (27): 

𝐷 =
𝐾𝐼𝐿1(𝑥6

∗−𝑥6)+(𝑥4−𝑉𝑖𝑛)

𝑥4+𝑥5
+ 𝐾𝑠𝑔𝑛(𝑆) (28) 

𝑆(−𝐾𝑠𝑔𝑛(𝑆))
𝑥4+𝑥5

𝐿1
≤ −𝜂|𝑆| 

 (29) 

Considering that the value of 𝑠𝑔𝑛( 𝑆) = |𝑆|/𝑆 is the equation 

(29) is simplified as follows: 

𝐾 ≥
𝜂𝐿1

𝑥4+𝑥5
  , 𝜂 > 0  (30) 

To summarize, the stability of the designed controller is  

ensured in a broad range of operating point and model  

 

TABLES.3. SETTLING TIME AND OVERSHOOT IN 

DIFFERENT MODES 

 

uncertainties by selecting the control gain from equation (30). 

The designed controller has robustness to changes in load, 

input voltage and reference voltage. For instance, by choosing 

𝜂 = 10 and selecting the nominal operating points of the 

system using equation (19), we obtain a value of 𝐾 ≥

6 × 10−6. However, in the simulations, we have opted for a 

value of 𝐾 = 10−5 . According to equation (24), the 

coefficient 𝐾𝐼 = 100 is considered.  

Figure 11 shows the block diagram where the control signal is 

applied to the converter. Within this diagram, the duty cycle 

derived from equation (28) regulates the converter’s switch. 

This particular converter employs a unipolar switching 

technique. 

+

-

1

D



PWM

Duty Cycle
Equation (28)

S

 
Fig.8. Shoot-through unipolar PWM technique 

 

XII. Simulation results 

This section presents simulations in MATLAB/Simulink 

software version 2018 that were performed to assess the 

performance of the suggested control technique. The system 

parameters of the QZSC are given in Table 1. The sampling 

time step for all the simulations is 1𝜇𝑠. The following section 

examines how the designed controller responds to the 

variations of input voltage, load, and reference voltage. In 

Table 3, the control parameters, including settling time and 

overshoot, are calculated when changing the reference voltage, 

input voltage, and load. 

 

Test1: This test considers the nominal values given in Table 1 

and studies the step change in the output reference voltage. The 

output reference voltage increases from 𝑉𝑟𝑒𝑓 = 500𝑉 to 

𝑉𝑟𝑒𝑓 = 550𝑉at𝑡 = 0.5𝑠and then decreases to 𝑉𝑟𝑒𝑓 = 450𝑉at 

𝑡 = 1𝑠. Figure 9 shows that the output voltage, 𝑉𝑜, can follow 

its reference value,𝑉𝑟𝑒𝑓 . In this case output voltage error, 

defined by (31), tends zero in a finite time as shown in Figure 

9. 

𝑉𝑒𝑟𝑟𝑜𝑟 = 𝑉𝐶𝑓 − 𝑉𝑟𝑒𝑓  (31) 

 
Situation 

Settling-time (s) %O. V 

increase decrease increase decrease 

Test 1 0.01 0.03 8 16 

Test 2 0.006 0.02 3.98 1.52 

Test 3 0.009 0.01 1.6 0.8 
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Fig.9. output reference voltage variation in test 1 

 

Test2: To demonstrate the proposed controller’s performance 

under input voltage disturbance, a step change in input voltage 

is applied. In this simulation, the input voltage is decreased to 

45V in steps after 0.5s. As Figure 8 shows, the output voltage 

follows the reference voltage after a brief oscillation, and the 

steady state error is zero in this case. To enhance the impact of 

the input voltage on the output, this value is raised to 55V. 

Figure 10 shows that the output voltage reaches the reference 

value after a brief fluctuation. Figure 10 displays the variations 

in steady state error and input voltage. The results demonstrate 

the stability of the proposed control system under varying 

input voltage. Table 3 displays the results obtained by varying 

the input voltage. Specifically, during the increase and 

decrease phases, the overshoot values are 3.98 and 1.52, 

respectively. These findings demonstrate that the presented 

control system exhibits robustness to fluctuations in the input 

voltage. 

 

 

 
Fig.10. output reference voltage variation in test 2 

 

Test3: This simulation verifies the robustness of the proposed 

controller under varying load conditions. The output resistance 

is decreased from 150𝛺 to 135𝛺 after 0.5s. Figure 11 shows 

the result of this change. Figure 11 shows that the output 

voltage reaches the initial reference voltage within 0.5s of the 

simulation. To examine the effect of higher output resistance 

on the output voltage, this value is raised to 165𝛺. This change 

occurs 1s into the simulation. Figure 11 also presents the result 

of this change. Figure 11 illustrates that the output voltage 

matches the reference voltage quickly after the resistance 

increases. Hence, the proposed controller can track the 

reference voltage despite variations in the output resistance. 

Based on Table 3, the settling time and overshoot values during 

both the increase and decrease phases of the output load fall 

within an acceptable range. As a result, the provided controller 

exhibits robustness in load variations.  
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Fig .11. output reference voltage variation in test 3 

 

Test4: This simulation explores the effect of changing the 

reference voltage, input voltage, and output resistance at the 

same time. After 0.5s from the beginning of the simulation, the 

reference voltage was lowered to 450V, the input voltage to 

45V, and the output resistance to 135𝛺. Figure12 demonstrate 

the results of these changes. The output could track the 

reference voltage and reached 450V quickly. One second after 

the simulation begins, the reference voltage rises to 550V, the 

input voltage goes up to 55V, and the output resistance grows 

to 165𝛺 . The output followed the reference voltage as the 

parameters increased at the same time, and it attained 550V in 

a brief period. 

XIII. Conclusion 

In this study, we investigated the equivalent sliding mode 

control of a DC-DC QZSC with an output filter. The principles 

of step-by-step design for the sliding mode controller and the 

selection criteria for the control coefficients in the sliding 

mode method are presented in detail. In the studied system, the 

output capacitor voltage to the duty cycle of the converter is 

nonminimum phase. This means we cannot control the output 

voltage directly by changing the duty cycle. To address this 

issue, we used a sliding surface defined as the proportion of 

the difference between the QZSC’s inductor current and its 

reference value. Based on simulations conducted in both 

transient and permanent modes, the designed sliding mode 

controller exhibits robustness in response to changes in load 

and input voltage. The percentage of response overshoot in 

reference voltage change exceeds that of both load and input 

voltage changes. Furthermore, in accordance with the system's 

reference voltage definition, the output error remains zero 

throughout all tests. The proposed controller ensures local 

asymptotic stability. The potential for a universal asymptotic 

controller for the desired system can be explored in further 

research. 

 

 
Fig. 12. output reference voltage variation in test 4 
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