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Abstract
The presented research introduces a control strategy for a three-phase grid-tied LCL-filtered quasi-Z-source inverter
(qZSI) using a Lyapunov-function-based method and cascaded proportional-resonant (PR) controllers. The suggested
control strategy ensures the overall stability of the closed-loop system and eliminates any steady-state inaccuracy in
the grid current. The inverter current and capacitor voltage reference values of qZSI are created by the utilization of
cascaded coupled proportional-resonant (PR) controllers. By utilizing synchronous reference frame and Lyapunov
function- based control, the requirement to perform derivative operations and anticipate inductance and capacitance
are avoided, resulting in achieving the goal of zero steady-state error in the grid current. The qZSI can accomplish
shoot-through control by utilizing a simple boost control method. Computer simulations demonstrate that the suggested
control strategy effectively achieves the desired control objectives, both in terms of steady-state and dynamic performance.
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Grid Tied LCL Filter, Lyapunov Function-based Control, Shoot-through Modulation, Proportional Resonant Control,
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I. INTRODUCTION

The increasing popularity of Renewable Energy Sources (RESs)
and their integration into the power grid received significant
attention in recent years [1]. In general, the transmission of
electricity from an RES to the electrical grid is made pos-
sible by voltage source inverters (VSIs) that operate using
advanced control methods to meet the specified regulations
and standards. Nevertheless, it is widely acknowledged that
the output voltage derived from an RES is not consistently sta-
ble. Consequently, if the RES operates below the designated
threshold level, the VSI becomes unable to operate effectively.
Although Current Source Inverters (CSIs) can increase their
input voltage, they are rarely favored in these applications due
to the complexity of control algorithms [2]. Another choice
is to establish a connection between the RES and VSI by uti-
lizing a dc/dc boost converter. However, the inclusion of an
additional power stage necessitates an increase in the number

of switches, resulting in higher costs and reduced efficiency
and system reliability [3, 4].
To overcome these limitations, alternate converter topologies,
such as the Z-source inverter (ZSI) and quasi-Z-source in-
verter (qZSI), have been established [5, 6]. These inverter
topologies incorporate an impedance network positioned be-
tween the Direct Current (DC) supply and the inverter. The
primary purpose of joining the impedance network is to en-
able the implementation of shoot-through states, where in the
switching devices on the same inverter leg are simultaneously
triggered. This can allow the DC input voltage to be ampli-
fied to the required level using the impedance network. Both
topologies possess the capability to boost or buck DC input
voltage [7]. The qZSI has gained increased attention because
of its capability to deliver uninterrupted input current and
minimize component stress in the impedance network [8–18].
The performance of qZSI-based systems is dependent upon
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the technique employed to regulate the inverter. Typically, the
control process consists of two main objectives: producing ac-
tive states and generating shoot-through states. While the first
task is accomplished by typical control methods, the latter can
be readily achieved using the simple boost control technique
outlined in [9].

The qZSI investigations focus on single-phase grid-linked
systems [10–12], uninterruptible power supply systems [13–
15], three-phase grid-tied systems [16], [17], and three-phase
four-leg uninterruptible power supply systems [18]. A control
approach is proposed in [10] for effectively managing a grid-
tied cascaded multilevel qZSI solar power plant. The proposed
control method, as described in [11], effectively reduces the
necessary capacitance value in the impedance network by im-
plementing improved modulation and double-frequency ripple
suppression techniques. In [12], a hybrid pulsewidth modula-
tion (HPWM) technique is suggested, which mixes the pulse-
width modulation and pulse-amplitude modulation schemes.
The current ripple damping control is introduced in [13]. The
control methods described in references [12]and [13] result in
a decrease in the required inductance and capacitance values
in the impedance network. However, in all of the aforemen-
tioned approaches suggested for single- and three-phase grid-
tied systems, the Voltage Source Inverter (VSI) is connected
to the grid using an L filter instead of an LCL filter.
This work investigates the suitability of using a Lyapunov-
function-based control technique to regulate a three-phase
grid-tied qZSI with an LCL filter. The LCL filter is widely
recognized for introducing two extra poles into the system,
which poses challenges in designing the control technique
due to the potential for instability and the need for resonant
damping. Ensuring global stability for such a system is crucial
because of the inherent stability difficulty with the LCL filter.
A recent study [19] has demonstrated that the control approach
based on Lyapunov functions ensures global stability of the
three-phase grid-tied LCL-filtered VSI, even when subjected
to significant perturbations deviating from the operational
point. The inverter current and capacitor voltage reference
are determined by a proportional-resonant (PR) control mech-
anism. In contrast to the work described in reference [19],
this study proposes a method to establish inverter current and
capacitor voltage references of three-phase inverter by employ-
ing basic equations derived from synchronous reference frame.
The capacitor voltage and inductor current reference of qZSI
are produced by a two proportional-resonant (PR) controller
that is linked to the output of the primary controller manip-
ulating the inductor current error, with the inverter current
reference being generated by the initial proportional-resonant
(PR) controller. Theoretical considerations are validated using
computer simulations.
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Fig. 1. The overall configuration of a three-phase
quasi-Z-source inverter (qZSI) connected to a grid with an

LCL filter.

II. MATHEMATICAL DEPICTION OF THE
SYSTEM

Fig. 1 depicts a three-phase grid-tied LCL-filtered quasi-Z-
source inverter (qZSI). The mathematical representations of
the quasi-source network and voltage source inverter are pro-
vided in the subsequent sections.

1) Quasi-Z-Source Inverter Circuit modeling
Similar to the conventional ZSI, the qZSI also has two op-
erational states on the DC side: the active state (which in-
cludes the six active states and two conventional zero states of
the traditional VSI) and the shoot-through state (where both
switches in at least one phase conduct simultaneously). When
observed from the DC side, the inverter bridge behaves like a
current source in cases of the active state. Two states can be
represented by their respective equivalent circuits, which are
illustrated in Fig. 2. The shoot-through state is not allowed
in the conventional Voltage Source Inverter (VSI) due to the
risk of short-circuiting the voltage source, which might result
in device damage. The qZSI and ZSI, when combined with
the LC and diode network, alter the functioning of the circuit,
enabling the shoot-through state.
For general analysis, the input voltage, vin, is selected as the
system input, which is related to the input current, iL1. The
reason for this is that RES does not possess the same rigid
output characteristics as an ideal voltage source or current
source. In DC-side modeling, the three-phase inverter bridge
and external AC load are simplified as a single switch and
current source connected in parallel [20]. The asymmetric
quasi-Z-source network has four state variables: The currents
flowing through the inductors are denoted as iL1 and iL2, The
voltage over the capacitors vC1 and vC2. The independent load
current, iload, operates as an additional input or disturbance
to the quasi-Z-source network. Select vC1 and i (also known
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Fig. 2. The equivalent circuit of the quasi-Z-source inverter
(qZSI) can be represented in two states: (a) the active state
and (b) the shoot-through state.

as iin) as the output variables for the analyzed system. In
order simplification, assume that C = C1 = C2, L = L1 = L2,
the stray resistances of inductors r = r1 = r2, the Equivalent
Series Resistances (ESR) of capacitors R = R1 = R2. The
shoot-through interval T0 refers to the duration during which
both switches are turned on simultaneously. The active in-
terval T1, on the other hand, is the duration when only one
switch is turned on in one leg. The switching period T is the
sum of T0 and T1. The shoot-through duty ratio, denoted as
D0, is calculated by dividing T0 by T. The state space model
of the qZSI in the two intervals (active and shoot-through) can
be given in Eq. (1).

dx
dt

= Ax+Bu

y = Cx+Du
(1)

where

A =


− (r+R)

L 0 − 1
L (1−do)

1
L do

0 − (r+R)
L

1
L do − 1

L (1−do)
1
L (1−do) − 1

C do 0 0
− 1

C do
1
C (1−do) 0 0



B =


R
L (1−do)

1
L

R
L (1−do) 0

− 1
C (1−do) 0

− 1
C (1−do) 0

 , x =


iL1
iL2
vC1
vC2

 u =

[
iload
vin

]
,

y =

[
iL1
vC1

]
, C =

[
1 0 0 0
0 0 1 0

]
, D =

[
0
0

]

The dynamic state variables and inputs can be expressed as
the sum of the steady state and perturbations of the variables
from the equilibrium point(x = X+ x̃ ) as following.

d
dt
(X+ x̃) = A(X+ x̃)+B(U+ ũ) (2)

Where X =


IL1
IL2
VC1
VC2

 is steady-state state variables of the

qZSI.

x̃ =


ĨL1

1̃L2
ṽC1
ṽC2

 is perturbations of the state variables from the

equilibrium point of the qZSI. U =

[
Iload
Vin

]
is steady-state

input of the qZSI. ũ =

[
1̃load
ṽin

]
is perturbations of the input

from the equilibrium point of the qZSI. and d0 = D0 + d̃0 is
the shoot-through duty cycle of the qZSI.
The dc-side model of the qZSI can be derived using state
space averaging, as seen in Eq. (3).


−(r+R) 0 (D0 −1) D0

0 −(r+R) D0 (D0 −1)
(1−Do) −Do 0 0
−Do (1−Do) 0 0




iL1
iL2
vC1
vC2

+


R(1−Do) 1
R(1−Do) 0
(D0 −1) 0
(D0 −1) 0

[
iload
vin

]
= 0

(3)
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The solution to Eq. (3) can be given as follows:

VC1 =
1−D0

1−2D0
Vin −VR

VC2 =
D0

1−2D0
Vin −VR

IL = IL1 = IL2 =
1−D0

1−2D0
Iload

(4)

where VR =
(1−D0)(r+2D0R)

(1−2D0)
2 Iload

The maximum value of the DC voltage at the input terminals
of the inverter, denoted as VDC, can be determined using Eq.
(4)

VDC = VC1 +VC2 = BVin −2VR (5)

Since B =
1

1−2D0
is the boost factor of the qZSI.

The currents flowing through the two inductors in the quasi-Z
source network are identical at a stable condition. In addition,
if we ignore the resistances that occur in capacitors and the
unused resistances that occur in inductors, that is VR = 0 .
In the buck conversion mode of the qZSI, when the inverter
is fully active (as shown in Fig. 2, the diode will conduct,
and the voltage across capacitor C1 is going to be equal to
the input voltage, while the voltage across capacitor C2 will
be zero as shown in Fig. 3. To increase VDC, one may keep
the six active states as they are and exchange some or all of
the two conventional zero states with shoot-through states.
The boost factor, denoted as B, is directly proportional to the
shoot-through duty ratio, as indicated in Eq. (5). The boost
conversion mode of the qZSI is the term used to describe this.

The small-signal state equations can be derived by per-
turbing from the equilibrium point, as stated in Eq. (6). It is
observed from the small signal model that the response of the
inductance currents is different. Still, in the steady state, the
response is similar (see Eq.(6)). These two cases in Z Source
Inverter (ZSI) are the same, so it increases the reliability of
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qZSI and protects the circuit from damage [21].

d/dt


ĩL1

ĩL2
ṽC1
ṽC2



=


−((r+R))/L 0 − 1

L (1−D0)
1
L D0

0 − (r+R)
L

1
L D0 − 1

L (1−D0)
1
C (1−D0) − 1

C D0 0 0
− 1

C D0
1
C (1−D0) 0 0




ĨL1

L̃L2
ṽC1
ṽC2

+


R
L (1−d0)

1
L

R
L (1−d0) 0

− 1
L (1−d0) 0

− 1
L (1−d0) 0

[
ĩLoad

Ṽin

]

+


(VC1+VC2−ILoadR)

L
(VC1+VC2−ILoadR)

L
(−2IL+ILoad)

C
(−2IL+ILoad)

C

do

(6)

2) Small Signal Transfer Functions
Then achieve the needed power and enhance the capabilities,
a closed-loop control system for the shoot-through duty cycle
is created based on the previously derived small-signal volt-
age and current model, neglecting the second-order elements.
From a control viewpoint, the input voltage and load current
disturbances can be seen as external disturbances that can
be immediately compensated for by controllers, and hence,
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they are discarded. By the small-signal model, the transfer
functions from d̃0 to the voltage across capacitors ṽC1 and ṽC2
are the same and expressed as ṽC, indicated as Eq. (7).

G1 =
ṽC(s)

d̃0(s)

∣∣∣∣∣ĩload =0
ṽin =0

=

(VC1 +VC2 −RIload )(1−2D0)+(Iload −2IL)(Ls+ r+R)

LCs2 +C(r+R)s+(1−2D0)
2

(7)

To accurately depict the changing properties of the quasi-Z-
source network, we analyse several root loci of the transfer
function G(s) by systematically varying the parameters L, C,
and D0. The system parameters are listed as follows: L = 500
µH, C = 400 µF, R = 0.03 Ω, r= 0.47 Ω, D0= 0.25, Iload =
9.9 A, and Vin= 130 V. Fig. 2 demonstrates the movement of
poles and zeros towards the imaginary axis as the inductance
L is changed from 200 µH to 500 µH.
At an inductance value of 100 µH, the poles become equal,
resulting in the system being in critical damping, and increas-
ing the inductance to 100 µH results in the emergence of
imaginary component the poles, leading to under-damping.
Thus, when examining the step response of the function see in
Fig. 4, the output waveform exhibits inconsistent overshoot at
100 µH. As the inductance increases, both the overshoot and
settling time also increase. The moving of zeros increases the
non-minimum-phase undershoots, while the shifting of poles
enhances the system settling time and response.

By increasing the capacitance C from 100 µF to 500 µF,
Fig.5 demonstrates the vertical movement of the poles towards
real axis while the zeros remain unchanged. Increasing system
damping has been seen to decrease the amplitude of overshoot
and undershoot, but it will also increase the rising time. To
ensure appropriate performance and stability, it is crucial to
analyze the movements of zero and pole for sources with more
comprehensive operating ranges. The same conclusion can be
obtained when changing the value of cycle period shown in
Fig. 6.
The selection of L and C values in a quasi-Z-source network

can be based on a compromise between the damping response
and settling time of the transfer function G(s), as determined
from the pole-zero maps and step signal test of the derived
transfer function.

3) Simple Boost Modulation
The simple boost approach [20] utilises two straight lines that
have a value equal to or greater than the peak value of the
three phase references as shown in Fig. 7. These lines are
utilised to insert the shoot-through duty ratio. By following

Fig. 4. Changing of inductance with constant outer
parameters in qZSI (a) pole-zero mapping ,(b) step response.

Fig. 5. Changing of capacitance with constant outer
parameters in qZSI(a) pole-zero mapping ,(b) step response.
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Fig. 6. Changing of duty cycle with constant outer
parameters in qZSI.

this approach, the duration of shoot-through time remains con-
sistent for each switching cycle, ensuring a steady boost factor.
The shoot-through duty ratio drops as the modulation index
M increases in this manner. Therefore, the highest possible
shoot-through duty ratio is restricted to (1 - M). When the
value of M grows to its maximum, the shoot-through duty
ratio reaches zero, causing the inverter to operate in the same
way as the typical VSI. The direct current (DC) inductor cur-
rent and capacitor voltage do not exhibit any fluctuations that
are linked to the output frequency.

4) Three-phase grid-tied VSI
Fig. 1 clearly shows that the dc-link voltage of the VSI corre-
sponds to the output voltage of the qZS network. The Voltage
Source Inverter (VSI) is linked to the electrical grid through a
Low Pass Filter (LCL). By utilising Kirchhoff’s voltage and
current rules to analyse the circuit depicted on the right of the
qZS network, one can derive the subsequent set of differential
equations.

L1
di1
dt

+ r1i1 = Vinv −VC (8)

Lo
dio
dt

+ roio = VC −Vg (9)

C
dVC

dt
= ii − io (10)

Where the matrices are given by ii =
[
iia iib iic

]T ,Vinv =[
van vbn vcn

]T , VC =
[
vca vcb vcc

]T, io =
[
ioa iob ioc

]T,
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Fig. 7. Simple boost modulation of qZSI circuit.

Vg =
[
vga vgb vgc

]T, Li =
[
Lia Lib Lic

]
,

Lo =
[
Loa Lob Loc

]
, and C =

[
Ca Cb Cc

]
respectively.

The three-phase grid voltage are given by vga = Vg cos(ωt) ,
vgb = Vg cos

(
ωt− 2π

3

)
, andvgc = Vg cos

(
ωt+ 2π

3

)
since the

current injected into the grid is required to be sinusoidal
and in phase with the grid voltage so the reference grid
current should be selected as following ioa

∗ = I∗o cos(ωt) ,
iob

∗ = I∗o cos
(
ωt− 2π

3

)
, and ioc

∗ = I∗o cos
(
ωt+ 2π

3

)
.

The pole voltages can be obtained as VIN = 1
2 (1+ sk)Vdc as

k=a,b,c and sk is switching function given by the following
equation

sk =

{
+1 if si is closed
−1 if si is closed

Since Vinv = ViN −VnN
So, The phase to neutral voltage expressions in terms of input
voltage and switching function

Vinv =
1
6

Vdc

 2 −1 −1
−1 2 −1
−1 −1 2

 sa
sb
sc

 (11)

It can be transformed the three-phase quantity to the syn-
chronous reference dq frame oriented by d-axis and neglected
zero sequence component so the all AC quantities become DC
hence this purpose using Park transformation to obtain differ-
ent variables of this circuit. Applying this transformation can
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be written as:[
ixd
ixq

]
=

2
3

T

 ixa
ixb
ixc

 where x reperesent i or o

[
vyd
vyq

]
=

2
3

T

 vya
vyb
vyc

 where y reperesent g or c

[
Sd
Sq

]
=

2
3

T

 Sa
Sb
Sc

 , and

T =

[
cos(ωt) cos

(
ωt − 2π

3

)
cos

(
ωt + 2π

3

)
−sin(ωt) −sin

(
ωt − 2π

3

)
−sin

(
ωt + 2π

3

) ]
is Park transformation
The conversion of a differential equation from a three-axis sys-
tem to a two-axis system can be achieved using the following
equation.

2
3

TLx
d
dt

 ixa
ixb
ixc

= Lx
d
dt

[
ixd
ixq

]
−ωLx

[
ixq
−ixd

]
(12)

Multiplying both side of Eq. (11) by Park transformation
and making some algebraic manipulation one can obtain the
following expression

2
3

TVinv =
1
2

Vdc

[
Sd
Sq

]
(13)

Now, the transformation of Eqs. (8) - (10) is given by

Lid
d
dt

(iid)+ ridiid = ωLidiiq +
vdc

2
sd −vcd (14)

Liq
d
dt

(
iiq
)
+ riqiiq =−ωLiqiid +

vdc

2
sq −vcq (15)

Lod
d
dt

(iod)+ rodiod = ωLodioq +vcd −vgd (16)

Loq
d
dt

(
ioq

)
+ roqioq =−ωLoqiod +vcq −vgq (17)

Cd
d
dt

(vcd) = iid − iod +ωCdvcq (18)

Cq
d
dt

(
vcq

)
= iiq − ioq −ωCqvcd (19)

Assume that Lid = Liq = Li, Lod = Loq = Lo , rid = riq = ri,
rod = roq = ro ,and Ccd = Ccq = C in Eqs. (14) - (19). The
control input is defined as sum of steady-state and perturbed
quantities

sd = Sd +∆sd (20)

sq = Sq +∆sq (21)

Assuming that the inverter, grid currents, and capacitor voltage
track their references in steady-state and all parameters of
inverter and grid inductances and capacitance in two-axis are
equal, then steady-state switching functions can be expressing
Eqs. (14) and (15) as following

Sd =
2

vdc

[
Lie

d
dt

(iid∗)+ rieiid∗+vcd
∗−ωLieiiq∗

]
(22)

Sq =
2

vdc

[
Lie

d
dt

(
iiq∗

)
+ rieiiq∗+vcq

∗+ωLieiid∗
]

(23)

Where Lieand rie are estimate inductance and resistance re-
spectively and iid∗,iiq∗, vcd

∗,and vcq
∗ are inverter currents and

capacitor voltages, then vcd
∗,and vcq

∗ can be written from Eqs.
(16) and (17).

vcd
∗ = Loe

d
dt

(iod
∗)+ roeiod

∗−ωLoeioq
∗+vgd (24)

vcq
∗ = Loe

d
dt

(
ioq

∗)+ roeioq
∗+ωLoeiod

∗+vgq (25)

The grid reference current can be converted from a three-phase
system into two phases, so this current can be expressed as
components dq synchronous reference frame oriented with
grid voltage as following iod

∗ = I∗o, ioq
∗ = 0 and grid voltage

is given by vgd = Vg , vgq = 0. By substituting the aforemen-
tioned relationships into Eqs. (18)-(19) and (22)-(25) to get

v∗cd = roeI∗o +Vg (26)

vcq
∗ = ωLoeI∗o (27)

iid∗ = I∗o
(
1−ω

2CeLoe
)

(28)

iiq∗ = ωCeroeI∗o +ωCeVg (29)
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Sd =
2

Vdc

[
I∗o
{

rie
(
1−ω

2CeLoe
)
+ roe

(
1−ω

2CeLie
)}

+

Vg
(
1−ω

2CeLie
)]

(30)

Sq =
2

Vdc

[
I∗o
{

rieωCeroe +ωLoe +ωLie
(
1−ω

2CeLoe
)}

+

ωCerieVg
]

(31)

Equations (30) and (31) represented the switching function
in steady-state then to find the perturbation state must use the
Lyapunov function. The state variables are clearly defined
as x1 = iid − iid∗ , x2 = iiq − iiq∗,x3 = iod − iod

∗ = iod − I∗o,
x4 = ioq − ioq

∗ = ioq , x5 = vcd −vcd
∗, x6 = vcq −vcq

∗.

5) Lyapunov-function based control
The dynamics of a system near its equilibrium point are often
determined using Lyapunov’s direct technique. The equilib-
rium points of a three-phase grid-tied LCL-filtered qZSI is at
(x1 = 0 ,x2 = 0, x3 = 0, x4 = 0, x5 = 0, x6 = 0). This study
aims to establish a control approach that guarantees the over-
all asymptotic stability of a grid-tied qZSI at its equilibrium
point. The state variables converge to the equilibrium point as
the total energy of qZSI is continuously dissipated. The qZSI
receives its input energy (Ein) from the output voltage (Vdc)
of the qZS network. The energy expended by the components
ri, ro, R, and transistors of the qZSI system results in a loss of
a portion of Ein. Nevertheless, the excess energy is conveyed
to the grid, denoted as Eg.
Capacitors and inductors can store energy instead of releasing
it. Thus, the energy contained within the qZSI is allocated
among the components of the LCL filter, namely the inductor
(Li), capacitor (C), and output filter (Lo). This implies that a
portion of Ein is transferred through the interchange of energy
stored in the components (∆ELi, ∆ELo, and ∆EC) in a bidirec-
tional manner until the overall energy dissipation approaches
the equilibrium point of the qZSI.
The control strategy ensuring the overall stability of the grid-
tied qZSI is determined by employing Lyapunov’s direct tech-
nique. Lyapunov’s direct technique uses a scalar energy-like
function known as the Lyapunov function, represented by V
(x). According to this approach, a system can be ensured to
be asymptotically stable globally if the Lyapunov function
fulfils several requirements such as V(x) = 0, V(x)> 0 at all
x ̸= 0, V(x)→ 0 as |x| → ∞ ,V̇(x) < 0 at all x ̸= 0. Substi-
tuting the state variables and Eqs. (20)-(25) into Eqs. (14)-
(19) and assume Lie −Li = L̃i , Loe −Lo = L̃o, rie − ri = r̃i,

roe − ro = r̃o,and Ce −C = C̃ yield

Liẋ1 =−rix1 +ωLix2 −x5 +
Vdc

2
∆sd + L̃i

d
dt

(iid∗)+ r̃iiid∗−

ωL̃iiiq∗

Liẋ2 =−ωLix1 − rix2 −x6 +
Vdc

2
∆sq + L̃i

d
dt

(
iiq∗

)
+ r̃iiiq∗+

ωL̃iiid∗

Loẋ3 =−rox3 +ωLox4 +x5 + L̃o
d
dt

(iod
∗)+ r̃oiod

∗−ωL̃oioq

Loẋ4 =−ωLox3 − rox4 +x6 + L̃o
d
dt

(
ioq

∗)+ r̃oioq
∗+ωL̃oiod

∗

Cẋ5 = x1 −x3 +ωCx6

Cẋ6 = x2 −x4 −ωCx5

(32)

A Lyapunov function with energy-like properties can be con-
structed for this system in the following manner.

V(x) = ∆ELi +∆ELo +∆EC =
3
2

Lix1
2 +

3
2

Lix2
2+

3
2

Lox3
2 +

3
2

Lox4
2 +

3
2

Cx5
2 +

3
2

Cx6
2

(33)

It is evident that the first three features described above are met
in Eq. (33). To fulfil the fourth requirement, the function V̇(x)
needs to be determined. Now, differentiating the function v(x)
and substituting Eq. (32) yield

V̇(x) =
3
2

x1 Vdc∆sd +
3
2

x2 Vdc∆sq −3ri
(
x1

2 +x2
2)−3ro

(
x3

2+

x4
2)+3L̃ix1

[
d
dt

(iid∗)−ωiiq∗
]
+3L̃ix2

[
d
dt

(
iiq∗

)
+ωiid∗

]
+

3L̃ox3

[
d
dt

(iod
∗)−ωioq

∗
]
+3L̃ox4

[
d
dt

(
ioq

∗)+ωiod
∗
]
+

3r̃i
[
x1iid∗+x2iiq∗

]
+3r̃o

[
x3iod

∗+x4ioq
∗]

(34)

Assuming perfect matching between actual and estimation
parameters the Eq. (34) can be modified by following

V̇(x) =
3
2

x1 Vdc∆sd +
3
2

x2 Vdc∆sq −3ri
(
x1

2 +x2
2)−

3ro
(
x3

2 +x4
2) (35)

It is apparent that the fourth feature, which is the negative
definiteness of V(x), would always be ensured if ∆sd and ∆sq
were selected as

∆sd = KdVdcx1 (36)
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∆sq = KqVdcx2 (37)

Where Kd < 0 and Kq < 0 are constant.
While Eqs. (36)-(37) can ensure global stability, if there is
a parameter mismatch, it is advisable to choose Kd and Kq
to be as large as feasible in order to have dominance over
the last term in Eq. (34), ensuring that the criterion for V̇(x)
to be less than zero is guaranteed. The level of resonance
damping is unsatisfactory, in order to address the issue of
resonant damping, the authors in [19] suggested incorporating
the capacitor voltage feedback into the perturbed switching
function in the following manner.

∆sd = KdVdcx1 −Kcdx5 (38)

∆sd = KqVdcx2 −Kcqx6 (39)

Where Kcd > 0 and Kcq > 0 are constant. Now, substituting
equations (38)-(39) into (35) and assume Kd = Kq and Kcd =
Kcq gives

V̇(x) =
3
2

Vdc
2 Kd

(
x1

2 +x2
2)− 3

2
VdcKcd (x1x5 +x2x6)−

3ri
(
x1

2 +x2
2)−3ro

(
x3

2 +x4
2)< 0

(40)

Then, considering that r1 and r2 contribute to an extra passive
damping effect, the stability of the Lyapunov function would
be at its worst if r1 and r2 were not there.

Kcd = Kcq >
VdcKd

(
x1

2 +x2
2
)

(x1x5 +x2x6)
(41)

Therefore, the total switching function, which includes both
steady-state switching function and perturbed switching func-
tion, may be expressed from Eqs. (30)-(31) and Eqs. (38)-(39)
yield

sd =
2

Vdc

[
I∗o
{

rie
(
1−ω

2CeLoe
)
+ roe

(
1−ω

2CeLie
)}

+

Vg
(
1−ω

2CeLie
)]

+KdVdcx1 −Kcdx5

(42)

sq =
2

Vdc

[
I∗o
{

rieωCeroe +ωLoe +ωLie
(
1−ω

2CeLoe
)}

+

ωCerieVg
]
+KqVdcX2 −KcqX6

(43)
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Fig. 8. Control using a Lyapunov-based function.

It is important to mention that the control laws in Eqs. (42)-
(43) can accomplish the intended control objectives if the dc
link voltage of the qZS network is regulated to the correct
level as shown in Fig. 8 (which should be higher than the peak
voltage at the inverter output) and the reference function (I∗o)
is accurately produced.

6) Control of qZSI network by shoot-through method
The regulator of shoot-through duty ratio (DST) is basically
in performance wanted operation of the qZSI network, to
realize this, the inductance current and capacitance-voltage
can be controlled in a circuit. Proportional-Resonant (PR)
control can be utilized for this purpose. The fact that a PR
controller demonstrates excellent performance in accurately
following a reference sinusoidal signal is widely recognized.
The transfer function of an ideal (PR) controller is shown in
equation below.

GPR(s) = Kp +
2 Krs

s2 +ω2 (44)

The variables Kp and Kr represent the proportional and reso-
nant gains, respectively. The symbol ω represents the resonant
frequency. If the frequency of the reference grid current is cho-
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Fig. 9. Control using a Lyapunov function that incorporates
shoot through states.

sen as ω , then the PR controller, as specified in equation (44),
provides an infinite gain at the resonant frequency ω . This
ensures that the grid current precisely follows its reference
without any inaccuracy in the steady-state [19]. Nevertheless,
it is impractical to implement a PR controller with unrestricted
gain. Hence, the subsequent imperfect transfer function is
employed in practical applications.

GPR(s) = Kp +
2 Krωcs

s2 +2ωcs+ω2 (45)

The system utilizes two proportional-resonant (PR) controllers
that function based on errors in capacitor voltage and inductor
current as described below.

GPR1( s) =
IL1

∗

vC1
∗−VC1

= Kp1 +
2 Kr1ωcs

s2 +2ωcs+ω2 (46)

and

GPR2( s) =
DST

IL1
∗− IL1

= Kp2 +
2 Kr2ωcs

s2 +2ωcs+ω2 (47)

The cut-off frequency is represented by ωc, the resonant fre-
quency is represented by ω , and Kp1,Kp2,Kr1 and Kr2 are pro-
portional and resonant gains, respectively. The shoot-through
states may be produced by comparing the complement of the
duty cycle ( 1−DST ) with the triangular carrier waveform
used for generating PWM signals for the inverter switches as
shown in Fig. (9).

III. RESULTS OF THE SIMULATION

The simulations of qZSI with LCL-filter-based three-phase
grid-connected VSI demonstrate the effectiveness and utility

TABLE I.
SYSTEM PARAMETERS

Symbol Value
DC link voltage, Vdc 800 V

Inductance on the side of
the inverter, Li

1.4 mH

Inductance on the grid
side, Lo

0.5 mH

Capacitance of the filter,
C 50µF

Inverter inductor
resistors, ri

0.1Ω

Grid inductor resistors, ro 0.05Ω

Switching frequency 12.5 kHz
Amplitude of the grid

voltage, Vg
230∗

√
2

Inductances of the gZS
network, Ll,L2

500µH

Capacitances of the gZZ
network, C1,C2

400µF

of the suggested control technique. The simulations were
done using Matlab/Simulink. A phase locked loop (PLL) is
utilized to produce the current reference that is synchronized
with the grid voltage and frequency. The switching function
of the proposed control method is computed after produc-
ing the requisite reference signals

(
iid∗, iiq∗,vcd

∗ and vcq
∗)

and used Lyapunov function based control. Next, the PWM
signals are generated by comparing the calculated switching
function with a carrier wave that has a frequency of 12.5
kHz . The controller gains were assigned the following val-
ues: Kd = Kq = −0.004, Kcd = Kcq = 4, Kp1 = 1.5, Kp2 =
3,Kr1 = 80, Kr2 = 500, and ωc = 1rad/s. The system param-
eters are shown in Table. I.
Figures (10)-(12) illustrate the dynamic behaviour of the

grid voltages and currents when the grid current reference
amplitude ( I∗o ) is increased from 15 A to 30 A at 0.3 sec .
Fig. 10 displays the simulated steady-state responses of the
grid voltage and current produced using the Lyapunov-based
control method with proportional-resonant (PR) control of
qZSI (without capacitor voltage loop). It is assumed that the
estimated lower control limit (LCL) parameters are in agree-
ment with the actual parameters. The relationship between
the injected grid current and the grid voltage is evident as they
are in phase. The oscillations observed in the grid current
indicate that the Lyapunov-based control technique, using PR
control of qZSI, fails to effectively mitigate the resonance.
Fig. 11 displays the simulated steady-state responses of the
grid voltage and current achieved by the suggested control
approach with the capacitor voltage loop, assuming that the
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Fig. 10. Simulation of three-phase grid voltage and grid
current without capacitor voltage loop.

predicted values are in agreement with the real parameters.
By comparing the grid currents shown in Fig. 10 and Fig.
11 , it is evident that the grid current achieved by the sug-
gested control approach does not exhibit oscillations. This
indicates a significant improvement in resonance damping.
Fig. 12 displays the simulated steady-state responses of the
grid voltage and current using the suggested control approach
with the capacitor voltage loop. These responses are pro-
duced when the estimated parameters deviate from the real pa-
rameters by 15%( Lie = 1.61mH, Loe = 0.575mH , rie =
0.115Ω, roe = 0.0575Ω, and Ce = 57.5µF ). The control sys-
tem is most affected by parameter fluctuations when all of the
changes occur simultaneously. Regardless of the variations
in these parameters, the grid currents exhibit nearly the same
amplitude and are in phase with the grid voltages, as shown
in Fig. 11. The efficiency of Lyapunov-based control in fol-
lowing the grid current reference is demonstrated, even in the
presence of parameter fluctuations.

Fig. 13 displays the simulated response of V̇(x) in change of
reference current, which corresponds to the scenario depicted
in Fig. 12. Despite a 15% fluctuation in the parameters of
the LCL filter, the value of V̇(x) remains negative, indicating
that the suggested control method is globally asymptotically
stable.

The spectral analysis of the grid current, with a value of
I∗o = 30 A, is depicted in Fig. (14). The total harmonic
distortion (THD) of the grid current in phase a, as deter-
mined through simulation, was 0.09%, this is smaller than the
amount shown in [19]. It is known that the main component of
the grid current is approximately 30 A , indicating the absence
of any steady-state inaccuracy in the grid current. The other
components (3rd, 5th, and 7th) are insignificantly small.

Fig. 15 and Fig. 16 show the d-q axis grid current and
d-q capacitor voltage, respectively, in the d-axis synchronous

Fig. 11. Simulation of three-phase grid voltage and grid
current with capacitor voltage loop.

Fig. 12. Simulated response of three phase grid voltage and
grid current obtained by the proposed control strategy when
there is 15% variation in LCL filter parameters.

Fig. 13. Response simulating V̇(x) in two cycles.

reference frame. These graphs demonstrate the precise track-
ing of the actual signal to the reference value, with minimal
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Fig. 14. The spectrum of the grid current phase A.

overshoot and settling time.
Fig. 17 displays the steady-state responses of the qZS net-

Fig. 15. d-q axis grid current.

Fig. 16. d-q axis capacitor voltage.

work variables for VC1 = 600 V and VC2 = 200 V. Once
again, it is evident that the successful control of VC1 and VC2

Fig. 17. Responses of capacitors and output voltage of qZS
network variables.

has been accomplished and the total of the voltages across two
capacitors is equal to the input voltage applied to the inverter.
Fig. 18 illustrates the relationship between grid current total

harmonic distortion (THD) and Kcd, as determined through
scientific means, for various Io values. The total harmonic
distortion (THD) values observed for a current of 10A are
slightly higher than those reported for a current of 20A, given
the identical Kcd values. It is evident that Fig. 17 can be
partitioned into two distinct sections. Within the initial re-
gion, the total harmonic distortion (THD) of the grid current
reduces when the value ofKcd is raised from 2 to 4. As the
value of Kcd is raised from 4 to 6 in the second region, the
total harmonic distortion (THD) of the grid current begins
to rise. The evidence indicates that increasing Kcd can have
both beneficial and detrimental impacts on the damping of the
capacitor voltage loop.
The suggested control strategy has been compared to existing

linear and nonlinear control methods, including the active
damping method proposed in [4], the SMC-based control
method proposed in [8], the composite nonlinear feedback
control method proposed in [10], and the feedback-based PR
current control method proposed in [16]. Tables II presents
a summary of the comparison between four control methods
and the suggested control approach. The proposed control
approach, which combines both linear and nonlinear control
strategies, presents numerous advantages in comparison to
using linear and nonlinear control strategies alone.

IV. CONCLUSION

The suggested method utilizes a Lyapunov function to op-
erate a three-phase grid-tied qZSI (quasi-Z-source inverter)
with an LCL (inductor-capacitor-inductor) filter. While the
utilization of LCL filter offers notable benefits, it also presents
certain downsides, including the potential for instability and
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Fig. 18. The relationship between the total harmonic
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capacitor feedback loop (Kcd) is examined for different
values of I∗o.

TABLE II.
COMPARISONS BETWEEN FOUR CONTROL STRATEGIES
AND THE PROPOSED CONTROL STRATEGY.

Type of
comparison [4] [8] [10] [16]

Suggested
control

approach
Robustness unreported Excellent unreported unreported Excellent

Asymptotical
Global stability unreported

non-
existent unreported

non-
existent Guaranteed

Damping
resistor Not needed Not needed Not needed needed Not needed

Responsive
behavior Rapid Very fast Very fast Rapid Very fast

Harmonic
rejection Good

non-
existent

non-
existent

non-
existent Very good

heightened control intricacy. The suggested control mecha-
nism ensures the overall stability of the closed-loop system.
Furthermore, it incorporates two loops that are dependent on
the current loop of the ac-side inverter and the voltage loop
of the capacitor. These loops contribute to achieving a desir-
able level of damping performance. The control of the direct
current (dc) side is achieved by the utilization of a straight-
forward boost control mechanism. The closed-loop system
is regulated by integrating the shoot through states with the
PWM signal acquired by the Lyapunov function-based control
approach. Theoretical considerations have been confirmed
through computer simulations conducted during steady-state
operation and a sudden alteration in the amplitude of the ref-
erence grid current. The findings provided indicate that the

control strategy offered is highly effective in attaining the
required control objectives for grid-tied qSZI.
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