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Non-Linear Control of Quasi-Z-Source Inverter
with Battery for Renewable energy Systems Based
on Interconnection-Damping-Assignment Passivity-

Based Control

Gholam Reza Shahabadi', Mayjid Reza Naseh®’, Siavash Es'haghi3

Abstract-Due to the growing popularity of renewable energy sources, grid-connected inver
ters are becoming more and more common in distributed microgrid and smart-grid system.
The appropriate characteristics of Quasi-Z-source inverters (QZSI), including continuous inp
ut current, common DC rail, and high voltage gain, have made these inverters widely used
in the renewable energy system. A battery is necessary for renewable energy systems in o
rder to store energy when the demand for power is low. IN this study a configuration inv
olving a battery across one of the capacitors on the DC side is proposed, through which t
he DC control loop is adjusted. Also, Interconnection-Damping-Assignment Passivity-Based
Control (IDA-PBC)approach has been used to adjust the battery current/voltage and the out
put voltage. Compared to other controllers, the proposed controller can provide faster respo
nse and better stability for QZSI when the variation of input and load. In addition, the pr
oposed controller is not sensitive to the system’s initial operating point and is global asym
ptotic stability. The simulations and theoretical design show the effectiveness of the propos

ed controller.
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1. Introduction

Z-source inverters(ZSI) are a new-generation inverter
topologies that have been widely used in various
applications. The basic ZSI topology was first proposed by
F. Z. Peng [1]. QZSI are a modified version of ZSI that
offers improved benefits and features[2]. QZSI inherently
has all the advantages of ZSI. The advantages of QZSI in
comparison with ZSI are continuous input current, common
DC rail, high voltage gain, and reduction of stress of
passive components[3].In light of the traits mentioned,
QZSI topology is a highly attractive option for renewable
energy purposes. This inverter has been used in applications
such as photovoltaics, wind power, fuel cells, electric
drives, and hybrid vehicle[4]. In new renewable energy
systems, a battery is considered for energy storage. This
battery is designed to store energy during times when the
demand for power is low and the voltage level is
satisfactory. The voltage stored within the battery is used
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during the period of the short supply voltage. Most articles
focus on the design of QZSI with fewer components, higher
efficiency, higher gain voltage and reliability[5-7]. In[8]
controllers on the DC and AC side, is designed separately.
In [9]the structure of ZSI with a battery has been utilized
for electric vehicle systems. In [10] the structure of the
QZSI with battery has been used in order to utilize the
energy of the fuel cell. The topic of controlling the charging
current for the QZSI with a battery is rarely brought up.
The output voltage and charge current of the battery inside
the QZSI system with the battery have to be managed by
the shoot-through state, which complicates the control.
Until regulate the DC side voltage, various control
strategies, such as sliding mode control and PI control have
been studied[11, 12]. Therefore, the proposed controllers
are not applicable due to the integrity of the system under
study. The QZSI possessing a battery is a system with a
fifth-order nonlinearity. Therefore, it is necessary to design
a non-linear controller that is robust to uncertainties.

In this study, IDA-PBC approach was used to control the
output voltage and the battery current and voltage
considered in the configuration. The dynamic performance
of the system is analyzed for the different changes within
the system, including input voltage, battery current and
voltage, and AC load. The simulation result verify the
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efficacy of the proposed control. This paper is organized as
follows. The averaged state-space model of QZSI with
battery is introduced in Section 2. In Section 3, PCH and
IDA-PBC for the QZSI with battery have been investigated.
Section 4 presents the simulation results and examines their
implications. Finally, the conclusion is proposed in section
5.

2. Averaged state-space model of QZSI with
battery

The system configuration of QZSI with battery is
presented in Figurel. The QZSI consists of inductors
(L;,L,), capacitors (C;,C,), a variable input voltage

source (V;,) and a diode. The battery is connected across
C, .In this system, the battery charge current and DC

voltage are regulated using a shoot-through. The
modulation index control input is used to control the
injection current into the grid. The performance of QZSI is
as follows. QZSI operates in two modes for a defined range
of input voltages. One is a non shoot-through state, and the
other is a shoot-through state. In this configuration, all of
the capacitors and inductors are considered ideal. The
inverter section of the proposed topology is modeled by a
current source and a switch.

2.1 non shoot-through state

During the non shoot-through state interval, the inverter
will continue to function properly and only one of the two
switches in the inverter leg will be active at a time.
Therefore, the single switch is OFF and the QZSI
equivalent circuit is shown in Figure 2. The KVL and KCL
equations in this circuit are as follows:
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Fig. 1. Configuration of QZSI with battery for energy storage

Vi = Ve, VsV, = Ve
I,—I, (D)

Vi =Ve, TV,

ib
C2  ic2 :
i1
H
L1 -VC2+ L2
_r\"\"\"\ 3 T - Y Y .
+ VI - i1 VD1 FVLZ- s
%
5 ——

== Vin ; CD to

ic2

-

Fig. 2. Equivalent circuit in non-shoot through state

2.2 shoot-through state

During the shoot-through state interval, both switches of
a leg are activated at the same time, causing the output of
the impedance network to be short-circuited and the diode
to be reversed. Hence, the single switch is activated and the
QZSI equivalent circuit can be seen in Figure 3. The KVL

and KCL equations in this circuit are as follows:
Vi =Ve, VLV =V

i 2

in?
le, =71, 5lc, =71,
Vv, =V,

2.3 The state-space averaged model

Using Egs. (1) and (2), it is possible to derive the system
state-space equation.

X =A+Bu (3)
Mb
=-* b
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Fig. 3. Equivalent circuit in shoot through state

Where:
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The state vector includes five parameters as capacitor

voltage Ve, and Ve, s inductor currents?,, and iL2 , and the
battery charge/discharge currenti, . The state vector is:

s . . qT
X=[i, iy vg v bl (5)
In (3), u is the shoot-though ratio, and i is the AC load

current.
3. Port Controlled Hamiltonian System (PCHS)

In this section, we will model the QZSI provided by
PCHS. Dynamic systems with energy storage elements can
be described by the theory of PCHS as Eq. (6):

—[J(x)- R(x)]aH( x)

y =g (x)VH (x)

Whichu , X and y are the control, state, and output variables

+g (X u+¢ ©

of the system, respectively. y and u are called port variables
and the product of these two variables shows the power
injected into the system. In Eq.(6) H(x): R" — R is energy
function and is (H(0) =0, x # 0 H(x) > 0) .

Also J(x)€R™" an interconnection matrice and

R(x) e R™"is the damping or dissipation matrice. The

following relationships must be established for these
matrices:

Jx)=-J"(x)

; %)
R(x)=R (x)=0

g € R™™ demonstrates the kernel of the systems input

matrice. It is widely accepted that stability in a system

relies heavily on its passivity.“A system is called passive if

the supply energy to the system is at least equal or more

than the energy stored in that system for a particular time

interval”’[13].Mathematically this property is shown in Eq.

®):

dH(x) _ SH )
dt ox

(‘m 7 Ry 2

)y i=
5H( ) ®

)+u'y<u'y

The basic and important characteristic of PCHS systems is
the inherent inactivity and its stability. The Inequality (8)
indicate that the energy stored in a passive system is always
less than or equal to energy externally supplied to it, or in
other words, a passive system is unable to generate energy
[13].The energy balance equation (9) can be used to
demonstrate the rate of change of total energy, as indicated
in equation (8), by integrating the expression.

Hx (0)=HI[x (0)] = [u” (s)y (s)ds -

Stored 0

Supplied

oH [x (s)]

©)
[y g oy L)

0

)ds

dissipated

It can be deduced from Eq. (9) that the energy stored in the
system will always decrease due to dissipation until it
reaches its lowest possible value[14]. The goal of control in
these systems is to keep the system running close to the
desired performance level.

3.1 PCHS modelling

In order to design a passivity-based controller, it is
necessary to convert the system state space model to the
form shown in Eq. (6). For this purpose, it is necessary to
adapt matrices J,R and g by comparing Egs. (4) and

(6).



20 Non-Linear Control of Quasi-Z-Source Inverter with Battery for Renewable energy Systems Based on Interconnection...

0 m 0
LG
0 0 0 m 0
LZCZ
J(x) = Loy 0 0 0
LG,
0 ! 0 0o L
0 0 o L
| LC, |
R(x)=0eR>S
[ X3 +X4 i i Vin ]
L L
X3+ Xy 0
L, —i,
gx)=|i,—x—x [,6=| C
G i,
I, =X — X, C2
G, -,
—_b 10
0| vl (10)

3.2 IDA-PBC theory

As Eq.(6) indicates, in systems shown by Hamiltonian theory,
the energy exchange of the system is performed using J and
R matrices. The purpose of the IDA-PBC is to devote a
desired energy function with a desired equilibrium point
X4 by modifying the interconnection matrix J,(x) ,

damping matrix R,(x) and control law [13].The

resulting closed-loop system is shown in (16):

¥ =, )R, ()} ) (1)
Which:

J,(0) =l () +J, ()] =7 (x),
R,(x)=[R(x)+R,(x)]=R; (x)>0, (12)

H,(x)=[H(x)+H,(x)]=0

Matrices and Functions the d subtitle is the desired matrices
and functions. The new energy function denoted by
H,(x) as a minimum point inX (H(X) = argminH, (x))

such thatX e R". The desired balance point where the
system needs to be stabilized is X .In this method of
designing, a new energy function, interconnection matrix,
and damping are all established. The open loop energy

function of the system is transformed into a close loop

energy function based on Eq. (12). H,(x),J,(x) and

R, (x) are designed such that:

J,(x)=-J" (x) (13)
R,(x)=R] (x) (14)
H,(x)=H, (x) (15)

that J,,(x) and R, (x) are matrices that are both additively
skew-symmetric and additively positive definite symmetric,
respectively. To reach the desired dissipative and
interconnection matrices for close loop system can J, (X)
and R, (x) are designed based on Eq. (12). From Eq. (6)

and (10), the following expression is derived.

[J(x)— R ()+g(x)u+§=

aH (x) (16)

[/, ()= R, (X)]———

Therefore, substituting Eq. (12) into Eq. (16) yields:
(J=R)VH,=~(J,~R)VH, +g(xu+& (17)

By selecting the appropriate J, and R, matrices, the
control input can be calculated as the Eq. (18):

u(x) = g T, (x)~ R, (x )}aH () |
(18)
() - Ry a2,y
Oox
Where:
= (e () ()} g () (19)

3.3 Controller design based on IDA-PBC

In this section, we select the interconnection and
damping matrices in order to achieve the control objectives.
Let x,,(1=1,2,3,4,5) denote the desired equilibrium

states of the close-loop system. The desired close loop
energy function is defined as:

1 1 2
Hd(x):ELl(xl—de)2+5L2(x2—X2d) +

1 1
Ecl(x3_X3d)2 +EC2(X4_X4d)2+ (20)

1
EL(xS—XSd)Z



Journal of Applied Dynamic Systems and Control,Vol.6, No.3, 2023: 17-24 21

The values of battery current and capacitor voltage that are
parallel to the battery are selected as desired. By setting Eq.
(4) to zero, the other values are selected as follows:

KXsy =1, ref
X4q =V ref
X3d :Vin +Vbref (21)
.V [, +V, 1
de — (Vm bref ?/o bref ~ bref + Ibnef
in
X — (Vin +Vbref )Io +Vbref Ibref
1d V.

m

One solution is to choose the interconnection and damping
matrices as (22):

J,=0eR>™

(22)
R, =diag[r, v, ry 1, 1]

Therefore, the damping and interconnection desired
matrices can be defined as:

R, =diag([r,,1,,75,7,,75] (23)

Ty =J (24)

a

By specifying the desired connection and damping mat
rices, the control input can be determined using (18).

3.4 Proof of stability

To wvalidate the proposed control technique, the
derivative of the suggested Hamiltonian function must be
negative. The derivative of the function is calculated and
shown in (25).

H,=(VH,(x)) %= {VH,(x)}'
{J,(x)=R,(x)}{VH ()}

AsJ (x) possess a skew symmetric property in PCH form,

(25)

it may be manifested that:
T

{VH,(x)} J,(x){VH,(x)}=0 (26)
In addition, R (xX) is appositive definite matrice so:

: T
H,(x)=—{VH,(x)} R,(x){VH,(x)}<0 (26)
Therefore, according to Eq. (26), the asymptotic stability of
the system can be proved.

4. Results and discussion

This section provides simulations and their results to
analyze the transient and steady state responses of the
suggested controllers. Inverter and controller parameters are

considered according to Table 1. The parameters used in
Table 1 are selected based on the values in[11]. All of the
simulations were performed using the MATLAB/Simulink
toolbox (2018 version). Battery current and capacitor
voltage that are parallel to the battery are considered as
outputs.

Table 1.Nominal specifications of the QZSI with battery

Description Symbol Value
Input voltage V. 100v —200v
m
Reference current of battery Thref 104
DC-side inductors L=I 400H
DC-side capacitors G =C S00uF
Inductance L 40uH
Steady-state voltage of vp 20v—28v

battery

4.1 Steady-state response

Considering the parameters of the QZSI with battery in
Tablel, the steady-state response of the IDA-PBC is
illustrated in Figure. 4. The reference voltage and current of
the battery are respectively 20 V and 10 A. Also, the
nominal value of the output current is considered to be 10
A.As shown in Figure. 4, the designed controller has a zero
steady-state error in tracking the battery reference current
and voltage. In Figure. (c) and (d) of Figure. 4, the values
20% higher and lower than the battery voltage and current
are displayed in green. As seen in Figure. 4, within a short
period of time, the voltage and current of the battery remain
within a range of 20% of their permanent value. The control
indicators for this situation are presented in Table 2.

4.2The step-change of input voltage

In this case, QZSI is started with the battery in nominal
condition. It is assumed that step changes in input voltage
are applied from 100 to 300v. According to the results
presented in Figure. 5, it can be seen that the controller
response is stable and has a steady-state error of zero in
tracking the battery reference current and voltage. It is also
stable when changing input and has an acceptable transient
response. In Figure. (¢) and (d) of Figure. 5, the values 20%
higher and lower than the battery voltage and current are
displayed in green. As seen in Figure. 5, within a short
period of time, the voltage and current of the battery remain
within a range of 20% of their permanent value. The control
indicators for this situation are presented in Table 2
4.3 The step-change of reference current of battery



22 Non-Linear Control of Quasi-Z-Source Inverter with Battery for Renewable energy Systems Based on Interconnection...

In this test, the stability and robustness of the designed
QZSI with the battery during the change of the reference
current of the battery are investigated. The reference current
of battery value is changed from 10 to 12 A at t =1s, which
is more than a 20% variation around the operating point.
According to the results presented in Figure. 6, it can be
seen that the controller response is stable, and has a zero
steady-state error in tracking the battery reference current.
In addition, it is stable during the changing reference
current of the battery and has an acceptable transient
response. In Figure (c) and (d) of Figure6, the values 20%
higher and lower than the battery voltage and current are
displayed in green. The control indicators for this situation
are presented in Table 2.

4.4 The step-change of reference voltage of battery

In addition, to study the stability and robustness of the
developed IDA-PBC reference voltage of the battery is
stepped from 20 to 28v at t = 3s. The Figure 7 shows that
the controller designed for altering the reference voltage of
the battery produces a consistent and satisfactory transient
response. In Figurer(c) and (d) of Figurer 7, the values
20% higher and lower than the battery voltage and current
are displayed in green. As seen in Figurer 7, within a short
period of time, the voltage and current of the battery remain
within a range of 20% of their permanent value. The control
indicators for this situation are presented in Table 2.
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Fig. 4. Simulation result in steady-state condition

4.5 The step-change of current load

In this test, the stability of the QZSI designed with the
battery when changing the load current is investigated. The
nominal value of the output current changes from 10 to 15
A at t = Is. The graph in Figure 8 shows that the controller
is stable, and after a brief period, the current and voltage of
the battery reach their desired values. In Figure (c) and (d)
of Figure 8, the values 20% higher and lower than the
battery voltage and current are displayed in green. As seen
in Figure 8, within a short period of time, the voltage and
current of the battery remain within a range of 20% of their
permanent value. The control indicators for this situation
are presented in Table 2.

4.6 The step-change of input voltage, reference current
of the battery, the reference voltage of battery and
current load

In the performed simulation, the initial operation point of
the system has been chosen randomly. In this situation, the
battery voltage and current, input voltage, and load all
change stepwise one second after the start of the simulation
simultaneously. In Figurer(c) and (d) of Figure 9, the values
20% higher and lower than the battery voltage and current
are displayed in green. As seen in Figure9, within a brief
interval, the voltage and current of the battery remain
within a range of 20% of their permanent value. The control
indicators for this situation are presented in Table 2.
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Fig. 5. Simulation result for step change in input voltage
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Fig. 6. Simulation result for step change in reference current of battery

5. Conclusions

In this study, the effectiveness of placing a battery
parallel to the capacitor in a QZSI has been investigated. To
control the circuit, a passivity-based controller with
interconnection and damping matrix is used to regulate the
battery current and voltage. Because this controller is
designed based on the large-signal model of the system, it
ensures stability over a wide range. Simulations show that
the designed controller is robust to changes in different
variables, such as input voltage, input current, voltage
reference of the battery, and load current. Thus, it is
demonstrated that the QZSI with a battery can be easily
implemented in renewable energy systems where the
voltage of the source fluctuates significantly. In future
work, the proposed system can be practically implemented
using the introduced control method. Moreover, the effect
of parasitic elements must be taken into consideration
during the control analysis. To make the system more
realistic, a model of renewable systems should replace the
input voltage source.
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Fig. 7. Simulation result for step change in reference voltage of battery
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Fig. 8. Simulation result for step change in load current

Table 2. Variations of input voltage, reference current of the
battery, reference voltage of the battery and current load

Subnumber Vb 1b
of Settling-  Rise- Steady-  Settling- Rise- Stea
simulation Time Time state Time Time dy-
Error state
Error
4-1 20ms 0.3ms 0 30ms 2.2ms 0
4-2 10ms 0.3ms 0 20ms 2.2ms 0
4-3 20ms 0.3ms 0 6.6ms 2.2ms 0
4-4 20ms 0.4ms 0 40ms 2.2ms 0
4-5 9ms 0.3ms 0 20ms 2.2ms 0
4-6 10ms 0.4ms 0 30ms 2.2ms 0
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Fig. 9. Simulation result for step change in input voltage, reference current
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