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Indirect-Adaptive Sliding-Mode Voltage Control
of the Switched-Inductor Z-Source Inverter

Mehran Jelodari Mamaghani **, Mojtaba Hajihosseini 2and Husam Shaheen 3

Abstract— This research presents a new sliding-mode adaptive
technique for stabilization of the output voltage of a single-phase
Switched Inductor Z-source Inverter (SIZSI) as an interface in
renewable energy sources. The proposed method is based on a
sliding mode controller modified by an online adaptation of
uncertain inverter parameters. The sliding mode controller
improves the system's robustness in the face of external
disturbances and preserves the system's output for any load, such
as linear, nonlinear, and even changing loads. The proposed
approach has been simulated in MATLAB/Simulink software
package to show the controller's performance. The comparison
results with the traditional sliding mode control have been
conducted to validate the proposed method's superiority in
resolving problems such as adaptive and robust against
instantaneous deviations of input voltage and output current. The
presented sliding-mode adaptive control technique shows a more
efficient dynamic response to the system and less Total Harmonic
Distortion (THD) than traditional controllers.

Index Terms— Impedance source inverter, switched inductor Z-
source inverter (S1ZSl), voltage control, sliding mode control,
indirect adaptive control.

I. INTRODUCTION

HE importance of power quality has been rising due to the

technological development in the Distributed Generation
(DG). Renewable energy has different sources such as
photovoltaic, biomass, wind, fuel cell, geothermal energy,
combined heat and power, cooling, heat as well as power, and
flow energy. When distributed generators, with their different
types and technologies, are interconnected to the utility
distribution system, some issues might arise [1], making it
challenging to maintain high power quality. For this reason,
power electronic converters, power conversion, and voltage
control in power systems have increased significantly.
Although DGs are complex systems, they have advantages like
reducing the cost of energy and demand. DGs also increase
reliability as uninterruptible and reserve power, reducing the
distribution and transition network's loss, providing reactive
power and power quality improvement, heat, and synchronal
electricity generation. DGs are also beneficial for decreasing
environmental pollution and greenhouse gases, such as CO2,
and for fast response time and operation in the islanding
network.
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Due to the interconnection between different types and
technologies of renewable energy sources, power electronics
converters are necessary to convert the generated energy from
renewable energy sources to DC power. DC power is
transferred to the main power network after passing through
different inverter and converter controllers based on DG type.
The main challenge of DGs is the microgrids (MGs) operation
with varying load characteristics and batteries in on-grid and
islanding modes. DGs must be equipped with a controlled
Voltage Source Converter (VSC) to overcome this challenge.
Besides that, DGs need to satisfy the following conditions.
According to IEEE-519 and IEC 62040-3 standards, the THD
must be less than 5% for nonlinear loads. To meet these
standards, the low-order harmonics must effectively be damped
by a closed-loop controller from second to thirteenth
frequencies. The controller should also properly regulate output
voltages against input voltage and output current instantaneous
deviations. As a result, a control system with the desired
dynamical reaction is essential to update reference signals to
reduce THD.

Impedance networks present an efficient means of power
conversion between source and load in a wide range of power
conversion applications. Different Z-source networks have
proposed multiple methods and topologies. For example,
adjustable drive speeds [2-3], uninterruptible power supply [4-
5], distributed generation (fuel cell, photovoltaic (PV), wind,
etc.) [6-7], battery or supercapacitor energy storage [8-9],
electric vehicles [10-11], DC power distribution systems [12],
the automatic pilot [13], flywheel energy storage systems [14],
electronic loads [15], DC circuit breakers [16], etc. Multiple
converter topologies with buck, boost, buck-boost, DC, AC,
isolated, and non-isolated converters are accessible with the
correct implementation of the impedance source network and
various switching devices and topologies [17]. The initial
impedance source network can be generalized as a network with
two compound elements of linear energy storage consisting of
capacitors and inductors. However, various network
configurations may improve the circuit performance by adding
various nonlinear elements to the impedance network, such as
diodes, switches, or a mixture of both. The primary impedance
source inverter has limitations in boost factor due to the
constraint of low modulation index (M) and high duty ratio (D)
[18]. In [17], the authors have proposed many topologies to
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tackle this limitation. One of these topologies, which is based
on the impedance-source inverter, is the SIZSI. The problem of
D and M conflict in the primary impedance source inverter has
been solved using this topology [18].

Based on the classic ZSI (Z-source Inverter) impedance
network inverter, a new topology known as the impedance
network inverter with a switched inductor (Sl) is presented in
[18], which significantly increases the ability of voltage boost
inversion. [19] presents a controller design method based on a
power plant's nominal transformation function for a DG unit
that operates in islanding mode. This method is suitable for an
expected and balanced load but does not

cover large load oscillations. A statefeedback controller has
been used to regulate the uninterruptible power supply (UPS)
inverter in [20-22]. However, it suffers from slow response and
lacks an asymmetrical method for dynamical stability. In [21],
a control strategy is presented, which is replaced by a
feedforward compensator component, decreasing load
disturbance noticeably and simplifying the controller design.
However, it is used only for balanced loads. In [23], a slide
mode controller (SMC) has been designed to stabilize the
output of a Quasi-Z-source converter. However, the SMC
controller proposed in [23] faces the chattering phenomena
which degrade the converter's output.

Regarding power electronic converters and their role in DGs

to increase power quality and reliability of systems, we aim to
improve the system reliability based on a combination of
nonlinear control methods. Given the problems of switching
and reducing output voltage in traditional inverters, which have
caused limitations in the industry, individual abilities of
impedance network inverters are used to mitigate the mentioned
limitations. The proposed methods which work on SI1ZSI in the
literature have focused mainly on changing and improving
converter topologies, and voltage regulation is made mostly by
PWM. Therefore, we present a new controller design method
based on the adaptive sliding-mode approach for SIZSI.
Compared with the conventional sliding-mode control, our
proposed method regulates a converter in an extensive range by
itself and has high output efficiency. Furthermore, the output
power quality has been improved due to the controller's fast
performance.
This paper is organized as follows: the second part describes the
performance of the ZSlI's fundamental control associated with
the SIZSI. In the third part, the impedance network inverter via
Sl topology and voltage controller is explained by the indirect
adaptive control method. In the fourth part, the simulation
results are presented. The step-to-step scenario for SIZSI is
based on the adaptive control method, and then a sliding mode
control case has been given. The conventional single-phase
inverter has been compared with the proposed new method with
the existing sliding-mode methodology. In the end, the
concluding remarks are presented.

|. Z-SOURCE IMPEDANCE NETWORK INVERTER

As shown in Fig. 1, the classical Z-source impedance
network three-phase inverter topology consists of isolated
inductors and capacitors linked in the X-form. Therefore, the
switching operation introduced a shoot-through state for the

upper and lower arms. With the rapid advancement of modern
technologies, these forms can be seen. As a result, more
applications of impedance network inverters are limited in
some fields, which require high convertibility abilities, such as
fuel cells, photovoltaic systems, and batteries.
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Fig. 1: Classic impedance network: the three-phase inverter topology.

In the past few years, advanced DC-DC conversion
techniques such as Switched Capacitors (SC), Switched
Inductors (SI), hybrid SC/SL, voltage multiplier cells, and
voltage increase methods have frequently been studied. The
objective is to reach a simple structure with high power density
and efficiency. Therefore, integrating classic Z-source inverters
and advanced DC/DC conversion promotion methods can be an
excellent solution to improve the efficiency of Z-source
inverters and their industrial applications [19].

A. Switched inductor Z-source inverter (SIZSI)

As mentioned earlier, SIZSI is proposed to tackle the
limitations caused by the insubordinate voltage in the classical
Z-source inverter wild voltage. The switched SI method has
been combined with the classical Z-source inverter in this task.
Therefore, a SIZSI is presented in this research. As shown in
Fig. 2, the proposed inverter contains four inductors (L1, L2,
L3, and L4), two capacitors (C1 and C2), and six diodes (D1,
D2... D6). L1-L3, D1-D2-D3, and L2-L4, D4-D5-D6 perform
high and low SL cell activities. Moreover, both SL cells store
and transfer energy from capacitors to the DC bus under the
main circuit's switching operations. The utilization principles in
the primary circuit's switching states in the impedance network
with SL are similar to the utilization principles of the classic
impedance network. The single-phase SIZSI control schematic
is shown in Fig. 2, which this paper proposes. In [18], the
topology and operational principles are fully explained.
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Fig. 2: The schematic of the Switched inductor Z-source with a single-phase
inverter.
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Energy is saved in the inductances of the impedance network
by the dotted line in the yellow part when there is no resistance
in the circuit. To obtain suitable efficiency in experimental
circuits, It would be better than the saved energy returns to the
source. In the impedance network with the dotted line in the
yellow part, D;,, sends back the imprisoned energy in the circuit
to the source. The capacitors C; and C, save energy, then damp
the current impulse waveform similar to L,, L,, L3, L,, which
leads to damping voltage impulse waveform. In high-power
applications, the current flow is achieved by diodes' parallel
connection. Based on the voltage drop on each D, — Dg, the
current is divided into diodes. The flowchart of the SIZSI with
the adaptive sliding mode controller is shown in Fig.3. From
this figure, it can be seen that the microgrid can work either in
an islanded mode. In this case, the output power of the inverter
is supplied directly to the load or in a grid-connected mode,
where the output power is supplied to the primary grid.

Il. THE SYSTEM MODEL AND CONTROL STRATEGY

A. The single-phase SIZSI dynamic model

To obtain the dynamic model of the system, Kirchhoff's
Voltage Law (KVL) is given in Fig. 2. as follows:

Ve+ Vot Vy— Vigy =0 (1)
K
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Fig. 3: SIZSI flowchart with the proposed adaptive sliding mode controller.

where Vi , V,, V, and V,,, are the resistor voltage, the
inductor voltage, the grid voltage, and the inverter output
voltage. So, regarding Fig.2, we have:

L =L—
Ve =R=*i
va - quc

i
R+iL+LdtL+14, —uV, =0
di, 1 _ (3)
2r = R =V +ubee)

The inverter output current i, is considered as the state
variable, u the discrete input control signal, R, and L are
transmission line resistors and inductors, respectively.

B. Designing the proposed controller

Eqg. (4) is considered as the inverter dynamic in this
section, which is linearized from Eq. (1). Here, R and V. are
uncertain parameters of the system.

R V.
——x+ Xy 4)

) L

It is assumed that x is measurable. However, an estimator
has been used to facilitate the design of parameters matching
rules for R and V. . R and V,, are estimation parameters of R
and V.. It would be shown that R —» R and V. - V. . For this
purpose, this estimation is considered:

R u_
= - zx+ ZVdC + Ka(x— f) (5)

-

where K, is the observer gain and X is the x estimator, so we
have:

X=x
R=R-R (6)

By putting (6) into (5), we have:

d ~ (R-R) ~
S x=x=- (x—x)+%(VdC—
" v Fo R Rg R Rg
Vie) + K& > —% = PR R S s -
u U ~ . < R R . R
ZVdC—ZVdC+Kax—x—>x=zx—zx—zx+
R L u U ~ .
Zx_ZVdC+ZVdC_K“x+x
By putting (4) into (6), we have:
§=Ry Ry R LRy u Ypoo_
x—RLx ‘L/x Lx+Lx LVdC+LVdC
=~ dc
KX +-x+ —~u ) 8)
~ R u_ ~
—>x=—zx+ZVdc—Kax

The following Lyapunov function is studied to create the
adaption law:
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_1,-2, 1 52 1 2
V=sL&+ R+ -V 9)

where y; >0 and y, > 0. The time derivative of the
Lyapunov function needs to be negative to meet stability. Thus:
. . 1

V =LXx +

P 1 &2 ~
—RR + - VycVae < 0 (10)

By putting (8) into (10), we have:

To eliminate the parameters in parentheses:

VL1 . (12)

To define the sliding-mode control law, the switching
surface is defined as follows:

. ~ 1 2o~ L ~ R (13)
V= %(—Rx +uVy — K,L%) +—RR 0 = Ugqg = 5~ (KX +7X)
]/1 dc
1. . . . .
+ — V3 Ve Finally, the control signal would be defined as:
Y2
. . 1. u=- u,, — K.sign(S
- V = KL% + (—Rx% + uVy %) + —RR eq — Kssign(s) (14)
V1 (11)
1. .
+ ),_ZVdCVdC I1l. THE SIMULATION RESULTS
. 1 -\ - i i i
SV = KL%+ (—xi n —R) B+ (x At first, the performance of the SIZSI is examined by
Y1 applying the proposed controller under ohmic, ohmic-
+ i 7 )W inductive, and nonlinear load in sections 4-1. The controller and
y, e/ide system parameters are described in Table I.
TABLE
Controller and System Parameters.
Parameter Introduction Value
F Switching frequency 15000Hz
Voc DC voltage input 110V
o Voltage angular frequency 314.16
L Filter inductive 22 mH
C Filter capacitor 250 puF
Ly, Lo, L3, Ly Inductance of SIZSI 1mH
Cy, Co Capacitor in SIZSI 300uF
Diode in SIZSI
Din, D2...Ds Vs Ron Rs Cs
0.8 0.001 500 250 nF
Thyristor in inverter
le T2: T3v T4 Ron Rs Cs
1x 1073 100000 inf
MOSFET in MB method
MOSFET ;6 Ron Rd Rs Lon I \ Cs
0.10 0.010Q 1x 0 0 0 inf
105
A 15000
Kv Control parameters 0.8
Ks 0.9

A. The controlling scenario for SIZSI based on indirect
adaptive control

Six steps consider a scenario for showing the controller's
performance under different load characteristics. In this
scenario, no load is connected to the inverter output from the
simulation time to 0.1 seconds (the first step). From seconds 0.1
to 0.3, the first ohmic load enters the circuit (the second step).
From 0.3 to 0.5, the second ohmic load is added (the third step).
The ohmic-inductive load is added from 0.5 to 0.7 seconds (the
fourth step). At 0.7, the loads leave the circuit (the fifth step).
At 0.8 seconds, the nonlinear load connects to the circuit and
remains in the circuit for 1s, which is the end of the simulation

(the sixth step). Table II shows the steps and the scenario of the
simulation by SIZSI.

Fig. 4 shows the proposed control method's load and
reference voltage waveform. In the zoom-out case of Fig. 4, the
output signal of the inverter follows the reference signal, while
it has a fast and suitable reaction just 0.006 s after the beginning
of the simulation. This shows the fast response of the proposed
controller to the system. Fig. 4 (a) shows that the output voltage
of the inverter has a constant amount throughout the simulation,
which, despite load variations, indicates that the controller is
robust and adaptive to load variations. Compared to the input
DC source shows no decrease, which reflects the advantage of
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the impedance network inverter/ SIZSI over the traditional
inverters.
TABLE Il
Scenario of the Simulation by the Proposed Controller
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Fig. 4. Load and reference voltage waveforms by the proposed control method.
(a) From the start to the end of the simulation. (b) From the beginning of the
simulation to 0.1s. (c) From the start of the simulation to 0.02s

0.02

According to Figs. 5, 6, and 7, there is not any instability in
the waveform of the output current. However, the two ohmic
loads and an inductance load create disturbance in the system
which means a suitable adaptation, high strength, and
controlling fast response in an extensive range of disturbance
and load changing. In these Figs. The inductive load adds in the
second to fifth steps progressively. Figs. 9, 10, and 11 are the
repeated cases of Figs. 5, 6, and 7, which compare the load
current waveforms with the load voltage waveforms. Due to the
existing inductance, the domain of currents is shorter than
voltages.
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5. Load the current waveform in the second step of the scenario.
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Fig. 6 Load the current waveform in the third step of the scenario.
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Fig. 7. Load the current waveform in the fourth step of the scenario
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Fig. 8. Load current waveform in the fifth and sixth steps of the scenario.
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Fig. 9. Load current and voltage waveform in the second step of the scenario.
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Fig. 10. Load current and voltage waveform in the third step of the scenario
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Fig. 11. Load current and voltage waveform in the fourth step of the scenario.

Figs. 8 and 12 show the result of the study on a nonlinear
load in the sixth step. This nonlinear load has been simulated
according to the IEEE standard. According to this, the
controller presents a fast and acceptable response. The output
voltage signal, which has been simulated, is in the time field. If
we want to see signals caused by nonlinear load harmonics in a
frequency field, we need to use the FFT (Fast Fourier
Transform). It presents signal offsets in the frequency field.
Here, the horizontal axes of the 13 show the frequency, and the
vertical axes show the frequency domain value based on the
output voltage signal. You can find the value of the frequency
domain in 50 Hz.
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Fig. 12. Load current and voltage waveform in the fifth and sixth steps of the
scenario.
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Fig. 13. Harmonic spectrum waveform based on SIZSI.

B. The sliding-mode control on traditional single-phase
inverter

Finally, Fig. 14 shows the comparison between the proposed
controller and conventional inverter. The load has been
connected to both systems. The load properties are mentioned
in Table II.

In the first step, by connecting load, the proposed method
voltage output has a sinusoidal wave. However, the
conventional method of output voltage has distortion (Fig.
14.a). The output voltage is almost identical when Ohmic load
is applied to both systems. Fig. 14. ¢ and d show ohmic losses.
In Fig. 14. e fourth step, both outputs are the same. In fig. 14. f,
the difference between the proposed and conventional methods
can be seen. The first pick on of the conventional method has
some harmonics compared to the proposed method. These
figures show that the proposed method is more robust to
changes. When a change in load happens, the proposed method
can maintain better voltage output.

In Fig. 14. g the output voltage for nonlinear load displays
the main advantages of the proposed method. In nonlinear load,
the conventional method performance is decreased. The
suggested method voltage remains sinusoidal, but the
conventional output has distortion.
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Fig. 14. Voltage comparison between the proposed controller and conventional
inverter. (a) the voltage for all six steps, (b) first step(no load), (c) second step
(first ohmic load), (d) third step (second ohmic load), (e) fourth step(ohmic and
reactance load), (f) fifth step(discharging all load), and (g) six-step (nonlinear
load).

IV. CONCLUSION

In this paper, the indirect adaptive controller was studied to
control the inverter voltage of a switched impedance source
with a Sl or SIZSI under various load characteristics. The
simulation results show that the controller is adaptive to load
changes and follows the reference signal. It is resistant, has a
fast and good reaction to load changes, and gives the generated
inverter voltage to the reference voltage. Furthermore, it
generates power with the desired quality that meets global
standards. Due to the unique characteristics of the impedance
network located between the input source and the main circuit
of the inverter, the proposed inverter tackles the problems faced
by traditional inverter limitations and by the classical Z-source
inverter. Finally, to show the superiority of the proposed
controller on SIZSI, a comparison was made on the traditional
single-phase inverter by controlling voltage in the sliding-mode
controller. This way, as seen in Fig. 14 (a, b), the voltage control
has a faster and better dynamic response via indirect adaptive
controller than the sliding-mode control. In Fig. 14, the
comparison shows the advantages of the proposed method. In
nonlinear load, the proposed method can deliver better quality
voltage. Since realistic loads are nonlinear, this better
performance is very desirable in renewable energy sources. The
load in renewable energy sources can change a lot. The voltage
output in the conventional system due to changes, as can be seen
in Fig. 14, is more sensitive, which causes lower quality voltage
output. However, the proposed method is more stable to load

, change. This stability is beneficial in systems with changes in

load, such as renewable energy sources.
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