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Abstract

It is well-known that DC-DC boost converters are cascaded with DC-AC inverters for grid connection of the photovoltaic
(PV) systems. In the traditional control approaches, the mentioned DC-DC and DC-AC converters are controlled separately
to facilitate the controller design problem. However, from the controller design viewpoint, the overall structure of the grid
connected PV generator is a multi-input multi-output (MIMO) system. The duty-cycle of the DC-DC converter and Inverter
modulation index are the control inputs and on the other hand, generated photovoltaic DC power, and exported power to the
grid are control outputs. Moreover, the inverter DC link voltage should be stabilized by the closed-loop controller as well as
an internal control output. If controllers are designed separately, it means that the interaction between DC-DC and DC-AC
controllers isn’t considered accurately and since the isolated models of DC-DC converter and DC-AC inverter are extracted
based on some approximated assumptions, separate controller design cannot guarantee stability and robustness of the whole
system in a wide range of operation. To cope with these problems, in this paper, a novel MIMO sliding mode controller (SMC)
is developed for comprehensive closed-loop control of the DC-DC boost converter cascaded with a single-phase DC-AC grid
connected photovoltaic inverter. In the proposed approach, the dynamic model of whole system is developed comprehensively
at first and then a unique MIMO controller is designed to control both DC-to-AC and DC-to-DC converters together. To cope
with the nonlinear characteristic of the system and uncertainty of model parameters in a wide range, a fixed-frequency SMC is
developed using the comprehensive state space model of the closed loop system. In the proposed MIMO-SMC controller, the
AC power (which is exported to the grid) and operating point of the PV source are controlled via inverter modulation index
and duty cycle of the DC-DC boost converter respectively. Another major advantage of the proposed system is mitigating
the non-minimum phase characteristic of the boost converter through the indirect control of inverter DC link capacitor. To
evaluate the performance of the designed control system, simulation results are compared with a standard linear PI controller.
It is shown that the developed system has zero steady-state error and enjoys faster dynamic response during the start-up and
step changes of AC and DC current references. Moreover, it can maintain the stability of closed-loop systems in a wide range

of operations.
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Abstract :It is well-known that DC-DC boost converters are cascaded with DC-
AC inverters for grid connection of the photovoltaic (PV) systems. In the
traditional control approaches, the mentioned DC-DC and DC-AC converters
are controlled separately to facilitate the controller design problem. However,
from the controller design viewpoint, the overall structure of the grid connected
PV generator is a multi-input multi-output (MIMO) system. The duty-cycle of
the DC-DC converter and Inverter modulation index are the control inputs and
on the other hand, generated photovoltaic DC power, and exported power to the
grid are control outputs. Moreover, the inverter DC link voltage should be
stabilized by the closed-loop controller as well as an internal control output .If

controllers are designed separately, it means that the interaction between DC-



DC and DC-AC controllers isn’t considered accurately and since the isolated
models of DC-DC converter and DC-AC inverter are extracted based on some
approximated assumptions, separate controller design cannot guarantee stability
and robustness of the whole system in a wide range of operation. To cope with
these problems, in this paper, a novel MIMO sliding mode controller (SMC) is
developed for comprehensive closed-loop control of the DC-DC boost converter
cascaded with a single-phase DC-AC grid connected photovoltaic inverter. In
the proposed approach, the dynamic model of whole system is developed
comprehensively at first and then a unique MIMO controller is designed to
control both DC-to-AC and DC-to-DC converters together. To cope with the
nonlinear characteristic of the system and uncertainty of model parameters in a
wide range, a fixed-frequency SMC is developed using the comprehensive state
space model of the closed loop system. In the proposed MIMO-SMC controller,
the AC power (which is exported to the grid) and operating point of the PV
source are controlled via inverter modulation index and duty cycle of the DC-
DC boost converter respectively. Another major advantage of the proposed
system is mitigating the non-minimum phase characteristic of the boost
converter through the indirect control of inverter DC link capacitor. To evaluate
the performance of the designed control system, simulation results are
compared with a standard linear PI controller. It is shown that the developed
system has zero steady-state error and enjoys faster dynamic response during
the start-up and step changes of AC and DC current references. Moreover, it can

maintain the stability of closed-loop systems in a wide range of operations.

Keywords: non-minimum phase, DC-DC boost converter, multi-input multi-

output, cascaded converters, grid-connected inverter averaged state space model



1- Introduction

Despite the recent investments on the traditional electric power plants, power
systems are still struggling to respond to the increasing energy demand.
Considering the environmental problems and very high cost of fossil-based
energy resources, replacing the traditional energy resources with renewable
generators is a promising idea [1] and for this reason, application of
photovoltaic (PV) and wind energies have been increased sharply in recent
years [2]. Based on the long-term planning, photovoltaic systems will be
assumed as a reliable candidate for electricity energy supply [3]. The
application of solar energy for electricity generation is very beneficial from the
environmental perspective as well. Moreover, since distributed generators (DG)
e.g. PV system can be utilized next to load centres and within the distribution
networks, overall efficiency of the electric grid can be improved if penetration
rate of DGs increases significantly. So, it isn’t a surprising news that about 125
GW of the photovoltaic system will be installed worldwide between 2020 and
2024 [4]. Compared to 2018, it is expected that the electricity generation using
PV systems will be approximately increased by six times at the end of 2050 and
as a result, the total application of PV systems will be more than 372GW by the
end of 2050 [5]-[6].

PV systems are utilised in both off-grid and grid-connected applications [7].
Grid-connected PV systems are tied to the distribution network through the
power electronics converters. It is well-known that cascade connection of DC-
DC boost converters with DC-AC inverters are used widely in grid tied PV
systems. DC-DC converters are employed to boost the output voltage of PV
panels up to the grid peak voltage levels. This will enable the elimination of
coupling step up bulky transformers. Also, maximum power point tracking
(MPPT) of the PV sources can be implemented within the closed-loop

controller of boost converter. The next converter within the structure of



conventional PV systems is DC to AC inverter which is responsible for
conversion of the PV DC output power to AC power, reactive power support of
the local loads [8], and active power filtering [9]. It should be noted that both
features of the grid-connected PV systems - MPPT and DC to AC conversion —
can be implemented in a DC to AC inverter with the help of DC-DC converter,
if boost chopper is removed from the structure of the grid connected PV
systems. In this situation, MPPT of the PV will be performed through the DC
link control loop which should be considered in the closed loop controller of the
inverter. However, since the output voltage of photovoltaic systems is far less
than the grid voltage level, the PV voltage should be increased significantly in
the transformer less PV system. Although output voltage level of PV sources
can be increased directly by series connection of the PV panels, this is not a
promising approach due to some technical issue e.g. partial shading [10]. Hence
for amplification of the PV output voltage, the applications of DC-DC boost

converters between PV panels and DC-AC inverter sis mandatory [11].

The major criteria for selection of DC-DC converters in PV applications are
power density, power efficiency, and number of needed components. For this
reason, very high-gain DC-DC converters aren’t employed widely in the
practical and industrial applications due to higher cost and lower efficient than
standard DC-DC converters. Among the standard DC-DC converters e.g. boost,
buck, Cuk, SEPIC and buck-boost converters, the standard boost DC-DC
converter is used more widely in PV applications due to non-pulsating input

current waveform and simpler structure [12].

From controller design viewpoint, closed-loop control of the DC-DC boost
converter is a challenging task due to non-minimum phase characteristics of the
boost converters. To cope with this issue, the application of the cascaded
controllers is reported for stabilization of the DC-DC boost converted using a

different range of modern controllers e.g. PI-Back Stepping, PI-Adaptive, PI-



Fuzzy [13] and Fuzzy-Back Stepping [14]. The main idea behind the cascade
control of the boost converter is indirect requestion of the output voltage
through current control of the converter’s inductor. Two different loops which
e.g. outer and inner loops, are employed indeed for output voltage and inductor
current control respectively. Actually, a current controller determines the
converter’s duty cycle in an inner loop while its reference value is determined

using the output voltage error [15]

Also, application of the DC-AC inverter is mandatory in grid-connected PV
systems. Considering the voltage level of PV source, inverters can be
implemented either as a single-stage converter or as a two-stage system. In
single-stage systems, PV panels are directly connected to the inverter DC link.
Despite the simplicity of structure, implementation of MPPT is a bit challenging
task in this approach. Actually, a single controller should be designed for both
MPPT and AC power control of the DC-AC inverter. Hence, controller design
for a single-stage inverter can be assumed as a single-input multi-output

(SIMO) problem.

In two-stage PV systems, the PV panels are connected to the inverter’s DC link
through a DC-DC boost converter. In this approach, the MPPT of PV source is
accomplished through the closed-loop control of DC-DC converter. Also,
closed-loop controller of the inverter is responsible for AC side power control
and DC link voltage regulation. Also, the controller of inverter determines the
power quality of the supplied energy. It is well-known that malfunctioning of
inverter closed-loop controller might lead to resonance issues at the point of
common coupling in a wide range of operation [16]. Hence, the control strategy
of the grid-connected inverter has a huge impact on the performance of the
photovoltaic system. Application of single-phase H-bridge DC-AC inverter has
been widely reported in grid connected PV systems due to simplicity of

implementation and modulation techniques and lower voltage stress across the



switches. Also, it enjoys lower-power loss than multi-level and complicated

structures.

In reference [17], to maintain the power balance between the injected AC power
and the output power of the inverter, a direct controller is employed for output
voltage vector control of the inverter which enjoys a simpler implementation.
However in this approach, the measurement delays reversely impact on the
exchanged power and can lead to a significant error between the desired and
real values. Hence, the direct control of the output voltage of inverter is not very

promising approach for closed loop control of the grid-connected PV systems.

In reference [18], the indirect AC power controller is investigated which
controls the exchanged between grid and z-source inverter. Due to fixed
characterise of the power grid - which can modelled as an AC voltage source -
the power exchange between grid and inverter can be adjusted indirectly by
output current control of the inverter. Regarding the practical issues, this control
method is more interesting since the measurement delays don’t have a direct
impact on the amplitude and phase-angle of the grid current vector. For this
reason, application of the current controller for indirect power control of the

grid connected DGs are widely employed [19]-[20].

In reference [21], a zeta converter is used for grid connection of the renewable
energy sources. Two separate closed-loop controllers are used for the dc and ac
sides. In this reference, special attention has been paid to the minimum phase
problem of the zeta converter. In order to solve this problem, the developed
controller has been used to regulate the dc link voltage indirectly. Hence, the dc
side controller is able to mitigate the non-minimum phase issues satisfactorily.
However, the zeta converter has a pulsating current waveform at the input
terminal and hence, large filters are needed for PV current smoothing and

implementation of the MPPT controller using a zeta converter.



In reference [22], a grid-connected photovoltaic system has been investigated,
which uses the SEPIC dc-dc converter for MPPT tracking. SEPIC converter is
one of the practical and widely used boost converters in the photovoltaic
applications. In this reference, a linear control method has been used to control
the DC and AC side power. The controllers are tunned with the help of the
genetic algorithm. It is not necessary to mention that the whole system, DC-DC
converter connected to the Dc-AC inverter, is a MIMO system from the control
design viewpoint. However, in this reference, the closed loop system has been
separated into two isolated SISO subsystems and actually, the subsystems are
employed isolated for controller design at both DC and AC sides. Hence, the
application of SISO controllers for a MIMO system cannot guarantee the

superior performance of the developed controller at different operating points.

In reference [23], two parallel DC-DC boost converters with an input
photovoltaic and a fuel cell sources are presented for grid-connected
applications. The MIMO linear closed-loop control method is developed using
the averaged state-space model of choppers and inverters. However, in the
proposed controller, an MPPT of both photovoltaic and fuel cell sources is
achieved using a linear controller. The simulation results show that the proposed
MIMO linear controller is stable against DC link capacitor voltage ripple.
However, this linear controller can only maintain the stability of system only in
a small range of load and input voltage changes, because it is designed based on

small signal approximation of a nonlinear plant.

Different aspects of the DC-DC boost converters cascaded with a grid-
connected inverters have been carried out in the literature and different types of
controllers are studied successfully. A variety of modern controllers has been
proposed and investigated in order to achieve a stable response of the grid-
connected photovoltaic system. If the control reference value changes e.g. due

to a sudden change in the environmental conditions, the closed loop controller



must be fast and robust enough to meet the requirements of the closed-loop
system and to stabilize the whole system. Various linear control methods have
been introduced for power electronics converters, which can maintain stability
only in a small operating range of load and input voltage changes [24]. It is
well-know that due to the inherent nonlinear nature of power electronic
converters, closed-loop control of these systems is a challenging task indeed.
Considering the switching phenomena, the state-space average model has a
nonlinear characteristic and for this reason, variety of nonlinear control methods
e.g. nonlinear backstepping [25], Fuzzy [26], Feedback linearization [27],
Sliding mode [28], Adaptive [29], Lyapunov-based [30] and also hybrid-
approaches is proposed to either DC-Dc boost converter or DC-AC grid-
connected inverter separately. The nonlinear control techniques can make the

response more robust and maintain stability in a wide working range.

In [31], a parallel dc-dc step-up converter connected to the DC link of a three-
phase inverter is investigated within a microgrid. Also, a non-linear control
method based on the feedback linearization approach has been used to control
the parallel boost converters. In the feedback linearization method, the idea of
converting the nonlinear system model into a new linear system is used. As a
result, a linear controllers can be employed for the exactly linearized nonlinear
system in this approach. This controller is a model-based method and requires
an accurate model of the system, so it is not straightforward to use this type of
nonlinear controller directly either when the accurate model of system isn’t
available or if there are model uncertainties. If another auxiliary control method
is combined with the feedback linearization controller, it can be employed more
efficiently to cope with the model uncertainties. However, extra hybrid
controller will increases the complexity of system. Among the model-based
controllers, the sliding mode nonlinear controller provides a more robust control

method against uncertainties. From the controller design perspective, to separate



the controller design problem in the cascaded DC-DC and DC-AC converter,
some approximations should be assumed to remove the mutual interconnection
between DC-DC and DC-AC converters and to simplify the controller design.
The required approximation for isolated controller design for DC-DC and DC-

AC converter can be summarized as follows:

1- Neglecting the loading of DC-AC inverter on the DC-DC chopper
2- Neglecting the inverter DC link voltage ripple

Hence, it clear that separate controller design cannot guarantee the stability and
robustness if the system, if these assumptions are not correct in an operating
point. So, the significance of a unified integrated controller for both DC-DC and
DC-AC converters in the grid connected PV systems can be observed. Actually,
for more reliable and accurate controller design, a compact model which
describes both DC-DC and DC-AC converters within a unified comprehensive
model should be employed. According to our research and try, such a nonlinear
controller that employs the comprehensive unified model of grid connected PV

systems has not been reported.

In this article, unified comprehensive MIMO SMC is developed for closed-loop
control of the grid connected photovoltaic systems. The power topology
includes a boost DC-DC in the first stage cascaded with a single phase full
bridge inverter in the second stage. The boost chopper is responsible for MPPT
of the PV panels and also, it boosts up the voltage level of the PV source to
facilitate the implementation of transformer less grid connected system. Also,
DC-AC inverter is responsible for AC power control e.g. active power transfer
as well as load compensation. In this study, to realise the unified comprehensive
design, whole system is modelled using the averaged state space technique.
from the controller design viewpoint, the overall structure of the grid connected
PV generator is a multi-input multi-output (MIMO) system. The duty-cycle of

the DC-DC converter and inverter modulation index are the control inputs and



on the other hand, generated photovoltaic DC power, and exported power to the
grid are control outputs. Moreover, the inverter DC link voltage should be
stabilized by the closed-loop controller as well. Briefly, a desired closed-loop

controller should achieve five control goals simultaneously as follows:

1) To guarantee the stability and robustness of the closed-loop control system in

a wide range of parameter changes.
2) MPPT of the photovoltaic panel
3) Closed-loop control and stabilization of the DC link voltage

4) dealing with the non-minimum phase characteristic of the DC-DC boost

converter.

5) Closed-loop control of the AC power in terms of active power injection as

well as load compensation

To achieve the mentioned goals, a unified comprehensive MIMO SMC
nonlinear controller is proposed to stabilize the closed loop system using the
compact state space model. The proposed MIMO nonlinear controller can be
employed in a wide range of changes and uncertainties. It has also been shown
that the proposed controller is stable and robust against input voltage and load
changes. The steady-state and dynamic responses of the proposed control
method have been compared with the linear controllers using the in the
simulation results. Comparison of the simulation results of the proposed sliding
mode control method and a traditional PI linear control in similar situations

shows that:

1. The DC link capacitor voltage overshoot at the converter start-up is lower in

the proposed method.

2. The proposed controller has a more stable and robust response against input

voltage and load changes.



It should be noted that in terms of practical implementation, the proposed
sliding mode controller enjoys simpler structure than other nonlinear

controllers.

The structure of this paper is as follows. The circuit structure and analysis of its
different operating modes are described in section 2. In the third part, the
dynamic modelling of the converter and in the 4th part, the control system
design and the compensation network are given. Finally, the simulation results

of the designed controller are shown in section 5.
2- The Studied System

The structure of the cascaded DC-DC boost converter with the single-phase
grid-connected voltage-source-inverter used in the photovoltaic application is
shown in Fig.1. According to Fig. 2, it can be seen that d is the duty cycle of the
DC-DC converter and u represents the inverter modulation index. Also,
according to the bipolar switching of the single-phase inverter, the equivalent
circuit model of Fig. 3 can be employed. According to the equivalent circuit of
the inverter, it can be concluded that the input current of the single-phase

inverter and output voltage are equal to uip, and uV,, respectively where u is

the modulation index of the inverter.
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Fig. 1. A DC-DC boost converter cascaded with a single-phase grid-connected H-bride

inverter
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Fig. 2. The critical waveforms of the DC-DC boost converter cascaded with the single-phase

grid-connected inverter source to feed the grid

Fig. 3. Equivalent circuit of DC-DC and DC-AC converters

According to Fig. 3, it can be seen that the DC-DC boost converter is fed
through a photovoltaic source at the input port. The studied photovoltaic system
is a MIMO system from the control point of view. Its control inputs are the duty
cycle of the DC-DC converter on the dc side and the amplitude modulation
index of the inverter on the ac side. Also, the grid current, PV current and DC
link voltage are the control outputs. Considering the parasitic series resistances
of the inductors, the equivalent circuit of the studied system is shown in Fig. 4.
Considering the different statuses of the switching signal, operating modes of

the converter are shown in Fig. 4-a and Fig. 4-b.



b) Equivalent circuit of the converter in the dT < t < T interval

Fig. 4. Equivalent circuits and operating modes of the boost DC-DC converter cascaded

with the single-phase grid-connected inverter

In Fig. 4, the operation of DC-DC and DC-AC converters are summarised.
Within the 0 < t < dT range Fig. 4-a, the inductor L is charged through the
input PV source. According to Fig. 4-a, and considering the state variables of
the circuit and control inputs, the state-space model of the power circuit can be

written as follow.

. -7 E.

fron = L x, + 22 (1-a)
5 -u

x2,on = T X3 (l'b)
. u =1L —-E

X3,0n = E xz + ng X3 + ng (I-C)

Within the next time interval, when dT < t < T, the state-space model can be

written as follows, considering Fig. 4-b.

X E. v
xloff— 3 X, + L2+% (2_3')
. X u
X2,0ff = ?1 X3 (2-b)
L E
X3,0ff = 7 xz_L_j x3_i (2-¢)



By averaging the state-space equations explained in (1-a)-(1-c) over a period
e.g. 0<t<T, the averaged state-space model of the DC-DC and DC-AC

system is obtained as follows:

i - (e | (), ®
o= (2) 4 (-2)a+ (2 @
o = () ()

So, the compact and complete dynamic model of the studied system can be
rewritten as below, considering the nominal values and uncertainties of the

model parameters:
%1 = g1(%1, X2, %3, ) + by (1, %5, %3, )d = (§1 + §1) + (hy + hy)d  (6)

Xy = go(xq,%5,x3) + hy(xq, %2, x3)d + by (%1, X5, %3, )U = g + §p +
(hy + hy)d + (hs + hy)u
(7)

X3 = g3(X1, X2, %3) + b3 (X1, X2, X3)U = §3 + G5 + (hy + R)u (8)

Where in this equation, f;, b;; are nominal values and i = 1.2.3, U =[d u]
are model uncertainties. Also, the control input is defined as d where d is the
chopper duty cycle and u is the inverter modulation index. Also, DC link

voltage error can be written as:

ex, = X3 = X3 )
In order to solve the inherent non-minimum phase problem in the direct control
of dc link capacitor voltage, the indirect control method has been developed. So,

the reference value for a peak of the AC grid current can be written as:

x5 = (kpey, + k; [ ey, dt) (10)



X = —ky (2 —2d - 2u) + ke, (11)

In this equation, sin(f) is obtained using a phase-locked loop (PLL) based on
the grid voltage. The reference signal of controllers are x;and x5. Considering
equation (12), the first sliding surface is developed for the DC side of the
inverter. In this equation xj is the reference current of the boost DC-DC
converter. Also, the sliding surface of ac variables is given by equation (13). It
should be noted that x; refers to the reference of inverter output current.

Moreover, @, is positive and fixed control parameter.
Sia = X — Xty [ — xy)dt (12)
Sou = X3 — X3 (13)

Control efforts can be calculated by setting the time derivatives of the sliding

surfaces to zero.
Sia =X — % +ay(xf —x,) =0 (14)

Syy = X3 —%3 =0 (15)
By placing (3) in equation (14), the value of controller d can be rewritten as

follows:

X2 = Epp+7px1+ Lag (x1—%1)

d =

(16)

X2
To obtain the value of u, x§ should first be calculated from equation (11) at

first. By placing equation (16) in equation (11), it can be rewritten as follows:

X2 = Epy+1pxq + Lag (x1—x4)

X5 = (—hy (2 -2 L ) = 2u) + ki(x; = x2) (17)

By making zero equal to x§ of equation (1Y) and solving that equation, u is

obtained as follows.

_ kpleg( —Epytrx,+ Lal(x{—xl))+CkiLgx2 (x3=x2)+Cx2Eg+Cxyx3T1g

(18)

Cx5—KpxyX3Lg



The nonlinear model of dc side of system (boost converter and dc-link
capacitor) and the ac side (inverter connected to the grid) are written in
equations (19)-(21). By averaging over one-half of period, the averaged

nonlinear model is obtained from the above relations as follows.

. *
X1 = ap(X] — xq) (19)
o = —Lgxsk; (X3—X2)—X3Eg—T1gX5+X1 Epy—11X5 —Lx1 (X5 —%1) (20)
, =
sz—prng
= kpTLg®3+kpX3Eg+kpxy Lag (x1—x1)—kpX1 Epy+kpxirp+C X2k (x5—x7) 1)
3 =

sz—pr3Lg

By averaging over one-half of period of AC side, the averaged nonlinear model

1s obtained from the above relations as follows.
X, = a; (X1 — %) (22)

2 2
_ I bud o _ _ T
—Lgx3k; (x;_xz)_?xsEg_?rLgxsg+x1Epv_TLx%_Lx1 ay(X7—xy)
X2 = (23)

CXZ—prng

77:2 — 77:2
. ?kprLgxg+?kpx3Eg+kpx1La1(xi —x1)—kpX1Epp+Kpx3rL+C X2k; (x3—%7) (24)
3 =

sz—pr3Lg

Since it is assumed to be x; = I, sin(wt), so in half the period of AC side, the

average value is X5 =

SR

L.

By equating the derivative of state variables to zero in the equations (22)-(24),

operating points for stable performance are obtained as follows.

X1 =X (25)
Xy = X, (26)
_ 8Ky Ep X

3 =~ 27)

2
TL'Eg



The Jacobian linearization method around the selected operating point
(equations (25)-(27)) has been used in operating small-signal equations (22)-

(24) to obtain the control value of nonlinear system.

. a
J11 = a_z-i =—a (28)

. 0 .
J12 = a_;: =j13=0 (29)

0%, _ M EgEpy+m?EgLX] a4

Jo1 =50 = (30)

n2E,CX5—8kpLgEpyX;

0%, 8k;LgyEpyX]

gy = —= = 31
J22 = 5%, T WRE,Cas-8kyLyEpy T, (3D
: 69?2 7'[2

=22__"p 32
J23 %, s g (32)
. _ 0x3 _ —Tl'zkag(Epv+Lfi aq) (33)
31 = 5%, T w2, cuy-8kyLyEpy T,
. 0%3 —-m2kiCE4%;
J32 = 5%, T m2E,cx5-8kyLyEpy ] (34)

2 glbX2 plgEPVX1

. 0%z _ T*Egky (35)
33 = 5%, T 2n?E,Cxy-16kyLoEpy T,

The closed-loop roots of control system are obtained by G = |SI — J|. In this regard,
there are I unit matrices and / Jacobian matrices by placing the nominal values of
parameters. (Table 2 lists the nominal values of parameters). The closed-loop roots of

control system are shown in Fig. 3.

Fig. 5 shows the geometric locations of roots closed-loop control systems in change

for a change in control interests a; , kp, k;.
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Fig 5. Geometric location of closed-loop roots of control system unstable and stable range.

Fig. 5-a and Fig. 5-b shows that for changing the k,, parameter in the range of -5
to 10 and changing the parameter from -10 to 200 geometric locations of roots
in the area to the right of jw axis, the system is unstable in this range. But Fig.
5-c, Fig. 5-d, and Fig. 5-e¢ shows the range of changes k,, k; and a system

stability (the geometric location of roots is on the jw axis).

Since the designed controller has linear and non-linear parts. The system duty

cycle can be written as follows.

d=d+d (36)
1 A *
d= 5_1 (=91 + a;(x] — x1) — kysgn(S14)) (37)
. R h R .
$1a81a = S1a <g1 + ﬁ_i(_gl + ay (%1 —x1) — k159n(51d))> (38)
: o h h . h
S1a81a = $1a(g1 + 1 (1 — ﬁ_i) + E_ial(xl —x1) —kq E_isgn(sw)) (39)

The stability conditions of control system MIMO-SMC are obtained as follows.



_ﬁ—hl < —&71 is a constant control value.

1

51d$1d <" (40)
S1aS1a < 1S1allgel + 1S1al1gi 111 — €71 = k&S 4] < =4 1S14l (41)
According to the two equations (40) and (41), the value of k; is obtained as follows.
ki =&y +g1) +(E—1)g4] (42)

Since the designed controller has linear and non-linear parts. The system Inverter

modulation index can be written as follows.

N

u=u+1tu (43)
u= (—13 - kzsgn(SZu)) (44)

|~

Where P = kpxl( Epy —1xy + Lagx, — Lalxi‘) — Ck;(x3 — x,) and Q = x,x5.
. ~ 1 ~ ~
SouSou = Sou (P +5 (=P = kasgn($2)) Q) (45)
: 3] Q Q
SouSou = S2u(gs + P (1= 2) = k2 & 5gn(S2)) (46)
The stability conditions of control system MIMO-SMC are obtained as follows.

~h < —n~1 is a constant control value.

Q1
SyuSau < =V 47)
SzuSau < 1Saullgsl + |52u||ﬁ||1 — 07 = koSl < —V2lSaul (48)

According to the two equations (47) and (48), the value of k, is obtained as follows.
ky =2n(y,+93) +(m— 1)|P| (49)

2 2
To evaluate the stability of system, the Lyapunov function method (V = S?d + S%)

has been used. To establish the stability of system 2,



V = S1aS1a + SzuSau (50)
The derivative of smaller Lyapunov function must be equal to zero (V < 0).
S1aS1a + S2uS2y <0 (51

S1aS1a + SauSzu < —V11S1al — v21S2ul (52)

A photovoltaic system consists of a large number of photovoltaic systems that
are connected in series and in parallel to generate voltage and current. The
equivalent circuit of a solar cell is shown in the paper [32]. Considering the
mathematical model of photovoltaic array and also the characteristic diagram of
voltage in terms of current and voltage in terms of power of photovoltaic array

to track the maximum power point is shown in Fig. 2 of article [32].

In this study, a new method for modelling and nonlinear closed-loop control
based on the sliding mode control method is proposed. In linear controllers, the
method of small-signal modelling around a specific point is used, but not paying
attention to the nonlinear nature of system leads to the unstable behaviour of
system in a relatively wide operating range. As a result, the output is

unfavourable and the dc-link capacitor voltage is not stabilized.

Considering the topology of circuit series connection and considering the
advantage of not separating the MIMO system into two SISO parts, a unique
modelling method has been used for system analysis. The system in question
(series amplifier converter with grid-connected VSI inverter) is a MIMO system
in terms of control. Therefore, a multi-input multi-output controller is required
to fit the control inputs and outputs. The control inputs and outputs on each of
proposed MIMO-SMC controllers are designed using the unique SSA-MIMO
modelling for the boost chopper connected to the VSI inverter. Therefore, the

stability and consistency of system are maintained in a wide functional range.
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Fig. 6. MIMO system control block diagram

The proposed MIMO-SMC controller block diagram for the grid-connected
MIMO system is shown in Fig. 6. Due to the shape of increasing chopper duty
cycle and the amplitude modulation index of VSI inverter, the controller input
and the current injected into the grid and the current received from the
photovoltaic source are the control output of system and all control inputs and

outputs and mode variables affect both controllers.



According to Fig. 5, the boost chopper duty cycle is determined in such a way
that the maximum power is received from the input source. Considering
equation (18), it is adjusted in such a way that the inductor current of boost

reaches the relevant reference value and is stabilized in it. It should be noted that

the reference value of solar array current (xI ef ) is calculated by the simulation
software to achieve the maximum power point function. The reference current of
grid must be calculated so that all the power generated by the input source is
transferred to the grid. If there is a difference between the output power of input
source and the received power of| grid, this difference is transferred to the link
capacitor voltage and as a result, leads to instability and instability of capacitor
voltage, and as a result, the power injected into the grid will be reduced.
Therefore, to receive the total output power on the grid side, the dc-link
capacitor voltage must be followed and the relevant reference value must be
followed and stabilized. Therefore, inside the MIMO-SMC controller, the super-
plane method has been used to stabilize the voltage of dc-link capacitor and also

to solve the non-minimum phase problem.

1. Simulation

According to the developed MIMO-SMC control method and in order to
evaluate the response of the proposed controller, the simulation results of the
converter are presented based on Matlab/Simulink software. It can be seen that
the proposed controller can stabilize the boost DC-DC converters cascaded with
the grid-connected inverter with zero steady state error. Table (2) shows the

nominal parameters of the power circuit.



Table 2: nominal parameters of the boost chopper cascaded with a grid connected inverter

Switching frequency f; = 20KHz

L, L, = 1mH

Ly L, = 1™F

C C = 470HF

Voltage of the PV source v, =150V
Voltage and frequency of the grid | V, = 110, f = 50%=

In Fig. 7, the simulation results of the MIMO-SMC controller for the boost DC-

DC converters cascaded with the grid-connected inverter are illustrated within
the stable operation.
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Fig. 7: response of the proposed MIMO sliding mode controller for closed loop control of the

DC-DC boost converter cascaded with a single phase grid-connected inverter

The reference current of boost inductor is 10A and the reference voltage of the
dc link capacitor is selected as 370V. The grid reference current is calculated
using the PI controller based on the DC link voltage error using the hyper plane

sliding surface in the proposed controller.

The peak value of the grid reference current is assumed to be 10A. According to
Fig. 7-a current PV source follows the reference value appropriately. According
to Fig. 7-b, the DC link capacitor voltage follows the reference value
appropriately. It is shown that the entire of PV power can be transferred to the

grid. Also, the grid reference current is determined using the DC link voltage



error and a PI loop within the hyper-plane sliding model controller. It can be
seen in Fig. 7-c that the grid current is equal to the reference value during the
steady state operation. The duty cycle and amplitude modulation index of the
grid-connected inverter are presented in Fig. 7-d. According to Fig. 7-e, it is
clear that the steady state error of the develop controller is zero. Total harmonic
distortion is shown in Fig 7-f. According to Fig 7-f, it is clear that when the
fundamental (50 Hz) is 36.28, THD equals 1.31%. Also, the THD of the AC
current is equal to 1.30%, which complies with the standards of a distribution

network.

The transient response of the grid-connected photovoltaic system at the start-up
is shown in Fig. 8. It shows that the input source current of the changes from
zero to the nominal value. It can be seen that the dynamic response of the

proposed MIMO-SMC controller is very fast during system at the start point.

w
>

2
= D Reference
@
FRUL
&}
0 1 1
0 0.1 0.2 0.3 0.4 0.5
Time(S)
a) PV current
400 ™
2
© 200
- —-=-Reference
_VC
0 L L 1 J
0 0.1 0.2 0.3 0.4 0.5

Time(S)

b) DC link voltage



|
-40 Le

Currente(A)

e Reference
.

0 0.1 0.2 0.3 0.4 0.5
Time(S)

c) grid current

Time(S)

d) duty-cycle and modulation index

200 |

v, V)

-200

0 0.1 0.2 0.3 0.4 0.5
Time(S)

e) grid voltage
Fig 8. Transient response of the proposed MIMO controller at the start-up

In order to investigate the response of the developed MIMO-SMC controller
against input current changes, the simulation results are shown in Fig. 9. It can
be seen that the dynamic response of the proposed MIMO-SMC controller is
very fast and it is can track the grid reference current with zero steady-state
error. Despite large variations in grid current, the proposed MIMO-SMC
controller can properly maintain the stability of DC-link voltage within the

transients. Also, it can be seen that the boost inductor current (or the output of



the photovoltaic source) can follow the step changes of the reference signal with

zero steady-state error.
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Fig 9. Dynamic response of the proposed MIMO controller during step changes of the input
PV source at t=0.3s

It is assumed that the reference value of dc link voltage is increased from 370 to
450 volts at t=0.3 s. According to this assumption, the simulation results related
to the response of the proposed MIMO-SMC controller as well as response of
the conventional PI linear controller to the changes of the DC link voltage
reference are shown in Fig. 10. Simulation results show that the proposed
controller can track the changes of reference value faster with zero steady state
error. Also, the controller has less overshoot at the start-up moment. By
comparing the results of the proposed controller and the PI one, the proposed
controller is superior overall in term of faster dynamic response and desirable

transient characteristics such as overshoot, undershoot.



500 - SMC _
e

Reference e
400 .

100 | .

0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (S)

Figl0: DC link voltage chanes employed for comparison of the proposed MIMO SMC

controler and a PI controller

30+

Reference
e

"

10

Currente(A)
S 3 o

&
<
T
I

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (S)

Figl1 :grid voltage and current

The results of simulating the actual amount of injection current into the grid
with the two proposed controllers and PI for better comparison are shown in
Fig. 11. Fig. 11 shows that the proposed controller follows the reference value

of the injected current into the grid well and with high accuracy.



Comparison of the simulation results of the proposed sliding mode control

method and linear control of PI under exactly the same conditions shows that:

1 The proposed controller has a more resistant response to changes in
input voltage and load.

2 The voltage of the dc link capacitor at the start-up in the proposed
control method is lower than that of the linear control method.

3 The proposed controller has a more stable and resistant response due
to changes in input voltage and load

2. Conclusion

In this article, a MIMO SMC is developed for a boost DC-DC converter
cascaded with the grid connected inverter for PV applications. The duty cycle of
the input DC choppers and the modulation index of the inverter are the input
variables of the designed multi-input-multi-output controller. The proposed
closed loop system is capable of injecting the maximum power of input
renewable resources into the grid. For this purpose, the outputs of the control
system are defined as currents drawn from input source and grid. Considering
the dependence of all converter outputs on each control input, a special
compensator network has been used to separate the control loops. Also, by
considering the frequency response of the conversion functions of the closed
loop system and its optimal phase margin, the parameters of the proposed
controller have been set. The obtained results show the effectiveness of the
proposed method in a relatively wide working range of network flow changes.

Also, the steady state error of the presented control method is zero.
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