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Abstract: This study presents a high-performance photovoltaic (PV)-battery hybrid power conversion system (HPCS)
which is integrated to a microgrid using a quasi-Z-source inverter (qZSl). The battery system is directly connected to
the intermediate dc link of the gZSI without any extra converter which reduces the size and the cost of the power
electronic interface. A controller equipped with a harmonic compensator is designed to control the battery current in
the grid-connected mode and to regulate the microgrid voltage in the islanded mode in the presence of unbalanced
and non-linear loads. Furthermore, the proposed controller adjusts the shoot-through duty cycle of the gZSI to regulate
the PV voltage to its reference value provided through the maximum power point tracking algorithm. Moreover, the
proposed controller provides the microgrid with the capability to transfer between the two operation modes. A new
strategy is adopted to keep the HPCS operational in case of severe reduction in the available power of the PV modules
and its consequent voltage drop. The performance of the proposed control system is evaluated for the control of a

typical microgrid simulated in MATLAB/SIMULINK environment.

1 Introduction

Photovoltaic (PV) systems are characterised by their variable power
availability during different time scales. Owing to this fact, PV
systems are equipped with energy storage systems, such as
batteries, to store the excess of energy or supplement inadequate
energy facilitating more seamless integration of PV systems with
the grid [1]. The conventional architecture for the hybrid
PV-battery system includes two dc/dc converters used for adapting
different voltage ratings of the PV system and the battery as well
as increasing the dc-link voltage to obtain the required output ac
voltage [2]. Furthermore, the dc/dc converter in conventional
voltage source inverters (VSIs) must regulate its output voltage so
that the PV system operates at its maximum power point. This
conversion system increases the size of the power circuit and the
controller resulting in an expensive power electronic interface
(PEI). To cope with these drawbacks of conventional PEIs, one
can resort to Z-source inverters (ZSIs) which offer a single stage
voltage conversion system with buck—boost capabilities [3]. This
unique feature is obtained, thanks to the shoot-through duty cycle
which is allowed in this type of inverters.

The quasi-ZSI (gZSI) has emerged as a more developed topology of
ZSIs which draws a continuous current from the dc source so that there
is no need for large filtering capacitors in the dc side [4]. It also reduces
the voltage rating of one of the capacitors in the impedance network
making it more suitable for distributed generation applications [5].

In [6-9], for increasing the boost capability and reducing the
voltage stress across the devices, some more advanced topology of
ZSI namely switched inductor ZSI, trans ZSI, extended boost
Z-source family, asymmetric I'-source inverter and so on, are
proposed. In addition to the advanced types of ZSI, regarding the
control of ZSI family, the maximum boost and the maximum
constant boost control methods are proposed in [10, 11],
respectively, where, both will decrease the voltage stress across
the switches. Moreover, the maximum constant boost control
method minimises the ripples on the current flowing through the
inductors in the impedance network. In [12, 13], the average state
space and the signal-flow graph methods have been used to model
the dynamic and steady-state performance of ZSIs. In [14], for
minimising the disturbance effects on the output voltage of the

IET Gener. Transm. Distrib., 2015, Vol. 9, Iss. 10, pp. 895-902
© The Institution of Engineering and Technology 2015

ZSI, a robust multi-loop control system has been designed based
on the average state-space model of the ZSI impedance network.
Moreover, in [15] a modified space vector pulse-width modulation
(PWM) scheme has been proposed to regulate the ac-side voltage
of the ZSIs. So far, the ZSIs have been used in many applications,
such as renewable energy resources, uninterruptible power
supplies, wind generation systems and active power filters [16-20].

Recently, the qZSI has been employed in a grid-tied application of
a PV-battery system [21, 22]. In these structures, the battery is used
to store redundant energy or supplement inadequate energy of the PV
to reduce the fluctuations of the injected power to the grid. However,
in view of emerging microgrid concept, the PV-battery system is
required to have the capability to supply the required power when
its host microgrid operates in both grid-connected and islanded
modes of operation. In the latter mode, the PV-battery power
conversion system must be able to regulate the microgrid voltage
and supply the total — or a portion — of the load demand.

Within this context, in this paper, a new control strategy for a
hybrid PV-battery power conversion system (HPCS) is proposed.
The proposed HPCS is based on the qZSIs and works in both
grid-connected and islanded modes of microgrid operation. In the
islanded mode, the voltage of the microgrid is intended to be
regulated, whereas in the grid-connected mode, the control system
regulates the battery current and the power injected to the grid. A
proportional resonant (PR) controller with harmonic compensator
(HC) is employed to conduct the aforementioned control tasks
particularly in the presence of unbalanced and non-linear loads
[23, 24]. In the grid-connected mode, the battery current is
regulated in both charging and discharging modes by adjustment
of the inverter output current, whereas in the islanded mode, the
battery current is determined by the load power demand.
Moreover, the proposed control strategy maintains the voltage of
the PV modules at its reference value to provide the maximum
power point tracking (MPPT) in both microgrid modes of
operation. Moreover, a new strategy is adopted to keep the HPCS
operational in case of severe reduction in the available power of
the PV modules and its consequent voltage drop. The performance
of the proposed PV-battery HPCS and its control strategy is
demonstrated through simulation studies conducted in the
MATLAB/SIMULINK environment.
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2 PV-battery HPCS

The proposed hybrid PV-battery HPCS employing the qZSI as PEI is
shown in Fig. la. In this configuration, the battery and PV systems,
with different voltage levels, are connected to the ac side with no
need of any extra dc/dc converter stages. As a result, the overall
installation cost, volume and losses are decreased in the proposed
system. The battery system is connected in parallel with C,. Since
the voltage level of C, is small, a battery system with relatively
lower voltage rating and cost as well as higher reliability and
life-time can be used. Unlike the conventional VSIs, in the
proposed system, the upper and lower switches of each phase leg
can be turned on simultaneously which increases the reliability of
the HPCS.

The dc side of the proposed system consists of two different
ports namely the wunidirectional and bidirectional ports.
Moreover, a three-phase inverter is used between the impedance
network and the ac side of the HPCS. The PV modules are
connected to the inverter by the unidirectional port which forms
a path through which the current flows from the PV modules to
the impedance network. The battery system is connected to the
intermediate dc link through a bidirectional port to operate in
both charging and discharging modes. The protection relay
disconnects the PV modules from the HPCS when the power of
the PV system, and consequently its voltage, drops below a
predefined value.

In the proposed configuration, the battery is connected in series
with a small inductor to eliminate the high-frequency ripples on
the battery current. To provide the required ac voltage, the qZSI
utilises the shoot-through cycles between null vectors in the
employed PWM algorithm to boost both the PV and the battery
voltages to a desirable value to provide the required ac voltage.

To investigate the HPCS performance, the equivalent circuits of
the qZSI in shoot-through and non-shoot-through conditions are
shown in Figs. 15 and c¢. The three-phase inverter bridge and the
external ac load are represented by a single switch S paralleled
with a current source i,,q. As the series inductor of the battery
system is negligible compared with the inductors in the impedance

system is assumed to be vp, whereas v, denotes the battery
voltage. The battery is modelled using a voltage source £}, which
is in series with a resistance Ry, [25].

During the shoot-through state, switch S is closed and the reverse
paralleled diode of the switch S’ is inversely biased blocking the
current to flow from the capacitors of the impedance network to
the legs of the inverter. In non-shoot-through state, the switch S in
Fig. 1c is open and the reverse paralleled diode of the switch S’
conducts.

According to Figs. 156 and ¢, during the shoot-through state, the
energy stored in C, is discharged in L; whereas in the
non-shoot-through interval, the energy stored in L, is released in
C, increasing its voltage. As a result, the energy which is
exchanged between C, and the impedance network takes place in
a bidirectional manner providing C, with the capability of
charging and discharging the battery unit.

Considering capacitor voltages and inductor currents as the state

T
space variables x = [iLI i, Ve, vb] , in the shoot-through

duration, the state-space equation can be obtained as

dx
F'a:Ast'x—'_BstO'”O )]
where
-0 0 1
v
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Uy = | i |, Ag= ’
oa * 0 -1 0 0
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network, we ignore it in system modelling. The voltage of the PV Similarly, the state-space model of the system in the
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Fig. 1 Proposed PV-battery HPCS

a Structure of the proposed system for the microgrid application
b Equivalent circuit of the proposed system during shoot-through
¢ Non-shoot-through condition
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non-shoot-through condition is obtained as

dx
F'_:Anst'x—i_antO‘uO (2)
dr
where

- 0 -1 0 1 0 0
. o -r, 0 -1 10 0 0
An = 1 0 0 0 Buso = 0 —1 O
0 Ry 0 -1 0 —R, 1

Using average state method, the system average state-space
equations can be written as

dx
F-—=A-x+By-uy, y=C-x+[0 E/R] ()

dr

where
A:d'Ast+(1_d)’Ansts BOZd'BstO_'_(l_d)’antO

. AT 1 0 0 O
y=[i W], C:[o 0 0 —1/R,

and d represents the shoot-through duty cycle of the inverter. .
To obtain the small-signal model of the system, perturbations d
and 7,4 are associated to d and ij,g, respectively, which in turn

result in variations #, and X = [iLl i, Ve f/b] in i, and x.

The small-signal model of (3) can be obtained as

%:A.HB.,;, j=C % “)
where
0 Vi
PN S R ()
1-D —I;

In (4), all variables denote the small-signal perturbation around the
operating point. Moreover, D, Ve I I and ljo,q represent
the shoot-through duty cycle, voltage of C,, the current of L,, the
battery current and the load current in steady state, whereas
Viv=Ve, — Rply + Ey and [}y = Liyq — 21, + I, By neglecting
the parasitic resistance of inductors, in steady-state condition, the
left side of (3) is zero and the following equations are obtained

D
W=1"2p" ®)
1
Vpn = B Vb (6)

where V3, V), and V,,,, respectively, represent the battery voltage, the
PV voltage and the inverter dc-link peak voltage. The amplitude of
the fundamental component of the voltage in the ac side of the
inverter (vi,,) is obtained as

Vi = Mm% 0

where m denotes the inverter modulation index.

Referring to (5)—(7), there are two parameters m and D, which can
be used separately to regulate the ac-side voltage of the inverter and
the voltage of the PV system in grid-connected and islanded modes.
In the proposed control strategy in both grid-connected and islanded
modes of operation, the shoot-through duty cycle of the inverter d is
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used to control the voltage of the PV module, whereas the inverter
modulation index is used to regulate the inverter ac-side current.
According to the state-space model of the system in (4) and
considering that the average voltage across the inductors and
average current of capacitors are zero at steady state and also
ignoring the second-order elements, the system transfer functions
are obtained as

W (1 —=D)Ls+r)
foad R,LCs? 4+ (rR,C + LD)s + rD + (2D — 1)*R,

®)

W R,CV,ys 4+ DVyy + R, 1, (2D — 1)
4 RLCs? + (rR,C + LD)s + rD 4+ (2D — 1)’R,

©)

Note that in (8) and (9), it is assumed that r =r; =r,, C=C; =C,
and L = L1 = Lz.

3 Description of the proposed control strategy

We consider the proposed PV-battery HPCS in a microgrid with the
capability to operate in both grid-connected and islanded modes.
Normally, the microgrid operates in the grid-connected mode and
the HPCS regulates the injected power to the grid. Moreover, in
islanded mode, HPCS is controlled to maintain the voltage and
frequency within the allowable limits. Note that islanded operation
might be initiated either intentionally (such as maintenance or
economic reasons) or when a fault occurs in the main grid.

The proposed control strategy for both modes of operation is
shown in Fig. 2a. In the grid-connected mode, the selector switch
is in state ‘B’ and the controller regulates the battery current or
adjusts the active and reactive power injections to the grid. In this
mode, the inverter current (i, ) is controlled either by the battery
current controller or the power controller. For transferring to the
islanded mode, the selector switch is changed to state ‘A’ and the
inverter reference current is provided by the microgrid voltage
controller.

In both modes of HPCS operation, the voltage of the PV system is
dedicated by the MPPT algorithm [26]. As shown in Fig. 2a, the
inverter output current is regulated by adjusting the inverter
modulation index, whereas the shoot-through duty cycle of the
inverter is used to regulate the PV voltage to its MPPT reference.
These distinct roles of the modulation index and the shoot-through
duty cycle provide the proposed controller with the capability of
adjusting the PV voltage to its reference value regardless of the
microgrid operation mode.

Fig. 2b demonstrates the structure of the multifunctional controller
for the proposed PV-battery HPCS. The controller is divided into
four control units namely (i) ac current controller, (ii) battery
current controller, (iii) ac voltage controller and (iv) PV voltage
controller. It is noted that the three first controllers are dependent
on each other, whereas the PV voltage controller is independent
from the other control units. The measured currents and voltages
in ac side are transferred to of stationary reference frame. To
effectively control the output voltage and the current of the qZSI
in af stationary reference frame, the proportional resonance (PR)
controller with HC is used [24]. The PR-HC controller enables the
HPCS to supply the negative-sequence and the harmonic
components of the unbalanced and non-linear loads in the islanded
microgrid.

To design the controller, first, the ac current controller is designed
as the inner controller for the ac voltage controller and the battery
current controller. In the next step, the ac voltage controller and
the battery current controller are designed. Finally, the PV voltage
controller is designed as an independent controller. The HPCS
parameters and the steady-state variables used in the qZSI
modelling are listed in Table 1.
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Fig. 2 Proposed control system for the PV-battery HPCS used in microgrid

a Flowchart
b Overall structure

3.1 AC current controller

As it is shown in Figs. 2a and b, in the grid-connected mode,
the inverter current controller has a significant role to control the
exchanged real and reactive power between the grid and the HPCS.
In the islanded mode, the inverter current controller is used as an
inner loop to actively damp the resonance of the inverter inductive-
capacitance filter. The transfer functions of the PR and the HC
compensators used in the inverter current controller are as follows

Kps
PR=K,+—7"—— 10
P+S2+§S+a)2 ( )

K, s
HC = E S ( 11
w7 S s+ (nw)? (b

where o (rad/s) is the nominal frequency and ¢ is used to limit the
controller gain at system nominal frequency. In this paper, the HC
is intended to compensate the 5th, 7th and 11th harmonic
components. As shown in Fig. 2b, in the grid-connected mode, a
feed-forward of the grid voltage is utilised to eliminate the effect
of the grid voltage disturbances on the current controller, whereas
in the islanded mode the feed-forward loop is bypassed.

According to (7), the inverter voltage (vi,y) depends on the
inverter dc-link peak voltage (vp,). To eliminate the effect of the
impedance network disturbance on the ac-side current controller,
the inverter voltage reference provided by the current controller is

Table 1 PV-battery HPCS parameters

Parameters Values
quasi-Z-source inductances (L, and L) 600 pH
inductances parasitic resistance (r; and ry) 0.1Q
quasi-Z-source capacitances (C; and C,) 600 pF
AC side inductances (L;) 2 mH
parasitic resistance of L, (rf) 0.1Q
AC side inductance (C;) 25 pF
battery equivalent resistance (Ryp) 0.2Q
Viq 600 V
I14 -75A
D 0.33
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divided by v,,/2, as shown in Fig. 2b. The inverter dc-side voltage
is a pulsed-shape voltage denoted by v,, in non-shoot-through
condition, while takes a zero value in shoot-through condition.
Hence, it is not practical to directly measure the inverter dc-link
peak voltage. Instead, this voltage is calculated using state-space
model of the system expressed by (3)

Vpn = (va + vbat)/(l - d) (12)

Referring to (12), the calculation of the v;,, needs the measurement of
both PV and battery voltages. Moreover, the value of the
shoot-through duty cycle for calculation of vy, is provided by the
PV voltage controller.

The ac-side model of the system in Laplace domain is shown in
Fig. 3a. To design a current controller characterised by a

Viny 1 if.{ ITl Y, ! Load fq
+ Ls+r| + ) Cps | model i
a
f.b(re_,o k jn‘rr.r'j} Ci i i i
b } urrent d oud ?b b
i g P
> ]
Vpy(re k, | 4 A i Vpy
. kp, +—2—> Gg"‘ Lyl -Ires >
+_ P g
c

Fig. 3 Model system in Laplace domain

a AC side model of the inverter
b Battery current controller model
¢ PV voltage controller model
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Table 2 PR controller coefficients

current controller Kpc, Kre 1.5, 4000
Kres, Kre7, Kre11 1000, 1000, 1000

voltage controller Kpe, Kre 0.35, 400
Kres, Krer, Kreat 32, 80, 44

bandwidth (BW) of 1 kHz and a phase margin of 63°, we select the
current controller parameters as listed in Table 2.

3.2 Battery current controller

In the grid-connected mode, the battery current is adjusted to charge
the battery to a certain state of charge. The battery current controller
produces the directional reference component of current (ig),
whereas the quadratic component (iy) is set to zero. The block
diagram of the battery system model is shown in Fig. 3b. In this

model, G;" is calculated from (8). For a particular value of

load
modulation index and shoot-through duty cycle, the value of ijag
is proportional to iy, Fig. 3b. It is noted that the BW of the battery
current control system is considered lower than the BW of the
inner ac current controller. The design choice of kp,=0.1 and fy,
=100 for the battery current controller leads to a BW of 18 Hz
and a phase margin of 100° as shown in Fig. 4.

3.3 AC voltage controller

In the islanded mode, the selector switch in Fig. 25 transfers to the ac
voltage control mode (state ‘1”) and the reference currents (iggrer))
are produced by the ac voltage controller. The ac voltage
controller utilises the PR controller and the HC to regulate the
HPCS output voltage in the presence of unbalanced and non-linear
loads. The non-linear and unbalanced loads absorb oscillatory
power from the HPCS that imposes a low-frequency ripple on the
dc-link voltage. As discussed earlier, in the proposed control
strategy, the output of the current controller is divided by the
dc-link peak voltage which decreases the total harmonic distortion
of the microgrid voltage. The coefficients of the PR voltage
controller are listed in Table 2.

3.4 PV voltage controller

The PV voltage controller model in Laplace domain is shown in
Fig. 3c. The PV voltage controller is designed based on the model
described in (9). The residual resistor r.s is the equivalent
resistance of the PV system in a given operating point.

In the grid-connected mode, the selector switch is in the battery
current control mode. Owing to the constant power injection to the
grid, the increase/decrease in the PV power, initially, leads to a
decrease/increase in the battery current. Subsequently, the battery
current controller reacts and increases/decrease the injected power
to the grid by controlling iq to maintain the battery current at its
charging or discharging reference.

In the islanded mode of operation, the output power of the HPCS
is equal to the load demand. In this mode, the inverter ac current is
regulated by the voltage controller. Thus, any increase in the PV
power leads to a reduction in the battery current. Considering 7
=3 Q, the design choice of kp,=—2.5x 107 and ki, =-0.1 for
the PV voltage controller, provides a BW and a phase margin of
128 Hz and 83°, respectively, as shown in Fig. 4.

4 Operation of the proposed system during the
reduction of available power of the PV system

As it can be seen from (5), in case of reduction of the available power
of the PV system and its consequent voltage drop, D must be
increased to adapt PV and battery voltages. Following the required
increase in D, the dc-link voltage is decreased according to (6).
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Fig. 4 Bode plots of the battery current and PV voltage controllers

Hence, from (7), the ac-side voltage of the inverter is decreased
too. The reduction of the inverter voltage leads to an increase in m
which is provided by the current controller. Owing to the
single-stage power conversion structure of the qZSI, D and m are
dependent on each other. This means that the boost capability of
the qZSI is achieved by partially or fully replacing conventional
null switching vectors of (0 0 0) and (1 1 1) with shoot-through
state [3]. Therefore for proper operation of qZSI PWM, (13) has to
be fulfiled in the method used in this paper

M<1-D (13)

where M is the inverter modulation index in the steady state.
Referring to (13) and (7), we have

1-D
Vinv < T Vpn (14)

where V,, represents the peak value of inverter phase-to-null voltage
in ac side (vy,y) in the steady state. The value of D for adjusting the
PV and battery voltages in steady state can be obtained from (5).
Substituting D from (5) into (14) and referring to (6), the proper
operating condition of the system is as follows

VPV > 2Vinv - Vbat (15)
Therefore the PV voltage is not allowed to drop lower than the
minimum value expressed by (15). In case that the PV voltage
violates from its minimum allowable value, the PV system (i.e.
Part I in Fig. la) is disconnected from the system by means of the
protection relay. In this condition, the battery system (i.e. Part II in
Fig. 1a) individually provides the power demand. As shown in
Fig. 1, in this condition, when the inverter is in shoot-through
state, the switch S is ‘on’ and the reverse paralleled diode in the
switch §” is reversely biased. The voltage across L, is +v. that
increases the energy stored in the inductor. In non-shoot-through
state, the switch S is ‘off” and the load current is supplied by the
impedance network. Assuming that the paralleled diode of ' is
directly biased, the voltage across L, is —v, that discharges the
energy stored in L,. In this condition, the current flowing through
the paralleled diode of S’ in Fig. 1a is

. . V) .
Igiode = —I1,0) + (fz)f + fioad (16)

where i is the initial current of L, in non-shoot-through state. In
7 L(0) . . .
duration that the paralleled diode conducts (igiode > 0), Vpn is equal to
Ve, + v, which is desirable for transferring power from the dc side to
the ac side. However, when ig.gq. in (16) reaches to zero, the
paralleled diode is unwantedly reversely biased. Assuming a
constant value for load current in non-shoot-through state, the
inductor current i, becomes equal to the load current i,,4 (see
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Table 3 System specifications

Parameters Value
microgrid voltage (phase-null) 120 V(gms)
microgrid frequency 60 Hz
battery no-load voltage 200V
switching frequency (f) 10 kHz
battery series inductor (L) 40 uH
PV capacitor (Cp) 50 uF

Fig. 1b). Therefore voltage across L, is zero and vy, equals v, .
Hence, the de-link peak voltage varies between ve, and ve, + v,
resulting in the interruption of power transferring from the dc side
to the ac side. To cope with this issue, the switch S” must receive
gate pulses to be turned on in non-shoot-through state and to be
turned off in shoot-through state. In doing so, vy, remains equal to
Ve, + vy in non-shoot-through state providing the required voltage
level for the power transfer. Note that when the PV is
disconnected, the shoot-through duty cycle of the inverter is set to
a constant value resulting in a value of V},, which is appropriate
for the power transfer. Since the battery has a constant output
voltage, the inverter shoot-through duty cycle can be reasonably
produced in an open-loop manner. Moreover, as the PV gets
disconnected, it is not possible to estimate the dc-link peak voltage
by (5). Hence, according to (6), the dc-link peak voltage is set to a
constant value of V,,/D.

5 Simulation results

The operation of the proposed HPCS in the grid-connected and
islanded modes as well as during the transition between them is
investigated through simulation studies conducted in the
MATLAB/SIMULINK environment. The system specifications
and controllers’ parameters are listed in Tables 1-3.

The performance of the proposed system is studied for different
case studies. First, the grid-connected operation of the PV-battery
HPCS is investigated. Then, the islanded mode of operation in the
presence of unbalanced and non-linear loads is investigated. The
performance of the proposed control system during the transition
from the islanded mode to the grid connected mode and vice versa
is discussed. Finally, the efficiency of the system subject to an
excessive voltage drop of the PV is investigated.

5.1 Grid-connected mode

In the grid-connected mode of microgrid operation, the battery
charging current reference is initially set to 30 A, while at 7=0.1s,
the battery current reference is changed to discharging current of
5 A. At t=0.2 s, the battery current reference is again changed to
the charging current of 30 A. Moreover, the PV voltage is set to
200 V generating 5 kW power. As shown in Fig. 5a, the battery
current controller manages to regulate the battery current to its
reference both in charging and discharging modes. As shown in
Fig. 5b, the increase of the battery current reference leads to the
increase in the current injected to the grid. Moreover, as can be
seen in Fig. 5¢, despite the severe variation in battery current
reference, the PV voltage is kept around its reference. The output
power of the battery, the PV and the HPCS is shown in Fig. 5d.
As seen from this figure, when the battery power is negative; the
hybrid system absorbs power from the grid behaving like a
consuming load. In duration that the battery power is positive, the
HPCS injects power to the grid operating as a generator.

To evaluate the effectiveness of the PV voltage controller,
different step changes in the PV reference voltage are considered
as shown in Fig. 6a. The PV voltage controller tracks the
reference provided by the MPPT algorithm. The battery is
supposed to draw a charging current of 20 A. As shown in Fig. 65,
during the considered voltage variation, the battery current is kept
constant equal to the reference value.
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Fig. 5 Variation of the battery current reference in grid-connected mode
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5.2 Islanded mode

In the islanded mode of operation, the reference of the ac current
controller in stationary reference frame is provided by the ac
voltage controller. It is noted that since the PV has variable power
availability, the battery current is inherently regulated in such a
way to keep the balance between the load demand and the supply.
The PV voltage is set to 200 V generating 10 kW power, and the
ac voltage controller regulates the phase voltage of the microgrid
to 120 V(RMS); 60 Hz.

At first, a 5 kW load is connected to the microgrid at #=0.07 s and
the total load power is increased to 10 kW. Subsequently, at t=0.13
s, a single phase load with 2.8 kW is connected to phase-a. Finally at
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Fig. 6 Evaluation of the effectiveness of the PV voltage controller

a PV voltage variation
b Battery current during reference change of PV voltage controller
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Fig. 7 Microgrid voltage regulation during load changes

a Microgrid load and HPCS powers
b Load voltage

¢ Load current

d Battery current

t=0.2 s, a three-phase non-linear load is connected to the microgrid.
The power of the microgrid load and the HPCS components during
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Fig. 8 MPPT algorithm

a PV voltage
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the considered load switchings are depicted in Fig. 7a. As can be
seen in this figure, the load power variations make the battery
power vary accordingly to supply the load power demand, while
the PV power is constant.

The inverter voltage and the current during the load variations are
shown in Figs. 7b and c, respectively. As it can be seen in Fig. 7c, the
inverter current became unbalanced at t=0.13 s, whereas the PR
controller keeps the load voltage balanced. According to Fig. 7¢ at
t=0.2 s, the load current is contaminated with harmonics, whereas
the voltage harmonic distortion is negligible.

The battery current during the load variations is shown in Fig. 7d.
Following the load change at t=0.07 s, the battery current is
increased to keep the balance between the load demand and the
supply. At t=0.13 s, the load becomes unbalanced resulting in
oscillations in the battery current. Subsequent to the connection of
the non-linear load at t=0.2 s, harmonic currents are drawn from
the qZSI. The unbalanced and harmonic components of the load
current make the battery current distorted as shown in Fig. 7d.

In the islanded mode, the performance of the proposed control
system for finding the maximum power point is shown in Fig. 8a.
In this mode, the load demand must be supplied by both the PV
and the battery. Hence, the battery current changes such that the
load demand is supplied, Fig. 8. As can be seen in Fig. 8¢, the ac
voltage is not affected by the variations in the dc-side voltage.

5.3 Transfer mode

We first consider that the microgrid operates in the grid-connected
mode and the battery is charged by a charging current of 30 A,
while the PV voltage is maintained at 200 V by the associated
controller. Moreover, the total load power of microgrid is 6 kW
while the PV power generation is about 3.3 kW. Subsequent to
disconnection from the main grid at #=0.1 s, the HPCS takes over
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Fig. 9 PV-battery HPCS performance during transfer modes
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b Battery current
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d Output power of the HPCS, the PV system and the battery system
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Fig. 10  System operation in case of PV voltage drop
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the responsibility of regulating the microgrid voltage. At £=0.15s,
the microgrid is reconnected to the grid and the battery current is
brought back to its reference value of —30 A. The load voltage
during these transitions is shown in Fig. 9a. It can be seen from
this figure that the microgrid voltage experiences a smooth
transition when the operation mode is changed. As shown in
Fig. 9b, the battery current takes a different value from its
reference to keep the balance between the supply and the demand.
As shown in Fig. 9¢, the PV voltage is kept to its reference despite
the severe variation in the battery current from —30 to +14 A. The
output power of the HPCS, the PV system and the battery system
are shown in Fig. 9d. The PV power is 3.3 kW in both modes of
the microgrid. However, the battery power changes from —6 to
2.7kW for the grid-connected and islanded mode, respectively.
In the grid-connected mode, the hybrid system absorbs 2.7 kW
from the grid, whereas in the islanded mode, 6 kW power is
injected to the loads.

5.4 PV voltage drop condition

It is assumed that the HPCS supplies a 5 kW load in islanded mode,
although a voltage drop has occurred. Thus, the PV system is
disconnected by the protection relay as described in Section 4. At
t=0.1s, a 5kW load is added to the microgrid. In this condition,
the battery supplies the load demand. As it can be seen in
Fig. 10a, the increase in load demand leads to appropriate increase
in the battery current. The sinusoidal voltage of the microgrid
shown in Fig. 10b confirms the effectiveness of the proposed
control system when the PV system is disconnected from the HPCS.

6 Conclusion

A control scheme for the PV-battery HPCS based on the qZSI has
been proposed. The gZSI uses single-stage buck-boost voltage
conversion system which reduces the total cost and size of the PEI
of the HPCS compared with the conventional systems. The
microgrid application of the PV-battery HPCS has been
investigated for both grid-connected and islanded modes of
operation as well as during the transition between them. A new
strategy was adopted to keep the HPCS operational in case of
severe reduction in the available power of the PV modules and its
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consequent voltage drop. The performance of the proposed system
has been evaluated in the presence of unbalanced and non-linear
loads. It has been shown that the proposed system provides an
acceptable performance for the microgrids in both grid-connected
and islanded modes of operation and transition between them.
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