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a b s t r a c t

The use of a battery energy-stored quasi-Z-source inverter (BES-qZSI) for large-scale PV power plants
exhibits promising features due to the combination of qZSI and battery as energy storage system, such as
single-stage power conversion (without additional DC/DC boost converter), improvements in the output
waveform quality (due to the elimination of switching dead time), and continuous and smooth delivery
of energy to the grid (through the battery energy storage system). This paper presents a new simplified
model of a BES-qZSI to represent the converter dynamics with sufficient accuracy while using a less
complex model than the detailed model (including the modelling of all switches and switching pulses). It
is based on averaged values of the variables, voltage/current sources, and the same control circuit than
the detailed model, except for the switching pulses generation. The simplified model enables faster time-
domain simulation and is useful for control design and dynamic analysis purposes. Additionally, an
energy management system has been developed to govern the power supply to grid under two possible
scenarios: 1) System operator command following; or 2) economic dispatch of the stored energy. The
results obtained from simulations and experimental hardware-in-the-loop (HIL) setup for different
operating conditions of the grid-connected large-scale PV power plant with battery energy storage under
study demonstrate the validity of the proposed simplified model to represent the dynamics of the
converter and PV power plant for steady-state stability studies, long-term simulations, or large electric
power systems.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Renewable energy systems (RES) are widely employed
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worldwide, and specifically photovoltaic (PV) systems are
constantly expanding both in research as well as in industry/home
applications. The energy generated by these PV systems needs to be
converted before being delivered to the load or the grid. This
conversion occurs typically in two stages. The first one is performed
through a DC-DC converter, and in the second one, usually a voltage
source inverter (VSI) allows the connection to the grid [1]. Typically,
the DC-DC conversion stage boosts the voltage of the PV panels and
implements the maximum power point tracking (MPPT) strategy of
the PV generator, while the VSI is controlled to keep the voltage at
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the DC link constant and regulate the reactive power exchangewith
the grid [2e4]. However, single-stage conversion is an attractive
option due to its reduced losses, low device count and lower costs
[5].

A large voltage boost in a single-stage can be achieved by Z-
source inverters (ZSI), which include an impedance network before
the VSI. Different topologies for ZSI can be found in Refs. [6,7]. A
modified topology with a bi-directional power flow was proposed
in Ref. [6]. An improved boost capability and a low voltage stress in
the impedance source of a ZSI were analyzed in Ref. [7]. A deriva-
tion of ZSI is the quasi-Z-source inverter (qZSI), which presents
differences in configuration, while maintaining the same operating
principle. The benefits of the qZSI when compared to the ZSI are a
lower component rating, no need for extra filtering capacitors,
reduced switching ripples and constant DC input current from the
PV panel [8].

PV systems with qZSI/ZSI for small-scale applications can be
found in the literature [9e14]. An optimization based on a novel
perturbation and observation algorithmwas proposed in Ref. [9] to
achieve the MPPT of a 4.5 kW PV system connected to grid through
a qZSI. In Refs. [10e12], different modulation techniques were
applied to ZSI/qZSI in small-scale PV system applications. A control
strategy based on model predictive control was implemented for a
three-phase qZSI in Ref. [13], while control loops with conventional
PI controllers were used in Ref. [14].

Although RES present the advantages of vast fuel source and
lower emissions of pollutants, their intermittent nature requires a
special attention for their integration into the grid. If this integra-
tion is not dealt properly, excessive PV generation may lead to
voltage instability, power fluctuation, or malfunctioning of the
voltage regulation equipment, among other issues [15]. The use of
energy storage systems with RES is an effective way to address the
fluctuation and intermittency of the RES generation. A robust sizing
of hybrid PV systems with battery is recommended when consid-
ering future variations of meteorological data and consumption
profiles [16].

Among the existing large-scale energy storage technologies,
batteries are widely employed [17,18]. Batteries can operate in
charge or discharge mode according to the desired system opera-
tion. Most of the configurations with batteries and PV panels also
include an additional DC-DC converter for the battery connection
and a VSI for grid connection [19e21]. However, energy-stored qZSI
represent a very interesting alternative for hybrid PV-battery sys-
tems without needing an additional DC/DC converter dedicated to
the battery, since the battery is integrated into the impedance
network of the qZSI in the energy-stored qZSI. This configuration
allows an appropriate MPPT control of the PV panels, stable regu-
lation of the DC voltage, and adjustable reactive power exchange
through the control of the single inverter in the qZSI.

In the literature, qZSI have been used with energy storage sys-
tems in applications such asmicrogrids [22,23], inductionmotor for
water pump [24], stand-alone wind turbines [25] and electric ve-
hicles [26]. All these applications share the common objective of
providing a stable power supply and enabling an efficient use of
RES.

Some of the first applications of qZSI connected to small-scale
PV systems and integrating energy storage systems can be seen in
Refs. [8,27]. After these first applications, other researchworks with
the same elements were also published, connecting the inverters in
the cascaded multilevel topology [28], managing the battery state-
of-charge (SOC) [29] or the power flow [30].

To guarantee a proper functioning of RES using battery energy
storage, it is necessary to monitor and control the energy flow
between sources and loads or grid [31]. This control is performed by
an energy management system (EMS). In this work, the EMS must
2

be able to achieve an appropriate balance between the PV system
and the batteries. This will be done by ensuring a desired energy
dispatch and controlling the battery SOC not to reduce its lifetime.
In this context of design and evaluation of the control system and
EMS, in which the details of high frequency components (such as
the inverter switches) are not necessary, a simplified model for a
battery energy-stored quasi-Z-source inverter (BES-qZSI) is pro-
posed in this paper.

Two BES-qZSI models are considered in this work, the detailed
model (DM) and the simplified model (SM). The DM includes the
modelling of all switches and firing pulses, and is used as a
benchmark to validate the results obtained with the proposed SM.
The SM is based on averaged values of the variables, voltage/current
sources and the same control circuit than the DM, except for the
switching pulses generation. Themain objective is to reproduce the
response of the DM through the SM satisfactorily, while reducing
the computational time and efforts significantly. This SM is suitable
for long simulations, large-scale systems, control design and dy-
namic analysis purposes, where the switching features are not
important.

Based on the premise that most of the BES-qZSI applications
existing in the literature were reported for small-scale PV systems,
the aim of this paper is to evaluate the performance of the SM for
the BES-qZSI in a large-scale grid-connected PV system. In order to
manage this PV power plant, an EMS is designed to control the
battery charge and discharge depending on the PV generation,
system operator (SO) demand, the electricity market, and the bat-
tery SOC. The proposed SM and EMS for the PV power plant are
evaluated for different operating conditions: Changes in the solar
irradiation, electricity market conditions and reactive power
reference, as well as under a voltage sag as a grid disturbance.
Furthermore, the adequate response of the SM compared to the DM
has been validated with an experimental hardware-in-the-loop
(HIL) setup. Therefore, the main contributions of this work can be
summarized as follows: 1) Derivation of a simplified model for a
BES-qZSI that reproduces the behavior of the detailed model
adequately while reducing significantly the simulation time and
computational efforts; 2) evaluation of the BES-qZSI simplified
model in a large-scale PV system under different operating condi-
tions; and 3) design of an EMS that can operate in two different
scenarios to manage the power flow between the power sources
and the grid.

In this work, the configuration of the PV power plant under
study is described in Section 2. Section 3 illustrates the modelling
and control of the DM and SM for the BES-qZSI. The EMS proposed
for the PV power plant is explained in Section 4. Section 5 presents
and discuss the results obtained. Finally, the concluding remarks
are presented in Section 6.

2. Grid-connected PV power plant with BES-qZSI

The system under study is a grid-connected PV power plant
composed by the PV panels, the BES-qZSI, an LCL filter, and a
transformer. Fig. 1 shows the overall system with the control
scheme implemented.

The rated power of the PV system is 172 kW, with nine modules
connected in series and fifty-seven modules connected in parallel.
SunPower SPR-X21-335-BLK PVmodules [32] are used in this work.

The qZSI can boost the DC voltage and convert DC into AC in a
single stage, making this converter a suitable option for the grid
connection of RES with reduced cost. This converter also has the
capacity to inject continuous input current and operates in the
shoot-through state, avoiding the switching dead time needed in
conventional VSI, thus enhancing the quality of the output signal
[33]. The typical qZSI configuration is shown in Fig.1. It is formed by



Fig. 1. Configuration and control scheme for the PV power plant with BES-qZSI.

Table 1
Summary of the system parameters.

PV panels AC filter, transformer and grid

Ppv rated 172 kW frated 60 Hz
Vpv rated 515 V Vgrid rated 25 kV

Vnom prim 465 V
Battery Vnom sec 25 kV
Capacity 50 Ah Lprim, Lsec 230 mH
Vb rated 375 V Rprim, Rsec 23 mU

Lmag 1H
qZSI Rmag 377 U
PqZSI rated 190 kW Connection Y/D
VDC rated 900 V L1f 230 mH
L1, L2 79.5 mH L2f 8.6 mH
C1, C2 2200 mF Cf 175 mF
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a three-level VSI and an impedance network with two capacitors
(C1, C2) and two inductors (L1, L2). These components are sized in
order to limit the switching frequency of current and voltage [33].
The minimum value of the inductors can be calculated as follows.

L¼ L1 ¼ L2 ¼ Tsh;maxMminVin

2 riIin
(1)

where ri is the current ripple of the inductors (20%), Tsh,max repre-
sents the maximumvalue of the shoot-through period (Tsh),Mmin is
the minimum value of modulation index (M), and Iin and Vin are the
input current and voltage to the impedance network of the qZSI (Ipv
and Vpv), respectively. Tsh,max and Mmin depend on the switching
technique implemented, which is described in Section 3.1.

The minimum capacity of the capacitors is obtained through the
following expression:

C¼C1 ¼ C2 ¼ 2Tsh;maxIin
rvVdc

(2)

where rv is the voltage ripple (1%), and Vdc is the DC voltage at the
output of the impedance network.

The battery is connected in parallel with the capacitor C2 of the
qZSI and acts as a secondary energy source supporting the inter-
mittent PV generation. A lead-acid battery with 18.75 kWh was
used. This battery model presents a low cost, high reliability and
high efficiency [17].

The LCL filter is the most suitable for large-scale RES applica-
tions [34]. The inductor (L1f), capacitor ( Cf ) and inductor (L2f) can
be calculated through Eqs. (3)e(5), respectively.

L1f ¼
V0

2,
ffiffiffi
6

p
,fs,DIL1f

(3)

Cf ¼Xf ,Cb (4)

L2f ¼ r,L1f (5)

where V0 is the nominal line voltage, fs is the switching frequency,
DIL1f is the maximum tolerable current ripple, Xf is the absorbed
reactive power, Cb is the base capacitance and r is the ratio between
L1f and L2f.

Detailed information about the sizing of the filter can be found
in Ref. [35].

Finally, a 200 kW transformer with Y/D connection, 465 V/25 kV
voltage ratio, and 60 Hz is used to connect the BES-qZSI to the grid.
The transformer inductance and resistance parameters are
Lpri ¼ Lsec ¼ 0.001 p. u, while Rpri ¼ Rsec ¼ 0.03 p. u. The
3

magnetization inductance (Lmag) and resistance (Rmag) are 500 p. u.
Table 1 summarizes the most relevant parameters of the system

under study.

3. Modelling and control of the battery ESS-qZSI

In this section, the modelling and control of the DM and SM for
the BES-qZSI are explained.

3.1. Detailed model (DM) of the BES-qZSI: description and control

Fig. 1 shows the DM of the BES-qZSI, where all the components,
including all switches and switching pulses, are modelled.

The control strategy implemented herein is depicted in Fig. 1.
Maximum active power extraction from the PV system, reactive
power and battery power control loops are shown in this figure. For
the detailed model, an impedance-space-vector modulation tech-
nique (ZSVM) is applied. Therefore, the modulation index and the
shoot-through duty cycle (namely M and D) are the terms that
control the power flows in the system.

Many modulation techniques can be applied to qZSI. Simple
boost control (SBC) maximum boost control (MBC), maximum
constant boost control (MCBC) and ZSVM are the most significant.
Regarding the ZSVM, several options appear depending on the
switching pattern, such as ZSVM6, ZSVM4, ZSVM2 and ZSVM1.
These techniques are described in Refs. [11,36]. In this work, ZSVM6
is used due to two main advantages compared to other techniques,
such as a higher voltage gain and a lower voltage stress for the same
voltage gain.

If the traditional SVM has six active states and two zero states,
generating eight space vectors, the ZSVM adds one additional state,
named the shoot-through state. In the ZSVM algorithm, the sample
time (Ts) is divided into four periods (T1, T2, T0 and Tsh). T0, T1 and T2
are the time of application of the null, the first and the second
active vectors respectively, and Tsh is the shoot-through period
(Tsh ¼ DTs). For the ZSVM6, the switching times are calculated as
follows:

8>>><
>>>:

Tmaxþ ¼ Tmax þ Tsh
12

Tmax� ¼ Tmax þ Tsh
4

…

8>>><
>>>:

Tmidþ ¼ Tmid �
Tsh
12

Tmid� ¼ Tmid þ
Tsh
128>>><

>>>:
Tminþ ¼ Tmin � Tsh

4

Tmin� ¼ Tmin � Tsh
12

(6)

The qZSI control is performed by controlling Tsh through D, and



Fig. 2. Energy storage system power control.

Fig. 3. Proposed simplified model.
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by the modulation signals ma(t), mb(t) and mc(t). These last three
terms represent a balanced three-phase signal. Themodule of these
signals represented in the dq reference frame (md and mq) corre-
sponds to the modulation index M.

In Fig. 1, it can be observed that M is controlled to regulate the
active power generated by the PV system, and the reactive power
injected to the grid, through a cascaded control loop [37]. The inner
loops are the current control loops, where two PI controllers
regulate the d and q components of the grid current. These PI
controllers generate ud and uq. Adding the corresponding decou-
pling terms, an independent regulation of active and reactive po-
wer can be accomplished through Eq. (7). The reference values for
id,grid and iq,grid are provided by the PI controllers in the outer
control loop. One of these controllers is in charge of the active PV
power generation, and the other one is in charge of the reactive
power exchangewith the grid. Oncemd andmq are generated by Eq.
(7), they are transformed to the abc reference frame to produce the
IGBT firing pulses using ZSVM6.

md ¼ 2
VDC

�
ud � L,u0,iq;grid þ Vd;grid

�

mq ¼ 2
VDC

�
uq � L,u0,id;grid þ Vq;grid

� (7)

An MPPT strategy is necessary to benefit from the maximum
solar radiance received by the PV modules. In the proposed
configuration, a perturb and observe (P&O) algorithm was used,
where the value of the maximum voltage is continuously tracked.
The MPPT algorithm provides the reference voltage at the output of
the PV panels (Vpv

MPPT), which is then compared with the voltage
measured at the panels in the active power control loop.

On the other hand, the battery power exchange is regulated
controlling the battery current (IESS) through D in the control loop
shown in Fig. 2. In order to achieve a fast response,D is calculated as
the sum of two terms (D¼ DDþ D0). DD is the output of the battery
current control loop, and D0 is defined through Eq. (8), where VESS

nom

is the nominal voltage of the energy storage system and VPV
std is the

input voltage of the qZSI at standard conditions of the PV system.
Note that D0 is constant. Therefore, DD makes D vary around D0 to
control the battery current.

D0 ¼Vnom
ESS

.�
2 ,Vnom

ESS þVstd
PV

�
(8)

The active power reference for the battery PESSref is provided by the
EMS. This value is then divided by the measured battery voltage
VESS to obtain the current reference IESS

ref , as illustrated in Fig. 2. Due
to technical constraints of the device, the battery current must
remain between maximum and minimum values. Therefore, a
saturation is imposed to IESS

ref previously to the comparison against
themeasured current IESS. The deviation between the actual and the
desired battery current is inputted to a PI controller that generates
DD as an output. Finally, D is computed adding D0 to DD. In the
detailed model, D is inputted to the ZSVM algorithm to implement
the shoot-through states in the converter. On the other hand, the
simplified model requires the calculation of the battery voltage VESS

out

for the controlled voltage source that represents the battery in the
averaged model of the converter. This voltage is calculated through
Eq. (16), as it will be shown in Section 3.2, and this is the equation
implemented at the rightmost part of Fig. 2.

3.2. Simplified model (SM) of the BES-qZSI: description and control

The SM of the qZSI replaces the impedance network and the VSI
switches with controlled sources governed by the boost factor (B)
and themodulation signalsma(t), mb(t) andmc(t). Because the firing
4

pulses of the switches are not considered, the data processing
needs are reduced notably (the sample time can be increased),
while obtaining a performance similar to the DM. Thus, the pro-
posed model does not show the current and voltage harmonics but
the dynamic performance of the DM, which results important
when it comes to manage the power flow.

The proposed SM is composed of a controlled current source in
the PV system side, three controlled voltage sources in the grid side
and a controlled voltage source that simulates the terminals of the
capacitor C2. Like in the DM, the battery is connected to this
capacitor. Fig. 3 illustrates a scheme of the SM proposed for the BES-
qZSI.

Considering ZSVM6 in the qZSI, the following two expressions
relate the different voltages in the qZSI (i.e., Vin, Vdc, and Vac).

Vdc¼Vin
1

1� 2D
(9)

vaðtÞ ¼ 1ffiffiffi
3

p ðVdc,maðtÞÞ

vbðtÞ ¼
1ffiffiffi
3

p ðVdc,mbðtÞÞ

vcðtÞ ¼ 1ffiffiffi
3

p ðVdc,mcðtÞÞ

(10)

If Vdc is replaced in Eq. (10) using Eq. (9), a direct relationship
between the AC output voltage of the converter and the input
voltage Vin appears in Eq. (11).

vaðtÞ ¼ B,
2
3
Vin,maðtÞ

vbðtÞ ¼ B,
2
3
Vin,mbðtÞ

vcðtÞ ¼ B,
2
3
Vin,mcðtÞ

(11)

Since ma(t), mb(t) and mc(t) constitute a balanced three-phase
signal, so is the aggregation of va(t), vb(t) and vc(t). This can be
achieved using the same control loops as in the DM.

In the DC side of the qZSI (PV system terminals), the value of the
controlled current source is calculated based on the power balance
principle (Pgrid ¼ PPV þ PESS) derived from the PV system side ter-
minals (Vin).



Fig. 4. Control scheme for the EMS.
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Pgrid ¼ iaðtÞ,vaðtÞ þ ibðtÞ,vbðtÞ þ icðtÞ,vcðtÞ
Pin ¼ Vin,Iin
PESS ¼ VC2,IESS ¼ VESS,IESS

(12)

Eq. (12) taken to the PV system side becomes Eq. (13). Note that
VESS is equivalent to Vin·B·D.

Pgrid ¼ Vinffiffiffi
3

p ,B,ðiaðtÞ,maðtÞ þ ibðtÞ,mbðtÞ þ icðtÞ,mcðtÞÞ

Pin ¼ Vin,Iin

PESS ¼ Vin,B,D,IESS

(13)

Finally, the input current can be calculated through the power
balance.

Iin ¼ 1ffiffiffi
3

p ,B,ðiaðtÞ,maðtÞ þ ibðtÞ,mbðtÞ þ icðtÞ,mcðtÞÞ � B,D,IESS

iaðtÞ,maðtÞ þ ibðtÞ,mbðtÞ þ icðtÞ,mcðtÞ/mabcðtÞ,iabcðtÞ
(14)

Iin¼
1ffiffiffi
3

p ,B,mabcðtÞ,iabcðtÞ � B,D,IESS (15)

where, iabc(t) is the current at the AC side, IESS is the energy storage
system current and Iin is the current generated by the PV system.

Finally, as commented above, the energy storage is connected to
a controlled voltage source that simulates the terminals of the
capacitor C2.

Vout
ESS ¼VPV,D,B (16)

In this model, the control loops for the output power of the PV
system and the reactive power exchange with the grid are the same
as in the DM, shown in Fig. 1. Furthermore, since the firing pulses of
the VSI switches are not considered, M is calculated as the module
of the vectorsmd andmq. Additionally, the battery control loop also
has to generate proper values of D in order to control the energy
storage system reference power provided by the EMS. In this case,
once D is obtained, Eq. (16) is used to calculate VESS

out.
4. Energy management system

This section describes the EMS implemented to control the
power flow between the energy sources, i.e. the PV system and the
battery, and the grid (namely PPV , Pb and Pgrid respectively). A
flowchart of the proposed EMS is shown in Fig. 4.

In a first stage, the EMS awaits for instructions of the SO. The top
priority of the EMS is to comply with the active and reactive power
requirements of the SO (PSO and QSO) as long as they remain be-
tween certain boundaries. If the SO does not set any operating in-
structions, then the system is operated to make an economic profit
of the energy stored following a simple scheme. These two possi-
bilities are described in detail below.

In order to fulfill the SO requirements, PSO must remain between
the maximum andminimum available power (Pmax

av and Pmin
av ) given

by Eqs. (17) and (18) respectively. These boundaries are defined
based on the maximum charge and discharge power of the battery

(Pch;max
b and Pdis;max

b respectively) according to Eqs. (19) and (20),
which are computed considering the maximum and minimum SOC
advised for the battery [38]. In this work, SOCmax ¼ 90% and
SOCmin ¼ 30%. This scheme protects the battery against overcharge
and deep discharge. Additionally, the reactive power command QSO
is limited by PSO and the rated power of the converter. If both PSO
5

and QSO are set within the aforementioned limits, they become the

active and reactive power references for the EMS ( Prefgrid ¼ PSO and

Qref
grid ¼ QSO ). Therefore, the SOmust be informed of Pmax

av and Pmin
av to

make a sensible selection of PSO and QSO.

Pmax
av ¼ PPV þ Pdis;max

b (17)

Pmin
av ¼ PPV � Pch;max

b (18)

Pdis;max
b ¼min

�
Pmax
b ;

Ebat
Dt

�
SOC � SOCmin

100

��
(19)

Pch;max
b ¼min

�
Pmax
b ;

Ebat
Dt

�
SOCmax � SOC

100

��
(20)

where Ebat is the nominal energy of the battery, Dt is the time in-
terval of the demanded energy, and Pmax

b is the maximum power of
the battery.

When no specific command is received from the SO, the battery
is operated under economic profitability criteria. Because this paper
does not focus on the detailed regulation of power generation in a
complex electricity market, the EMS only discerns between valley
periods (VP) and peak periods (PP). Nonetheless, the battery SOC
limits still apply on this situation. In this sense, the EMS will charge

the battery with Pch;max
b during VP only if SOC < SOCmax. On the

other hand, the EMS will discharge the battery with Pdis;max
b during

PP if SOC > SOCmin. Storing energy in VP and releasing during PP
increases the monetary profit of the hybrid system. However, if any
of the SOC limits are reached either in VP or PP, the battery stops
charging/discharging and only the PV generation is delivered to the

grid ( Prefgrid ¼ PPV ).

In the EMS proposed, PPV , SOC, PSO, QSO are used as inputs.
Additionally, a binary variable PP is used to discriminate between

PP (PP ¼ 1) and VP (PP ¼ 0) in the electricity market. Finally, Prefgrid

and Qref
grid are outputted from the EMS in any of the two scenarios

considered: 1) SO command following; or 2) economic dispatch of
the stored energy.
5. Results and discussion

In this section, the dynamic performance of the proposed SM
and the DM of the BES-qZSI is evaluated and compared under
changes in the solar irradiation, electricity market conditions and
reactive power reference, as well as under a voltage sag as a grid
disturbance. For comparison purposes, a third model has been
included in this section. It has been labelled as ‘mixedmodel’ (MM),
and it consists of the complete impedance network of the qZSI



Fig. 6. Case 1: (a) PV power; (b) Battery power; (c) Grid power; and (d) SOC.
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implemented element by element as in the DM, and an averaged
representation of the battery and the VSI using controlled sources
as in the SM. In addition, the behavior of the proposed SM is studied
for long simulations with different operating conditions on PV
generation, battery and grid (changes in the electricity market and
the power demanded by the SO). Moreover, an experimental HIL
validation of the proposed SM is presented in this section. Finally,
the execution time of the simulations is registered and compared to
verify the computational requirements of each model.

5.1. Case 1: long simulation with changes in the solar irradiation
and electricity market

In this case, a 30 s-long simulation is carried out to evaluate the
performance of the models with changes in the solar irradiation
and the electricity market.

Fig. 5 shows the irradiation profile used in this case, which
represents the irradiation of a typical cloudy summer day, but
compressed in 30 s of simulation. This irradiation profile allows to
evaluate the behavior of the system with changes in the PV power,
and thus, in the management of the power stored in/provided by
the battery (Pb) and the power injected to the grid (Pgrid). The
simulation is performed assuming an initial battery SOC of 50%. The
MPPT algorithm allows the PV array to operate with the maximum
power at every instant.

It can be seen in Fig. 6aec that the proposed SM achieves the
expected objective, as the results obtained with the SM for the
active power flows (PPV, Pb and Pgrid) are similar to those shown by
the DM. Additionally, the MM used to reinforce the comparison
presents a similar response to the SM, which indicates that the SM
reproduces the DC dynamics of the qZSI satisfactorily. Moreover,
since both the SM and the MM resemble the DM, it can be stated
that the loss of information when using an averaged model of the
VSI does not pose a significant drawback in this sort of simulations,
since only the high switching frequency of the switches in the DM
is obviated in the SM and MM, while reducing the simulation time
and computational efforts notably.

In this simulation, the SO does not define any reference power.
Therefore, the battery operates searching an economic benefit in
the electricity market. Subsequently, during the VP (indicated with
the red background in Fig. 6d) the energy is stored in the battery.
The energy stored is released later during the PP (green back-
ground), making a monetary profit due to the difference in the
energy cost between both periods.

5.2. Case 2: short simulation with changes in the reactive power
reference and a grid disturbance

This simulation focuses on evaluating the proposed SM and the
Fig. 5. Irradiation profile for case 1.

6

control system under transient states that may occur in the system,
such as changes in the reactive power reference imposed by the SO
and a grid disturbance (grid voltage sag of 0.7 p. u. at 2.5 s with a
duration of 50 ms).

Fig. 7 illustrates the grid active and reactive power obtained in
this case study, where the system is simulated under the following
operating conditions: 1) the irradiation is assumed constant at
1000 W/m2; b) the SO demands a PSO of 190 kW, where the PV
system contributes with 171 kWand the battery with 19 kW; 3) the
system operates with unity power factor (reactive power equals to
zero), excepting from 1 to 2 s, where the SO demands a QSO of �0.1
p. u. (equivalent to �20 kVAr), and from 3 to 4 s, where þ0.1 p. u.
(þ20 kVAr) are requested.

Regarding the voltage sag, the system operates with an active
power of 190 kW and unity power factor right before the distur-
bance. During the voltage sag, the active power falls equally in the
three models (DM, SM and MM) due to the voltage drop. When the



Fig. 7. Case 2: (a) Grid active power; and (b) Grid reactive power.

Fig. 8. Case 2: (a) Phase-A grid voltage; and (b) Phase-A grid current during the
voltage sag.
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disturbance is cleared and the grid voltage recovered, the active
power increases and stabilizes at the pre-fault value. The SM and
MM present less variability in the transient and reaches the pre-
fault conditions earlier than the DM, provided that the operation
of the power switches in the VSI is only considered in the latter.
During the rest of the simulation, the results obtained by the pro-
posed SM perfectly match with those achieved by DM and the MM,
even when the changes in the reactive power happen.

Fig. 8 illustrates the effect of the voltage sag on the phase-A grid
voltage and current. Since the grid is modelled as an ideal source, as
illustrated in Fig. 1, only a single voltage waveform is represented in
Fig. 8a, because it is exactly the same in the threemodels compared.
Regarding the grid current in Fig. 8b, only small differences be-
tween the DM, the SM and the MM appear during and after the
fault. It can be seen that the transitory state in the grid current
7

observed for the DM is slightly more accused than the SM and the
MM due to the simplifications made in these models. Nevertheless,
the response of the SM and the MM is completely valid for the
target simulations of these models, and they should only be dis-
carded if a very detailed study of the fault dynamics was required,
which is not the case in this work. Finally, the stabilization of the
grid current after the fault indicates that the PV power plant and
the battery are controlled satisfactorily once the grid voltage is
recovered.

5.3. Case 3: experimental HIL validation

This section presents the experimental results that allow testing
and comparing the real-time performance of the DM and the pro-
posed SM.

Fig. 9 presents the experimental HIL setup built for the valida-
tion of the simulation results. The power plant runs in real-time in a
Typhoon HIL402 device. This real-time machine is programmed
through the software Typhoon HIL Control Center, which also allows
monitoring the most relevant parameters of the power system in
real-time. The control system runs in a dSPACE MicroLabBox, pro-
grammed using Simulink, and using dSPACE ControlDesk to monitor
the signals of interest. Finally, the figures presented in this section
are obtained through a Yokogawa DLM4038 oscilloscope that
measures the inputs and outputs of both real-time simulators.

As it can be observed in Figs. 10 and 11, the results obtained with
the experimental setup reveal that the proposed SM responds
similarly to the DM under different operating conditions. In this
sense, Fig. 10a shows that the DM tracks the references for the
active and reactive powers satisfactorily, as well as the battery
current. This indicates a proper operation of the control systems
implemented. Additionally, the PV power generation and the bat-
tery power are also represented in this figure. The former varies
with the irradiation input, and the latter is calculated from the
battery voltage and current outputs. Fig. 10b illustrates an analo-
gous scenario for the SM. As seen, the SM responds similarly to the
DM under changes in the active and reactive powers, and the bat-
tery current, and no relevant differences can be highlighted.

Fig. 11 depicts the results of the experimental setup during a sag
in the grid voltage of 0.7 p. u, during 50 ms. The grid active and
reactive powers, plus the phase-A instantaneous voltage and cur-
rent are represented for the DM and the SM (Fig. 11a and b,
respectively). Even under this grid fault, both the DM and the SM
are able to recover the control of the power system shortly after the
fault clearance. Furthermore, similar results for the DM and the SM
can be noticed when comparing Fig. 11a and b.

The experimental results shown in this section prove the ade-
quacy of the SM to replace the DM in long-term simulations, large-
scale electric power systems, and control design and dynamic
analysis purposes.

5.4. Case 4: long simulation with changes in PV power, electricity
market and power demanded by the SO

The results of an 8100 s-long simulation (equivalent to 2 h and
15 min) are presented in this section. Since the performance of the
proposed SM has proved similar to the DM in the previous case,
only the SM is simulated in this scenario to confirm its suitability
for dynamic analysis purposes in long-term simulations. For this
simulation, a variable irradiance profile following the PPV pattern
shown in Fig. 12a and different operating conditions of the elec-
tricity market (Fig. 12b) are considered. This allows to evaluate the
PV power plant and the proposed EMS under all the operating



Fig. 9. HIL experimental setup.

Fig. 10. Experimental results with power variation and battery current control for (a) Detailed model; and (b) Simplified model.
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conditions described in Section 3 and Fig. 4.
Fig. 12a shows the power balance during the simulation for an

initial SOC of 60% in the battery. It also presents the power
demanded by the grid and the maximum available power. It can be
8

noted from Fig. 12a that the demanded power is always lower than
the maximum available power, and that when the SO demands a
specific power, this request is addressed. From 0 to 1800 s, the SO
defines a power demand. When the power requested by the SO is



Fig. 11. Experimental results including a voltage sag for (a) Detailed model; and (b) Simplified model.
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lower than the power generated by the PV panels, the exceeding
energy is used to charge the battery. When the SO requests more
power than the PV generation, the battery is discharged. From 1800
to 3600 s, the SO does not define any power demand, and the
battery operates to achieve an economic benefit in the electricity
market. In the first part of this period (from 1800 to 2700 s), the
market is not favorable to sell energy (VP in Fig. 12b). Hence, the
excess energy is stored in the batteries. On the other hand, in the
second part (from 2700 to 3600 s) a PP is observed (Fig. 12b), and
thus the battery is discharged. Approximately at the middle of the
peak period, the battery is discharged with a lower intensity,
limited by Eq. (19). From 3600 to 5400 s, PSO is similar to the value
set at the beginning of the simulation. However, this time the
battery is charged and discharged more often because it coincides
with periods where PSO is either higher or lower than PPV. From
5400 s onwards, it can be observed that the battery reaches and
does not exceed the SOC limits.

Fig. 12b illustrates the battery SOC. It can be noted at 6300 s that,
when the SOC reaches 90%, the battery is not allowed to charge
beyond this point. On the other hand, when the battery SOC reaches
30% at 7100 s, a deeper discharge is not allowed. Moreover, it can be
9

observed that, when the SO does not require a specific power, the
battery is discharged during the PP, and charged during the VP. This
behavior proves that the EMS avoids exceeding SOC limits, thus
increasing the battery life cycle, while making an economic profit
out of the smart energy dispatch implemented.

5.5. Comparison of the computational efforts of the models

Due to the simplifications applied to the DM to obtain the SM,
the latter can be used for long-term simulations. In this sense,
Table 2 presents a comparison of the computational efforts expe-
rienced for simulations using the DM and the SM. In Table 2, the
simulation horizon represents the simulation time set on Simulink,
whereas the second column shows the simulation time reduction
of the SM compared to the DM. The computer used for the simu-
lations is equipped with an Intel® Core™ i7-10510U CPU @ 2.3 GHz
processor, and 32 GB of RAM. In this case, the PV power plant is
simulated as in Case 2, but without any changes in the reactive
power reference or voltage sags. Furthermore, the irradiation is
assumed constant at 1000W/m2, and PSO equals 190 kW, where the
PV system provides 171 kW and the battery 19 kW.



Fig. 12. Case 3: (a) PV power, battery power, grid power, SO demand, and maximum
available power; and (b) battery SOC and trading in electricity market.

Table 2
Comparison of the computational effort of the models.

Simulation horizon (s) SM vs DM Time reduction (%)

5 81%
10 85%
15 86%
20 86%
30 86%
8100 85%
Average time reduction 85%
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The results show a 85% time reductionwith the SM compared to
the DM.

6. Conclusions

This paper presented a new SM of BES-qZSI in large-scale PV
power plant, which was evaluated by comparison with the DM
(including the modelling of all switches and switching pulses), and
the MM implemented exclusively for comparison purposes. The
proposed SM was developed through controlled voltage and cur-
rent sources at the AC and DC side, respectively, so that it can be
easily implemented in an electric circuit representation for inte-
gration of BES-qZSI into electric power system simulation and
modelling software. The control applied to obtain M in the SM was
the same as in the DM, while D was calculated through the battery
control that regulated the battery power generation. An EMS was
designed to define the battery power reference depending on the
PV generation, the power requirements of the SO, the electricity
market, and the battery SOC.

The SM, when compared to the DM, obtained similar responses
for dynamic events such as fluctuations in the solar irradiation,
changes in the electricity market conditions and variable reactive
power reference, proving the effectiveness of the proposed SM.
Only slight differences appeared in the transitory recovery after the
grid fault, but these differences were small enough to be neglected
in the target simulations of the SM. Furthermore, when compared
to the MM, both models matched almost exactly most of the time,
10
which indicates that the SM reproduces the DC dynamics of the
qZSI satisfactorily. Additionally, an experimental HIL setup was
built to validate the adequate performance of the SM under
different scenarios when compared to the DM.

A great reduction in the simulation time (average time reduction
of 85% compared to the DM) and the computational effort was
achievedwith the SM, making it suitable for long-term simulations,
large-scale electric power systems, and control design and dynamic
analysis purposes.
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