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The increased penetration of renewables and the variable behavior of solar irradiation makes the
energy storage important for overcoming several stability issues that arise in the power network. The
current paper examines the design and stability analysis of a grid-connected residential photovoltaic
(PV) system with battery-supercapacitor hybrid energy storage. The battery and supercapacitor packs
are connected to the common 400 V DC-bus in a fully active parallel configuration through two

Keywords: bidirectional DC-DC converters, hence they have different voltage levels and their power flow is
Photovoltaics controlled separately. A detailed small-signal stability analysis is considered for the design of the
Battery current controllers for the bidirectional converters of the battery and supercapacitor. An important
Supercapacitor contribution here is that a detailed stability analysis is performed for both the boost and the buck
Hybrid storage

Lo mode of operation for the battery and supercapacitor converters, resulting in more accurate tuning
DC-DC bidirectional converter . s R .

v . of the controllers. Moreover, the small-signal stability analysis of the voltage source inverter (VSI)
oltage source inverter . . . . .
Grid is considered in order to design the DC-bus voltage controller, where a reference output current is
obtained using a phase-locked loop (PLL) for grid synchronization. The proposed model is developed
and simulated in the MATLAB/Simulink software environment, based on mathematical analysis and
average modeling. The simulation results verify the dynamic performance of the proposed model,
through several rapid changes in PV generation and in load demand. Also, the model works properly
and responds extremely fast during different mode transitions, exhibiting a very fast DC-bus voltage
regulation with a very small ripple voltage (a maximum of + 0.625%). Finally, the supercapacitor
handles the rapid changes occurring within 0.2 s, hence this can relieve the battery stress and extend

the battery lifetime.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Control design
Small-signal stability analysis

1. Introduction renders energy storage important for overcoming several prob-
lems that arise in the grid (Hemmati and Saboori, 2016; Argyrou
et al., 2018a; Bocklisch, 2016).

Additionally, the hybridization of energy storage technologies
can allow various applications in a system that may not be
possible for a single storage technology. A notable such example

is the battery-supercapacitor storage, which combines the short-

Current rising electricity demand and climate change have
reinforced the need for independence from conventional fuels
and use of renewable energy sources. Solar photovoltaic (PV) is
one of the most growing technologies in the world with a current
growth rate of 35%-40% per year. Moreover, PV power generation

can be considered as the most promising, widely available and
essential renewable resource. On the other hand, the variable
behavior of solar irradiation and, consequently, PV generation

* Corresponding author.
E-mail addresses: mx.argyrou@edu.cut.ac.cy (M.C. Argyrou),
christos.marouchos@cut.ac.cy (C.C. Marouchos), soteris.kalogirou@cut.ac.cy
(S.A. Kalogirou), paul.christodoulides@cut.ac.cy (P. Christodoulides).

https://doi.org/10.1016/j.egyr.2021.08.001

term (supercapacitor) and long-term (battery) storage, as well
as the high power (supercapacitor) and high energy (battery)
rating. Furthermore, supercapacitors can reduce stresses in bat-
tery storage and thus extend the battery life. The battery and
supercapacitor pack are connected to the DC-bus through bidi-
rectional DC-DC converters. The fully active parallel configuration
provides flexibility as the battery and supercapacitor can operate
in different voltages and be controlled separately (Argyrou et al.,
2018c; Vazquez et al.,, 2010).
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1.1. Related research on the techniques and design of controllers

The DC-bus voltage can be regulated by PV, storage or grid
inverter, depending on the system configuration. If the system is
grid-connected, then the DC-bus voltage can be regulated by the
grid inverter, while if the system is stand-alone or in islanded
mode then the DC-bus voltage can be controlled by PV, battery
or supercapacitor. Following is a literature review of different
systems, focusing on the design of controllers and the techniques
used.

Kollimalla et al. (2014) studied the design of the voltage and
current controllers for battery and supercapacitor converters. The
design was for a stand-alone PV system with DC load, where the
DC-bus voltage control was implemented by the supercapacitor
converter. Manandhar et al. (2018) used the same configuration
in performing a stability analysis and the controllers design. How-
ever, none of the above studies considered the state-of-charge
(SOC) of the battery and supercapacitor, which were assumed to
be utilized within their acceptable limits. This can cause deep
charge/discharge cycles and hence a decrease of battery lifetime.

Hajiaghasi et al. (2018) proposed a stand-alone PV system with
hybrid storage and DC and AC loads. The authors investigated the
design for the voltage and current controllers of the converters.
For the current control of the battery and supercapacitor convert-
ers, PI controllers were used. Also, regarding the DC-link voltage
controller, a fuzzy controller was chosen. The results showed that
the PI-fuzzy control strategy improved the dynamic stress and the
peaks and ripples in the current of the battery.

Yi et al. (2018) examined a unified control for a PV system
with battery storage for both grid-connected and islanded modes.
Specifically, in grid-connected mode, the inverter was responsible
for the DC-bus voltage control and the reactive power control
from the DC to AC side. Through the Phase Locked Loop (PLL) a
reference current for the inverter was extracted. Moreover, the
power flow of the battery converter was regulated using a PI
controller. On the other hand, when the system was in islanded
mode, the DC-bus voltage control was done either by the battery
or the PV converter (if a battery was not available). Also, the
inverter was responsible to regulate the output AC voltage. All
the required controllers were chosen to be PI controllers.

Singh and Lather (2020b) proposed a combined PI and SMC
(Sliding Mode Control) method for a DC microgrid application
including PVs and battery-supercapacitor hybrid storage. The
DC-bus voltage control and the battery current control were mon-
itored by PI controllers, while the supercapacitor current control
by a SMC. Also, for the design of the PI controllers, a stability
analysis was presented using the appropriate small-signal trans-
fer functions. The same authors extended their aforementioned
work by proposing a modified control structure, which included
a rate limiter (for reducing the high charge/discharge rates), a
PI controller for the DC-bus voltage control and two SMCs for
controlling the currents of the battery and the supercapacitor,
respectively (Singh and Lather, 2020a). The results showed a
smaller DC-bus voltage overshoot and a faster voltage regulation
of the proposed strategy.

Ma and Hsieh (2020) studied a battery-supercapacitor hybrid
energy storage application for renewables and proposed different
control schemes. The system was grid-connected with DC and AC
loads, where the inverter was responsible for the DC-bus voltage
control (type Il compensator) and the inductor current control (P
controller). The DC-DC bidirectional storage converters included
a single-loop inductor current controller (type Il compensator).
The authors provided a detailed tuning procedure for the design
of the appropriate controllers and verified the effectiveness of
their proposed scheme through simulations and experimental
implementation.
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Cabrane et al. (2021) examined a stand-alone PV system with
battery-supercapacitor hybrid energy storage and DC load. The
control system was based on PI controllers for voltage and cur-
rent control. Through the DC-bus voltage control, the reference
hybrid energy storage current was extracted. After that, a filter
was used for the calculation of the reference currents of the
battery and supercapacitor. The simulation results showed that
the integration of the supercapacitor reduced the consumption of
the battery. Also, the authors compared the simulation results of
the battery SOC for different filter constants, concluding that the
battery SOC consumption decreased for increased time constants.
However, the SOC limits of the battery and supercapacitor were
not considered in the energy management strategy.

Ravada et al. (2021) proposed an isolated multisource con-
verter configuration and control structure for a grid-connected
PV/wind system with battery-supercapacitor hybrid storage. All
required current and voltage controllers of the proposed con-
verter were chosen to be PI controllers. The authors achieved
less complexity in the control stage with a smaller number of
components. However, no further stability analysis was done and
the PI tuning parameters were not given.

It must be stressed here that all the above studies, which
include research in stability analysis, have assumed a unified
controller for the design of the bidirectional DC-DC converters,
in which the two modes (boost and buck) were controlled in
a complementary fashion. Therefore, the design concerned the
boost-mode operation of the converter. On the contrary, the fol-
lowing studies made a different control structure for each mode
of operation (boost and buck).

Song et al. (2011) proposed an algorithm for a grid-connected
residential 10kWh battery, considering the daily load profile, the
PV generation and the SOC of the battery. The DC-link voltage
control was maintained by the inverter, producing a reference
inverter output current with the use of a PLL. The current control
of the battery bidirectional converter was examined separately
for each mode of operation (charging and discharging mode).
However, the design of the controllers was not presented, and
the PI tuning parameters were not given or explained.

Aktas et al. (2017) proposed a grid-connected PV system with
hybrid energy storage. The difference of this work is that the
storage topology was semi-active, where the supercapacitor was
passively connected on the DC-bus, while the battery was con-
nected to the DC-bus through a bidirectional DC-DC converter.
Moreover, the control structure regarding the battery bidirec-
tional converter was done according to the mode of operation
(boost or buck). During the buck-mode a battery output voltage
control and a current control were performed, while for the
case of the boost-mode only a battery current control was done,
because the DC-bus voltage control was done by the grid inverter.
However, no further stability analysis was done and the PI tuning
parameters were not given.

Simoes et al. (2015) analyzed and designed a bidirectional
floating interleaved DC-DC converter in a residential PV system
with battery storage. They examined the small-signal model sep-
arately for the boost-mode and the buck-mode operation. When
the system was connected to the grid, the DC-bus voltage control
was done by the inverter. When the system was in islanded mode,
the DC-bus voltage control was done either by the PV or the
battery converter. Depending on the mode of operation, K-factor,
PI and PR controllers were examined for current and voltage
regulation.

Naresh et al. (2021) examined a mathematical model and a
stability analysis for a supercapacitor storage system. The authors
considered the non-linearities related to the supercapacitor pack
and its bidirectional DC-DC converter (i.e., ON-state resistance of
switches, parasitic effects). A small-signal analysis was performed
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considering the non-linearities. PI controllers were chosen for
the current control of the inductor current, where the control
structure was different for the charging and discharging mode
of the supercapacitor converter. A stability analysis showed that
there was an improved transient response of the converter de-
signed, by considering the non-idealities for both the charging
and discharging modes.

Babu et al. (2020) prepared a comprehensive review of differ-
ent converter configurations and several control strategies related
to hybrid energy storage systems. Regarding the control tech-
niques, the authors provided a variety of methods (classical or
intelligent), depending on the application that could be employed,
along with the features and limitations of each technique.

From the above literature review of the related research,
one can clearly conclude that, depending on the application and
the system configuration and complexity, there is a plethora
of control methods that can be developed. The present paper
examines a residential grid-connected PV system with battery-
supercapacitor storage and AC loads. The focus of this study is
given on the small-signal analysis and the design of the appro-
priate controllers.

Compared to previous studies, the main contributions of this
paper are as follows:

e A detailed small-signal analysis is performed for the bidi-
rectional DC-DC converter and the single-phase inverter.
Such a detailed small-signal analysis is hard to find in the
literature.

The stability analysis is done for both the boost and the buck
modes of operation for the battery and the supercapacitor
converters that can result in a more accurate tuning of the
controllers.

The mathematical modeling approach provides flexibility and
adjustability to the parameters of the model. Additionally,
through the mathematical model a specific behavior of the
system is considered, neglecting other insignificant phe-
nomena (i.e., switching ripple signals).

The averaged models of all converters are examined, consid-
ering the system dynamics and ignoring the switching ripple
signals.

Simulation results verify the effective power sharing and
the dynamic performance of the proposed model under rapid
changes in PV and load power. Also, supercapacitor handles
the rapid changes occurring within 0.2 s, hence this relieves
the battery stress and extend the battery lifetime.

Very fast DC-bus voltage regulation with a very small ripple
voltage (a maximum of £ 0.625%).

A detailed presentation of the proposed methodology follows.
1.2. Proposed system configuration and methodology

In Fig. 1, the architecture of the system under investigation
is presented. The PV array has a total power capacity of 3 kW),
Specifically, the PV array is mathematically analyzed based on
the equivalent circuit of the one-diode PV cell. The connected
PV boost converter is responsible for the voltage step-up and the
Maximum Power Point Tracking (MPPT), in which the Perturba-
tion and Observation (P&O) algorithm is used. A detailed analysis
and modeling of the PV array, the boost converter and the MPPT
control can be found in Argyrou et al. (2017, 2018b).

The battery is modeled based on the dual polarization (2"-
order RC) battery cell circuit, while the supercapacitor model
is developed based on the two-branches equivalent circuit of
the supercapacitor cell. A detailed mathematical analysis and
modeling can be found in Argyrou et al. (2018c). Regarding the
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battery sizing, a 10 kWh battery pack is chosen to be sufficient for
covering the needs of a typical energy efficient household (aver-
age electricity consumption of about 11 kWh/day) with increased
PV self-consumption and self-sufficiency (Argyrou et al., 2019).
Also, it is assumed that the supercapacitor pack must be able to
handle a maximum power of about 9 kW for 20 s, with a voltage
window of 35-64.8 V, hence a 50.6 Wh supercapacitor pack with
a total equivalent capacitance of 125 F is considered suitable for
our needs.

An active parallel configuration is used for the battery-
supercapacitor model for better utilization of the storage tech-
nologies and higher efficiencies. The battery and supercapacitor
packs are connected to the common 400 V DC-bus through two
bidirectional DC-DC converters. This topology allows the battery
and supercapacitor modules to have different voltage levels, and
their power flow to be controlled separately.

A single-phase DC-AC inverter is designed to convert the DC
power from the DC-link into the AC form for grid interconnection.
For this study, a single-phase voltage source inverter (VSI) with
H-bridge (full-bridge) topology is considered, as shown in Fig. 1.
The input voltage of the inverter is the 400 V DC-bus, while the
output is connected to the grid through a L-type AC grid-link
filter (Samerchur et al., 2011; Ko et al., 2006). Since the system is
grid-connected, the inverter is responsible for the DC-bus voltage
control. In order to maintain the DC-bus voltage stable near the
reference value of 400 V, a voltage controller is used, where a
reference magnitude for the grid current, and hence the inverter
output current, is obtained. Also, a PLL is used so that the output
current injected to the grid be in phase with the grid voltage
(unity power factor).

The proposed model is developed and simulated in the MAT-
LAB/Simulink software environment, based on mathematical
analysis and average modeling. The mathematical modeling ap-
proach is selected as it provides flexibility and adjustability to
the parameters of the model. In engineering, it is sometimes
preferred to model a specific behavior of a system and to neglect
other insignificant phenomena. Therefore, though the mathemat-
ical modeling the switching ripples are ignored and the averaged
model of all converters is examined (PV boost converter, battery
and supercapacitor bidirectional converters, grid inverter). How-
ever, the system dynamics and the small ripple signals that occur
are captured, to ensure model accuracy. According to Xiao (2017),
the effect of the high switching frequency of the converters is in-
significant on the DC-bus, because the DC-link capacitor mitigates
the double line frequency produced. Moreover, one should note
that the simulation time of the system with the averaged model
is decreased dramatically compared to the switching model,
especially for long-term operation with a significant number of
converters (Xiao, 2017; Fekkak et al., 2018; Wang et al., 2020;
Jiao et al., 2019). Finally, as the switching ripple can be negligible
in a well-designed converter (Erickson and Maksimovic, 2007),
the switching ripples are ignored and the small-signal variations
are modeled, in which the frequency is much smaller than the
switching frequency. Therefore, the average modeling combines
fast simulation speed, and accurate modeling performance as the
system dynamics are considered (Xiao, 2021).

The present paper is organized as follows. Section 2 examines
the small-signal analysis of the DC-DC bidirectional converter
and the DC-AC inverter. After that, using the small-signal anal-
ysis, the transfer functions of the bidirectional converter in boost
and buck mode as well as the single-phase VSI are derived. These
transfer functions are required for the design of the controllers.
In Section 3 the design and stability analysis of the proposed
control system is conducted. The stability analysis is done for
both the boost and the buck modes of operation for the battery
and the supercapacitor converters, resulting in a more accurate
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Fig. 1. Architecture of the grid-connected PV system with battery-supercapacitor hybrid storage.

tuning on the controllers. Specifically, in Section 3.1 the design

of the required current controllers and the stability analysis is Nonlinear time-varying
performed for the case of the battery and the supercapacitor con- power stage dynamics
verters, respectively. Section 3.2 presents the design and stability m

analysis of the DC-bus voltage control loop, where the reference Averaging
output current of the inverter is obtained. Then, the results of the
simulations are presented in Section 4 and finally the conclusions

il

. . . Nonlinear Averaged time-domain
are given in Section 5. average model power stage dynamics
2. Small-signal AC analysis

Linearization
An essential part for the design of the control is the determi- ‘ _
nation of the dynamic behavior of a converter. In other words, N . Averaged time-domain
how the small variations of the inputs near the steady-state value small-signal model EBETTIES UREET

affect the output of a converter. The goal here is to predict this Stalsidnalexetanon

low-frequency part, which allows us to design the controller of

! g ; s-domain
the converter (Erickson and Maksimovic, 2007). conversion
Classical control theory applies only to linear time-invariant b, A o :
(LTI) single-input single-output (SISO) systems, and it is not ap- s-comain SR S
R X R . small-signal model transfer functions
propriate for the more demanding dynamic analysis of a non-

linear time-variant system. Therefore, for the latter case, it is
necessary to develop a process that allows one to overcome
the problems related to time-variation and nonlinearity of the Fig. 2. Steps of power stage modeling.
switching process of the converter (Divya and Ajit, 2017). To this

end, the necessary steps to be followed are graphically repre-

sented in Fig. 2. The resulting small-signal model is a LTI model in 2.1. DC-DC bidirectional converter

which all the standard circuit analysis techniques can be applied.
To construct this, the nonlinear time-variant signal is averaged
over one switching period, thus assuming that the switching rip- The bidirectional DC-DC converter is a combination of boost
ples of the state variables are equal to zero as their time variance . .

is removed. After that, the model is linearized by removing all the and buck converters, where .the appropriate mode 15. selected by
nonlinearities that incurred by the averaging process. Therefore, ~ the PMA. Such a converter is used to charge and discharge the
a linear time-invariant small signal model is produced, describ- battery and the supercapacitor, where the corresponding duty
ing the time-domain dynamics at the presence of small-signal cycles d; and d, of the transistors S; and S,, respectively, are

excitation. Finally, the time-domain small-signal model is trans- determined by the current controllers (Argyrou et al,, 2019; Chao
formed into a frequency-domain (s-domain) small-signal model. L 2013). In th L a detailed ll-sienal AC Ivsi
This conversion provides the transfer functions of power stage et al, )- In the sequel, a detailed small-signa analysis

dynamics, which are required for the stability analysis (Choi,  is presented for the case of the boost and the buck modes of
2013). operation.
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Boost-mode

3
Y

()

Fig. 3. Circuit of the DC-DC bidirectional conve

2.1.1. Boost-mode operation

The boost-mode is applied for the discharging procedure of the
storage (battery or supercapacitor). Fig. 3(a) shows the circuit of
the boost-mode operation of the converter, where the direction of
the inductor current is from the lower voltage side to the higher
voltage side (Joshi and Samanta, 2013; Pany et al,, 2011; Zhang
et al.,, 2008). The averaged large signal inductor current, i;, and
the DC-bus output voltage, vq, in a continuous conduction mode
(CCM) of operation can be found using the equations below.
di 1 d 1
E= (=), =< —di—i) ()
where L is the inductance of the converter, C is the capacitance
of the converter, v, is the input voltage (i.e., battery voltage)
and iy is the output current of the converter. Each parameter in
the equations above must be expanded to include the dynamics
produced by the inductors and capacitors of the converter. Thus,
the input voltage and the duty cycle (vy(t), d1(t)) can be repre-
sented by the sum of their quiescent values (V}, D) and small AC
variations in time (0p, (t), d(t)).

vp(t) = Vi + Dp(t),  di(t) = Dy + di(t) (2)
These time varying inputs produce perturbations in the dy-

namic variables. Hence, one can write:

ige(t) = Iac + 1ac(t),  vac(t) = Ve + Dac(t),  in(t) = I + ir(t) (3)

where the output current, output voltage and inductor current
(igc (t), vac(t), ir(t)) are represented by the sum of their quiescent
values (Igc, Ve, I1) and small AC variations in time (ig(t), Dac(t),
ir(t)). In addition, the AC variations are assumed to be relatively
small in magnitude compared to the DC quiescent values.

[36(0)] << Vol |d1(0)] << Dl

%L(t)‘ <L |l
(4)

lA)dc(t)| < |Vdc| ’

RGIRY

Thus, equations in (1) can be linearized by expanding and
separating the steady-state terms and small-signal terms.

dl, | diy(t) , A . s
L <d: +— ) = (Vo = D}Vic) + (7 (©) + Vacdy (6) = Dy )

DC terms
15 order AC terms

(linear)

+ (b @ (o) (5)
N————’
2nd order AC terms
(nonlinear)

C (dvdc dﬁdc(t)

Ve | B ) = (D — Iae) + (D 0 — 1y (©) — Fae0)

DC terms

15 order AC terms
(linear)
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Buck-mode

(b)

rter in (a) boost-mode and (b) buck-mode operation.

+ (“hoao) (6)
—
2n4 order AC terms
(nonlinear)

where D) = 1 — Dy. Eqgs. (5)-(6) consist of (i) the DC terms,
which are DC values only, (ii) the 15t -order AC terms (linear),
which contain products of a DC term with an AC term, and (iii)
2™ _order AC terms (nonlinear), which contain products of two
AC terms - time-varying signals - (hence, they are nonlinear in
time). One can then neglect the 2"-order small AC quantities,
as, following assumptions (4), they are much smaller in magni-
tude than the 1%-order AC terms. Moreover, the DC terms on
the right-hand side are equal to the DC terms on the left-hand
side of the equation, by definition in steady-state analysis. Since
I; and Vg are constant (DC) terms, their derivatives are zero

%‘ =0, d‘g% =0}, and hence the sum of the DC terms on the
left-hand side is equal to zero. Therefore, the sum of the DC terms
on the right-hand side are also zero. Consequently, the remaining
terms are only the linear first order terms. Egs. (7)-(8) represent
the small-signal linearized equations for the inductor current and

output voltage variations, respectively.

d/l:]_(t) 1 N g D
D= (=D e (©) + Vaeds (©) + 8 (©)) )
df)dc(t) 1 ’ 5 q 3
S =c (D11L (t) —Idq (t) — ldc(f)) (8)
or, in matrix form,
diy(t) D
0 - 2
dt _ Lof| i)
dige(t) | [ Dy 1| [Bal®
dt ¢ RC
oo YT
o LR RS ©)
0 —— = dq (t
c c 1(t)

The next step is to define the state vector X (t), which includes
all the state variables, and the input vector G(t), which contains
all the independent inputs. Also, the output vector y(t) is defined
as a linear combination of the state vector and the input vector.
Hence, the state-space averaged model of the boost converter is

given by the system of Eqs. (10) below.
o vy (£) A
ﬁmz[ﬂ”]mnzian,WF{%m] (10)
Vgc(t) a, (t) ir(t)

The above vectors in state-space equation form are written as:

X (t) = AR (t) + Ba(t), § (t) = CX (¢) + Di(t) (11)
4992
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where A, B, C and D are the state equation matrices and are
derived from (9).

0o D Ty Ve
_ L L L
S - el O R
C "RC c ¢ (12)
0 1

1 0

0 0 O
=1 o o-[o 5 3]

The next step is the conversion of the time-domain small-
signal model into a frequency-domain (s-domain) small-signal
model. Taking Laplace transforms (with zero initial conditions) in
Eqgs. (11), yields:

X (s) = (sI — A)"'BU(s), Y(s) = C(sl — A)~' BU(s) (13)

The last step is to export the small-signal transfer functions of
the boost converter. This research is focused on the input current
control, for such a case the remaining independent variables are
set to zero (0p (t) = 0, ig (t) = 0), which requires a reduced
matrix C = [l O], leading to the normalized form equation (14).

ii(s) 2V
dis) RD?

1+s%

L 2
1+SRD,12 +s

Gia (s) = e (14)

2
Dl

2.1.2. Buck-mode operation
The buck-mode is operated for the charging process of the
storage. Fig. 3(b) presents the circuit of the buck-mode converter.
In contrast to the boost-mode operation, the inductor current
flows from the higher voltage side to the lower voltage side (Rasin
and Rahman, 2015). The averaged large signal inductor current,
i, and the output battery voltage, v, are calculated by Egs. (15),
respectively, and describe the buck-mode operation in a CCM of

dvb

the converter.
. i —
d ¢ (L R)

di;
dt

The small-signal analysis for the buck-mode is similar to that
of the boost-mode. Each parameter on the equations above must
be expanded to include the dynamics produced by the inductors
and capacitors of the converter. Thus, the input voltage and the
duty cycle (vqc (t), do(t)) can be represented by the sum of their
quiescent values (Vy, D) and small AC variations in time (94(t),

da(t)).
Vae(t) = Vige + Dae(t),  dalt) = Dy + da(t)

These time varying inputs produce perturbations in the dy-
namic variables. Hence, one can write:

in(t) = I + ii(t),

In addition, the AC variations are assumed to be relatively
small in magnitude compared to the DC quiescent values:

1 Up

1
=1 (vgcdy — vp) , (15)

(16)

vp(t) = Vp + Up(t) (17)

az(f)‘ < Dy,

ﬂm%@MJWW«dm
(18)

|f)dc(t)} < |Vdc| )

Thus, equations in (15) can be linearized by expanding and
separating the steady-state terms and small-signal terms.

dig(t)
(Gt

dl

dt

) = (VacDy — Vb)) + (Vdcaz (t) + Dydge (£) — Dy (f))
— ——

DC terms

15 order AC terms
(linear)
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+ (b @ (o) (19)
—
2n4 order AC terms
(nonlinear)
Vi v V I D
C (% d”;t(t)> = (n - Eb> + (iL ) — ”blit)) (20)
———— ————
DC terms 14 order AC terms
(linear)

As already explained for the case of the boost-mode operation,
the 2"-order small AC quantities are neglected (see assumptions
(18)). Since I, and Vg are constant (DC) terms, their derivatives

are zero Q?IL =0, dgfc = 0), and hence the sum of the DC terms
on the right-hand side is also equal to zero. Egs. (21)-(22) repre-
sent the small-signal linearized equations for the inductor current

and output voltage variations, respectively.

di(t) 1 .
MO 2 (<00 0+ Dafac © + Vi ) @
dop(t) 1 (- Op(t)
@& C (lL ® — ) (22)
or, in matrix form,
diy(t) 17 D, Vil -
dt 0 L [iL(f):| + Tz Td [Iidc (t)] (23)
dt C RC

The state vector X (t), input vector i(t) and output vector y(t)
are defined by Eqs. (24) below.
Js0= 5]

oo )] 4 Vg (t) Up(t)
x(t)_[ﬁi(t)]’“(t) [&z(r) 0

The above vectors can be written in state-space equation form
(see Eq. (11)), where matrices A, B, C and D are derived from (23).

~

= = (24)

1
— D, V,
A—O L B—Tz%c—()lo—oo
I I TN A A i ) R (U
c TR

(25)

As before, the last step is to determine the required small-
signal transfer function of the buck converter using Laplace trans-
forms (see Eq. (13)). For the case of the input current control, the
remaining independent input is set to zero (vq4 (t) = 0) and the
required reduced matrix C = [1 0], leading to the normalized

form equation (26).

2.2. Single-phase voltage source inverter (VSI)

A

ir(s)

d(s)

1+ sRC

Vp
1+ sf 4 s2LC

Gig () = = D
2

(26)

For the production of the AC current, switches operate as pairs
of S1/S4 and S, /S5 (see Fig. 1). If any other combination occurs,
then the output voltage is zero (Xiao, 2017; Rashid, 2017; Nordin
et al.,, 2014). In order to export the required equations of voltage
and current of the inverter model, it is considered that the ON-
time of the pair S;/S,4 is DT;, while the ON-time of the pair S, /S3
is (1 — D) T;. Therefore, one can obtain the following averaged
equations of the inverter over a switching period (T;):

Vgc(t) = Dvge + (1 — D)(—vgc) = (2D — 1)vgc (27)
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idc,inv = Diac + (1 - D)(_iac) = (2D - 1) iac(t) (28)

where vq(t) and i, (t) are the output voltage and current of
the inverter and ig4c i, is the input current of the inverter. The
power supplied to the AC grid pulsates at twice the AC grid line
frequency. This is reasonable, as the instantaneous AC output
power of the inverter, pi,, (t), is calculated by Krein et al. (2012):

Pinv (£) = Vac (t) ige (£) = Vimslims [1 — cos Qot)]

= Py [1 — cos Qut)] (29)

where Vs and I,s are the rms values of the inverter output
voltage and current, w is the grid line frequency and P, is the
average output power of the inverter.

The dynamics of the DC-bus voltage can be expressed by the
following Eq. (30) related to the input power (P, ) and the output
power of the inverter (pi,,) (Ninad and Lopes, 2007):

4 lc Ve | = Pac—Pinv = Pac — (Pioaa + Dg) = Pac —P _ Vely
dt \ 2 dc Ve dc inv de load g dc load 5
(30)

where v, and i are the amplitudes of the grid voltage and current
(large signals), and p; is the instantaneous active power injected
into the grid.

In order to examine the dynamic behavior of the inverter, the
parameters of the above equation must be expanded to include
the produced dynamics. A small-signal model can be obtained for
the steady-state condition in terms of the constant value of the
input power of the inverter (Py.) and the constant value of the
amplitude of the grid voltage (V, ). Therefore, for the investigation
of the impact of the grid current amplitude variation on the
average DC-bus voltage, one can neglect Py and Pyqq. This is done
in the framework of a simplified sensitivity analysis, which is
sufficient for the study of the impact of the grid current variation
on the DC-bus voltage. Thus, the input voltage and the grid
current amplitude (vqc(t), ig(t)) can be represented by the sum
of their quiescent values (Vqc, I;) and small AC variations in time

(Dac(t), 1g(E)).
Vae(t) = Ve + Daclt),  ig(t) = Iy + ig(t) (31)

In addition, the AC variations are assumed to be relatively
small in magnitude compared to the DC quiescent values:

iac0)] < Vel [fol0)] << [t (32)

Thus, Eq. (30) can be linearized by expanding and separating
the steady-state terms and small-signal terms as follows.

d |1 . 1,
a Ecdcvdzc + Cac Ve Vac(t) + icdcvsc(t)
—
prerm st Or((zier:esrc) term 2,4 order AC term
(nonlinear)
Vel Vig(t)
(%) ()
DC term ————
15 order AC term
(linear)

As before, the second order small AC quantities are neglected
(see assumptions (32)). Moreover, the DC terms on the right-hand
side are equal to the DC terms on the left-hand side and equal to
zero (derivative of DC term is zero). Consequently, the remaining
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Table 1
System parameters for the simulation of the proposed model.

Battery converter

Battery voltage (V}) 60 V
Battery Inductor (Lp) 5 mH
Battery load resistor (Ry ) (virtual) 12 Q
Supercapacitor converter

Supercapacitor voltage (Vi) 70V
Supercapacitor Inductor (L) 5 mH
Supercapacitor load resistor (R ) (virtual) 12 Q
DC-bus parameters

DC-link capacitor (Cgc) 5000 pF
DC-link load resistor (Rg4.) (virtual) 50
DC-bus voltage (Vg) 400 V
AC parameters

Grid voltage (Vg) 230 Vims
Grid frequency (f) 50 Hz

terms of the above equation are only the linear first order terms.

_ _ Vais(®)
N 2

Applying Laplace transforms (with zero initial conditions)
in Eq. (34), the required small-signal transfer function of the
input voltage by the grid current amplitude is given by Eq. (35)
below (Ninad and Lopes, 2007; Zakzouk et al., 2017).

f)dc(s) _ Vg

Gui (5) = 222 =
" Ig(s) 2C4cVacs

The above transfer function has negative static gain, showing
that any shift from equilibrium can lead the DC-bus voltage to
diverge at a rate that corresponds to the static gain of the small-
signal model (Xiao, 2017). This transfer function is important for
the DC-bus voltage control (voltage controller) by the inverter.

(Cdc Vac ﬁdc(t))
dt

(34)

(35)

2.3. Transfer functions and parameters

All the system parameters for the simulation are tabulated
in Table 1. Moreover, based on the small-signal AC analysis, the
derived transfer functions regarding the current control of the
battery and the supercapacitor, and the voltage control on the
DC-bus side, are presented in Table 2. These transfer functions
are used in Section 3 for the stability analysis and the design of
the controllers.

3. Design of controllers and stability analysis

In this Section, all the controllers are designed to meet the
required specifications. The most important properties of the
feedback loop is the transient overshoot, the settling time and
the steady-state error (Erickson and Maksimovic, 2007). The con-
troller gains are determined by the crossover frequency (w()
and the phase margin (PM). The infinite gain is related to zero
steady-state error and the crossover frequency is related to the
settling time of the compensated system (Simdes et al,, 2015).
The PM is evaluated at the crossover frequency of the open-loop
system through the use of Bode plots. An inadequate PM leads
to oscillations and overshoot in the system transient response,
as well as peaking in the closed-loop transfer functions (Erickson
and Maksimovic, 2007). There are several controlling techniques
to be used for voltage and current regulation. The most commonly
used control method for converters is the PID control due to its
easy design for linear systems and industrial applications (Xiao,
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Table 2
Small-signal transfer functions for the battery converter, supercapacitor converter and inverter.
Boost-mode Buck-mode
ip(s) 8 x 10%s+8 iLb(s 8 x 10%(s + 16.67
Battery converter G, (s) = f'b( ) _ 27(-’—) G, (5) = f‘b( ) _ %
: Qy(s)  S% +4s+900 : Qy(s)  S2+16.67s+4 x 10
fisc(s) 8 x 10%s+8 Tsc(s 8 x 10%(s + 16.67
Supercapacitor converter G (s) = f’x( ) _ ~ (s+8) G (5) = f‘SC( ) _ > (s + )4
’ dyc(s) s? +4s 4 1225 ' dyc(s) 52+ 16.67s + 4 x 10
Dac(s 81.32
DC-AC inverter Gyi () = AdC( ) =—
Ig(s) s
dge Battery i p
PI > converter [
(boost-mode)
ir*
. boost=1 _\ ;
P——»‘w dg* Battery 'Lb buck=0 A0 >
—> PI > converter [ ©
(buck-mode)
Piloaaq
PMA
SOCy
dbe | Supercapacitor if, s¢
o —> —» Pl > converter [
SOCs (boost-mode)
; . |
’L,sc*
boost=1 > >0 i
dfcu Supercapacitor il,,,\'c buck=0 > sC
—»| PI »| converter [
(buck-mode)
—>
Fig. 4. Block diagram of PMA and current controllers.
iL,.sc* dg; ILsc jL,b* d i, b
PI > Giu’,s‘c > PI —> Gid,h -
Hi,.\'c < Hi,b <
(a) (b)

Fig. 5. Block diagram of the (a) supercapacitor current controller, (b) battery current controller.

2017). Also, PID controllers are widely used in industrial appli-
cations, as their reliability and effective performance have been
proven (Xiao, 2021). PI controllers are chosen in the current
study, we use as the derivative part is not needed. For this study,
PI controllers present a satisfactory performance in terms of zero
steady-state error, settling time and transient overshoot. This
type of controller (PI) is employed in order to increase the gain at
low frequencies, so that the output can be better regulated at DC
and at frequencies well below the crossover frequency (Erickson
and Maksimovic, 2007). The transfer function of a PI compensator
in the s-domain is given by the following equation:

K;
Ge () =K, + ?' (36)

where K, and K;, are the proportional and integral gains, respec-
tively.

In Section 3.1 the design and the stability analysis of the
required current controllers are performed for the case of the

4995

battery and the supercapacitor converters, respectively. In ad-
dition, the design and stability analysis of the DC-bus voltage
control loop, where the reference output current of the inverter
is obtained, is performed in Section 3.2.

3.1. Battery-supercapacitor hybrid storage system: Design and sta-
bility analysis of current controllers

In this sub-Section, the design of the current controllers for the
battery and the supercapacitor are examined, respectively, where
the duty cycle of each converter can be derived (Serna-Garces
et al,, 2018; Etxeberria et al., 2011).

The battery and the supercapacitor bidirectional converters
contain current controllers that follow the reference currents that
arise from the PMA (Fig. 4). The PMA provides power balance to
the system and is responsible for the proper utilization of the
hybrid storage, where the reference battery current and superca-
pacitor current are obtained. Specifically, the PMA is responsible
for observing the generated PV power, the SOC of the battery
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Open-loop Bode plot of battery current control loop
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Fig. 6. Open-loop Bode plot of the (a) supercapacitor and (b) battery current control loop (boost-mode). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 7. Open-loop Bode plot of the (a) supercapacitor and (b) battery current control loop (buck-mode).

and the supercapacitor and the load power, in order to manage
the supplied/absorbed power and calculate the reference battery
current and supercapacitor current. Briefly, the PMA includes
a Low Pass Filter (LPF) with a cut-off frequency of 5 Hz, and
a rate limiter to extract an average current for the battery, so
that the supercapacitor responds to the fast variations occurring
within 0.2 s (Manandhar et al., 2019; Kotra and Mishra, 2017).
Additionally, due to the slow dynamics (regarding the operation
of battery, controller and converter), a compensator was added to
the supercapacitor current calculation to compensate transients
that battery may not track instantly. This leads to a faster DC-bus
voltage restoration (Manandhar et al., 2019). Also, the battery and
the supercapacitor SOC limits are considered in order to avoid
deep charge and discharge cycles.

The reference inductor current for the battery converter (i} ;)
is determined by the PMA, depending on the PV, battery and/or
supercapacitor availability. The difference between i}, and the
actual inductor current (i; ») yields the remaining error current,
which is passed through a PI controller to generate the appro-
priate duty cycle (d2°, d?*) for the semiconductors of the battery
bidirectional converter. Similarly, the same process is followed
for the supercapacitor converter, where the corresponding duty
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cycle (dfg’, d"”) for the semiconductors of the supercapacitor bidi-
rectional converter is obtained. Based on the mode of operation
(boost or buck), a final decision is made on the proper sign of
inductor current. Specifically, it is assumed that during discharg-
ing (boost-mode) the battery and supercapacitor currents are
positive, while during charging (buck-mode) they are negative.
Therefore, the battery and supercapacitor currents, i, and ig
correspond to the input battery and supercapacitor currents (as
shown in Fig. 4).

The proposed feedback loop for the control of each bidirec-
tional DC-DC converter in the case of the battery-supercapacitor
hybrid storage is presented in Fig. 5. Specifically, Fig. 5(a) cor-
responds to the supercapacitor current controller loop, while
Fig. 5(b) presents the block diagram of the battery current con-
troller. The required transfer functions for the boost and buck
mode operation are given in Table 2. It must be noted here that
all the feedback sensor gains are assumed to be equal to 1, hence
Hip = Hjs5c = 1.

In order to extend the battery lifetime and relieve the battery
stress, supercapacitors are suitable for absorbing/releasing the
high frequency variations, while the battery will deal with the
low frequencies. In other words, the supercapacitor covers the
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Fig. 8. Schematic of the inverter control which consists of the DC-bus voltage control and the PLL for the calculation of the inverter reference output current.

peaks and fluctuations that may occur. The current control of the
supercapacitor must be faster than the current control of the bat-
tery because the supercapacitor must be faster and track higher
frequencies. To this end, the current control loop bandwidth (BW)
of the supercapacitor is set to the limit of f;,/6. The battery
current control loop BW must be smaller than the BW of the
supercapacitor, and therefore its limit is set to f;,,/10 (Manandhar
et al., 2018; Hajiaghasi et al., 2018).

3.1.1. Boost-mode operation

(i) Design of the supercapacitor current controller

The Bode plot of the open-loop transfer function with and
without compensation for the supercapacitor current control loop
design (boost-mode) is shown in Fig. 6(a). The Bode plot of the
uncompensated current control loop (blue line) shows a low gain
in the low frequency range, but the loop needs high gain at low
frequency. The inverted-zero of the compensator (PI) results to a
high gain at low frequencies and reduces the steady-state error
of the loop gain. The high-frequency pole cancels the gain of
the inverted-zero at high frequencies (Erickson and Maksimovic,
2007; Kotra et al,, 2017). In other words, the compensator con-
tains an integral action in its transfer function, providing a high
gain in the low frequency range in order to get a perfect tracking
of the reference (zero steady-state error). Moreover, it contains
high frequency poles to attenuate any produced ripples.

As explained before, to avoid oscillations, the current control
loop BW of the supercapacitor must be limited to f;,/6. The
switching frequency (fs,, ) of the supercapacitor converter is set to
10 kHz. Hence, to ensure the stability of the system, the desirable
crossover frequency and PM of the current control loop of the
supercapacitor are specified as 10.47 krad/s and 60°, respectively.
The PI controller gains for the supercapacitor current control are
set to K, = 0.113 and K; = 685.58.

From the Bode plot of the compensated current control loop
(red line) in Fig. 6(a), a negative PM (positive feedback), which
may lead to instability, is observed. Hence the loop should not
have a positive feedback, near the crossover frequency. In this
case, the system has a negative GM and negative PM near 60
rad/s, but because the gain is nowhere near unity (i.e., 0 dB), the
system is stable in this region. At about 10 krad/s, the loop gain
is unity, and the system has a positive PM (negative feedback),
hence the system is again, stable in this region.

(ii) Design of the battery current controller

The Bode plot of the open-loop transfer function with and
without compensation for the battery current control loop design
(boost-mode) is shown in Fig. 6(b). The Bode plot has the same
PM and GM characteristics with those of the Bode plot in Fig. 6(a)
of the supercapacitor. As explained before, the current control
loop BW of the battery must be limited to f,,/10. Hence, to ensure
the stability of the system, the desirable crossover frequency and
PM of the current control loop of the supercapacitor are specified
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as 6.28 krad/s and 60°, respectively. The PI controller gains are
set to K, = 0.068 and K; = 246.25.

3.1.2. Buck-mode operation

(i) Design of the supercapacitor current controller

The Bode plot of the open-loop transfer function with and
without compensation for the supercapacitor current control loop
(buck-mode) is presented in Fig. 7(a). As for the case of the boost-
mode, the desirable crossover frequency and PM of the current
control loop are specified as 10.47 krad/s and 60°, respectively.
The PI controller gains are set to K, = 0.113 and K; = 684.88.

(ii) Design of the battery current controller

The Bode plot of the open-loop transfer function with and
without compensation for the battery current control loop (buck-
mode) is presented in Fig. 7(b). As for the case of the boost-mode,
the desirable crossover frequency and PM of the current control
loop are specified as 6.28 krad/s and 60°, respectively. The PI
controller gains are set to K, = 0.068 and K; = 246.24.

3.2. Single-phase inverter: Design of DC-bus voltage controller and
calculation of inverter reference output current

In this sub-Section, the DC-bus voltage control and the grid
synchronization, which are presented in the schematic of Fig. 8,
are examined. As the PV system is grid-connected, the inverter is
responsible for the DC-bus voltage control. In order to maintain
the voltage of the DC-bus stable near the reference value of 400
V, a voltage controller is used, where a reference magnitude for
the grid current, and hence for the inverter output current, is
obtained, as shown in Fig. 9 (Ma and Hsieh, 2020; Song et al,,
2011; Zakzouk et al., 2017; Ranaweera et al., 2015).

Regarding the grid synchronization, the task of the inverter is
to generate an AC output current in phase with the grid voltage.
The PLL circuit provides the reference signal to the inverter,
synchronized to the grid frequency (Panda et al., 2016). Then, this
signal (sinwt) is multiplied with the reference signal (output of
the PI controller), which corresponds to the reference amplitude
of the grid current (see Fig. 8). Therefore, a reference AC output
current is extracted for the inverter (Vavilapalli et al., 2018;
Tummuru et al,, 2015). Through the inverter model, a reference
input DC current is obtained (Eq. (28)).

The variation of the DC-link voltage responds to the inter-
action between the injected current and the extracted current,
corresponding to the capacitance of the DC-bus. Therefore, Fig. 1
shows the currents balance on the DC-link, which can be ex-
pressed by Eq. (37).

d Vdc

dc dt

The required small-signal transfer function was previously
calculated (see Table 2). The PI controller gains, K, and K;, must

= ipv,dc + ib,dc + isc,dc - idc,inv (37)
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Fig. 9. Block diagram of the DC-bus voltage control loop.

be tuned and set very accurately with a low crossover frequency
to mitigate the double line frequency of 100 Hz on the DC-bus
voltage. Therefore, the oscillations in the output current of the
inverter are limited (Ninad and Lopes, 2007; Zakzouk et al., 2017).
For a crossover frequency of about 40 Hz (or 250 rad/s) and a
PM of 65°, the PI controller gains are set to K, = 2.79 and
K; = 324.81. The Bode plot of the open-loop transfer function
with and without compensation for the DC-bus voltage control
loop design is shown in Fig. 10.

4. Simulation results

To verify that the proposed model performs well in short
time periods, two scenarios concerning sudden changes in solar
irradiance (and hence in the produced PV power) and in the
load power, are examined. Therefore, rapid variations in solar
irradiance or in the load are assumed, for every second, inves-
tigating both events with excess PV power (P,, > P, hence
battery charges) or with deficit PV power (Pp, < Poqq, hence
battery discharges). It must be noted here that the studied PMA
prioritizes the use of PV and storage, providing increased PV self-
consumption and self-sufficiency of the building. During both
scenarios (see Sections 4.1, 4.2), the battery and the superca-
pacitor remain always within their SOC limits; therefore, zero
power exchange is expected between the grid and the PV-storage
system.

For clarity, the produced PV power is always positive, the
load power is always negative, while the battery power and the
supercapacitor power are positive when they supply power and
negative when they absorb power.

4.1. Step variation in PV generation

For the scenario of step variation in PV generation, the load
power remains constant at 1000 W for a period of 5 s. As one
can observe from Fig. 11(a), in the beginning the generated PV
power is 525 W (for a solar irradiance of 200 W/m?) and the
load power is 1000 W. Therefore, the hybrid storage supplies the
required remaining power of 475 W to the load, with the battery
providing the average power and the supercapacitor handling
the rapid changes occurring within 0.2 s. After that, the solar
irradiance is increased to 600 W/m? (at t = 1 s) and 1000 W/m?
(at t = 2 s); hence the PV power increases to 1704 W and 2887
W, respectively. During this period, the PV power is larger than
the load power, and hence the battery is charging with the re-
maining excess average power, while the supercapacitor absorbs
the high-frequency variations (i.e., the rapid changes occurring
within 0.2 s). At t = 3 s, the solar irradiance is decreased to 800
W/m?, resulting to 2297 W of produced PV power, which remains
larger that the load demand. During this period (t = 3 - 4 s),
the remaining average power is absorbed by the battery, and the
rapid transition is being supplied by the supercapacitor. Similarly,
att = 4s, the solar irradiance is decreased to 400 W/m?, resulting
to 1110 W of produced PV power, which is again larger that the
load demand. Therefore, the battery absorbs the power difference
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of 110 W and the supercapacitor handles the high-frequency
variations, thus relieving the battery and extending its lifetime.
Also, power balance is achieved in all cases.

Fig. 11(b) presents the PV current, the battery current and the
supercapacitor current on the DC-link side, where the scenario
is verified. Another important parameter is the DC-bus voltage,
which must be kept constant at 400 V. In Fig. 12(a), the DC-bus
voltage remains stable near 400 V during all different changes
occurring in PV generation, exhibiting a maximum ripple voltage
(peak-to-peak) of about 1.6 V (or + 0.2%), which is absolutely
acceptable. Moreover, the current controllers in the bidirectional
converters of the battery and the supercapacitor provide the
corresponding duty cycle for each converter. Also, in Fig. 12(a),
despite the several rapid variations occurred on the system, each
controller responds extremely fast and provides the required duty
cycle for the operation of the bidirectional converter. Specifically,
the battery converter operates in boost-mode (battery discharg-
ing) during the first second, and in buck-mode (battery charging)
during the rest period. As can be seen in the zoomed view of
the duty cycle of the battery converter, during each rapid change,
the controller acts extremely fast and provides the required duty
cycle to the converter. Also, the supercapacitor during the first
0.2 s in each transition, operates either in buck-mode (t = 1 -
1.2 s,t = 2 - 2.2 s) or boost-mode (t 3-32s,t=4-
4.2 s). During the remaining period, the supercapacitor absorbs
fluctuations around zero. This way, the dynamic performance of
the system is verified.

Finally, Fig. 12(b) shows the currents on the AC side, where
the inverter output current, the load current and the grid current
are presented. Despite the solar irradiance variations, the output
current of the inverter is constant, due to the constant load
demand. Also, the current balance is verified during the chosen
period of 5 s, as the output current of the inverter supplies the
load, and no exchange between the grid and the PV system is
observed.

4.2. Step variation in load demand

For the scenario of step variation in load demand, the solar
irradiance remains constant at 500 W/m? for a period of 5 s. As
one can observe from Fig. 13(a), in the beginning the generated
PV power is 1407 W (for a solar irradiance of 500 W/m?) and the
load power is 1500 W. Therefore, the hybrid storage supplies the
required remaining power of 93 W to the load, with the battery
providing the average power and the supercapacitor handling the
rapid changes occurring within 0.2 s. After that, the load power
is increased to 2500 W (at t 1s)and 3000 W (att = 2
s), respectively. During this period, the PV power remains lower
than the load power, and hence the battery is discharging and
supplying the load with the required average power, while the
supercapacitor supplies the high-frequency variations. At t = 3
s, the load demand is decreased to 1500 W, which continues to
remain larger that the produced PV power. During this period
(t = 3 - 4 s), the required average power is supplied by the
battery, while the rapid transition is being absorbed by the su-
percapacitor. Finally, at t = 4 s, the load power is decreased to
1000 W, which is smaller than the produced PV power of 1407 W.
Therefore, the excess average power is absorbed by the battery,
while the rapid transition is being absorbed by the supercapac-
itor, thus relieving the battery and extending its lifetime. Also,
power balance is achieved in all cases.

Fig. 13(b) presents the PV current, the battery current and the
supercapacitor current on the DC-link side, where the scenario
is verified. Additionally, in Fig. 14(a), the DC-bus voltage remains
stable near 400 V during all different changes occurring in load
demand, exhibiting a maximum ripple voltage (peak-to-peak) of
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Open-loop Bode plot of the DC-bus voltage control loop
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about 5 V (or &£ 0.625%). Also, in Fig. 14(a) it is observed that the
battery converter operates in boost-mode (battery discharging)
during t = 0 - 4 s, and in buck-mode (battery charging) during
t =4 -5 s. As can be seen in the zoomed view of the duty cycle
of the battery converter, during each rapid change, the controller

4999

acts extremely fast and provides the required duty cycle to the
converter. Also, the supercapacitor during the first 0.2 s in each
transition, operates either in boost-mode (t = 1 - 1.25s,t = 2
- 2.2 s) or buck-mode (t =3 -3.2s,t =4 - 4.2 s). During the
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remaining period, the supercapacitor absorbs fluctuations around
zero. This way, the dynamic performance of the system is verified.

Finally, Fig. 14(b) shows the currents on the AC side, where
the inverter output current, the load current and the grid current
are presented. It is observed that the variation of the inverter
output current is in line with the changes in load demand. The
current balance is verified during the chosen period of 5 s as the
output current of the inverter supplies the load, and no exchange
between the grid and the PV system is observed.

5. Conclusions

In this paper, the design and small-signal analysis for a grid-
connected residential PV system with battery-supercapacitor hy-
brid storage has been studied in detail. Specifically, a detailed
small-signal AC analysis was performed for the design of the
current controllers for the two bidirectional DC-DC converters.
The difference of this work compared to other studies in the
literature is that the stability analysis is considered for both boost

5000

and buck modes of operation of the converters, resulting in a
more accurate tuning of the controllers. In addition, through the
voltage control on the DC-bus side, a reference magnitude for the
output current of the inverter was obtained. Also, a PLL was used
so that the output current injected to the grid be in phase with
the grid voltage (unity power factor) and meet the requirements
for grid interconnection. The simulation results verified the dy-
namic performance of the proposed model, through several rapid
changes in PV generation and in load power. Also, an extremely
fast DC-bus voltage restoration with a very small ripple voltage, is
observed. Moreover, the results showed that the supercapacitor
can relieve the battery stress and extend the battery lifetime.
Concluding, it should be stressed that the proper design and
stability analysis of all the required controllers is essential for
the proposed system to maintain its stability, regardless any
disturbances.

The stability analysis of the proposed design is important for
future directions as well. A potential further research would be
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the investigation of the islanded condition of the system. When
a fault occurs to the power network, the inverter must be dis-
connected from the grid for security reasons. During this mode,
all critical loads must keep receiving energy from the PV (in
daylight) and/or the storage. Therefore, the system must detect
this failure and operate in an islanded mode, where a different
control structure exists.
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