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Model Based-Energy Control of a Solar Power
Plant With a Supercapacitor for
Grid-Independent Applications

Phatiphat Thounthong, Member, IEEE

Abstract—This paper proposes a design for a renewable-energy
hybrid power plant that is fed by a photovoltaic (PV) source with a
supercapacitor (SC) storage device and is suitable for distributed
generation applications. The PV array is used as the main genera-
tor, and the SC functions as an auxiliary source for supplying the
(transient and steady-state) power deficiency of the PV array. For
high-power applications, four-phase parallel boost converters and
four-phase parallel bidirectional converters are implemented as a
PV converter and a storage device, respectively. A reduced-order
mathematical model of the PV and SC converters is described for
the control of the power plant. Using a nonlinear approach based
on the flatness property, we propose a simple solution to the dy-
namic, stabilization, and robustness problems in the hybrid power
system. This is the key innovative contribution of this research pa-
per. We analyze a prototype small-scale power plant composed of a
0.8-kW PV array and a 100-F SC module. The experimental results
authenticate the excellent control algorithm during load cycles.

Index Terms—Converters, flatness, hybrid source, nonlinear
control, photovoltaic (PV), supercapacitor (SC).

I. INTRODUCTION

URRENTLY, renewable energy is receiving greater atten-

C tion as a sustainable alternative to more traditional energy
sources. One of these environmentally friendly energy sources
is solar energy; however, there are still some severe concerns
about several sources of renewable energy and their implemen-
tation, e.g., 1) capital costs and 2) their intermittent power pro-
duction, called the “intermittency problem.” The intermittency
problem of solar energy is that solar panels cannot produce
power steadily because their power production rates change
with seasons, months, days, hours, etc. If there is no sunlight,
no electricity will be produced from the photovoltaic (PV) cell.
To overcome the intermittency problem, a storage medium
or electrical energy carrier [a battery or a supercapacitor (SC)]
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is needed. An SC storage device is preferable due to its high
power density, fast energy sourcing, and long lifetime [1]. In the
near future, the utility power system will be supplied on a large
scale by solar energy sources and storage device(s) in a hybrid
energy system to increase the reliability and effectiveness of the
individual components [2].

The dynamics, robustness, and stability of the operation of
hybrid power plants are of particular interest. In this work, a hy-
brid power generation system is proposed and it consists of the
following main components: a PV source and an SC as a high-
power density device. The most popular way to control power
converters in the industry today is with a linear control struc-
ture [3], [4]. The design of the linear proportional-integral (PI)
controller usually proceeds by incorporating the switching mode
controller into the plant (converter). Later averaging and lin-
earization enables the employ of the Laplace transform [5], [6].
The PI controller may then be designed for a certain phase mar-
gin, normally around 30—60°. Because the switching model of
the hybrid power plant (power electronic converters) is nonlin-
ear, it is natural to apply model-based nonlinear control strate-
gies that directly compensate for system nonlinearity without
requiring a linear approximation [7].

Currently, many modeling and linear or nonlinear control as-
pects, including classical state-space or transfer approaches [8],
[9], self-tuning methods or sliding mode control [10], the ex-
act linearization technique [11], adaptive control [12], or fuzzy
logic-based control [13], have been extensively studied for non-
linear power electronic applications. Flatness-based control has
recently been studied in many applications because it is ap-
propriate for robustness, predictive control, trajectory planning,
and constraint handling. Based on the flatness approach, the
state feedback can be chosen in such a way that the closed-loop
dynamic behavior is linear [14]. Flat systems are linearizable in
the quasi-static state feedback. When used for tracking, quasi-
static state feedback is very useful.

The flatness theory was introduced by Fliess et al. [14] in
1995. Recently, these ideas have been used in a variety of non-
linear systems across the various engineering disciplines, in-
cluding the following applications: the control of an inverted
pendulum and a vertical take-off and landing aircraft [15]; the
process of a stirred tank chemical reactor [16]; the control of
vehicle steering [17]; the control of a high-speed linear axis
driven by pneumatic muscle actuators [18]; the control of cath-
ode pressure and the oxygen excess ratio of a proton exchange
membrane (PEM) fuel cell system [19]; the steering control of
a two-level quantum system [20]; the reactive power and the
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Fig. 1. Power versus current characteristics and voltage versus current char-

acteristics based on a 200-W PV module by the Ekarat Solar at fixed ambient
temperature and variable insolation (1000 and 600 W-m~2).

dc voltage tracking control of a three-phase voltage source con-
verter [21]; the control of open-channel flow in an irrigation
canal [22]; and the current control for three-phase three-wire
boost converters [23].

We now study an uncomplicated design of a control system of
the PV/SC power plant based upon the physical structure of the
model. The main contribution of this paper is to present the dif-
ferential flatness-based control approach of a solar power gener-
ation system with an SC storage device. In particular, we do not
restrict ourselves to linear control techniques at an equilibrium
point. This is the novel work in this domain. The remaining of
the paper is structured as follows: the next section describes the
hybrid energy system and the power plant model that is studied
in this work. In Section III, the proposed energy management
algorithm is presented. In Section IV, a proof of the flat system
consisting of the solar energy power plant, the control laws, and
the system stability is presented. In Section V, the test bench re-
sults for the proposed system are presented. Finally, this paper
ends with concluding remarks for further study in Section VI.

II. POWER SOURCE CHARACTERISTICS
A. Photovoltaic

The PV effect is a basic physical process through which solar
energy is converted directly into electrical energy. The physics
of a PV cell, or solar cell, is similar to the classical p—n junction
diode. The V-I and P-I characteristic curves of the PV model
used in this study (200-W PV Module by the Ekarat Solar Com-
pany) under different irradiances (at 25 °C) are given in Fig. 1.
As shown in Fig. 1, the higher the irradiance, the larger the
short-circuit current Is¢ and the open-circuit voltage Voc. As a
result, the output PV power will also be larger.

Remark 1: PV power systems require some specific estima-
tion algorithms to deliver the maximum power point (MPP)
[24], [25]. Because of the typical low-efficiency characteristics
of PV panels, it is very important to deliver the maximum in-
stantaneous power from these energy sources to the load with
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minimum power conversion for space or terrestrial applications.
Temperature also plays an important role in the PV array per-
formance. The lower the temperature, the higher the maximum
power and the larger the open-circuit voltage. It is obligatory
to use dc/dc or dc/ac converters with effective MPP tracking
(MPPT) techniques [26].

B. Supercapacitor

The SC (or double-layer capacitor or ultracapacitor) is an
emerging technology in the field of energy-storage systems.
Recent breakthroughs in construction methods aimed at maxi-
mizing rated capacitance have provided tremendous increases
in the energy-storage capabilities of the double-layer capaci-
tor [27]. With a time constant (the product of equivalent series
resistance (ESR) and capacitance) of 0.001-2 s for an SC, the
stored energy can be extracted at a very high rate because the
ESR inside an SC is very small [28]. In contrast, the same-sized
battery will not be able to supply the necessary energy in the
same time period because of the higher time constant of the
battery [27], [29].

The operating voltage of an SC changes linearly with time
during constant current operation so that the state-of-charge
can be precisely estimated. In addition, the highly reversible
electrostatic charge storage mechanism in SCs does not lead to
the volume changes observed in batteries with electrochemical
transformations of active masses. This volume change usually
limits the lifetime cycle of batteries to several hundred cycles,
whereas SCs have demonstrated from hundreds of thousands to
many millions of full charge/discharge cycles [30], [31].

The SC bank is always connected to the dc bus by means of
a two-quadrant dc/dc converter (bidirectional converter). Fig. 2
presents the transient response of an SC converter interfacing
between the dc bus and the SC bank (SAFT SC module: 292 F,
30 V) [32]. The initial voltage of the SC bank is 30 V. The SC
current set-point (reference) is Ch2 and the measured SC current
is Ch4. The dynamic response of the SC auxiliary source is very
fast and can discharge from 0 to 50 A in 0.4 ms.

Remark 2: To operate the SC module, its module voltage is
limited to an interval [Vscuin, VsoMmax]- The higher Vsenrax
value of this interval corresponds to the rated voltage of the
storage device. In general, the lower Vgci, value is chosen as
Vscnax/2, where the remaining energy in the SC bank is only
25% and the SC discharge becomes ineffective [32].

III. SOLAR POWER PLANT
A. Structure of the Studied Power Converters

Low-voltage, high-current (power) converters are needed be-
cause of the electrical characteristics of the PV cell and the
SC bank. A classical boost converter is often used as a PV
converter [33], and a classical two-quadrant (bidirectional) con-
verter is often used as an SC or battery converter [27]. However,
the classical converters will be limited when the power increases
or at higher step-up ratios. Therefore, the use of parallel power
converters (multiphase converters in parallel) with interleaving
may offer better performance in terms of dynamics [34], because
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Fig.3. Proposed circuit diagram of the distributed generation system supplied
by a PV and SC, where p1,oad ( = VBus X iLoad)> VBus» and i1,oaq are the load
power, the dc-bus voltage, and the dc-bus load current, respectively. ppy ( =
vpy X ipvy),vpy,andipy arethe PV power, voltage, and current, respectively.
psc (= vsc X isc), vsc, and igc are the SC power, voltage, and current,
respectively. ppy, and pgc, are the output powers to the dc link from the
converters of the PV array and the SC, respectively.

Supercapacitor

of smaller inductor and capacitor sizes. Next, Fig. 3 depicts the
proposed hybrid source structure. The PV converter combines
four-phase parallel boost converters with interleaving, and the
SC converter employs four-phase parallel bidirectional convert-
ers with interleaving.

B. Power Regulation Loops of the Proposed Power Plant

For safety and dynamics, the PV and SC converters are pri-
marily controlled by inner current regulation loops (or power
regulation loops), as depicted in Figs. 4 and 5 [32]. These power
control loops are supplied by two reference signals: the SC
power reference pscrpr and the PV power reference ppyvrer,
generated by the control laws presented later.
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Fig. 4. Photovoltaic power control loop.

For the PV power control, a PV power reference ppyRrgr is
divided by the measured photovoltaic voltage vpy, resulting in
a PV current reference ipyrgr. For the SC power control loop,
an SC power reference pgcrer is divided by the measured SC
voltage vgc and limited to maintain the SC voltage within an
interval [Vscain, VscoMmax], according to Remark 2 by the SC
current limitation function. This calculation results in an SC
current reference iscrer [32].

C. Mathematical Model of the Power Plant

‘We assume that the PV and SC currents follow their reference
values perfectly. Consequently,

PPV _ PPVREF

ipy = IPVREF = (D
vpv vpy

. _ Psc _ PSCREF

iS¢ = ISCREF = —— = ————. ()
vsc UsC

We only consider static losses in these converters, and rpy
and rgc represent static losses in the PV and SC converters,
respectively. Now, the PV array and the SC storage device func-
tion as controlled current sources connected with the equivalent
series resistance that is called a reduced-order model [35].

The dc-bus capacitive energy Ep,s and the supercapacitive
energy Egc can be written as

1

EBus = §OBus'U]23us (3)
1

Esc = 5Cscv§c. 4

The total electrostatic energy Er stored in the dc-bus capaci-
tor Cpys and the SC Cgc can also be written as

1 1
ET = §CBusv]23us + ECSCvgc- (5)

Note that the total electrostatic energy E7 is nearly equal to
the energy stored in the SC Cgc because the SC size Cgc is
much greater than the dc-bus capacitor size Cpys.

The derivative of dc-bus capacitive energy Fius is given ver-
SUS Ppvo, PSCo» and pr,oaq by the following differential equation:

EBus = PPVo + PSCo — PLoad (6)
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where

ppv ’

PPVo = PPV — TPV () (N
vpv
Psc ?

PSCo = PSC — T'SC (> ®)
vsC

PLoad = VUBus * iLoad- (9)

Note that the derivative of dc-bus capacitive energy dEy,,s/dt
is the power pp,s flows intg the dc-bus capacitor. It means that
PBus 18 equal to dEy,,s/dt (Epys)(see Fig. 3).

IV. CONTROL OF A POWER PLANT
A. Energy Balance

In the proposed system depicted in Fig. 3, there are two
voltage variables (or two energy variables) to be regulated.

1) The dc-bus energy Ep,; is the most important variable.

2) The SC storage energy Egc is the next most important.

Therefore, we propose utilizing SCs, which are the fastest
energy source in the proposed system, to supply the energy for
the dc bus [32]. In fact, we plan to functionalize the PV array
by supplying energy only for charging the SC Csc. However,
during charging, the energy from the PV cell flows through
the dc bus to the SC bank. For this reason, the PV array is
mathematically operated to supply energy for both the dc-bus
capacitor Cgys and the SC Cgc to keep them charged.

B. Differential Flatness Property

Let us first reveal a physical property, used to establish the
system flatness [14], [15], [36], that will be the main concept for
our reference generations. The flat outputs y, the control input
variables u, and the state variables x are defined as

y = Yi| _ | EBus w— || _ | PscrEr
Y2 Er |’ Uy DPVDEM |

T = |:ZE1:| _ |:UBus:| (10)
T2 vsc
where ppyprwm 18 the PV power demand. It will be generated by
the outer controller. This signal will send to an MPPT in order
to saturate the PV maximum power. It becomes the PV power
reference ppyrur, presented hereafter.
From (3) and (6), the dc-bus voltage vp,5 (defined as a state

variable x; ) and the SC power (defined as a control input variable
uy) can be expressed as an algebraic function

2 o ()
C'Bus ! !

(11)

xr =

uy = 2pSCLim

o N - <yl + iLoad - 1 (31) PPV0>
PsCLim

(12)

=11 (Y1,91) = PSCREF

2
Ysc

4TSC

PSCLim = (13)
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SC power control loop.

where pscrim 1S the limited maximum power from the SC con-
verter.

From (5) and (6), the SC voltage vgc (defined as a state
variable x») and the PV power ppy (defined as a control input
variable us) can be expressed as an algebraic function

2 _
Ty = w =9 (yl,y2) (14)
SC
Ug = 2pPVLim . [1 _ \/1 o <y2 + 1Load " ¥1 (y1)>‘|
PPVLim
= 12 (y1,92) = PPVDEM (15)
2
v
PPVLim = PV (16)
4TPV

where Ppyrim 1S the limited maximum power from the PV
converter.

It is evident that =1 = @1 (v1), T2 = w2 (Y1,Y2), Ul =
U1 (y1,91), and us = vy (y1,92). Consequently, the PV/SC
power plant can be considered a flat system [36].

C. Control Law and Stability

Let us now focus our attention on the feedback design to track
a dc-bus energy reference trajectory yjrpr and a total energy
reference yogpr. We aim to design a feedback law such that the
tracking error (yi—y1REF, Y2—Y2rEF) asymptotically vanishes.
Thus, the relative degree of the first input v; and the second
input vo is 1. The proposed control laws [37] are

a7
(18)

(01 — girer) + K1 (y1 — yirer) =0
(92 — 9orEF) + K21 (y2 — yorEF) = 0.

Because the SC can store enormous amount of energy, and the
supercapacitive energy is defined as a slower dynamic variable
than the dc-bus energy variable, in order to compensate for
nonideal effects, an integral term is added to the control law
(17). This yields

v =91 = Yirer + K (yirer — Y1)
t

+K12/(y1REF —y1)dr
0

(19)
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Ve = U2 = UYorErF + Ko1 (Y2rEF — ¥2) - (20)

From (19), if we define e; = y; — yirEr, K11 = 2¢w,, and
K19 = w?, we obtain

ne

é1 + 2w, -é1 +w? e =0. (1)
Substituting the expression for ¢; from (19) into (12) gives
the equation for the closed-loop static state feedback SC power.
From (20), if we define ex = yo — yorgpr, Ko1 = 1/75, we
obtain

Tg - €3 + ey = 0. (22)

Substituting the expression for o from (20) into (15) gives
the equation for the closed-loop static state feedback PV power.
Itis clear that the control system is asymptotically stable for K1,
K12 >0, and K»; > 0. However, based on the power electronic
constant switching frequency wg and cascade control structure,
the outer control loop (here the dc-bus energy control) must
operate at a cutoff frequency wp << w¢ << wg, where wc¢ is
a cutoff frequency of the SC power loop. Once the flat outputs
are stabilized, the whole system becomes exponentially stable
because all of the variables of the system are expressed in terms
of the flat outputs [36].

In Fig. 6, the proposed control algorithm of the renewable
energy power plant, as detailed earlier, is depicted. The dc-bus
energy control law generates an SC power reference pscrer
( = uy, refer to (12)). The total energy control law (or the SC
energy control) generates a PV power demand ppyprwm (= us,
refer to (15)). This signal must be saturated at the maximum
power point by MPPT according to Remark 1.

It should be concluded here that, in this application, the PV
does not always operate at its MPP in a stand-alone (grid-
independent) scenario, as depicted in Fig. 6.

Multivariable control of a PV/SC hybrid power plant based on a differential flatness approach.

dSPACE
Interfacing Card

PV Terminal

Fig. 7. Photograph of a test bench power plant. (a) solar cell panels, (b) SC
bank, and (c) test bench.

V. PERFORMANCE VALIDATIONS
A. Power Plant Description for a Test Bench

To validate the performance of the modeling and control sys-
tem, the small-scale test bench of the hybrid power plant was
implemented in our laboratory, as presented in Fig. 7. The pro-
totype 0.8-kW PV converter and the 2-kW SC converter (refer
to Fig. 3) were implemented in the laboratory. Specifications of
the PV module and storage device are detailed in Table I.



THOUNTHONG: MODEL BASED-ENERGY CONTROL OF A SOLAR POWER PLANT WITH A SUPERCAPACITOR

TABLE I
SPECIFICATIONS OF PHOTOVOLTAIC SOURCE AND STORAGE DEVICE

Photovoltaic Array (by Ekarat Solar Company):
Number of Panels in Parallel 4

Panel Open Circuit Voltage ~ 33.5 v
Panel Rated Voltage 26 v
Panel Rated Current 7.7 A
Panel Rated Power 200 w
Array Rated Power 800 W

Supercapacitor Bank (by Maxwell Technologies Comp):
(Cell Model: BCAP1200)

Number of Cells in Series 12

Cell Capacity 1,200 F

Cell Maximum Voltage 2.7 v

Bank Capacity (Csc) 100 F

Bank Maximum Voltage 32 \%
TABLE I

DC-BUS ENERGY CONTROL LOOP PARAMETERS

VBusREF 60 v

e 12200 uF

K 450 rad-s”

Kn 22,500 rad’s”

rpyv 0.12 Q

rsc 0.10 Q

VSC Max 32 Vv

Vscmin 15 v

IscRrated 150 A
TABLE IIT

SUPERCAPACITIVE ENERGY CONTROL LOOP PARAMETERS

VSCREF 25 Vv
Csc 100 F
Ko 0.1 w-J!
PrvMax (Rated) 800 w
Ipvmax (Rated) 30.8 A
Tpvmin 0 A
Alpy 0.1 A

At 6 ms

B. Control Description

The parameters associated with the dc-bus energy regulation
loop are summarized in Table II. The parameters associated with
the SC energy regulation loop are detailed in Table III. For the
low-scale test bench, the dc-bus voltage reference vpusrer (=
X1rEr) Was set to 60 V and the SC voltage reference vgcrEF
(= xorgr) Was set to 25 V (the nominal value of the SC bank).

The constant switching frequency wg of the PV and SC con-
verters was 25 kHz (157 080 rad-s—!). The nonlinear controller
gains used were K1 = 450 rad-s~! and K;5 = 22 500 rad?-s >
so that the system damping ratio ¢ was equal to 1.5 and the
natural frequency w, was equal to 150 rad-s~!. As a result,
the cutoff frequency wg of the closed-loop dc-bus energy was
equal to 60 rad-s~'. This value was lower than the cutoff fre-
quency w¢ of the SC power loop of 450 rad-s~! (equivalent to
a first-order delay with a time constant 7 of 2.2 ms) so that the
system was asymptotically stable [36]. The controller gain of
the closed-loop supercapacitive energy was Ko; = 0.1 W-J~! so
that the cutoff frequency wgc of the closed-loop supercapacitive
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energy was equal to 0.1 rad-s~! in which wgc << wg, in order
to guarantee the asymptotic stability of the whole system.

The PV and SC current regulation loops and the elec-
tronic protections were realized by analog circuits. The two
energy-control loops, which generate current references ipyrer
and igcrer, were implemented in the real-time card dSPACE
DS1104 platform (see Fig. 7) using the fourth-order Runge—
Kutta integration algorithm and a sampling time of 80 ps within
the mathematical environment of MATLAB-Simulink.

C. Experimental Results

Because flatness-based control is model based, it may have
some sensitivity to error in model parameters. To authenticate
its robustness, the flatness-based control was tested with the
exact model parameters (rpy = 0.12 Q and rg¢ = 0.10 Q)
and the erroneous parameters case (rpy = 0.001 © and rg¢ =
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0.001 ). For the sake of the dc-bus voltage stabilization and ro-
bust control system, the oscilloscope waveforms in Fig. 8 show
the comparison (robustness) between the accurate parameters
and the error parameters. It portrays the dynamic characteristics
that are obtained during the large load step. It shows the dc-bus
voltage, the load power (disturbance), the SC power, and the
SC voltage. The initial state is in no-load power, the SC storage
device is full of charge, i.e., the SC voltage = 25 V (vscrEF
= 25 V), and the dc-bus voltage is regulated at 60 V (vpusrEF
= 60 V); as a result, the PV and SC powers are zero. At t =
20 ms, the large load power steps from 0 W to a constant value
of 400 W (positive transition). Because during the transient state
the PV power is limited by MPPT estimation, the SC supplies
the transient load power demand. One can scrutinize the similar
waveforms in Fig. 8(a) and (b). The dc-bus voltage (dc-link sta-
bilization) is minimally influenced by the large load power step.
Clearly, the performance of the control system is minimally af-
fected by the model parameter error considered. Experimental
testing demonstrates that errors in these parameters had rela-
tively little effect on regulation performance, and we conclude
that the nonlinear differential flatness-based approach provides
a robust controller in this application.

Finally, for the sake of the dc-bus voltage stabilization and
load profile (load cycles), Fig. 9 presents waveforms that are ob-
tained during the load cycles measured on December 18, 2009,
at an ambient temperature of around 25 °C. In Fig. 9, the dc-bus
voltage, the PV voltage, the load power (disturbance), the SC
power, the PV power, the SC current, the PV current, and the
SC voltage are shown. In the initial state, the small load power
is equal to 100 W, and the storage device is full of charge,
i.e., vsc = 25 V; as a result, the SC power is zero and the PV
source supplies 100 W of power for the load. At 09:00:50,
the load power steps to the final constant power of around
450 W (positive load power transition). We observe the fol-
lowing phenomena.

1) The SC supplies most of the transient power that is re-

quired during the step load.

2) Simultaneously, the PV power increases to an MPP of
around 250 W, which is limited by the MPPT.

3) Concurrently, the SC remains in a discharge state after the
load step because the steady-state load power (approxi-
mately 450 W) is greater than the power supplied by the
PV array.

After that phase, one can again observe that the power plant
is always energy balanced (pro.q(f) = ppv(#) + psc(?)) by
the proposed original control algorithm. One can observe that
the dc-bus voltage waveform is asymptotically stable during the
large load cycles, which is of major importance when employing
SC to improve the dynamic performance of the whole system
using the proposed control law.

VI. CONCLUSION AND FURTHER WORKS

The main contribution of this paper is to model and con-
trol a PV/SC hybrid power plant. The prototype power plant is
composed of a PV array (800 W, Ekarat Solar) and an SC mod-
ule (100 F, 32 V, Maxwell Technologies). A compact topology,
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suitable for high-power applications, is proposed. Its working
principle, analysis, and design procedure are presented. The PV
array is the main source, and the SC functions as a storage device
(or an auxiliary source) to compensate for the uncertainties of
the PV source in the steady state and the transient state. An SC
can advance the load, following the characteristics of the main
sources, by providing a stronger power response to changes in
the system load. Adding energy storage to the distributed power
systems improves power quality and efficiency.

Using the nonlinear control approach based on the flatness
property, we propose a simple solution to the dynamic, stabiliza-
tion, and robustness problems in the nonlinear power electronic
system. And also, there are no operating points comparable with
a classical linear control. This is a novel concept for this kind of
application. However, the proposed control law needs a load cur-
rent measurement to estimate the load power. For future work,
a load observer will be used to avoid a measurement of a load
current, as was explored in [23].
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