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Abstract: In the last few decades, renewable energy sources (RESs) have been integrated into the
electrical grid in order to curb the deficiency of energy owing to, among other factors, the depletion
of fossil fuels and the increasing awareness of climate change. However, the stochastic nature of these
sources, along with changes in levels of energy consumption, signifies that attention now needs to be
paid for energy storage systems (ESSs). One of the most promising RESs is concentration photovoltaic
(CPV) energy, owing to the high efficiency obtained and its sustainability regarding environmental
issues. However, as CPV systems work only with direct solar radiation, they require ESSs in order to
smooth the variations in the energy generated. This paper deals with the integration into the grid of a
CPV plant that employs a hybrid ESS (HESS) based on ultracapacitors and batteries. The HESS allows
the complete system to inject a constant active power level into the grid and thus flatten the profile of
the energy generated. This goal is achieved by using a power electronic topology based on various
DC-DC converters and a DC-AC converter, both of which share the same DC link. The control
system is tailored in order to decouple the active-power and the reactive-power injections. Simulation
results obtained using PSCAD/EMTDC (Power System Computer Aided Design/Electromagnetic
Transient Direct Current) show the resulting performance of a 200 kW CPV plant with a hybrid ESS.

Keywords: concentration photovoltaic energy; ultracapacitor; battery; energy storage system;
DC-AC converter; DC-DC converter

1. Introduction

Electricity generation making use of renewable energy sources (RESs) has a huge potential as
a clean means to produce energy [1]. Nevertheless, it also behaves in a variable and discontinuous
manner [2] that is usually difficult to predict, particularly in the long term. The electrical grid system
is not able to store large quantities of energy by itself, and stable operation can, therefore, only be
achieved by matching generation with demand [3]. Large amounts of unscheduled power fluctuation
owing to RESs have become an important and challenging issue for grid operators, and it might
consequently not be possible to inject all the energy generated by renewable sources into the grid [4].

Energy storage systems (ESSs) have the ability to absorb the power variations inherent to RESs [5]
and can, therefore, smooth the RES power profile injected into the grid. In this context, ESSs are gaining
relevance and becoming an enabling technology by which to drive the transition from a traditional
and centralized energy model with a high dependence on fossil fuels towards a new paradigm based
on distributed generation systems (DGSs), with an increasing presence of renewable energies, without
compromising the reliability and stability of the overall electrical system.
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Photovoltaic (PV) energy is one of the most promising RESs and attained a world-wide installed
capacity of solar PV power generation of 177 GW by the end of 2014 [6]. One of the specific technologies
of the PV system is concentration PV (CPV) energy, which employs multi-junction solar cells together
with an optical system and mechanical trackers in order to obtain high conversion efficiencies [7,8],
with low cost designs and long-term reliability [9]. However, CPV generators transform only direct
solar radiation into electricity, owing to the reduced acceptance angle of the optical systems that they
incorporate, and they are unable to capture most of the diffuse radiation [10]. The operation resulting
from this feature is characterized by an on-off behaviour on cloudy days with fast transitions in
the output power. The benefits of using energy storage are, therefore, evident in the particular case
of CPV systems, and the integration of CPV systems with an EES may consequently contribute to
reducing power variations, thus providing a smoother power profile and improving the availability
of energy. Moreover, in the particular case of CPV/PV energy, new trends and policies have been
proposed in order to provide these systems with other functionalities, such as power quality services,
transient stability, regulation services, spinning reserves, and so forth, which implies integration with
ESSs [3,11].

In the case of PV systems, low-frequency components together with high-frequency oscillations
are present in the energy generated [12], and an appropriate ESS is, therefore, required. A wide
variety of ESS technologies are currently available, which are usually classified into four categories:
mechanical, electrical, thermal and chemical technologies [13]. After carrying out a comprehensive
review of the existing storage technologies [14], it has been concluded that one of the most suitable
solutions for PV energy is the use of a hybrid ESS (HESS) comprising batteries and ultracapacitors:
batteries are able to store large amounts of energy, but their time response is not sufficiently rapid to
cope with the transient peaks [15]. Although ultracapacitors have a low storage capacity [15], they can
deliver large power peaks and can be charged and discharged without losing efficiency for thousands
of cycles. Both technologies can, therefore, be combined in order to add the high energy density of the
batteries to the high power density of the ultracapacitors [12,15,16]. This HESS consequently ensures a
rapid transient response, a high storage capacity, easy integration and scalability.

As the HESS will store energy in DC voltage form, different DC/DC power converters will be
required in order to maintain different voltage levels demanded by the system. A wide variety of
power electronic topologies can be used to adapt the electrical characteristics of each device to the
system requirements. In [17], several DC/DC converter schemes are analysed, including unidirectional
and bidirectional topologies; although the multiple bidirectional DC/DC converter configuration can
be expensive, it allows the energy exchange between ultracapacitors and battery banks; an independent
control of each ESS [16,18]; and the best control action, owing to its flexibility [19].

The control scheme must be able to control the power electronic converters in order to coordinate
the power exchanged between the ESS, the CPV panels and the grid. This scheme has to generate
the operating modes and the reference values to properly control each power converter. Different
control schemes can be found for HESS systems: one of the most usual alternatives is the use of
proportional-integral (PI) controllers [17,18]. However, other control configurations can be used:
in [20], a control scheme based on a Lyapunov function is employed to control the voltage of the
DC-link of HESSs in electric vehicles, and a sliding mode regulator deals with the control of the
currents of the batteries and ultracapacitors. Furthermore, a comparison between different control
strategies, namely, a rule-based controller, a filtration-based control scheme, a model predictive
controller and a fuzzy logic scheme, is shown in [19], in order to analyse their performances in a HESS
for electric vehicles.

This paper deals with the integration of a CPV plant that includes a HESS into the grid. The CPV
plant is tailored to inject up to 200 MW into the grid, and includes 10 identical CPV trackers, which can
generate up to 25 MW. Each CPV generator is connected by means of multiple bidirectional DC/DC
converters to a HESS composed of batteries and ultracapacitors, and these are connected to the grid by
means of a three-phase inverter. The paper is focused on the design of the complete control system of
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the CPV plant using a hierarchical topology with nested control structures. Unlike other references,
which employ open-loop schemes for the energy management system, a control-loop scheme is used
in this work. This scheme guarantees that the active power injected into the grid by the CPV plant is
equal to the set-point value in steady state. Furthermore, a low-pass filter with an additional delay is
used to reduce the supply or absorption of power by the batteries in situations of high peaks of power.
The ancillary service of the injection of reactive power into the grid by the CPV plant is also considered
in this paper.

The paper is organized as follows. The configuration of the CPV plant is presented in Section 2,
along with the models of the ESS elements. The energy management for the ESS and the topology
of the complete control system are explained in Section 3, including the various control subsystems,
which are the control schemes of the batteries and the ultracapacitors, the control system of the voltage
of the DC-link, and the controller for the grid-connected converter. Comprehensive simulation results
of a 200 MW CPV power plant obtained with PSCAD/EMTDC are presented in Section 4. Finally,
Section 5 gives the main conclusions of this work.

2. Configuration of the CPV Plant with a Hybrid Energy Storage System

The grid-connected CPV plant considered in this paper contains a general number of n trackers
(CPV1,CPV;,,...,CPV,) connected to the point of common coupling (PCC), and each tracker is
associated with a HESS composed of ultracapacitors and batteries. Figure 1 shows the general scheme
of each individual tracker.

g CPV Cbus
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Converter

Figure 1. General structure of a concentration photovoltaic (CPV) tracker with hybrid energy storage
system (HESS).

There are several possibilities for the HESS topology: the simplest solution is to connect the
batteries and the ultracapacitors in parallel, but its main drawback is the poor use of the energy stored
in the ultracapacitors, owing to the low-rated value of the battery voltage. The performance of a HESS
is normally improved by means of power electronic converters, as these decouple the operation of
each storage element [21].

Figure 2 shows the detailed configuration of the proposed HESS for each one of the CPV trackers
of the PV plant. It consists of the CPV modules, a grid-connected converter and the HESS system,
which is composed of a set of batteries and a bank of ultracapacitors. All the converters share the
capacitor Cy,5, whose voltage is maintained at a necessary level by an appropriate control scheme for
the correct operation of the complete system. This capacitor is usually called the DC-link, as all the
converters are connected to it.
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Figure 2. Detailed scheme of the hybrid energy storage system (HESS) for a concentration photovoltaic
(CPV) panel.

The CPV converter is a boost unidirectional converter, and its goal is to maximise the power
generated by the CPV modules by modifying the operating point. The converter must, therefore,
include the functionality of maximum power point tracking (MPPT).

The grid-connected converter is a two-level voltage source converter (VSC), which is responsible
for injecting the active power generated and compensating for the necessary reactive power. In this
work, the VSC is connected to the grid via an inductive filter (Lg — R;), owing to its simplicity, although
there are other alternatives, such as the use of inductive-capacitive-inductive (LCL) filters [22].

Two half-bridge bidirectional converters allow the batteries and the ultracapacitors to exchange
power with the grid and the CPV modules. These converters maintain the output voltage, while the
output current can flow in both directions. This means that the batteries and the ultracapacitors can
either generate or store energy [23]. Furthermore, the batteries and the ultracapacitors are connected to
their respective converters by means of inductive filters; that is, L, — Ry, for the batteries and L, — Ry
for the ultracapacitors.

It should be noted that the power electronic converters are operated with a sufficiently high
switching frequency, which implies that they can be considered as linear amplifiers [24,25].

2.1. Model of the CPV Modules

Although the main objective of this work is not to focus on the CPV module or its associated
DC/DC converter, it is useful to know the main features and a basic model of the CPV modules.

The model of the PV cell is well known and is usually based on the model of a single diode [26].
CPV systems normally use multi-junction cells and optical lenses to concentrate sunbeams onto the
PV cell in order to increase efficiency, although their model can also be analogous to the conventional
solar cells. The electrical behaviour of a CPV module can, therefore, be approximated by the solar
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cell with series and shunt resistance [27], which is shown in Figure 3: a forward-biased diode with
an ideality factor m models the recombination of electrons inside the cell and is connected in parallel
with the current generator I, which is the photogenerated current. The voltage and the current
generated by the CPV module are V), and Iy, respectively, whereas the resistances R, and Rs model
the electrical losses.

R Lo
— MW——o
Is  YIg, +
Ipn D =R, Vo

Figure 3. Electrical model for concentration photovoltaic (CPV) modules.

The output current of the CPV module can be calculated as Ipy = I, — I3 — 1 Ry where the diode
current is calculated as follows:

q(Vpo+RsIpy) B 1) (1)

Id = IOSC <g mKT

where I is the dark current of the diode, K is the Boltzman constant, T is the temperature and g is
the electron charge.
The current through the resistance Ry, is

_ Vp’(} + IPURS

Ig, R,

@

As the operating point of the CPV module is usually set close to the maximum power point (MPP)
by the CPV converter [28], and because the PV generator can be seen as a current source with limited
output voltage and power [29], the CPV modules and the CPV converter are modelled as a current
source in the remainder of the paper.

2.2. Model of the Batteries

Batteries based on lead-acid technology are usually employed in PV applications owing to several
factors: this is a mature technology with a high degree of reliability, and the weight and the volume
are not critical constraints in PV plants.

A variety of electrical equivalent circuits can emulate the performance of lead—acid batteries.
The Thévenin model provides a good equilibrium between the degree of complexity and high accuracy
in short time periods and during transients [30]. Several combinations of resistances and capacitors
can be considered. However, a single resistive-capacitive (RC) branch can be assumed to be sufficiently
accurate, as shown in Figure 4. Thus, R, represents the chemical resistance of the battery, and Cp,
represents the accumulative effect of the charging process. An internal series resistance R;,_ with which
to connect one cell to another also needs to be taken into account. These values are, to some extent,
dependent on the state of charge (SOC) and on the temperature of the battery. The SOC expresses the
percentage of energy that the battery has accumulated. The open-circuit voltage V¢, which can be
measured in the battery when no load is connected, is the first parameter that changes according to
the SOC, supplying a different output voltage while it is charging or discharging. This is the internal
voltage that the battery has at any time owing to the energy stored with the internal chemical reactions.
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Figure 4. Thévenin model of a battery with a single branch.

According to Figure 4, the transfer function of the impedance of the battery can be obtained as

th

)
Z = =Ry + ——"——
b(s) bs 1+ Rprbp

®)

where V;(s) and I, (s) are the output voltage and the output current of the battery, respectively.
Furthermore, the state-variable model of the connection filter of the bank of batteries can, as shown

in Figure 2, be written as
dt L, L,

1
— 4
I Up 4)

where the parameters L, and R, are the inductance and the stray resistance, respectively, of the
connection filter between the bank of batteries and the DC-DC converter, and v, is the output voltage
of the DC-DC converter.

Equation (4) can alternatively be written in the Laplace domain as

I(S): VCb(s) B Vb(s)
b Lys+R, Lys+ Ry

)

Although the model presented in this paper does not take the battery degradation into account,
previous works have proposed a dynamic degradation model that can be used to prolong the service
life of the battery [19].

2.3. Model of the Ultracapacitors

The capacity of ultracapacitors is much higher than that of conventional capacitors owing to the
fact that their electrodes are made of a porous material, which provides an effective surface that is
larger than that of classical capacitors.

Several models can be used to describe the dynamical behaviour of an ultracapacitor, as explained
in [31,32]. Of these, the simplest approach is the first-order RC model shown in Figure 5, which contains
an equivalent series resistance Ry.s, the capacitance C,. and a parallel resistance R, that models
the self-discharge of the ultracapacitor. Unlike conventional capacitors, in the case of ultracapacitors,
their capacitance depends on the voltage applied [33].

Rucs

Rucp

Figure 5. Electrical equivalent model for ultracapacitor.



Energies 2018, 11, 301 7 of 30

The transfer function of the impedance of the ultracapacitor can be calculated as

= VuC(S) = Rucs + Rucp

Zyuc(s) = _
uc( ) Lyc (3) 1+ Rucpcuc

(6)

where I,,c(s) is the current through the ultracapacitors and V. (s) is voltage across the ultracapacitors.
As in the case of the batteries, the current I,,c(s) can be obtained in the Laplace domain as follows

(see Figure 2):

Ve (s) _ Vie(s)

B Lycs + Ry Lycs + Ryc

where the parameters L, and R, are the inductance and the stray resistance, respectively, of the

connection filter between the bank of ultracapacitors and the DC-DC converter, and V., is the converter
output voltage.

Luc (5) (7)

2.4. Model of the Grid-Connected Converter

The single-phase equivalent circuit of the grid-connected converter plotted in Figure 2 is shown
in Figure 6, in which the VSC is connected to the grid via an inductive filter and is modelled as an
ideal voltage source u. The parameters L, and R, represent the inductance and the stray resistance,
respectively, of the grid-connection filter, while i, is the current injected into the grid and v, is the grid
voltage at the PCC.

Figure 6. Single-phase equivalent circuit of the grid-connected converter.

In accordance with Figure 6, and if a three-leg converter is used, the state-variable model of the
complete three-phase system {A, B,C} is

. _R 0 0 .
q l‘gA L, < l‘gA 1 1 0 0] |ua—og,
7 || = 0 —L—;’ 0 lgp | + I 0 1 Of |up—ug 8)
Igc 0 0 —% Igc 10 0 1 |uc—vg
4

Furthermore, the use of Park’s transformation enables the state-variable model of the inductive
filter to be expressed in a reference frame that rotates at the fundamental frequency w; and is usually
called the synchronous reference frame (SRF). The use of the SRF allows the g component of the
grid voltage to be zero and the sinusoidal magnitudes to become DC variables [34]. The following
state-variable model of the grid-connected converter is obtained when the SRF is employed [35]:

R
d ligd] T @ 1 0] lud—vgd
01 Ug

dt |ig,
where ig, and ig, are the d and q components of the current ig, respectively; u; and u4 are the d and q
components of the output voltage of the grid-connected converter; and vg, is the d component of the
grid voltage v,.

+ L
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Although the state-variable model (Equation (9)) is coupled, a decoupled equivalent system can
be obtained for control purposes, as explained in [34]. Furthermore, if an invariant-power Park’s
transformation is chosen, the active power, p¢, and the reactive power, g4, injected into the grid can be
calculated in the SRF as follows:

Pg = Ugylgy (10)
Gy = —Ug,lg, (11)

2.5. Model of the DC-Link

The power generated by the CPV system p.,, must be equal to the power injected into the grid,
pg, plus the power exchanged with the batteries p;, ultracapacitors p,. and the capacitor Cp,s of
the DC-link, pc, , plus the power losses pj,s; owing to the connection filters and the losses of the
semiconductors. This can be written as

Ps
/—/;\
Pepo = PCyys T Pg T Pb + Puc TPloss (12)

It should be noted that a positive sign of the power indicates that the power flows into the device,
that is, the batteries, grid, and so forth, whereas a negative sign refers to the power being extracted
from the device. Moreover, the sum of the power of the batteries and that of the ultracapacitors is the
power of the ESS ps;, and the power of the DC-link capacitor can be calculated as

2
— 4 — vcbus _ Cbus d (vcbus)
pchus - lchusvcbus - Cbus At Z)Cbus - 2 dt (13)

where ic, is the current injected into the DC-link capacitor and vc,  is the voltage of the DC-link.

If the voltage vc, = remains constant, the DC-link does not absorb or generate power, as shown in
Equation (13), and all the power generated by the CPV panels will, therefore, be transferred to the grid
and the energy storage elements, that is, the batteries and the ultracapacitors.

3. Energy Management and Topology of the Control System

In this paper, the objective of the energy management system is to maintain a constant profile of
the power injected into the grid, thus avoiding the inherent variations of the CPV panels. Furthermore,
during the initial and final time intervals of energy generation, the power profile will be programmed
with a ramp: the power injected will be increased at the beginning, whereas the power injected into
the grid will decrease at the end of the generation interval. This is the behaviour of conventional PV
panels, in which the power output increases in the early morning and decreases in the late afternoon.

Moreover, the control system is able to compensate for the reactive power according to,
for example, the requirements of the grid operator.

We let Py and Qg be the references of the active and reactive powers that the CPV plant exchanges
with the grid. If n¢y, is the number of trackers of the CPV plant, the references of the active and
reactive powers between each tracker and the grid can therefore be obtained as p; = Py/ncpo and
qg = Qg /Ncpo, respectively.

The reference for the power of the ESS, pJ;, can be obtained through the implementation
of several solutions. One of the most extended methods involves calculating this reference as
Pst = Pg — Pepo [12,36]. This solution is very simple and is based on an open-loop scheme. However,
the power losses of the connection filters are not taken into account, and differences can be expected
between the reference of the active power and the true value.

In this paper, we propose to resolve this issue through the use of a solution based on a closed-loop
configuration, as shown in Figure 7.
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Figure 7. Closed-loop scheme for the control of the active power injected into the grid.

This closed-loop configuration employs an integral action Rp, (s), which guarantees zero-tracking
error in steady state for step changes in the set point, that is, when the input pg is constant, with the
transfer function:

k
Rpy(s) = = (14)

The design of Equation (14) must be carried out in such a way that the dynamics of p, are
much slower than the dynamics of the control loop of the ESS. This assumption implies that the ESS
dynamics can be approximated by unity when compared with the dynamics of the output system
pg, which implies that ps; ~ p;. Furthermore, as the power of the CPV system p,, is a disturbance
that can be measured, a feed-forward action of p.,, is added to completely compensate for its effect,
as shown in Figure 7. The power injected into the grid can, therefore, be obtained as

R p*(s) 0ss pc us(s) — =k * S
P(s) = ~IEE — RS~ TR = s Pa(8) — s Pioss(5) — 5P (9) (15)

Equation (15) shows that pg(0) = pz(0); that is, the output is equal to the reference when the
reference is constant. Moreover, the closed-loop system is a first-order system that is stable for any
negative value of kj, and is not dependent on the disturbance pcpo.

The complete control structure is a hierarchical control scheme, for which the configuration
plotted in Figure 7 is the top-level scheme. Having presented this scheme, we now go on to explain the
remaining control schemes.

3.1. Control System of the ESS

The reference for the power of the ESS, p};,, must be split into the reference for the power of
the batteries p; and the reference for the power of the ultracapacitors p;,, that is, p;; = pj + p;.-
It is well known that the energy generated by solar panels contains a low-frequency component
and high-frequency oscillations associated with the intermittent solar irradiance [12]. The batteries
should, therefore, be used to deal with the low-frequency component, whereas the ultracapacitors
should provide and absorb the transient power peaks [16]. This can be achieved by using a low-pass
filter Hy(s), which separates the low-frequency component associated with the batteries from the
high-frequency component related to the ultracapacitor bank, as shown in Figure 8.

Pt Py —  Puc
o H L
at(s) i

Figure 8. Calculation of the power references for the batteries p}; and the ultracapacitors p;;..

The filter used to generate pj, is usually a first-order low-pass filter [12], which can smooth the
power profile required for the batteries. However, in some cases, the initial value of the power of the
ESS may be very high, and a first-order filter is not sufficient to limit that initial value. In this paper,
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a second-order filter to the power of 1 is proposed (1 being a positive integer greater than 1).
This filter establishes a delay in its time response, thus avoiding the supply or absorption of power by
the batteries; instead of this, the ultracapacitors deal with the power required. The filter is, therefore,
defined as Hyt(s) = Ha(s)"/, and, as an example, Figure 9 shows a comparison of a first-order low-pass
filter with the solution proposed in this paper, for which a second-order filter with ny = 3 is used. It is
noted that this solution establishes an initial delay of approximately 3.5 s and that the time response is
smoother than that obtained with the first-order approach.

=

©c o o o
o N o ©

Amplitude
o o o
w ~ O

© o
BN

0 5 10 15 20 25 30 35 40 45 50
Time ()

o

Figure 9. Step responses for the power reference for the batteries pj obtained with

3
Hy(s) = <%) (blue -) and Hi(s) = 22, (red - ).

The converters associated with the batteries and the ultracapacitors are controlled using a
current-control loop. Under the assumption that the voltages of the batteries and the ultracapacitors
change very slowly when compared to their respective currents, the references for the currents of the
batteries and the ultracapacitors can, therefore, be calculated as follows:

vy _Pp(s)
HORSAS (16)
11, (s) = el 7)

~ Vie(s)

These references are subsequently compared with the measured currents, that is, I;(s) and
Iic(s), and the differences are driven to two PI-type regulators, as shown in Figure 10. Furthermore,
a feed-forward action is used in order to cancel out the effect of the voltages of the batteries and the
ultracapacitors in their respective control systems. Finally, each control system generates the reference
required for the output voltage of the respective DC-DC converter. This voltage reference is employed
in a pulse-width modulation (PWM) scheme to generate the firing signal of the converter.

As shown in Figure 10a,b, and taking into account Equations (5) and (7), the following closed-loop
transfer functions are obtained for the control of the current of the batteries and the current of
the ultracapacitors:
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kp,s + ki, pp(s)

(s)
F;, (s L = == (18)
w(®) Ii(s)  Lys?*+ (kp, + Rp) s+ ki, py(s)
IHC(S) kPucS + ki puc(s)
F« S) = = ue = 19
lw( ) Ililkc (S) Lucsz + (kpln: + Ruc) s+ kiuf p;k‘c (S) ( )

Moreover, as pst(s) = py(s) + puc(s), the total energy of the storage system can be written as
pst(s) = F;, (s)p; (s) + Fi,.(s) piic(s). If the control system is designed in such a way that F; (s) = F;, (s),
pi(s)
———
then psi(s) = F;, (s) (p;(s) + puc(s)). In this situation, the closed-loop transfer function of the ESS
plotted in Figure 7 is, therefore, F;, (s).

pZ(S) .| pi(s) Ig(s)-l:O kg —’:O —1:0 V;;(S) .
e - : + + To PWM
Iy(s) Vi (s) Scheme
> kpb
(a)
P [ i [ | o e Vel
- - ’ + + To PWM
I..(s) Vie(s) Scheme
 Fp.
(b)

Figure 10. Control scheme of the DC-DC converters associated with (a) the batteries, and (b) the
ultracapacitors.

3.2. Control System of the Voltage of the DC-Link and the Grid-Connected Converter

The voltage of the DC-link can be written by combining Equations (12) and (13) as

d(vg,)” _ 2 2 ,
d: = Cbus [Pc]ﬂv — Pg = Pst — ploss] = @ [Pcpv — Ugylgy — Pst — ploss} (20)

Equation (20) shows that the voltage of the DC-link can be controlled by regulating the d
component of the grid current, ig,, or the power of the ESS, pst, as the other terms in the equation are
disturbances that cannot be used for control purposes. Because the power ps; is employed to control
the active power injected into the grid, as can be seen in Figure 7, the current ig, is used to control the
voltage value of the DC-link, and the output of the regulator of this voltage is therefore the reference
value for the current ig,, that is, i§ 4

The reactive power exchanged with the grid can, according to Equation (11), also be controlled
by modifying the g component of the grid current, ig,. This signifies that if the reference of the
reactive power injected into the grid is g, the reference value for the current ig, can be calculated
as iy = —qg/0g,.

The control of the voltage of the DC-link and the reactive power exchanged with the grid therefore
requires an appropriate closed-loop control for the currents ig, and ig,. This control structure is
designed by taking into account the state-space model (Equation (9)), which is coupled, as mentioned
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in Section 2.4. In order to tackle this problem, the following decoupled model can be achieved after
some calculations (see reference [34] for more details):

R
d |i -~ 0 i 1|1 of |w
2| = 8d - d
aliol = o R lic| TTlo 1| |w 1)
8q L, 8q 8 q

where w; and w, are fictitious variables used to decouple the model given by Equation (9).
The variables u, and u4 are calculated by using wy, wg, ig, and ig, according to the following

decoupling equation:
Ug 0 — w1
q 1

As the quantities to be controlled are DC magnitudes, one of the most popular control laws for
the grid current is the PI regulator. The transfer function of this regulator Rj, (s) is designed according
to Equation (21) and can be written for d and g components as follows:

Iy -1
Wy(s) = k,,ggd(s)sgd(s) — kp I, () (23)

Wy
Wy

Vg4
0

lgd +
I

+ (22)

I (s)— 1
W, (s) = k,,ggq(s)sgq(s) — kI, (5) (24)

where the controller outputs are the d — g components Wy (s) and Wy(s); ki, and k. are the integral
and proportional gains, respectively.

Similarly, the controller for the voltage of the DC-link, vabus (s), is also a PI regulator and is
tailored in accordance with Equation (20). The control law for Ry, (s) can be defined as

2

VE ()~ 0 2
. bus bus * _ 2
o S + kva (Vcbus (S) Vcbus (S)) (25)

where V¢, (s) is the reference value for the DC-link voltage, and kivc and kp, . are the integral and
proportional gains of Ry, (s), respectively.

Figure 11 shows the block diagram of the control scheme of the voltage of the DC-link and the
grid-connected converter, for which the superscript * represents the reference values. The output of the
regulator vabus (s) is the reference of the d component of the grid current, while the controllers R;, (s)
provide the variables w; and w,; needed to control the d — g components of the current injected into
the grid. The decoupling Equation (22) is used to obtain the converter voltage in the SRF, and, after the
inverse Park’s transformation, the three-phase voltages of the converter are calculated and driven to a
sinusoidal PWM scheme in order to generate the firing signals for the switches of the converter.

I (s) = k

Vo g SN s BT Ny B
X 3 Ry, (5) T Ri, () '
’Lgd Ud uA
. _— dq
v, o v, U
Chus 94| Decoupling B
® Equations
) U Uc
9 ? abe
% B O () R (s) —
L T T L] To PWM
. scheme
Vgq 1gq

Figure 11. Control scheme of the voltage of the DC-link and the grid-connected converter.
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4. Simulation Results

A CPV power plant that contains various trackers such as that depicted in Figure 1 has been
simulated using PSCAD/EMTDC. The CPV plant contained 10 identical trackers with hybrid energy
storage units, that is, n = 10. Each tracker was able to generate a maximum power of 25 kW, and the
objective was the constant injection into the grid of p, = 20 kW per tracker combined with its HESS,
which implies that the total power injected into the grid by the CPV power plant was 1 - p; = 200 kW.
Furthermore, and as is explained in Section 3, in the initial period of the simulation, a linear increase in
the power injected into the grid by each tracker-HESS unit with a slope of 1/3 kW-s~! was scheduled;
that is, the reference value of 20 kW was attained after 60 s, while an equivalent linear decrease
with a slope of —1/3 kW - s~! was scheduled at the instant ¢ = 1350 s. In addition, the injection of
reactive power with a maximum value of 5 kVAr per tracker was also scheduled in the time interval
700s <t <1000 s.

The CPV power plant was connected to a 13.8 kV distribution grid by means of the primary
side of a three-phase transformer with a winding ratio of 400 V/13.8 kV and a star/delta connection.
Each HESS was composed of 12 batteries connected in series, with a capacity of 100 Ah and rated
voltage of 12 'V, and a 47 F ultracapacitor with a rated voltage of 200 V. The initial voltages of the
ultracapacitors were set to 150 V.

The power converters implemented in the test employed insulated-gate bipolar transistor (IGBT)
switches operated by proper PWM algorithms. Although this option implies that the simulation took
place over a longer execution time, it was preferred to the use of average models of the converters,
as the switching behaviour could be analysed.

The total simulation time was 1500 s. The main parameters of the simulated CPV plant are
summarised in Table 1.

Table 1. Parameters of the concentration photovoltaic (CPV) plant simulated in PSCAD/EMTDC.

CPV Trackers

Number of trackers: n = 10
Maximum output power per tracker: 25 kW

HESS
Batteries
12 batteries in series Rated voltage: 12 V; capacity: 100 Ah
Inductance of the connection filter: L;, = 1 mH Resistance of the connection filter: R, = 100 mQ
Ultracapacitors
Capacitance: Cyc = 47 F Rated voltage: 200 V
Inductance of the connection filter: L, = 1 mH Resistance of the connection filter: R, = 100 mQ)

Distribution Grid
Root mean square (RMS) line-to-line voltage: 13.8 kV Frequency: 50 Hz

Grid Connection Transformer
Rated complex power: S = 250 kVA

Rated voltage windings: Uy, /U, = 400 V/13.8 kV Star/delta connection
Grid Connection Filter
Resistance: R = 200 mQ) Inductance: Ly =2 mH
DC-Link
Capacitor: Cyp,3 = 1360 uF Reference for the DC-link voltage: 750 V

Grid Converter
Two-Level VSC Switching frequency: 10 kHz

Converters of Batteries and Ultracapacitors
One-leg bidirectional DC-DC converters Switching frequency: 10 kHz
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All the control systems have been designed using the root-locus technique according to the
desired poles of the different closed-loop systems. Although there are several design criteria, the poles
of the closed-loop systems have been chosen as real values in order to avoid underdamped time
responses [37], and they have been placed at the following locations:

e Control system of the active power injected into the grid (Figure 7). The pole is placed at
s = —2rad/s.

e  Control scheme of the DC-DC converters associated with the batteries and the ultracapacitors
(Figure 10a,b). The poles of the resulting closed-loop system are located at s; = s, = —1000 rad/s
in both control systems.

e  Control scheme of the d — g components of the current injected into the grid (Figure 11). The poles
are located at s = s, = —1000 rad/s.

e  Control scheme of the voltage of the DC-link (Figure 11). In this case, the resulting time
response of the closed-loop system must be slower than the response of the inner control loop,
that is, the control of the current injected into the grid. The chosen poles are, therefore, placed at
s1 = —100 rad/s and s, = —20 rad/s.

Furthermore, the transfer function of the filter H;; employed in Figure 8 is

0.16 3
Hy=(-—"> 2
ot <52+0.85+0.16) (26)

which is the same as the transfer function used in Figure 9.

All the CPV generators have been modelled as current sources with limited output voltage and
power, as described in Section 2.1. Table 2 shows different values of the current generated for each
CPV generator, which have been simulated over time to emulate various levels of solar radiation,
including the case of clouds passing over the CPV plant, which implies that zero current is generated.
These values are very similar, as it is assumed that all 10 CPV generators of the PV plant are identical,
and slight differences are, therefore, justified with the same amount of solar radiation.

Table 2. Current generated by the concentration photovoltaic (CPV) panels throughout the time of
the simulation.

Current Generated by the CPV Panels (A)
Lpor Ly, Dpos  Dpoy  Dpos  Dpog  Dpor  Dpog  Dpog  Ipoy

Time Interval (s)

0<t<1 0 0 0 0 0 0 0 0 0 0

1 <t<400 20 19 20.5 18 20 19 20 21.5 22 20
400 <t < 800 33 32 33.5 31 33 33 31 33.5 34 33
800 <t <900 0 0 0 0 0 0 0 0 0 0

900 <t <1200 15 14.5 16 15 15 17 16 15.5 16 15
1200 < t < 1500 25 24 26 26 25 26 24 26 27 25

Because the voltage of the DC-link is controlled in order to maintain a value of 750 V (as detailed in
Table 1), the power generated by each CPV panel can be obtained by multiplying its respective
generated current by the DC-link voltage. These powers are shown in Table 3 and in Figure 12:
the values of the powers generated change greatly as a consequence of the changes in solar radiation.
The time interval 800 s < t < 900 s is particularly noteworthy, as the power generated by all the
trackers is zero owing to the fact that, for example, several clouds can block direct solar radiation.
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Table 3. Power generated by the concentration photovoltaic (CPV) panels over time, assuming a
DC-link voltage of 750 V.

Time Interval (s)

Power Generated by the CPV Panels (kW)

P pPU1 P po2 P PU3 P PY4 P PUs P PV P po7 P PUs P PY9 P Pv10
0<t<1 0 0 0 0 0 0 0 0 0 0
1<t<400 15 1425 1538 135 15 14.25 15 1613  16.5 15
400 <t <800 24.75 24 2513 2325 2475 2475 2325 25.13 25.5 24.75
800 <t <900 0 0 0 0 0 0 0 0 0 0
900 <t <1200 11.25 10.88 12 11.25 1125 1275 12 11.63 12 11.25
1200 < t < 1500 18.75 18 19.5 19.5 18.75 19.5 18 195 2025 1875
30 30
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Figure 12. Time responses of the power generated by the 10 concentration photovoltaic (CPV)
generators of the PV plant. (a) pyo,; (b) ppos; (€) Ppos; (d) ppos; (€) ppos; (£) Ppos; (8) Ppos; () ppog;
(i) vag; and (]) ppvm'
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Figure 13 shows the active powers generated by the 10 trackers and their associated HESS of
the CPV plant: in accordance with the control scheme depicted in Figure 7, each tracker-HESS set
generates 20 kW in steady state, which is equal to the reference value of the active power, that is,
pg = 20 kW. The control scheme plotted in Figure 7 is, therefore, able to attain zero tracking error
for constant set-points, as demonstrated in Equation (15). Furthermore, small transients occur when
the active powers generated by all the trackers are zero in the time interval 800 s <t < 900 s and are
quickly compensated for by the control system, as shown in Figure 7.

20F ' ' e ' : 20f ' ' S : ]
_ 15t {1 _ 15t ]
2 10f l@ 2 101 1®
< g ] < g ]
0 ; ; ; ; ; 0 . . . . .
0O 250 500 750 1000 1250 1500 0O 250 500 750 1000 1250 1500

20F ' ! = 20F ' ! =

15¢ 15|

10 t 1(© 10 (d)

Py, (W)
Py, (W)

0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500

20F T T .[_‘ 20 F T T .r,I

151 15|

10t 1@ 10 H ()

Py, (W)
Py, (W)

0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500

20F : ' = 20F ' ' =

151 15|

10 H )] 10

Py, (W)
Py, (W)

0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500

20F ' ' e : ] 20F : ' e
15t 1 — 15}
§, 0} {0 E/O 10} 10
< g . & 5
0 . . . . . 0 . . . . .
0 25 500 750 1000 1250 1500 0 25 500 750 1000 1250 1500

Time (s) Time (s)
Figure 13. Individual time responses of the power generated by the 10 tracker-hybrid energy storage
system (HESS) units. (a) pg,; (b) Pg,; (¢) Pga; () Pgii (&) Pgsi () Pgei (8) Pgri (W) pgsi (1) Pgoi and () pgo-

The total active power injected into the grid by the CPV plant is shown in Figure 14:
the steady-state value is 200 kW, which is the sum of all the individual contributions of the active
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powers generated by the 10 tracker—-HESS units plotted in Figure 13. Moreover, the total reactive power
injected into the grid by the CPV plant is plotted in Figure 15: the value injected is around 50 kVAr,
and both the active and the reactive powers are completely decoupled, as shown in Figures 14 and 15.

225 T T T T T

200

175

150

_25 I I I I I
0 250 500 750 1000 1250 1500

Time(s)

Figure 14. Time response of the total active power injected into the grid by the concentration
photovoltaic (CPV) plant.

60 T T T T T

50 h

30 .

Q. (kVAr)

10 .

- 10 1 1 1 1 1
0 250 500 750 1000 1250 1500

Time(s)

Figure 15. Time response of the total reactive power injected into the grid by the concentration
photovoltaic (CPV) plant.

The results plotted in Figures 13 and 14 show that the power injected into the grid has a smooth
profile owing to the use of the HESS: Figure 16 shows how the 10 HESSs are able to absorb the high
variations of the powers generated by the 10 CPV trackers, as plotted in Figure 12, in order to obtain
the grid-power profile shown in Figure 14. These results also show that the control system depicted in
Figure 7 performs effectively.
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Figure 16. Time responses of the power exchanged by the 10 hybrid energy storage systems (HESSs).
(@) psty; (b) Pstys (€) Psts; (d) Psty; (@) Psts; () Pstes (8) Pgrs (W) Psts; (1) Psto; and () pstyy-

Figure 17 shows the power generated or absorbed by the ultracapacitors, whereas the power
generated or absorbed by the banks of batteries is plotted in Figure 18. According to the transfer
function of the filter Hy; in Equation (26) and the scheme shown in Figure 8, the time responses of
the ultracapacitor powers have rapid variations, including transients, which implies high-frequency
components, while the power profile of the batteries contains low-frequency components, with slow
variations in the power.
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Figure 17. Powers generated /absorbed by the ultracapacitors of the 10 hybrid energy storage systems
(HESSSs). () pucy; (b) Pucy; (€) Pucy; (d) Pucy; (@) Pucs; (£) Puce (8) Pucys (M) Pucy; (1) Pucy; and (§) pucyy-

The currents through the ultracapacitors are plotted in Figure 19, while the voltages of the
ultracapacitors are shown in Figure 20. The control of the currents through the ultracapacitors is
implemented using the control scheme shown in Figure 10b. The ultracapacitors are able to provide
high-peak currents in short periods of time in order to accomplish the power-profile requirements.
When the currents are negative, the voltages of the ultracapacitors decrease as they are delivering
energy, whereas when the currents are positive, the voltages increase, as the ultracapacitors store
energy. It should be noted that the currents through the ultracapacitors and also the powers are zero
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in steady state (see Figures 17 and 19). Furthermore, the discharge level of the ultracapacitors can be
even higher than 50% with regard to the initial voltage value, that is, 150 V, as shown in Figure 20.

20
2 1o
.QN 4
o
-30 . . . . . -30 . . . . .
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
s .
< (d)
_Qv 4
o
-30 : : : : : -30 : : : : :
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
<
_QLD
o
-30 : : : : : -30 : : : : :
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
= . = .
2 @ = 0]
a b ° i
o o
-30 : : : : : -30 : : : : :
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
J S
Qm 9
o g_'Q
-30 : : : : : -30 : : : : :
0 250 500 750 1000 1250 1500 0 250 500 750 1000 1250 1500
Time (s) Time (s)

Figure 18. Powers generated/absorbed by the banks of batteries of the 10 hybrid energy storage
systems (HESSs). (a) py,; (b) py,; (¢) pus; (d) Po,; (&) Posi () Pig; (8) Peyi () prg; () poy; and () py,-
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Figure 19. Currents through the ultracapacitors of the 10 hybrid energy storage systems (HESSs).
(a) iucl; (b) iucz} (c) iuC3} (d) iuq; (e) iuC5} ) iuce,/' (g) iucﬁ (h) iqu; (i) iuCg} and (]) iucl(y

Similar results can be seen in Figures 21 and 22, in which the current through the battery banks
and the voltages of the batteries banks, respectively, are plotted; in this case the currents are calculated
according to the control configuration depicted in Figure 10a, and their peak values are smaller than
in the case of the ultracapacitors. Moreover, slower variations take place. Once the steady state of
the time response of the filter Hy; has been attained and the currents provided by the ultracapacitors
are zero, the batteries provide all the current required by the storage system. Furthermore, as the
energy density of the batteries is higher than that of the ultracapacitors, the discharge levels of the
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batteries are greatly reduced in the simulation period when compared to those of the ultracapacitors
(see Figures 20 and 22 to observe the differences).
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Figure 20. Voltages of the ultracapacitors of the 10 hybrid energy storage systems (HESSs). (a) vy, ;
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Figure 21. Currents through the banks of batteries of the 10 hybrid energy storage systems (HESSs).
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Performance of the Control System

Previous results show that the control system deals with the variations of the powers generated
by the CPV panels throughout time in order to maintain a constant power profile injected into the grid.
The simulations are mainly focused on the steady-state response; however the transient response must
be analysed.
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Figure 22. Voltages of the banks of batteries the 10 hybrid energy storage systems (HESSs). (a) vy, ;
(b) vp,; (€) Vp,; (d) vy, ; (€) Vs (£) Vpy; (8) Vb, (h) Vpy; (i) Vpy; and (j) v,

This section presents the dynamic performances of the designed control schemes. For this purpose,
the time instant t = 400 s has been chosen, as it is one of the instants in which the powers generated by
the CPV panels change their values.

Although the results obtained for the 10 CPV generators are different, Figures 1622 show that the
previous simulation results are similar. For this reason, only the dynamic performances of the control
schemes of the tracker CPV] have been analysed.
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Figure 23 shows the results obtained with the control system depicted in Figure 7: at the instant
t = 400 s, the power generated by the CPV panels, p.py, changes from 15 to 24.75 kW, as shown in
Figure 23a. The control system keeps the value of the power injected into the grid at the reference value,
that is, 20 kW, in steady state, as shown in Figure 23b,c. In accordance with Equation (12), the power of
the DC-link capacitor changes its value with the variations of the power p¢p,, which means that the
power pg also varies, as pc,, is a disturbance in the control scheme shown in Figure 7. The regulator
Ry, (s) changes the value of py to the reference value with a transient response of 2 s, approximately,
by modifying the reference value of the HESS power, p}; (as can be seen in Figure 23d for the time
interval 400 s < t < 402 s). Furthermore, Figure 23d,e shows that p}, and ps; are almost identical,
which means that the dynamics of the ESS can be neglected and can be approximated by unity.
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Figure 23. Results obtained for CPV;. Time responses of (a) power generated by the concentration
photovoltaic (CPV) panel, p,y; (b) reference of the grid power, p§ ; (c) power injected into the grid, pq;
(d) reference of the hybrid energy storage system (HESS) power, p};; and (e) power of the HESS, p;.

Figure 24 shows the behaviour of the control systems of the DC-DC converters associated to the
batteries and the ultracapacitors (depicted in Figure 10a,b, respectively). A larger time interval than
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that plotted in Figure 23 has been defined in order to show the dynamics of the filter Hy;(s). Figure 24a
shows that the current reference of the batteries varies slowly. However, the value of the current
reference of the ultracapacitors changes suddenly (as shown in Figure 24d), in accordance with the
scheme proposed in Figure 8. Because the current controllers are designed in order to obtain closed-loop
poles located at s; = s; = —1000 rad/s, the currents of the batteries are practically equal to its reference
in the time interval employed (see Figure 24a,b). The same conclusion is obtained when analysing the
currents of the ultracapacitors and their reference value, as shown in Figure 24d,e. Figure 24c shows
the reference voltage for the DC-DC converter associated to the batteries; this reference voltage is
very similar to the voltage of the battery in steady state, which can be seen in Figure 22a. Moreover,
the reference voltage for the DC-DC converter associated to the ultracapacitor is equal to the voltage
of the ultracapacitor in steady state, as shown in Figures 20a and 24f, because the current of the
ultracapacitors is zero in steady state.
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Figure 24. Results obtained for CPV;. Time responses of (a) reference of the battery current, i;;
(b) current of the batteries, iy; (c) reference voltage for the DC-DC converter associated to the bank of
the batteries, Ujh ; (d) reference of the ultracapacitor current, i;,.; (e) current of the ultracapacitors, iy.;
and (f) reference voltage for the DC-DC converter associated to the ultracapacitors, v, .

The dynamic performance of the control scheme of the DC-link voltage and the grid-connected
converter, plotted in Figure 11, can be analysed in Figure 25; the reference voltage of the DC-link is
always 750 V. Because the power py, changes at t = 400 s, the voltage of the DC-link is also modified
according to Equation (20), as Figure 25b shows. The regulator Ry, (s) changes the reference of the

d-axis current, ig , in order to keep the true voltage equal to its reference, which is achieved at t = 401 s,
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approximately. The reference iy, and the d component of the grid current ig,, plotted in Figure 25¢,d,
respectively, are almost equal in the time interval used in Figure 25, as the parameters of the current
controllers of the grid-connected converter have been designed using the same specifications as those
of the control systems of the DC-DC converters associated to the batteries and the ultracapacitors.
The reactive power reference is zero at t = 400 s, which implies that both the reference, i;‘,q, and the g
component of the grid current, iy, , are zero, as shown in Figure 25e £. Finally, Figure 25g h shows the
references voltages 1 and uy, respectively, for the grid-connected converter.
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Figure 25. Results obtained for CPV;. Time responses of (a) reference of the voltage of the DC-link,
vaus; (b) voltage of the DC-link, vc, ; (c) reference of the d-axis of the current, i; . (d) current, ig,;
(e) reference of the g-axis of the current, igﬁq ; (f) current, ig, ; (g) d component of the reference voltage of
the converter, u}; and (h) g component of the reference voltage of the converter, u;
5. Conclusions

The combined use of ultracapacitors and batteries is a very effective solution by which to satisfy
the short-term energy storage requirements demanded by CPV systems. In this paper, the design
of the control system of a 200 kW CPV power plant connected to the grid with a HESS has been
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presented. The integration of the different elements has been carried out by means of power electronic
converters. The complete control system is split into various subsystems, namely, the control schemes
of the batteries and the ultracapacitors, the controller of the voltage of the DC-link, and the controller
for the grid-connected converter. Furthermore, an energy management system based on a closed-loop
structure has been developed in order to inject a constant active power profile into the grid. Simulation
results are provided by means of a case study implemented in PSCAD/EMTDC, which showed a
very precise and independent control of the power flow in the different components. Furthermore,
a decoupled control of the active and reactive powers injected into the grid has also been achieved.
The overall performance of the CPV generation system is, therefore, enhanced by means of the
integrated energy storage, thus providing an efficient solution that can easily be scaled.
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