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the proposed methodology. The results, compared with the case without predictions, show a reduction in
the loss of power supply probability (LPSP) up to 88%.
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1. Introduction

The renewable energy sources have a large amount of advan-
tages, including sustainability, low emissions, and economical
benefits. However, most of these energy sources have an inter-
mittent behavior due to atmospheric conditions. Therefore, it is
necessary to combine more than one type of renewable source to
improve the robustness of the power system. This is, therefore, a
hybrid power system based on renewable energy sources. One of
the possible options is to combine wind and solar energy, together
with a battery bank to store energy, as is presented in the paper of
[7]. In this work, it is also shown the benefit of using polymeric
electrolyte membrane (PEM) fuel cells to improve the robustness of
the power system. The hydrogen that feeds the fuel cells is pro-
duced through bioethanol reforming.

The PEM fuel cells reinforces the power generation from the
renewable sources, providing energy when is necessary according
to an adequate management strategy. The proposed configuration
decreases the probability of incapacity of power supply, decreasing
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at the same time the amount of wind turbines, solar panels, and
batteries.

There are several approaches in the literature to address the
energy management in hybrid power systems. These approaches
are mainly based on heuristic rules that modify the system oper-
ation on the basis of the powers and state of charge in the energy
storing devices [20]. In Ref. [21] a decision algorithm with a few
rules is done. In Ref. [14] a more complex algorithm of decision
based on rules is done. In Ref. [29] a supervisory control is done,
switching the operation mode according to heuristic rules. In
Ref. [18] an optimum load management strategy (minimizing a
function with constraints over a period of predictions) for a wind/
diesel/battery hybrid power systems is presented. In Ref. [26] a
hierarchical control composed by a master control strategy and a
slave control strategy is presented for an off-grid photovoltaic (PV)/
wind turbine/hydrogen/battery hybrid system. In Ref. [25] a control
algorithm based on DC bus voltage regulation for a fuel cell (FC)/PV/
ultracapacitor system is presented. In Ref. [27] an energy man-
agement strategy based on Model Predictive Control (MPC) is
presented for the same system. In Ref. [34] it is proposed a control
scheme with double hysteresis. In Ref. [11] three strategies are
proposed based on switching between different modes of opera-
tion, taking into account the state of charge in the batteries. In
Ref. [4] three strategies based on rules are presented, taking into
account also the pressure in the hydrogen tank, which is fed from
an electrolyzer. In Ref. [6] a fuzzy logic based strategy is presented.
In Ref. [7] an energy management strategy is proposed, which
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operates between five modes of operation. The strategy is formal-
ized through the concept of finite state machine, defining modes of
operation (states) and events that produces the change of state
depending on the previous state and the active events according to
a mapping function.

The receding horizon concept is commonly used in model pre-
dictive control formulation. In order to improve the system per-
formance and efficiency, a prediction of meteorological variables
and load power requirements must be used. In Ref. [22] a super-
visory predictive control is presented, but is considered the case
where the future load for certain length of time is known and
environment conditions remain constant. In Ref. [32] the predicted
wind, solar and temperature data are obtained and updated hourly
from an official database. In Ref. [13] an autoregressive model is
proposed for the prediction of wind speed and then used to
calculate future wind turbines output power.

This work presents an energy management strategy based on
receding horizon with a performance significantly better than the
presented in Ref. [7]. This strategy takes advantage of prediction of
the future generation in the power sources, the load requirement,
and the evolution of the state of charge in the batteries. The pre-
dictions of the power sources and the load are performed using
autoregressive models and historic data of wind speed, ambient
temperature, solar radiation, and load demand. Thus, at a given
time step, the energy management strategy takes decisions based
on the future predictions over a finite prediction horizon. At the
next time step new decisions are taken starting from the new state
and over a shifted horizon, leading to a receding horizon policy. The
design of the power system in this paper is done according to the
results in Ref. [8].

The organization of the paper is the following. In Section 2 the
description of the hybrid power system is done (electric topology
and main characteristics of the system elements). In Section 3 the
proposed energy management strategy is presented. In Section 4
the results are presented and confronted to the strategy without
predictions. Finally, in Section 5 some conclusions and guidelines
about future works are presented.

2. Description of the system

The hybrid power system is composed of several types of power
sources and energy storing devices that are able to supply the load.
The power sources are wind turbines, photovoltaic (PV) modules,
and PEM fuel cells, while the energy storing devices are batteries.
All these elements are connected to a direct-current bus through
power converters. The power system has no connection to other
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electric grid. The PEM fuel cells are fed with high purity hydrogen
from a bioethanol reforming process. Fig. 1 shows a scheme of the
hybrid power system.

The detail description of the component of the power system is
done in Refs. [7,8]. In particular, in the second work a methodology
for the optimal sizing of the system integrated with the energy
management strategy was proposed. The main objectives in the
sizing process are the following: (a) achieve a reliable power supply
under varying atmospheric conditions, (b) minimize the cost of the
power system, and (c) minimize the bioethanol consumption. The

following optimization problem is solved in the sizing
methodology:
min{Cr(X) + pCet(x, SOC;, EMS)}, (1)

where X = [Ny, Npy, Np, Ngc] is the vector of decision variables, be-
ing Ny the number of wind turbines, Npy the number of PV mod-
ules, N, the number of batteries, and Ngc the number of PEM fuel
cells modules. On the other hand, SOGC; is the initial state of charge
(SOC; = SOC(t = 0)) in the battery bank. The SOC, at discrete time
k=t/Ts with k=0, 1, ..., is defined as follows:

max _ (k)

SOC(k) = -2 cmax— % 100[%), (2)
b

where C;"** is the maximum capacity of the batteries, in units of Ah,
and Cj/ (k) is the amount of Ah already used at time k, which can be
computed as

) k
Ch(k) = Cy + > nclp () Ts[Ah], 3)
j=1

where 7, is the charge/discharge battery coulombic efficiency, in
this case n. = 0.975, and I}, is the battery current in units of A (I, >0
when the battery is in discharging mode and I;, <0 when it is in
charging mode), T is the sampling time, and Cl'; is Cjj (k = 0), which
corresponds to SOC;.

The minimization is done subject to the following constraints:

X<X<X, (4)

which means that each decision variable in x is limited between a
lower and an upper bound, and
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Fig. 1. Schematic diagram of the hybrid power system based on renewable sources and bioethanol.
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LPSP(x) < LPSP, (5)
where
_ Tk 9
LPSP(x) = == x 100  [%], (6)
t

is the loss of power supply probability [33], being T; the total time
in the historic data set used in the analysis (one year in this study),
Ty the time during which the power balance is not satisfied (for the
design corresponding to the vector x), and LPSP the upper limit
allowed for LPSP(x).

As a result of applying the design methodology, a set of feasible
solutions is found depending on the design parameter p, which
allows the penalization of the bioethanol consumption. In this
work, the focus is on the solutions that promote the greater use of
renewable energies instead of fuel cells, which decreases the bio-
ethanol consumption. This can be seen in Fig. 2, where a bar graph
shows the contribution of each power source to the load power
supply. In fact, it can be seen that for p > 50 the contribution of the
renewable power sources is greater than the contribution of the
fuel cells. Therefore, the subset of designs considered in this work
corresponds to the design with p > 50, as it is presented in Table 1.

2.1. Wind power system

The power injected by the wind power system to the DC bus
between a lower limit wind speed and the rated speed can be
calculated based on the steady-state power characteristics of the
turbine [31]:

Pult) = 5 Co(2.B)pa (1), 7)
where A is the swept blade area, p, is the air density, v is the wind
velocity and Cp is the power coefficient, which expresses the effi-
ciency of the turbine with respect to the wind power available. The
power coefficient is a function of A and the blade pitch angle g,
where 1 is defined as A = rwm /v, where r is the radius of the blades
and wp, is the speed angle of the turbine shaft, and can be expressed
by Ref. [16]:
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Fig. 2. Bar graph showing the energy supply of each power source with the different
designs.

Table 1
Set of optimal designs as a function of parameter p.
P Nw Npy Np Nec
50 3 18 5 3
60 2 29 7 2
80 3 30 9 1
116G ~0.255
Cp(2,8) = 5 (51— 0.0228 — 2 )e 0257, (8)

where Cf is a design constant of the blades. The values of the pa-
rameters used are as follows: p, = 1.2 kgm3, r = 1.6 m, A = 8 m?,
Cy = 19.92. Thus, the wind turbines have a nominal power of 2 kW
at rated wind speed of 9 m s~1. The pitch angle of the blades and
the speed angle can be adjusted, allowing to maximize the power
extracted from the wind turbines according to the actual wind
speed [1]. When the load is below the rated power P}, the turbine
operates at variable rotor speeds, fixing the blade pitch angle. For
wind speeds above the rate value, the turbine is operated at con-
stant output power, varying the blade pitch angle [2]. On the other
hand, the wind turbine is stopped for wind speeds below a lower
limit (v = 1.5ms~!) and above an upper limit (v, =20 ms™1).
Note that even though this model is quite simple, it is suitable to be
used into the methodology of sizing and energy management. A
more complex model can be impractical since the mentioned
methodology involves a mixed integer optimization [8].

2.2. Solar power system

A PV cell presents a voltage—current and power-current
nonlinear characteristic which depend mainly of insolation and
temperature. The equivalent circuit of the model consists of current
source, a diode and a serial resistance. The output current of the cell
(Ipv) can be expressed by Ref. [30]:

Q(V v(t) + 1, v(t)Rs)
: ACKT(l;) ) - ])’ ®)

Ipy(t) = Ipp(t) — Iis(t) (exp(

where Iy, is the generated current under a given insolation, I is the
cell reverse saturation current, Vpy is the voltage level on the PV cell
terminals, g is the charge of an electron, Rs is the intrinsic cell
resistance, A is the cell deviation from the ideal p—n junction
characteristic, K is the Boltzman constant, and T is the cell tem-
perature. The photocurrent current depends on insolation and
temperature according to the following expression:

Ton(6) = (Isc + Ky (T(£) = Tr))A(t) /100, (10)

where I is the short-circuit cell current at the reference temper-
ature and isolation, K; is the short-circuit current temperature co-
efficient and A is the insolation in mW cm~2.

The reverse saturation current depends on temperature ac-
cording to the following expression:

3
() = Iy <T(t)> exp (quoa/Tr - 1/1@)))7 a1

Tref I<AC

where Iy is the reverse saturation current at the reference tem-
perature T and Ego is the band-gap energy of the semiconductor
used in the cell (values in Table 2).

PV cells are connected in serial-parallel configurations forming
modules, which are the typical commercial unit. In order to reach
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Table 2
Parameters of the solar system.
q 1.6x10°1°C
Ac 1.6
K 1.3805 x 1072 Nm K
K 0.0017 A°C™!
Tor 2.0793 x 106 A
Tref 301.18K
Ego 110V
Isc 3.27A

appropriate voltage and power levels, modules can be arranged
with a similar architecture on arrays [28]. The solar power system is
composed of a PV array connected to the DC bus through a DC/DC
power converter. Thus, the available current for a PV module can be
expressed as follows:

0 = )0 (0 (M ) 1)
(12)

where Vpy is the voltage level in the PV module terminals, np is the
number of parallel strings and n; is the number of serial connected
cells per string. Therefore, the available power generation from a PV
module is

PBy (t) = Vev (O)I5y (1) (13)

The solar modules have nominal power of 150 W at global ra-
diation of 1 kW m~2 and temperature of 25 °C. The number of
modules is determined through the sizing methodology in Ref. [8].

In a PV module, the generated power depends on the solar ra-
diation, the temperature, and the module voltage. Therefore, there
is a point for each solar radiation and temperature where the
maximum power is obtained. This point can be experimentally
obtained, that is to determine the necessary module voltage ac-
cording to the actual solar radiation and temperature. However,
this methodology is dependent of each particular module. Besides,
it is necessary to measure the radiation and the temperature. To
overcome these drawbacks, there are algorithms capable of dealing
with the maximum power point tracking (MPPT). In particular, a
maximum power point tracking (MPPT) scheme is presented in
Ref. [17], where the maximum power operating point is tracked
accurately based on extremum-seeking control.

2.3. Reformer-fuel cell power system

The bioethanol processor system (BPS) is composed of a main
reactor, the ethanol steam reformer (ESR) which is in charge of the
conversion of bioethanol to hydrogen. The output stream in this
step has inappropriate concentration levels of carbon monoxide
and the PEM Fuel Cell catalyst could be damaged. Therefore, a
cleaning stage must be included. Three reactors integrate this stage,
two Water Gas Shift, one of high temperature (HTS) and the other of
low temperature (LTS) and a preferential oxidation of carbon
monoxide (CO-PrOx) reactor, where oxidation of CO into CO; is
made. In Ref. [23] a model predictive control strategy is applied to
meet the hydrogen quality requirements of the PEM fuel cell.

The main reaction in the ESR is endothermic, thus it requires a
heat supply. The amount of heat necessary to supply is
AHSgq = 254.8 K] mol ™. In this work this heat is provided through
a heating resistor (Py,), which is supplied with energy from DC bus.
From the stoichiometric equation of the reaction can be obtained de
required power of the heater:

0
p, = Whi, AH3og (14)
4

where Wy, is the rate of hydrogen consumed by the PEM fuel cell.

PEM fuel cells are electrochemical devices that convert the
chemical energy stored in hydrogen directly into electricity with
high efficiency. The cell anode is fed with hydrogen and a cathode
fed by air. The rate of hydrogen consumed in the fuel cell anode is a
function of the fuel cell current:

My n
Wha, ret :%IFC’ (15)

where Wy,  is the rate of hydrogen reacted,
My, =2.016 x 103 kg mol ™! is the molar mass of oxygen, n is the
number of cells in the stack, F = 96,485 C mol~! is the Faraday
number, and Ig¢ is the stack current. This is the amount of hydrogen
that is required to the bioethanol processor system.

The power modules based on PEM fuel cells need auxiliary
services (pumps, compressor, control system, etc) for its operation,
which are fed from fuel cell terminals [15]). This fact define a power
lower limit, below which is not suitable to operate because the
parasitic load is too large, reducing the efficiency. The power upper
limit is defined by the rated power of the stack:

Ppc < Ppc(t) < Pre. (16)

On the other hand, the fuel cell power cannot be increased faster
than a certain power rise rate (APgc) to avoid a lack of reactants and
the power cannot be decreased faster than a certain power fall rate
(APgc ) to prevent overpressure into the stack:

APpc < APpc(t) < APgc, (17)

where APgc(t) = Ppc(t) — Pec(t — AT) and AT is the sample time.
The PEM fuel cell modules have a nominal power of 1,2 kW.

On the other hand, the fuel cell power cannot be increased faster
than a certain power rise rate (APgc) to avoid a lack of reactants and
the power cannot be decreased faster than a certain power fall rate
(APgc ) to prevent overpressure into the stack:

2.4. Energy storage system

The variability of the renewable sources and the fact of being an
stand-alone application implies the need to use an energy storage
system (ESS) [9]. In this paper, we have chosen to use a bank of
lead-acid batteries because they are the least expensive for hybrid
energy system applications. The main characteristics of the battery
bank are given in Table 3.

The battery model used consists of a voltage source, which
represents the open circuit voltage (Voc) and a serial resistance
(Rint)- Thus, the terminal voltage of the battery can be expressed by
Vpat = Voc — Ipat Rint- Both Vo and Ry, depend on the battery state
of charge (SOC). These relationships are implemented by data
vectors indexed by SOC, based on experimental data of the

Table 3

Parameters of the batteries.
Parameter Value
Type battery Lead-acid
Nominal capacity of each battery 104 Ah
Nominal voltage 13V
Minimum voltage 95V
Maximum voltage 165V
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manufacturers that can be obtained from the modeling tool of
hybrid automation systems called ADVISOR [12].

The SOC must be kept within certain limits to ensure good
performance and battery life. In this work the lower and upper
limits are SOC = 20% and SOC = 100%, respectively. Besides, the
SOC, defined in 2, depends on the charge/discharge battery
coulombic efficiency 7., in this case n. = 0.975.

On the other hand, the battery current should also be limited.
The lower and upper limits (I, and I,) depend on Vo and Riy;
through the following expressions:

(VW)
I, =~——+ during charging
- Rint (]8)
()
I, =~——Z during discharging
Rint

where V,, and V, are the lower and upper limits in the battery bank
voltage, respectively.

3. Energy management strategy

The energy management strategy is in charge of commanding
the operation of the system with the objective of ensuring the
power balance with constraints between the power sources, the
batteries, and the load. The power balance in the direct-current bus
can be expressed as follows:

Py = Py + Ppy + Ppc + Py — Py, (19)

where Py, Ppy, Pgc, and P, the powers supplied to the to the direct-
current bus by the turbines, the PV array, the fuel cells, and the
batteries, respectively. On the other hand, P; is the power required
by the load and P, is the power consumed by the heater in the
reformer. It is assumed that the power converters DC/DC, AC/DC,
and DC/AC have constant efficiencies (npp =0.95 and
nap = 1pa = 0.9).

Due to operative limitations, the power balance in (19) is subject
to the following constraints:

0 <Py <Py, (20)
0 < Ppy < Pjy, (21)
Ppc < Pgc < Pec, (22)
APpc < APgc < APgc, (23)
P < Py < Pf, (24)

where Pj)) is the power available from the wind turbines; Py, is the
power available from the PV array; Pgc y Pgc are the lower and
upper limits in the power from the fuel cell modules, respectively;
APgc y APgc are the lower and upper limits in the fall rate and rise
rate of the power from the fuel cell modules, respectively; Ppy Pg
are the maximum available powers (charge and discharge,
respectively) from the battery bank, which depend on the state of
charge.

The proposed energy management strategy can be described
through the concept of finite state machine, where each state de-
fines an operation mode of the power system and the change of

state is based on events that involve the comparison between
available powers, load required, and state of charge in the batteries.

In the energy management strategy presented in Ref. [7] the
events are based on the comparative between magnitudes in the
present time. In the energy management strategy here proposed
the events take into account the evolution of the magnitudes over a
future finite horizon. For that, a prediction over the future horizon
is done using time series.

3.1. Time series

A time series is a sequence of values taken sequentially in time.
Generally, these values are observations of a variable taken at
discrete, equispaced intervals of time [3]. The use at discrete time k
of available information from the current and previous values
k, k—1, k—2,....k —w, makes possible to forecast the value at
some future time k + p. Note that it is used the abbreviated notation
k to refer to the time t = k Ts with k=0, 1,..., where Ts is the
sampling time.

The time series data has a particular time order and, generally,
the data is not associated to measure input signals. In this sense, the
modeling process has to consider this structure in the model. The
time series models can be used to predict the future behavior of a
variable as a function of past and present values of the time series.
In the field of time series analysis this is known as forecasting,
marking a clear difference with the system identification field
where it is known as prediction.

3.2. Modeling and parameter estimation

A discrete-time generic polynomial model utilizes the concept
of transfer function to represent the input—output (u(k) — y(k)) and
noise—output (e(k) —y(k)) relations through the following
expression (Ljung, 1999):

B(z'1)

~1
Az YHyk) = Flz 1) u(k) + g((;]; e(k), (25)

where A, B, C, D, and F are polynomials in the time-shift operator
z~1, with orders ng, ny, ne, ng y ng, respectively, and e(k) is a white
noise with variance A.

In practice, it is common not to use all the polynomials in (25).
This fact generates a wide variety of type of model: Finite Impulse
Response (FIR), Autoregressive (AR), Autoregressive with exoge-
nous input (ARX), etc.

Given that the time series in this work are scalar, it is assume
that the signals are represented through the AR structure as
follows:

(1 +az M 4 az?+ .+ anﬂz‘”a>y(k) =e(k), (26)
which represents, according to (25), that u(k) =0, C(z~1)/D(z" 1) =
land Az ) =1+a;z7 1 +ayz? +... +ap,z .

Therefore, the proposed model in the form of linear regressors
results:

y(k) = "o (k) = o (k)0, (27)

where ¥y (k) is the prediction given by the model one step ahead (not
including the noise),

0=lay,a,....an,]" (28)

is the vector of parameters, and
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o(k) = [y(k — 1),y(k - 2),...,y(k — ng)]" (29)

is the regressor. Assuming that the values of the vector of param-
eters § are unknown but N values of the time series
YN = [y(1),y(2),...,y(N)] are collected, it is possible to use the
structure of the model in (27)—(29) in such a way that the pre-
dictions y (k) and the observations of the data set are adjusted in the
least-square sense. In fact, if the following functional is stated:

1¢ 2
N) _ ! _ T
Va(0.YV) = ; (v = ok)0)", (30)
the least-square estimation can be expressed as follows:
Oy = argmin Vy <0, YN), (31)
0

where 8y represents that N input—output values are used in the
calculation.

Setting dVy(6,YN)/dé = 0, it is possible to find that the lest-
square estimation results:

1S N T -1 N .
On = [Zq’(k)‘/’(k) } > olkyk) = (onaf) @YY,
i pa
(32)

with &y = [p(1),¢(2), ..., ¢(N)].

3.3. Forecasting or prediction

The model proposed in (27)—(29) can be utilized to carry out
forecasts (predictions) of the future values of a time series based on
historic data along the horizon p. In fact, it is possible to formulate
the following iterative evaluation starting from the present time k
until k + p:

Jk+1)=0"[yk),y(k—1),....y(k —ng + 1),
Yk +2) = 0"+ 1)y, ... y(k —na +2)]", (33)

Jk+p) =0TFk—1+p),....y(k—ng+p)|,

where it is observed that the regressor
olk+p)=[(k—1+p),...y(k—ngs+p))T  progressively  in-
corporates the predictions of the time series done in previous steps,
ie.y(k—1+p),....y(k+1). Note that the predictions in (27)—(29)
are done with information until instant k.

However, the performance of the predictions along the horizon
p can be improved if the regressor is updated progressively with
new incoming (measured) data. In fact, the predictions in the ho-
rizon k + 1 to k + p are based on real measurements in the temporal
window k to k — n, where n is the AR model order. In the next time
step, the real measurements at k+ 1 are now available, which
enable to repeat the overall prediction process. The mentioned
procedure is shown in Fig. 3, in this case, for two particular in-
stances. In k = 1600 h the prediction horizon is evaluated from k +
1=1601 to k+ 5 = 1605 by using real historical measurements
from k to k — n. In the next step k + 1 = 1601 the prediction horizon
is moved to k + 2 = 1602 to k + 6 = 1606, but in this case with the
real measurement for k + 1 already incorporated to the regressor.
This methodology is known as receding horizon and avoids
extreme divergences for predictions.

6000 T T T T

—+— Load power

—=&— Prediction at k = 1600 h
Prediction at k+1 = 1601 h

5500 *

5000 - b

Load power [W]
N
a
o
o
T
I

4000 4

3500 / 1

3000 1 1 1 1 1 1 1 1 1 1 1 1 1
1594 1595 1596 1597 1598 1599 1600 1601 1602 1603 1604 1605 1606 1607 1608

Time [h]

Fig. 3. Illustrative example of the prediction procedure using the receding horizon
concept.

4. Energy management strategy based on receding horizon

The energy management strategy based on receding horizon
can be described through the finite state machine, which consist of
states and events that change the state [24]. A finite state machine
can be define as a 4-tuple (S, =, 6, s0), where:

e S={sq, S9,..., Sn} is the set of n modes (or nodes) in the
statechart.

e 3 ={1, 2,..., m} is the set of m events.

e §:Sx2—S is the function that maps the next states as a
function of the current state and the active events in = (see
Table 4).

e sp<S is the initial state.

In the proposed strategy, the main generation role is in charge of
the wind turbines while the PV array have a secondary priority. The
motivation for this criterion is because of the intended application
is in geographical areas with wealthy wind regimes. Therefore, the
first priority is that the proposed energy management strategy
operates the wind turbines at its maximum power point so long as
possible. Thus, the role of the solar subsystem is to reinforce the
wind subsystem. Similarly, the battery bank also reinforces the
wind-solar subsystems. On the other hand, the fuel cell modules
have the lower priority to avoid the bioethanol consumption. Thus,
taking into account this objectives and the constraints in (20)—(24),

Table 4
State/event function (6 : S x =—S).
Current state Event Next state
S1 5 S4
6 S5
1 Sy
S 5 S4
6 S5
2 $1
3 S3
S3 5 S4
6 Sg
4 S
S4 7 S1
S5 8 S1
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five states S = {sq, So, ..., S5}, with initial state sy = s1, and eigth
events = = {1, 2,..., 8}, are defined. Fig. 4 shows the statechart
corresponding to the proposed energy management strategy.

The description of the five states is the following:

e In mode s; the wind system operates at maximum power to

supply the load and to recharge the batteries with the remaining

energy. The solar panels and the reformer-fuel cells are turned
off.

In mode s, the wind system and the solar system operate at

maximum power. The two power sources supply the load and

the batteries operate in charging mode. The reformer-fuel cells
are turned off.

In mode s3 the wind system and the solar system operate at

maximum power. The batteries also supply the load (discharg-

ing mode) to meet the power balance. The reformer-fuel cells
are turned off.

e In mode s4 the wind system and the solar system are turned off.
The batteries supply the load (discharging mode). The reformer-
fuel cells are turned off.

e In mode ss the wind system and the solar system operate at
maximum power. The reformer-fuel cells are turned on (variable
load). The batteries supply or absorb the necessary power
(discharging/charging mode) to meet the power balance.

The events that produce changes in the system state take into
account the predictions in the future behavior of the available po-
wer in the renewable sources (wind and solar), the load, and the
evolution of the state of charge in the batteries. The available
powers depend, in turn, on the behavior of the atmospheric con-
ditions (wind speed, solar radiation, and ambient temperature).
With the power predictions over a horizon p, it is possible to
compute the available energy during the same period using trap-
ezoidal integration:

p
Ej(k) == Z(p, (k +1) +ﬁj(k+i71)>,

i=1

(34)

where j is a sub-index according to the particular power (L for load,
PV for solar, w for wind, and b for battery).

Therefore, at a given instant k, it is done the prediction over the
horizon p, that is until k + p, of the variables according to (33).
Then, the events are evaluated on the basis of the predictions and
the new state in k + 1 is computed according to the current state in

k and the function 6 : S x =—S. This also can be seen in Fig. 4. In the
next instant, k + 1, the predictions are computed again starting
from the current value in k+ 1 over the horizon p, that is until
k + p + 1. With this predictions, the events are evaluated again and
a new state for k+ 2 is computed from the state in k + 1. This
methodology is known as receding horizon. Note that at every time
the predictions are done from the measured values in the current
time to avoid excessive divergences between the predictions and
the real magnitudes.

The description of the events in the energy management strat-
egy is the following:

e The event 1 occurs when energy required by the load along the
prediction horizon p is greater than the avallable energy from
the turbines in the same period: EL(k) > E (k) where

P
EL (k) = Z (Prk+1i) +prk+i—1)) (35)
i=1
and
¢
Z s (k+10) + Py (k+1—1)). (36)
i=1
* On the contrary, the event 2 occurs when EaL(k) ‘aﬁ:](k).
e The event 3 occurs when E; (k) > E (k) + Epv(k), where
Ts & Sav g,
Epy(k) = z Ppv(k+1) + Ppy(k+i—1)). (37)
i=1
e On the contrary, the event 4 occurs when

EL(k) <Es (k) + Epy (k).

e The event 5 occurs when S()/\C(k+ i)>S0C for alli=1,...,p,
where SOC = 100% is the upper limit in the allowed state of
charge in the battery bank.

Sy

7 Wind system at maximum power 8

Solar system off
Batteries in charging mode
Reformer-fuel cell off

1
5 v

Sq

2
| 6 S5

Wind system off’
Solar system off
Batteries in discharging mode
Reformer-fuel cell off

S

Wind system at maximum power
Solar system at maximum power
Batteries in charging mode
Reformer-fuel cell off

Wind system off
Solar system off
6 Batteries in charge/discharging mode
Reformer-fuel cell on

\
5 3

v

4
4 6

§3

Wind system at maximum power
Solar system at maximum power
Batteries in discharging mode
Reformer-fuel cell off

Fig. 4. Description of the energy management strategy through finite state machine.
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Fig. 5. Fit percentage as function of the model order.

« The event 6 occurs when E;(k)> Exy (k) + Epy(K) + Ep(k) and
SOC(kqL i) <SOC for all i=1,...,p, where SOC = 20% is the
lower limit allowed in the state of charge in the batteries and

p
k), Z(pb k+1)+p,_.,(l<+1—1)> (38)

i=1

e being pg(k) the available power from the batteries (discharge
mode) in k. -

e The event 7 occurs when SOC(k + i) < (SOC — ASOC;) for all
i=1,...,p, where ASOC; = 20% is the switching threshold to
avoid successive commutations around SocC.

o Finally, the event 8 occurs when SOC(k + i) >
alli=1,...,p.

(SOC + ASOC;) for

5. Results and discussion

According to the statements in Section 3.2, three prediction
models were developed corresponding to the prediction of the
wind power, the solar power, and the load required. To develop
these prediction models, historic data corresponding to the solar
radiation (accessed from Ref. [10]), wind speed and ambient tem-
perature (accessed from Ref. [19]), and load (accessed from Ref. [5])
is employed. Two data sets are constructed: the estimation data set
and the validation data set. Each dat set corresponds to a different
year, sampled every hour.

First, the wind power and the solar power are computed with
the wind speed, solar radiation, and ambient temperature corre-
sponding to the estimation data set. This is done using the fully
parameterized first principles computational models of the wind

Table 5
Order and fit percentage of the prediction models.
Order (ng) FIT [%]
Load prediction model 15 93.89
Solar prediction model 20 74.09
Wind prediction model 5 99.97

subsystem (Py = f(v)) and the solar subsystem (Ppy =g(a, T))
developed in Ref. [7]. Then, with these powers, the prediction
models for the wind subsystem and the solar subsystem are
developed, according to Section 3.2. On the other hand, the load

3.5
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(b) Wind power
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Fig. 6. Predictions using the receding horizon policy.
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Fig. 7. Simulation results (period between 4000 and 4200 h).

prediction model is developed directly from the estimation data set
of the load required historic data.

The order (ng) of the prediction models were adjusted to achieve
a properly fitting using a searching method. The fit percentage as a
function of the model order is shown in Fig. 5, while the orders
chosen the after the fitting process are shown in Table 5. The fit
percentage is calculated as follows:

lly — yIl

FIT=100|1 - —~ 2|
|ly — mean(y)||

(39)

where y is the validation data and y is the prediction done by the
model.

Then, the predictions over the prediction horizon are computed
using these models. The prediction horizon is set to p =5 and
Ts = 1 h. The window of historic data w that is provided to each
model to perform the prediction at time k, that is
yk), y(k—1), y(k—2),..., y(k —w+ 1), where y is the variable to
predict, is set equal to the order of the model ng. If w>ng, the
remaining data (y(k—ng), y(k—nqs—1),..., y(k—w+1)) is not
taken into account. On the contrary, if w <n, the precision in the
fitting is lower because the model is not fully exploited.

In order to illustrate the performance of the models obtained,
the evolution of the load power, the wind power, and the solar
power are shown in Fig. 6(a), (b), and (c), respectively, together

10 T T T
—e— Potencia de carga
—— Potencia de pilas de combustible
—<— Potencia de baterias
—¢— Potencia edlica
Potencia solar
Potencia del calentador

Potencia (kW]
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7800 7820 7840 7860 7880 7900 7920 7940 7960 7980 8000
Tiempo [h]

(a) Power split to meet the load requirements according to
the EMS based on receding horizon.

SOC, [%]

40 . . . h . . . . .
7800 7820 7840 7860 7880 7900 7920 7940 7960 7980 8000
Tiempo [h]

(b) State of charge in the battery bank (SOC).

Fig. 8. Simulation results (period between 7800 and 8000 h).

with the corresponding predictions. It is worth mentioning that
these figures show only the first prediction value used at each step,
according to the receding horizon approach. Besides, in this figures
only a fragment of the total data set is shown, to appreciate how the
predictions follows their corresponding variable.

In order to show the performance of the energy management
strategy, simulation results corresponding to the design with
p = 50 are presented in Fig. 7(a) and (b). Fig. 7(a) shows a portion
(from 4000 h to 4200 h) of the evolution of the load power, the
evolution of the powers from the sources (turbines, panels, and fuel
cell), and the evolution of the power from the batteries as a result of
applying the energy management strategy. On the other hand,
Fig. 7(b) shows the evolution of the state of charge in the battery
bank.

Analogously, in Fig. 8(a) and (b), simulation results for other
period (7800—8000 h) are shown. In this period the renewable
sources can supply more power and therefore the use of the fuel

Table 6
Comparison between the performance of both strategies in terms of LPSP for each
design with different parameter p.

p LPSP 1 [%] LPSP 2 [%] Improvement [%]
50 4.12 0.49 88
60 4.18 1.05 75
80 4.04 2.82 30
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cells is lower with the consequent reduction in the bioethanol
consumption.

In Table 6 a comparison between the performance of both
strategies is presented. The parameter used to evaluate the per-
formance is the LPSP. The design requirement for this parameter in
both strategies was set to LPSP < LPSP = 5%. In fact, it can be seen
that LPSP 1, corresponding to the strategy without predictions, is
lower than LPSP for all the designs (varying the parameter p).
However, with the new strategy based on receding horizon the
values of LPSP 2 are significantly lower than LPSP 1. In fact, it is
observed that the new strategy produce an improvement in the
LPSP up to 88% for the case with p = 50.

6. Conclusions

This paper presents an energy management strategy to com-
mand the operation in a hybrid power system. The power system
consists of two types of renewable sources (wind and solar) that
operates as main power sources, and fuel cell modules and a battery
bank as secondary power sources. The hydrogen for the fuel cells is
produced from bioethanol reforming. The heat required for the
reforming process is taken from the direct-current bus to improve
the reforming efficiency.

The proposed strategy uses the concept of receding horizon and
predictions of the future behavior of the renewable power sources
and the load to improve the performance in terms of loss of power
supply probability. The predictions are done using autoregressive
models from historic data. In order to validate the performance of
the strategy here proposed several simulation tests were per-
formed and the results were compared with the results obtained in
another strategy where predictions are not carried out. The results
show a significantly improvement in the robustness of the power
system. In fact, analyzing the capacity of satisfying the power bal-
ance, the new strategy presents an improvement in the power
supply up to 88%, depending on the particular design.
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