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Abstract— In this study, the operation of an energy system
composed of a battery energy storage system (BESS) and a
conventional generator to compensate the forecasting error of
renewable power production has been analyzed. A scenario
with low forecasting error and another with high forecasting
error have been synthetically modeled and incorporated to a
computational model of the energy system. The results
obtained from a case study suggest that a low forecasting error
could be compensated by a single BESS. However, a high
forecasting error would require the installation of a
controllable power source such as a conventional generator.

Keywords—battery energy storage system, distributed
generation, error forecasting, renewable energy.

I. NOMENCLATURE
d Index for the day (d = 1, ..., D=365).
h Index for the hour of the day (h = 1, ..., H=24).
l
t

Index for each scenario (I =1, ..., L).
Index for hour of the year (t = 1, ..., T = 8760).

V(a,n) Wind profile of day d and hour h (m/s).
vy Maximum wind speed of day d (m/s).
D(a,n) Normalized profile of day d and hour h (m/s).
X(a,nl) Random variables of day d, hour h, and scenario
Z(d,h,1) L.
a Autocorrelation coefficient.
b Random number.
Ha Mean of the normalized wind profile of day d.
- Standard deviation of the normalized wind
@ profile of day d.
Yan Random variable of day d and hour h.
@) By  Coefficients of beta distribution of day d.
Fy() Cumulative function of a normal distribution.
Fz () Cumulative function of a beta distribution.
Wind profile of day d, hour h, and scenario [
S@hly (m/s).
5 Normalized wind profile of day d, hour h, and
@nh scenario [ (m/s).
W(an) Simulated wind speed of day d and hour h (m/s).
Ur) Wind speed at time ¢ (m/s).
P Rated power of wind turbine (kW).
vy Cut-in wind speed of wind turbine (m/s).
Vg Rated wind speed of wind turbine (m/s).
Vo Cut-off wind speed of wind turbine (m/s).
¢, f,g Parameters of wind turbine model.
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Q Control factor of charge controller.
SOC, SOC at time t.
socpin Minimum SOC setting.
soci Maximum SOC setting.
Py Battery power at time t (kW).
P Cell stack rating power (kW).
Eg Rated capacity of VRFB (kWh).
Np Efficiency of VRFB.
Py Power of converter at time t (kW).
pmex Rated power of converter (kW).
i) Efficiency of power converter at time ¢t.
Peoy Gen set output power at time t (kW).
Ppree Dump load power at time t (kW).
i,j Parameters of charge controller model.
m,n Parameters of power converter model.
Py Dump load time series at time t (kW).
Pse o) Power supplied to SG at time t (kW).
ppin Minimum power of generator (kW).
pirex Maximum power of generator (kW).
Upcr(e) Actual wind speed at time t (m/s).
UFoR(t) Forecasted wind speed at time t (m/s).
Pacrr) Actual power at time t (kW).
Pror(t) Forecasted power at time t (kW).

II. INTRODUCTION

Forecasting is crucial for optimal management of energy
systems. Using information on environmental variables,
energy consumption patterns, and the energy market,
appropriate operation of the energy system can be achieved.
Forecasting of wind and solar energies can be utilized in a
centralized or decentralized manner depending on the energy
system in question.

Centralized forecasting is typically used by power system
operators for control of renewable generators within a
balancing area, while decentralized forecasting corresponds
to individual plant operators [1]. Forecasting techniques
currently used, such as model output statistics (MOS), are
based on physical and meteorological measurements
incorporated in numerical weather prediction models, with
regression analysis used for statistical post-processing of the
output data [2].

The combined employment of these processes is suitable
for use in optimal operation of power systems with
renewable generation. However, renewable resources are not
fully predictable which poses a critical limitation on the
massive integration of wind and solar generation, both in
centralized [3] and decentralized manners [4].



Since forecasting errors cannot be avoided, they are
incorporated as a factor in the optimization problem which is
formulated to determine optimal operation of energy
systems. In the case of centralized systems, incorporation of
wind and solar generation, as well as load demand, using
various representative scenarios has been widely suggested
in the literature [5]. Moreover, with the advent of the smart
grid (SG) where residential consumers could act as
distributed power generators, adoption of wind and solar
energy at distribution level has been also highly supported.
In this sense, approaches such as distributed generation (DG)
and virtual power plant (VPP) [6] have gained attention due
to their important enabling role in the incorporation of
renewable resources.

In this regard, VPP control has been studied in the
literature by many authors, especially its participation in
electricity markets in order to gain an economic benefit. In
[7], a two-stage stochastic programming method is employed
to determine the optimal schedule of a VPP enrolled in
spinning reserve and balancing markets. Measures such as
conditional value-at-risk are used for investment risk-
assessment. A three-stage stochastic bi-level optimization
approach was proposed in [8] and [9], where management of
demand response resources was also included.

In [10], representation of a VPP incorporating the
forecasting error of several variables of interest related to
electricity market operation and load demand were studied.
The impact of forecasting error was accounted for by means
of several representative scenarios included on a mixed-
integer nonlinear programming approach. In [11],
degradation of the battery energy storage system (BESS)
associated with the VPP structure was modeled. This was
done by means of a piecewise linear function, which is later
incorporated on the optimal control analysis formulated as a
two-stage stochastic mixed-integer linear programming
problem. Moreover, in [12], VPP control was analyzed by
combining confidence bounds and scenarios with a
stochastic adaptive robust optimization model.

It is worthy to mention that much of the work found in
literature was based on optimization techniques requiring a
linearization process. This represents neither the operation of
charge controller of BESS, nor its power converter. On the
other hand, with massive integration of distributed renewable
generation in the SG, the added variability could be
challenging to manage by the system operator.

In such scenario, this study focuses on attempting to
minimize the forecasting error of power produced by a
microgrid composed of a conventional generator, a vanadium
redox flow battery (VRFB), and a wind generator (WG). In
addition, complex processes of the VRFB, charge controller,
and power converter have all been incorporated.

The rest of this manuscript is organized as follows:
Section III describes the procedure used for simulating the
wind speed forecasting error. Section IV explains the
mathematical model of the energy system. Section V
describes the control strategy to minimize the wind power
forecasting error, which is later illustrated on a case study
presented in Section VI. Finally, conclusions are discussed in
Section VII.

III. FORECASTING ERROR SIMULATION

In order to incorporate forecasting errors, the prediction
process first needs to be simulated.

A simple approach was used to simulate wind resource
prediction (and error thereof) from a given time series using
the following algorithm [13]:

Step 1: Analyze the first day setting d « 1.
Step 2: For the day under study (d), estimate the
maximum value of wind speed over the day as (1),

UEZ‘)“‘ = max{v(d,h) Vh=1, ...,H} €))

Step 3: Normalize the daily profile (h=1,..,H) to
obtain values within the interval [0, 1] as presented
in (2),

2
Step 4: Generate L random scenarios according to (3),

considering the correlation coefficient (a). The factor b
is a random number whose mean is equal to zero and

standard deviation is equal to V1 — a?.
x(d,h,l) = ax(d'h_u) +bVvl= 1, ey L

Vian = Van/va)

A3)
Step 5: Calculate the normalized profile of the day being
simulated using (4), where the mean value (p)) of
the daily profile ( DgnVh=1..,H ) and
the corresponding standard deviation ( gy ) are
considered.

Yam = (Tan — b))/ %@ )

Step 6: Considering the mean and standard deviation
used in Step 5, estimate the parameters of the equivalent
beta distribution presented in (5) and (6),

a@ = (([1 - wwrts)/ol) — mw (%)
Bay = (1 = wwy)/ 1)) — ) (6)
Step 7:  Calculate the normalized L scenarios

incorporating the behavior of the daily profile using (7),
(N
Step 8: Apply probability transformation shown in
(8) and (9) to obtain scenarios following a beta
distribution ( Fg ) with the parameters previously
estimated in Step ©.

Z(d,h,l) = x(d,h,l) + Y(d,h) Vh= 1, ...,H;l = 1, ,L

Fy(2anp) = Fs(Sann) ®)
Sany = Fg! (FN (Z(h,l))) ©)
Step 9: Scale the L scenarios,

(S@hyVYh=1,..,H;l=1,..,L), obtained in Step 8
(Eq. (9)) in order to obtain a feasible daily profile,
(S@ny ¥ h=1,..,H;l=1,..,L). The scaling process
is shown in (10),

(10)

Step 10: Apply k-means++ clustering algorithm over the
L scenarios obtained in Step 9 (Eq. (10)) in order to
choose the closest scenario to the original daily profile
(Y(an YV h=1,...,H). The daily series obtained at this
step (called wigpyVh=1,..,H ) as result of the
application of the clustering process, follows in some
degree (but not exactly) the actual wind speed of the day
under analysis. For this reason, it could be interpreted as
a typical forecasting error.

Step 11: IF (d < D): THEN, assign d < d + 1 and go to
Step 2; ELSE go to Step 12.

Step 12: Once D daily profiles are obtained, a time series
(u¢ry with T = 8760 elements) is built by re-shaping the
W@nyVd=1,..,D;h =1, ..., H) daily profiles.

S@nn = Sann[via”]



IV. SIMULATION OF ENERGY SYSTEM

Fig. 1 shows the generalized structure of a microgrid
assumed for this work, with the aim of the correcting the
forecast error for power generation of the connected wind
turbine (WT). In this structure, BESS is used to compensate
for the forecasting error (when WT produces excess
energy). More immense variations between actual and
forecasted power are managed using the conventional
generator, which represents a controllable power source .

If the VRFB is fully charged, a dump load is incorporated
to dissipate excess energy present at the time, so that energy
balance is properly maintained. In subsequent sub-sections,
the mathematical model of each component of this hybrid
energy system is described.

Pyt
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Fig. 1. Architecture of the hybrid energy system connected to SG.

A. Distributed Generation

The microgrid considered in this work is powered by
wind generation. To model the WT, the generalized power
curve proposed in [14] was used, as shown in (11)-(14),

0,0 =<up <v,v, >

Py = ¢+ f(uw) + 9ue)? v < vy < vg (11)
P‘Ivnax,UR < 'U.(t) < Vo

1
c =m[v,(v1 +17R)
4 v+ vR\3 (12)
- VIUR( 2vp ) ]
v; + vg
= 4
o e N
— 3y, +vR)]
3 1 v+ vg\°
g_(v,—vR)2 [2_4< 2vg ) ] (14

B. Vanadium Redox Flow Battery

The BESS considered in this work is based on VRFB.
The storage system architecture is described in Fig. 2, where
the charge controller and power converter are shown. The
amount of energy stored on the VRFB is measured by the
state-of-charge (SOC), which is estimated using (15) [15],

SOC(t) = SOC(t—l) + (PB(t)/EB) ngQ (15)

The control factor O models the influence of the charge
controller on the amount of energy stored on the VRFB.
SOC has to be limited between minimum (SOCI*™) and
maximum (SOCZ**¥) values. These limits are maintained by
the charge controller, which disconnects VRFB to prevent
over-discharge and reduces charging power to maintain
SOC below SOCF*** (over-charge). These actions are
modulated by factor Q, as represented in Eq. (16) [15].

Q{ /
|

i

st |(soc-socg \

<P3(t)/ +j>( ©=S0CE"™)
e

max| 1—e |, Pgeey >0 (16)

|\
N 1Py < 0

The charging efficiency () is variable as a function of
power according to (17). This formulation provides the
mathematical modeling of the power converter and
represents how the BESS interacts with the rest of the
system.

= P (17)

T® = pmax (1 )Py,

S0C
0O 0O 1510)

- e DC R
VRFB u '\
BESS Charge Power
Controller Converter

Fig. 2. Architecture of the BESS considered.

C. Conventional Generation

Low-capacity conventional generators were considered in
this study, which are well established in technical literature.
During operation, a typical conventional generator should
produce power between minimum (PF*") and maximum
(PZ***) limits, recommended by manufacturers [16].

IV. MITIGATING THE FORECASTING ERROR

The proposal of this work is to collectively employ the
hybrid system components (shown in Fig. 1) with the aim of
minimizing the forecasting error of WT output power. This
is performed by implementing, the following algorithm:

e Step l: Analyze the first hour of the year by setting t «
1.

* Step 2: Read the actual (uycr(r)) and forecasted (Upor(r))
wind speed at time t. Evaluate these values on the power
curve of Egs. (11)-(14), obtaining the corresponding
output power of WT, Pycr() (for the actual output
power) and Prog(y) (for the forecasted output power of
WT).

e Step3:

IF (Pacr(ty > Pror(t))» THEN charge VRFB with the
excess energy defined as (Pycr(r) — Pror(r)) and turn-off
the conventional generator. With this strategy, actual
wind generation is forced to be equal to the forecasted
generation by storing the excess of energy on BESS.
ELSEIF (Pacr(t) < Pror(t)); THEN:

IF ( Proreey = Pacry > PE"™ ), THEN turn-on
conventional generator to compensate the
forecasting error (Prog(r) — Pacr(r)) and disconnect
VRFB from microgrid.



ELSEIF (Pror(t) = Pacre) < PMm) THEN turn-
off the conventional generator and discharge VRFB
to compensate the forecasting error.

o Step 4: If (Prorty = Pacr(r))» the conventional generator
is turn-off and VRFB is disconnected from microgrid.

e Step 5: IF (t<T); THEN assignt < t+ 1 and go to
Step 2, ELSE stop.

V. CASE STUDY

In this section, a hypothetical case study is used to
analyze the proposed approach based on the architecture
shown in Fig. 1. The system is composed of a WT of 100
kW (P**=100 kW), with v;,=3 m/s, vz=12 m/s, and v,=25
m/s. Wind speed time series from 2005 in Eindhoven, The
Netherlands, [17] was used to analyze the impact of wind
resource forecasting system performance, shown in Fig. 3.

Using the procedure previously described in Section III,
forecasting error of wind speed was simulated by
considering two different cases: low error and high error. In
both cases (low and high forecasting error) the
autocorrelation coefficient was 0.9175, which corresponds
to that of the time series in Fig. 3.

The VRFB has a cell stack power of 10 kW
(Pg***=10 kW), rated capacity of 5 kWh (Ep = 5 kWh),
minimum SOC ( SOCF*™ ) of 0.15, maximum SOC
(S0CF**) of 0.9, and conversion efficiency of 80% (ng =
0.8). Rated power of conventional “genset” was assumed to
be 10 kW (P[***), with a minimum limit of 2.5 kW (PF"™).

A. Case 1: Low Forecasting Error

An example of a case with low forecasting error of wind
speed is the results obtained by MOS forecasting. This was
simulated by means of the process explained in Section III
with L = 10, such that the k-means++ clustering algorithm
selects the random scenario which is closest time series of
Fig. 3.

The obtained time series (actual and forecasted) were
used as inputs for the WT model of Section IV-A in order to
estimate wind generation. The results for both time series
are shown in Fig. 4, while the histogram of the modeled
forecasting error is presented in Fig. 5.

SOC and battery power time series are shown in Fig. 6
and 7, while power supplied by genset and power consumed
by the dump load are presented in Fig. 8 and 9, respectively.
As it can be observed, most of the power required to
compensate the forecasting error is provided by BESS (Fig.
6 and 7). Meanwhile, the conventional generator is only
switched off during higher deviations (Fig. 8).
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B. Case 2: High Forecasting Error

As with the previous case, the simulation of a higher
forecasting error was obtained by considering L = 1, such
that the k-means++ clustering algorithm directly selects
only one random scenario provided. In other words, the
resulting time series has an arbitrarily high forecasting error.
Fig. 10 shows the wind power time series for this case and
the corresponding is shown in Fig. 11. Fig. 12 shows the
power time series.

The power provided by the conventional generator is
presented in Fig. 13. The excess power dissipated by the
dump load is presented in Fig. 14. Table I summarizes the
results obtained for both analyses under low and high
forecasting errors. In a general sense, the forecasting error
has an important impact on the operation of the system. For
low forecasting errors, the BESS is sufficient.
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TABLEI. ENERGY SYSTEM PERFORMANCE

Variable Low Error High Error
Forecasting error (kW) 0.8048 2.8285
Charging power (kWh/yr) 501.5521 987.3858
Discharging power (kWh/yr) 662.6868 1461.5000
Generator power (kWh/yr) 193.3307 10077.4780
Dump load power (MWh/yr) 5.5730 9.7561

VI. CONCLUSIONS

In this work, the impact of renewable power forecasting
error on the operation of a hybrid energy system has been
studied. Wind speed forecasting error has been synthetically
simulated by means of a first-order Markov model. Two
different situations were considered: low and high
forecasting error. According to the obtained results, a low
forecasting error could be compensated with an adequately
dimensioned BESS. However, systems with higher
forecasting errors would require the incorporation of a
conventional generation unit. The utilization of this
architecture with DG units can effectively mitigate the
negative influence of uncertainty introduced by renewable
sources.
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