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Abstract

The awareness of negative effects of global warming has been contributing to a growth of renewable
energies. Despite the benefits, decentralized production may cause problems and difficulties in grid
management which can be solved using energy storage.

The electrical system of Santa Maria Island is composed by fuel and wind production. In the future,
a photovoltaic park is planned to be installed. Due to the lack of a storage system, the usage of
renewable energy is not efficient because when the production is higher than the consumption, due to
technical limits to garantee the system’s safety operation, there is a minimum of fuel production and,
as consequence of this, the renewable production has to be limited.

The main goal of this work is to design a battery that may solve the limits that are imposed in
renewable production in order to produce more energy and store the amount of energy that is over
produced. Besides that, the battery should control the voltage and the frequency of the system.

The electrical system of Santa Maria and the battery were designed in Matlab/Simulink software
and simulations were made in order to verify the viabilility of the proposed solution and the battery’s
behavior in voltage and frequency regulation.
Keywords: Renewable Energy, Energy storage, Battery, Voltage-frequency regulation.

1. Introduction

Nowadays electricity is essencial in people’s lives
and it is a country development indicator. However,
as a consequence of the use of fossil fuels to produce
electricity, and since global warming is a social, eco-
nomic and environmental threat, this subject has
been discussed among the years.

In order to reduce the use of fossil fuels, several
efforts have been made in europe and particularly
in Portugal. The European Comission of March of
2007 hopes that by 2020 there will be a reduction
of at least 20 % in the emission of greenhouse gases
and an increase of 20% in renewable energies and by
2030 renewable energies will represent 45% of elec-
trical production [1], [2]. Besides that, according to
”Estratégia Nacional para a Energia 2020” and ac-
cording to Portuguese Association of renewable en-
ergies, it is predicted that, from 2005 to 2020, there
will be an increase from 20.5% to 31% in renewable
energies and from 2010 to 2030 the installed capac-
ity of renewable enegies will increase to the double
[3].

Despite the benefits, increasing renewable ener-
gies may cause some problems in electrical sys-
tem’s management. While in ordinary production
energy resources are dispatchable according to de-
mand, in renewable generation the production de-
pends on the existence or not of conditions to pro-
duce energy. This intermittent nature of renew-

able resources may cause problems in network man-
agement because it is difficult to ensure a balance
between production and consumption, resulting in
voltage and frequency fluctuations.

Energy storage systems are a solution to the
problems mentioned above. When using a battery,
for exemple, it is possible to store the amount of en-
ergy over produced when the production is higher
than consumption, or, to inject into the network the
stored energy when the consumption is higher than
the production or when there is a lack of resources
for the production of renewable energy.

The main goal of this article is to analyse a solu-
tion to solve the negative impacts of the introduc-
tion of renewable energies in the electrical system,
especially in isolated systems where the frequency
fluctuations have more impact due to the non in-
terconnectivity with other coutries. As an example
of an isolated system, the electrical system of Santa
Maria island is going to be studied and a battery,
with voltage and frequency regulation, is going to
be dimensioned in order to increase the use of re-
newables.

2. Santa Maria Island

Santa Maria Island is the oldest island of Azores
with approximately 97.4 km2 of area and 5578 in-
habitants. According to EDA [4], the company
that is responsible for production and distribution
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of electricity, the electrical system of the island is
composed by two power plants, the diesel and wind
power plants. In the future, a photovoltaic park of
600 kW is planned to be installed [5]. The distribu-
tion grid is composed by medium (10 kV) and low
voltage (400 V).

The diesel power plant has an installed capacity
of 6.9 MW and is composed by six generators and
a transformer to raise the voltage from 6 kV to 10
kV.

The wind farm is composed by five wind towers
each one with 300 kV of nominal power making a
total of 1.5 MW of installed capacity. Besides that,
the wind power plant has a transformer to raise the
voltage from 0.4 kV to 10 kV.

After analyzing the production and the consump-
tion of the island, it is concluded that the usage of
wind energy is not efficient as it is verified that,
according to the local wind speeds, the wind pro-
duction should be higher. This difference between
the actual and the expected production is due to
the technical limits of the diesel plant. The op-
erating rules of the diesel power plant require at
least 2 generators of 1449 kW, each one at a min-
imum power of 730 kW to ensure the voltage and
frequency control of the network in case of failure of
one of the diesel generators or the wind farm. For
this reason, when there is enough wind to cover the
island’s consumption, the wind farm has to be lim-
ited to ensure that diesel generators do not operate
below the required technical limits.

With the introduction of a storage system it is ex-
pected that these limitations will be overcome and
that all the renewable energy produced can be har-
nessed, storing in a battery the over produced en-
ergy. Besides the efficent usage of renewables, the
battery will contribute to the voltage and frequency
regulation of the system.

In order to study the feasibility of the proposed
solution, the day 3rd of March will be analysed be-
cause, if it is considered the situation where there
is the minimum of diesel production and all the re-
newable energy is used, it is the day that requires
a battery with greater storage capacity. In fact, in
that day, the production of wind energy was 23.58
MWh and, according to the wind speeds measured,
the generators should have produced 33.15 MWh,
making a total of 9.57 MWh of wasted energy.

Assuring the minimum power required by the reg-
ulation of 1460 kW (730 kW of each generator) and
introducing a battery and photovoltaic energy there
will be an increase of 10.42 MWh in renewable pro-
duction, of which 0.85 MWh result from the pho-
tovoltaic production introduced in the island and
9.57 kWh is the wind power that is no longer lim-
ited. Figure 1 shows the production of the island
after the introduction of the storage system and its

consumption. It also shows the behavior of the bat-
tery during the day.

Figure 1: Production and load diagram after intro-
ducing a battery.

With the proposed solution it is expected that
in the year of 2017, the wind production would in-
crease 0,84 GWh and the photovoltaic production
would increase 0.9 GWh, making a total increase
of 1.74 GWh in renewable energies. Figure 2 shows
the percentage of production of each technology be-
fore and after the introduction of a battery.

Figure 2: Production of each technology before and
after the introduction of a battery.

3. Implementation
The implementation of electrical system of Santa
Maria Island and the analysis of the proposed solu-
tion were made in Matlab/Simulink software.

3.1. Diesel and Wind Power Plant
The implementation of diesel and wind power plant
were made using the simulink libraries models, mak-
ing some simplifications and modifications in the
models in order to design them according to the
data of Santa Maria Island power plants.

The wind power plant implemented was the
model ”Wind Farm - Synchronous Generator and
Full Scale Converter (Type 4) Detailed Model”.
This model was dimensioned in order to represent
a 1.5 MW wind farm composed by 5 wind towers
each one with an installed capacity of 300 kW. The
turbine and the synchronous generator were dimen-
sioned according to the specifications of the wind

2



park of Santa Maria. The output mechanical power
of turbine was changed to 300 kW and the cut-in
and rated wind speed of wind turbine were set to
2.5 m/s and 13.5 m/s, respectively. The nominal
power of wind generator was determined according
to expression 1 and the voltage and frequency of the
model were modified to 0.4 kV and 50 Hz. Finally,
the output AC voltage of the model’s converters and
regulators was specified to 0.4 kV.

SN (kW ) =
Pactive

fp
=

300

0.9
= 333.33 (1)

The model also has a transformer, dimensioned
according the data provided by EDA [4], to rise the
voltage from 0.4 kV to 10 kV.

The diesel power plant is composed by six gen-
erators of 500 kW, 1125 kW, 1200 kW and three
of 1449 kW. Additionally, the power plant has
two tansformers, each one with 5 MVA of nominal
power, to rise the voltage from 6 kV to 10 kV.

In order to simplify the implementation in
Simulink, it was considered that the power plant
is composed only by one generator of 6.9 MW and
one transformer with a total power of 10 MVA.

The model used to represent the generator and
the voltage regulator was a synchronous machine
and the IEEE type 1 excitation system available in
simulink’s libraries. The voltage regulator is a pro-
portional and integral controller and it was modified
according to the diagram of Figure 3.

Figure 3: Voltage regulator of diesel power plant.

The constants Tz, Tp, Kp and Ki are determined
according to expessions 2, 3, 4, 5, whereKE , TE and
TG are the gains and the time constants of excita-
tion system and generator, provided by EDA and
ξ =
√

2/2. The voltage droop was also considered
and introduced in the contol system according ex-
pression 6, where VN is the grid’s nonimal voltage,
kQ is the droop, Q is the reactive power measured
and QN is the nominal reative power [6], [7].

Tz = TG (2)

Tp = 4ξ2KETETG (3)

Kp =
Tz
Tp

(4)

Ki =
1

Tp
(5)

Vref = VN +Kq(Q−QN ) (6)

Figure 4 shows the voltage controller’s behavior
when the reference signal changes.

Figure 4: Behavior of voltage controller.

Besides the voltage, it is necessary to control
the system’s frequency that was designed according
to Lyapunov’s theory. Considering that the syn-
chronous machine’s rotation velocity is described by
equation 7.

J
dw

dt
= TM − Te

⇔1

2
J

dw2

dt
= PM − Pe

⇔dw2

dt
=

2

J
(PM − Pe)

(7)

The control objective is the mechanical power
that the machaine will receive. Considering the pos-
itive, decreased and continuous Lyapunov’s func-
tion Ly = e2w2/2, where e2w2 > 0 is the speed
squared error obtained by equation 8.

ew2 = w2
ref − w2 (8)

According to Lyapunov’s stability theory, consid-
ering Ly > 0, the derivative of Lyapunov’s function

must be defined as
dLy

dt < 0, that is ew2
dew2

dt < 0.

This condition may be fulfilled if
dew2

dt < 0 =
−kew2 , where k = 1000 is a positive constant that
represents the error’s convergence time to zero.

The mechanical power expression (PM ) resulting
from Lyapunov’s theory is obtained according to
equation 9
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dw2
ref

dt
− dw2

dt
= −kew2

⇔PM =
J

2
(kew2 +

dw2
ref

dt
) + Pe

(9)

To determine the system’s reference frequency,
the frequency droop is also considered . Thus, the
reference frequency may be calculated from expres-
sion 10, where fN is the grid’s nominal frequency,
PN is the nominal active power, P is the injected
active power and kf is the frequency droop [7].

fref = fN +Kf (PN − P ) (10)

Figure 5 shows the frequency controller’s behav-
ior when the load changes from 2 MW to 4MW.

Figure 5: Behavior of frequency controller.

3.2. Photovoltaic Power Plant
The photovoltaic park was made considering that
the PV’s maximum power point track (MPPT) is
obtained by a boost converter that is going to en-
sure that the output power is the desired power.
The boost converter operates according to expres-
sions 11, 12 and 13 [8].

VL =

{
+U se 0 < t < δT

U − V0 se δT < t < T
(11)

diL
dt

=
U − Vs
L

=
U − (1− δ)V0

L
(12)

dvo
dt

=
iD − io
C

=
iL(1− δ)− io

C
(13)

The current iL and the output voltage v0 can be
determined according expressions 14 and 15, where
i0 = P0/v0 is the PV’s output current.

iL =
1

L

∫
(U − (1− δ)V0) dt (14)

v0 =
1

C

∫
(iL(1− δ)− i0) dt (15)

Considering that the PV’s power is equal to a
reference power (Pp = Pref ) and that Pp = vpiL, it
is possible to determine a reference current iLref =
Pref
vp

.

Considering null the error between the current
iL and the reference current and according to Lya-
punov’s theory,

eiL = iLref − iL = 0 (16)

deiL
dt

= −k2eiL (17)

The derivative of iL is defined as equation 18.

diLref

dt
− diL

dt
= −k2eiL

⇔diLref

dt
− U − (1− δ)V0

L
= −k2eiL

(18)

The PV’s output power can be controlled chang-
ing the boost’s duty cycle.

1− δ =
1

V 0

(
−Lk2eiL − L

diLref

dt
+ U

)
(19)

The output power used to determined the output
current is obtained according to expression 20.

P = Vdid + Vqiq
Q = Vqid − Vdiq

(20)

The inverter that is going to establish the connec-
tion between the PV and the grid is designed using
controlled voltage sources which command is made
through the current resulting from the boost’s out-
put voltage vDC . In this way, it is possible to obtain
equation 21 by observing figure 6.

Figure 6: Connection between the boost converter
and the inverter.

C
dvDC

dt
= id − i0 (21)

By raising the expression 21 to the square and
considering that P0 = Pi = vDCi0 = vdgrid

id, ex-
pression 22 is obtained.

4



C

2

dv2DC

dt
= idvDC − i0vDC

⇔dv2DC

dt
=

2

C
(idvDC − i0vDC)

⇔dv2DC

dt
=

2

C
(Pboost − P0)

⇔dv2DC

dt
=

2

C

(
Pboost − vdgrid

id
)

(22)

Being vDC the control objective and applying the
Lyapunov’s method the expression 23 is obtained,
which results from the vDC control.

dev2
DC

dt
=

dv2DCref

dt
− dv2DC

dt
= −k3ev2

DC

⇔
dv2DCref

dt
− 2

C

(
Pboost − vdgrid

id
)

= −k3ev2
DC

⇔id =
1

vdgrid

[
−C

2

(
k3ev2

DC
−

dv2DCref

dt

)
+ Pboost

]
(23)

Finnaly, the output voltage is filtered using a
LCL filter dimensioned according to expressions 24,
25 and 26, where Tc = 40µs, ∆iL = 2%iL and
wc = 2π × 900 [9].

L1 =
VDCTc
6∆iL

(24)

L2 = Ltransf =
Xtransf

2πf
(25)

C =
L1 + L2

L1L2w2
c

(26)

Figures 7 and 8 show the behavior of the boost
converter and the DC voltage controller, respec-
tively.

Figure 7: Behavior of boost converter.

Figure 8: Behavior of DC voltage controller.

3.3. Battery

There are several types of batteries available in the
market and the choice of a battery’s type should be
done taking into accoount the technical character-
istics of the technology and the desired aplication.
The most recommended batteries to regulate volt-
age and frequency are the litium ion batteries due
to their high efficiency, high energy density and long
life time.

The battery’s sizing was done according to [10],
where the battery’s power and capacity can be de-
termined according to expressions 27 and 28, where
Pbat is the power of the battery, Peq is obtained by
the difference between the production and the load,
Ebat is the battery capacity and η is the battery’s
performance. Figure 9 shows the equilibrium be-
tween production and consumpion that is used to
determine the battery’s power and capacity. Ob-
serving Figure 9 it can be concluded that positive
values represent a production higher then the con-
sumption, and for that reason, the battery will ab-
sorb energy. In the opposite, negative values repre-
sent a consumption higher then the production and
the battery will inject energy into the network.

Pbat = max|Peq| (27)

Ebat =
max

(∫
|Peq|dt

)
η

(28)

Considering an efficiency of 90% the battery’s
power and capacity is 0.9 MW and 12 MWh, re-
spectively.

EC(t) =
Et

Emax
100 (29)

The implementation of the battery was made con-
sidering that the battery may be equivalent to a
capacitor in series with a resistor, as can be seen
in figure 10. The resistor and the capacitor may be
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Figure 9: Equilibrium between production and con-
sumption.

determined according to expressions 30 and 31. Ad-
ditionaly, there is also an output filter whose value
is calculated according to expression 32 [11].

Figure 10: Eletrical scheme of battery.

rbat =
∆Vbat
Ibat

=
Vbatmax − Vbatmin × 0.1

Ibat
(30)

Cbat =
I∆t

∆Vbat
=
Capbat[Ah]× 3600

Vbatmax − Vbatmin
(31)

Cfilter =
IbatT

4∆Vbat
=

IbatT

4× 0.1(Vbatmax − Vbatmin)
(32)

The connection between the battery and the grid
is made using an inverter with PWM modulation,
in order to obtain lower harmonics on the grid side.
The inverter that was used is available in simulink
libraries and the modulator signal was obtained us-
ing a current controller. Supposing that the d and
q components of the inverter’s current are obtained
acording to expression 33. The main goal of this
controller is to guarantee that the inverter’s cur-
rent is equal to the reference current, that is that
the error, obtained according to expression 34, is
zero. {

did
dt =

vd−rid−ed+wLiq
L

diq
dt =

vq−riq−eq−wLid
L

(33)

{
eid = idref − id = 0
eiq = iqref − iq = 0

(34)

To force that in steady-state the error is zero,
an integral control action is defined according to
equation35. {

Eid =
∫
eiddt = 0

Eiq =
∫
eiqdt = 0

(35)

Consider the Lyapunov’s function defined in
equation 36. {

VLyid = kI
E2

id

2 +
e2id
2

VLyiq = kI
E2

iq

2 +
e2iq
2

(36)

Applying the second method of Lyapunov stabil-
ity and forcing

dVLyi

dt < 0, kI > 0 and ki > 0, it is
obtained the expression 37

{
kIEid

dEid

dt + eid
deid
dt < 0

kIEiq
dEiq

dt + eiq
deiq
dt < 0

⇔
{
kIEid + deid

dt = −kieid
kIEiq +

deiq
dt = −kieiq

⇔
{deid

dt = −kIEid − kieid
deiq
dt = kIEiq − kieiq

⇔

{
didref

dt − vd−rid−ed+wLiq
L = −kIEid− kieid

diqref
dt − vq−riq−eq−wLid

L = −kEiq − kieiq
(37)

The output voltage used in the inverters’s mod-
ulation is obtained from expression 38 and the con-
stants kI and ki are defined according to expression
39 [12]. The PWM voltage obtained must be nor-
malized and transformed to a, b and c coordinates.

Vd = L
(
k6Eid + k7eid +

didref
dt − wiq

)
+ rid + ed

Vq = L
(
k6Eiq + k7eiq +

diqref
dt + wid

)
+ riq + eq

(38){
kI = w2

n

ki = 2ζwn
(39)

The reference current that is used to determine
the current controller error is obtained using a grid
voltage controller that may be done by controling
the active and reactive power injected to the grid
(PQ control) or regulating the voltage RMS value.

The method to control the active and reactive
power is the most common one since it is used by
grid’s operators. Considering that Pref and Qref

are the active and reactive power that are needed
to be injected to the grid in order to control the
voltage, obtained according to expression 40. The
reference current is obtained by equantion 41.
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{
Pref = vdid + vqiq
Qref = vqid − vdiq

(40)

{
idref =

Prefvd+Qrefvq
v2
d+v2

q

iqref =
Prefvq−Qrefvd

v2
d+v2

q

(41)

Figures 11 and 12 show the behavior of the bat-
tery’s PQ contoller.

Figure 11: Behavior of the battery’s active power
controller.

Figure 12: Behavior of the battery’s reactive power
controller.

The voltage control can also be regulated by two
type of controllers: a PI controller and a Lyapunov
controller. They are both made taking into account
the inverter’s output voltage dynamic equations, ac-
cording to expresion 42, where Cinv is the inverter’s
output filter, id and iq are the filter’s output cur-
rents, idinv and iqinv are the inverter’s input cur-
rents and w = 2πf .{

dvd
dt =

idinv−id+wCinvvq
Cinv

dvq
dt =

iqinv−iq−wCinvvd
Cinv

(42)

The main goal of the controller made using Lya-
punov’s theory is to ensure that the error between
the grid and the reference voltage is zero. Consider-
ing that evd = vdref − vd = 0 e evq = vqref − vq = 0

and applying the second method of Lyapunov it is
possible to obtain the reference current that is go-
ing to be used in the current controller, according
to equation 43, where k8 = 1/Cinv.

{devd

dt = −k8evd
devq

dt = −k8evq

⇔

{
idref = k8Cinvevd + Cinv

dvdref
dt + id − wCinvvq

iqref = k8Cinvevq + Cinv
dvqref

dt + iq + wCinvvd

(43)

The PI controller is made defining the integral
(kiv) and proportional (kpv) gains acording to ex-
pressions 44 and 45, where αi = αv = 1, av = 3 and
Td = 1× 10−4[13], [14].

kiv =
Cinvαi

αvT 2
d a

3
v

(44)

kpv =
Cinvαi

αvTdav
(45)

Figures 13 and 14 show the behavior of the Lya-
punov’s and PI voltage controller.

Figure 13: Behavior of Lyapunov’s voltage con-
troller.

Figure 14: Behavior of PI voltage controller.

Finally, to limit the maximium and minimum
voltage of the battery, a voltage controller is im-
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plemented. For simplification purposes, it is consid-
ered that the battery’s state of charge is represented
by the capacitor that represents the battery in its
equivalent model as depicted in Figure 10. The pro-
portional and integral gains are defined in equations
46 and 47, where αi = 1, αv = 1, Gi = −0.7 and
td = 1.98× 10−4 [14].

kpvc =
2.15Cfilterαi

1.752Giαvtd
(46)

kivc =
Cfilterαi

1.753Giαvt2d
(47)

4. Simulations

The aim of this chapter is to verify the performance
of the proposed and developed model. The simula-
tion scenario represents days 14 and 15 of January
which correspond to when the renewable production
was maximum and the diesel production considered
was minimum (1460 kW). In order to simulate this,
real data from 22h00 of the 14th to 21h30 of the
15th were used.

Figure 15 represents the different technologies’
production and the performance of the battery ac-
cording to the production and the consumption.
The battery should charge between 22h00 and
15h30, when the production is higher than the con-
sumption and it should decharge when the produc-
tion is lower than the consumption.

Figure 15: Expected simulation perfomance.

After simuating the developed model, the results
can be seen in Figure 16, which represents the vari-
ation of the production, the consumption and the
performance of the battery. It can be observed that
the obtained results are according to the expected.
Figures 17 and 18 represent the variation of the fre-
quency and voltage where it can be observed that
the obtained values are within the range of the es-
tablished regulation standard NP EN 50160, which
are 50 Hz ±2% and 5.774 kV +10 % and −15% for
frequency and voltage, respectively.

Figure 16: Production, consumption and battery’s
performance.

Figure 17: Frequency variation.

Figure 18: Voltage variation.

The same scenario was also simulated but in a sit-
uation where there are no renewable energies and
the diesel has a power of 2MW. In this case it is
expected that the battery should contribute to the
voltage and frequency regulation, injecting power to
the grid in order to satisfy the consumption needs.
As seen in figures 19, 20 and 21 the battery’s be-
havior is according to expected.

5. Conclusions

The main goal of this work was to study the viabil-
ity of increasing the production of renewable energy
of Santa Maria island in the Azores. Since it is an

8



Figure 19: Production, consumption and battery’s
performance.

Figure 20: Frequency variation.

Figure 21: Voltage variation.

isolated grid and therefore it is not possible to de-
crease the generated diesel power, there is a waste
of renewable production, which will be used with
the proposed solution. In this way, an analysis was
made from the real data provided by EDA and it
was verified that using a battery it is possible to
store and use all renewable energy produced.

To test this solution, the Santa Maria electrical

system was designed and implemented in Matlab
and Simulink having into account the real specifi-
cations. Besides the diesel and renewable produc-
tion, the battery was designed and implemented in
Matlab and Simulink as well. To size this battery
it was necessary to take into account the data of
wind speed from the year of 2017 in order to find
out the day with the most waste of renewable en-
ergy. It can be concluded that the 3rd of March is
the day that corresponds to the battery with the
greater capacity.

After sizing the battery it was implemented to-
gether with the proposed voltage and frequency
controllers in Simulink. In order to verify the per-
formance of the proposed solution, the days 14 and
15 of January were simulated, due to being the day
with greater renewable production and it was con-
cluded that the proposed model is viable. In this
way, the battery stored energy when the production
was higher than the consumption and it injected
energy to the grid when there is not enough pro-
duction, contributing in this way to the frequency
and voltage regulation.

It is concluded that it is possible to decrease the
fossil fuels dependency and increase the renewable
production in an isolated grid using storage sys-
tems. In the studied case of Santa Maria, in 2017,
the diesel production has decreased 1.05 GWh and
the renewable production has increased 1.74 GWh,
making a total of 136.5ke in diesel savings.
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Açores, SA, for providing the information used in
this article.

References

[1] Comissão das Comunidades Europeias. Duas
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