
  
Abstract—In this paper an isolated microgrid (MG) 

composed by wind turbines (WT) and photovoltaic (PV) 

panels connected to an energy storage system (ESS) is 

proposed. 

In the first stage a system based on a real case is 

presented, from an island in the Autonomous Region of the 

Azores, where the source (diesel power station) was 

replaced by the aforementioned sources and the storage 

system. Afterwards, considering the characteristics of the 

sources and the island, the best place for them to be 

implemented was selected. Then, considering the 

consumption and production data on the island, the 

sources, the storage system, and the respective filters were 

sized. Subsequently, the control system was developed, 

which allows the various sources to work in harmony, 

complying with the standards for energy quality. 

The models, developed in MATLAB simulink, were 

tested to verify the correct functioning of the grid in terms 

of load power supply, system stability, and power quality. 

In general, the load needs were provided while 

maintaining the frequency and voltage standards. 

 
Keywords—Energy quality, isolated microgrid, network 

stability, renewable energies. 

I. INTRODUCTION 

Fossil fuels bring serious impacts to the environment, and 

when the necessity to transport them urges, to remote places 

like islands, the environmental risk increases, in addition to the 

high costs involved in the operation [1]. The obvious alternative 

is renewable energy, which has developed up to a point that is 

possible to find the best solution, taking into account the 

characteristics and necessities of the place in which they are to 

be implemented. 

Nowadays several technologies have proven to be capable to 

be implemented in islands as alternatives to the usual diesel 

power stations, however most of them depend on the 

characteristics of the island in which they are to be 

implemented, for example geothermal plants. Therefore, in this 

paper more generic sources were used to develop the isolated 

MG: Wind turbines, photovoltaic panels and a storage system 

of ion-lithium batteries. 

To ensure system stability and service continuity, the bigger 

the number of sources, the better it is because of the stochastic 

nature of these sources. In addition, due to the intermittent and 

 
 

small inertia of this type of microgrids, a storage system with 

high capacity is required [2], so the system in Fig. I.1 was 

developed. 

 
Fig. I.1 - Microgrid scheme 

To guarantee frequency and voltage stability, within certain 

values, a control system was developed to comply with the 

guidelines of the norm NP EN 50160, used in the Azores islands 

[3],  
 

{
𝑉𝑎𝑛 = 230 ± 10% [V]

𝑓 = 50 ± 2% [Hz]
. (I.1) 

II. MICROGRID SIZING 

A. Microgrid Structure 

Real data of the Azorean island of Corvo was used, in which 

the diesel power station was replaced by the renewable energy 

sources and the storage system. 

In Table II.1 data from the existing grid is presented. 
Table II.1 - Microgrid data 

Maximum load  

recorded 

PL_max (kW) 313 

QL_max (kvar) 82 

Annual Energy Produced (kWh) 1607535 

Daily Average Energy, 𝐸𝑎𝑣𝑔_𝑑 (kWh) 4404 

Low Voltage, 𝑉𝐵𝑇 (kV) 0,4 

Medium Voltage, 𝑉𝑀𝑇 (kV) 15 

Nominal frequency, 𝑓𝑟𝑒𝑑𝑒  (Hz) 50 

The ESS installation was considered to be in the place of the 

existing plant and the load at a distance of 1.4km. 

The position of the WT was chosen considering that the wind 
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direction is predominantly from southwest [4] and choosing a 

high smooth place assessing the island terrain, being at a 1.7km 

distance from the ESS. 

The PV location was chosen first selecting a few places with 

even terrain and then testing them, using JRC [5], the location 

with the most annual yield was chosen, being at a 1.6km 

distance from the ESS. 

B. Energy Storage System Sizing 

For the ESS, batteries were chosen, since batteries have a 

good energy density to power density ratio, and its modularity 

and applicability to practically any environment, make it one of 

the most dynamic storage systems. Ion-lithium batteries were 

preferred because they have no memory effect, the self-

discharge is low, the charging rate is high, they have good 

efficiency and a rather long life cycle [6]. 

In order to ensure service continuity in periods when the 

energy produced isn’t enough to supply the load, the apparent 

power at maximum load, 𝑆𝐿_𝑚á𝑥, was calculated and the useful 

capacity for the battery was calculated for one week: 
 

𝐸𝑏𝑎𝑡_1 = 𝑆𝐿_𝑚á𝑥 × (7 × 24) ÷ 0.6. (II.1) 

𝐸𝑏𝑎𝑡_1 is referred to as a useful capacity because in lithium-

ion batteries, for a very high or low state of charge (SOC), there 

is an abnormal degradation of the batteries, thus establishing a 

minimum SOC of 20% and a maximum of 80%, the battery had 

to be oversized so that the necessary capacity was in that 60% 

range. 

Furthermore, other factors were also taken into account such 

as inverter efficiency, ηInv, of about 97%, the energy efficiency 

of the batteries, ηBeats, of about 80% [6] and an aging factor, 

𝐶𝑎𝑝_𝑓𝑎𝑑𝑒, of about 10%, 
 

𝐸𝑏𝑎𝑡_2 = 𝐸𝑏𝑎𝑡_1 ÷ (𝜂𝑖𝑛𝑣 × 𝜂𝑏𝑎𝑡 × (1 − 𝐶𝑎𝑝_𝑓𝑎𝑑𝑒)). (II.2) 

The DC voltage at the inverter can be calculated, 
 

𝑉𝑏𝑎𝑡 = 1.1
√2.𝑉𝐵𝑇

𝑚.0.8645
 [V], (II.3) 

The 10% increase was considered to compensate for the 

voltage drop caused by the internal resistance of the batteries, 

plus the voltage drops across the other components, so that the 

converter wouldn’t have to work in overmodulation. 

Knowing the capacity and the voltage of the battery, it is 

possible to calculate the capacity in Ampere-hour and 

consequently the maximum output DC current of the battery: 
 

 𝐶𝑏𝑎𝑡_𝐴ℎ =
𝐸𝑏𝑎𝑡_2
𝑉𝑏𝑎𝑡

 [Ah]; (II.4) 

 
𝐼𝑏𝑎𝑡_𝑚𝑎𝑥 =

𝐶𝑏𝑎𝑡_𝐴ℎ × 0.6

(7 × 24)
 [A]. 

(II.5) 

To compute the capacitor at the output of the battery, it was 

considered a current 𝐼𝑐 equal to 𝐼𝑏𝑎𝑡_𝑚𝑎𝑥, a ∆𝑡 of half of the 

switching period and a voltage variation, ∆𝑉𝑏𝑎𝑡  of 5%. 

 
𝐶𝑑𝑐_𝑏𝑎𝑡 =

𝐼𝑐.∆𝑡

∆𝑉𝑏𝑎𝑡
  [F]. (II.6) 

On the AC side, a third-order LCL filter was sized for the 

since it results in a higher attenuation for higher order 

harmonics, a greater decoupling between the filter and the 

network impedance and lower current ripple, although an 

undesired resonance can be introduced since the filter can 

magnify frequencies around its cut-off frequency that provoke 

instability, an easily solved problem by adding a resistance in 

series with the capacitor for damping [7], [8]. 

The filter parameters may be computed from the equivalent 

Chebyshev third order filter (n=3) [9], considering a passband 

ripple in dB, RdB of 0.01 dB: 

 
 

{
𝐺1 =

2.𝐴1.cosh 𝐴

𝑌

𝐺𝑘 =
4.𝐴𝑘−1.𝐴𝑘.𝑐𝑜𝑠ℎ

2𝐴.𝐴

𝐵𝑘−1.𝐺𝑘−1

. (II.7) 

With the following auxiliary variables: 
 

{
 
 
 
 
 

 
 
 
 
 𝐴 =

1

𝑛
sinh−1

1

𝜀

𝜀 = √10
𝑅𝑑𝐵

10⁄ − 1

𝛽 = log [coth (
𝑅𝑑𝐵

17,37
)]

𝑌 = sinh (
𝛽

2𝑛
)

𝐴𝑘 = sin [
(2𝑘−1)𝜋

2𝑛
]

𝐵𝑘 = 𝑌
2 + 𝑠𝑖𝑛2 (

𝑘𝜋

𝑛
)

            𝑘 = 1,2,3. (II.8) 

Considering a cut-off frequency, 𝑓𝑐𝑜, of 600Hz, and an output 

impedance of: 
 

𝑍𝑜𝑢𝑡 =
𝑉𝐵𝑇

2

𝑆𝐿_𝑚𝑎𝑥
 [Ω]. (II.9) 

Using the results of the previous computations, one can now 

compute filter parameters: 
 

{
 
 

 
 𝐿𝑏𝑎𝑡 =

𝐺1.𝑍𝑜𝑢𝑡

2𝜋 𝑓𝑐𝑜
 [H]

𝐶𝑌_𝑏𝑎𝑡 =
𝐺2

2𝜋 𝑓𝑐𝑜.𝑍𝑜𝑢𝑡
  [F]

𝐿2 =
𝐺3.𝑍𝑜𝑢𝑡

2𝜋 𝑓𝑐𝑜
  [H]

. (II.10) 

Where 𝐿2 represents the inductance for the transformer and 

the filter as before, and with a delta connection, the capacitor 

values need an adjustment: 
 

{
𝐿2 = 𝐿𝑡𝑟𝑠𝑓𝑚_𝑏𝑎𝑡 + 𝐿2𝑎𝑑𝑑_𝑏𝑎𝑡

𝐶𝑑𝑒𝑙𝑡𝑎_𝑃𝑉 =
𝐶𝑌_𝑃𝑉

3

. (II.11) 

It was considered a parasitic resistance on the inductors, 

which represents losses of 0.1% the installed power: 
 

𝑅𝐿_𝑏𝑎𝑡 =
0,001. 𝑃𝑖𝑛𝑠𝑡_𝑏𝑎𝑡

𝐼𝑔𝑟𝑖𝑑_𝑚𝑎𝑥
2  [Ω], (II.12) 

and the damping resistance in series with the capacitor [7], [8]: 
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𝑅𝑐_𝑏𝑎𝑡 =

𝐶𝑌_𝑏𝑎𝑡

3𝜔𝑟𝑒𝑑𝑒𝐶 
 [Ω]. (II.13) 

Table II.2 - Filter values for the Storage system 

𝐶𝑑𝑐_𝑏𝑎𝑡 [F] 8.9 × 10−4 

𝐿𝑏𝑎𝑡 [H] 9.9 × 10−5 

𝑅𝐿_𝑏𝑎𝑡 [Ω] 1 × 10−3 

𝐶𝑑𝑒𝑙𝑡𝑎_𝑏𝑎𝑡 [F] 2,1 × 10−4 

𝑅𝑐_𝑏𝑎𝑡 [Ω] 34.6 × 10−3 

𝐿𝑡𝑟𝑠𝑓𝑚_𝑏𝑎𝑡 [H] 7.2 × 10−6 

𝐿2𝑎𝑑𝑑_𝑏𝑎𝑡 [H] 9.2 × 10−5 

 

C. Photovoltaic Instalation Sizing 

Using PVSyst software [10] the source was sized to 

guarantee half of the annual energy produced, plus 10% to 

cover for potential malfunctions, soiling or degradation, which 

is probable to occur at a faster rate due to the salt from the sea 

mist, since islands are surrounded by sea. The results from the 

software showed that a 672kW guarantees an annual yield of 

880MWh (result confirmed with JRC).  

The DC voltage prior to the voltage source converter (VSC) 

can be computed by: 
 

𝑉𝑑𝑐_𝑝𝑣′ = 1.1
√2.𝑉𝐵𝑇

𝑚.0.8645
 [V], (II.14) 

where 𝑉𝐵𝑇  is the line to line low voltage, 𝑚 the modulation 

index and 0.8645 a constant found by testing the Simulink 

average converter model. 

Assuming that the Boost converter doubles the DC voltage, 

the voltage at the panels can be computed by: 
 

𝑉𝑝𝑣′ =
𝑉𝑑𝑐_𝑝𝑣′

2
⁄  [V]. (II.15) 

Using data from real PV panels with the characteristics from 

Table II.3, it’s possible to compute the total number of panels 

and the number of panels connected in series and parallel 

equation (II.16). 
Table II.3 - PV panel main values 

Maximum Power, Pmax_pv [W] 400.221 

Number of cells per panel 128 

Open Circuit Voltage, 𝑉𝑜𝑐 [V] 85.3 

Short Circuit Current, 𝐼𝑠𝑐 [A] 5.87 

Voltage (@Pmax_pv) 𝑉𝑚𝑝 [V] 72.9 

Current (@Pmax_pv), 𝐼𝑚𝑝 [A] 5.49 

 
 

{
  
 

  
 𝑁𝑠𝑒𝑟 =

𝑉𝑝𝑣′

𝑉𝑚𝑝
≅ 5

𝑁𝑡𝑜𝑡′ =
𝑃𝑖𝑛𝑠𝑡_𝑝𝑣

𝑃max _𝑝𝑣
≅ 1679

𝑁𝑝𝑎𝑟 =
𝑁𝑡𝑜𝑡′

𝑁𝑠𝑒𝑟
≅ 336

. (II.16) 

Knowing this, and redoing the computations it was found that: 
 

𝑃𝑖𝑛𝑠𝑡𝑝𝑣
′ = 𝑁𝑠𝑒𝑟 ×𝑁𝑝𝑎𝑟 × 𝑃max _𝑝𝑣 ≅ 673.37 [kW], (II.17) 

and, 
 

𝑉𝑑𝑐_𝑝𝑣 = 𝑁𝑠𝑒𝑟 × 𝑉𝑚𝑝 [𝑉] = 729 [V]. (II.18) 

The input inductance for the Boost converter was computed 

according to [ref]: 
 

𝐿𝑏𝑜𝑜𝑠𝑡 =
𝑉𝑑𝑐_𝑝𝑣.𝑇𝑐

4.∆𝑖𝐿_𝑏𝑜𝑜𝑠𝑡
  [H], (II.19) 

Where 𝑇𝑐 is the switching frequency of the semiconductors, 

which was considered to be 10kHz, since the average model for 

the VSC is based on voltage sources, and the semiconductors 

aren’t used. ∆𝑖𝐿_𝑏𝑜𝑜𝑠𝑡  is 2% of the panels output current: 

 
𝐼𝑝𝑣 = 𝑁𝑝𝑎𝑟 × 𝐼𝑚𝑝 [A]. (II.20) 

Considering that a Boost converter has a reverse composition 

to the Buck converter, the capacitor, 𝐶𝑝𝑣, at the input of the 

Boost, can be calculated in the same way as the output capacitor 

of a Buck: 
 

𝐶𝑝𝑣 =
𝑉𝑑𝑐_𝑝𝑣.𝑇𝑐

2

32.𝐿𝑏𝑜𝑜𝑠𝑡.∆𝑉𝑝𝑣𝑚𝑎𝑥
  [F]. (II.21) 

The DC link capacitor was sized as in (II.6). 

According to [11], with a maximum variation of 5% for the 

current, 𝐿𝑝𝑣 can be defined as 

 
𝐿𝑝𝑣 =

𝑉𝑑𝑐_𝑝𝑣.𝑇𝑐

6𝛥𝑖𝐿𝑚𝑎𝑥
 [H]. (II.22) 

To design the capacitor, its reactive power was defined as 5% 

of the installed power: 
 

𝑄𝐶_𝑃𝑉 = 0,05 × 𝑃𝑖𝑛𝑠𝑡_𝑝𝑣 [var]. (II.23) 

In delta connection the capacitors value can be computed as 
 

𝐶𝑑𝑒𝑙𝑡𝑎_𝑃𝑉 =
𝑄𝐶_𝑃𝑉

3𝜔𝑟𝑒𝑑𝑒𝑉𝐵𝑇
2   [F]. (II.24) 

Considering a cut-off frequency, 𝑓𝑐𝑜, of 1 kHz, since it should 

be at least ten times smaller than the switching frequency and 

ten time bigger than the grid frequency, to minimize the 

magnification of frequencies around the cut-off frequency, 

which can be defined for a third order filter as 
 

𝑓𝑐𝑜 =
1

2𝜋
√
𝐿𝑃𝑉 + 𝐿2
𝐶𝑌_𝑃𝑉𝐿𝑃𝑉𝐿2

 [Hz], (II.25) 

with 
 

𝐶𝑌_𝑃𝑉 = 3 × 𝐶𝑑𝑒𝑙𝑡𝑎_𝑃𝑉 [F], (II.26) 

the inductor 𝐿2, can finally be computed as 
 

𝐿2 =
𝐿𝑃𝑉

𝐶𝑌_𝑃𝑉𝐿𝑃𝑉(2𝜋𝑓𝑐𝑜)
2−1

 [H]. (II.27) 
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Where 𝐿2 represents the inductance for the transformer and 

the filter. 
 𝐿2 = 𝐿𝑡𝑟𝑠𝑓𝑚_𝑝𝑣 + 𝐿2𝑎𝑑𝑑_𝑝𝑣  [H]. (II.28) 

The filter resistances were computed using the same method 

as the storage, equations (II.12) and (II.13). 
Table II.4 - Filter values for the PV system 

𝐿𝑏𝑜𝑜𝑠𝑡  [H] 4.9 × 10−4 

𝐶𝑝𝑣 [F] 8.6 × 10−5 

𝐶𝑑𝑐_𝑙𝑖𝑛𝑘 [F] 1.3 × 10−3 

𝐿𝑃𝑉 [H] 1.2 × 10−4 

𝑅𝐿_𝑝𝑣 [Ω] 3.6 × 10−3 

𝐶𝑑𝑒𝑙𝑡𝑎_𝑃𝑉 [F] 2.2 × 10−4 

𝑅𝑐_𝑝𝑣 [Ω] 6.3 

𝐿𝑡𝑟𝑠𝑓𝑚_𝑃𝑉 [H] 7.2 × 10−6 

𝐿2𝑎𝑑𝑑_𝑃𝑉 [H] 4.8 × 10−5 

 

D. Wind Turbine Instalation Sizing 

The kinetic energy of the mass of air 𝑚 transported at a speed 

𝑣 available in the wind can be characterized by 
 

𝐸𝑤 =
1

2
𝑚𝑣2 [J]. (II.29) 

Knowing the air mass flow 𝜌𝐴𝑣 [kg/s], which crosses a given 

swept surface of the blades, A [m2] and has a density ρ (1.23 

kg/m3), one can obtain Pw, the power available in the wind: 
 

𝑃𝑤 =
1

2
𝜌𝐴𝑣3 [W]. (II.30) 

However, the power extracted by wind turbines isn’t the 

same as the power available, the maximum is set by Betz limit, 

in which, theoretically, the power extracted as a maximum at 

59.3% of the available power [12], [13]. 

The Prandtl law allows one to compute the wind speed at the 

height intended: 
 

𝑣 = 𝑣0
log(𝐻 𝑧⁄ )

log(
𝐻0

𝑧⁄ )
. (II.31) 

Where 𝑣 [m/s] is the wind speed at the intended height, 𝐻 

[m]. 𝑣0 [m/s], is the known speed at the height of measurement, 

𝐻0 [m], and 𝑧 [m], is the roughness length [13]. 

Doing a histogram from a year worth data of hourly average 

wind speed, one can know the number of hours for each wind 

speed in a year, 𝑁ℎ. Updating this data to a given wind turbine 

height using the Prandtl law, and combining its power curve, 

the annual yield of the turbine can be calculated [13]: 
 

𝐸𝑎𝑛𝑛𝑢𝑎𝑙 = ∑ (𝑃𝑜_𝑤𝑡𝑖 × 𝑁ℎ𝑖)  [kWh]
𝑣𝑐𝑢𝑡−𝑜𝑓𝑓
𝑖=0 . (II.32) 

This computation can be repeated and compared for several 

wind turbines to choose the best one for the application. 

III. CONTROL 

Sources in microgrids can be classified in three ways [14]: 

• Grid-forming, when they set the voltage amplitude 

and frequency for the grid; 

• Grid-feeding, when the sole purpose is to inject 

power to the grid; 

• Grid-supporting, when there is a compromise 

between injecting power and helping regulate 

voltage and frequency. 

There are two levels of control to each source: 

• Level 1, internal loops for current and voltage 

control; 

• Level 2, droop control, that generates the references 

for voltage and frequency, while maintaining power 

sharing; or DC voltage control, to ensure a steady 

input in the converter; 

In Table III.1 are described the possible states of the grid. 
Table III.1 – Microgrid possible states 

State 
20% < SOC  

< 80% 

Irradiance 

exists 

𝑣𝑐𝑢𝑡−𝑖𝑛 < 𝑣 

< 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡 

1 ✓ ✓ ✓ 

2 ✓ ✓  

3 ✓  ✓ 

4 ✓   

5  ✓ ✓ 

6  ✓  

7   ✓ 

8    

A phased locked loop (PLL), ensures the synchronization of 

the several components of the grid to be connected. 

The control was developed in dq coordinates, first using a 

Clarke transformation (abc to 𝛼𝛽0): 

Fig. II.1 - Control scheme for the storage system 
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[𝑥𝛼𝛽0(𝑡)] = 𝑇

−1[𝑥𝑎𝑏𝑐(𝑡)], (III.1) 

 

𝑇−1 =
2

3

[
 
 
 
 1 −

1

2
−
1

2

0
√3

2
−
√3

2
1

2

1

2

1

2 ]
 
 
 
 

. 

(III.2) 

And then a Park transformation (𝛼𝛽0 to dq), with 𝜃 = 𝜔𝑡: 

 
 

[𝑥𝑑𝑞] = 𝐷
𝑇[𝑥𝛼𝛽(𝑡)], (III.3) 

 
𝐷𝑇 = 𝐷−1 = [

cos(𝜃) sin(𝜃)

−sin(𝜃) cos(𝜃)
]. 

(III.4) 

Now there are two continuous signals to control, instead of 

three sinusoidal signals, simplifying the control system. 

A. Energy Storage System 

When in the considered SOC limits, the ESS works as grid-

forming, since it’s the only continuous source. 

The control system as two internal loops for voltage and 

current control, the voltage reference that goes to the voltage 

controller is generated by a conventional droop control. 

A droop control generates reference values for voltage and 

frequency considering the required power form the load, instead 

of acting directly on the output of the converter. The standard 

droop equations are: 
 

{
𝑓 = 𝑓𝑛𝑜𝑚 −𝑚𝑃(𝑃 − 𝑃𝑚𝑎𝑥)
𝑉 = 𝑉𝑛𝑜𝑚 −𝑚𝑄(𝑄 − 𝑄𝑚𝑎𝑥)

. (III.5) 

In which the droop coefficients can be defined as 
 

{
𝑚𝑃 =

∆𝑓

𝑃𝑚𝑎𝑥

𝑚𝑄 =
∆𝑉

𝑄𝑚𝑎𝑥

. (III.6) 

To compensate the voltage drop caused by the LCL filter and 

the transformer (elements between the converter and the place 

of measurement) a virtual impedance (𝑅𝑣 + 𝑗𝑋𝑣) was used [15], 

[16]. With this impedance, voltages in dq coordinates are 

computed to adjust the voltage in the controller, they can be 

computed as: 
 

{
𝑣𝑑_𝐼𝑉 = 𝑖𝑜𝑑𝑅𝑣 − 𝑖𝑜𝑞𝑋𝑣
𝑣𝑞_𝐼𝑉 = 𝑖𝑜𝑞𝑅𝑣 + 𝑖𝑜𝑑𝑋𝑣

. (III.7) 

To control the output current of the converter, a current 

controller was designed according to the following dynamic 

equations in dq coordinates: 
 

{

𝑑𝑖𝑑

𝑑𝑡
=

1

𝐿
𝑣𝑑 −

𝑅

𝐿
𝑖𝑑 +𝜔𝑖𝑞 −

1

𝐿
𝑒𝑑

𝑑𝑖𝑞

𝑑𝑡
=

1

𝐿
𝑣𝑞 −

𝑅

𝐿
𝑖𝑞 −𝜔𝑖𝑑 −

1

𝐿
𝑒𝑞

. (III.8) 

In which the dynamics of the currents 𝑖𝑑 and 𝑖𝑞  in the output, 

depend on the output voltages, 𝑣𝑑 and 𝑣𝑞 , on the grid voltages, 

𝑒𝑑 and 𝑒𝑞 and on the coupling terms 𝜔𝑖𝑑 and 𝜔𝑖𝑞 . 

Defining auxiliary decoupling terms 

 
{
𝐻𝑖𝑑 = 𝑣𝑑 +𝜔𝐿𝑖𝑞 − 𝑒𝑑
𝐻𝑖𝑞 = 𝑣𝑞 −𝜔𝐿𝑖𝑑 − 𝑒𝑞

, (III.9) 

the equations for the current controller, in Fig. II.1 are obtained. 
 

{
𝑣𝑑_𝑟𝑒𝑓 = 𝐻𝑖𝑑 −𝜔𝐿𝑖𝑞 + 𝑒𝑑
𝑣𝑞_𝑟𝑒𝑓 = 𝐻𝑖𝑞 + 𝜔𝐿𝑖𝑑 + 𝑒𝑞

 (III.10) 

The converter transfer function, 𝑉𝑆𝐶𝑇𝐹(𝑠) can be characterized 

as a first order transfer function with unitary gain and a delay, 

𝑇𝑑. 
 

𝑉𝑆𝐶𝑇𝐹(𝑠) =
1

1 + 𝑠𝑇𝑑
 (III.11) 

To guarantee a fast response and a nearly null static error, 

proportional integral (PI) controllers were used. They can be 

defined by the following transfer function: 
 

𝐶𝑖(𝑠) = 𝐾𝑝𝑖 +
𝐾𝑖𝑖
𝑠

 (III.12) 

So the transfer function of the current controller in Fig. II.1, 

can be written as 
 

𝐺𝑖(𝑠) =
𝑖𝑑(𝑠)

𝑖𝑑𝑟𝑒𝑓(𝑠)
=

1

𝑇𝑑𝐿
(𝑠𝐾𝑝𝑖+𝐾𝑖𝑖)

𝑠3+
1

𝑇𝑑
𝑠2+

𝐾𝑝𝑖𝛼𝑖

𝑇𝑑𝐿
𝑠+

𝐾𝑖𝑖𝛼𝑖
𝑇𝑑𝐿

. (III.13) 

Using the Symmetric Optimum Method [17], the values of 

the PI gains, 𝐾𝑝𝑖 and 𝐾𝑖𝑖  can be calculated. 

 

{
𝐾𝑝𝑖 =

𝐿

𝛼𝑖𝑇𝑑𝑎𝑖

𝐾𝑖𝑖 =
𝐿

𝛼𝑖𝑇𝑑
2𝑎𝑖

. (III.14) 

Where 𝛼𝑖  corresponds to the gain of the current sensor, which 

in this case is the gain used in the conversion to pu, and 𝑎𝑖 

represents a corrective factor. 

To control the grid voltage, a voltage controller was designed 

according to the following dynamic equations on the AC filter 

capacitor in dq coordinates: 
 

{

𝑑𝑣𝑑

𝑑𝑡
=

1

𝐶
𝑖𝑜𝑑 + 𝜔𝑣𝑔𝑞 −

1

𝐶
𝑖𝑔𝑑

𝑑𝑣𝑞

𝑑𝑡
=

1

𝐶
𝑖𝑜𝑞 − 𝜔𝑣𝑔𝑑 −

1

𝐶
𝑖𝑔𝑞

. (III.15) 

Linearizing (III.15), 
 

{

𝑑𝑣𝑑

𝑑𝑡
=

1

𝐶
𝐻𝑣𝑑 −

1

𝐶
𝑖𝑔𝑑

𝑑𝑣𝑞

𝑑𝑡
=

1

𝐶
𝐻𝑣𝑞 −

1

𝐶
𝑖𝑔𝑞

, (III.16) 

with 
 

{
𝐻𝑣𝑑 = 𝑖𝑜𝑑 +𝜔𝐶𝑣𝑔𝑞
𝐻𝑣𝑞 = 𝑖𝑜𝑞 − 𝜔𝐶𝑣𝑔𝑑

, (III.17) 

From (III.16) and (III.17) the equations for the voltage 

controller inFig. II.1, are obtained. 
 

{
𝑖𝑑
∗ = 𝐻𝑣𝑑 − 𝜔𝐶𝑣𝑔𝑞

𝑖𝑞
∗ = 𝐻𝑣𝑞 + 𝜔𝐶𝑣𝑔𝑑

. (III.18) 

The current controlled converter can be defined by the 

following transfer function: 
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 𝑖𝑑𝑞(𝑠)

𝑖𝑑𝑞𝑟𝑒𝑓(𝑠)
=

𝐺𝑖

1+𝑠𝑇𝑑
. (III.19) 

And as in (III.12), the PI controller transfer function is 
 

𝐶𝑣(𝑠) = 𝐾𝑝𝑣 +
𝐾𝑖𝑣

𝑠
. (III.20) 

So the transfer function of the voltage controller in Fig. II.1, 

can be written as 
 

𝑉𝑑𝑞(𝑠)

𝑉𝑑𝑞_𝑟𝑒𝑓(𝑠)
=

1

𝑇𝑑𝐶𝛼𝑖
(𝑠𝐾𝑝𝑣+𝐾𝑖𝑣)

𝑠3+
1

𝑇𝑑
𝑠2+

𝐺𝑖𝐾𝑝𝑣𝛼𝑣

𝑇𝑑𝐶𝛼𝑖
𝑠+

𝐺𝑖𝐾𝑖𝑣𝛼𝑣
𝑇𝑑𝐶𝛼𝑖

. (III.21) 

Using the Symmetric Optimum Method [17], the values of 

the PI gains, 𝐾𝑝𝑣 and 𝐾𝑖𝑣  can be calculated. 

 

{
𝐾𝑝𝑖 =

𝐶𝛼𝑖

𝛼𝑣𝑇𝑑

𝐾𝑖𝑖 =
𝐶𝛼𝑖

𝛼𝑣𝑇𝑑
2

. (III.22) 

In Table III.2 the values used in the control system of the 

storage are shown. 
Table III.2 - Values for the control system of the storage 

𝑚𝑃 

[Hz/kW] 

𝑚𝑄 

[V/kvar] 

𝑅𝑣 

[pu] 

𝑋𝑣 

[pu] 

𝐾𝑝𝑖 

[pu] 

𝐾𝑖𝑖 
[pu] 

𝐾𝑝𝑣 

[pu] 

𝐾𝑖𝑣 

[pu] 

2.2. 10−6 2.3. 10−4 0.07 0.6 0.7 281 0.8 323.6 

And in Table III.3 some other important values for the model 

are shown as well. 
Table III.3 - Values of the storage model 

𝐶𝑏𝑎𝑡𝐴𝑠 

[A. s] 

𝑉𝑏𝑎𝑡   
[V] 

𝐼𝑏𝑎𝑡  
 [A] 

𝑆𝑏𝑎𝑡   
[kVA] 

𝑄𝑏𝑎𝑡   
[kvar] 

𝑃𝑏𝑎𝑡  
 [kW] 

𝑉𝐵𝑇   
[V] 

𝐼𝑓𝑎𝑠𝑒   

[A] 

52,4 687 674 463 QL_max 456 400 669 

 

B. PV 

If the irradiance is enough, the PV source can do grid-

forming, or grid-feeding, depending on the ESS status. 

With grid-forming duties, the inverter control is the same as 

the one designed for the ESS. To avoid overmodulation and 

increase the stability a DC voltage controller was developed for 

the boost converter. 

The DC voltage controller defines the duty-cycle of the boost 

converter according to the flow chart in Fig. III.2. 

 
Fig. III.2 - Flow chart of the DC voltage controller 

In grid-feeding mode the objective is to inject active power 

in the grid, so a maximum power point tracker (MPPT) was 

used for the boost converter, following the Perturb and Observe 

method [18].  

For the inverter control, Fig. III.1, the current controller is 

the same as the one used for grid-forming, in which the 

reference current is null for the q component, and a DC voltage 

regulator, used to help regulate the input voltage of the VSC, 

generates the reference d component. 

A PI controller was used to ensure fast response and near null 

error for the DC voltage controller. Since the DC voltage can 

be controlled in the DC link capacitor the same method used to 

control the AC voltage in the AC filter capacitor was used to 

obtain the transfer function for the controller. 
 

𝑈𝐷𝐶(𝑠)

𝑈𝐷𝐶𝑟𝑒𝑓(𝑠)
=

𝐺𝑖
𝐶𝑇𝑑

(𝑠𝐾𝑖𝑑𝑐+𝐾𝑝𝑑𝑐)

𝑠3+
1

𝑇𝑑
𝑠2+

𝐺𝑖𝐾𝑝𝑑𝑐

𝐶𝑇𝑑
𝑠+

𝐺𝑖𝐾𝑖𝑑𝑐
𝐶𝑇𝑑

. (III.23) 

the values of the PI gains can be obtained comparing the 

denominator of the previous transfer function with a third order 

polynomial [19], [20]. 
 

{
𝐾𝑝𝑑𝑐 =

2,15𝐶

1,752𝑇𝑑𝐺𝑖

𝐾𝑖𝑑𝑐 =
𝐶

1,753𝑇𝑑
2𝐺𝑖

. (III.24) 

In Table III.4 the values used in the control system of the PV 

in grid-forming are shown. 

Fig. III.1 - Control scheme for the PV system in grid-feeding 
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Table III.4 - Control values of the PV in grid-forming 

𝑚𝑃 

[Hz/kW] 

𝑚𝑄 

[V/kvar] 

𝐾𝑝𝑖 

[pu] 

𝐾𝑖𝑖  
[pu] 

𝐾𝑝𝑣 

[pu] 

𝐾𝑖𝑣  

[pu] 

𝑉𝑑𝑐_𝑟𝑒𝑓 

[V] 

1.5. 10−6 2.8. 10−4 0.3 26.2 0.5 10 729 

And in Table III.5 the values used in the control system of 

the PV in grid-feeding are shown. 
Table III.5 - Control values of the PV in grid-feeding 

𝐾𝑝𝑖 

[pu] 

𝐾𝑖𝑖  
[pu] 

𝐾𝑝𝑑𝑐 

[pu] 

𝐾𝑖𝑑𝑐  

[pu] 

0.3 26.2 7 800 

C. Wind Turbine 

The model of the wind turbine was developed using 

controlled current sources.  

Using a MATLAB function model, the power of the wind 

turbine was computed from the wind speed, according to the 

power curve of the turbine. 

In dq coordinates, for the described transformations the 

power can be computed as 
 

𝑃 =
3

2
(𝑣𝑑𝑖𝑑 + 𝑣𝑞𝑖𝑞). (III.25) 

Since the wind turbine does grid-feeding, there should be 

only active power on the output of the turbine, so iqwas set to 

zero and from (III.25) id can be set by: 
 

𝑖𝑑 =
2

3

𝑃

𝑣𝑑
. (III.26) 

Then using a PLL to ensure synchronization with the grid and 

converting the dq components to abc, the control signal for the 

current sources was created. 

IV. SIMULATION RESULTS 

To assess the functioning of the developed models several 

tests were carried. 

In Table IV.1 are shown the values used for the load in the 

simulations. 
Table IV.1 - Load values used in the simulations 

Name P [kW] Q [kvar] Power factor 

Minimum 121 41 0,95 

Average 184 41 0,98 

Maximum 313 82 0,97 

 

A. Storage 

With only the storage system feeding the load, a step was 

applied at t=0.6s, in which the load was increased from a 

minimum to maximum load. 

 
Fig. IV.1 - Vabc and Iabc,state 4, load step 

 
Fig. IV.2 – frequency and rms voltage and reference, state 4, step 

From Fig. IV.1 at the moment of the step can be seen an 

increase of the current signal, and some noise in both signals 

for voltage and current, however without turning instable. 

In Fig. IV.2 a decrease in voltage is observed, but it is still 

maintained within the established limits. As for the frequency, 

there is no variation, since the used inverter is an average 

model. 

B. PV 

Then the PV was tested doing grid forming at the annual 

average irradiance (350 W/m2), for both minimum and 

maximum load. 

From Fig. IV.3 in (a) it can be seen that for minimum load 

it´s able to do the grid-forming, however in (b) for the 

maximum load, the PV system can’t get the voltage at the 

desired value, even though it stabilizes, this happens because 

the yield at that irradiance isn’t enough to supply the load. 
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Fig. IV.3 – DC voltage and reference, frequency, rms voltage and 

reference, state 6 (a) min. load, (b) max. load 

C. PV and Storage 

This time the storage and PV systems were tested together, 

in a situation of minimum load, in which the storage did grid-

forming, with an initial SOC of 50% and the PV did grid-

feeding, with an irradiance of 350 W/m2. 

 
Fig. IV.4 – (a) frequency, rms voltage and reference, (b) Active 

power distribution, state 2 

From Fig. IV.4, in (a) it can be seen that despite being over 

the reference, the voltage it’s still within the limits. In (b) it’s 

shown that the PV produces more power than the load needs, 

this excess power is therefore used to charge the storage system, 

hence the negative power. 

D. Wind turbine and storage 

Now for an average load, the wind turbine (doing grid-

feeding subject to the annual average wind speed, 10.6m/s) and 

the storage (doing grid-forming with an initial SOC of 50%) 

were tested. 

In Fig. IV.5, from the wind turbine standpoint, it’s doing was 

it’s supposed to, injecting only active power in the grid. 

In Fig. IV.6, it can be observed that at the load, the AC rms 

voltage is at the expected value. 

 
Fig. IV.5 - Active and reactive powerout of the WT, state 3 

 
Fig. IV.6 – frequency and rms voltage, state 3 

In Fig. IV.7, the output power of the ESS is the difference 

between the power required by the load and the power output 

of the source in grid-feeding, the WT. 

 
Fig. IV.7 - Active power distribution 

E. PV, Wind Turbine and Storage 

Finally, the three sources were tested together supplying 

energy to an average load. As usual, the storage system does the 

grid-forming as the other two do grid feeding. The initial SOC 

was 50%, the solar irradiance was 350W/m2 and the wind speed 

was 10.6m/s. 

 
Fig. IV.8 - Va and Ia, state 1, avg. load 
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Fig. IV.9 - frequency, rms voltage and reference, state 1, avg. load 

 
Fig. IV.10 – Active Power distribution 

In Fig. IV.8 the current is smaller than 1 pu and has a slight 

delay to the voltage as expected since it’s not the maximum load 

and it has a reactive component. 

In Fig. IV.9 the rms voltage values is above the reference 

value, however it’s constant and bellow the maximum allowed 

value. 

In Fig. IV.10, it’s seen again that the ESS dos the power 

balancing as the other two sources inject power in the grid. 

Then, for the same initial conditions as before, variations in 

the solar irradiance and the wind speed (Fig. IV.11) were tested. 

 
Fig. IV.11 - Wind speed and Solar Irradiation variations 

 
Fig. IV.12 - Active power distribution 

 
Fig. IV.13 - frequency, rms voltage and reference, rms current, 

state 1, avg. load 

In Fig. IV.12 the active power at the output of each source 

and the active power consumed by the load can be observed, 

where it is clear that the storage system can dynamically 

balance the power transit by compensating the imbalances of 

the power injected, by the grid-feeding sources, due to the 

variation of wind speed and solar irradiance. 

In Fig. IV.13 it can be seen some small transients on the rms 

voltage at t=2s, t=5s and t=8s, which are in correlation to the 

changes in wind speed and solar irradiation. Despite this 

transients, the system never goes unstable, which proves the 

capability of the system to supply power to the load with some 

dynamic, without losing stability and while maintaining the 

expected voltage signal parameters 

V. CONCLUSION 

The work developed allowed to assess the feasibility of 

replacing fossil fuel-based energy production in remote places 

like islands, for renewable energies from a technical perspective 

(not economic). 

Models for PV, wind turbine and an energy storage system 

were developed and tested to replace a diesel power station in 

the island of Corvo, in Azores. 

Overall the energy supply and frequency and voltage levels 

were guaranteed. 
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