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a b s t r a c t

This paper highlights the modeling and the simulation of a micro-grid renewable power

system. It comprises wind turbine (WT) doubly fed induction generators (DFIGs), photo-

voltaic generator (PV), a proton exchange membrane (PEM) fuel cell (FC) generator, a water

electrolyzer used for long-term storage, a Hydrogen tank, and a battery bank (BB) utilized

for short-term storage. Based on the given configuration and the different characteristics of

the main components in the micro-grid, an overall control and a power management

strategy are proposed for this system. This strategy consists in charging the BBs and

producing hydrogen from the water electrolyzer in the case of excess power from the WT-

DFIGs and PV generators. Therefore, the FC and the BBs will be used as a backup generator

to supply the demand required power, when theWT-DFIGs and the PV energy are deficient.

The effectiveness of this contribution is verified through computer simulations, where very

satisfactory results are obtained.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Nowadays, renewable energy sources (RESs) for micro-grid

system applications are attracting more interest for environ-

ment considerations; non-polluting, free in their availability

and continuous [1,2]. Many RESs including wind turbine (WT),

photovoltaic panels (PV) andmicro-turbines are reported in the

literature for hybrid power source systems for micro-grid

applications [2,3]. As known, the drawbacks of these structures

are the seasonal and daily climatic variations (solar radiation,

wind speed, temperature) and geographical conditions as well

as the profiles of the required power; it is why, as solutions,

other measures are needed. In this way, Energy Storage Sys-

tems (ESSs) seem to be an adequate solution to mitigate the

effects of wind and/or solar fluctuations and to maintain the

power and energy balance as well so as to improve the power

quality. To face the fast power variations, the ESS must have a
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high power density, and at the same time it must have a high

energy density to give autonomy for micro-grid. For these rea-

sons, it is necessary to associate more than one storage tech-

nology creating a Hybrid Energy Storage System (HESS) [4e6].

The ESS as BBs are very important for an efficient and

economical utilization of these hybrid systems [3], but the

charge and discharge cycles decrease the lifetime of batteries

[6e8]. To improve the energy supply reliability of WT and PV

Nomenclature

Av area swept by the rotor blades, m2

Cp, Cp � max power coefficient and its maximum value

P pair pole number

e, De error and its time-derivative respectively

K1e, K1De, KPI scaling factors of the fuzzy PI controller

K2e, K2De, KPD scaling factors of the fuzzy PD controller

Tt turbine aerodynamic torque, N.m

Tem, Tem � ref electromagnetic torque and its reference

respectively, N.m

Rs, Rr stator, rotor resistances respectively, U

ls, lr stator, rotor leakage inductances respectively, H

M magnetizing inductance, H

vsd, vsq two-phase stator voltages respectively, V

vrd, vrq two-phase rotor voltages respectively, V

isd, isq two-phase stator currents respectively, A

ird, irq two-phase rotor currents respectively, A

vrated rated wind speed, tr/min

vcut-out cut-out wind speed (limited), tr/min

ira, irb current components along a and b stator axes, A

Vdc, Vdc � ref direct voltage and its reference respectively, V

Ebat electromotive force corresponding to the open

circuit battery voltage, V

Cbat internal battery capacity, F

Rbat internal battery resistance, U

Vbat battery voltage, V

Ibat battery current, A

Qd ampere-hours stored in the battery, A/h

nFC number of FC cells in the stack

Vcell FC cell voltage, V

pH2
hydrogen partial pressure

pO2
oxygen partial pressure

ENernst nernst voltage, thermodynamic potential of the

cell, V

EAct activation voltage drop, V

ECon concentration voltage drop, V

EOhm, ohmic voltage drop, V

TFC fuel cell temperature, �C
a, b FC constants

Rohm0 part of the electrical resistance Rohm, U

Rohm1 FC internal resistance, U

Ucell cell terminal voltage, V

Urev reversible cell voltage, V

r1, r2 electrolyzer parameters for the ohmic resistances

kElec, kT1, kT2, kT3 electrolyzer parameters for the

overvoltage

AElect area of the cell electrode, m2

IElect electrolyzer current, A

T electrolyzer cell temperature, �C
Ps, Pr DFIG stator and rotor powers respectively, W

PL � AC, PL � DC variable AC and DC load powers

respectively, W

PrAC power transferred through DC/AC converter III

respectively, W

PElect, PBat electrolyzer and BBs powers respectively, W

PFC, Ppv generated FC and photovoltaic powers

respectively, W

PAC, Pg exchanged powers between the proposed system

and the AC grid respectively, W

PNet DC power in the DC-bus, W

Pst storage power, W

Pwind aerodynamic power, W

QAC, QAC�ref reactive power exchanged between the

system and the AC grid and its reference

respectively, Var

Qs DFIG stator reactive power, Var

QL � AC AC load reactive power, VAR

Qrg reactive power transferred through DC/AC

converter III, Var

Greek letters

r air density, Kg/m3

y wind velocity, m/s

l, lopt tip speed ratio and its optimal value

b blade pitch angle, �

Ut turbine rotor speed, tr/min

U, Uref DFIG mechanical speed and its reference, tr/min

Fra, Frb flux components along a and b stator axes, Wb

Fr, Fr_ref rotor flux and its reference, Wb

4L�AC local load phase shift, �

Abbreviations

WT wind turbine

DFIG doubly fed induction generator

DFIM doubly fed induction machine

PV photovoltaic generator

PEM proton exchange membrane

FC fuel cell

BB battery bank

RES renewable energy source

ESS energy storage system

HESS hybrid energy storage system

DC direct current

AC alternative current

MPPT maximum power point tracking

BBDC buck-boost bidirectional converter

IeV current and voltage characteristic

PeV power and voltage characteristic

DTC direct torque control

FLC fuzzy logic control

DTRPC direct torque and reactive power control

SOC, SOCmax, SOCmin battery state of charge with its

maximum and minimum value

PI proportional and integral controller

PID proportional, integral and derivative controller
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