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ABSTRACT: Three novels Energy Management Strategies (EMSs) are proposed in this paper. These EMSs supervise the control of a
Grid-Connected Hybrid Renewable Energy System (GCHRES). The GCHRES describes a Renewable Energy Source (RES) based on
Photovoltaic Generator (PVG) and a DFIG based Wind Turbine, associated with a Battery-Based Storage System. PVG, DFIG Rotor
and the battery are tied to the Common Coupling Point (CCP) via a reversible three-phase inverter associated with an RL filter, while
DFIG Stator is directly connected to the CCP.

The CCP combines the Utility Grid (UG) and a house considered as an AC load, supplied primarily by the mean of RES. The UG
supports the RES in case of power generation deficit. Battery is designed to perform peak shaving application in order to avoid the
UG subscription power exceeding. Due to the weakness of the battery device, all EMSs aim to ensure continuity of supplying the
house, while preserving the battery from over-charges and high depth of discharges. Consequently, reducing of its lifespan would be
avoided. Furthermore, the proposed EMSs aim also to reduce the monthly UG customer energy bill. These EMSs differ according on
the type of metering with the UG. Energy balance into the system is ensured by controlling RES generation and the battery powers, in
addition to the power exchange between the inverter and the UG. Simulation into MATLAB/SIMULINK was used to prove the
performances of the GCHRES, in different metering cases, and under several operation modes. Real solar irradiation, temperature
and wind speed profiles data of the region of Marrakech in Morocco, were adopted. Results in terms of demand meeting, power supply
reliability, global system stability and power references tracking, DC-Bus voltage regulation, are presented in this paper.

Keywords: Energy Management Strategies, Grid-Connected Renewable Energy System, Peak Shaving, Power Flows Control

I. INTRODUCTION considered as the most commonly used MPPT algorithm

Electric generation from Renewable Energy Sources (RES) is
increasing worldwide according to data registered by
international agencies such as World Wind Energy Association
(WWEA) and International Renewable Energy Agency
(IRENA) [1]. In fact, nowadays, the permanent increase of
energy demand causes an energy crisis due to the depletion of
fossil energy sources. Consequently, electricity price from
centralized generation increases as well. Adding to that the
environmental deterioration due to Greenhouse Gases
emission, and also the energy control technological
development, made the integration of RES more attractive.
Solar and wind powers, which are clean and abundantly
available resources, and which fall under the scope of
Decentralized-Generation, are currently widely exploited, and
can be used either in autonomous or Grid-connected modes.
PV systems can provide enough power if properly operated,
and their performances are better in high solar irradiation areas.
But the output power of PVGs is affected, due to the
intermittency of climatic conditions. In fact, the power
delivered by PVGs depends on the voltage imposed on their
terminals. On the Voltage-Power curve, the Maximum Power
Point (MPP) must be reached for any solar irradiation and
temperature values, in order to take advantage of the fully
potential of PVGs. For this purpose, Maximum Power Point
Tracking (MPPT) algorithms have been developed. According
to a complexity/performances compromise, development of
MPPT algorithms had been subject of several works, among
which stand out [2 - 5]. These algorithms can be grouped in two
families: Firstly, those based on PVG output power derivation
such as Incremental Conductance (INC). Secondly, those based
on PVG output voltage/current feedback such as the Perturb
and Observe (P&O) [6]. [7] Presents a dynamic and speed
comparison of different MPPT algorithms. Due to its simple
implementation and good performances, P&O due is

control for PVGs [8, 9].

The maturity and ease of installation of wind turbines make
the evolution of this electricity production system faster, and
the recent development in wind power control technology has
opened the path for utilizing this power generation system for
distributed generation to meet the grid demand. The most
important part of this system is the nacelle which contains the
generator. Depending on the application and the power
generated, the latter can be a direct current machine, a
synchronous machine, a singly or doubly fed induction
machine (DFIG). In the recent past, the use of the DFIG
increased, due to its special features. In fact, DFIG rotor can
operate in both sub-synchronous or super-synchronous speeds
and the power converter rating can be reduced to approximately
30% of the rated wind turbine power. As special advantages of
the DFIG, it can also be found the independent control of the
generated active/reactive powers, the high efficiency and
reduced mechanical stress on the wind turbine [10]. As for
PVG systems, but this time on the Power-Speed curve, the MPP
must be reached for any wind speed value, in order to take
advantage of the fully potential of the wind turbine. This goal
can only be achieved in the case of variable speed wind
turbines. The maximum power is reached when the rotor speed
follows the wind speed variation to maintain the maximum
aerodynamic efficiency of the turbine. Different MPPT
methods have been developed for wind turbine systems, and
can be classified into three categories. Starting with Tip speed
Ratio (TSR), and as presented in [11, 12], this method consists
in adjusting the turbine rotational speed to an optimal speed
leading to a maximum of the power coefficient. Therefore,
rotor and wind speeds must either be measured of estimated.
This method can be either with or without speed control. The
second method, called Power Signal Feedback (PSF), requires
either the Power-Speed or the Torque-Speed characteristics. A
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power signal feedback is acquired and nonlinearly mapped to
an optimal rotor speed [13, 14]. Finally, the Hill Climb Search
(HCS) method constantly search for the MPP and outputs it.
This solution operates without any information system and
continuously adjusts itself to reach an optimal operating point.
The power and/or speed variations are measured periodically.
For any given speed reference, if an increase of the power is
observed, the direction (sign) of the set point signal remains
unchanged and vice versa.

These two systems output powers are highly dependent on
weather and intermittent climate conditions. Therefore, perfect
services to the grid and to loads requiring a constant power
profile, cannot be guaranteed. PVG alone or wind turbine alone
cannot lead to satisfactory results. In fact, the primary source of
the wind turbine, which is the wind, and that of the PVG,
namely solar irradiation, is of different nature in term of time of
availability. Thus, Hybridation can be considered as an
effective solution, to ensure total power recovery, during the
whole day and seasons. A Hybrid Renewable Energy System
(HRES) will eliminate the single energy source deficiency, by
selecting the best possible advantages of each individual energy
source [15]. And in order to improve the performance of the
HRES in terms of supply reliability and continuity, the HRES
can be Grid-connected or associated with a storage system or
even with both simultaneously, to obtain finally a
Grid-Connected  Hybrid Renewable Energy  System
(GCHREYS). The storage device can be a fuel-cell/electrolyzer
association, super-capacitor, flywheel, compressed air, battery
bank... and the chosen storage device depends on the
application.

As said before, RES can be either autonomous or
Grid-Connected which correspond to this paper purpose.
Generally, RES power rarely meets demand. Consequently, a
power surplus or deficit is often present. Utility Grid (UG) can
provide power when RES generation is either zero or unable to
satisfy the load demand, which correspond to deficit situations.
However, with the increase of the subscription power, the
monthly energy bill of UG subscriber increases as well.
Therefore, integration of a storage system to perform peak
shaving process would be an advantageous application for the
UG subscriber. In fact, in many countries, the kWh is more
expensive in peak hours, where the energy demand is high.
Peak shaving will lead to a reducing in the power requested
from the UG, especially during this time period, leading in
consequence to a reducing of the UG subscription power and
the energy bill as well. 1t will also be beneficial for eliminating
penalties due to the exceeding of subscription power. Peak
shaving would be beneficial for both UG and environment also.
In fact, less power demand reduces the risks of grid congestion.
This will lead to reduce the necessity of backup centralized
stations calling. Taking for example the Moroccan case, the
kWh production is still very polluting. In fact, 61% of
electricity is produced from coal centralized stations [16].
Therefore, as major advantage of peak shaving at the
environmental level, less Greenhouse-Gases emissions due to
less demand from these stations. [17] Presents a comparison of
different storage devices, based on operating power and
discharge time, and considers batteries as the most suited for
peak shaving applications. However, to increase its lifetime,
batteries require accurate regulation of its charge/discharge
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currents within manufacturer specified range. Adding to that
the State of Charge (SOC) constraints, in fact the latter must be
kept in a recommended range. Harmful irreversible reactions in
the battery electrodes will be avoided, and hence decreasing
battery lifespan will be avoided as well. It is essential to size
properly the battery in order to get operational for peak shaving,
as soon as the power requested from UG reaches its maximum
allowed (subscription power). [18] Presents a battery based
Peak shaving application in France, in a system that contains
only PVG as RES. In this paper, peak shaving will be studied
for GCHRES containing both PVG and a DFIG based Wind
turbine as RES.

Connection with the grid can be realized through different
metering solution. In this paper, the difference between these
metering cases was the first point taken into account in the
development of the proposed Energy Management Strategies
(EMSs). For example, Fig. 1 shows the metering cases for
Grid-connected PVG systems, in self-consumption mode,
adopted in Morocco. These metering solutions will constitute
the basis of the development of EMSs presented in this paper.
For all metering cases, if RES production is either zero or
insufficient to meet demand, the UG acts as a backup and the
metering index increases, giving the consumed energy to the
distributor. Contrarily, when RES power exceeds the one
requested, the metering index works according to the three
metering types:

Digital Metering (DM in Fig. 1(a)): The metering index
increases when the power is injected into UG as if the
subscriber has consumed this injected energy (it is the case of
around 1 million Moroccan UG subscribers) [19].

Irreversible Electromechanical Metering (IEM in Fig. 1(b)):
The metering index does not change when the power is injected
into the UG, because of the impossibility of the disc rotation in
the opposite direction. In consequence, when injected, energy is
consumed in the neighborhood for free.

Reversible Electromechanical Metering (REM in Fig. 1(c)):
The meter index will subtract the injected energy due to the
possibility of rotation of the disc in the opposite direction. It is
clear that this metering solution is the most favorable for the
UG subscriber.

Battery integration aiming to perform peak shaving, for the
different metering cases presented in Fig. 1, will be studied in
this paper, through managing the flow of powers within the
GCHRES. This study deals with self-consumption mode
(opposite of total sale mode) with net-metering; 1kWh given
for one 1kWh delivered [19]. Thus, RES energy selling and UG
energy buying prices are not taken into account in the
development of this paper EMSs. This economical aspect can
be introduced to complete this work in future article,
considering also peak and normal hours. As said before, three
EMSs are proposed, depending on the metering type solution
and on the UG power injection limitation modes. Their
common main objective is to ensure continuous supply to the
house (AC load). The charge and discharge of the battery will
be realized while respecting its technical constraints, related to
its maximum charging/discharging powers and to its SOC. The
first EMS (EMS 1) concerns a GCHRES equipped with either
reversible or irreversible electromechanical meter, in no power
injection limitation into the UG. Therefore, the RES are
operating globally under the control of their respective MPPT
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algorithm. The second EMS (EMS 2) is dedicated for a
GCHRES with same metering types as for EMS1, but with grid
injection limitation. The output powers of RES are limited in
certain cases. PVG power is limited by the mean of a limited
power point tracking algorithm, called LPPT and presented in
[20]. [21] Presents different LPPT control schemes. EMS1 and
EMS2 are combined in one flowchart as will be presented in
next sections. The third EMS (EMS 3) is concerning digital
metering case, where the subscriber is suffering financial losses
when injecting power into UG. Consequently, injection should
be avoided at all cost. RES output power is limited in certain
cases. The following sections describe these three EMSs in
detail. The performances of the proposed GCHRES, under the
supervision of each one of these EMSs, are simulated in
MATLAB/SIMULINK, based on real weather data (Solar
irradiation, temperature and wind speed) of the region of
Marrakech in Morocco.

The structure of this paper is as follow: section Il describes
the proposed GCHRES and the control of each one of its
different devices. Section Il depicts the method used in the
battery sizing, and the proposed EMSs. Section IV shows and
discusses the simulation results. Finally, in section V, the
results obtained are summarized in a conclusion.

1. SYSTEM MODELLING AND CONTROL

Fig. 3 Ilustrates the Proposed GCHRES, Which is two buses
based architecture (DC and AC buses). Renewable energy
sources constituted of a Solar Generator (PVG) and a DFIG
based Wind turbine are considered as the main power sources
intended to meet the variable house power demand.

The UG is considered as the main backup energy source in the
event of RES power deficit. A battery performs the peak
shaving application. PVG and battery are connected to the
DC-Bus through their respective power converters. In the same
way, the rotor of the DFIG is connected to this bus via a power
converter, while the stator is directly connected to the CCP. As
the DC-Bus voltage is higher than the voltage variation range of
the PVG, a DC-DC Boost converter is necessary for the
interfacing between these two elements. The battery voltage
can be kept can be kept lower than the DC-Bus Voltage, by
means of a bidirectional DC/DC Buck-Boost Converter
(BBDC). Buck mode operates during the charge and the Boost
mode during the discharge. An IGBT based Three Phase
converter called Rotor Side Converter (RSC), allows the
bidirectional flowing of the power between the rotor of the
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DFIG and the DC-Bus, thus allowing both sub-synchronous
and hyper-synchronous operations of the machine. The
connection between the DC-Bus output and the CCP,
combining the UG and the AC-house, is realized via an IGBT
based three-phase inverter called Alternative Side Converter
(ASC). State-based supervisory controls the power flows
within the GCHRES. All devices powers in this article are
presented according to the power convention signs of
MATLAB/SIMULINK. All correctors presented in this article

are Proportional-Integrator (PI) based.
ﬁTunmy Grid

PV DC/AC
Genera tor Converter

- 3 | | Utility Grid

..........

Fig. 1: Metering solution for Grid-Connected solar systems in Morocco (a)
DM (b) IEM (c) REM

A. Solar Generator Mathematical Modelling

The single diode model of a PV cell is represented in Fig. 2,
which is considered as the most commonly used one [22].
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Fig. 2: Single diode representation of PV cell
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The single diode model equations are presented below, where
all parameters are represented in Tab. 1.

Icell = Iph _Id - Ish (1)
G
Iph :[ Isc + KT ( Tc - Tcref)] . m (2)
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Tab. 1: PV cell parameters
Ieen [A] PV cell output current
Ly [A] Photo-current
Ign [A] Shunt Resistance current
I [A] Diode current
I [A] Reverse Saturation Current of the diode
Isc [A] Short-Circuit current of the cell under STC
I4[A] Diode reverse Saturation Current under STC
Ky [A/K] Temperature coefficient of the short-circuit current
T, [C] Temperature of the cell
Terer [C] Reference Temperature of the cell
G [Wim?] Solar Irradiation
Grer [W/m2]  Reference Solar Irradiation
q[C] Electron Charge (1.602 x 1071°C)
Veeu [V] Cell Voltage
Ieen [A] Cell Output Current
K [J/K] Boltzmann Constant (1.38 x 10723]/K)
A Cell ideality factor dependent on PV technology
Eg4 [eV] Gap energy of the semiconductor used in the cell
(1.1eV for Silicon)
Ve [V] Cell Open Circuit Voltage
Ns Number of cells connected in series

Fig. 3: Architecture of the proposed GCHRES

In STC, the 8kW, PVG Voltage-Current and Voltage-Power
curves, used in this paper, are presented in Fig. 4(a) and Fig.
4(b) in STC.

Equations (6) and (7) show the maximum and nominal DC/DC
Boost converter powers respectively [18].

Pgoose = Ppv™™ (6)
Pgoose = Ppy** . 0,9 Y]

Array type: 1Soltech 1ISTH-215-P;
19 series modules; 2 parallel strings
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Fig.4: PVG characteristics curves in STC (a) Current-Power (b)
Voltage-Power

B. Solar Generator Control

While PVG is turned on (through circuit breaker), it will be
controlled by MPPT controls when it's fully potential is
requested, otherwise, the LPPT will take over. In both cases,
the control algorithm generates at its output the DC/DC Boost
converter duty cycle, reaching the desired voltage on the
Voltage-Power curve of the PVG. The PWM technique
generates the switching signals of the converter IGBTs
according to this duty cycle. The PVG overall control
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Figure 5: Overall PVG Control architecture
Architecture is depicted in Fig. 5 and Tab. 2 summarizes the ~ Ppy — Ppyyer < € (8)

parameters of the overall PVG system control used in
simulation.

Tab. 2: Simulation overall PVG system characteristics

DC/DC Boost converter control technique | PWM

PV array technology 1Soltech-1STH-215P
PV array peak power 213.1W,
Number of PV arrays 38
Number of modules in series 19
Number of strings 2

PVG peak Power 8,1kW,,
PVG Open-circuit Voltage 689V
PVG Short-circuit Current 15,68A
PVG MPP-Voltage 551V
PVG MPP-Current 14,7A
DC/DC Boost converter Inductance 1.10~%H
DC-Bus Capacity 2,4.1073F
DC-Bus Voltage 1000V
DC/DC Boost converter nominal power 7.29kW
DC/DC Boost converter maximum power | g 1kw

The point (Vypp, Pypp) is reached by using a P&O control
algorithm (right part of Fig. 8), and Fig. 6 depict its operation
on the voltage-power curve. When power limitation is required,
the supervisory system calculates the PVG reference power
according to the EMS in operation. LPPT algorithm (left part of
Fig. 8), allows to reach this power. LPPT algorithm makes it
possible to reach the limited power point (LPP) on the
voltage-power curve, by imposing the corresponding voltage
on the PVG terminals. Seen the bell shape of this curve, this
power corresponds to two different voltages. It is preferable to
impose the highest voltage (corresponding to the right side of
the MPP); in order to decrease the PVG output current,
allowing the Joule effect losses decrease. LPPT algorithm step
Delta;ppr must be reduced when entering the convergence
zone (8), thus reducing the amplitude of the oscillations around
the power reference Ppy,r, and thus increasing tracking
precision of this reference. Fig. 7 depicts its operation on the
voltage-power curve.

P
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Fig. 6: P&O algorithm principle
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Fig. 7: LPPT algorithm principle
C. Wind System Mathematical Modelling

C.1.  Turbine Modelling

The mechanical power captured by the turbine from the wind
kinetic power, also called aerodynamic power, is given by (9).
The term C, (A, B) represents the turbine power coefficient,
function of the TSR A (10) and the pitch angle B. This
coefficient is responsible of the power conversion process
losses, and has for maximum value 0.59 known as Betz limit.

= %Cp()\q B)'p'H'Rz'Uli'ind (9)

Paéro
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Figure 8: Overall PVG control algorithm

Where: R blade length [m]; V,,i.q Wind speed [m/s]; p wind
density [kg/m3]; Q. turbine angular speed [rad/s].

The expression of the power coefficient used in this paper is
given by (11).

C,(\ B) = (05— 0,0lG?B).sin[ r(+01) ] —0,00184.(A — 3)B (11)

(18,5-0,3(B))

Fig. 9 shows the power coefficient curves function of the TSR,
for different pitch angle values. It is clear that the extracted
power decreases with pitch angle increases .
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Fig. 9: Power Coefficient of the wind turbine

c.2. DFIG Modelling

The mathematical modelling of the electrical part of the wind
turbine system (DFIG) is developed under some of simplifying
assumptions [23]. Stator and rotor voltages, in PARK reference
frame is given by the equation system (12) and (13)
respectively.

Vsay _ (Rs 0\ (isa\ , a (Psa 0 —ws\ (Psa

(vsq) = (0 Rs) <isq> * E(wsq)+ (ws 0 )(%q) (12)
Vrq _ Rr 0 ird i Pra 0 — Wy Pra

(Urq) - < 0 Rr) (irq> * dt (‘prq)+<a)r 0 ) ((prq) (13)
Where: w, = w; — w rotor voltage/current pulsation [rad/s];
wg = 211 f; = 211.50 stator voltage/current pulsation [rad/s];
@ = pQyec electrical speed of the DFIG shaft [rad/s];
Qe Mechanical speed of the DFIG shaft [rpm]; p number of
pole pairs; R, , R, respectively stator and rotor winding
resistance[Q];  Qsq, Psq) Prar Prq 'espectively direct and
quadrature components of stator and rotor fluxes [Weber];

lsas Lsq» lra» Irq rESPECtively direct and quadrature components
of stator and rotor currents [A].
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Stator and rotor fluxes in PARK reference frame are tied to the
current by the equation system (14).

Gsa\  /Le 0 M 0\ /s
P$sq\ (0 Ly 0 M Isq
Pral \M 0 L. O L (14)
Prq o M 0 L, irq

Where Ls, Lr and M are respectively stator, rotor and leakage
inductance [H].

Stator and rotor active and reactive powers are given
respectively by (15), (16), (17) and (18).

Py =2 (vgqisq + Vsqisq) (15)
B = 2 (Vraira + Vrqirg) (16)
Qs = = (Vyqlsa — Vsalsq) (17)
Qr == (Vrqira = Vrairg) (18)

The expression of the electromagnetic torque is shown in (19).

3 M . ,
Cem = Ep Z ((psqlrd - (psdqu) (19)

D. Wind Turbine System Control

Wind turbine system power can be controlled mechanically by
controlling the blades pitch angle, or electrically by controlling
the generator speed by mean of electromagnetic torque. The
control methodology depends on the operating zone of the wind
turbine as shown in Fig. 10. It shows that there are 3 zones of
the power control, which differs according to the wind speed.
v, Represents the starting speed, from where wind turbine
begins producing energy (zone 1). The second zone (normal
wind speed), is delimited by v, and the nominal speed v,,. In
this zone, the power in the generator shaft depends on the wind
speed. The system is under an optimal control (MPPT),
achieved through DFIG electromagnetic torque control. The
third zone is when the wind speed is between v,, and the cut-off
speed v, o7 (high wind speeds), the power is limited to the
nominal power to protect the system from mechanical failures,
via controlling the pitch angle of the blades, by Stall technique,
or by active tall method. Finally, when the wind speed
exceeds v, ,f, the system is turned off to ensure operation
safety, and no power is produced. This paper deals with the
control in zone 2 aiming to reach two main objectives through
the RSC:

- Setting rotor direct current to zero (iygrer = 0), to
minimize rotor current, and therefore reducing the
dimensioning of the rotor windings, as well as the
RSC.

- Following the electromagnetic torque
reference Cepyre s, Obtained by the MPPT control, or by
power reducing control when wind system power
must be limited.
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Wind turbine power
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Fig. 10: Operating zones of the wind turbine

By neglecting stator and rotor cupper losses, and assuming that
there are no conversion losses at the gear box level, the total
electrical active power generated by the DFIG is given by (20).
Pg = B+ B = ComQmec = Pagro = %Cp()“r B)-p-H~R2-v31ind (20)
Where: P electrical active power delivered by the stator [W];
P. electrical active power delivered by the rotor [W];

Equation (20) shows that the control of the DFIG generated
power and thus the active power delivered to the CCP, depends
on C, (A, B) value. By fixing the pitch angle to its optimal value
(B = 0°), the desired power to be generated is achieved by
reaching a specific value of the power coefficient, depending
on the operating mode (maximizing/reducing power). This
specific value depends only on the TSR that depends on blade
length, wind speed and the turbine speed according to (10).
Therefore, controlling the wind turbine speed (Qyrpine) 1€2ds
to control the wind turbine generated power. The relation
between the mechanical speed of the DFIG and the turbine
speed is given by (21), where G represents the gearbox ratio.
Qmec = GQiurpine (21)

The second law of Newton applied to the DFIG shaft is given
by (22).

]% = Cmec = Ct — Com — fuQmec (22)
Where: J Rotor Inertia [Kg.m?]; C,,.. total mechanical torque
on the DFIG shaft [N.m]; C; torque captured by turbine [N.m];
f,» viscous friction [N].

Thus, by controlling the electromagnetic torque, the
mechanical speed of the DFIG shaft is controlled. In
consequence, the turbine speed is controlled according to (21),
reaching the desired operating point and generated power.

D.1. Maximum Power Point Tracking Mode

The indirect speed control MPPT method is inspired by [24].
Fig. 11 shows the principle of the indirect speed control, with a
viscous friction neglecting (f;, = 0).

1
— = 2 .,3
— 5 Cpmax-p-H-R Vwind

(23)

Paéro,max
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Equation (24) shows the electromagnetic torque reference
generated by the MPPT control.

C
5 Cpmax 2
R A3 G3 Qmec

1
Cem_ref: 'Koptﬂ‘?nec =- E P (24)

It is clear from Fig. 9 that the maximum power captured by the
wind turbine corresponds to a value of the power coefficient
equal toCpmqx = 0.5, corresponding to an optimal TSR equal
to A, = 9.2 for a pitch angle equal to 0 degree (B = 0°).

AC RSC Control
DC unit

Q2 Cem
Q Square mec m ref
mee function I"/"'

MPPT

Turbine

)

Fig. 11: Indirect Speed Control for Wind Turbine MPPT

D.2. Reduced Power Mode

The wind speed being less than its nominal value, the pitch
angle is kept at its optimal value (B = 0°). The reference power
to be generated P, ,..f is the desired aerodynamic power to be
captured Pgero rep - This power is reached by imposing a
reducing power coefficientC,, ., obtained by (25).

red’

Cp_red: Cp (Aredv O) (25)
The reduced turbine speed reference is shown in (26) by
resolving (25).

Paero _ref

18.5 Vwind
2P I R2.w 3 ) 01] R

Qturblne _red — [Sln_l( 1 (26)

Finally the reduced DFIG mechanical speed reference is
obtained (27).
@7)

Qmec rea = CQiurbine rea

The electromagnetic torque reference is the output of the DFIG
speed loop based on PI controller.

D.3. Vector Control of DFIG

The DFIG is controlled through its rotor via the RSC. By
choosing a rotating referential frame (dq) linked to the stator
rotating flux field, the vector control induces the DFIG model
simplifying. Stator fluxes in (dq) frame becomes:

(o) = (%)

(28)

Sci.Int.(Lahore),34(3),231-250,2022
And by neglecting stator resistance, stator voltages becomes:

(Usd) _ ( 0 )
qu B Ws @s
Where: ¢ the stator flux amplitude [Weber], will be constant
because the stator is directly connected to the CCP.

The expression of the electromagnetic torque established in

(19) becomes (30), and shows that the latter is controlled only
by quadrature component of the rotor currenti,..

(29)

3 M .
Com = _Epz Pslrq (30)
Stator reactive power is given by (31) and can be controlled via
direct rotor current componenti,.,.

3 M . s
Qs = —3 SL_S @s(ira _%) (31)
But as said before, in this article, rotor direct current i,.; will be
controlled to follow i,.4,..r = 0 [25].

Synchronization between the RSC and the CCP is realized by a
PLL block (Fig. 12). The connection between the RSC and the
CCP requires to continuously determining the phase angle, on
which active and reactive powers control depend mainly. Fig.
13 details the overall RSC Control scheme.

V._q VL d
1l
dq
bc

al

Integrator
PI ® s
Controller

Park
Transformation

Fig 12: PLL Control Diagram

Equations (32) and (33) show respectively maximum and
nominal power of the RSC [18]. This sizing corresponds to a
rotor power that not exceeds 35% of the DFIG nominal power.
Tab. 3 summarizes the overall Wind turbine system control
parameters used in simulation.

Prs¢™ = P = Pppg - 0,35 32)
PRSI = PR 0,9 (33)
E. Battery Mathematical Modelling

Many models are available in the literature [26 - 30], to meet
fine and rapid simulation needs. A Lead-Acid battery is used
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Figure 13: Overall Wind turbine control architecture

included in the

simulation
SIMPOWERSYSTEM Toolbox of MATLAB/SIMULINK.
The voltage on the battery terminals is given by (34). Open
circuit voltage E,,; is given during charge and discharge
processes by (35) and (36) respectively. According to [31], the
instantaneous SOC value is given by (37). Fig. 14 shows the
battery equivalent circuit. Tab. 4 resumes the parameters of this

in this  study’s

model.

Tab. 3: Wind Turbine & RSC control characteristics

Wind Turbine Nominal Power
Number of Pole pairs p

Nominal Wind Speed

Gear Box Ratio G

Blade Length R

Friction Factor

Rotor Inertia

Stator resistance

Rotor resistance

Stator inductance

Rotor inductance

Mutual inductance

RSC control technique

RSC nominal power

RSC maximum power

Proportional Gain of DFIG speed controller
Integral Gain of DFIG speed controller
Proportional Gain of i, PI controller
Integral Gain of i,,; PI controller
Proportional Gain of i, PI controller
Integral Gain of i,., Pl controller

6.5kW

2

11m/s

5

2.5m
0.0023N.m.s
0.0058kg.m?
1.06Q
0.8Q
0.0206H
0.01H
0.0604H
PWM
2.04kw
2.27kwW
0.116
1.16
159.2
177970
159.2
177970

Ubat = Epat — Rintlpar (34)
Ebat—char = EO - K. |it|+%.1-Q WA KQTlt it + thst—char(ibat) (35)
Epat—aisch = Eo — K.=%.i* — K.-% i, + F, sen(iae) (36)
bat—disch 0 lQ_itl .Q_it. t hyst—disch\‘'bat
SOC(%) = 100. (1--22%) (37)
Tab. 4: Battery model parameters
Upar [V] Voltage at the battery terminals
Epar V] battery Open-Circuit Voltage
Rin: [Q] battery Internal Resistance
ipar [A] battery Current
Ey [V] Constant Voltage
K Polarization constant or polarization
resistance
i*[A] Dynamic Low Frequency current
i [A] Capacity Extracted
QI[cC] Maximum battery Capacity

thst—char (ibat)

thst—disch (ibat)

battery current Functions representing
HYSTERESIS phenomenon of the battery
during charge

battery current Functions representing
HYSTERESIS phenomenon of the battery
during discharge

Rint iba(
———W——0
—
- URlnl
= TE.,,. U
o)

Fig 14: Battery equivalent circuit representation

Maximum and nominal powers of the DC/DC Boost converter
are given by equations (38) and (39) respectively [18].
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PRtk -Boost = max(|Pbaty™*|, Phat iy, (38)

(39)

nom _ pmax
PBuck—Boost - PBuck—Boost x0.9

Where PbatZi** and Pbat;Y;, are the battery maximum
charging/discharging powers respectively. The battery overall
system characteristics used in simulation are presented in Tab.
5, where the complementary information concerning the battery
sizing are detailed in section I11.

Tab. 5: Simulation overall battery system characteristics

BBDC control technique PWM
Battery type Lead Acid
Battery maximum capacity 191Ah
Battery voltage 504V
Battery maximum charging power -6.8kW
Battery maximum discharging power 5.2kW
BBDC Inductance 5.10-2H
DC-Bus Capacity -3
DC-Bus Voltage io%ol\(/) ¥
BBDC converter nominal power 6.12kW
BBDC maximum power 6.8KW
Proportional Gain of battery PI controller 0.1
Integral Gain of battery PI controller 10

F. Battery Control

The battery reference power P,,..r to be delivered/received
by the battery is generated by the supervisory system. A current
control loop control based on PI corrector is used to adjust the
battery current at its reference by generating at its output the
BBDC duty cycle. The opposite switching signals S; and S, of
the BBDC are generated via PWM technique. The battery
overall control process is illustrated in Fig. 15.

DC-DC Buck-Boost Converter

5,

Lot 1‘1\
(T00)

L]

Sz - coc SA“%

Duty Ratio PWM

Pt Dt Current error PI
EMS — @ i @ Controll Generator S,
- 3

Fig. 15: Overall Battery-Bank control architecture

Battery

Battery

G. AC Side Equations

The alternative side of the GCHRES is indicated in Fig. 16.
Equation systems (40) and (41) represent respectively voltage
and current equations.

Sci.Int.(Lahore),34(3),231-250,2022

Veep a R 0 0\ [ira L 0 O . i q
(UCCPb> = ( 0 RF 0 ) iF,b + ( 0 LF 0 >E iF,b +
Veepe 0 0 R/ \ipc 0 0 Lg ir ¢

Vasc_a
Vasc_b (40)
Vasc_c
lFa lsa lL a luG.a
lrp |+ o] =|lo |+ lueo (41)
lr c s c U c lug_c

After PARK transformation, the system (40) is transformed to
system (42).

(vccpd) _ (RF 0 ) (l:d> +<LF 0 ) i(i_d)
Vccrq 0 Rp/\l 0 Lg)at\iy
0 WLp\ (ig Vascd
+(—wLF OF) <iq> * (UASCq)

Where: j = (a, b, c); ir ; ASC output filter currents [A]; i, ;
DFIG stator currents [A]; i, j load currents [A]; iy ; UG
currents [A]; vecp j simple voltages of CCP [V]; v ; output
voltages of ASC [V]; R ASC output Filter résistance [Q]; Lg
ASC output Filter inductance [H]; vccpa, Vecpq  respectively
direct and quadrature CCP voltage components [V];
Vasca» Vascq TeSpectively direct and quadrature ASC output
voltage components [V]; i4,i, respectively direct and

quadrature filter current components [A]; w Utility Grid
current/voltage Pulsation [rad/s].

H. VOC Control of ASC

Two main objectives are reached by controlling the ASC. First,
ensuring unity power factor on the AC-side. Secondly,
regulating the DC-Bus voltage at its reference value. Keeping
the DC-Bus voltage constant is very important since all the
power converters are connected to this bus. In fact, large
fluctuations of this bus voltage increase the power losses of the
power converters and also harmonics injection into the UG. In
addition, DC-bus voltage stability influences on the operating
performances of the DFIG especially during fault situations.
The DC-Bus voltage references and the reactive power
reference are fixed t0 Vpcrep =1000V and Qccprer =0VAR
respectively. Power equations are given by (43) and (44).

(42)

(43)

Ppc = Vpe. ic = Pus — Pascin

Pys = va+ Ppar + B (44)
Where: Pp. DC-Bus power [W]; Pyscin ASC input power
[W]; Pys renewable hybrid system power (without DFIG stator
power) [W] ; B,, PVG output power [W]; P, Battery
charging/discharging power [W]; P. DFIG rotor active power
[w].

July-August



Sci.Int.(Lahore),34(3),231-250,2022

ASC
V,

ISSN 1013-5316; CODEN: SINTE 8

ottt

DC Side

Vi = Cn fVAsc_u

4[]

Figure 16: AC-side of the GCHRES

VOC principle consists on aligning the d-axis of the (dq)
rotational coordinate system with the CCP voltage direct
component v,.q , thus the voltage at the CCP level will be:

(45)
(46)

Veepa = Veer
Veepq = 0

Neglecting the ASC losses and the filter resistance, CCP active
power is given by (47).

3 .
Pecp = Pascout = Pascin = EVCCP' la (47)

Equation (47) shows that the ASC input power can be
controlled by controlling only d-axis current iy, since after the
alignment of the vcpq With the d-axis, this latter became
constant. In consequence, the DC-Bus power will also be
controlled according to (43). The CCP reactive power is given
by (48) and according to (45) and (46), it will also be reduced to
(49).

(48)

3 : .
Qccp = > (Vccpq- la = Vcepa- lq)

Qccp = _%VCCP- iq (49)
Consequently, the reactive power exchange between the CCP
and the ASC can be controlled by controlling only the g-axis
currenti,. Fig. 17 details the overall ASC Control scheme. The
synchronization between the ASC and the UG is realized by a
PLL block. SVPWM control technique is used to control the
ASC in order to reduce current ripples and also the switching
frequency of the ASC IGBTs [23]. Maximum and nominal
powers of the ASC are shown by equations (50) and (51)
respectively [18]. Tab. 6 shows the AC side parameters used in
simulation,

P%* = max(|Pbati*|, Pbat];%) + PRA* + pmex

(50)

Pise" = Pis¢* 0,9 (51)

241
.s_-
Frogx;tDofIG _125:_
y
) ccp .
ASC Output | 1, lug.s
e iy WV i iyes e :
VR,V \ L, i 1\—105” E i 1; @_Izjztg%sg}r{lg
Ho;se
Loads
Tab. 6: Simulation AC-side characteristics
ASC control technique SVPWM
ASC output filter resistance 0.3Q
ASC output filter inductance 5.4 1073H
ASC nominal power 17.17kW
ASC maximum power 15.453kW
Proportional Gain of DC-Bus PI controller | 1.096
Integral Gain of battery PI controller 25.35
Proportional Gain of I; Pl controller 11.7
Integral Gain of I; PI controller 4687.1
Proportional Gain of I, PI controller 11.7
Integral Gain of I, PI controller 4687.5
I11. BATTERY SIZING AND EMSs
A Battery Sizing for Peak Shaving Application

To size the battery correctly, monthly real average data of solar
irradiation and temperature of the region of Marrakech have
been collected from [32]. Average wind speed data were
collected from [33] Appendix A shows these data. Monthly
average estimation of the demand profile, on hourly basis, has
been also required. The battery operates to perform peak
shaving application, as mentioned above. Therefore, the latter
is sized according to the following criteria: maximum charging
power, maximum discharging power, daily energy to be
absorbed and daily energy to be supplied. Equations (52) and
(53) give respectively maximum power that battery must be
able to absorb/deliver, where ‘j’ varies on monthly basis and ‘t’
varies on hourly basis. The battery must be able to absorb and
supply a maximum energy respectively by (54) and (55). The
coefficient Sigma (o) was introduced to take into account only
moments of the day where the battery must absorb energy, on
the maximum daily energy calculation. Unlike o, lambda (1)
allows taking into account only moments of the day where the
battery must supply energy, in the minimum daily energy
calculation. Therefore, these coefficients are given by (56) and
(57).

chmax —
Pbat -

Pload(t) +
Pig™)) <0

—maxj—;_12(Maxe—q_24(Ppi/ 7T (£) + Py () —

(52)
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Figure 17: Overall ASC Control Architecture

Pgsehmax = — min;_;_q1,(ming_q_24( PEFPT () +

Pyinel (8) —

Pioaa(t) + Pyg™)) >0 (53)
Egire* = — 322 a(PHFPT(8) + PyEET (8) — Proga (D) +
PIE*) <0 (54)

Efg"™* = = 372 A(PRPT(6) + Py (8) = Poaa(®) +
PA* ) > 0 (5%)

o =1 When PXFPPT(t) + PMPPT(£) — Pyaq(t) + PJ* > 0 and
(56)

A =1 When PMFPT(t + PMPPT(£)) — Poaq(t) + PI@* < 0 and
A = 0 otherwise (57)

o = 0 otherwise

The maximum daily energy that the battery must be able to
absorb is around -57.604kWh for the most favorable case of the
year, and the maximum daily energy that it must be able to
deliver is 40.112kWh for the worst one. Finally, equation (58)
gives the Battery capacity.

mag, (4 B)
Cpat = — 58
bat Vbat (SOCmax - SOCmin) ( )
Where:

A= S, o (PRPT(0) + Puina’ (8) = Poaa(®) + PIE*)

B=IX221 A(PRPT(6) + Puina' () = Proaa () + PUE™)

The values of SOC,;, and SOC,,., are fixed to 20% and 80%
respectively, in order to take advantage of the battery
performances without reducing its lifespan. These values
correspond to the most often recommended values found in the
literature of Lead-Acid batteries technology. Therefore, the
maximum depth of discharge DOD,,,4 = SOCpax — SOCppin =
60%, and considering an operating voltage of 504V, the battery
capacity is given by (59).

_ 57.604kWh

Char = 504V.06 1914h

(59)
In consequence, a 191Ah, 12V battery rating is considered.
Hence 42 Batteries are required to connect in series to
constitute the battery bank.

B. Proposed Supervisory System

The power flow management within the GCHRES is governed
by a supervisory controller through EMSs. As mentioned at the
introduction, EMS1 controls the power flow for systems with
either reversible or irreversible electromechanical metering
with no injection limitation of power into the UG. Like EMS1,
EMS2 is destined for systems with the same metering types, but
targets the case when the power injection into the UG is limited.
EMS 3 is dedicated to digital metering. All these EMSs have as
main common purpose to ensure supply reliability and
continuity to the AC-load (house), while respecting the battery
technical constraints. Hence, they all aim to keep the battery
SOC between SOC,,;, andSOC,,.x. To get always operational
when requested for peak shaving, the three EMSs aim to charge
the battery as soon as possible, using the available energy
source; Renewable energy sources (PVG+DFIG) or UG, or
both at the same time.

Fig.18 depicts the supervisory controller scheme. Supervisory
inputs are related firstly to the type of metering (METERTYPE
input), followed by the UG constraints in term of maximum
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Injectable power P,/ (input Gridlim=1 for injection
limitation and Gridlim=0 otherwise), and in term of
subscription powerP#*. Battery constraints concern the SOC
and maximum charging/discharging powers Pg"max and
plischmax yegpectively. Power measurement Inputs are the
load demand power P,,,4, and the net power P,.. equal to the
difference between RES power (PVG &wind turbine) and load
demand Ppe; = Py, + Pying — Pioaa - Outputs in terms of
battery power reference Pp,per , PVG power reference
Pyures in case of solar power limitation (LimPV=1), and Wind
power reference Pyingrer in case of wind power limitation
(Limwind=1), are generated by the supervisory controller. PVG
system is turned off in some few cases. Choosing to turn off the
PVG and not the wind generator is supported by the fact that
restarting the wind system is a rather complex manoeuver than
restarting the PVG system. In fact, the system goes through
several steps when passing from start to normal operation
(feathering of the blades that last 90 seconds after the restarting,
wind turbine in slow down operation mode...). The decision of
turning On/Off the PVG is given by the supervisory controller
by its output “Pvon” (on when Pvon=1 and off when Pvon=0).
This output controls the state of the PVG circuit breaker (Fig.
5). When turned on, and when power limitation is not
necessary, PVG operates by default under MPPT mode,
otherwise it is controlled by mean of LPPT algorithm. Unlike
PVG, Wind power source is always operating. It operates by
default in MPPT mode, but can be driven to reduce its
generated power in certain cases, by the mean of a reduced
power control. When there is a need of renewable energy
sources production reducing, the three EMSs have as common
aim to limit PVG power firstly. In fact, limiting this device
power is easier by simple intervention on its output voltage by
means of DC/DC Boost converter. Contrarily, wind system is
more complex to control, with higher time response due to the
system inertia. Fig. 19 represents these proposed EMSs with
their different operating modes.

IV. SIMULATION RESULTS AND DISCUSSION

The performances of the proposed GCHRES, supervised by
each EMS individually, are tested by means of simulation on
MATLAB/SIMULINK, during a whole day of May.
Simulation time is 12 Seconds within the logic of assigning a
half of a second to each hour. The CGHRES runs through three
macro operating modes according to the battery SOC.:

- Normal Battery Operating Mode (NBOM): battery SOC is
between its recommended limits SOC,,;,, and SOC,, -

- Very Deep Discharged Battery Operating Mode (VDDBOM):
battery SOC is inferior to its lower limit (SOC,,,;,). It can occur
due to battery self-discharge phenomenon caused by a no use of
the battery for a long time.

- Overcharged Battery Operating Mode (OBOM): when battery
SOC is higher than its upper limit (SOC,,,4,)--According to the
battery sizing method developed in this paper, PSH"4* =-6,8kW
and PAsehmax =5 okW, SOCpnin = 20% and SOC,,q, = 80%.
the subscription power with the UG was fixed at PjE** =
-5kW, and Pz’ =2kW. Note that peak hours run from 18h
to 23h in May in Morocco. As common results for all EMSs,
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the power provided by the grid rarely exceeded P = -5Kw
(Fig. 24, Fig. 30 and Fig. 37), especially during peak hours,
participating consequently in the grid congestion limitation
during these peak time slot. However, sometimes, a little
overflow in UG power is necessary to avoid battery maximum
discharging power exceeding (leading to no-respect of battery
technical constraints that come before UG constraints). The
value of the sampling time adopted is T, = 10™>s. The
simulation of Each EMS is divided into time intervals
corresponding to the same operating mode. The results in this
section will be discussed as follow:

- CGHRES power sharing during (NBOM).

- CGHRES power sharing during (VDDBOM).
Wind turbine power limitation during (OBOM).
Overall system results and different devices behavior.

S0C: Pl Peccimm

sk
5‘5

Supervisory
Pt System Outputs

LimWind
Gridlim LimPV

Fig 18: GCHRES supervisory controller scheme

A. Normal Battery Operating Mode (NBOM)

A.1 Energy Management Strategy 1 (EMS 1)

Fig. 20 shows EMS1 operation modes. It shows also that due to
the no need of power limitation generation (unlimited power
injection into the UG), Limp and Limwind supervisory outputs
are always equals to 0, and PVon equals to 1, allowing the two
generators to operate in their fully potential (MPPT operation
for both). The net power (P,,;) is shown in Fig. 21 and the
system different powers are all shown in Fig. 22. Fig. 23 shows
the battery power P, (negative when charging/ positive when
discharging to perform peak shaving function), by following its
reference Ppuerer generated according to each mode. This
figure shows the respect of this device powers constraints
pghmax gng pgischmax yG power (Pyg) is shown in Fig. 24.
This figure shows that the injection is realized without any
limitation. Finally, Fig. 25 presents the battery SOC evolution.
The battery begin the simulation with an initial
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Figure 19: Combined EMS1 and EMS2, and EMS3
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SO0C;-0s=56%, aiming to make the simulation as realistic as
possible (considering its operation during the previous 24

hours). The SOC constraint was respected ( SOC%% =

min

SOC,_15s = 46% and SOC2™ = 80% between 6.8sec and
8sec). Thus, the battery had been operational throughout this
day and remain sufficiently charged for the next day peak
shaving operation (SOC,_,,s = 68%).
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PVG On/Off Status. -
PVG Power Limitation Decision

)
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———— Wind Power Limitation Decision
Operating Modes
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Fig 20: Operating modes, RES limitation decisions and PVG status (EMS 1)
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Fig 25: Battery SOC evolution (EMS 1)
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A2 Energy Management Strategy 2 (EMS 2)

Fig. 26 shows EMS2 operation modes. It shows also that PVG
and Wind turbine operates by default under their respective
MPPT control. However, due to the need of power limitation
generation in certain cases (limited power injection into the UG
when battery are fully charged SOC =S0C,,,,, or when surplus
exceeds battery maximum charging power PEMma%) the PVG is
still turned on (Pvon=1) but (LimPV=1) to switch toward
LPPT control, and PVG output is limited to its reference P,,;.f
as presented in Fig. 31. During NBOM, only PVG is switched
to LPPT, because maximum Wind generated power (PP =
6.5kW) is always inferior to |Pghmex| 4 piiimex 4 p o =
6.8kW + 2kW + Pload) . Net power (P,,;) is shown in Fig.
27. System different powers are shown in Fig. 28. As for EMS1
Fig. 29 shows battery power (P,,;) following its references
and respecting its powers constraints. UG power (Pyg), is
shown in Fig. 30. This figure shows that power injection into
the UG never exceeds (P.Y™% = 2kw). Finally, Fig. 32

presents the battery SOC evolution. As with EMSLI,
S0C,—ys=56%. The SOC constraint was respected (SOC% =
SOC,_1s = 52.6% and SOCLY. =80% between 6.5sec and
8sec and between 9sec and 9.5sec). Thus, the battery had been
operational throughout this day and remain sufficiently charged

for the next day (SOC;=1,5 = 75.5%).

i

o
Time [sec]

Fig 26: Operating modes, RES limitation decisions and PVG status (EMS 2)
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Fig 27: net power (EMS 2)
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Fig 28: PVG, wind, battery, UG and load powers (EMS 2)
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Fig 29: Battery and battery reference powers (EMS 2)

July-August



246 ISSN 1013-5316; CODEN: SINTE 8

Eo
E,

£

B
o
&

E; 30
g 20

E Time [sec ¢l N
Fig 32: Battery SOC evolutlon (EMS 2)
A3 Energy Management Strategy 3 (EMS 3)

Same results as EMS1 are presented respectively in Fig. 33,
Fig. 34, Fig. 35, Fig. 36, Fig. 37 and Fig. 38. Fig. 36 and Fig. 38
show that battery SOC and powers constraints were all
respected. UG power (Py), is shown in Fig. 37 and shows that
zero power was injected into the UG (P’ **= 0kW). As with
precedent EMSs, SOC,-,s=56%. SOC constraint was respected
(S0CEY = S0C,_4s = 37.5% and SOCar, = 80% between
7.6sec and 9.2sec). Thus, the battery had been operational
throughout this day and remain sufficiently charged for the next
day (SO0C;-1,5 = 64%). PVG and Wind turbine had the same
behavior as for EMS2, with a difference on the PVG power
reference level P,,..r (and wind turbine always in MPPT
mode). Therefore, there is no need to show PVG power with its
reference, because it has been discussed in EMS2 results. The
operating modes 10, 9, 8, 7 and 6 are similar to the ones related
to EMS1 and EMS2 because all proposed EMSs have the same
left part of the flowchart (when P,,., < 0 in Fig. 19).
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Fig 33: Operating modes, RES limitation decisions and PVG status
(EMS 3)
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Fig 34: net power (EMS 3)
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Fig 38: Battery SOC evolution (EMS 3)

B. Very Deep Discharged Battery Operating Mode
(VDDBOM)

This mode corresponds to the common and last mode of all
EMS and will be simulated only once for all EMSs. Fig. 39
shows the SOC which starts with a value equals to 17% which
is lower than SOC,,;, = 20%. This figure shows that SOC is
rapidly increasing due to battery charging via (PSIm2X), until it
reaches (SOCp,in)- Fig. 40 shows the power sharing within the
CGHRES. After 0.12 (transient period), this figure shows that
even if (P, < 0), the UG provides a power which is largely
higher than the subscription power (PJ&), to charge battery
faster avoiding harming it due to its deep discharge (technical
constraints of the battery comes before grid constraints).
Indeed, RES generators operate according to their respective
MPPT control.

SOC,...

19.5 | Battery State Of Charge (mode 14)

17.5

16.5 |

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Time [sec]

Fig 39: Battery SOC evolution in VDDBOM (for all EMSs)
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Fig 40: PVG, wind, battery, UG and load powers in VDDBOM (for all
EMSs)

C. Wind Turbine Power Limitation in OBOM

Mode 1 is similar for the two EMS2 and EMS3, and differ only
in the wind power reference (P,indrer) @enerated by each
EMS. Consequently, only one case will be discussed and will
explain the behaviour of both EMSs during this mode. This
latter correspond to an over RES power generation, that must be
limited (battery overcharged, no power injection into UG for
EMS3, power injection limitation for EMS2...). The wind
generation alone can satisfy the demand (Pying > Pioad) -
Therefore, the PVG must be turned off (PVon=0), and Py;na
limited t0 (Pyindrer =4KW) between 0.6s and 2.4s (output
supervisory Limwind=1) as shown in Fig. 41, which
corresponds to the reduced power operation of the wind
turbine. Fig. 42 shows the decrease of the power coefficient
(CoNyim, 0) = 0.32 < Cpmax = 0.5), and the corresponding
TSR (Ajj) is lower than the optimal TSR (A, =3.5<
Aopt = 9.2) as shown in Fig. 43. It is seen that the time
response of the switching from MPPT to the reduced power of
the wind turbine (around 1 second of transient), is higher than
the one concerning the PVG system (Fig. 31), due to DFIG
rotor inertia, which support the said above choice of reducing
PVG power system firstly, and if necessary, reducing wind
turbine generation secondly.
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Fig 41: reduced power mode of wind turbine
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Fig 42: reduced power coefficient of the wind turbine
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Fig 43: TSR corresponding to wind turbine reduced power mode
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D. Overall system results & devices control performances

Performances of the different devices control of the CGHRES
supervised by EMS2 are discussed. The system presents the
same performances when supervised through EMS1 and
EMS3. Regarding PVG system, Fig. 44 and Fig. 45 show
respectively PVG output current (I,,) and voltage (Vy,),
showing also the MPPT and the LPPT control region. Fig. 45
indicates that when PVG is controlled via LPPT algorithm, the
LPP is reached by imposing the greater of the two possible
voltages.

s 6
Time [sec]

Fig 44: PVG output current (EMS2)

6
Time |sec]

Fig 45: PVG output voltage (EMS2)

Fig. 46 shows that while Wind system is operating under MPPT
control, even if the wind speed change, the power coefficient is
always maintained on its maximal value for a pitch angle equals
to zero (Cp(Aopt, 0) = Cpmax = 0.5). This occurs by adapting
the TSR to its optimal value (A = A, = 9.2) as shown in Fig.
47. This adaptation is realized by following MPPT
electromagnetic torque reference depicted in Fig. 48.

Cp., Cpmax

L L L
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Fig 46: Power coefficient under MPPT mode
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Fig 47: Optimal TSR for MPPT mode
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Fig 48: Electromagnetic torque vs. reference under MPPT mode

Fig. 49 shows that the rotor direct current follows its reference
fixed to zero (I4 = 0) as presented in DFIG control
section.

Idref =

&r[A]

L L . . '
o 2 4 3 8 10 12
Time [sec]

Fig 49: DFIG rotor direct current

Fig. 50 and Fig. 51 shows respectively stator and rotor currents
of the DFIG. It is clear that the frequency of the stator currents
is constant and equals to 50Hz. contrarily, rotor currents
frequency is variable, because the DFIG speed is PWM
controlled through its rotor via the RSC.
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Fig 50: DFIG stator currents
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Fig 51: DFIG rotor currents

Fig. 52 shows stator and rotor power of the DFIG, while Fig. 53
shows the speed of the DFIG (electrical speed) for every wind
speed. According to these two figures, it can be seen that stator
power is continuously sent to the CCP (P; < 0), while the rotor
power can be sent to the CCP (P, < 0 in Hyper-synchronous
mode when DFIG speed is higher than the synchronism speed
equal to 157.09rad/s), and this power is absorbed by the rotor
(P. > 0 in Sub-synchronous mode when DFIG speed is less
than the synchronism speed). Fig. 53 shows also that the speed
of the DFIG is always in the speed variation range
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corresponding to [-35%, +35%] of the synchronism speed
which is [102rad/s , 212rad.s].
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spe"a Operation range
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102 rad/s = lower limit of DFIG
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Hypersynchronogs operation |
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Fig 53: DFIG electrical speed

It is shown in Fig. 54 that the real power into the overall
GCHRES is equals to zero. It proves the performances of the
system in term of power quality and stability. In fact, the line to
line voltage of the load is altered if the overall system contains
real power [34]. The DC- bus voltage is inside standard limits
as shown in Fig. 55 [35]. Fig. 56 depicts that there is no reactive
power exchange between the CCP and the ASC.

It should be noticed that the transients present in some
figures, are due to the loads switching via circuit breakers in
MATLAB/SIMULINK, and last no longer than tenth of
second, which is negligible in the case of the real operation of
the system throughout the 24 hours of the day.

Gilobal System Net Real Power ]
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Fig 54: Overall system real power
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Fig 55: DC-Bus voltage
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Fig 56: Reactive power exchange between ASC and CCP
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V. CONCLUSION

Three novels energy management strategies, supervising and
controlling the power flows within a GCHRES were proposed
in this paper. These EMSs differ depending on the UG metering
types. Their common purpose was to ensure power supply
reliability of the load variable demand through the whole day’s
24 Hours. These EMSs aim also to preserve battery internal
circuit and consequently avoiding its lifespan reducing. In
addition, reducing the monthly energy bill of the UG subscriber
through battery peak shaving application, was a common
purpose. The dynamic behaviours of the proposed GCHRES,
supervised by each one of these EMSs, were tested under
variable load demand profiles and real weather data of the
region of Marrakech/Morocco. The effectiveness of the
GCHRES in terms of house demand meeting, overall system
stability, DC-Bus voltage regulation, power quality, reliability
of power supply and element constraints (battery/UG)
respecting, was confirmed via simulation in
MATLAB/SIMULINK.

APPENDIX A
Fig. A.1 (a) depict real average solar irradiation, and Fig.A.1
(b) shows the average temperature data of the region of
Marrakech, while Fig. A.2 shows the average wind speed of
this region, modified a little for simulation purpose. These data
were collected on hourly basis. Tab. A.1 shows the site
localization and also the data base information for solar system.
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Fig. A.1: Real Weather data (a) average solar irradiation (b) average
temperature (May-Marrakech)
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Fig. A.2: Wind Speed (May-Marrakech)

Tab. A.1: Real solar irradiation and temperature data

Data base PVGIS-SARAH

Region Marrakech / Morocco

Latitude / Longitude | 31,627 /- 7,988

Month May

Horizon calculated

Irradiation Fixed orientation /Tilt 30°/Azimuth 0°
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