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Abstract— In this paper, we propose a control and fuzzy logic
power management supervisor for a grid-connected wind power
system associated with Hybrid Energy Storage (HES) made up of
Batteries (BT) and Supercapacitor (SC). Batteries are used to meet
the energy requirements of a long-term, while SC is used to meet the
demand for instant power. The SC can act as a buffer against large
magnitudes and rapid fluctuations of power. The PMS is developed
to manage the energy flows between the storage devices by
maintaining these State Of Charge (SOC) into acceptable levels and
establishes the priority order between them. The main objective of
this work is the combination of two storage technologies with fuzzy
logic supervision. It aims to meet the expectations of various
production scenarios for a wind generator, to keep stable the DC bus
voltage, and to participate in ancillary services such as : respecting a
production program, supporting the grid and optimizing storage
elements lifespan. Simulation results prove the efficiency of proposed
power control and supervision strategy.

Keywords—  Wind turbine; Hybrid storage system; Power
management supervisor; Fuzzy logic.

L INTRODUCTION

Batteries (BT) are more and more used for grid-connected wind
power systems [1, 2]. They are used to fulfill the power mismatch
between wind power production and power demanded by load and
also by system services, if the wind generator has ancillary services
such as grid stability [3]. They have a high energy density but a low
power density. Their lifetime expressed in the number of charge-
discharge cycles is relatively limited due to the high variation of
the power demanded by system services and load [4]. However, the
system performance can be improved by using a supercapacitor
(SC) that can also generate an active power [5]. SC energy storage
is well suited for short-term storage systems, which are generally
sufficient to improve the electrical power quality [6], to handle
situations such as wind gust or sudden load variations which may
exist for a few seconds or even longer [7], and to increase the
penetration of wind generators into the power system. For this
reason, SC which has a bigger power density can be used in a
complementary way with BT.

In the literature, hybrid battery—supercapacitor energy storage
was first explored as an alternative to the traditional battery system
when subjected to pulsed loads in digital communication

applications [8], and is now popularly applied in electric vehicles
since they have frequent motor startups and braking events. The
addition of the supercapacitor has the potential to reduce the size
and improve battery life [9]. The Hybrid Energy Storage (HES) is
also being considered for standalone renewable energy
applications [10], as such battery—supercapacitor combinations
result in better reliability and a longer battery life. In this work,
HES is suggested for renewable distributed generator operating in
standalone mode for supplying loads and grid connected mode for
ancillary services (ensure the grid stability). Thereby,
complementarities in terms of available instantaneous power and
quantity of stored energy will increase the performance of
renewable production system.

An optimal energy management strategy for HES is essential
for managing the power flows of the BT and SC. In the event of
overcharge or excess discharge, the HES must be protected to
ensure safe operation. Therefore, the developed HES may improve
BT lifespan as SC can act as a buffer against rapid fluctuations in
power [11]. Reduction of rapid fluctuations on battery minimizes
its heating and internal losses [12]. In references [13] and [14], a
Rule Based Controller (RBC) and Filtration Based Controller
(FBC) are implemented respectively to control a renewable power
generation with HES. Despite RBC and FBC are simple to exploit,
they are not well adapted for complex systems with many
objectives (load satisfaction, storage supervision, frequency
support, load satisfaction, improving batteries lifespan, CO2
reduction, etc.) [15]. Furthermore, a Rule-based energy
management is suggested to manage the energy flows between the
storage devices [16]. It is easily developed and is able to operate
quite reliably. But it's not well adapted for complex systems. For
example, if the wind generator has to operate at different modes
(according to the variation of the power demanded by the load and
the grid) and the energy management strategy considers further
information about the energy storage system (available energy,
degradation approach, power/energy demand, etc.), rules
development becomes complex due to the increase of variables and
cases to evaluate.

For this way, a fuzzy logic-based algorithm is proposed to solve
the energy management problem and the energy distribution
between the batteries and SC. However, the Fuzzy Logic



Supervisor (FLS) does not require complex mathematical models
as used in classic control and represents it based on the human
reasoning.

In this context, the aforementioned paper proposes a control
and FLS for a grid-connected wind power system with hybrid
battery-supercapacitors storage. It is used to ensure the continuous
supply of the load by maintaining the State Of Charge (SOC) of the
SC (Use(V)) and the SOC of the batteries (SOCpai(%)) at acceptable
levels to avoid the damaging of batteries and SC. Thus, this paper
is organized as follows: The first section focus on the modeling and
control of the considered wind power system. This control strategy
has two main parts. The first one is the vector control of the
Permanent-Magnet Synchronous Generator (PMSG) to allow the
maximum power point tracking (MPPT) via a rectifier and the

Power network

second one concerns DC bus voltage control. In the second
section, a FLS is implemented. It is successfully applied for whole
system energy management. Finally, simulation results are
presented. They illustrate the robustness of the proposed power
control and management strategy that ensure safe operation of the
system in different scenarios.

II. MODELING AND CONTROL OF WIND DISTRIBUTED GENERATOR

Figure 1 presents a synopsis of the considered Renewable
Distributed Generation (RDG) which is composed by a wind
power system associated with BT/SC HES. This RDG is connected
with variable loads and to a fluctuating grid.

l

Acquisition data: U, SOCp, Pg, P

'

Power Management Supervisor (PMS) based on Fuzzy
Logic (FL) construction methodology

Control and supervisory strategy

Fig. 1. Structure of studied system

A. Modeling and control of the wind generator
The wind energy production P,, (W) is expressed as a function
ofthe instantaneous wind speed v and the area S swept by the blades
[17]:
|
P, == pSVC, (1)

where p is the air density.
The power coefficient C, is a function of the ratio speed 4 and
a pitch angle S [18]:
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where R(m) is the blade radius.

In this work, The PMSG is classically modeled in the d-q
reference frame by the following equations [19]:
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T, =pi,g, (5)

where R, (Q) is the stator winding resistance, @, (Wb)
represents the magnet flux, L, (H) is the stator winding inductance,



igs and ig, are the direct and quadratic stator currents, Vgs and Vg,
are the direct and quadratic stator voltages, p is the number of pole
pairs and Q,, (rad/s) is the mechanical speed of the PMSG.

Figure 2 shows the control strategy of the wind generator. This
strategy is based on the vector control applied to PMSG to extract
maximum power. The principle of this control is to impose a direct
current reference i*gsequal to zero and a quadratic current reference
i"gq proportional to electromagnetic torque reference given by the
MPPT algorithm as follows:

T
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Electromagnetic  torque reference  “Temyppr(N.m)” s

determined by the MPPT strategy as follows [20]:
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where Cpmax 1s the maximum power coefficient, set when A and S
are optimal values.
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B. Control of the pitch angle

In normal operation, the wind turbine operates in MPPT to
extract maximum of power to ensure a continuous supply of load
and to participate in the system services. The overproduction of
wind generated power is absorbed by the HES. But when the HES
reaches its maximum SOC “‘Uscimax (V), SOChar-max (%)’ and there
is overproduction of wind generator, the wind turbine operates
without MPPT to produce the amount of power needed to supply the
load and share in the system services. This limitation is done by the
pitch angle § as follows [21]:
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where k, is the degradation factor deduced by FLS.
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In addition, the pitch angle £ is used to limit the rotational speed,
and therefore, the produced power in the case of high wind speed to
avoid the damage of the turbine and the electric machine.

C. HES modeling and control

In this part, we propose to study the modeling and the control of
the hybrid storage system. The considered model of the battery is
constituted by a voltage source in series Epq (V) with an internal
resistance R{(Q) as follows [22]:

Vbat = bat iRiibat
E,, =n(2.15-50C(2.15-2)) )
soc=1-2o

bat

where Ejp, is expressed as a function of the SOC of the battery and
n the number of cells which makes up the battery.

To bring out the physical phenomena that governs the
functioning of the storage, the temperature should be taken into
account AT=T-25°. It is why we propose the model of capacity Cpa
as a function of temperature; it gives the amount of energy O, that
can be restored as a function of the mean discharge current i,
[22]:
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With C;, and I, are respectively the nominal capacity and current
of the battery

To improve the performance of the BT storage system, other
storage organs such as a supercapacitors module is introduced. A
realistic modeling of a super-capacitor is composed of a series
capacitance Css (F) with a resistance Rgsc(C2).

Therefore, the total resistance R, and capacitance Cs. of the used
supercapacitors module can be defined by the following expressions
[23]:

N
CYL' = _p CYYC ; R\‘L’ = NLV RYYL'

¢ »
where N; and N, are the number of super-capacitor units placed
respectively in series and in parallel.

(1)

The control of each storage system is done by the control of the
DC/ DC converters. Figure 3 schematizes this control.
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Fig. 3.

The part 1 of Figure 3 shows the control of charge and discharge
current of battery bank by converter 3.

- Current control: a PI regulator is used to maintain the charge
or discharge current of battery bank equivalent to its
reference iparrer: This reference is deducted by the FLS:

Umbat = Ubat - Pl(ibatfref - ibat) (12)

- Converter number 3 DC/DC control: in order to fix the
direction of charging or discharging current of the BT, the
BT converter is controlled by this duty ratio as follows:

mbat = Umbat /UDC (13)
Same principle as the battery control, a PI controller is used to
adjust the charge and discharge current i(A) of SC with the
reference value iw.r. Subsequently, the SC converter is
controlled by this duty ratio as follows (part 2 of Figure 3):

lSC )

U,.=U,-PI(i

sc—ref
mvc = Umsc /UDC

where i is deducted by the FLS.

» The third part of Figure 3 is the control of the DC bus voltage. A
PI controller is put forward for maintaining the DC bus voltage
Upc (V) equivalent to its reference value Upc.r. Indeed, the DC
bus control depends mainly on the proposed strategy, which
consists in controlling the HES SOC and calculating its needed
reference power to be absorbed or supplied.

(14)

III. Fuzzy LOGIC POWER MANAGEMENT SUPERVISOR

The objective of using fuzzy logic in this work is to manage the
overall system power flow while maintaining the SOC of batteries
and the level of SC voltage at their admissible intervals to ensure
its safe operation. The FLS developed in this study includes three
inputs and three outputs as shown in Figures 4, 5 and 6. The inputs
are the difference between the produced and demanded power
“Pso=AP (W)”, the SOC of batteries (SOCps), and the SC voltage
(Use). The outputs are the reference power of batteries Ppa.re;, the
reference power of SCs Pic.s; and the degradation factor to limit
wind production k;. Using the data available from these three
inputs, the FLS determines the command for the regulation of the
DC bus according to the different production scenarios.

A.

Supervisor Structure

The objectives of energy management are detailed as follows:

e Return a smoothed power to the grid to ensure its stability.

e Deliver a continuous power corresponding to the load
consumption.

e Ensure storage availability, i.e. to ensure that it does not reach
its upper and lower limits.

e Keep stable the DC bus voltage.

Once the objectives of the energy supervision have been identified,

it is necessary to structure the supervisor. It is therefore necessary

to identify adequate inputs in order to establish the right

management rules for the output set-point.

Figure 5 shows the three input variables of the power management
supervisor and Figure 6 shows the three output variables. These
variables are:

e The storage level or the SOC of the BT storage, it is necessary
to integrate the limits of the storage system.



e The storage level of the SC module “U,.”, it is necessary to
integrate the limits of the storage system.

e Power variations “Ps;,(W)”

e The storage power set-point of SC “Pyc...,AW)”, following the
fuzzy logic approach.

e The storage power set-point of BT “Ppar.er(W)”, following the
fuzzy logic approach.
e Degradation factor of wind production “k;”.

Us. | SOCrut, — - o o o o e U | || Gt
v 1 VvV Vv
I_Dg_’(— 1 isc_,eq C i) pr |Mse ; Buck-Boost+ e :
d - iDC* FL Eneray : et Supercapacitors _I ' Bus Upc
@—P » Management =====S=c============:==========;==: DC
System e p1 [tbat Buck-Boost+ :
P+ Py \ - y, ! '(E i) ) "| Batteries !
R S ——— I
\/
P+ Pm/
Ppc U.—»
P SOCpar —
g Fuzzy Logic
\_ Supervisor
Fig. 4. Fuzzy logic supervisor strusture.

B. Membership functions

The determination of the membership functions for
fuzzification of the input and output variable of the energy
supervisor is an important phase of the fuzzy algorithm. It is
necessary to define the membership functions for the three input
variables “Psio, SOChas, Us.” and the membership functions for the
three output variable values “Pic.ref, Prar-res, ka”’. These functions are
depicted in Figure 5 and Figure 6.

The input membership functions are used as transitions
between the different operating modes. For the membership
function of the power variations presented in Figure 5a “Py, ", five
fuzzy sets are considered: “NB (Negative Big)”, “NM (Negative
Medium)”, “Z (Zero)”’, “PM (Positive Medium)”, and “PB
(Positive Big)”. This membership functions is estimated between 1
and -1 using a normalization gain G;.

For SOC of each storage devices (Figure 5b, Figure 5c), the
membership functions consist of three levels (“Small”, “Medium”,
“Big”). The “Small” and “Big” sets ensure storage availability
avoiding these low and high saturations. The “Medium” set is used
to compensate or to absorb the difference between the generated
wind power and the required power. The low level representing the
SOCpror 1s <30% (between 0 and 30%). The medium level
representing the SOCp is between 30 and 90%. The high level
representing the SOCy,, is >90% (between 90 and 100%). The low
level representing the U is <58V (between 0 and 58V). The
medium level representing the Us. is between 58V and 98V. The
high level representing the Ui, is >98V.

For the membership function of the storage reference power of
the BT presented in Figure 6b, three fuzzy sets are also

considered: “Negative” to charge the battery, “Zero” not to request
storage, and “Positive” to discharge the battery. For the
membership function of the storage reference power of the SC
presented in Figure 6a, five fuzzy sets are considered: “NB
(Negative Big)”, “NM (Negative Medium)”, “Z (Zero)”, “PM
(Positive Medium)”, and “PB (Positive Big)”. These membership
functions are estimated between 1 and -1 using a normalization
gains G and G; summarized in table 1.

For the membership function of the degradation factor “k.”,
presented in Figure 6¢, two fuzzy sets are considered: “Z” indicates
that the wind generator operates in MPPT to produce the maximum
power, and “P” indicates that the wind generator operates without
MPPT to provide only the requested power.
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Fig. 5.Membership functions of the FLS inputs



. B NM =z PM PB TABLE II.  PARAMETERS OF PMSG
i E Parameters value
i Psc E Stator resistance R, 0.82 Q
i I 08 06 04020 02 04 06 0% 1 E Stator inductance L 00151 H
T T T T : : E Magnet flux &, 0.4832 Wb
R E Nominal power 3.5kwW
Itlﬁbt-rcf N P P ! Number of pole pairs p 4
] : Inertia J 99104 Kg m?
: i Friction f 103 Nm s rad?
E P, bt-gef , TABLE III. PARAMETERS OF WIND TURBINE
'-1-0.8 -0.6 -04 02 0 02 04 06 08 1 Parametors ——
i i Nominal power 35kW
Moy T TTTTTTTTTTTTTTTTTTTTTmmmmmmmmmmmmmeees g Blade radius R 2m
: e z P ' Optimal tip speed ratio A, 8.15
! i Maximum power coefficient C,qx 0.4794
: E Density of air p 1.225 Kg m’
i kg TABLE IV. PARAMETERS OF SC
'-1-0.8 -0.6 -04 -02 0 02 04 06 08 1 Parameters value
ST e el et ' Capacitance Cy 94 F+20-0%
Fig. 6. Membership functions of the of the FLS outputs Rated Voltage 7R
The boundaries of the membership functions are determined by DC Maximum current 504
the knowledge of the variations plans of each function. Forease of oo inducter filter Ly 1071
© O,W cdge ot the V_ . ons plans o e ¢ ction. to e‘se 0 SC series resistance Ry 12.5 mQ
convenience, these variations are normalized to render them in the [Usonins Usoma] [58V, 98 V]
interval [-1, 1] using normalization gains which are summarized in Leakage current 0.15 A, 75 h, 25°C.
the following table: Operating temperature -40°C to +65°C
TABLE I.  NORMALIZATION GAINS TABLE V. PARAMETERS OF BT
Gains Gy G, Gs Parameters value
Value SOCax 0.9
1 / Psto-max Psto-max Psto-max SOC,in 0.3
Internal resistance R; 0.15Q
The transition between MPPT and without MPPT operation is Nominal voltage Epu 60 ¥
. . PP . BT inductor filter Ly 10° H
ensured by the degradation factor of wind production “k;” depicted
by the membership function given by Figure 6¢. This factor take =~ TABLE VI PARAMETERS OF DC BUS
"0" (wind turbine operate in MPPT) when “Us<Useama” and Parameters value
“SOCpar<SOCpat-max” and take “1” (wind turbine operate without Capacitance C 2200 uF
MPPT) when “Use>Usc-max” and “SOCpa>SOCharmar”. ka Tepresent DC voltage 4007
the input of the aforementioned pitch angle control algorithm.
e In case of over-production “Pg>(Pr+P;,;)” and the HES reaches =~ TABLE VII. PARAMETERS OF P CONTROLLERS
its maximum SOC, the wind turbine in this case operates in limited Parameters
mode. It provides only the power required by load and system PMSG controllers k =0.82
services. This limitation is implemented by the control of the pitch kp 4453
angle (Figure 11a). ;=445
SC controllers < — -4
¢ In case of under-production “P,<(P.+P;y;)” and if HES reaches k, 2L.c2m { 4410
its minimum SOC, the no-priority load are switched off to ensure ki=1L, (27 f) =0.0987
the balance between production and consumption. Battery controllers k,=~2L,, 27 f=44x10"
"\ 2
IV. SIMULATIONS RESULTS k,=L,, (27 f) =0.0987
In order to implement the methodology for control and energy DC bus controllers k, =27 f~N2C =0.9774
supervision, the wind generator with HES ensuring continuous k,=C (2 7 f )2 =217.13

load supply and system services is modeled and simulated under
Matlab/Simulink. The system and controllers parameters are given
in the following tables.

To test the behavior of the system subjected to load variations
and in order to test the performance of the proposed control
strategy, we have used a wind profile illustrated by Figure 7a and
a power requested by the loads and the system services given in
Figure 7b.
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Figure 8 shows the response of the proposed control strategy to
the SC. Figure 8a reproduces the evolution of the SC storage power
to satisfy the production program. Figure 8b plots SC charging and
discharging current that follows its set point without overtaking,
showing the effectiveness of the developed control scheme. The
proposed FLS avoids the deep discharge and the overcharge of the
SC (Figure 8c).

Figure 9 shows the response of the proposed control strategy to
the BT. Figure 9a reproduces the evolution of the BT storage power
to satisfy the production program. Figure 9b shows that BT
charging and discharging current follows its set point without
overtaking, showing the effectiveness of the developed control
scheme. The proposed FLS avoids the deep discharge and the
overcharge of the BT and reduces the peak power demand,
charge/discharging cycle (Figure 9c).

Figure 10 shows the dynamics of the active powers when
changing the different operating modes. As shows Figure 11b, the
DC-bus voltage is well regulated and the power requirements from
loads and grid are well achieved.
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In limited operation mode (Figure 11c), the wind turbine
operates without MPPT thanks to the pitch angle control (Figure
11a). It provides only the needed power for load supply and system
services, since there is an excess of production and the storage
system is totally charged.

produced power

4000 —

2oook/“ ;
mMv)

0 v

power (w)

Balance
N
o
o
o

4000 T
2000 iy B
o= Limited
-2000 operation
-4000 mode

Fig. 10.  Power balance to the bus voltage
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V. CONLUSION

In this paper, a control strategy of a grid-connected wind power
system with Batteries-Supercapacitor HES has been presented.
This control has three main control tasks. The first one is the vector
control applied to the PMSG to extract the maximum available
wind power. The second one is the control of charging and
discharging currents of each storage organ to maintain a stable DC
voltage. The third one is the fuzzy logic supervisor which is
implemented to manage the hybrid power generation to reduce the
peaks in the required power of the battery and to protect the storage
system against overcharge and excess discharge. Simulation results
show the walidity of suggested power control approach.
Furthermore, an adaptive droop control based on fuzzy logic to
adjust the frequency and amplitude of the grid output voltage
ensuring its stability will be the objective of a future work.
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