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ABSTRACT

In this paper, an original optimization method to
jointly determine a reduced study term and an outim
battery sizing is investigated. This storage deuie
used to connect a passive wind turbine system aith
stand alone network. A Weibull probability density
function is used to generate different wind speath.d
The passive wind system is composed of a wind ierbi
a permanent magnet synchronous generator feeding a
diode rectifier associated with a very low voltag€
battery bus. This study is essentially based on a
similitude model applied on an 8 kW wind turbine
system. Our reference model is taken from a 1.7 kW
optimized system. The wind system generated power
and the load demand are coupled through a bafteag s
using a statistical approach.

Index Terms — Wind energy systems, energy
storage, mixed-reduced model, similitude approach,
statistical methods.

1. INTRODUCTION

Small renewable energy systems as wind turbine,
photovoltaic or hybrid sources are actually vergfuk
especially for remote areas for electricity product
pumping and water desalination.

Usually, these systems are not sized from
designer's expertise, and do not take into account
wind/irradiance potentials and load demand. Theimni
extensive range of configurations that allows thagk
the maximum power operation through corresponding
MPPT strategies. Nevertheless, active structuresemt
a consequent system cost due to the use of aatiwerp
and control devices [1-4].

In this paper, we consider an 8 kW full passive
wind turbine battery charger without active contaold
with  minimum number of sensors. The system
parameters are obtained by similitude from a 1.7 kW
optimized passive structure [5]. A battery sizing
procedure based on a statistical approach is used f
associating the wind energy potential with a gilead
power demand.

The remaining of the paper is organized as follows.
The passive wind system, wind speed generation and
load demand are described in section 2. In thed thir

section, models simulating the wind turbine systames
presented. Especiallyhe similitude model of the mixed
reduced model is explained. Section 4 is dedicéted
the algorithm and the statistical methodology uged
the battery sizing. The results obtained from this
approach are summarized and shown in section 5.

2. PASSIVE WIND SYSTEM STRUCTURE
2.1. Wind turbine structure

In order to minimize the system cost and to
maximize reliability, a passive wind turbine witlery
low DC output voltage (less than 50 V) is considere

To offer an autonomous system operation for
remote applications, a battery bank is coupledi¢oDC
bus at the output of the diode bridge rectifier.isTh
structure is characterized by a minimum of senaois
is operating without controlled power devices. An
integrated optimal design approach using multiabjec
genetic algorithm was used to size a 1.7 kW system
allowing to maximize energy efficiency and to
minimize the system mass [5]. This system will be
taken as reference device in our similitude model.
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Figure 1. Passive wind turbine system structure.
2.2.Wind speed profile generation

In this study the wind speed is described with
statistical methods [6, 7, 16] from the wind energy
potential features. The synoptic of the random @sec
generation of the Wind speed is illustrated in FégR.

The wind speed sequence is obtained by inverse
transformation of the wind speed probability densit
function. This discrete sequence is sampled with a
periodT = 30min. Note that this sampling period has to
be higher than time constants associated with tence
phenomena. Finally, continuous wind speed data are



obtained from the previous discrete sequence uaing
cubic interpolation with a periofj =18 s.
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Figure 2. Wind speed generation methodology.

Wind speed data can be predicted by several
statistical distributions models from the wind emer
potential at a particular location. The most comiyon
used distribution is the Weibull law that can be
expressed by the following probability density ftioo
(Wpd) [9]:

K (KL _[Xjk (1)
Wpd(v)=E(Ej g \©

where c is a scale factor (m/sk represents a shape
factor andv denotes the wind speed (m/s). In this study
the Weibull parameters andk are respectively set to 9
and 2. Figure 3 shows the corresponding probability
density function with those parameters.
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Figure 3. Typical Weibull probability density function
relative to the wind energy potential of a giveodton.

The discrete generator of random numbéf&,k)
fulfiling the Weibull law is obtained by inverse
transformation as follows:

W(ck) = c(-Log(U(01)Y/ )

where,U(0,1) represents a random number lying in the
interval ]0,1[ with uniform probability.

The complete procedure for generating a wind speed
profile of one day duration is illustrated in Figud. It
should be noted that this representation only demsi
the “main energetic behaviour” of wind. It does take

into account disturbance phenomena resulting from
turbulences which could be integrated accordind €.
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Figure 4. Generation of a wind speed profile for one day
duration

2.3.Load demand

In this study a typical farm is considered as case
study. The load profile of this farm on one dayalion
is illustrated in Figure 5. The highest load densmand
occur between 7 and 8 am and 6 and 9 pm.

Pioadiday (KW)
6
51 [\/\,/\
21
3
2
MN——
14
0
0 3 6 9 12 15 18 21 0

time(h)
Figure 5. Typical farm load profile for one day.

3. PASSIVE WIND SYSTEM MODEL
3.1. Similitude sizing model

In [5], an integrated optimal design method based
on multiobjective optimization has been developed f
sizing the elements of a 1.7 kW passive wind twgbin
system. In our case, a simplified approach has been
preferred based on the exploitation of similituffeas.
The similitude sizing principle is based on theeérity
of the magnetic field equations and the considemnai
a constant flux density.



The new generator dimensions are related to the
‘reference’ bore radiusse and the machine lengthes
of the optimized generator. The reduced parameters
anda; are introduced:

r
a, =—>
I'sref (3)
I
a = r
Irref
where, 4=¢ =g, = |[8m_ - 2136 and where the
dimref

index ref is associated with the parameters of the
reference “optimal” system (i.e. the 1.7 kW wind
turbine system of [5]).

Others parameters of the new machine reviewed by
similitude are summarized in the table below:

Table 1. PMSG parameters.

Parameter New generator
Torque T(Nm) 0(3.Tref
Flux (mm) 02. Dot
Inductance I(H) O Lyet
Resistance R2) Rieda

Finally, using a similitude-based approach, the BVIS
as well as the wind turbine features can be dedtared
an 8 kW passive wind turbine system. Results obthin
with this approach will be presented in section 5.

3.2.Wind turbine model

The mechanical wind turbine output power,
Pwi(t) (W), generated by the wind turbine is defined as
follows:

1 (4)

Rt :Ecp,USV3
wherep is the air density (kg.i), S denotes the swept
rotor area (f), v represents the wind speed (m/s) and
C, is the power coefficient from manufacturer data
corresponding to the turbine studied in [5] and tten

be interpolated with the following expression:

Cp(A)=-3981078) - 421107 + 21107%°
- 3110730%+ 16410724%- 0017642 + 001741 — 1931073 ®)

where 1 is the tip speed ratio which depends on the
turbine rotational speef (rad/s), on the wind turbine
radiusR and on the wind speed
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Figure 6. Wind turbine power coefficient.
3.3. Sizing model of the diode rectifier

An IXYS VUO190 [17] is considered for the diode
bridge rectifier. In this study the switching lossare
neglected. Thus, Power losses in the diode rectifie
result from conduction losses that can be expreased

Pcond:Z(UdO-ld +Rd-|§) (7)
where,Uy is the diode voltage drop amt) represents

the diode internal resistance (typicaRy =2.2 n12 and
Ugp =0.8V).

3.4.Mixed-reduced model
turbine system

of the passive wind

We present in this section a simplified model & th
generator associated with a diode bridge rectifiking
into account the diode overlapping during switching
intervals [4, 10].

3.4.1.Equivalent DC model

In this simplified causal model, the association
between PMSG and the diode bridge is representdd wi
a DC model which is energetically equivalent imier
of average values. This PMSG equivalent circuit ehod
is shown in Figure 7.

AN AAA

Es (D E's Vs

Figure 7. The PMSG equivalent circuit.

Figure 8 shows the synoptic of the equivalent
DC model where causality is symbolized by arrows
specifying which physical variables (energetic afar
flows) are applied to each part of the system.
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Figure 8. The equivalent DC model synoptic.

The correspondence between AC (rms) values
and DC ones, in the PMSG circuit model is given in
Table 2.

The electromechanical conversion is represented as
follows:

{Tem = Pp®Ppcl'spc ®
Espc = P@Ppc -2
where,p is the pole pair number of the generator.

Table 2.Correspondence between PMSG circuit and
equivalent DC model.

Variable PMSG| Equivalent DC model
3/6
Voltage \ Upc = — VA
/i
Current L Ipc _EDS
3/6
Flux Dy (‘DDC = 7 off
2
Inductance L Lpc = 3{3\7/_[5] Ls
2
Resistance R Rpc = 3[3‘@] Rg
s
Electromotive _ 3/6
force Es Espc = T Es

The armature reaction in the generator is modetiiil
a voltage drop without power losses:

Espc= \/Egoc ~(Lpc WO f
- E'soc:lsbc (9)
Espc

where w is the electric angular pulsation of the rotor.
The transient electric mode leads to a DC curneiihé
generator defined as:

lsbc

(10)

dl '
;tDC +Rpclspe = Espc ~ Epc

The diode overlapping during the commutation irdérv
is represented by a power conservative voltage:drop

3
{ Upc =Epc ~—Ls@wlpc (11)

Ioc =Epclspc/Upc
3.4.2.Mixed-reduced model

The electrical mode effect can be neglected by
only considering the energetic system behaviour.
Hence, we arrive to an additional model reductilon.
this simplified model (called mixed-reduced modalg
only simulate the mechanical modes of the system. T
electrical parts are analytically derived by intggmn of
the armature reaction with the Joule effect.
combination of equations (9) and (10) leads to:

The

2, 2Upc Reg ]
S| 1S
(Lpcw)® + Rezq

where Ry = 3 Lsw+ Rpc -
T

2 2
+_Ydbc~Espc _

c 2,2
(Lpcw)” +Req

(12)

The DC current in the diode rectifier can be olediby
solving equation (12).

3.4.3.PMSG losses model

The PMSG presents three kinds of losses: copper
losses, iron core losses, and mechanical losses3JL1
Copper losses are the heat losses in the windingtal
their electrical resistance. The copper losses are
proportional to the square of the current.

(13)
Iron losses are due to hysteresis and eddy-current

losses produced in the stator parts (i.e. yoketeeth).
Iron losses in the yoke are computed as follows:

yoke _ 2K H 52
PHyst ‘Vyoke o Byw (14)
da, -
yoke _ P 2.2
PHyst =Vyoke 2 Byw
K P

where the filling coefficienK, is set to 0.833y anda,

are empirical factors depending on the material
(typically Ky=52 anda,=0.06 for FeSi 3%). Similarly,
iron losses in the teeth can be deduced by thewaily
relation:

teeth _ 2K H /2
I:)Hyst ‘Vteeth T Bteethw

Hyst — Vteeth 2
T Kp

where Ny, denotes the number of slots per pole per
phase.

(15)
SPP 52

2
teeth



Mechanical losses are expressed as follows:
Prec = fvvt-o2 (16)
wheref,, is a friction coefficient.

4. BATTERY BANK SIZING METHODOLOGY

The synoptic of the battery bank sizing process is
shown in Figure 9. The issue consists in produdihg
wind cycles with a progressive duration from 1 200
days. These cycles are synthesized from a gived win
statistic (i.e. a particular Weibull distributiodyring Ny
days (=1, 2, 3, 10, 20, 30, 50, 70, 100, 150 and 200
dayg. Then, after simulation using the mixed-reduced
model, 11 extracted wind powerB,(,q) are generated.
The load power R, is daily repeated during they
days.

The battery power defined by equation (17) is used
by the sizing algorithm explained below.

PeT = Puind ~Hoad
(17)

where, Pying = Ryt — 2. Losses.

Wind chle Vw,m,‘ Extracted
(Stochastic generation) power

Puwr
Simulation
(usingmixed-
reduced model)

Weibull
distribution

Load power Fipaq
(Determinist generation)

Figure 9. Battery bank sizing process.

In this study, a lead acid Yuasa NP 38-12I [18] is
considered as battery element. The basic charsttsri
of this element are summarized in the table 3.

Table 3. Basic characteristics ofYauasa NP 38-12I lead acid
battery element.

nominal capacityG 30,3 (Ah)
Nominal voltage ¥ 12 (V)
nominal discharge Current| 10.1(A)

The number of battery elements associated in
series, to provide the desired nominal DC bus gelta
calculated as follows:

Npge = Vbceus 18)
Vo

WhereVpcgysis the nominal DC bus voltage aly is

the voltage of each element.

The number of batteries connected in series is not
subject to the sizing problem. But the number of
parallel battery string®\,; (consisting ofNys batteries
connected in series), connected in parallel todyeel
desired system storage capacity, and is the design
variable that will be sized.

The total energy which can be stored thanks to this
battery element is:

3 = Co¥g a9

Battery charging and discharging current
limitations involve two constraints related to emer

storage capacitfgy, maximum charging powelPé:T

and maximum discharging pOV\BfET .
{ RST < Egt/ic (20)

PeT < Egt/Mp
is the minimum duration of battery
discharging atPE'?T anduc is the minimum duration of

where up

battery charging aPé:T . Generallyup is set to a value

between 1/5 h and 1 h, while: is set to a value

between 1 h and 2 h. In the case of this siydgnd

are both setto 1 h.

In order to optimally size the battery bank, the
algorithm of figure.10 is used. This algorithm iaskd
on an upper saturated integration method instead of
simple integration method which generally leadsato
battery bank oversizing [8, 13-15].

The battery sizing process starts from the
integration of the battery power missioPgf) by
initializing the battery relative energy teoc (initial
state of charge). At each step of calculation, the
exchanged energe is calculated. Three cases are
possible.

v Case 1:e < 0 (e is provided by the battery). The
exchanged energyis taken into account whatever
the battery state of chargsof) value. The new
state of charge is lower than the previous.

v Case 2: e > Qe is provided to the battery) and
socte < isoc (battery can still storee). The
exchanged energyis taken into account to charge
the battery. The new state of charge is higher than
the previous.

v Case 3:e > 0 (e is provided to the battery) and
soc+e > isoc (battery is full and can not stoe.
The exchanged energyis not taken into account.
The new state of charge is equal to the previous
one.



Table 5. PMSG parameters.

Reference New
S generator | generator
i=1 Teeth width w(mm) 5.465 11.672
pi=Pgr(i) Ear(i)= max(E's)- min(Esr) Yoke thickness\,(Qm.m) 14.096 30.098
Er(i)=isoc Number of pole pairs p 3 3
no Number of slots per phade 3 3
T yes per pole Ny,
M k<n Leakage inductance (mH) 0.224 0.118
i=i+l I Main inductance j(mH) 0.763 0.731
T - Stator inductance J(mH) 1.369 1.2
e Pi=pf Stator qux.cDS (Wb) 0.211 0.4708
e=-Te.(pi+ph)2 17 Stator resistance Q) 0.128 0.0148
R m— R 7
Eer(()= Esr(i-1)te Figure 11 shows the extracted power of the new

passive wind turbine system obtained by similitude.
can be seen that this passive configuration matets
closely the behaviour of active wind turbine system
operating at optimal wind powers by using an MPPT
control device (i.e. the cubic curve on Figure 11).

Efsr(i)=isoc

Figure 10.Battery active energy calculation with upper s 25 [ ‘ ‘ ‘ ‘
; = I Optimal ! [ [
saturated algorithm. - . | | |
q;" ywind IOOWef . e |
3 . ‘.
. . R & 20 --- L : - L ) A——
By taking account the discharge ret& (set to 80 % £ ! ! N !
in this case); the battery energy storage capasity ° ; ; . . !
given by: g 15p - - - - SRRty ERCR
| Vw=9m/s .. .l .
| ! * ‘. . |
S . } .
Eor =61 wo L
BT K DR (21) ‘ . R g
! e N S TR I
20y AU N DU RN
[S] p,,'. R e — — L,,,.,,J: ,L.,,,
The number of battery elemeritisr is obtained by the | !gf::o" B I
following equation: : B N T
O‘0 10 20 30 40 50 60 70

Turbine rotational speed [rd/s]

Figure 11. Extracted power of the new passive wind turbine
system.

E
Nor = ea,

5. RESULTS AND DISCUSSIONS

(22)

Several simulations of the 11 wind cycles (with an
increasing number of days from 1 to 200) have been
performed to taking account stochastic nature afdwi
Hence, the number of batterig given in table 6 is the
average number of batteries obtained after
simulations. The standard deviatienof N, obtained
for the 11 generated wind cycles are also given.

The similitude model is applied from the 1.7kW
optimized passive wind turbine system (i.e. the
‘reference system’) in order obtain an 8kW passive
wind turbine configuration. It should be mentiortbdt
the similitude model is used for the generator el as
for the wind turbine.

10

Table 6. Number of batteries and standard deviation.

In Tables 4 and 5, the two configuration paramedees Number of days N o
summarized. 1 46 0.98
. . 2 54 1
Table 4. Wind turbine parameters. 3 61 11
Reference New 10 88 1.5
turbine turbine 20 97 1.41
Radius R(m) 1.25 2.67 30 109 176
Friction coefficient 0.025 0.52 -
50 117 1.66
fwr (N.m.s/rd) 70 129 21
Inertia Jyr 15 31.22 100 126 55
C, at MPPT G o 0.441 0.441 '
) at MPPT A ot 6.9 6.9 150 126 2
oD 200 130 2.3




The number of batteries obtained from the 11 geedra
wind cycles is shown in Figurel2.
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Figure 12.Plot of batteries numbers versus cycle duration.
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A first analysis of these results shows th
becomes quasi-constant and does not exceed 132
battery elements folNy > 70 days. This “optimal
duration threshold” is sufficient in order to tak#o
account wind variability (i.e. stochastic feature$
wind) and to obtain a suitable and robust sizingtfie
battery bank.

6. CONCLUSION

In this paper, a methodology for sizing a battery
bank devoted to a stand alone wind turbine systas h
been developed. The passive structure of the wind
turbine, minimizing the number of sensors and the
electronic part, has been chosen because of idbilel/
and its low cost. The proposed sizing approachstake
into account stochastic features of wind energpt!
in a particular location with a given determinigicwer
demand. This approach is based on the exploitatfon
wind speed distribution from a Weibull law. It Hasen
shown that a robust sizing of the battery bank loan
obtained from the stochastic simulation of the aoted
wind power and from the evaluation of all losseshae
system using a specific algorithm. This algorithm
determines, inside a given time window, the reqlire
active energy of the battery by using an upperrastd
integration of the battery power.
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