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ABSTRACT - It is intended in this paper ta find the optimum design of a wind electric
system by a general, but simple algorithm. [t is a general since the proposal can be applied
to any wind regime, site and design parameters. lis simplicity stems from the direct solution
of the optimization problem without hard and numerous calculations. This is obtained although
several parameters are involved. Thus, an objective cost function is deduced to express
mathematicaily the energy cost figure against the foregoing variables. It will be minimized
subjected to the most effective technjcal constraints.

Two models are derived also, to describe the optimum normalized rated wind
speed and the minimum energy cost figure in explicit forms as functions of wind regime
parimeters and the wind speeds ratios.

A compacative study has been carried out to validaie the proposed algorithm and
the deduced models. The results are compared with those attained by applying the previously
published methodology which depends on step-by-step calecudations {or specilic conditions.
The comparison demonstrates the flexibility of the proeposal to any change in data and
aceuracy in estimating the optimum solution despite of its simplicity.

LIST OF SYMBOLS

VR Rated wind speed, m/s

Ve Cut - in wind speed, m/fs

Ve Furling wind speed, m/s

VR_.opi OPt?mum rated wind speed, m/s

vR,opth Optimum nermalized rated wind speed, mfs

VR/C Normalized rated wind speed, m/s

P Aver electric v ut, W
e, ave age c al power gutput,
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Pe, rateg R3ted electrical power output, W
P Normalized power, W
£ Yearly generated energy, kWhfyear

C and K Wind regime {Weibull} parameters

Coeellicient of performance of the wind turbine at the rated power, p.u.

Cpr
1(4mR Transimission efficiency at the rated power, p.u.
”6 GR Generator efficiency at the rated power, p.u.
'1;0 Rated overall eificiency, p.u.
C.F. Capacity factar, p.u.
Vi Air density, kilopascal
A Rotor swept area, m
P\O Optimum rotor swept area, m2
G Generator cating, K W
L.E. Egyptian pound
5 Capital investment, L.E.
S| Cost per unit swept area of rotor. L.E.;"rn2
S5 Cosi per KW of generator rating, L-E./KW
s Energy cost figure, L.E./ kWh
Simin Minimum energy cost figure, L.E/KWh
G Gpr 8, Bpr ¥
Bo, Bl, Bz, bo bl' ang b.2 Constants

I- INTRODUCTION

The increased search for aliernative energy sources has led 1o renewed interest
ang studies of the wind electric systems. Their zero fuel cost may act to dampen the cost
of other fuels. Teday, wind turbines have to compete with many other energy sources. [t
is therefore, important to meet any load requirements and produce energy at a minimum
cost per L.E. of investment.

The selection concept of wind driven generatoros, system optifnization, control
system design, safety aspects, economic viability on electric utiity systems, and potential
electric system interiacing problems were emphasized as general! guidelines and concepts
and not proposed as methodologies or algorithin applicable for the problem in Rel. |1}

On other hand, in Rel. {2) and [3] the most economic design necessitates solving
tens of specific problems. 50, it could be derived graphically by interpolation. Any changes
occurred lead to other iterations and repetition of all previcus steps.

So, this paper mntroduces an algorithm by means of which the optimum WES design
has been obtained directly. One of the familiar optimization techniques: "Sequential Search
With Three Tqually Spaced Experiments® is utilized with the objective cost function subjected
to the technical constratnts. This algorithm enables to deal with any changeable data without
sensible efforts or computation time. The numerous results permit to discuss and evaluate
the pesition and influence of each parameter on the opurmum design.

- PROPOSED ALGORITHM

a- WES Energy
The average power output from a wind turbine is the power produced at each wind
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speed times the fraction of the tinc that wind speed is experienced, intcgraled over all
possible wind speed. In an integral focm, it is formulated as [2):

<]
Pe’ave:fPeI(v)dv W (1)

)

where Hv) is a probability density function of wind speed. The Weibull distribution wiil
be used, thus

fl(v) :%[%]

This is a two parameters distributionwhere C and K are the scale and the shape parameters,
respectively. The electrical power cuiput of a model wind turbine is!

e L 9 C(2)
C

Pp =0 { V(VC)
’ K

Peza'-bv (VCQVQVR) (1)
Pe = Pe, rated (Ve VLYR)

P =0 ( V}VF }

Substituting in Eq n. (1) from Eq n. (2) yields:
v ¥
Pe’ave:V{R(arbuﬁf(v)dv«-Pelratedvfl:([v)d\r Ll
R

Applying the limits of integration (into} Eq h. {4), and reducing the terms, this results im

exp [ - v(_joK] e [ (v /)]
4 LS
(V/O - (v /o)

- S 3
Pe_. ave (CPR ZmR "ZGR} {“f2) A VR

K
-exp[-(VFIC)J] W ce-(05)

This, equation shows the efiects of the cut-in, rated and Iurling wind speeds on the average
power production of a turbine. Also, its energy output, E is given by

£ = laverage power). time = Pe ave ¥ 8760 k Whiyear I

b- Deveigpment of the Objective Cost Function

The capital investment (5) required for installing a wind electric system involves
two essential items. The first is the cost of the turbine rotor, tower and land area dencied
by 5, per unit of rotor swept area. The second is the cost of the electrical generator, switch-
gearg ang nterconnections symbolized by S2 per kW of the generator rating. 5o, the capital
investment of the wind electric system can be expressed {or a certam wind regime parametecs
and lead demand as {ollows:

S:SIA+§G S

It is well-known that, the generater rating is selected according to the supplied rating
electrical power, hence

G:p ffz)Z}A\fé w L (8)

e, rated (
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Thus, A = P Y RTINS ... (10)

e, rated

Substituting Eq n. {9) and Eq 0. (10) into Eq n. (8} yields:

3 -3
i[(ffz)‘ZovR]hsz(p x 107) L 01

5=3 ® e, rated

e, rated

The energy cost ligure,s is the most important indicator that illustrates the approp-
riateness of installing a WES. [ts value can be estimated by dividing Eg —rl'.“.]) by Eq n {7)
resuiting in a general equation of s expressing its change with the most deciding parameters.

K
8760 fexpl —WC 1)) - expl -(VRA"C)

< (el - ver”
~exp[-(VF!C)]} L 12)

o

s=SIE = (5, / (L1 [ v s, x 107

This is the objective cost function to be minimized subjected to suitable technical and
econemic Constrants.

¢~ Optimization

Sequential Search With Three Equally Spaced Experiments optimization technigue
is applied to minimizing the energy cost figure [4]. With this technique, the three terms:
s(vR!;ul, s{VRlR}, and s(BVRIMJ as shown in Fig. [, are initially estimated for the first
interval of search, VR[’ Three possibilities are displayed in this figure.

The new search interval is hall the length of the initial search region, YR| - Thus
for three caleulations, the new search interval is half the fength of the initial one. Treating
the new interval in the same way, it will be seen that, while three experiments are still
used in the search in the new cycle, the center of them coincides with one of the experiments
of the previous cycle. Therefore, in the second cycle, only twa new experiments need to
be made, placed at the quarter and the three-quarter positions in the interval. So, with
m iteratiens, the extreme value wiil be located within {1/2)" of the original length, ¥ g but

involves only N calculations, where N = | + Zm. With m repetitions of this procedure, the
position of the extreme value may be located within a length VRN' The accuracy, e¢ . of
search is
d:VRN/vR' -.-(lj)
Thus,
) _ m (N - 1) /2
Or"vRvaR]'(l'fz} = (1/2) A L

Hence, the number of experiments required {or the cobjective accuracy «is given by
NZ1+ 2 log o / log 1/2) for odd N b5y

For example, 7 iterations or |5 experiments are required fo get an accuracy defined by
oL K000

Such routine can be programmed Ior operating a computer without difficulty,
since it uses the same basic formula for each cycle of the calculation. Since the curves
of 5 are gently rounded near their minimum values, therfore, this makes the technique a
good and elfective means in assighing the cptimum rated wind speed.

- MODELLING OF QPTIMUM DESIGN CHARACTERISTICS

The prementioned sequential search optimization technique is applied for minimizing
the objective cost function. It is carried out for various svalues of wind regime parammeters
Cand K covering a wide range of cut-in to rated speed ratios. They represent dillerent
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WES designs. So, the optimum rated wind spezd has been obtained resulting in the optirown
system design. Two simple and general medels are developed out of the optimization process
cesulting in the following forms:

1- Optimum Normalized Rated Wind Spred

VR,opt;C:d0+dlK Laa016)
where :

Iogd0=G0+Gl(VCIVR] L7
, and

"1:30*3["’3%”11} .. {18)

It is evident that the parameters d, and d| are principally dependent upon the
cut-in to rated speed ratio. Therefore, this medel brackets all the ratios of practical and
hopeful designs. Practically, it is cecommended to choose the fucling speed to be twice
the rated one. This results in challenge, since the power regulation within the [-8 times
the rated power range is a dilficult task.

2- Minimum Energy Cost Figure

The energy cost figure is a significant indicator to experiment the appropriateness
of producing energy from WES's at certain wind regime parameters. The behavior of this
figure is deduced and proposed 10 have the form of:

swin =YD L S5, (v 1S @) e (o vapa - 419)

mi R, opt
where,
_ . 2
ao-Bo BI(VC.-’VR)+BZ(VC!VR) .- {20)
, and
2
al:bo+bl(vC;vR}+b2{vcivR) Lotz

This model shows the explicit change of the minimum energy cost figure with:

a- Wind regime parameters, C and ¥,
b- Cut-in to rated wind speed ratio. and
¢~ Price marketing of WES equipment: 5| and 3,

Eq n. (19} enables the designer to compromize between different available designs and
deciding the optimum and grading the othars.

IV-APPLICATION AND ARGUMENT

This section involves the [linding of the optimum WES design parameters that
result in minimurn energy cost figure by applying two methodoelogies:

a- The {irst is 10 solve the problem step-by-step as mentioned in the previous literature
L1,2,and 3] 1t is applied only to certamm and unigue conditions of wind speed
data. For other conditions, the computations should be repeated again to get the
corresponding ¢ost figure and the minimum value would, then, be attained.

Its steps of computation can be stated-briefly-in the following way:

I- According 10 the choosen WES turbine, the ratios of the cut-in and the furling speeds
to the rated value are determined.

2- Find the wind regime paramcters (Weibull density functions parameters) C and K
from the long-term recorded wind data of the site under consideration (1]
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3- Deduce the relation between the normalized power, Pp , and the rated wind speed,
VR where:

3
pN=Pe,avef[(fi2)azoAVR] Ll 022)
So, substituting for Pe.ave as given by Eg n. {3}, we have:
. 3
Py = (Vo /C)” C.F. c.a(23)
where C.F. is given Dy:
K K
exp [- ( VC/C) ) - exp [~ (VR;’CJ )
e ave; Pe rated ~ [ K K
/ = (Ve/O vl ©)

C.F.=P

-exp[—(VFIC)ﬁ] oo 024)

4- Several Y / C ratios are taken and the respective Py are estimated. Sg, Fig. 2 can
be deduced with K as a parameter. Thus, the optimum normalized rated wind speed, ¥V R,opt/C
at which Py has its maximum value ¢an be determined for various values of K.

5- Compute the required swept area, Ay, of the roter according to the rated load
demand, Pg rared and the previously computed opimum normalized rated wind speed, where

LT v g . (25)

o2k o  R,opt

o e,rated

and the corresponding gencrator rating, G, has been estunated by the aid of Lq p. (9.
6- Compute the capital investment needed to instal! the WES ,5, from Eq n. (8).
7- Estimate the annual generated energy, E, as expressed by Eg n. {7)

&- Find the minimum energy cost figure, L,E./ kWh, taken into consideration the
rate of cost return.

Several discriminative conditions would be taken to deduce the optimum design
parameters and the corresponding minimum energy cost figure. Of course this methodology
needs and consumes considerable effort and computation time and distinguished by no flexibiiity
to any changes in the input wind speed data.

b- The second methodology is to solve the optimnization problem directly by applying
the "Sequential Search With Three Equally Spaced Experiments" optimizatson technique
on a new and proposed objective {unction developed in this paper as given by Egq n. (12).

It is intended, here, 1o minimize s where:

K K
-V SO T-exp [-(V,L/C) ]
=I5,/ CCfiy T vy v s, x 10‘31/0.3760['3—"“ 9] R

NI
C

-exp[-(VF,-’C)K}J L 012)
ar
3 -3 ;
s=Us, /(S T v s, x 10 1/0.3;s(c.p.} 13
Subjected 10 equality constraints :
Ve [ Vg = 2.0 ...(12:1)
iz =0.647 oo u2)

0.25 CL23)

7'

o
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and inequality constraints :

/s ST <12 mfs 128
0.6 = vcva\<0.5 C (1?.5)
1.3 X, K t 3.0 .. (12.6)
Ly <c € L3y co 12.7)

In contrast to the first methodology, the optimization method has distinctive advan-
tages and features. it can be applied directly for any wind regime, site, and design parameters
without additional effort and computation time, only changing the input data for the new
case. Thus, it enables to investigate in an easy and simple manner the influence of any
of the above parameters on the minimum energy cost figure. Moreover, this figure and
the optimum normalized rated wind speed are modelled 1o describe in explicit forms their

_behavior againts all the effective parameters. These behaviors and the optimum rotor swept
area versus the wind regime parameters are illustrated in Fig. 3, 4 and 5.

From the results described by the proposed models, the optimum rated wind speed,
optimum rotor. turbine swept area, maximum average electrical power, and minimum energy
cost figure of a wind electric system of a rated power ol 200 KW are illustrated in Table
(1). The WES is assumed to be installed in alternative twenty sites cach has its own optimum.
They can be classified into five main categories A,B,C,D, and E covering practical values
of K ranging from 1.6 - 2.7. Each of these categories has been again classified into four
secondary sites to supply the same load according to its C ranging from 4.032 o |2.096.
Thus, a site of secondary category of C.3 means that it has wind regime parameters {C
and K) of 7.56 and 2, respectively. From the sites of category A.l and E.l, it has been
noticed that the minimum energy cost figure increases by an amount of 95.69% when the
Weibull shape parameter increases from 1.4 to 2.6 keeping the Weibull scale parameter
be the same 8$.03Z. Also, sites A.l and A.f reveal that the minimum energy cost figure
reaches a value of one-ninth when the Weibull scale parameter increases from 4.032 to
12,096 (3 times) having the same Weibull shape parameter (l.4). In addition, the maximum
average electrical power and the corresponding optimum swept area differ according to
the site of installation. This is ascribed by the fact that the WES is essentially designed
to produce a specilied electrical rated power of 200 - KW,

A plot of the optimem normalized rated wind speed, YR opt fC versus the cut-in to
rated wind speed ratio is given in Fig. 6. This characteristic 15 deduced for three different
values of K {l.4, 2.0, and 2.6}, The family of curves labelled {Models) is iound by applying
the proposed models and that labelled (Calculated) is computed from applying the first
methodology. Both families agree reasonably well where the maximum percentage deviation
is 6.37. This demonstrates rational accuracy of modelling the optimum normalized rated
wind speed.

On other hand, the minimum energy cost figure versus K is plotted in Fig 7-a with
4.032 as a scale parameter. It is also drawn against the Weibull scale parameter, C, as
shown in Fig. 7-b with shape parameter of l.4. The maximum percentage deviation between
both families is 7.3% which illustrates the accurateness of the proposed models airhough
it incorporates several parametrers that alfect appreciably the results. These parameters
are listed in the following table:

Tabie 2: Models Coefficients

Coefficient G G By 8

[ts Value 1,287 1.587 0.284% 3.63 .14
4L e el = |
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» Al
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Fig. 7-a Minimum encrgy cost tigure as a function of K (C = 4.032)
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Fig. 7-b Minimum energy cost rigure as a function of C (K = 1.4).



35

Mansoura Engineering Journal (MEJ) Yol, 12, Wo, 2, Dec 1987

RS B S TA A i (RN VLS |

D1 = swiy ‘eanBiyg 1s0) ABrougy whwituny JOIW «

ﬁl

2491 101 149 92°Z1 F60°Z1 800 #d

FA¥as 6ETEZ] 9092 8L 9¢°4 <9 £

LA zitogl 29¢¢ ) 8409 q°¢ Z'd Eara 3
RECE 977621 ZL081 60'h 2600 St 4

691 28 1341 61°¢l 607 ol e

208 ZhZ8 Lh1] an'e 96 & €9 £a

226 q71°Z% L182 94 ghote g 2°q £°Z a
9942 L0768 2686 o' Zeat 9¢ 1'q

9Ll £L°8¢ 302 Zi°g1 960721 201 70

£6h €Z°8¢ 0cg ettt 6L €48 €D

1'08 s1a019 9691 06 2409 9% 2D 0¢ )
{0gg 2h'6¢ heig a9 FARIN ER3 1D

'8l 207¢H el 01z 960721 801 sd

gin 2L nh 414 91°¢) 9¢72 €29 £'d

0L 697494 607 €0l SHhOD L ad £ g

el 30°¢H £09¢ 04 FAL N 9¢ d

Q0L FAN 11 &% 667 €2 96021 el | L3 4

6t 2E9% 99¢ 0¢l 9¢°4 cL9 £y

e $¢°9¢ 0¢f gzl 8109 LR Pl 4 4 L
8081 04" 9% oZne 0% Ze0h LY 'y

(U1 T {mx) () (s/w) (s/u) (Sfw) Llo8o1eny AloBa1e0
AR o 1doty i
»403W d) v A (AZ1'T)D A Alepuodag Jo $211¢ > uIRly O S3115
60 = m?.b.i sdoawedeg awiday puim snowsey Joy 38ty

150D £813u3 pur ‘2amod afeisay [EDM1D9[3 ‘eady 1domg 4010y wnuwndQ paadg pulm PRy peziEWLION wnwiidQ (1) S[qRL



E. 36 M.H.EL-MACHRABY & M.A.EL-SAYES

Table 2: (Cont.} Models Coefficients

Coelticients Bo Bl 82 b bl bZ

Its Vaiue 1.263 -3.029 1.921 -D.438 0.973 | -0.658

V- CONCLUSIONS

A proposed general and simple algerithm has been presented in this paper for optimi-
zing the WES. It can be applied for any wind regime, site and design parameters. It gives
the direct solution of the optimization problem without difficulty and numerous calculations.
Thus, it enables to investigate in an easy and simple manner the influence of any of the
above parameters on the minimum energy cost ligure.

Mareover, this cost figure and the optimum normalized rated wind speed are modelled
describing in explicit forms their behavioragainst all the efiective parameters. The numerical
application intreduced demonstrates the accurateness of the proposed models where the
maximum percentage deviation in estimating the minimum energy cost figure and the optimum
normalized rated wind speed are 7.34 and 6.37, respectively.

The influence of the wind regime parameters on the minimum energy cost figure
is studied which can be used as an index showing the appropriateness of installing a WES
in a site having wind regime parameters.

The introduced algorithm can be used as quite useful tool jp making the economic
decisions on installing a WES.
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