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The main aim of the thesis is to obtain the optimal economic dispatch of real power
In systems that include wind power.

v"Model considers intermittency nature of wind power.
v" Solve OPF by PSO.
v" IEEE 30-bus test system.

v'6-bus system with wind-powered generators.



MOTIVATION:

The Growing Importance of Wind Energy:
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MOTIVATION:
The Cost of Wind Energy:

» Abundance of wind power everywhere; Fluctuations of oil prices;

 One of the most competitive renewable resources.

U.S. Energy Consumption by Energy Source, 2009

Total = 94 578 Quadrillion Btu Total = 7.744 Quadirillion Btu

—~Solar 1%

— Geothermal 5%
~Biomass waste 6%

{ Wind 9%

. Biofuels 20%

0l Renewable
. Energy
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Wood 24%

Hydropower 35%

Electric Power
9%

Note: Sum of companents may not equal 100% cue to mdependant rounding
Source: U S. Enargy Information Administration. Annua! Energy Review 2009, Tabée 1.3, Pnimary Enargy Consumgton by
Energy Scurce, 1948-2009 (August 2010).



MOTIVATION:

The Optimal Economic Dispatch of Wind Power:

It’s a challenging topic to search about.
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STATEMENT OF THE PROBLEM

The objective function of the optimization problem in the thesis is to minimize the
operating cost of the real power generation.

Conventional-thermal generators Wind-powered generators

Land rent Insurance
18% 13%

Service and
spare parts
26%

Administration
21%
Power from Miscellaneous
the grid 17%
5%



STATEMENT OF THE PROBLEM

wind power
(w)

eduled
Ing posves \"

C,i=k,i(W,,—w) (underestimation)
=Ky | (w=w)f,, (w)dw

Since f,, (w) Weibull probability distribution function (pdf) of wind power.

In similar fashion,
C.. =k ;(w-W,,) (overestimation)

= I(r,iv_\‘/‘i (w; —w)f,, (w)dw



STATEMENT OF THE PROBLEM

The model of OPF for systems including thermal and wind-powered generators:
Minimize:

J :ZCi(pi)+zcwi(wi)+ch,i(wi)+Z (W)

Subjectto: Where: C.=aP’+bP+c

pi,min < pi < pi,max CW,I = diWi

O<w, <w;

i ) +ZN:W _L C,. =k, j (w—w,)f, (w)dw (underestimation)
Vi sVisY, =k, ; j (w, —w)f,, (w)dw (overestimation)
SIine,i < SIriTr:ae),(i >

Particle Swarm Optimization (PSO) algorithm is used for solving this optimization
problem.



PROBABILITY ANALYSIS OF WIND POWER:

The wind speeds in particular place take a form of Weibull distribution over time,
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PROBABILITY ANALYSIS OF WIND POWER:

The cumulative distribution function (cdf) of Weibulll distribution is:

F=[f, @)dz=1-e ¢
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PROBABILITY ANALYSIS OF WIND POWER:

The captured wind power ¥ P =C g AV’

The captured wind power can be assumed to be linear in its curved portion:

0 (v <v,orv>v )
vV -v,
W o= < r( '); V, SV <V,
(Vr_vi)
w,; v, <V <v,
WA
Wy

L T
"|.J'i Vr VO

The captured wind power



PROBABILITY ANALYSIS OF WIND POWER:

The linear transformation (in terms of probability) from wind speed to wind power
Is done as following:

s (]
el ({2

While for the continuous portion:

~—

w-b)|1 Wi
Q fy, (w)=1, (—j — B
a Jla |
£ (w)= klv, ((1+ PV, ) i exp(_((u PV, D 3
w.C C C !
| (Vr —v, 0 . ",’ -

w
Where: p=—,
Wr Vi
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PROBABILITY ANALYSIS OF WIND POWER:

Probability vs. Wind power for C=10, 15 and 20
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PROBABILITY ANALYSIS OF WIND POWER:

Then, plug the transformed wind power equations in the model:

Prn - 0}=1—exp(‘(%]k}exp(_(%ojkj

Pr{W =w_}=—exp

JJenl (2],

fw (W) —

klv.

@+ pl)v,

W, C

|

C

.

( (1+,0|)V

{
)

Cp,i = kp,i 'r (W_Wi)fw (W)dW

C.. =k,

ri

Minimize: J = ici(pi)+icwi (Wi)+icp,i (Wi)+icr,i(wi)

(W —w)f,, (w)dw
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OPTIMAL POWER FLOW (OPF)

The optimal power flow (OPF) is a mathematical optimization problem set up to minimize
an objective function subject to equality and inequality constraints.

Min: J(x,u)

Subject to:
g(x,u)=0
h(x,u)<0

Where: ] (X,U) — Z'\.A:Ci(pi)-l_icm (Wi)+iCpli(V\4)+Zh_l:Cr,i (W,)

X' :[PellVLli""VL,NL’ QGl""’QG,NG’ Slinel’""’sline,nl]
u' :[VGl’--uVNG’ Rs2seems PG,NG’ Ty Ty QCl""QC,NC]

PV, > VY, cos(5, -5, —6,) =0
While: g(x,u)=0 = j=1

Qi _Vi Zlijij Sin(é} _51' _‘9ij) =0
]=



OPTIMAL POWER FLOW (OPF)

On the other hand, for inequality constraints h(x,u)<0:

Where: Generator Constraints:

PUM <P <P™  j=1..,NG
VALESVA _vG”;aX i=1,....NG
< Qs <Q i=1,...,NG

Whereas: Transformer Constraints:

TM<T <T™ i=1...,NT
While: Shunt VAR Constraints:

Q.M <Q. <Q.™ i1=1...,NC

Finally: Security Constraints:

V™V <V ™ i=1.,NL
Sllnel—S

Ilne i



OPTIMAL POWER FLOW (OPF)

By using penalty function principle, all constraints are included in the objective
function J(x,u):

‘Jaug :‘]+ﬂ“P(PGl_PC!i1m)2+ﬂVZ(VL| V“m) +ZQZ(QG| “m) +ﬂSZ(SI|ne| Slrl];aexl)

2

Where: A, 4,4, and A are penalty factors.
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PARTICLE SWARM OPTIMIZATION (PSO)

PSO suggested by Kennedy and Eberhart (1997).




PARTICLE SWARM OPTIMIZATION (PSO)
PSO Searching Mechanism:
Vet =wrv* +¢ *U (pbest’ —x*) +c, *U (gbest" —x*)

XkJrl = Xik +Vik+1 Where:

(Wi = Wi )
3 W=w_ + m-ax min
Itermax

*iter

-

X QeSS i >@® Pbest’
V.I’bcst

W
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PARTICLE SWARM OPTIMIZATION (PSO)

PSO Algorithm Flowchart

Initialize particles with
random position and velocity
vectors

v

For each particle’s position
> (x) evaluate objective
function (J)

v

If J(x) better than
J(pbest)
then pbest = x

v

Set best of pbest as ghest

v

Update
v, @ o U (phest-x,) + ol (ghest-xy
X;=Xi 't ¥

Is Iter.=maxiter?
[s adequate objective
function reached?

Stop: giving ghest, optimal
solution




PARTICLE SWARM OPTIMIZATION (PSO)

Implementation of PSO for Solving OPF:
Min J(x,u)
ST. g(x,u)=0

h(x,u)<0 Where:

X= [Pel’QG' VL’SIine]
u=[P,,V,, T, Q.]

2

aug J "'/IP(PGl — Pelilm)z +ﬂvZNLi _VI_Iiim) +AQZ(QGi o glm) +ﬂs_nZ(SIine,i _S|ri?1?,(i)

— ‘]aug = % |:i (PGi) +ﬂ“ |:§:u| *h(X1 U):|

| L h(x,u)>0
since: /477 o h(x,u) <0



STUDY CASES AND SIMULATION RESULTS

OPF Main Flowchart

Input the data of the system

!

Setting the parameters of
PSO algorithm

.

Is PSO algorithm  using the

contred vanables selectson o

solye OPF

o

Using the sensitivity matrices to
select the most effective control
variables

I

Instialize the damension of cach

pasticle in PSO algorihm

Using Pawer Flow algonthm wo
satisfy the equality constraiats
g0

v

Using the penalty functions to
sutisty the mnequality constraints
hixap=

v

Convent the olyective function
of the cost J(xu) 1o the
umcotsirnimed augmented

objective function J_ | x.0)

Using PSO algosithm s find the
TN cost

v

Stop; giving the minmum cost,

The optimal solution
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STUDY CASES AND SIMULATION RESULTS

Using Sensitivity Matrices to Select the Most Control Variables: ==

Categorize the system
variables to state and control
variables and parameters

l i l Lneg Power Do alperdus 1
Using Current sensihivity Using voltage sensitivity
unalysis o find R maotnx analysis to lind S, matrx

Spectty the violations in state
vanables

'

Using Singular Value
Decomposition (SVD) to get the
mosl elfective control vanables

.

Output: the most effective contro
variables to adjust the violations
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STUDY CASES AND SIMULATION RESULTS

Using Power Flow algorithm to satisfy the equality constraints g(x,u)=0 ?

!
t
Construct Ybus of the system

v

Specify the error £ and
formulate power flow
cquations

v

Using Newton-Raphson

Uswg e posaids Lassemt
method to solve power flow S o v x- femame
equations -
odassirraepadniond
ative hanres Ljsul
won PO dgurane v tand de

Power flow ¢quations are
solved

v

Find power flows through the
transmission lines of the
system

.

Output; Pgy, Qg bus voltages,
power flows and the losses 25




STUDY CASES AND SIMULATION RESULTS

Using PSO algorithm to find the minimum cost ?

Setiing e Pty of
Initialize particles with revm aratis s

random position and velocity
veciors

4
For cach particle’s position
—P (x) evalunte objective

function (J)

v

I Jx) better than
Jipbest)
then phest = x

.

Sct best of pbest as gbest

Update Ui P90 shgmranes s fond e
v - wv o Upbest-x) + ol (ghest-xy I

N =X b

Is Iter. =maxiter?
Is adequate objective
function reached?

Stop: giving gbest, optimal
solution
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STUDY CASES AND SIMULATION RESULTS
IEEE 30-BUS TEST SYSTEM:

- 29

27 ¢ 28




Cost

STUDY CASES AND SIMULATION RESULTS

Study of Base Case:
798.5 \\\
. 100 200 300I e ra;li(())OnS 500 600 700 He \I/_Lol;dvéljs \\//Lésl;ta\g/]Lezso
Pc1 Pc2 Pc3 PG4 Pcs Pcs Losses | Cost
(MW) (MW) (MW) (MW) (MW) (MW) (MW) ($/hr)
176.94 48.71 21.27 21.09 11.83 12.00 8.4382 798.43




STUDY CASES AND SIMULATION RESULTS
Application of Sensitivity Analysis for OPF :

The order of most effective control variables is:

VL19 VL20 VL21 VL22 VL23 VL24 VL25 VL26 VL29 VL30
V8 T27 V2 T27 Vi VE Vi VE V8 VE
V2 V5 V& Vi V2 V5 V5 V2 Vi Vi
Vi Vi Vi V2 V8 V2 V2 V5 V2 V2
V5 V2 V5 V5 V5 Vi V13 Vi V5 V5

Vil Vi T27 Vi T27 Vil T12 V13 V13 Vi3
T9 Vil Vil V13 (Qsh29 T9 V8 Ti2 T12 TIi2
T27 T9 T9 Ti12 Vil T27 Vil TI10 Qsh23 Vil
V13 V13 V13 Vil T9 T10 T9 Vil Vil T9
T12 T12 T12 T9 V13 Vi3 T10 T9 T9 T10

(Qsh23 T10 (Qsh29 Qsh29 Ti2 T12 (Qsh20 Qshl 5 T10 Qshl5

(Jsh29 Qsh29 (Jsh23 Qsh23 T10 Qshl15 | Qshls (sh23 Qshl5 T27

T10 Qsh24 T10 T10 (Qsh20 Qshl17 T27 T27 T27 (Qsh29

(Jsh24 (Jsh23 Qshls Qshls Qsh21 Qsh20 | Qshl2 (Jshl2 (Jsh24 (QJshl2

Qshl2 Qshl7 Qshl2 Qshl2 Qshl7 (Qsh29 | Qshl?7 Qshl7 Qshl2 (Jsh23

(Jshls Qsh21 (Qsh20 Qsh24 (Qshl2 (Qsh12 | Qsh23 Qsh20 Qshl7 (Qsh24

(Qsh20 Qshl0 Qshl7 Qsh21 Qshl10 (Qsh23 | Qsh29 Qsh24 Qsh20 Qsh20

Qshl7 Qshl2 (Qsh24 Qsh20 (Qsh24 Qsh10 | Qsh24 Qsh21 Qsh29 Qshl17

(Qsh21 Qsh20 (Qshl0 Qshl7 (QJshl5s (Jsh21 (Qsh21 Qsh29 Qsh21 Qsh2l

Qshl0 Qshls Qsh21 Qshl0 (Qsh23 Qsh24 | Qshl0 Qshl0 Qshl0 Qshl0




STUDY CASES AND SIMULATION RESULTS

Using combinations of the most effective control variables for Base Case OPF:

Case Violation Control variables Still exist violations Cost
283.4MW V1 18...30, Sjies ( Px), (Vgl, Vg5, Vg8) Vi26 Viso. Siineto 818.92
2834MW VIA 18.. 30’ Slmcl (Pus ), (Vgl ) ng, Vgg) Vl.}l), Slincl() 80551
283.4MW Vi 18...30, Sine (P ), (Vgl, Vg2, Vg5, Vg8, Vgl3) Viio 800.17
283.4MW V1 18...30, Sl (Pg), (Vgl, Vg2, Vg8), (T27) | = =ee-- 802.41
283.4MW Vi 18...30, Sjne (Po), (Vgs) | e 799.86
283.4MW V1 18...30, Sjne All (i.e. Pgs, Vgs, Ts,Qshs) | =eem- 798.43

*V 18...30 stands for violations at buses 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 29, 30.
** P, stands for all real power of generators except the first generator at slack bus.
The order of most effective control variables is:
vLio | vz | vLa vz | ve2s | veza | veas | veze | vezz | veae | vLse

V8 T27 V2 T27 Vi V8 Vi V8 T27 V8 V8
V2 V5 V8 Vi V2 V5 V5 V2 V13 % Vi
Vi V8 Vi V2 V8 V2 V2 V5 T12 V2 V2
V5 V2 V5 V5 V5 Vi V13 Vi Qsh23 V3 V5

V1l Vi T27 V8 T27 V1l TI12 V13 Qsh29 V13 V13
T9 V1l V1l V13 | Qsh29 T9 V8 T12 Qsh24 Ti12 T12

T27 T9 T9 TI2 Vil T27 Vil TI0 Vi Osh23 Vil
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STUDY CASES AND SIMULATION RESULTS

6-BUS SYSTEM INCLUDING WIND-POWERED GENERATORS

4
Gen. No. - a | b c PG low | PG _high
($/MW*2.hr) (S/MW.hr) (MW) (MW)
I 0.012 12 105 50 250
2 0.0096 9.6 96 50 250
3 0 8 0 0 [40]
4 0 6 0 0 40
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STUDY CASES AND SIMULATION RESULTS

6-BUS SYSTEM INCLUDING WIND-POWERED GENERATORS

Minimize: 3 = 3°C,(p)+ . Cou(W)+2.C, () +DC,, (w)

£ (w)= \Ij\ivc ((1+,§|)vi j ) exp[_((1+é)l)vi D

o
©

"
L 08 -/"/././I
c=10 : —
c=10
/I/'—'L\‘I— 0.7
[
\-\-\' Zos I/././' o
2 /
£ 06 I\'\.\ ¥ Sos ./=/./I '/./'/'
3 — o a
© L o——* RS ‘.:l* = /
-E c=15 '/0/" N“\o\« /I/./I C_];S/l "
o . g0 r —
0.4 /M__.(-r t S 2
0.3
./!/" c=20 0.2 T ¢=20
0.2 o
° . 0.1 =t
+
t
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 % o1 02 03 oz os os 07 08 o
wiwr WWr
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STUDY CASES AND SIMULATION RESULTS

The Effect of Wind Power Cost Coefficients
The Effects of Reserve Cost Coefficient k, (and k,=0):
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25
C Welbul scale factor C Welbull scale factor
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STUDY CASES AND SIMULATION RESULTS

The Effects of Penalty Cost Coefficient k; (and k,=0):
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STUDY CASES AND SIMULATION RESULTS

The Effects of Reserve Cost Coefficient k. and Penalty Cost Coefficient k,:
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STUDY CASES AND SIMULATION RESULTS

The Effects of Reserve Cost Coefficient k. and Penalty Cost Coefficient k,:
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Conclusion and Further Work

Conclusion

* The implementation of PSO algorithm to find OPF solution is useful and worth of
investigation.

» PSO algorithm is easy to apply and simple since it has less number of parameters to deal with
comparing to other modern optimization algorithms.

» PSO algorithm is proper for optimal dispatch of real power of generators that include wind-
powered generators.

» The used model of real power optimal dispatch for systems that include wind power is
contains possibilities of underestimation and overestimation of available wind power plus to
whether the utility owns wind turbines or not; these are the main features of this model.



Conclusion and Further Work

Conclusion

» The probability manipulation of wind speed and wind power of the model is suitable since
wind speed itself is hard of being expected and hence the wind power as well.

 In IEEE 30-bus test system, OPF has been achieved by using PSO and gives the minimum
cost for several load cases.

 Using OPF sensitivity analysis can give an indication to which of control variables have most
effect to adjust violations of operating constraints.

* The variations of wind speed parameters and their impacts on total cost investigated by 6-bus
system.



Conclusion and Further Work

Further Work

» PSO algorithm needs some work on selecting its parameters and its convergence.

» PSO can be applied in wind power bid marketing between electric power operators.

» The same model can be adopted for larger power systems with wind power.

 The environment effects and security or risk of wind power penetration can be included in the
proposed model and it becomes multi-objective model of optimal dispatch.

* Fuzzy logic is worth of investigation to be used instead probability concept which is used in
the proposed model, especially when security of wind power penetration is included in the
model.



Conclusion and Further Work

Further Work

» Using the most effective control variables to adjust violations in OPF needs more study.

» The incremental reserve and penalty costs of available wind power can be compared with
incremental cost of conventional-thermal quadratic cost; this comparison could lead to useful
simplifications of an economic dispatch model that includes thermal and wind power.
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