AIN SHAMS UNIVERSITY
FACULTY OF ENGINEERING

Electrical Power and Machines Engineering
Enhancement of Renewable Energy Systems

Contribution to Power System Frequency Regulation
A Thesis submitted in partial fulfilment of the requirements of the degree of
Doctor of Philosophy In Electrical Engineering
(Electrical Power and Machines Engineering)
by
Mai Mohamed Ali Mostafa Abdelfattah
Master of Science in Electrical Engineering
(Electrical Power and Machines Engineering)

Faculty of Engineering, University, year

Supervised By
Prof. Dr. Hossam EIl Din Talaat
Dr. Mohamed Hassan Soliman
Dr. Ahmed Mokhtar El Damrawy

Cairo - (2019)



AIN SHAMS UNIVERSITY
FACULTY OF ENGINEERING

Electrical Power and Machines

Enhancement of Renewable Energy Systems

Contribution to Power System Frequency Regulation
by
Mai Mohamed Ali Mostafa Abdelfattah
Master of Science in Electrical Engineering
(Electrical Power and Machines Engineering)
Faculty of Engineering, Ain Shams, 2009
Examiners’ Committee

Name and Affiliation Signature
Prof. Mohamed Ahmed Moustafa Hassan ...
Electrical Power and Machines , Cairo University

Prof. Hussien Farid Soliman
Electrical Power and Machines , Ain Shams University

Prof. Hossam El Din Abdallah Talaat ...
Electrical Power and Machines , Ain Shams University

Date:



Statement

This thesis is submitted as a partial fulfilment of Doctor of Philosophy in
Electrical Engineering, Faculty of Engineering, Ain shams University.

The author carried out the work included in this thesis, and no part of it has
been submitted for a degree or a qualification at any other scientific entity.

Mai Mohamed Ali Mostafa Abdelfattah

Signature

Date:



Researcher Data

Name : Mai Mohamed Ali Mostafa Abdelfattah
Date of birth :21/3/1980

Place of birth : Biala / Kafr El Shiekh Governorate

Last academic degree : Masters of Science, Masters of Business
Administration

Field of specialization : Electrical Engineering

University issued the degree  : Ain Shams University, Lehigh University
Date of issued degree : 2009, 2017

Current job : Senior Quality Control Engineer at Arab
British ~ Dynamics, Arab Organization for Industrialization



Lo jeSh (o gl AUas A 50 piad | udlS o1a3 Apaldie) 5 ) il (5 siase Gaindy (el Jindii e Jgasll ezl
Lgad oSl A1) 5 At el i Lgw oSy 15 15 o paial) ST e D Baiatl il sl af (e Lginal
el 2 il Laa

A s san g ST Juad 5l Al 52l 4 jead) Ay el ol A0S Aada cud ALl oda e JSY) e el
Alai Al o5 g Juadl) 13 Aai oo il 8 iy o el e Al jall s AS0E e (<5 Lase 650 <y S
Gy e alaie YU Al £3 sal 8Slas ¢l jal Gush oo Ay peaall 4K Zdgai ooyl g 5yl b aSall
O Wl ad) 5 ASuall a3 5 IS BlSlaall il < jeal 2017 Aad A peaall A oSl A8 Jrand ol 5 e 4l
Oe AN 23 i Aan) Aagl) Balaiiy )5 paal g an gl 8 LSal) s Jalad g Jeadl) 13gd A Agan) dagl)
Dl (e AU yull 330 50 A sliall ) ASLaYly g s 5 Y1 0 5l 8 aSatl) el e DS Gl 5 (3 5k

ondl 5l 5aS Jlaal¥) QX5 dia) iall culal gall 85 51 sall ol ) 8 45 33l 38yl ddlk

glLY ol a8l e alae Y Julal saaaiall g saaall Bl e 3aluY) andaatl  allal) oLty as Ll
i o AT dea (e s pal) Clasy) e QS sk g L) o Bliall 5 den con Aupami iy 5 pu
Sl pan A 5 gl sa0atall 5 sapaal) A8Ual) jolian (e el Sl Al 63 e aldieY) 3ah ) 4ea 58 Ay padll A gall
Al e alde)  eljeSll ZU8) (e %20 d sl G el da Sall Gaagind Fl sl A8la 5 dpwedd) AU
5 a5 2035 A (3 %14 G Do) 038 335 Ul Ala e 96 Alaaie 2022 Aind Ba2aall 5 baaal

Ll Aty AL 1 o 2e

Al 8 el Sl Ay 8 dexiiua) dlieY) Al Al e LN A Jyead sk pailad (aliss
plaind g i o5 (e ezl 48Ul dakaiall g 5 jprial) Aapdall ) Gl 3 CBERY) 18 (55 A jeadl
e b geal) AplSaY A e ALl dga 5 20 5 (g st )zl e dAa saed) AL o st (5 8l il 5 )
asa O V) L JiGY) JBaiuy) 5 Ll Alal 6 puial) daplall e il (o 58l el 5 S0 adai 2 g dpaal (g6
e Jy s dadail AS Hliie o B3l ) ae Iuaaier by )l A8l g sad Aadail 5 AS0EN) (Sl Ciaal Aalas¥) o34 Jie
S0l 0t Al Yial) ol gl S A A gl AlataY) (e AL laja dgle (555 LaacdSull L L )
O AiSan 58 el GadALLY il Amin g (B 3 aall Fepul) il L))l e Qi A Ll 5cLalal Ly

Dol (8 il U agle slaie S Ay jeSI 3508l e (2l 3 g g ade dle il Lae )l A8la

A oSl A8l 3lSlae 73 gatd aadll A Cand) o) gal 23 g Aila) o3 Allu )l 038 e (S ¢ el 8 A5 (e
dac s 453l ol e w3l o Ll Al el FL N Al e Aalasl A LA G By il A )
Al o i 2017 Aaad Liall 5 (5 guall 2 6il) e Gillad %650 %20 %10 AS jliie sy doliinee Cila 5 )l

LOllite s o 5 4S8 8 o gisan 5 SV oaliall Juadll a5 oL 00 i) 8 il

b oRlia) ol ad al ) Cum 0 il dga (e ASE elal 8 e Al jall 3 i o sedal BSaall Jae 2ay
b pSadll 8 AS HLiall & Adadll A Gl Ml ge el da #) 8] adde (8 58 Lee 23 58l (A padl) Jaxa g 20 53
oen Al U Caal) g Jrad 4y (alad) el AUail A HA 2S5 5100 e 58 DA (e By pead) 4030 22 55
Alla (e 2050 5,080 028 | yurill 138 (g el Aadll 5 50800 (ha 51 ApaS Geaay G a3 (ya s A0 23 55 8 il
5 Canll Al e Gl )93 Ay B Lt agle (055 Lae 2l Al g sad alail 5 ) sall ¢ Jal) 8 405 35 AS Al
O] Apdaall U Gl Al ge aSad a8 de yudl aSatie Bush e e gl 8 GmlaY) (g et 2l Al
Blabeal Jia) il sl ALl Gl Can 8) 0 il 5l b Sl sl 8 Al LS Caall o) e 3S L
pduaall COleaal 49 siic 2 (il 8 3yl e & dasall 13 atials e jud) aSaid (LS sl adall

235 8l et Ll Uadldl g el dad J81 gial Lol 5 il



aduaal) Cllre Cad s Gyl e Akl AU Caall Al g0 AS i (e )58 a3 Al 1 e38 (e Gl ¢ 3all b
paailly | ahiadl JYainY) e sadizall o shill luall 35k alasiuly 4ials de ) aSaid LSl i)
Ly s agle 5 235l admd) COLad o Jumil e Jgeanll Clanall Gy 3SLae e Telly Gauatl) 44
Ase (pe A8 HLie dga g ade (il il calS 35V Al #U 0 Al daline S Hlie Gy Aiiie Ol ED0
Sl i 8 Al U Cand) o) e AS liie A AN ANall o0 il 55 08l A Sl s 6 3yl S Casl)
AN a5 Al Sl daiad) A3kl aladiuly LalSal g ol adcadl) COlelae Jasia s 20 jill 5 5 080 8
el adiadl)l Clalae dana SV 20yl 5ol b aSadl) HUay b Al (AU Gl Ase 38 Ly L
Gl Uadll aje ad A jla elaV) 8 et il ekl By el e BlSlaey s il
Ornd Lyl 5 cpridliaall Jaaatl) aillad g da i)l ol 48la 4S i ol GG VAL a3 i) 8 Cal e

A 8 ) Jawa g 00 i) & (alassl ol af b L sale

Uciaall Claagil) 5 dalial) (a @l ) AlaYl Ciedall 5 g 58l Lali 520 4l )2l SWAT Jilas Al )l caesd LS
S add) sl 8L Al Jy gt Al delial



ﬁ;)ﬂ\um)l\xu\(uu

(40) (500 il ia Gy (39) (e 1o ) il Gl 057
(41) 2 #1530 613 &

aalaall ) (3aia

(41-39) <L) ol



Thesis summary

Modeling and studying of the generation mix of any power system is a vital means to ensure
safe operation and to achieve sufficient stability and reliability levels of performance for the
power system. The most important variables that largely affect the power system are voltage
and frequency. This thesis is concerned with the frequency variable.

In the first part of this thesis, a model for the Egyptian electric power system is developed,
according to the latest declared data, to study the effect of outage of largest generation units
(Kuriemat 650 MW) on the grid. The study in this part will focus on the frequency variation
due to this outage. The Load Frequency Control (LFC) is added to the developed model. A
simulation is carried out depending on two actual data sets for the highest and lowest loading
conditions for the year 2017. The simulation result shows the power system frequency
variation and its deviation from the nominal frequency as a response to the outage. It also
shows how the LFC responds to restore the power system nominal frequency through both
the primary and secondary frequency control schemes. In addition to the power system
inertial response obtained from releasing the stored kinetic energy of the synchronous
generators’ rotating shafts and loads such as induction motors. The results of the study done
in this part will be used as a core for testing the impact of generation outage on the frequency
variation as will be discussed in the second part when increasing the penetration levels of
wind energy to the Egyptian power grid.

The general global trend is leveraging the exploiting of new and renewable energy to reduce
the dependency on fossil fuel because of its high price and risk of being depleted from one
side and environmental concerns in terms of elimination of greenhouse gases emissions from
the other side. Hence, adopting the same approach, and due to the large availability of
renewable energy resources such as wind and solar energies, the Egyptian government puts
into consideration the increase of relying on renewable energy-based electric generation. By
numbers, the target is to reach 20% of renewable energies-based electric generation in 2022
including 6% wind energy; this percentage will be increased to 14 % by the year 2035. This
thesis is concerned with the study of wind energy.

The characteristics of Wind Energy Conversion Systems (WECS) is different from those of
the current installed conventional generators, this difference is mainly attributed to the
intermittent and fluctuating nature of wind energy. Due to this difference, power electronic
converters is employed to convert the extracted wind energy to the needed voltage and
frequency levels to enable integrating of the WECS into the current operating electric power
system. This integration has its shortcomings particularly if deployment of WECS takes place
in high percentages. As it is important to include power electronic converters to overcome the
variable nature of wind energy, the presence of these devices decouples the WECS from the
electric power system and therefore deprives the grid from the inherited inertial response that
was previously provided by conventional synchronous generators. Moreover employing



Variable Speed Wind Turbine (VSWT) follows the Maximum Power Point Tracking (MPPT)
curve to extract maximum power from wind energy that will allow no active power reserve to
be injected in the power system during frequency excursions.

In the second part, a model for the Doubly Fed Induction Generator (DFIG) is added to the
Egyptian power system control model to study the impact of increasing the penetration levels
of WECS into the Egyptian electric power system. Futuristic scenarios are considered with
different penetration levels 10%, 20% and 50% with two extreme loading conditions for the
year 2017. The power system frequency variation is studied due to the outage of the largest
generation units.

The simulation is carried out and the results show deterioration in the power system
frequency response in terms of less Rate of Change of Frequency (ROCOF) values and
minimum frequency values (nadir). Therefore, a suggested solution is proposed to enable the
DFIG to participate in frequency regulation through adding an external control loop to its
control system to sense the change in system frequency and respond by injecting active
power obtained from the stored kinetic energy in wind turbine blades, hence the DFIG
rotating speed is reduced and the speed reduction is compensated through the DFIG speed
controller. To optimize the contribution of the DFIG to the Power system LFC, previous
research efforts propose optimum tuning to the DFIG Proportional Integral (PI) speed
controller gain parameters. The optimization process considered random gain parameter
assumptions and the adopted objective function is the minimization of the Integral Squared
Error (ISE) of the frequency deviation.

In the third part, an enhancement to the contribution of the DFIG through the tuning of its PI
speed controller gain parameters is implemented. The tuning of the PI gains is optimized by
using one of the evolutionary computing techniques that depends on meta-heuristics
optimization methods, particularly, Particle Swarm Optimization (PSO) technique. PSO is
adopted to find out the optimum gains while fulfilling the objective function of minimizing
the value of the ISE of the power system frequency deviation.

Three cases are examined and compared; the first case represents the frequency variation
without contribution from the DFIG to the power system LFC, the second case is adopting
the previous research method of optimizing the DFIG PI speed controller gain parameters,
while the third case is adopting the PSO technique to optimize the PI speed controller gain
parameters. For the two loading conditions and for three levels of penetration, the simulation
was carried out and the obtained results show an improvement in the values of ROCOF and
Nadir for the case adopted the PSO-based optimization technique over that adopted by the
previous research optimization method.

Additionally, this thesis presents Strengths-Weaknesses-Opportunities-Threats (SWOT)
analysis to study the strengths and weaknesses, opportunities and possible threats that may
face any investor to manufacture WECS in the Egyptian market.

Key words: Load Frequency Control (LFC), Wind Energy Conversion Systems (WECS),
Doubly Fed Induction Generator (DFIG), Particle Swarm Optimization (PSO).
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