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14 Up wind 

 Dawn wind [28]

 المطبقة على الشفرات الإيروديناميكية  القوى --

Aerodynamics principle of wind turbine 

Lift Force 

Drag Force
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1516
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الريح   في توفرةالاستطاعة الم حساب  --

Power available in the wind  

Kinetic energy

E=
1

2  
m v2        …… (1-1)

m A v

)(Joule 2/s 2Kg.m

18

r (m/ sec)vv  

rρ(
kg

m3
)12

𝑚 =  𝜌. 𝐴. 𝑣…….. (1-2)

EP

E = P = ½ 𝜌. 𝐴. 𝑣. 𝑣2   = ½ 𝜌. 𝐴. 𝑣3……. (1-3)

A 2r πA = 1

3

4)-1… (……π. 𝑣32r𝜌.½ = P 

:     = J/s = watts   3/s 3.m2.m3(kg/m

 (KW)  (MW)

 (GW)  (HP)

(Watt-second = 1 joule) 

(KWH)(MWH)
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من العنفة الريحية   العوامل المؤثرة على الاستطاعة المولدة --

14 rΔ  

  

ΔP/P = 5)-1(             ...  𝑟/𝑟Δ2  

1

210

212044 

19

P
o
w

e
r 

in
 K

W

Radius of Turbine 

in meter

5 10 15 20

50

100

150

200

300

400

 

19[4] 



25 
 

4

14
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112[5] 

13[5]

Wind Power Classification                       

Wind Power Class Resource Potetial Wind Power Density 

W/m2

Wind Speed m/sec

0.0-5.9 

5.9 – 6.7

6.7 – 7.4

7.4 – 7.9 

7.9 – 8.4 

8.4 – 9.3 

> 9.37

6

5

4

2

1 Poor

Marginal

Fair

Good

Excellent

Outstanding

Superb

0 --200

200 - 300

300 - 400

500 – 600 

500 - 600

600 -800

> 800

3

14speed Inlet wind1V

speed output windoV

  average speed [2] 

8)-1. (…)/2OV+1(V    v= 

14 

P = 
1

2
 m

V12− Vo2

2
= ( ρ ∗

A

4
) ∗ (V1 +  Vo) ∗ (V12 − Vo2)          (1-9) 

 x =
Vo

V1

10)-1)    ……. ( x3-x2 -1 + x ) (p/2= (outP

10x

11)-13x2) ……..(-2x-(1)/dx = 0 =outPd ( 

=1/3 maxp X 110

Pout max=  16/27 P = 0.593 P……….. (1-12)

 59.3%
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power coefficientpCRotor efficiencyEfficiency 

Coefficient of performance

mɳ

gɳ

=0.45pCm  0.95 = ɳ  , g = 0.9ɳ

38%

 CFCapacity factor

wind 

frequency distribution 

30

   

2530[28] 

مردود الدائر --

CP

[28]

 Tip-

speed-ratio(TSR)  

TSR=ROTOR TIP SPEED/WIND SPEED= π.D.N/60* V….. (1-13)

rpm) ND(m/s)V

 113
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Cut –out SpeedBetz limit
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68118
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  تأثير ارتفاع البرج على سرعة الريح --

α

𝑣2

𝑣1 
= [

ℎ2
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100

7.5ρ= 1.225 kg/m3Cp = 16/27

ɳ = 1 

 

a)       1;27/16;/225.1;/5.7;100 3 =====  PCmkgsmUkWP

][8.28

2

1
2

2

1

3

32 m

UC

P
DUCRP

P

P ===





157

 Density of Air as a Function of Elevation  

𝛒 =𝛒o(1 −
𝐿ℎ

𝑇𝑂
 )

𝑔.𝑀

𝑅.𝐿
𝑀

𝑅(𝑇𝑂−𝐿 ℎ)1000 
 ……… (1-19) 

:

𝑇𝑂 = 288.15 𝐾,    𝐿 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑙𝑎𝑝𝑠𝑒 𝑟𝑎𝑡𝑒 𝑒𝑞𝑢𝑒𝑙 =
6.5𝐾

𝑘𝑚
,  

𝑎𝑛𝑑 ℎ = 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑒𝑟, 𝑝𝑜 = 101,325 𝑃𝑎,

 𝑔 = 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 9.80665 𝑚/𝑠2

R = gas constant=287.059(J/ (kg.k)   

)+273.15O ( K=C KalvinTis temperature in  and

11916
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g/mole  28.9644
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  Density ,kg/m3Height/m

1.22499 0

1.2244115

1.22382410

1.2191350

1.213282100

1.207456150

1,201651200

1.195867250

1.167268500

1.1116421000

  
1.0580671500

1.006492000
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101.32515 
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181atmosphere  

 

181atm 

Density of dry Air at a Pressure of 1 Atmosphere 
Density Ratio 

)T(K 
Density 

)3(Kg/m 
Temperature 

(°F)

Temperature 
(°C) 

1.12 1.368 5 -15 
1.10 1.34214 -10 
1.07 1.317 23 -5 
1.05 1.293 32 0 
1.04 1.269 41 5

1.02 1.247 50 10

1.00 1.225 59 15 
0.98 1.204 68 20 
0.97 1.184 77 25

0.95 1.165 8630 
0.94 1.146 95 35 
0.92 1.127 104 -40 

The density ratio KT is the ratio at T to the density at the standard 

(boldfaced) 15°C 

 

العنفة الريحيةلإنشاء المناسب  الموقع --

1 

2 20-66 kV

 

3) 

4 

5 

6 

7 
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120
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Active pitch- control Passive stall control
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 [5]Probability Density Function, Probability distribution of wind speed 
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•  

•  

• 

 

 

الريح لسرعة  احتمال الكثافةتابع  

Wind speed probability density function 

1

21
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معامل السعة   --

[1]

(CF)

rated
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P

P
CF = …. (1-22)

123

8760
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rated

a

P

E
CF             ……………. (1-23)

Ea

=
2

1

)()(8760
v

v

a vPvFE  …….(1-24)

0.3124
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124CF

 

 التحليل الاحصائي لبيانات الريح  --

Statistical Analyze of Wind Data [5]

19781994

40

 Probability Distribution

 Probability Density Function 

(PDF) Cumulative Density Function (CDF)

1731

Probability Density Function equation    (PDF)

P(U)

aUbU
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1735 Mode and Mean Speeds  
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 Gamma function k=2
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 ( K=1.5,2.0,2.5, and 3.0)  (c=10,15,and20 mph)

2Watts/m

 mWVP /.
2

1 3=3/225.1 mkg

=0.5p:C

15

[27] 

 

c=15 

1k=1.52Watts/mmode speed

2304134

r.m.c18

2k=22Watts/mmode 

speed73127482Watts/m13.76

  r.m.c

14392Watts/m 2748 11.91 
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Electronic and Mechanical control of Wind Turbine 
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)التحكم بسرعة الدوران(  طرق تشغيل العنفات الريحية --

Variable 

–speed DesignPitch Control

Power Electronics

1  

Fixed speed Variable pitch 

2  

Variable speed, Fixed  pitch 

3  

Variable speed Variable  pitch 

4  

  Fixed speedFixed pitch 

 Yaw and Tilt Control

Gyroscopic Torque
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Pitch

[4]

Cut- in 

 

TSR 

PC

Pitch Control

 ميزات العمل عند سرعة دوران ثابتة --

• 

• 

• 

• 

• 

 ميزات العمل عند سرعة دوران غير ثابتة-2

• 

• 

• 

• 

• 

•  

 موجبات التحكم بالعنفات الريحية --
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•  

 

• Peak Power Tracking scheme  

TSR Tip Speed Ratio

2030[4]
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• Constant Tip Speed- Ratio (TSR)
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23

 TSR

• Rated Power Operation   

(Variable Speed)

(Incident)

(Pitch angle)
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• Unity Power Factor Operation 

• 

Double Fed Induction Generator (DFIG)

 

•  

• 

 

 

• Power Factor Regulation    

▪ 

▪  

▪ 

 

وسائل التحكم الميكانيكي بسرعة العنفات الريحية   --
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استخدام التحكم بزاوية الشفرات  --

stalle control

furrlingend
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α
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TSR =6PC
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استخدام التحكم الثابت : --

Yaw control 

α

stalling

 

α Critical

α

Wind 

26 

Down Wind

Thrust Force 

off-shore

27Yaw control  
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 التحكم الثابت غير الفعال  بالشفرات: --

Hub

Stalling takes place
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Lifting factorcut-out

Turbulence

stall 
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Stall gradwelly

2α≥α1≤ α

90

 Parking
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60Stall control

TSR

Stall

 التحكم الثابت الفعال  --

Passive Stall Control 

(PSC)Pitching

Pitching the blades

Deeeper  Stall

Emergency stops 

 α   35

βCalage 

 Variable pitch control 

Variable pitch

Deeper Stall
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526

 أنظمة تغيير السرعة الإلكترونية في العنفات الريحية --

Wind Turbine Concepts 

1990

 

35

• 

• 
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211 

 
211[9]

 العنفات الريحية ذات السرعة الثابتة النموذج  --

A Fixed Speed Wind Turbine 

Soft Starter212

 Bypass Switch

1980

Asynchronous Generator, Induction Generator [9]

Capacitor 

Bank (AG)

 

Weak Grid 
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Bypass Switch

Transformer

GridSoft Starter

Squirrel Cage Induction 

Generator

Gear

Capacitor Bank

212

Soft Starter

Bالعنفات الريحية ذات تغيير السرعة الجزئي باستخدام مقاومة الدائر --

Partial Variable Speed Wind Turbine with variable rotor resistance

Opti- Slip (Vestas)1990 

213

Double fed Induction Generator (DFIG)

1974

Pr. R.jouty 
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Bypass Switch

Transformer

Grid
Soft Starter

Wounded Rotor 

Induction Generator

Gear

Capacitor Bank

Rotor 

Resistance

Change 

Over

 
 

213 

 

 (  )نموذج   المولدات الريحية ذات السرعة المتغيرة باستخدام مبدل تردد --

Variable Speed WT with partial-scale Frequency Converter 

214Back-to-Back 

power converter

 (DFIG) Double Fed Induction Generator

30

30% ±

Sub-Synchronous ,& 

Super –Synchronous 
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Gear

Double Fed Induction Generator
Transformer

Filter

1/3 Scale Power Converter

Grid

214 

 ( العنفات الريحية ذات السرعة المتغيرة بمبدلات الكترونية في الثابت )نموذج--

Variable Speed wind Turbine (WT) with Full-scale Power Converter  

Fully Controlled Converters

[9]I.G

Wounded Rotor Synchronous Generator(WRSG) 

Permanent Magnetic  Synchronous Generator (PMSG) 

215

 Dc-Link

 Slip Rings

30% ±
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Gear

Induction Generator 

Transformer

Filter
GridFilter

AC

ACDC

DC

 

215

 مقارنة بين مختلف طرق القيادة  --

 Wind Turbine Concepts Comparison

21

 C&D

 A&B

C&D 

21 
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(Hub)

[27]

[7]



 em PP

dt

d
J

−
=

…. (1-2)

J(Polar moment)

mP

w

eP

( ) ( ) −=−
2

1

2

1

2

2
2

1
t

t

em dtPPJ 

….(2-2)
2.7500 mKgJ =100

955kWP 800=80Nm

(Tensional Stress)(Hub)

1sec4000kW

400Nm

A 
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21 

5 Kg200 mm

1500 r.p.m10 S

=01ω

1500

W = 
2π n

60
 

W2 = 2π 1500/60 = 2πn/60 = 157.1 rad/sec 

 

𝛼 =  
W2−W1

𝑡
2= 15.71 Rad/sec 

157.1−0

10
=  

50.2

 
   59𝐾𝐺∗(0.2)2

2
/2    = 2I = M*R 

2I = 0.1 Kg.m

T = 𝛼 ∗ 𝐼 

)  = 1.571 N.M2)  * 15.71 9Rad/sec2T =  0.1(Kg.m 

15001300

51

 

W1=136.066 Rad/sec

 
W2 = 157.1 Rad/sec 

α = 
𝑤1−𝑤2

𝑡
5

:4.1868   Rad/ sec2α1

T = 0.1* 4.1868 = 0.41868 N.M

1

20.934    Rad/ sec2α2 

T = 0.1*20.934= 2.934  N.M
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2I = 7500 Kg.m

10095

2I = 7500Kg.m5 sec1 sec

100 

w1=10.467 Rad/ sec 95

w2= 9.9443 Rad/sec

   T = α *I = (  P2-P1) / W

W=10 

78.65393

75375

2[40] 40

2Kg.m6 *106.25

2 
mE = 0.5 *J*W 

 H

V.A

S/2 
mH = 0.5 J* WH = E/S = 4.79 sec

1.56103* 

)2Kg.m355

Optimum wind power control  
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MPPT[10]

Decoupling

PWM

• Tip –Speed Ratio Control 
• Optimal Torque Control 
• Power Signal Feed Back Control 
• Perturbation and observation control  
• Artificial Intelligence Control 
• Fuzzy Logic Control  
• Neural Network Technique  

 

معدل تغيير التردد  --

Power Mismatch

System Loss

df/dt

(RCF)

Renewable Energy Systems



91 
 

Miss Match  Power 

Generation

(RCF)

dF/dt = Δp*f/2H*S  …(3-2)

dF/dt (HZ/SEC H

H = MWS/MVAΔpSMVA

[23] 

Δp/ 2H   𝛛F/ 𝛛t ….(4-2) 
 

 معادلة الاهتزاز  --

[10 ] 

isolate 

Total Inertia

30

Network Blackout

Contingency

2)-……(5     a=T  eT -m= T 𝑑2𝛳/𝑑𝑡2J* 

J) 2(Kg.m. 
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)(Nm) Tm(Nm)eT

(Nm),    aTAccelerating Torque 

.

(Rad/sec)  sW 

𝛳  𝛳 

 =+.t WS                      (6-2) 

δAngular Position 

 

dt

d
W

dt

d
S


+=

                          (7-2)

 

dt

d
Wt


=

                              (8-2)

 

dt

d
WW st


==

                           (9-2) 

: 

d δ / dt = 0

7-25-2

2)-…..(10        a=T  eT -m= T 𝑑2δ/𝑑𝑡2J*  

2-10rw  

2)-…(11   a=P  eP -m= P ∗  𝑑2δ/𝑑𝑡2
rJ*w

mPePaP 

Inertia Constant ( H)
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29

 Power Rating 

216

216

…          . (12-2) H = 
𝑆𝑡𝑜𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑡 𝑟𝑎𝑡𝑒𝑑 𝑠𝑝𝑒𝑒𝑑 𝑖𝑛 𝑀𝑊

𝐺𝑒𝑛𝑟𝑎𝑡𝑜𝑟 𝑀𝑉𝐴 𝑟𝑎𝑡𝑖𝑛𝑔
 

 
2)-…..(13              2K.E. = ½ J*W 

12-213-2

6
2

10.
M.V.A

).W J (0.5 −=H
   ….(14-2) 

H
𝑀𝑊.𝑆

𝑀.𝑉.𝐴
wRad/secJ

2Kg.m 𝑀𝑉𝐴 
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systemii HSH =.
   … (15-2) 

HiSi𝑀𝑉𝐴
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Power electronic in the operating systems of wind turbine 



96 
 

 



97 
 

 

 
Mechanical Energy Source

Variable Speed

Gear BoxDirectTransmission

Induction machineConventional 

Synch. Machine 

Multi polar 

Synchro& novel 

machines

Machine Type

Rotor

Stator

Grid 

Connection

Out Put

INPUT

Heat lost 

dump load

Power 

CONVERTIO

NWound rotor 

,Brushless DF

Cage Rotor

Wound
Wound Wound

Wound rotor
Permanent 

Magnet

Large PE 

Converter

Large PE C 

onverter

Small PE 

Converter
Large PE 

Converter

Electrical Energy Source ,Fixed Frequency 

,or DC

Wound

 
 

Power Converters and Wind Turbine

الكترونيات القدرة الكهربائية في العنفات الريحية  دواعي استخدام أنظمة   --
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31

 P

 Q

THD%

2025

 

Capacity Factor20

50

Giganitic wind 

power plants
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31

 

 

 Yaw Angle

λ Tip Speed Ritio CpPower Co-

Efficient

 

P

Q

P

Grid Side

Generator 

Side

Wind Power 

Converter System

1-Fast P Response

2- Longer P Support

3- Controllable Q

4- Frequency &U 

stabilization

5- Low THD

1- P balance /Storage 

2- Easy maintenance

3- Coast -effective

4- 20 years operation

1- Controllable 

2- Variable  

frequency &U

Q

31
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Time Lapses

λ

 Cp[11]

 تيجيات المعتمدة لاستخدام الكترونيات القدرة الكهربائية في العنفات الريحيةاالاستر --

Topologies of using Power Electronics in Wind Turbines  

1980

32

Circuit Breakers

 Soft Starting

 

Grid

Trans.

G

Turbine 

G.B

Capacitor Bank
Soft Starter

SCIG

32

 Double 

Fed Induction Generator (DFIG)
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33

1974

30

30

5

Back-to –Back Converter  

Dc-Link

Dual -Converter

S*F
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G

Grid

Trans.

Grid ConverterGenerator Converter

DC-Link

Turbine 

G.B

Wounded Rotor 

Induction Generator

DC

AC

DC

AC

 

G

Trans.

Grid 

Converter

Generator 

Converter

DC-Link

Turbine 

G.B

Wounded Rotor 

Induction Generator

3-3

• 2000EnerconSiemens

Full Scal Converter(FSC)

 

AC-DC-AC Converters34 

Grid

Trans.

Grid 

Converter

Generator 

Converter

DC-Link

G

Turbine 

G.B

 
 

34(FSC)
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 Back-to-Back ConverterDual -Converter

Synchronous 

Generator

Rectifier

Boost Converter

PWM

 

PMSG[36]

 

 Design Topologies of Full Scall Converter in SynchronousWind Generator 

34

 Full Scall Converter(FSC)

 Off- Shore 



104 
 

Wind Turbines

 Dual Converter

-Tete –Peche 

Converter

•  Two Level Converters 

•   Multilevel Converters 

• Tandem Converters 

•  Matrix Converters 

•  Resonant Converters 

 Voltage Source Converter(VSC)

Source Converte ( ZSC) Z-

 مستمر –المبدلات ذات الجسر غير المقاد كمبدل متناوب  --

 Converters using Diode Bridge as AC/DC Converter

35

Six pulses

n = 6

12n= n = 18

 Boost Converter  DC-DC Converter 
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G

nacell

Gear 

Box

Grid

Rectifier
Inverter

DC-LINK

35

High Frequency Inverter 

High Frequency Transformer 

DC-DC Converter

)

Maximum Power Point Tracking( MPPT3

5

 

Load Commutated Converter(LCC)  LineCommutated Converter(LCC)

 DC-AC 

Converter Inverter
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11 

 المبدلات المضاعفة ذات منبع التوتر وذات سويتين  --

Tow Level Back-to-Back Voltage Source Converter

 

Voltge Source Inverter (VSI) 

 DC-Link36

MOSFET

 IGB IGCT 

Converter 

2 
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G

Grid

Trans.

Grid ConverterGenerator Converter

DC-Link

Turbine 

G.B

Induction Generator

Grid Filter

Generator 

Filter

36

المبدلات المضاعفة بثلاث سويات )المبدلات ذات ديود التثبيت(  ومبدلات متعددة   --

السويات  
 Three-Level Back-to-Back Neutral Point Clamped and Multi-Level Converters

2

37

Neutral Point Clamped(NPC)

Neutral Point Clamped(NPC)

dv/dt

G

Grid

Trans.
G.B

DC-Link

Generator Converter
Grid Side Converter
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37 

 H[9],Three-

Level H- Brridge Back-To- Back Topology(3L-HB  BTB38

  H

 

 3L-NPC BTB

3L-NPC BTB3L-HB BTB

 Open Winding Structure

 

 

Grid ConverterGenerator Converter

DC-Link

Generator 

Filter

3L-HB 3L-HB

Grid

G
e

n
e

ra
to

r

38 H

 (3L-HB BTB 

 استخدام مبدلات مضاعفة بخمس سويات مع جسور تقويم نوع  --

Five -Level H- Brridge Back-To- Back Topology(5L-HB  BTB) 

(5L-HB  BTB) 

H3L-NPC[25]39
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Transformer &Grid

Filter

5L-HB5L-HB

 

39[25] H(5L-HB  BTB)

 الخلايا منخفضة التوتر المبدلات متعددة   --

Multi- Cell Low Voltage Converters

VSI

311310

1000 

G

G.B

Grid

Grid 

Converter

Turbine 

Wounded Rotor 

Induction 

Generator

Converter 6

Converter 1

Converter 2

Converter 3

Converter 5

Converter 4
LV/MV 

Trans.

Low 

voltage 

Bus-Bar

310
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G

G.B

Grid

Grid 

Converter

Turbine 

Wounded Rotor 

Induction 

Generator

Converter 6

Converter 1

Converter 2

Converter 3

Converter 5

Converter 4
LV/MV 

Trans.

Low 

voltage 

Bus-Bar

311

 خرى للمبدلات ذات التوتر المتوسطتيجيات الأاالاستر --

 Other topologies for Medium Voltage (MV) Converters 

  V/2 MW  690

 Amp 1700

100

81209853

312
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Converter 1

Local Cell Control

Fiber op. Inter

To System Controller

To the Grid

G
e
n
e
ra

to
r

CellA1

CellA2

Cell 

A3

Cell 

B1

CellB

2

Cell 

B3

Cell 

C1

Cell C 2

Cell C 3

Power 

Converter

312

20130181532
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313

 

In
p
u
t

A
B

C

313

على التسلسل مع محول ذو تردد متوسط  ربط جسور نوع  --

Cascade H-Bridge Converter with Medium-Frequency Transformers(CHB-

MFT) 

European UNIFLEX-PM 

[25]314H

 As An Interface

1020
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AC

DC

AC

DC

DC

AC

DC

AC

MFT

AC

DC

AC

DC

DC

AC

DC

AC

MFT

Cell1

CellN

A
C

-S
o
u
rc

e

A
C

-o
u

t-
p
u

t

 

314H   [25]

 

 المبدل متعددة السويات ذو الخلايا  --

Modular Multilevel Converter (MMC) 

 (HVDC)315

 DC/AC Converter
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AC

DC
DC

AC

AC

DC
DC

AC

DC

DC

DC

AC

AC

DC

AC

AC

AC

DC

A
C

-I
n
p
u

t

 

315[9]

Full Scall Converter Based Wind Turbine Control

Wind farm supervisor  
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Transmission System Operator(TSO)

Maximum Power Point Tracking(MPPT)

316 

Transmission System 

Operation

U
ti
lit

y
 G

ri
d

G
e
n
e

ra
te

d
 P

o
w

e
r

Wind Farm Control

Power Command

In
d
iv

id
u
a
l 
T

u
rb

in
e

 P
o

w
e
r 

C
o
n

tr
o

l

Turbine

Turbine

Turbine

W
in

d
 T

u
rb

in
e
 

p
la

n
t

Pitch Control

Torque Control

Local Wind 

Feed-Back

316 TSO

 Grid Codes (GCs)

frequency responseGoverner droop 

 Automatic Generation Control

(FRT)Fault Ride – Through

Pime  Mover
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Primery Control

1214

  “Lack natural inertia”

 Field Oriented 

Control(FOC) 

317

. 
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Grid Fault Red 

through

Grid 

Synchronization

Current/

Voltage  

Control

Inertia Energy 

Storge

Power 

Quality

Local Load

Utility

Micro Grid

DC

AC

AC

DC

Breaking 

Chapper

DFIG

S,Gene

.

I.Gene

.

Vdc

I Gen.

V gen

R gen.

Wind Speed

Pitch Actuator

Command from 

T.S.O

V grid

I grid

X grid

V dc 

Control

Power Maximization

Pulse Width Modulation

317

 Control of Generator side converter

 Tmppt

mppt

Tmppt

 d,q

𝑇𝑒 =  
3𝑝

2 
 [ 𝜓𝑝𝑚 ∗ 𝑖𝑞 + 𝑖𝑑𝑖𝑞 (𝐿𝐷 − 𝐿𝑄)]..(1-3) 

Ld,Lq, id,iqdqpmΨ
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iq magnet torque

reluctance torque 

 Non salient generator  

Ld=LqidTe

iqTe

id

iq

3 

𝑖𝑞 =  
2𝑇𝑒

3𝑝𝜓𝑝𝑚
=  

2𝑇𝑚𝑝𝑝𝑡

3𝑝 𝜓𝑝𝑚
 …..(2-3)

(ZDC) Zero d-Axis Current 

318

Ld>Lq

ZDC)    id=0iq

PI

reluctance torque

 

Maximum Torque Per Ampere(MTPA)319

 setpoint  id,iq

ZDCidiq

TmpptMTPA

 Fuzzy –logic
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DC

AC

AC

DC

P.W.M.

Grid

MPPT Eq.3 PI

PI

a,b,c

d,q

d,q

a,b,c

ɵr

Va,Vb,Vc

Ia,Ib,Ic

Id-Feed-Back

Iq

Id

Wind Iq-feed-

back
Vd

Vq

ɵr
Ia,Ib,Ic

Source Side Converter Grid Side Converter

Non-Salient S.G

 

319ZDC

DC

AC

AC

DC

P.W.M.

PI

PI

a,b,c

d,q

d,q

a,b,c

ɵr

Va,Vb,Vc

Ia,Ib,IcIq feed -

Back

Id - SP
Vd

Vq

ɵr
Ia,Ib,Ic

Source Side Converter Grid Side ConverterNon-Salient S.G

MTPAMPPT

Wind Speed

T
m

p
p

t

Iq sp

320 MPTA 
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 PQ

 d,q 

𝑃 =  
3

2
(𝑉𝑑 𝑖𝑑 + 𝑉𝑞𝑖𝑞) …..(3-3) 

𝑄 =  
3

2
(𝑉𝑞 𝑖𝑑 − 𝑉𝑑𝑖𝑞)   …(4-3) 

 id iq

PI

321

D,Q 

DC

AC

AC

DC

P.W.M.

a,b,c

d,q

d,q

a,b,c

ɵg

Va,Vb,Vc

Ia,Ib,Ic
Id-Feed-Back

Iq feed -Back

Vd

Vq

ɵr
Ia,Ib,Ic

Source Side Converter Grid Side ConverterNon-Salient S.G

d,q

a,b,c

PI
P.I

PI

PI

PLL

Eq.5

Eq.6

Q set

PI

Vgd

Wt

Wt

Iq sp

Id sp

Vgq

Vg a,b,c

Vgq

Vgd
Pset

PI

Vdc

Vg a,b,c
Ig a,b,c

321 P,Q [11]

1 

50.1
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[9] 

2 322

PWM Rectifier
PWM Inverter

Synchronous Current 

Control & Vector Rotation

Synchronous Current 

Control with 

decoupler &vector 

control 

Unit 

Vector 

Geene

ration Po 

Calculation

Controler

,C1

Unit 

Vector 

Geene

ration

X

Pr

Wr

Pd

Tr

Controler 

C3

K2

ΔWr
Po

PI

Wind 

Turbine

Controller 

C2

PI

PI

G

Common DC bUS

Vd

/

Idso

ΔIds

Ids

Δwr

wr

W’r

Vd

V’d

322

 

- 

 

 

- 

- 
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Electrical Generators used in Wind Turbine 
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[12]Aero-generator

Squirrel Cage Induction Generator(SCIG) Gear Box

    

 

Double Fed Induction Generator (DFIG) Synchronous Generator

(SG) 

   Permanent Magnetic Synchronous Generator(PMSG)

 Switched Reluctance Generator(SRG)

41

 

 

•  

•  

•  

•  
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•  

•  

41[12]

التحريضي ذو القفص السنجابي المولد   --

Squirrel Cage Induction Generator (SCIG) 

1951

 Reliability
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𝑆 =  
𝑁𝑠−𝑁𝑟

𝑁𝑠
……. (1-4) 

𝑁𝑠 =  
120 𝑓

𝑝
……. (2-4)

fp Number of poles

Ns  

Ns  

42

NrNs  

0.03

SN



128 
 

Break down 

Torque

Motor 

Operation

Generator 

Opration

T
o
rq

u
e

Slipe

Slipe

Breaking 

Operation

0 0.5 1.0-0.5-1.0

42

43

43

 الدارة المكافئة للآلة التحريضية   --

Equivalent Circuit of Induction Motor 

one phase diagram

1:144
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44

SV

1R1X(Resistance, Stator leakage reactance)

2R2X(Resistance, Rotor leakage reactance)

mm RX
1

magnetizing  reactance and Losses resistance (heyst &eddy)

T1:1

1:3

I1 1,EI2 2,E 

Rx  external resistance 

 

mX 

40
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 S

rNs)  -= Ns(1rNsN

2, ,I 2,E1,I1E 

S.FF SV:      

4)-……(31=SE2E1= SF2F 

2j SX   

x+R2=R2R

2I

𝐼2 =  
𝑆𝐸1

𝑅2+𝑗𝑆𝑋2  
=            𝑆𝐸1∠ − 𝛽 …….(4-4) 

𝛽

𝛣=arctan
𝑆𝑋2

𝑅2

45 

E2 =S E1 

J sx2

T
o

ta
l R

e
s
is

ta
n

c
e

 o
f 

ro
to

r c
irc

u
it

3

4

β

S E1

I2Frequency=sf

a

b

R2

I2

45

2I1= SF2F1IF 

𝛣 1,I1E

2,I2E4

6. 
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E1E1 

β

Frequency = f

461,I1E

I1 =I2 = 
𝑆𝐸1

𝑅2+𝑗𝑆𝑋2
       …… (5-4) 

 

I1 = 
𝐸1

𝑅2

𝑆
+𝑗𝑋2  

  = 
𝐸1

𝑍2 
 

2ZImpedance 12

 

𝑍 2  =  
𝐸1

𝐼1  
=  

𝑅2

𝑆  
 +JX2.     …… (6-4)    

47=Jx2+ jX 1jX

47 

r1 jx1 jx2

R2/s
Rm

XmEg

i1io

ip 1

2

47

S/2R 
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2R2r

 

S)/S-(1 2RS/2R48a

P gap = P converted (Pr) – P joule rotor 

3I2
2R2/S = P converted (Pr) -3I2

2R2 

P converted (Pr) = 3I2
2R2/S - 3I2

2R2                                        …… (7-4) 

P converted (Pr) = (Pr) = 3𝐼2
2 R2 (1-S)/S 

S)/S-(1 2R

48a2R

( )
s

s
R

−1
2

 

R1 JX1'

R2'(1-s) /s 
JXm

Eg

I1
JX2'

R2'

Io

I’2

 

48a

48 b

x1 & x2x 
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r1 jx

R2/s
Rm

JXmEg

i1io

ip 1

2

Pr

Ir
Im

 

48 b

48b 
𝑅2

𝑆
=  

𝑅2(1−𝑆)

𝑆
4)-…….. (8 2+ R   

48a

 

 Power Equationsالعلاقات الناظمة للاستطاعة   --

  

•  

SPr = Pgap = 3 I2R2 …..  (9-4)

• 

 

Pem = Pr – Pjoul 

Pem= 3I2R2/S – 3I2R2 = 3 I2 R2(1-S) /S    ….  (10-4)

• 

Pr =3 I2 R2/S =P gaP     …….. (11-4) 

• 

Pjoul = Pj r= 3 I2 R2    ….. (12-4)

•  (converted) 

Pem = Pr (1-s)   …..  (13-4) 
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s

s
RI

)1(
2

2

2

−
   …. (14-4) 

(3)

)(
)1(

3 2

2

2 Watt
s

s
RIPem

−
=    … (15-4)  

0=S
s

s
R

)1(
2

−
  emP

1=S
s

s
R

)1(
2

−

=0emP

(Machines Capacity)

)(
746

)(
1000

HP
ratedP

kW
ratedP

RatingMachine

em

em

=

=

         …. (16-4) 

• 

 

).( mN
P

T em
em


=        …. (17-4)



)/(
60

2

)/(
60

)1(
2

srad
N

srad
s

N

r

s





=

−
=

        …. (18-4)

4)              -…. (19    rn /em=9.55PmT 
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sRI
N

T
s

em /
2

180
2

2

2









=


      ….  (20-4) 

  

Pin = E2
g/Rm + I2

1r1 + I2
2R2/S      …. (21-4)

gE2R

  

Q = E2g/X + I2
1X       ….  (22-4)

 2I 

𝐼2 =
𝑉

𝑍
=  

𝑉

√(𝑅1+
𝑅2

𝑆
)

2
+(𝑋1+𝑋2)2

      …. (23-4)

  1rs/2Jx ,R

49 

α

I1.R2/s
I1.r1

jI1X

Eg

 
I1.z

49

I1,Z1 αI1 

jxs

R2/s
Eg

Z

Rs

I1
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410

Rm ,Xm

411

5000. 

r1 jx

R2/s 
500Ω

46Ω

i1io

ip

0.083Ω 2.6Ω

6
9

0
0

/ 
√
3

 V

Zs

Is

4115000600

3581616

412 
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Torque
Load Curve 

Ns

motor

generator

Tm

P

SLIP

 - 1.0-0.30.31.0

 

412

(Braking mode)(1)

(Back ward)

( )RI 2
 

(eddy Current brake)

413 
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jsP

FP

rP

mP

jrP 

414

P

mP

(1 )t SP T g= − 

2fP

2j SP gT= − 

ST 

fjP

1jP

414 

 
 

Working as self-Generator

 

cos
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Sur 

excite



..3 2 CUQ = 1cos =    ….. (24-4)

 التحريض الذاتي للمولد التحريضي    --

30-25%

2 

 300 

1

: A60 µ╒

RPM
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40 70 1300 
42 142 1375 
46 184 1500 
49 208 1625 

: B48 µ╒

RPM

44.6 52 1500 
46.8 164 1550 
48.3 182 1600 
49.8 196 1650 
50.9 206 1700 
52 234 1725 

CU
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4) -….. (25CCC XIU =   

415

0E

4)-….. (26
01

0 CE
X

E
I

C

C ==

 :  

4)-….. (27
m

C
X

E

XX

E
I 0

10

0 
+

= 

 

1E)( oIfE =

CCC XIU =P 

Magnetizing Current  

Im

V
1
, 
&

 I
m

.X
c

V1

Im.Xc

P

0

 

415
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mCCmCC

C

XXIXIX

EU

==

=

)(

1
 ….. (28-4) 

f 2=( )50=f

( ) ( )

5

2
10

1
.

1

−==

==






CL

LX

m

m

C

C

      …. (29-4)

50Hz

mC X

V

X

V 11 =    …. (30-4)

mC XX =     ….  (31-4)

1

𝑊𝐶
= CX    C

(Self-excited)

mCX
f

2

1
=     ….  (32-4)

mCL


2

1
=    ….  (33-4) 

221 cosIVR

mR

Cm X

V
I

X

V

X

V 1
22

11 sin =+=      ….  (34-4) 

C
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 الدوران تغير التردد وسعة المكثفات وسرعة  --

CQ

sin3 CCC IUQ =    ….  (35-4)

CU

CI

416

Load Cap

CX
mI

1V mX
mR

0I 12I 1 2X X+
1 2R R+

2

1 S
R

S

−

1I

L

416

2

22

..6

..6...3

....33

CC

CCC

CCCCC

UCfQ

UCfUCQ

UCUIUQ







=

==

==

      ….  (36-4) 

  

LgC QQQ +=      …. (37-4) 

gQ

LQ
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Lcos
gcos

P

( )LgC

LgC

tgtgPUCf

tgPtgPQ





+=

+=

2..6

..
     ….  (38-4)

( )
2..6 C

Lg

UCf

tgtgP
C



 +
=      ….   (39-4)

C

41

 

3ph  ,  440V  , 1760  r/min , 40HP  , 41A

0.84

a

b60Hz

a

kVAS

IVs

2.314144073.1

..3

==

=

kWP

SP

2.2684.02.31

cos

==

= 

( ) ( ) KVARQ

PSQ

172.262.31
22

22

=−=

−=
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KVAR7.5317 =440

A
V

Q
I C

C 13
440

5700
===  

=== 34
13

440

I

V
XC

FC

FX
C

C






78
34602

1

2

1

=


=

=

417

417

b

min/4017601800 rS =−= 

min/1840401800 rn =+=  
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Double Fed Induction Generator (DFIG) 

70Vestas ,Gamesa, GE& Repower,

420.

418

Brushes

 Slip Ring

1.5

1970
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1S.V12 sFF =

90

419

)( 1SP1P 

Recuperation of rotor energy

S

cos
K

k
S =     ….  (40-4)

G

Trans.

Grid ConverterGenerator Converter

DC-Link

Turbine 

G.B

Wounded Rotor 

Induction Generator

DC

AC

DC

AC

419

(K)
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(Ǩ)

 Converter AC-DC-AC

420

G

Trans.

Grid 

Converter

Generator 

Converter

DC-Link

Turbine 

G.B

Wounded Rotor 

Induction Generator

420

)1(SV

)1(SF

6050
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(14-10-5)Hz

(DC-Link)

(P.W.M)Pulse Width Modulation

1 

2  

3 50 

4 

1,20,6 

24 – 14 – 

10 

50Hz

100Hz

50
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Hz50Hz

(Super synchronous)

(Sub synchronous)

 

 42

421

(AC-DC-AC)14Hz

IS

IR

Stator

Rotor

Control 

ring

Brushers

ES

f1=60Hz 

3-phase

Source

ER

f2=14 Hz 

3-phase

Source

421

460Hz

min/18001202 r
P

F
n ==
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14Hz

4

14
1202 =n

min/4202 rn =

NS

1800 r/min

1800-420=1380 r/min

1380 r/min

(Sub synchronous)

(Slip-rings)

NS

=1800+420=2220 r/min rn

(Super synchronous)

a

( )2

120
FF

P
n −=    ….  (41-4) 

b

( )2

120
FF

P
n +=       ….  (42-4) 

n(r/min)

F(Hz)
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2F(Hz)

P

2Fn

 اعفة التغذية  كيف تسري الاستطاعة في الآلة مض --

R422

1 sEeP

2 
jsPFPrP

 

3 SrPrSP

RI 2

jrPjRP

R 

4 rPrSP
mP 

( ) rm PsP −= 1   ….  (43-4) 

5 (Wend age)oPmP

LP 

6  

SFF =2 S = f2/f     ….  (44-4) 

7 F2FmP

 

rm P
F

F
P 








−= 21   ….  (45-4) 
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422

R

jrP

jRPrP
F

F







 2

8 mT 

srm nPT /55.9=    ….  (46-4)

(Sub synchronous)(Super synchronous)

 تشغيل المحرك التحريضي ذي الدائر الملفوف بسرعة تحت التزامن  --

Doubly fed wound rotor motor (Power equations at Sub synchronous speed) 

RE2F

F

F
S 2=

423

mP
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rm P
F

F
P 








−= 21   ….  (47-4)









rP

F

F2
jrP

erPRE

mT

srm nPT /55.9=

sn
2

60
55.9 =

423

 عمل المحرك التحريضي ذي الدائر الملفوف بسرعة فوق التزامن  --

Doubly fed wound rotor motor (Power equations at super synchronous 

speed) 

RE

424
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rP
F

F







 2(active power )RE

mP

rm P
F

F
P 








+= 21     ….  (48-4) 

mT

srm nPT /55.9=     …. (49-4)

 

424

 الدائر الملفوف  المولد التحريضي ذي آلية عمل  --

3.5, 

6 MW 

Converter(AC-DC-AC)
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(ahead of the stator poles)

425

426

425426

2F

RE

eP

RE 

 

425



157 
 

 

426

43

6800kW

60Hz(Variable –

Frequency Converter)24Hz

500HP

(Speed raising gear box) 

426

 o11kW=P

 23 IkWPjr =r 

 RIkWPjs

212= 

 kWPF 7= 

 kWPe 2= 



158 
 

a (r/min) 

b mP(kW) 

c rP(kW) 

d mTm]-[KN 

e erP(kW) 

f P260Hz

 

g eP(kW) 

h 
LP

P1=

a

( )2

120
FF

P
n −=

( ) min/7202460
6

120
rn =−=

b

kWhpPL 373
1000

746
500500 ===

kWP 110 =mP

kWPPP oLm 36211373 =−=−=  

crP

rm P
F

F
P 








+= 21

kWPP rr 603
6.0

362

60

24
1362 ==








−=

)m(P

d
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P

F
nrn ss === 120min/1200

6

60
120

mkN
n

P
T

s

r
m .8.4

1200

603000
55.9

55.9
===

e
rP

F

F
.2

kWkW 241)(603
60

24
=

fkWPjr 3=erP

kWkWPer 2443241 =+=

P2

kWPPP cer 24622442 =+=+=

g

kWPPPP Fjsre 584712603 =−−=−−=

Pe

PL

24Hz

hP1

kWPPP e 33824658421 =−=−=  

kWPL 373=

%6.90
373

3381 ===
LP

P

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44

440

4281845 r/min45 

r/min

( )

( )
025.0

1800

18451800
−=

−
=

−
=

S

n

nn
S

s

s

5HP 
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( )( )

=−=

==

==

=+=

900tan

2.1tan

5.1tan

6tan

2

1

21

ceresisloadnoR

ceresisratorr

ceresisstatorr

ceacleagcageretotaljxjxjx

m

s

R2

( ) −=−= 48025.02.12

s

R

ER

Ip

Rm
jXm

r2I0
jX

R2 /s

Ip

110 

I2

1.2 /s

A

B

900 

1.5  6 

-42 

4

3

1 2

254 V

428

1 (Net)(4-3-2-1)

−=+−= 5.465.148nR  

2 (1-2-3-4) 

( ) =+−=+= 88.4665.46 2222 xRZ n  

3 (1-2-3-4) 
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A
Z

E
I 42.5

88.46

254
1 ===  

4  

( ) ( ) Watt
s

R
IPr 14104842.5

222

1 −=−==

5 RI 2
 

( ) WattIPjr 2.352.1242.522

1 ===  

6 rP
jrP 

WP

PPP

m

jrrm

14452.351410 =+=

+=
 

7 RI 2
 

( ) WrIPjs 1.445.142.51
22

1 ===  

8  

( )
W

R

E
PP

m

F 7.71
900

254
22

0 ====  

9  

eP

WP

PPPPP

e

Fjsre

12947.711.441410

0

=−−=

−−−=

eP

W388212943 =  

10  

( ) VarsXIQ 176642.5
22

11 ===  

11  

( )
Var

X

E
Q

m

586
110

254
22

2 ===  

12  

VarsQ

QQQ

762586176

21

=+=

+=
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13 (A-B) 

( ) ( ) VAQPS e 15027621294
2222 =+=+=  

14 PI 

A
E

S
IP 91.5

254

1502
===  

15  

%1.86
1502

1294
cos ===

S

Pe  

16  

%5.89895.0
1445

1294
===

==




m

e

P

P

inputmechanical

powerelectricuseful

17  

HP
P

P m
m 81.5

746

1445
3

746
3 ===  

18 (Exerted) 

mN
n

P
T .3.22

1854

144555.955.9
=


==
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1980

100kW

آلية عمل المولد التزامني والدارة المكافئة   --
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1980

 

429

φ

120

120 

 

Direct-drive Variable Speed 

429

P

f
ns

160=         ….  (50-4) 
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f1

P

50Hz(P=2)3000r.p.m60Hz

3600r.p.m

(Ahead)



ns

fP2

PVf.e.mE1(Synchronous internal 

Voltage)EI

EP IV ~

1I1V

)(. 1111 XXjIRIEV hP +++=   ….  (51-4)

1R(Useful reactance) 

hX(Leakage reactance) X

d(Synchronous reactance)X

XXX hd +=   …..  (52-4)

430

dP jXIVV 11 +=     ….  (53-4)
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1I

1V

djX

~PV

1 dI jX

EI

430

nP 

 

VF

 EMFV

…. (54-4)

: 

 ……  (55-4) 

 E,V,I431E

E

V Underexcitation
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jxs

R2/s
Eg

Δ v

RsI

431

EV  Overexcitation  E  V 

δθ

ɵ

δ

I

V

E

ΔV

V

E

ɵ
Under Excited

Over Excited

432

سلوك المولدات التزامنية تحت الحمل  --

Behavior of synchronous generator under load 

(Isolated)

(Infinite Bus-Bar)
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4821

connecting synchronous Generator on Isolated load 

433

ɸ

E
Eo

Ex

I

Ix

Z

I

433

1  I Eθ 

2 θCOS 

3 xE(Synchronous Reactance) I

904)                           ,-= j IXs   …..(56 xE  

4 oEψ

+ExE

5 x&EoE 

6 ψxI

434

oEE
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Ix
Eo

E

δ

ɵ

Lagging Power Factor

434

- IEθ 

,435xE xE90

IoE+ExEE

oEXs

Under- Excitation  

 

E

ExEoI

Ex

Leading  Power Factor

δ
ɵ

435

4822

Connecting synchronous Generator on Infinite Bus-Bar  
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[13]

1 xI 

2 

 

4823

Effect of varying the excitation current, Infinite Bus-Bar 

oE

E

436

I

Floating 

Eo

Ex

In
fi
n

it
 B

u
s

12 KV

5 Ω

I= 0
12 kv

Ix

E=Eo=12KV
0
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436

oE

XsxE 

 
Ex = Eo – E        ….  (57-4) 

I 

I = (Eo – E)/Xs          …..  (58-4) 

IxE

90437IE90

Inductive reactanceover excite 

 

Eo

Ex

In
fi
n

it
 B

u
s

12 KV

5 Ω

I
16 kv

Ix

Eo=16KV
0

E=12KV

I=800 A

Over Excited

Ex

 

437over excite
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xIoE

E E – o(E

438I  Xs/xI = E

90xEI 90E

Under Excited

xI 

Eo

Ex

In
fi
n
it
 B

u
s

12 KV

5 Ω

I
8 kv

Ix

E=12KV

I=800 A

Under Excited

Eo=8kv
Ex=4 kv

90°

 

438Under Excited

4833

Effect of varying the mechanical torque, Infinite Bus-Bar 

oEE 

oE

oEEδ
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4390E,E

E -o= E xE439 

Eo

Ex

In
fi
n
it
 B

u
s

12 KV

5 Ω

E=12KV

Ex=4 kv

90°

I=800 A

I

Eo
-E

Eo=12KV

δ°=19.2

Turbine

-a-

-B-

439δ

I 90xE

E

δ

diverge

δoE 

E

4ExoEE 

12

(all phase angles)(Four-quadrant 
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Operation) 440

1 Over excitationUnder 

excitation

2  

1 dj I X
PV

1V

1I 





0

/ 2 0



 



−  

0

/ 2



  



−   −

0

/ 2



  



 

0

0 / 2



 



 

PV

1V

PV

1 dj I X

1I






1 dj I X

1 dj I X

PV

1I1I

1V
1V






Motor 

mode

Generator mode

Under-excitationOver-excitation

440

P Q

V  E δ

 …….  (59-4)
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 Permanent Magnet Synchronous Generator (PMSG), 

[6]

…..  (60-4)

mH

Br1.23 T

G

μrrelative  Permeability  NdFe35

1.09981 

leakageK 0.91 

carterK1.01.1 

97 85%

4.25
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 Switched Reluctance Generator (SRG) 

  6/4

441

 

442 

 

441

 EMI

[12]
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442

 

SRG

443[14]

 

D-D’

 

A-A’

 Inductance

443[14]
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444

444
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Connecting wind farm to network &Power Transfer 
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5060

4903000

1150

[13]

• 5060HVAC 

• HVDC 

• 2516.66

LFAC 
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Grid –Connecting wind farms by alternating voltage 

[7]51

480690

3000Pad-

mounted Transformer 102033

 

• 

• 

• 
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51

52
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53

54
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552.5952

1202 

57

 DC-Link

 (VSC)  Voltage Source Inverter 

 Line Comutated Converter( LCC )
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565

Tip-

Speed-Ratio
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57

متطلبات الربط على الشبكة العامة  --

Tap-Changer

Modulation Indexam

Pulse Width Modulation(PWM)
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- 

 

- 

 

- Phase Angle 5

 

 

Synchronoscope 

Inrush Current

∆𝑉

𝑋˝ 𝑑
       ….  (1 − 5)= inrushI  

∆𝑉 

𝑋˝ 𝑑 

 

العمل عند التزامن --

Induction Geenerator 
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Steep-

slope

Falls out of stability

58

Line Commutated Inverter
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Voltage Source Inverter

 

حالات العمل العابرة --

• 

Power Angle

 

• 

Soft 

Starting 

• 

 

• 

Self Excitation

 

• 

 

 

حدود التشغيل  --

Voltage Regulation

Stability Limit

R
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Z(Reactance)596070

59[7]

Impedance

 

 تنظيم التوتر --

510Shunt 

Impedance  IsIrIs=Ir =I

 I*Z 

Vs = VR +I(R+JX)                       ….. (2-5) 

Full Load Voltage

…..(3-5) Percent Voltage Regulation = 
 𝑉𝑛𝑙 −𝑉𝑓𝑙   

𝑉𝑓𝑙  
 

nlVSV 

flVrV 

nlVSVflVrV
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510VrI

I*(R+JX)

Vs

I.Z

Vr

δ

φ

If δ>0 , Power flow to grid

If δ<0 , Power comes from grid

 

 

510[7] 

 

 

حد الاستقرار  --

Phase Angle   

Transferred
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P = Vr*I*COS ɸ              ……..(4-5) 

510
    𝑉𝑠∗𝑆𝑖𝑛𝛿 

𝑋 
      … … (5 − 5)=  realI 

Vr 

P = 
  𝑉𝑠∗  𝑉𝑠 ∗𝑆𝑖𝑛𝛿 

𝑋        
      …………….(6-5)

δδ0<

δ 0>

) rV-S(V

0
90 180

Degrees

p
o
w

e
r

1.0

2.0

0.0

Pmax = EO*E/XO

Angle dltaδ

511

511

90

δ 90 >
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90

1020[7] 

Power Transfer Between twoAlternative  Sources 

A,B 519

1E2Ephase 

angleδ Kirchoff’s Law

 

E1 = E2 – Ji.x  ……………(7-5) 

JX

I

E2
E1

A
B

 

519 X 

I2Eθ1E

2Eδ520I.X

I90PB 

 

P = E2.I. cosθ      …….( 8-5) 
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Ψ

ɵ

δ

E1

E2

IX

520

(sine law)  
𝐼.𝑋

𝑠𝑖𝑛δ
 =  

𝐸1

sin 𝜓
           …….(9-5 

 
𝐸1

sin(90 +  θ)
=  

𝐸1

cosθ
 

I. cosθ =  
𝐸1.sinδ

𝑋
 ……………(10-5)       ,

42

P = 
   𝐸1. E2 .sinδ

𝑋
   … … . (11 − 5) 

BA

P δ.

θE2I

E1

E2519

51

A 5⦟= 20 kv 1EB42⦟= 2E

15kv14 Ω
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 – 5° = 37°42B

ABA

A.

P = 
  𝐸1. E2 .sinδ

𝑋
 

12.9

  [13][61]

 

A,B

b, EaEEa

Ebδ

X(Reactance)A

BaEbE

δX 

P = 
   𝐸1. E2 .sinδ

𝑋
   … … . (12 − 5) 

BA

AB

Phase- Shift Autotransformer
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52

A,B21-5bE 

aE11100

X = 20 Ω

1  

2 70A

B 

 

521 

               Sin P = 
   𝐸1. E2 .sinδ

𝑋
   … … . (12 − 5)                              

 

11°  = 95.4 Mw   P = 
1002

20
                                     

 
X=20 Ω

Eb
Ea

95.4 MW

E
a

=
1

0
0

k
v

E
b

=
1

0
0

k
v

Ea

Eb

11°

+
1

1

0

 

521 

bEaE95.4 MWB

A
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2522δ

70 

P = 
   𝐸1. E2 .sinδ

𝑋
   … … . (12 − 5) 

*Sin δ1°   70  = 
1002

20
 

Sin δ1°  =0.14

8δ 

TRANSF

ORMER

100 KV 11

°

0°

EbEa

100kv +19°

70MW

20Ω

8°

11°

Ed

Eb

Ea

522

Ed8

70ABbE

aE11Ed11819

aE19

aE

19[15]
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Fundamental objective of AC  transmission System 

 

[15]

Flexible AC Transmission System (FACTS)

High Voltage Direct 

Current(HVDC)

Series 

Capacitor Compensation  

53

 2

527527b

A  33 KV

STATCOM

0.95

W0⦟1.05 
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527

100MVA 

-  

10*2MVA /100 MVA =0.2p.u 

- 66 

Zbase on 100 mva,66kv = 
(66∗103)2

100∗106 = 43.56Ω 

- = 0.028+j 0.036  pu Line Impedance = 
(0.1+𝑗0.132)∗12

43.56

-  100mva base 

0.16 ∗ 100(𝑚𝑣𝑎)

60(𝑚𝑣𝑎)
= 0.267 𝑝. 𝑢

528
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528

V.I* = 0.2 + J0.1 (input power)  

I = 
     0.2 + J0.1

1.05 
  = 0.19 + J0.095  

Vpcc = 1.05-(0.19- j0.095) (0.028+j0.303)  

Vpcc = 1.016-j 0.055 = 1.017⦟-3.1° 

P+JQ = Vpcc.I= 1.017⦟-3.1° *  (0.19 + J0.095) = 

1.017⦟-3.1° * 0.212⦟26.6°  = 0.216⦟23.5°  = 0.198+J0.086 

= 0.086/0.198 = 23.5° tan-1 

0.95 ° = 18.20.95 1-(COS   

STATCOM

0.95  

0.198 * [tan23.5 –tan18.2] = 0.021 p.u = 2.1 MVAR 

 

54

500

533200

45025012002

IPFC
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533

450

Uncompensated225

(IPFC)A534a

25Line 2Line 1

534b 

Reactance (X) 

VSC1

δLoad Angle δ

1VSC2

Line 2  δδδ

25 
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Region1 Region2

200MW
250MW

225MW 225MW

25MW

25MW

25MW

V1 V2

VA2VA2

VA1

VA

VA2

Vvsc2

I

V1/V2

δ1

δ2

δ

Vsc1

 
 

534

High Voltage Direct Current (HVDC)Transmission by 

النقل بالتيار المستمر عالي التوتر --

Transmission by  High Voltage Direct Current (HVDC) 
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60

535

Break-

even Distance800500

50100

535

HVDC

FLEXIBILITY536
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• 

Rectifier (AC-

DC Converter ) 90

Line Commutated 

Conveters(LCC)

90180

 

generati

on
GRIDE

Vr δ2

Vs δ1

HVDC

HVAC

P= VS*Vr sin(δ1- δ2)/X-

Ploss

536

• 

 

Off 

Shore Wind Farms
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537

RSC

GSC

HVDC. 

537

RSCGSC

,

HVDC.[22]

538VSC 
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538VSC 

539

 

 

539

[22]

540
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540

Clamped Diode  

Floting Capacitor H. Bridge  541

 

 

541[22]
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 مبدأ عمل المبدلات ذات منبع التيار  --

Current Source Converters(CSC)

Line Commutated Conveters(LCC)  

DC-AC Converter 

Current Source Converter (CSC)

robest 40100

50003000

40015003000

542

 

543
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542[17]
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543

[22] 

 آلية نقل القدرة الكهربائية في خطوط النقل بالتيار المستمر  --

544

 [17] 

1  
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Power 

System1

Power 

System2

Req

Tr1 Tr2

Rectifier

1

Rectifie

r2

Ic

2 

3WLI/π 3WLr/π

1
.3

5
1

V
L

I.
C

O

S
α

1
.3

5
1

V
L

rc
o

s
β

RL
U

c
1

U
c
2

3

54412

3

)

90

α525

β Advance angle

90160170

α β
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αβδ  

γ180α δ γ 

    (180 –β  δγ   ….  (13-5) 

β  

Uc1 = 
2𝑞 

𝜋   
𝑉𝑚 𝑆𝑖𝑛 

𝜋

𝑞
 𝐶𝑜𝑠 α    ….  (14-5) 

q = 3Vm = 
𝑉𝑙𝑙 √2

√3
Vll 

Uc1 = 1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 α     ….  (15-5) 

β

Uc2 = 1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 β   ….  (16-5)

Id = 
Uc1+ Uc2

𝑅𝑒𝑞 
     ….  (17-5)

Req  

 

Vi = 2 Vm Cos 
𝜋

2𝑞
      ….  (18-5) 

 Vi = 1.66  Vi 

iVKV 220

359.3 KV

120

6120720

RL = R eq Lr ,Li 

w =2πff
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Id = 
1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 α−1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 β

3𝑤𝑙𝑟

𝜋
+

3𝑤𝑙𝑖

𝜋
+𝑅𝐿

    ….  (19-5) 

3𝑤𝑙𝑟

𝜋
+

3𝑤𝑙𝑖

𝜋

) δ =(Over Lapping Period 

545 

 

Rectifier C.V. mode

Inverter 

C.V.mode 

Id 

Rectifier 

C.C.mode

Inverter 

C.C.mode

Normal Operation  

Point

Load current

T
ra

n
s
m

is
s
s
io

n
 

v
o

lt
a

g
e

0

545

α

ββ =

180α

Normal Operating 

Point (C.C) 

Constant Currentα
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 Constant Voltage (C.V)  

β

23

α

α

5

55

HVDC

12

546n = 0.4

220kv α = 15°

1000

1  

2  

3  

4 

546
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1 

Uc = 1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 α 

Uc = 1.35 220 ∗ 0.4 ∗   𝐶𝑜𝑠 15 = 114.75 kv 

 

Vd= 2*114.75= 229.5 kv 

12

544

Uc = 
2𝑞 

𝜋   
𝑉𝑚 𝑆𝑖𝑛 

𝜋

𝑞
 𝐶𝑜𝑠 α

𝑉𝑚

Uc = 
𝑞 

𝜋   
𝑉′𝑚  𝐶𝑜𝑠 α 

 𝑉 ′𝑚 

2 

 I 1 = 
√6

𝜋
 * Id             

n = 0.4

0.4*1000= 311.88 A            I 1 = 
√6

𝜋

I = 2*311.88 = 623.76 A 

3 

30

ψ  ( T/4 – T/2q)+Tq

ψ α 
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𝑃𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 =  √3 𝑉 ∗ 𝐼 ∗ 𝑆𝑖𝑛 ψ 

𝑃𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 = 61.5 𝑀𝑉𝐴𝑟 

4 : 

𝑃𝑎𝑝𝑝. =  √3 𝑉 ∗ 𝐼 =  √3 ∗ 220 ∗ 103 ∗ 623.76 = 237.685 𝑀𝑉𝐴  

𝑃𝑎𝑐𝑡𝑖𝑣𝑒 =  √3 𝑉 ∗ 𝐼 ∗ 𝐶𝑜𝑠 ψ = 229.6 MW 

56

HVDC 1000 MW

5002Ω/line

3𝑤𝑙𝑟

𝜋
= 2 ΩConstant 

Current(C.C)15 α

β  = 20°Advanced Angle

1  

2  

1  

Id = 
𝑃𝑎𝑐𝑡𝑖𝑣𝑒 

𝑉𝑑𝑐
=  

1000∗ 106

500∗ 103 = 2000𝐴

Id = 
1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 α−1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 β

3𝑤𝑙𝑟

𝜋
+

3𝑤𝑙𝑖

𝜋
+𝑅𝐿

 

Id = 
1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 15−1.35 𝑉𝑙𝑙  𝐶𝑜𝑠 20 

2+2+2∗2
 = 2000A 

𝑉𝑙𝑙 = 451.8 𝐾𝑉 

2  

15 ° ψ= α 

* Id =  
√6

𝜋
∗ 2000 = 1559.4 𝐴 I 1 = 

√6

𝜋

𝑃𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 =  √3 𝑉 ∗ 𝐼 ∗ 𝑆𝑖𝑛 ψ 
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𝑃𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 =  √3 451.8 ∗ 1.5594 ∗ 𝑆𝑖𝑛 15 = 315.8 MVAr

مبدلات منبع التوتر --

IGBT & GTO 

DC-

AC Converters Voltage Source Converters(VSC)

Viber Optic

VSC( Vltage Source Converters)

CSC 

VSC

 BlacK Start
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 Load Commutated Converter 

[18]

547

. 

P.M.S.G.

P.M.S.G.

P.M.S.G

Trans.

Trans.

Trans.

Rectifier

Rectifier

Rectifier

Inverter

Trans.

GRIDD
C

.B
u

s

547

 

 

548

1 Valve Units  

2 Dc-Capacitors 

3 Ac-Transformers 

4 Phase Reactors 
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5 Filters 

DC Filter

A
C

.F
il
te

r

H
.F

.b
lo

c
k
in

g
 f

il
te

r

V.S.C.

Trans.Voltage Source

DC. 

Capacitor

Phase Reactor

548

548VSC

I = 
𝑉 𝑉𝑆𝐶−𝑉𝐴𝐶 

𝑗𝑋
   ….  (20-5) 

X 

P + Q = Vac * I = Vac [
𝑉 𝑉𝑆𝐶−𝑉𝐴𝐶 

𝑗𝑋
]  …..  (21-5) 

𝑉 𝑉𝑆𝐶⦟𝛿  

VVSC = VVSC( COS 𝛿 + 𝐽 𝑆𝐼𝑁 𝛿)   ….  (22-5) 

PQ 

P =
 Vac.VVSC .SIN 𝛿

𝑋
       …..  (23-5)

Q = 
 Vac.(VVSC .COS 𝛿−Vac )

𝑋
    ……  (24-5)

 

57

500VSC

400600

400250X=20% 

500250 (P.U) 

0.2 .
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300

500

maP.W.M

DCVll = 0.612 .ma. V

500

= 0.167 p.u 0.2 * 500 (MVAR)/600 (MVAR)

 

(mvar) / 600 (mvar) = 0.6 p.u300

P = 
 Vac.VVSC .SIN 𝛿

𝑋

P = 
 1.VVSC .SIN 𝛿

(0.167+0.2)
= 0.6 

VVSC . SIN 𝛿 = 0.22 

Q = 
 Vac.(VVSC .COS 𝛿−Vac )

𝑋
 = 0

(VVSC . COS 𝛿 − Vac) = 0
VVSC . COS 𝛿 = 1 

VVSC =  √1 + 0.222

1.024256𝛿  

1-0.22) = 12.4 ° = Tan δ 

 

Vll = 0.612 *Ma * VDC
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256 = 0.612 * Ma * 500 = 0.84  

Transmission by Low Frequency AC Voltage   (CYCLOCONVERTER) 

 مقدمة  --

100

30 GW

 

HVAC 5060

HVDC

Reactance

150

VSC-LCC 

 

Low Frequency 

Altrnating Current (LFAC)

 

549
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AC

AC

AC

AC

16 2/3 HZ

50 HZ 50 HZ

Gen.

549 

550

Cycloconverter    

 

 

550[21] 

 بنية نظام النقل بالتيار المتناوب ضعيف التردد  --

16.6725

16.67
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IC = VLL/√  3 ∗ 2𝜋𝐹𝐶𝑙 

LLV𝐹𝐶𝑙  

QC = 3 IC *VLL/√  3  =  2𝜋𝐹𝐶𝑙 VLL2 

5060551

 

AC

AC

AC

AC

16 2/3 HZ

16 2/3  

HZ
50 HZ

Gen.

 

551[ 19] 

 [19]

HVDC

552

HVAC,HVDC,LFAC,  
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Distance

In
ve

st
m

e
n

t 
co

st

HVAC

HVDC

BD  HVAC

LFAC

BD LFAC

552[19]

553

GG G

GGG

GGG

VSC VSC
50 HZ 

Trans.

16 2/3 hz 

Trans.

50 hz/16 23 

HZ Collection 

grid

AC

AC

DC

DC 100 KM  

HVDC 

LINE
33KV/

230 KV

 
 

553[20]

50

16.67

 

 Back-to-Back Converters
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Cycloconverter 

Matrix 

Converter

 

 ميزات استخدام التردد المنخفض في نقل الطاقة الكهربائية --

Benifts of and Challenge of LFAC Transmission 

1 Transient Stability Limit 

Voltage 

Collapse 

 

2 Increased Capacity on Thermally 

Constraned Cables 

Sascptance

ijBCij=wijCij B 

 

3 

Flexible AC Transmission (FACTS)

HVDC 

4 

50 

5 
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خواص مبدل التردد الثيرستوري  --

5541

554

Dual Converters

554

555

12
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50

16.7

Natural Commutation 

32

Subharmonics 

232524

12Pulse 

Foh =  6 fi∓ (2n + 1) fo
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555

ohFifofni

554
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556

557[71] 

Total Harminic Distortion (THD%) 

THD%15.24

32.57
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557

5542

Matrix Converter

GTO

Gate Turne On thyristorsIGBT

558

16.7

50

55836[22]

https://www.electronicshub.org/wp-content/uploads/2015/12/Three-phase-to-single-phase-Cyclo-converters-waveforms.jpg
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Forced Commutation Converters(FCC)

 

[22] 

50

Matrix Converter1980

559

558

[66],[69].

 

559 
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560Matrix Converter

Bidirectional Ac Switch 560

561

• IGBT 

• IGBT 

• IGBTNPT

561
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• 

• 

• 

• 

• 
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Abstract 

β λ

First example 

Wind power equation 

– 

– ρ

– 

– 
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– 

– 

Calculate wind power 
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Second example 

Power coefficient calculation 

λ β λ − β − − λ λ
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Calculate turbine Power and torque
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Homework 

1. 

2. 

3. 
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Abstract 

Permanent Magnet Synchronous Generator (PMSM) 

– 

– 

– 

– 

– 

– λ

– 
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λ −

SIMULINK model of PMSM 

1. 

2. 
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Create subsystem from PMSM 

1. 

2. 

3. 

Couple the turbine with PMSM 

−
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−

−

Homework 

• 

• β

Abstract 
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First example 

−

−

−
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−
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Results 

Homework 

1. 
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2. β

3. 

Abstract 

 Diode rectifier 
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IGBT rectifier 
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1 . See Power electronic (1) (2) book for more details on these signal 
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Homework 

1. 

2. 

3. 

 

 

• 

• 

• 

• 
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https://drive.google.com/file/d/1LgFFSt3CHxSIwvBBtkTayWtYLfdeNoBe/view?usp=sharing
https://drive.google.com/file/d/1LgFFSt3CHxSIwvBBtkTayWtYLfdeNoBe/view?usp=sharing
https://drive.google.com/file/d/1wNOhTkzLDbsULd-WgqOjk0cbZwlgnumr/view?usp=sharing
https://drive.google.com/file/d/1wNOhTkzLDbsULd-WgqOjk0cbZwlgnumr/view?usp=sharing


263 
 



264 
 



265 
 

• 
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• 

• 
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