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אא 
١ J١אאאW 

  א א  א א  אא
אאאאא
אאא، א 

אאא : 

• אאThree phase single circuit system K 

• אאThree phase double circuit systemK 

אאא
FEאאאאKאא

אאאאאאא،
אאK 

אאאאאאאא
،،א،א

אאאאא،א
אאאאK 

١ J١ J١WאאאW 
 אאאאאאאא

אאאאאא(R)،אאא(G)
،אא(XL)،אא(C)K 

אאR
אאLאCאGF١ J١Eא

אאGאK 
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F١ J١E–אK 

 

K אא(R)Wאאא(Ω) 
אאאאאאאא

،אאאאא
אאאW 

R =  ρ / A            (1.1) 
WRאאאΩ/m   

ρאאאאΩ.m   

            A  אאא    m2 

אאאאACSRא
אאאאא،אא

אאאאK 

אאאאאאא
אאאא،אאאא

א،אאאK 

θs  
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אאאאאRאאאGא
אאאאאאאא

אK 

K אאא(G)WאאאFאEאא
،אאאאא

אאאאאאא
אאאK 

K אא(XL)Wאאאאא
،אאאאאא

אאאאאאXL= ω.L  אא
אK 

אFאאאEא
אאא،אאאא

אאW 

) 
r
Dln   

4
1 ( 

 2
  L o +

π
= µ             (1.2) 

 
WLאאאH/m   

       = 4 π x 10-7  H/moµ   אאאK 
  DאאאFmEK 
  rאאFmEK 

F١אא J٢E،
אאאאאK 

 

321 D . D . D  D =          (1.3) 
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F١ J٢E–אאK 

١ J١W 
 אאאאא

D = 5 mאr = 1.5 cmf = 60 HzK 

אW 

אW      ) 
r
D ln  

4
1 ( 

 2
  L o +

π
=

µ
  

        

           
 

 

XL = ω . L = 377 * 12.12 * 10-7  = 0.457      Ω/km 
 

אאאאאאא
R = 0.074  Ω/kmאאאא

אRXL
אאאאאאאK 

 

K אא(C)Wאאאא
אאאאא،אאאא

אאא،אאאאא
אאK 
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אאאאא
،אאאאאא

א100א kmאאא300 kVK 

אאאאא
אאאW 

 

r
D ln

  2   C 2  C o
n

επ
==         (1.4) 

 
WCאאאאאF/m   

= 8.854 x 10-12  F/moε   אאאK 
  DאאאFmEK 
  rאאFmEK 
 

אאF١ J٣E،
אאאאאאK 

321 D . D . D  D =          
  

                             

F١ J٣E–אאאK 
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  א אCapacitive reactanceאא אא 
אW 

 Xc = 1 / ω Cn = 1/ 2 π f Cn          Ω/m      (1.5) 

   א א א א א   Capacitive admittance،
אאאאאW 

 Y = j 1 / Xc = j ω Cn  = j 2 π f Cn          siemens/m    (1.6) 

 
١ J٢W 

אאאאא200 km
אD = 5 mא3 cmf = 60 HzK 

א 

אאאW 

F/m           10x  9.577  

5.1
500ln

10x  8.854x   2   

r
D ln

  2
   C 2  C 12-

12-
o

n =
π

=
επ

==  

אאאאW 

Cn = 9.577 x 10-12 x 200 x 103 = 1.915 x 10-6         F. 

אאW  

Xc = 1 / ω Cn = 1 / ( 377 x 1.915 x 10-6 ) = 1385   Ω 

אאW  

Y = j ω Cn = j 377 x 1.915 x 10-6  = 722 x 10-6  ∟90°  siemens 
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١ J١ J٢WאאW 
אאא60 kmאא

FאאCאאYEאאRאאXL
،אאאא

F١ J٤EאאK 
 

 
 

F١ J٤E–אאאK 
 

אאאאאאאאא
،אאאW 

 
F١ J٥E–אאאאאK 



٢٦٢ א אא 

א אא אא 
 
 

- ٩  -  

W 
Vs אא  Sending end voltage per phase     
Ss אאא  Apparent power at sending end     
Ps אאא  Active power at sending end         
Qs אאא  Reactive power at sending end      

Cos φs אא   Power factor at sending end          
VR אא   Receiving end voltage per phase   
SR אאא   Apparent power at receiving end   

PR אאא  Active power at receiving end        
QR אאא  Reactive power at receiving end    

Cos φR אא  Power factor at receiving end        
IL א    Line current                                      
R  א   Line resistance per phase            
XL אא  Line reactance per phase                
∆V אאLine voltage drop per phase                  

 
אאאאF١ J٥EאאW 

אאW 

 Vs = VR + ∆V          (1.7) 

אאW 

 ∆V = ZL IL = IL . R + j IL . XL       (1.8) 

W ZL = R + j XLאLine impedance 
IL . R אאאא

אאResistive drop in phase with IL 
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IL . XL אאאאא
אאReactive drop in quadrature 

with IL 
(1.7)אאאאאא

F١ J٦KE 

 
F١ J٦E Jאאאאא 

 

אאאאאOMAאW 

OM2 = OA2 + AM2 = (OK + KA)2 + (AC + CM)2 

 

    (1.9) 

• אאאאאWאא
sθ OM،OFאא،OM = OF

אW 
OM = OD + DF = OB + BD + DF 
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VS = VR + BD + DF = VR + IL R cos φR + IL XL sin φR    (1.10) 

אאאW 

∆V = VS – VR = IL R cos φR + IL XL sin φR      (1.11) 

• אאאאאאא
אComplex numbers،אאVR

Reference vectorאאאאא
F١ J٦EאW 

VR = |VR| + j 0 = |VR| ∟0°         (1.12) 

IL = |IL| (cos φR – j sin φR) = |IL| ∟-φR°       (1.13) 

ZL = R + j XL = |ZL| ∟θ° 

אאLagging،אאא
אא،אW 

∆V = ZL . IL ∟(θ – φR)°         (1.14) 

אאW       VS = VR + ∆V 
VS = VR + ZL . IL ∟(θ – φR)° 

VS = VR + |IL| (cos φR – j sin φR) (R + j XL) 

VS = VR + (R IL cos φR + XL IL sin φR) + j (XL IL cos φR - R IL sin φR) (1.15) 

 

   (1.16) 

אLeadingא،אא
W 

IL = |IL| (cos φR + j sin φR) = |IL| ∟φR°       (1.17) 

אאW   VS = VR + ZL. IL ∟(θ + φR)° 
VS = VR + |IL| (cos φR + j sin φR) (R + j XL) 
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VS = VR + (R IL cos φR - XL IL sin φR) + j (XL IL cos φR + R IL sin φR) (1.18) 

2
RLRLL

2
RLLRLRs )sinI R  cosI X()sinI X - cosI RV(V ϕ+ϕ+ϕϕ+=  

אאאW 

φS = φR + θS            (1.19) 

אאLine voltage regulation Wאאא
אאW 

V.R % = 100x  
V

V - V
    100x  

V

V V

R

RS

R

RR

L

LL.n =
−

      (1.20) 

 א א א אאא Fא Eא
אאאFאאEאאW 

• אאW 

SsLS
*
LSS Q j  P  I V 3  I V 3  S

L
+===        (1.21) 

SLSSLSS  cosIV 3   cosI V 3  P
L

ϕ=ϕ=        (1.22) 

SLSSLSS sin IV 3  sin I V 3  Q
L

ϕ=ϕ=        (1.23) 

• אאW 

RRLR
*
LRR Q j  P  I V 3  I V 3  S

L
+===       (1.24) 

RLRRLRR  cosIV 3   cosI V 3  P
L

ϕ=ϕ=       (1.25) 

RLRRLRR sin IV 3  sin I V 3  Q
L

ϕ=ϕ=       (1.26) 

 אRאאXLאאאא
אאא،אאאאPLoss

 א אא QLossא ، א א
אW 

PLoss =  3 R IL
2  = PS - PR         (1.27) 
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QLoss =  3 XL IL
2  = QS - QR         (1.28) 

 
אאאאאאא

אאאאאאא
،אאאאאא

אאאאאא
אאאאאאאK 

אTransmission Line Efficiencyאא
אאאאאאאאאא

אאW 

100 * 
P
P

    %  
S

R=η           (1.29) 

١ J٣W،א f = 60 Hz،R = 5 Ω،
L = 30 mHאאא،P = 1000 kW

0.811 kVא،אאW 
 –אאאK 
  JאK       
  JאK 
  JאאK 

א 

אאW 

V.     6350    
3

11000    
3

V
    V LR

R ===  

אW   A.65.6    
0.8 * 6350 * 3

10 * 1000    
 cosV 3

P
    I

3

RR

R
L ==

φ
= 

 
φR  =  cos-1 (0.8)  = 36.87°       lag 
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IL = |IL| ∟φR°  =  65.6 ∟-36.87°     A. 
         אW 

ZL = R + j XL = 5 + j 2 π * 60 * 0.03  =  5 + j 9.4  = 10.65∟62°    Ω. 

אאW 
∆V = ZL . IL  = (65.6 ∟-36.87°) (10.65∟62°)  =  698.64∟25.13°    V. 

–אאW 
VS = VR + ∆V  =  6350 + (698.64∟25.13°)  =  6988∟2.4°    V. 

VSL =  √3 VS  = √3 * 6988  =  12100  V.  =  12.1   kV. 

אאW 
φS = φR + θS  =  36.87 + 2.4  =  39.3°        lag 

cos φS  =  0.774     lag 
–אאאאW 

PLoss =  3 R IL
2  = 3 * 5 * (65.6)2  = 64.55   kW 

אאאW 
PS = PR + PLoss = 1000 + 64.55 = 1064.55    kW 

אW 

% 93.94   100 * 
55.1064

1000  100 * 
P
P

    %  
S

R ===η    

–אאW 

V.R % = % 10  100*
11

11 - 12.1  100 * 
V

V - V
    100 * 

V

V V

R

RS

R

RR

L

LL.n ===
−
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١ J١ J٣WאאW 
אאא60 → 120 kmא

אCאאYא،
אאRאאXLאFTE

אאFאRאאXLEא
אאאאאאF Π 

E،אאW 
 

אאאאאT      ( T- RepresentationEW 

 אאאאאא
אאאאאT،אאא

،אאאאאאא
אאF١ J٧EW 

 

 
 

F١ J٧E–אאאאאTK 
 

אאאאאאאא
TאF١ J٨EK 
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F١ J٨E JאאאאאאTK 

  
אאאאF١ J٧EאאF١ J٨E
אאאIR אICW 

Is = IR + IC            (1.30) 

IC = Y V1 = j ω C V1          (1.31) 

אאאאאW 

L
L

L
L

R I .
2

XjR  I .
2

Z  V +
==∆          (1.32) 

אאW 

R
L

RRR1 I 
2

Z  V  V  V  V +=∆+=         (1.33) 

אאאאאW 

S
L

S
L

1 I .
2

XjR  I .
2

Z  V +
==∆          (1.34) 

א(1.33)א(1.31) , (1.30)W 

R
L

RS I )
2
 ZY  (1  V Y  I ++=          (1.35) 
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אאאאאאאא
W 

VS = VR + ∆VR + ∆V1 = R
L

LR
L I )

4
 ZY1(  Z V )

2
 ZY1( +++    (1.36) 

אאLine voltage regulation Wאאא
אאW 

V.R % = 100 * 
V

V - V
    100 * 

V

V V

R

RS

R

RR

L

LL.n =
−

     (1.37) 

 א א א אאא Fא Eא
אאאFאאEאאW 

• אאW 

SsSS
*
SSS Q j  P  I V 3  I V 3  S

L
+===        (1.38) 

SSSSSSS  cosIV 3   cosI V 3  P
L

ϕ=ϕ=        (1.39) 

SSSSSSS sin IV 3  sin I V 3  Q
L

ϕ=ϕ=        (1.40) 

• אאW 

RRRR
*
RRR Q j  P  I V 3  I V 3  S

L
+===       (1.41) 

RRRRRRR  cosIV 3   cosI V 3  P
L

ϕ=ϕ=       (1.42) 

RRRRRRR sin IV 3  sin I V 3  Q
L

ϕ=ϕ=       (1.43) 

 אRאאXLאאאא
אאא،אאאאPLoss

 א אא QLossא ، א א
אW 
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PLoss =  3 (R/2) ( IS
2 + IR

2 ) = PS - PR       (1.44) 

QLoss =  QS - QR           (1.45) 

אאאאאאא
אאK 

אTransmission Line Efficiencyאא
אאאאאאאאאא

אאW 

100 * 
P
P

    %  
S

R=η           (1.46) 

אאאאאΠ      ( Π - RepresentationEW 

 ،אאאאא
אאאאאאאא

אאאאאאאΠ،אא
אאאאאאאא،

אאF١ J٩EW 

 
 

F١ J٩E–אאאאאΠK 
 

אאאאאאאא
πאF١ J١٠KE 
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F١ J١٠E JאאאאאאΠK 
  

אאאאF١ J٩EאאF١ J١٠E
אאIR אאIC1

W 

IL = IR + IC1           (1.47) 

אאאאW 

IC1 = (Y/2) VR = j (ω C/2) VR        (1.48) 

אאאW 

IC2 = (Y/2) VS = j (ω C/2) VS        (1.49) 

אאאW 

∆V = ZL . IL = (R + j XL) . IL          (1.50) 
אאW 

VS = VR + ∆V = VR + ZL . IL = VR + ZL ( IR + IC1)     (1.51) 
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א(1.48)א(1.51)W 

VS = VR + ∆VR + ∆V1 = RLR
L I  Z V )

2
 ZY1( ++      (1.52) 

אאW 

IS =  IL + IC2  =  IR + IC1 + IC2 = IR +(Y/2) VR + (Y/2) VS    (1.53) 

א(1.52)א(1.53)W 

R
L

R
L

S I )
2
 ZY  (1  V )

2
 ZY  (1 Y  I +++=        (1.54) 

אאLine voltage regulation Wאאא
אאW 

V.R % = 100 * 
V

V - V
    100 * 

V

V V

R

RS

R

RR

L

LL.n =
−

     (1.55) 

 א א א אאא Fא Eא
אאאFאאEאאW 

• אאW 

SsSS
*
SSS Q j  P  I V 3  I V 3  S

L
+===        (1.56) 

SSSSSSS  cosIV 3   cosI V 3  P
L

ϕ=ϕ=        (1.57) 

SSSSSSS sin IV 3  sin I V 3  Q
L

ϕ=ϕ=        (1.58) 

• אאW 

RRRR
*
RRR Q j  P  I V 3  I V 3  S

L
+===       (1.59) 

RRRRRRR  cosIV 3   cosI V 3  P
L

ϕ=ϕ=       (1.60) 

RRRRRRR sin IV 3  sin I V 3  Q
L

ϕ=ϕ=       (1.61) 
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 אRאאXLאאאא
אאא،אאאאPLoss

 א אא QLoss، א אא 
אW 

PLoss =  3 R IL
2  = PS - PR         (1.62) 

QLoss =  QS - QR           (1.63) 

אTransmission Line Efficiencyאא
אאאאאאאאאא

אאW 

100 * 
P
P

    %  
S

R=η           (1.64) 

 

אאאאאW 
 אאאאאאאאא

אFאאאEFאאאE،
אאאאאאא

F١ J١١WE 

  

F١ J١١E–אאאא 
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VS =  A VR  +  B IR          (1.65) 

IS  =  C VR  +  D IR          (1.66) 

א،אאאאאאא
،אאאאאאאא

אאאאאW 

• אאאTW 

אא(1.36)אא(1.35)
א(1.66) , (1.65)אאאאW 

VS = R
L

LR
L I )

4
 ZY1(  Z V )

2
 ZY1( +++  

R
L

RS I )
2
 ZY  (1  V Y  I ++=   

A  =  D  =  )
2
 ZY  (1 L+          (1.67) 

B  =  ZL )
4
 ZY  (1 L+           (1.68) 

C  =   Y            (1.69) 

• אאאΠW 

אא(1.52)אא(1.54)
א(1.66) , (1.65)אאאאW 

VS = RLR
L I  Z V )

2
 ZY1( ++  

R
L

R
L

S I )
2
 ZY  (1  V )

4
 ZY1(  Y  I +++=   

A  =  D  =  )
2
 ZY  (1 L+          (1.70) 

B  =  ZL            (1.71) 
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C  =   Y )
4
 ZY  (1 L+           (1.72) 

• אאאW 
אאאאאאאXC

אאאא،
אאאאאא

Ferranti Effectאאאא
אF١ J١٢E،F١ J١٣WE 

  
  

F١ J١٢E–ΠK 
 

 
F١ J١٣E–אΠK 

אאאאW 
 

2
C1

2
C1LRS ) IR  (  ) I  X- V (     V +=        (1.73) 
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١ J١ J٤WאאW 

אא120 kmאא
CאאY،א،

אאאאRאאXLא،
אאאאאאאא

אא،אF١ J١٤EW 

 
F١ J١٤E–אאאאאK 

 

אאאאאאא
אאאאאאאאאאאא

F١ J١٥EW 

  
F١ J١٥E–אאאאאאאא 
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      א א  א   א א 
אW 

VS =  A VR  +  B IR          (1.74) 

IS  =  C VR  +  D IR          (1.75) 

אאאאאאא
אF١ J١٦KE 

 
  

F١ J١٦E JאאאאאK 
  

אאאאאאא،אא
אאאW 

A  =  D  =  
6
 ZY

  
2
 ZY  1 

2
L

2
L ++         (1.76) 

B  =  ZL . )
24
 ZY  

4
 ZY  1 (

2
L

2
L ++         (1.77) 

C  =   Y . )
24
 ZY  

4
 ZY  1 (

2
L

2
L ++         (1.78) 
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אאLine voltage regulation Wאאא
אאW 

V.R % = 100 * 
V

V - V
    100 * 

V

V V

R

RS

R

RR

L

LL.n =
−

     (1.79) 

 אא א א אא Fא Eא
אאאFאאEאאW 

• אאW 

SsSS
*
SSS Q j  P  I V 3  I V 3  S

L
+===        (1.80) 

SSSSSSS  cosIV 3   cosI V 3  P
L

ϕ=ϕ=        (1.81) 

SSSSSSS sin IV 3  sin I V 3  Q
L

ϕ=ϕ=        (1.82) 

• אאW 

RRRR
*
RRR Q j  P  I V 3  I V 3  S

L
+===       (1.83) 

RRRRRRR  cosIV 3   cosI V 3  P
L

ϕ=ϕ=       (1.84) 

RRRRRRR sin IV 3  sin I V 3  Q
L

ϕ=ϕ=       (1.85) 

 אRאאXLאאאא
אאא،אאאאPLoss

 א א  אQLoss ، א אא 
אW 

PLoss =  3 R IL
2  = PS - PR         (1.86) 

QLoss =  QS - QR           (1.87) 

אTransmission Line Efficiencyאא
אאאאאאאאאא

אאW 

100 * 
P
P

    %  
S

R=η           (1.88) 
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١ J٢WאאW 
אאאאאאא،

אאאאאאא
אאאאא،

אאא،אאא
אאאאאאאא

،אאאא
אאאא،אא

אאאאאאאא
K 

אאאאW 
• אא 
• אאאא

 
• אאאאאא

אא 
• אאאאאא

אא 

 אאאאאאא
א אאא  א אא

אאK 
 אאאאאא
אאאאאא

אאאאא  
אאאאאאא

אא،
אאא
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  אא   Kא א  
Kאאאאא 

١ J٢ J١WאאאאW 
 אאאאאאאא

אאא
אא

250אאאא?spanK? 

 אאאא
،אאאאא

אאאא،אאא
אא،אאאא

אאאW 
• אאאאא 
• אא 
• אאאאא 
• אאא؟ 
• אאא 
• אאא 
• אאאאא 
• אאאאא

אאאאאאאאK 
 

 אאאאאאא،
אאאא
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