
 

 

 

אאאא  

 

 

אאא
ã¹]<gè…‚jÖ]æ<ËÖ]<Üé×Ãj×Ö<íÚ^ÃÖ]<í‰‰ö¹] 

אאאא 

٢٥٦٢٥٦ 



א٢٥٦א
אא

 
 

 

،،אא،אW


אאאאאאאאאא
א א א א א   א א  ،א   

אאאאאא
،אאאאאא

אאאK


אאאאאאא
  א        ،א אא  

 א ، אא א אא א
א،אאאא
אאאאאאאאאאאאא

     א  א   ،א  
אא،אאK


 א א   ?א א  ?  ?   ?

אאאאאאאK


אאאאאאא
،א،אאאא

אאאאאK


، א אאא
אK


אאאא



א٢٥٦
אא

 
 

 

אאאאאאאאאא
Kאאאא
אאא،אא

אאאא
אאאKאאאאא

אאא٧٦٥١١٠٠K
אאאאאאאא

אKאאאאאאא
؛אאאאKא

אWאאאאא
אאאאאאאא

אKאאאאאx
אאאא١٠٠K

אאאא٦
אאאאאאאאאא

،אאאא
אKאאאאאאאK

אאא،אאאאא
אאאאKאאאאאאK

אא،אאאאאאאאא
אKאאאאאא

אאאא
אאאאאא

KאאאFEאאאא
אאאאאאאא

אאאKאאאאא
אאFEאא



א٢٥٦
אא

 
 

 

אאאאKאאאאא
א،אאאאאאא

אאאאא،אאאK
אאאאאא

NeutralizersאIonizersK



 

 

 

אאאא  

 

אאאא  

אאא
ã¹]<gè…‚jÖ]æ<ËÖ]<Üé×Ãj×Ö<íÚ^ÃÖ]<í‰‰ö¹] 

אאאא 


א


א




١



א٢٥٦אא
אאאא

 
 

- ١ - 

(١�١)
אאאאא
אאאKאא

אאK אאאא،א
אאאאאאKאא

אאאאאאאK
אא،אאאאאK

אאאW
١K אאאAlternating High VoltageK 
٢K אאאDirect High Voltage K 
٣K אאאאImpulse High VoltageK 

א   א   K  א אא   
אאאK 

 (١�٢)אאא
א  א   ،אא אא א א א  א 

אאאא،אאאאW
،אאאא

אאא א אאאאא  Kא א
א א א  K    K  אא 

אאאא١٢٧٢٢٠
٦٠אאאK 

 

(١-٢-١) אאאאא 

١. אאאSingle Unit Transformer 

     א אא א אא
א  אא א    א     K א(١}١)

אאאKאאVariable 

Transformer VARIAC       ٦٠  ،



א٢٥٦אא
אאאא

 
 

- ٢ - 

אאאאאאאאא
אאאאn١:n٢K

 א א 
אאאאKאאאא

אאאאאאKא
 אא٢٠٠K

   א א א א   א KVA F W١E
      א٥٠      ١ ٢

  KVAF K٢ E  א     ٢٠٠
א١٠٠KVAK

 
 
 
 
 
 
 
 
 
 
 

E (١}١)אאא 
 

א   א      א    
אאא אא  אאאא،

    א   א   א א 
אאאאאאEHV

אא
א  K   א    א    

אאאאאאK

H.V.

 محول متغير
Variabl Transformer 

 لمبة

 مقاومة للحد 
 من التيار

 Specimenعينة اختبار 
א

Electrodes 

א
Test Chamber 

 

R

 قاطع مع فاصل عند زيادة الحمل
Over-load Relay 

 مصدر جهد
  فولت٢٢٠ أو ١٢٧
  هيرتز٦٠



א٢٥٦אא
אאאא

 
 

- ٣ - 

٢. אאאאא Cascaded Transformer 

אאאאא
אאאאKא(٢}١)אא

אאK











E  
E  
E  
E  
E  

 
E (٢}١)אאאאאאK



אאאאFאg-b-d-e-f-L-m-n
Eא،אאאא

אאאאאK
אא אאא א

אא n אאVVo=n×V Kא
אא،אאאאא

    א     K 
א    א  א אא א א،א א  

אא

n

mL

kh

f

ed

c

g

b

a

٢V

N

Vo 
H.V.

 هيرتز٦٠مصدر جهد
فولت٢٢٠أو١٢٧

جلبة عازلة
Bushing

٣V 

١

٢محول 

٣

V

L

زلة
عا

مة 
عا
د

 

زلة
عا

مة 
عا
د

 



א٢٥٦אא
אאאא

 
 

- ٤ - 

אKאאאאאאא
אא(٢}١)אאא(٣}١)K











E  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

E (٣}١)אאאאאאK
אאאאאאאא

אאאKא
 א    אא  א א א   א

  א א   א אא   א אKא 
(٤}١)אאאאאK

  هرتز٦٠مصدر جهد 
  فولت٢٢٠ او ١٢٧

N

L

دعامة عازلة

 محول
١ 

٢محول V

V

V

Vo=V+V +V
=٣V
=nV٣محول



א٢٥٦אא
אאאא

 
 

- ٥ - 


E (٤}١)אאאאאאK

(١�٢�٢)אאאאאא(Resonant Circuit)
  אא(Harmonics)אאאאאא

אאא  א אאא  
א  א  א  אא     ،Series Resonance Kא

אאאF٦٠ Eאאא
אאKאאאאא

אאאא  K(٥}١)א אאא  
אאאאK

אאאאאNatural Frequency (f٠) א
 א א Inductive Reactance (XL)  א א Capacitive 

Reactance  (XC)KאאאXL
אאאאXCא٦٠אאא

אf٠K





א٢٥٦אא
אאאא

 
 

- ٦ - 


 
 
 
 


 






(٥}١)אאאאאK


אאאאאW
אאאInductive Reactance (XL)אאCapacitive 

Reactance (XC)KXL= XC  אאW
  ωL = ١/(ωC) 
  ∴٢πfoL = ١/(٢πfoC) 

 אאW
  

LC
fo π2

1
=                                                                          (١}١) 



 אאאאאאאאW
− אאאאאא

אאאאאאאא
א א  K  א  א א      

אSchering BridgeאאPartial Discharges  K
  א אאא١٠٢٠א א א

Fundamental Voltage AmplitudeK 

NL
 هيرتز٦٠دمصدر جه
 فولت٢٢٠ أو١٢٧

H.V.

C
آيبل تحت
الإختبار

ملف متغير
Lv

نظ

محول
تغذية



א٢٥٦אא
אאאא

 
 

- ٧ - 

− אאאאאאKVA
אאאKא٥٪אאKVAאK 

− אאאאאא،א
Kאאאאאא

אאאאאאאא
אאאKאאאאא

אאאאK 
− אאאאאא

אIECאא،K 
−    א אא  א א   א  אא א

אK 


אאאאאא
אאאאאאKאאא

אאאKא(٦}١)
אאאK


(٦}١)אאK



א٢٥٦אא
אאאא

 
 

- ٨ - 

 (١�٣)אאא
 א אא א HVDC אא

א אאא  א אא א אBushingsא
 א  א  אא  א  ،    א

אאאאאאאK
אאאF W١E אאאאאRectificationK

F٢EאאאאElectrostatic GeneratorsK 
 (١-٣-١) אאאאאא  

  א  אא    א א א  
א K אא  אאא אDiode א Si Kא 

 א אPeak Reverse Voltage    ٢٥٠٠   ، 
    א  א אא   א   

Diodesא Kאאאאא
אאא Kאא א  F WE

א   אF K Eא  אF K E א אא Kא
אאאאאאKאא

אאK
 Half-Wave Rectificationאא )أ (

    א   א    א
אאKאאאא

א אאא K(٧}١)א א  
    Rectifier       K

א،אאאא
،אאאאVmaxKאא

  א  אא א    א  א 
אאאאאVmax  K

אאא٢VmaxKאR



א٢٥٦אא
אאאא

 
 

- ٩ - 

אאאK(٨}١)אאK
א٣٠K 



א٢٥٦אא
אאאא

 
 

- ١٠ - 










(٧}١)אאאאאאK


(٨}١)אאאאאאK



  Full-Wave Rectificationאא )ب (

אאאאאאא
א אא א    K

אאאאא(Mid-point transformer)K
 א (٩}١)  א אא      

      K א  א   א 
אאVmaxא אאא١  

אא٢אאKאא
א،אאא٢Kאא

אאאאא٢Vmax  Kא(١٠}١)
אK

R

 هيرتز٦٠مصدر جهد
 فولت٢٢٠ أو ١٢٧

N

L
H.V.

C
V



א٢٥٦אא
אאאא

 
 

- ١١ - 





 
 
 




(٩}١)אאאאאאK
 

 
(١٠}١)אאאאאאK

 
אאאVoltage Multiplying Circuits 

אאאאאאאא
 א ،א א   א א אא

אאא،אאK
١K אVilard 

 א אא    א   K א(١١}١)  אא K
אFאאאEאאאFEא،D

אאאאאVmax   Kא
אאאאאVo א٢VmaxFא

אאCEK

٢موحد 

R ١موحد 

 هيرتز٦٠مصدر جهد
 فولت٢٢٠ أو ١٢٧

N

L
H.V. 

 
C

V

Vs

Vs

+



א٢٥٦אא
אאאא

 
 

- ١٢ - 









(١١}١)אאאאאאK

٢K אJא Cockroft- Walton  
אJאאאGreinacherאאא

(١٢}١)Kאאא
אאCא٢א،אאאKאא

אאA،אאאאא
אD١ אC١אאVmaxK

،אאא אAאא ،B
אא٢VmaxFאאא

CEאאD١אא،אD٢אא
אC٢אאא٢Vmax   KאC٢ 

אאאאאC١Kאא
C٢א٥٪K

אאאא١א
אאKא،אאא
١٠٠١٠א

٢٥١K
    א  ٧٥ ١٠٠  א א  

אאאאK

++

+

D
  هيرتز٦٠مصدر جهد

  فولت٢٢٠ أو ١٢٧

N

L
H.V. 

 

C

VoVs



א٢٥٦אא
אאאא

 
 

- ١٣ - 










(١٢}١)אאאאאJאאK
 (١٣}١)אא Jא א אא א א

א אא   א  א א K  א א  
 א אא  א אא  אJא א 

(١٢}١)K
אאA،אאאאא

 א  D١   א C١  א  א Vmax  K
،אאאאA،אאB

אא٢VmaxFאאאCEא
אD١אא،אD٢אאא

C٢אאא٢VmaxKאD٢Vmaxא
אאC٣אD٣א٢VmaxאאC٣

٢VmaxKאאאE٢Vmax٤Vmaxא C٤אD٤
٢Vmax،אC٣אאאA

KאFא٤VmaxFאC٢C٤KE
אאאC٢C٤C٦C٨٢VmaxK

אDFGL٢Vmax٤Vmax٦Vmax٨Vmax،
אVo=٢nVmax،אאn

א،א(١٤}١)אאKאאא

++ + VoBA

C٢

D٢

D١

  هيرتز٦٠مصدر جهد
  فولت٢٢٠ أو ١٢٧

N

L
H.V.

C

٢Vm
Vs



א٢٥٦אא
אאאא

 
 

- ١٤ - 

אKאאאאאאאF
אEאאאK

אאא אאאאא
אאVo=٢nVmaxKאאאא

  א   ٢nVmax א    ∆Vo    ،
 ripple א  δV ،  א (١٥}١)K א   

אאW

  
2

)1n(n.
fC
1V +

=δ                                                               (٢}١) 

אאאW

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+=∆

6
n

2
n

3
n2

fC
IV

23

o                                                     (٣}١) 

אאW
  Vo max=٢nVmax - ∆Vo                                                         (٤}١) 


א(١٦}١)JאאאאKא

،אאאאאא
א אאI Kאאא

noptא א  א  אא   א א  ،
אאW

  
I

fCVn max=                                                                      (٥}١) 


١}١WJאאFn=١٠Eאאא

C=١}٠ µFאVmax=١٠٠kVf=٦٠Hzאא
  אI=٥mA،א FאE א δV KFE א

א∆VoKFEאאVo maxK


אFWאEא(٥}١)אW



א٢٥٦אא
אאאא

 
 

- ١٥ - 

  
kV83.45V45833V

2
)110(10.

10x1.0x60
10x5

n
)1n(n.

fC
IV 6

3

≅=δ∴

+
=

+
=δ −

−

 

٢nVmaxא١٠٠،אאW

  100x
nV2

VV%
max

δ
=δ  

 

  %29.2100x
10x100x10x2

10x83.45V% 3

3

==δ  


FEא(٣}١) 

  
kV833.595V595833

6
10

2
10

3
10x2

10x1.0x60
10x5V

23

6

3

o

==

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+=∆ −

−

 

א٢nVmaxא١٠٠


  %∆Vo = ٨}٢٩٪ 
FEא(٤}١)א

  
MVV

xxxxVo

4.11404167

10833.59510100102 33
max

≈=

−=
 

  א ٤}١א   ، ٢  
אאK


٢}١WאאאאnoptJאאאא

 א Vmax=١٠٠kV f=٦٠Hz א  C=١}٠µF
אI=٥mAK

אW א(٥}١)

  11
10x5

10x1.0x60x10x100
I

fCVn 3

63
max

opt === −

−

 



א٢٥٦אא
אאאא

 
 

- ١٦ - 

אאא nopt١١K




















(١٣}١)אאאאאJאאאאK

D٨ 

D٧

D٦ 

D٥

D٤ 

D٣

C٧ C٨

C٥ C٦ 

C٤C٣ 

L
K

H G

F 

D
++ 

٨Vmax+

Vo=+٨Vmax

BA

C٢ 

D٢ 

D١

  هيرتز٦٠مصدر جهد
  فولت٢٢٠ أو ١٢٧

N

L
H.V. 
 

C١

٢Vm

Vs

E

٢Vm

Vm

٢Vm

٢Vm



א٢٥٦אא
אאאא

 
 

- ١٧ - 

 
(١٤}١)א∆Vo אδVאJאאאאK 

 
 


(١٥}١)א∆Vo אδVאJאאאאאK 


 





א٢٥٦אא
אאאא

 
 

- ١٨ - 




(١٦}١)אJאאאאאאאK



א٢٥٦אא
אאאא

 
 

- ١٩ - 

 (٢-٣-١) אאא Electrostatic Generators 
אאאאאאאWאVan de 

GraffFeliciSamesא،
       ،א  א   Kא א 

 א     אא  Van de GraffF   ١٩٣١
א  א א  Kelvin ١٨٩٠ KE א  א א 

אאאאK
אאא١٠١٠MeVK

אא(١٧}١)Kא  CoronaJ
א١٠١٠٠Jא

אאאF ٥٠Eא אF
٩٠٠١٨٠٠L KEאFאאE

אאאאא Kאא
אא،אC،

אאKאאאאW
  V = Q/C                                                                          (٦}١) 

QאאאKאאא
אאאW

  Ic = bvσ      Amp.                                                             (٧}١) 
υאFLEσאאאFL٢Eא

σ =E×εr א א   א   א  א ٣٠א
L٢εrא١٠�١٢×٨٥}٨אL Kt (s)א

Q=ItאאאאWV=Q/C،אא
אKאאא

אאאא،אאא
،אאאאאאאW



  Ic = ILoad + ILeakage + ICorona                                              (٨}١) 



א٢٥٦אא
אאאא

 
 

- ٢٠ - 

W
ICorona=a(V-Vo)٢aVoVאאאK

א(٦}١)W
  bvσ = ILoad + ILeakage + a(V-Vo)(٩}١)                                      ٢ 



אאVאW

  o
LeakageLoad V

a
IIbv

V +
−−σ

=                                            (١٠}١) 


٣}١WאאIcFאEאb
١  אא  υ ٢٠Lאא אא א

 εr٨٥}٨x١٠�١٢אLאא  E א
א٣٠אL٢K

אWאא
   σ = E x εr = ٣٠ x ١٠٣x٨٥}٨x٦٦}٢ =  ١٠�١٢x١٠�٧  coulomb/m٢ 

 

אW
   Ic = bvσ = ١x٢٠x٦٦}٢x٣٢}٥ = ١٠�٧ x ١٠�٦     Amp. 
       = ٣٢}٥  µA 


(١٧}١)אJאאאאאאאK



א٢٥٦אא
אאאא

 
 

- ٢١ - 

 (١�٤)אאאFאEImpulse Voltages 
 (١�٤�١)אאאא 

  א  א א א   א  Transient 

VoltageאאאאאאאאאאK
 אאאOvervoltages،א Travelling Waves

      ، Impulse Voltage  א  Kא 
אאא،Wave Front،א

אVmaxאFront Time (tf)،א
אWave Tailא،אTail Time (tt)K 

אאאאאאLightning Impulse Voltageא
 א אא    Switching Impulse Voltage   א K

אא،אא
אאא،אK 

   א א        Kא א  
 אInternational Electrotechnical Commission (IEC)  א

א،אא(١٨}١)אאאאK
 א א  א  אא  א א א  א א 

אא،א٥٠\٢}١א FאtfZ٢}١µsא
ttZ٥٠µsEאא٢٥٠٠\٢٥٠ FאtfZ٢٥٠µsאttZ٢٥٠٠µsKE 

א(١٩}١)אא
אאאא K א (٢٠}١) אא א

אאאאK
 (١�٤�٢)אאאא
אאאא،אאאא،א

אא א  א א א  א     
אאא،אאאאא  K

א،אאא(٢١}١)אK  



א٢٥٦אא
אאאא

 
 

- ٢٢ - 

  אאאFאאאא
א Eא C١ אV، א א אא 

Spherical Spark GapF  אא אא Air Gap Eא   א
אFאאאאE٣٠LK

אאאאC٢א
אFאאאאאאאKE 

  א   אא    א א     
  א   Surge Generator J ،א א א 

אאאאא
אא  Kא אאאאאא

FאאאE،אאאW




א٢٥٦אא
אאאא

 
 

- ٢٣ - 

   

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

2112 CR
texp

CR
texpV)t(v                                (١١}١)

 
אאאא،א

אאאא(٢٢}١)،אKא
אR١אC٢ אR١C٢אא

א،Time ConstantאאC٢א
אאKא

R٢אC١אא،R٢C١אK


(١٨}١)אאאK





א٢٥٦אא
אאאא

 
 

- ٢٤ - 


(١٩}١)אאאאאאKFEאאK

FEאFKEאK



(٢٠}١)אאאאאאK



א٢٥٦אא
אאאא

 
 

- ٢٥ - 


 
 
 
 
 
 
 
 
 
 
 

(٢١}١)K


 
 

(٢٢}١)אאאאאאאK 
 (٣-٤-١) אאאאאאMarx 

אאאאאאא
،אאאKא

א אא
אאKאאאאא

א אא    K   Marx ١٩٢٤   
אא אאאF

 אE.א אא א א אא   א   

Vo

R

R٢ C٢

A+ B
G

مصدر جهد
عالي مستمر

H.V.D.C

V
C٢

ثغرة شرارة
Spark Gap



א٢٥٦אא
אאאא

 
 

- ٢٦ - 

Spherical Spark Gapsא    א   א
אאאאK 

 א(٢٣}١) אא א
FאאאKEאאאא

 א    א  ٢٤}١)FE( א    א٢٤}١)FE(  K
אאאC١C٤

אRאא١٠١٠٠ Kא
VאאאF٢٤}١FEEאאא

א      אא א א  א   K  
אאאאאאא٢٤}١)FEEא

V  KאאאFא
אאE  ٣٠L אאא Eא

UVTrigatronF
אאאKEאאאאאא

אאאC٢،אאFאאא
א٢٤}١)FEEאאאאאאKE 

אא אאא א
،אאVo=n%V،nאאKאR١אC٢

אאאR٢אאאאFC١EאK
  א   א  (٢٥}١) אא א א 

אא(٢١}١)אKא(٢٦}١)F
KEא



א٢٥٦אא
אאאא

 
 

- ٢٧ - 









 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(٢٣}١)MarxאאאאK

R٢
C٢ 

C٤ 

G٤ 

J

R 
R

A

G٣ 

C٢ 

G٢ 

C١ 

R R 
C٣ 

R R

GH

F E

C

+ 

Vo 

B
G١ 

 مصدر جهد 
 H.V.D.C عالي مستمر

Rc

V

D

Vm

+

R١ 



א٢٥٦אא
אאאא

 
 

- ٢٨ - 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(٢٤}١)J אאMarxאאאאK
 
 
 



R٢ 
C٢ 
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١K ؟אאאאאא
٢K ؟אאאאאאאא
٣K א؟אאאאאאאא

אאאאא؟
٤K אאאאאאאא؟א
٥K ؟אאאא؟אאאא
٦K JאאFn=٩EאאאC=٣}٠ µF

אVmax=١٥٠kVf=٦٠HzאאאI=٧mA،א
FאEאδVKFEאא∆VoKFEאאVo maxK 

٧K אאאאnoptJאאאאא
אאא٦אK 

٨K ؟אאאאאאאא 
٩K אאIcFאEאb٥}١

  אא υ ١٨Lא א   א אא εr
٨٥}٨x١٠�١٢אLאאE אא٣٠א

L٢K
١٠K ؟אאא 
١١K אאאאא؟אא؟ 
١٢K אאאא

אאIECK 

١٣K אאאאא
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١٤K אא؟אאאאא
אא؟
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(٢�١)
אאאאאאFאאאא

אאEאאאאאאK
אאאאאאאאאא

،אאא
אאאאאאאKאא

אאאאאא
אאאKאאאא

אא(٢�١)K


(٢�١)אא
אאאא

FEאא





FEאא
אאא







FEאא
אאא

אא

١Jא
٢Jאא
٣Jאאא


١Jא
٢JאאFאאאE
٣JאFאאE
٤J
٥Jאאא


١Jאאא(oscilloscope)
٢Jאאpeak voltmeter
٣Jאאא
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אאאאאא

אאאאאאאא١١٠
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אאKאאא
٠٠٠}١אאאאאאא

אאאאאKKKKKאKאא
אאאאאא

KאאאK
אאאאKאאאאאאא

אא(peak voltages)
אאאאא

אKKKאא
אאאאאKאא

אאאאK


(٢�٢�١)אא
אאאאאFאEאא

،(١}٢)KאאIאאאR
אאאKאW



  V = I R                                                                                    (١}٢) 


אאאא
אאאRK

(zener diode)אאאא
אאאאKאאאא

א١١٠אאKא
אאאאKאא

אאא٥Lא
אא٢٠אLאאאK

אאאא(corona)FKE
אאאאאא١٠�٤/oCאK
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אאאאW
١JאאאK
٢JאאאאאאאK
٣JאאאK
٤JאאאK

אאא٥٠٠٢}٠٪K


(٢�٢�٢)אאא
אאא

(٢}٢)אאאא
אאאKאאW



  2
2
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R
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V

+
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جهاز 
 حماية
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R2
ESV

V

V
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(٢}٢)אא


אאאFאאאאאE
אאאאא

אאאאאאKא
אאאאאאאKא

٠٥}٠٪١٠٠،١}٠٪٣٠٠،
٥}٠٪٥٠٠K



(٢�٣)אאאאאFאE
،אאאאא

א،אאאאא
אאאאאאאאK

אאאאאא(peak voltmeter)
אאאKאאאאאאאא
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(٢�٣�١)אא
אאאא

אאאאא
אאKאאאאא

אא(residual inductance)אא
אאKאאאאאא

אאאאא(٣}٢)K


C

R L
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אאאωאאW
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LjRZ
2 ω+ω−

ω+
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אωLωCRאW



  ⎥⎦
⎤

⎢⎣
⎡ ω−

ω
+≈ )CR

R
L(j1RZ                                                           (٤}٢) 



אLCאאאW


  L/C = R(٥}٢)                                                                                ٢ 
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אאאאאאא
،אאאאאאאאא

אKאאאאאא
אאK(٤}٢a)אאא

אאא(٤}٢b)אאאא
(guard resistance)(tuning resistance)KKא

אRRsאאאא
אאאK
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R

R

R
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RsRSRs

Ra

Ra

UA

V


(٤}٢b)אאאא



אא
אאאאאאאאKא

אאאIcW


  Ic = j ω C V                                                                            (٦}٢) 


Cאאא
ωאאא
Vאאא

אאאאאאאאאK
אאVאאW
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n

2
3

2
2

2
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V١V٢…….VnאאאK
אאאאאW

  I١ = ω C V١ 
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I٢ = ٢ ω C V٢ 
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UA

V
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١٠٪אאאא٢}١١א٪Kא
א٢}١١٪K

אאאאאאאK
אאאאא(cascaded transformers)

א٠٠٠}١אK


(٢�٣�٢)אאאאא
אאאאאאא

א(oscilloscope)Kאא
אאאKאC١א
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K
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  V٢ = V٢o(١H٠١}٠ vx C/CN)                                                      (١١}٢) 
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HV

C
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אאאאאωK
(١٠}٢)אאאאאא

אא(analog voltage signal)fmK



א٢٥٦אא
אאאא

 
 

- ٤٦ - 

אאfm/fאאא(gate circuit)אאf
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  N= fm.∆t = p . (fm/f) = ٢pCVmAR                                           (١٦}٢) 
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אאRאאpאא
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(٢�٣�٦)אאא
אאאאאאאאא(sparkover voltage)

אKאאאאאא
אאאKאא٣٠kVpeak

א١אאא٢٠oCא١(٧٦٠ torr)
אאאא

אאאאאאK
אאאאאאאאאאא

אKאאאאאאאאא
אאאאאאאא

(short rise time≥٥}٠µs)אא
אאאF١KE



אאאא
אאאאאאW

FE אאאאK
FE אאאאK 

אאאאאKאא
אאK(١٤}٢a)(١٤}٢b)אא

אאKאאאאאא
אאאKאאאאאFא

אאאאEאאאאא
אFאאKEאא١٠٠٠٠٠}١

אא٥٠٠אK
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אאאאאא

אא٣±א٪K

  قضيب تعليق عازل١

  ساق الكرة ٢

  تروس تشغيل ومحرك لتغيير مسافة الثغرة٣

  توصيلة جهد عالي٤

Pنقطة الشرارة  

Dقطر الكرة  

Sالمسافة بين الكرتين  

Aارتفاع نقطة الشرارة عن الأرض  
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(٢�٢)(٢�٣)אאאאאאא

אK
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٢٥٧ 
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٥٧٥ 
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٦١٠ 
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٩٥٠ 

 

١١٣٠ 
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٢٦٢ 

 

٣٨٤ 

 

٥٠٠ 

 

٧٣٥ 

 

٩٦٠ 

 

١١٦٠ 

١٥١٠ 

١٨٧٠ 

 

 

 

 

 

 

 

 

 

 

٢٦٢ 

 

٣٨٤ 

 

٥٠٠ 

 

٧٤٠ 

 

٩٦٥ 

 

 

١٥٩٠ 

١٩٠٠ 
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١٥٠ 

٢٠٠ 


(٢�٣)אאאאאאאא

אא٢٠אoC١K
אFE 

א
FE٥       ١٠        ١٥         ٢٥          ٥٠        ١٠٠        ١٥٠         ٢٠٠     



٥}٠ 
٠}١ 
٥}١ 
٠}٢ 
٥}٢ 
٠}٣ 
٠}٤ 
٠}٥
٠}٨ 

٠}١٠ 
٠}١٢ 
٠}١٤ 
٠}١٦ 
٠}١٨ 
٠}٢٠ 
٠}٢٥ 
٠}٣٠ 
٠}٣٥ 
٠}٤٠ 
٠}٥٠ 
٠}٦٠ 
٠}٧٠ 
٠}٨٠ 
٠}٩٠ 

٠}١٠٠ 

٥}١٧       ٩}١٦        ٥}١٦  
٢}٣٢       ٦}٣١        ٣}٣١         ٠}٣١  
١}٤٦       ٨}٤٥        ٥}٤٥         ٠}٤٥  
٣}٥٨       ٣}٥٩        ٢}٥٩         ٠}٥٩  
٤}٦٩       ٤}٧٢        ٩}٧٢         ٠}٧٣  
٣}٧٩      ٩}٨٤         ٨}٨٥         ٠}٨٦  
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אאאאאV١אI١،i١W
I١ = [V١/(١/ωC)] = V١ωC∴F٥E

i١ = [V١/(١/ωmC)] = V١ωmC∴F٦E
I٢ = I١ + i١∴F٧E

I١ i١אF٥EF٦EאF٧E
I٢ = V١ωC + mV١ωC = V١ωC(١Hm)∴F٨E

V٢ = I٢ /ωC∴F٩E
אF٨EF٩EW

V٢ = V١ωC(١Hm) / ωC= V١(١Hm)∴F١٠E
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אF١٠EאF١٢E
∴ i٢ = m[V١+(١Hm)V١]ωC= mV١ωC(٢Hm)      F١٢E
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I٣ = I٢ + i٢F١٣E
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   = mV١ωC(٣H٤m+m٢)                                    F١٨E
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I٥ = I٤ + i٤F٢٥E
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V٥=V١(١H١٠mH١٥m٢H٧m٣+m٤)              F٢٨E
V=V١+V٢+V٣+V٤+V٥              F٢٩E

אF١٠EF١٦EF٢٢EF٢٨EאF٢٩E
V=V١+(١Hm)V١+(١H٣m+m٢)V١+(١H٦mH٥m٥+m٣)V١+(١H١٠mH١٥m٢H٧m٣+m٤)V١ 

∴V = V١(٥H٢٠mH٢١m٢H٨m٣+m٤)                                      F٣٠E
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אאF٣٠EV=V١(٥H٢H٢١}٠H٠٠٨}٠H٠٠٠١}٠)=٢١٨١}٧V١ 
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אF١٠EV٢=V١(١Hm)

=١٣٨٦}٠x١}١V 
       = ١٥٢٤٦}٠V

אF١٦EV٣=V١(١H٣m+m٢)
=V١(١H٣}٠H٠١}٠)

=١٣٨٦}٠x٣١}١V = ١٨١٥}٠V
אF٢٢EV٤=V١(١H٦mH٥m٢+m٣)

= V١(١H٦}٠H٠٥}٠H٠٠١}٠) 
          = ١٣٨٦}٠x٦٥١}١V = ٢٢٨٨}٠V                 

אF٢٧EV٥=V١(١H١٠mH١٥m٢H٧m٣+m٤) 
                                =V١(١H١H١٥}٠H٠٠٧}٠H٠٠٠١}٠)                              

                   =١٣٨٦}٠x١٥٧١}٢V = ٢٩٨٧}٠V                                            


(١٠-٣)א
אאאא

אאאאKאאא
אאאאאא(n)אאאאאא

אK
אFZאאאאEFLx nאאאאא

אE




א٢٥٦אא
אאאאאאא

 
 

- ٧٧ - 

(١١-٣)א
F١E mWאF١٠EF١٦EF٢٢EF٢٨Em

אאאאKא
אאאאאאאK

אאאK
F٢E אאWאאאאאא

אאאאא
אאאK

CאאאאאC٢C٣C٤K
mFZאLאאE
mCZאF٣١E

V’אאאא
I١ = V’ ω CF٣٢E
i١ = m V’ ωCF٣٣E

I٢ = I١ + i١F٣٤E
אF٣٢EF٣٣EF٣٤EאאW

I٢ = V’ωC + mV’ωC
= V’ωC(١Hm)F٣٥E

אאאV’W
V’ = I٢/ωC٢ F٣٦E

אF٣٥EF٣٦EW
V’ = V’ωC(١Hm)/ωC٢F٣٧E

C٢ = C(١Hm)F٣٨E
i٢ = ٢V١/(١/mωC)

= m٢V’ωCF٣٩E
I٣ = I٢ + i٢F٤٠E

אF٣٥EF٣٩EF٤٠EW
I٣ = V’ωC(١Hm) + m٢V’ωC



א٢٥٦אא
אאאאאאא

 
 

- ٧٨ - 

= V’ωC(١HmH٢m) 
= V’ωC(١H٣m)                                    F٤١E

V’ = I٣ / ωC٣F٤٢E
I٣אF٤١EאF٤٢E

V’ = V’ωC(١H٣m)/ωC٣
C٣ = C(١H٣m)        F٤٣E
i٣ = ٣V’/(١/mωC)

= m٣V’ωCF٤٤E
I٤ = I٣ + i٣F٤٥E

אF٤١EF٤٤EW
I٤ = V’ωC(١H٣m)+m٣V’ωC

=  V’ ωC(١H٦m)   F٤٦E
V’ = I٤ / ωC٤     F٤٧E

I٤אF٤٦EאF٤٧EW
V’ = V’ωC(١H٦m)/ωC٤

C٤ = C(١H٦m)F٤٨E
אאאאאאאאאא

W
א١: (١Hm) : (١H٣m) : (١H٦m)…..

אאאאא
אאאאאאאאא

אאK


F٣E אאא(guard ring)W
אאאאאאאאא

אאאאאKא
אאאאאאאK



א٢٥٦אא
אאאאאאא

 
 

- ٧٩ - 

אCKאאא
אאC١C٢C٣Vאאאאא

אאאIK
















(٧}٣)אאאאאאאא



אF٢EIאאW
I = I + i١ – I١F٤٩E

∴i١ = I١F٥٠E
Wi٢ = I٢F٥١E

i٣ = I٣F٥٢E
i١ = V/(١/ωmC)

=mVωCF٥٣E

C

C 
I     C١    I١ 

C 
I     C٢   I٢

C 
I     C٣   I٣

i١   mC

i٢   mC

i٣   mC



א٢٥٦אא
אאאאאאא

 
 

- ٨٠ - 

אאאI١٣Vאאאא
I٣=١V/(١/ωC١)
= ٣VωC١F٥٤E

אF٥٠EF٥٣EF٥٤E
 ٣VωC١ = mVωC           

C١=mC/٣F٥٥E
I٢ = ٢V/(١/ωC٢) = ٢VωC٢F٥٦E

I٢ = ٢V/(١/ωmC) = ٢mVωCF٥٧E
אF٥١EF٥٦EF٥٧EW

٢VωC٢ = ٢mVωC
C٢= mCF٥٨E

I٣ = v/(١/ωC٣) = VωC٣F٥٩E
I٣ = ٣V/(١/ωmC) = ٣mVωCF٦٠E

אF٥٢EF٥٩EF٦٠EW
VωC٣ = ٣mVωC

C٣ =٣mCF٦١E


١Wאא٣אאW
FE אאאK
FE אK

אW
I١ = V١ ωC

ωCi٢٥}٠ = ١ V١
ix = ١}٠(V٢+V٣)ωC

I٢ = V٢ ωC
i٢٥}٠ = ٢(V١+V٢)ωC

iy = ١}٠ V٣ωC
V٣ωC I٣ = 

C 
٠٫١C  I١ 

ix 
      C 
i I٢

i٠٫٢٥  ١C 

i٠٫٢٥  ٢C 

C 
I٢ 

V

V٣

V



א٢٥٦אא
אאאאאאא

 
 

- ٨١ - 

אA
I٢ + ix = I١ + i١

I١}٠ = ٢ωC(V٢+V٣)=V١ωCH٢٥}٠V١ωC
V٢ωCH١}٠ωC(V٢+V٣)=V١ωCH٢٥}٠V١ωC

V٢H١}٠V٢H١}٠V٢٥}١=٣V١ 
٢٥}١V١}١�١V١}٢�٠V٠=٣F٦٢E

אB
I٢ + i٢  I٣ + iy =

V٣ωCH١}٠V٣ωC=V٢ωCH٢٥}٠(V١+V٢) ωC
∴١}١V٢٥}٠=٣V١H٢٥}١V٢

∴٢٥}٠V١H٢٥}١V١}٢�١V٠=٣ F٦٣E
אF٦٢E١١

٧٥}١٣V١}١�١٢V١}٢�١V٠=٣F٦٤E
אF٦٤EאF٦٣EW

٥}١٣V٣٥}١�٣١V٠=٢
∴V٣٥}٣١=١V٩٨٨}٠ = ٥}٢/١٣V٢

אF٦٣E٥
٢٥}١V١H٢٥}٦V٥}٢�٥V٠=٣F٦٥E

אF٦٥EאF٦٢EW
٣٥}�٧V٢H٤}٥V٠=٣

∴V٣٥}٧=٣V٣٦٢}١ = ٤}٢/٥V٢
V=V١+V٢+V٣

=٩٨٨}٠V٢+V٢H٣٦٢}١V٢
= ٣٥}٣V٢
∴V٢٩٨٥}٠ = ٢V

∴V٢٩٨٥}٠ =١x٩٨٨}٠V =٢٩٥}٠V
∴V٣٦٢}١=٣x٢٩٨٥}٠V=٤٠٦٥}٠V

V٥}٢٩=١٪
V٨٥}٢٩=٢٪



א٢٥٦אא
אאאאאאא

 
 

- ٨٢ - 

V٦٥}٤٠=٣٪
אZηW

ηZאFLאאxאאאאE
η=(V/(٣x٤٠٦٥}٠V))x١٠٠ = ١٠٠L١}٨٢ = ٢١٩٥}١٪


٢Wאאאא
١٧Kאא٢٠٪אאאKא

אאFEFEא
אWm = ٢}٠ = ٪٢٠
FEI١=V١/(١/ωC) = V١ωC

i١ =V١/(١/ωmC) = mV١ωC
I٢ = I١ + i١

=V١ωC+mV١ωC
= V١ωC(١Hm)

V٢=I٢/ωC = V١ωC(١Hm)/ ωC
= V١(١Hm) 

Vא
∴V = V١ + V٢

=V١ +V١(١Hm)
= V١(٢Hm)

V١=V/(٢Hm) = V/(٢H٢}٠) = ٤٥٤٥}٠V
אV٢١٧

∴ ٥٤٥٤}٠V =١٧
∴ V = ١٧L١٦}٣١ = ٥٤٥٤}٠ kV







 

 



א٢٥٦אא
אאאאאאא

 
 

- ٨٣ - 

FEV٢=V١(١Hm)
i٢=(V+V٢)/(١/ωmC)

= m[V١+V١(١Hm)] ωC
= mV١ωC(٢Hm)

I٣ = I٢ + i٢
= V١ωC(١Hm)+mV١ωC(٢Hm)

= V١ωC(١H٣m+m٢)
V٣ = I٣/ωC

= V١(١H٣m+m٢)
V=V١+V٢+V٣

= V١+V١(١Hm)+V١(١H٣m+m٢)
= V١(٣H٤m+m٢)

= V١(٣H٤x٢}٠H٢٢}٠)
= ٨٤}٣V١

V١=V/٢٦٠٤}٠ = ٨٤}٣V
אV٣=V١(١H٣m+m٢)

= ٢٦٠٤}٠ V(١H٣x٢}٠H٢٢}٠)
= ٤٢٧}٠V

V١٧=٣ kV∴V = ١٧L٨}٣٩ = ٤٢٧}٠ kV


٣WאאאאKא
אא٨א١١אאKאW

FE אאאאאאאאא
FE א
FE א




אW

C 
I١ i١  mC 

C 
I٢ 

C 
I٣ 

i٢     mC 

V
١

V٢ 

V٣ 

V



א٢٥٦אא
אאאאאאא
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FECאאאאmCאאאאא
אK

V٢=(١Hm)V١

 ١١= (١Hm) ٨ 

(١Hm) = ١١L٣٧٥}١ = ٨
∴m = ٣٧٥}٠

FEV٣ = (١H٣m+m٢)V١
= (١H١٢٥}١H١٤}٠)x٨

= ١٢}١٨ kV
אV
V=V١+V٢+V٣

= ١٢}١٨ + ١١ + ٨
 = ١٢}٣٧ kV

אZ√٣xאZ√٣x١٢}٣٧= ٢٨}٦٤kV
FE אη

η = [V/(٣xV٣)]x١٠٠
 = [١٢}٣٧/(٣x١٢}١٨)]x١٠٠

= ٢٨}٦٨٪



i١     mC 

i٢     mC 

C 
I١ 

C 
I٢ 

C 
I٣ 

V 

V١

V٢ 

V٣



א٢٥٦אא
אאאאאאא
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F١E א٦٦א٥אK
א٤אW١אא

אKW 
[٣٢}٣kV, ١٦}٤kV, ١٦}٦kV, ٣٦}٩kV, ١}١٥kV, ٤}٥٠٪]

F٢E אאאאאאאא
אא٢٥٪١٠٪אאK 

[٢١٥٩}٠V, ١٩١٤}٠V, ٢٣٤١}٠V, ٣٥٨٦}٠V ٧}٦٩٪] 
F٣E אKאא

٣אאKאא٦}٢١א
אא٢٤ Kאאאא

אאK 
[٢٥}١١٤kV] 

F٤E אאKאא١L٦
אKא٣٥K

אאאK 
[٦٤}٨٤kV, ٥}٨٠٪] 
F٥E א٦אKאאאאאC

٢}٠CאאWאאאאא
אK 

[٤٦ ,٪٢٥}٣٦ ,٪٥}٢٣ ,٪٥٤}١٥ ,٪٥٦}١٠ ,٪٧٢}٧ ,%٤٣}٦٪] 



 


 



 

 

 

אאאאאאאא  

 

אאאא  

אאא
ã¹]<gè…‚jÖ]æ<ËÖ]<Üé×Ãj×Ö<íÚ^ÃÖ]<í‰‰ö¹] 

אאאא 





א

א
א


א



٤
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Wאאאא
(٤�١)

אאאאאאאאא
א אאאאא K

אאאאאאא
אא א،אאאאK

א א א א אא א  א Electric Field Intensity 
(E=V/D kV/Cm)    א   א  א א א

אאאאא
אאאK

(٤�٢)אאא
 א         א   א 

אאאאEאאא
אאBreakdownאאKW

 Ionization by Electron CollisionWאEא
אאאאKא

אdpא
אא

  אCathode K   א  e   E  
אeEאAnodeאאW

U = e E x = ٥}٠ m v٢
xאאא א אאAnode،m 

אvאK



א٢٥٦אאא
אאאאאא
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           (١}٤)אאא
 

    א א     א א  
א    אא   אא    א

   א  א א א  א א  
(Avalanche)  אAnode א   Anode

א אאא א א 
אאאאאBreakdown

   A  A              A    
e-            e         e                e- 

                          A+              A+    
EאאPhoto IonizationW 

אאאאאeVאאא
KאאאW

                          A+e+k energy → A* + e  ;    A*→ A+hv 


A*אAhvאKאאא
١٠�٧١٠�١٠אאאא(hv)א

אאK
אאאPhotoionizationא

  A+hv→A*+e 
אאאWhv≥evi  Kאא

אאאא
אStreamerאאאאCoronaK

المهѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧبط
Cathode

 المصѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧعد
Anode



א٢٥٦אאא
אאאאאא
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EאאאMetastablesאאK 
א א   א אא         

אאאאאKאא
אאאאK

EאאאThermal IonizationK
א  א א א  אא  א  K אא 

אאאאK
(٤�٣)FE Townsend Breakdown Mechanism

א  א  א א noא    
אאאאאאאאKα

אאאאאאFα
א א א   KE  x א  א 

nxאאאdxאא
(αxdx) 

x=٠אnx = no 
dnx=αnx nx = no exp (αx) 

אאא(x = d) nd = no exp (αd)    
אאאאאאאאאא

W
I = Io exp (αd) 

Io אאא(Cathode)K
(٤�٤)אאאאא

 א    א א א  א א  
 א א      א  א א  
אאKאאW





א٢٥٦אאא
אאאאאא
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K אאאאאאאאא
אא

אאK
K אאאאאאFאE

אא(Photo-emission) 
אK 

K א א  א  (Metastable particles) 
אאאאאאא

K 
K אאאThermal Ionization 

 אאאאא  K אא γ
?،،אאא،

KאאγאאאK


Γ= γ١ + γ٢ + γ٣+... 
אא

אאאאא
W

١ – γ [exp (αd) – ١] = ٠ 


γ [exp (αd) –١] = ١
אK 

exp(αd)אאאW


γ exp (αd)  = ١

]1)[exp(1
)exp(
−−

=
d
dI

I o
αγ
α



א٢٥٦אאא
אאאאאא
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  אאא    α γא 
אאאאK



(٤�٥)Jאα γ
      א    Kא א  

Fא٢١٠KEאא
   (guard electrode)،   א א 

    א  א ١٠٩א ١٠١٢ K 
 א K  א א א א ١٠�١٤ ١٠�٨K

אאאאאאאא
אאKאאאאא

Kא١٠�٤١٠�٦אא
אאאאאאK













(٢}٤)אאא
אאאאאא(no)

אאJK
אאאאאאא

אא٣אKא
Toא א  א א א א  K אT١ 

 مقاومة واقية

ثغرة 
انهيار 

 ميكروميتر
 مكبر

مصدر تيار
 مستمر



א٢٥٦אאא
אאאאאא

 

- ٩٠ - 

אT٢אאKאT٢אא
אאאK











(٣}٤)אא











(٤}٤)אLog(I/Io)א
אαγאאאאא

KאLog(I/Io)אאdאE
 (٤}٤)Kאאα  א  

γאאKאα،γ
אאאא(E/P)K

d 

Log I/Io 

d٢s d١s 

I 

V

Io١ 

VsT٢T١ To 

 الانهيار



א٢٥٦אאא
אאאאאא
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١  אא(steady state) ٥}٥x١٠�٨ ٨
א٤}٠ אKאאא١}٠

٥}٥אx١٠�٩ אאאאαK



א٢٥٦אאא
אאאאאא
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אWאאI = Io exp(αd) 
  ∴I٢ = Io exp(αd٢)  , I١ = Io exp(αd١) 
 

  )(exp
)exp(
)exp(

21
2

1

2

1 dd
dI
dI

I
I

o

o −== α
α
α  



  )1.04.0(exp
105.5
105.5

9

8

−=−

−

α
x
x  


  ∴١٠ = exp (٣}٠α)   ∴٣}٠α = ln(١٠) 
  ∴α = ٦٧٦}٧ /cm 

(٤�٦)אא–Paschen,s Law
אאאאאאd
א P   א א P*d   אBreakdown Voltage

אVb=f(p*d) א٥}٤אאאא
אK(٤�١)אאVb min אאאא

   א  א   א    א א  אא 
אאCathodeK 



א٢٥٦אאא
אאאאאא
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(٥}٤)אאFאX אE
(٤�١)

א (pd)min 
Torr.cm 

Vb min 
FE

אא
א
א
א

א
א

א
א

٠٫٥٥ 
٠٫٦٥ 
١٫٠٥ 
٠٫٧ 
٠٫٢٦ 
٠٫٥٧ 
٤٫٠ 
٤٫٠ 

٣٥٢ 
٢٤٠ 
٢٣٠ 
٤٥٠ 
٥٠٧ 
٤٢٠ 
٢٤٥ 
١٥٥ 

 (٤�٧)אאאאElectronegative gases 
אאא(Electron attachment)אאאא

א  א   א  K  אא  א א 
אא א Kאאאא

אאאאאא
אאאאא

א אאא א   אKא  א א
Kאאא

(pd)mi

n 

Vb (NW) 

Vb

pd

Vb min

N W



א٢٥٦אאא
אאאאאא
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אאאאW
K אאאא

AB + e → AB-

K א    א א א  א  א אא


AB +e → A + B-

אאאאאא  א אא א
אאאאאאאKאאA

אאBאאאK
אאאאאאא

א K א  (η) א   א  א א 
אאאKאאאאאW

  
]}1}d)[{exp({1

][]d)exp([
II o

−η−α
η−α

α
γ−

η−α
η

−η−α
η−α

α

=  

אאW

  1]1d)[exp( =−η−α
η−α

α
γ  

אαηאאאא
 α η γ Kא  א  ηא  α א  

אאW
γ [α / (α - η)] = ١ ;       or       α = η / (١ -γ) 

 
 

γאF≥١٠�٤Eאאα=ηK
אאאאא(E/P)

א   א  א  אא אא
אאאאאK



א٢٥٦אאא
אאאאאא

 

- ٩٥ - 

(٤�٨)אאאאא
אאאאאאא

אאאKאאאא
אאאאא

א א  א א  Kא   א א 
אKאאא

אאאאאא
אאאאK

אאאאW
J א

J אאFא،א،אא،אKKKKKKKE 
J אאK

،א   אא         א א א
،אאאrK



  ⎥⎦
⎤

⎢⎣
⎡ +=

dr
301.01md30Ew  



אאאאאאאrאW


  ⎥⎦
⎤

⎢⎣
⎡ +=

dr
308.01md31Ec  



mאאdאאאא
W

  
)T273(

P92.3d
+

=  



PאאtorrTאאאK





א٢٥٦אאא
אאאאאא
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אאאW
١J אאאK
٢J אאאK 
٣J אאאאאK 
٤J  א א  א א א א   א  

א(bundle conductors)K 
٥J אK 
٦J אK

(٤�٩)א Sulfur hexafluride (SF٦)


אאאא
א   א  א א    K   א 

א  א אא א א  א ، א ،א א
א،אאאאא،אא،א

א…Kא Kא   אא     א א
אאK

(٤�٩�١)א 
(٤�٩�١�١)אא

- א
- אא
- אא،
- א،אאK
- אאאאאאK
- אאאאא٢٠אאK

Jא
א אא  א  K١٥L٢
א١٠אא

١٥L٢



א٢٥٦אאא
אאאאאא

 

- ٩٧ - 

 אא א א K١٥
אא١٠א

אאא١٦א
אK

Jאאא
אאאא ٢٥}٢א א 

אאאאאאK
Jאאא

אאאא٦٠٠٠א
אאאאאאאאאא

אאאאK
Jאאא

א א א א א  א    אא  
אאאK

(٤�٩�١�٢)אא
K ٥٠٠K

K  Kא א   א א אא  
אא א אא K

אאאאאא
אאאאאאאאK

K א(Electronegative gas) K
K אאא٥٠٠K
K אאאאאא K

א אא  אא  אא
 א א  א (Al٢O٣) K  א 

אאK
K אאאאאK



א٢٥٦אאא
אאאאאא

 

- ٩٨ - 

K  א אא א  א  א   א א  
אאK 

(٤�٩�١�٣)אא
١K אאאאא٣٥}٢

אא٣٠א٪אאאאאK
٢K אאאאא٣L٢א

אאאאא
אאאK

٣K א א   אא  א    א  ، 
،אא،אא،א،א

א……א K  א      א  א
(Paschen’s Law) א?א

אאאאVb α 
pdK

٤K אאWאאאא
אK

٥K   אW  א      א 
אא
 א(Corona)  א  א א     

אK
٦K אאאWא אא אאא 

אאאאאא
אאאאא

אK
٧K אאאWאאאאאאאא

 א א  א א אאא א  א



א٢٥٦אאא
אאאאאא

 

- ٩٩ - 

אאאא א אK אא
אאאאאאK

٨K אאWאאא
אא    א  א    Kא

אאאK 


 
 
 
 

 
 

FEFEFE
٦אאאאא

(٤�٩�٢)אאאאאאאאא
אא אאאא،

אאאא
אאאאKאא،אאאאא

אאK
אאאאאאאW

K K
K אאאאאאK
K אK
K אK
K אאK
K אK

 א א   א    א א  א 
אאאKאאK



א٢٥٦אאא
אאאאאא
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(٤�٢)אא
א א

א
א
א


א

 ٧٦٠ 
torr


א

٧٦٠ 
Torr

א
א
(Ns=١)

א א
א

אאZ١






Air 
Nitrogen 
Hydrogen 
Carbon tetraflouride 
Hexafluoro-ethane 
Perfluoro-propane 
Perfluoro-butane 
Perfluoro-n-butane 
Sulfur hexafluoride 
٣٠٪SF٧٠ + ٦٪ Air 
Freon�١٢ 

J J J
J J J

N٢ 
H٢ 

CF٤ 
C٢F٦ 
C٣F٥ 
C٤F١٦ 
C٤F٣ 
SF٦ 
 

CCI٩F٢

٢٩ 
٢٨ 
٢ 
٨٨ 
١٣٨ 
١٨٨ 
٢٣٨ 
٢٠٠ 
١٤٦ 
 
١٢١

J J J
J J J
�٢١٠ 
-٢٥٩ 

�١٨٣ 
�١٠١ 
�١٦٠ 
�٨٠ 


 
 

�١٥٨

�١٩٤ 
�١٩٦ 
�٢٥٣ 
�١٢٨ 
�٧٨ 
�٣٧ 
�٢ 
H٢ 

�٦٣ 
 

�٣٠

١
١ 
-- 

٠١}١ 
٠٢}٢ 
٢}٢ 
٦}٢ 
٦}٣ 
٥}٦٢ 
٠}٢ 
٤٦}٢

٠٠٠٥٩}١ 
٠٠٠٥٨}١ 
٠٠٠٢٦}١ 
٠٠٠٦٠}١ 
٠٠٢٠٠}١ 
--------- 
J J J
J J J

J J
٠٠٣٤٠}١ 
٠٠١٩١}١ 

 
٠٠١٦٠}١ 

٠٠٠٠٠}١ 
٩٦٧٢٤}٠ 
٠٦٩٥٢}٠ 
--------- 
J J J
J J J

J J
J J J
J J J

J
J J J

JJ J
J J
٣٣٢٣}٧ 
١٩٠٠}٥ 

 
--------- 
























*

*٢٠٪
 



א٢٥٦אאא
אאאאאא

 

- ١٠١ - 




١K אאאאאאK
٢K אאאאאאאK
٣K אאאאKאK
٤K אאאKאאאא

؟
٥K אאאאK
٦K אאאאאאאאK



א٢٥٦אאא
אאאאאא

 

- ١٠٢ - 

Wאאאא
(٤�١٠)

Kאאאאאאאאאא
אא

אאאK
אאאאאאא

אאאKאאא
אאאאאKאא

אאK
אאאאאאא

אאאאאאאא
אKאאאאאאאאK

אאאאאאאאא
KאאאאאאK





(٤�١١)אאאאא


אאאאאאא١W١٠٩אא
אJJאאאאK

אאאאאא
אאאK


(٤�١٢) א  

אאאאאאאאאאאאאא
אאאKאאא

FאEאאא،،



א٢٥٦אאא
אאאאאא
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אאאאKאאאאאאא
אאאאאאאאאאא

אאאאאא
אאאאאאאאאאאא
אאאK

(٤�٣)אאאא


א
אא 

א


א
א א

 
٤٠-٣٠  
٧٣٫٠ -.٢ 
٣-١٠ 

٤-١٠ 

٣x١٠١٤ 

١٫١ – ١٫٠ 
١٠٠٠ – ١٠ 

Nil 
١٫٦٠–١٫٥٠ 

< ٠٫٠١ 
٥x٤-١٠/oC 

< ٣٠ 
negligible 

 
٢٥-٢٠  
٤٫٨ 

٠٫٦٠x٣-١٠ 

٠٫٥٠x٣-١٠ 

٢x١٠١٣ 

١٫٤ 
١٥٠ – ١٠٠ 

Nil 
١٫٦٠٠٠ 
< ٠٫٠١ 

٧x١-١٠/oC 
< ٣٠ 

negligible 

 
٢٠ 
٢٫١ 

٠٫٢٥x٣-١٠ 
٠٫١٠x٣-١٠ 
١٠١٣ – 
١٠١٤ 

٠٫٨٩–٠٫٨٨ 
٣٠ 
Nil 

١٫٤٧٤٠ 
٠٫٠١ 

٧x٤-١٠/oC 
٥٠ 

 
٣٠  

٢٫٦ – ٢٫٣ 
٠٫٠٠٢ 
٠٫٠٠٠١ 

١٠١٣ - ١٠١٢
٠٫٩٣ 
٣٠ 
Nil 

١٫٤٧٠٠ 
٠٫٠١ 

٧x٤-١٠/oC 
٥٠ 

 
١٥  

٢٫٣ – ٢٫٢ 
٠٫٠٠١ 
٠٫٠٠٠٥ 
١٠١٣-١٠١٢ 
٠٫٨٩ 
٣٠ 
Nil 

١٫٤٨٢٠ 
٠٫٠١ 

٧x٤-١٠/oC 
٥٠ 

Jא٢٠oC٥}٢mm
(kV/mm) 

Jאא(٥٠ Hz)
JTan δ ٥٠Hz

١ kHz
JאאFKE
Jא٢٠אoC
Jא٢٠oC
Jאא(mg/gm of KOH)
Jא
Jא(mg of KOH/gm of oil) 
Jא(٢٠�١٠٠oC)
J(ppm) 

 
(٤�١٣) אאאאא  

א אאא  א    א  א     Kא
אאאאאאא

٥}٠ ٠}١אאא١٠٠٢٠٠Kא
אא א א    K  א א ٥٠ ١٠٠

K 



א٢٥٦אאא
אאאאאא
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(٧}٤)אא


(٤�١٤)אאאאאא
١ kV/cmאא١٠�١٨ ١٠�٢٠ F

KEאאאאאאא
١٠٠kV/cmאאאאK

 א א א  א   א א א א
א א  א   א א א  א 

אאאאא(Cathode)אאאא
אאאאK

אאא אאא
אאאאאאאא

אאא  K(٤�٤)אא א
אאאאK

مرشح

 الخزان

 عمود
 التكرير

 مضخة ىإل
 التفريغ

 مضخة ىإل
 التفريغ

خلية 
اختبار

برج 
 التبريد

بلف 
 تفريغ

إلي مضخة 
 التفريغ

مقياس 
تفريغ



א٢٥٦אאא
אאאאאא
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(٨}٤)אLאאא



(٤�١٥)אאאאא

אאא אאא
אאאא Kאאא א אאא 

אאאKאאא
אאאאאא

אאאאK
(٤�٤)אאאא

א(MV/cm) א
 

١٫٣ – ١٫١ 
١٫١ 
١٫٠ 

١٫٢ – ١٫٠ 
٢٫٤ 

١٫٩ – ١٫٦ 
١٫٠ 
٠٫٧ 

١٫٤٢ – ١٫١٠ 

 
 
 א
 
 אא
 אא
 אא
 אא
 אא



E א

تيار 
 التوصيل

تشبع
تيار 
 أيوني

بمساعدة
المجال 
الكهربي



א٢٥٦אאא
אאאאאא
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  FEא     א   אא  א
אאאאאאאאאK

 

١K  א (Particles) W   א    
 E K   FParticles Permitivity) ε١ אאא  

אאε٢אאאא
Kאאאrאא 

2

21

123
2
1

2
ErF ∇⋅

+

−
=

εε
εε א אא אא 

א          א 
אBreakdownK 

 

٢K    Wא א    א א  א  א  
אאאאאK 

 

٣K א:אאא
אאאא  Kאא

E=V/d (Kv/cm)אא
אאאאאאא

  אאאאאא
אאאאK 

 



א٢٥٦אאא
אאאאאא
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١K אאאאאא؟אאא
 
٢K ؟אאאאאאאא
 
٣K ؟אאאאאאאאאאאא
 
٤K אאאאאאאK





א٢٥٦אאא
אאאאאא
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Wאאאא
 (٤�١٦)

אאאאאאאאאאאK
אאאאW
EE
EאאאvoidsאEאאאK

אאאאאאאאK


(٤�١٧)אאאא


אאאאאאאPolymersאאא
אאאאK

אא  א אTracking א
אאTreeingKאאאK


(٤�١٧�١)אאTracking



אאאאאאאאאא
אאאא،אאא،אא

אאאאאKא
Leakage Currentאאאא

  א   א א  א   א א 
Kאאאאאא

אאא،א
אאא،אאאאא

אאDry Bandsא
אאאאאאאא

אE=v\dd אאאא
א אאא  א  K אא אאאא



א٢٥٦אאא
אאאאאא
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אאאאאאא
FEאאאC-Hא

אאאא
  H٢Oאא אאא  אאא
אErosionאאKאאא

אאאאא
אא،א،אא

אאאאאאKאאא
אאאאאאאאאא

אFlashoverK


 
  
 
 
 
 

(٩}٤)


(٤�١٧�٢)אאFאETreeing
א،אאאא 

Point ElectrodeאPlain Electrodeאאא
אאאאאאEאא

 א אאPartial Discharge
א،אאאאאאאא

א אא אאא אאא
א،אאא،אא

Treesאאאאא،
א א،TreeingKא

منطقة

يقطب أر

جهد قطب

عازل

الشرارة

H.V



א٢٥٦אאא
אאאאאא
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אאאאKאאא
אאאאאאאאא

אאאאא
אאאאאא،

אאWater TreeingK
 

(٤�١٧�٣)אא
אאאא

אאאK
אאdodVא

אאW

  ]
d
dln[Y

d2
V o

2

2

ro =εε  

YאW

  ]
d
dln[]Y2[dV o

ro

22

εε
=  


אאאWd/do=٦}٠  or    do/d=٦٧}١   

אאK

  
roo

max
Y6.0

d
VE

εε
==  

(٤�١٧�٤) אאא  
א?אאא،א
אאאאאKאא

אאKאאאאאאא
אאKאאאאא
אאאאאאK

אאאאאW

  12
r

2

10x8.1
tanfEW δε

=              w/cm٢ 



א٢٥٦אאא
אאאאאא

 

- ١١١ - 

fאδאאEאאאK
אאאW

)gradT.K(div
dt
dTCW vT +=  



CvאאאTאאKאאאt
אאאKאאאאאאאאאאK

אאאאאאאK


(٤�١٧�٥)אאאא
אאאאאאאאאא

KאאאאאאW
- אWאאאאאאא

אאK
- אאWאאאאאא

אאאKאאאאא
אאאאאאאKאאא

אאאK
- אאWאא

،אאאאאאאאאאא
אאא،אאאאאאK 

(٤�١٧�٦) אאאא  

אאאאאאאאאאא
אאKאאK

אאאאאאא
אאאאאאא

K



א٢٥٦אאא
אאאאאא

 

- ١١٢ - 

(١٠}٤)K
 
 
 
 

 


(١٠}٤)אאאאאאא

אאאא،א C١C٢C٣١٤K
C١ אאC٢אאאאאC٣אא

אK
אVאאאאאאאV١W



  
2

1

o
1

1
1

d)(d

VdV

ε
ε

+
=  

d١d٢אאאאאεoεrאאK
אd١d٢W

  )
d
d(VV

2

1
r1 ε=  

εrאאK 
(٤�١٨)אאאא

אאאאאאאא،
אא א אאאאא א  K א

     א אא א    
א א אא Kא   אא   W אplastics

 אrubbers Elastomers Kא  א  אא אא  
אאאאאאאא

א،ThermoplasticThermosettingK

d
t

C٣ 

C٢ C٢

C٣

C١ V١



א٢٥٦אאא
אאאאאא
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(٤�١٩)אאאא
(٤�١٩�١)א (Paper)  

אאאאאא
  א K  א א  א  א   א  (٨}٠ 

gms/cm٣) אאאאאא
אאאאאאא

א א K א א אא
אאאא

א      א אא K  א  א א 
אאאאK

אא
אאPPL, PPLP, BICCLAMאא

אKאא
א   K א א    א   

אאאאאאאאאK
אאאאW

JאTanδJpermittivityK
JאKJK

אא
אאאאאא

 א K  א ١٢٠oC אא אא 
א١٠٢٠L٢אאK

אא٢٧٪٠١}٠٥}٠٪אKא
אאאאאאאאאא

א٦}٦ kVKאאאאאאא
א אא א  א K אאא א  oil-

resin   אא אא אאא 



א٢٥٦אאא
אאאאאא
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 אא   Kא  א  א א א אא K
  ،        א  א  

אאאאאאאאא
אאאאאאא،אא

אאmass-impregnated non-drainageMINDK
(٤�١٩�٢)א(Mica) 

אאאאאאאאK
  א Kא  א א      א 

אאאאאאאאאא
א אא Kא א   א א  Kא א 

FאאEאאאאאאא
אאאאאאאK

(٤�١٩�٣)א(Glass) 
אא٧}٣١٠ א  ٢}٢٦ g/cm٣ א 

א אא אא ١٠١٢ ١٠٢٠ K Kאא
٠٠٤}٠ ٠٢٠}٠ אאאאKאא

٣٠٠٠ ٥٠٠٠ Lאא١٠٠
K



א٢٥٦אאא
אאאאאא
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(٤�١٩�٤)אא(Ceramics) 
אאאא Kאא

אא(εr<١٢) אאאא(εr>١٢) 
Kא

(٤�٥)אאאא
א א

א
א

א
א

 

٠ 
١٦٠٠ 
١٦ 
٩ 
٥ 

 

٢-٠٫٥ 
٩٠٠ 
٣ 
٧-٥ 

٢٠٠-١٠٠ 

 

٠ 
١٠٠٠ 
٢٥ 
٧-٥ 

١٠٠-٥٠ 

אאFE
אאא(oC)  

א(kV/mm) 
אא

אא(tanδx١٠٤) 
 

(٤�٦)אאאא
אא

Tanδx١٠٤
אא אא



٥ 
٣ 

١٥٠



٩٠ 
١٥٠ 
١٥٠٠

א
א

א
 

 

(٤�١٩�٥)א(Fibers)  
אאאאאאא

אאאKאאאאאא
אאאאאKאא

א אא א   אא ٣٨ Kאא 
אאאאאK



א٢٥٦אאא
אאאאאא
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(٤�٧)אאא
אא
(Tan δ)

א
א

א א

 
٠٫١٢٠ 
٠٫١٢٠ 
٠٫١٢٠ 

 
 

٠٫٠١٦ 
٠٫٠١٦ 

 
 

٠٫٠٥٣ 
٠٫٠٣٠ 

٠٫٠٠٣-٠٫٠٠١ 
٠٫٠٠٢٥-٠٫٠٠١

 
٧٫٣-٤٫٤ 
٧٫٣-٤٫٤ 
٧٫٣-٤٫٤ 

 
 
١٫٥٢ 
٣٫٤-

(٤٫٤*) 
 
 
٢٫٥١ 
١٫٩٧ 

٢٫٢-١٫٩ 
٧-٥ 

 
١٫٥٣ 
١٫٥٣ 
١٫٥٣ 
 
 
١٫٣١ 
١٫٣٠ 
 
 
١٫١٤ 
١٫٣٨ 
٢٫٣٠ 
٢٫٥٤ 


Jא
Jא
Jא

FאE


א 


Jא
Jא



Jא
J
Jא
J



(٤�١٩�٦)אאאאאאPolymeric insulation materials
אאאאאאאKא

אאאאאאאאאאאאאאא
polymersאא א    א א   

אאאאאאאאא
א  א א  Kאא  א אא  א א 

אאאאאKאאא
plasticizersאאfillersאאאאK



א٢٥٦אאא
אאאאאא
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   א אא א  א    
א א אא   Kאא   ،א Thermoplastic

אאאאאא
אא א  ، אThermosettingא אא 

Crosslinkedאאאא
אאאאאא 

א Epoxy resin،א אאאK
  אא   א   אא    

אאאKאאאאא
א אא   א  ،א א

אאCross Linked PolyEithelen (XLPE)אא
 א א    K א   א אVulcanized 

Rubber CompoundsK
JאThermoplasticW

אאאאאאאאאא
אאאW

K א (Polyethylene) 
  א     א א א   

אאאאאK
אאאא K

  א   א  א      א
אKאא–CH٢-CH٢-Kא

אאאאאאאאא
 א א א  א א Kא  א 

 א   א    א א  א א
אאאאאKאא

١١٠א١١٥oCאא٨٠٩٠oC



א٢٥٦אאא
אאאאאא

 

- ١١٨ - 

אא א א     א  ٧٠oC K  
אאאא

  אCross linked polyethelyn (XLPE) א  א   
٩٠oCK

(٤�٨)אא
 

















א

 

>١٠١٦ 
١٠٠٠-٧٢٠ 

٢٫٣ 
٠٫٠٠٠٥ 
melts 

 

>١٠١٦ 
٢٤٠-١٨٠ 
٢٫٣٥ 
٠٫٠٠٠٢ 
melts 



>١٠١٦ 
٢٠٠�٢٨٠ 

٣}٢ 
٠٠٠٢}٠ 
melts

 

>١٠١٦ 
٢٨٠-١٧٠ 
٢٫٣ 

٠٫٠٠٠٢ 
melts 

אאFKE
אFLE

א(٥٠ Hz –١٠٦Hz) 

אאTanδ 
אא

 

K א FNylonE 
א   א א٠

 ٣٠٠             
אKאאאK

אא،אא
אK

K אא Poly Vinyle Chloride (PVC) 
אאאאאאא

א،٦א 
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FאאEאאאאK
 א  א  א   אAluminum trihydrate

אאאKאאאא
א    K א   א א  

אאK
א (Polystyrene) 

אאKאא١٠١٩א 
Kא٢٠٠ ٣٥٠ LKא٢٠א

٥٥}٢  אא٠٠٠٢}٠    א٠٠٠}١٠ MHz  K א  
אאאאK

אAcrylic(PMMA)
 אUV   K

אאאK
אPolycarbonate

אKאאK
K אPolypropylene

אאא אאא  K
אאאK

K אPolytetrafloraethylene(PTFE)
    א א אא  א    

  א   ٢٥٠א   Kא     
  א אאאא

  א    Kא  אא א  א
אאאאK

K אPolyyurethanes
א  א         
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אThermosettingW
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Kא (Polyester)
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אאאאאKאאאאא

א א K א אאא
א א א  א א    א K 

אאאאא
אאKא٠٠٠}٢ L

١٠١٥ K١٠٠ K
KאEpoxides 

 א אא    א  אא  
KאאאאאאאאK

Kא
אאאאKא

א١٥٠K،אאאאא
אאאK

(٤�١٩�٧)אVulcanized Rubber Compounds W
אאאאא אK،א K

 א    א א(Vulcanizing) א  (Compounding)K
אאאאאא،אאאאאאא

א אא  Kאא א א אא
א   א א  א א א   K 

אאאאאאאWא،אאStyrene-butadiene Rubber
 אא ،Nitrile Rubber  א ،Ethylene-propylene rubber(EPM) א ،

אEthylene-propylene diene rubber (EPDM) א ،Butyl rubberא ،
Butadiene rubberא،Thermoplastic RubberK
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(٥�١)
אאאאאא

אאאאאאKא
אאאאאאאא

אאאאאאאאאא
אאKאאא

(lightning voltage)אאאאאא
א،אאא

אK
(٥�٢)אאאא

אאאאאא
אKאאאאJאאא
אאאJא١٠אK
אאאאK

(٣-٥)אאא
אאאאאאא،

אאא(thunderstorms)אאאא
אאאאאאאאאאאא

אKאאאאאא٢٠٠٠٠٠}١٠
אאא٣٠٠٢٠٠٠Kאא

אאאאאאא
١٠٠Kאאא١٠٧
١٠٨،א١٠٠Lאא١٠٠٠٠L

אאאKאאאאא٢٥٠
אKאאאאאאאא

אאאאא–אאJא
אKאאאא
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א٣٠٠Lאא١LאאאK
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KאAאאאאאא
א،אאאKא

אאאא،אאאאא
אאאKאAאא

BאAאאאאKאא
אאFאEאאאאאKאא

אאאאK
אאאאאא

١٢א١٤Kאאאאאאאאאא
אאאאאK
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(٢}٥)א
אאאאJאאאאאJא

אKאאא٤א٥٠
אאא١٢אאאא

א٤٠א
אאאאKאאאא

אאאאאא(>�٤٠oC)אא
אאא٣٣٤٠אKאאאאאא

אאאאאאKאאאא
אאאKא

אאK
אאאאאאאא

אאאאKאאאא
אאאאאאא

אאאאKאא
אאאאאאאא

K
אאאאא

(H+)אא(OH-)אא

 أمطار موجبة  أمطار سالبة

 حرآة
 السحابة

 تيارات
 هوائية
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אאאאאאאאT١
אאאT٢(T١<T٢)אאאאK

אאאKא
אאאאאאJאאJ
אKאאאאאאאF

אאאאאEא
אאאאK

אאאא
אאאאאאאאאKא

אאאאאK
אא

Kאאאאאא
אאאאאאKλאא

،אאאא
אאK

Eאאvאρאא
אאEW

  vE
dt
dE

ρ=λ+                                                                           (١}٥) 

W
  )]texp(1[vE λ−−

λ
ρ

=                                                                   (٢}٥) 

אE=٠t=٠אK
QsאאQgאאW

  ρ = Qg/Ah                                                                             (٣}٥) 
W

  E = Qs/Aεo                                                                            (٤}٥) 
εoאAאhאאא

א(٢)W
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)]texp(1[v

M
)]texp(1[v

hQQ s
g λ−−

=
λ−−

=                                                (٥}٥) 

M=Qshאאא
Wאאאא

אאFZ١LλZE٢٠
אאZMZ١١٠K

ZtZ٢٠
אZvZ١٠٢٠L

אW
  1000

20
000,20

v
000,20Qg ===  Coloumb   for  v=٢٠ m/s 

(٥�٤)FEאא
אאאאאא

אאאאאאF≈١٠LE
(electric streamer) אא١L١٠
אאא٥٠אKא

אאאאא
אאאאאK

א١٠٠אאKאאא
אא٢٠KKאא

אאאאאאאאאK
אאאאא(stepped leader)K
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(٣}٥)אאאא 

אאאאKאא
אאאאאאא

אאאאאא
אKאאאאאא

אאKאאא٠٥}٠א٥}٠א
אאא٠٠٠}١٠٠٠}٢٥٠KאאאאK

אאא١٠٠אKאאאא١٢
אא٥٠Kאאא

אאK




(٤}٥) אאא  
אאא١٠٠١٠٠٠א٢٠

Kאאאאאאאא
אאאאא

אאאאאאKאאאא
F١٪אEKאאאאא

אאאKאאאאא٦}٠٥٠٠
٣٠Kאא١Kאאא

אא٠٠٠}٢٥٠אא
١٠١١LK
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(٥}٥)אאאאK
אאאאאאFא١٠E

אאKאאאאא
אא(front wave)אא١٠אא

אאא(tail wave)
KאאאאאאFאאאKE

אאאאאאאאK
אאאאאאאKאא

אאא٥٠٪אאאאא٥}٧
L١٠٪٢٥LKאא

אאא٣٠K
אאאא٠٠٠}٥

אאאאאא٠٠٠}١
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אKאאא٢١٠אא٢٠
١٠٠אאא١LK
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אאאאאא

אאKאאאאאאK
אאאאא

אאאאאאאאא
אאאאאאאKא
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אאאאא(overvoltage)
אאאאאאK

אאאאאאאאא
אאאאאא

אאא(flashover)אא?אאא?
(back flashover)K
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אאאאא

אאאKאאאא
אאאאאאאאא

אKאאאאא
אאאאאאKאאא

אאאאאאאא
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אאא١٠٠٠٣٠٠٠Kא
אאאאאאא

(characteristic impedance)٥٠٠Fאאאאא٣٠٠
٥٠٠אא١٠٠١٥٠אא١٠٥٠אE

Z/Zo١}٠K
אאאW

  V=Io Z 


IoאאZאK
אאא٠٠٠}١٠אא٤٠٠

אא٠٠٠}٤Kאאא
אאאflashover)KE

אאאאאאא
אאאאאאZo/٢

אאאאא٠٠٠}١٠x(٤٠٠L٢)٠٠٠}٢Kא
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(٥�٧)אאאאא
אאL, C, R, G

אאאא(٦}٥)א
אאxאאW

LR R L

C
G

G C


(٦}٥)אאאא
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t
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t
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δ
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t
iLC

t
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x
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δ
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+
δ
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++=
δ
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א(٦}٥)(٧}٥)W


  e = [exp(xγ)]f١(t)+[exp(-xγ)]f٢(t)                                 (٨}٥) 
W

  )]t(f)}x{exp()t(f)}x[{exp(
Z
Yi 21 γ−−γ−=                      (٩}٥) 

W

  2/1)]
C
Gp)(

L
Rp[(LC ++=γ                                             (١٠}٥) 

  Y = G + Cp 
  Z = R + Lp 
  P= δ/δt 
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אאW

  
C
LZ =                                                                              (١٦}٥) 

אאאאKאvא
K

אe(t)אאא(lossless line)
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אאאאאאא
אאאאאאאK

אאאא(traveling wave)K
אאאא

אאאאאאאאKאא
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FEFEKKKKא
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(٨-٥)אא(unit step) 
(٥�٨�١)(open circuit)

אאאW
  e = E U(t) 

אאאאאאW
  Z١=Z, Z٢= ∞ 

אאW

  
)Z/Z1(
)Z/Z1(

)ZZ(
)ZZ(

21

21

12

12

+
−

=
+
−

=Γ  



  1
/Z1
/Z1

=
∞+
∞−

=Γ  


אאWe/ = Γe = e =E U(t)



אאWe// = (١HΓ) e = ٢e = ٢EU(t) 


אאאK
(٥�٨�٢)(short circuit) 

אאאW
  e = E U(t) 

אאאאW
  Z١=Z, Z٠ =٢ 

אאW

  1
)Z0(
)Z0(

)ZZ(
)ZZ(

12

12 −=
+
−

=
+
−

=Γ  

אאWe/ = Γe = -e = - E U(t)
אאWe// = (١HΓ) e = ٠ 
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Z

)t(EU
Z
ei

/
/ =−= 
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אאאאK


אאאW  io = (i+i/) = ٢ i 
אאאאK
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١Wאא٢٢٠٤٠٠R=١}٠Ω/km

L=٢٦}١mH/kmC=٠٠٩}٠µF/kmG=٠W
FEאאFEאא
FEא١٥٠،אא

אאאאאאאאK
אW R=١}٠Ω/km, L=٢٦}١x١٠�٣ H/km, C=٠٠٩}٠x١٠�٦ F/km 

FEאv

  s/km10x3
10x009.0x10x26.1

1
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1v 5

63
===

−−
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  Ω===
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10x009.0

10x26.1
C
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FEאאאאt

  s10x33.1
10x3

400
v
length..linet 3

5
−===  

٢Wא٥٠٠Ωא٦٠Ω
אאKאא٥٠٠kVאא

אאאאK
אW e=٥٠٠ U(t)  kV,  Z٥٠٠=١Ω,  Z٦٠=٢Ω 

אאΓ

 786.0
)60500(
)60500(

)ZZ(
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12

12 =
+
−

=
+
−

=Γ  

אא e//
 e// = (١HΓ) e = (١H٧٨٦}٠) x ٨٩٣ = ٥٠٠ kV 
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(٥�٩)אאאא
אאאאא

אאאK
  א אאאא א א א

אאאאW
FE אאאאאאK
FE אאאא
FE אאאאא(expulsion gaps)אא

אאאאK
(٩�١-٥)אאאאא

אאאאאאאא
אאאאאאאKאא

אאאאKאאאא
אאאאאאאK

Kאאא(٨}٥)
אאאKאא

אאאא
אאKאאאא

אאאאא
אאאאאאא

אאאאאא(capacitances)K
אאאאאא

אאאKאאאאא
אאאאF٣٠oKE
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G Zאא h Zאאאא  
PZאθsZאאZ٣٠o

 ترتيب الحماية للخطوط الكهربائية من الصواعق(٥,٨)شكل 
אא٣٠oאאאא٣٠Kאא

אK
(٥�٩�٢)אאאאאא
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אKאאאאא
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אאאKאאאאא
אאK

אאאאאאא(counter poise 
wires)אא٥}٠٠}١אא

אאאKאא٥٠١٠٠K
אאאאא

٢٥Kאא
אKאאאאאאאאא

אאאK
(٥�٩�٣)א

אאאאאאא
אאאאKאאא

אאאKאאאא
אאאאאאK

(٥�٩�٣�١)אא
אאאאאspark gapsאאא

אאאאאאK(٩}٥)א
אאאK

אאאאאKאאאאאא
אKאאאאאאא

אאאKאאאא
אאאאאאאKאאא

אאאאאK
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(٩}٥b)א(٩}٥a)א

(٥�٩�٣�٢)א
אאאא

אאאאאאאK
אאאא(nonlinear element)אא

אאאאאאאאאאאK
אאאאאאאאאאאK

אאאאאאאKאא
אאאאאאא

אאאאאKאא
(flashover voltage)אאאאאא

אאאאאאK
(٥�٩�٣�٣)אא

אאאאאא
אאאאאאאאאא

אKאאאא
אאא١٠٢٠אא
(٨/٢ µs)אא١٠٠٢٥٠אא(١L٥ µs)
אאאאאאא

אKאא
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א(silicon carbide)אא
אאKאאאאKאא

אאW
I = k Va 

IאVאאאאkaא
אK

אאאאFאאאאאEid
אvdאאVpK



 
(١٠}٥b)אא(١٠}٥a)אLאא

אאאאאאאאאאאא
א١٠٠٣٠٠אאאא٠٠٠}٥אאK

אאאאאאאאאאאאאאא
אאאאאKאאא

אאאאאאאאאאאאא
אאאKאאא

אאאאאאאאKאאא
אאאאאאאאאK

אאאאאKאאא
אאאאאKאאאאא

אאאאאאאK
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אאאאאאאא
אאאאאאאאאאאK

אאאאאאאאאFא
אאEאK

(٥�١)אאא١٠٠٢٠٠١٠Fא
אKE

(٥�١)א١٠٠J ٢٠٠،١٠ 
אא

FאאאאE
١J(٢}١L٥٠ µs)א
٢Jא
٣Jא
٤J(Vd)(٨L٢٠µs)

٥
١٠
٢٠

 

٢٫٨ – ٢٫٢ 
٣٫١ – ٢٫٩ 
٣ – ٢٫٣ 

 
٢٫٧– ٢ 
٣ – ٢٫٢ 
٣٫٣ – ٢٫٥ 

 (٥�١٠)אאאאא
אאאאאאא
אאאאאאאא

אאאKאאאאאא
אKאאאא

אאאאאא(current chopping)
אאאאאאאאא

Kאא(basic insulation level, BIL)
א٣٠٪אאאאאא

אאאKאא (٥�٢)(٥�٣)אאאא
١٤٥٧٦٥K
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(٤�١٧�٢)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٠٨
(٤�١٧�٣)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٠٩
(٤�١٧�٤)אאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٠٩ 
(٤�١٧�٥)אאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٠
(٤�١٧�٦)אאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٠

(٤�١٨)אאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١١
(٤�١٩)אאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٢

(٤�١٩�١)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٢
(٤�١٩�٢)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٣
(٤�١٩�٣)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٣



א٢٥٦א
אא

 
 

 

(٤�١٩�٤)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٤
(٤�١٩�٥)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٤ 
(٤�١٩�٦)אאאאאאPolymeric insulation materialsKKKK١١٥

(٤�١٩�٧)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١١٩ 


אאWאאא
(٥�١)KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٢٠
(٥�٢)אאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٢٠
(٥�٣)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٢٠
(٥�٤)FEאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٢٤
(٥�٥)אאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٢٦
(٥�٦)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٢٧
(٥�٧)אאאאFאEאKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٢٩
(٥�٨)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٢

(٥�٨�١)KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٢
(٥�٨�٢)KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٢

(٥�٩)אאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٥
(٥�٩�١)אאאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٥
(٥�٩�٢)אאאאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٦
(٥�٩�٣)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٧

(٥�٩�٣�١)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٧
(٥�٩�٣�٢)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٨
(٥�٩�٣�٣)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٣٨

(٥�١٠)אאאאאKKKKKKKKKKKKKKKK١٤٠
 
 
 



 
 



א٢٥٦א
אא

 
 

 

אאWאאאא
(٦�١)KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٤٥
(٦�٢)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٤٥
(٦�٣)אאאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٤٨
(٦�٤)אאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٤٨
(٦�٥)אאאKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٤٩

(٦�٥�١)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٤٩
(٦�٥�٢)אKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK١٥٠ 



 

 















 

 

 

 

 

 

 

 











אאאאאא

אאFאEא

GOTEVOT appreciates the financial support provided by BAE SYSTEMS        
 
 


