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( ) 0.033 mJ 
( ) 0.000000001 s 
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( ) 5.33 × 10-6 mW 
( ) 5555 kW 

(2)
( ) (9.2 × 106) + (3.4 × 107)
( ) (5 × 103) + (8.5 × 10-1)
( ) (5.6 × 10-8) + (4.6 × 10-9)
( ) 250 mV ÷ 50 mV 
( ) 10 kW ÷ (2.2 kW + 10 kW)  
( ) (3.2 × 10-12) - (1.1 × 1012)
( ) (2.6 × 108) - (1.3 × 107)

( ) 50 mA + 680 mA 
( ) 0.02 mF + 3300 pF 
( ) 120 kW + 2.2 MW 
( ) (1.0 × 10-3) ÷ (2.5 × 102)
( )  (2.5 × 10-6) ÷ (5.0 × 10-8)
( ) 1 kW ÷ 2 MW 
( ) 0.05  ÷ 100 
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 st
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2009)
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2.2.1

4 5 6

2.2 4-6
2.3 2.1

( ) ( ) ( )

2.2 : http://www.learnabout-
electronics.org/resistors_06.php, 2555)

4
5
6

2.1

0 100 = 1 -
1 101 = 10 1%
2 102 = 100 2%
3 103 = 1,000 -
4 104 = 10,000 -
5 105 = 100,000 0.5%
6 106 = 1,000,000 0.25%
7 107 = 10,000,000 0.1%
8 - -
9 - -

- 10-2 = 0.01 10%
- 10-1 =0. 1 5%
- - 20%
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2.1

2.4
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2.4 2.1 ( http://www.learnabout-
electronics.org/resistors_06.php, 4 2555)
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2.6 2.3 ( http://www.learnabout-
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2.4
Georg Simon Ohm ( . . 1787–1854)

(Alexander & Sadiku, 2009)
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(Alexander & 
Sadiku, 2009)
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2.19

2.60 (Alexander & Sadiku, 2009)
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1 2 3 4 5
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2.80 12) (Hayt et al., 2007)
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v v v v

v v v v (3.53)
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2v (3.51) (3.53)

1 1 3 4

1 3 4

4 2 20 5 16 0

6 5 16 40

v v v v

v v v (3.54)

3v 4v

3 xv

+

3.28 3v 4v

3.28 3v 4v

3

1

3 4

0

3 0

m

m

x

v

v v v (3.55)

3.26 xv 143i 1 4
14

3

v v
i

1 4
1 43 3 3 3 3

3
x

v v
v v v (3.56)

3 xv (3.55)

3 1 4 4

1 3 4

3 3 0

3 2 0

v v v v

v v v (3.57)
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(3.52), (3.54) (3.57)

1

3

4

6 1 2 80

6 5 16  40

3 1 2 0

v

v

v

(3.58)

6 1 2

6 5 16

3 1 2

6 5 2 1 16 3 2 1 6

 3 5 2 1 16 6 2 1 6

18 (3.59)

                   

1

80 1 2

40 5 16

0 1 2

80 5 2 0 2 1 40

 0 1 16 80 2 1 40

480 (3.60)

                   

3

6 80 2

6 40 16

3 0 2

6 40 2 80 16 3 0

 3 40 2 0 2 80 6

3120 (3.61)

                   

4

6 1 80

6 5 40

3 1 0

0 1 40 3 80 1 6

 3 5 80 1 40 6 0

840 (3.62)
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1v 3v 4v

1
1

480
26.67 V

18
v (3.63)

                                   3
3

3120
173.33 V

18
v (3.64)

                                   4
4

840
46.67 V

18
v (3.65)

1v (3.51) 2v

2 1 20 26.67 20 6.67 Vv v (3.66)

1v
2v

10i
40i

2

3

20 V

10 A

6
3 xv

+

4 1

+

xv

30i

14i

3v

4v

23i
34i12i

3.29 12i 34i

3

1

14 34 40

34 40 14

0

0

n

n

i

i i i

i i i (3.67)
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40i 14i (3.67)

4 1 4
34

26.67 46.6746.67
22.22 A

1 3 1 3

v v v
i (3.68)

34i

3

1 4 26.67 46.67 73.34 Vxv v v (3.69)

3 xv

3 3 73.34 220 Vxv (3.70)

3 xv

3 220 22.22 4.89 kW
xvp vi

3.4
“

” 

(Alexander & Sadiku, 2009)

3.30 2 a-b-e-f-a b-c-d-e-b
a-b-c-d-e-f-a 1i 2i

1 1R 3R

1 1 1 1 1Rv R I R i (3.71)

3 3 3Rv R I (3.72)
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+

1V

1R

3R

2R

+

2V

1I 2I

3I

a
b

c

def

1i 2i

3.30 2

1 1I i 2 2I i b 

1 2 3

3 1 2

1 2

0I I I

I I I

i i (3.73)

3R

3 3 1 2Rv R i i (3.74)

(3.74) 3R 1 3R

1 2 1 2i i

1i

1

1 31

1 1 3 1 2 1

1 3 1 3 2 1

0R RV v v

R i R i i V

R R i R i V (3.75)

(3.75) 1i 1

2i 1i 2i

2 2R

2 2 2 2 2Rv R I R i (3.76)
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3R

3 3 3Rv R I (3.77)
(3.73)

3 1 2 1 2 2 1I I I i i i i (3.78)

3R

3 3 2 1Rv R i i (3.79)

(3.79)
3R 2

3R 1 2 2 1i i

2i

2

2 3

2 2 3 2 1

3 1 2 3 2

0

0

0

R Rv v

R i R i i

R i R R i (3.80)

(3.80) 2i 2

1i 1i 2i

(3.75) (3.80)

1 3 3 1 1

3 2 3 2 0

R R R i V

R R R i
(3.81)

(Alexander & Sadiku, 2009)
(1)

3.30
1i 2i
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M 1i 2i 3i

Mi

(2)
1

2
( )

3.30
3R

1i 2i 1 3R 3 1 2R i i

2
3R 3 2 1R i i

( )

(3)

3.7

3.31
V 3 xv

2

3

20 V 6
3 xv

+

4 1

+

xv

3.31 3.7 (Alexander & Sadiku, 2009)
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(1) 3.32

2

3

20 V 6
3 xv

+

4 1

+

xv

2i

1i

3i

3.32

(2) 1 6 2 1i 2i

1

6 1 26v Ri i i (3.82)

3 xv

13xv Ri i (3.83)

1

1

6

1 1 1 2

2

2

20 3 0

3 3 3 6 20

6 20

3.33 A

x xv v v

i i i i

i

i (3.84)

2i 3.32
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2 3.32
2i 6

1i 2i

2

6 2 16v i i (3.85)

4 2i 3i

2

4 2 34v i i (3.86)

2

2 2

2 6 4

2 2 1 2 3

2 2 1 2 3

1 2 3

1 3

1 3

2 20 0

2 20 6 4 0

2 6 6 4 4 20

6 12 4 20

3 6 3.33 2 10

3 2 9.98

i v v

i i i i i

i i i i i

i i i

i i

i i (3.87)

3 3.32 3i 4

2i 3i

3

4 3 24v i i (3.88)

3

3

4 3

3 2 3

3 2 1 3

1 2 3

1 3

1 3

3 1 0

4 3 1 0

4 4 3 3 0

9 4 5 0

9 4 3.33 5 0

9 5 13.32

x

x

v v i

i i v i

i i i i

i i i

i i

i i (3.89)
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(3) (3.87) (3.89)

1

3

3 2 9.98

9 5 13.32

i

i
(3.90)

1i 3i

1

9.98 2

9.98 5 13.32 213.32 5
7.75 A

3 2 3 5 9 2

9 5

i (3.91)

3

3 9.98

3 13.32 9 9.989 13.32
16.62 A

3 2 3 5 9 2

9 5

i (3.92)

3i 3.32

3.33

2

3

20 V 6
3 xv

+

4 1

+

xv

2i

1i

2i
3i

20Vi 3 xvi

a
b c

3i

1i

3.33 1i 2i 3i

V

20V 1 2 7.75 3.33 11.08 Ai i i (3.93)
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20Vi 3.33 c
3 xvi

3 1 3 7.75 16.67 24.42 A
xvi i i (3.94)

3 xvi 3.33

3.34

2

3

20 V 6
3 xv

+

4 1

+

xv

2i

1i

2i
3i

20Vi 3 xvi

a
b c

3i

1i

3.34

V 3 xv

20V 20 16.08 320.16 Wp vi

3 33 3 7.75 1 24.42 567.77 W
x xv x vp vi v i



                                                    3 | 156

3.8

3.35
1I 2I 3I

+

15 V

5

10

+

10 V

6

4

1I 2I

3I

3.35 3.8 (Alexander & Sadiku, 2009)

(1) 3.36

+

15 V

5

10

+

10 V

6

4

1I 2I

3I

2i1i

3.36
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(2)
1

1 1 2

1 1 2

1 2

1 2

15 5 10 10 0

5 10 10 15 10

15 10 5

3 2 1

i i i

i i i

i i

i i (3.95)

2 2

2 1 2 2

2 1 2 2

2 1 2 2

1 2

1 2

10 10 6 4 0

10 10 6 4 0

10 10 6 4 10

10 20 10

2 1

i i i i

i i i i

i i i i

i i

i i (3.96)

(3) (3.95) (3.96)

1

2

3 2 1

1 2 1

i

i
(3.97)

1i 2i

                     
1 1

1 2

1 2 1 21 2
1 A

3 2 3 2 1 2

1 2

i I

2 2

3 1

3 1 1 11 1
1 A

3 2 3 2 1 2

1 2

i I

3I

3 1 2 1 1 0 AI I I
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3.5
3.37

10 A 

b 

1 2

1 2

10 0

10

i i

i i (3.98)

10 A

5

40 V
+

10

8 8

1i 2i

1i 2i

a

b

3.37

(3.98) 1i 2i 1

1 2

1 2

1 2

1 2

40 8 8 10 0

8 18 40

4 9 20

i i

i i

i i (3.99)

(3.99) 10 A 5

(Alexander & Sadiku, 2009)
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(4)

(5)
(6)

3.9

3.38 1 2 3 4      i i i i oi

6

5 A

3 oi

4

+

10 V8

2

2

oi

1i

2i 3i 4i

3.38 3.8 (Alexander & Sadiku, 2009)

3 3.38 5 A 3 oi

3.39



                                                    3 | 160

6

5 A

3 oi

4

+

10 V8

2

2

oi

1i

2i 3i 4i

1

2

3.39

1 3 3 4 2

1 2 3 4

1 2 3 4

2 4 8 6 0

2 6 12 8 0

3 6 4 0

i i i i i

i i i i

i i i i (3.100)

4

4 3

3 4

3 4

8 2 8 10 0

8 10 10

4 5 5

i i

i i

i i (3.101)

4i

3 4

4 3

4 3

4 5 5

5 5 4

1 0.8

i i

i i

i i (3.102)
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4i (3.100)

1 2 3 3

1 2 3 3

1 2 3

3 6 4 1 0.8 0

3 6 4 3.2 0

3 2.8 4

i i i i

i i i i

i i i (3.103)

3 2
1 3.39

1 2

1 2

5 0

5

i i

i i (3.104)

2

2 33 0oi i i (3.105)

oi 4

4oi i (3.106)

oi (3.105)

2 4 33 0i i i (3.107)

4i (3.102) (3.107)

2 3 3

2 3 3

2 3

3 1 0.8 0

3 2.4 0

1.4 3

i i i

i i i

i i (3.108)

(3.103), (3.104), (3.108)

1

2

3

1 3 2.8 4

1 1 0  5

0 1 1.4 3

i

i

i

(3.109)
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1 3 2.8

1 1 0

0 1 1.4

1 1 1.4 3 0 0 2.8 1 1

 0 1 2.8 1 0 1 1.4 3 1

2.8 (3.110)

1

4 3 2.8

5 1 0

3 1 1.4

4 1 1.4 3 0 3 2.8 1 5

 3 1 2.8 1 0 4 1.4 3 5

21 (3.111)

2

1 4 2.8

1 5 0

0 3 1.4

1 5 1.4 4 0 0 2.8 3 1

 0 5 2.8 3 0 1 1.4 4 1

7 (3.112)

                  

3

1 3 4

1 1 5

0 1 3

1 1 3 3 5 0 4 1 1

 0 1 4 1 5 1 3 3 1

11 (3.113)

1
1

21
7.5 A

2.8
i
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2

2

7
2.5 A

2.8
i

                         
3

3

11
3.93 A

2.8
i

4 31 0.8 1 0.8 3.93 2.14 Ai i

4 2.14 Aoi i

3.6
(1)

(2)

(3)

(4)

3.7
3.7.1

(1) 3.40
1

8

36 A
1

5 + 5 V

48 A

1

8

3.40 1) (O’Malley, 1992)
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{O’Malley, 1992 #43}
(2) 3.41 1 3 3    i i i 4i

3 k

6 k9 V
+ 2 k

4 k

5 mA

1i 3i

2i
4i

{Franco, 1995 #48}
3.41 2) (Franco, 1995)

(3) 3.42 xv

30

2010 V
+ 202 A

10

xv

{Rizzoni, 2000 #37}
3.42 (3) (Rizzoni & Hartley, 2000)

(4) 3.43 xi

3

410 A

4 xi

6

2

xi

{Alexander, 2004 #18}
3.43 4) (Alexander & Sadiku, 2004)
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(5) 3.43
3 A

2

43 A

2

2

55

{Boylestad, 2002 #42}
3.44 5) (Boylestad, 2002)

(6) 3.45 xv

20

2510 A100

4 A 2 A

50 40

xv

{Hayt, 2007 #39}
3.45 6) (Hayt et al., 2007)
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(7) 3.46 oi

2 oi 100

25 11 20

200

5

5 oi
+

38.5 V
+

oi

{Nilsson, 2008 #49}
3.46 (7) (Nilsson & Riedel, 2008)

(8) 3.47 oi

15 V
+

20

5

5

4 oi
+

5

15

+
10 V

10

3 A

oi

{Nilsson, 2{Alexander, 2009 #40}
3.47 8) (Alexander & Sadiku, 2009)
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(9) 3.48 xi loadv

loadi

12 V
+

3

6

3

10

20 xi

+

4

7

8

5

loadv

xi loadi

{Karris, 2009 #44}
3.48 9) (Karris, 2009)

(10) 3.49
5 V

1.25 A

8 12

20

+

5 V

40 15 V
+

{Dorf, 2010 #52}
3.49 10) (Dorf & Svoboda, 2010)
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(11) 3.50 i ov

10 V
+

10

40

20

ov 20i
+

30

i

{Nilsson, 2011 #47}
3.50 11) (Nilsson & Riedel, 2011)

3.7.2
(12) 3.65

6 A 4 A

6 A

12 V

10

4

+

4 A2

3.51 12) (Boylestad, 2002)
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(13) 3.52 ov

2 A 1 S

2 ov

+

4 S

8 S

13 V
+

2 S

ov

3.52 13) (Alexander & Sadiku, 2004)

(14) 3.53 xv

yv ( : )

+

12 V 0.5 xv
14 A

1

+

x
v

2

2.5
0.2 yv

0.5

yv

3.53 14) (Hayt, Kemmerly, & Durbin, 2007)
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(15) 3.54 xi

v

4.8 A

2.5

7.5 12 V
+10

xi

+

2.5

1

xi v

3.54 15) (Nilsson & Riedel, 2011)

(16) 3.55 i

4

5i
+

3

+

10 V

2

6

i

3.55 16) (Alexander & Sadiku, 2009)
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(17) 3.56 xi

yv

12 V
+

yv 4

2

3 xi
+

2 yv

5

23 A

xi

3.56 17) (Dorf & Svoboda, 2010)

(18) 3.57 bv

bv

Bi

ER

CR

2R

1R CCV
+

+

oV

Bi

3.57 18) (Nilsson & Riedel, 2011)
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3.7.3
(19) 3.58 xv

0.5 xv
+

120 V
+

8 2

60 V
+

6 4
xv

3.58 19) (O’Malley, 1992)

(20) 3.59

2 k

6 k1 V
+

4 k

7 V+

10 k 8 k

1 k

+

15 V

3.59 20) (Franco, 1995)
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(21) 3.60
1 A

46 V
+

4

4

4

1 A

3.60 21) (Whitehouse, 1997)

(22) 3.61
10 

10 V
+

5 5

9 V
+

10

1 V
+

5

3.61 22) (Rizzoni & Hartley, 2000)
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(23) 3.62 CEv ov

0.7 VBEv 150 C Bi i

4 V
+

10 k

500

1 k

40 V
+

ov

Bi
Ci

BEv

CEv

3.62 23) (Alexander & Sadiku, 2004)

(24) 3.63 CEv ov

0.7 VBEv 200 C Bi i

3 V
+

6 k

400

5 k

9 V
+

ov

Bi
Ci

BEv

CEv

2 k

3.63 24) (Alexander & Sadiku, 2004)
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(25) 3.63
o

s

v

v

200

100
sv

+

2 k

1000

ov +

40 oI 10 k
ov

oI

3.64 25) (Alexander & Sadiku, 2009)

3.7.4
(26) 3.65

5

575 V
+

4 6

13 V
+13 A

3.65 26) (O’Malley, 1992)

1.5 k

3 k8 V
+

500 A

10 k

2 k

3.66 27) (Franco, 1995)
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(27) 3.66

(28) 3.67 v

2 A

1 S

4 S

3 A

3 S

2 S

v

3.67 28) (Rizzoni & Hartley, 2000)

(29) 3.68

20 V
+

4

6 8

3 A 1

8 A

3.68 29) (Boylestad, 2002)
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(30) 3.69

4 A

1 S

3 S 4.8 A

2 S

1 A

5 S

3.69 30) (Alexander & Sadiku, 2004)

(31) 3.70 i ov

40 

30

+

80 V

+

10

115i

3
v

30 V

1i

3.70 31) (Hayt, Kemmerly, & Durbin, 2007)
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(32) 3.71
5 2

2 A

1 A

5

1 4

2 3 A

10

3.71 32) (Nilsson & Riedel, 2011)
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3)

4)

1)
2)
3) MATLAB PSIM Proteus
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1)
2)
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4)

1)
2)

80%



4

4.1
3

4.2

(Alexander & Sadiku, 2009)

(1)
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(2)
1 1

u

(3) (1) – (2) 
1 1 2 3

    ...
N

u u u u N

(4)

1 2 3
...

N
u u u u u (4.1)

2p Ri
2 /p v R

4.1

4.1
xi

5

2

xi

12 V
+

6

3

1 A

4.1 4.1 (Franco, 1995)
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12 V 4.2

5

2

,1Axi

6

3

1 A

1i 2i

4.2 12 V

1

2 1 2
 A

2 5 7
i (4.2)

2

3 1 1
 A

6 3 3
i (4.3)

,1A 1 2

2 1 1
 A

7 3 21
xi i i (4.4)

1 A 4.3

3

12 12
 A

2 5 7
i (4.5)

4

12 4
 A

6 3 3
i (4.6)
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5

2

,12Vxi

12 V
+

6

3

3i 4i

4.3 12 V

,12V 3 4

12 4 64
 A

7 3 21
xi i i (4.7)

(4.4) (4.7)

,1A ,12V

1 64
3 A

21 21
x x xi i i

4.2

4.4

3 V
+

15

7

52 A 4i

i

4.4 4.2 (Hayt, Kemmerly, & Durbin, 2007)
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4.4

2 A 
4.5

3 V
+

15

7

5
3V4i

3Vi

1i 2i

a

4.5 2 A

1i

1 2

1 2

3 7 15 5 5 0

27 5 3

i i

i i (4.8)

a

1 3V 2

1 2V 3V

1 3V

1 1 2

1 2

0

4 0

3 0

3 0

4 3 0

i i i

i i i

i i

i i i

i i (4.9)
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(4.8) (4.9)

1

2

27 5 3

4 3 0

i

i (4.10)

1i 2i

1

3 5

3 3 0 50 3 9
147.54 mA

27 5 27 3 4 5 67

4 3

i (4.11)

2

27 3

27 0 4 34 0 12
196.72 mA

27 5 27 3 4 5 67

4 3

i (4.12)

3Vi

3V 1 2 147.54 196.72 49.18 mAi i i (4.13)

3 V
4.6

15

7

5
2A4i

2Ai

4i 5i

c

2 A
3i

b

4.6 V
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4i

3 4 5

3 4 5

7 7 15 5 5 0

7 27 5 0

i i i

i i i (4.14)

3i

3 2 Ai (4.15)

c (4.9)

4 54 3 0i i (4.16)

(4.14) - (4.16)

3

4

5

7 27 5 0

1 0 0  2

0 4 3 0

i

i

i (4.17)

4i 5i

7 27 5

1 0 0

0 4 3

7 0 3 27 0 0 5 4 2

  0 0 5 4 0 7 3 27 1

61

(4.18)

4

7 0 5

1 2 0

0 0 3

7 2 3 0 0 0 5 0 1

  0 2 5 0 0 7 3 0 1

42

(4.19)
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5

7 27 0

1 0 2

0 4 0

7 0 0 27 2 0 0 4 1

  0 0 0 4 2 7 0 27 1

56

(4.20)

4
4

42
688.53 mA

61
i (4.21)

5
5

56
918.03 mA

61
i (4.22)

4.13 2Ai

2A 4 5 688.53 918.03 229.51 mAi i i (4.23)

(4.13) (4.23)

3V 2A 49.18 229.51 278.69 mAi i i (4.24)

2i

3

2 5 278.69 10 1.394 Viv Ri

4.7 b 
2i

2 4 3 3 278.69 836.07 mAi i i i (4.25)

a
1i

1 22 2 0.8367 1.16 Ai i (4.26)
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3 V
+

15

7

52 A 4i

i
2i1i

a b

4.7 7 5

2 A

2A 3 7 1.16 3 11.12 Vv Ri

4.3

(Alexander & Sadiku, 2009)

4.8

sv si R

s sv Ri (4.27)

s
s

v
i

R
(4.28)
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si Rsv +

R

4.8

R

R

sv
+

si

4.9

4.3

4.10 ov

3 A

2 3

12 V
+8

ov4

4.10 3.4 (Alexander & Sadiku, 2009)
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3 A 4 4.11
4.11

12 V 4 3 A (4.29)

6 4 2 (4.30)

2 3

12 V
+8

ov

4

12 V +

6 3

12 V
+8

ov12 V +

( )

4.11 3 A 4

12 V 6 12 V 
3 4.12

12V
2 A

6
(4.31)
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12V
4 A

3
(4.32)

2 A 8
ov6 4 A3

4.12 12 V 

4.13

1
1.6 

1 1 1

6 8 3 

(4.33)

2 A 1.6
ov 4 A

i

4.13

i

4 A 2 A 2 Ai (4.34)

ov

1.6 2 A 3.2 Vov Ri
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4.4

4.14 i

3

18 V 64 A

4

+

i

22v i

4.14 4.4 (O’Malley, 1992)

18 V 3 4.15

18 A
6 A

3
(4.35)

64 A

4
i

22v i36 A

4.15 18 V 3

6 A 4 A 3 6

10 A 6 A 4 A (4.36)
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3 6 
2

3 6 
(4.37)

210 A

4
i

22v i
i

4.16 4 A 6 A 3 || 6 

i

2

2

10 2 2 4 0

6 2 20

3 10 0

i v

i i

i i (4.38)

i

23 3 4 1 10
2,  5 A

2 1
i (4.39)

v i

2 Ai
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4.5

4.17 xi xv

5 A

4

3 7

3 xv

17

xv

9 1 A

2
xi

4.17 4.5 (Hayt et al., 2007)

5 A 3 4.18

15 V 5 A 3 (4.40)

4

7

3 xv

17

xv

9 1 A

2
xi

3

15 V
+

4.18 5 V 3

3 4 1 A 9

4.19

7 3 4 (4.41)
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9 V 1 A 9 (4.42)

7

7

3 xv

17

xv

2
xi

15 V
+

9 V
+

9

4.19 3 || 4 9 V

15 V 7 3 xv 17 

4.20

15 15 V
 A

7 7 
(4.43)

51 3 17 x xv v (4.44)

15
 A

7
7 7

51 xv 17
xv

2
xi

9 V
+

9

+

4.20 15 V 3 xv

15/7 A 7 7 || 7 17 9 

4.21
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7 7 
3.5 

7 7 
(4.45)

15 7
7.5 V  A  

7 2
(4.46)

26 77 9 (4.47)

51 xv

+

26
xv

2
xi

7.5 V
+

9 V
+

3.5

xi

4.21 15/7 A 17 || 7 

17 9 

4.21

7.5 3.5 26 2 51 9 0

31.5 51 2 7.5 9

70.5 1.5

x x

x x

x

i v

i i

i (4.48)

xi

1.5
21.28 mA

70.5
xi

xv

2 2 21.28 42.55 mVx xv i
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4.4

(Alexander & Sadiku, 2009)

“

”

a-b 4.22
a-b 4.23

Th ocv v

a

b

Th eqR R

a

b

4.22 a-b
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a

b

ThR

Thv
+

a

b

4.23

4.24

in
Th

in

v
R

i
(4.49)

1 Vinv

1
Th

in

R
i

(4.50)

1 Aini

Th inR v (4.51)

(4.50) - (4.51) 1 Vinv

1 Aini
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inv+

ini

ini
inv

4.24 ThR

4.6

4.25
3

( ) 1 k

( ) 10 V a
( ) 2 mA a b

2 k4 k

+

15 V

3 k1 k

a b

4.25 4.6 (Franco, 1995)



                               4 | 202

15 V 4.26

2 k4 k

3 k1 k

a b
ThR

4.26 15 V

1 k 4 k

1

1 4
0.8 k

1 4
eqR (4.52)

3 k 2 k

2

3 2
1.2 k

3 2
eqR (4.53)

4.27

0.8 k

a
ThR

1.2 k

b

4.27 1 k || 4 k 3 k || 2 k

4.27

0.8 1.2 2 kThR (4.54)
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2 k4 k

+

15 V

3 k1 k

a b
Thv

4.28

4.29

b

2 k4 k

+

15 V

3 k1 k

Thv

av

a

b
v

4.29

av bv

4 k
15 V 12 V

4 k 1 k
av (4.55)

2 k
15 V 6 V

2 k 3 k
bv (4.56)
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Thv

0

12 6

6 V

a Th b

Th a b

v v v

v v v

(4.57)

4.30

2 k

6 V
+

4.30

( ) 1 k 4.31

Lv

2 k

6 V
+

1 k

Li

4.31 1 k

Lv

1 k
6 V 2 V

1 k 2 k
Lv
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Li

6 V
2 mA

1 k 2 k
Li

( ) 10 V a
4.32

Lv

2 k

6 V
+

Li

10 V
+

Li

4.32 10 V

Lv

10 VLv

Li

6 2000 10 0

6 10

2000

2 mA

L

L

i

i

( ) 2 mA a
b 4.33 Li

2 mALi
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Lv

2 k

6 V
+

Li

2 mA
Li

4.33 2 mA

Li

6 2000 0.002 0

6 4

2 V

L

L

v

v

4.7

4.34 a-b

2 k

5 V
+

3v
+

20i 25v

i

a

b

abv

4.34 4.7 (O’Malley, 1992)

5 V 
1 A a-b 4.35
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2 k

3v
+

20i 25v

i

abv 1 A

a

i

4.35 5 V 1 A

a

20 1 0
25

25 20 1 25
25

500 25

v
i

v
i

i v (4.58)

i

2000 3 0i v (4.59)

(4.58) - (4.59)

500 1 25

2000 3 0

i

v
(4.60)

v

500 25

500 0 2000 252000 0
100 V

500 1 500 3 2000 1

2000 3

v (4.61)

4.35 abv v

100 Vabv (4.62)
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100 V
100 

1 A 1 A

ab
Th

v
R (4.63)

4.36

a

i

2 k

5 V
+

3v
+

20i 25v

i

a

b

abv

4.36

v

25 20

500

500 0

v Ri

i

v i

i v (4.64)

i

5 2000 3 0

2000 3 5

i v

i v
(4.65)

(4.64) - (4.65)

500 1 0

2000 3 5

i

v
(4.66)
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v

500 0

500 5 2000 02000 5
5 V

500 1 500 3 2000 1

2000 3

v (4.67)

4.36 ab Thv v v

5 VThv (4.68)

4.37

100

5 V +

4.37

4.5

(Alexander & Sadiku, 2009)

“

”
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a-b 4.38
4.22 a-b

a

b

N sci i
N eqR R

a

b

4.38 a-b

a

b

Ni NR

a

b

4.39

Th
N

Tn

v
i

R
(4.69)

(4.69)
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4.8

4.40

2 A 6

a

b
+

6 V

3

2

4.40 4.8 (Rizzoni & Hartley, 2000)

a-b 2 A 
6 V 

NR6

a

b

3

2

4.41

6 || 3 2 

6 3
6 || 3 2 2 4 

6 3
NR (4.70)



                               4 | 212

a-b 

2 A 6

a

b

+

6 V

3

2

Ni
1i 2i Ni

4.42

4.42
1i

1 2 Ai (4.71)

2i

1 2

2

2

2

6 6 3 3 6 0

6 2 9 3 6

9 3 6 12

3 6

N

N

N

N

i i i

i i

i i

i i (4.72)

Ni

2

2

3 3 2 0

3 5 0

N

N

i i

i i (4.73)

(4.72) - (4.73)

23 1 6

3 5 0N

i

i
(4.74)
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Ni

3 6

3 0 3 63 0
1.5 A

3 1 3 5 3 1

3 5

Ni (4.75)

4.43

1.5 A 4

b

a

4.43 4.8

4.9

4.44

2 k

4 V
+

4000

xv

3 k

xv

a

b

4.44 4.9 (Hayt et al., 2007)
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4 V 
1 V a-b 

2 k

1 V
+

4000

xv

3 k a

b

xi

xv

v

4.45

v

0
2000 4000 3000

0
2 4 3

0
2 4 3 3

1 1 1 1
0

2 3 4 3

5 7
0

6 12

10 7 0

10 7 1 0

7
 V

10

xx

xx

x x

x

x

x

v vv v

v vv v

v v v v

v v

v v

v v

v

v (4.76)

xi

7
1

10 100 A
3000 3000

x
x

v v
i

(4.77)
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6

1 1
10 k

100 10
N

x

R
i

(4.78)

a-b 

2 k

4 V
+

4000

xv

3 k

xv

a

b

Ni

4.46

0 Vxv

Ni

4
800 A

2000 3000
Ni (4.79)

4.47

800 A 10 k

b

a

4.47 4.9
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4.6

LR 4.48

ThR

Thv
+

LR

Li

Lv

4.48

L
L Th

Th L

R
v v

R R
(4.80)

2 2
2

22
2

2

LL
ThTh

Th L Th LL L
L Th

L L L Th L

RR
vv

R R R Rv R
p v

R R R R R

(4.81)

LR

0L

L

dp

dR
LR
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2

2

2 2

2

4

2

2

4

2

0

0

0

1 2 1
0

0 2

0 2

0

L

L

L
Th

L Th L

Th L L L Th L

Th

Th L

Th L L Th L

Th

Th L

Th L L Th L

Th L L

Th L

dp

dR

Rd
v

dR R R

R R dR R d R R
v

R R

R R R R R
v

R R

R R R R R

R R R

R R (4.82)

L ThR R (4.83)

(4.83)

2
2 2

2 2
42

Th Th Th
L Th Th

ThTh Th Th

R R v
p v v

RR R R
(4.84)

4.10
4.49 LR

30

150180 V
+

LR
Lv

a

b

4.49 4.10 (Dorf & Svoboda, 2010)
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 a-b  180 V 

LR

30

150 ThR

a

b

 4.50 

30 150
30 ||150 25 

30 150
ThR (4.85)

25 L ThR R

LR

30

150 
Thv180 V

 4.51 
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150 
180 V 150 V

150 30 
Thv (4.86)

 (4.84) 

2 2150
225 W

4 4 25

Th
L

Th

v
p

R

 4.11 

 4.52 LR

20 V

4

100 V

44

v
4

LR

v

 4.52  4.11 (Nilsson & Riedel, 2011)

 100 V 20 V LR

 1 A  a-b  4.53 
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4

4

4

v

+

4

v

1 Ainv

invv1i

i 2i

3i

4.53

v

1 2 0

0
4 4 4

1 1 1 1
0

4 4 4 4

3 1
0

4 4

3 0

in

in

in

in

i i i

v v v v

v v

v v

v v (4.87)

inv

2 3 1 0

1 0
4 4

2
1

4

2

in in

in

in

i i

v v v v

v v

v v (4.88)
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(4.87) - (4.88)

3 1 0

1 1 2in

v

v
(4.89)

inv

3 0

3 2 1 01 2
3 V

3 1 3 1 1 1

1 1

inv (4.90)

3 V
3

1 A 1 A

in
L Th

v
R R

LR 4.52

4.54

20 V
+

4

100 V
+

44

v

+

4

v

4i 6i

7i

Thv

v

5i

4.54
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v

4 5 6 0

100 20
0

4 4 4

1 1 1 100 20
0

4 4 4 4 4 4

3 120

4 4 4

3 120

Th

Th

Th

Th

i i i

v v v v

v
v

v
v

v v (4.91)

inv

6 7

5

0

100
0

4 4

100 0

4 2 100

20
4 2 100

4

20 2 100

2 2 80

40

ThTh

Th Th

Th

Th

Th

Th

Th

i i

v vv v

v v v v

v i v

v
v v

v v v

v v

v v (4.92)

(4.87) - (4.88)

3 1 120

1 1 40Th

v

v
(4.93)

Thv

3 120

3 40 1 1201 40
120 V

3 1 3 1 1 1

1 1

Thv (4.94)
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(4.84)

2 2120
1.2 kW

4 4 3

Th
L

Th

v
p

R

4.7
(1)

(2)

(3) “

”
(4) “

”
(5)

4.8
4.8.1

(1) 4.55
8

6

1260 V
+ 8

4

8 Av

4.55 (1) (O’Malley, 1992)
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(2) 4.56 i

6

12 V
+

5

1 A

2 3i

4.56 2) (Franco, 1995)

(3) 4.57 oi ov

105 V
+

ov

6 oi

+

4

2 A

oi

4.57 3) (Whitehouse, 1997)

(4) 4.58 i

(5) 4.59 i

(6) 4.60 i
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450 V
+

450 V
+

1

7

5

10

1

i

4.58 4) (Rizzoni & Hartley, 2000)

i

24 V

15 109

18

+42 V

4.59 5) (Boylestad, 2002)

6

16 V
+ 4 A

2

8

12 V
+

i

4.60 6) (Alexander & Sadiku, 2004)
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4.8.2
(7) 4.67

1 1

1 mA 9

6

2 V
+

4

5 5 3 mA

4.61 7) (Hayt et al., 2007)

(8) 4.62

( ) v

( ) 120 V 

120 V
+

20 60 V
+

5

36 A 6

1.6

6 v

4.62 8) (Nilsson & Riedel, 2008)

(9) 4.63 ov

(10) 4.64 6i

(11) 4.65 i
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2

410 V
+ 2 A

1

0.5 ov

ov

4.63 9) (Alexander & Sadiku, 2009)

2

412 V
+ 6

+
36 V 8 10

12

5 A

6i

4.64 10) (Karris, 2009)

3

24 V
+ 7 A

2

3i
+

i

4.65 11) (Dorf & Svoboda, 2010)
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(12) 4.66 i v

ov

5

2010 V
+ 10

0.4v

2i

+

5 Av

i

ov

4.66 12) (Nilsson & Riedel, 2011)

4.8.3
(13) 4.67 a-b

10 V

1 k

30 BI 500BI

a

b

4.67 13) (O’Malley, 1992)

(14) 4.68 a-b

8 V
+

10 k 2.5 k 2 k

30 k 300 A 20 k

+

5 V

15 k 1 mA

3 k 5 k

a

b

4.68 14) (Franco, 1995)
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(15) 4.69 a-b

3 A 4

4 8

12 V
+

8

a

b

4.69 15) (Whitehouse, 1997)

(16) 4.74 i

24 V
+

4

a

b

3 A 12 6

i

4.70 16) (Rizzoni & Hartley, 2000)

(17) 4.71 i

(18) 4.72
40 Gi

(19) 4.73 2

( ) 'x x

( ) 'y y
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4 k

6 k

1.4 k

800 1 k

10 V

6 V

i

4.71 17) (Boylestad, 2002)

a b

3 k

1 k

40

G

400

600

220 V
+

Gi

4.72 18) (Alexander & Sadiku, 2004)

1 A

10

5088 V
+

20

40

x

'x

y

'y

4.73 19) (Hayt et al., 2007)
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4.8.4
(20) 4.74 a-b

1 V

2 k

CV
25 BI 40 k

BI

a

b

0.0004 CV
+

4.74 20) (O’Malley, 1992)

(21) 4.75 a-b
i

60 4 A 80 40

i

20
160i

+

a

b

4.75 21) (Nilsson & Riedel, 2008)

(22) 4.76 a-b

(23) 4.77
( ) Rv 9R

( ) R 5.4 VRv

( ) R 300 mARi
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a

2 A

5

18 V

+

+
10 V

4 6

3 A

b

4.76 22) (Alexander & Sadiku, 2009)

300 mA 30 R

Ri

20 6

9 V
+

Rv

4.77 23) (Dorf & Svoboda, 2010)

(24) 12.5 V
11.7 V 

6.25 6.25 

(Nilsson & Riedel, 2011)

(25) 4.78 20 abv

100 V 50 200 V
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abv

a

b

4.78 25) (Nilsson & Riedel, 2011)

4.8.5
(26) 4.79 R

( ) R

R

R R 0 2R

24 V
+

4

5 A 4 R

4.79 26) (Boylestad, 2002)

(27) 4.80 R

(28) 4.81 R

(29) 4.82 R
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10 k

40 k100 V
+ 30 k

22 k

3 ov R
ov

4.80 27) (Alexander & Sadiku, 2004)

1 k

2.7 k1 V
+ R

40 mA

7 k

1 k

4.81 28) (Hayt et al., 2007)

6

40480 V R

8

+

4 2

+

4

i

20i

4.82 29) (Nilsson & Riedel, 2008)
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(30) 4.83

R  Vv  Ai

2 3 1.5
8 8 1.0
14 10.5 0.75

( ) Li 4R

R

R

Li

V

A

R

4.83 30) (Alexander & Sadiku, 2009)

(31) 4.84
0 1 kR 1/4 W 

180

15010 V
+

R 120

20 V
+470

4.84 31) (Dorf & Svoboda, 2010)
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(32) 4.85 oR

oR

oR

oR

V

4

4 oi
+

5

0.85v

2

+
24 V

v
i

oR

4.85 32) (Nilsson & Riedel, 2011)
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49 19) 
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(O’Malley, 1992)
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+
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(26) 5.56 ov
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(27) 5.57

ov
2 2R R

R RR R

R RR R
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refv +

27)

(28)
5 10 kR 1 2 3 42 4 5ov v v v v (Alexander & Sadiku, 
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(29) 5.58 ov
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+
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28) (O’Malley, 1992)

5.59 ov

( ) 12 mVsv

( ) 10cos 377 2 msv t
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fR
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+
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+
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fR

31) (

Fundamentals of electric circuits
-

Fundamentals of electric circuits (4 
-

Electric Circuits Fundamentals

Engineering Circuit 
Analysis -

Electric Circuits (8 ed.). Upper Saddle 

Electric Cricuits (9 ed.). Upper Saddle 

Theory and problems of basic circuit analysis
-

Principles and applications of electrical 
engineering
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3)

4)

1)
2)
3) MATLAB PSIM Proteus
4)

1)
2)
3) -
4)

1)
2)

80%
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6

6.1

6.2

6.1
(Alexander & Sadiku, 2009)

A

A

6.1
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v

6.2

+

v

q q

6.2

(6.1)

q Cv (6.1)

C (F) (6.1)
(Alexander & Sadiku, 2009)

F)

2
6.3 6.4 

6.3-( 6.4-( –
6.3-(

6.4-(
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C

vi

C

6.3

C

vi

C

6.4

6.5

( ) ( ) ( )

6.5

( ) ( : https://content.solarbotics.com/products/photos/
d33c36b1b5fc2cb13295c76acbf4caae/lrg/cp4700-16v.jpg, 22
2555)

( ) ( : http://www.capacitorguide.com/wp-content/uploads/
ceramic-capacitors.png, 22 2555)

( ) ( : http://img.diytrade.com/cdimg/1453629/21890277/
0/1307768080/High_Voltage_Capacitor.jpg, 22 2555)
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(6.1)

dq d
Cv

dt dt
(6.2)

dq
i

dt
(6.2)

dv
i C

dt
(6.3)

(6.3)

1)

(6.3)

2)
(6.3) 10 V/s 

1,000 V/s 
100

2
7 8

(6.3)

00 0 0

0

1

t t t t

ott t t

t

o
t

dv
idt C dt C dv C v C v t v t

dt

v t v t idt
C (6.4)
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t 0t

0

1 t

o
t

v idt v t
C

(6.5)

0t 0 0 st

t

dv dv
p vi v C Cv

dt dt
(6.6)

t

2
2 2

2 2

t
t tdv v C

w C v dt C vdv C v t v
dt

(6.7)

0 Vv (6.7)

21

2
w Cv (6.8)

(6.8)

6.1

0.5 μF (Nilsson & Riedel, 2011)

1

0 0 s

4  V 0 1 s

4  V 1 s
t

t

v t t t

e t
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( )
( )
( )
( )
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1

0
pdt

1
pdt

( ) (6.3) 0 st

1

0
0 A

dv d
i C C

dt dt
(6.9)

0 1 st
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2 4 4 0.5 10 4 2 A
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1 1 16
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2 1
1 1 6
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t
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t
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(6.7) 0 st

1 0 0 Jw pdt dt (6.12)

(6.7) 0 1 st

2
6 6 6 2

2 8 10 8 10 8 10 4  J
2

t
w t dt tdt t (6.13)

(6.7) 1 st

2 1 6

3

2 16

2 1

6

2 1

8 10

8 10

8 10
2

4  J

t

t

t

t

w e dt

e dt

e

e (6.14)

3

2

2 1

0 J, 0 s

4  J 0 1 s

4  J 1 s
t

t

w t t

e t

( ) 6.6 - 6.9

( ) 6.7 0 1 st

( ) 6.7 1 st
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4
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0
0 1         2        3         4         5         6        7         8
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(s)

6.6
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6.8

1         2        3         4         5         6        7         8 (s)
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( J)

6.9
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pdt

1
2 2 2

1
6 6 6

0
0

1 0
8 10 8 10 8 10 4 J
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w t dt
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2 1

8  W
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e
1

pdt

6
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6.3

6.10

1 2 3 ... 0s Npi i i i i (6.15)

si 1C 2C 3C NpC

1i 2i 3i Npi

v v v v

6.10

dv
i C

dt
(6.15)

1 2 3

1 2 3

... 0

... 0

0

s Np

s Np

s eq

dv dv dv dv
i C C C C

dt dt dt dt

dv
i C C C C

dt

dv
i C

dt (6.16)

(6.16)

1 2 3 ...eq NpC C C C C (6.17)

Np (6.17)
(Alexander & Sadiku, 2009)
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6.10

1 2 3 ... 0s Nsv v v v v (6.18)

1C

sv
+

si

1v

2C

2v

2C

2v

NsC

Nsv

6.11

0
0

1 t

s
t

v i dt v t
C

(6.18)

0 0 0

0

0
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1 0 2 0 3 0

1 2 3
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1 2 3

1 0 2 0 3 0 0

1 0 2 0 3 0

1 1 1

1
... 0

1 1 1 1
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1

t t t

s s s s
t t t

t

s Ns
t

Ns

t

s s
t

Ns
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t

s s
t

eq

v i dt v t i dt v t i dt v t
C C C

i dt v t
C

v i dt
C C C C

v t v t v t v t

v i dt v t v t v t
C

0... 0Nsv t
(6.19)

(6.19)

1 2 3

1

1 1 1 1
...

eq

Ns

C

C C C C
(6.20)

Ns (6.20)
(Alexander & Sadiku, 2009)
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2

1 2

2 1 1 2

1 2 1 2

1 1

1 1eq

C C
C

C C C C

C C C C

(6.21)

(6.21)
2

6.2

6.12
eqC a-b

20 F

5 F

6 F 20 F

60 F

a

b

eqC

6.12 6.2 (Alexander & Sadiku, 2009)

20 F 5 F (6.21)
(6.22) 6.13

6 6

1 2
1 6 6

1 2

20 10 5 10
4 F

20 10 5 10
eq

C C
C

C C
(6.22)

4 F 6 F 20 F (6.17)
(6.23) 6.14
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6 6 6

2 1 2 3 4 10 6 10 20 10 30 FeqC C C C (6.23)

4 F 6 F 20 F

60 F

a

b

eqC

6.13 20 F 5 F

30 F

60 F

a

b

eqC

6.14 4 F 6 F 20 F

30 F 60 F (6.21)
a-b

6 6

1 2
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30 10 60 10
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30 10 60 10
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6.3

6.15 (O’Malley, 1992)

100 V
+

6 F 12 F

5 F 1 F

1v 2v

3v

6.15 6.3

6.15 5 F 1 F 6 F

12 F

5 F 1 F (6.24)
6.16

6 6

1 1 2 5 10 1 10 6 FeqC C C (6.24)

100 V
+

6 F 12 F

6 F

1v 2v

3v

6.16 5 F 1 F

6 F 12 F 6 F (6.20)
(6.25)
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6 6 6

1 2 3

1 1
2.4 F

1 1 1 1 1 1

6 10 12 10 6 10

eqC

C C C

(6.25)

(6.1)

62.4 10 100 =240 Ceqq C v (6.26)

1v 2v 3v

6

1 6

1

240 10
40 V

6 10

q
v

C

6

2 6

2

240 10
20 V

12 10

q
v

C

6

1 6

3

240 10
40 V

6 10

q
v

C

6.4

6.17
(Alexander & Sadiku, 2009)

i v (6.27)

di
v L

dt
(6.27)

L H)
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N

A

l

6.17 ( :
http://www.bizrice.com/upload/20120523/inductor_filter_coil.jpg, 23

2555)

2
6.18

Lv

i

Lv

i

Lv

i

6.18 (Alexander & Sadiku, 2009)
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6.19

6.19

( ) ( : http://i01.i.aliimg.com/photo/v0/345691351/ferrite
_coil_core_coil.jpg_220x220.jpg, 23 2555)

( ) : http://m4.sourcingmap.com/photo_new/20110906/g/
ux_a11090600ux0087_ux_g03.jpg, 23 2555)

( ) ( : http://www.token.com.tw/inductor/image/inductor-fixed.jpg,
23 2555)

(6.27)

1)

(6.27)

2)
(6.27) 100 A/s 

5,000 V/s 
50

2
7 8
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(6.27)
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6.4

3 H 6.20
(Hayt, Kemmerly, & Durbin, 2007)

1 2 3

1
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1 0 st

2 1
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0 1
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3 1 3 V
di
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(6.37)
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sv
+

100 mH

si

6.22 6.5 (Nilsson & Riedel, 2008)
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6.24

0

1

0.5

(W)

0.4 (s)0.60.2 0.8 1.0

6.24



                                                      6 | 314

(6.31) 0 st
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6.26

(6.38)

1 2 3 ... 0s Nsv v v v v (6.38)

di
v L
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(6.38)

1 2 3 ... 0s Ns

di di di di
v L L L L

dt dt dt dt
(6.39)
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sv
+

1L
2L

3L NsLsi

1v 2v 3v Nsv

6.26

di

dt
(6.39)

1 2 3 ... 0

0
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s eq

di
v L L L L

dt

di
v L

dt

(6.40)

(6.40)
(6.41)

1 2 3 ...eq NsL L L L L (6.41)

(Alexander & Sadiku, 2009)

6.27
(6.42)

1 2 3 ... 0s Npi i i i i (6.42)

di
v L
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(6.42)
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0 0
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2

1 2

2 1 2 1

1 2 1 2

1 1

1 1eq

L L
L

L L L L

L L L L

(6.45)

(6.45) 2
2
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30 HL eqL (Franco, 1995)
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eqL
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3 4

1 1 1 2

1 1 1 2 3 3
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L L L L

(6.47)
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2

3
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1

2
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2
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eqL

6.31 L

3

62 1 2 2 1 2 11 11
30 10 55 H

3 2 3 3 2 3 6 6
eqL L L L L L

6.7

6.32
eqL (Karris, 2009)
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60 mH 120 mH (6.49)
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6) -
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6.7
6.7.1

(1) 6.37
200 V 153 10

(2) 4 F 6 F 8 F

300 V (O’Malley, 1992)
( )
( )
( )

(3) 2)
(O’Malley, 1992)
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+
200 V

153 10e
153 10e

6.37 1) (O’Malley, 1992)

(4) 1 F 6.38

(Franco, 1995)
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 st2          4          6          8         10 12
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-10

6.38 4)
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(5) 6.39

60 V
+
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1v3 1C
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6.39 5) (Alexander & Sadiku, 2004)

(6) 6.40

1 M100sin 2  Vt
+

2v 20 F

Ri Ci

6.40 6) (Hayt et al., 2007)

6.7.2
(7) 6.41

a b
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a b
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1
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6 F
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4 F

12 F
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6.41 7) (Alexander & Sadiku, 2004)
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15 F

35 F 20 F 5 F

10 F

15 F

40 F

a b

6.42 8) (Alexander & Sadiku, 2004)
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6.43 9) (Alexander & Sadiku, 2004)
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(10) 6.44

1
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1 2

2
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s

C
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C
i i
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1C 2Csi

1i 2i

6.44 10) (Alexander & Sadiku, 2004)

(11) 6.45
eqC

24 F
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10 F 2 F

4 F

6 F

eqC

6.45 11) (Franco, 1995)

(12) 6.46
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2C 3Csv +

1C

2v 3v
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si 0.1 F 4 mH Li

6.48 15) (Franco, 1995)
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6.49 16) (Alexander & Sadiku, 2004)
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L dv
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(Nilsson & Riedel, 2008)
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ln ln ln
t t

M RC RC
cv e e K e (7.6)
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c cV K e K (7.8)

cK (7.7)
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RC
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(Alexander & Sadiku, 2009)
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2005 mH

300

Cv20 nF

8.101 (22) (Hayt, Kemmerly, & Durbin, 2007)
{Hayt, 2007 #39}
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(24) 8.102 Cv t 0 st

9 k

15 k80 V
+

0t

2 F

80 5 mH

100 V
+

v

i

8.102 24) (Nilsson & Riedel, 2008)
{Nilsson, 2008 #49}

8.8.5
(25) 8.103 Ci t Ri t Li t

0 st

5002 F 2 H

0t

5 A

8.103 25) (Rizzoni & Hartley, 2000)
{Rizzoni, 2000 #37}

(26) 8.104 i t 0 st

4

12 V
+

0t

5 H 5 3 A1
 F

20

8.104 26) (Alexander & Sadiku, 2004)
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(27) 8.105 Cv t 0 st

4 k10 mA
1

 F
8

4
 H

13

1 k 0t
Cv

8.105 27) (Hayt, Kemmerly, & Durbin, 2007)

(28) 8.106 Li t ov t 0 st

250

1 k25 V
+

10 F

0t

1.6 H

Li t

ov t

8.106 28) (Nilsson & Riedel, 2008)
{Nilsson, 2008 #49} 

(29) 8.107 1v t 2v t

0 st

1 k

10 V
+ 1

 F
6

1 k

1
 F

6

0t
1v t 2v t

8.107 29) (Dorf & Svoboda, 2010)
{Dorf, 2010 #52} 
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(30) 8.108 Li t 0 st

2.5 F6 k9 mA

0t

62.5 H

3 k

+
15 V

Li

8.108 30) (Nilsson & Riedel, 2011)
{Nilsson, 2011 #47} 

8.9
Alexander, C. K., & Sadiku, M. N. O. (2004). Fundamentals of electric circuits

(2nd ed.). Boston: McGraw-Hill.
Alexander, C. K., & Sadiku, M. N. O. (2009). Fundamentals of electric circuits (4

ed.). New York: McGraw-Hill.
Franco, S. (1995). Electric Circuits Fundamentals. Florida: Saunders College 

Publishing.
Hayt, W. H., Jr., Kemmerly, J. E., Jr., & Durbin, S. M. (2007). Engineering Circuit 

Analysis (7 ed.). New York: McGraw-Hill.
Nilsson, J. W., & Riedel, S. A. (2011). Electric Cricuits (9 ed.). Upper Saddle 

River, N.J.: Prentice Hall.
Rizzoni, G., & Hartley, T. T. (2000). Principles and applications of electrical 

engineering (Vol. 3). New York: McGraw Hill.
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3)

4)

5)

6)

7)

8)

1)
2)
3) MATLAB PSIM Proteus
4)

1)
2)
3) -
4)

1)
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2)
80%



9

9.1

(Alexander & Sadiku, 2009)

9.1

v t

sins mv t V t

mV

2

T T t

( )
i t

coss mi t I t

mI

2

T T t

( )

9.1
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9.1

sv t 9.1-( ) V 0

V T

si t 9.1-( ) mI 0

mI T

T sv t si t T

                                           
s s

s s

v t v t T

i t i t T
(9.1)

sv t si t

f t f t nT t

n

(9.2)

                                           sinmv t V t (9.2)

mV

( / , rad/s)
t

rad)
“ ” rad

                                           
2 2 1

2
T

f f
(9.3)

f ( , Hz)
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sin sin cos cos sinA B A B A B (9.4)

cos cos cos sin sinA B A B A B (9.5)

90B (9.4) (9.5)

sin 90 sin cos90 cos sin 90

sin 0 cos 1

cos

A A A

A A

A (9.6)

cos 90 cos cos90 sin sin90

cos 0 sin 1

sin

A A A

A A

A (9.7)

180B (9.4) (9.5)

sin 180 sin cos180 cos sin180

sin 1 cos 0

sin

A A A

A A

A (9.8)

cos 180 cos cos180 sin sin180

cos 1 sin 0

cos

A A A

A A

A (9.9)

(9.6) - (9.9)

sin 90 cost t (9.10)

cos 90 sint t (9.11)
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sin 180 sint t (9.12)

cos 180 cost t (9.13)

220 2 sin 100 80   Vv t t (9.14)

150sin 100 20i t t (9.15)

(9.14) (9.15) v t 80 i t

20 v t i t 80 20 60

v t i t 60 i t

v t 60 v t i t

t v t V i t

0 A

t
60

220 2 sin 100 80   Vv t t

150sin 100 20   Ai t t

9.2 v t i t 60
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9.1

100cos 200 120   Vv t t

3

100 V

200

200 rad

2 2
31.4 ms

200

1 1
31.85 Hz

31.4 10

t

T

f
T

9.2

( ) 1 5cos 25   Vv t t
2 5sin 25   V

4
v t t

( ) 10sin 500 45   Ai t t 400cos 500 8   Vv t t

( ) 400cos 120 25   Vv t 10cos 120 22   Ai t t

( )
(9.11)

2 5sin 25 5cos 25 5cos 25   V
4 4 2 4

v t t t t (9.16)

1v t 2v t
4 5

 rad
4 4 4 4 4

1v t 2v t
5

 rad
4



541 |                                            

( ) (9.10)

400cos 500 8 400sin 500 8 90 400sin 500 82   Vv t t t t (9.17)

i t v t 45 82 37 i t

v t 37

( ) v t i t 25 22 3

v t i t 3

9.3

9.3

 mAi

 mst5

40

20

-20

10 15 20 25-20 -15 -10 -5

-40

-25

2i t

1i t

9.3 9.3

9.3 0 st 2i t 0 mA

1i t 1i t

2i t 1i t 2i t d 9.4

360T ms 
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ms = 1.25 ms/
360

22.5 /
16

 mAi

 mst5

40

20

-20

10 15 20 25-20 -15 -10 -5

-40

-25

2i t

1i t

d

360T

9.4

9.4 d 2 22.5 45 1i t

2i t 45

9.2

(9.18) - (9.20)

a jbz (9.18)

zz (9.19)

jzez (9.20)
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z

a

b

z

j 1

2 2z a b (9.21)

1tan
b

a
(9.22)

a

(Im)

(Re)

b
z

9.5

9.5 Im (Imaginary axis
Re (Real axis)

cosa z (9.23)

sinb z (9.24)
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j

2

3 2

2

1 1 1

1

1 1

1

j j j

j j j j j

j j j
j

j j j j

(9.25)

cosz t z (9.26)

(9.26)
(9.10) - (9.11)

(9.27) 9.1

1 1

2 2

a jb z

c jd z

z

z
(9.27)

9.1

1 2 a jb c jd a c j b dz z

1 2 a jb c jd a c j b dz z

1 2 1 2z z ac bd j ad bcz z

1 1

2 2

2 2

ac bd j bc adz

z c d

z

z

1

1

1
z

z

1 1
2

zz

1 1a jb zz

9.1
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9.4

1) 1
sin 1000 45   V

2
sv t t 7)

3 3.54sin 60 89   Aki t t

2) 1.90cos 10 27   Ai t t 8) 100sin   Vv t t

3) 100cos 300 56   Vv t t 9) 5sin   A
4

si t t

4)
2 123sin 100 77   Vv t t 10) 33cos 200 1.54   Vsv t t

5) 220 2 cos 100   Vv t t 11) 089sin 10 3   Vk

ssv t t

6) 30cos 20 30   Vv t t 12) 045cos 5 4   Ai t t

1) cos 90 sint t

1 1 1
sin 1000 45 cos 1000 45 90 cos 1000 135

2 2 2
sv t t t t

cosz t z

1 1
cos 1000 135 135   V

2 2
s sv t t V

2) cosz t z

1.90cos 10 27 1.90 27   Ai t t I

3) cosz t z

100cos 300 56 100 56   Vv t t V

4) cos 90 sint t

2 123sin 100 77 123cos 100 77 90 123cos 100 13v t t t t
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cosz t z

2 2123cos 100 13 123 13   Vv t t V

5) cosz t z

220 2 cos 100 220 2 cos 100 0 220 2 0   Vv t t t V

6) cosz t z

30cos 20 30 30 30   Vv t t V

7) cos 90 sint t

3 3.54sin 60 89 3.54sin 60 89 90 3.54sin 60 179ki t t t t

cosz t z

3 33.54sin 60 179 3.54 179   Ak ki t t I

8) cos 90 sint t

100sin

100sin 180

100cos 180 90

100cos 270

v t t

t

t

t

cosz t z

100cos 270 100 270   Vv t t V
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9) cos 90 sint t

5sin
4

180
5sin

4

180
5cos 90

4

5cos 45

si t t

t

t

t

cosz t z

5cos 45 5 45   As si t t I

10)

180
33cos 200 1.54 33cos 200 1.54 33cos 200 88.24sv t t t t

cosz t z

33cos 200 88.24 33 88.24   Vs sv t t V

11)

0 0 0

180
89sin 10 3 89sin 10 3 89sin 10 171.89k

ssv t t t t

cos 90 sint t

0

0

0

89sin 10 171.89

89cos 10 171.89 90

89cos 10 261.89

k

ssv t t

t

t
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cosz t z

089cos 10 261.89 89 261.89      Vk k

ss ssv t t V

12)

0 0 0

180
45cos 5 4 45cos 5 4 45cos 5 229.18   Ai t t t t

cosz t z

045cos 5 229.18 45 229.18      Ai t t I

9.5

1

2

100cos 100 10   V

90cos 100 5   V

5cos 100 12   A

3 2 

v t t

v t t

i t t

jZ

1)
1 2V V 4) 2I Z

2) 1 2V V 5) 1V

I

3) 1VI 6)
2

1V

Z

1 1100cos 100 10   V 100 10      Vv t t V (9.28)
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2 290cos 100 5   V 90 5      Vv t t V (9.29)

5cos 100 12   A 5 12      Ai t t I (9.30)

1

2

98.48 17.37  V

89.66 7.84  V

4.89 1.04  A

3.61 33.69   

j

j

j

V

V

I

Z

(9.31)

1)

                          

1 2 98.48 17.37 89.66 7.84

98.48 89.66 17.37 7.84

188.14 9.53  V

j j

j

j

V V

2)

                          

1 2 98.48 17.37 89.66 7.84

98.48 89.66 17.37 7.84

8.82 25.21  V

j j

j

j

V V

3)
1 100 10 5 12 100 5 10 12  500 22    VVI

4) 2 2 25 3.61 33.69 5 3.61 33.69 90.14 33.69    VAI Z

5)          1 100 10 100
 10 12  20 22    

5 12 5

V

I
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6)

                              

2 2

1

2

2

100

3.61 33.69

100 0

3.61 33.69

100
0 33.69

3.69

 2.71 33.69    VA

V

Z

9.2.1

(9.21) - (9.24)

CASIO FX-350MS (Casio 
Electronics Co. Ltd.)

9.6

CASIO FX-350MS 2 60Z

(RAD DEG
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2 60Z 1 1.732jZ              

9.7

CASIO FX-350MS 1 3jZ

60

1 3jZ 2 60Z

9.2.2

cosm v m vv t V t VV (9.32)

cosm i m ii t I t II (9.33)

di
j

dt
I (9.34)

vdt
j

V
(9.35)
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(9.34) - (9.35)

R R R Rv Ri RV I (9.36)

R

(9.34)

L
L L L L L

di
v L j L jX

dt
V I I (9.37)

LX

LX L (9.38)

(9.35)

1 C C
C C C C C

j
v i dt jX

C j C C

I I
V I (9.39)

CX

1
CX

C
(9.40)

v Ri

V ZI (9.41)
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Z

R jXZ (9.42)

Z

R

X

2 2Z R X (9.43)

1tan
X

R
(9.44)

ZZ (9.45)

(9.42)

RZ (9.46)

jXZ (9.47)

9.6-
-
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R

Im

Re

X
Z

ZZ

R

Im

Re

-X
Z

ZZ

9.6

(S)
(9.48) G S) 

B (S)

1
G jBY

Z
(9.48)

9.8

9.7

14

40cos 100 5  Vsv t
+

4 F 4 mH

9.7 9.8
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40cos 100 5  Vsv t 40 5   VsV

14 1 14Z

4 mH (9.37) - (9.38)

3

2 100 4 10 1.26 j L j jZ (9.49)

4 F (9.39) - (9.40)

3 6
= 795.78 

100 4 10

j j
j

C
Z (9.50)

9.8

Im

Re

40 5   VsV

5

Im

Re

1 14 Z

Im

Re

2 1.26 jZ

Im

Re

3 795.78 jZ

9.8
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9.9

9.9 -

1 2sin 120  Ai t 2 3cos 120  Ai t

1i

1 S 2i

3 S1 F

5 H

9.9 9.9

1 2sin 120 2cos 120 90  Ai t t

1 2 90   AI

2 3cos 120  Ai t

2 3 0   AI

1 S 1 1 SY

3 S 2 3 SY

5 H (9.37) - (9.38) (9.48)

3

1 1
530.52 S

120 5
j

j L j
Y

1 F (9.39) - (9.40) (9.48)
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4

1
120 1 377 Sj C j j

j

C

Y

Im

Re

1 2 90   AI

2 3 0   AI

Im

Re

Im

Re

1 1 SY

Im

Re

2 3 SY

Im

Re
3 530.52  SjY

Im

Re

4 377  SjY

( )

9.10
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9.3

SN 9.11

(9.51)

, 1 2 3 ...
Seq s NZ Z Z Z Z (9.51)

1Z 2Z

3Z

SNZ

,eq sZ

9.11

PN 9.12

(9.52)

,

1 1 1

1

1 1 1 1
...

P

eq p

N

Z

Z Z Z Z

(9.52)

1Z 2Z 3Z PNZ,eq pZ

9.12

9.13 -
(9.53) - (9.54)
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1 2

3

A

C B

9.13 -

(9.53)
(9.54)

A C
1

A B C

A B
2

A B C

B C
3

A B C

Z Z
Z

Z Z Z

Z Z
Z

Z Z Z

Z Z
Z

Z Z Z

(9.53)

        

1 2 1 3 2 3
A

3

1 2 1 3 2 3
B

1

1 2 1 3 2 3
C

2

Z Z Z Z Z Z
Z

Z

Z Z Z Z Z Z
Z

Z

Z Z Z Z Z Z
Z

Z

(9.54)
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9.10

9.14

4 2j 5j
eqZ

9.14 9.10 (Karris, 2009)

(9.52)

1 3 4

1

1 1 1

1

1 1 1

4 2 5

1

0.25
2 5

1

0.25 0.5 0.2

1 0

0.559 63.44

1
0 63.44

0.559

1.79 63.44

eq

j j

j j

j j

Z

Z Z Z

(9.48)
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1 1 0 1
0 63.44 558.7 63.44   mS

1.79 63.44 1.79
eq

eq

Y
Z

9.11

9.15

13j 8j

10

5j

20

16 j
eqZ

9.15 9.11 (Karris, 2009)

20 16 j (9.51)

1 1 2 20 16 eq jZ Z Z (9.55)

20 16 j (9.51)

2 1 2 10 5 eq jZ Z Z (9.56)

9.16

13j 8j

eqZ
2

10 5 

eq

j

Z 1

20 16 

eq

j

Z

9.16
1eqZ 2eqZ
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1eqZ 2eqZ (9.52) (9.57)

1eqZ 2eqZ 9.17

3

1 2

1

1 1

1

1 1

20 16 10 5

1

1  0 1 0

25.61 38.66 11.18 26.57

1

1 1
0 38.66 0 26.57

25.61 11.18

1

0.0390 38.66 0.0894 26.57   

1

0.030 0.024 0.080 0.040   

1

0.030 0.080 0.024 0.040   

1

0.1

eq

eq eq

j j

j j

j

Z

Z Z

1 0.016  

1 0

0.111 8.276   

1
0 8.276

0.111  

9 8.276

8.90 1.295 

j

j (9.57)

13j 8j

eqZ
3

8.9 1.295  

eq

j

Z

9.17
1eqZ 2eqZ
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9.17
3eqZ 13j 8j (9.51)

8.90 1.295 13 8 8.90 6.29 eq j j j jZ

(9.48)

1

1

8.90 6.29

1 0

10.90 35.25

1
0 35.25

10.90

91.8 35.25   mS

75 53  mS

eq

eq

j

j

Y
Z

9.12

9.18 sv t

0.234sin 3000 10   A

si

t

270 120 mH

6 Fsv

9.18 9.12 (O’Malley, 1992)

0.234sin 3000 10   Asi t t
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0.234sin 3000 10

0.234cos 3000 10 90 0.234 100  A

0.234cos 3000 100  A

s

s

i t t

t

t

I (9.58)

120 mH 6 F

3

1

2 6

3000 120 10 360 

55.56 
3000 6 10

j L j j

j j
j

C

Z

Z
(9.59)

9.19

0.234 100  AsI

270 360 j

55.56 jsV

9.19

270 360 55.56 270 304.44 eq j j jZ (9.60)

9.20 sV

270 304.44 0.234 100

406.92 48.43 0.234 100

406.92 0.234 48.43 100

95.22 51.57   V

s eq s

j

V Z I

(9.61)

95.22cos 3000 51.57   Vsv t t
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0.234 100  AsI sV 270 304.44 j

9.20

9.13

9.21 si t

10
150sin 2500 34   V

sv

t

+
6 mH 20 F

si

9.21 9.13 (O’Malley, 1992)

150sin 2500 34   Vsv t

150sin 2500 34   V

150cos 3000 34 90 150 124  V

150cos 3000 124  V

s

s

v t

t

t

V (9.62)

6 mH 20 F
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3

1

2 6

2500 6 10 15 

20 
2500 20 10

j L j j

j j
j

C

Z

Z
(9.63)

9.22

10150 124  VsV
+ 15 j 20 j

sI

9.22

1

1 1 1

10 15 20

1

1

10 15 20

1

0.1 0.0667 0.05

1 0

0.1014 9.48

1
0 9.48

0.1014

9.86 9.48  

eq

j j

j j

j j

Z

(9.64)

9.23
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150 124  VsV 9.86 9.48  

sI

9.23

sI

150 124

9.86 9.48

150
124 9.48

9.86

15.21 133.48   A

s
s

eq

V
I

Z

(9.65)

15.21cos 2500 133.48   Asi t t

9.14

9.21 RV LV CV

50 30  VsV

6 9j

17 j
+

RV LV

CV

9.24 9.14 (Boylestad, 2002)
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6
50 30

6 9 17

6 0
50 30

10 53.13

6 50
0 30 53.13

10

30 83.13   V

R
j j

V

9
50 30

6 9 17

9 90
50 30

10 53.13

9 50
90 30 53.13

10

45 173.13   V

L

j

j j
V

17
50 30

6 9 17

17 90
50 30

10 53.13

17 50
90 30 53.13

10

85 6.87   V

C

j

j j
V

9.15

9.25 RI LI CI

3 k 4 kj 2 kj5 110  mAsI

RI LI CI

9.25 9.15 (Boylestad, 2002)
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3 3 6

1 3 3

3 3 3

3 10 4 10 12 10
3 k 4 k

3 k 4 k 3 10 4 10

12 10 12 10 90 12 10
90 53.13

3 4 5 53.13 5

2.4 143.13   k

eq

j j
j

j j

j

j

Z

(9.66)

3 3 6

2 3 3

3 3 3

3 10 2 10 6 10
3 k 2 k

3 k 2 k 3 10 2 10

6 10 6 10 90 6 10
90 33.69

3 2 3.61 33.69 3.61

1.66 56.31   k

eq

j j
j

j j

j

j

Z

(9.67)

3 3 6

3 3 3

3 3 3

4 10 2 10 8 10
4 k 2 k

4 k 2 k 4 10 2 10

8 10 8 10 0 8 10
0 90

4 2 2 90 2

4 90   k

eq

j j
j j

j j j j

j j

Z

(9.68)

9.26 - 9.28 RI

3

3

3 3

3 3

3 3

3 3

3

3

5 110  mA
 3 k

4 10 90 5 10 110

3 10 4 10 90

4 10 5 10 90 110

3 10 4 10

20 200

5 10 53.13

20
200 53.13

5 10

4 146.87   mA

eq

R

eq

j

Z
I

Z
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3 k5 110  mAsI

RI

4 90   k

 9.26 RI

5 110  mAsI 4 kj

LI

1.66 56.31   k

 9.27 LI

5 110  mAsI 2 kj

CI

2.4 143.13   k

 9.28 CI

LI

3 3

2

3 3

2

3 3

3 3 3

3

1.66 10 56.31 5 10 110
5 110  mA

 4 k 4 10 1.66 10 56.31

1.66 10 5 10 56.31 110 8.3 166.31

4 10 920.8 1.38 10 2.78 10 70.64

8.3
166.31 70.64

2.78 10

2.99 236.95

eq

L

eqj j

j j

Z
I

Z

  mA
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CI

3 3

1

3 3

1

3 3

3 3 3 3

3

2.4 10 143.13 5 10 110
5 110  mA

 2 k 2 10 2.4 10 143.13

2.4 10 5 10 143.13 110 12 33.13

2 10 1.92 10 1.44 10 2 10 196.26

12
33.13 196.26

2 10

6 163.13   mA

eq

C

eqj j

j j

Z
I

Z

9.4

(1) 0oV

(2)
1V 2V 3V ... 1NV N

(3)
(4)
(5)

 (4) 
 9.29 

V Z

I

V
I

Z

1V 2V

Z

I

1 2V V
I

Z

( )
( )
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1V 2V

I

Z

sV

1 2sV V V
I

Z

1V 2V

I

Z

sV

1 2sV V V
I

Z

( )
( )

 9.29 

(6)  (4) 

(7)  (6) 

 9.16 

 9.30 1V 2V

6 30  A 3 S 4 Sj

5 S 2 65  V

4 S 6 Sj 8 15  A

1V 2V

 9.30  9.16 (O’Malley, 1992) 

I YV (9.69)
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 9.31 

1I

6 30  A 3 S 4 Sj

5 S 2 65  V

4 S 6 Sj 8 15  A

1V 2V

2I 4I 5I
3I

0 0 VV

 9.31 

1V

1 2 36 30 0I I I (9.70)

 9.32 

1I

3 S

1V

1V 4 Sj

2I

1V

1V

5 S 2 65  V

3I

1V 2V

   
( ) ( ) ( )

 9.32 1I 2I 3I

1I 2I

1 1 1 1

2 1 1 1

3 S 3

4 S 4j j

I YV V V

I YV V V
(9.71)
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9.32-

3
1 2

3
1 2

3 1 2

1 2

2 65 0

2 65
5

5 2 65

5 5 10 65

I
V V

Y

I
V V

I V V

V V (9.72)

(9.71) - (9.72) (9.70)

1 1 1 2

1 1 1 2

1 1 1 2

1 2

1 2

1 2

1 2

6 30 3 4 5 5 10 65 0

3 4 5 5 10 65 6 30

3 4 5 5 10 65 6 30

3 4 5 5 6 30 10 65

8 4 5 6 30 10 65

8 4 5 5.20 3 4.23 9.06

8 4 5 5.20 4.23 3 9.06

8 4

j

j

j

j

j

j j j

j j

j

V V V V

V V V V

V V V V

V V

V V

V V

V V

1 25 0.97 6.06jV V (9.73)

2V

3 4 5 8 15 0I I I (9.74)

9.33
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4I

4 S

2V

2V

5I

2V

2V 6 Sj

9.33 4I 5I

4I 5I

4 2 2 2

5 2 2 2

4 S 4

6 S 6j j

I YV V V

I YV V V
(9.75)

(9.75) 3I (9.74)

1 2 2 2

1 2

1 2

1 2

1 2

1 2

5 5 10 65 4 6 8 15 0

5 5 4 6 8 15 10 65

5 9 6 8 15 10 65

5 9 6 7.73 2.07

 4.23 9.06

5 9 6 7.73 4.23

 2.07 9.06

5 9 6 3.50 11.13

j

j

j

j j

j

j

j

j j

V V V V

V V

V V

V V

V V

V V (9.76)

(9.73) (9.76)

1

2

8 4 5 0.97 6.06

5 9 6 3.50 11.13

j j

j j

V

V
(9.77)
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8 4 5

5 9 6

8 4 9 6 5 5

8.94 26.57 10.82 146.31 25

8.94 10.82 26.57 146.31 25

 96.73 172.88 25

96.01 11.99 25

71 11.99

72 170.41

j

j

j j

j

j

(9.78)
Sds

1

0.97 6.06 5

3.50 11.13 9 6

0.97 6.06 9 6 3.50 11.13 5

6.14 80.91 10.82 146.31 11.67 72.54 5 180

6.14 10.82 80.91 146.31

 11.67 5 72.54 180

 66.44 65.40 58.35 107.46

27.66 60.41 17.

j

j j

j j j

j 51 55.66

27.66 17.51 60.41 55.66

45.17 4.75

45.42 6

j

j

j

(9.79)
Ssd

2

8 4 0.97 6.06

5 3.50 11.13

8 4 3.50 11.13 5 0.97 6.06

8.94 26.57 11.67 72.54 5 6.14 80.91

8.94 11.67 26.57 72.54 30.7 80.91

 104.33 45.97 30.7 80.91

72.51 75.01 4.85 30.32

72.51 4.85

j j

j

j j j

j j

j 75.01 30.32

67.66 44.69

81.09 33.45

j

(9.80)
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1V

1
1

45.42 6 45.42
6 170.41 630.8 164.41  mV

72 170.41 72
V

2
2

81.09 33.45 81.09
33.45 170.41 1.13 203.86  V

72 170.41 72
V

9.17

9.34
1V 2V

4

15 0  V
+

1V

4j

+

20 60  V

j 2

2V

9.34 9.17 (Alexander & Sadiku, 2004)

1V 2V

20 60  V 9.35
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4

15 0  V
+

1V

4j

+

20 60  V

j 2

2V
1I

2I 3I

4I

9.35

1 2&V V

1 2 3 4 0I I I I (9.81)

9.29
1I 2I 3I 4I

1
1

1
2

2
3

2
4

15 0

4

4

2

j

j

V
I

V
I

V
I

V
I

(9.82)

(9.82) (9.81)
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1 1 2 2

1

1 2 2

1 1 2 2

1 2

1 2

15 0
0

4 4 2

0.25 0.5 0
4

0.25 0.25 0.5 3.75 0

0.25 0.25 0.5 3.75 0

25 25 50 100 375 0

j j

j
j

j j

j j

j j

V V V V

V
V V V

V V V V

V V

V V (9.83)

1 2&V V

1 2

1 2

20 60 0

20 60

V V

V V (9.84)

(9.83) (9.84)

1

2

25 25 50 100 375 0

1 1 20 60

j j V

V
(9.85)

25 25 50 100

1 1

25 25 1 1 50 100

25 50 25 100

75 75

106.07 225

j j

j j

j

j

(9.86)

Sds

1

375 0 50 100

20 60 1

375 0 1 20 60 50 100

375 20 60 111.80 243.43

375 20 111.80 60 243.43

375 2236 303.43

375 1231.85 1866.08

856.85 1866.08

2053.4 65.34

j

j

j

j

(9.87)
Ssd
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2

25 25 375 0

1 20 60

25 25 20 60 1 375 0

35.3 135 20 60 375

35.3 20 135 60 375

706 195 375

681.94 182.7 375

306.94 182.7

357.20 30.76

j

j

j

j

(9.88)

1V

1
1

2053.4 65.34 2053.4
65.34 225 19.36 290.34  V

106.07 225 106.07
V

2
2

357.20 30.76 357.20
30.76 225 3.37 194.24  V

106.07 225 106.07
V

9.18

9.36 aI bI cI

5j

aI
xI

10.6 0  A 10

1 2j 5

20 xI
+

bI
cI

9.36 9.18 (Nilsson & Riedel, 2008)
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1V 2V 9.37

1V

1 1 2

1 2
1

1 1 2

1 1 2

1 1 2

1 1

10.6 0 0

10.6 0
10 1 2

0.1 10.6 0
2.24 63.44

1
0.1 63.44 10.6 0

2.24

0.1 0.4464 63.44 10.6 0

0.1 0.2 0.4 10.6 0

0.1 0.2 0.4

a x

j

j

j

I I

V V V

V V
V

V V V

V V V

V V V

V V 2

1 2

0.2 0.4 10.6 0

0.3 0.4 0.2 0.4 10.6

j

j j

V

V V (9.89)

1V

5j

2V

aI
xI

10.6 0  A 10

1 2j 5

20 xI
+

bI
cI

9.37

2V

21 2 2

1 2
2 2

1 2 2

1 2 2

0

20
0

1 2 5 5

0.2 0.2 20 0
2.24 63.44

1
63.44 0.2 0.2 4 0

2.24

0.2 0.4 0.2 0.2 4 0

x b c

x

x

x

x

j j

j

j

j j

I I I

V IV V V

V V
V V I

V V V I

V V V I (9.90)
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1 20.2 0.4x jI V V (9.90)

1 2 2 1 2

2 1 2

2 1 2

1 2

0.2 0.4 0.2 0.2 4 0.2 0.4 0

0.2 0.2 5 0.2 0.4 0

0.2 0.2 1 2 0

1 2 1.2 1.8 0

j j j

j j

j j

j j

V V V V V

V V V

V V V

V V (9.91)

(9.89) (9.91)

1

2

0.3 0.4 0.2 0.4 10.6

1 2 1.2 1.8 0

j j

j j

V

V
(9.92)

0.3 0.4 0.2 0.4

1 2 1.2 1.8

0.5 126.87 0.447 63.44

2.236 63.44 2.163 123.69

0.5 126.87 2.163 123.69 2.236 63.44 0.447 63.44

0.5 2.163 126.87 123.69 2.236 0.447 63.44 63.44

1.082 250.56

j j

j j

1 126.88

0.36 1.02 0.6 0.8

0.36 0.6 0.8 1.02

0.24 0.22

0.326 42.51

j j

j

j

(9.93)

1

10.6 0.2 0.4

0 1.2 1.8

10.6 1.2 1.8

12.72 19.08

22.93 56.31

j

j

j

j

(9.94)
Ssd

                                  

2

0.3 0.4 10.6

1 2 0

0 1 2 10.6

10.6 21.2

23.70 63.44

j

j

j

j

(9.95)
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1V

1
1

22.93 56.31 22.93
56.31 42.51

0.326 42.51 0.326

70.34 13.80  V

V

(9.96)

2
2

23.70 63.44 23.70
63.44 42.51

0.326 42.51 0.326

72.70 20.93  V

V

(9.97)

9.37 xI

1 2

1 2

70.34 13.80 72.70 20.93

2.236 63.44

68.31 16.78 67.90 25.97

2.236 63.44

68.31 67.90 16.78 25.97

2.236 63.44

0.41 9.19

2.236 63.44

9.2 87.45

2.236 63.44

9.2
87.45 63.44

2.236

4

x
j

j j

j

j

V V
I

.11 24   A (9.98)

                          
1 70.34 13.80

7.034 13.80   A
10 10

a

V
I
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2 20

5

72.70 20.93 20 4.11 24

5

14.54 20.93 16.44 24

13.58 5.19 15.02 6.69

13.58 15.02 5.19 6.69

1.44 11.88  A

11.97 263.09   A

x
b

j j

j

j

V I
I

2

5

72.70 20.93

5

72.70 20.93

5 90

72.70
20.93 90

5

14.54 69.07   A

c
j

j

V
I

9.5

(1)
9.38–

9.38–

M 1I 2I 3I MI

(2)

1 2

( )

9.38–
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( )

9.38–

1I 2I

3I
1I 2I

1 1Z I
2 2Z I

3 1 2Z I I

1I 2I

3I
1I 2I

1 1Z I
2 2Z I

3 1 2Z I I

9.38

(3)
(4)

9.19

9.39
10AV
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5 0  A

4

6j

2 3j

8

3j
10 0  A

10AV

9.39 9.19 (Karris, 2009)

9.40

5 0  A

4

6j

2 3j

8

3j
10 0  A

10AV
I1V 3V

3             V

9.40

4 6 j 5 0  A I

I

4 6 j

1 4 6 5 0 4 6 20 30j j jV I I (9.99)

2 3 j I

2 3 j

2 2 3jV I (9.100)
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8 3 j 10 0  A I

I

8 3 j

3 8 3 10 0 8 3 80 30j j jV I I (9.101)

I

1 2 3 0

4 6 20 30 2 3 8 3 80 30 0

4 6 20 30 2 3 8 3 80 30 0

4 6 2 3 8 3 60 0

4 6 2 3 8 3 100 60

14 6 100 60

100 60

14 6

116.62 30.96

15.23 23.20

7.66 7.76   A

j j j j j

j j j j j

j j j

j j j j

j j

j

j

V V V

I I I

I I I

I I I

I

I

I

(9.102)

9.40 10 0  A

8 3 j 10AV

10A 3

8 3 7.66 7.76 80 30

8.54 20.57 7.66 7.76 80 30

8.54 7.66 20.57 7.76 80 30

65.42 28.33 80 30

57.59 31.05 80 30

57.59 80 30 31.05

22.41 1.05

22.44 182.68   A

j j

j

j

j

j j

j

j

V V
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9.20

9.41
1V 2V 3V

1                V

150 0  V
+

1 2j 1 3j

12

16 j
39 xI

+

xI

3                V

2V

9.41 9.20 (Nilsson & Riedel, 2011)

9.42

1                V

150 0  V
+

1 2j 1 3j

12

16 j
39 xI

+

xI

1

2V1I 2I

a

2I1I

( ) 1I

150 0  V
+

1 3j 1 3j

12

6j
39 xI

+

xI

3                V

2

2V1I 2I

a

2I1I

( ) 2I

9.42
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1I 9.42- 1 3 j

1I 1 3 j

1 11 2jV I (9.103)

12 6 j 1I 2I

1I 12 6 j

1

2 1 2 1 212 16 12 16 12 16j j jV I I I I (9.104)

1I -

1

1 2

1 1 2

1 2

1 2

150 0 0

1 2 12 16 12 16 150 0

1 2 12 16 12 16 150 0

13 14 12 16 150 0

j j j

j j j

j j

V V

I I I

I I

I I (9.105)

2I 9.42- 12 16 j 1I

2I 2I

12 16 j
2

2 2 1 1 212 16 12 16 12 16j j jV I I I I (9.106)

1 3 j 2I

1 3 j

3 21 3jV I (9.107)

2I -

2

2 3 39 0xV V I (9.108)

a 9.42

1 2xI I I (9.109)
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xI
2

2V 3V (9.108)

2

2 3

1 2 2 1 2

1 2 1 2

1 2

39 0

12 16 12 16 1 3 39 0

12 16 13 13 39 39 0

27 16 26 13 0

x

j j j

j j

j j

V V I

I I I I I

I I I I

I I (9.110)

(9.105) (9.110)

1

2

13 14 12 16 150 0

27 16 26 13 0

j j

j j

I

I
(9.111)

13 14 12 16

27 16 26 13

13 14 26 13 27 16 12 16

19.11 47.12 29.07 153.44 31.38 30.65 20 126.87

19.11 29.07 47.12 153.44 31.38 20 30.65 126.87

555.53 200.56 627.6 157.52

520.15 195

j j

j j

j j j j

j .10 579.91 239.97

520.15 579.91 195.10 239.97

59.76 44.87

74.73 36.90

j

j

j

(9.112)

1

150 0 12 16

0 26 13

150 26 13 0

3900 1950

4360.33 153.43

j

j

j

j

(9.113)

2

13 14 150 0

27 16 0

27 16 150 0

4050 2400

4707.71 149.35

j

j

j

j

(9.114)
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1I 2I

1
1

4360.33 153.43 4360.33
153.43 36.90

74.73 36.90 74.73

58.35 116.53   A

I

(9.115)

2
2

4707.71 149.35 4707.71
149.35 36.90

74.73 36.90 74.73

63 112.45   A

I

(9.116)

(9.103)
1V

1 11 2

2.24 63.44 58.35 116.53

2.24 58.35 63.44 116.53

130.70 53.09   V

jV I

(9.109) xI

1 2 58.35 116.53 63 112.45

26.06 52.21 24.06 58.23 2 6.02

6.34 108.38   A

x

j j j

I I I

(9.117)

2V

2 12 16

20 53.13 6.34 108.38

20 6.34 53.13 108.38

126.8 55.25   V

xjV I

(9.107)
3V



| 592

3 21 3

3.16 71.57 63 112.45

3.16 63 71.57 112.45

199.08 40.88   V

jV I

9.21

9.43 oV

8

10 0  A
+

4j

2j

64 0  A

5j

3 0  AoV

9.43 9.21 (Alexander & Sadiku, 2009)

9.43 4 0  A

9.44
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oI

8

2I 3I

a 3I2I

10 0  A
+

4j

2j

64 0  A

5j

3 0  AoV

1I 4I

b
4I1I

9.44

4I 3 0  A

4 3 0  AI (9.118)

1I

1 2 4

1 2 4

1 2

1 2

1 2

10 0 8 2 8 2 0

8 2 8 2 10 0

8 2 8 2 3 0 10 0

8 2 8 6 10 0

8 2 8 10 6

j j

j j

j j

j j

j j

I I I

I I I

I I

I I

I I (9.119)

2 3&I I

1 2 3 4

1 2 3 4

1 2 3

1 2 3

8 8 4 6 5 5 0

8 8 4 6 5 5 0

8 8 4 6 5 5 3 0 0

8 8 4 6 5 15

j j j

j j j

j j j

j j j

I I I I

I I I I

I I I

I I I (9.120)
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a
2I 3I 4 0

2 3

2 3

4 0 0

4 0

I I

I I (9.121)

(9.119) - (9.121)

1

2

3

8 2 8 0 10 6

8 8 4 6 5  15

0 1 1 4 0

j j

j j j

I

I

I

(9.122)

8 2 8 0

8 8 4 6 5

0 1 1

8 2 8 4 1 0 0 0 1 6 5 8 2 1 8 8

8.25 14.04 8.94 26.57 7.81 39.81 8.25 14.04 64

8.25 8.94 14.04 26.57 7.81 8.25 39.81 14.04 64

73.76 40.61 64.43 25.77 64

56 48

j

j j

j j j j

j .01 58.02 28.01 64

53.87 158.21

j

(9.123)

1

10 6 8 0

15 8 4 6 5

4 0 1 1

10 6 8 4 1 8 6 5 4 0 0

 0 1 6 5 10 6 1 8 15

11.66 30.96 8.94 26.57 32 7.81 39.81

 7.81 39.81 11.66 30.96 120

11.66 8.94 30.96 26.57 249.92 39.81

 7.81 11.66

j

j j j

j j j

j j j

j

39.81 30.96 120

104.24 4.39 249.92 39.81 91.07 70.77 120

103.93 7.98 191.98 160.01 30 86 120

194.88 72.67

j

j

j j j j

(9.124)
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1I

1
1

194.88 72.67

53.87 158.21

194.88
72.67 158.21

53.87

3.61 85.54   A

I

(9.125)

b 9.43 oI

0 1 4 3.61 85.54 3 0 0.28 3.60 3 4.87 47.66   AjI I I (9.126)

oV

2

2 90 4.87 47.66

2 4.87 90 47.66

9.74 137.66   V

o ojV I

9.6

9.45-
9.45-( )

ThZ

ThV
+

a

b

NI NZ

a

b

9.45
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(9.127) - (9.128)

Th
N

Th

V
I

Z
(9.127)

N ThZ Z (9.128)

(1)

(2)
V 1 A

(9.127) (9.128)

1 A

s
Th

V
Z (9.129)

1 V
Th

s

Z
I

(9.130)

sV 1 A

sI V

(3)

ThV 9.46

(1)

(2)
V 1 A

(9.129) (9.130)
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(3)

NI

oc ThV V

a

b

a

b

sc NI I

9.46

V 1 A

9.22

9.47 a-b

6j 4

12 j8

+

120 75  V

d

a be c

f

9.47 9.22 (Alexander & Sadiku, 2009)
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120 75  V 9.48

6j 4

12 j8

d

a b
e c

f

ThZ

9.48 120 75  V

6j 8 4 j12 

1

6 8 48 48 90

6 8 8 6 10 36.87

2.88 3.84 

eq

j j

j j

j

Z

(9.131)

2

4 12 48 48 90

4 12 4 12 12.65 71.57

3.60 1.2 

eq

j j

j j

j

Z

(9.132)

1eqZ 2eqZ

a b
e c

ThZ

f, d

1eqZ 2eqZ

9.49
1eqZ 2eqZ
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9.49

1 2 2.88 3.84 2.88 3.84 6.48 2.64 Th eq eq j j jZ Z Z

9.50

1

8 960 75
120 75 35.76 89.09 V

6 8 10 36.87
j

j
V (9.133)

2

12 90 120 7512
120 75 6.81 113.63 V

4 12 12.65 71.57

j
j

j
V (9.134)

1 2 35.76 89.09 6.81 113.63 37.95 139.71  VTh j jV V V

6j 4

12 j8

+

120 75  V

d

a b
e c

f

ThV

1V 2
V

9.50

a-b 9.51

6.48 2.64 j

37.95 139.71  V
+

a

b

9.51 9.22
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9.23

9.52 a-b

2

4j
15 0  A

4 3j

0.5 oI

oI

a

b

9.52 9.23 (Alexander & Sadiku, 2009)

0.5 oI

15 0  A 1 A a-b

9.53

2

4j

4 3j

0.5 oI

oI

1 A
sV

a

b

9.53

a

1 0.5 0

1.5 1

666.67 mA

o o

o

o

I I

I

I (9.135)
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sV a-b

33 4 2 4 6.08 9.46 666.67 10 4.05 9.46  Vs oj jV I (9.136)

(9.129) ThZ

4.05 9.46
4.05 9.46  

1 A
ThZ

9.54
c

15 0 0.5 0

1.5 15 0

10 0  A

o o

o

o

I I

I

I (9.137)

2

4j
15 0  A

4 3j

0.5 oI

oI

a

b

c

ThV1V

2                V

9.54

9.54

1 2

1 2

0

2 4 4 3 0.5

5.5

5.5 10 0

55

55 90  V

Th

Th

o o

o

j j

j

j

j

V V V

V V V

I I

I
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a-b 9.55

4.05 9.46  

55 90  V
+

a

b

9.55 9.22

9.24

9.52 a-b

6

50 45  V
+ 8j

4
3V

+

V

a

b

9.56 9.26 (O’Malley, 1992)

50 45  V 1 A a-b

9.57

6

8j

4
3V

+

V

1 AI
sV1 A

9.57
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I

6 8 8 1 0

8

6 8

8 90

10 53.13

0.8 143.13  A

j j

j

j

I

I

(9.138)
V

6 6 0.8 143.13 4.8 143.13  VV I (9.139)

9.57

3 4.8 143.13 4 8 1 8 0.8 143.13

11.52 8.64 4 8 8 90 0.8 143.13

15.52 16.64 3.84 5.12

22.53 30.75  V

s j j

j j

j j

V

(9.140)

(9.129) NZ

22.53 30.75  V
22.53 30.75  

1 A
NZ

a-b

9.58

6

50 45  V
+ 8j

4
3V

+

V

a

b

NI1I 2I

9.58
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1I

1 2

1 2

1 2

50 45 6 8 8 0

6 8 8 50 45

3 4 4 25 45

j j

j j

j j

I I

I I

I I (9.141)

2I

2 1

1 2 1

1 2

1 2

3 4 8 8 0

3 6 4 8 8 0

18 8 4 8 0

9 4 2 4 0

j j

j j

j j

j j

V I I

I I I

I I

I I (9.142)

(9.141) - (9.142)

1

2

3 4 4 25 45

9 4 2 4 0

j j

j j

I

I
(9.143)

3 4 4

9 4 2 4

3 4 2 4 9 4 4

5 53.13 4.47 63.43 9.85 23.96 4 90

9.99 19.99 16 36

56.31 83.87

j j

j j

j j j j

j j

(9.144)

2

3 4 25 45

9 4 0

0 9 4 25 45

9.85 156.04 25 45

246.25 111.04

j

j

j

(9.145)



605 |                                            

2I

2
2

246.25 111.04
4.37 27.17  A

56.31 83.87
I (9.146)

9.58 NI 2I

4.37 27.17  ANI

9.59

4.37 27.17  A 22.53 30.75  

a

b

9.59 9.22

9.25

9.60 a-b

2 k

0.3 10  V
+ 50 BI 10 k

10 kj

b

2 k

a

BI

9.60 9.25 (O’Malley, 1992)

0.3 10  V 1 V a-b

9.61
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2 k

50 BI 10 k

10 kj

b

2 k

a

BI 1 V
+

1V

1I
2I 3I

1 V

sI

9.61

1V

1 250 0BI I I (9.147)

0 ABI (9.147)

(9.148)

2

1 1

3 3

1 1

1

1

0 0

1 V
0

10 10 10 10

1 0

1 0

1

1 90

1.41 45

0.707 45  V

j

j

j j

j

j

I I

V V

V V

V

V

(9.148)

2 k

50 BI 10 k

10 kj

b

2 k

a

BI

2V

4I
5I

NI

0.3 10  V
+

9.62
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V 9.61

2 3

1

3 3

3 3

3

3

3

3

3

0

1 V 1 V
0

10 10 2 10

0.707 45 1 1
0

10 10 2 10

0.707 45 1 5 10 10 0

10 10 0.707 45 1 5

0.707 45 1 5

10 10

0.5 0.5 1 5

10 10 90

5.52 95.19

10 10 90

552 5.19  

s

s

s

s

s

s

j

j

j j

j j

j

j

j j

I I I

V
I

I

I

I

I

A (9.149)

(9.130) NZ

6

1 V
1.81 5.19  k

552 5.19 10
NZ

a-b

9.62 BI

3

0.3 10
150 10  A

2 10
BI (9.150)

a-b 2 k 10 k

10 kj 5I

3

5 3 3

6

6

10 10
50

10 10 10 10

10
50 150 10 10

10 10

10 150 10 10

14.14 45

5.30 55  mA

B
j

j

I I

(9.151)
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NI 5I NI

5 5.30 55  mANI I

9.63

4.37 152.83  A 22.53 30.75  

a

b

9.63 9.22

9.26

9.52

85

200 j

100

50

100 j

170 0  V
+

xI

9.64 9.26 (Karris, 2009)

170 0  V 100 9.65
85 200 j 100 j 50
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1

85 200 17000 17000 90

85 200 85 200 217.31 66.97

72 30.60 

eq

j j

j j

j

Z

(9.152)

85

200 j 50

100 j

NZ

9.65

2

50 100 5000 5000 90

50 100 50 100 111.80 63.44

40 20 

eq

j j

j j

j

Z

(9.153)

1eqZ 2eqZ

NZ

1eqZ 2eqZ

9.66
1eqZ 2eqZ

9.66

1 2 72 30.60 40 20 112 10.6 112.5 5.4  N eq eq j j jZ Z Z (9.154)
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100 NI 9.67 85

100 j 200 j 50

3

85 100 8500 8500 90

85 100 85 100 131.24 49.64

64.77 90  

eq

j j

j j
Z

(9.155)

85

200 j 50

100 j

170 0  V
+

NI

3V

4V

3I

4I

9.67

4

50 200 10000 10000 90

50 200 50 200 206.16 75.96

48.51 14.04  

eq

j j

j j
Z

(9.156)

3eqZ 4eqZ

9.68

170 0  V
+

3V

4V

3 64.77 90  eqZ

4 48.51 14.04  eqZ
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9.68
3eqZ 4eqZ

9.68

3

64.77 90
170 100.35 42.55

64.77 90 48.51 14.04

109 22.98  V

jV

(9.157)

          

4 3170 0 170 0 100.35 42.55 69.65 42.55

81.62 31.42  V

j jV V

(9.158)

9.67 3I 4I

                   
3

3

109 22.98
1.18 0.5  A

85 85
j

V
I (9.159)

4
4

81.62 31.42
0.213 0.348  A

200 200 90
j

j

V
I (9.160)

NI

3 4 1.18 0.5 0.213 0.348 0.98 8.93   AN j jI I I (9.161)

9.69-( ) 100

9.69-( ) xI

112.5 5.4
0.98 8.93   A

100 112.5 5.4

112.5 0.98 5.4 8.93

100 112.5 10.59

110.25 3.53

212.76 2.85

518.19 6.38  mA

x

j

I
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0.98 8.93   A 112.5 5.4  

9.26

0.98 8.93   A 112.5 5.4  100

xI

100

9.69

9.7
(1)
(2) f t f t nT

t n

(3)

a jbz

zz

jzez

2 2z a b
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1tan
b

a

cosa z

sinb z

cosz t z

(4)

LR jXZ CR jXZ

ZZ

-

LjX j L

C

j
jX

C

(5) Y

G B



| 614

1
G jBY

Z

(6)

, 1 2 3 ...
Seq s NZ Z Z Z Z

(7)

,

1 1 1

1

1 1 1 1
...

P

eq p

N

Z

Z Z Z Z

(8)

A C
1

A B C

A B
2

A B C

B C
3

A B C

Z Z
Z

Z Z Z

Z Z
Z

Z Z Z

Z Z
Z

Z Z Z

(9)

1 2 1 3 2 3
A

3

1 2 1 3 2 3
B

1

1 2 1 3 2 3
C

2

Z Z Z Z Z Z
Z

Z

Z Z Z Z Z Z
Z

Z

Z Z Z Z Z Z
Z

Z

(10)
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9.8
9.8.1

(1)
. 50sin 300 40  Vv t

. 9sin 900 20  mAi t

. 25.7 cos 550 12  Vv t

. 50cos 278 45  Ai t

. 4sin 20 1.2cos 5  kAi t t

. 4sin 40 17 9sin 40 34 4cos 40 5 3cos 40t t t t

(2)
1100  rad.s

. 6 9  VjV . 33 9   AI

. 1.2  mAI . 45 54   AI

. 34  kAjI . 345  VV

. 45 3  kVjV . 20 345 90   VV

. 120 200  VjV . 43 23 23   AI

. 23   VjV . 30 12 17   AI

(3) 9.70

270 120 mH

1
 F

6
0.234sin 3000 10  At

( ) (O’Malley, 1992)
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1 k

0.03 F
38cos 10  mAt 5 k 2 k

( ) (Franco, 1995)

9.70 3)

(4) 9.71 oV

8 12  A oV4 8  j

9.71 4)

(5) 9.72

9 1.2  Sj40 15  V
+

I

9.72 5)
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(6) 9.73

Z220 1.05  V
+

1.2 45.32  AI

( )

6 20 Vj10 5  Aj Y

( )

9.73 6)

9.8.2
(7) 9.74 ov

10cos  Vt
+

400 10 mH

10 nF
ov

9.74 7) (O’Malley, 1992)
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(8) 9.75 ov

5cos 2  Vt
+

2 0.25 F

1 Hov

9.75 8) (Alexander & Sadiku, 2004)

(9) 9.76 xi

2sin 5  At 2 1 0.2 F

xi

9.76 9) (Alexander & Sadiku, 2004)

(10) 9.77 v i

10cos 3 45  At 4
1

 F
6

i

v

9.77 (10) (Alexander & Sadiku, 2004)
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(11) 9.78 v i

4

1
 F

12

50cos 4  Vt
+

8

3 Hv

i

9.78 11) (Alexander & Sadiku, 2004)

(12) 9.79 1i 2i

40 0  V
+

8

10 j5j

1i 2i

9.79 12) (Alexander & Sadiku, 2004)

(13) 9.80 oi

. 11 rad.s . 12,000 rad.s

. 15 rad.s . 12,000,000 rad.s

4cos  Vt
+

1 H

2 0.05 F

oi

9.80 13) (Alexander & Sadiku, 2004)
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(14) 9.81 1100  rad.s

inZ

10 mH

1

10 mF

1
inZ

1 mF

10 0.4 H

20 0.2 H
inZ

9.81 14) (Alexander & Sadiku, 2004)

(15) 9.82
eqZ

6

1

2j

2

4jeqZ

9.82 15) (Alexander & Sadiku, 2004)
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(16) 9.83 110 krad.s

eqZ

eqZ

50 2 mH

2v
+

1 F

v

9.83 16) (Alexander & Sadiku, 2004)

(17) 9.84
eqZ

4j

j

eqZ

2

2j 2j1

9.84 17) (Alexander & Sadiku, 2004)

(18) 9.85 a-b

6j 9j

20

6j 9j

6j

20 10

9j

a

b

9.85 18) (Alexander & Sadiku, 2004)
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(19) 9.86 a-b

2 S

5 Sj

1 S 3 Sj

 Sj

2 Sj

4 S

a

b

9.86 19) Alexander & Sadiku, 2004)

(20) 9.87 a-b

a

b

70 mSj 50 mS

90 mSj100 mSj

40 mS 60 mSj

30 mSj

40 mSj

9.87 20)

9.8.3
(21) 9.88 BI

2V

(22) 9.89 2v

(23) 9.95
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5 90  A 10 0  A3

5j

6

3jBI

2V

9.88 21) (Hayt, Kemmerly, & Durbin, 2007)

33cos 10 3  Vt
+

100 600 F

23v

25v

500 F

2 mH2v

9.89 22) (Hayt et al., 2007)

12 0  V
+

0.5 k

10 kj

2 k

5 kj 4 0  mA

9.90 23) (Boylestad, 2002)
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(24) 9.91 LV

10 1.5  V
+ 2 kj1 k 100I 4 k 1 k

I

LV

9.91 24) (Boylestad, 2002)

(25) 9.92 1V

2V

30 0  V
+

4

4j j

+

40 60  V

2

1V 2V

9.92 25) (Alexander & Sadiku, 2009)

(26) 9.93 I

40 90  V
+

2

2j 4

j

2I

I

10 0  A

9.93 26) (Alexander & Sadiku, 2009)
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(27) 9.94 oV

4j2

+

12 0  V 4

2 oV

2j

oV

9.94 27) (Alexander & Sadiku, 2009)

(28) oI

6 50  V
+

10 k 15 kj

12 k 9 kj

16 kj

13 k

oI

9.95 28) (O’Malley, 1992)

(29) oI

oV

(30) oV
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(31) oI

oV

6 30  V
+

4 k

4 kj

3 k

oI

5 kj

7 kj

6 k
oV

9.96 29) (O’Malley, 1992)

+

4 40  V
+

3 20  V
+

oV

5 k 3 kj

8 k 10 kj

6 k 4 Fj

8 k 10 kj

5 70  V

9.97 30) (O’Malley, 1992)
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5 30  V
+

4 k 5 kj

6 k 7 kj

10 k

12 kj

8 k

oI

9 kj

44 kj

13 k
oV

9.98 31) (O’Malley, 1992)

9.8.4
(32) 9.99 xI

10 0  V
+

1

2j

3 xI

+

4j

xI

9.99 32) (Franco, 1995)

(33) 9.100 xi

(34) 9.101
2I

(35) 9.102 oI
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(36) 9.103 9.102
oI

5120cos10  Vt
+

2 k 20 mH 30 mH 3 k

4000 xi
+

10 nF

1 kxi

9.100 33) (Franco, 1995)

1

2j

8 20  V
+

4

8j

+10 0  V

6j

2I

9.101 34) (Boylestad, 2002)

4j

5

+

50 0  V

6j

8j

2 0  A

10 oI

9.102 35) (Alexander & Sadiku, 2004)
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100 120  V
+

2

40 j

60 j

40 j

20

60 30  V
+

oI

9.103 36) (Alexander & Sadiku, 2004)

(37) 9.104 oV

4j

2 2

2

3j

12 0  V
+4 90  A

2 0  A

oV

9.104 37) (Alexander & Sadiku, 2004)

9.8.5
(38) 9.105

a-b

(39) 9.106
a-b c-d
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4j

6

2j
2 0  A

a

b

( )

30

60120 45  V
+

10 j

5j

a

b

( )

9.105 38) (Alexander & Sadiku, 2004)

10

20 0  V
+ 5j

4j

4 0  A 4

a

b

c d

9.106 39) (Alexander & Sadiku, 2004)
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(40) 9.107
a-b

2 0  A 3j

4

1.5 xI

xI

a

b

9.107 40) (Alexander & Sadiku, 2009)

(41) 9.108
a-b

4cos 200 30  At

a

b

10 H 2 k

5 F

9.108 41) (Alexander & Sadiku, 2009)

(42) 9.109 oi

4

20cos 30  Vt
+ 1

 F
4

2 H

1
 F

8
2

3 oi

ov

oi

9.109 42) (Alexander & Sadiku, 2009)
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(43) 9.110 LZ

L ThZ Z ThZ )

1

120 0  V
+ 10 H

j

2 oVoV LZ

9.110 43) (Alexander & Sadiku, 2009)

(44) 9.111 LZ

L ThZ Z ThZ

2

160cos 4  Vt
+ 1

 F
20

0.5 ov

4

1 H LZov

9.111 44)
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10.1
1-9

9

10.2
N i -

10.1
(10.1)

d
v N

dt
(10.1)

N

Wb,

i t v

10.1 (Alexander & Sadiku, 2009)
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(10.1)

d di di
v N L

di dt dt
(10.2)

(10.2)

d
L N

di
(10.3)

(10.3) (Alexander & Sadiku, 
2009)

10.2 -

11 12

(10.4)

1 11 12 (10.4)

1i t

11

1v

1L 2L

2v

1N
2N

12

10.2
21M (Alexander & 

Sadiku, 2009)

1

1

1 1 1 1
1 1 1 1

1

d d di di
v N N L

dt di dt dt
(10.5)
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12

12 12 1 1
2 2 2 21

1

d d di di
v N N M

dt di dt dt
(10.6)

21M

(10.7)

1
2 21

di
v M

dt
(10.7)

10.3

22 21

(10.8)

2 21 22 (10.8)

2i t

22

2v

2L1L

1v

1N1N

21

10.3
12M (Alexander & 

Sadiku, 2009)

2

2 2 2 2
2 2 2 2

2

d d di di
v N N L

dt di dt dt
(10.9)
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21

21 21 2 2
1 1 1 12

2

d d di di
v N N M

dt di dt dt
(10.10)

12M (Alexander & 

Sadiku, 2009) (10.11)

2
1 12

di
v M

dt
(10.11)

(Alexander & 
Sadiku, 2009)

H)

(Alexander & Sadiku, 2009)

2

10.4

1
2

di
v M

dt

M
1i

1
2

di
v M

dt

M
1i
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2
1

di
v M

dt

M
2i

2
1

di
v M

dt

M
2i

10.4 (Alexander & Sadiku, 2009)

12 21M M M

10.5- (10.12)
10.5-

(10.13)

1 2 2eqL L L M (10.12)

1 2 2eqL L L M (10.13)

1L 2L

i i

M

1L 2L

i i

M

( ) ( )

10.5 (Alexander & Sadiku, 2009)

10.6-
10.6-

10.6- 1i

2i
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1 2
1 1 1 1

1 2
2 2 2 2

di di
R i L M v

dt dt

di di
M R i L v

dt dt

(10.14)

(10.14)

1 1 1 2 1

1 2 2 2 2

R j L j M

j M R j L

I I V

I I V
(10.15)

(10.15)
1I 2I

M

1L 2L

2R1R

1v
+

2v
+1i 2i

j M

1j L 2j L

1Z

V
+ 1I 2I

LZ

10.6 (Alexander & Sadiku, 2009)
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10.1
10.7 1I 2I

3j

5j 6j12 0  V
+ 1I 2I

4j

12

10.7 10.1 (Alexander & Sadiku, 2009)

10.8
1

mV 1I
2

mV 2I

3j

5j 6j12 0  V
+ 1I 2I

4j

12

2

mV
1

mV

10.8

1I

2

1

1 2

12 0 5 4 0

3 12 0

mj j

j j

I V

I I (10.16)
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2I

1

2

1 2

1 2

12 6 0

3 12 6 0

4 2 0

mj

j j

j j

I V

I I

I I (10.17)

(10.16) - (10.17)

1

2

3 12 0

4 2 0

j j

j j

I

I
(10.18)

3

4 2

4 2 3

1 90 4.47 26.57 1 90 3 90

4.47 116.57 3 180

2 4 3

4.12 75.96

j j

j j

j j j j

j

(10.19)

1

12 3
12 4 2 12 0 4.47 26.57 53.64 26.57

0 4 2

j
j

j
(10.20)

2

12
12 12 12 90

0

j
j j

j
(10.21)

1I 2I

                        1
1

53.64 26.57
13.02 49.39  A

4.12 75.96
I

                        2
2

12 90
2.91 14.04  A

4.12 75.96
I
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10.2
10.9

1I 2I

4

100 0  V
+

3j

6j

8j

5

2j

1I 2I

10.9 10.2 (Alexander & Sadiku, 2009)

1I 2I 8j 2I

– 6j 10.10

1I

2

1 2

1 2 2

1 2

100 0 4 3 6 6 0

4 3 6 2 100 0

4 3 8 100 0

mj j j

j j j

j j

I I V

I I I

I I (10.22)

4

100 0  V
+

3j

6j

8j

5

2j

1I 2I
2

mV

10.10
2I

2I 1I 6j 1I

+ 8j 10.11 2I

6j 8j
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1 2 2 6 8 2 2 18 eq m j j j jZ Z Z Z (10.23)

4

100 0  V
+

3j

6j

8j

5

2j

1I 2I

1    mV

10.11
1I

2I

1

1 2

1 2 1

1 2

6 5 0

6 18 5 2 0

8 5 18 0

eq mj

j j j

j j

I Z I V

I I I

I I (10.24)

(10.22) - (10.24)

1

2

4 3 8 100 0

8 5 18 0

j j

j j

I

I
(10.25)

4 3 8

8 5 18

4 3 5 18 8 8

5 36.87 18.68 74.48 8 90 8 90

34 86.99 64

92 70.97

j j

j j

j j j j

j

(10.26)

1

100 8
100 5 18 500 1800 1868.2 74.48

0 5 18

j
j j

j
(10.27)
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2

4 3 100
8 100 800 800 90

8 0

j
j j

j
(10.28)

1I 2I

                        1
1

1868.2 74.48
 20.31  3.51  A

92 70.97
I

                        2
2

800 90
 8.70 19  A

92 70.97
I

10.3
10.9

1i 2i

5

1v
+

7 H

1 F

6 H 3

2 H

3i

10.12 10.2 (Hayt, Kemmerly, & Durbin, 2007)

10.13 10.14

2I 6j 2I –

7j 3I 6j 3I

+ 7j 1I

2 3

1 1 2

1 2 2 3 1

1 2 3 1

5 7 7 0

5 7 7 2 2

5 7 9 2

m mj j

j j j j

j j j

V I I V V

I I I I V

I I I V (10.29)
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7j

j

6j 3

2j

2I
3I1I

5

1V
+

10.13

5

1V
+ 7j

j

6j 3

2j

2 3

m mV V

2I
3I

10.14
2I 3I

10.15 2I 1I 7j

1I + 6j 3I 6j

3I + 7j

2I 7j 6j

1 2 2 7 6 2 2 17  eq m j j j jZ Z Z Z (10.30)

7j

j

6j 3

2j

2I
3I1I

5

1V
+ 3

mV
1

mV

10.15 1I 3I
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2I

1 3

1 2 3

1 2 3 1 3

1 2 3

2 2 2

1 2 3

7 6 0

7 17 6 2 2 0

9 17 8 0

9 17 1 8 0

eq m m

j
j j

j
j j j j j

j
j j j

j j j

I Z I I V V

I I I I I

I I I

I I I (10.31)

10.16
3I 1I 7j

1I + 6j 2I 7j

2I - 6j

3I

1 2

2 3

2 3 1 2

1 2 3

6 6 3 0

6 3 6 2 2 0

2 8 3 6 0

m mj j

j j j j

j j j

I I V V

I I I I

I I I (10.32)

7j

j

6j 3

2j

2I
3I1I

5

1V
+ 1 2

m mV V

10.16
1I 2I

(10.29) (10.31) (10.32)

1 1

2 2 2

2

3

5 7 9 2

9 17 1 8  0

02 8 3 6

j j j

j j j

j j j

I V

I

I
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10.3
10.17

2i 1i

1I 1

1
1 1 1 1 1

di
p i v i L

dt
(10.33)

2v

M
1i

1v

2i

1L 2L

10.17 (Alexander & Sadiku, 2009)

1 10 I

1 21
1 1 1 1 1 1 1 1 1

0

1

2

Idi
w p dt i L dt L i di L I

dt
(10.34)

1 1i I 2i 2I

1 2i
2

12

di
M

dt
2

2

2 2 2
2 1 12 2 2 1 12 2 2

di di di
p i M i v I M i L

dt dt dt
(10.35)

2
20 I

2 2 2

2 2 1 12 2 2 2 2 12 1 2 2 2
0 0

1

2

I I

w p dt I M di L i di M I I L I (10.36)
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1 2

2 2

1 2 1 1 2 2 12 1 2

1 1

2 2
w w w L I L I M I I (10.37)

2i 2I 1i

1I 1 2

2 2

1 1 2 2 21 1 2

1 1

2 2
w L I L I M I I (10.38)

(10.37) (10.38)

12 21M M M (10.39)

2 2

1 1 2 2 1 2

1 1

2 2
w L I L I MI I (10.40)

1i 2i

2 2

1 1 2 2 1 2

1 1

2 2
w L I L I MI I (10.41)

2 2

1 1 2 2 1 2

2

1 1 2 2 1 2 1 2

1 1
0

2 2

1
0

2

L I L I MI I

I L I L I I L L M
(10.42)

(10.42)



651 | 10                                            

1 2

1 2

0L L M

M L L (10.43)

(10.43)

k

(10.44)

1 2

M
k

L L
(10.44)

(Alexander & Sadiku, 2009)

0-1

1k

0.5k 0.5k

10.4
10.18 1 s 

60cos 4 30  Vv t

2.5 H

5 H 4 Hv +

10

1
 F

16

10.18 10.4 (Alexander & Sadiku, 2009)
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(10.44)

1 2

2.5
0.56

5 4

M
k

L L

0.5k

160cos 4 30 60 30 ,   4 rad.s

5 H 4 5 20 

2.5 H 4 2.5 10 

4 H 4 4 16 

1
 F 4

116
4

16

t

j L j j

j L j j

j L j j

j j
j

C

10.19

10 j

20 j 16 j60 30  V
+ 1I 2I

10

4j

10.19

2I 16 j + 20 j

10.20 1I

2

1

1 2

1 2

60 30 10 20 0

10 20 10 60 30

1 2 6 30

mj

j j

j j

I V

I I

I I (10.45)
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10 j

20 j 16 j60 30  V
+

1I

2I

10

4j2

mV
1

mV

10.20 1I 2I

1I 20 j + 16 j

10.20 2I

1

2

2 1

1 2

16 4 0

12 10 0

5 6 0

mj j

j j

j j

I V

I I

I I (10.46)

(10.45) - (10.46)

1

2

1 2 6 30

5 6 0

j j

j j

I

I
(10.47)

1 2

5 6

1 2 6 5

2.24 63.44 6 90 5 90 1 90

13.44 153.44 5 180

12.02 6 5

9.24 139.48

j j

j j

j j j j

j

(10.48)

                    

1

6 30

0 6

6 30 6 0

6 30 6 90

36 120

j

j

j j

(10.49)
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2

1 2 6 30

5 0

1 2 0 5 6 30

5 90 6 30

30 120

30 180 120

30 300

j

j

j j

(10.50)

1
1

36 120
3.90 19.48  A

9.24 139.48
I (10.51)

1i

1 3.90cos 4 19.48  Ai t (10.52)

2I

2
2

30 300
3.25 160.52  A

9.24 139.48
I (10.53)

2i

2 3.25cos 4 160.52  Ai t (10.54)

1 st 1i 2i

1

4 180
4 4 1 4 rad 229.18

t
t (10.55)

(10.54) (10.52) (10.54) 1i 2i

1

2

3.90cos 229.18 19.48 3.388 A

3.25cos 229.18 160.52 2.823 A

i

i
(10.56)
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1i 2i (10.38)

2 2

1 1 2 2 21 1 2

2 2

1 1

2 2

1 1
5 3.389 4 2.824 2.5 3.389 2.824

2 2

20.73 J

w L I L I M I I

10.5

10.21 2 ms 11000 rad.s

3 90  A 4

10 j 10 j

5j

8

20 0  V
+

0.5k

10.21 10.5
: http://highered.mcgraw-hill.com/sites/dl/free/0073380571/938341/Chapter_13

_Magnetically_Coupled_Circuits.pdf, 12 2555)

10.22
3I

10 j 10 j

2I 10 j 10 j

10.22
10 Lj jX

1 2

10
10 mH

1000

LX
L L (10.57)

(10.44)

3 3

1 2 0.5 10 10 10 10 5 mHM k L L (10.58)
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3 90  A 4

10 j 10 j

5j

8

20 0  V
+

5j

1I 2I 3I

3    mV
2    mV

10.22

31000 5 10 5 mjX j M j j (10.59)

2I

3

1 2 3

1 2 3 3

1 2 3

2 3

2 3

4 4 10 5 5 0

4 4 5 5 5 0

4 4 5 10 0

4 3 90 4 5 10 0

4 5 10 12 90

mj j j

j j j

j j

j j

j j

I I I V

I I I I

I I I

I I

I I (10.60)

3I

2

2 3

2 3 2

2 3

5 5 10 8 20 0 0

5 8 5 5 20 0

10 8 5 20 0

mj j j

j j j

j j

I I V

I I I

I I (10.61)

(10.60) - (10.61)

2

3

4 5 10 12 90

10 8 5 20 0

j j

j j

I

I
(10.62)
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4 5 10

10 8 5

4 5 8 5 15 10

6.40 51.34 9.43 32 10 90 10 90

60.35 83.34 100 180

7 59.94 100

122.65 29.26

j j

j j

j j j j

j

(10.63)

                

2

12 90 10

20 0 8 5

12 90 8 5 20 0 10

12 90 9.43 32 200 90

113.16 122 200

59.97 95.97 200

301.99 101.45

j

j

j j

j

j j

(10.64)

                

3

4 5 12 90

10 20 0

4 5 20 0 15 12 90

6.40 51.34 20 0 10 90 12 90

128 51.34 120 180

128 180 51.34 120 180

79.96 99.95 120

107.67 68.17

j

j

j j

j

(10.65)

2
2

301.99 101.45
2.46 72.19  A

122.65 29.26
I (10.66)

2i

2 2.46cos 1000 72.19  Ai t (10.67)
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3I

3
3

107.67 68.17
877.86 97.43  mA

122.65 29.26
I (10.68)

3i

3 877.86cos 1000 97.43  mAi t (10.69)

2 mst 2i 3i

3

3

2 10

2 180
1000 1000 2 10 2 rad 114.59

t
t (10.70)

(10.70) (10.67) (10.69)
2i 3i

2

3

3

2.46cos 114.59 72.19 2.44 A

877.86 10 cos 114.59 97.43 838.78 mA

i

i
(10.71)

2i 3i (10.38)

2 2

1 2 2 3 32 2 3

223 3 3

3 3

1 1

2 2

1 1
10 10 2.44 10 10 838.78 10

2 2

 5 10 2.44 838.78 10

23 mJ

w L I L I M I I
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10.4

(Alexander & Sadiku, 2009)

10.23

pR

sR

10.24

M

pL
sL

sRpR

V
+ pI sI

LZ

10.23 (Alexander & Sadiku, 2009)

( ) :
http://b2b.in.88db.com/images/stories/transformers.jpg, 2555)
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: http://www.meppi.com/Products/Trans
formers/Power/PublishingImages/rudd%20tr
ansformer%20001.jpg,
2555)

: http://us.123rf.com/400wm/400
/400/sommai/sommai1207/sommai12
0700226/14629764-transformer-on
-high-power-station-high-voltage.jpg,

2555)

( )

10.24

inZ

0p s p s

p s p s

R j L j M

R j L j M

V I I

I I V (10.72)

0p s s L sj M R j LI Z I (10.73)
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(10.72) - (10.73)

0

p p p

s s L s

R j L j M

j M R j L

I V

Z I
(10.74)

2

p p

s s L

p p s s L

p p s s L

R j L j M

j M R j L

R j L R j L j M j M

R j L R j L M

Z

Z

Z (10.75)

1
0

s s L

s s L

j M
R j L

R j L

V
Z V

Z
(10.76)

pI

1

2

s s

p

p p s s L

R j L

R j L R j L M

V
I

Z
(10.77)

inZ

in

p

V
Z

I
(10.78)

10.23 inZ

2

2

in

p

p p s s L

s s L

p p

s s L

p p R

R j L R j L M

R j L

M
R j L

R j L

R j L

V
Z

I

Z

Z

Z

Z (10.79)



                                            10 | 662

(10.79) RZ

2M

M M

10.6

10.25
pI

5j

20 j 40 j50 60  V
+ pI sI

60 100 j 30 40 j

80 60 j

10.25 10.6 (Alexander & Sadiku, 2009)

sI 40 j s

mV -

20 j pI 20 j p

mV

40 j 10.26

5j

40 j50 60  V
+

pI sI

60 100 j 30 40 j

80 60 j20 j
s

mV p

mV

10.26
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pI

50 60 60 100 20 0

60 80 5 50 60

s

p m

p s

j j

j j

I V

I I (10.80)

sI

40 30 40 80 60 0

5 110 140 0

22 28 0

p

m s

p s

p s

j j j

j j

j j

V I

I I

I I (10.81)

(10.80) - (10.81)

1

2

60 80 5 50 60

22 28 0

j j

j j

I

I (10.82)

60 80 5

22 28

60 80 22 28 5

100 53.13 35.61 51.84 5

3560.10 80.17 5

3566 1.29

j j

j j

j j j j

j

(10.83)

1

50 60 5

0 22 28

50 60 22 28 0

50 60 35.61 51.84

1780.50 111.84

j

j

j

(10.84)

pI

1 1780.50 111.81
499.30 113.10  mA

3566 1.29
pI
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(10.78) inZ

3

50 60
100.14 53.10  

499.30 10 113.10
in

p

V
Z

I

10.5
1k

10.27
pV pI

sV sI

p p s pj L j MI I V (10.85)

p s

p

p

j M

j L

V I
I (10.86)

sV

j M
pI

pV

sI

pj L
sj L

10.27

2

2

p s

s s s

p

p s

s s

p

p s
s s

p p

j M
j M j L

j L

M j M
j L

L

M j M
j L

L L

V I
V I

V I
I

V I
I

(10.87)
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1
p s

M
k

L L
(10.88)

p sM L L (10.89)

M (10.87)

2

2

p s sp s p

s s

p p

p s p s

p s s s

p p

p s

p s s s s

p

p s

p

p

p s

p

p p

s
p

p

p

j L LL L
j L

L L

L L j L L
j L

L L

L L
j L j L

L

L L

L

L L

L L

L

L

a

IV
V I

V I I

V I I

V

V

V

V (10.90)

n

(Alexander & Sadiku, 2009)
1) ,  ,  p sL L M

2) k

3) 0p sR R
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10.28- 10.28-

p p

d
v N

dt
(10.91)

pN
sN pN

sN

10.28

s s

d
v N

dt
(10.92)

(10.92) (10.91)

s
s s

p p
p

d
N

v Ndt a
dv N

N
dt

(10.93)

(10.93)

s s

p p

N
a

N

V

V
(10.94)

(10.95)
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p p s sv i v i (10.95)

ps

p s

iv
a

v i
(10.96)

(10.96)

p s

s p

N
a

N

I

I
(10.97)

ps s

p s p

IV N
a

V I N
(10.98)

1a

(10.94) 1a
s pV V

1a
s pV V

a (10.94) (10.97) +
10.29

pV sVV
+

pI sI

1: a

LZ

10.29 a

1: a

a

– a
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1)
pV sV , –

a -
2)

pI sI ,
a -

p p s sS V I V I (10.99)

S

rms 
Arms Vrms

(10.100)

p p s sS V I V I (10.100)

S

(VA)
S

(VA)

pV

pV
pV

sV

sV
sV

pI

pI pI

pI
pI

sI

sI sI

sI
sI
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P Q

(10.101) W var ( )

P jQS (10.101)

cosP S (10.102)

sinQ S (10.103)

1tan
Q

P
(10.104)

10.30

P

Im

Re

Q
S

SS

P

Im

Re

-Q
S

SS

( )

10.30

1 kVA V V kVA 
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2 2

1 1
s

p s s
in L

p s s s

a

a a a a a

V

V V V
Z Z

I I I I

(10.105)

/L s sZ V I (10.105)
21/ a

2a

10.31
10.31- LZ

2/L aZ

10.31- LZ
2

La Z
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+
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+

LZ
2

L

a

Z

sV
+ +

LZ sV
2

La Z
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10.7

2400/120 V 9.6 kVA 50

2400/120 V 2400 VpV 120 VsV

(10.98)

120
0.05

2400

s

p

V
a

V

50 (10.98)

50
1000

0.05

s
p

N
N

a

kVA (10.100)

39.6 10
4 A

2400
p

p

S
I

V

39.6 10
80 A

120
s

s

S
I

V

10.8

10.32
pI oV

( ) 1: 2 2a (10.105)
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