
5

2.1

2.2

Single-Phase Full Bridge PV Inverters

Dynamic Model

2.3

Orcad / Pspice

2.2  

A. 

    

2.1

Solar Array DC/DC Converter

Grid-Connected PV Inverter

2.1 /

Maximum 

Power Point Tracking, MPPT
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2.1 

    

[13]

2.2

Solar Cell [24 25] -

                    
( )

[ 1]
S

q
V IR

AKT
S OI I I e

+

= − −                  2.1

2.1
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I A

V V

SI A

OI A

A A=1~5

K 231.381 10 /o
J K

−×

T
o K

q
191.6 10−×

SR Ω

Solar Module

Solar Array

Sn Pn

sI DI

I sR

V

2.2 

P Sn I

Sn V -

( )

[ 1]

S

S

V IRq

AKT n

P S P OI n I n I e

+

= − −                 2.2
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2.2

               ln( )P S P O
S S

P O

n I n I IAKT
V IR n

q n I

+ −
= − +             2.3

2.2 2.3

              2( ) ln( )P S P O
S S

P O

n I n I IAKT
P VI n I I R

q n I

+ −
= = −         2.4

Siemens

SP-75W

2.1

2.1   SP-75W 1 kW/m
2
,25

75 W 

17V 

4.4A 

21.7V 

4.8A 

1.2 

 4 mA/

 -0.77 V/

0.35Ω
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2.4

I

        

( )

( ) ln( ) 2 0
S

P S P O
S S

P O P S P O

AKT
n I

n I n I IAKT q
n IR

q n I n I n I I

+ −
− − =

+ −
      2.5

2.5 *I

*I 2.4

*2

* * *2

* *2
ln

( )

S

S S

S P O

AKT
n I

qAKT
P n I I R

q P I R n I

  
  

    = −   − 
 
 

         2.6

2.6

2.3  ” 

Maximum Power Point Line, MPPL ”

2.4   

2.5 [13]

k Command

Boost Converter

Pspice 2.6

20 250 2W m
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( )pvv t

1

k
* ( )
pv

i t( )pvp t

( )
pv

i t

( )
pv

i t

2.5 

           Time

0s 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms

V(MULT1:OUT)

0V

20V

40V

60V

80V

2250W
m

2500W
m

2750W
m

21000W
m

0ms 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms

0ms

20W

40W

60W

80W

0W

2.6 

100KHz 10 Hµ

L LCL 2.7 ( ) 0acv t =
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i   L 0C = 1 2L L L= +

2 2
( )   { ( )} 1

( )    { ( )}

L L

inv inv

I s i t

V s v t sL
≡ =
L

L
                 2.7

       ii   LCL

             

2 2

2

1 2 1 2

( )   { ( )} 1

( )    { ( )} [ ( )]

L L

inv inv

I s i t

V s v t s s L L C L L
≡ =

+ +

L

L
      2.8

•L{ } Laplace Bode Plot

2.8 1 2 4L L L mH= + = 15C Fµ=

LCL L

2Li

1 2L L= LCL

DCV

1L 2L

C ( )
ac

v t

2
( )

L
i t

( )invv t

2.7 LCL

LCL L

[16], LCL
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L L LCL 2.2

/ AC/DC Converter

LCL

LCL

10
3

10
4

10
5

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

2
( )

( )

L

inv

I j

V j

ω

ω

1 2
4L L mH+ =

15C Fµ=

0C =

1 2
L L=

1 2
7L L=

1 2
3L L=

2.8 1L 2L 0C = LCL

2.2  L LCL

                              

L

LCL
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B. 

KVL

KCL

Dynamic Model

2.9

1( )d t 2 ( )d t 1S 2S Duty 

Cycle

3S 4S 11 ( )d t− 21 ( )d t− 2.9 KVL 

1
2 1 1

( )
[ ( ) ( )] ( ) ( )L

dc C

di t
d t d t v t L v t

dt
− = +             2.9

   

        2
2

( )
( ) ( )L

C ac

di t
v t L v t

dt
= +                   2.10

KCL

1 2

( )
( ) ( )C

L L

dv t
i t C i t

dt
= +                     2.11

Unipolar PWM 1( )d t 2 ( )d t
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2
( )d t

1
( )d t

2
1 ( )d t−

1
1 ( )d t−

1
S

2
S

3
S

4
S

( )
dc

v t
2

L
1

L

( )
c

v t

2
( )Li t

1
( )Li t

( )
ac

v t

DC
C

2.9 

2 1 1 2

1 1
( ) [1 ( )] , ( ) [1 ( )] , ( ) ( ) 1

2 2
d t m t d t m t d t d t= + = − + = 2.12

2.12 2.9

                  1
1

( )
( ) ( ) ( )L

dc C

di t
m t v t L v t

dt
= +              2.13

2.10 2.11 2.13

11
1 1

2 2

2 2

( ) ( )1
0 0

( ) ( )
( )1

( ) 0 0 ( )

( ) ( )
1 1 0

0

dc

L L

ac
L L

C C

m t v t

LL
i t i t

v td
i t i t

dt L L
v t v t

C C

  
−   

     
     

= + −     
           

−   
   

      2.14

2.14
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2.14 Linearization

2.14

  

                     

1

2

1 1

2 2

( ) ( )

( ) ( )

( ) ( )

( ) ( )

( ) ( )

( ) ( )

dc D C dc

ac AC ac

C C C

L L L

L L L

m t M m t

v t V v t

v t V v t

v t V v t

i t I i t

i t I i t

= +

= +

= +

= +

= +

= +

�

�

�

�

�

�

              2.15

2.15 2.14

    

1 1

2 2

1 1 1

2 2

1
0 0 0

( ) ( ) ( )
1 1

( ) 0 0 ( ) 0 0 ( )

( )( ) ( )
1 1 0 0 0

0

DC

L L

L L dc

acC C

V M

L L Li t i t m t
d

i t i t v t
dt L L

v tv t v t

C C

   
−   

        
        

= + −        
                  

−      

� �
�

� � �

�� �

   2.16

2.16 2.16

Laplace Transformation

1 1

2 2

1 1 1

2 2

1
0 0 0

( ) ( ) ( )
1 1

( ) 0 0 ( ) 0 0 ( )

( )( ) ( )
1 1 0 0 0

0

DC

L L

L L dc

acC C

V M

L L L
I s I s M s

s I s I s V s
L L

V sV s V s

C C

  
−   

        
        

= + −        
               

−   
   

  2.17
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2.17

2.10

( )M s
DC

V

M

1

1

sL

1

sC
2

1

sL

( )
ac

V s

( )
dc

V s

1
( )

L
I s ( )

C
V s 2

( )
L

I s

2.10 

2.10

2.10
2
( )Li t

2
( ) ( ) ( ) ( ) ( ) ( ) ( )

dc acL m v dc v acI s G s M s G s V s G s V s= + +           2.18   

2

2

1 2 1 2

( )
( )

( ) [ ( )]

L DC
m

I s V
G s

M s s s L L C L L
≡ =

+ +
               2.19

2

2

1 2 1 2

( )
( )

( ) [ ( )]dc

L

v

dc

I s M
G s

V s s s L L C L L
≡ =

+ +
               2.20

2

2

1

2

1 2 1 2

( ) (1 )
( )

( ) [ ( )]ac

L

v

ac

I s s L C
G s

V s s s L L C L L

− +
≡ =

+ +
               2.21

2.19 ~ 2.21 s jω= Magnitude
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2
( )Li t ( )m t ( )dcv t

( )acv t

2.19 ~ 2.21

                2 2( ) sin( )
L L

i t I tω α= +                      2.22

                ( ) sinac ACv t V tω=                        2.23

2.22 2.23 2.10

           2 2( ) cos( ) sin
C L AC

v t L I t V tω ω α ω= + +               2.24

2.22 2.24 2.11

          2

1 2 2( ) (1 ) sin( ) cos
L L AC

i t L C I t V C tω ω α ω ω= − + +        2.25

2.24 2.25 2.13

               ( ) sin( )mm t M tω θ= +                       2.26

   

              2 21

dc

M A B
v

= +                           2.27
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              1tan ( )m

A

B
θ −=                              2.28

        
2

2

1 2 2[ (1 ) ] cosLA L L C L Iω ω α= − +                       2.29

2

2 2

2 1 2 2(1 ) [ (1 ) ] sinAC LB V L C L L C L Iω ω ω α= − − − +           2.30

 Orcad / Pspice 2.9

       300DCV V=

LCL         
1 23.5    ,   0.5L mH L mH= =

LCL         15C Fµ=

          2000dcC Fµ=

            110 2 sinACv V tω=

        60f Hz=

            1PF =

        10Sf kHz=

2.26 Matlab M=1

55.33mθ = �

2LI 170.4 2.11 2.12

Pspice 2.13
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2.11 
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           Time

0s 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms

I(L5) V(V3:+)

-200

-100

0

100

200

ms0 ms10 ms20 ms30 ms40 ms50 ms60 ms70 ms80

A0

A100

A200

A200−

A100−

2.13 

           Time

0s 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms

V(R1:1)

-200V

-100V

0V

100V

200VV200

V100

V0

V100−

V200−
ms0 ms10 ms20 ms30 ms40 ms50 ms60 ms70 ms80

a
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           Time

0s 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms

I(L5) V(V3:+)

-200

0

200

-300

ms10 ms20 ms30 ms40 ms50 ms60 ms70 ms80ms0

A200

A100

A0

A100−

A200−

A300−

     b

2.14 a

       b

c.  

Offset

2.10

Pspice

     LCL

2
( )Li t 1L

1
( )Li t

[18 19]
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2.15 [16]

LCL

Command Current

P+Resonant 

Controller [20 21 22]

                  
2 2

0

( )
PR P R

s
G s K K

s ω
= +

+
                2.31

0ω PI Controller

PK RK

[28] 2.15

Mason’s Gain Formula

Superposition Principle

2 2 2
( ) ( ) ( ) ( ) ( ) ( ) ( )

L ac dcL i L v ac v dc
I s G s I s G s V s G s V s= + +       2.32

   2

2

2

2 2

0

* 5 4 3 2

5 4 3 2 1 0

( ) ( )
( )

( )L

L DC P R P
I

L

I s KV s K sK K
G s

I s s a s a s a s a sa a

ω+ +
≡ =

+ + + + +
               2.33

   2

4 3 2 2 2 2

1 1 0 0 0

5 4 3 2

5 4 3 2 1 0

( ) (1 )
( )

( )ac

L DC DC
V

ac

I s s L C s KV C s L C sKV C
G s

V s s a s a s a s a sa a

ω ω ω+ + + + +
≡ =

+ + + + +
  2.34

2

2 2

0

5 4 3 2

5 4 3 2 1 0

( ) ( )
( )

( )dc

L

V

dc

I s M s
G s

V s s a s a s a s a sa a

ω+
≡ =

+ + + + +
                 2.35   
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2.33 ~ 2.35
5 1 2a L L C= 4 2DCa KV L C=

2

3 1 2 0 1 2a L L C L Lω= + + 2

2 2 0( )DC Pa KV L C Kω= + 2

1 1 2 0( )R DCa KK V L L ω= + +

2

0 0P DCa KK V ω= 2.33 2.16

60

2.17

1L
1
( )Li t

2
( )Li t

1L

2

1

2

2

( ) 1

( ) 1

L

L

I s

I s s CL
=

+
                    2.36

1
( )Li t   

( )M s
DC

V

M

1

1

sL

1

sC 2

1

sL

( )acV s

( )
dc

V s

1
( )

L
I s ( )

C
V s

2
( )

L
I s( )

C
I s

K( )
PR

G s
2

*
( )LI s

2.15 
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2.31 2.17 

1
( )Li t   

  

1 1 1

*( ) ( ) ( ) ( ) ( )
L dcL I L V dcI s G s I s G s V s= +               2.37

           

1

1

1

4 3 2 2 2

2 2 2 0 0

* 5 4 3 2

5 4 3 2 1 0

( ) [ (1 ) ]
( )

( )L

L DC P R P R P
I

L

I s V s L CK s L CK s K L C sK K
G s

I s s b s b s b s b sb b

ω ω+ + + + +
≡ =

+ + + + +
2.38

1

2 2

0

5 4 3 2

5 4 3 2 1 0

( ) ( )
( )

( )dc

L

V

dc

I s M s
G s

V s s b s b s b s b sb b

ω+
≡ =

+ + + + +
                     2.39

2.38 2.39 5 1 2b L L C= 4 2 DC Pb L CV K=

2

3 1 2 0 2 1 2( )DC Rb L L C L CV K L Lω= + + + 2

2 2 0(1 )DC Pb V K L Cω= +

2

1 1 2 0( ) DC Rb L L V Kω= + + 2

0 0DC Rb V K ω= 2.38

60

2.18

2.17

2

2

4 3 2

4 3 2 1 0

5 4 3 2

5 4 3 2 1 0

( )
( )

( )L

L

I

ac

I s s d s d s d sd d
G s

V s s c s c s c s c sc c

+ + + +
≡ =

+ + + + +
       2.40

4.20 5 1 2c L L C= 4 2 DC Pc L CV K=

2

3 1 2 1 2 0 2( ) DC Rc L L L L C L CV Kω= + + + 2

2 2 0( 1)P DCc K V L Cω= +

2

1 1 2 0( ) R DCc L L K Vω= + + 2

0 DC P Oc V K ω= 4 1d L C=
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2

2

*

( )

( )

L

L

I j

I j

ω

ω
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-160

-140

-120

-100

-80

-60

-40

-20

0
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2

*

( )

( )

L

L

I j

I j

ω

ω
�

2.16  2.38 300DCV V= 1PK K= = 50RK =

1 3.5L mH= 2 0.5L mH= 15C Fµ=

    

( )M s
DC

V

M

1

1

sL

1

sC
2

1

sL

( )
ac

V s

( )
dc

V s

1
( )LI s ( )

C
V s 2

( )LI s( )CI s
( )

PR
G s

1

* ( )LI s

2.17 

3 DC Pd CV K= 2

2 1 01 R DCd L C K CVω= + + 2

1 0DC Pd CV K ω= 2

0 0d ω=

2.13
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“ Harmonic Impedance ”[16

18]

               
2

( )
.

( )

ac

L

V j
H I

I j

ω

ω
=                       2.41

2.41

s jω=

2.21 2.34 2.40

2.19 2.19 

2

2

*

( )

( )

L

L

I j

I j

ω
ω

10
0

10
1

10
2

10
3

10
-0.001

10
0

10
0.001

2

2

*

( )

( )

L

L

I j

I j

ω
ω

�

10
0

10
1

10
2

10
3

-6

-5

-4

-3

-2

-1

0

1

2.18  2.38 300DCV V= 1PK K= = 50RK =

1 3.5L mH= 2 0.5L mH= 15C Fµ=
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2.19 2.14
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4

10
5

10
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-1

10
0

10
1

10
2

10
3

10
4

2.19  300DCV V=

1PK K= = 50RK = 1 3.5L mH= 2 0.5L mH= 15C Fµ=

Pspice

1PK K= =

50RK =

2.20

2.21 2.22 2.19
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           Time

0s 20ms 40ms 60ms 80ms 100ms 120ms

V(R1:1)

-200V

-100V

0V

100V

200V

0ms 20ms 40ms 60ms 80ms 100ms 120ms

100V−

100V

0V

200V

200V−

2.20  t=50ms t=55ms

           Time

0s 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms 110ms 120ms

I(L1) V(MULT2:OUT)

-150

-100

-50

-0

50

100

150

0ms 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms110ms120ms

50A

100A

0A

150A

50A−

100A−

150A−

2.21 
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           Time

0s 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms 110ms 120ms

I(L1) V(MULT2:OUT) I(L5)

-120

-80

-40

-0

40

80

120

 [Sec]
0ms 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms 110ms120ms

40A

80A

0A

120A

40A−

80A−

120A−

2.22  

2.3

   

 ”

” AC/DC DC/AC 2.23

  

  

     

( ) ( ) ( )

         sin( ) sin

1 1 1
         cos cos cos2 sin sin2

2 2 2

ac ac ac

AC AC

AC AC AC AC AC AC

p t i t v t

I t V t

I V I V t I V t

ω φ ω

φ φ ω φ ω

=

= +

= − +

      2.42

2.42

Power  
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Invariant

AC/DC DC/AC 2.24

DCV

( ) sin( )
ac AC

i t I tω φ= +

( ) sinac ACv t V tω=
LRDC

C

2.23  

( ) sin( )a Av t V tω=                           2.43

2
( ) sin( )

3
b Bv t V tω π= +                       2.44

2
( ) sin( )

3
c C

v t V tω π= −                       2.45

                ( ) sin( )ai t I tω=                           2.46

2
( ) sin( )

3
b
i t I tω π= −                       2.47

2
( ) sin( )

3
c

i t I tω π= +                       2.48
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3 ( ) ( ) ( ) ( ) ( ) ( ) ( )a a b b c cp t i t v t i t v t i t v tφ = + +                2.49

3

2 2
( ) { cos 2 cos[2( ) cos[2( )]}

2 2 3 3
A B C A B C

I I
p V V V V t V t V tφ ω ω π ω π= + + − + + + −

2.50

2.9

2 2( ) sin( )L Li t I tω α= +          ( ) sinac ACv t V tω=        2.51

LCL

DC
C

DC
V

( )
a

v t

( )
b

v t

( )
c

v t ( )
c
i t

( )
b
i t

( )
c
i t

2.24  
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A

2.51

           
2

2( ) ( ) ( )

           sin( ) sin( )

Gird L ac

L AC

p t i t v t

I t V tω α ω

=

= +
                  2.52

2.52

           ( ) ( cos 2 sin 2 )Girdp t P P t Q tω ω= + − +                 2.53

2

1
cos

2
L AC

P I V α=                          2.54

               
2

1
sin

2
L AC

Q I V α=                          2.55

2.53

Average Injected Power P

( cos 2 sin 2 )P t Q tω ω− +

B LCL

i 2L

2.51 2L
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2

2 2

2 2

( )
( )

        cos( )

L
L

L

di t
v t L

dt

L I tω ω α

=

= +

                        2.56

           2 2 2

2 2

( ) ( ) ( )

         cos 2 sin 2

L L L

L L

p t i t v t

P t Q tω ω

=

= +
                    2.57

2 2

2

2

1
sin 2

2
L L

P I L ω α=                            2.58

           
2 2

2

2

1
cos 2

2
L L

Q I L ω α=                           2.59

ii C

C

2.51 KVL

2

2

2

2

( )
( ) ( )

       cos( ) sin( )

L

C ac

L AC

di t
v t L v t

dt

L I t V tω ω α ω

= +

= + +

               2.60

  

2

2

2

( )
( )

       sin( ) cos( )

C
C

L AC

dv t
i t C

dt

CL I t CV tω ω α ω ω

=

= − + +

          2.61
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( ) ( ) ( )

        cos 2 sin 2

C C C

C C

p t i t v t

P t Q tω ω

=

= +
                     2.62

2

2 2 2 22 cos ( sin )C L AC LP L I C V L Iω α ω α= −               2.63

          2 2

2 2 2 2

1
[( sin ) ( cos ) ]

2
C AC L L

Q C V L I L Iω ω α ω α= − −         2.64

iii 1L

2.51 2.60 KCL 1L

2 2

1 2

2

2

( )
( ) ( )

       sin( ) sin( ) cos( )

C
L L

L L AC

dv t
i t i t C

dt

I t CL I t CV tω α ω ω α ω ω

= +

= + − + +

       2.65

2.65

    
1

2 2

1 1

3 2

1 1 2 1

( )
( )

        cos( ) cos( ) sin( )

L

L

L L AC

di t
v t L

dt

L I t L L CI t L CV tω ω α ω ω α ω ω

=

= + − + −

2.66

2.65 2.66

1 1 1
( ) cos 2 sin 2L L Lp t P t Q tω ω= +                    2.67

2

1 1 2 2 2 2 2(1 ) cos [ sin ( sin )]L L L AC LP L L C I I C V L Iω ω α α ω ω α= − + −        2.68
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2 2 2

1 1 2 2 2 2 2

1
{[(1 ) cos ] [ sin ( sin )] }

2
L L L AC LQ L L C I I C V L Iω ω α α ω ω α= − − + − 2.69

1L

     
2 1 1 2,2 ( ) ( ) cos 2 ( ) sin 2totoal L C L L C Lp t P P P P t Q Q Q Q tω ω= − + + + + + + + 2.70

2.70 2.25 2.25

2.70

               ,2 ,2( ) sin(2 )total TOTALp t P tω θ= +                 2.71

        2 2

,2 2 1 2 2( ) ( )TOTAL L C L L C LP P P P P Q Q Q Q= − + + + + + + +       2.72

1 2 1

2 2

( )
tan [ ]

( )

L C L

L C L

P P P P

Q Q Q Q
θ − − + + +

=
+ + +

                       2.73

2
( )Li t α

2LI ,2TOTALP

2 1( )L C LP P P P− + + +

2
2

(
)

L
C

L
Q

Q
Q

Q
+

+
+

,2TOTALPθ

cos(2 )tω

sin(2 )tω
,2

( )
total

p t

2.25 
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        170PVV V�

    , 846PV MAXP W=

                750P W=

      1PK = 50RK =

        1K =

LCL             1 23.5    ,   0.5L mH L mH= =

LCL             15C Fµ=

              30dcC Fµ=

                ( ) 110 2 sinacv t tVω=

            60f Hz=

                1PF =

           10Sf kHz=

2
( )Li t

2
L

1L

C
( )Ci t
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( )pvv t

PVK

( )Ci t
2
( )

L
i t

1 4~S S

( )
sinac

AC

v t
t

V
ω

( ) sinac ACv t V tω=

2

* ( )
L
i t

( )PVp t
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pv
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( )
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i t
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Ripple 2.31

2.32

2.33

           Time
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V(D5:2)
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200V
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2.31 250
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           Time
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V(Ppv)

0V
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0W

2.32 21000W m 25

           Time
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DCC


