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This paper proposes a multiport converter based on a flying capacitor converter topology for use in a battery management 

system. The proposed circuit operates in discontinuous current mode and pulse frequency modulation in order to reduce 

inductor volume. The circuit achieves load fluctuation compensation and maximum power point tracking of the 

photovoltaic(PV) system by deciding duty ratio based on load current and PV output current. According to the experimental 

results, an efficiency of more than 95.8% was achieved under all operation conditions. In addition, the maximum efficiency 

reached 98.8% at the rated load (750 W). Furthermore, the inductor volume reduced by 85.5% compared to that of the 

conventional circuit using two inductors. 
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Fig. 1. Conventional circuit. 
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Fig. 2. Proposed circuit. 
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(a) Mode A(Iout_ave > IPV_ave) 
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(b) Mode B(Iout_ave < IPV_ave) 

Fig. 3. Operation mode of proposed circuit. 
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▫♥כ ⅔╟┘PFM ─☻▬♇♅fi◓ ─

╩ ∆⁹ ≢│ ─ │ ╟╡

↕╣ PV─ │ ⅛╠ ╕╢⁹↓

╣╠╩ ▫♥כꜙ♦∆√ ╟╡▬fi♄◒♃ ⅜ ╕╢⁹

╕∏ ⱨ□ꜝ♦כ─ ╟╡Mode A(i)─ D1Tsw Mode 

A(ii)─ D2Tsw⅔╟┘Mode A(iii)─ D3Tsw─▬fi♄◒

♃ ≤ ─ │(7) ≢ ↕╣╢⁹ 

L
bat

L
out PV bat

L
out bat

dI
L V

dt

dI
L V V V

dt

dI
L V V

dt

ë
=î

î
î

= - -ì
î
î

= -î
í

  .................................................... (7) 

↓↓≢ L│▬fi♄◒♃fi☻ dt│▬fi♄◒♃⌐ ⅜

╣╢ ≢№╢⁹(7) ╟╡☻▬♇♅fi◓ ─▬fi♄◒♃

Ipk1 Ipk2╩(8) ⌐ ∆⁹ 

1 1

1 2 2

2 3

bat
pk sw

out PV bat
pk pk sw

out bat
pk sw

V
I DT

L

V V V
I I D T

L

V V
I D T

L

ë
=î

î
- -î

- =ì
î
î -

=î
í

 ...................................... (8) 

↓↓≢ Tsw│☻▬♇♅fi◓ D1│ Mode A(i)─▬fi♄

◒♃⌐◄Ⱡꜟ◑כ╩ ∆╢ D2│ Mode A(ii)─◄Ⱡ

╩כ◑ꜟ ∆╢ D3│ Mode A(iii)─◄Ⱡꜟ◑כ╩

Table 2. Voltage condition of the proposed circuit in each mode. 

(i) (ii)

Vbat > 0 Vout > VPV +Vbat Vout > Vbat

(iii)

Vbat > 0 Vout > VPV +VbatVPV > Vbat
Mode B

(Iout_ave < IPV_ave)

Mode A
(Iout_ave > IPV_ave)

Operation mode of proposed circuit (Fig.3)
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∆╢ ▫♥כꜙ♦─ ≢№╢⁹PV─ ⅔╟┘

ⱳכ♩─ │ 4⌐ ∆Ⱨכ◒ ≤ ⅛

╠ ╩ ∆╢↓≤≢(9) ≢ ╘╠╣╢⁹ 

_ 1 2 2

_ 1 2 2 2 3

1
( )

2

1 1
( )

2 2

PV ave pk pk

out ave pk pk pk

I I I D

I I I D I D

ë
= +îî

ì
î = + +
îí

 ................................ (9) 

↓↓≢ ┼─ ⅔╟┘ MPPT╩ ∆╢√╘

PV ≤ ⱳכ♩─ ─ ╩∕╣∙╣

IPV_ave* Iout_ave*≤⅔ↄ≤(8) ≤(9) ╟╡ ▫♥כꜙ♦ (D1 

~ D3)│(10) ≢ ╘╠╣╢⁹ 

1 2 3

* 2

_3
2 * * 2

_ _

* *

_ _

3

( )( )
1 1

( ) ( )( )

2 ( )

( )

out PV bat out bat

bat bat

PV ave out PV batout bat

out PV bat out ave PV ave out bat

out ave PV ave

out bat sw

V V V V V
D D D

V V

I V V VV V D
D

V V V I I V V

L I I
D

V V T

ë
- - -î = +

î
î

ë ûî - -- -î î î
= - +ì ì ü

- - - -î î îí ý
î
î -
=î

-îí

 ............................................................................................. (10) 

⌐ PFM ─☻▬♇♅fi◓ ─ ⌐≈™

≡ ∆⁹↓↓≢ ▬fi♄◒♃ ─ ⅝│▬fi♄◒♃─

╛ ─ ⌂≥⌐╟∫≡ ∆╢⁹

∕─√╘ ▬fi♄◒♃ ─ ⅝⅜ ⇔≡╙ ⅜CCM

⌐⌂╠⌂™╟℮⌐ ☻▬♇♅fi◓ ⌐ ⇔≡ % ─

♀꜡ T4╩ √∑╢ ⅜№╢⁹╕√ PFM╩

⇔ ⌐╟╠∏ T4╩ ─ ⌐ ∆╢↓≤≢

Ⱨכ◒ ╩ ⇔ ⅜ ≢⅝╢⁹T4╩ ⇔√☻

▬♇♅fi◓ ▫♥כꜙ♦≥ ─ │(11) ≢ ↕╣╢⁹ 

1 2 3 4( )sw swT D D D T T= + + + ................................................ (11) 

(11) ⌐(10) ≢ ▫♥כꜙ♦√⇔ ╩ ∆╢↓≤

≢ ☻▬♇♅fi◓ │(12) ≢ ╘╠╣╢⁹ 

2
2 2 2

1 2 1 2 1 2
4 4

3 3 3

* *

_ _

1

* *

2 _ _

2 2

3

( ) ( ) 2 ( )

( )

( ) ( )

( )

sw

PV bat out ave PV ave

out bat

out PV out bat out ave PV PV ave

bat out PV bat

L A A L A A L A A
T T T

A A A

V V I I
A

V V

A V V V V I V I

A V V V V

ë
ë û+ + +î îî = + + +ì üî î îí ý

î
î -î
=ì

-î
î
= - - -î

î
= - -îí

 

 ............................................................................................. (12) 

⌐ Mode B⌐⅔↑╢♦ꜙכ♥▫ ⅔╟┘ PFM

─☻▬♇♅fi◓ ─ ╩ ∆⁹Mode B⌐⅔™≡╙3

2(i)≤ ─ ▫♥כꜙ♦≢ ╩ ∆╢⁹╕∏ ⱨ□

─כ♦ꜝ ╟╡☻▬♇♅fi◓ ─▬fi♄◒♃  Ipk1

Ipk2│(13) ≢ ∆↓≤⅜≢⅝╢⁹ 

1 1

1 2 2

2 3

PV bat
pk sw

bat
pk pk sw

out PV bat
pk sw

V V
I DT

L

V
I I D T

L

V V V
I D T

L

-ë
=î

î
î

- =ì
î
î - -

=î
í

 ............................................. (13) 

↓↓≢ D1│Mode B(i)─PV⅛╠Ᵽ♇♥ꜞ⌐ ∆╢

▫♥כꜙ♦─ D2│ Mode B(ii)─▬fi♄◒♃⌐◄Ⱡꜟ◑

╩כ ∆╢ ▫♥כꜙ♦─ D3│ Mode B(iii)─◄Ⱡ

╩כ◑ꜟ ∆╢ ▫♥כꜙ♦─ ≢№╢⁹PV─

⅔╟┘ ⱳכ♩─ │ 5⌐ ∆Ⱨכ◒ ≤

⅛╠ ╩ ∆╢↓≤≢(14) ≢ ╘╠╣╢⁹ 

_ 1 1 2 3

_ 2 3

1 1

2 2

1

2

PV ave pk pk

out ave pk

I I D I D

I I D

ë
= +îî

ì
î =
îí

 ............................................. (14)  

(13) ≤(14) ╟╡ ☻▬♇♅fi◓♦ꜙכ♥▫(D1 ~ D3)│

(15) ≢ ╘╠╣╢⁹ 

* *

_ _

1

2 1 3

*

_

3

2 ( )

( )

2

( )

PV ave out ave

PV bat sw

PV bat out PV bat

bat bat

out ave

out PV bat sw

L I I
D

V V T

V V V V V
D D D

V V

LI
D

V V V T

ë -
î =
î -
î

- - -î
= +ì

î
î
î =
î - -í

 ........................... (15) 

╕√ ♀꜡ ╩ ⌐ ∆╢√╘─☻▬♇♅fi

◓ │ 32(i)≤ ⌐(11) ⌐(15) ⌐ ♥כꜙ♦√⇔

▫ ╩ ∆╢↓≤≢ ╘╠╣╢⁹ 

2

1 2 1 2 1 2
4 42 2 2

2 * * 2 *

_ _ _

1

* * *

_ _ _

2

( ) ( ) 2 ( )

( ) ( )

( )
2 ( )

( )(

sw

bat bat bat

PV PV ave out ave out PV out ave

PV bat out PV bat

out ave out ave PV ave

PV out PV

PV bat out PV ba

L B B L B B L B B
T T T

V V V

V I I V V I
B

V V V V V

I I I
B V V V

V V V V V

ë û+ + +î î
= + + +ì ü

î îí ý

- -
= +

- - -

-
= -

- - - )t

ë
î
î
î
îî
ì
î
î
î
î
îí

 

 ............................................................................................. (16) 

₄33₅♦♇♪♃▬ⱶ⌐╟╢  6⌐♦♇♪

♃▬ⱶ ⅜▬fi♄◒♃ ⌐ ⅎ╢ ╩ ∆⁹♦♇♪

♃▬ⱶ⅜ ↕╣╢≤ D1Tsw─ ─╖⅜♦♇♪♃▬ⱶ

∞↑ ↕╣ ⅜ ∆╢⁹∕─√╘ T1─

╩♦♇♪♃▬ⱶ ∞↑ ↕∑╢↓≤≢♦♇♪♃▬ⱶ─

╩ ∆╢⁹↓↓≢ D2Tsw≤ D3Tsw⌐≈™≡│♦♇♪♃

▬ⱶ ⌐ ╩♪כ○▬♄ ∫≡ ⌐ ╡ ╦╢√╘

♦♇♪♃▬ⱶ⌐╟╢ │ ™⁹∕─√╘ ♦♇♪♃▬ⱶ╩

⇔√ ─ ▫♥כꜙ♦ │(17) ≢ ╘╠╣╢⁹ 

1 1_

2 2_

3 3_

ideal d sw

ideal

ideal

D D T f

D D

D D

ë = +
îî
=ì

î
=îí

 .......................................................... (17) 
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↓↓≢ D1_idealD2_idealD3_ideal│♦♇♪♃▬ⱶ╩ ∑∏

(10),(15) ⌐╟╡ ▫♥כꜙ♦√╘ ≢№╢⁹(17) ╟╡

▫♥כꜙ♦√╘ ╩ ™╢↓≤≢ ♦♇♪♃▬ⱶ⌐╟╢

╩ ≢⅝╢⁹╕√ 6⅛╠ ⅛╢╟℮⌐♀꜡

T4│♦♇♪♃▬ⱶ ⌐╟╢ ╩ ↑⌂™⁹ 

₄34₅ Ⱪ꜡♇◒ 7⌐ ─ Ⱪ꜡♇◒╩

∆⁹ Ⱪ꜡♇◒│ ♪כ⸗ PWM

⅔╟┘☻▬♇♅fi◓Ɽ♃כfi ⅛╠ ↕

╣╢⁹ ≢│ Ᵽ♇♥ꜞ─ ⌐ ∂≡

Iout_ave*⅔╟┘PV IPV_ave*╩ ⇔≡™╢⁹

∕⇔≡ ≤ PV ─ ╟╡ ⸗

╩♪כ ⇔ ╩(10) (15) ⌐ ▫♥כꜙ♦√⇔

⌐ ▫♥כꜙ♦≡⇔ ╩ ╘╢⁹⌂⅔ ≢│Ᵽ

♇♥ꜞ ⌐ ⇔≡ PI │ ∑∏ Ᵽ♇♥ꜞ

⌐ ∂≡ ╩ ∆╢↓≤≢

─ ⌐╟╢Ᵽ♇♥ꜞ ─ ╩ ∆╢⁹ 

4. ▬fi♄◒♃─ ≤  

₄41₅ ▬fi♄◒♃fi☻ ─  ⌐ PFM╩

∆╢ ☻▬♇♅fi◓ │▬fi♄◒♃fi☻⌐

⅝ↄ ∆╢⁹∕─√╘ ↓↓≢│▬fi♄◒♃ ─√╘⌐

▬fi♄◒♃fi☻≤☻▬♇♅fi◓ ─ ╩ ∆╢⁹

╕∏ Mode A─ ─▬fi♄◒♃fi☻≤☻▬♇♅fi◓

─ │(12) ╟╡(18) ≢ ╘╠╣╢⁹ 

2 2

4

2 * * 2

_ _ *

_

* *

_ _

2 *

_

( ) ( )

4 ( )
2

( ) ( )

( )

out bat sw

PV PV ave out PV PV ave

sw out PV ave

out PV bat out PV bat

out out bat out ave out PV PV ave

bat PV ave

V V T T
L

V I V V I
T V I

V V V V V V

V V V I V V I

V I

a
a

a

ë - -
=î

ë ûî î î
+ +ì üî

- - - -î îì í ý
î

- -î
=î

í

 

 ............................................................................................. (18)  

↓↓≢ Ŭ│ ─ ─√╘⌐ ™√ ≢№╢⁹ ⌐

Mode B─ ─▬fi♄◒♃fi☻≤☻▬♇♅fi◓ ─

│(16) ╟╡(18) ≢ ╘╠╣╢⁹ 

( )

2 2

4

2 2
* *

_ _

* 2

_

* *

_ _

( )

( )
2 2

( )

( )

( )( )( )

bat sw

PV PV bat
sw PV ave out ave PV

PV bat

out ave out PV

PV ave out ave out PV bat PV bat

V T T
L

V V V
T I I V

V V

I V V

I I V V V V V

b
b

b

ë -
=î

ë û+ -î îî - +ì üî -î îí ýì
î

-
î =
î - - - -í

 ............................................................................................. (19)  

↓↓≢ b│ ─ ─√╘⌐ ™√ ≢№╢⁹(18),(19)

╟╡PFM╩ ∆╢≤ ⌐⌂╢╒≥☻▬♇♅fi◓

⅜ ↄ⌂╢⁹∕─√╘ (18) (19) ╩ ™≡

─☻▬♇♅fi◓ ⅜ ─ ⌐⌂╢╟℮⌐▬fi♄

◒♃fi☻╩ ∆╢⁹(18) (19) ⅛╠ ╘√ ╟╡ ™▬

fi♄◒♃fi☻ ╩ ∆╢↓≤≢ ⌐╟╠∏

─☻▬♇♅fi◓ ─ ≢☻▬♇♅fi◓⅜

≤⌂╢⁹⇔⅛⇔ ▬fi♄◒♃fi☻≢PFM╩ ∆╢≤

⌐☻▬♇♅fi◓ ⅜ ⌐ ↄ⌂╢⁹∕─√

╘ ☻▬♇♅fi◓ ⌐ ╩ ↑ ╟╡ ↄ⌂╢

⌐│PWM≤⇔≡ ↕∑╢⁹ 

₄42₅ ▬fi♄◒♃fi☻ Ⱨכ◒ ─  ↓↓≢│▬

fi♄◒♃ ─√╘⌐ ╢↑⅔⌐♪כ⸗ Ⱨכ◒ ╩

∆╢⁹╕∏ Mode A⌐⅔↑╢▬fi♄◒♃ Ⱨכ◒ │

(8), (10) ╟╡(20) ≢ ╘╠╣╢⁹ 

2
* *

1 _ _

* *

2 _ _

2
( ) 2

( )

2
( )( )

PV
pk out bat out ave PV PV ave

out bat

pk out bat out ave PV ave

Tsw V
I V V I V I

L V V

Tsw
I V V I I

L

ë ë ûå õî îî = - + -æ öì üæ öî -î îç ÷í ýì
î
î = - -
í

 ............................................................................................. (20)  

⌐ Mode B⌐⅔↑╢▬fi♄◒♃ Ⱨכ◒ │(13), 

(15) ╟╡(21) ≢ ╘╠╣╢⁹ 

* *

1 _ _

*

2 _

2
( )( )

2
( )

sw
pk PV bat PV ave out ave

sw
pk out PV bat out ave

T
I V V I I

L

T
I V V V I

L

ë
= - -î

î
ì
î

= - -î
í

 .................... (21)  

↓↓≢ ⌐⅔™≡▬fi♄◒♃⅜ ⇔⌂™╟

iL [A]

D1Tsw

t [s]Td

without
dead-time 

D2Tsw

Td Td

D3Tsw T4

(a) Iout_ave
* > IPV_ave

*

without dead-time
compensation

with dead-time
compensation

Td

 

t [s]

iL [A]

D2Tsw
D3Tsw

(b) Iout_ave
* < IPV_ave

*

Td

D1Tsw

Td Td

with dead-time
compensation

T4

without dead-time
compensation

Td

without
dead-time 

 

Fig. 6. Inductor current waveform with dead time. 
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Fig. 7. Control block diagram of FCC with 

output-port voltage controller. 
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℮⌐(20),(21) ⌐ ⇔√ ╢↑⅔⌐♪כ⸗ Ⱨכ◒

─ ≤⌂╢ ⌐ ╦∑≡▬fi♄◒♃╩ ∆╢⁹ 

₄43₅ ▬fi♄◒♃ ─  ≢│ ▬fi♄◒

♃◄Ⱡꜟ◑כ─ ⅛╠▬fi♄◒♃ ╩ ∆╢⁹▬fi

♄◒♃ VolL│Area product(21)⌐╟╣┌ (22) ≢ ╘╠

╣╢⁹ 

3

42
L V

u m w

W
Vol K

K B J

å õ
= æ öæ ö

ç ÷

 ...................................................... (22)  

↓↓≢ KV│◖▪─ ⅛╠ ↕╣╢ W│▬fi♄

◒♃⌐ ↕╣╢◄Ⱡꜟ◑כ Ku│ ─ Bm│◖▪

─ Jw│ ⅝ ─ ≢№╢⁹(22) ╟╡

▬fi♄◒♃ │▬fi♄◒♃◄Ⱡꜟ◑כ─ 3/4⌐ ∆

╢↓≤⅜╦⅛╢⁹ ≢│ PFM ⌐╟╢▬fi♄◒♃

─ ╩ ∆╢√╘⌐ 63 ⌐≡ ⌐

PWM≤ PFM╩∕╣∙╣ ⇔√ ─▬fi♄◒♃ ╩

∆╢⁹ 

5. ◦Ⱶꜙ꜠כ◦ꜛfi  

₄51₅ ◦Ⱶꜙ꜠כ◦ꜛfi  3⌐◦Ⱶꜙ꜠כ◦ꜛ

fi ╩ ∆⁹ ≢│ PV─ ⅜900 W ─

⅜750 W─◦☻♥ⱶ╩ ⇔ ⌐⅔↑╢DCM

⅔╟┘Ᵽ♇♥ꜞ⌐╟╢ ─ ╩ ℮⁹

◦☻♥ⱶ≢│ ⱳכ♩⌐▬fiⱣכ♃╩ ∆╢↓≤

╩ ⇔≡™╢√╘ ⱳכ♩⌐│▬fiⱣכ♃╩ ⇔

√ ╩ ⇔√⁹PV│ ≢ ⇔≡⅔╡

─√╘⌐MPPT│ ╦∏PV─ │0 A

⅛╠10 A╕≢ ∆╢ꜝfiⱪ ╩ ⅎ╢⁹ 

▬fi♄◒♃fi☻│(18) (19) ╩ ™≡ (Pout = 750 W)

≢☻▬♇♅fi◓ ⅜10 kHz⌐⌂╢╟℮⌐ ⇔√⁹(18)

╟╡▬fi♄◒♃fi☻⅜ 104 ÕH (19) ╟╡▬fi♄◒♃fi

☻⅜ 27.7 mH─ ⌐ ─☻▬♇♅fi◓ ⅜ 10 kHz

⌐⌂╢⁹ ≢│ ⌐10 kHz─☻▬♇♅fi◓

≢ ↕∑╢√╘⌐▬fi♄◒♃fi☻│27.7 ÕH≤⇔√⁹╕

√ ♀꜡ │ ⱳכ♩─ ╩1%

≢⅝╢╟℮⌐ ⌐3 ms⌐ ⇔√⁹ 

₄52₅◦Ⱶꜙ꜠כ◦ꜛfi  8⌐≤ ╩

↕∑√ ─Ᵽ♇♥ꜞ PV ⅔╟┘ ╩

∆⁹0.3 s╕≢│ PV─ ⅜♀꜡≢№╢√╘

╩ ≡Ᵽ♇♥ꜞ⅛╠ ⇔≡⅔╡ 0.3 s⅛╠0.5 s╕

≢│PV─ ╩Ᵽ♇♥ꜞ⅛╠ ⇔≡™╢⁹╕√

│0.4 s─♃▬Ⱶfi◓≢Mode A⅛╠Mode B┼

⇔≡™╢⁹∕⇔≡ 0.5 s⅛╠│PV─ ⅜ ╩

∫≡™╢√╘ ╩Ᵽ♇♥ꜞ⌐ ⇔≡™╢⁹╕

√ 1.0 s⌐≡ ⅜ ⇔√ ⌐│ ─ ╩Ᵽ♇

♥ꜞ⅛╠ ∆╢↓≤≢ PV─ ⌐ ╩ ⅎ∏⌐

╩ ⇔≡™╢⁹ ─ ⅛╠ ∆╢

│PV─MPPT≤ ╩ ≢№╢⁹ 

9⌐PV─ ╩0 A⅛╠10 A⌐ ↕∑

√ ─ ≤ ⱳכ♩ ╩ ∆⁹ 9╟╡ PV

─ │ ⌐ ⇔≡™╢√╘ PV⅛╠ ─

╩ ╡ ∆↓≤⅜≢⅝ MPPT╩ ≢⅝╢↓≤╩ ⇔

√⁹╕√ ⱳכ♩ │PV─ ⌐ ∑∏

⌐ ≢⅝≡™╢⁹↓╣╟╡ Ᵽ♇♥ꜞ≢PV─ ╩

≢⅝≡™╢↓≤ 3 ≢ ▫♥כꜙ♦√⇔ │ ≢

№╢↓≤╩ ⇔√⁹ 

10⌐ ╩750 W ќ 150 W ќ 750 W≤ ↕

∑√ ─Ᵽ♇♥ꜞ PV ⅔╟┘ ╩ ∆⁹

Table 3. Simulation conditions. 

Rating load

Output-port voltage

PV voltage

Battery voltage

Parameter Symbol Value

Pout

Vout

VPV

Vbat

750 W

170 V

90 V

48 V

Boost inductor L1 27.7 mH

CPV

Output-port capacitor Cout 1300 mF

Rating PV output power PPV 900 W

PV-port capacitor

Zero current interval

Dead time

PV current command value

T4

0.5 msTd

3 µs

IPV_ref 0 10 A(start at 0.3 s)

Maximum Carrier Frequency fsw_limit 50 kHz

1300 mF

1300 mFCbatBattery-port capacitor

Maximum battery charge current

Maximum battery discharge current

Ibat_min

Ibat_max

-10 A

10 A
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Fig. 8. Battery power, PV power and load. 
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Fig. 9. Average PV current and output-port voltage. 
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10╟╡ ⅜ ⇔Ᵽ♇♥ꜞ⌐ ↕╣╢ ⅜

≢№╢480 W(10 A)⌐⌂∫√ ⌐Ᵽ♇♥ꜞ

⌐ ⇔≡™╢↓≤ ⅛╢⁹↓─ ≤Ᵽ♇♥

ꜞ │PV⅛╠ ↕╣≡™╢⁹╕√ ⅜750 

W⌐ ⇔√ ⌐│PV─ ⅜ ⇔ ┘PV

⌐ ⇔≡™╢⁹ ─ ╟╡

│ PV ≤Ᵽ♇♥ꜞ ╩ ⌐ ╡

ⅎ ≢№╢⁹ 

11(a)⌐Ᵽ♇♥ꜞ ─▬fi♄◒♃ ( 8─

0.4 s)╩(b)⌐Ᵽ♇♥ꜞ ─▬fi♄◒♃ (

8─1.2 s)╩ ∆⁹ 11(a)╟╡Ᵽ♇♥ꜞ ─▬fi♄

◒♃ │DCM╩ ⇔≡⅔╡ ♀꜡ │

─3 Õs≤ ⇔≡™╢⁹╕√ 11(b)╟╡Ᵽ♇♥ꜞ

╙ ⌐DCM╩ ⇔ ♀꜡ ╙ ─3 Õs≤

⇔≡™╢⁹↓╣╟╡ ☻▬♇♅fi◓ ⌐╟╠∏♀꜡

│ ≢№╡ PFM⅜ ≢⅝≡™╢↓≤⅔╟┘

☻▬♇♅fi◓ ─ ─ ╩ ⇔√⁹ 

6.  

₄61₅  3⌐ ⇔√◦Ⱶꜙ꜠כ◦ꜛfi ≤

─ ≢ ╩ ℮⁹↓↓≢ Ᵽ♇♥ꜞ≤PV│

≢ ⇔ │ ≢ ∆╢⁹⌂⅔ ─

⌐╟╡▬fi♄◒♃│▬fi♄◒♃fi☻⅜ 23 mH─ ╩ ∆

╢⁹☻▬♇♅fi◓ (S1~S4)⌐│Si-MOSFET(IXFN180N15P, 

IXYS )╩ ∆╢⁹ ∆╢ⱴꜟ♅ⱳכ♩◖fiⱣכ♃│

ⱳכ♩⌐ ⇔≡ ☻▬♇♅⅜ 2≈ ⌐ ↕

╣╢√╘ ⌂☻▬♇♅fi◓ ╩ ≢№╢⁹╕

√ ⌐≈™≡│ ⌐⅔™≡ ⅜

≤⌂╢ ⌐ ⇔≡ ╩╙∫≡ ∆╢ ⅜№

╢⁹ ≢│ ⌐⅔↑╢ ─6 ─

╩ ≈☻▬♇♅fi◓ ╩ ∆╢⁹ 

₄62₅  12⌐ ≤PV ╩

↕∑√ ─ ⱳכ♩ PV PV

⅔╟┘▬fi♄◒♃ ╩ ∆⁹╕√ PFM⌐╟╢

Ⱨכ◒ ╩ ∆╢√╘⌐ ⌐⅔↑╢

PWM ─ ╩ ╦∑≡ ∆⁹ 12╟╡ Mode A⅔

╟┘Mode B─ ≢ ⱳכ♩ ⅔╟┘PV

⅜ ⌐ ⇔≡™╢↓≤⅜ ⅛╢⁹╕√ PFM╩

∆╢↓≤≢ PWM ≤ ⇔≡ Ⱨכ◒ ╩(a)≢

43%, (b)≢51%, (c)≢40% (d)≢5% ≢⅝≡™╢⁹(d)─

≢│ PFM ─☻▬♇♅fi◓ │ 11 kHz≢№

╡ PWM ─☻▬♇♅fi◓ 10 kHz⌐ ⅜

≠ↄ√╘ Ⱨכ◒ │ ≤⌂╢⁹╕√ ▬fi♄◒♃

─♀꜡ │ ≢№╢ 3 ms╟╡╙ ↄ⌂∫≡™

╢⁹↓╣│ ▬fi♄◒♃fi☻─ ╛ ─ ⌂≥⌐

╟╡ ─▬fi♄◒♃ ─ ▫♥כꜙ♦⅜⅝ ─

≤ ⌂╢↓≤⅜ ≢№╢≤ ⅎ╠╣╢⁹∕─√╘ ▬

fi♄◒♃fi☻⌐ ⅜ ∂√ ≢╙DCM⌐⌂╢╟℮⌐

♀꜡ ╩№╢ ↄ ∆╢ ⅜№╢⁹ 

13⌐PV ⅜900 W ─ ⌐⅔™≡

╩750 W⅛╠375 W⌐ ↕∑√ ─ ⱳכ♩ PV

⅔╟┘▬fi♄◒♃ ╩ ∆⁹ 13╟╡

⅜ ∂╢≤ ⱳכ♩ ⅜╦∏⅛⌐ ∆╢⅜ 20 

ms ≢ ⌐ ⇔≡™╢⁹╕√ ⅜ ∂

√ ≢╙ PV │ ∑∏ ⌐ ≢⅝≡™

╢↓≤⅜ ⅛╢⁹ 

14⌐ ⅜750 W─ ⌐⅔™≡ PV

╩ 450 W⅛╠ 900 W⌐ ↕∑√ ─ ⱳכ♩

PV ⅔╟┘▬fi♄◒♃ ╩ ∆⁹ 14╟

╡ ─ ⌐ ∫≡ ⅜♪כ⸗ ╡ ╦╡ PV─

⅜ ⌐ ⇔≡™╢↓≤⅜ ⅛╢⁹╕√ PV

⅜ ⇔√ ≢╙ ⱳכ♩ │ ∑∏

⌐ ≢⅝≡™╢⁹ ─↓≤⅛╠ ∆╢ │

ⱳכ♩ ≤PV ╩ ⇔≡ ≢⅝╢√╘

≤ PV─ MPPT ╩ ∆╢↓≤⅜ ≢

№╢⁹ 

15⌐ ⅜170 W─ ⌐⅔™≡ PV

╩ 360 W⅛╠ 900 W⌐ ↕∑√ ─ ⱳכ♩

PV ⅔╟┘Ᵽ♇♥ꜞ ╩ ∆⁹ 15╟

╡ Ᵽ♇♥ꜞ─ ⅜ ⇔ ≢№╢-10 

A⌐ ∆╢≤PV ⅜ ⇔ Ᵽ♇♥ꜞ ⅜
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Fig. 10. Step response in load change to 0.2p.u. from 1.0p.u. 

and to 1.0p.u. from 0.2p.u. 
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(b) Operation mode of discharging battery (fsw = 10 kHz) 

Fig. 11. Inductor current waveform. 
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-10 A⌐ ↕╣≡™╢↓≤⅜ ⅛╢⁹ 

16⌐ ⅜170 W─ ⌐⅔™≡ PV

╩ 900 W⅛╠ 360 W⌐ ↕∑√ ─ ⱳכ♩

PV ⅔╟┘Ᵽ♇♥ꜞ ╩ ∆⁹ 16╟

╡ PV─ ⅜ ⇔Ᵽ♇♥ꜞ⌐ ↕╣╢ ⅜10 

A ⌐⌂╢≤ PV─ ╩ ≢⅝╢⁹∕─√

╘ PV─ │ ⌐ ≠™≡ ↕╣≡™╢

↓≤⅜ ⅛╢⁹ 15 16╟╡ │ PV ╩

∆╢ ≤Ᵽ♇♥ꜞ ╩ ∆╢ ╩

╡ ⅎ ≢№╢⁹ 

17(a)⌐ Mode A⌐⅔↑╢ ╩ (b)⌐ Mode B⌐

⅔↑╢ ╩ ∆⁹↓↓≢│ ⌐ ⇔≡Ᵽ♇♥ꜞ≤

PV⅛╠∕╣∙╣ ∆╢ ╩ ↕∑≡ ╩

⇔√⁹ 17(a),(b)╟╡ │ ⌐⅔™≡

95.9%≢№╡ ≢ ⌐ 98.6%╩ ⇔≡

™╢⁹ 17(a)╟╡ Mode A≢│PV⅛╠ ∆╢ ⅜

∆╢╒≥ ⅜ ∆╢⁹↓╣│ 11(a),(b)⅛╠ ⅛╢

╟℮⌐ PV⅛╠ ∆╢ ⅜ ∆╢╒≥▬fi♄◒♃

─Ⱨכ◒ ⅜ ⇔ ╩ ≢⅝╢√╘≢№╢⁹

17(b)╟╡ Mode B≢│PV⅛╠ ∆╢ ⅜ ∆╢

╒≥ ⅜ ∆╢⁹↓─ ≢│ Mode B(i)─ ⌐⅔

™≡ PV─ ╩ Ᵽ♇♥ꜞ⌐ ⇔≡⅛╠ Mode 

B(iii)─ ≢ PV≤Ᵽ♇♥ꜞ⅛╠ ⌐ ╩ ∆╢⁹

∕─√╘ PV⅛╠ ∆╢ ⅜ ∆╢╒≥Ᵽ♇♥ꜞ⅜

1☻▬♇♅fi◓ ⌐ ∆╢ ⅜ ∆╢√╘

⅜ ∆╢⁹ 

18⌐ ⌐ ⇔≡ ≡─ ╩Ᵽ♇♥ꜞ⅛╠

∆╢ ≤ PV⅛╠ ∆╢ ─2 ⌐⅔↑╢PFM

⅔╟┘PWM(10 kHz)─ ╩ ∆⁹ 18

╟╡ Mode A⌐⅔™≡PFM╩ ∆╢↓≤≢ ╩36.9%

≢⅝╢⁹↓↓≢ ⌐⅔™≡PFM ⌐ ⅜

⇔≡™╢─│ ☻▬♇♅fi◓ ─ ⌐ ℮☻▬

♇♅fi◓ ─ ⅜ ≢№╢≤ ⅎ╠╣╢⁹╕√

╩PV⅛╠ ∆╢ ≢│PFM ⌐╟╢

│╒≤╪≥ ╠╣⌂™⁹↓╣│ ⌐⅔↑╢PFM

─☻▬♇♅fi◓ ⅜11 kHz≢№╡PWM ≤

─ ≢ ⇔≡™╢√╘≢№╢⁹ 

₄63₅ ▬fi♄◒♃ ─  ≢│ ⌐

CCM≤ DCM╩∕╣∙╣ ⇔ PWM ⇔√ ─▬fi

♄◒♃ ≤ ⌐PWM≤PFM╩∕╣∙╣ ⇔

√ ─▬fi♄◒♃ ╩Area product╩ ⌐ ∆╢⁹PFM

╩ ∆╢↓≤≢ ♀꜡ ⅜ ↕╣ Ⱨכ◒

╩ ≢⅝╢√╘▬fi♄◒♃ ◄Ⱡꜟ◑כ╙ ⌐

≢⅝╢⁹ 

19⌐ ╩ CCM≤ DCM≢ ↕∑√ ⅔

╟┘ ⌐PWM≤PFM╩∕╣∙╣ ⇔√ ─▬

fi♄◒♃ ╩ ∆⁹↓↓≢ ≢│ (CCM

)─▬fi♄◒♃ ╩100%≤⇔≡™╢⁹╕√ ─

▬fi♄◒♃ │ PV ≤Ᵽ♇♥ꜞ ─ 2≈─ ▬fi♄

◒♃ ─ ≤⇔√⁹ (CCM )─▬fi♄◒

♃fi☻│▬fi♄◒♃ ─ꜞⱪꜟ ╩ 30 %≤⇔≡ ⇔

√⁹ ⅎ≡ (DCM )≤ (PWM)│ ⌐

3⌐ ∆ ⌐⅔™≡10 kHz≢PWM ⇔√ ╩

40 ms/div
Inductor current 

(20A/div)

Output-port voltage (50V/div)

10 ms/div

The peak value is

reduced by 43%

PFMPWM

 

(a) Pout = 750 W PPV  = 0 W(Mode A) 

20 ms/div

Inductor current 
(20A/div)

Output-port voltage (50V/div)

PV output current (5A/div)

Command of PV 

output current (5A/div)

10 ms/div

The peak value is

reduced by 51%

PFMPWM

 

(b) Pout = 750 W PPV = 375 W(Mode A) 

20 ms/div

Output-port voltage (50V/div)

PV output current (5A/div)

Command of PV output current (5A/div)

Inductor current 
(20A/div)

The peak value is

reduced by 40.4%

PFMPWM

 

(c) Pout = 0.8 W PPV  = 450 W(Mode B) 

20 ms/div

Inductor current 
(20A/div)

Output-port voltage (50V/div)

PV output current (5A/div)

Command of PV output current (5A/div)

The peak value is

reduced by 5%

PFMPWM  

(d) Pout = 750 W PPV  = 750 W(Mode B) 

Fig. 12. Inductor current, PV output current and output-port voltage 

waveform in each mode. 
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⇔≡™╢⁹⌂⅔ Ⱨכ◒ │ ≤⌂╢ ⅔╟┘PV

─ ≢ ⇔≡™╢⁹▬fi♄◒♃─ ◄Ⱡꜟ

│כ◑ Ⱨכ◒ ≤▬fi♄◒♃fi☻(L = 27.7 ÕH)⅛╠

⇔≡™╢⁹Area product⌐ ≠↑┌ │4.2⌐ ⇔√

╡ ◄Ⱡꜟ◑כ─ 3/4⌐ ∆╢⁹ 19╟╡

⌐PFM╩ ∆╢↓≤≢▬fi♄◒♃╩2≈ ⇔√

(CCM )≤ ⇔≡ ▬fi♄◒♃ ╩ 85.5%

≢⅝╢↓≤⅜ ↕╣╢⁹╕√ PFM╩ ∆╢↓≤≢

11⌐ ∆╟℮⌐Ᵽ♇♥ꜞ ─ Ⱨכ◒ ╩ ≢

⅝╢√╘ PWM ╟╡╙▬fi♄◒♃╩ ≢⅝╢⁹ 

7.  

≢│ BMS ↑ⱴꜟ♅ⱳכ♩◖fiⱣכ♃─

╩ ⌐ FCC╩ ⇔√ⱴꜟ♅ⱳכ♩◖fiⱣכ♃╩

⇔√⁹ │ ⌐ ⌂▬fi♄◒♃╩ ≢

⅝ DCM╩ ∆╢↓≤≢▬fi♄◒♃╩ ⇔≡™╢⁹

╕√ Ᵽ♇♥ꜞ─ ╩ ∆╢↓≤≢ ⅜

∂√ ≢╙ PV╩ ─ ≢ ↕∑╢↓≤⅜≢

⅝╢⁹ ⌐ PV─ ⅔╟┘ ╩ ≤⇔≡

▫♥כꜙ♦ ⅔╟┘ PFM ⌐ ⌐╟╠∏♀꜡

╩ ⌐ ∆╢√╘⌐ ⌂☻▬♇♅fi◓ ╩

⇔√⁹∕⇔≡ ◦Ⱶꜙ꜠כ◦ꜛfi⅔╟┘ ⌐╟╡

▫♥כꜙ♦√⇔ ─ ⅔╟┘ ⅜ ∂√

≢╙PV─ ⅜ ⇔⌂™↓≤╩ ⇔√⁹

╟╡ │ ⌐⅔™≡ 95.9%≢№

╡ ≢ ⌐ 98.6%╩ ⇔√⁹ ⅎ≡ Area 

product⌐ ≠™√ ⌐╟╡ ▬fi♄◒♃─ ╩

⇔ 2≈ ≤∆╢ ╩CCM ↕∑√ ≤

⇔≡ │▬fi♄◒♃ ╩85.5% ≢№╢↓

≤╩ ⇔√⁹ 
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Fig. 17. Efficiency characteristics in each mode. 
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Fig.18. Comparison of efficiency characteristics 

between PFM and PWM. 

0

20

40

60

80

100

120

conv.(CCM) conv.(DCM) prop.(PWM) prop.(PFM)

In
d
u

ct
o

r 
vo

lu
m

e
 r

a
ti
o
 [
%

]

B
a

tt
e

ry
 s

id
e

P
V

 s
id

e Inductor volume is 

reduced by 85.5%

Inductor volume is 

reduced by 70.7%

Conventional

Circuit(CCM)

Conventional

Circuit(DCM)

Proposed

Circuit(PWM)

Proposed

Circuit(PFM)

B
a

tt
e

ry

 s
id

e

P
V

 s
id

e

 

Fig.19. Inductor volume ratio compare to conventional circuit. 
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