A Resonant Zero-Voltage and Zero-Current Switching Converter for

Switching Power Supply

2554



A Resonant Zero-Voltage and Zero-Current Switching Converter for

Switching Power Supply

RC <4 -cU%All?

2554



uC3879

passive

damping

800

&
8"3;_'- o ‘%"\ a
Yaynant

&z A Y o o £ d‘ = & 1 Y o £ ¢y ¥
nastiluenasianulidmiunisldnuienisfnwivingy ldeygnlviluldusslevisunisen

lidnsallag visdu Bnvivinuilisauadiien wazdesdeddadveseonasynasaniinisuiluly



A Resonant Zero-Voltage and Zero-Current Switching Converter for

Switching Power Supply

ABSTRACT

This report presents a Resonant Zero-Voltage and Zero-Current Switching
(2vZCS) Converter for switching Power Supply using a phase-shift control with UC-
3879 to achieve zero-voltage switching (2VS) for the leading leg switches.
Additionally, the converter uses an auxiliary circuit, which is passive clamping, to
reset the primary current during the freewheeling stage to achieve zero current
switching (ZCS) for lagging leg switches. To reduce converter, cost and size of the
passive components used in the power converter such as inductors, capacitors,
transformers, the switching frequency must be increased. It is against the efficiency of
the converter because the switching losses increase with the switching frequency. So,
this technique has been chosen to reduce losses at switching conditions.

For the analysis of the ZVZCS converter, the passive clamping including a
simplified simulation tool has been developed. Circuit parameters that affect the
soft-switching conditions are examined and critical parameters are identified. Based
on the analysis, practical design considerations are presented so that the readers can
study by themselves. Simulation and experimental results are compared each other
to confirm the corrections.

The operation principle and dc characteristics of the converter are analyzed

and verified on 800 , 40V, 20 A, and 60 kHz experimental prototype.
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21

211

21
1—()9 = N2i2 Jr
(91)«0
thNil—N22
vi=e 1= N1(dgj)/dt)
v2=e2 =N 2(d(|)/dt)

:_-',(— *0) (2.1)

( Turn ratio)



Load
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(magnetizing

inductance Lm) Lm= N*/

<1>1=<1>+<1> ) ()

R1 R2

Rc (Core loss )

2.2

(magnetizing current)

(flyback transformer)
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212
(static magnetic devices)
(permanent magnet)
(transformer) (inductor)
(B-H curve)
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(linearity)
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Hc = Hg
1 (Lm)
2.
3.
4. (Br)
5. (IcD)
6. (L
213
Design using Area Product Design)
() (forward converter)
()
converter)
() - (push pull converter)
() (fly back converter)

(area product)

Ap= area product = core cross section

(Ao)
(Aw)

(half

(Core area)

(2.3)

10-1000

(High - frequency Transformer

bridge and full

bridge

(Ac) X window area (Aw)

(window area)
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(=)
_ -,N2 =- (2.5)

4KfA cBnf 4KfA cBnf
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\ (A)
) A
N1
N2
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(£0D)
(2.11)
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()
Form factor ( .11
1 )

Window utilization factor

(2.12)
) 355 A/mm2
(2.12) Ap
Ap Ap
(di/dt) (dv/dt)
turn off
R-C-D
Vs

25 R-C-D
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microelectronic

13

Vs

2.7 R-L-D

Metal-Oxide-Semiconductor

i-v
characteristic
P&\ channel enhancement depletion
600V 40A
231
gate, source drain terminal 2.8
V-mosfet, - osfet,D-mosfet -
mosfet P-N p-base n-drift forward voltage source
p-base +source p-base
gate source terminal (ves = 0) p-base

n-drift drain
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+ p-base

On-State Resistant

bipolar
collector
MHz
BJT
Internal Body Diode
source 29 ()
switch 2

recovery

drain-source (Id)

base

BJT
BJT /

drain

drain

ultra-fast diode

2.9 ()
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To Cancel
D the body
diode
MI A Bodydiode regg‘\iry
diode
() ()
29 ()
()
Internal Capacitors
parameter
C Terminal 3 CG gate to source cgd gate to drain
cds drain to source 2.10
Turn on cd (oXe
gate
CiSCs CIs

DATA SHEET

Cd ~ Crs

0r —CjssCrss

Cds ~ Cgss'Q ss

CrIs small-signal reverse transfer capacitance
cis small-signal input capacitance drain source
Coss small-signal output capacitance gate source

gate to source

Turn on Turn off

chcg cd

Coss Cis drain to source

gate to source gate to drain
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input capacitance)

device)
211 ()
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Y
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VQ
(ohmic region)
10-20
VGS
(parasitic
211 ()

(low voltage digital logic

(double emitter flower)

NPN
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(sink)

2.3.3
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(buffer)
211 ()

(electrical isolation)

(power circuit)

(magnetically coupled)

Vs

()
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Vs
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24
' ' 2 (half-
bridge) (full-bridge)
2
Leading-leg Lagging-leg
2
Q1 Q3
(dead time)
24.1
2.13

The quasi-resonant inverters (QRIS)

QlImjQ2 QlImj

Quasi square

Q3,Q3 Q4 Q2 Q4

wave 2.14
rms fundamental
= 4V.
Y= . .-cosa (2.17)
V27U
rms fundamental
[ ]
n= —p —cosa (218

V271
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Vs

Tt+a 27 —(X

t Q2,04 Q1,02 QLQ3 1 Q3,04 1 Q2,04

2.14 Quasi square wave

242

(Dead time blanking time)

( )
1-2

'2.23

2.15 (a) ' 2.15 (b)

2.15 (c)
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iA A 2.15 (d)
iA> 0
A— VAN
VAN
iA A 2.15 (e)
i, <0 DA,
VAH + Vd VAN
(2.19) (2.20)
Ve 3 \(VAO'\léeal -(V Aolclual
2(deadime)
Ve= £
T
2.5 Single-phase Full-wave
Single-phase Full-wave 2
Center-Tapped Bridge
Center-Tapped 2
Center-Tapped 2.16
D1 D1 forward bias D2
D2 reverse bias 2.17

21

(29

@0
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23

o2
2.17 Center-Tapped D1
D1 D1
reverse bias D2 D2 forward bias
D2 2.18 2.19
reverse
Peak Inverse Voltage (PIV) Center-Tapped
PIV
PIV
Load
2]
2.18 Center-Tapped D2

2.19 Full-wave
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Bridge 4 2.20

Center-Tapped

D1 D2 forward bias D4
reverse bias D1 D2 221
D2 reverse bias
D4 forward bias D4 2.22

Center-Tapped
Bridge PIV

2.23

2.24

2.21 Bridge DL 2
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2.22 Bridge 4

2.24 Full-wave
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PWM
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PWM
NS ZVZCS
26.1
225 a
225 b
S1-S2 S3-S4 S1-S2
Leakage inductance Turn off
D1-D2 - 4
Leakage inductance Leakage inductance -
Vdc : Turn on
Turn on 51,52 ZCS D5 D6
Reverse-Bias vVAB 2.25)¢ V rec 225d
225 e
1 Turn on Turn off
(
)
2.26

2. Leakage inductance
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2.26 Turn on Turn off
2.6.2 VAYS
' VAR 227 a
PWM
ZNVZCS Turn on Leakage inductance
227 b S3 2 S4 Turn
off C4
Turn off snubber S3 Turn off S4
C3 C1 D1 D2 D1
S1,52 Turn on ZCS
51,52 Turn on NS Leakage inductance
Cl.c2 C1,.C2 1,52
VAR
2.6.3 ZVZCS
VAV
Turn on ZNZCS ZCS Turn
off Leakage inductance
Turn off

2.28
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Leading leg Lagging leg

S 1 S
(b)
2.27 ZVS
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2.28
- ZVZCS Active clamping
ZCS
sh 2.29 Active clamping
cb
Active clamping
- DC-blocking capacitor
ZC5 Turn off
DC-blocking capacitor 2.30
DC-blocking capacitor
1 DC-blocking capacitor Voltage Drop
2 Duty Cycle
Core Loss
3 Leakage inductance

231

ZVS

Passive clamping
Passive clamping
ZCS Turn off
ZVZCS Turn on
Cb

30

cb
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Leading leg Lagging leg

2.30 -blocking capacitor
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Leading leg Lagging leg
231 Passive clamping
21
ZNZCS
1 1
2.
3.
4,
NS 1 1
turn on
2 2
ZNZCS 1 1

Turn on Turn

WA A

turn off

32



off
2.
3.
4.
ZVZCS
2.2
2.2 ZVZCS
De-
Active clamping blocking capacitor
1 DC-blocking
capacitor
Active clamping Voltage Drop
2.

Duty Cycle
Core Loss

3. Leakage inductance

21

Passive clamping

33



- ZVZCS

Passive damping

Passive damping Z\VZC5

Passive damping
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Passive clamping

1c UC3879N
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31
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! (TO-T1): turn on S2

inductance | LK Ip
Ip(t) = — t
LIK
2 (T1-12): 1 S2
holding capacitor Ch auxiliary
Ch (3.2) (3.3) 3.3

36

leakage

(3.1) 3.2

(3.2)

Dc

3.2 1 (Turn on S2)
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34 3 (DC turn off)
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35

C3

4 (T3-T4):
(T4-T5):
VH
Vied
(3.5) (3.6)

38

1 turn off T3 “
o (3.4)
= — (3.4)
nCal
C q =C 1+ C2
cu
V.. Vu pd. turn on o
- Vied
Lik
3.6
Ip(t) = " - cos(CObt) (3
Vab(t) = VH------ ~ —  sin(COlX) e

3.5

4 (Turn off SI)



3.6 (Ch )
6 (T5-T6): C1 C3
S3
turn on (2vS)
(3.7) 3.7
L v,
Ip(t) = M-cos(CObtnd) - -sin(CO 1)
1 4K
(D 5=T5-T4, zr — 1
J 4 LLKCh 4
Vred (3.8)
V* (1) = VHCO® (®.1)
7 (T6-T7): Dree
Ch Viec
(3.9) 3.8

Vreg( t) -V Heos(COctnb) -

VB:TGJS

39

Lik

(3.7)

(3-9)
turn off

3.9)
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&
¥ss -
agnant

3.8

(T7-T9): Ch Df
T8 S2  turn off (zCs) 3.9
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3.9 (turn off S2)

Ch T9 Ch
(3.10)

t)=-— J— dn(COt)

S3-S4

S4

ZNVS 1 S3

Turn off

Ch

Turn on

3.10

41

(3.10)

S1-S2

ZCS

S2



3.2
Area Product Ap Approach
321

Bm= 0.27T
f = 60kHz

0=471X10_7H/m
Loy —14A bme = 36A

42
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Eymyy = 400V Eyme =100V

. .’)l
3 [ I | =
p=2X10.8Qm
k=1
(3.11)
1 J-awire (3.11)
(3.11) 1= 4.6mm.2 a2=12mm.2
Skin Effect
' Skin Depth
Skin Depth (3.12)

f 2-p >
SSkin: "1
-® J
Ji = |10dr @@= 27If

(3.12) ft

0.25mm.

Skin

as = 7 2 =0.199mm

SWG28 = 0.111mm.2

Ap (3.13)

[E,",+2EdJ
A_A (3.13)
4JK,KwBnf
(3.13) Ap= 222 X 10~9
Ap EE80
Aw= 1,195.7mm.2 Ac = 392mm?2

(3.14)

(3.14)
4KFACBNf’ 2  4KfAOBnf

(3.14) N, = 16 N2 =4



44

Window Area (3.15)
N, 1+ 2N2 2
(3.15)
(3.15) Aw = 565.33mm?2
EE80
Lag/ = 125mm.
L1=16X125 = 2000mm.
L2 = 4X125 = 500mm.
(3.16)
(3.16)
a
(3.16) R1=8.696X10_3Q R2=0.833X10~3n
(3.17)
p::(C- R) + 0 rR) (3.17)
(3.17) PG = 2.78Watt
(3.18)
Pde =9.5623 X10“6 -Bn22 (3.18)
(3.18) Pde =0.188
EE80 350 § P,. = 65.8Watt

3.2.2

Bm= 0.27T
fs = 120kHz

0 —47 X 10~7H/m

Lmel= 32.075A Jumey - = 2A
Eymey = 70V E ome = 62.33V
K

p=2X108Qm



(3.11)

al= 12mm.2

2= 1.67mm.2
(3.12)

Skin Depth

skin = 0.177mm.

ag = 7Cr2 = 0.099mm.2

SWG28 = 0.111mm.2

Ap (3.19)

(3.19)
(3.19) Ap= 20.57 X10~9

Ap EE55A

Aw= 375.55mm.2 Ac = 361.2mm?2
(3.14)

N1= 2
Window Area (3.20)

_ Ntal+N2 2

(3.20)
(3.20) Aw= 91.13mm2
EES5A

Lag/ = 96mm.

Lt =2X96

192mm.
L2= 2X96

192mm.
(3.16)

R, =0.32X10“3Q R2=2.3X10_3n

(3.17)

PG = 0.34Watt

(3.18)



core

EES5A 218 ¢

3.3

3.11
Drec2 Df

C1 C3

0-300 V
20 A

1 R C

Rb, Rc: 30 ohm

Cb, Cc
Ch
Co

LOAD

3.11

/9
Pw0 = 93.74Watt

3.11

RC snubber 3

Pspice
1 0-40 V
: 800
1 2.2 nF
0.47 uF
1000 uF

20 A

46

Drecl,



*

3.4

D1-D4
Drecl-2
Df
Dd

Dc

3.2

3.1
Vp
300 V
300 V
210 V
76V
60 V

48 V

D1-D4
Drecl-2
Df
Dd

Dc

EES0 N1:N2= 16:4
- EES5A N3:N4= 2:2
3
Vavg Vrms Ip
145V 200 V 16 A
145V 200 V 16 A
46 V 87V 40 A
46 V 52V 7 UA
28 V 38V 3.5 nA
17 v 28 V 22 A
3.2
IRFP450LC 500 V
MUR3060PT 600 V
60EPUO4 400 Vv
60EPUO4 400 V
60EPUO4 400 V
60EPUO4 400 V

lavg
4.8 A
16 A
24 A
7.6 nA
0.8 A

0.8 A

14 A
30 A
60 A
60 A
60 A

60 A

3.1

Irms
95 A
5A
34 A
1 uA
15A

13A

47



48

1
15v 220/18 Vv
18v Cc 330 uF
! \Y
15v 3.12
2.
UC3879N
3.13

3.14

A QAN s

a3nant
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3.14 A.B.C,D

A,B,C,D

A S1 B S3

C S2 D sS4

Delay A-B C-D 3.15
2 ] L 1 L}

AB,C.D
AB,CD
3.16
AB,CD Turn on Turn off

+15v  -15V



50

SL (A)

S2 (C)

S3 (B)

S4()

4->

Shift Phase Delay A-E Delay C-D

Passive clamping
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PSpice

ZVZCS

, 4.1

>V(V1:4,V1:-)

1V(V2:e,V2:-)

D V(V3:e,V3:->

30us  33us
oV(Va:fva: >

4.2
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4.3 1 3 2 4
ZVS
ZC5 ZVZCS

(S3)
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($4)

4.4

holding

T
VL

4.4
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51

Freq(Cl) 60.38647kHz

ZVZCS

ZNZCS
300 Vdc
40 Vdc
20 A
800
60 kHz
S2
51
RnsCC2)  5.26569U
1

5.2

S2
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S3
A
4
S1 S3 S2 4
(Dead Time) S1 S3 5.4
S2 S4 55
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f(Output)
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( put)
300V 5.6
4
5.7
5.8 955
ro* 1 10 mV/A
100
2006/02/22 12:10 12 ! .==iful Normal
Stopped 3755 3 200HS/S Ss/Av
« Hair) 1K »
B CH2 10:1
0.100kV/diM
DC  Full
Edge CHI
Auto
10.0MV
MaxCC2) ~ 491.667V Duty(C2) 33.33/.
AvgCC2)  300.640V
Rms(C2)  301.244V
Freq(C2) .333333MHz
CHI 1:1
50.0nV/diM
DC  Full
Edge CHI

01

Rms(Cl)  45.B611mV
Freg(Cl) 3.921569MHz

5.1



ZNS

ZCS

Rns(MI) 13.176E+00EU
Freq(HI) 123.0012kHz
5.8
59
5.10
Z\NZCS
896
M\ >< A4
Rns(C2)  208.847U
Freq(C2) 61.59532kHz

5.9

CHL 1:1
50.0 /div
DC  Full
CH2 10:1
0.100ku/d iv
DC  Full

rtathl
C1Cc2

ft -> B(N)
ftuto

Quasi Square

5.11

™

0.200kV/div
DC  Full

Edge CHI
ftuto
0.006

G2ry

APosition

0.00dlv

60

Wave
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FreqCCl) 61.1246'kHz

%
h

5.12
5.13
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436 5.14
872  (436x2)

Freq(CZ) 60.60606kHz

5.12
2006/02/23 14:04:48 B = = =j ..oy ~1 imok Nornal
Stopped 885 3 200HS/S
« Man 1k » Ghllmy Lada '
0.100" U/div
BC) | Full

T A SrY & “ rth m rift

Edge CHI
Auto
0.035

(T [O) S Ty p— Buty(Ci) 2658+
Avg(Cl)  66.9691n0

Rws(Cl)  120.102nU

Freq(Cl) 60.95703kHz

5.13



Rns(HI)  8.4596E+00EU
Freq(HI) 60.S3845kHz

5.14
(Output)

5.15 21 A
5.17

40 V, 20 A, 800

Freq(CZ) 537.6344kHz

5.15

CHI 1:1
0.100 V/diM

50.0 M/dlv
DC  Full

nathl
Cl*Cz

Edge CHI
Auto
0.035

859

5.1

41 V
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2886/02/zz 12:16:20 a 1,'-,= 10 Normal

Stopped 676 3 200HS/S 5
« Main 1k » w m
0.100 U/div
DC  Full
Edge CHI _f
Auto
0.010
naxTCD— H O B fiO -------- Duty(Cl)m94.44/
Aog(Cl) 210. 4n
RmsCCl)  211.021nU
Freq(Cl) 11.11111MHz
2086/02/22 16:05:56 =jgiok  Normal
Stopped 2615 200MS/S ~ 5mgHm
« MaN?10k »
0.100 V/diM
DC |
B 210M
50.0 U/diM
DC  Full
Hathl
c1rcz
A -> B(N)
Auto
liaxotl) . 6615E+00EU Duty(HI)
AMg(HI)  8.5888E+00EU
Rns(Hl)  8.5836E+08EU
FreqCHI)
( pup) 955
896
872

(Output) 859



holding

Virec

holding

= 955 - 896 = 59
=59/4 = 14.75
=896 - 872 =24
=872 - 859 =13
ZVZCS
=( /
= (859 955) x 100
=90 %
-
C-holding
5.18
Ve C-holding
C-holding VieD
C-holding C-
C-holding
ZCs
VAV ZCSs 5.19

5.18

) xioo

C-holding
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5.19

Duty effective

effective

5.2
Duty effective (%)
17
20
23

26

620
715
804

955

()

ZVS ZCS
Duty effective ( 1
5.2 5.20
Duty effective

@

487

585

696

859

5.21

79
82
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90
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5.21

Duty effective

effective 26 %

5.3

10 15 20 25

Duty effective (99

Duty effective

10 15 2 25

Duty effective (29

Duty effective

Duty effective

5.22
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Duty
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25 344
50 542
75 743
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60 .. fi_—G=2N= J1. [
0 200 400
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5.23 5.24
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1000
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*"\M R > tlal‘UﬂtL. KUjOdL i da AL CNQ 101
: 0.100J(8/dlo
DC  Full
Edge CH2
Auto
0.0441(8
RUSCC2) 310.0918
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Prod(C2) 3.585US
2006/03/21-23:59:06 " |...cocueieiieriaaneraianans g Nornal
Stopped 5123 5 200HS/S 5lis/to
< MainJIOk » CHI 1:1
50,0n8/div
DC  Full
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Auto
0.0441(8

tog(Cl) 25.'0 m—
RttS(Cl) 35.  —
Freg(Cl) 123.2286)<Hz
Prod(Cl) 8.115US

5.24

Juyccl) 57411
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CHI 1:1
50.0nU/diu
DC  Full
CHz 10:1

0. 100kU/dly

DC  Full

Hathl
Cc1*Ccz

ﬁjﬁscrizjf

0.044kB
Freq(Ml) 123.Z2B6kHz
Duty(MI) 57.42X
5.25 NS
5.23 5.24 300 V
753
32V 5.26
18 A 5.27 597
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2006/03/20 14:02704~" N .oa) ) LB SR ... :mok  Nornal
Stopped 1010 g 20BHS/S Sps/di.
« Mai . 10k »
DC  Full
LS T Walor A A
T "N F
Edge CHZ
Auto
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(WG<C2)— 31BY75U-wrrrrer ty(C2L 95.83x

Rns(CZ)  31.90530
Freq(CZ) 8.333333MHz
Prod(CZz) 120ns

5.26 ZVS
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Prod(Cl) 25.©
5.27 VAVS
CHI !
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DC  Full
CH2 10:1
28.0 U/diM
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Edge CH2
Auto
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5.28 NS
ZNVS
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ZCS

649 z\/ ; ZVS

Duty effective ( ZVS)

Duty effective

Duty effective

5.4 5.30 531
5.4 Duty effective (
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%
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Duty effective (%9
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55 (  2v9)
(%) () () (%)
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50 408 301 74
75 552 426 77
100 753 597 80
5.32 (  2vS)
ZNZCS
ZNVS
ZVZCS 8-10 % 5.33
100
0 31 1 1 1 1
0 200 400 600 800 1000
()
5.33
ZVZCS  2VS



300 Vdc
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2 ELL!S 50 AN
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Duty effective
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(Three Level Converter)
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Design of Zero-Voltage-Zero-Current-Switching Three-level DC/DC Converter

)
I ! !
2 !
. 0-2329-8330
| gt
I !
| | 60
n ¥ PSpice
n , o] |
Lo
Abstract

This paper presents the design of a zero-voltage-zero-
current-switching (ZVZCS) three-level dc/dc converter. The auxiliary
circuit is easy for design and no switching loss of switching device. The
freewheeling time depends on the charge and discharge of capacitor,
which causes by load current. The switching frequency of the power
MOSFETSs is 60 kHz for phototype. The simulation results obtained
from the PSpice program have confirmed the ZVZCS operation of the
proposed circuit and confirmed the experimental results.

Keywords: zero-voltage and zero-current switching, three level
converter, de-dc converter, soft switching

850
!

34 (EECON-34) 30

397

PSpice

-2

73000 Email: himnsing@yahoo.com

0-2329-8330 Email: kjanuwat@kmitl.ac.th

51 10520

[l

2554


mailto:himnsing@yahoo.com
mailto:kjanuwat@kmitl.ac.th

2.
2 ? I
2
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3.
! (-] !
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LK !
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(turn on) !
inductance ! ! !
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\ ~T 0
*
Vi,

io IT h ho

34 (EECON-34) 30 -2
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leakage

2(t<t< ) t=t, |
holding capacitor Ck

(auxiliary winding) Dc
! C, ! 2, 3)
K*(0="-(1 +cos(040) 2
13ty =-n- )
=N = N> (’:\]1_1_ ,J*H =2y, oy )
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(<) k= !
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2
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Vi ! @
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VI I’ C,
7 (NN
vret' VH Da
2 VH
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VH VK
!
1
G (6
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(Reset [4(t) ) (7
>{)=" @ (6YyM)~ -+ - sm(©w)

PSpice 12
An=7 A MBf 4R 1
Vra 8)
Vm {t) = VH cos(©ct) ®
7(tk 1<) t=tf V el P 80
) Dra C. BymiC? 10.7 pF v, oV
Vit 300hm ck 047 pH
) C,,Cc 22MH C, 1000 pF
9 f 60 kHz Load 20A
V, ()= VHcos(ajne)--"- ()
2
66 %
8(t<t< ) F C, IRFP450LC 500V UA
v D, D,D, MUR3060PT 600V 0A
| (2CS) DHD*H'DI'DI  60EPUO4 400V 60A
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Converter” IEEE 2000, pp. 512-517.

J LT A\ Vi
ol i N (@ . : ”
39
L2548,
Ka>Kl) MM ld»<Cl> MW l/
30 5
17 L
. - "
University of Arkansas
Duty fKttv* (%) '
il ZV1CS

34 (EECON-34) 30 -2 2554
400





