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technologies

Design of Flyback SMPS in continuous conduction mode operation
Abstract

For SMPS in flyback configuration, discontinuous conduction mode (DCM) is popular because of its simple transfer function
characteristics. However, in some applications, continuous conduction mode (CCM) is preferred to achieve high efficiency. In
the paper, CCM operation is discussed in detail. CoolSET™ TDA16822, which includes the PWM controller and CoolMOS™, is
introduced for SMPS application. It can work at both of DCM and CCM. The application circuit with TDA16822 is described
briefly. Based on the same output specification requirement, two evaluation boards with TDA16822, for DCM and CCM
operation respectively, are set up. The experimental test is done for these two boards and the performances for DCM and CCM

are summarized in the final.

Introduction to continuous conduction mode in flyback converter
with current mode control

the difference between discontinuous (DCM) and continuous conduction mode (CCM)
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Figure 1 Typical waveforms of DCM and CCM operation
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The typical voltage, current and magnetic flux waveforms in continuous conduction mode (CCM) for
flyback converter are shown in Figure 1. For comparison, the typical waveforms in DCM are
demonstrated together. It can be seen that in CCM neither the primary current nor the secondary
current is truly continuous. Hence, for flyback converter, continuous conduction mode refers to the

incomplete demagnetization of the transformer core over a cycle of operation.

Introduction to current mode control

Current mode control is very popular in SMPS design. In current mode control, a control voltage Vg
directly controls the inductor current that feeds the output stage and thus output voltage. It has a

several advantages over the conventional direct duty cycle control:

(1) The peak current of the switch can be limited by simply putting an upper limit on the control
voltage and the overload protection is obtained.

(2) One pole corresponding to the primary inductor is removed from the control-to-output transfer
function Vo(s)/Veg(S), thus simplifying the compensation in the negative-feedback system.

(3) Good line regulation is obtained. The duty cycle will be adjusted directly to accommodate the

changes in the input voltage, resulting in excellent rejection of input line transients.

Benefit of CCM compared to DCM in flyback converter with current mode

control

Low peak current and RMS current

The shapes of primary and secondary current waveforms in CCM operation are trapezoid instead of
triangular in DCM operation. So at the same output power situation the peak current and the
equivalent RMS current are lower than those in DCM operation. Then the conduction loss on the
primary switch and secondary rectifier diode is less than that in DCM. It will help to increase the total
efficiency of the SMPS.
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Drawback of CCM compared to DCM in flyback converter with current mode

control

(1) Aright-half-plane zero exists and provides additional phase lag while boosting gain. It makes good
compensation difficult.

(2) The overload protection threshold changes with input voltage variation.

For DCM operation, the output power P, is obtained as:

1
Pa =11Rn =571 i s (1)

where, 77 is efficiency of the SMPS, P, is the input power, Ly is the primary inductance of the
transformer, lpeax is the peak current passing through the power MOS and f, is the switching frequency
of the power MOS. For fixed switching frequency operation, Py, is only dependent on lyea Which is
controlled by Vgg. Hense the upper limit Vg will limit the maximum Py, which is not dependent on the

input line voltage for DCM operation.

However for CCM operation, the equation (1) is not valid any more. It should be modified as follow.
The primary current waveform is shown in Figure 2. Then the input power Py, is derived as:

I:)in :Vinl aD = NratioVO (1_ D)l a (2)

where, Vi, is the input DC voltage, |, is the average inductor current during turn-on period, D is the
switching duty cycle, N4 is the turn ratio of the transformer and V, is the output voltage. The inductor

current ripple 4l is

Al . :ﬁ DTS — Nratiovo(l_ D)
L, L, fs

®3)
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Figure 2 Primary current waveform in CCM operation

| et =l + = Al (4)

from Equation (4), it is obtained

1 \/in NraiOV (1—D)
o= =580 = o =5 DTs = s = IZIZ,fS 5)
combine Eq(2) and Eq(5), then
P, = N,y Vo (1= D)(1 uy — Nime¥o(1=D)y 6)
oL, f,
N, Vo(1-D
Py = 1Py = 1IN, Vo (1= D)(1 oy — NeateVo(17D) @)

2L, f

It can be seen that the maximum output power is not only dependent on the peak current but also the

duty cycle, i.e. input voltage.
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SMPS circuit with TDA16822

Introduction to CoolSET™ TDA16822

The TDA16822 is a current mode control pulse width modulator with built in CooIMOS™ transistor and
working at fix switching frequency f<=100kHz. It fulfills the requirement of minimum external control
circuitry for a flyback application. The block diagram with the typical application circuit is shown in
Figure 3.

There are only 6 active Pins with DIP8 package. To safeguard the system, some basic protection
function such as IC undervoltage lockout, maximum duty cycle limitation, overload and open loop
protection, overvoltage protection during startup and latched thermal shutdown are built in. With
external current sense resistor, the maximum peak current limitation is adjustable. With the
propagation delay compensation, the current overshoot dependent on di/dt is minimized. Because

there is no demagnetized protection for this IC, it can work in both DCM and CCM.

SMPS circuit design on CCM operation with TDA16822

In this section we concentrate on the design for CCM operation. The detail circuit design steps of
transformer and the regulation loop will be introduced with a design example of 8.8V/1.7A SMPS. For
DCM design, please refer to the application notes of “CoolSET™ TDA16831...-34 for OFF-Line Switch
Mode Power Supplies” and “CoolSET™ application note supplement”.

The target specification is as below.

Universal AC input: 85VAC~265VAC.
Output voltage Vo: 8.8V

Output current lo: 1.7A

Efficiency: 80%
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Figure 3 Block diagram and typical application of TDA16822
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Transformer design

(1) maximum duty cycle Dayx

The transformer turn ratio of primary to secondary could be obtained as:
\/ V.

N _ . = dsmax ~ Vimax 8
et Vo +Vdiode ( )

where, Vgsmax IS the maximum voltage across drain to source of the MOSFET, Vinax is the maximum
input DC voltage and Vgege iS the on state voltage drop of secondary rectifier diode. Then the
maximum duty cycle D,y is shown as:

V +V, N __
( 0 dlode) ratio (9)

D =
™ Vinmin (Vo +Viioge )N

ratio

where, Vinmi, is the minimum input DC voltage. If Dnax is higher than 0.5, the slope compensation is

required for the system stability.

In this design, we choose Vysmax=450V, Vinax=380V, Vinin=90V, V=8.8V and V,4.=0.5V, and then the
turn ratio is

N, = omex ~Vinex _ 450=380 5 o (10)
V,+Vyy,  88+05

and

D _ (Vo +Vdiode) N atio _ (8.8+0.5)-7.53 =0.44 (12)

"V i + Vo +Vaioge)Nraio 90+ (8.8+0.5)-7.53

Slope compensation is not necessary for this design.
(2) transformer primary inductance Lp

For CCM operation, there is no upper limit for primary inductance Lp to guarantee the demagnetization
of the transformer. The larger the Lp, the lower the inductor current ripple Al and the lower the RMS
values of the primary current through the MOSFET and secondary current through rectifier diode.
Accordingly, the conduction losses of the MOSFET and rectifier diode could be lower. Hence the Lp is
set as large as possible within the limitation of core size. In this design, we choose Lp=1.85mH with
EFD20/N67 core type.
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(3) Maximum primary peak current lyeax max, Primary RMS current through MOSFET lprus max @nd

secondary RMS current through rectifier diode Isgms_max

from Eq. (2), (3) and (4):
| veck_mex = Pa +1A| L= Pou +1 Nratiovo(l— D)
- VlmnD 2 77V| minD 2 LP fS

1. , D P, «» AlZ
I = |— | i, (t)dt = [— out +—L-)=0.32A 13
o = ] 19°(1) J3<3<WmmD) ) (13)

% 2
., (Al Lll\lrano) )=229A  (14)

=0.589A (12)

1 _|1-D,_, g
v ijo is (t)dt—\/ 5 (%)

(4) Primary and secondary turn numbers, Np and Ng

To prevent the saturation of the transformer, the Ny should be:

N > Ipeak_maxLP
P

22— 15
BmaxA*nin ( )

where, B is the maximum flux density of the core and Ay, is the minimum magnetic cross section

area of the core. In this case, Amm:31mm2 and we choose B,5,=0.33T. And then,

I L
o> PR 1065 (16)
Bmax in
we choose Np=108. And
N, =N 143 (17)

ratio

we choose Ng=14.

Voltage regulation loop design

(1) Power stage transfer function

For current mode control flyback converter in continuous conduction mode operation, its transfer

function of output voltage v, to control voltage vgg is shown as follow.
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S.D
1+SC 1- P
Vo(S) KN, R(1-D) ( R N .ZR(l—D)Z)
G (S)= o — ratio . ratio (18)
S Ves(S) 1+D 14 R
1+D

where, K is the gain of i (S) to ves(S), R is the load resistance, C is output capacitance and R¢ is the

parasitic ESR of output capacitor. According to TDA16822 datasheet, K could be calculated as follow.

_i(s) _ 1
Ves(S)  RaeA

(19)

where, Rgense IS the primary current sense resistance and Ay is the gain of PWM operating amplifier.

It can be seen a right half plane (RHP) zero exists in Gg(S). The RHP zero provides additional phase

lag while boosting gain. It is also a moving zero varied with D. Hence, large bandwidth a- is not

normally obtainable with CCM operation in flyback converter. In the application,

Rsense=1.542

Ay=3.65 from TDA16822 datasheet

R=8.8/1.7=5.202
C=22004F
RC:006.Q

The gain and phase response characteristics of Gg(S) are shown in Figure 4 and 5.
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Figure 4 Gain response
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Figure 5 Phase response
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(2) Feedback loop design

The feedback loop circuit is shown in Figure 6. It consists of compensation network (TL431, Ry, Ry, Rj,

R4, C, and C,) and optocoupler.

6.5V Vo

.|”7“ .

Figure 6 Feedback loop circuitry

VFB(S)
Vo(S)

G (S)_VFB(S)_GCRFB . 1+S(C1+C2)R4
CTTUVW(S) R, SCR(1+SC,R,)

The total transfer function of the feedback loop is

(20)

where, G¢ is the current transfer ratio of the optocoupler.

In this design,

Gc=100% (optocoupler: SFH617-3)
Rrs=3.7K2 (from TDA16822 datasheet)
R,=6.2KQ

R,=2.4K2

Ry=1KQ

R4=15KQ

C1=0.22uF

C,=10nF

The gain and phase response characteristics of Gg(S) and final G(S)=Gs(S)+Gr(S) are shown in

Figure 4 and 5. The cross frequency is around 500Hz and the phase margin is about 82°.
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Experimental test

Based on the same output specification (8.8V/1.7A), two SMPS boards, operating in CCM and DCM
respectively, are set up with TDA16822 implementation. The main differences of the two boards are
the transformer design and current sense resistor. For DCM design, the primary inductance is 409uH
and sense resistor is 102. For CCM design, the primary inductance is 1850uH and sense resistor is
1.502. The testing is done for both of the two boards and the performances are demonstrated for the

comparison.

Load efficiency (Figure 7): The graph shows the efficiency changes with load current at 85VAC and
265VAC inputs. It can be seen that the efficiency of CCM board is generally 5% higher than that of
DCM board.

85 84
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B S 1
| S S — —— o 8
S5 P S 80
> 7 >
3 p g o
& OF 87
S > Qo
P ; £ 78
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i ---- CCM 265VAC
60 / - DCM 85VAC 76
7 —— DCM 265VAC
T 75
55 i i i 74
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 50 100 150 200 250 300
lout (A) VAC (V)
Figure 7 Load regulation Figure 8 Line regulation

Line efficiency (Figure 8): This graph shows the efficiency changes with AC input voltage at full load
current. Again, 5% improvement on efficiency is obtained from CCM operation.

Standby /No load power dissipation (Figure 9): This figure shows the power loss at standby/no-load
condition. There is not much difference on the standby input power for CCM and DCM operation. Both
of them are below 1W.

Overload protection threshold (Figure 10): This figure shows the overload protection threshold, i.e.
maximum output power set by the circuit. It can be seen, for DCM board, the maximum output power
is almost a constant value and not dependent on the input voltage. However, for CCM board, the
threshold value increases with the increasing of the line voltage. From 16W at 85VAC to 21.6W at
265VAC, it corresponds to 35% overshoot. This phenomenon has be predicted by the mathematical
derivation in Eq(7).
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Figure 11 shows the test waveform at full load, 220VAC input for DCM board. Figure 12 shows the

test waveform at full load, 220VAC input for CCM board. It can be seen that the primary turn on

current does not start from zero and the shape of the current waveform is trapezoid in CCM, instead of

triangular in DCM. And the peak current is

| e =0.8/1.5=0.53A

it is lower than that in DCM board which is

| e =0.9/1=0.9A

Resding Floppy Disk Drive

Ve | '
n, — | ol
Vs
L e ”W

1 2psz200Y 2 2us A58 B 2ps 1.82VY

ul

STOPPED

Figure 11 test waveforms at full load, 220VAC input for DCM board. Channel 1: Vg, 200V/div,
Channel 2: Vgrsense, 0.5V/div, Channel 3: Vgg, 1.82V/div, time: 2us/div.
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Figure 12 test waveforms at full load, 220VAC input for DCM board. Channel 1: Vg4, 200V/div,
Channel 2: Vgrsense, 0.5V/div, Channel 3: Vg, 2.10V/div, time: 2us/div.

Figure 13 and Figure 14 show the dynamic performance of DCM operation. Due to the large
bandwidth ax=3KHz, SMPS response immediately and there is almost no DC ripple when the load is

switched between no load and full load.

Figure 15 and Figure 16 show the dynamic performance of CCM operation. Compared to DCM board,
CCM operation has high DC ripple when the load is switched between no load and full load. From no
load to full load, the response time is around 10ms and the transient voltage drop is 0.2V. From full
load to no load, the response time is about 40ms and the transient voltage overshoot is 0.12V. This is
because of the narrow bandwidth -=500Hz which leads to the slow response for the load regulation.
Hence the output voltage suppressor is normally required in CCM operation to prevent the voltage

overshoot when the load is suddenly cut off.
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Figure 13 test waveforms for DCM board when the load is switched from no load to full load (1.7A),
test condition: 220VAC input. Channel 2: Vo, 0.1V/div, Channel 4: |o, 1A/div, time: 0.2ms/div.
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Figure 14 test waveforms for DCM board when the load is switched from full load (1.7A) to no load,
test condition: 220VAC input. Channel 2: Vo, 0.1V/div, Channel 4: |o, 1A/div, time: 0.2ms/div.
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Figure 15 test waveforms for CCM board when the load is switched from no load to full load (1.7A),
test condition: 220VAC input. Channel 2: Vg, 0.1V/div, Channel 4: I, 1A/div, time: 2ms/div.

i

.|O

HiBms 1.00A 210 ms 100mY 0 STOPPED
Figure 16 test waveforms for CCM board when the load is switched from full load (1.7A) to no load,
test condition: 220VAC input. Channel 2: Vg, 0.1V/div, Channel 4: lo, 1A/div, time: 10ms/div.
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Conclusion

The benefit and drawback of the CCM operation for flyback converter are analyzed in detail in this
paper. Experiments are done and the steady state and dynamic performances are demonstrated for
both of DCM and CCM operation. DCM is much popular for SMPS design because of its simple
transfer function characteristic and good line and load regulation. Most importantly the maximum
output power can be set at a constant value and no power overshoot during fault. However, CCM can
provide the higher efficiency which is required by more and more applications. In CCM operation, both
of the peak current and RMS current are lower than that of DCM operation. Although its overload
protection threshold varies with the input voltage, CCM operation is still attractive for the applications

with high efficiency requirement.
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Infineon Technologies AG
Weissacher Stral3e 11
D-70499 Stuttgart

T (+49)7 11-1 37 33 14
Fax (+49)7 11-1 37 24 48
D

Infineon Technologies AG
Halbleiter Distribution
Richard-Strauss-Straf3e 76
D-81679 Miinchen

T (+49)89-92 21 40 86
Fax (+49)89-92 21 20 71
DK

Siemens A/S
Borupvang 3
DK-2750 Ballerup

T (+45)44 77-44 77
Fax (+45)44 77-40 17
E

Siemens S.A.
Dpto.Componentes

Ronda de Europa,5

E-28760 Tres Cantos-Madrid
T (+34)91-514 7151

Fax (+34)91-5 14 70 13

3
Infineon Technologies France,
39/47,Bd.Ornano

F-93527 Saint-Denis CEDEX2
T (+33)1-49 22 31 00

Fax (+33)1-49 22 28 01

FIN

Siemens Components
Scandinavia

P.O.Box60

FIN-02601 Espoo (Helsinki)
T (+3 58)10-5 11 51 51

Fax (+3 58)10-5 11 24 95
Email:
scs@components.siemens.se
GB

Infineon Technologies
Siemens House

Oldbury
GB-Bracknell,Berkshire
RG12 8FZ

T (+44)13 44-39 66 18
Fax (+44)13 44-39 66 32
H

Simacomp Kift.

Lajos u.103

H-1036 Budapest

T (+36)1-4 57 16 90
Fax (+36)1-4 57 16 92
HK

Infineon Technologies
Hong Kong Ltd.

Suite 302,Level 3,
Festival Walk,

80 Tat Chee Avenue,
Yam Yat Tsuen,
Kowloon Tong

Hong Kong

T (+8 52)28 32 05 00
Fax (+8 52)28 27 97 62
1

Siemens S..A.
Semiconductor Sales

Via Piero e Alberto Pirelli,10
1-20126 Milano

T (+39)02-66 76 -1

Fax (+39)02-66 76 43 95
IND

Siemens Ltd.

Components Division

No.84 Keonics Electronic City
Hosur Road

Bangalore 561 229

T (+91)80-8 52 11 22

Fax (+91)80-8 52 11 80
Siemens Ltd.

CMP Div,5th Floor

4A Ring Road,IP Estate
New Delhi 110 002

T (+91)11-3 3199 12

Fax (+91)11-3 31 96 04
Siemens Ltd.

CMP Div,4th Floor
130,Pandurang Budhkar Marg,
Worli

Mumbai 400 018

T (+91)22-4 96 21 99

Fax (+91)22-4 96 22 01

IRL

Siemens Ltd.

Electronic Components Division
8,Raglan Road

IRL-Dublin 4

T (+353)1-2 16 23 42

Fax (+3 53)1-2 16 23 49

L

Nisko Ltd.

2A Habarzel St.

P.0.Box 58151

61580 Tel Aviv —Isreal
T (+972)3 -7 65 73 00
Fax (+9 72)3 -7 65 73 33

J
Siemens Components K.K.
Talanawa Park Tower 12F &17F
3-20-14,Higashi-Gotanda,
Shinagawa-ku

Tokyo

T (+81)3-54 49 64 11

Fax (+81)3 -54 49 64 01
MAL

Infineon Technologies AG

Sdn Bhd

Bayan Lepas Free Industrial Zonel
11900 Penang

T (+60)4 -6 44 99 75

Fax (+60)4 -6 41 48 72

N

Siemens Components
Scandinavia

@stre Aker vei 24

Postboks 10,Veitvet

N-0518 Oslo

T (+47)22-63 30 00

Fax (+47)22-68 49 13

Email:
scs@components.siemens.se
NL

Siemens Electronic Components
Benelux

Postbus 16068

NL-2500 BB Den Haag

T (+31)70-3 33 20 65

Fax (+31)70-3 33 28 15
Email:components@siemens.nl
NZ

Siemens Auckland
300 Great South Road
Greenland

Auckland

T (+64)9-5 20 30 33
Fax (+64)9-5 20 15 56
p

Siemens S.A.

an Componentes Electronicos
R.Irmaos Siemens,1
Alfragide

P-2720-093 Amadora

T (+351)1-4 17 85 90

Fax (+351)1-4 17 80 83
PK

Siemens Pakistan Engineering
Co.Ltd.

PO Box 1129,Islamabad 44000
23 West Jinnah Ave
Islamabad

T (+92)51-21 22 00

Fax (+92)51-21 16 10

PL

Siemens SP.z.0.0.
ul.Zupnicza 11
PL-03-821 Warszawa
T (+48)22-8 70 91 50

Fax (+48)22-8 70 91 59
ROK

Siemens Ltd.

Asia Tower,10th Floor

726 Yeoksam-dong,Kang-nam Ku
CPO Box 3001

Seoul 135-080

T (+82)2-5 27 77 00

Fax (+82)2-527 77 79

RUS

INTECH electronics
ul.Smolnaya,24/1203
RUS-125 445 Moskva
T (+7)0 95 -4 51 97 37
Fax (+7)0 95 -4 51 86 08
s

Siemens Components Scandinavia
Osterdgatan 1,Box 46

S-164 93 Kista

T (+46)8-7 03 35 00

Fax (+46)8-7 03 35 01

Email:
scs@components.siemens.se

RC
Infineon Technologies

Asia Pacific Pte.Ltd.

Taiwan Branch

10F,No.136 Nan King East Road
Section 23,Taipei

T (+8 86)2-27 73 66 06

Fax (+8 86)2-27 71 20 76

SGP

Infineon Technologies Asia
Pacific,Pte.Ltd.

168 Kallang Way
Singapore 349 253

T (+65)8 40 06 10

Fax (+65)7 42 62 39
USA

Infineon Technologies Corporation
1730 North First Street
San Jose,CA 95112

T (+1)4 08-5 01 60 00

Fax (+1)4 08-5 01 24 24
Siemens Components,Inc.
Optoelectronics Division
19000 Homestead Road
Cupertino,CA 95014

T (+1)4 08-2 57 79 10

Fax (+1)4 08-7 25 34 39
Siemens Components,Inc.
Special Products Division
186 Wood Avenue South
Iselin,NJ 08830-2770

T (+1)7 32-9 06 43 00

Fax (+1)7 32-6 32 28 30
VRC

Infineon Technologies

Hong Kong Ltd.

Beijing Office

Room 2106,Building A
Vantone New World Plaza
No.2 Fu Cheng Men Wai Da Jie
Jie

100037 Beijing

T (+86)10 -68 57 90 -06,-07
Fax (+86)10 -68 57 90 08
Infineon Technologies

Hong Kong Ltd.

Chengdu Office

Room14J1 Jinyang Mansion
58 Tidu Street

Chengdu,

Sichuan Province 610 016
T (+86)28-6 61 54 46 /79 51
Fax (+86)28 -6 61 01 59
Infineon Technologies

Hong Kong Ltd.

Shanghai Office
Room1101,Lucky Target Square
No0.500 Chengdu Road North
Shanghai 200003

T (+86)21-63 6126 18 /19
Fax (+86)21-63 61 11 67
Infineon Technologies

Hong Kong Ltd.

Shenzhen Office

Room 1502,Block A

Tian An International Building
Renim South Road
Shenzhen 518 005

T (+86)7 55 -2 28 91 04

Fax (+86)7 55-2 28 02 17
ZA

Siemens Ltd.
Components Division
P.0.B.3438

Halfway House 1685
T (+27)11-6 52 -27 02
Fax (+27)11-6 52 20 42
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