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A6s t~ac t -  A flyback dc-dc converter is obtained from t h e  
conventional buck-boost converter by replacing t h e  induc- 
tor  with an isolation transformer. A transformer in the  fly- 
back converter is used to  achieve a d c  isolation between t h e  
input  and the  o u t p u t  of t h e  converter. This  paper  presents 
dc and  small-signal circuit models for t h e  flyback converter 
for continuous conduction mode (CCM). T h e  parasitic com- 
ponents a re  included in these models. T h e  d c  model is used 
to derive t h e  equations for t h e  d c  voltage transfer function 
and  the efficiency. T h e  small-signal model is used t o  derive 
the  equations for t h e  open-loop small-signal transfer func- 
tions, such as control-to-output transfer function, input- 
to-output transfer function, input  impedance, and  o u t p u t  
impedance. Bode plots a r e  also given for the  small-signal 
transfer functions. 

I. INTRODUCTION 
The PWM flyback dc-dc converter is a transformer ver- 

sion of the buck-boost converter. The transformer pro- verter. 
vides a dc insulation between the input and output of 

ers to achieve much higher or lower values of the dc volt- 
age transfer function than its transformerless counterpart. 
The operating frequency of PWM flyback converter can 
be on the order of 100 kHz. Therefore, a high-frequency 
transformer is used, which is much smaller and lighter than 
low-frequency transformers operating at  50 or 60 Hz. The  
purpose of this paper is to introduce a simple method of 
obtaining dc and small-signal circuit models of PWM fly- 
back dc-dc converter for CCM and derive open-loop trans- 
fer functions. 

11. CONVERTER DESCRIPTION 

Fig. 1: Basic circuit of the PWM flyback dc-dc power con- 

the converter. The  transformer also allows the convert- 'T1 'DS + "SD - "F RF 'T2 

vr 
- 

Fig. 1 shows a basic circuit of the PWM flyback dc-dc 
power converter. I t  is comprised of a controllable switch 
S such as a power MOSFET (other power switches such 
as a BJT, a IGBT, or an MCT can also be used), a diode 
D2, a filter capacitor C, a load resistance R, and an iso- 
lation transformer. A transformer is used to achieve a dc 
isolation. The  voltage across the coils of the transformer 
is directly proportional to the number of turns of the coils 
and the current in the coils of the transformer is inversely 

tionship is expressed by the formula 

Fig. 2: Equivalent circuit of the PWM flyback converter 
with actual components. 

Ivs,c = number of turns of the secondary winding . 
z p  = current in the primary side, A 

= current in the secondary side, A.  
proportiona1 to the number Of turns. Therefore! the The  isolation transformer turns ratio n:l is to give 

a suitable switch duty ratio D for a given output voltage 
VO and line input voltage VI. 

The  switch S is turned ON and O F F  by a driver a t  the 
switching frequency fs = l/T with the ON duty ratio D 

Fig. 2 depicts an equivalent circuit of the converter, where 
r ~ s  is the transistor ON-resistance, rT1 is the winding 
resistance of the primary side of the transformer and is 

Np - i ,ec - 'up-- - - - 
vaec  N s e c  ip 

- n  

where = t,,/T, where to, is t h e  interval when t h e  switch is ON. 
v p  = voltage on the primary side, V 
vSec = voltage on the secondary side, V 
Np = number of turns of the primary winding 
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Fig. 3: An equivalent circuit with an EAR r connected in 
series with the magnetizing inductance L .  

connected in series with T D S ,  rT2 is the winding resistance 
of the secondary side of the transformer and is connected in 
series with RF, TL is the dc ESR of the inductor, VF is the 
threshold voltage of the diode, RF is the forward resistance 
of the diode, and TC is the ESR of the filter capacitor. 
Fig. 3 shows the equivalent circuit of the converter with 
the equivalent averaged resistance (EAR) r connected in 
series with the magnetizing inductance L .  

111. ASSUMPTIONS 

The analysis of PWM flyback converter of Fig. 1 begins 
with the following assumptions: 

1) The power MOSFET in the ON state is modeled by 
a constant resistance T D S  and in the OFF  state by a n  infi- 
nite resistance. Its output capacitance and lead inductance 
(2nd thereby switching losses) are zero. 

2) The diode in the ON state is modeled by a constant- 
voltage battery VF and a forward resistance RF and in the 
OFF state by an infinite resistance. The  charge-carrier life- 
time is zero for p-n junction diode (and therefore switching 
losses due to the reverse recovery are zero), the diode junc- 
tion capacitance and lead inductance are zero. 

3) Passive components are linear, time-invariant, and 
frequency-independent . 

4) The output impedance of the input voltage source is 
zero for both dc and ac components. 

5) The frequencies of ac components of the input volt- 
age and the duty cycle are lower than one-half the switch- 
ing frequency, similarly as for the s ta tespace  averaging 
method [2], [3]. 

6) The transformer leakage inductances and the stray 
capacitances are neglected. 

IV. EQUIVALENT AVERAGED RESISTANCE 

The EAR of the parasitic resistances is found using the 
principle of energy conservation method. The inductor cur- 
rent i~ for ON interval 0 < t < DT and OFF interval 

DT < t 5 T is given by 

the rms value of inductor current is 

where 
ki = n?R( 1 - D)? 

&f,L 
The power loss in r L  is 

p r L  = r L I i r m s  = r L I i ( 1 +  k ; ) .  

~ L ( E A R )  = ~ L ( I  + k?). 

( 7 )  

The EAR of the r L  in the inductor branch is 

(8) 

The switch current at the ON interval 0 < t 5 DT and 
OFF interval DT < t _< T is given by 

The rms valiie of the switch current Isrms is 

1 DT 
I:,.m3 = T 1 i idt  

The power dissipated in the resistance rDs is 

Since P r D S ( E A R )  = P r D S  and PrDS(EAR)  = T D S ( E A R ) I i ,  
the EAR of th.e ON-resistance TDS in the inductor branch 
1s 

rDS(EdR) = T D S D ( ~  + k,"). (1'2) 

~ T ~ ( E . A R )  = ~ i D ( 1 +  k,"). (13) 

Similarly, the EAR of rT1 is . 
The diode current for ON interval 0 < t 5 D T  and OFF 

DT < t 5 T is given by 
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The rms value of the diode current ID,,, is 

I rT 

. (15) 
- I i n 2 ( 1  - D ) ( 1  + IC;) = I i ( 1  + k j )  - 

0 2  (1 - D )  
The power loss in R F  is 

PRF = R ~ I ; , , ~  = R F I Z ~ ~ ( I  - D ) ( I  + k3). (16) 

Since the power dissipated PRF(EAR) = RF12 is equal to 
power loss PRF,  the EAR of the diode forward resistance 
Rp in the inductor branch is 

RF(EAR) = RFn2(1 - D ) ( 1  + @). 

T T ~ ( E A R I )  = ~ z n ' ( 1 -  ~ ) ( 1 +  k ; ) .  

(17) 

Similarly, the EAR of T T ~  is 

(18) 

Because the voltage across the filter capacitor is constant 
during the time interval (1 - D ) T ,  the average inductance 
current ZL flows through the parallel combinationof TC and 
R during the time interval DT, resulting in the resistance 
connected in series with the diode 

RrC 
R + r c  

(1 + I C ? )  + n2D(1  - D)-. 

Note that the value of kr is very small and therefore, it can 
be neglected. 

The dc  voltage transfer fvnction of the idealized switch- 
ing part ( t h e  input-to-output voltage conversion ratio) is 

V. DC AND AC MODELS 
FOR THE IDEAL SWITCHING PART 

The voltage across diode D2 during the ON interval 0 < 
t < D T i s  

0 = -+ I vo I . (23) 
VI 
n n 

V D = - - v  

Hence, the average voltage across the diode can be found 
as 

+ 
"0 + vo 

- 

Fig. 4: Circuit model of the PWM flyback converter for 
the dc and small-signal components. 

Since U S D  = VI - VO, the average value of this voltage is 

Because is I L  for 0 < t 5 DT, the average switch 
current is 

Is = - isdt = D I L .  (27) ; LDT 
The total instantaneous quantities of the flyback can- 

verter can be expressed as the sums of the dc and ac com- 
ponents 
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DVSD Dvsd + 

n - D ( n  - 1) n - D ( n  - 1) VTD + % d  = 

' (41) 
d [ V S D  - VTD(n - I)] d[vsd - utd(n - 1)) 

n - D ( n  - 1) + n - D ( n - 1 )  

Substitution of equation (26) into (41) yields 

d[vsd - vtd(n - 111 
+ n - D ( n - 1 )  

+ DVsd 
I dVsD [1 - D ( n  - 1) 

TZ - D ( n  - 1) R - D ( n  - 1) 

- DVSD - 
n - D ( n  - 1) + n - D ( n  - 1) 

(42) 
d V s ~ [ n  - 2D(n - I)] d [ U s d  - Utd(n - I)] 

[n - D ( n  - 1)12 + n - D(n  - 1) 
Since the magnitudes of the ac components are assumed 

to be much lower than the dc components, a linear circuit 
model of flyback converter for the dc and small-signal oper- 
ation can be obtained by neglecting the current dependent 
source dil and voltage dependent source d [ U j d  - utd(n - 
l)] /[n - D ( n  - l)] in (39) and (42). Equations (39) and 
(42) can be represented by current and voltage sources of 
the flyback converter as shown in Fig. 4. Now, the princi- 
ple of superposition can be used to derive the dc shown in 
Fig. 5 and small-signal model shown in Fig 6 

VI.  DC CHARACTERISTICS 
From the dc model shown in Fig. 5 ,  the de anput-to- 

output vol tage transfer function (also called the dc  voltage 
g a m )  can be expressed as 

(43) 
The efficiency of the flyback converter is 

where 
n( 1 - D )  

D M I D C  = -  (45) 

Fig. 5:  I>c model of the PWM flyback converter. 

Fig. 6: S m a k i g n a l  model of the PWM flyback converter. 

and Vo < 0 and Io < 0. 
Figs. 7 and Y show the plots of the magnitude of dc gain 

characteristics 1 .Mvoc I and the efficiency of the converter 
7 as functions of D for different values of R = 14 (solid line), 
28, and 140 R,. VO = 28 v, rr; = 1.7 Q ,  r D S  I= 0.5 0, VF = 
0.7 V,  turn ratio = 5 ,  T T 1  = 20 mQ, T T 2  = 10 mil, and RF 
= 25 mR. These parameters are for the flyback converter, 
which is designed in the Appendix. 

ViI.  SMALL-SIGNAL CHARACTERISTICS 
The small-signal dynamic characteristics of PWhf fly- 

back converteir can be derived using the small-signal model 
which is shown in Fig. 6. 

A .  Control-to-Output Voltage Transfer Function 

transfer functiion in the frequency domain is found as 
The control-to-output (or duty ratzo-to-output) voltage 

- - nVow ( s  - zn)(s - z p )  
(1  - D ) ( R  + r c )  s2 + ZEwos + - 
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Fig. 8: Plot of converter efficiency 7 as a function of D .  

The frequency of the negative (LHP) zero is 

(47) 
1 

Crc 
W z n  = -%, = -. 

The frequency of the positive (RHP) zero is 

n - 2D(n - 1) 
WZP = % - - 

{ [ n ( l - D ) 2 R ( 1 - g )  + n ( l - D ) r ]  - D r } .  (48) 

The LHP poles are 

The frequencies of the LHP poles are 

f i k H z )  

(b) 

Fig. 9: Bode plots of Tp versus f for D = 0.1 (solid line), 
0.35, 0.4, and 0.95. (a) I Tp I versus f .  (b) $ T ~  versus f. 

The angular comer frequency is 

. (51) 
n3(1 - D ) 2 R  + [n - D(n  - I)]. 

LC(R + i-c)[n - D ( n  - I)] 

The damping ratio is 

where 

T = n3( 1 -D)2~Rrc+[Cr(R+rC) + ~ ] [ n  - D ( n -  I)] (53 )  

(54) 

(55) 

p = LC(R + rc)[n  - D(n  - l ) ]  

7 = n3(1 - D ) 2 R  + [n - D(n  - l)]. 

The Rode plot of the magnitude I Tp I and the phase $ T ~  

of the control-to-output voltage transfer function as func- 
tions of frequency f are shown in Figs. 9 (a) and (b) for Vo 
= ~ ~ V , I / F = O . ~ V , C = ~ ~ ~ L F , L = ~ ~ H , ~ ~ = O . O ~ ~ ,  

r ~ 2  = 10 m a ,  R = 95 R ,  turn ratio n = 5. and duty cycle 
D = 0.1 (solid line), 0.35, 0.40, and 0.95. I t  shows that the 
gain at  low-frequencies is a constant. As the frequency in- 
creased up to 1 kHz,  the gain started to falls with a slope of 
-40 dB/decade. The  phase started at  0' and tends toward 
-180". Since duty cycle increased beyond 0.6, the phase 
start  to  shift to  - 180'. The  magnitude I Tp I crosses 0 dB 
at  8 kHz for duty cycle D = 0.4. The phase shift decreases 
from Oo to  -180' when duty cycle D approaches 1. 

T L  = 1.7 R ,  rDs = 0.5 R I  RF = 0.025 a, T T 1  = 20 m a ,  
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Fig. 10: Bode plots of M,, versus f for D = 0.1 (solid line), 
0.35, 0.40, and 0.95. (a) 1 M,, I versus f .  (b) 4 , ~ "  versus 
f. 

B. Input -t o - Output Voltage Transfer Fun ct io n 
The input-to-output voltage (or line-lo-output) transfer 

function (or the audio susceptibility) was found using the 
small-signal model which is shown in Fig. 6. The result is 

(56) 
- - n2D(1 - D)Rrc  ( s + w , n )  - 

L ( R  + rC)[n - D(n  - I)] s2 + 2(w0s + w : .  

The plots of the magnitude I M,, I and phase $.$fu of the 
inpul-to-output voltage transfer function of flyback con- 
verter as functions of frequency f are shown in Figs. 10 (a) 
and (b) for D = 0.1 (solid line), 0.35, and 0.40, R = 95 Q ,  
Vo = 28 V, VF = 0.7 V, C = 68 pF, L = 3 mH, r L  = 2 R, 
rDs = 0.5 R, rc = 0.05 s2, n = 5 ,  and RF = 0.025 R. 
At low frequencies, the magnitude of the input-to-output 
voltage transfer function 1 Mv I increases as the duty cycle 
D increases, and the phase 4~~ begins a t  -180" a t  low 
frequencies. 

C. Input Impedance 
The open-loop input impedance of the flyback converter 

can be found using the small-signal model which is shown 
in Fig. 6. The final result is 

where 1 

The plots of the magnitude and phase of the open-loop 
input impedance of the flyback converter 2; as a function 
of frequency f are shown in Figs. 11 for D = 0.1 (solid 
line), 0.35, 0.40, and 0.95, R = 95 Q ,  Vo = 28 V,  Vp = 
0.7 V,  C = ti8 pl?! L = 3 mH, r L  = 2 R, r D s  = 0.5 R, 
rc  = 0.05 n, = 20 m a ,  r ~ 2  = 10 mfi, n = 5 ,  and 
RF 0.025 ( 2 .  At low frequencies, the magnitude of the 
open-loop input impedance 1 Zi 1 decreases as duty cycle 
D increases. The phase of this impedance starts at zero 
degrees and increases up to  90' at high frequencies. 

D. Output Impedance 
The open-loop output impedance of the flyback con- 

verter can be found using the small-signal model which 
is shown in Fig. 6. The result is 

(59) 

(60) 

- - Rrc ( s  + w,n) ( s  + woi )  

(R + r c )  s2 + 2<wos + wa 

r 
L 

where 
w,i = -.  

The plots of the magnitude and phase of the open-loop 
output zmpedance of flyback converter as a function of fre- 
quency f are shown in Figs. 12 for D = 0.1 (solid line), 0 35! 
0.40, 0.95, R = 95 R. Vo = 28 V, VF = 0.7 V, C = 68 pF, 
L = 3 mH, rL = 2 Q ,  r D s  = 0.5 R, r c  = 0.05 R, yJ-1 = 

ai f i IO0 
f (kHi)  

(a) 

OI I I 10 IO0 

i s  f i k r i Z )  

(b) 

Fig. 11: Bode plots of 2, versus f for D = 0.1 (solid line), 
0.35, 0.4, and 0.95. (a) 12, I versus f. (b) +zl versus f. 
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Fig. 12: Bode plots of 2, versus f for D = 0.1 (solid line), 
0.35, 0.4, and 0.95. (a) 12, I versus f. (b) q5z0 versus f. 

20 m a ,  T T 2  = 10 m o l  n = 5 ,  and RF = 0.025 o. At low 
frequencies, the magnitude open-loop output impedance 
Z,  increases slightly as duty cycle D increases from 0 to 
0.45. The  phase of this impedance begins at  zero degrees 
and decreases to  -90' a t  high frequencies. 

VI I I .  CONCLUSIONS 
A new method of modeling the PWM dc-dc switch- 

mode flyback converter operating in the continuous con- 
duction mode for which the inductor current flows contin- 
uously has been presented. In this method, the static volt- 
age and current transfer function for the idealized switching 
part of the converter are derived. The  voltage and cur- 
rent sources for the dc and small-signal models are found 
from the steady-state analysis. The  p r i n c i p l e  of e n e r g y  
conservation is used to  determine an equivalent averaged 
resistances (EAR) of parasitic resistances. The  proposed 
procedure leads to pure circuit models consisting of stan- 
dard components. An important advantage of the models 
is that  they can be used in circuit-simulation programs 
such as SPICE. 

The  effects of the duty cycle D on the dc and small-signal 
characteristics are illustrated. I t  is shown that the positive 
zero frequency of the control-tooutput voltage transfer 
function of the converter moves from the right half of the 
s-plane to  the left half of the s-plane as the duty cycle D 
approaches 1. In this case, the phase of the control-to- 
output voltage transfer function of the converter changes 
from 0' to -180' at low frequencies. The  Bode plots show 
that  the gain I Tp I of the control-to-output voltage trans- 
fer function of the converter is constant a t  low frequencies. 
As the frequency approaches 1 kHz,  the gain starts to  fall 

with a slope -40 dB/decade. The  phase q 5 ~ ~  tends toward 
-180' a t  high frequencies. The  magnitude crosses zero 
at  8 kHz a t  the duty cycle D = 0.45. The  positive zero 
frequency of the control-to-output voltage transfer func- 
tion of the converter is zero when duty cycle D approaches 
0.592578. Therefore, the duty cycle D greater than 0.6 
is not recommended because of poor efficiency and poor 
dynamic response. 

IX. APPENDIX 
A power stage of PWM flyback dc-dc converter oper- 

ating in continuous conduction mode shown in Fig. 1 will 
be designed to  meet the following specifications: the in- 
put voltage is VI = 240 to  300 VDC,  VI(,,,.^) = 270 V,  
the output voltage is VO = 28 VDC, the output current 
is IO = 0.2 to  2 A, the operation switching frequency is 
fs = 100 kHz, and the maximum allowable value of the 
peak-to-peak ripple voltage is V,/Vi 5 1%. 

The  peak-to-peak ripple voltage is V, = 0.01 x Vo = 
0.01 x 28 = 280 mV. The  minimum, nominal, and maxi- 
mum values of the dc voltage transfer function are MvDc,,~ 

M V D C ~ , ~  = Vo/VIm,n = 0.117, and Assuming the con- 
verter efficiency 17 = 85% and the maximum duty cycle 
D,,, = 0.37, the transformer turns ratio is n = qDmaz/(l- 
Dmor)AvfVDCmln = (0.85 X 0.37)/[( 1 - 0.37) X 0.0931 R5 5. 
The  corresponding values of the duty cycle are D,,, = 
~i~~VDCm*n/(n.L.IVDCnaan + 17) (5 x 0.093)/[(5 x 0.093) + 
0.851 = 0.35, Dnom = n i l i l v D C n o m / ( n ~ t l v D c n o m  + 7) = 

vo/vImaz = 0.093, 1kfVDCnom = v o / v I m s n  0.1037, 

(5 x 0.1037)/[(5 x 0.1037) + 0.851 = 0.37, and D,,, = 

0.851 = 0.40. From the condition for continuous conduction 
mode, the minimum value of the inductor is 

n l ~ V D C m a z / ( n ' C f V D C m o r + q )  = (5 x 0.117)/ [(5 x 0.117)+ 

n2Rmax(1 - D m o x ) 2  

2 fs 
Lmzn 1 - 

5 x 5 x 140 x (1 - 0.40)' = 7 mH. (61) - - 
2 x 100 x 103 

The  inductor was made using a Phillips ferrite pot core 
3622 PA 275 3CM and using 60 turns of Belden solid copper 
magnet wire with AWG 24. The  measured inductance was 
L = 7 mH and the measured dc ESR of the inductor was 
r L  = 1.7 0. 

The ESR of the tantalum filter capacitor of 68 /IF mea- 
sured a t  the switching frequency f3 = 100 kHz was rc = 
33 mQ. The  maximum value of the peak-to-peak volt- 
age across the ESR is Vrc = T C I D M , ~ ~  = 0.33 x 0.67 = 
33.5 mV. The  maximum permissible value of the peak-to- 
peak voltage across the filter capacitor is VC,,, = V, - 
Vpc = 280 - 33.5 = 0.246 V. Therefore, the minimum ca- 
pacitor is found as 

Cmin = IomazDmoz 

fs VG" 

(62) 
2 x 0.40 

100 x IO3 x 0.246 
- - = 32.45 pF. 
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The standard value of 68 pF was chosen as the filter capac- 
itance. The switching components used were an Interna- 
tional Rectifier power MOSFET IRF 620 (200V/9A) with 
the ON-resistance TDS = 0.4 s2 and 5Iotorola power diode 
MUR 820 (200V/SA) with forward resistance RF = 0.02 R 
and VF = 0.7 V. 
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