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Abstract - Applying feedback control to a 
flyback converter in discontinuous conduc- 
tion mode causes instability by a jump phe- 
nomenon under some snubber circuit condi- 
tions. In this paper, we clarify this jump 
phenomenon, analyze stability, and discuss 
circuit constants to avoid this jump phe- 
nomenon. We propose current-mode control 
without relying on circuit constants. 

I. Introduction 

These days, switching power supplies are com- 
monly used. Many power supply units use switch- 
ing regulators. A flyback converter is one type of 
switching regulator. It is made of simple circuitry 
and used as an insulated-type converter with a rel- 
atively small capacity. When used in the discon- 
tinuous conduction mode, the power factor of the 
flyback converter can be improved by using a com- 
mercial AC power supply for the input power of 
flyback converters that do not contain input capac- 
itors. Feedback control can be stabilized by forming 
a first-order delay circuit. In such a setup, recovery 
characteristic of the rectifying diode does not gen- 
erate so much noise. When the flyback converter 
is in the discontinuous conduction mode, however, 
feedback control, intended to stabilize the voltage 
and current of the flyback converter, may result in 
a jump phenomenon depending on the setting of 
the snubber circuit parameters [l] [a]. This is be- 
cause the output does not increase monotonously 
with an increase in the conduction time resulting 
from PWM control. This condition occurs because 
after the energy of the reactor is released to the 
load, resonance occurs due to the main reactor and 
the sum of the stray capacitances in the main re- 
actor, switch, and the capacitance of the snubber 
circuit . 

This paper analyzes this phenomenon to find a 
region where no jump phenomenon occurs. It also 
describes a current mode feedback control that can 
avoid a jump phenomenon. 

11. Circuit and Waveforms 

Figure 1 shows the circuit used for analysis. In 

this circuit diagram, Ei, G o ,  L,  Q, P, D, C,  and 
RL are the input voltage, the output voltage, the 
main reactor, the main switch, the pulse generator 
for driving the main switch, the rectifying diode, 
the smoothing capacitor, and the load resistance, 
respectively. Capacitor C, and resistance R, form 
a snubber circuit. 

A transformer is used to isolate the input from 
the output. In this diagram, the transformer is r e p  
resented by L and Ll (for the leakage inductance). 
The leakage inductance Ll causes a voltage surge 
when switch Q turns off. The snubber circuit is 
necessary to suppress this voltage surge. The ca- 
pacitance C, in the snubber circuit represents not 
only its own capacitance but also the stray capaci- 
tance in the switch and transformer. 

Figure 2 shows the time chart of the switch Q, 
and the waveforms of the current iz through the 
reactor L and the voltage VQ across the switch Q 
in a switching period T. 

I 

Figure 1: Circuit diagram of flyback converter. 
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Figure 2: Waveforms of flyback converter. 
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In State l ( t o - t l ) ,  switch Q is on to accumulate 
energy in reactor L. State 2 ( t l - t z )  lasts from the 
time when switch Q turns off until the voltage VQ 
becomes high enough for current to pass through 
diode D. In State 3 ( t z - t 3 ) ,  reactor L releases en- 
ergy through diode D. In State 4 ( t 3 - t 4 ) ,  diode D 
is off to keep the series circuit comprised of L, C,, 
and R, in a damping oscillation. 

In Figure 2, symbols t01, t 1 2 ,  t 2 3 ,  t34 denote the 
durations of the respective states. Symbol IO de- 
notes the i2 initial value (at t o ) .  Symbols Iml and 
Im4 denote the iz value at tl and the i2 value at 
t 4 .  

The internal resistances of reactor L,  switch Q, 
and diode D are ignored to simplify the analysis. 
Reactor Ll requires a snubber circuit. However, 
Ll does not affect currents IO or Im4 at t o  or t 4  

(discussed in this paper), because a surge caused 
by 4 in switch Q occurs just after t 2 .  Therefore, 
Ll is omitted. 

Under the conditions stated above, current i2 in- 
creases and decreases linearly in states 1 and 3, re- 
spectively. State 2 does not have much effect on 
this analysis, so we ignore it. 

111. Equivalent Circuits and 
Equations for Each State 

Figure 3 shows the equivalent circuits for states 
1, 3, and 4 by assuming that switch Q and diode D 
operate ideally. The analysis described below uses 
an extended state space averaging method [3]. The 
current through C, . R,, the current through diode 
D, and the voltage across C, are denoted by il, id, 
and ac,, respectively. The voltage 2, across out- 
put capacitor C is also assumed to be a DC volt- 
age source in the extended state space averaging 
met hod. 

State 1 State 3 State 4 
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T 

Figure 3: Equivalent circuits for each state. 

A. State 1 ( t o 5  t < t l )  
Currents i 2  and Iml are given by 

i2 = I o  + E i - t / L  
I m l  = I O +  E i - t l / L  

Currents i 2 ,  i l ,  and i d ,  and voltage 
B. State 3 ( t z  5 t < t 3 )  

by 

i2 = I m l - Z , . t / L  

i d  = i2 - i 1  

(6) = Im1- 6 , .  t / L  - ___ Ei + '0 e- t / (C,Ra)  

R, 
Time t23 assume as following. 

t23  >> Ca&z (7) 

Time t23  is obtained by assuming that Equation (6) 
equals zero. 

i d ( t 2 3 )  = I m l  - Go . t23/L = 0 (8) 

t 2 3  = L .  Iml/G, (9) 

Capacitor voltage V &  at time t3  is given by 

vd = ( t 2 3 )  (10) 
- - (Ei + 2,)(l - e- ta3/(CaRa))  z Ei + eo 

C. State 4 ( t 3  5 t < t 4 )  

current i 2  is approximated by 
Under the condition represented in Equation (7), 

e-at Ei - V C ~  
sin(bt) i 2  = 

L , b  

e+* sin(bt) (11) N N -  

L . b  

where 

a = R,/(2L), b = J1/(CuL) - u2 (12) 

Assuming that l/(C,L) - u2 > 0 with only the os- 
cillation condition taken into account, current Im4 
is given by 

Im4 = i2(T - t 3 )  

- - -- " sin{b(T - t 3 ) }  (13) 
L * b  

IV. Relationship between the Load 
Resistance and the Outpu t  Voltage 

This section describes how load resistance RL 
and output voltage Go are obtained. Figure 4 shows 
the output part of the flyback converter. 

- 
id- 

I CI f RL 

Figure 4: Output part of flyback converter. 

The differential equation for the output voltage 
is represented using the extended state space aver- 
aging method as 
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where ic and I ,  represent the capacitor current 
and the output current io = $/RL, respectively. 
The symbol - in Zc and i d  indicates that they are 
averages. 

From state 3, current id is obtained as 

From Equation (14), 

dt?, &, 1 L I m l  2 Ei 1 
dt C T 2 e, eo RL 
- = -[-{-(7) -Cu(1+7)}--  

An equation to represent the relationship b -tween 
tl and 15, is introduced. IZquation (2)  is divided by 
E,, and the resulting quotient is substituted into 
Equation (9) to obtain the relationship between 
time tl and 2,: 

( 17) 
Ei L . Io 

t3 = (1 + ,)tl + - 
e0 e0 

a = R,T/(2L), 0 = d1/(CaL) - a 2 .  T 

D1 = tl/T, D3 =t3/T, p = T / d E  

q = C,/C, r=T/(CRL)  (20) 

The substitution of Equations (18) and (19) into 
Equation (17) yields 

(21) 
1 

D3 = (1 + x ) D l +  Y 

To obtain a steady-state value, Equation (13) is as- 
sumed to be equal to IO, and Equation (19) is used 
to yield 

e-Q('-D3)sin{P(1 - 0 3 ) )  + pY = 0 (22) 

The substitution of Equations (18), (19), and (20) 
into Equation (16) yields: 

Equations (21), (221, and (23) are the basic equa- 
tions. 

Since dX/dt  = 0 in a steady-state, 

f.(Y+-) D1 2 - q ( l + - ) - r = O  1 (24) 2 X X 

Figure 5 shows the load current & vs. the 
output voltage 2, characteristics for R,=lOR and 
1,000R. It is assumed that Ei=lOV, L =1.5mH, 

Ca=5,000pF, T = 5 0 ~ ,  and parameter tl=20, 25, 
3 0 ~ .  

To clearly analyze this jump phenomenon, two 
&'s with a large difference between them are used, 
One R, is set to 10 Q ,  which leads to a jump phe- 
nomenon occurring, and the other is set to 1,000 
9,  which prevents its occurrence. In addition, C, 
is set to a value that nullifies the affect of stray ca- 
pacitances in the switch and reactor and absorbs 
the surge voltage caused by leakage inductance Ll 
even when this inductance is relatively large (i.e. 
L1 zz 0.05L). 

In Figure 5, the region on the left-hand side of the 
dotted line represents the discontinuous conduction 
mode (DCM), and the one on the right-hand side 
indicates the continuous conduction mode (CCM). 

As clearly shown in Figure 5 (a), in which points 
A and B are the intersections of the load line of 
R~=1,000R with conduction time lines for tl=25 
or s o p ,  the output voltage drops even when con- 
duction time t 1  is increased from 2 5 p  to 30p .  In 
Figure 5 (b), in which &=l,OOOR, this inversion 
does not occur. 

To clarify this phenomenon, Figure 6 shows the 
relationship between the output voltage go and con- 
duction time tl for R~=1,0001;2. The large R, 
causes to to increase monotonously as tl increases. 
Figure 7 shows the tl - Go characteristics with the 
load resistance RL as a parameter. 

Figure 8 shows the Ei - 2, characteristics with tl 
as a parameter. As shown in the figure, the charac- 
teristics are linear with respect to the input voltage, 
but an inversion phenomenon has occurred in the 
output voltage even when tl=30ps, which is greater 
than 2 5 p .  

V. Jump Phenomenon 

This section discusses a jump phenomenon 
caused by feedback when the output voltage Go does 
not increase monotonously as the conduction time 
tl increases, as shown in Figure 5 (a) and in Figures 
6 and 7. 

A. Regulation mechanism and jump 
phenomenon [4] 

Figure 9 (a) shows a regulation mechanism and 
a jump phenomenon similar to those in Figure 7 
except that the horizontal scale represents the duty 
ratio and the vertical scale is enlarged. Figure 9 (a) 
assumes that the characteristic of the feedback con- 
trol is linear. The feedback characteristic is given 
by 

where duty ratio DO, output voltage Goo, and load 
resistance fi represent t he  respective reference o p  
eration point values, and K is the feedback gain. 
As the load resistance is made smaller than &, the 
output voltage Goo drops and D1 increases accord- 
ing to Equation (25). Just after the moment the 
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Figure 5: Load characteristics. 
((a) & = 1 O f l ,  (b) Ra=l,OOOfl) 

3 0 1 1  

tl ( P S )  

Figure 6: tl - E, Characteristics. (R1;=1,000R) 

load resistance becomes smaller than RI, that is, 
at point PI,  the duty ratio becomes D, and a jump 
occurs to point P2. When the load resistance is 
further decreased to R3 at point P3, a jump occurs 
to point P4. When the load resistance is R4, the 
operation point reaches at point Ps. 

On the contrary, when the load resistance is in- 
creased from R4, a jump occurs from point P6 to 
point P7 at  R2. When it is further increased to &, 
a jump occurs from point Ps to point Po. 

Figure 9 (b) represents this trajectory as the 
load current 2, vs. the output voltage E, char- 
acteristics. Figure 9 (a) assumes &=4,55On, 

K=0.12. Both the Calculated values and the exper- 
imental results are plotted. The differences between 
the calculated and experimental values may be due 
to the fact that no circuit loss was included in the 
calculations. 

B. Stability analysis using small-signal 

R1=3,250R, R2=875S1, &=79On, R4=600Cl, and 

c;  
$ 5  

6 (9 

4 

- 3  
Y 

g 4  

!y 
0 

tl (Pus) 
Figure 7: tl - 6, Characteristics. (&=1Ofl)  
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Input Voltage Ei 
Figure 8: Ei - Eo Characteristics. 

(&=loa, RL= 1,00052) 

model 
Let us consider the small-signal model for Equa- 

tions (21), (22), and (23), that is the duty ratio 
D l p D l s  + A D1 and the voltage conversion ra- 
tio X + X s  + A X ,  where the suffix s represents a 
steady-state value. The substitution of these values 
into Equation (23) yields 

From Equation (2l), 

AD3 = - - A X + ( l + - ) A D 1 + A Y  DlS 1 (27) 
x s2 x s  

From Equations (27) and (28), 

AY=---- 1 { - A X  D ~ s  - (1 + - ) A D , }  1 (29) 
1 + P/f x s 2  XS 
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(a) Duty ratio - output voltage. 
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(b) Load characteristics. 

Figure 9: Regulation mechanism. 

Substituting Equation (29) into Equation 
yields 

D1s T x s  1 +P/f xs2 

D ~ s  X S  

+--pZ(Ys+ xs -)-- 

+[-(Ys+ p" -) - ,P"YS+ x,) 
(1 + E ) l A D 1  

D1 s 
T x s  

1 1 .- 
1 + P l f  

Let g and h be the coefficients of A X  and AD, ,  
respectively, to yield 

Thus, Equation (30) is changed to 

. .  ' d ( A X )  = g A X  + hADl  (33) dt 
Applying a Laplace transform to this equation 
yields 

SAX'  = g A X *  + h A D ;  

where * represents the Laplace transform. 
Let us define a transfer function as 
A X *  / A D ; .  Thus, 

(34) 

Gc G 
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(35) 

A D ;  = - K ' A X *  (36) 

Gc = h/ (s  - 9) 

Let us define the feedback characteristic as 

where K' = EiK. The transfer function at the 
feedback is given by 

(37) 
h - - 

s - (9 - K'h)  

Thus, the pole of GCF is given by g F  = g - K'h. 
The operation remains stable as long as QF is neg- 
ative. When g~ becomes positive, a jump phe- 
nomenon occurs. 

Here, the output voltage is stable when h 2 0 b e  
cause h _Z glK'  and K' is large enough for practical 
use. 

Assuming h=O for Equation (32), substituting 
Equations (18) to (20) into Equation (32) yields 

E i  
-eCat{usin(bt) - bcos(bt)} = - L * b  L (38) 

60 

The left-hand side of Equation (38) expresses the 
result of differentiating current i2 in Equation (11) 
with respect to  time t. Because the voltage across 
the reactor L is Le din ld t ,  multiplying L each side 
of Equation (38) yields 

- eo {usin(bt) - bcos(bt)} = E i  (39) 
b 

The left-hand side of this equation represents the 
voltage across reactor L between times t3 and t 4 .  

The right-hand side represents the input voltage. 
Equation (39) reveals that the jump phenomenon 
is prevented when the voltage VQ across the switch 
is positive in state 4 ( t 3  to t 4 ) .  

Figure 10 shows the relationship between the nor- 
malized output voltage Go and the normalized re- 
sistance R, in Equation (39). In this Figure 10, 
the circuit parameters of the experimental values 
are tl=25ps, T=50,us, L=l.SmH, and C,=5,000pF, 
that is a FZ 0.55 X lo3 . 

The reasons for the difference between the calcu- 
lated and experimental values in this figure is ex- 
plained as follows. First is that the iron loss of main 
reactor L is not considered in the calculated value. 
Second is that the initial voltage value Vc3 of C, 
in state 4 is estimated to be E, + eo in Equation 
(10) by Equation (7). However, when the voltage 
conversion ratio is high, state 4 starts without a 
complete charge of Ei + CO by the time constant 
C,R,. Therefore, the actual value is smaller than 
Et + go. 

The analysis and experiments reported in this pa- 
per have all been based on the following application. 



A DC/DC converter for a telecommunication power 
supply uses a bipolar transistor. The bipolar tran- 
sistor can drive the main switch at a low voltage, it 
does not have a body diode, and it can operate with 
an inverse collectoremitter voltage. This DC/DC 
converter is a bocst-type converter that uses a low- 
input voltage. 

These days, however, field effect transistors FETs 
are used in main switches. In this case, no inver- 
sion occurs in the relationship between the conduc- 
tion time t1  and the output voltage do, as shown in 
Figure 7. The output voltage do remains constant 
against an increase in conduction time tl as long as 
the body diode of the FET is on. However, when 
the feedback gain is high, the feedback control be- 
comes unstable. 

<.E. 10-3) 

10001 I 

t V I I I 
OO 1 2 3 4 

Output Voltage 20 
Figure 10: Limit of R,. 

(Experimental : Ei=lOV, L=l. 5mH, Ca=5,000pF, 
ti=%,L~s, T = 5 0 ~ )  

VI. Current Mode Control Feedback 

Figure 12 shows a current mode control feed- 
back scheme: a method to avoid the jump phe- 
nomenon, as described earlier. Figure 11 show the 
iml - do characteristic while Figure 6 show the tl - 
-Go characteristic. The characteristics have an al- 
most constant slope regardless of whether R, is 
1OR or 1,OOOR. The characteristics of calculated 
and experimental values agree well, and Go increases 
monotonously with Iml. 

s2 24 
(9 22 

20 
$18 
5 16 
3 14 
'4 

9 12 
10 
0.1 0.12 0.14 0.16 0.18 0.2 

Zmi (A) 
Figure 11: Iml - CO characteristics. 

As shown in Figure 12, the error amplifier 
ror AMP) compares voltage CO with reference 

(Er- 
volt- 

age (V&) and amplifies the difference. The detec- 
tor resistance R d  detects im1, and the comparator 
(PWM COMP) determines Iml. The output volt- 
age do is fed back via Iml. Thus, current mode 
control feedback is realized. The relationship be- 
tween d, and iml for the feedback constant K" is 
given by 

Iml - Imlo = -K"(-Go - Zoo) (40) 

where lmlo and Coo correspond to the reference o p  
eration points. The output energy generated with 
Iml is given by 

Figure 13 shows the load characteristic obtained 
by evaluating Equations (40) and (41) with the 
maximum Iml = 0.15 A, K" = 0.1, Imll0 = 0.1 
A, 600 = 20 V, and L = 1.5 mH. The results of the 
experiment are also shown. The output current &, 
drops near 17 mA because Iml is limited to a max- 
imum of 0.15 A. The stability of the output voltage 
varies according to the set value of constant K". 
In Figure 13, it is set to 0.1 for comparison with 
Figure 9 (b). 

Ca 
Ra 

R s Q  

Rd 

Figure 12: Circuit diagram of current niodic control. 

0 
Output current io ( m ~ )  

Figure 13: Load characteristics of current mode 
control. (R, =loa) 

VII. Experimental Results 

The tl - Go and the Ei - CO characteristics as 
obtained from the experiment are shown iin Figures 
6 and 8, respectively. 

We have successfully proven that a region exists 
in which output voltage CO does not increase when 
conduction time t l  increases, as shown in Figure 
6. In Figure 8, the relationship between the output 
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voltage 6, and the conduction time tl is inverted 
when t1=25ps and 3 0 ~ .  With this characteristic, 
applying feedback makes the output voltage unsta- 
ble, because a jump phenomenon occurs as shown in 
Figure 9 (b). Figure 11 shows the Im l  - 2, charac- 
teristics for current mode control feedback. Figure 
13 is the result of an experiment made with this 
feedback method. As shown in this figure, there is 
no jump phenomenon in this control. In Figures 6, 
8, and 9 (b), the differences between the calculated 
and experimental values may be due to the fact that 
no circuit loss was included in the calculations. For 
reference, Figure 14 shows a waveform observed at 
point A in Figure 5 (a), where output voltage 2, 
begins to decrease with an increase in conduction 
time tl. 

0 10 20 30 40 50 L t S  

Figure 14: Waveforms of i2 and VQ. 

VIII. Conclusion 

A condition for the jump phenomenon exists 
in the flyback converter with the conduction time 
feedback control. We clarified this phenomenon by 
investigating a regulation mechanism and analyzed 
the stability of the output voltage by a small-signal 
model to find a region where no jump phenomenon 
occurs. 

We found that the jump phenomenon occurs in a 
discontinuous conduction mode when Z, > Ei and 
switch voltage VQ < 0 .  This was demonstrated in 
our experiments. 

We have also found that no jump phenomenon 
occurs in a current mode control converter where 
the peak value of the reactor current is controlled, 
regardless of the snubber circuit’s parameters. 

This analysis is applicable to other types of con- 
verters. 
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