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Abstract—An accurate, straight-forward, small-signal model of
the variable-frequency flyback converter is presented. The
model, which replaces the switching devices with dependent
sources representing average terminal currents, is similar to the
discontinuous-conduction-mode, three-terminal switch model
presented in the past. However, since the converter always
operates at the boundary of discontinuous and continuous-
conduction-modes under both steady state and transient
conditions, the inductor can be removed from the average large-
signal model. In fact, the control-to-output transfer function can
be accurately described with its current loop closed at
frequencies less than half of the switching frequency. The model
is extended to the ringing-choke converter, which is a common
type of variable-frequency flyback converter used in many cost-
sensitive applications. The small signal model is validated with
measurements made on an offline, 5-V/ 2-A experimental
prototype.
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I. INTRODUCTION

The variable frequency flyback converter has been used by
industry for a wide range of applications for many years. It is
attractive in low power applications because it is does not
suffer from significant reverse-recovery-related losses of the
output diodes, as does the constant frequency, continuous-
current mode (CCM) flyback converter, while offering a lower
peak input current, and hence, lower conduction losses, than
the constant frequency, discontinuous-current mode (DCM)
flyback converter. In cost-sensitive applications, the control
circuit can be implemented discretely without the use of a
control IC, often resulting in a very low component count.

Although the variable frequency flyback converter appears
to be a simple circuit, the modeling of circuits dynamics is not
well understood, and, consequently, control-loop compensation
is often designed using a cut-and-try approach. The modeling
approaches in the past [1] — [2] do not consider a variable
frequency converter which operates at the boundary of DCM
and CCM. Recently, a small-signal model of a variable-
frequency flyback converter has been presented in [3] which
was developed using state-space approach, and which suggests
the presence of a right-half-plane (RHP) zero in the control to

output transfer function of the power stage. Another model
recently developed [4] also reports a RHP zero in the control to
output transfer function. However, neither [3] nor [4] validate
the existence of the RHP =zero through measurements.
Furthermore, it is shown from [3] that the minimum RHP zero
frequency, which occurs with a duty cycle equal to one, is one
third of the switching frequency, and increases beyond the
switching frequency for duty cycles less than one-third (i.e., for
D<1/3). The fact that the RHP zero appears at high frequency
may be due to the closed current loop, as suggested by [5],
which has the tendency to cause the RHP zero to “disappear”.
Since in many applications the RHP zero does not impact
practical loop design, for simplicity sake, an argument can be
made whether to include the inductor in the model at all!

In this paper, a straight-forward small-signal model of the
variable-frequency flyback converter is presented which is
shown to be accurate over a practical frequency range (i.e., up
to one tenth of the switching frequency), despite the fact that a
RHP zero is not present in the model. By neglecting the state of
the inductor, the converter model with its current loop closed
results in a lower order characteristic polynomial. This
approach is also beneficial when considering an additional
output filter stage, which tends to increase the order of the
characteristic polynomial.

II.  VARIABLE FREQUENCY FLYBACK CONVERTER

A simplified circuit diagram of the variable frequency
flyback converter is shown in Fig. 1, whereas its key switching
waveforms are shown in Fig. 2. Error voltage V., which is the
amplified difference between output voltage Vo and reference
voltage Vggr through error amplifier EA, is compared at the
pulse width modulator (PWM) to sense voltage Vs, which is
proportional to switch current is;. When the voltage at the
positive input of the PWM exceeds its negative input, i.e.,
when Vg >V, , the reset input of RS latch turns off main switch

S;. Conversely, when diode current iy decreases to zero, zero-
current-detect (ZCD) circuit initiates the turn on of main switch
S; through the set input of RS latch. Generally, the circuit
utilizes peak current mode control and operates at the boundary
of CCM and DCM. It is, therefore, a variable switching
frequency system, whose switching frequency varies as a
function of input voltage and output load.
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Figure 1. Functional circuit diagram of variable-frequency flyback converter.

From a modeling point of view, the flyback converter
shown in Fig. 1 can be represented equivalently as a buck-
boost converter by reflecting its primary side to its secondary
side, as shown in Fig. 3(a). The three terminal PWM switch,
which consists of switch S and diode Dy, is identified along
with active, common, and passive terminals a, c¢, p,
respectively, as discussed in [2]. Terminal current waveforms
i, ip, and i; are also shown in Fig. 3(b), where active current i,
linearly increases during on time ton of switch S (i.e., during
off time of diode D;), passive current i,, which is equal to diode
current ig4, linearly decreases during off time topr of switch S
(i.e., during on time of diode D,), and common current i. is the
sum of active and passive current i, and i, respectively.

A. Average Large Signal Model

The average large-signal model of the buck-boost power
stage can be obtained by replacing switch S with dependent
current source I, and diode D, with dependent current source I,
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Figure 2. Key switching waveforms of variable-frequency flyback converter.

Figure 3. Synthesis of large-signal model; (a) flyback converter reduced to
buck-boost converter, (b) key switching waveforms, (c) large-
signal model, (d) large-signal model neglecting inductance L.

where sources I, and I, represent the average values of terminal
currents i, and i, over a switching cycle, as shown in Fig. 3(c).
Due to boundary operation, the converter shown in Fig. 1
delivers the entire magnetizing energy stored during on time
ton to the output during off time topr. Moreover, since the
converter operates at the boundary of CCM and DCM under
any steady state or transient condition, the average inductor
voltage is equal to zero (i.e., <VL> =0). As a result, inductor L

can be removed from the large-signal model and replaced with
a short, as shown in Fig. 3(d), which significantly simplifies the
derivation of small-signal transfer function.

The average of passive terminal current i, over a switching
cycle can be expressed as a function of input and output
voltages, as well as magnetizing inductance Ly, through duty

cycle D and peak diode current if*

_1 _pk(1_ =VINtONN( _ 1
1, =1, =it (1-D)/2 e k1 1(M_N+1JJ, (1)

where  iP* = VintonN/Ly , M =(Vo +Vg)/Viy, duty cycle

D=1/ (1+(M-N)‘1), and Vg is the forward voltage drop across

output diode D;. On time toy can be related to error voltage V.,
as shown in Fig. 2,

ton = VeLa/(VinRs)- (2)
Substituting (2) into (1),

v, N

" 2Rg 14+N(Vg +Vg)/Vin

A3)

Iy

Equation 3 shows that current I; is nonlinearly dependent
on input voltage Vyy, output voltage Vo, and error voltage V..
Unlike conventional PWM converters, whose control variable
is the duty cycle of the main switch, DCM/CCM boundary
mode converters control the output voltage by varying the on
time of the main switch, which, in turn, controls average diode
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current Iy. As a result, duty cycle D remains nearly constant.
Output voltage Vg is established by average diode current Iy
and the impedance of the filter and load (i.e., Vo =14Z, where

impedance Z is equal to the parallel connection of the load and
filter capacitor C;, as shown in Fig. 4).

B.  Small-Signal Model

The small signal model can be obtained from Fig. 3(d) by
setting all dc voltage sources to zero (i.e., replacing with a short
circuit) and by removing all dc current sources (i.e., replacing
with open circuit). From (3), current I, is then linearized around
its steady state operating point ,

id = Id( c’VIN’V0)= Kc{]c +Kf{]IN +Kr{’o > “4)

where K, =09l4/0V,, K;=014/0Vyy, and K, =0dl4/dV, , all of
which are summarized in Table 1. It should be noted that each
partial derivative in Table 1 is written as a function of V., Vo,
and V| steady-state values. Equation (4) can be represented by
a circuit diagram along with the output filter, as illustrated in
Fig. 4.

From Fig. 4, the average diode current Iy develops output
voltage Vg across impedance Z, where

Yo _ Ry (1+sCyr,) )
I, 1+sC (. +Ry)’
and Vo =14Z = Z(Ke\'/e +K, Vo + Kf\'IIN). (6)
From (6), control-to-output transfer function Gy is

determined as

GVC=Y/Oi =1Z§Ic< . (7)
Ve {71N=0 B r

Rearranging into pole-zero form,

_ K, 1+5s/0,

Gve= -K, +1/Ry, 1+s/@y, ®
where K, K,, ,, and o, are given in Table 1. Very often, a
constant-current load is used in place of a constant resistance
load for worst-case evaluation since it offers the least amount
of damping (i.e., high Q). In this case, resistance Ry is replaced
with a dc current sink in the large signal model, and, therefore,
is replaced with an open circuit (i.e., R— o ) in both the small-
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p

Figure 4. Small-signal model of variable-frequency flyback converter.

a

signal circuit diagram and in (8).

III.  RINGING CHOKE CONVERTER

A common implementation of the variable frequency
flyback converter is shown in Fig. 5 along with key switching
waveforms shown in Fig. 6. This circuit, also referred to as
ringing choke converter (RCC), is simple and cost effective
since the control is implemented discretely. The control
consists of positive feedback winding Ng,, error amplifier
TLA431, and bipolar junction transistor (BJT) Q;, as well as
resistors Rs, R, Ra, Rgr, and Ryzep, capacitor Cycp, zener
clamp diode ZD;, and optocoupler IC;.

Error amplifier cathode-to-anode voltage Vg,, which
represents the amplified difference between output voltage Vo
and the internal voltage reference of TL431, directly controls
error amplifier current igs. Error amplifier current igs
establishes error current i, through optocoupler IC;, which
develops error voltage V. across the sum of resistors Ry and Rg,
where V, =i.(Rg +Rg). Error voltage V, is summed with sense

voltage Vs, where Vg =igRg, to form base-emitter voltage

Vave- While switch S is on, base-emitter voltage V. increases
linearly until it reaches cut-off voltage level V, of BIT Q,
(typically around 0.6 V), at which time, BJT Q; begins to
discharge the input capacitance of main switch S; until finally,
switch S; turns off after discharge time tc. Magnetizing energy,
which was stored in transformer T, during switch S; on time, is
completely delivered to the output while switch S; is off, at
which time, positive feedback winding Ng, polarity changes,
initiating turn on of switch S; through resistor Rycp and
capacitor Cycp, completing a switching cycle. Please note that a
more detailed analysis of RCC operation is given in [6].

A.  Small-Signal Model of RCC

The procedure for determining the control-to-output
transfer function Gy of the RCC circuit shown in Fig. 5 is

Figure 5. Circuit diagram of ringing-choke converter (RCC).
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Figure 6. Key switching waveforms of ringing-choke converter (RCC).

identical to that previously discussed for the variable frequency
flyback converter. From Fig. 6, on time toy can be expressed as
a function of both error voltage V. and BJT cut-off voltage V,,

ton

Bk, ©)

IN

where tc is the discharge time of input capacitance C;s; of main
switch S;. Discharge time tc can be approximated as

C.
te = —8 10
¢ 2mh,, (10)
where h,. is the small signal output admittance of BJT Q;. It
should be noted that discharge time t¢ is nearly constant over
line and load range, and can be omitted without significant loss
of accuracy.

Substituting (9) into (1), average diode current I, is written
as a function of error voltage V., input voltage Vi, and output
voltage Vo,

_N(y _v . Vinte 1 T
la z(v" Vet Ly ](1+N(VO+VF)/VIN)' an

As before, average diode current Iy is linearized around its
steady state operating point, and expressed as a function of
coefficients K., K;, and Ky, as shown in (4) and given in Table
1, where K., K,, and K; differ from those determined for the
variable frequency flyback converter.

The full block diagram of RCC circuit, which was
introduced in [6], is shown in Fig. 7. The block diagram

consists of control-to-output voltage transfer
function Gyc(s)=Vo/V., output voltage sensing gain

Ky =V,/V, , error amplifier transfer function Gg, (s)=Vea/V, ,

G,=igs/Vg, oOpto-coupler gain

G, =i./igs , and transresistance gain G;=V,/i, .

transconductance  gain

G311 G,

Figure 7. Small-signal block diagram of ringing-choke converter (RCC).

B.  Validation of Small-Signal Model of RCC

An offline, 5-V/ 2-A RCC converter with constant
resistance type load was used to validate the model. Since error
voltage V. is generally not accessible, measurements were
taken from error current i, to output voltage Vo, which can be
related back to control-to-output transfer function Gy through
gain G,

Y_O=GVCG3=GVC(RF+RS)’ (12)

I

where G; =Rp+Rg. As can be seen from Fig. 8, agreement

between calculated and measured results is excellent for the
gain, and moderately good for the phase, up to one tenth of
switching frequency fs (i.e., up to 4 kHz). Above one tenth of
switching frequency fs, the measured phase diverges from the
calculated phase. This is likely due to the sampling gain, which
was first introduced by [7], since the peaking occurs at
harmonics of the switching frequency accompanied by a
significant drop in phase. Note that the phase begins at
approximately —180 degrees since the dc gain is negative. In
fact, control-to-output transfer function Gyc contains the
inversion necessary to achieve negative feedback in the RCC
circuit shown in Fig. 5. It has been suggested in [3] and [4] that
an RHP zero is present in control-to-output transfer function
Gyc. However in the case of our offline RCC prototype circuit,
according to the equation given in [3] and [4], the location of
RHP zero would be well above the switching frequency.

C. Small-Signal Model of RCC with Second-Stage LC Filter

In order to better attenuate the switching ripple at the output
without significantly impacting the filter cost and volume, an
additional LC output filter stage is often used as an alternative
to simply paralleling more output capacitors, as shown in Fig.
9. The addition of a second stage LC filter changes the
dynamics of control-to-output transfer function Gyc, and
increases the order of the characteristic polynomial. Since it is
very cumbersome to derive an expression for the roots of a
polynomial greater than second order, designers often resort to
a cut-and-try approach when compensating the control loop.
However, in the case of variable frequency flyback converter
with second stage LC filter, the roots of the characteristic
polynomial are obtainable, with an approximation, since it can
be modeled as a third order system.
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Figure 8. Calculated and measured Bode plots of control-to-output stage
transfer function of RCC. Parameters: V=315 V, N=17.2,
Re=1.5Q, Ly=4mH, R;=2.5Q, C=1.4mF, r=35mQ, R=39Q,
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Since the average voltage across filter inductor Ly is zero
(neglecting its equivalent series resistance) under steady state
operation, impedance Z of (6) and (7) can be replaced with

z=Yo___ U7y (13)

I, Zy+Z,+7;°
where Zy = (sCrery +1)/5Cq; Z,=sL;, and
Zy =Ry (5Cpareps +1)/(sCpo(rr2 + Ry )+1), as shown in Fig. 10.
Typically, a small filter inductance (e.g. Ly < 15uH) is usually
sufficient to provide adequate attenuation of switching ripple,
and, therefore, the roots of the third order characteristic
polynomial are determined with the approximation that at low
frequencies (i.e., at frequencies below desired loop crossover
frequency), the impedance of Z, is negligible with respect to Z;
and Z;. The filter then appears as two capacitors connected in
parallel, where the equivalent capacitance is approximately
their sum, (i.e., C; = Cy; +Cy, ) and equivalent series resistance is
approximately their reciprocal sum (r, =ry /vy, ). The first,

low-frequency pole w,, is identified as before, and is extracted

Figure 9. Circuit diagram of ringing-choke converter with second-stage LC
filter.

from the third order polynomial, leaving a second order
polynomial. After considerable algebraic manipulation, and
applying the approximation that equivalent series resistances
req and 1 are much less than output resistance Ry, i.e.,
ren<<Rp and r.p<<Rp, control-to-output transfer function Gyc
can be written in pole-zero form,
GVC(S) = Y_O = K. (1 +S/(ch1 Xl + s/(‘)zcl) , (14)
vV, -K,+1/Ry ( 2

s s
1+s/s ) 1+—+—
/pl{ Quyo (D%)

where filter zeros m,.; and ®,,, as well as resonant pole gy and
quality factor Q, are given in Table 1. Note that the expression
in (14) is equivalent to those presented previously [6].

D. Validation of Small-Signal Model of RCC with Second-
Stage LC Filter

A second stage LC filter was added to the output of an
offline, 5-V/ 2-A RCC converter with a constant-resistance
load, and a comparison between measured and calculated
results is shown in Fig. 11. As before, there is excellent
agreement up to one-tenth of the switching frequency in both
the phase and the gain. Above one-tenth of the switching
frequency, the measured phase diverges from the calculated
phase.
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Figure 10. Small-signal model of variable-frequency converter with second
stage LC filter.
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SMALL-SIGNAL TRANSFER FUNCTION GAIN, POLE, AND ZERO LOCATIONS

VARIABLE FREQUENCY FLYBACK
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Figure 11. Calculated and measured Bode plots of control-to-output transfer
function of RCC with second stage LC filter. Parameters: Vin=315
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Iv.

A simple small-signal model for variable frequency flyback

SUMMARY

converter which operates at the boundary of DCM/CCM with
current mode control was developed. The model was validated
on an offline, 5-V/ 2-A experimental prototype and was shown
to have excellent agreement in both gain and phase up to one-
tenth of the switching frequency.
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