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Abstract - The predicted closed-loop bandwidth of the DCM 
flyback converter in frequency-foldback mode (FFM) of 
operation obtained by the conventional averaged small-signal 
model that models the voltage-controlled oscillator (VCO) with a 
constant gain does not change with the load.  However, this 
prediction is not in agreement with the closed-loop measurements.  
In this paper, the discrepancy between the conventional averaged 
small-signal model and measurements is systematically 
investigated.  It is found that the source of this discrepancy is the 
nonlinearity of the VCO that generates sideband frequency 
components and, therefore, cannot be modeled as a constant-gain 
transfer function. By including the effect of the sideband 
components in the closed loop, a multi-frequency averaged small-
signal model of the DCM flyback converter in the FFM which 
accurately predicts the loop bandwidth behavior with the load is 
proposed.   

I.  INTRODUCTION 
The flyback converter is a popular topology for low-power 

applications such as, for example, notebook adapters/chargers, 
because of its simplicity and cost effectiveness.  A typical 
operation profile of the flyback adapters/chargers is shown in 
Fig. 1.  At heavy loads, they operate at the boundary of the 
discontinuous conduction mode (DCM) and continuous 
conduction mode (CCM), also called quasi-resonant mode (QRM), 
with valley switching (VSW) of the flyback switch.  As shown in 
Fig. 1, in QRM the switching frequency increases as the load 
decreases.  To prevent high-frequency operation at lighter loads, 
the quasi-resonant operation changes to DCM operation with 
valley switching, where the switching frequency is approximately 
constant and equal to its maximum value.  To meet the 
challenging high-efficiency requirements in the entire load range 
[1], [2], at light loads the operation changes from DCM with 
constant switching frequency and valley switching to DCM with 
variable switching frequency, where the switching frequency 
linearly decreases as the load decreases.  This mode of operation 
is known as frequency-foldback mode (FFM).  The FFM can be 
implemented with or without valley switching. 

 

 
Fig. 1  Typical operation profile of flyback adapters/chargers 
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Fig. 2  Simplified circuit diagram of DCM flyback converter in FFM (Vp - 
perturbation voltage source, CL - closed loop, OL - open loop) 

 
The simplified circuit diagram of the DCM flyback converter 

operating in the FFM is presented in Fig. 2.  The switching 
frequency fsw is controlled by the feedback voltage VFB using a 
voltage-controlled oscillator (VCO).  The circuit diagram of the 
VCO is shown in Fig. 3(a); whereas, the transfer function of the 
VCO is shown in Fig. 3(b).  As the load decreases, the feedback 
voltage decreases and, consequently, the switching frequency 
decreases.  The main switch turns on by the VCO and turns off 
when the current-sense (CS) voltage VCS reaches reference voltage 
level VCS,REF.  If the peak value of the sensed current pulses is 
constant, the switching frequency linearly varies with the load 
current.  It should be noted that voltage source Vp shown in Fig. 
2 is the perturbation voltage source, which was only used in 
simulations aimed to study the open- and closed-loop behavior of 
the converter.  It does not exist in the hardware, i.e., in a real 
circuit node CL is directly connected to the VCO input.   
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Fig. 3  VCO (a) circuit diagram, and (b) transfer function 
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Fig. 4  Closed-loop gain measurements obtained on an 85-W (20.5-V/4.15-A) 
flyback adapter/charger in DCM operating in FFM at VIN=125V and (a) 10% 
load, (b) 5% load 

 
For proper design of the feedback circuit, an accurate small-

signal model of the flyback converter with variable switching 
frequency in both DCM/CCM boundary and DCM operating in  
FFM is necessary.  The conventional averaged small-signal 
model of the variable switching frequency flyback converter [3] 
provides results which are in good agreement with the 
experimental results as long as the switching frequency is well 
above the closed-loop bandwidth.  However, as the switching 
frequency of DCM flyback converter operating in the FFM 
decreases with the load and approaches the bandwidth frequency, 
measurements show that the bandwidth frequency also starts 
decreasing.  Closed-loop gain measurements obtained on an 85-
W (20.5-V/4.15-A) flyback adapter/charger in DCM operating in 
FFM are presented in Fig. 4.  As shown in Fig. 4, at 10% load 
(where fsw ≈ 18.4 kHz), the closed-loop bandwidth is fCLBW = 5.85 
kHz, whereas, at 5% load (where fsw ≈ 9 kHz), the closed-loop 
bandwidth is reduced to 4 kHz.  Similar results can be obtained 
by simulations.  For example, closed-loop gain simulations 
obtained in SIMPLIS are shown in Fig. 5.  As can be seen, the 
simulation results are in close agreement with the experimental 
results.  However, according to the conventional averaged small-
signal model of the DCM flyback operating in the FFM, the 
closed-loop bandwidth does not change when the switching 
frequency decreases with the load.   

In this paper, the discrepancy between the averaged small-signal 
model and measurements is investigated.  It is found that the 
source  of this discrepancy  is the  nonlinearity  of the voltage 
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Fig. 5  Closed-loop gain simulations in SIMPLIS obtained on an 85-W (20.5-
V/4.15-A) flyback adapter/charger in DCM operating in FFM at VIN=125V and 
(a) 10% load, (b) 5% load 

 
controlled oscillator.  In fact, the VCO generates sideband 
frequency components [4]-[7] similar to the conventional pulse 
width modulator (PWM) [4], [5], [8]-[11].  By including the 
effect of the sideband components in the closed loop, a multi-
frequency averaged small-signal model of the DCM flyback 
converter in the FFM is proposed. 
 

II.  AVERAGED SMALL-SIGNAL MODEL OF DCM FLYBACK 
CONVERTER IN FFM OF OPERATION 

Key waveforms of the DCM flyback converter operating in 
FFM are shown in Fig. 6, where LM and N denote the 
magnetizing inductance and the turns ratio NP/NS of the flyback 
transformer.  The average diode current over a switching 
period Tsw = 1/fsw, which is equal to the load current IO, can be 
determined as   
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Fig. 6  Key waveform of DCM flyback converter in FFM 

 
As shown in (1), if VCS,REF is constant, the switching frequency 
is proportional to the load current.  Then, the small-signal 
variation of the diode current is obtained as 
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Assuming a linear VCO transfer function as that shown in 
Fig. 3(b), the relationship between small-signal frequency 
change swf̂  and  small-signal change of feedback voltage 

FBv̂  is given by  

 FBVCOsw v̂Kf̂ ⋅=   . (5) 

Based on (2)-(5), the conventional averaged small-signal 
model of the DCM flyback in the FFM is obtained as shown in 
Fig. 7, which can be simplified as shown in Fig. 8, where 

 swVCOFB kKg ⋅=   . (6) 
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Fig. 7  Conventional averaged small-signal model of DCM flyback converter 
in FFM 
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Fig. 8  Simplified conventional averaged small-signal model of DCM flyback 
converter in FFM 

 
The asymptotic Bode plots of the control-to-output transfer 
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are presented in Fig. 9.   

As it can be seen in Fig. 9, only the low-frequency part of 
the control-to-output transfer function changes with the load.  
Since the closed-loop bandwidth is typically located inside the 
frequency range highlighted in green in Fig. 9 and since the 
transfer function of the feedback circuit is independent of the 
load, it can be concluded that the closed-loop bandwidth does 
not change with the load. 
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Fig. 9  Asymptotic Bode plots of control-to-output transfer function of DCM 
flyback converter in FFM
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                           (a)                                                (b) 

Fig. 10  Simulation waveforms of DCM flyback in FFM at VIN = 125 V, at 10% load, with sinusoidal perturbation frequency  fp = fsw/4 = 4.6 kHz in (a) 
open loop and (b) closed loop 
 

 

 
                           (a)                                               (b) 

Fig. 11  Simulation spectra of DCM flyback in FFM at VIN = 125 V, at 10% load, with sinusoidal perturbation frequency  fp = fsw/4 = 4.6 kHz in (a) open 
loop and (b) closed loop 

III.  EFFECT OF SIDEBAND FREQUENCY COMPONENTS 

Closed-loop measurements of the DCM flyback in FFM are 
in disagreement with the conventional averaged small-signal 
model.  In fact, as the switching frequency decreases with 
decreasing load, the closed-loop bandwidth also decreases, as 
shown in Fig. 4.  To understand the discrepancy between the 
conventional averaged small-signal model and measurements, 
the  DCM  flyback in FFM is simulated in  SIMPLIS.  An  

 
85-W (20.5-V/4.15-A) dc/dc flyback converter was used as the 
example circuit.  In Fig. 2, 

 )2cos( pppmp tfVv θ+π=   . (11) 

is the perturbation voltage source.  Both, open-loop (OL) and 
closed-loop (CL) simulations were performed.   

In Figs. 10 and 11, relevant simulation waveforms and 
corresponding spectra, obtained at 10% load (where the 

-2

0

2

1.32

1.33

1.34

0
2
4
6
8

199.4 199.5 199.6 199.7 199.8 199.9 200
20.64

20.68

20.72

20.76

-2

0

2

1.32

1.33

1.34

0
2
4
6
8

199.4 199.5 199.6 199.7 199.8 199.9 20020.64

20.68

20.72

20.76

0
0.5

1
1.5

2
2.5

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25 30 35 400

5

10

15

20

25

0

2

4

6

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25 30 35 400

5

10

15

20

25

V
RAMP

 
[V] 

V
VCOin

 
[V] 

Time [ms] 

V
O 

[V] 

Freq [kHz] 

f
SW

 f
p
 f

SW
+f

p
 2f

SW
-f

p
 2f

SW
+f

p
 f

SW
-f

p
 2f

SW
 2f

SW
-f

p
 f

SW
 f

p
 f

SW
-f

p
 f

SW
+f

p
 2f

SW
 2f

SW
+f

p
 

V
VCOin 

 [mV]
 

V
O 

[V] 

V
RAMP 
[V] 

V
p
 

[mV] 

1749



 

switching frequency is fsw = 18.4 kHz) with a sinusoidal 
perturbation frequency fp = fsw /4 = 4.6 kHz, illustrate the 
differences between operations in open loop and closed loop.  
In open-loop, as shown in Fig. 11(a), at the input of the VCO, 
there are only two components: the dc component, which 
determines the steady-state switching frequency, and the 
perturbation frequency component.  The spectrum of the 
VCO ramp voltage consists of a dc component, the switching 
frequency component and its harmonics, the perturbation 
frequency component and, in addition, sideband frequency 
components fsw ± fp, 2fsw ± fp, etc.  This means that the VCO is 
a nonlinear circuit, similar to the conventional pulse width 
modulator (PWM) [4], [5], [8]-[11].  All the frequency 
components at the output of the VCO appear in the spectrum of 
the output voltage.  In closed loop, as shown in Fig. 11(b), at 
the input of the VCO, besides the dc component and the 
perturbation frequency component, there are all the other 
frequency components present in the output voltage.  
Consequently, the spectrum of the VCO ramp voltage and, 
furthermore, the spectrum of the output voltage in closed loop 
differ from the corresponding spectra in open loop.  This 
difference is the result of the nonlinearity of the VCO and can 
be explained by considering the lowest sideband component 
fsw - fp and its effect on the closed loop as illustrated in Figs. 12 
and 13.  If the perturbation frequency is small such that  
fp << fsw, then fsw - fp is close to fsw and above the closed-loop 
bandwidth fCLBW.  Therefore, sideband component fsw - fp will 
be attenuated before fed back through the feedback circuit to 
the VCO input and its effect on the loop gain is negligible.  
However, if fp is close to fsw such that fsw - fp < fCLBW, then fsw -
 fp will be amplified before fed back to the VCO input and its 
effect on the loop gain is not negligible.  It is shown in 
Section IV that the loop gain is decreased around the switching 
frequency, which results in a decrease of the closed-loop 
bandwidth. 
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Fig. 12  Frequency domain representation of open-loop DCM flyback in FFM 
with sideband components 
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Fig. 13  Effect of sideband components in closed-loop DCM flyback in FFM 
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Fig. 14  Multi-frequency averaged small-signal model of DCM flyback 
converter in FFM 

 

IV.  MULTI-FREQUENCY AVERAGED SMALL-SIGNAL MODEL OF 

DCM FLYBACK CONVERTER IN FFM OF OPERATION 

The spectrum of the frequency modulated pulses at the 
output of the VCO was derived in [4] and [6] as 
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where, A is the area of the narrow pulses and Jn is the Bessel 
function of the first kind of order n.  In accordance with Figs. 
12 and 13, considering only the lowest sideband component 
fsw - fp, (12) can be simplified as 
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In small-signal analysis, it can be assumed that the 
perturbation amplitude Vpm is very small and, therefore, (13) 
can be further simplified as 
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where the Bessel function J-1 is approximated as 
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It should be noted in (14) that the sideband frequency 
component fsw - fp at the VCO output has inverted sign of  
initial phase angle θp.  In order to avoid more complex 
mathematical expressions, it is convenient to consider the 
negative sideband frequency component fp - fsw instead of the 
positive sideband frequency component fsw - fp [10].  Then, 
(14) can be rewritten as 
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Combining (16) and the block diagram in Fig. 13, the multi-
frequency averaged small-signal (MFASS) model of the DCM 
flyback in FFM can be obtained as shown in Fig. 14, where 

swOvf fvfG ˆ/ˆ)( =  and OFBv vvfH ˆ/ˆ)( =  are the transfer functions 
of the power stage and the feedback circuit, respectively.  

The closed-loop gain at the perturbation frequency is 
obtained as 

 
22

221111
1

)()(
HDG

HGHGADBCHAGfLG p −
−+=   . (17) 

Since, 
 2

VCOKADBC ==   , (18) 

the closed-loop gain (17) is determined as 
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Finally, the closed-loop gain (19) can be rewritten as 
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where LGav is the closed-loop gain of the conventional 
averaged small-signal model.   

Comparison of the closed-loop gains of the DCM flyback in 
FFM obtained with the conventional averaged small-signal 
model and with the MFASS model is presented in Fig. 15.  
The closed-loop gain obtained with the MFASS model is in a 
good agreement with the corresponding closed-loop gain 
obtained with measurements.  As can be seen in Figs. 4 and 
15, the closed-loop bandwidth of the DCM flyback in FFM 
decreases by approximately 1.9 kHz when the load decreases 
from 10% to 5%.   

 

V.  SUMMARY 

The conventional averaged small-signal model of the DCM 
flyback converter in the FFM of operation shows that the 
closed-loop bandwidth does not change with the load.  
However, this is not in agreement with the closed-loop 
measurements.  In this paper, the discrepancy between the 
conventional averaged small-signal model and measurements is 
investigated.  It is found that the source of this discrepancy is the  

 
 

Fig. 15  Closed-loop gain of DCM flyback in FFM [85-W (20.5-V/4.15-A)] 
obtained with conventional averaged small-signal model (blue line); and 
with multi-frequency averaged small-signal model at 10% load, where fSW = 
18.4 kHz, (red line), and 5% load, where fSW = 9 kHz, (green line), at 
VIN=125V 

 
 
 

voltage controlled oscillator.  In the conventional averaged 
small-signal model, the VCO is represented with a linear 
relationship fsw = KVCO·vVCOin.  However, the VCO is a nonlinear 
circuit and it generates sideband frequency components similar to 
the conventional pulse width modulator (PWM) [4], [5], [8]-[11].  
The effect of the nonlinearity of the VCO on the closed-loop is 
explained by considering the case when fsw is not significantly 
greater than the closed-loop bandwidth fCLBW and by 
considering the lowest sideband component fsw - fp.  If the 
perturbation frequency fp is small such that  fp << fsw, then fsw -
 fp is close to fsw and above fCLBW.  Therefore, sideband 
component fsw - fp will be attenuated before fed back through 
the feedback circuit to the VCO input and its effect on the loop 
gain is negligible.  However, if fp is close to fsw such that fsw -
 fp < fCLBW, then fsw - fp will be amplified before fed back to the 
VCO input and its effect on the loop gain is not negligible.  
Including the effect of the sideband components in the closed loop, 
a multi-frequency averaged small-signal (MFASS) model of the 
DCM flyback in FFM is proposed.  The closed-loop gain 
obtained with the MFASS model is in a good agreement with 
the corresponding closed-loop gain obtained with 
measurements. 
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