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The energy balance (EB) model of a primary side regulation (PSR) fly‐back con-

verter in the discontinuous conduction mode (DCM) is discussed in this paper.

Based on this EB model, the stability of a PSR fly‐back converter in the pulse

skipping mode (PSM) is analyzed, and a self‐adapting modulation factor control

strategy is proposed. Theoretical analysis and simulation results show that by sav-

ing an optocoupler and correlative circuits, which are necessary in traditional

PSM fly‐back converters, the modulation factor tolerance controlled by this

method is 1.26% on average, corresponding to the ideal value. Compared with

traditional fly‐back PSM controllers, the power saved in the sampler/comparator

modules is 87% on average for a load range of 1 Ω to 1 kΩ.
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1 | INTRODUCTION

With the increasing demand for power systems with lower
power dissipation, the pulse skipping mode (PSM) has
been widely implemented in various small power AC‐DC/
DC‐DC converters due to its high efficiency under light
loads [1,2]. Traditional PSM fly‐back converters use opto-
couplers as the feedback components [3,4] and for sam-
pling and detecting the output voltage (cycle‐by‐cycle) to
determine the action of the MOSFET switch in the next
clock cycle. This topology can offer a more accurate output

voltage. However, the optocoupler and the correlative cir-
cuit occupy more space in a PCB, and introduce additional
power dissipation and cost [5]. More power will be dissi-
pated in the PSM controllers for detecting the output volt-
age and comparing the signal with the reference voltage
(cycle‐by‐cycle) [6,7].

To overcome the above drawbacks, a PSM control strat-
egy based on the primary side regulation (PSR) fly‐back
topology is proposed. This structure uses a resistive divider
on a bias winding to collect the feedback voltage [8]. The
signal is sampled and compared to the reference only in
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the normal on/off state operation periods. This could regu-
late the modulation factor adaptively according to the load
status [9,10]. In this study, an EB model of a PSM fly‐
back converter working in discontinuous conduction mode
(DCM) was set up, and the changes in PSM modulation
factor with load variations were analyzed. A modulation
factor control strategy based on load variations was then
established. The analysis results show that bifurcation may
happen in the PSR fly‐back PSM converters, but no chaos
will occur in such systems. This is quite different from
PWM converters where slope compensation is not intro-
duced [11–13]. The simulation results show that the pro-
posed strategy can stabilize the output voltage under
different loads. The modulation factor follows an ideal
value, and changes with load variations. More energy can
be saved in the sampler/comparator module compared with
the traditional PSM controllers under light loads.

2 | PRINCIPLE OF PSR FLY‐BACK
PSM MODULATION

Pulse skipping mode is a novel modulation mode different
from PWM and PFM, which are based on a constant‐fre-
quency constant‐width (CFCW) control pulse signal [14–
16]. PSR fly‐back converters use sense voltage on a bias
winding, coupled with the primary side winding as the
feedback voltage, to form a closed‐loop control. A typical
PSR fly‐back PSM converter is shown in Figure 1.

The traditional modulation principle shown in Figure 1
is based on the characteristics of the PSR feedback. The
energy stored in the secondary winding L1 is transferred to
the output stage only after M1 turns off. After M1 turns off,
the sampling of VFB can reflect the output voltage Vout

accurately; however, it cannot be sampled during the skip
period [17–19], as shown in Figure 2.

In Figure 2, the upper chart shows the sense voltage on
the secondary winding, and the lower chart shows the dri-
ver signal. After M1 turns off, VFB is sampled after a delay
of Td (2.5 μs). If VFB < Vref at the nth sampling, the PSM
controller will send CFCW control pulses to M1 and make
it operate in the normal state during the next period; it then
proceeds with the (n + 1)th sampling operation after M1

turns off again. Otherwise, several control pulses are
skipped according to the current load status to reduce Vout.
Then, a detective pulse will be produced to turn off M1 for
the (n + 1)th sampling.

If VFB > Vref, in order to reduce the output voltage, the
PSM controller controls M1 across a number of conduction
cycles.

After that, M1 generates a pulse for the (n + 1)th sam-
pling. In the PSM, the error amplifier can be replaced by
an error comparator; therefore, the requirement of a feed-
back compensation circuit is greatly reduced and the circuit
stability can be improved further.

Assume that the PSM controller makes M1 work nor-
mally for k cycles in each energy cycle and skip s cycles.
Here, the modulation factor M is set as M = s/(k + s),
0 < M < 1. In the traditional PSM modulation method,
VFB is sampled/compared k + s times. On the other hand,
in the proposed PSM modulation method based on PSR
fly‐back, VFB is sampled k times. This reduces the power
dissipations in the sampling circuits and error amplifier
(EA). Especially, with a light load, the number of normal
operation cycles k is less and the number of skipping cycles
s is more. Therefore, the energy‐saving effect is significant.

Thus, depending on the load, when VFB > Vref, the
strategy of adaptively adjusting M1 skips s cycles before
detecting the pulse, resulting in a stable output voltage and
reduced output ripples.

3 | EB MODEL OF DCM PSR
FLY‐BACK PSM CONVERTER

Ignoring the power consumed by the auxiliary winding L2
(shown in Figure 1) in one period T, with the energy balance
rule (EBR), the power supply energy is as follows [20]:

ΔEin ¼ ΔECo þ ΔELp þ ΔERL : (1)

Here, ΔECo is the energy variation in Co, ΔELp is the
energy variation in Lp, and ΔERL is the consumed energy
by the load. When M1 turns on, (1) becomes

ΔEin ¼
ZDT

0

VinIindt ¼ V2
inðDTÞ2=2Lp: (2)

Here, D is the on‐time duty cycle. ΔECo is the energy
difference between the (n + 1)th and nth cycles in Co:

Vin

VFB

VoutRoCoLp L1
n2

n1

D

PSM
converter

L2
n3 R1

M1 R2

FIGURE 1 Topology of a primary side regulation fly‐back
converter
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ΔECo ¼ Eðnþ1Þ
Co � EðnÞ

Co ¼ 1
2
Co ðV ðnþ1Þ

out Þ2 � ðV ðnÞ
out Þ

2h i
: (3)

The converter works in the DCM, and the inductance
current is zero at the end of each period, that is,

ΔELp ¼ 0: (4)

ΔERL can be approximated with the trapezoid integral
rule and (3):

ΔERL≅
ðV ðnþ1Þ

out Þ2 � ðV ðnÞ
out Þ

2

Ro

" #
� T
2

¼ T
RoCo

�
Eðnþ1Þ
Co þ EðnÞ

Co

�
:

(5)

Substituting (3), (4), and (5) into (1), the output energy
relationship within the nth and (n + 1)th periods is as follows:

ΔEðnþ1Þ
Co ¼ 1� T

RLCo

1þ T
RLCo

 !
EðnÞ
Co þ 1

1þ T
RLCo

ΔEin: (6)

Set

λ ¼ 1� T
RLCo

1þ T
RLCo

<1: (7)

In Figure 1, as M1 turns off at Td, the sampled feedback
voltage is

VFB ¼ 1
N
ð R2

R1 þ R2
ÞVout: (8)

where N = n2/n3.
For the EB model of the PSR fly‐back PSM converter,

assuming that the PSM controller samples during each
cycle, a relation between the load condition and ideal mod-
ulation factor can be obtained.

Thus, when VFB > Vref, the PSM controller skips the
next cycle. Substituting (3) into this condition, we get

EðnÞ
Co>

1
2
Co k

�
R1 þ R2

R2

�
Vref

� �2
: (9)

Similarly, the condition where PSM controller operates
in the next normal state is given by

EðnÞ
Co<

1
2
Co k

�
R1 þ R2

R2

�
Vref

� �2
: (10)

When the control cycle is skipped, the system cannot
draw energy from the power source; then, ΔEin = 0. The
EB model of the PSR fly‐back PSM converter can be
expressed as follows:

Eðnþ1Þ
Co

¼ λEðnÞ
Co þ 1

1þ T
RLCo

ΔEin

if EðnÞ
Co<

1
2 Co kðR1þR2

R2
ÞVref

h i2
;

¼ λEðnÞ
Co

if EðnÞ
Co>

1
2 Co kðR1þR2

R2
ÞVref

h i2
:

8>>>>>><
>>>>>>:

(11)

Here, the reference energy is defined as:

Eref ¼ 1
2
Co kðR1 þ R2

R2
ÞVref

� �2
: (12)

Assume that ECo = Eref in the nth cycle, but ECo cannot
preserve the Eref level in the (n + 1)th cycle; therefore, the
maximum load of the system is

Rmin ¼
2Lp k R1þR2

R2

� �
Vref

h i2
VinD2T

: (13)

RL ≥ Rmin is an essential condition for the capacitor energy
to reach Eref. Otherwise, it is impossible to maintain the output
at the reference level, even if no control cycle is skipped.

V b
ia

s

Normal
on/off state

V d
rv

Sample

No sample

Sample

Detective pulse

Pulse skip
operation

2.5 s
t FIGURE 2 Sampling characteristics of

a primary side regulation fly‐back converter
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Similarly, the range of the load needed to make the sys-
tem operate in the period‐2 bifurcation (k = 1, s = 1) is as
follows:

Rperiod�2
min ¼ T

C
4Eref

ΔEin
� 1

� �
; (14)

Rperiod�2
max ¼ T

C
4Eref

ΔEin
þ 1

� �
: (15)

When RL ∈ Rperiod�2
max ;Rperiod�2

max

h i
; the modulation factor

M is 0.5 and the system works in period‐2 bifurcation.

4 | RELATIONSHIP BETWEEN THE
MODULATION FACTOR AND THE
VARIABLE LOAD

If the parameters in Figure 1 are set properly, the output
energy trajectory with different loads can be obtained as
shown in Figure 3.

In Figure 3A, points a‐e represent ECo in five consecu-
tive cycles. Eref is the energy reference line. When ECo <
Eref, the system operates in the normal state corresponding
to the energy locus from a to e. When ECo > Eref, the sys-
tem skips to the next control cycle, corresponding to points
e and f. Thus, the modulation factor M = 0.2. This system
can be stabilized at five different energy stages under this
load status and form a period‐5 bifurcation.

In Figure 3B, this system shows a periodic behavior
with 15 different energy stages and forms a period‐15
bifurcation. If the load is reduced, M increases and
becomes 0.53 with ECo being stable.

Figure 4 illustrates the bifurcation diagram of the output
energy in a PSR fly‐back PSM converter. The points below
Eref are the energy stages after the normal on/off states.
The points at the top are the energy stages after pulse skip-
ping. When the load is smaller than Rperiod�2

min as the load
decreases, the system enters into a multi‐cycle steady state,
and the number of pulses skipped becomes significantly
larger (so does M). Because λ < 1 in (11), the PSM system
in DCM is a closed‐loop system, and chaos will not occur
in such a system.

5 | MODULATION FACTOR FOR
ADAPTIVE CONTROL

The PSR fly‐back PSM converter cannot sample the output
voltage to control the pulse skipping operation cycle‐by‐
cycle; therefore, it is necessary for the PSM controller to
determine the number of cycles skipped s and generate a

detective pulse, which takes Ds as the duty cycle, to con-
tinue monitoring Vout.

Here, Ss is set as the state of the system when it skips s
cycles continuously (S0 indicates s = 0), and cn is set as
the comparison between the sampled feedback voltage and
Vref, as shown below.

cn ¼ 1 VFB <Vref

0 VFB >Vref
:

�
(16)

Initially, cn = 1, and the system operates in the state
S0. When VFB > Vref, as cn = 0 during the nth cycle,
the system enters the state Ss (s > 1) from the (n + 1)th
cycle. The operation state Ss is determined by the load
status. According to the principle that M changes with
load variations, s is set higher as the load gets heavier
and vice versa. The load status is determined by i,
which is defined as the number of c = 0 or c = 1 con-
tinuously.

The complete adaptive control can be described as
follows:

1. If the system detects c = 0 continuously for i times in
state Ss, it indicates that the load is too light for the cur-
rent state, and then the number of skipped pulses s is
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FIGURE 3 Trajectory of the output energy: (A) energy trajectory
when RL = 6 Ω and (B) energy trajectory when RL = 12 Ω
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increased to increase M for fitting the current load sta-
tus.

2. If the system detects c = 1 continuously for i times in
state Ss, it indicates that the load is too heavy for the
current state, and then s is decreased to decrease M for
fitting the current load status.

3. If it is still c = 0 after the system reaches the maximum
cycle skipping state Smax, it outputs a no-load signal to
shut down parts of the modules to save energy. Smax is
set as the number of pulses skipped to ensure that the
real switch frequency does not enter into the audio
range.

Ds is set properly to maintain the same output energy
before and after the detective pulses. When the system
enters the state Ss+1 from Ss, the duty cycle of the detective
pulses is Ds+1 = αDs (α > 1) to reduce the energy of the
detective pulse and the output ripple.

Apparently, i determines the response speed of the sys-
tem with the variable load. When i = 1, the system
response is sensitive but stability becomes worse. In the
AC‐DC converter, the system can never operates in a sin-
gle state Ss due to the influence of factors such as Vin, self‐
tuning duty cycle D, frequency jittering, and other external
interferences. Then, we set i = 2 or 3 to stabilize the
output voltage. A state‐transition diagram is shown in
Figure 5.

This can be realized by the state machine. Especially, in
PSM controllers, a state machine that controls the current
limit threshold according to load status is usually introduced.
When k ≥ s = 1, the range of the load is:

Rmin < RL ≤Rperiod�2
max : (17)

Here, M ≤ 0.5; the number of sampling/comparing can be
reduced to at most 50% of the cycle‐by‐cycle sampling

(k = s = 1). If the sampling/comparing module is in the
sleep mode during the skipped pulses, then the output
remains the same theoretically. These two modules can
save at most 50% of the dissipated power.

As the load gets lighter, s > k = 1 after the system is
steady, and the load range is

RL ≥Rperiod�2
max : (18)

Here, M > 0.5, and this strategy adaptively controls the
number of pulses skipped according to the load variation.
The sampling/comparing module saves most of dissipated
power compared to that in the case of cycle‐by‐cycle
sampling.

The initial detective pulse duty cycle D1 and α are
important for reducing the output voltage ripple. To elimi-
nate the effect of the sampling pulse on the system, it is
necessary to ensure that the output energy remains the
same before and after the detective pulses. From (5) and
(6), D1 can be expressed as

Eref

8 ×10–4

7

6

5

E C
o
(J

)

4

3
10 15 20 25 30 35 40

Rmin
period–2

RL (Ω)

FIGURE 4 Relationship between ECo and RL
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cn–i = 0, …, cn = 0
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FIGURE 5 State‐transition diagram of the strategy
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D1 ¼ 1
VinT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2LpðEðnþ1Þ

Co � λEðnÞ
Co Þ

T
RminCo

vuut : (19)

In practical applications,

Eðnþ1Þ
Co ¼ EðnÞ

Co ¼ βEref (20)

where β is a scale factor. The load range is approximately
the same between the neighboring states; therefore, α can
be estimated by the two initial states S0 and S1.

α ≅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rperiod�2
min � Rmin

Rmin

s
: (21)

The bifurcation diagram with load variations obtained
using the M adaptive control strategy is shown in Fig-
ure 6.

When the load becomes lighter, the system status
becomes S5 (s = 5) from S1 (s = 1). The two energy loci
at the bottom of each state show the energy trajectories
before and after the detective pulses. We can change Ds

properly to maintain the output energy at both ends of the
detective pulses.

The EB model of PSM is established for the structure
of PSR fly‐back converter. According to the system energy
bifurcation diagram, the output energy of the PSR fly‐back
PSM structure may enter the bifurcation state but not the
homogeneous state. The proposed strategy can stabilize the
output voltage with different loads, and the modulation
degree changes with the load.

6 | SIMULATION ANALYSIS AND
DISCUSSION

Figure 7 shows the energy track response for the variable
load with the modulation factor adaptive control strategy
(i = 1, α = 0.66, β = 0.9).

When the load RL changes from 6 Ω to 16 Ω, it can
regulate the number of pulses skipped effectively and make
the output energy remain close to Eref with minor ripple.
Ignoring the influence of the detective pulses, M tracks the
ideal value from 0.2 to 0.66. Accordingly, the output
energy bifurcation changes from period‐5 to period‐2 and
finally to period‐3.

The regulation of the modulation factor by the adaptive
control strategy is compared with its ideal value in Fig-
ure 8.

In Figure 8A, the dashed line represents the ideal M
value and the solid line represents the M regulated by the
strategy. For the range of 1 Ω to 1 kΩ, M changes adap-
tively according to the load variations and follows its ideal
value perfectly. Figure 8B shows the modulation factor tol-
erance for the strategy and the ideal value. Using the pro-
posed method, the tolerance is 20% at maximum and
1.26% on average.

The traditional control strategy uses an error amplifier,
which has some disadvantages in terms of noise suppres-
sion. The proposed control strategy uses a resistive divider
on the bias winding for negative feedback. It samples and
compares at a certain moment after the normal switching.
The modulation degree is adjusted adaptively according to
the load condition.

The power dissipated by the sampler/comparator module
of the traditional PSM controller is compared with the M
factor adaptive control strategy, as shown in Figure 9.

When RL < Rmin, the sampling/comparing frequencies
of these two methods are the same, and so are the power
dissipations. If RL > Rmin, the sampling/comparing

Eref
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FIGURE 6 Bifurcation diagram of the output energy
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FIGURE 7 ECo adaptive variable with the load changed
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operations take place only at the normal states with the M
factor adaptive strategy, and the power dissipation of the
related modules declines fast and shows a significant

superiority under light loads. Within the load range of 1 Ω
to 1 kΩ, the related modules can save an average of 87%
of the power compared with traditional fly‐back PSM con-
trollers.

Using this control strategy on a PSR fly‐back structure,
a PSM mode AC‐DC converter is designed. The simulation
result is depicted in Figure 10.

This prototype was designed to convert 220 V AC to
5 V DC, and the parameters are defined in Table 1 (i = 2,
α = 1, β = 1).

The simulation result shows that M is well modified to
fit the load. The output voltage ripple is limited within
±2.5%. Besides, the sampling/comparing frequency is
approximately 33% less than that of the traditional PSM
controllers. It reduces 33% of the power dissipation in the
related modules.

7 | CONCLUSIONS

To overcome the drawbacks of traditional PSM con-
trollers, this paper proposes a PSM control strategy. This
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TABLE 1 Parameters of the AC‐DC converter circuit

Parameter Definition Value

Vin Input voltage 220 V

Vref Reference voltage 2 V

R1 Upper divider resistance 14.88 kΩ

R2 Lower divider resistance 8.72 kΩ

Lp Primary magnetizing inductance 1.0945 mH

n1:n2:n3 Turns ratio of transformer 115:6:7

Co Output capacitor 47 μF

f Switch frequency 65 kHz

RL Load resistance 6 Ω
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strategy enables PSM controllers to adjust the modulation
factor adaptively according to the load status. The energy
model based on a PSR fly‐back converter in DCM is
established, and the stability of its structure is analyzed.
Simulation results show that the modulation factor toler-
ance controlled by this strategy is 1.26% on average cor-
responding to its ideal value. Compared with traditional
fly‐back PSM controllers, the power saved in the sampler/
comparator modules is 87% on average for a load range
of 1 Ω to 1 kΩ. In terms of cost and power dissipation,
this strategy controls the modulation factor very well. This
is important for the research on cost‐efficient and low
power consumption converters.
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