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Abstract: This paper proposes a single stage alternating current/direct current (AC/DC) flyback con-
verter which contains three output windings with synchronous rectification (SR) function to achieve
better cross-regulation and efficiency. Because the three output windings are stacked in a series
structure and use synchronous rectification instead of diode rectification, the forward conduction loss of
the diode can be eliminated, and the current of each winding can flow bilaterally. Therefore, the energy
of leakage inductance can be dissipated through heavy load winding without transient overvoltage
in light load winding. Compared with existing methods in the literature, the proposed converter can
be realized by simple analog IC with fewer winding turns. Finally, under the extreme load imbalance
condition, the cross-regulation is still within £2.26%. The maximum efficiency of the proposed
converter reaches 87%, which is about 3% higher than the conventional Schottky diode solution’s
efficiency. The circuit structure and operation principle are described. A practical prototype and
experiment results are implemented to verify the feasibility of the proposed converter.

Keywords: flyback; cross-regulation; synchronous rectifier; multi-outputs

1. Introduction

A flyback converter [1-4] is a common choice for low to medium power supply design.
The advantage of a flyback converter includes galvanic isolation, wide output voltage
range, its simple structure, less peripheral devices and its cost effectiveness, etc. The flyback
converter has also been popularly used with multi-output [5] to supply multiple voltage
levels at a single converter. In multi-output conditions, theoretically, the output voltage
of the secondary windings only depends on the turns ratio and is not influenced by the
individual load current. However, due to the cross-regulation effect, the multi-outputs
voltage would interact with each other. When one output is in heavy load and the other
outputs under light load or no load condition, the cross-regulation is particularly obvious.

The influential factors for the cross-regulation are:

(1) Multi-outputs usually only feed back the output voltage of the main load to control
the energy transfer from the primary side. If the current of outputs load changes,
the remaining outputs may not be regulated to a specific specification. This is due
to only one output voltage being regulated by the pulse width modulation (PWM)
controller. It will not fully meet the requirement of the remaining output windings.
That is the main factor causing the cross-regulation issue.

(2)  When the load current is different, the voltage drop is different and caused by load
current flow through circuit internal resistance.

(3) When the forward current flowing through the output rectifier diode is different,
the forward voltage will also be different.

(4) Itis affected by the circuit design of the clamp voltage of resistor-capacitor-diode for
the primary side.

(5) Infact, the primary and secondary windings will not be perfectly coupled, and there
is leakage inductance between the windings. The windings are under light load or no
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load condition, and the energy released by leakage inductance may cause the terminal
voltage to be too high.

To improve cross-regulation, many solutions have been proposed in the literature.
A typical three-output flyback converter is shown in Figure 1a. Only one output feeds
the feedback to the controller to regulate the voltage. If all outputs are sensed for control,
the cross-regulation can be mitigated by proper feedback weighting design as shown in

Figure 1b.
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Figure 1. (a) Typical three-output flyback converter; (b) all outputs are sensed for feedback control.

Figure 2 shows the details for three outputs that are sensed to feedback control.
meg to ig = i1 + ip + i3 = Wixig + Whoxig + Wixig = ig (Wl + Wh + W3),
therefore, W; + Wy + W3 = 1. The feedback can be modulated by changing W, (W, is the
Weight of the feedback from output n) to obtain the desired cross-regulation. However, how to
determine the weight is a big problem.
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Figure 2. Details for three outputs are sensed to feedback control.
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Another common method in practice is adding a dummy load (pre-load) [6] in each
output terminals. The dummy load absorbs the energy from leakage inductance and
avoids over-voltage occur in loads. However, the dummy load is equivalent to power
loss. As shown in Figure 3. An added post regulator (including low drop out regulator,
magamp post regulator [7], direct current (DC)/DC converter, etc.) in the output winding,
is an independent regulator and does not require control feedback from the primary side
PWM controller. It can effectively improve the cross-regulation although there are lots of
additional components.
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Figure 3. Post regulator method.

The mathematical [8] and the analytic model [9] of flyback converters are proposed.
By adding extra turns in the outer leg of the core and designing the lowering of clamp
voltage to improve the cross-regulation. Designs include smaller leakage inductances
and adopt proportional integral (PI) and fuzzy controllers [10], or design resistor capac-
itor diode (RCD) snubber [11] to absorb leakage energy. The dynamic model predictive
voltage control [12] to achieve two output voltages is regulated individually. A time
multiplexing switching with series buck converters scheme [13] is a two stage converter.
The current source mode [14] to implement two outputs is controlled by current source
mode (CSM) switches respectively. Reference [15] presents dual outputs connected in a
series converter and each output voltage is regulated respectively then free cross-regulation.
An asymmetrical half-bridge flyback converter [16] with a parallel-series-connected trans-
former is adopted to solve the cross-regulation issue. To mitigate the cross-regulation
effect, [17] employs a coupled inductor for dual-output DC-DC converters. Reference [18]
adopts 5 switches to achieve two outputs voltage which are regulated independently and
not affected by the variation of load current. V; presents the fly-buck [19] converter in
buck mode, and V,; in flyback mode, then realizes lower cross-regulation. The primary
side uses a half-bridge inverter, and the secondary side uses a flyback rectifier combined
auxiliary buck converter to implement two outputs without cross-regulation problems [20].
This applies the method of primary-side average voltage regulation [21] to reduced voltage
deviation of multiple outputs.

From the above works, we know that many analysis and improvement methods have
been proposed for cross-regulation. This paper presents a three-output flyback converter
with synchronous rectification for improving cross-regulation and efficiency. The proposed
architecture can be extended for any number of outputs of the flyback converter.
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2. Circuit Description and Operation Principle

The proposed three-output flyback converter with synchronous rectification for im-
proving cross-regulation and efficiency is shown in Figure 4. It is a single stage alternating
current (AC)/DC flyback converter. The primary winding is N its magnetizing induc-
tance is Ly, and the main switch is Q. The output winding is N, N2, N3. The output
capacitor is C1, Cp, C3. The output load is Ry, Ry, R, respectively. The output terminal of
diode rectification is replaced with synchronous rectification (Q1, Q», Q3) to reduce the
forward conduction loss and improve efficiency. On the other hand, due to all output
windings being stacked in series by synchronous rectification. The energy between all
windings can be communicated. That means even if some windings are in light load or
no load, its energy of leakage inductance has a path to release to other load windings.
Therefore, it would not cause a high terminal voltage spike, thereby effectively improving
the cross-regulation.
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Figure 4. Proposed three-output flyback converter.

As shown in Figure 5, when the Q,, is turned-on, the energy is stored in magnetizing
inductance (L) of primary winding Np. The loads Ry, Ry, and Rj are supplied by V¢y,
V2, and Vs, respectively.

,,,,,,,,,,

Vin —JE‘ Q

Figure 5. Flyback converter when Q,, turned-on.
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As shown in Figure 6, the Qp is turned OFF when the positive voltage of auxiliary
winding (N,) is higher than Vi, 17 and meets 600 uA, then the synchronous switches Q,
Qy, Q3 are turned ON. The windings of N1, Ny, and N3 become a stacked series structure.
The excitation energy that is stored on the primary side (L) will be transferred to the
secondary side according to the ratio of winding turns. At this time, the secondary side
winding is like connecting 5V, 7 V, 12 V batteries in series, then the voltage of each winding
will become about V1 =5V, VN2 =12V (5V +7 V) and VN3 =24V (12 V + 12 V) respectively.

Figure 6. Flyback converter when Qp turned OFF.

Due to Ing = Ing + 11, Ing = Ins + I, this means Iy is the total current of the sec-
ondary winding. When Iy is approximated to zero, it means that the energy of secondary
winding is fully released. In other words, when Iy current flows through the resistor
(Rps_g1) and the voltage drop (Vrps_qg1) is lower than threshold voltage Vy, 1 (ex: 0.1 V).
The synchronous switches Q1, Q,, and Q3 will be turned OFFE.

If R; is in heavy load, R, R3 are in light load or no load, the energy of N, and N3
are supplied to Cy, C3, Ry, and R3. The remaining energy can be released through the
path of In; and depleted via R; (the proposed converter does not need to be similar as the
traditional three output windings converter. The ratio of turns between windings is 14:7:3.
As long as the ratio of turns between each winding is 7:4:3 the number of turns of each
winding can be effectively reduced. As shown in Figure 7, just like connecting 5V, 7V, 12V
batteries in series, and this voltage stacked diagram indicates that the energy of N, =7V,
N3 =12 V will be released by N = 5 V). Therefore, it can prevent the voltage of V¢ and
V3 from becoming too high, causing a voltage cross-regulation issue.

On the other hand, it can also be understood that when the winding in a no load or
light load condition, the winding loop impedance is high and equivalent to capacitive
load. The induced current from the primary winding will fully charge the output capacitor
quickly then reduce it to zero current. However, during the synchronous rectification turned
ON period, the MOSFET (Qq, Qy, Q3) is bidirectional. The current can flow into or out of
the winding, which means that the current flows out of winding to meet the load’s demand.
After that, the current flows into the winding in the form of a negative current, and the
remaining energy will be consumed by the heavy load winding. Therefore, the voltage at
the no load or light load winding terminal will not be raised.

In the other extreme case, if R; and R; are in light load or no load, R3 is in heavy
load, the energy of N; and N are supply to Cq, Cp, R; and Ry, The remaining energy also
can be released through the path of Inj and depleted via Rz (or from the voltage stacked
diagram Figure 7 shows that the energy of Ny =5V, N, =7 V will be released by N3 =24 V).
Therefore, to avoid the high terminal voltage a spike appears in V1 and V.
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Figure 7. Voltage stacked diagram.

Suppose the main control path in winding 1, the output voltage of winding 1 will be
feedback to the controller for regulating the duty of main switch Qp, ON or OFF. Owing to
the design of three windings are stacked in series by synchronous rectification. The 24 V
(winding 3) is formed by 12 V (winding 2) superimposed on 12 V, and 12 V (winding 2) is
formed by 5 V (winding 1) superimposed on 7 V. Consequently, there is an energy exchange
path between the three windings. That is when 5 V energy is released then 12V, and 24 V
energy can also be released. Similarly, when the energy of 24 V is released, the energy of
12 Vand 5 V can also be exhausted. The energy between each winding can communicate
with each other. No energy accumulation occurs and without nowhere to be released.

3. Design of the Proposed Converter

The design considerations for the key components of the proposed three-output
flyback converter will be discussed in the following section:

Winding 2 is based on winding 1 to the stack a few turns. Winding 3 is also based on
winding 2 to the stack a few turns. By stacking in a series structure as shown in Figure 8
and adopting synchronous rectification instead of diode rectification, the currents between
the windings can flow with each other.
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Figure 8. Structure of proposed flyback converter.

For selecting the turns ratio (n) between the primary and secondary side, the design
should consider the secondary voltage to be reflected on the primary side, which will
determine the primary to the secondary turns ratio of the transformer. If it is preferred to
use a cheap and common 600 V MOSFET, then the turns ratio can be selected by:

Vin max +1 % Vs < 600 V )
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where Vin max is the maximum input voltage from the primary side rectification and Vin_max
can be calculated as:
Vin_max = 265 Ve X \/E =375V )

From Vin_max is about 375 V and V3 is about 24 V. If we decide to keep the safety
margin below 20%, it gives n < 3.35. Then we can choose a turns ratio of n = 3.35, which will
give a reflected voltage of about 80 V.

Knowing the turns ratio, then the peak primary current (Ip ax) needed to supply the
68 W of rated output power (Pout max) can now be calculated. We can calculate Ip 1,4« by:

Vinﬁmin +n X VC?)
nXnxX Vin_min x Vc3

Ip_max = 2 X Pout_max X 3)
where Vi, min is the minimum input voltage from the primary side rectification, the n is efficiency.

If Vin_min is 110 Vs and 1 is 85%. Substitute the above values into the formula gives
the maximum peak current of Ip 1« = 3.4 A. Then one can choose a value of 3.5 A to take
into account various tolerances.

To calculate the primary magnetizing inductance (L), the switching frequency range
needs to be decided for the controller to operate. There is one constraint: at low line
and maximum power condition, the switching frequency should avoid the audible range
(higher than 20 kHz) then the Lm is given as:

1
Lm = Vin mintnxVes ) 2 @)
. in_minTH C3
2 X fsw_min X Pout_max X (—n XnXVin_minXV&)

L X Ip_max x 108
p N AC X Bmax

where fgy_min is the minimum’s switching frequency, Np, is the turn of the primary side
winding. Ac and Bmax are the cross-sectional areas and maximum magnetic flux density of
the core.

Let us choose fsy, min is 30 kHz for 68 W of output power at Vi, min, then the
Lm = 375 uH. To take tolerances into account, we can choose Ly, = 340 uH, and higher
operation frequency will be limited by the PWM controller when power is below 68 W.

The number of turns for the secondary winding and SR MOSFET configuration
must also be designed to achieve the necessary output voltages without adding separate
regulator circuits for every output. In order to obtain the correct output voltage set points,
non-integral turns might be used, so the number of turns of the secondary winding must
be selected correctly. The 5V, 12 V and 24 V outputs are all derived from a stacked winding
configuration. Then the total turns (Ns) of secondary winding can be obtained by the
following formula:

©)

. Np X Vg X (1 — Dmax)

N 6
s Vin_min X Dmax ( )
where Dpax is the maximum duty cycle of Q.
The maximum drain voltage of Qp under normal operation is:
— Lleak
Vds max = Vin_max_ X V3 X 1 X Ip_max ()

Clump

where Ljeq is the total leakage inductance of the transformer, the Cjypmy, is the total capaci-
tance of the transformer.

From Vi _max is about 375 V, and the reflected voltage is further increased by 120 V.
Summing up these levels give a total steady-state drain voltage is 458 V. The last term in
Equation (7) depicts the leakage inductance action which further stresses the Q,, at the
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opening. If we select a 600 V device, it leaves more than 140 V for this leakage action.
A clamping network will stop it rising.

The peak inverse voltage (PIV) of the secondary side is linked to the turns ratio and
the regulated output voltage by:

N1 — Nz

PIV
Np

X Vin_max +Ves 8)

If the Qp,_vqs voltage on the primary side is reduced, the reverse voltage that the
secondary side SR MOSFET (Q1, Qy, Q3) must sustain will increase. Taking these figures
into account, the turns ratio can be adjusted according to the primary MOSFET BV 444
(Qp) and the maximum Vy, voltage of the secondary Q1, Qz, Q3. Then we can calculate
the minimum turns ratio that can be achieved and maintain an acceptable safety margin.
This is especially the case for the power supply that works in high current applications
with low output voltages. Smaller conduction losses and lower V44 drop play the role of
these components. Table 1 summarizes the key parameters of the proposed design.

Table 1. Key parameters of the proposed design.

Parameters Value
Rated output power 68 W
AC input voltage 110~220 Vims
DC output voltage 5V/4A,12V/2A,24V/1A
Np, N1, Np, N3 47,3,4,7 turn
Q1, QY P0306BT (60 V, 3.4 mQ))
Q3 PG7A10BT (100 V, 7.5 mQ))
Qp P1570VTF
Cq 2200 uF/10V
@) 1500 uF/16 V
Cs 680 uF/35V

The proposed architecture in this article can be extended to more output windings
as shown in Figure 9. By replacing the diode with a synchronous switch in each output
winding, the number of output windings can theoretically be expanded to infinite.

T

N

Vin QEL] R

N3

% Qs
N2
% Q|

[ C:

Q1]
T
il

Figure 9. Extend to multi-outputs flyback converter.
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4. Experiment Results and Discussion

To verify the feasibility of the proposed three-output flyback converter which adopts
synchronous rectification for better cross-regulation and efficiency. A prototype was
developed and tested based on the design discussion in the previous sections.

Figure 10 shows the waveforms of the main switch (Qp) on the primary side and
synchronous switch (Q3) and the current (I35 o3) on the secondary side. It indicates that
the voltage stresses of the main switch and the synchronous switch are complementary.
In the synchronous switch on period, the energy on the winding is released in the form
of current.

_IIl.i|IIII|IIII|I’II|I.III IIII|IIII|IIII|IIII|IIII_
SRR RN AR

4+

Ch1 2004 Cha 2.0 Ml 4.0ps 1.25G545 SO0t
Ch3 0.0y Ch4 10.04 # Chl o 208Y

Figure 10. The waveforms of the main switch and SR Qs.

For 24 V (R3), 12 V (Rp) are in no load, 5 V (R;) is in heavy load condition. This is as-
suming the excitation energy of the primary side is completely transferred to the secondary
side. In other words, the input energy of the primary side is equal to the output energy of
the secondary side, which means Wy, = 1/2Ln 1% + 1/2L,1,? (the energy of magnetizing
inductance + leakage inductance) = 1/ 2L1In12 + 1/2L,In02% + 1/213In3? (the energy of
winding 1 + 2 + 3). It would make the primary side excitation energy not only meet the
energy demand of winding 1, but also the winding 2, 3 will consume the energy transferred
from the primary side. Even if winding 2 and winding 3 are under no load conditions,
winding 1 will be regulated to a specific voltage since it is a feedback winding. In fact,
the loop impedance of winding 1 will cause a voltage drop due to a large current, which will
make the voltage of winding 1 still slightly insufficient. Thus, it needs the feedback to the
primary side to make the ON duty of Qp, larger to satisfy the sufficient energy demand of
winding 1 +2 + 3.

Figure 11 shows the waveforms of the above cases. In the first period, the synchronous
switches Q1, Qy, Q3 are turned ON, the current of Ins, In2 flows out from the winding to
supply capacitors (Cz, Cy) and loads (R3, R;). At the second period, because R3, R; are
in no load, the remaining energy of the current turns into a negative direction and flows
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into the winding, and then is consumed by the heavy load winding (R;). No matter in the
first or second period, the output current (In) is positive and flows out the winding for
charging capacitor (C;) and load (R;), and no negative current flows into the winding.

Ch1 20.0Y Chz 1004 M 4 Ops 1.25G50E S00psAE
Ch3 10.04 Chd 10.04 A Width  Ch1

Figure 11. The current waveforms for 24 V, 12 V in no load and 5 V in heavy load.

Another case for 5 V (Ry), 12 V (Rp) are in no load, 24 V (R3) is in heavy load condition.
It can also be understood that the loop impedance of the N3 winding (24 V) presents low
impedance, and most of the energy transferred from the primary side passes through the
N3 winding (due to the large current flowing through the low impedance loop). The current
flow through the loop impedance of Ny and Nj is relatively small. In traditional multi-
output winding, the voltage spike is generated by the leakage inductance and will be
accumulated over time, thereby resulting in over-voltage at the output terminal. However,
in the proposed design, the peak voltage energy is generated by the leakage inductance
not only being consumed by R; and Ry, due to the continuous conduction of Qq, Q2, Qs,
but also the remaining energy can pass through each other and release the energy.

Figure 12 shows the waveforms of the above cases. When the synchronous switches
Q1, Q 2, Q3 are turned ON. The current of Inj, In3 flows out from the winding to supply
capacitors and loads. After the demands of Ry, Cy, Ry, C; are satisfied, the current continues
to be released to 24 V (R3) winding due to the stacked series structure. Only a small amount
of energy of Inp is released to R; through the path of Iy;.

The case for 5V (Ry), 24 V (R3) are in no load, 12 V (R;) is in heavy load condition,
as shown in Figure 13. When the synchronous switches Q1, Q,, Q3 are turned ON first,
the current of In3 flows out from the winding to supply C3 and R3. In the second period,
because Rj is in no load the remaining energy of current (In3) becomes negative current
and flows into the winding, and then is consumed by the heavy load winding (R;).
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UL L L L L B L L L LI L L L L L L LR IR

Chi S0.0% Chz 10.04 Il 10.0ps G25MS5E 1.6nz40
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Figure 12. The current waveforms for 5V, 12 V in no load and 24 V in heavy load.

|||'i||||||||||||||||'|||||v|||||||||||||||||||||

Ch1 200y Chz 1004 M 10.0ps 220M3E 400t
Ch3 1004 Chd 1004 A Chl o 82V

Figure 13. The current waveforms for 5 V, 24 V in no load and 12 V in heavy load.

In addition, from the previous description, the excitation energy of the primary side
(including leakage inductance energy) will not only meet the energy demand of winding 1.
Even if winding 1 is in no load, the feedback to the primary side makes the primary side
excitation energy does not store too much, but the secondary winding 2 depletes energy.
Because winding 2 is in heavy load, the energy is exhausted quickly, although for winding
1 under no load, the energy transferred is still insufficient. Therefore, it will be fed back to
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the primary side to increase the ON duty of Qp, to deliver enough energy for satisfying the
winding 1 +2 + 3.

When all windings are rated to load condition, and the load current of one winding is
suddenly turned OFF. The waveforms of voltage and current are shown in Figure 14a—c.
It can be seen that even if the load current changes drastically, the voltage of all winding is
not greatly affected.

R

v e b e b b T T T T T T T

Ch3 1.084 Chd 2.04
Fef1  2.0Y 200z

(@)

[R3_1A

IR 4A

Ch3 104 Chd 204 Ché
Refl  2.0v 20.0ms
(b)

Figure 14. Cont.
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Figure 14. The output voltage keeps stable within 2.26% when the load changes. (a) The current and
voltage waveforms between outputs, under full load condi-tion when the 5 V/4 A drops to 5 V/0 A,
the outputs voltage variation of 24 V and 12 V are about 1.6% and 1.9% respectively; (b) The current
and voltage waveform between outputs, under full load condi-tions, when 12 V/2 A changes to
12V/0 A, the outputs voltage variation of 24 V and 12 V are about 1.2% and 2.2% respectively; (c) The
current and voltage waveforms between outputs, under full load condi-tions, when 24 V/1 A changes
to 24 V/0 A, the outputs voltage variation of 24 V and 12 V are about 2% and 0.2% respectively.

Tables 2 and 3 summarize the steady state of each output voltage after the load current
changes. The H means the winding under heavy load, and the L means the winding under
no load. The regulation is from (MIN — TYP)/TYP x 100% and (MAX — TYP)/TYP x 100%;
where MIN means minimum, MAX means maximum, and TYP means typical. It shows
that the proposed design has good cross-regulation, even if the load current changes,
the output voltage remains within a certain range.

Table 2. Output voltage under various load conditions 1.

Input 110 Vs

24 V/I1 A 12V/2 A 5V/4 A
HHH 24.322 11.898 5.023
HHL 23.944 11.679 5.042
HLH 24.310 12.003 5.023
LHH 24.433 11.886 5.023
HLL 23.713 11.828 5.042
LHL 24.149 11.578 5.042
LLH 24.498 12.014 5.018
LLL 24.245 11.883 5.033
MIN. 23.713 11.578 5.018
TYP. 24.201 11.846 5.031
MAX. 24.498 12.014 5.042

—2.02% —2.26% —0.25%

Regulation 1.229 1.42% 0.23%
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Table 3. Output voltage under various load conditions 2.

Input 220 Vims

24 V/1 A 12V/2 A 5V/4 A
HHH 24.240 11.877 5.0259
HHL 24.124 11.703 5.0383
HLH 24.319 12.010 5.0216
LHH 24.376 11.870 5.0360
HLL 23.712 11.833 5.0422
LHL 24.142 11.581 5.0426
LLH 24.495 12.019 5.0185
LLL 24.236 11.892 5.0329
MIN. 23.712 11.581 5.0185
TYP. 24.205 11.848 5.0322
MAX. 24.495 12.019 5.0426

Regulation —2.04% —2.25% —0.27%
1.20% 1.44% 0.21%

Tables 4 and 5 shows the voltage, current, power, efficiency data of the proposed
converter in the full load range condition. The efficiency remains at a good level within the
full load range.

Table 4. Input 110 Vims Load change.

5V 12V 24V Total Power
Load Load Voltage Pout Load  Voltage Pout Load  Voltage Pout Load  Voltage Efficiency
(%) (A) V) W) (A) V) (W) (A) v) (W) (A) V) (%)
10% 0.4 5.03 2.01 0.2 11.88 2.37 0.1 24.24 2.42 6.81 8.36 81.48
25% 1 5.03 5.03 0.5 11.88 5.94 0.25 24.24 6.06 17.03 20.25 84.10
50% 2 5.03 10.06 1 11.88 11.88 0.5 24.26 12.13 34.07 39.56 86.12
75% 3 5.03 15.08 15 11.87 17.81 0.75 24.25 18.19 51.09 59.12 86.43
100% 4 5.02 20.10 2 11.89 23.78 1 24.30 24.30 68.19 80.56 84.65
Table 5. Input 220 Vs load change.
5V 12V 24V Total Power
Load Load Voltage Pout Load  Voltage Pout Load  Voltage Pout Load  Voltage Efficiency
(%) (A) V) W) (A) V) W) (A) V) W) (A) V) (%)
10% 0.4 5.03 2.01 0.2 11.88 2.37 0.1 24.25 2.42 6.81 8.512 80.06
25% 1 5.03 5.03 0.5 11.88 5.94 0.25 24.24 6.06 17.03 20.41 83.46
50% 2 5.02 10.05 1 11.90 11.90 0.5 24.32 12.16 34.12 40.15 84.99
75% 3 5.02 15.08 15 11.88 17.82 0.75 24.25 18.19 51.11 59.44 85.98
100% 4 5.02 20.11 2 11.88 23.77 1 24.24 24.24 68.12 78.10 87.23

Figure 15 shows the efficiency of the proposed three-output flyback converter from
10% to 100% load. Owing to the transformer contains air gap, the flyback converter’s
typical efficiency is about 85%. The efficiency of the proposed converter is around 80~87%.
The efficiency achieves the typical level. Furthermore, we built a typical flyback converter
with the same specification, whichis 5 V/4 A,12V/2 A, 24 V/1 A, and its output adopts
the Schottky diode instead of synchronous rectification. From Figure 15, the efficiency of
the Schottky diode solution is much lower. But the proposed converter in full load range,
the efficiency is maintained above a certain level. The efficiency values at 110 Vac increase
first and then drop above 75% because the proposed converter is a single stage AC/DC
flyback converter without PFC (power factor correction) stage. It operates in quasi-resonant
mode, which means the frequency will change according to the load variation. When in
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heavy load at 110 Vac input, the switching frequency will decrease due to a long turn-on
time, and the conduction loss becomes larger, so the efficiency is reduced. However, due to
220 Vac is a higher voltage. The frequency does not change much under heavy load, so the
efficiency will not decrease.
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Figure 15. The curves of efficiency.

Summarizing the advantages of the proposed converter, compared with reference [6],
the proposed converter does not require pre-load, so there is no additional loss. Reference [7]
needs a magamp post regulator. Reference [8] needs extra turns wound around the outer
leg of the core. Reference [9] needs to design a clamp circuit. Reference [10] needs to design
small leakage inductance and PI controller. For reference [11] it is necessary to develop an
RCD snubber to absorb the energy of leakage inductance. References [12-15,17-19] require
an expensive controller to implement. References [16,21] require a transformer for each
output. Reference [20] requires two stages PFC + DC/DC. Most articles only use a DC/DC
converter to discuss the cross-regulation issue of multiple outputs. However, they need
to add an additional AC/DC stage for practical application. The proposed converter is
a single stage AC/DC converter, and as can be seen from Tables 2 and 3 it shows the
cross-regulation can be effectively improved.

5. Conclusions

This paper presents a three-output flyback converter with a series stack winding
structure and adopts synchronous rectification instead of diode rectification. The main
advantage of the proposed solution from the winding turns is less winding than the tradi-
tional three-output flyback converter, and the energy of each winding can circulate in both
directions. The limitation is that when driving more output windings, the synchronous
switch’s driver design will be a challenge due to driver capability issues. The circuit de-
scription and operation principle of the converter are explained in detail. An experimental
prototype with a rated output power of 68 W was established, and the measurement results
were provided for verifying the improvement of cross-regulation and efficiency. In the
worst case, only a single winding is under heavy load and other windings are under light
load or no load condition. The output voltage of each winding is not affected seriously.
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The terminal voltage remains within a reasonable range. The proposed three-output flyback
converter shows good cross-regulation regardless of no load to full load conditions.
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