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Research on Cross Regulation Rate Control Based on
Equivalent Leakage Inductance Constraint of Flyback

Multiwinding Transformer
Shaoliang An , Member, IEEE, Qing Wu, Hang Wang, Student Member, IEEE, Boyan Wang, and Fan Yang

Abstract—This article proposes a cross-regulation rate control
method based on equivalent leakage inductance constraint of multi-
winding transformer, to solve the problem of other output voltages
seriously deviating from their rated values caused by changes in
one load of Flyback converters. A detailed analysis is conducted
on the distribution characteristics of leakage inductance in multi-
winding transformers, revealing its inherent connection with the
output voltage cross-regulation problem. The mathematical re-
lationship that can accurately predict the cross-regulation rate
through leakage inductance is derived, and the design principles for
the leakage ratio of each winding in transformers are explained. A
vector called magnetic field intensity area is defined to measure the
leakage inductance value, and a multiwinding equivalent leakage
inductance model that can be automatically solved is established.
The optimal winding arrangement that takes into the requirements
of low primary leakage inductance and proportional secondary
leakage inductance is selected. An experimental prototype of a 30 W
six output Flyback converter is built, and the cross-regulation rate
is tested to be as low as 5%. The correctness and feasibility of the
proposed multiwinding equivalent leakage inductance model and
cross-regulation rate control method are verified.

Index Terms—Cross-regulation rate control, equivalent leakage
inductance model, multiwinding planar transformer.

I. INTRODUCTION

THE multioutput Flyback converter can provide multiple
different levels and isolated dc power supply voltages

for power electronic devices and is widely used in military,
aerospace, industry, civilian, and other fields. However, in actu-
ality, the multiwinding transformer that plays the role of isolation
and energy transfer in the converter cannot be fully coupled, and
the coupling degree between each winding may not be the same.
The load of each winding rarely changes synchronously, which
leads to cross-regulation problems between the output voltages,
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and in severe cases, it can even affect the stable operation of the
converter. Therefore, many scholars have conducted in-depth
research on this issue.

In terms of parasitic parameter suppression in multiwinding
transformers, Zhao et al. [1], Wu et al. [2], and Nayak and S.
Nath [3] compared the influence of the interleaving degree of
the primary and secondary windings on the flux distribution of
the transformer and obtained the optimal winding arrangement
method that balances equivalent series resistance and leakage
inductance, providing new ideas for the multiwinding trans-
formers design. However, the range of staggered types exam-
ined is limited, and the analysis becomes significantly more
challenging when there are more than four outputs, as each
one needs to be analyzed individually. Equivalent model of
leakage inductance for three-terminal coupled inductors, which
can contribute to the design of transformers with inductance
characteristics in Flyback converters, is analyzed in [4] and [5].
A method of placing an unclosed copper strip as shielding around
the winding conductors of the transformer to reduce leakage
inductance is proposed in [6]. Leakage flux will induce eddy
currents in the copper shielding, thereby reducing the amount
of leakage flux and leakage inductance. But the method is not
sufficient to completely alleviate the voltage spikes caused by
leakage inductance in the circuit and may reduce the conversion
efficiency. Ouyang et al. [7] proposed to decompose the leakage
flux into two parts, longitudinal and transverse, in response to the
traditional leakage inductance analysis method. A calculation
formula for accurately solving the leakage inductance of planar
transformers is derived. But the method is only suitable for
cases where the ac magnetic flux is substantially parallel to
the surface of rectangular conductors. Liu et al. [8] discussed
the problem of mutual decoupling between windings, placing
unrelated windings in the same core vertically and decoupling
them using geometric characteristics to eliminate cross effects
between corresponding output circuits.

In terms of control strategy optimization of multioutput
Flyback converter, Sarkar et al. [9], [10] proposed a decoupling
control method for an independent multioutput Flyback
converter, which eliminates the cross-coupling relationship be-
tween control and output variables. But the additional switching
devices make control more complex. Wang et al. [11] and Zhang
et al. [12] proposed a model predictive voltage control method
for multioutput dc–dc converters. Through an augmented
state-space model, the output voltage ripple is predicted and
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controlled, improving the cross-regulation performance of the
converter. Charge-balanced current mode control and fixed fre-
quency pulse width modulation for single-inductor dual-output
boost converter, achieving minimal cross regulation in simula-
tion, providing a new solution to the cross-regulation problem,
but lacking experimental verification, were adopted in [13].
Tran and Choi [14] delved into the time division multiple control
method for multioutput scenarios, which corresponds to a simple
and reliable loop structure that can provide strict and uniform
regulation for all outputs. Moreover, the voltage and current of
each output need to be sensed for the time-division control. The
weighted feedback method, which determines the proportion of
a certain signal in the total feedback signal based on the voltage
amplitude, so that each output is directly feedback regulated,
which can significantly improve the accuracy of each output
voltage, is analyzed in [15], [16], and [17]. However, its external
circuit can easily reduce the power density of the converter.

In terms of circuit structure, Nayak and Nath [3] and
Sanchis-Kilders et al. [18] proposed to series connect small
value inductors outside each winding of the transformer
according to the square ratio of turns, indirectly improving
the accuracy of each output voltage. The volume of added
inductors resulted in lower power density. Yang et al. [19],
Satyaraddi et al. [20], and Kuruva et al. [21] proposed setting
a linear voltage regulator on the output of the converter. This
method is simple to implement and has high accuracy, but its
power loss and volume cannot be ignored. Ahmad et al. [22]
analyzed the working principle of magnetic amplifiers. When
the output current is too large and the flux density exceeds a
reasonable range, the magnetic amplifier can act as a switch
to accurately control the output voltage in real time. However,
the magnetic amplifier materials are expensive. Liu et al. [23]
replaced the input/output inductors in two-port dc–dc converters
with coupling inductors and used independent switches in the
magnetic coupling branch, which mitigate the cross-regulation
problem of conventional dual-output converters.

In terms of control schemes of leakage inductance, Sharma
and Kimball [24] proposed a transformer with leakage and
magnetizing inductance that can be independently adjusted
by changing the air gap between the magnetic core legs to
adjust the magnetizing inductance and changing the overlap
area between the primary and secondary windings to adjust the
leakage inductance. But this means that a larger core window
area is required to adjust the area of winding overlap. Without
sacrificing the core window utilization and power density of
transformer, Xiao et al. [25] proposed an optimization method
to minimize leakage inductance based on winding arrangement
adjustment. In this method, the primary and secondary windings
are rearranged in the same layer, and the magnetomotive force
of the layer is minimized by a certain interleaved structure,
so as to minimize the leakage inductance. But only the case
of single-layer hybrid winding is discussed. The application of
multilayer winding is further discussed in [26], and the leakage
inductance is improved by adjusting the number of turns of each
layer winding and the distance from the upper boundary of the
window. For the asymmetric power flow problem of triple-active
bridge converter, in order to obtain the desired phase-shift of

terminal voltages at nominal power flow, a design method of
asymmetric leakage is proposed by analyzing the relationship
between power, phase-shift, and leakage inductance [27]. It is
difficult to design electrical insulation for fully interleaved struc-
tures under high-voltage applications, Zhao et al. [28] proposed
a method in which the primary winding is divided into two parts
working in parallel, which can reduce leakage inductance and is
suitable for high voltage applications. However, the increase
of primary windings and insulation layers leads to a more
complex design. For resonant converters, a matrix transformer
is integrated with an adjustable resonant inductor in a five-leg
core structure by rearranging the center-tap secondary windings,
but only for the center-tap secondary windings [29]. Due to the
need to utilize the leakage inductance of the coupling inductance
to suppress electromagnetic interference on the ac side, Zhang
and Jiang [30] proposed a coupled inductor structure for parallel
inverters to increase the leakage inductance. This structure adds
two additional magnetic rods on both sides of the U-shaped core
to provide a low reluctance path for the leakage flux, thereby
increasing the leakage inductance.

The above references mainly improved the cross-regulation
performance of converters by adding components or optimizing
control strategies, at the expense of the efficiency and power
density of multioutput power supply to varying degrees. On
the basis of the above research, this article deeply analyzes the
circuit and magnetic source factors that cause cross regulation
problems in converters. With the premise of not losing power
conversion efficiency, a cross-regulation rate control method
based on equivalent leakage inductance constraint of multiwind-
ing planar transformers is proposed to fundamentally improve
the cross-regulation performance of multioutput converters.
Section II takes the six output Flyback converter as an example to
analyze the influence of leakage inductance distribution in each
winding of the transformer on the cross-regulation performance
in detail. The relationship between the cross-regulation rate
and the leakage inductance ratio of each winding is derived,
and a specific method to improve the cross-regulation perfor-
mance is explained. The role and importance of optimizing
the leakage inductance distribution in improving this indicator
are summarized. Section III delves into the numerical relation-
ship between leakage inductance, magnetic field intensity, and
core window energy, and establishes a multiwinding equivalent
leakage inductance model that can be automatically solved.
Based on this, the principle and steps of cross-regulation rate
control are analyzed in detail. In Section IV, the correctness and
feasibility of the multiwinding equivalent leakage inductance
model, and cross-regulation rate control method are verified
through experiments.

II. MULTIOUTPUT FLYBACK CROSS REGULATION PROBLEM

Cross-regulation problem refers to the phenomenon in a mul-
tioutput converter where a load change in one channel causes
a drastic change in the output voltage of other channels. This
section takes the six output Flyback converter as an example
to analyze in detail the mechanism of this problem, derive the
mathematical relationship between cross cross-regulation rate
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Fig. 1. Structure diagram of six-output Flyback.

and leakage inductance of the transformer, and provide relevant
measures to improve the cross-regulation performance.

A. Inherent Mechanism of Cross Regulation Problem

The structure of the six-output Flyback converter is shown in
Fig. 1.

In Fig. 1, Lp is the primary inductance of the transformer,
Lm is the primary excitation inductance, and Ls1, Ls2, Ls3, Ls4,
Ls5, and Ls6 are the secondary inductances of the first to sixth
output windings. The turns of each winding on the primary
and secondary sides are Np, Ns1, Ns2, Ns3, Ns4, Ns5, and Ns6,
respectively. Lkp is the primary leakage inductance. Lks1, Lks2,
Lks3, Lks4, Lks5, and Lks6 are the leakage inductances of the
first to sixth secondary winding. S is the primary switch. D1,
D2, D3, D4, D5, and D6 are the secondary diodes. Cin is the
input capacitor. Co1, Co2, Co3, Co4, Co5, and Co6 are the output
capacitors. R1, R2, R3, R4, R5, and R6 are the load resistances of
the first to sixth output channel. Vin is the input voltage of the
converter, Vout1, Vout2, Vout3, Vout4, Vout5, and Vout6 are the
output voltages of the first to sixth output channel in sequence.

Among the six outputs, only the output voltage Vout1 cor-
responding to the secondary winding Ns1 of the transformer
participates in signal feedback. The output voltage accuracy and
dynamic regulation performance are adjusted to the optimal state
that meets the requirements, while the other output voltages are
closed-loop regulated through the coupling relationship between
windings. The output accuracy and anti-interference ability are
insufficient, and the output voltage of the other windings are
easy to rise or fall seriously when the load of winding Ns1 is
switched. Taking windings Ns1 and Ns2 as examples, analyze
the variation characteristic of each output voltage.

Assuming that the leakage inductance of winding Ns1 and
winding Ns2 in Fig. 1 satisfies

Lks2 = xLks1 (1)

where Lks1 is the leakage inductance of winding Ns1 and Lks2

is the leakage inductance of winding Ns2.Thus, x is the ratio
coefficient of Lks1–Lks2.

To visually compare the relative changes between Vout1 and
Vout2, the channel parameters corresponding to the primary
winding Np and the secondary winding Ns1 are kept unchanged.
The channel parameters corresponding to the Ns2 are converted
to the Ns1 side, as shown in the red-shaded area in Fig. 2.

Fig. 2. Equivalent structure diagram of six output Flyback.

In Fig. 2, i1 and i2 are the leakage currents flowing through
Lks1 and L’ks2, respectively. io1 is the output current flowing
through R1, and ic1 is the charging current of Co1. According to
the proportional relationship between inductance and turns, the
leakage inductance L’ks2 can be expressed as

L′
ks2 = xLs1

(
Ns1

Ns2

)2

. (2)

In the ideal case, the forward voltage drops of D1 and D2

are equal. The parameters of winding Ns2 are converted to
winding Ns1 so that the output voltage V’out2 after conversion
is equal to Vout1. When the transformer transfers energy to the
secondary side, according to Kirchhoff’s laws, the voltage of
leakage inductor Lks1 on loop Ls1-Lks1-D1-Vout1 and the voltage
of leakage inductor L’ks2 on loop Ls1-L’ks2-D2-V’out2, and the
voltage at both ends of Lks1 and L’ks2 can be expressed as Vk

Vk = Vs − VD − Vout1 = Vs − VD − V
′
out2. (3)

Taking S turn off as the initial time, the currents i1 and i2 at
time t can be derived⎧⎨

⎩
i1 =

∫ t

0
Vk

Lks1
dτ = Vk

Lks1
t

i2 =
∫ t

0
Vk

Lks2

(
Ns1
Ns2

)2 dτ = Vk

xLks1

(
Ns1
Ns2

)2 t . (4)

The proportional relationship between two leakage currents
can be obtained

ki =
i2
i1

=
1

x

(
Ns2

Ns1

)2

. (5)

In (5), ki is the ratio between two leakage currents.
Plot the curve of ki changing with x, as shown in Fig. 3.
Analyzing Fig. 3, when x<(Ns2/Ns1)2, the leakage current i2

of Ns2 that does not participate in feedback is greater than i1 of
Ns1. Therefore, when i1 reaches the sum of its required output
current io1 and charging current ic1, the energy transfer of the
transformer ends, and i2 has already exceeded the rated value at
the same time, causing the output voltage Vout2 without feedback
regulation to overshoot during dynamic adjustment or exceed its
rated level during steady-state operation. When x>(Ns2/Ns1)2,
the variation law of i2 that does not participate in feedback is
opposite.



AN et al.: RESEARCH ON CROSS REGULATION RATE CONTROL BASED ON EQUIVALENT LEAKAGE INDUCTANCE CONSTRAINT 5547

Fig. 3. Variation curve of current ratio ki with leakage ratio x.

B. Cross Regulation Rate

The indicator for measuring the impact of cross regulation
on the output voltage of a converter is the cross-regulation rate,
which refers to the ratio of the maximum output voltage variation
to the rated value of ith channel when a certain load changes in
a multioutput converter. Its definition formula is

Souti =
Ui1 − Ui2

Ui_N
× 100%. (6)

In (6), Ui1, Ui2, and Ui_N are the maximum, minimum, and
rated output voltage of ith channel, respectively.

However, (6) can only reflect the basic definition of cross-
regulation rate and cannot reflect the inherent relationship be-
tween the indicator and the distribution of leakage inductance
in each winding. In order to accurately predict its value based
on electrical parameters during system design, it is necessary to
derive the determining formula of cross-regulation rate from the
root cause.

In n-output converters, only one output voltage participates in
signal feedback, and the corresponding leakage current is iFB.
The leakage currents of the other nonfeedback windings are
ino_FB1, ino_FB2, …, ino_FBn, respectively. Lk_FB, Lk_noFB1,
Lk_noFB2, …, Lk_noFBn are the leakage of the secondary feed-
back winding and nonfeedback windings of the transformer,
and NFB, Nno_FB1, Nno_FB2, …, Nno_FBn correspond to their
winding turns. RFB, Rno_FB1, Rno_FB2, …, Rno_FBn correspond
to their load resistance. VFB, Vno_FB1, Vno_FB2, …, Vno_FBn

correspond to their actual output voltage. VFB_N, Vno_FB1_N,
Vno_FB2_N, …, Vno_FBn_N correspond to their rated output
voltage. PFB, Pno_FB1, Pno_FB2, …, Pno_FBn correspond to
their rated output power.

If the rated output power and rated output voltage of both feed-
back winding NFB and nonfeedback winding Nno_FBi satisfy the
relationship equation

Pno_FBi = aiPFB, Vno_FBi_N = kiVFB_N. (7)

In (7), ai, ki are constant coefficients.
According to (5) and combining Ohm’s law, the proportional

relationship between the output voltage of the NFB and Nno_FBi

can be obtained under actual condition

Vno_FBi

VFB
= ki

Lk_FB

Lk_noFBi

(
NnoFBi

NFB

)2

. (8)

Considering that the output voltage VFB participates in feed-
back, it is approximately assumed that the output voltage of this
channel is equal to its rated value

VFB = VFB_N. (9)

By combining (7), (8), and (9), the proportional relationship
between the actual and rated output voltage of each nonfeedback
winding can be obtained

Vno_FBi

Vno_FBi_N
=

Lk_FB

Lk_noFBi

(
NnoFBi

NFB

)2

. (10)

No matter how the load resistance and output power of
each channel change, the formula shown in (10) always holds.
Therefore, when the load of the feedback channel suddenly
changes, the output voltage change of each nonfeedback channel
is determined by the leakage ratio of the feedback winding to
the nonfeedback winding.

Furthermore, the determining formula for the cross-regulation
rate of the ith output voltage can be obtained

Souti =

∣∣∣∣∣1−
Lk_FB

Lk_noFBi

(
Nno_FBi

NFB

)2
∣∣∣∣∣× 100%. (11)

Observing (11), it can be seen that when the turns ratio of
the transformer winding is determined, the factor that affects
the cross-regulation rate is only the leakage inductance ratio
between the feedback and each nonfeedback winding and is
independent of the load condition of the converter.

If (Lk_FB/Lk_noFB)>(Nno_FB/NFB)2, the feedback channel
switches from full to light load, the output voltage of the non-
feedback channel easily overshoot.

If (Lk_FB/Lk_noFB) = (Nno_FB/NFB)2, when the converter
takes places any load-switching action, the nonfeedback output
voltage changes are consistent with the feedback channel.

If (Lk_FB/Lk_noFB)<(Nno_FB/NFB)2, the feedback channel
switches from full to light load, the output voltage of the non-
feedback channel easily drops.

At the same time, the closer the cross-regulation rate is to 1,
the stronger the cross regulation ability of the converter, and the
higher the output voltage accuracy. The fundamental measure
to improve this indicator is to allocate the leakage inductance of
each secondary winding as much as possible according to the
square ratio of turns. Due to the reliance on manual production,
traditional wounded transformers have obvious process errors,
making it difficult to accurately predict and control the distribu-
tion of leakage inductance in each winding. Therefore, planar
transformers with parasitic parameters that can be accurately
calculated have more advantages.

III. EQUIVALENT LEAKAGE INDUCTANCE MODEL AND CROSS

REGULATION RATE CONTROL METHOD

After clarifying the optimization method for cross-regulation
rate, the arrangement of windings becomes crucial. Starting from
the distribution of leakage in each winding of the transformer,
this section analyzes in detail the numerical relationship between
leakage inductance, core window energy, and magnetic field
intensity integration. An equivalent leakage inductance model
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Fig. 4. Diagram for calculating the primary leakage. (a) 1/2 core window.
(b) Magnetic field intensity. (c) Intensity area.

for multiwinding transformers is established, and based on
leakage inductance constraints, a cross-regulation rate control
method that takes into account the efficiency of the transformer
is proposed. Using MATLAB, the optimal winding arrangement
meets the requirements of low primary leakage inductance and
the proportional secondary leakage inductance.

A. Equivalent Mathematical Relationship Between Leakage
Inductance and Magnetic Field Intensity

The precondition for accurately controlling the leakage ratio
of each winding is to clarify the calculation method of the
leakage inductance value, which provides a theoretical basis for
quantitative control of leakage inductance. Therefore, taking the
primary leakage inductance as an example, the mathematical
relationship is derived.

The primary leakage inductance essentially refers to the in-
ductance corresponding to the flux leaked to the outside of the
core when the transformer’s primary flux is not fully coupled to
the secondary, and the energy stored in this part of the flux mostly
exists in the core window. Therefore, the value of the primary
leakage inductance can be calculated by quantifying the energy
stored in the window. Fig. 4 shows the zoom in locally on the
left half of the EI core window.

Fig. 4 uses the center column as the vertical axis with a
starting point from the top position of the window, and makes
the distance x (from each position of the window to the top) as
an independent variable. According to Ampere’s loop theorem,
the magnetic field intensity H(x) at position x can be calculated
and its curve can be drawn, and the calculation formula for the
primary leakage inductance can be obtained

Lkp =
μ0bc

∑4
i=1

∫ xi

xi−1
Hi(x)

2dx

I2p
. (12)

Observing (12), due to μ0, b, c, and Ip are all constants, the
value of primary leakage inductance is essentially determined
by the integration of H2(x) in the x direction. Draw the curve of
H2(x) changing with x, as shown in the blue part of Fig. 4(b).
The larger the surrounding area between H2(x) and the x-axis,
the greater the primary leakage inductance. Due to the fact
that the area of the blue part is equal to the parabolic integral,
direct calculation is complex, and the computational complexity
needs to be simplified while ensuring accuracy. By analyzing
the numerical relationship between H2(x) and the H(x), it can

be concluded that the integration of the two curves in the x-axis
direction is positively correlated. Therefore, the larger the area
enclosed by the H(x) curve and the x-axis, the greater the value of
the primary leakage inductance. The primary leakage inductance
can be equivalently measured by the area enclosed by the H(x)
and x-axis.

B. Multiwinding Equivalent Leakage Model

After realizing the determining factor of leakage inductance,
it becomes crucial to calculate the area enclosed by H(x) and the
x-axis. Considering that there are many winding arrangements
for multioutput transformers, and different arrangement orders
correspond to different H(x) curves and leakage inductance
distributions. According to the principle of arrangements and
combinations, there are m! orders for m-layer windings. When
m ≥ 5, it is very difficult to manually select the optimal solution
according to the above calculation method for various arrange-
ments. Therefore, it is necessary to establish a multiwinding
equivalent leakage inductance model that can be solved auto-
matically by computer.

First, define the vector: magnetic field intensity area SH, which
is used to characterize the influence degree of the ampere-turns
carried by a certain winding on the accumulated energy inside
the window, as shown in the blue area in Fig. 4(c).

If the jth winding with NjIj is arranged from the initial position
of the x-axis, then the ampere-turn of the first winding is N1I1,
and the magnetic field intensity generated by it increases linearly
in the axial direction of the PCB area in that layer. Therefore, the
effective length of the effect of N1I1 on the magnetic field inten-
sity area SH1_h in the first layer of PCB is h/2. If the distance �x
between the first and second layers is also divided into the range
of the first layer PCB, then within the �x region, the magnetic
field intensity generated by N1I1 has risen to its maximum value
and remains unchanged. Therefore, the effective length of its
influence on SH1_�x in the region is �x.

The expression for the total magnetic field intensity area
generated by N1I1 within the window can be written as

SH1 =

(
h

2
+ Δx

)
N1I1 + (h+Δx)N1I1

+ · · ·+ (h+Δx)N1I1. (13)

Similarly, the magnetic field intensity area generated by the
N2I2 arranged on the second layer PCB in the window is shown
in the red area of Fig. 4(b), and its expression is

SH2 =

(
h

2
+ Δx

)
N2I2 + (h+Δx)N2I2

+ · · ·+ (h+Δx)N2I2. (14)

Add the SHj generated by each NjIj within the window, and
the algebraic sum obtained is the area SH_1&2 enclosed by the
entire window magnetic field intensity H(x) and the x-axis

SH_1&2 = SH1 + SH2

=
[
N1I1 N2I2

] [h
2 +Δx h+Δx

0 h
2 +Δx

]
. (15)
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When there are m-layer windings, the total magnetic field
intensity area SH_all is expressed in matrix product form, which
is the multiwinding equivalent leakage inductance model

SH_all =

⎡
⎢⎢⎢⎣
N1I1
N2I2

...
NmIm

⎤
⎥⎥⎥⎦

T ⎡
⎢⎢⎢⎣

(
h
2 +Δx

)
+ (m− 1) (h+Δx)(

h
2 +Δx

)
+ (m− 2) (h+Δx)

...(
h
2 +Δx

)
+ (m−m) (h+Δx)

⎤
⎥⎥⎥⎦

= λ ·K. (16)

The SH_all shown in (16) is the area enclosed by the H(x) curve
and the x-axis as shown in Fig. 4(c). Although this value is not
equal to the actual leakage energy, it can be used to effectively
measure the magnitude of the primary leakage inductance. The
right coefficient matrix K is determined by the thickness of the
PCB winding layer and the distance between layers and does not
change with the arrangement. Therefore, by simply changing the
elements order of the array λ on the left, solving for SH_all under
all arrangements and sorting them, the array λ that meets the
requirements of the leakage inductance and the corresponding
optimal winding arrangement can be found.

C. Cross Regulation Rate Control Method

According to the above analysis, the fundamental measure to
improve the cross-regulation rate is to allocate the secondary
leakages according to the square ratio of turns. However, the
number of multiwinding arrangements is huge, and the winding
arrangement that meets the requirements of secondary leakage
distribution may not be able to achieve the minimum primary
leakage inductance, resulting in a significant loss in the energy
transfer process of the transformer. In response to this issue, this
article proposes a cross-regulation rate control method based on
the optimization results of the core mentioned above and the
equivalent leakage inductance model of multiwinding. The aim
is to flexibly control the element order of the array λ, screen
out the corresponding winding arrangement, and maximize the
satisfaction of the primary and secondary leakage inductance
index requirements. While distributing the secondary leakage
inductance according to the square ratio of the turns, the primary
leakage inductance is minimized. There is no need to increase
the energy transfer loss of the transformer for achieving precise
control and optimization of cross-regulation rate.

First, multiwinding arrangements with low primary leakage
inductance are selected using MATLAB to narrow the range
of secondary selection. Then, calculate the secondary leakage
inductance corresponding to each arrangement by the magnetic
field energy method shown in (11). Calculate the weighted
variance s2 of the secondary leakage inductance by taking the
square ratio of each turn to the total secondary winding turns as
the weight

s2 =

6∑
j=1

⎛
⎝(

Nsj

NsΣ

)2

Lksj − 1

6

6∑
j=1

(
Nsj

NsΣ

)2

Lksj

⎞
⎠

2

. (17)

The smaller the weighted variance s2 shown in (17), the more
uniform the coupling degree of each secondary winding, and the

TABLE I
DESIGN INDICATORS OF A 30 W SIX OUTPUT FLYBACK CONVERTER

TABLE II
CALCULATION RESULTS OF LKP AND S2 OF 5 WINDING ARRANGEMENT

STRUCTURES

corresponding cross-regulation rate is also smaller. Therefore,
within the range of secondary selection, select the array λ

with the smallest s2, which is the optimal winding arrangement
order. This method can accurately predict and optimize the
cross-regulation rate without compromising the primary leak-
age inductance index of the transformer, achieving a balanced
improvement in the efficiency and cross-regulation performance
of the multioutput converter.

IV. SIMULATION AND EXPERIMENT

To verify the application effect of the cross-regulation rate
control method mentioned above in multioutput Flyback con-
verters, as well as the correctness of the multiwinding equivalent
leakage inductance model supporting this method, an experi-
mental prototype is constructed for a 30 W six-output Flyback
transformer to verify the above method.

The design indicators of the converter are shown in Table I.
Due to the fact that there are seven windings, and the number

of turns on the primary winding is relatively high (Np = 24),
if all of them are wound on one layer of PCB, it will cause the
window area to be too large, which will have a negative effect
on the power density of the transformer. Therefore, it is chosen
to wind 24 turns of primary winding on 4 layers of PCB, while
6 secondary windings are wound on separate 6 layers of PCB,
totaling 10 layers to be arranged. In order to improve the effi-
ciency of transformer and cross-regulation characteristics of the
multioutput converter, primary leakage inductance and weighted
variance of secondary leakage should be reduced. According
to the equivalent leakage inductance model in Section III, five
winding structures with smaller primary leakage inductance
are obtained. Based on the above cross-regulation rate control
method and combined with the indicators shown in Table I, the
weighted variances of the secondary leakage inductance of five
winding arrangement structures are calculated in Table II.

Finally, Structure 3 with the smallest value of both Lkp and
s2 is selected, as shown in Fig. 5.
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Fig. 5. Optimal winding arrangement scheme.

Fig. 6. Thirty watts six-output Flyback experimental platform. (a) Thirty watts
six-output Flyback converter. (b) PCB transformer with X-core.

TABLE III
MEASURED VALUES OF SELF INDUCTANCE AND LEAKAGE INDUCTANCE OF

EACH WINDINGS

Building an experimental prototype according to the above
design result, where the output voltages Vout1, Vout2, Vout3,
Vout4, Vout5, and Vout6 correspond to the transformer windings
Ls1, Ls2, Ls3, Ls4, Ls5, and Ls6 shown in Fig. 1, respectively, and
only the Vout1 participates in feedback, as shown in Fig. 6. The
height of the transformer in Fig. 6 is only 7.1 mm, covering an
area of 1221 mm2, and the power density is 56.71 W/in3.

A. Primary and Secondary Leakage Test

According to (11), the range of leakage inductance ratio
between the feedback winding and each nonfeedback winding
is calculated, and the self-inductance and leakage inductance
data of each winding of the transformer is measured, as shown
in Table III. The value range in the last column of Table III
represents the range of leakage inductance ratio, i.e., Lks1/Lks2.

Table III shows that the coupling coefficient of the primary
and secondary sides of the transformer is 0.9971, and the leakage
inductance ratio of each nonfeedback winding and feedback
winding on the secondary side is within the required range
of the cross-regulation rate. This indicates that the selected

Fig. 7. Output voltage of Ns1 under different load conditions when switching
the Ns2 load. (a) Winding Ns2 output 10% load. (b) Winding Ns2 output 50%
load. (c) Winding Ns2 output 75% load. (d) Winding Ns2 output 100% load.

arrangement method takes into account the efficiency and cross-
regulation rate of the transformer, and the solution method of
equivalent leakage inductance model is feasible.

B. Cross Regulation Rate Test

To verify the load capacity and dynamic regulation of each
output of the converter, the input voltage Vin = 100 V is
maintained, and the load of feedback winding Ns1 is switched
between 100% and 10%, respectively, when the nonfeedback
winding Ns2 outputs 10%, 50%, 75%, and 100% load. Test the
changes in Vout1 and Vout2, and all other windings remain 100%
loaded, as shown in Fig. 7(a)–(d).

Analyzing the voltage waveform shown in Fig. 7(a), the
output voltage corresponding to feedback winding Ns1 always
maintains Vout1 = 24.2 V throughout the load switching pro-
cess, with output accuracy σ1 = 0.083%, meeting the indicator
requirements, with a small steady-state error of the system.
When switching load, the overshoot values of the two output
voltages are σout1 = 1.1%, σout2 = 5.0%, and the setting time
is ts = 3.7 ms, indicating good dynamic regulation performance.
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Fig. 8. Line graph of cross-regulation rate under different load in Ns2.

According to waveforms in Fig. 7(b)–(d), under 50%, 75%,
and 100% load, the cross-regulation rates of the output voltage
corresponding to Ns2 are Sout2_50% = 22.5%, Sout2_75% =
29.2%, Sout2_100% = 22.0%, all meet the requirements of the
indicators. According to the determination formula for the cross-
regulation rate shown in (11), the theoretical cross-regulation
rate for Vout2 is calculated as follows:

S ′
out2 =

∣∣∣∣∣1−
Lks1

Lks2

(
Ns2

Ns1

)2
∣∣∣∣∣× 100% = 25%. (18)

Measured values of the cross-regulation rate of Vout2 are
summarized under different load, and curve is plotted as shown
in Fig. 8.

Observing Fig. 8, it can be seen that under different loads, the
cross-regulation rate of the Vout2 remains basically unchanged
and is close to the theoretical calculation value. Due to the
presence of other stray parameters in the channel besides leak-
age inductance, and the uneven forward voltage drop of each
secondary diode, both can affect the steady-state accuracy and
dynamic performance of the converter. Therefore, there is an
error of no more than 4.2% between the experimental results
and the theoretical value. The experimental results show that the
cross regulation of the six-output converter is only determined
by the leakage ratio of each winding, and is independent of
the system operating conditions. Moreover, the derived cross-
regulation rate determination formula can accurately predict this
indicator, which has strong accuracy and feasibility.

Similarly, test the actual cross-regulation rates of output volt-
ages Vout1, Vout2, Vout3, Vout4, Vout5, and Vout6 under different
load conditions, and theoretically calculate them according to
(11). All other nonfeedback windings are maintained at 100%
load whenever testing a nonfeedback winding, meaning only
the loads of the test channel and feedback loop are altered.
Cross-regulation rate curves of each output voltage are drawn
under different operating conditions, as shown in Fig. 9.

The test can only be conducted under full load conditions since
Vout5 is dedicated to supplying power to the auxiliary power
control chip, thereby limiting the flexibility of load switching.
Observing Fig. 9, it can be seen that for each output voltage,
the cross-regulation rate does not change significantly with
the change of load conditions and is close to the theoretical
calculation value. This verifies the conclusion that the cross-
regulation performance is only determined by the distribution
of leakage inductance in each winding of the transformer and

Fig. 9. Cross-regulation rate curves of all outputs.

Fig. 10. Heat generation and efficiency of the converter. (a) Temperature rise
at full load. (b) Efficiency curve over the full load range.

also supports the accuracy of the derived cross-regulation rate
determination formula. The cross-regulation rate of the five
output voltages meets and is superior to the indicators, and the
cross-regulation rate of Vout4 can be as low as 5.0% under 100%
load conditions. This verifies the correctness and feasibility of
the cross-regulation rate control method based on the equivalent
leakage inductance constraint mentioned above.

C. Efficiency and Heat Dissipation Characteristics Test

The above experimental results can ensure that the trans-
former corresponding to the 30 W experimental platform meets
the requirements of output voltage and load capacity. To compare
and verify the heat dissipation performance of the transformer,
no external heat sink is added. The prototype is tested under
ambient temperature of 25 °C, minimum input voltage Vin =
100 V, and output power Pout = 30 W (full load). At this
time, the current flowing through the primary winding of the
transformer is the highest. After the circuit operates stably for
20 min and the temperature rise of each component is stable, the
operating temperature of the transformer is recorded, as shown
in Fig. 10(a).

In Fig. 10(a), under the working condition of ambient tem-
perature of 25 °C and full load, the operating temperature rise
of the PCB transformer is only 1.9 °C, indicating good heat
dissipation performance. This indirectly indicates that the flux
density distribution inside the core is uniform, and there is no
current crowding phenomenon in the winding. The minimum
input voltage is maintained at Vin = 100 V, the efficiency of the
converter is measured at 20%, 40%, 60%, 80%, and 100% load,
and the efficiency curve is plotted as shown in Fig. 10(b). It can
be seen that the transformer operates under light load conditions,
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TABLE IV
COMPARISON TO STATE OF THE ART

with an efficiency of 89.2%. As the load increases, the maximum
efficiency of the entire machine at full load can reach 90.7%.
Considering that active clamping and synchronous rectification
structures are not used in the design, the overall efficiency of
the transformer can still be maintained at a high level even with
high switching frequency and rectifier diode conduction loss.

The experimental results show that without adding inductors,
linear regulators, and weighted optocoupler feedback links,
arranging the transformer windings according to the proposed
cross-regulation rate control method can significantly improve
the cross-regulation performance of the multioutput converter.
Considering the fact that the calculation conditions of leak-
age energy are not affected by the working conditions of the
transformer, the proposed method is suitable for transformers in
various power electronic topologies and has strong practicality
and universality.

A comparison of this work and other multioutput converters
is summarized in Table IV. For low-power converters, the effi-
ciency is generally not high [9], [31], and some inherent losses
such as device losses in the circuit often account for a large
proportion of total power, making it difficult to improve the
efficiency numerically. In addition, multiwinding means more
secondary devices, which is also a challenge for improving
efficiency. Compared with the references in Table IV, this article
has the minimum power and the most windings. This work
has the highest efficiency and shows the effectiveness of the
proposed method.

V. CONCLUSION

This article conducts in-depth research on the cross-regulation
problem of multioutput Flyback converters. Through the numer-
ical relationship of leakage current between each channel, it is
clear that the problem is caused by the inconsistent coupling
degree of each winding of the transformer. The fundamental
method to optimize the cross-regulation rate is to design the sec-
ondary leakage of the transformer according to the square ratio of
turns. The theoretical calculation formula derived can accurately
predict the cross-regulation rate of each output voltage of the
transformer. The conclusion that the integral of the magnetic
field intensity in the core window is directly proportional to the
leakage inductance is obtained through mathematical deduction.
A multiwinding equivalent leakage inductance model that can

be automatically solved is established, and a cross-regulation
rate control method is proposed based on this. Then, a winding
arrangement that meets the requirements of low primary leakage
and proportional secondary leakage is selected. The experimen-
tal results of 30-W six output Flyback converter show that the
cross-regulation rate control method proposed in this article can
effectively improve the cross-regulation performance of mul-
tioutput converters without sacrificing efficiency, and achieve a
balanced improvement of system efficiency and cross-regulation
characteristics. At the same time, the equivalent leakage induc-
tance model and the cross-regulation rate control method can
be extended to various types of multioutput power electronic
converters, which have good feasibility and universality.
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