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Analysis and Suppression of the Circulating Current
Influence in the Input-Series Auxiliary Power
Supply for High-Input-Voltage Applications

Tao Meng , Member, IEEE, Hongqi Ben, Yilin Song, and Chunyan Li

Abstract—The input-series converters based on transformer in-
tegration have the advantages of active input voltage sharing (IVS)
and simplicity of the whole system, which are suitable for the high-
input voltage multiple-output applications. However, due to the
parameters error in each series module, the circulating current
occurs among the series modules during the active IVS process.
Aiming at this type input-series two-transistor flyback converter,
the mechanism and influence of the circulating current in each
series module are analyzed. On this basis, according to the charac-
teristics of the peak current mode control scheme adopted in this
converter, a suppression strategy is proposed, by which influence of
the circulating current on the operational stability of the converter
under the light load conditions can be eliminated. Finally, based
on the simulating results, the experimental study has been done on
a 60-W experimental prototype composed of three series modules,
and the theoretical analysis and the proposed suppression strategy
have been verified by the experimental results.

Index Terms—Circulating current, input-series, multiple-output
auxiliary power supply, transformer integration, two-transistor
flyback.

I. INTRODUCTION

THE input-series scheme is an effective scheme to reduce
the voltage stress of each device in the converters with

high-input voltage. For the input-series converters, the most im-
portant issue is to achieve the voltage or current sharing. For
example, for the input-series output-parallel (ISOP) converters,
the input voltage sharing (IVS) and output current sharing must
be ensured, and for the input-series output-series converters,
in addition to the IVS, the output voltage sharing should also
be achieved [1]–[4]. To realize voltage or current sharing of the
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input-series converters, the most widely adopted solutions are to
introduce the special voltage or current sharing control strate-
gies in the basic control circuits of these converters [5]–[14].
Generally, these input-series converters show a good voltage
or current sharing performance after adoption of these voltage
or current sharing control strategies; however, complexity of
the whole control system increases obviously. Presently, these
solutions are generally adopted in the medium or high power
applications.

In the low-power applications, the simplicity and reliability of
these converters and their control circuits are very important. To
simplify the control systems, the input-series converters with
no additional voltage or current sharing controller have been
proposed [15]–[20]. In these converters, the series modules op-
erate synchronously and active voltage or current sharing can
be achieved. This input-series scheme is suitable for the low-
power applications if the flyback or forward topology is adopted
in each series module. However, due to their output-parallel or
output-series connections, the output structures of these con-
verters will be very complex when the multiple-output form is
required.

To achieve the multiple-output scheme, the input-series
output-independent (ISOI) converters have been proposed in
[21] and [22]. In these converters, the independent output cir-
cuit is derived from each series module. Generally, these ISOI
converters are designed for the special applications, such as the
auxiliary power supplies of the high-power input-series modu-
lar converters, in which the loads of their various output circuits
are almost identical. However, the IVS performances of these
ISOI converters become worse when the loads of various output
circuits are different.

In addition to the ISOI converters, the input-series converters
based on transformer integration have also been investigated,
which can also be suitable for the multiple-output applications.
The basic configuration of these converters is shown in Fig. 1,
where a common integrated transformer is adopted for the se-
ries modules (the number is N, N � 1), and a common set of
the output circuits (the number is n, n � 1) can be easily de-
rived in secondary side of the integrated transformer. Active IVS
of these converters is achieved with the help of the integrated
transformer, which cannot be affected by their output circuits.
According to the operating modes of each series module, these
converters can be divided into two categories: The interleaved
operating converters and the synchronous operating converters.
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Fig. 1. Basic configuration of the input-series converter based on transformer
integration.

The typical investigations of the interleaved operating con-
verters are as follows. In [23]–[25], the input-series converters
composed of two forward series modules are presented. Due to
the interleaved operation of these converters, the magnetic core
utilization of each integrated transformer has been improved.
However, number of the series modules cannot be increased
arbitrarily due to the interleaved operation of the two series
modules. Therefore, these converters cannot be very suitable
for the high-input voltage applications.

The typical investigations of the synchronous operating con-
verters are as follows. In [26]–[29], the input-series converters
based on the full-bridge and half-bridge topologies are pre-
sented. In these converters, the series modules operate syn-
chronously and active IVS can be achieved for each series mod-
ule. Generally, these converters are designed for the medium or
high power applications. In [30]–[32], the input-series flyback
and forward converters are investigated. In these converters, ac-
tive IVS can also be ensured with the synchronous operating
of each series module. Compared to the full-bridge and half-
bridge converters, these converters are much more suitable for
the multiple-output low-power applications. Among these fly-
back and forward converters, structures of the flyback converters
in [30] and [31] are simpler than that of the forward converter
in [32], where the single-switch flyback converter in [30] has
the simplest structure, and the flyback converters are more suit-
able for the low-power applications. Furthermore, due to the
much lower voltage stress of the power switches in each se-
ries module, the two-transistor flyback and forward converters
in [31] and [32] are more suitable for the high-input voltage
applications.

For the above input-series synchronous operating converters,
a good IVS performance has been ensured in each series mod-
ule. However, the input voltage difference cannot be eliminated
completely due to the parameters error of each series mod-
ule, so the circulating current occurs in each series module, by
which the operational stability of the converter will be affected.
Therefore, the circulating current problem of these converters
is investigated in this paper. As the input voltage increases or
the conversion power decreases, the circulating current problem
will be more serious in each series module, which has been
analyzed and verified in this paper. Therefore, the investigation
of this paper is aiming at the input-series flyback and forward
converters in [30]–[32], and the main analysis is based on the
input-series two-transistor flyback converter in [31], in which

Fig. 2. Input-series two-transistor flyback converter.

the circulating current problem is more serious than the other
converters because of its high-input voltage and low-power ap-
plications.

This paper is organized as follows. In Section II, the circulat-
ing current is analyzed based on the input-series two-transistor
flyback converter. In Section III, influence of the circulating
current is discussed, and the suppression strategy is proposed.
The theoretical analysis is verified by the simulating and ex-
perimental results in Section IV, and the conclusions are given
in Section V. Furthermore, the circulating current in the input-
series single-switch flyback converter and the input-series for-
ward converter are presented briefly in the “Appendix” section.

II. CIRCULATING CURRENT OF THE INPUT-SERIES

TWO-TRANSISTOR FLYBACK CONVERTER

A. Input-Series Two-Transistor Flyback Converter

The input-series two-transistor flyback converter is shown in
Fig. 2, where there are N (N � 1) series modules and n (n � 1)
output circuits. In various series modules, there are the same
power devices and parameters, such as the input capacitances
(Ci1 = Ci2 = · · · = CiN), the switches (S11 , S12 , S21 , S22 , . . . ,
SN1 , SN2), the diodes (D11 , D12 , D21 , D22 , . . . , DN1 , DN2),
and the primary inductances (Li11 = Li22 = · · · = LiNN) of
the integrated-transformers T. In this converter, the switches in
different series modules are operating synchronously, active IVS
can be realized with the help of the integrated transformer, and
the IVS performance cannot be affected by its output circuits.

Active IVS of this converter can be realized, but the circu-
lating current appears in each series module during the IVS
process. To simplify the circulating current analysis, it is as-
sumed: 1) two series modules (N = 2) are considered and 2) all
devices are ideal, so the error of parameters in the two series
modules is ignored.

During one switching period, active IVS processes of this
converter appear in the following two stages: In stage 1 (t0–t1),
all of the switches are turned ON, and the primary inductors of
the integrated transformer are charged by the input source, and
in stage 2 (t1–t2), all of the switches are turned OFF, energy
of the primary inductors of the integrated transformer has been
transferred to the secondary inductors, and energy of the leakage
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Fig. 3. Equivalent circuits in primary side of the flyback integrated
transformer. (a) Stage 1. (b) Stage 2.

inductor is transferred to the input side of each series module.
Therefore, the circulating current is analyzed in the above two
stages, respectively.

B. Analysis of the Circulating Current in Stage 1

In stage 1, the flyback integrated transformer is equal to a
coupled-inductor, and the equivalent circuit of its primary side
is shown in Fig. 3(a), where Li11 , Li22 (Li11 = Li22) are the
self-inductances, and Mi12 is the mutual inductance. So, it can
be obtained that

⎧
⎪⎪⎨

⎪⎪⎩

Vi1(t) = Li11
dip1(t)

dt
+ Mi12

dip2(t)
dt

Vi2(t) = Li22
dip2(t)

dt
+ Mi12

dip1(t)
dt

(1)

Mi12 = k
√

Li11Li22 = kLi11 (2)

where k (0 � k � 1) is the coupling coefficient.
It is assumed that the input voltage difference (ΔVi) appears

at t0 , and then the active IVS process occurs after t0 . So, the
following relationships can be obtained: before t0 , Ii = ip1 =
ip2 , Vi1 = Vi2 = Vi/2, and at t0 , Ii = ip1 = ip2 , Vi1 = Vi/2 +
ΔVi , Vi2 = Vi/2 − ΔVi , where ΔVi(t0) > 0. After t0 , the input
voltage difference can be estimated from the analysis in [31] as

ΔVi(t − t0) = ΔVi(t0) cos
t − t0

√
(1 − k)Li11Ci1

. (3)

It can be seen that if the input voltage difference appears
at t0 , a high frequency resonance will occur. Because of the
internal resistance in each series module, the resonant amplitude
decreases in each period, and active IVS of each series module
will be achieved immediately after t0 . This IVS process is shown
in Fig. 4(a).

For the two input capacitors (Ci1 and Ci2), it can be obtained
after t0 that

⎧
⎪⎪⎨

⎪⎪⎩

Ci1
dVi1(t − t0)

dt
= Ii(t − t0) − ip1(t − t0)

Ci2
dVi2(t − t0)

dt
= Ii(t − t0) − ip2(t − t0).

(4)

It can be obtained from (4) that

ip1(t − t0) + ip2(t − t0) = 2Ii(t − t0) (5)

ip1(t − t0) − ip2(t − t0) = −2Ci1
dΔVi(t − t0)

dt
. (6)

Fig. 4. Input voltage difference and the circulating current during the active
IVS processes. (a) Stage 1. (b) Stage 2.

Therefore, after t0 , the expressions of ip1 and ip2 can be
obtained from (3), (5), and (6)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ip1(t − t0) = Ii(t − t0) + ΔVi(t0)
√

Ci1

(1 − k)Li11

sin
t − t0

√
(1 − k)Li11Ci1

ip2(t − t0) = Ii(t − t0) − ΔVi(t0)
√

Ci1

(1 − k)Li11

sin
t − t0

√
(1 − k)Li11Ci1

(7)

where Ii can be calculated as follows:

Ii(t − t0) = Ii(t0) +
∫ t

t0

Vi

2(1 + k)Li11
dt. (8)

C. Analysis of the Circulating Current in Stage 2

In stage 2, the equivalent circuit in primary side of the flyback
integrated transformer is shown in Fig. 3(b), where LLK 1 and
LLK 2 are the equivalent leakage inductors. In this stage, the
energy in primary side of the integrated transformer has been
transferred to the secondary side, and the voltage of each pri-
mary winding is fixed at nps1 Vo1 (nps1 is the turn ratio of the
integrated transformer, which is equal to the turn ratio between
the primary winding and the secondary winding for the output
circuit of Vo1).

It is assumed that the input voltage difference (ΔVi) ap-
pears at t1 , and then the active IVS process occurs after t1 .
So, the following relationships can be obtained: before t1 ,
−Ii = ip1 = ip2 , Vi1 = Vi2 = Vi/2, and at t1 ,−Ii = ip1 = ip2 ,
Vi1 = Vi/2 + ΔVi , Vi2 = Vi/2 − ΔVi , where ΔVi(t1) > 0.
After t1 , the input voltage difference can be estimated from
the analysis in [31] as

ΔVi(t − t1) = ΔVi(t1) cos
t − t1

√
(1 − k)Li11Ci1

. (9)

It can be seen that if the input voltage difference appears at
t1 , a high frequency resonance will also occur, and as shown in
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Fig. 4(b), the active IVS of each series module will be achieved
immediately after t1 .

For the two input capacitors (Ci1 and Ci2), it can be obtained
after t1 that

⎧
⎪⎪⎨

⎪⎪⎩

Ci1
dVi1(t − t1)

dt
= Ii(t − t1) + ip1(t − t1)

Ci2
dVi2(t − t1)

dt
= Ii(t − t1) + ip2(t − t1).

(10)

It can be obtained from (10) that

ip1(t − t1) + ip2(t − t1) = −2Ii(t − t1) (11)

ip1(t − t1) − ip2(t − t1) = 2Ci1
dΔVi(t − t1)

dt
. (12)

Therefore, after t1 , the following expressions of ip1 and ip2
can be obtained from (9), (11), and (12):
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ip1(t − t1) = −Ii(t − t1) − ΔVi(t1)
√

Ci1

(1 − k)Li11

sin
t − t1

√
(1 − k)Li11Ci1

ip2(t − t1) = −Ii(t − t1) + ΔVi(t1)
√

Ci1

(1 − k)Li11

sin
t − t1

√
(1 − k)Li11Ci1

(13)

where Ii can be calculated as follows:

Ii(t − t1) = Ii(t1) +
∫ t

t1

Vi − 2nVo1

Llk1 + Llk2
dt. (14)

From (7), (8), (13), and (14), it can be seen that if the input
voltage difference appears in these two stages, the circulating
current appears in each series module during the IVS processes,
as shown in Fig. 4. Here, it is considered that the converter
operates in discontinuous current mode. If the converter operates
in continuous current mode, the circulating current varying is
similar, which is not given again. It can be concluded that:
1) due to the input voltage difference, the circulating current
appears in each series module during the IVS processes and 2)
the circulating current value will increase as the input voltage
difference increases.

III. ANALYSIS AND SUPPRESSION OF THE CIRCULATING

CURRENT INFLUENCE

A. Analysis of the Circulating Current Influence

The circulating current in each series module is caused by the
input voltage difference. In ideal condition, the series modules
have the same parameters, and the series modules are operating
at the same time, so there is no voltage difference appearing
in each series module. However, synchronous operating of the
switches cannot be achieved absolutely, which is due to the
parameter errors of the switches and their driving circuits. As
a result, there is voltage difference appearing in each series
module. The input voltage difference is analyzed as follows,
where it is also considered that “N = 2,” and it is defined that
the maximum turning ON and OFF time difference of the switches

in different series modules are ΔT0 and ΔT1 , respectively, and
the turning ON or OFF difference of the switches in the same
series module is not considered.

It is assumed that: before t0 , there is no input voltage dif-
ference in each series module (ΔVi = 0, Vi1 = Vi/2 + ΔVi =
Vi/2, and Vi2 = Vi/2 − ΔVi = Vi/2). If S21 and S22 are turned
ON at t0 , S11 and S12 are turned ON at t0 + ΔT0 , and then dur-
ing the time phase t0 to t0 + ΔT0 , ip1 = 0, Vi1 increases, Vi2
decreases, the input voltage difference appears, and it can be
obtained from Fig. 3(a)

ΔVi(t − t0) =
Vi

2
− Li22

dip2(t − t0)
dt

(15)

Ci1
dΔVi(t − t0)

dt
= Ii(t − t0) = ip2(t − t0) − Ii(t − t0).

(16)

From (15) and (16), the following equation can be obtained:

d2ΔVi(t − t0)
dt2

+
ΔVi(t − t0)
2Li11Ci1

=
Vi

4Li11Ci1
. (17)

The solution of (17) can be calculated as follows:

ΔVi(t − t0) =
Vi

2

(

1 − cos
t − t0√
2Li11Ci1

)

+ Ii(t0)
√

2Li11

Ci1
sin

t − t0√
2Li11Ci1

. (18)

It is assumed that: Before t1 , there is no input voltage dif-
ference in each series module (ΔVi = 0, Vi1 = Vi/2 + ΔVi =
Vi/2, and Vi2 = Vi/2 − ΔVi = Vi/2). If S11 and S12 are turned
OFF at t1 , S21 and S22 are turned OFF at t1 + ΔT1 , and then dur-
ing the time phase t1 to t1 + ΔT1 , ip1 = 0, Vi1 increases, Vi2
decreases, the input voltage difference appears, and it can be
obtained from Fig. 3(a)

ΔVi(t − t1) =
Vi

2
− Li22

dip2(t − t1)
dt

(19)

Ci1
dΔVi(t − t1)

dt
= Ii(t − t1) = ip2(t − t1) − Ii(t − t1).

(20)

From (19) and (20), the following equation can be obtained:

d2ΔVi(t − t1)
dt2

+
ΔVi(t − t1)
2Li11Ci1

=
Vi

4Li11Ci1
. (21)

The solution of (21) can be calculated as follows:

ΔVi(t − t1) =
Vi

2

(

1 − cos
t − t1√
2Li11Ci1

)

+ Ii(t1)
√

2Li11

Ci1
sin

t − t1√
2Li11Ci1

. (22)

This converter is often used as the low-power auxiliary power
supply with high-input voltage. Therefore, after t0 or t1 , the
following input voltage difference can be estimated from (18)
and (22):

ΔVi(t − t0/1) ≈ Vi

2

(

1 − cos
t − t0/1√
2Li11Ci1

)

. (23)



MENG et al.: ANALYSIS AND SUPPRESSION OF THE CIRCULATING CURRENT INFLUENCE IN THE INPUT-SERIES AUXILIARY POWER SUPPLY 6537

Fig. 5. Varying curve of the input voltage difference.

Therefore, after t0 or t1 , the varying curve of ΔVi is obtained
in Fig. 5. Because of ΔVi ≤ Vi/2, the effective part of this
varying curve is the first one-fourth resonant period TΔV . It can
be seen that: 1) ΔVi will increase as ΔT0 (or ΔT1) increases and
2) for the constant values of ΔT0 (or ΔT1), ΔVi will decrease
as TΔV increases.

In (23), the resonant period can be calculated as

TΔV = 2π
√

2Li11Ci1 . (24)

From (7), (13), (23), and (24), amplitude of the circulating
current (ΔIp) can be calculated as

ΔIp = Vi

(

sin
πΔT0/1

TΔV

)2
√

Ci1

(1 − k)Li11
. (25)

From (25), it can be seen that: 1) ΔIp will increase as ΔT0
(or ΔT1) increases and 2) for the constant values of ΔT0 (or
ΔT1), ΔIp will increase as Vi increases. Generally, the turning
ON or OFF difference of the switches is very small, which is
much smaller than resonant period (ΔT0/1 << TΔV ).

It can be obtained from the mathematical knowledge that

lim
x→0

sin x

x
= 1. (26)

Therefore, amplitude of the circulating current (ΔIp) can be
estimated from (24)–(26) that

ΔIp ≈ Vi

(
2πΔT0/1

TΔV

)2
√

Ci1

(1 − k)Li11

=
Vi(ΔT0/1)

2

8Li11
√

(1 − k)Li11Ci1
. (27)

It can be seen from (27) that: ΔIp will decrease as Li11
(or Ci1) increases. Generally, for the flyback converter, the pri-
mary inductance of its transformer cannot be changed arbitrar-
ily. Therefore, in this converter, an optimal design of Ci1 can be
implemented to reduce the circulating current. For example, if
ΔIp is limited within 5% Ii(t1) during each switching period,
the design required of Ci1 can be obtained from (27) as

√
Ci1 ≥ 5Vi(ΔT0/1)

2

2Ii(t1)Li11
√

(1 − k)Li11
(28)

where Ii(t1) can be calculated from (8).
In this converter, the circulating current is caused by the input

voltage difference. Because the asynchronous operating of each
series module cannot be avoided, the input voltage difference
cannot be eliminated. Therefore, the circulating current can only

Fig. 6. Control scheme of the input-series two-transistor flyback converter.

be reduced through the optimal design of each series module,
but cannot be eliminated completely.

It can be seen from (25) and (27) that: Amplitude of the
circulating current (ΔIp) has almost no relationship with the
conversion power (Po) of the converter. As Po decreases, Ii

will decrease accordingly, but ΔIp would not, so the proportion
of the circulating current in the primary current of the integrated
transformer will increase as Po decreases. Therefore, the cir-
culating current cannot be ignored when the converter operates
under the light load conditions, even if the circulating current
has been reduced by the optimal design of each series module.

For the input-series two-transistor flyback converter, the basic
control scheme is shown in Fig. 6 [31], where a peak current
mode controller is adopted in the control circuit, the voltage
Vo1 and current iS12 are sampled as the outer and inner signals
respectively, and a regulated pulsewidth modulation (PWM)
signal is output from the controller for the driving circuits of
the switches. From the circulating current analysis, it can be
seen that there is also circulating current appearing in the inner
current signal (iS12) of the controller. After the optimal design
of each series module, the proportion of the circulating current
is very small in the inner current signal. However, when the
converter operates under the light load conditions, the proportion
of the circulating current will increase in the inner current signal,
as a result, operational stability of the converter will be affected.
Therefore, the circulating current should be removed from the
inner current signal of the controller to improve the operational
stability of the converter under the light load conditions.

B. Suppression Strategy of the Circulating Current Influence

For the input-series two-transistor flyback converter with N
series modules, it can be obtained from (5) that

N∑

m=1

ipm(t − t0) = NIi(t − t0). (29)

Moreover, in stage 1, the current of each switch is equal to
the primary current of the integrated transformer. Therefore, it
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Fig. 7. Suppression strategy of the circulating current influence.

can also be obtained that

N∑

m=1

iSm1(t − t0) =
N∑

m=1

iSm2(t − t0) = NIi(t − t0). (30)

From (8), (29), and (30), it can be obtained that: In stage 1,
whether there is input voltage difference or not in each series
module, there will be no circulating current in the sum current
ip1 + ip2 + · · · + ipN , iS11 + iS21 + · · · + iSN1 , and iS12 +
iS22 + · · · + iSN2 , and these current waveforms (NIi) are the
same as that of Ii in Fig. 4(a). Therefore, the sum current iS12
+ iS22 + · · · + iSN2 can be sampled as the inner current signal
of the controller instead of only the current iS12 , as shown in
Fig. 7. After this improvement, there is no circulating current
in the inner current signal of the controller, so the operational
stability of the converter under the light load conditions would
not be affected by the circulating current appearing in each series
module.

IV. SIMULATING AND EXPERIMENTAL VERIFICATIONS

To verify the theoretical analysis, simulating study has been
implemented. Furthermore, experiment has been done on a
laboratory-made prototype of the input-series two-transistor fly-
back converter. This prototype was first built for the experimen-
tal verification in [31], where the control scheme in Fig. 6 is
adopted. In this experiment, the proposed suppression strategy
in Fig. 7 is adopted. As shown in Fig. 8, the sum current (iS12
+ iS22 + iS32) is sampled to be the inner current signal (iS ) of
the controller by a current transformer, which is mainly made
up of an annular magnetic core with the winding rounded.

The main parameters of this experimental prototype are: 1) Vi :
1000–2200 Vdc, and N = 3; 2) Vo1 = Vo2 = 24 V, Io1 = 1.5 A,
Io2 = 1 A, and Pomax = 60 W; 3) the switching frequency is
50 kHz; 4) Li11 = Li22 = Li33 = 2.9 mH, and nps1 = 11; and
5) Co1 = Co2 = 1000 μF.

Fig. 8. Inner current sampling method based on a current transformer.

A. Simulating Verifications

Fig. 9 shows the simulating results of this converter, which
are the supplements to the following experimental results. In
these simulating results, only two series modules (N = 2) are
considered, the input voltage Vi is 700 V, the output power Po

is 60 W, and the key parameters in each series module are the
same as those in the experimental prototype. It can be seen that
there is circulating current in the current ip1 and ip2 , but there
is no circulating current in the sum current ip1 + ip2 .

In Fig. 9, the simulating waveforms are obtained when ΔT0
= 0.5 μs and ΔT0 = 1 μs, Ci1 = Ci2 = 0.01 μF and Ci1 =
Ci2 = 0.02 μF, respectively. From Fig. 9(a) and (b), it can be
seen that as the turning on time difference (ΔT0) increases, the
input voltage difference increases, and the circulating current
value also increases. From Fig. 9(b) and (c), it can be seen that
as Ci1 and Ci2 increase, the input voltage difference decreases,
and the circulating current value also decreases.

B. Experimental Verifications

According to the analyzing and simulating results, to reduce
the circulating current and protect the experimental prototype,
the input capacitor (Ci1 = Ci2 = Ci3 = 0.1 μF) is adopted in
each series module in this experiment. The experimental results
of this prototype under heavy load conditions have been pre-
sented in [31], which are not given again. Here the experimen-
tal results of the prototype under the light load conditions are
mainly given and discussed, which are aiming at the circulating
current of each series module.

Figs. 10–14 show the experimental waveforms when Vi ≈
1050 V and Vi ≈ 2100 V, Po = 16 W and Po = 3.84 W, re-
spectively. In the following current waveforms, the current spike
is mainly caused by the charging of the parasitic capacitors in
the circuit and the transformer when the switches are turned
ON, which will increase as the input voltage increases. This cur-
rent spike problem also exists in the other conventional flyback
converters, so it is not discussed here.

Figs. 10 and 11 show the driving and current waveforms of the
switches S12 , S22 , S32 when Po = 16 W. It can be seen that: The
three current waveforms are different, there is circulating current
in the current waveform of each switch, and the circulating
current in each switch (or the current difference) becomes more
obvious as the input voltage increases.

Figs. 12 and 13 show the driving and current waveforms of
the switches S12 , S22 , S32 when Po = 3.84 W. It can also be
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Fig. 9. Simulating waveforms of Vi1 , Vi2 , ip1 , ip2 , and ip1 + ip2 . (a) When
ΔT0 = 0.5 μs, and Ci1 = Ci2 = 0.01 μF. (b) When ΔT0 = 1 μs, and Ci1 =
Ci2 = 0.01 μF. (c) When ΔT0 = 1 μs, and Ci1 = Ci2 = 0.02 μF.

seen that: The three current waveforms are different, there is
circulating current in the current waveform of each switch, and
the circulating current in each switch (or the current difference)
becomes more obvious as the input voltage increases. Further-
more, compared to the experimental results in Figs. 10 and 11,
another conclusion can also be obtained that: the circulating
current problem will be more serious as the output power of the
converter decreases.

Fig. 14 shows the driving waveforms of S12 and the sum
current waveforms of iS12 + iS22 + iS32 when Po = 16 W and
Po = 3.84 W, Vi ≈ 1050 V and Vi ≈ 2100 V, respectively. It

Fig. 10. Driving and current of the switches when Vi ≈ 1050 V and Po =
16 W. (a) Waveforms of S12 . (b) Waveforms of S22 . (c) Waveforms of S32 .

Fig. 11. Driving and current of the switches when Vi ≈ 2100 V and Po =
16 W. (a) Waveforms of S12 . (b) Waveforms of S22 . (c) Waveforms of S32 .
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Fig. 12. Driving and current of the switches when Vi ≈ 1050 V and Po =
3.84 W. (a) Waveforms of S12 . (b) Waveforms of S22 . (c) Waveforms of S32 .

Fig. 13. Driving and current of the switches when Vi ≈ 2100 V and Po =
3.84 W. (a) Waveforms of S12 . (b) Waveforms of S22 . (c) Waveforms of S32 .

Fig. 14. Driving of S12 and sum current iS12 + iS22 + iS32 . (a) When Po =
16 W and Vi ≈ 1050 V. (b) When Po = 16 W and Vi ≈ 2100 V. (c) When
Po = 3.84 W and Vi ≈ 1050 V. (b) When Po = 3.84 W and Vi ≈ 2100 V.

can be seen that: there is no circulating current in the sum current
waveforms of iS12 + iS22 + iS32 , and this sum current is suitable
to be sampled as the inner current signal of the controller.

V. CONCLUSION

In this paper, the circulating current problem is investigated
for the input-series converters based on transformer integration.
The investigation is based on this type input-series two-transistor
flyback converter, mechanism and influence of the circulating
current in each series module are analyzed, and according to
the characteristics of its control circuit, a suppression strategy
is proposed to improve the operational stability of the converter
under the light load conditions. The theoretical analysis and ex-
perimental results show that: 1) the circulating current is caused
by the input voltage difference of each series module, and the
circulating current value will increase as the input voltage dif-
ference increases; 2) when the input voltage of the converter
increases, or the conversion power of the converter decreases,
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the circulating current problem becomes more serious; and 3)
there is no circulating current in the sum current of various series
modules, so the sum current of various series modules can be
sampled as the inner current signal of the controller, by which
the operational stability of this input-series converter under the
light load conditions can be improved.

APPENDIX

The former analysis and verifications are aiming at the input-
series two-transistor flyback converter in [31]; however, the
circulating current problem also exists in the input-series single-
switch flyback converter and the input-series forward converter
in [30] and [32]. For the input-series single-switch flyback con-
verter, mechanism of the circulating current when the switches
are turning on is almost the same as the analysis in Section II,
and the proposed suppression strategy can also be adopted. For
the input-series forward converter in [32], the active IVS is real-
ized by the forward integrated transformer, so mechanism of the
circulating current may be different from that of the input-series
flyback converter.

The following is the circulating current analysis of the input-
series forward converter. To simplify the analysis, it is assumed
that: 1) two series modules (N = 2) are considered; 2) the IVS
process is independent of the output circuits, so only one output
circuit (n = 1) is considered; 3) all devices are ideal, so the error
of parameters in the two series modules is ignored; and 4) the
output is considered as a constant voltage source due to the large
output filter capacitance.

The input-series forward converter is shown in Fig. 15(a),
where np1 , np2 , and ns1 (np1 = np2) are the primary and sec-
ondary turns of the integrated transformer, and Lf 1 is the output
filter inductor. During one switching period, active IVS pro-
cesses of this converter also appear in two stages, in stage 1
(ta0 ∼ ta1), all of the switches are turning on, and the input en-
ergy is transferred to the load through the integrated transformer,
and in stage 2 (ta1 − ta2), all of the switches are turning OFF,
and the integrated transformer operates in the magnetic-reset
mode. The operational stability of this converter can be af-
fected by the circulating current when the switches are turning
ON, so the circulating current is mainly analyzed in stage 1.
The equivalent circuit of this converter in stage 1 is shown in
Fig. 15(b), where LLK 1 , LLK 2 (LLK 1 = LLK 2) are the equiva-
lent leakage inductance of the integrated transformer, Lm1 , Lm2
(Lm1 = Lm2) are the equivalent excitation inductance, and Ti
is the ideal transformer (because of np1 = np2 , it is considered
that: VT i1 = VT i2).

It is assumed that the input voltage difference (ΔVi) appears
at ta0 , and then the active IVS process occurs after ta0 . So the
following relationships can be obtained before ta0 , Ii = ip1 =
ip2 , Vi1 = Vi2 = Vi/2, and at ta0 , Ii = ip1 = ip2 , Vi1 = Vi/2 +
ΔVi , Vi2 = Vi/2 − ΔVi , where ΔVi(ta0) > 0. After ta0 , the
input voltage difference can be estimated in [32] that

ΔVi(t − ta0) = ΔVi(ta0) cos
t − ta0√
LLK 1Ci1

. (A1)

Fig. 15. Input-series forward converter. (a) Configuration (N = 2 and n = 1).
(b) Equivalent circuit when the switches are turning ON (in stage 1).

It can be seen that if the input voltage difference appears
at ta0 , a high frequency resonance will occur. Because of the
internal resistance in each series module, the resonant amplitude
decreases in each period, and active IVS of each series module
will be achieved immediately after ta0 .

For the two input filter capacitors (Ci1 , Ci2), it can be obtained
after ta0 that
⎧
⎪⎪⎨

⎪⎪⎩

Ci1
dVi1(t − ta0)

dt
= Ii(t − ta0) − ip1(t − ta0)

Ci2
dVi2(t − ta0)

dt
= Ii(t − ta0) − ip2(t − ta0)

(A2)

it can be obtained from (A2) that

ip1(t − ta0) + ip2(t − ta0) = 2Ii(t − ta0) (A3)

ip1(t − ta0) − ip2(t − ta0) = −2Ci1
dΔVi(t − ta0)

dt
. (A4)

After ta0 , the following relationships can also be obtained:

⎧
⎪⎪⎨

⎪⎪⎩

LLK 1
dip1(t − ta0)

dt
= Vi1(t − ta0) − VT i1

LLK 2
dip2(t − ta0)

dt
= Vi2(t − ta0) − VT i2

(A5)

Ii(t − ta0) = Ii(ta0) +
∫ t

ta 0

×
[

Vi

2(LLK 1 + Lm1)
+

VT i1 − nf Vo1

2n2
f Lf 1

]

dt (A6)

where nf = np1/nS1 is the turns ratio of the forward integrated
transformer.

From (A3) and (A5), it can be obtained that

LLK 1
dIi(t − ta0)

dt
=

Vi

2
− VT i1 . (A7)
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From (A1), (A3), (A4), (A6), and (A7), the expressions of
ip1 , ip2 , and Ii can be obtained

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ip1(t − ta0) = Ii(t − ta0) + ΔVi(ta0)
√

Ci1

LLK 1

sin
t − ta0√
LLK 1Ci1

ip2(t − ta0) = Ii(t − ta0) − ΔVi(ta0)
√

Ci1

LLK 1

sin
t − ta0√
LLK 1Ci1

(A8)

Ii(t − ta0) = Ii(ta0) +
∫ t

ta 0

n2
f Lf 1

2n2
f Lf 1 + LLK 1

×
(

Vi

LLK 1 + Lm1
+

Vi − 2nf Vo1

2n2
f Lf 1

)

dt. (A9)

From the above analysis, it can be concluded that: the circu-
lating current in the input-series forward converter is similar to
that in the input-series flyback converter, which is also caused by
the input voltage difference, and during the active IVS process,
the varying of the input voltage difference and the circulating
current can also be obtained in Fig. 4(a).
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