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Investigation and Implementation of an Input-Series
Auxiliary Power Supply Scheme for
High-Input-Voltage Low-Power Applications

Tao Meng

Abstract—Aiming at the high-input-voltage multiple-output
low-power applications, an input-series two-transistor flyback aux-
iliary power supply scheme is proposed and investigated. In this
converter, an integrated-transformer is adopted instead of the
single-transformer in each series-module, all of the series-modules
are operating synchronously, and the input voltage sharing (IVS)
can be achieved automatically. The active IVS mechanism of this
converter is analyzed, furthermore, through the influence analysis
when the series-modules are operating asynchronously and the tol-
erance features of the key parameters are considered, the related
design consideration of the input filter capacitor in each series-
module is discussed. Finally, after the simulation verifications, a
60-W laboratory-made prototype of this auxiliary power supply
composed of three series-modules is built, by which the feasibility
of the presented scheme and the validity of the theoretical analysis
are verified.

Index Terms—Input-series, input voltage sharing (IVS),
integrated-transformer, multiple-output auxiliary power supply,
two-transistor flyback.

1. INTRODUCTION

RESENTLY, the applications of high dc input voltage
P are gradually increasing. It is well known that the large
voltage stress of switches is one of the bottlenecks of the
high-voltage dc/dc converters. One solution is to use series
connection of power switches, but to achieve voltage balancing
of each switch, some special passive or active balancing
methods must be introduced, which causes the additional losses
and restricts the switching frequency [1], [2]. Another solution
is the adoption of multilevel dc/dc converters; however, as
the number of “level” increases, the number of the clamping
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diodes or flying capacitors increases, and the associated control
becomes more complex [3], [4]. Generally, the multilevel dc/dc
converters cannot be suitable for the low-power applications. A
third option is to use the input-series converters, and this option
can solve the high-voltage problems efficiently [5]-[7].

For the input-series converters, the most important issues are
to ensure their input voltage sharing (IVS) [8], [9]. To achieve
IVS, many special control strategies have been investigated. The
typical methods are as follows. In [10], a charge control tech-
nique with an input voltage feed forward is proposed. In [11]
and [12], the three-loop control schemes are used, in which an
additional IVS loop is involved. In [13], a sensor-less current
mode controller is presented to guarantee the stable IVS. In
[14], a decoupled master/slave control strategy is proposed to
deal with the high-voltage auxiliary power supplies. In [15] and
[16], the uniform voltage distribution control approach is em-
ployed. In [9], a wireless IVS control strategy is proposed. In
[17], a decentralized inverse-droop control is presented. How-
ever, in these input-series converters, a dedicated IVS controller
must be used, which results in the increasing complexity of the
associated control and the decreasing reliability of the whole
system. The auxiliary power supplies are designed for the low-
power applications, so simplicity and high reliability of the
whole system are very important.

To simplify the circuit system, some input-series converters
without any special IVS controller have been investigated. In
these converters, the simple common-duty-ratio control strategy
is adopted, and I'VS can be achieved automatically. For example,
aforward converter is implemented in [ 18], a flyback converter is
investigated in [19], and the full-bridge converters are presented
in [3], [20], and [21]. However, due to the structure of their
output sides, they are not suitable for the multiple-output power
supplies, which is a typical low-power application.

Some input-series converters with a common integrated-
transformer and a common set of output circuits have also been
presented, which are suitable for multiple-output low-power
applications. The typical investigations are as follows. In [22]-
[24], some forward converters with two series-modules oper-
ating interleaved are investigated. In these converters, IVS can
be achieved due to the volt—second balance between the two
primary windings of the integrated-transformer without any ad-
ditional controller. However, the number of the series-modules
cannot be increased arbitrarily because of the interleaved oper-
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ating of each series-module. In [25]-[27], the converters com-
posed of two full-bridge series-modules are presented. The two
series-modules operate synchronously, and IVS can be achieved
automatically. This configuration is suitable for the multiple-
output low-power applications when forward or flyback topol-
ogy is adopted in each series-module. However, these full-bridge
converters are used in high-power applications, so their input fil-
ter capacitance is much larger, and the input voltage differences
caused by the asynchronous operating of each series-module
can be ignored, which cannot be ignored in the low-power ap-
plications. In [28], an auxiliary power supply composed of mul-
tiple single-transistor flyback series-modules is presented. The
series-modules operate synchronously, and IVS can be achieved
automatically. However, the active IVS can only be achieved in
the stage when the switches are turning on, and the voltage dif-
ference of the switches may appear due to the tolerance features
of the absorbing circuit in each series-module.

In this paper, based on [28], an input-series two-transistor
flyback auxiliary power supply scheme is proposed, which is
suitable for high-input voltage multiple-output low-power ap-
plications. In this converter, a common integrated-transformer
is adopted, and IVS can be achieved automatically. Compared to
the scheme in [28], the active IVS process can also be achieved
in the stage after the switches are turned off, and the voltage bal-
ancing of the switches can also be achieved, therefore, it owns a
higher reliability. The proposed scheme was first introduced by
Meng et al. [29], and some more detailed analysis and experi-
mental results are presented in this paper. The rest of this paper
is organized as follows. In Section II, configuration of the auxil-
iary power supply is introduced, and its active IVS mechanism
is analyzed. In Section III, the influence analysis is discussed
when the series-modules are operating asynchronously and the
tolerance features of the key parameters are considered, from
which the design consideration of the input filter capacitors is
analyzed. The proposed method and theoretical analysis are ver-
ified by the simulating and experimental results in Section IV.
Finally, conclusions are given in Section V.

II. PROPOSED CONVERTER AND ITS ACTIVE IVS MECHANISM

The input-series two-transistor flyback auxiliary power sup-
ply scheme is shown in Fig. 1. In this configuration, all of the
series-modules (the number of series-modules is N, N>1) em-
ploy a common integrated-transformer T and a common set
of output circuits (the number of output circuits is n, n>1).
V; and I; are the input voltage and current, Vi1, Via, ..., V;
are the input voltage of each series-module, Ci;, Co, ..., C;
(Cyp = Cip = ... = Cjy = (C)) are the input filter capaci-
tors of each series-module, Si1, S1a, So1, S22, - .., Syn1, ON2
are the switches. L1, Lo, ..., Lin (Lit = Lip = ... =
Lin = L;) are the equivalent inductances in primary sides
of T, Lo1, Lo2, ..., Loy are the inductance in secondary
sides of T, and L1, Lo, ..., Lixn are the equivalent leak-
age inductance. Dy1, Doo, ..., D,, are the output rectifier
diodes, Cy1, Cyo, ..., Cyy are the output filter capacitors, and
Vo1, Voo, ..., Vo are the output voltage.
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Input-series two-transistor flyback power supply scheme.

Fig. 1.

The series-modules have the same parameters, and
S11, S12, Sa21, S22, ..., Sy1, On2 are turned on and off syn-
chronously. Therefore, the active IVS of each series-module
can be achieved by the coupling of primary windings of the
integrated-transformer T. According to the operational princi-
ple of the two-transistor flyback converter, the coupling of the
primary windings will mainly appear in the following two stages
during one switching period.

Stage 1 (tg—t1): All of the switches are turning on, and the
primary inductors of T are charged by the input voltage of each
series-module.

Stage 2 (t1—-t2): All of the switches are turning off, and the
energy of Ly1, Lk, ..., Likn is transferred to the input side
of each series-module.

So the active IVS mechanism of each series-module should
be analyzed in the above two stages. To simplify the analysis,
it is assumed that: 1) the number of series-modules “N = 2” is
considered; 2) the conduction resistance of each switch is ig-
nored; and 3) the inductors in primary sides of T have a common
magnetic circuit and the same number of turns, so the difference
in their inductance is ignored.

A. Active IVS Mechanism in Stage 1

In stage 1, the secondary windings of T are not operat-
ing, so T is equal to a coupled-inductor. The equivalent cir-
cuit of this converter in stage 1 is shown in Fig. 2(a), where
tcil— and icjo— are the discharging current of C}; and Cj
(icii- = tni1 — Ii, ici2— = dvi2 — 1), Li11, Lioo are the self-
inductances (Li;1 = Li92), and M5 is the mutual inductance.
It can be obtained from the basic mathematical model of the
coupled-inductor that

dir (t diro(t

Vii(t) = Lin Ldit( ) + M2 Ldjf( )
) ) (D

di i t di i t

Via(t) = Lisa Lth( ) + Mo Ldif( )
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Fig. 2. Equivalent circuits. (a) Equivalent circuit in stage 1. (b) Equivalent
circuit in stage 2.

where M1> = kLj;; = kL2, and k (0<k<1) is the coupling
coefficient.

In stage 1, the primary inductors of T are charged, and it
is well known that the charging process of the transformer in
two-transistor flyback converter is the same as that in single-
transistor flyback converter. So the IVS mechanism of this con-
verter in stage 1 is also the same as that of the input-series
single-transistor flyback converter in [28]. Generally, the flyback
converter can be designed to operate in continuous conduction
mode (CCM) or discontinuous conduction mode (DCM). In
[28], the IVS mechanism is only analyzed for the input-series
flyback converter operating in DCM in stage 1. Therefore, the
common IVS mechanism of the input-series flyback converter
operating in both CCM and DCM is analyzed as follows.

In stage 1, the time t¢,,1 (to <t < ty) is defined: be-
fore t,,1, i1 = L2, Vit = Vio, and at ty,1, ini (6n1) =

ivi2(tm1), Vit(tm1) = Vi/2 + AV}, Via (L) = Vi/2 — AV
After tm 1, it can be obtained from (1) that
digin(t —tm1) _ Vi AVi(t —tp1)
dt 20+ k)Lin - (1 —k)Lin )
diLiZ (t - tml) _ sz A‘/L (t - tml) '
dt T 200+ k) Ly (1—k)Lin

From (2), the expressions of i1,;; and i1, after ¢,,; can be
obtained

. . V;(t_tml)
tpi1t(t—tm1) = tpin(tm1) + o
Lt = ) = g (1) 2<1+k>Lm
t—t, )
7dt
ftml 1 _ k)Lzll (3)
Z(t—t )_Z(t )+th(t_t7nl)
Li2 ml) — tLi2\tm1 2(1+]€)L111
_tml)
7dt
‘/;ml 1 _ k)L“l

It can be seen from (3) that: 1) when Vi; > Vi, icii— >
7;012, (Z'Cﬂ, = iLil — Ii, iCiQ, = iLiQ — L-)willoccur, which
can help accelerate the discharging of C}; and decelerate the
discharging of C},, 2) as the coupling coefficient k increases,
icil— — tcio— (fci1— — icia— = iLi1 — iri2) will increase, and
voltage balance between Cj; and Cjy will be achieved more
easily, and 3) the sum of current in primary sides of T (ir;; +
i1;2) is independent of AV;.

For C}y, it can be obtained after ¢,,; that

dAV;(t —t,, .
C % = 7ZCi17(t7tm1)
= Li(t —tm1) —ira(t —tm1) @)
where Ij(t_tml) = V;(t —tml)/LCqQ, and chg = Lﬂl +

Liso +2My9 = 2(1 + k)L;11 is the series equivalent value of
the coupled inductor.

From (3) and (4), the following differential equation can be
obtained:

> AV (t —t,,1) 1
dt? (1 —=Fk)Li11C;
Equation (5) has the initial data that: At t,,1, AV, =

AV;(tm1), icii— = 0. As a result, the expressions of Vi, and
Vio after t,,1 can be obtained

AVi(t = tn1) = 0. (5)

‘/5 t— tml
‘/; t - tTﬂ - = A‘/; tm T
! 2 2 i (b1 Joos (1—k)Li11C;
Via(t — tm1) = — — AVi(ty1 )cos—mm—ml
2 (1= k)Lt C;

From the aforesaid analysis, it can be seen that: whether the
input-series flyback converter operates in CCM or DCM, the
IVS mechanism in stage 1 is nearly identical.

B. Active IVS Mechanism in Stage 2

The equivalent circuit of this converter in stage 2 is shown
in Fig. 2(b), where 7ci;+ and icioy are the charging current
of Ci; and C}y (icu+ = i1 + 1, tcigr = irio + [i). In this
stage, the energy in primary side of T has been transferred to
the secondary side, and the voltage of each primary winding is
fixed at nV,, (n is the turn ratio of T).

In stage 2, the time t,,2 (t1 <ty < t9) is defined: be-
fore trrLZa 7.L11 - iLiQa ‘/il - ‘/12, and at tm?a Z.Lil (t"LZ) -
iLi2(tm2), Vi1 (tm2) = Vi/2 + AV, Via(tn) = Vi/2 — AV,
After t,,, the following relationships can be obtained:

) V1 t — tmo nV.

i1 (t — tma) = L (¢ ftz zlk) ol 4

i —tm2) —nV, '

inio(t — tma) = it ft . Zk) ol gt
(7

The difference of inductance is ignored, so it is considered
that: Ly = Lixo = L.
From (7), it can be calculated that

ini1 (t — tma) = i1 (tm2)
Vi + 2AVi(t — t,,2) — 20V,
o ftt + ( 2) nvol dt
m2 2le
, ’ (8)
iLio(t — tma) = iri2 (tm2)
QAV( - m?) - 2”‘/:)1
— dt
Ji, AUt
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Fig. 3. IVS process in stage 1 or stage 2.

inin (t —tma) +iLie(t — tm2) = ivi1 (tme2)
) Vi —2nV,
+ 1Li2 (th) - Lil(t - th) (9)
1k
iCil—O— (t - th) - Z.012-&- (t - tm?) -
LAV (t =ty
. / 28Vit — tma) 4 (10)
tm 2 le

It can be seen from (9) that: the sum of current in primary sides
of T after ¢, is independent of AV;. From (10), it can be seen
after ¢,,0 that: 1) when Vi1 > Vis, ici1+ < icioy Will occur,
which can help decelerate the charging of Cj; and accelerate
the charging of ('3, and 2) as the equivalent leakage inductance
Ly decreases, icio+ — ici1+ Will increase, and voltage balance
between Cj; and Cj will be achieved more easily after ¢,,5.

For C}, it can be obtained after ¢,,,5 that

AAV(t — ts)

CLT = dcity (t —tn2)
= irin(t —tma) + Li(t —tm2). (1D
The expression of I; after ¢,,,» can be calculated
, Vi —2nV,
Li(t—tma) = —init (bma) + ————22(t — ). (12)
2L

From (8), (11), and (12), the following differential equation
is obtained:

dQA‘/L (t — tm?) 1
AV, (t — =0.
dt2 le C7 ‘/L (t tm?) 0

Equation (13) has the following initial data: at ¢,,,0, AV; =
AV;(tm2), icii+ = 0. As a result, the expressions of V;; and
Vi, after t,,- can be obtained

13)

Vi (t —

tm2) = % + AV (ty2) cos
(14)

Vi

Vio(t — tima) = 3 AV (tm2) cos NI

From (6) and (14), the IVS process of this converter in stage 1
and stage 2 can be obtained as shown in Fig. 3. It can be seen that
if there is a difference between Vi; and Vi, the high-frequency
resonances will appear in the above two stages, and their res-
onant frequency expressions are shown in (15). However, their
amplitudes decrease in each resonant period due to the resistance

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

of each series-module
1

frl - 2 (1 - k)LiuCZ"

fro = (15)

1
2L C;

It can be seen that the voltage balance of the series-modules
will be achieved more speedily as the coupling coefficient k
increases or the equivalent leakage inductance Ly decreases.

From the aforesaid analysis, it can be seen that: the active
IVS of this converter can be achieved through the coupling
of windings in primary sides of the integrated-transformer, and
IVS can be realized more efficiently as the coupling coefficient k
increases or the equivalent leakage inductance Ly decreases. It
can also be seen that the IVS process of this converter cannot be
affected by its output circuits in secondary side of the integrated-
transformer, and I'VS of this converter can also be achieved when
the power of its output circuits are unequal. Furthermore, for the
two-transistor flyback converter, the maximum voltage of the
switches is equal to its input voltage, so the voltage balancing
of the switches in this converter can also be achieved.

III. ANALYSIS AND DESIGN

From the aforesaid analysis, it can be seen that IVS of the
series-modules can be realized automatically when the input
voltage difference appears, however, the current difference of the
primary inductors appears in the IVS process. For the converter
with two series-modules, the instantaneous current difference
can be calculated approximately

2AV;

A]L112 = m

(16)
where 71 and Ry are the equivalent resistance of the two series-
modules, in which conduction resistance of the switches and
resistance of the primary inductors are included.

It can be seen from (16) that the current difference (Alr;12)
between the two primary inductors appears due to the input
voltage difference (AV;) of each series-module, and Aly;;o
will increase as AV] increases. If Aly;- is large enough, the
efficiency of this converter will decrease obviously because the
series-module with a lower input voltage becomes a load for
the other series-module. Therefore, the input voltage difference
should be avoided or suppressed when the converter operating.

In Section II, the IVS is analyzed in ideal conditions, and it is
assumed that the series-modules have the same parameters and
the switches are operating synchronously. Generally, the input
voltage difference will not appear in ideal conditions. In actual
fact, due to the tolerance features of the devices in each series-
module and the driving circuits of the switches, the parameters
in each series-module cannot be identical absolutely and the
switches cannot be achieved turning on or off at the same time.
Therefore, the suppression of the input voltage difference should
be analyzed in the real conditions.

A. Analysis When the Series-Modules are Operating
Asynchronously

The switches are turned on at ¢, and turned off at ¢;.
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Fig. 4. Equivalent circuit when the series-modules are operating asyn-
chronously.

First, it is assumed before ¢y that: Vi; = Vi, = ... =
Vin = V;/N. At t, the turning on signal is generated for each
switch. After ¢;, the input voltage of the series-modules with
the switches turning on will decrease, the input voltage of the
series-modules with the switches turning off will increase, and
the maximum input voltage appears in the series-module with
the two switches being turned on finally. It is defined that: the
maximum difference of the turning on time among the switches
in the series-modules is AT, ,. The most serious input over volt-
age of the series-module with the last two turning on switches
(Sx1 and S;2, x = 1, 2, ..., N) will appear when all of the
other switches are turned on synchronously at ¢,, and Sx1, Sx2
are turned on at tg + AT,,.

Second, it is assumed before # that: Vi; = Vi, = ... =
Vin = V;/N. Atty, the turning off signal is generated for each
switch. After 7), the input voltage of the series-modules with
the switches turning on will decrease, the input voltage of the
series-modules with the switches turning off will increase, and
the maximum input voltage appears in the series-module with
the two switches being turned off first. It is defined that: the
maximum difference of the turning off time among the switches
in the series-modules is AT, g. The most serious input over volt-
age of the series-module with the first two turning off switches
(Sx1 and Sy, x = 1, 2, ..., N) will appear when all of the
other switches are turned off synchronously at t; + AT},g, and
S«1, Syo are turned off at ¢;.

The equivalent circuit of this converter when the series-
modules are operating asynchronously is shown in Fig. 4, where
k = 1 is considered, and the difference of turning on and off
time between the two switches in the same series-module is
ignored.

The influence in this converter when the series-modules are
operating asynchronously is the same as that in the input-series
single-transistor flyback converter in [28], so the analyzing pro-
cess is not given here again.

According to the related analysis in [28], the input voltage of
the series-module with the maximum input over voltage after ¢

v T /2 V.. -
g ix
T, /4 - ~< N
P N
- N
N»lV 4 S
N i
AVixmax
0 t

I()/Z] ATon /AToff

Fig.5. Varying curve of Viy after ¢y and ¢;.

and ¢, can be calculated approximately

Vi N-1 t—to
Vit —t) = —+—Vi|1— cos—F—m——m—m—=s
== 37X ( (N—I)Li07:>
(N—1L; . t—t
+ I; (t sin
( 0) Gi ' \/ (N — I)LLCT
(17)
Vi N-1 t—t
Vit—t)= —+—Vi|1— cos—F—m—m—m——xr
t-h)=x+7% ( (N—l)LiCZ)
(N-1L . t—t
+[7t S .
() G U JN-DLC,
(18)

In (17), if this converter operates in DCM, I;(t;) = 0, and
if this converter operates in CCM, I; (¢y) > 0. This converter is
mainly used in the high-input-voltage low-power applications,
the latter items of (17) and (18) are much smaller than their
former items, so the increasing of Vi after ¢, and ¢; can be
shown in Fig. 5 approximately.

Generally, the value of Viy cannot be larger than that of V;,
therefore, the resonances in (17) and (18) can only occur in its
first quarter period, and it must be achieved that

T; T
ATono'Sj:* N - 1)L;C;.
/off 4 5V ( )

It can be seen from (17), (18) and Fig. 5 that the input volt-
age differences will appear when the switches are turned on
or off asynchronously, and the maximum input over voltage
(AVix—max) Will increase as the turning on or off differences of
the switches (AT,,, AT,g) increase.

(19)

B. Analysis When the Tolerance Features of the Key
Parameters are Considered

In Section II, it is considered that the parameters in
each series-module are identical, suchas Cy; = Cjp = ... =
CiN = Ci9 and Lil = Lig = ... = LiN = L7 HOW@VCI’,
due to the tolerance features, the capacitances and inductances
cannot be exactly the same. If the mismatches of both the input
filter capacitance and primary inductance are considered, the
input voltage difference of each series-module will appear. The
related influence is analyzed as follows.

During a very short time before ¢y, it is assumed that there is
no difference between Vi; and Vi (“N = 2” is also considered
here). As shown in Fig. 2(a), after ¢y, I; and 11, irij2 can be
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calculated as follows:
Vi

Iz(t—to)zfé(to)‘i‘m(t—to) (20)
. . ¢ Vil(t—t
'LLil(t — to) = lLil(tO) + j:[) 1(L710)dt
' @D
. . + Via(t —to)
11,i2 (t — to) = lLiQ(tO) + j;[) Tdt

In (20) and (21), it can be seen that: if this converter operates in
DCM, I; (fo) = iLi1 (to) = iLi2 (to) = 0, and if this converter
operates in CCM, I;(to) = ipi1(to) = ivia(to) > 0.

For the capacitors Cj; and Cjs, the following relationships
can be obtained:

dViy (t —to)
—

i = —icin_(t—ty) =Lt —t
G 7 ici1—( 0) ( 0)
—iri1(t —to)
(22)
dVio (t — ¢ .
Ci?% = _ZCi27<t - t()) = ]i(t - tO)
—iri2(t — o)
From (20)—(22), two differential equations can be obtained
2V (—ty) | Vit —t) Vi
ar Lii Ciy (Liy + Li2)C; 23)
EVio(t —to) | Vialt—to) _ Vi
dt? LiyCip (Liy + Li2)Cio
Equation (23) has the following initial data: at ¢y, Vi) =
Vii = Vi/2,ici1— = icio— = 0. As a result, the solutions of
(23) are:
Vi ViLy — Ly t—to
Vit(t —t) = — + — "2 (1 — cos—=—me
i ) 2 2 Ljg+Lp ( COB\/LMCM)
Vi ViLjg — Lip t—tp '
Viglt —tg) = — — =L 22 (] cos———2
2 ) 2 2 Ljg+Lp ( CObVLiZCiQ)
24)

From (24), it can be seen that if the tolerance features of C},
Cis and Liy, Lio are considered, the input voltage difference will
appear after ¢. If the active IVS process is not considered, the
expression of input voltage difference after ¢, can be calculated

ViLin — Li t—1
Vit —to) =Vt —t0) = ST (2- e e
t—m)
— COS—F/——= (25)

From (24) and (25), the varying curves of Vi, Vi can be
obtained as shown in Fig. 6, where T;; and T}, are the resonance
periods as shown in (26), it is believed that 73; (or 7j5) is much
larger than the turning on time of the switches. It can be seen that
the difference between V;; and Vi, is caused by the differences
between C;; and Ci9, L;; and L;9, and the difference between
Vi1 and Vi will increase as the difference between Ci; and Cjs

(or Li; and L;») increases
Ty =27/ L1 Ci1,  Tig = 2w/ LipClo. (26)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

Fig. 6. Difference between Vi; and Vi, after ¢g.

C. Design Considerations

In the series-modules, the switches cannot be achieved turning
on or off at the same time, and the parameters cannot be identical
absolutely, therefore, the input voltage difference of each series-
module will appear which cannot be avoided.

From (17), (18) and Fig. 5, it can be seen that if ATy, and
ATyg are constant, as the resonance period (7jy) increases,
the maximum input over voltage (AViy_max) Will decrease. As
shown in (19), Ti; is determined by the parameters N, L; ,and
C;. However, N is designed according to the input voltage and
voltage stress of the switches selected in each series-module, and
L; is also a key parameter for the flyback converter. Therefore,
only the value of input filter capacitance C; can be designed to
suppress the input voltage difference when the series-modules
are operating asynchronously.

Similarly, it can be seen from (24), (25) and Fig. 6 that for
a constant duration from ¢, to ¢;, the input voltage difference
between Vi1 and Viy (Vi; — Vi) will decrease as the resonance
periods (731, Ti2) increase. As shown in (26), the values of L;;,
L5 are the key parameters in their series-module, therefore, only
the value of input filter capacitance can be designed to suppress
the input voltage difference between V;; and Vi,.

Therefore, for a limitation of the input voltage differences,
there must be a limitation of a minimum value (C},,;,) for the
input filter capacitors which can be determined according to
(17), (18), (24), and (25). However, based on the limitation
C; > Cimin, C; should also be designed according to the other
requirements of the conventional flyback converter.

IV. SIMULATING AND EXPERIMENTAL VERIFICATIONS

To verify the proposed method and the theoretical analysis,
the related input voltage simulation of this converter has been
done in this section. Based on the simulation, the experimental
verifications have also been done on a laboratory-made proto-
type of the proposed auxiliary power supply, which is operating
in DCM. The main circuit parameters and the main utilized
components’ type in the prototype are follows:

1) input voltage V;: 1000-2200 Vdc (aiming at the 1140-V
frequency converter of a miner as an auxiliary power sup-
ply, the input voltage will be larger than 2000 V when the
motor is operating in generating mode);

2) output voltage and current: Vo = Voo = 24V, [,; =
15A, I, = 1A and P,,,.x = 60 W;

3) the series-modules number: N = 3 (“N = 2" is selected in
the simulation);
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Fig. 8. Simulating results when the switches are turned on and off asyn-

chronously. (a) Waveforms of V;; and Vi when AT, = 5 us. (b) Waveforms
of Vi1 and Vip when AT ¢ = 3 us.

4) input filter capacitors: Cyh =Cp =C3 =
0.1 pF (1200 V/104);

5) switches Slla Slg, Sgl, SZQ, Sgl, Sgg: K1271 (NEC),
switching frequency f: 50 kHz;

6) diodes Dn, D12, D21 s DQQ, D31 ,D32‘ BYV26G (PhlllpS),

7) the flyback integrated-transformer T: Ferroxcube, EE35,
Ly = Lip = Lz = 8712 /,[,H, the turns ratio n = 11,
and k£ ~ 0.99;

8) the rectifier diodes Dy, Dyo: MUR1520 (Onsemi);

9) the output filter capacitors Cy; = Coy = 1000 uF.

A. Simulating Results

The series-modules number “N = 2” is considered in the sim-
ulation. Figs. 7-9 show the simulating results of this converter,
where V; = 1000 V.

Fig. 7 shows the varying of Vj; and Vj» when an input voltage
difference (AV; = 5 V) occurs between C;; and Cjs. It can be
seen that the IVS of this converter can be achieved automatically
when input voltage difference appearing.

Fig. 8 shows the varying of V;; and Vi, when the two series-
modules are operating asynchronously. It can be seen that the
input voltage differences will appear when the switches are

___Vi;: [2Vf(|l\]/

500V _..—-M
Iy \F’\j\ I

Viar [2V/div] T —
Time: [1ps/div]
] L h
Fig. 9. Waveforms of Vj; and Vi3 when Cjo = 0.8C5; and Lijs = 0.8Lj;.
Fig. 10.  Photo of the prototype.

turned on or off asynchronously, which will increase as the
turning on or off differences of the switches (ATy,, AT,g)
increase.

Fig. 9 shows the varying of V;; and Vis when Cj» = 0.8C}y,
Lis = 0.8L;; and the active IVS process is not considered. It
can be seen that the difference between Vi, and Vj, appears when
the key parameters of the two series-modules are not identical,
and for a constant duration from ¢y to ¢;, the input voltage
difference will decrease as the vary periods of Vi; and Vis (131,
Ti») increase.

B. Experimental Results

The laboratory-made prototype of this converter is shown in
Fig. 10, where the series-modules number “N = 3” is selected.
In this prototype, a peak current mode controller is adopted, and
V51 (the output circuit with larger power) and g9 (the current
of Sy2) are input to the controller, which generates a common
PWM signal with a suitable duty ratio for the isolated driving
circuits of Si1, Sia, Sa1, S92, S31, and S3o. To minimize the
turning on and off differences of the switches, a common pulse
transformer (T),) is adopted in driving circuits, of which a com-
mon primary winding and six secondary windings are used. The
control strategy of this prototype is similar to that in [28], so the
control block diagram is not given here again.

Table I shows the input voltage of three series-modules and
the efficiency results of the prototype, where the input voltage
results are measured by a dc voltmeter with the prototype op-
erating under full load (P, = 60 W). It can be seen that: the
input voltage differences of the prototype are very small, IVS
has been achieve efficiently, and it shows a good performance in
conversion efficiency, which is similar to that of the conventional
low-power two-transistor flyback converter.
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Fig. 11.

Ll

s [042ALG]

EEEERRRRRI ERR

FovvomguMuconoannniiinnnga IR R RN RN RRRNT ]
o iy . = A i, :3 3 5 i

1i: . . :_“.('1‘_. w
FTime: [Sps/div] - - - - -

is: [0.42A/div]

Current waveforms of Sio, S99, S3o. (a) When V; = 1000 V.

(b) When V; & 2200 V.

Fig. 12.

2k

- - Switches: turning on/ .

N kv

1

Time: [Sus/div]

(b)

Input voltage waveforms of the three series-modules (ac coupling).

(a) When V; = 1000 V. (b) When V; & 2200 V.
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TABLE I
EXPERIMENTAL DATA
Vi/kV 1.0 1.2 1.4 1.6 1.8 2.0 22
Vit /V 334 400 467 533 600 666 733
Vie /V 333 399 466 533 600 666 734
Vis/V 333 400 466 534 600 667 733

nl% (P, = 16 W) 6459 6471 6324 6198 62.07 6201 61.54
n/% (P, =38 W) 8557 8586 8542 8550 8578 85.08  84.78
n/% (P, = 60 W) 8850  89.73  89.22  89.01 88.86  88.49 8822

Frovaquonnnnnnng

2

1..‘.!.....:....:....:.’.... : : “_“'
 vme: (spsiiv] | o2 [B0OVAd]

Fig. 13. Voltage waveforms of Si2, S22, S32. (a) When V; = 1000 V.
(b) When V; = 2200 V.

Figs. 11-13 show the experimental results of the prototype
operating under full load (P, = 60 W).

Fig. 11 shows the current waveforms of S1o, S92, S32 when
V; = 1000 V and V;~ 2200 V. It can be seen that there are no
obvious differences among the current waveforms, which proves
that the switches are turned on and off nearly synchronously.
Fig. 12 shows input voltage waveforms (ac coupling) of the three
series-modules when V; = 1000 V and V;=~ 2200 V. It can be
seen that there are small differences among the three voltage
waveforms, which is caused by the active IVS process of each
series-module. However, the voltage differences are very small,
which can be ignored when compared with the input voltage
of each series-module. Moreover, it can be seen from Fig. 11
that there are no obvious current spike appearing during the IVS
process, which proves that the prototype has a high reliability.
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Fig. 15.  Response of input voltage in the three series-modules (ac coupling)
to a stepped load of the main output when V;~ 1600 V.

Fig. 13 shows the voltage waveforms of S15, Sos, S32 When
V; = 1000 V and V;~ 2200 V. It can be seen that there are
almost no differences among the three voltage waveforms and
the voltage balancing of the switches in each series-module has
be realized as well as the IVS of this prototype. It can be seen
from Fig. 13(b) that there are two oscillations on each voltage
waveform. The higher frequency one appears when the energy
of leakage inductor is absorbed, which is due to the resonance
between the leakage inductor and the parasitic capacitors in
switches and diodes. The lower frequency one appears when
the current in secondary side of T reduces to zero, which is
due to the resonance between the primary inductor and the
parasitic capacitors in switches and diodes. The two oscillations
occur in each series-module, which are similar to those in the
conventional two-transistor flyback converter.

Fig. 14 shows the input voltage waveforms of three
series-modules when V; is changing. Fig. 15 shows the input
voltage waveforms (ac coupling) of the three series-modules
corresponding to a load stepped in the output circuit 1 between
the state I,; = 0.32 A and the state [,; = 1.5 A when
V;~ 1600 V and I, = 1 A. Because there is a bulk capacitor
connected in parallel with the dc bus of the former equipment,
which is used to provide a high dc voltage (V) for this proto-
type, so V; cannot be changed speedily, and it will also vary
slightly with the load stepping. It can be seen that the changing

SR
bpleesedy L
s

vt df
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oz [1A/diV] - F

Fig. 16.  Response of the main output voltage (ac coupling) to the stepped of
its load current when V;~ 1600 V and I,» = 1 A.
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Fig. 17.  Waveforms of V,; and V2 to the stepped change of I,; when
Vi~ 1600 Vand I,o = 1 A.
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Fig. 18.  Waveforms of V,; and V2 to the stepped change of I, when
Vi~ 1600 Vand I,; = 1.5 A.

processes of the three input voltage are identical, and IVS of the
prototype has been achieved efficiently in the transient state.

Fig. 16 shows the waveforms of output voltage V,,; (ac cou-
pling) to the stepped of its load current between the state
I,; = 0.32 A and the state I,; = 1.5 A when V;~ 1600 V
and I, = 1 A. It can be seen that the prototype shows a good
performance of the output voltage regulation with the adoption
of a peak current mode controller.

Fig. 17 shows the waveforms of output voltage V,,; and V9
to a load stepped in the output circuit 1 between the state
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I, = 0.32 A and the state I,; = 1.5 A when Vi~ 1600 V
and I, = 1 A. Fig. 18 shows the waveforms of output volt-
age V51 and V5 to a load stepped in the output circuit 2 be-
tween the state I,» = 0.35 A and the state I,» = 1 A when
V;~ 1600 V and I,; = 1.5 A. It can be seen that the proto-
type shows a good performance of the multiple-output voltage
cross-regulation feature, which is a well-known advantage of
the conventional multiple-output flyback converter.

V. CONCLUSION

An input-series two-transistor flyback auxiliary power sup-
ply scheme is proposed and investigated, which is suitable for
the high-input-voltage multiple-output low-power applications.
This converter has an integrated-transformer, and all of the
series-modules are operating synchronously. The active IVS
process is analyzed in the two stages when the switches are
turning on and off, which shows that active IVS of the series-
modules can be achieved efficiently through the coupling of pri-
mary windings of the flyback integrated-transformer. Through
the influence analysis on IVS effect when the series-modules
are operating asynchronously and when the tolerance feature of
the key parameters are considered, a minimum limitation of the
input filter capacitance is obtained. Finally, the feasibility and
validity of the proposed scheme and the theoretical analysis are
verified by the simulating and experimental results.
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