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Modular Two-Switch Flyback Converter and
Analysis of Voltage-Balancing Mechanism for
Input-Series and Output-Series Connection

Mauro André Pagliosa
and Ivo Barbi

Abstract—The voltage-balance mechanism is a required abil-
ity to simplify the control scheme for modular input-series and
output-series (ISOS) connection, in spite of the fairly large num-
ber of studies, such mechanism has not been addressed clearly
and satisfactory. This paper proposes a methodology, based on
the converter output characteristics, to standardize the analysis of
voltage-balance mechanism in steady state, which allows under-
standing the behavior of voltage sharing among the modules in
steady state, in the presence of mismatched parameters for ISOS
connection of modular converters. In addition, the ISOS connected
modular two-switch flyback converter is presented. The intrinsic
voltage-balance mechanism, even operating in continuous conduc-
tion mode, make this converter feasible, as an alternative to the
predecessors modular converters. The operation and analysis of
the proposed connection were corroborated, based on the exper-
iment carried out on a laboratory prototype with three modules:
1,200 V4. total input voltage, 1.5 kW rated power, and 50 kHz
switching frequency. This paper is accompanied by a video demon-
strating the operation, in steady state, of the laboratory prototype.

Index Terms—DC-DC converter, modular, series connection,
two-switch flyback converter.

1. INTRODUCTION

NTEREST in dc transmission and distribution systems,
micro-grids, renewable energy systems, auxiliary power sup-
plies, and energy storage systems, has been steadily growing for
medium- and high-voltage dc—dc converters with high power
density. Even though there is considerable progress in the high-
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voltage fully controlled semiconductors [1]-[3], achieving the
voltage and power density requirements with these applications
continues to be a concern.

Increasing the switching frequency of power converters has
been the most commonly adopted strategy to meet higher power
density requirements. But, this is not possible in the case of high-
voltage solid-state switches, because their switching frequency
cannot be increased beyond a certain limit, when the switch-
ing losses decrease the converter’s efficiency beyond acceptable
values [4]; besides, the high voltage variation (dv/dt) may gen-
erate over-voltages. These issues can be addressed by using low-
voltage rating power switches for medium- and high-voltage
applications through series connection of power switches [5],
[6], multilevel converters [7]—[9], or series connected modular
converters. The benefits and drawbacks of each option are well
described in [10].

In the field of modular converters, the integration of modules
can be classified into four types of architecture, based on their
connection forms, namely input-parallel output-parallel (IPOP),
input-parallel output-series (IPOS), input-series output-parallel
(ISOP), and input-series output-series (ISOS) [11], [12]. For in-
creasing the current rating, the IPOP connection is an efficient
and reliable method [13]. IPOS connection is suitable for high
input current and high output voltage, as required by interfac-
ing wind turbine generators of MVdc collection networks [14].
ISOP converter system [15] can withstand higher bus voltage
and product high current, such as the one in the converters fed
from dc voltage supply in the electric railway system [16]. For
high and medium voltages on both sides of dc-dc conversion,
ISOS connection is the most suitable combination of modular
power-system architecture.

To enable the modular systems operate properly, the primary
objective must be to ensure that the power distribution among
the modules is equal. Slight differences in the parameters of
the converters may render different quiescent operation point
to each module, that results in a voltage or current unbalance
among the modules.

As regards the ISOS connection, equal power distribution
can be obtained by sharing the voltages at the input ports, and
the voltages at the output ports. Depending on the topology
and operational mode of the converter, voltage sharing can be
achieved by additional control loops or by an intrinsic voltage-
balancing mechanism; the latter option is preferable because
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of its ability to operate with a common pulsewidth modulator
(PWM). However, voltage-balancing mechanism is not intrinsic
to all the converters; so, each structure has to be checked if it
has such mechanism.

In [11], Giri et al. report that a dedicated input-voltage loop,
which changes the duty ratios according to the mismatches
in different converters, is required to ensure input and output
voltage sharing. The natural balancing mechanism of modular
ISOS dc—dc connection was investigated in [17], wherein van
der Merwe and Mouton conclude that, given the components
are ideal, the balancing mechanism depends on the interleav-
ing of the switching information, and in practical circuits, on
the self-balance resulting from voltage-dependent losses. Using
the full-bridge modular topology and unique modulator, Bot-
tion and Barbi [18] show that voltage sharing at the input and
output modules can be met naturally and without active control,
regardless of the losses. By using two phase-shift full-bridge
converters, connected to ISOS, Lu et al. [19] conclude that the
characteristics of duty-ratio loss of converter help in realizing
voltage sharing, and when the two modules have the same ef-
ficiency, there will be a natural balance of input voltage in the
ISOS converter. A decentralized voltage-sharing method is pro-
posed in [20] for ISOS connection of dc—dc converters to realize
a fully modular design. The proposed voltage-sharing method
uses positive output voltage gradient regulation of the series
modules to achieve even distribution of input/output voltages
among them. Pagliosa et al. [21] presented the self-balance of
the input and output voltages across individual modules, as an
attribute of the single-switch flyback converter in ISOS connec-
tion. This paper has proved this feature just for discontinuous
conduction mode (dcm), which has been limiting the application
of flyback for a low power.

Although Bottion and Barbi [18] present a strong analysis of
ISOS modular full-bridge converter with identical parameters,
the voltage sharing due to mismatches is not clear in the lit-
erature. Generally, this matter has been addressed by different
means and which are often subjective, such as defining strong or
weak for auto-balance mechanism. The proposed methodology
defines the input-voltage value of each module according to a
parametric mismatching and quiescent operation point, provid-
ing important input for the definition of strategies to equalize the
voltages among the modules. The behavior of voltage-balance
mechanism is obtained from the converter output characteris-
tic without needing to analyze the topology stages and/or wave
forms, that makes it possible to apply the methodology to all
modular converters in ISOS connection.

Besides developing a standard methodology for analysis of
voltage sharing, the aim of this study is to demonstrate the
operation of the modular two-switch flyback converter, in the
continuous conduction mode (ccm), with a common PWM sig-
nal. Developing reduced switch count converters (RSCC) has
been a continuing effort in recent years as a measure to enhance
the system reliability and to decrease its size, weight, and com-
ponent cost [23]. The reduced number of switches, compared
to full-bridge and dual-active-bridge converters, and the maxi-
mum switch voltage clamped to the dc input voltage, make the
modular two-switch flyback converter, a feasible alternative for
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Fig. 1. Basic circuit of the ISOS modular two-switch flyback converter.
medium-voltage and low-power applications. The basic circuit
of the proposed connection is shown in Fig. 1.

II. METHODOLOGY FOR ANALYSIS OF VOLTAGE-BALANCING
MECHANISM IN STEADY STATE

The operation of modular converters in ISOS connection can

be dealt with as follows.

1) Equal power distribution: The converters share the in-
put and output voltages equally. This is the desired state,
however, due to constructive variations that lead to slight
differences of the voltage ratios, the equal power distribu-
tion can be achieved only by means of additional control
loops.

2) Stable voltage sharing: Slight differences in module’s pa-
rameters result in acceptable value of unbalance voltage
(limit of the voltage that can be handled by the converter).
In this case, a common duty-cycle signal to all active
switches can be used, without additional control loops.
As an example, Fig. 2 depicts a control scheme for out-
put voltage of modular converter with a common PWM
signal.

3) Unstable voltage sharing: Slight differences in module’s
parameters cause a runaway of the converter voltages,
that results in a module processing all the power of
modular connection, therefore, it is an undesired oper-
ation. For instance, the reader could take into account
that the single-switch flyback converter in ccm does not
change its own quiescent operation point due to the chang-
ing of load current. If the conversion ratios are slightly
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ISOS modular converter with common PWM signal.

different, the effective input current to each converter can-

not be the same, even though they are series connected.

This difference between the total input current and the

input current of every converter is the current through the

input capacitor of each converter. Different input—output

current ratios produce the discharge of some of the in-

put capacitors, yielding an unstable voltage sharing [24].

On the other hand, the drop voltage characteristic (loss-

free resistor behavior) from the dem operation makes each

converter equalizes its quiescent operation point accord-

ing to the load current, even under a slightly differences in

the parameters, which prompts the system to equilibrium.

The main objective of this study is to propose an analysis of

voltage-balance mechanism that allows identifying the voltage-

sharing ability of any modular converter in ISOS connection.

This section approaches the proposed methodology and on us-

ing it, the voltages behavior among the modules in one ISOS
connection can be theoretically defined.

A. Analysis of Gain for ISOS Connection

For ISOS connection, e.g., Fig. 1, in steady state all the mod-
ules have the same local current average value at both input and
output ports, shown as follows:

(i) = (i) = (ii2) = - = (i) (1)
<io> = <i01> = <i02> == <ion>' (2)
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Fig. 3. Output characteristic of full-bridge converter.

Assuming that the converter is ideal (free losses), the gain
(@) can be defined by

Vo {iy)
G = — N (3)
Vi <Zo>
and if it is an ISOS connection, it can be defined by
Vor (i)
G p— p— n
YTV (o)
Voo (ii2)
G pr— P— n
2T Vi (io2)
‘/0 n <Zz n >
Gy = o = “

i(n) <i0(n)>

From (1)—(4), it is possible to conclude that all modules have
the same gain as expressed in (5). This result was already re-
ported in [18]

G=G =Gy =---=0G,. (5)

B. Analysis of Voltage-Balancing Mechanism in Steady State

The voltage-balancing mechanism can be revealed from out-
put characteristic of the converter. The reader might take, for
instance, the output characteristic of the full-bridge converter
shown in Fig. 3. The curves are plotted from the dc-voltage-ratio
in dem and ccm operations, given by (6) and (7), respectively.
These equations are detailed in [18]. Duty cycle (D), series in-
ductance (L, ), and transformer turns ratio (a) are included in the
output characteristic, the behavior of voltages among the mod-
ules can be defined regarding mismatches in these parameters.
The terms f,, I,,, and V; correspond to switch frequency, average
value of output current, and input voltage, respectively. Fig. 4
shows an ISOS modular connection composed of full-bridge
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Fig. 4.

Full-bridge converter in ISOS modular connection.

converters with output capacitive filter

Geem = a.\/D.(2= D) —a, ©)
2.a.D?
T oD +al, ™

where 1, is the per unit current given by

—  8.fs. L.,
I, = A ®)

As with the preceding output characteristic, the behavior of
voltages among the modules depends on the conduction mode,
therefore, the analysis of voltage balance is made according to
the conduction mode.

In both, ccm and dem operations, the dc-voltage-ratio is ex-
pressed with the same parameters, thus, (6) and (7) can be
written as a function given by

G=f(a,DT,). ©)

For a converter composed of “n” modules, the function (9)
can be written as follows:

Gl - f(maalaDl)

Go = f(lo2,a2,D>)

(10)
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__The group of equations in (11) is found by isolating the term
1, from (10)

S

1= f(GlualuDl)
(G2, az,Ds)

&

2

Io(n) = f(G(n)aana D’n,)- (1)

As predicted in (5), all the modules in ISOS connection have
the same gain expressed by

G = Gccml = Gcch == Gccm(n) (12)

which allows substitution of (10) in (11). Hence, for purposes
of identifying the voltage at input port of module 1 (V;;), term
(' from (10) can be included in (11). The functions of per-unit
currents become

02 — f(EvalvDI;G’Q;DQ)

03 = f(Lo1,a1, D1, a3D3)

Io(n) :f(IolaalaDlaan;Dn)- (13)
Writing (2) to modular connection as follows:
— Js-Lp1 1,
T = 8.fs-Lr1-Io1
Vi
— Js-Lypa.
[02 — 8 fb r2 Io?
Via
8'fs-Lr n 'IO n
Ty = ———mel) (14)

Vit

and its substitution in (13), gives (15), a function for all the
others input voltages

Vig = f(V;;hfs,ahDererz,az,D2Jo1)
Vis = f(Vi1, fs,a1, D1, Ly, Ly, a3, D3, 1,3)

V;(n) = f(‘/;hfs>a1>D17LT1>Lr(n)7anyDrqu(n))-

Equation (16) satisfies Kirchhoff’s voltage law for the loop
involving the full dc voltage supply and the input voltages of
each module

as)

(16)

Substituting (15) in (16), the voltage V;; is defined with all
the parameters by

‘/i - ‘/11 +f(‘/ilmfsaalaD17L7’1aLT27a27D27f.s’vIO)
+f(‘/ﬂ)f@aalaDlaL7’1aLT37a37D3avaIo) + -
+f(%lvfSualaDlvLTluL’r(n)aanaDnufS7I0)

a7
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TABLE I
SPECIFICATIONS FOR SIMULATING THE ISOS MODULAR
FULL-BRIDGE CONVERTER

Symbol Parameter Value

n Number of module 2

Vi Total input voltage 800V

ay Transf. turns ratio module 1 2.1

as Transf. turns ratio module 2 1.9

L1 Series induct. of module 1 180.469uH
Lo Series induct. of module 2 163.281uH
Dy = Dy Duty cycle 0.75

fs Switching frequency 40k H z

I, Load current 2.5A

and for full-bridge converter in ccm operation, the input-voltage
of module “5” is defined in (19). This result is obtained with (6)
written to ISOS connection, expressed as follows:

Geeml = al-\/Dl-(Q—Dl) —a1. I

Gcch = a2.\/D2.(2 - Dg) — GQ.E

Geem(n) = a,,l,.\/D,,I,.(Q —D,) —ay m
Vi) 8. fo- Loy 1.0
Vi) (D1 = D)) + 8- f Ly Lo-afy,
Vi) 8. foLys.I,.a}

Vi) (D2 = Dj)) + 8-fs-Lnij)-Lo-ay)

(18)

‘/;:

+

V;-(j) 8f5L7<n> .L,.ai

Vi (Br - Do) + 8oLy ol
19)
where Dy, D,, and D;) are given as follows:
D =a}.D.(2— D)
Dy =a3.Dy.(2— Dy)
Dyj) = a(;)-Dyj)-(2 = Dyj)- (20)

The calculation accuracy is verified in one computer simula-
tion (PSIM software). Considering a modular connection com-
posed of two full-bridge converters (n = 2), (19) yields (21) and
(22) for each input-port, defining V;; and Vs, respectively,

V;;l .8.fg.LT2.L,.a§
Vit (D2 — Dy) +8.fs.Ly1 1.0}

Vig.8.fs.Lyy 1,3
Ve 8.fs-Lrndoai -+ Via.
Vio (D1 — D2) + 8.fs.Lyo.1,.03

Table I shows the parameters used for the analysis with dif-
ferences in series inductances and transformer. Hence, applying
Table I parameters in (21) and (22), it becomes easier to isolate
the terms V;; and V3. The comparison in Table II shows that

Vi=V; +

2L

Vi=

(22)
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TABLE II
RESULTS FROM SIMULATION AND CALCULATION

Parameter Simulation Calculation
Voltage mod. 1 (Vi) 425,851V 425,494V (21)
Voltage mod. 2 (Vio) 374,179V 374,506V (22)

the results provided by (21) and (22) and the simulation results
obtained from the circuit in Fig. 4 are very closed.

On demonstrating that the proposed methodology can be ex-
tended to others topologies of ISOS connection, it is applied to
traditional flyback converter (single-switch) in dcm operation.

For decm operation, the dc-voltage-ratio of flyback [21] is
given by

D2
Gaem = A (23)
where I, is defined as
LS,
T, = —mdsdo, 24
v (24)

For ISOS connection, (23) and (24) can be written as (25)
and (26), respectively,

D 2
Gdcml = (2 Il—)
-Lol
D 2
Gdch = <2 IZ—)
-Lo2
(Diny)?
Gaonr) = 5 (f ) (25)
Ly fs1,
Lm?fslo
02 — ‘/1',2
Lm(n)st
Ty = —mlm)ds o 26
(n) Vi) (26)
and the equations in (25) by
—_ (D)
ol 2-C;dcml
7= _ (Do)’
o 2-CTchmQ .
(D(n))2
Ty = —m) 27
() 2~C7chm(’n,) D

As predicted, the individual voltage gains are equal for ISOS
connection (Gygem1 = Gaem2 =+ * = Gaem(n))> Witch allows us
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to substitute the term Geeyp from (25) in (27) as follows:

- Do\2__
02 — <l)?) Iol

o

~

|
W
I
7 N
SIS
— |
~~—
Do
&

D, \’
Io(n) = (Dl) Ioy. (28)
With (26) and (28), we obtain
Dl ’ LmQ
Vi =V (3
o (Dz) L1
Dl ’ Lm3
Vis =Va (5
s ! <D3> Lml
D1 \* Lina)
SN 4 et m(n )
‘/t(n) Vi1 <Dn) oo (29)

and replacing (29) in (16), the input voltage of module 1 is
defined by

Lo (D1’ Lus (D1)°
Vi = Vi + V222 (2 Vi 22s (L
i il + i1 Lml <D2> + il Lml Dg +

Lm(n) D, ?
Y (D)

(30)

or for input voltage of module /" by

Lml D(j) ’ Lm2 D(]) ’
V=i (Ba) oy, L (B0
@) Lm(j) ( D, - ) LWU) Dy

L (D))’
oL o) ()
* @ Lm,(j) ( Dn,

JeN[1<j<n} 3D

The results establish that once the output characteristics of a
converter are known and given by (G x I,,), the present method-
ology can be applied to obtain the behavior of voltage sharing
due to mismatches.

All the analytical results were evaluated by computer simu-
lation.

III. MODULAR TWO-SWITCH FLYBACK CONVERTER
A. Qualitative Assessment of Voltage-Balance Mechanism

An accurate output characteristic of the two-switch flyback
converter [22] will be used to analyze the voltage balance among
the modules. It was derived from one of the modules in Fig. 1
and presented as a function in (32), where the transformer was
modeled with both total leakage inductance L, and magnetizing
inductance L,,, referred to the secondary winding. The term a
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is the turns ratio of the transformer

G = f(k,a,D,IT,) (32)
where
L,
k =
L777/
T fs~Lm 'Io
I, =——. 33
7 (33)

In Fig. 5, a big drop in the voltage gain can be seen, which
is a well-known characteristic of dcm operation, and a slight
drop for ccm operation, which depends on the relation of induc-
tances (k).

It is known that in ISOS connection, the drop behavior of
output characteristics provides for voltage sharing among the
modules. For instance, let a small difference be assumed in
duty cycle between two modules, which comprise modular two-
switch flyback converters (D; < D). The gain curves for each
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module is shown in Fig. 6. All the other parameters are deemed
to be identical.

Regardless of mismatch, (5) is valid and can be applied for this
analysis. Therefore, same gain and different quiescent operation
points (Q1, and (1, for dcm operation and @), and Q5 for ccm
operation), results in different per-unit load currents, denoted
by A, (cem) for cem operation and AT, (gem) for dem operation,
shown as follows:

2~AE(ccm) = m - E (34)

and

2'AIio(dcm) = E - E (35)

To define the behavior of voltage sharing in ISOS connec-
tion, the expression of per-unit load current (/,) is rewritten as
follows:

..L,
Vil = L,.Q (36)
Iol
5~Lm
Vie = Ia-f— (37)
02

Differences in the per-unit load currents results in voltage
unbalance (AV), shown as follows:

2AV =V = Vi (38)

Io.fs Ly —
A‘/ccm = ;.Ajo(ccm) (39)

Ly Iy

In'fs‘-Lm T
AViem = ——.Al, 40
it T Don (dem) (40)

The curves in Fig. 6 suggests that

AIio(dcm) < AE(ccm)- (41)

Therefore, considering (39) and (40), it can be concluded that
the voltage unbalance in ccm operation (AV.y,) is more sensi-
tive to mismatch than the voltage unbalance in dcm operation
(AViem).

For relation £ mismatch, a non-linear behavior of voltage
sharing due to load-current variation is observed. This is illus-
trated in Fig. 7(a) for two different voltage gain of the modular
converter, denoted by Geem and G-

Voltage-balancing mechanism depends on the number of
modules as well. For example, one more module (Q3;), with
the same parameters as those of module 2, is added, the modu-
lar output characteristics for ccm operation would be as shown
in Fig. 7(b). From this figure, it is clear that the quiescent op-
eration point of modular connection ), changed, leading to the
increase in the voltage unbalance of module 1.

A mismatch in the magnetizing inductances results in a be-
havior similar to that presented in Fig. 6. In addition, by re-
placing (39) and (40) with (42) and (43), respectively, it should
be noted that the direct effect of magnetizing inductances on
voltage-balancing mechanism. For instance, different values of
magnetizing inductances can be applied to compensate for the
mismatches of other parameters, and thus prompt the system to
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equilibrium
I,.fs —
AVeem = ——'(LmZ - Lm1)~AIo(ccm) (42)
Ly 1oy
L. fs -
AVzlcm - -(LmQ - Lm1)~AIO(dcm)' (43)
11(1,-12(1

B. Quantitative Assessment of Voltage-Balance Mechanism

To assess quantitatively, mismatches will be introduced in
the parameters of the modular converter. With dc-voltage-ratio
equation of two-switch flyback and by applying the proposed
methodology, the input voltages are defined with all the param-
eters for ISOS connection. The result is a long equation and is
hence not be presented.

For the purposes of example, it can be assumed a converter
in ccm operation, composed of three modules and based on the
ideal parameters given in Table III.

Any variation in the value of magnetizing inductance of the
modules results in proportional voltage unbalance. Fig. 8(a) and
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TABLE III
MODULE SPECIFICATIONS
Symbols Parameters Value
L1, Lima, Lins  Magnetizing inductance  640uH
D1, Do, Ds Duty cycle 0.36
ki, ko, ks Relation of £= 0.04 (4%)
ay, as, az Transf. turns ratio pi% 0.25
I Output current 104
Vi Total input voltage 1,200V
fs Switching frequency 50kH z
4307
S Via
— 420
=<
=
.S,
S 410
g Via
S 400
1S}
o)
)
3901
£
e Vis
2, 380
=
3704 ; ; ; ; ; ; ; ‘
2 3 4 5 6 7 8 9 10
1, - Per-unit load current (A/A)
(a)
4307
N
420
2
=
g
S 4107 Vi
3
2 Via
& 400 -
S}
)
¥
= 3901 Vis
=
-
2, 380
=]
=
370+ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2 3 4 5 6 7 8 9 10
T, - Per-unit load current (A/A)
(®)
Fig.8. Inputvoltages in the presence of mismatch in magnetizing inductances.

(@) L1 = 672 uH (+5%), Lz = 640 uH, and Ly, 3 = 608 tH (—5%). (b)
L1 = 553 uH(+2%), Lo = 640 uH, and Ly, 5 = 627 uH (—2%).

(b) shows the voltage unbalance due to differences of 5% and
2%, respectively, in magnetizing inductance.

The voltage balance is very sensitive to duty cycle mismatch-
ing, as depicted in Fig. 9(a). The comparison between Fig. 9(a)
and (b) suggests that higher values of relation k improve the
voltage sharing among the modules, and in Fig. 10, shows the
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Fig. 9. Input voltages in the presence of mismatch in duty cycles D; =
0.3672(+2%); Do = 0.36; D3 = 0.3528(—2%). (a) Lower value of leakage
inductance (k1 = k2 = k3 = 2%). (b) Higher value of leakage inductance (k;
= ko = k3 = 10%).
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Fig. 10. Input voltages in the presence of mismatch in relation k: k; = 4, 4%,
kQ = 4, ()%, and kg = 47 7%.
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Fig. 11. Input voltages at full power (I = 10 A) obtained by simulation.
(a) With the parameters of Fig. 8(a). (b) With the parameters of Fig. 8(b).

TABLE IV
DESIGN PARAMETERS AND MAIN COMPONENTS

Symbol Parameter Value
n Number of modules 3
Lyi—3  Magnetizing induct. 640uH
Dy_3 Duty cycle 0.36
ai_3 Transf. turns ratio 0.25

fs Switching frequency 50kH =
V, Total Output voltage 180V
Vi Total Input voltage 1.2kV
P, Output Power 1.5kW

Dyi_3 Diodes at output side  250V,;/40A,.4
MBR40250TR (ON Semiconductor)
Dq1_93 Diodes at input side 650V, /10A40g
SCS210AG (Rhon Semiconductor)

S11_23  Switches 500Vps /7.6 A, s
IPP50R500 (Infineon Technologies)
Coi_3 Output capacitors 1800uF'/200V
B43540-A2188 (Epcos)
Cii_3 Input capacitors 680uF /450V

B43601-A5687 (Epcos)

&

Measure P1max(C1) P2max(C2) P3:max(C3) P4:mean(C4) P5:freq(C1) P6:rowr(C1.C) P7:apwr(C1 P8:frea(C3)
value 44v 1 0 8455A 499973 kHz

status v

v v v
200 V/div| 200 V/div) 200 V/div) 10.0 A/di
-500.000 V/ -200.000 V! 200.000 V 0.0mA ofsf

(a)

- a
Measure P1max(Cl) P2max(C2) P3:mean(C3) P4:mean(C4) P5:frea(C4) P6:rowr(C1.C) P7-apwr(C1 P8:frea(C3)
4790V 9 A
v

v
2.00 A/div}
90 V 8.00000 Al

(b)

Fig. 12.  Prototype wave forms. (a) Voltage across the switches Si1, Si2,
and Si3 (C1 2,3 = 200 V/div), current at secondary isec(t) (Cy = 10 A/div),
time (5 ps/div). (P, = 1,6kW). (b) Output voltages V,1, V,2, Vo3 (C12.3 =
5V/div; Refy 23 = —45V), output current i,(t) (Cy = 2A/div; Refy =
—8 A), time (1 ms/div).
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TABLE V
MEASURED PARAMETERS OF MODULAR CONVERTER OPERATING IN CCM

Parameter Mod. 1 Mod. 2 Mod. 3
Ly, 641.6puH 641.5puH 641.7TuH
Before L, 28.3uH  25.8uH  304uH
fitting & 4.41% 4.02% 4.73%
Vi 382.8V 403.3V 368.7V
P, 509.7W  536.9W  490.9W
Ly, 655.0uH 649.0uH 642.6uH
After L, 304pH  28.12uH  27.7uH
fitting & 4.64% 4.33% 4.31%
Vi 400.76V  400.92V  400.07V
P, 554.84W  555.06W  553.89W

non-linear behavior of voltage inputs due to relation % differ-
ences, as predicted by qualitative analysis.

The effectiveness of methodology is also evaluated for the
modular two-switch flyback converter. Fig. 11(a) and (b) shows
the input voltages obtained by simulation with the same param-
eters of Fig. 8(a) and (b), respectively. Although the simulation
starts with equal input voltages, the mismatches lead to the same
unbalance voltages, which were obtained through theoretical
analysis.

The presented analysis revealed the behavior of input volt-
ages, in the presence of mismatch in each parameter. Although
there are differences in the module’s voltage, the voltage shar-
ing of the modular two-switch flyback converter is stable, which
allows the operation with a common duty-cycle signal.

It should be noticed that some converters (and operation
mode) are robust and other are very sensitive to parameter mis-
matches. On applying the proposed analysis, the designer can
identify if the operation of some converter with common PWM
is or not feasible, on the other words, if they can just use the
auto voltage-balancing mechanism from the structure or it can
design an extra control strategy.

Furthermore, from the results obtained, strategies can be de-
fined to improve the voltage equalization. In this study, an ad-
justment in the value of magnetizing inductance is proposed as
a strategy.

IV. EXPERIMENTAL RESULTS

To experimentally verify the usefulness of the proposed con-
nection, a laboratory prototype that operate in ccm was de-
signed and implemented according to the specifications given in
Table IV.

The waveforms in Fig. 12(a) show that the total input volt-
age was shared across the active switches in ccm operation.
Fig. 12(b) presents the voltage at each output port due a step of
1% in duty cycle. As it can be observed, the system operation is
stable before, during, and after of perturbation.

The theoretical analysis shows that voltage balance depends
on the magnetizing inductances and the relation k£, among others.
Therefore, voltage sharing, particularly in ccm operation, can
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Fig. 13. Experimental results V;1 23 (C3 2,1 = 50V/div; Ref3 o1 =
—300V), ipiim(t) (C4 = 2 A/div;Refy = —6 A). a) Before adjustment of mag-
netizing inductance (time 5 ps/div). b) After adjustment of magnetizing induc-
tance (time 10 ps/div).
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Fig. 14.  Laboratory prototype. (a) Photograph. (b) Measured efficiency.

be improved by suitable adjusting the magnetizing inductance
to compensate for mismatching. Table V and Fig. 13 show that
the voltages at input ports were properly equalized by fitting the
inductances of transformer.
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Fig. 14(a) shows a photograph of the prototype used to verify
this study. The measured efficiency of the proposed connection
is shown in Fig. 14(b) as a function of the output power, which
reaches the maximum value 95.2% at 1.3kW. At full power
(1.5kW), the efficiency was 94.8%.

V. CONCLUSION

An isolated dc—dc converter, based on series association of
two-switch flyback converters, has been presented here. By
virtue of its versatility and simplicity, the modular two-switch
flyback has proved to be an attractive solution to minimize volt-
age stress across the components, mainly to switching devices.

The behavior concept of the voltage-balancing mechanism
in the presence of mismatches, voltage-sharing among modules
was presented in this paper. This study proposes a methodology
that provides qualitative and quantitative elements. Though the
focus of this paper is on a two-switch flyback converter, the
proposed methodology can be applied to other topologies too.

Both theoretical and experimental results show that the pro-
posed topology can be operated using a duty-cycle common to
all active switches. Although the voltage-balancing mechanism
is weaker in ccm than in dem operation, it is possible to compen-
sate for the mismatches by suitably adjusting the inductances
parameters of transformer, and thereby prompting the system to
equilibrium.

The proposed scheme was fully verified using 1.5-kW lab-
oratory prototype with 1.2-kV input and 180-V output volt-
ages, which was carried out with three modules in an ISOS
connection.
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