Isolated Two-Inductor Boost Converter
with One Magnetic Core

Liang Yan

Brad Lehman

Department of Electrical and Computer Engineering
Northeastern University
Boston, MA 02115

Abstract- This paper presents a new isolated two-inductor boost
converter. All magnetic components are integrated into one
magnetic core. The circuit has the two inductor windings
intrinsically coupled. The operation principle of the new circuit is
presented. A prototype 100W DC/DC boost converter has been
built. Experimental and simulation results are both presented.

1. INTRODUCTION

The two-inductor boost converter exhibits many advantages
in high power, low input voltage to high output voltage
conversion applications [1-5]. Large input current can be split
between the two inductors on the primary side. This effectively
reduces the current stress in the circuit. The two primary
switches have low conduction loss, and the driving circuit is
simple [2]. The converter can be implemented as either non-
isolated or isolated formats. An isolated two-inductor boost
converter is shown in Fig. 1.

The main problem of this circuit is the limited output voltage
regulation range when duty ratio is small [3]. Even when the
overlapping between the driving pulses of the two primary
switches is close to zero, the two inductors L; and L, are

always charged, no matter what the load is. Fig. 2 shows the
condition when the input power is minimum, i.e. both primary
switches have minimum duty ratio 0.5 and the current in each
inductor is critically continuous. The positive and negative
voltage pulses on each inductor have the same amplitude and

duration. Then, the minimum average input power is V,-2T / 2L,

where L is the inductance of each inductor; V; is the input

voltage; T is the switching period. If the load is below the
minimum input power, further decreasing the load will cause
the output voltage to increase abnormally because of the
excessive energy storage in the inductors. The desired
character is to keep the input power close to zero even when
the driving pulses have overlap close to zero.

One solution is given in Fig. 3 [3]. An auxiliary transformer
T, is in series with the two inductors L; and L, . Essentially,

this transformer magnetically couples the two input current
paths. As a result, the currents in the two inductors are always
the same. Ideally, this eliminates the inductor currents when
the load is close to zero. It makes discontinuous inductor
current possible. In this circuit, four magnetic components are
used. To reduce the number of the magnetic components, the
integration of the two inductors with the auxiliary transformer
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is introduced. However, in the isolated format, the isolation
transformer is always needed.

This paper proposes a new integrated magnetic isolated two-
inductor boost converter that uses only one magnetic
component. Specifically, the new circuit

a. implements the isolated two-inductor boost converter
with one transformer.

b. has two inductor windings intrinsically coupled.
Under the condition that the output voltage is
regulated, the input power is limited when the
overlapping period of the two switches is close to
Zero.

c. can be implemented with one gap in a three-leg
magnetic core.

Section II presents the proposed new two-inductor boost
converter and its operating principle. Section III shows the
transformer design procedure. Section IV discusses some
practical issues in implementation. Section V presents
simulation and experimental results. Section VI gives
conclusions.
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Fig. 3 Two-Inductor Boost Converter with Auxiliary Transformer [3]
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Fig. 4 Proposed Integrated Magnetic Two-Inductor Boost Converter

II. THE PROPOSED INTEGRATED MAGNETIC TWO-INDUCTOR
B0OOST CONVERTER

Fig. 4 is the proposed integrated magnetic two-inductor
boost converter. The transformer uses a single three-leg
magnetic core with a gap in the center leg. Two inductor
windings N, and N ,, are wound on the two outer legs.

Secondary windings N, and N, are wound on the two outer
legs respectively and connected in series. Since N, and N,

are on the primary side and behave as primary windings in part
of switching cycle, we refer to them in this paper as primary
windings.

Fig. 5 illustrates the operating waveforms of the proposed
two-inductor boost converter. Time ¢;~¢5 shows four operating
phases in one switching cycle. Fig. 6 shows the capacitive
models for operating phases #,~ ¢, and ¢, ~ #; [6,7]. The
operating phases #;~ #, and ¢, ~ t; are similar. In this capacitive
model, each current source or sink represents an active

winding; @ is the flux rate (i.e. the derivative of flux) within

each leg; P is the permeance of the gap or each core leg; F is
the magnetomotive force (MMF) on the permeance.

Fig. 7 shows the current flowing paths in each phase. To
simplify the analysis, all the devices are assumed to be ideal.
The magnetomotive forces on the permeances of the core legs
are neglected, i.e. these permeances are assumed to be infinite
compared with the permeance of the gap. Let the driving
signals of Q; and Q, be as in Fig.5. The operation principle can
be explained as following, referring to Fig. 7.

a. Time ¢, ~ At this time interval, both switches
Q; and Q, conduct. The currents in the primary windings
increase as I, and /,,, in Fig. 5. The induced voltages on

the secondary windings N, and N, have opposite polarities.

The overall voltage difference on the two output terminals of
the secondary windings is zero. All diodes are blocked. The
output voltage is held by the output capacitor. The flux level in

the gap @, increases. This is the energy storage stage as in a
typical boost circuit.

The flux rates in the two outer legs can be determined
directly from the voltages on the two primary windings N,

and N, :

. V.

D, =— (1
p ]\/p1

. V.

D, =— (2)
p sz

The flux rate in the center leg is the summation of the flux rates
in the two outer legs, i.e.

b, =D, +D, 3)
Let N,  =N,, =N, . Then from (1), (2) and (3), the flux rate

in the center leg is
. 2V.
o,  =—- 4
g_1 Np ( )
b. Time ¢, ~ t;: Switch Q, turns off. In this stage,

N, continues receiving energy from the input and 1y,

pl
increases. The induced voltages on secondary windings N
and N, force diodes D, and D; to conduct. The currents in D,
and D; are as shown in Fig. 5 by Ipy;. This current charges the
output capacitor. The flux level in the gap (P, ) decreases.

Applying the same derivation method, the flux rate in the
center leg is obtained:

D, =— (5)

:VU_VI'NSI/Npl (6)
NS2

In this operating phase, the flux rate in the center leg is the
difference of the flux rates in the two outer legs,

d)g72 :‘i)sz _d)pl (7
Leg N, = Ny, = N, From (5), (6) and (7),

s2
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g 2 NS Np ( )
c. Time t; ~ t: Both switches Q; and Q, conduct.
This operating phase is the same as that in time interval ¢; ~ .
d. Time #, ~ t5: Switch Q,; turns off. In this phase,

N,, receives energy from the input, while N is

disconnected from the input. Diodes D, and D, conduct.

It is obvious that the flux change on the center leg must be
balanced in a half cycle. Define duty ratio D and period 7 as
in Fig. 5. Phase ¢; ~ t, has time duration (D —0.5)T . Phase ¢, ~

t; has time duration (1-D)T . Apply the flux balance equation

o

pl

on the gap:
(D-05)Txd, | =(1-D)Txd, , ©)

From (4), (8) and (9), the output-to-input voltage transfer ratio
is obtained:
V.

o

V.

1

N, 1
N, 1-D

To derive the current relations, let /

(10)

o> 1o be the current in

the secondary windings; 7, and /,, be the current in the
primary windings; /;, be the input current; F, be the
I~III) be the

magnetomotive force on the core legs. Assume that the
magnetomotive forces on the core legs are neglected. Then, in
Fig. 6, F;, = Fj; = F;; = 0. In time duration ¢; ~ £,

in

magnetomotive force on the gap; F, (i =

F,=F, (11)

F,,=F, (12)
From the definition of magnetomotive force,

F,i=N,l, (13)

Fo=N,l,, (14)

The input current is the summation of the currents in the two
primary windings,

]in=]pl+]p2 (15)
2F,
From (11) to (15), /;, = (16)
N,
In time duration #, ~ #;, for the same reason,
Fpl=Fg+Ft3'l (17)
F, =F, (18)
]Sl =Is2 (19)
From definition, F, =N/ (20)
FYZ = NS2]S2 (21)
F, =N,l, (22)

The input current only goes through primary winding N o E
[in = Ipl (23)
From (17) to (23),

I = 2F,

N,

According to (16) and (24), the input current is always
proportional to the magnetomotive force on the gap. Equation
(4) and (8) indicate that the flux rate in the center leg is a
constant in each phase. So the magnetomotive force on the gap

(F,) increases or decreases linearly. This causes the input

24)

current /,, to increase or decrease linearly as in Fig. 5.

To address the coupling between the two primary windings,
assume the two driving signals have non-overlapping time
interval. If the output voltage is kept high enough, when only
one switch, for example, Q; turns on, the center leg exhibits
large flux resistance to primary winding N, compared to the

opposite outer leg, i.e. Leg II, because of the gap. Most flux
rate goes through Leg /I. The magnetomotive force on the gap
F, increases slowly. This implies that the input current
increases slowly. From another point of view, since most flux
rate goes through Leg I and Leg II, the transformer behaves as
large inductance to the input source and limits the input
current.

Note that the output voltage must be high enough, or,
regulated. Otherwise, if the output voltage drops below the
reflected input voltage, the transformer will transfer input
energy directly to the secondary side. Some safety mechanism
should be provided to turn off the switches from abnormal
output voltage. This problem is further detailed in Section I'V.
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Q1 , Qu: the driving signals of two primary switches; Inyi and Iyp: the currents
in the two primary windings; Ii,: the input current; Ip;4: the current in diode D,
and Dy; Ipy;: the current in diode D, and D;; @; ~ @y the flux in the core
legs; ®g: the flux in the gap.

Fig.5 Operating Waveforms
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Fig.7 Current Paths

III. DESIGN PROCEDURE

The design philosophy here is to select the number of
primary and secondary winding turns for a specified magnetic
core to achieve tolerable input current ripple and peak flux
densities in each core leg. Specifically, these parameters
include

. Primary winding turn N, =N, =N ;
. Secondary winding turn N, = N, =N _;

Step 1: Select the secondary-to-primary winding turns ratio
n=N;/N, .

The secondary-to-primary winding turns ratio is determined
by the input and output voltage specification by using (10).
Typically, n is selected to be as large as possible to use the
duty ratio more efficiently and to reduce the number of primary
winding turns. The maximum turn ratio is 0.5V, /V; , which is
limited by the minimum duty ratio 0.5.

Step 2: Select the winding turns.
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N, and N are determined by the input current ripple and

the peak flux densities in each core leg. The following
formulas can be used to verify that these results are within the
tolerance.

1. Input current ripple.
The peak-to-peak input current ripple can be derived as
I _2V,2D-1H(1-D)
in_d —
N,NfP,
P, is the permeance of the gap, which is defined

by P, = 1 A/lg and typically specified as A, value in

(25)

datasheet. f; is the switching frequency. [, is the
permeability of air. 4 is the cross-sectional area of the gap. /,
is the gap length.

2. Peak flux density in the magnetic core.

The average flux density in the center leg is

_ Npliniavpg
c_av 214‘ (26)
where 7, ,, is the average input current; 4. is the cross-

sectional area of the center leg.
The average flux density in the outer legs is (identical in the
two outer legs)

Baiav =Bciav/2 (27)
The flux swing in the center leg is
2V,(1-D)D-0.5
5, = 2ell=DXD-03) o8
B NS <f:? AC
The flux swing in the outer legs is
V,D(1-D)
o d =" (29)
NSf:S' AU
where A is the cross-sectional area of the outer legs.
The peak flux density in the center leg is
Bcip =Bciav+Bcid/2 (30)
The peak flux density in the outer legs is
B07p=Buiav+Buid/2 (31)

must be below the saturation value.

Both B, »

, and B,

IV. PRACTICAL CONSIDERATIONS

A. Start-up.

Before the circuit starts up, the output voltage is zero. If Q,
and Q, begin to operate, the transformer-style coupling
between the primary and secondary winding will transfer
energy directly from the primary side to the secondary side
without inductor filtering. This is illustrated in Fig. 8. Suppose
Q. is off and Q; is on. Since the center leg exhibits large flux

resistance to the primary winding N ,;, most flux will go

through Leg II. The induced voltages on N, and N, have

the polarities as in Fig. 8. Both diodes D, and Ds conduct. The
resulting large initial current may damage the semiconductor
devices in the current path. The output capacitor must be pre-
charged in advance to block the diodes. The minimum charged
voltage is derived as follows:

Let the maximum input voltage be denoted as V; If this

voltage is applied on the primary winding, the induced voltage
on the secondary windings should be less than the output
voltage, i.e.

max °*

V.
T X2N, <V,
N

or, the pre-charged voltage V

o __pre

Vy 22y,
N

o_pre i_max
p

should satisfy
(32)

B. Protection.

Even applying a protection mechanism in the control unit,
occasional duty ratio error (D<0.5) may occur. This will
damage the converter because there is no path to release the
energy in the gap when both switches turn off. One of the
solutions is to add additional paths on the secondary side as in
Fig. 9 and Fig. 10. Fig. 9 shows the transformer with one
additional winding N, on the center leg. Fig. 10 shows the

transformer with two additional windings N, and N, on

the two outer legs respectively. When both primary switches
turn off, these additional windings provide current paths to
release the energy from the gap to the secondary side.
However, these additional windings should only function when
both switches turn off to avoid interfering the normal
operation. As the following derivation shows, this places limit
on the maximum duty ratio and the maximum winding turns.
Referring to the circuit in Fig. 9, in operation phase ¢, ~ #,,
the direction of flux rate in the center leg is downward as in
Fig. 6. The induced voltage on the inductor winding blocks the
diode Ds. However, in operation time ¢, ~ 3, the flux flow in
the center leg has the temptation to forward bias the diode Ds.
To avoid this, the induced voltage on N, must be less than

the output voltage in such an operating condition.

+ D1 X D3 X +
/J - cimm Vo
E—-;_ N,, N zc—->+
q | + s s2 4 D_
02K D4 K
v P+ dq_|
RN

Fig. 8 Circuit Start-up
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In operation phase t, ~ #3, the flux rate in the center leg is
given by (8). So
v, 2V
(_0__1)XNLS < Vo
N, N,
From (10) and (33), the inductor winding turn has the
constraint

(33)

N
N, < 2 34
Ls 2D -1 ( )
For the same reason, the windings N, and N, , in Fig. 10
should satisfy
N N
Ny <—=,N;,<— 35
s1 =7 152 <7 (35)

If the number of the additional inductor winding turns is
large, the current going though the winding is small. Since the
inductor winding is used for occasional control fault and
typically wound by thin wires, it is desirable to have many
inductor winding turns. However, if the number of the inductor
winding turns is too large, the maximum duty ratio becomes
too small. This decreases the regulation range. The design of
protection circuit must make trade-offs between these issues.

C. Control.

Boost converters typically exhibit a right half plane zero in
its small signal model. This limits the bandwidth of the control
loop. So, it is important to identify the position of the zero. The
proposed integrated magnetic two-inductor boost converter has
output voltage to control small signal transfer function:

Ve g 4R(1—D)2]
5 RCA-D)" NP,
o = > (36)
d 2 1 4(1- D)
ST —s+———
RC N7PC
: : 4R(1- D)? ,
The right half plane zero is located at % , where R is
P
stg
the load resistance; C is the output capacitance.
os +
D1 2 D3 X
I cimm Vo
+
gr— D2 3 D4 X
) 1
% N <:> )
= Rt
v, 4 P, N, §—
= (&

]
?Qz

Fig. 9 Circuit with one Protection Winding
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Fig. 10 Circuit with Two Protection Windings

V. EXPERIMENTAL AND SIMULATION RESULTS

An experimental integrated magnetic two-inductor boost
converter was designed to verify the principles. Although this
topology is better suited for high power application, the
experiment was implemented on a 100W level (due to
academic lab facility limitations.) The design specifications
are:

e Input Voltage: 3.3V;

e  Output voltage: 72V,

e  Maximum input current ripple 10A.
The maximum turn ratio is 10 because of the minimum duty
ratio 0.5. According to the power level, an E22/6/3F3 magnetic
core was selected for the transformer and switching frequency
is set at 160kHz. From (25), 2 primary winding turns is
minimum to satisfy input current ripple requirement. In this
design, the secondary winding is selected to have 14 turns. The
flux densities can be calculated as:

e Peak flux density in the center leg 157mT;

e Peak flux density in the outer legs 223mT.

Simulation results are shown in Fig. 11, where Ix,; and Iy,
are the currents in the two input inductors. Ip;-4 are the currents
in the output diodes. The fluxes in the legs are shown from
their respective magnetomotive forces.

The experimental circuit is as in Fig. 9. The primary
switches uses 3 paralleled Si4466. The secondary rectifiers are
BYV200. The protection winding on the center leg has 18
winding turns. It only functions when the duty ratio is less than
0.5. Experimental results are shown in Fig. 12. to Fig. 14. Both
have input 3.3V/11.2A and output 72V/0.45A. In Fig. 12,
Channel 1 and Channel 2 are the driving signals. Channel 3 is
the drain-source voltage waveform on primary switch Q.
Channel 4 shows the input current waveform, which is the
addition of the currents in the two primary windings. In Fig.
13, Channel 4 shows the current in primary windings Np,. In
Fig. 14, Channel 3 is the output voltage. Channel 4 shows the
current in output diode D;. Both the simulation and
experimental results verify the operational principles of the
circuit.
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Fig. 11 Simulation Result
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Fig. 12 Experimental Result
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Fig. 13 Experimental Result
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Fig. 14 Experimental Result

VI. CONCLUSION

A new integrated magnetic isolated two-inductor boost
converter is presented. The new converter is implemented by
using a single magnetic core with one gap in the center leg.
The two inductor windings are intrinsically coupled. The
operation principle is presented. Experimental and simulation
results verify the new topology. Some practical considerations
are discussed. The advantage of this topology is to reduce the
magnetic components and at the same time keep the coupling
between the two inductor windings. The limitation is that the
coupling is only maintained when the output voltage is
regulated. However, this condition is normally satisfied.
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