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Abstract— High-power-density and high-efficiency in DC/DC
converters are required in various applications such as the
automotive application. Interleaved multi-phase circuits with
integrated magnetic components can fulfill these requirements
because passive components occupying significant space in power
converters can be downsized without high-switching frequency
driving of power devices. However, DC-biased magnetization is a
drawback of integrated magnetic components because of
unbalanced inductor average currents. This imbalance arises from
the tolerance between the phase components. To overcome this
problem, inductor average current control is implemented in
interleaved multi-phase DC/DC converters. Nevertheless, the
imbalance cannot be completely eliminated because the current
sensors inserted into each phase have gain errors. The purpose of
this paper is to present a magnetic design method to improve the
immunity to unbalanced currents. A comprehensive analysis is
carried out with two main objectives: 1) to prevent magnetic
saturation, which may arise due to the current unbalance and 2)
to downsize the magnetic components by selecting the optimal
coupling coefficient taking into consideration the maximum
permissible percentage of unbalanced currents. Simulation case
studies are presented to support the analysis. Finally, a 1 kW
prototype of the interleaved boost converter is built to validate the
accuracy of the design method.

Index Terms— Boost converter, interleaved converter, multi-
phase, integrated magnetic components, DC-biased magnetization
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I. INTRODUCTION

EFFORTS to achieve high-power-density and develop high-
efficiency DC/DC converters are essential to improve the
portability of power conversion systems, and to conserve
energy. In particular, the importance of power converters with
their outstanding performance is growing along with the growth
of the market in applications such as, eco-friendly automotive
industries [1]-[5], low-voltage and large-current voltage
regulators for Micro Computer Units [6]-[8], and renewable
energies applications [9]-[10], among others. In addition,
saving metal resources, including rare and base metals for
magnetic components used in power converters, is a global
concern [11]-[13].
Power converters are usually heavy and occupy significant
space due to passive components such as inductors and
capacitors that are used for energy storage. Therefore,
downsizing of passive components is an effective way of
achieving high power density for the entire converter. As a
major solution method for downsizing passive components,
high-switching frequency driving of power devices is a well-
known technique. However, the disadvantage of this technique
is that it leads to additional problems such as increased
EMI/RFI noise or concentric thermal stress in active/passive
devices. Therefore, many-sided solutions for high power
density are required [14].
Interleaved multi-phase circuit topologies have attracted
attention as one of the solutions to fulfill these demands. In
general, interleaved multi-phase converters are switched with a
360 degrees/PN (PN: number of phases) phase shift and the
same duty ratio. The attractive features of interleaved multi-
phase converters are as follows
1) This topology can downsize the output/input smoothing
capacitors in comparison with single-phase converters,
because the capacitance value and the effective current
value flowing through the capacitors can be reduced by the
alternating power transfer [4], [15].

2) This approach allows the input current to be shared among
the phases. Therefore, power losses and thermal stress per
active/passive devices can be reduced or distributed.
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3) It is well-known from the literature that multi-phase
topologies help to suppress electromagnetic interference
(EMI) by increasing the number of phases in interleaved
flyback converters [16]-[17] or by changing the phase shift
degree in interleaved boost power factor correction
converters [17]-[18].

The number of power devices and their drivers increases as a

result of adapting multi-phase topologies. However, these

devices can be packaged into multi-chip modules or intelligent
power modules to reduce their mounting space, parasitic
inductance, and resistance.

On the other hand, the number of magnetic components is
similar to the number of parallel phases. Therefore, integrated
magnetic components are used, whereby multiple windings can
be installed on a single magnetic core. This integrated magnetic
concept has been applied in both isolated and non-isolated
DC/DC converters [3]-[5], [7]-[9], [19]-[22], [24]-[28]. The
integrated magnetic components provide the following
attractive features in interleaved multi-phase boost converters.
1) DC fluxes generated by inductor average currents can be

effectively canceled by the inversely coupling property. In

addition, the peak-to-peak amplitude of the AC flux in a

part of the magnetic core can be reduced. As a result, the

downsizing of magnetic components can be realized.

2) Owing to mutual induction, inductor current ripple in each
phase can be reduced. Consequently, the use of a small
energy storage inductance for each phase is allowed. This
is in contrast with the case of their discrete magnetic
counterparts.

3) From a control-theory perspective, integrated magnetics
improve the transient response speed because the inductor
current slew rate is higher than that for non-coupled
inductors [22]-[24].

Therefore, the use of interleaved multi-phase circuit topology

with integrated magnetic components results in outstanding

performance for downsizing both the inductive and capacitive
components.

Furthermore, in order to improve the performance of the
integrated magnetic technique, magnetic core structures [5],
[71-[8], [25], applications of magnetic materials [3], winding
arrangements [27]-[28], and the derivation method for
equivalent circuit models [29] have been discussed in detail.

In fact, in practical applications, there is a tolerance
between the inductor currents in each phase, because of the
inductor winding’s uneven parasitic resistances, and on-
resistances in the used power devices that are never exactly
identical among the phases. In addition, a duty ratio difference
between each switch may also affect the current imbalance.
This current imbalance has two main negative outcomes: a) a
bigger value of the input/output capacitance is needed to
compensate for the unbalanced power transfer, and b) DC-
biased magnetization occurs, which leads to a bigger magnetic
core size to handle the undesirable flux.

One possible way of tackling the current imbalance in
interleaved multi-phase boost converters is to employ inductor
average current controls. These control methods usually require
inserting one current sensor per phase. Thus, the total number

of current sensors equals the number of phases. These current

sensors are usually connected in series with the inductors in

each phase. However, it is practically difficult to completely
eliminate the current imbalance because gain errors are
introduced by the current sensors due to a difference of linearity,

DC offsets, hysteresis, and sensitivity properties of the current

sensors. Therefore, expensive high-precision current sensors or

trained labor to adjust the gain of the sensors are needed. Hence,
the large-scale production of these converters is difficult.

In order to overcome the aforementioned problems, inductor
current measurement methods using a single-current sensor,
connected in series with the smoothing capacitor [30] or to the
DC-link part [31]-[32], have been developed. The attractive
features of these methods are that they not only reduce the
current sensor’s cost, volume and weight but also overcome the
problem of gain mismatch between the current sensors.
However, these methods also suffer from two disadvantages:
first, the minimum and maximum duty cycles are limited [31],
and second, setting the over-current protection becomes
difficult because the inductor current cannot be measured
directly. Therefore, considering the above features, setting the
current sensors in all phases is also an attractive option.
Consequently, handling the DC-biased magnetization becomes
a challenge, especially during the occurrence of small
unbalanced inductor currents [33]-[34].

This paper proposes a magnetic design method for integrated
magnetic ~ components  considering the = DC-biased
magnetization when there are unbalanced inductor average
currents. As a case study, this paper focuses on the two-phase
interleaved boost converter with a loosely coupled inductor
(LCI) using EE or EI core shape. The features of the novel
design method and the contributions of this paper are as follows
1) With the purpose of improving the immunity to inductor

average current unbalance, which may lead to magnetic
saturation, the proposed method relies on inserting a small
air gap in the transformer part of the LCI to increase the
reluctance in order to minimize the effect of DC-biased
magnetization.

2) However, inserting an air gap in the transformer part of the
LCI will definitely decrease the value of the coupling
coefficient. Consequently, lower coupling factors lead to a
bigger magnetic core.

3) Based on (1) and (2), it is clear that there is a trade-off
between reducing the effect of DC-biased magnetization
and downsizing the magnetic core.

4) This trade-off is directly related to the coupling coefficient
of the LCI. Therefore, the derivation for the optimal
coupling coefficient is conducted to improve immunity to
the unbalanced inductor average currents, and to downsize
of the magnetic components.

This paper is divided into six sections. Section II discusses the

causes of the DC-biased magnetization of the LCI. The

electromagnetic analysis is conducted in section III, which is
split into four subdivisions. The equations describing the peak
flux in each leg is derived in subsection III A. The inductor
ripple current equations are given in subsection III B. The
relation between the peak flux and the inductor ripple current is
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Fig. 2. Magnetic core structure of a loosely coupled inductor.

described in subsection III C. In subsection III D, a comparison
of the core volumes is conducted between the coupled and the
non-coupled inductor, taking into consideration the maximum
permissible percentage of unbalanced inductor average currents
and based on the peak flux equations derived in the previous
subsections. Section IV presents the proposed design method,
based on determining an optimal coupling coefficient to
achieve peak flux reduction. The proposed design method is
supported by simulation and experimental results in subsections
V A and V B, respectively. A comparison of the features of the
proposed design method with other design methods is presented
in subsection V C. Finally, the conclusion is presented in
section VL.

II. THE CAUSES OF THE DC-BIASED MAGNETIZATION OF
COUPLED INDUCTORS

The circuit configuration of the interleaved boost converter
with the LCI is shown in Fig. 1, where V; and V; are the input
and output voltages, respectively; ir; and i1 are the inductor
currents in each phase; S; and S, are the main switches; C; and
C, are the input and output smoothing capacitance; D; and D,
are the output diodes in each phase; Lsir and M are the self-
inductance and the mutual inductance of LCI with the same
winding turns N. Fig. 2 shows the magnetic core structure of the
LCI with EE or EI shape. The winding in each phase is
inversely coupled with the other one in order to cancel the DC
fluxes generated by the inductor average currents. Unbalanced
conditions that adversely affects the circuit performance in Fig.
1 and their influence are considered as follows:

1) The duty ratio difference between S; and S, or the
difference of parasitic resistance in each phase: these
difference affect directly the difference between inductor
average currents in each phase. However, by employing
inductor average current controls, the average currents in
each phase can be balanced by slightly modulating the duty
ratio. The difference of duty ratio generated by average
current controls is extremely small, hence the influence on
the inductor current ripple and the peak-to-peak amplitude
of AC flux are fairly small, respectively.

Fig. 4. DC flux behavior under the balanced and unbalanced average current
conditions.
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Fig. 5. Magnetic circuit model of LCIL.

2) The difference between LCI’s self-inductance in each
phase: in this case, the difference between self-inductances
in each phase is related to the difference between the
leakage inductances in each phase if the number of turns in
each phase are the same. Although the difference between
the leakage inductances in each phase is naturally affected
inductor ripple currents in each phase, this difference has
to be paid attention from the flux density design points of
view. This is because the leakage inductance of LCI is well-
known as the inductance related to DC flux [3], [5]. If flux
density is regulated, LCI can be designed by setting an
upper limit value of the leakage inductance.

3) Unbalanced average current condition: Unbalanced
inductor average currents mainly affect DC-biased
magnetization of the transformer part of LCI and this
condition generates the undesirable flux. Even if inductor
average current control is implemented, the current
imbalance cannot be completely avoided as mentioned in
section I. Therefore, in this section, the causes of the DC-
biased magnetization of LCI are described in detail.

Figs. 3 (a) and (b) show the inductor current waveforms under

balanced and unbalanced inductor current conditions,

respectively. The inductor ripple current of LCI has a frequency
equal to almost twice the switching frequency due to the effect
of mutual induction. The inductor ripple current is composed of
two current components: One is a common ripple current which

is equal to half of the input ripple current, and the other is a

wheeling ripple current of the transformer [5], [8]. LCI has both

the leakage inductances and the mutual inductance, and the
inductances related to each current component are different.

The current ripple analysis results are shown in Appendix 1. In

Fig. 3, ILave is the inductor average current in each phase, and ¢

(0<o<1) is the maximum permissible percentage of unbalanced

inductor average current. 0 = 0 means that the inductor average
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currents are completely balanced between the phases. In the
same way, a higher J means a large difference between the
inductor average currents. If the input power P; and input
voltage V; are not changed under both balanced and unbalanced
conditions, the inductor average currents under the unbalanced
condition can be represented as Irave(146), ILave(1-6) for phase
one and phase two, respectively. This relationship can be shown
as follows
E=V '{ILave(1+ 5)+1Lave(l_5)}

v M

From this relationship, the unbalanced inductor average
currents are symmetrically arranged around /rave. In the same
way, Figs. 4 (a) and (b) show the DC flux behavior under
balanced and unbalanced inductor average current conditions.
For the balanced condition, as shown in Fig. 4 (a), the DC fluxes
in the outer legs are usually equal, and they circulate through
the central leg, since the DC magneto-motive force (MMF) in
each phase is the same.

However, when there are unbalanced average currents
flowing in the windings as shown in Fig. 4 (b), the DC flux in
the outer leg, where a higher average inductor current flows,
becomes significantly high in comparison with the balanced
condition. The main reasons are that the magnetic reluctance of
the transformer part in the outer leg is low to improve the effect
of mutual inductance, and the DC-MMF between each phase is
different. Consequently, DC-biased magnetization occurs when
there is a difference between the inductor average currents.

Lave

III. CHARACTERISTIC ANALYSIS UNDER THE DC-BIASED
MAGNETIZATION

In this section, electromagnetic analysis is carried out
considering the DC-biased magnetization phenomenon. This
analysis provides guidelines for the proposed design method
presented in section IV. Essentially, a magnetic component is
designed considering the maximum flux density by choosing
the appropriate magnetic material and the core size in order to
avoid magnetic saturation. The relationship between the
maximum flux density Bmax, the maximum flux @max, and the
sectional area Acore Of the core is given as follows

Dy = Brax  Acore @)

Therefore, @max is one of the key factors that influence the
magnetic core size and volume because Acore size is influenced
by ®Pmax, and the magnetic design has to incorporate Bmax.
Therefore, the peak flux analysis of the core relies on the
magnetic circuit model of the LCI shown in Fig. 5, where Ruo
and Ry are the magnetic reluctances in the outer legs and the
central leg of EE shape cores. @1, @, @ are the magnetic fluxes
in the outer legs and the central leg, respectively. In this
magnetic circuit model, the external leakage fluxes of the
windings are neglected to simplify the analysis.

A. Magnetic analysis of peak fluxes in each leg

In this subsection, the peak flux in the outer and central legs
will be derived. First, DC fluxes are analyzed under the
unbalanced inductor average current condition. The average
inductor currents in each phase and DC fluxes in the outer leg

and the central leg are denoted as I ave(1+0), ILave(1-0), @o1, o2,
and @, respectively. Based on the magnetic circuit model
shown in Fig. 5, the following equations can be obtained

N'ILavcl:N'ILavc(1+§)=Rmo'gpol +Rmc.¢c
Nl[Lach:N.ILavc(l_é‘):Rmo'¢02+Rmc'gpc (3)
¢c=¢ol+q§02

Thus, @1, Do, D are respectively shown by

D, =N-1I,, ;‘Fi
Rn10 + 2RH]C Rn10
1 )
®o,=N-I, |———
g [R o @
— Z'N'Iuwe
© R, *2R,

Then, the peak-to-peak amplitude of the AC flux in the outer
leg is given by the following equation on the basis of Faraday’s
law

V.
& =—d.T 5
Nk %)

opp

where d and T are the duty ratios of the main switch and the
switching period. On the other hand, the AC fluxes in the
central leg are expressed as follows
1-2d V,
cpp_d<0.5 — 1—d —=d T,
2d—-1

cpp_d>05 — 4

(6)

D -d-T,

s

z|< =]

From (6), AC fluxes in the central leg depend on whether the
duty ratio is less than or greater than 0.5. This is so because AC
fluxes having 180° phase difference in the two outer legs are
added at the central leg.

On the other hand, the higher peak flux in the outer leg, where
the higher inductor average current flows, is shown by the
following equation, considering that the peak flux is shown by
the sum of the DC flux and half of the AC flux.

V.
T = 0,430, =N-1Lave-(M+:]+;N'-d-7; ™
where a is the ratio of Rmc t0 Rmo (@=Rmc/Rmo). Similarly, the
peak flux in the central leg when the duty ratio is less or greater
than 0.5 is respectively given by

'mo

1 2.N-1 1 1-2d Vv
qj < =¢ +7¢ < = Lave . f‘dT
cp_d<0.5 cTh cpp_d<0.5 RmO . (1+ 2(1) 2 1-d N s (8)
D, s =D Ao 2N Ay 1 2d-1 Y, o

2 TR iv2a) 2 4 N

Based on the magnetic circuit model shown in Fig. 5, the mutual
inductance M and the leakage inductance Li are described as
follows
2 Rmc
M=N?——
RmO + 2 ' RmO ) Rmc
€)

Therefore, the relationship between the coupling coefficient k
and the ratio of magnetic reluctance a is as follows
M M a k

== = ,
L, M+L, 1+a = 1-k (10)
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From (10), it can be deduced that the coupling coefficient k is
related to the ratio of magnetic reluctance only. In addition, by
solving (4), (9), and (10) together, the DC flux related to the
unbalanced current, @, 5 can be expressed as follows
)
¢(>,5_N ILuve Rmo_N ILuve 5 (l’lk+2M) (11)
=N-I . 0 Ly (1+k)

Based on (11), it can be concluded that in the case of high
coupling factor k, the influence of a small current unbalance
(i.e., small value of ¢) on the DC flux will be significantly high
in the LCI configuration [26]-[27]. Therefore, it is important to
insert a small air gap into the outer legs to improve the
immunity to the unbalanced currents, and to minimize the effect
of DC-biased magnetization by adjusting the value of the
coupling factor k.

B. Inductor ripple current analysis

Inductor ripple current is an important factor in designing
magnetic devices. Because the ripple current flows in the
inductor windings, it influences the maximum current ratings of
the power devices, the power conversion efficiency, and the
load range that can be operated in the Continuous Current Mode
(CCM). In this paper, CCM is assumed because the interleaved
multi-phase boost converter is often applied in high power
applications, and inductors are usually designed at the
maximum power rating in the converter.

In CCM operation ranges, the inductor ripple current is
expressed by the following equation, regardless of whether the
current is balanced or unbalanced.

1-2-d\ V.
ILpp_dso.sszn[H'“' —d )Nf'szs

2-d—1) Vo4
v T

(12)
1

Lpp_d>0.5

= Rm(1+ a-

C. Peak flux normalized by the inductor ripple current

Based on (7)-(8), and (12), it is clear that the magnetic circuit
parameters Rmo, Rmc, and N, influence both the peak flux and the
inductor ripple current. Therefore, to evaluate the downsizing
effect of the LCI under the DC-biased magnetization condition,
the maximum fluxes in the outer and the center legs shall be
derived as a function of the inductor ripple current.

The peak fluxes in the outer leg within the ranges of the duty
ratio d < 0.5, d > 0.5 are given by the following equations,

which are obtained by substituting (12) into (7) to eliminate Rpo.

0y oe= Vs M(M‘m}@g 4T

N 1+2-«a 1-d ) I, 2 ‘
(13)

¢0p Ms:ﬁ‘ M,(l_‘_a.z'd_lj‘@_kl d-T,

N 1+2-a d )1, 2 ‘

In the same way, the peak fluxes in the central leg are given by

A
SN (142 I-d ) 1, 2 1-d :

B =t 2 .(1+0,.2'd‘1 Jipe (1 2d=10 7
TN (142-a d )1, 2 d :

On the other hand, in the case of the non-coupled inductor, the
peak flux can be expressed as a function of the current

(14)

unbalance as follows

q)nP:V'-{IWA((SH)Jr;}d-TS (15)

N |1

Lpp

Equation (15) is derived to help investigate the reduction of the
magnetic core volume of the LCI compared with that of the
non-coupled inductor.

D. Comparisons of peak fluxes and core volume

Equations (13)—(15) describe the peak fluxes in the outer leg,
the central leg of the LCI and the non-coupled inductor,
respectively. These equations will help us to evaluate the core
volume in each case for DC-biased magnetization. In addition,
this evaluation is helpful in selecting a suitable magnetic core,
since it provides information about which leg has the higher
flux density in the LCI configuration. The evaluation items to
compare each peak flux, @, (6 = 0-0.02)/D,, (6 = 0-0.02), D,
(0 = 0.01-0.03)/Dyp (0 = 0), and Dop (6 = 0-0.02)/Dyp, (6 = 0—
0.02) are respectively compared to confirm the influence of
DC-biased magnetization. These comparison results are also
useful in describing the relationship between the section area of
the central and the outer legs to obtain a uniform and constant
value of flux density in the magnetic core. All comparisons are
carried out under the condition that the ratio of the ripple current
to the average current Jppp/I ave s 0.3.

First, using (13) and (14), the ratio of @, (d = 0-0.02) to Py
(0 = 0-0.02) is obtained, as shown in Figs. 6 (a)-(c). As a
comparison condition, ¢ is varied from 0 to 0.02. As seen in
Figs. 6 (a)—(c), the peak flux &, in the central leg is always less
than twice its value in the outer leg in all ranges of the duty ratio
and under any J conditions. Usually, magnetic cores with the
EE or EI shape have twice the sectional area in the central leg
as compared with the outer legs. In this context, if the sectional
area in the central leg is larger than twice its value in the outer
leg, the flux density in the outer leg is always the highest in the
core. In addition, when unbalanced current flows into the
winding of the LCI with a high coupling coefficient, the peak
flux @, in the outer leg increases significantly in comparison
with @, in the central leg, because a higher coupling coefficient
k means lower magnetic reluctance Rmo, which helps to generate
a larger DC flux in the outer leg under unbalanced current
conditions.

Second, Figs. 7 (a)—(c) show the ratio of the peak flux @,
with DC-biased magnetization (6 = 0.01-0.03) to @, without
DC-biased magnetization (J = 0). This comparison is conducted
to investigate the influence of the unbalanced current factor &
under the same coupling coefficient condition. As shown in
Figs. 7 (a)—(c), if the LCI is designed with a higher k (i.e., k =
0.99) and unbalanced current occurs between each phase, it
leads to an increase of the peak flux @, in the outer leg under
unbalanced conditions and, consequently, magnetic saturation
may occur if the LCI is designed assuming balanced current
conditions. When magnetic saturation occurs, the inductance
values of the LCI drop dramatically and the inductor current
ripple increases considerably, causing conduction losses (in
both of the inductor winding and power devices) to increase. In
the worst case, the converter may be stopped by the overcurrent
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Fig. 8. Ratio of the peak flux in the outer leg to that in the non-coupled inductor.

protection mechanism. As previously mentioned, the vertical
axis shown in Figs. 7 (a)-(c) means that the ratio of peak flux
with DC-biased magnetization to that without DC-biased
magnetization. In other words, the vertical axis also means the
ratio of the sectional area in the outer leg designed to handle the
same flux density under the balanced and unbalanced
conditions respectively, as understood from (2). Therefore, the
outbreak of the unbalanced current is related to a reduction in
the downsizing effect of LCI. On the other hand, within lower
values of the coupling coefficient (i.e., k = 0.5), the ratio of the
peak flux under unbalanced @, (0 = 0.01-0.03) to that under
balanced @., (0 = 0) is considerably small. This is also
consistent with (11). However, a lower coupling coefficient
considerably reduces the downsizing effect of LCI as compared
with non-coupled inductors as follows.

Finally, using (13) and (15), peak flux @, (6 = 0-0.02) in the
outer leg is compared with @y, (6 = 0-0.02) in the non-coupled
inductor. In this comparison, both the coupled and the non-
coupled inductors have the same number of turns because the
number of turns also affects the values of their peak fluxes. The
purpose of this investigation is to confirm the reduction in the
downsizing effect of LCI in comparison with a non-coupled
inductor when k and ¢ are varied. Figs. 8 (a)—(c) show the ratio
of @, to @y under the same J conditions. The vertical axis in
this figure also means that the ratio of sectional area A, in the

outer leg to Anon Of the non-coupled inductor is designed to have
the same flux density. As seen in Figs. 8 (a)—(c), if LCI with a
higher k is used under the ¢ = 0 condition, greater reduction in
@, can be obtained as compared with that of a non-coupled
inductor. Therefore, the downsizing of the sectional area A, in
the outer leg of LCI can be realized as compared with that of a
non-coupled inductor. This means that a higher coupling
coefficient helps to reduce the overall core volume of LCI under
the current balancing condition J = 0. On the other hand, when
higher unbalanced currents flow into the windings of LCI with
higher k, @, greatly increases compared with @,,. Therefore, a
higher k is not always suitable for downsizing of magnetic core
under unbalanced average current condition. As shown in Figs.
(6)—(8), the coupling coefficient value of 0.99 is given as an
extreme example to investigate the influence on DC-biased
magnetization. However, a high coupling coefficient such as
0.99 or a value close to it, could be obtained by using high
permeability magnetic materials such as nanocrystalline,
amorphous cores or electrical steel sheets.

Then, to clarify the effect of DC-biased magnetization on the
core volume of LCI, a calculation method of core volume based
on the area product method [27], [35] is introduced. The
calculation of core volume is carried out by estimation. The
definitions of the core size for the estimated core are shown in
Fig. 9. The shape of the sectional area A, in the outer leg of LCI,
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Fig. 10. Ratio of the core volume of LCI to that of non-coupled inductors.

Anon of the non-coupled inductor, and the winding area A to
wind the windings to the core, are defined as square for
analytical convenience. In this structure, the core volume of
LCI, Volcouptea can be calculated as follows

Vol e :{(\/A70+\/E)(2\/Z+\/K)JA70—AW \/Aio}z

Core volume in outer leg

A,
+ (2\/A70 + \/Z ) \/i ’ \/X
Core volume in centralleg

=2-/A, (A +24,)+(A, +64)- A,

Then, A, and A, described in (16) can be converted as follows

(16)

A = ¢op — @np A ¢op —A _¢op
° Bmax Bmax ¢np - ¢np
(a7
P N S N
Bmax Bmax @np ¢op @HP ¢UP

Likewise, the total core volume of the non-coupled inductors,
Voliotal_non can be calculated as follows

Vol =2 + A, F A A, A 2

core volume per a phase

=8-A, (A +,)

Therefore, the ratio of Voleoupled t0 Voliotal non 1S given by the
following

(18)

D, D b P

—2IJA, |6+ =2 |+2[2+—2|. A —2
Vozcoupled ¢"P [\/T [ ¢"P j [ qj"l’ J " ¢“P j (19)
vol 8- (VA +44,)

Therefore, the estimated core volume of LCI and that of non-
coupled inductors can be compared by utilizing (13)—(15) and
(19). The ratio of Volcoupied t0 Voliotal non is shown in Fig. 10. The
preconditions to illustrate Fig. 10 are also shown in the same
figure. As seen in this figure, Volouwled can be significantly
reduced at higher coupling coefficients when J = 0. However,
with increasing J, higher k degrades the downsizing effect of

total_non

LCI. We summarize as follows:

e Under balanced current condition: LCI with a high
coupling coefficient is effective to downsize the core
volume. As the peak flux in the outer leg can be reduced,
the sectional area of the outer leg can be downsized.

e Under unbalanced current conditions: LCI with a high
coupling coefficient leads to an increase in the volume of
the magnetic core to avoid magnetic saturation.

It can be concluded that there is a trade-off between handling
the DC-biased magnetization and downsizing the magnetic
components. This trade-off is directly related to the coupling
coefficient of the LCI. Therefore, selecting the optimum value
of the coupling factor is important to obtain immunity to the
phase unbalanced currents and downsizing the magnetic core
volume.

IV. MAGNETIC DESIGN METHOD FOR COUPLED INDUCTOR
A. Determining optimal coupling coefficient

The purpose of the proposed design method is to obtain
optimal magnetic circuit parameters such as Rmo, Rmc, and N
under any unbalanced condition. In order to downsize the
magnetic core of the LCI compared with non-coupled inductors,
the optimal coupling coefficient k£ considering any unbalanced
current factor 0 shall be derived. Furthermore, the core volume
of the outer legs of the LCI occupy a large proportion of the
total volume of LCI as seen in Fig. 9, because the central leg is
a part of the core. Therefore, the condition that the ratio of peak
flux @, to @,p become the lowest value is one of the optimal
design points to downsize the core volume of LCI. To identify
an optimal o (or an optimal k), Fig. 11 shows the ratio of @, to
@y, when 6 = 0.001-0.1 and d is fixed at 0.7. As shown in Fig.
11, there is one optimal value of a where @op/Pnp is minimum.
To identify the optimal «a, the following equations have to be
satisfied
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d (@op,dso.s / gan )
da
d((pop_d>o.5 / ¢np )
do
By solving (20), the optimal o can be obtained within the ranges
of duty ratio less or greater than 0.5, respectively

_O(1-2d)+,/5(1-2d)
a<0.5 — 25(261, —l)
o _8(2d-1)+/8(2d -1)
a>05 — 25(1—2d)

Although there are two solutions in (21) within the ranges of
d <0.5,d> 0.5, when the second term in (21) is positive, a is
not effective because it always becomes negative. This value
cannot be used in practical design. Therefore, the effective
value of a can be obtained as follows
8(1-2d)-+/6(1-2d)

26(2d -1)
82d-1)-/6d -1)
25(1-2d)

As shown in (22), the optimal o depends on only the duty
ratio and the maximum permissible factor J. Using (10) and
(22), the relationship between the optimal & and duty ratio d
under any 0 condition is shown in Fig. 12. As shown in Fig. 12,
the coupling coefficient considering a maximum permissible
factor ¢ is relatively high at d = 0.5. However, a lower coupling
coefficient is needed at extreme duty ratios such as d = 0.1 and
0.9 or with increasing unbalanced current factor J, as a feature
of the optimal . Figs. 13 and 14 respectively show the ratio of
Dy (0 = 0.001-0.1)/Dnp (6 = 0.001-0.1) and the ratio of D, (0
= 0.001-0.1)/®qp (6 = 0.001-0.1) when the optimal a derived

=0
(20)
=0

21

<05 =
(22)

Ays05 =

Fig. 14. Ratio of peak magnetic fluxes (®./®P.,) using the optimal a
under DC-biased magnetization condition.

from (22) is used. It can be seen that as the operating duty ratio
d approaches the duty ratio limits (for instance 0.1 or 0.9), the
downsizing effect of the sectional area A, in the outer leg
becomes smaller compared with that of the non-coupled
inductor. Therefore, when the two-phase interleaved boost
converter with LCI is employed in renewable energy systems
that require a high voltage gain [10], the downsizing effect is
relatively low. On the other hand, as shown in Fig. 14, the ratio
of peak flux (Dp/Pop) reduces with increasing . This is because
the unbalanced current factor  only affect the increase of @qp,
and @cp/D,p becomes smaller with increasing o.

Although the total core volume of LCI is mainly occupied by
the outer legs, the core volume of the central leg also impacts
the total volume of LCI. Therefore, to demonstrate the
effectiveness of the optimal k, the core volume of LCI and that
of the non-coupled inductor are compared when the coupling
coefficient k is 0.1-0.99. In addition, since the optimal k is
affected by not only d but also J, comparative studies on the
two conditions are conducted to investigate the impact of not
considering the peak flux in the central leg: One is assumed on
the condition that ¢ is fixed as 0.03, and d is varied from 0.1 to
0.9. The other is assumed on the condition that d is fixed as 0.7,
and ¢ is varied from 0.001 to 0.1. By substituting (10) into (13)
and (14), and then calculating (19), the ratio of the core volume
of LCI to that of non-coupled inductors can be obtained. The
comparison results of the core volumes of LCI and the non-
coupled inductor are shown in Figs. 15 (a) and (b), respectively.
As seen in Figs. 15 (a) and (b), there is a slight error between
the coupling coefficient that results in the maximum
downsizing effect and the optimal k plotted in red points in
these figures. However, the optimal k can be identified as the
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design point with a high downsizing effect. Therefore, the
effectiveness of the optimal & is proved. Finally, the downsizing
effect of LCI with the optimal k is calculated. Fig. 16 shows the
ratio of core volume of LCI with the optimal k to that of non-
coupled inductors. As seen in Fig. 16, LCI designed by the
optimal k can significantly downsize the core volume while
compensating DC-biased magnetization. Even if 6 = 0.1 and d
=0.1-0.9, LCI can be downsized by at least 30% as compared
with the total volume of non-coupled inductors.

B. Proposed magnetic design method

In this section, the magnetic design method for LCI is
proposed on the basis of the analysis results. In addition, the
effectiveness of LCI designed by the proposed design method
is confirmed through this evaluation. The circuit parameters and
the magnetic parameters for this evaluation are shown in Tables
I and II. The duty ratio of the boost converter is chosen to be
0.583 as a practical value, since the boost converter in the well-

9
TABLE I
CIRCUIT PARAMETERS
Input voltage Vi 50V
Output voltage Vo 120V
Input power P 1kW
Duty ratio d 0.583
Switching frequency fs 50kHz
Inductor average current I ave 10A
Maximum permissible percentage of .
unbalanced inductor average currents 0 0.05
Inductor ripple current Iy 3A
Ratio of ripple current Tpy/ILave 0.3
Maximum flux density Biax 250mT
Maximum flux Dpnax 46puWb
TABLE II
MAGNETIC MATERIAL PROPERTY AND CORE SIZE
Core size EC70 (TDK)
Core material Ferrites (PC40)
Relative permeability Ly 2300
Saturation flux density Bia100°c) 380mT
Residual magnetic flux density B, 125mT
Sectional area in outer leg A, 184mm?
Sectional area in central leg A 211mm?
Effective magnetic path length le 144mm

Circuit parameters and
magnetic core selection
v
Step 1: Decision of ratio of
magnetic reluctance a
v
Step 2: Decision of number
of turns N
v
Step 3: Calculation of magnetic
reluctances R, and R
v
Step 4: Calculation of
inductances Ly, and M

Step 5: Manufacture of
prototype

Fig. 17. The design flowchart of the novel design method considering
DC-biased magnetization, caused by little unbalanced currents.

known hybrid electric vehicle, Toyota PRIUS (2™ ver.), uses
this value [36]. The generic magnetic core (material: ferrite
(PC40), size: EC70) is selected for the magnetic core of LCI
[37]. This core can be obtained easily with no need to custom-
build special cores. In this design, the maximum permissible
percentage of unbalanced inductor average currents, J is
assumed within 5%, considering offset voltages, non-linearity,
and temperature dependability of hall-effect current sensors.
The gain error of the hall-effect current sensors has to be
considered as several percent of the gain error in practical
design [38]. In addition, the relationship between the
unbalanced current and gain error of the current sensor is shown
in Appendix II. The design flowchart of the novel design
method is shown in Fig. 17. The contents in each step in the
process of the proposed design method are given below:

Step 1: The optimal a and coupling coefficient k are derived.
Using (22) in the range of d > 0.5 and (10), a and k are obtained
as 4.98 and 0.83, respectively.

Step 2: The number of turns in each phase is decided to fulfill
the design parameters. As mentioned in section III D, there are
two peak fluxes in the outer leg and the central leg in the core.
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Therefore, it is required to investigate which leg in LCI has
higher flux density by using the following relation
By _2/A
B, @A
where Bop and Bcp are the peak fluxes in the outer leg and the
central leg, respectively. By substituting (13) and (14) into (23),
Bop/Bep is calculated as 1.16. Therefore, the flux density should
be regulated at the outer leg. Considering (2) and (13), which
comply with the condition of @op < Pax, the following equation
can be obtained

{ILWC.(14_6[.&).(5_*_;)4.14[@")}{4.d.];
> d 1+2ax) 2

Noos 2 L B 4,

In this case, the effective range of the number of turns is
calculated as N > 20.81; therefore, N is chosen as 21 turns.

Then, to validate the effectiveness of the optimal « derived
in step 1, the number of turns of LCI are compared with that of
non-coupled inductors when « is varied. Fig. 18 shows the
change trend of the number of turns of LCI and that of the non-
coupled inductor. The coupling factor k and the reluctance ratio
o are simultaneously shown on the horizontal axis, according to
(10). It is clear that there is an optimum value of the coupling
factor where the number of turns can be minimized in the LCI
configuration. In addition, this optimal coupling coefficient can
be derived in Step 1. Other than the optimum value point on the
curve, we have two conditions:

e  When the coupling factor is higher than the optimum value:
the number of turns increases due to the influence of the
DC-biased magnetization, as mentioned earlier in equation
(11).

e  When the coupling factor is lower than the optimum value:
in this case, the number of turns increases as the LCI
characteristic becomes similar to the non-coupled inductor
(i.e., low value of the coupling factor makes the LCI act as
two independent magnetic cores).

In the aforementioned two conditions, the winding volume and

conduction losses are expected to increase. On the other hand,

the number of turns of the non-coupled inductor is calculated as

50.7 turns on the basis of (15). This value is constant because

the coupling coefficient has no influence. Consequently, a

reduction of 59% in the number of turns can be achieved at the

optimum value of the coupling factor (k = 0.83).

Step 3: The magnetic reluctances Rm, and Rpc in the outer
legs and the central leg, respectively, are calculated. The
magnetic reluctance Rmo in the outer leg can be calculated from
(12) because N, a, and the other parameters in (12) have already
been decided. In this case, Rmo is calculated as Rmo =
0.93A/pWb, and Rn, is also calculated as 4.66 A/uWb from o
= Rine/Rino-

Step 4: Design values of each inductance have to be derived
by using (9) because the magnetic reluctances cannot be
measured directly. As the design value, the leakage inductance
Li is 43 pH, and the mutual inductance M is calculated as 213
nH.

Step 5: The final step is to build the prototype. Usually, the
values of the magnetic reluctances Rmo and R in the prototype

(23)

(24)

Ratio of magnetic reluctance a
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Fig. 18. The change trend of the number of turns of the coupled and non-
coupled inductors when « is varied.

are estimated by measuring inductance values Lk and M
because these values cannot be measured directly. This is
because the magnetic reluctance value calculated from the
geometrical structure has errors caused by the tiny air gaps at
the junction of the core, the fringing flux at air gap, and the
uneven flow of the magnetic flux in the core. To estimate R,
values in the prototype, the following relationship is used
2
R =—N__
L, +2M

Equation (25) is derived from (9). By using this relationship,
the air gap length of the outer legs is varied by inserting a thin
film that has excellent isolation and heat-resisting properties.
The value of Rn, can be adjusted to the designed value. As a
result, the air gap length in the outer leg is fixed at 0.2 mm.
Then, to adjust the magnetic reluctance Rp in the central leg,
the central leg is cut to obtain the designed reluctance value.
The air gap length in the central leg is set to 11.3 mm. The
prototype of the LCI is shown in Fig. 19. In addition, the
designed magnetic parameters and converted magnetic
reluctance values from the measured inductances are
summarized in Table III. The designed and measured
inductance values are also shown in Table I'V. There is only a
slight error between the designed and measured values, as
shown in Tables III and IV. Therefore, the appropriateness of
the implementation method is confirmed. Furthermore, to
verify the effectiveness of the proposed design method with the
optimal k from the perspective of reliability, a prototype based
on the conventional design method given in [27] is made. The
feature of the conventional design method is that there is no air
gap in the outer legs. The advantage of this is that the
downsizing effect is higher than the proposed design method.
However, if unbalanced currents flow into the windings of the
LCI designed by the conventional design method, magnetic
saturation can easily occur because the DC-biased
magnetization is not considered, and the designed coupling
coefficient value is comparatively high. Similarly, the magnetic
circuit parameters of LCI based on the conventional design
method are shown in Tables V and VI. The conventional LCI is
shown in Fig. 20.

(25)

0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2707385, IEEE

Transactions on Power Electronics

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 11

TABLE III
MAGNETIC PARAMTERS (PROPOSED DESIGN
Winding turn number N 21
Magnetic reluctance of the outer leg (designed value) Ruo” | 0.93A/uWb
Magnetic reluctance of the central le;
(the:g converted value from measured ignductance value) R 0.91A/uWb
Magnetic reluctance of the central leg (designed value) Rue” | 4.66A/uWb
Magnetic reluctance of the central le;
(theg converted value from measured ignductance value) Rme 4.67TA/uWD
TABLE IV
INDUCTANCE VALUES (PROPOSED DESIGN)
Mutual inductance (designed value) M 213puH
Mutual inductance (measured value) M 220pH
Leakage inductance (designed value) Ly’ 43uH
Leakage inductance (measured value of phase 1) L 43uH
Leakage inductance (measured value of phase 2) Lo 43uH
Coupling coefficient (designed value) Kk 0.83
Coupling coefficient (measured value) k 0.83

Fig. 19. Prototype of the coupled inductor with air gap in the outer legs
(Proposed design method).

V. CONFIRMATION OF THE VALIDITY OF THE PROPOSED
DESIGN METHOD UNDER THE DC-BIASED MAGNETIZATION
CONDITION

A. Simulation results

In order to show the effectiveness of the proposed design
method over the conventional one [27], a multi-phase
interleaved boost converter with LCI was simulated. Two
simulation case studies are performed using PLECS (Plexim
Inc.) simulation software. As a simulation condition, a linear
analysis is utilized. In other words, magnetic saturation or
variation of the values of the magnetic reluctances depending
on magnetic field intensity, is not considered.

e LCI designed by the proposed design method: Fig. 21 (a)
shows inductor currents in each phase and magnetic flux
waveforms of LCI designed by the proposed design
method under conditions specified in Table I. The designed
magnetic parameters are (Rmo = 0.93A/uWb, Rme =
4.66A/uWb, N = 21turns). As seen in Fig. 21 (a), the
inductor currents satisfy both the designed inductor ripple
current of 3A and inductor average currents with the
unbalanced factor 6 = 0.05. From the magnetic flux
waveforms, the peak flux @, in the outer leg is 44.9 uWb.
The flux density is calculated as 244 mT. Therefore, the
validity of the proposed method was confirmed.

e LCI designed by the conventional design method [27]: Fig.
21 (b) shows inductor currents in each phase and magnetic
flux waveforms under conditions given in Table I using the
designed magnetic parameters (Rmo = 0.18 A/uWb, Rmnc =
2.89 A/uWb, N = 14 turns). As seen in Fig. 21 (b), the peak
flux @qp1 is much greater than the designed magnetic flux
because the conventional design method does not take into
account the DC-biased magnetization. The flux density is

TABLE V
MAGNETIC PARAMTERS (CONVENTIONAL DESIGN)

‘Winding turn number N 14
Magnetic reluctance of the outer leg (designed value) Ruo” | 0.18A/uWb
Magnetic reluctance of the central leg

(the converted value from measured inductance value) Rmo 0.18A/uWb
Magnetic reluctance of the central leg (designed value) Ruc | 2.89A/uWb
Magnetic reluctance of the central leg

(the converted value from measured inductance value) Rune 2.88A/uWb

TABLE VI
INDUCTANCE VALUES (CONVENTIONAL DESIGN)
Mutual inductance (designed value) M 523uH
Mutual inductance (measured value) M 522uH
Leakage inductance (designed value) Ly 34pH
Leakage inductance (measured value of phase 1) L 33uH
Leakage inductance (measured value of phase 2) Lo 33uH
Coupling coefficient (designed value) k 0.94
Coupling coefficient (measured value) k 0.94

Fig. 20. Prototype of the coupled inductor without air gap in the outer legs
(Conventional design method).

calculated as 451 mT, which is equal to the saturation value
of flux density in the ferrite. Therefore, the reliability of the
conventional design method is worse than the proposed
design method.
The simulation results agree with the analysis carried out in the
previous sections. The proposed design method improves the
immunity to the unbalanced inductor currents, and minimizes
the effect of DC-biased magnetization, which is not considered
in the conventional LCI design method.

B. Experimental results

In this section, the experimental results are presented. This
experimental evaluation is conducted under both balanced (6 =
0) and unbalanced inductor currents (6 = 0.05). The
experimental results of the two prototypes are given below:

e LCI designed by the proposed design method: Figs. 22 (a)
and (b) show the inductor currents under balanced and
unbalanced conditions, respectively. The values of the
inductor ripple currents are 2.97 A and 2.98 A, and they
almost agree with the designed value of 3 A. It is clear that
the magnetic core has not saturated under both balanced
and unbalanced conditions. In the case of magnetic
saturation, the inductor ripple current increases
significantly as the inductance value decreases. The
experimental waveforms show a linear behavior under both
current balance (0 = 0) and current unbalance (6 = 0.05)
conditions.

e LCI designed by the conventional design method [27]:
Figs. 23 (a) and (b) show the inductor currents under
balanced and unbalanced conditions, respectively. The
values of the inductor ripple currents are 2.98 A, and they
almost agree with the designed value of 3 A under the
balanced condition (6 = 0). However, under unbalanced
current condition (6 = 0.05), it can be noticed that the
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Fig. 23. Experimental current waveforms of the LCI designed by the conventional design method.

magnetic core is saturated. The values of the inductor
ripple currents are 4.5 A and 3 A. This condition occurs
because no air gap is inserted in the outer legs, so a high
value of the coupling factor helps the DC-biased
magnetization to increase leading to core saturation.
Therefore, LCI without air gaps in the outer legs or with a
lower magnetic reluctance Rmo is required in advanced
control schemes such as high precision current sensors for
measuring inductor average current.

C. Evaluation of the proposed design method with optimal
coupling coefficient

Finally, the features of the proposed design method are

0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

stated. Table VII summarizes the pros and cons of the proposed
design method alongside other inductor design methods. The
design examples of core size are also shown in this table to
indicate the downsizing effect by using the proposed design
method with the optimal value of k. From this table, both high
immunity to unbalanced current and downsizing magnetic
components can be realized by using the proposed design
method with the optimal £.

VI. CONCLUSION

This paper proposed a magnetic design method of integrating
magnetic components to overcome the magnetic saturation that
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TABLE VII

FEATURES OF EACH DESIGN METHOD AND CORE VOLUME COMPARISON

Loosely Coupled Inductor (LCI)

Proposed design method
with the optimal k

Proposed design method
with the lower or higher & than
the optimal k

Conventional design method
without air gap in outer leg[27]

Non-coupled inductors

Immunity to unbalanced currents

High

High

Very low

Not applicable

Core or winding volumes

Small

Large

Very small

Very large

Core volume comparison results

Evaluation conditions

TABLE I (Note that only duty ratio is changed from 0.583 to 0.75 to confirm the effectiveness of the optimal k), TABLE II

Number of turns

N: 30turns (each phase)

Winding area Ay, : 126mm?
. Rn: 3.6 A/pWb
Ro: 1.30 A/uWb Rio: 0314 A/pWb %“'_%115722/%') (R, is the magnetic
Magnetic reluctance values Rinc: 3.45 A/uWb Rinc: 4.92 A/uWb me = H ) reluctance of the closed
! . ! - (the design method are shown . .
(derived from (12)) (derived from (12)) in [27)) magnetic path in the
core)
k:0.73
. e . k:0.94 k: 0.97 .
Coupling coefficient deriv(etgef ;z)lz;u(nzazl)v:ilée( o) (a provisional value) (derived from (10)) Not applicable
Ly: 110 pH Ly: 88 uH Ly: 86 nH
Inductance values M: 292 uH M: 1.39 mH M:2.92 mH Lo 250 pH
(derived from (9)) (derived from (9)) (derived from (9))
. 2
Ay 242 mm? Ay 358 mm? ’2": ég‘z‘ 222 Apon: 400 mm?
Sectional area of the core Ac: 326 mm? A 269 mm? (the desi r?metho 4 are shown (derived from (15) and
(derived from (24)) (derived from (24)) -~ 27) @)
Volcoupiea: 0.045 liter Volcoupiea: 0.065 liter Volcouplea: 0.029 liter Voliotal non: 0.099 liter
Core volume P P P
(derived from (16)) (derived from (16)) (derived from (16)) (derived from (18))
arises from unbalanced inductor currents in interleaved multi-
phase boost converters. The proposed design method is APPENDIX

especially useful for practical designs. We obtain the following

information for integrated magnetic components used in

interleaved boost converters;

1) On the basis of the analysis results of Section III, when an
unbalanced average current flows into the windings of the
LCI with a higher coupling coefficient, the peak flux in the
outer leg of LCI increases considerably, causing magnetic
saturation. When magnetic saturation is avoided in a state
where a high coupling coefficient is maintained, the
downsizing effect of the LCI is reduced in comparison with
non-coupled inductors. However, when the coupling
coefficient is optimized based on the maximum
permissible percentage of unbalanced inductor average
currents, LCI can be downsized. These results are given in
Sections IV and V.

2) The design and implementation methods were proposed in
Section IV. The validity of the design and implementation
methods are confirmed from the simulation and
experimental tests in Section V. By using the proposed
design method, high immunity to unbalanced inductor
current within the range of the designed J can be realized,
while maintaining the downsizing effect of LCI.

Therefore, this design method can enhance the reliability of

integrated magnetic components in interleaved converters.

Although the validity of the proposed design method was

confirmed by using ferrite cores, the proposed design method is

especially effective for high-permeability magnetic materials
such as nanocrystalline, amorphous and Si-steel cores.
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I. ANALYSIS OF INDUCTOR RIPPLE CURRENTS

In this section, the current ripple analysis is conducted to
clarify the relationship between each inductance and inductor
ripple current. Figs. 24 (a) and (b) illustrate the inductor current
waveforms for duty ratio less and greater than 0.5, respectively.
Note that these waveforms are drawn under the balanced
inductor average current condition. In the two-phase
interleaved boost converter, there are four operation modes and
these operation modes differ for duty ratio less and greater than
0.5. The relationships between the applied voltages to the
inductor windings and inductor ripple currents of each phase
are given by:

Vi = Laar fu _ gy dho > Self fiz _ g i

dt dt dt dt

where v and v, are the applied voltages to inductor windings
in each phase, and vr; and vi2 equal Vi under the on-state
condition, and equal V;-V, under the off-state condition. The
current ripple analysis results for each operation modes are
summarized in Table VII. As seen in Table VII, the inductor
currents i11, i12 can be separated into a common current icom and
a wheeling current iy, and their current paths are shown in Fig.
25. The inductor ripple current equations including both the
common and wheeling current components are summarized in
Table IX. The slope of i.om changes every time the operation
mode changes. Based on (31) and (33), the leakage inductance
Lix=Lseir-M decides the amplitude of common ripple current. On
the other hand, the slope of iy changes only during modes 1 and
2 because no voltage is applied to the transformer of LCI during
modes 3 and 4. If the value of mutual inductance is high, the
wheeling ripple current decreases dramatically. In the case of
the non-coupled inductor, the inductor ripple current usually
increases as long as the switch S; is turned on. On the other

(26)
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Fig. 24. Inductor current waveforms for duty ratio less or greater than 0.5. Fig. 25. Current paths of each current components.
TABLE VIII
ANALYSIS RESULTS OF THE RELATIONSHIP BETWEEN EACH INDUCTANCE AND INDUCTOR CURRENT
Model (S;: ON, S,: OFF) Mode2 (S;: OFF, S,: ON)
iy oar _ 1 (V‘ 7lvoj+ 1 l . iy} o _ 1 (Vl _l oj_ 1 lVO
dr (Lself -M) 2 (Lself +M) 2 27 dr (Lsell _M) 2 (Lsell +M) 2 (28)
foms Ly Ly Lty S ) [ w1
dt Ly —M) 2°°) (Ly+M) 2 d (L, -M) 2 (L, +M) 2
Mode3 (S;: OFF, S,: OFF) Mode4 (S;: ON, S,: ON)
di di, 1 di) oo di 1
L1_mod3 — 1.2_mod3 — (V‘ _VU) (29) L1_mod4 — L2_mod4 — V‘ (30)
dt di (L —M) dt di Ly —M)
TABLE IX
INDUCTOR RIPPLE CURRENT EQUATIONS INCLUDING ITS CURRENT COMPONETS
Duty ratio Inductor current ripple
1 V. 1 V.
d<0.5 Ioy=——"—"|Vi—2|-d-T, I = 22T,
- " Ly-M ( 2] ’ Gh L M 2 : (32)
I, =1, +1 (35)
1 (V J 1 74 Lpp compp whpp
I, = |-V, |-(1-d) T, I = 22 (1-d)-T,
d>0.5 compp ~ f N 33 . . 34
Lo —M \2 (33) M M 2 ' (34)

hand, if LCI has high mutual inductance, the inductor ripple
current of LCI decreases even if the switch S1 is turned on.
Therefore, in the case of the LCI, the inductor ripples can be
effectively reduced in comparison with the non-coupled
inductor, which is considered as one of the advantages of the
employing integrated magnetics.

If a positively coupled inductor with +M (not —M) is used,
although the common ripple current can be reduced effectively,
the wheeling ripple current is increased. In addition, the DC
flux cancellation would not be obtained in this case, because the
DC fluxes generated by each phase average current are added
together on the transformer magnetic path.

II. RELATIONSHIP BETWEEN THE UNBALANCED INDUCTOR
CURRENT AND UNBALANCED CURRENT SENSOR GAINS

This section introduces the relationship between the gain
errors of the current sensors in each phase and the unbalanced
average currents. The interleaved converter usually employs a
current balancing control. One of the examples of current
balancing control is shown in Fig. 26. In this control block, the
output voltage feedback loop is omitted for simplicity, and it is
shown as open loop control. This current balancing control has
a PI compensator with a long integrating time as compared with
the switching period of S; and S, in order to eliminate the
influence of inductor ripple currents. Then, the output signal of
the PI compensator, which shows an integrated difference

between the inductor average current in each phase, is the input
to the voltage control signal through the adder or subtractor. In
other words, by slightly modulating the pulse width of PWM
signals in each phase, the inductor average currents in each
phase are balanced. Then, in order to investigate this
relationship, a simulated evaluation is conducted. The circuit
parameters for evaluation are the same as Table 1. The current
sensor gains in each phase are K; = 0.095 and K> = 0.105,
respectively. These values have a tolerance (or an error) of J =
+5% from the average gain K. (=(Ki+K>)/2), and the
relationship is shown as follows:
K, =K, (175)
{Kz =K, (1£5)
The reference voltage Vi is set as 0.583, and the peak-to-
peak amplitude of the saw tooth voltage is 1 V. On the other
hand, the transfer function of PI compensator is as follows:

(36)

ave

K
GPI(S)=KP +s—;

i

(37)

where K}, is the proportional gain and 7; is the integrating time.
In this simulation, K, and T; are set at 0.001 and 100 ps,
respectively, as five times the switching period. The magnetic
parameters of LCI are used in the design values shown in Table
III. By using these conditions, the simulated evaluation was
carried out. The inductor current waveforms are shown in Fig.
27. From this figure, the unbalanced ratio of the inductor
average current to complete balanced condition is identical to
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the unbalanced gains of current sensors. Therefore, the gain
errors of the current sensors in each phase and the unbalanced
average currents are summarized as follows:

+
ILave1=If2 =Kav;((l_5)=1i§
ave ave_ (38)
ILavez — Kl — Kave(1+§) — 115
Kave Kave

These relationships are helpful in deciding the maximum
permissible percentage of the practical design of LCI as a
reference.
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