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Design Optimization for Low Voltage DC-DC Converter
with Coupled Inductor Topology

Basavaraj V. Madiggond *

Abstract-Multiphase Synchronous Buck Converters also
known as voltage regulator modules (VRMs) for
microprocessor power delivery with coupled inductors at
output are discussed. For feasible and effective ripple
reduction, strong coupling is needed if the correct magnetic
topology is used. For more than two phases, this can be a
“ladder” core with windings around each rung. Typical ripple
reduction is better than a factor of six with no effect on
response time. One can also chose to improve response time
while still significantly reducing ripple.

Key Words-Synchronous Buck Converter, Multiphase,
Transient response, Coupled Inductor, Coupling coefficient.

|.INTRODUCTION

It is predicted that the future microprocessors demand more and
more power and at the same time the required voltage levels
continue to drop. In future voltage go below 1V and current will
go beyond 100A [1]. To handle this huge current multiphase
interleaving technology is preferred. The multiphase interleaving
technology helps to reduce the current ripples at the output and
improves the transient response [2]-[4]. The challenge is that the
load current can change from near zero to full load or vice versa
in nanoseconds and the voltage has to be maintained constant
throughout. The combination of high current and fast
response requires a voltage regulator module (VRM)
located immediately adjacent to the load. The VRM must
be small in size as well as have high efficiency and
extremely fast response.

At present, the standard design used for high-performance
VRMs is a buck converter with multiple parallel sections,
staggered in phase [5], [6], In a buck converter with a load-
current step, the output capacitor supplies (or sinks) the
immediate difference in current while the inductor current
is ramped up or down to match the new load current. A
small inductor allows ramping the current quickly to
minimize the output capacitor requirement. However,
small inductor values also lead to large ripple current. In a
single-phase converter, large ripple current in the inductor
increases the output capacitor requirement when the
inductor is very small [6]. The standard multiphase
interleaved design avoids this problem because it achieves
substantial ripple current cancellationin the output
capacitor [7]. This allows smaller inductance without
requiring a large output capacitor. However, the full
ripple current flows through the MOSFET switches
(including synchronous rectifiers) and through the inductor
itself, resulting in higher losses and higher peak current
requirements. One strategy to reduce the ripple current
throughout is to operate at very high switching frequencies
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(e.g., see [6]), but this increases switching and gate-drive
losses and imposes difficult requirements for magnetic
materials capable of low loss at very high frequencies.

In [8], [9], it was shown that coupling the inductors in a
two-phase interleaved converter can effect a reduction in
ripple. Unlike the ripple cancellation in an uncoupled
multiphase converter, this ripple reduction extends to the
current in the inductor windings and in the switches. In
[10], one topology for coupling larger numbers of
inductors in a multiphase VRM is considered, but is not
found to offer major advantages. In [11], design
optimization of the coupled inductor is considered.
However, the method employed there does not provide any
insight regarding the influence of the design parameters on
the losses and the performance of the converter.

In this paper, a novel coupled core structure along with a
new method for estimating the losses and efficiency is
proposed. The proposed core structure is shown in Fig. 1.
It has a central leg called the leakage leg, surrounded by ‘n’
number of side legs. The central leg has an adjustable air
gap. By adjusting the length of the air gap the coupling
coefficient can be varied. As the central leg is equidistant
from the surrounding legs, the reluctance offered to
individual phase flux are identical.

FRONT VIEW

Fig. 1: Proposed coupled multiphase buck converter structure

Il. ANALYSIS OF THE UNCOUPLED INDUCTOR BUCK
CONVERTER

There are three main limitations of the single-phase buck
regulator if employed in a voltage regulator for desktop,
notebook or server applications. First, the high currents —
greater than 40 A for notebook, 120 A for desktop and 150
A for server — would cause excessive I°R losses if
delivered over one path or phase. Second, processors
require low-output ripple voltage and this necessitates
keeping the output ripple current low, as Vriepie = lrippLE
ESR. This implies the need for a large inductor because
IripeLe IS proportional to 1/L.
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Third, the processor power supply must be able to respond
quickly to changes in power requirements. Unfortunately,
the third requirement, fast transient response, implies the
need for a small inductor to allow the current through the
supply to change quickly, and this conflicts directly with
the need for a larger inductor to minimize output voltage

ripple.

The uncoupled multiphase buck regulator was designed to
resolve these three limitations. Instead of using a single
high-current path, the multiphase buck breaks the current
into several lower current parallel paths or phases. Each
phase has its own inductor and set of switches, and the

current in each phase is summed to form the output current.

By activating each phase at a different point in the cycle,
the ripple currents of each phase can be overlapped to
reduce the overall output current ripple. To simplify the
analysis, a two-phase uncoupled buck with 180 degrees
between phases will be discussed here. However, the same
approach can be used with any number of phases operating
at any phase angle.

A simplified schematic of a two-phase buck is shown in
Fig. 2. A two-phase buck has four states of operation.
During the first state, the input voltage is connected to
phase one, and energy is both being transferred to the
output and stored in the inductor L1. At the same time, the
input side of phase two is connected to ground and the
inductor L2 transfers energy to the output. During the
second state, the input sides of both phases are connected
to ground and both inductors (L1 and L2) transfer energy
to the output. This cycle is repeated over states three and
four, the only difference being that phase two is connected
to the input while phase one is connected to ground, and
then both phases are connected to ground.

Fig. 2: Uncoupled Two phase synchronous buck converter

I11. ANALYSIS OF THE COUPLED INDUCTOR BUCK
CONVERTER

In the proposed core structure, any number of phases can
be coupled. Fig. 3(a) shows the general schematic diagram
of an n phase coupled buck converter. Under the
assumptions of identical phases and ideal switches, the
equivalent representation of an n phase coupled buck
converter is shown in Fig. 3(b).

21

g ) p—
V A _ Lll J_ t
i sif CT w 3R
L1
. LTS — =
2
S_Zr LZZ
_g WL _—
gr i
T
Sn

Fig. 3(a): General schematic diagram of an n phase coupled buck
converter
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Fig. 3 (b): Coupled multiphase buck converter with filter inductor
in each phase

where,
V,=V,.5 M
S, =1; for H.Tﬁts(l;l).T+Tan
n n
Otherwise
’1—;71 = D'T
where,

‘D’ is the duty cycle; T is the switching period; and ‘n’ is
the number of phases. It was shown in [12] that, such a
coupled buck converter can be represented by one common
mode and (n-1) differential mode equivalent circuits
provided the self and mutual inductances of all the phases
are identical. These equivalent circuits are shown in Fig.
4(a) and 4(b).
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Fig. 4. Coupled converter equivalent circuits

where,
A 1 n P 1A n a T
Vszn— i=1Vl, Is= Q=1 U ; leq :n—
Ls L-YM1Mi
Leq & —= —————
n n
For 2<j<n

Vi £ Vj1—-V;= rid,- +Ldap idj ;

lgj 2 ij1-10j;

La=(L+M) . Iy

IVV. COUPLED CORE DESIGN OF MULTIPHASE BUCK
CONVERTER

The coupled inductor concept and its advantages may be
extended to any number of phases. For simplicity, we have
taken a four-phase coupled structure, maintaining the
shape of the core to be the same. The four coils are
connected in the four legs of the new core structure. It
should be noted that, due to the structural symmetry of the
proposed core, the assumptions made for deriving the
common mode and differential mode equivalent circuits
will be satisfied.

During the steady state, a part of the flux produced by the
inductor currents passes through the center leg. The center
leg has an air gap, whose length can be adjusted for
achieving a better coupling coefficient. Higher the
coupling, greater is the ripple reduction. Even the transient
response has found to be improved by experiment. In the

phase legs, the flux produced by one coil opposes the other.

In the new proposed core structure, our intention is to draw

less Ampere turn from the source and meet the requirement.

Here, the intention is to avoid saturation of the core and as
far as possible use all the windings equally. Fig. 5 shows
the electrical equivalent model of the multiphase coupled
core structure shown in Fig. 1.
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Fig.5. Electrical Equivalent model for multiphase coupled core
structure R c and Rl are the core and leakage path reluctance
respectively.

The equivalent reluctance as seen by each MMF source of
the model shown in Fig. 5 is

R, ®,
1

——— @
RC + Q{[
n-1

R, =R, +

Where, R _is the reluctance of each core leg and R is the
reluctance of the central leakage path.

R =R 1+n.k, '

o 1+(n-1)k

where k, _ X 3
Re

The self and mutual inductances of the coupled inductor
are

NI N2 1+(n-1)k,

; 4
R, R, 1+nk, @

n = number of phases; N is the number of turns in each
phase leg

2
m=Ne, k& (5)
R, 1+n.k,

The common mode and the differential mode inductances
are given by
. Ls _L-(n—1)M _ Nc2 1
n nRc ' 1+nkr

eq=n
2
Ld:L+M:N”

(6)

Using the model shown in Fig. 5, we intend to calculate the
magnetic flux waveform which has both dc and ac
components. The dc components are calculated by
assuming that the dc currents in each phase are equal. Thus,
for ‘n’ phases connected in parallel, the dc component of

. . S
phase current is given by — .
n

Flux in the core phase legs:
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With reference to the Fig. 5, flux in each phase leg is given

by
2w )
=1

1#j
where, ¢ is the total flux produced in the leg i, ¢v; is the
mutual flux due to the j coil.

¢i — ¢ii

é = LI—MZI] Zi[(L+M).ii—M.is] 8
j¢| NC
NG k, P (9)
¢ = R, L7 1+mn-k, &
..Peak value of
$=¢ =L, dpc—M.Is
Now,
Al {1 _(n-1) L} Al
IpC (l n D) Ld IS
(1-n-D) +
. ¢? _ NcIs [ 2 Is ]
TR n.(1+n-k)(1-n-D)
Peak flux density in the core legs is given by
B -2 (10)
A,
where, Ac is the phase leg cross sectional area Flux in
the leakage path (central leg)
From Fig. 5
q{{ .
-1 i
R Y
(n-1) +®R, (11)
OR ¢[ — q{{ . NC .Is

R A+(n-1).®, &,
..Peak value of ¢ is given by

j o NIL 1, 1-D 1AL @

1+n.k,)- R, n 1-n.D 2 I,

..Peak flux density in the leakage path is

~

B -2 (13)
! A

1

where A, is the central leg cross sectional area Ac flux in
the core legs

Ag—_ (A=DMN_-Al

(14)
1-—nD).1+n.k) R,
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AB. = —1 % (15)
Ac flux in the leakage path

N, -Al (16)
(1 + 7. kr) -R’c

Ag =

AB =221 (17)
Al
1). Loss estimation in the Coupled Converter
Fig. 6 shows the cross sectional diagram of coupled core
structure

Central leg

Phase winding

Fig. 6. Cross sectional view of the coupled core structure
With reference to Fig. 6,

—5 =Window area,
A =Core area, H. =Window height
Volume of outer legs:

Length of each outer leg =

(H. +\/7)+2[A +\/_H

2.H_ .sin@,

,A, 1
7T
(18)

Total volume of the core with ‘n’ legs

AH JA
AR g oV Nsing -2 AL, Auc
siné, H H

” [ (19)

Assuming the core loss to be W; / unit volume at AB= Bpax
and f = fgy

Core loss in the outer phase legs is=y .(AB,' )2 * Total

volume of phase legs

_ AI.N, (1-D)

: A 'RC‘Bmax (1_n D)2(1+n.k’,)2
A

[nAiH sing +\/_(1+51n6)”—— 4 sjng)JrAinC

sing, Jr\A H

Volume of leakage path




=(H, +A).A (21)

Core loss in leakage path =

AB
n.W (—L)* *
g

max

Volume of the leakage path =

2
W. AL.N, n
A.®.B,. ) (1+n.k)

[][HAer

c

(22)
Therefore total losses in the coupled core can be expressed
as
2 2
W =nW.H.A. ALN, 1 | (1—12J).
AR.B_ | (1+nk) (1-n.Dy sing,
) sm@ A 1+\/_ A
J_

(23)
Losses in the MOSFETS:
Assuming the Rpson of the high side and low side

MOSFETS to be the same, the losses during steady state is
given by,

Wosrer = Ilzws * Rpson 5
I K2 =

where, 1 ~_Zs ®(142C )2

RMS n ( 12 )

17 K?
WMOSFET = ?*(1 - ) RDS ON (24)

where,  _|n*[(1-D)+K*(1-n.D)]

¢ (1-n.D)*(1+n.K) | I
K= M = L = Coupling coefficient;

L 1+(n-Dk

D = Duty ratio

Loss in the Inductor due to ESR:

WL esr)= I%rms * ESRL

z . ﬂ.p.NC.\/A_C]

C

where p is the specific resistance of the winding material,
Cuw is the winding cross sectional area.
LEsR) n2 12 HC C

ESR is given by [”'p'N
H

w

(25)

Therefore, total loss in the coupled core topology is given
by,

W total = W ic + Wimosrer +WL Esr)
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ALN,
ARB

max

1 (1-Dy
'(1+Ak )} (1-n.D)’ sing,

*

‘Nlobal :n'V\/r'Hc‘Ac'[

A,
{sm@ +\/H_ (1+sind, —T é .sind,)+ 2“;}

7pN? . ﬁ.p.NC \/A_ |

J_A K

Ct
AT 1 {H C

c w

c

(26)

2). Loss estimation in uncoupled case
Fig. 7 shows the cross sectional view of the uncoupled core
structure.

The maximum ac flux flowing in the core is given by
N,I 1 Al
—+

> _N,.L (1-D) 7)
P max 2. [11 o )]

:E%; @
J 1

Fig. 7: Uncoupled core structure with its equivalent model

]
=

where, lo is the output load current, D is the duty cycle and
Nu is the number of turns in the winding.
Ac flux in the core, is given by

N,.Al, (1-D) (28)
R, (1-n.D)

Ag, =

Total core loss in the uncoupled core is given by

2

W. — V.. A, « Volume of the core

A, is the core cross sectional area, ®,, is the reluctance of
the core leg

2
| Nl
Au 'q\)«'Bmax

(51 D)) In —(2H2 +2A, +2H,[A)]

(29)

Loss in the Inductor due to ESR:
W_ esr)= I1%rms * ESRL
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1} K3 . 7pN2 7mpNy.JA
o *(1+_LI)[ pP-Ny + PNy U]

Wy =7 (1455 H, C,
(30)
where, K = n(1-D)
(1-n.D)
Loss in the MOSFET due to Rps.on
I . q K (31)
WMOSFET == (1 + _)‘RDS—ON
n 12

. Total loss in the uncoupled circuit is

2
- A
(1-D) .(2+2.ﬁ+2.\/_"

2
Wu»lotal = n‘V\/i'Hu'Au' N“ AIO : 2 2 )+
AR, By, ) (1-nD) H™ H,
2 K?
b 1.p+ak D202k 4Dk -2 k2 Sy
n.(1-D) 12 12
N?  N,.J/A,
(H.p.H—“+H.p. C\/_ +Rpson)
(32)

LOSS FUNCTION = Ratio of coupled to uncoupled total
losses (Eqn. 26 and 32)

..LOSS FUNCTION
= Wc —+ WL(ESR) —+ WMOSFET

\A/iu -+ WL(ESR) -+ WMOSFET

After taking the ratio of total losses between coupled and
uncoupled converters, we have further expressed the
coupled terms in terms of uncoupled parameters, so as to
get all unknown coupled variables in terms of known
uncoupled variables with valid assumptions.

V. OPTIMIZATION OF LOSS FUNCTION

In order to estimate the efficiency improvement and to
predict the losses in the coupled system, a comparative
analysis between uncoupled and coupled is made by taking
the ratios of many variable parameters viz.,

X =% = Ratio of window to core area in uncoupled

case equal to 1.5 (assumed)

A

X1=— = Ratio of coupled to uncoupled core cross

sectional areas

X2=—==Ratio of coupled to uncoupled number of turns.

N

u

x3=De
A

in the coupled converter

= Ratio of window to core cross sectional area
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II
X4=—
C
length in coupled core

xs=22
A

= Ratio of leakage air gap length to core air gap

= Ratio of core to leakage path cross sectional

area in coupled converter

H
X6=—==1 (assumed)
H

u

L,

The basis of comparison are Is=lo, L, = —; where L, is
n

the self-inductance of the coil Ls is the equivalent

inductance

1). Constraint equations:

The loss function to be optimized has the numerator and
denominator terms in the six variables mentioned above.
We have used Lagrange’s method of optimization. The
constraint equations we have considered are as follows:

a) Equality constraint equations:-

® oot print area ratio is equal to 1
3
1.046* X2 * X7 +4.58* X, +4.71* X,? +4.37* X > * X,
1
+9.28* X2 * X, +4.435* X, *X, *X, -61.4=0

.Equivalent coupled inductance is 1/n times the
equivalent uncoupled inductance.

X, *X,2—4*X,*X,—-1=0
b) Inequality constraint equations:-

®  \Window area per turn in coupled case is greater
than or equal to that of uncoupled case

X,.X,—3.X,=0

® The weight of the coupled system must be less than or
equal to the weight of the Uncoupled system

3 3

24%X, +47.33% X2 -44.35% X2 /sqrt(2* X, * X,>-1)
3
$22.64* X2 X+ 23774 X, J(2* X, * X2 -1)+194* X2 /(2% X, * X2 -1)
3
+56.08% X2 +22.9* X 2* X2 <509.72
® Leakage leg area must be less than or equal to the

difference of foot print area and the sum of core and
winding area.

2
47 —1.04*X].X§+14.14.£—4.37*\/X_1 X, +215. % 444X, X, +8<0
2X.X-1 ’ X, T T
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Table 1:Loss estimation in coupled core with variation of foot print area ratio

FPA ratio at weight ratio=1
Variables 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
X1 251 |3.037 |319 3335 | 347 |36 3.73 3.85 3.96 4.07
Xz 051 | 0465 | 0.45 0434 042 |041 0.40 0.395 | 0.388 | 0.38
X3 0.61 | 0.586 | 0.68 0.758 | 0.83 |0.88 0.94 0.987 | 1.03 1.07
Loss ratio 091 | 0.907 |0.905 |0.902 |0.9 0.899 |0.898 | 0.897 | 0.896 | 0.89
2
X]:i; XZZ&; X3:AWC; X :l—lzl; XSZM; X, =1
Ay, N, A l 4

The coupled loss ratio obtained by the optimization of the
loss function for different foot print area ratio is as shown
in Table 1. The loss ratio between coupled to uncoupled
converter circuits, is decreasing with the variation of foot
print area (FPA) ratio. The maximum ratio is 91% at FPA
ratio 0.6 and the minimum is 89% at FPA ratio equal to 1.5.
Thus, there is an approximately 9% reduction in the total
losses in the coupled system at FPA ratio equal to 0.6, and
11% reduction at FPA ratio equals to 1.5.

With these optimization results, design engineer can select
suitable core dimensions for low loss and high efficiency.
Fig. 8 shows the plot of optimization results showing the
reduction in loss ratio with the variation of foot print area
ratio.
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°
2
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Fig. 8: Loss ratio reduction with variation of foot print area ratio

Weight ratio=1.0

= FPA ratio=0.6
= FPAratio=1.0
=—— FPA ratio=1.5

Loss ratio
°
%
&

0.8r

078 . . c c . .
3 0.4 05 0.6 0.7 0.8 0.9 1
Percentage load

Fig. 9. Loss ratio variation with change in load for different FPA
ratio.

Fig.9: shows the plot of loss ratio estimated against
percentage loads for different foot print area ratio.

‘ OCoupled @uncoupled ‘

Losses in watts
N

Coreloss  Conduction loss  Diode loss switching loss

Loss Component

Fig. 10: Loss components in uncoupled and coupled converters

=—— FPAratio=0.6
= FPA ratio=0.8

7 = FPA ratio=1

% Improvement in Efficiency

r r c c c c c
0.2 03 0.4 05 0.6 07 0.8 0.9 1

Percentage load

11: Improvement in efficiency with variation of loads for
different FPA ratio

Fig.

From the plots it is clear that, for the entire load range the
loss ratio is less than unity for small foot print area ratio.
Thus, by using coupled inductor, double advantage of
having less loss and less foot print area as compared to
uncoupled multiphase buck converter can be achieved. Fig.
10 shows the loss components in uncoupled and coupled
converters at full load.

Fig.11 shows the simulation plots of improvement in
efficiency against percentage loads for different FPA ratio

Similarly, Fig. 12 shows the comparison of simulated and

experimentally obtained loss ratios versus percentage loads
at FPA ratio=1.
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Fig. 12. Comparison of simulated and experimental results of loss
ratio

Figure 13 shows the plot of Efficiency improvement in
coupled system at different FPA ratios.
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Fig. 13. Improvement in efficiency with variation of FPA ratio
VI. CONCLUSION

In this paper, we have presented the design and
optimization of the coupled core topology for a multiphase
synchronous buck converter. It is shown that, by going for
coupling, total losses can be minimized. A new core
structure with common leakage path and air gap adjusts the
Ampere-turn requirements and minimizes the phase ripples
to a greater extent. Hence, by going for this type of
structure and by selecting a high permeability material, a
minimum of 10% loss reduction can be achieved. Thus, an
overall efficiency of 2% to 4% can be predicted with this
much loss reduction. However, by experiment, we have
proved that, by using coupled inductor topology, 3-4%
efficiency can be improved as compared to uncoupled
converter system. As we can predict the efficiency with
loss estimation technique, this approach helps the design
engineer in selecting the material and the size of the core.
Experimentally, it is also shown that the loss components in
coupled converter are less as compared to uncoupled
converter.
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