Received: 20 May 2020 Revised: 22 August 2020

Accepted: 29 September 2020

| IET Power Electronics

DOI: 10.1049 /pel2.12017

ORIGINAL RESEARCH PAPER

|
_— The Institution of
I | T En;inneselrirl:g;oar;g Technology Wl LEY

Four-phase interleaved TCM DC-DC buck converter with matrix

inductor in battery charging application

Anh Dung Nguyen'
Byeongcheol Han*

! Future Energy Electronics Center, The Bradley
Department of Electrical and Computer
Engineering, Virginia Tech, 220 Inventive Ln,
Blacksburg, Virginia 24061, USA

2 Department of Electrical and Electronic
Engineering, Nanyang Technological University, 50
Nanyang Avenue, Singapore 639798, Singapore

3 School of Electrical Engineering, Southwest
Jiaotong University, West Section, High-Tech zone,
ChengDu, Sichuan 611756, China

#School of Electronics Engineering, Kyungpook
National University, Daegu 41566, South Korea

Correspondence

Anh Dung Nguyen, Future Energy Electronics
Center, the Bradley Department of Electrical and
Computer Engineering, Virginia Tech, Blacksburg,
Virginia, USA.

Email: adnguyen@vt.edu

Funding information

Office of Energy Efficiency and Renewable Energy
(EERE), US. Department of Energy, Grant/Award
Number: DE-EE0008347

1 | INTRODUCTION

| Shu-Xin Chen’ | Yang Chen’
| Jih-Sheng Lai'

| Cheng-Wei Chen' |

Abstract

In this paper, a 1-kW DC-DC buck converter with a four-phase interleaved matrix
inductor is proposed for battery charging applications. It is well-known that the DC bias
on the inductor will cause high core loss as it changes the B—H characteristic. Typically,
the transient conduction mode employed in high voltage applications for zero-voltage-
switching of devices would cause higher inductor current ripple. The conventional
approach to reduce the effect of DC bias and inductor current ripple is employing
multi-phases. However, the cost and size of the converter will increase significantly. This
paper proposes the matrix inductor which has a small volume and reduces the effect of
the DC bias by flux sharing and flux cancellation at the same time, results in low inductor
core loss. With the interleaved operations the output current ripple can be lower which
is suitable for battery charging application. Besides, the comparison of the synchronous
and interleaved operation is presented. A 1-kW prototype is built and the experimental
results show that the peak efficiency is 99.1% and 99.2% for synchronous and intetleaved
control, respectively. Additionally, the output current ripple of the interleaved operation is
reduced by 85% in comparison with the synchronous operation.

approach, the IPT stage can be designed to achieve higher effi-
ciency with wide output variation. The DC-DC buck converter

Recently, the inductive power transfer (IPT) has been paid more
attention due to the advantages, such as safety and convenience,
compared to the traditional wired systems. The output load vari-
ation and coil misalignment of an IPT system will affect the
output stability and overall performance [1, 2]. Several solutions
have been presented such as compensation topologies or coil
design to reduce the output fluctuation and to achieve constant
current or constant voltage output [2—4]. However, the output
still varies in a small range because of the unstable control in
a wide power range. Thus, it is not appropriate to charge the
battery directly [5]. Therefore, the two-stage IPT system which
includes the regulated DC-DC buck converter for output bat-
tery application has been presented in the literature. In this

will regulate the output based on the output range of the IPT
stage as shown in Figure 1. Thus, the total performance can be
improved because of the optimal design of each stage.

In the DC-DC buck converter, under high switching fre-
quencies, the turn-on and turn-off losses are high under hard-
switching operation [6—10]. The switching losses are more crit-
ical in high voltage applications as the parasitic energy is a
square of the voltage. Additionally, the voltage spike caused
by hard switching will increase the complexity of the design
and devices chosen. Thus, soft-switching has been employed
in many applications, such as critical conduction mode (CRM)
ot transient conduction mode (TCM) [11-15]. However, under
CRM/TCM, the magnetic components account for the major
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losses in the converter because of higher flux caused by high NTas Vs — l
inductor current ripple [9]. Furthermore, as the switching fre- Sg'% Cy
quency increases, the design of the inductor is more difficult as T
it needs to adapt to a wide range of frequency. The high cur- J__
rent ripple will limit the design of the core due to size and loss. Et| i) NLY; )
Two-phase and four-phase interleaved DC-DC converter with o V. — J_
inverse coupling and direct coupling are employed to reduce the . q C
core loss and winding loss [16-23]. However, the core size is Sz ? T
still an issue and the coupling coefficient is not easy to control. J_
Also, due to the wide input range, the switching frequency range =
of the interleaved structure with coupled inductor will increase )
FIGURE 2  Schematic of four phase DC-DC buck converter

significantly because the equivalent inductance is voltage and
power dependent, results in higher noise and complexity of the
driver design. The effect of DC-bias is another issue [24-20].
The core loss will be higher as the DC-bias increases because
it changes the B—/7 characteristic of the core material. There-
fore, multi-phases are preferred to reduce the effect of DC-
bias and current ripple by sharing the current stress on every
phase. However, as the number of phases increases, the diffi-
culty of interleaving the windings will also increase. With the
conventional coupled inductor, the interleaved winding from
this phase to another phase will make the design more complex,
and increases the AC resistance due to longer winding. Further-
more, the total core volume also increases which reduces the
efficiency under light load condition. The matrix inductor has
been proposed for flux sharing and flux cancellation [27]; thus,
the inductor core loss is reduced significantly due to the reduc-
tion of DC-bias effect [24—26]. The synchronous operation of
the four-phase matrix inductor has been employed for core loss
reduction. Howevet, the total current ripple at the output is four
times higher than the inductor current of each phase. Thus, the
trace copper loss is higher as the RMS current is higher at this
point. In addition, the output current ripple is high because of
adding ripples of four phases. Therefore, it is not suitable for
the battery charger as it will damage the battery.

This paper proposes the interleaved matrix inductor for the
four-phase DC-DC buck converter. The matrix inductor has
the advantages of flux sharing and flux cancellation, resulting in
the reduction of the DC bias effect on inductor cote loss. The
interleaved operation reduces the output current ripple signifi-
cantly. The experiment shows that the output current ripple of
the interleaved operation is 15% of the synchronous operation.
In addition, the analysis and comparison of the interleaved and
synchronous operation of matrix inductor are also proposed.

A 1-kW prototype is successfully built and tested to verify the
feasibility of the proposed converter.

2 | MATRIX INDUCTOR
INVESTIGATION

The inductor current ripple is high in the CRM operation,
results in high core loss. The four phases DC-DC buck con-
verter is introduced to reduce the current ripple and DC-bias of
the inductor. Figure 2 shows the schematic of the four phases
DC-DC buck converter. There are eight switches, four induc-
tors integrated as the matrix inductor, input and output capaci-
tor and terminal.

According to [27], since four phases are employed, the con-
figuration of the inductor can be: (a) four single-core inductors
will introduce higher core loss and core volume; (b) two sets of
two-phase coupled inductors can reduce the core size with par-
tial flux distribution. However, the inverse coupling will increase
the switching frequency range even though it will help for the
performance, especially in the wide range voltage applications.
Thus, it will increase the complexity of the design of the induc-
tor and driver. Additionally, the inverse coupling will increase
the AC flux despites the DC flux is reduced. The direct cou-
pling has an advantage of reducing the AC flux which is suitable
for high voltage applications. However, the same to inverse cou-
pling, the winding configuration of the direct coupling is com-
plex which makes the design more difficult. Furthermore, the
direct coupling will increase the RMS current which increases
the conduction loss, results in lower efficiency. Therefore, this
paper proposes the matrix inductor with the advantages of flux
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FIGURE 3
leaved operation

sharing and flux cancellation. The flux sharing is applied in the
top and bottom plates and flux cancellation is introduced in the
middle of two plates. Thus, the core volume and core loss can
be reduced significantly because of lower DC and AC flus. By
this configuration, the effect of DC-bias on the inductor core
loss can be minimized. There are two operations for the matrix
inductor as below:

(i) Synchronous operation: four phases of the converter are
operated synchronously as shown in Figure 3(a). The flux
sharing of conventional E-core can be retained. In addi-
tion, the flux cancellation in the centre of the top and
bottom plates is achieved. Thus, the core loss can be
reduced significantly. However, as four phases are in pat-
allel, the total current ripple is four times higher than
one phase. Thus, the high output current ripple will
make the converter not suitable for the battery charging
application.

(i) Interleaved operation: the second and the third phases are
in 180° phase shift with the first and fourth phase as shown
in Figure 3(b). The intetleaved structure still keeps the flux
sharing and flux cancellation as the synchronous operation.
Comparing with the synchronous operation, the output cut-
rent ripple of the interleaved operation is more than four
times smaller because of the TCM operation and the phase
shift.

In both configuration, the design of cross-section area of
every phase are independent because there is no coupling
between phases. Thus, the frequency range of the converter
is narrower in comparison with the coupled inductor topology
while it still keeps the advantage of lux sharing and flux cancel-
lation.

3 | ANALYSIS OF MATRIX INDUCTOR
FOR DC-DC BUCK CONVERTER

In this section, the design and analysis of the matrix inductor
in both synchronous and intetleaved operation is presented.
Figure 4 shows the key waveforms of CRM operation in
synchronous and interleaving operations. In order to achieve
ZVS for the main switches, the negative current / should be
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Timing diagrams of (a) synchronous and (b) intetleaved opet-

Schematic of the proposed matrix inductor

enough to charge and discharge the parasitic capacitance of the
MOSFETs. The ZVS condition can be defined according to
[10, 27].

Vin = Vour (1 —cos (wo ) fd))
Z, sin (@, - 24)

L
%=1 5= @

W, = ; (3)

vV ZLCOSS

where L is the inductance and Cygg is the patasitic capacitance
of the MOSFET and #; is the dead-time. The cross section
area . and the air gap g, can be determined according to the
inductor current ripple /pp:

I >

@

2n

& = ppplee *)
L

A= 2 5)
Mo

where 7 is the number of turns and Y, is the permeability.
The schematic of the proposed matrix inductor is presented
in Figure 5. As the flux distribution on every leg is @, the top
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chronous operation

Flux distribution of the proposed matrix inductor in syn-

and bottom plates’ flux distribution is half of @; therefore, the
top and bottom plates cross-section area can be defined as:

mhy, = A, = w1} (©)

where is the core length, 4, is the top and bottom plates thick-
ness and 7 is the leg radius. The flux distribution of the induc-
tor core is shown in Figure 6. There is flux cancellation in the
middle of the top and bottom plates whereas the flux sharing is
shown in the middle of every two legs.

However, since four-phase are operated in parallel, the out-
put ripple will be high which is not good for battery charg-
ing. The interleaved structure is proposed to reduce the rip-
ple. The intetleaved operation still keeps the advantage of flux
sharing and flux cancellation, as shown in Figure 7. However,
the design of the inductor is different from the synchronous
operation.

At t = 4y, as shown in Figure 7(a), the flux distribution of
phase two and three are high (@,) whereas the flux distribution
of phase one and four are small (@) as shown in Figure 8(b).
Similarly, at # = #;, as shown in Figures 7(b) and 8(b), the flux
distribution of phases one and four is @, whereas the flux dis-
tribution of phases two and three is @;. The maximum flux on
the top and bottom plates are determined as:

Hy, = H, — H, /2 ™)

where Hy,, H; and H, are the magnetic field at 7= £, (or = #)
of top and bottom plates, phase one and phase four (or phase
two and phase three) and phase two and phase three (or phase
one and phase four), respectively. Thus, the cross-section area

The inductor voltage waveforms are shown in Figure 8.
According to the switching pattern, the inductor voltage can be
determined:

LZ = th - I/:)u'c
9
{Vb=—vom ©)

In the synchronous operation, the inductor voltage of four
phases are the same. However, phase two and phase three are
in 180° phase shift with phase one and phase four in the inter-
leaved operation, the flux will share between them which causes
zero coupling coefficient. Thus, the inductor currents of four
phases are independent. The AC and DC flux are shown in Fig-
ure 9. The flux of each phase can be determined:

_
b=
(10
_n
b= 3

where R and R, are the magnetic reluctance values of four
legs and can be expressed as:

/
Ri,= Z uA 1)

where U, is the corresponding permeability of materials in the
flux path and /is the length of the magnetic flux path. Because of
non-coupled inductor, four phases of the matrix inductor can be
considered independently even though it still employs the flux
sharing and flux cancellation. Thus, the design of the inductor
is easier in comparing with the coupled inductor.

Figure 10 shows the analysis of the output current ripple of
the synchronous and interleaved operation of four-phase matrix
inductor. as four phases are operated in parallel, the output rip-
ple is four times higher than each phase. However, the inter-
leaved operation can reduce the output tipple because of the
phase shift. The frequency of the ripple is two times higher
than the switching frequency; however, the magnitude of the
ripple is more than four times smaller than the synchronous
operation.

4 | EXPERIMENTAL RESULTS

To verify the proposed DC-DC buck converter with matrix
inductor, a 1-kW prototype is built and tested. The specification
of the power stage is given in Table 1. The input of the DC-
DC buck converter is the output of the IPT stage whereas the
output is the battery. The relationship between switching fre-
quency range and output power is shown in Equations (12—14)
and Figure 11. The inductance of 8uH is chosen for the range
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TABLE 1  Specifications of the Proposed DC-DC Buck Converter

Parameter Value

Input voltage, 1, 100-150 V4,

Output voltage, 1, 72 V4,

Rated power, 2, 1000 W
Frequency range >250 kHz
Devices, 511_44 BSC220N20SFD
Output capacitance, C_s5 176 uF

Core material MIL91S
Inductance, 7.|_4 8 uH

1x10
\ |
9x105\ — 7uH
810’ \ \ — &H
NN — 9uH
7410° \ \ — 10uH |_|
N \\\\\
N
E% e ~m""-».\""""N.N.""'::.:.:'...:"“""---.---..-....,
= s S S —— ~—
410° e —
5 [——
310
2410°
0.1 0.2 03 04 0.5 0.6 0.7 08 0.9 1
Power per unit
FIGURE 11 Relationship between switching frequency and output power

with different inductance

of the switching frequency of 370 to 840 kHz, and the MOS-
FET from Infineon (BSC220N20NSFD) is adopted due to its
low parasitic. According to Equation (1), the required current
for ZVS condition of the switches is 1.25A. the negative cur-
rent is chosen at 2A for ZVS condition because of layout and
devices parasitic.

21
on(r/m) T/ou‘v ]out) = m(lﬂ + ]out) (12)

21
0ff< ins outl ]out) = V_([O + ]out) (13)

out

S Vi Vi .
SWATin Out) Out) ( in ()ut) ()ut) + ()ff( in ()ut) ()ut)

(14)

The experimental waveform of the proposed DC-DC buck
converter with matrix inductor is shown in Figure 12 when the
input voltage is 100 V.. Figure 12(a,b) show the waveform in
synchronous mode whereas Figure 12(c,d) shows the waveform
in interleaved mode. The inductor cutrrent of phase two and
three are always in 180° phase-shift with the inductor current
of phase one and four in the intetleaved operation. Figure 13
shows the inductor current waveform at 150 V. input voltage.

Figure 14 shows the output current ripple of the converter
in both synchronous and interleaved operation at 20% power.
According to the analysis and the experimental results, the out-
put ripple of the interleaved operation is 85% smaller than the
synchronous operation. Thus, it is not only suitable for the bat-
tery charging applications but also can reduce the output bulk
capacitance which reduces the size and cost significantly. The
overall performance of the proposed converter is shown in Fig-
ure 15 (Pu: power per unit). The experiment shows that the peak
efficiency is 99.1% and 99.2% for the synchronous and inter-
leaved operation, respectively. The loss breakdown of the con-
verter at 100 V. input/1 kW is shown in Figure 16. Figure 17
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FIGURE 13 Experimental waveforms at 150 Vg input in (a,b) syn-
chronous operation and (c,d) interleaved structure at 20% and 100% load,
respectively

shows the prototype of the proposed matrix inductor with four
phases DC-DC buck converter.

5 | CONCLUSION

This paper proposed the four-phase interleaved DC-DC buck
converter with a matrix inductor for battery charging applica-
tions. The proposed matrix inductor has the advantage of flux
sharing and flux cancellation. Thus, the effect of DC-bias on
the inductor is reduced significantly, results in lower core loss.
This paper also presents and compares the different operations
of the matrix inductor. The synchronous operation can help to
balance the flux distribution. However, the output ripple is high
which causes higher AC loss because of higher RMS current.

e 0md | [ [ [ 1]
W Lkpi=20mA
AN A oere
S50mA/div S0mA/div
(@ (b)
FIGURE 14  Output current ripple of (a) synchronous and (b) interleaved
operations
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Additionally, the high output ripple is not suitable for battery
charging application. To reduce the output ripple significantly,
the intetleaved operation with 180° phase shift was proposed
with a matrix inductor. A 1-kW prototype was built and tested
to verify the feasibility of the proposed converter. The results

Loss Breakdown @100V/1kW
33

4 3.1
SEERY % %
7 2 :

Y% O
Devices Winding loss Core loss

conduction loss .
Loss distribution

FIGURE 16 Loss breakdown of the converter @100 V. input/1 kW

FIGURE 17

Prototype of the proposed DC-DC buck converter
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showed that the peak efficiency of the interleaved operation was
99.2% and its output current ripple was reduced to 15% of that
in the synchronous operation.
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