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(ABSTRACT)

Multiphase interleaving buck converters are widely used in today’s industrial point-of-load
(POL) converters, especially the microprocessor voltage regulators (VRs). The issue of today’s
multiphase interleaving buck converters is the conflict between the high efficiency and the fast
transient in the phase inductor design. In 2000, P. Wong proposed the multiphase coupled-
inductor buck converter to solve this issue. With the phase inductors coupled together, the
coupled-inductor worked as a nonlinear inductor due to the phase-shifted switching network, and
the coupled-inductor has different equivalent inductances during steady-state and transient. One
the one hand, the steady state inductance is increased due to coupling and the efficiency of the
multiphase coupled-inductor buck converter is increased; on the other hand, the transient
inductance is reduced and the transient performance of the multiphase coupled-inductor buck is
improved. After that, many researches have investigated the multiphase coupled-inductor buck
converters in different aspects. However, there are still many challenges in this area: the
comprehensive analysis of the converter, the alternative coupled inductor structures with the
good performance, the current sensing of converter and the light-load efficiency improvement.

They are investigated in this dissertation.

The comprehensive analysis of the multiphase coupled-inductor buck converter is
investigated. The n-phase (n>2) coupled-inductor buck converter with the duty cycle D>1/n
hasn’t been analyzed before. In this dissertation, the multiphase coupled-inductor buck converter
is systematically analyzed for any phase number and any duty cycle condition. The asymmetric

multiphase coupled-inductor buck converter is also analyzed.

The existing coupled-inductor has a long winding path issue. In low-voltage, high-current

applications, the short winding path is preferred because the winding loss dominates the inductor



total loss and a short winding path can greatly reduce the winding loss. To solve this long
winding path issue, several twisted-core coupled-inductors are proposed. The twisted-core
coupled-inductor has such a severe 3D fringing effect that the conventional reluctance modeling
method gives a poor result, unacceptable from the design point of view. By applying and
extending Sullivan’s space cutting method to the twisted core coupled inductor, a precise
reluctance model of the twisted-core coupled-inductor is proposed. The reluctance model gives
designers the intuition of the twisted-core coupled-inductors and facilitates the design of the
twisted-core coupled-inductors. The design using this reluctance model shows good correlation
between the design requirement and the design result. The developed space cutting method can

also be used in other complex magnetic structures with the strong fringing effect.

Today, more and more POL converters are integrated and the bottleneck of the integrated
POL converters is the large inductor size. Different coupled-inductor structures are proposed to
reduce the large inductor size and to improve the power density of the integrated POL converter.
The investigation is based on the low temperature co-fire ceramic (LTCC) process. It is found
that the side-by-side-winding coupled-inductor structure achieves a smaller footprint and size.
With the two-segment B-H curve approximation, the proposed coupled-inductor structure can be
easily modeled and designed. The designed coupled-inductor prototype reduces the magnetic
size by half. Accordingly, the LTCC integrated coupled-inductor POL converter doubles the
power density compared to its non-coupled-inductor POL counterpart and an amazing 500W/in®

power density is achieved.

In a multiphase coupled-inductor converter, there are several coupled-inductor setups. For
example, for a six-phase coupled-inductor converter, three two-phase coupled inductors, two
three-phase coupled-inductors and one six-phase coupled inductors can be used. Different
coupled-inductor setups are investigated and it is found that there is a diminishing return effect
for both the steady-state efficiency improvement and the transient performance improvement
when the coupling phase number increases.

The conventional DCR current sensing method is a very popular current sensing method for
today’s multiphase non-coupled-inductor buck converters. Unfortunately, this current sensing

method doesn’t work for the multiphase coupled-inductor buck converter. To solve this issue,



two novel DCR current sensing methods are proposed for the multiphase coupled-inductor buck

converter.

Although the multiphase coupled-inductor buck converters have shown a lot of benefits,
they have a low efficiency under light-load working in DCM. Since the DCM operation of the
multiphase coupled-inductor buck converter has never been investigated, they are analyzed in
detail and the reason for the low efficiency is identified. It is found that there are more-than-one
DCM modes for the multiphase coupled-inductor buck converter: DCM1, DCM?2 ..., and DCMn.
In the DCM2, DCM3..., and DCMn modes, the phase-currents reach zero-current more-than-
once during one switching period, which causes the low efficiency of the multiphase coupled-
inductor buck converter in the light load. With the understanding of the low efficiency issue, the
burst-in-DCM1-mode control method is proposed to improve the light load efficiency of the

multiphase coupled-inductor buck converter. Experimental results prove the proposed solution.
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Chapter 1. Introduction

1.1. Multiphase Interleaving Buck Converters

1.1.1. The Multiphase Interleaving Buck Converter

Modern technologies such as computers, wireless communications, GPS units, and digital
camcorders all started with the invention of integrated circuits. The more transistors are
integrated into a single die, the more functions that die can perform. Just as Moore’s Law
predicts that transistor density doubles every eighteen months [1-4], the number of transistors per
die has increased steadily in the last 50 years. The number of transistors per die will reach ten

billion in 2010 [1] (Figure 1.1).
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Figure 1.1 The historical trend of the transistors per die in microprocessors and memories

Transistor density is not the only factor that determines the performance of an integrated
circuit. How fast a transistor can switch, or the clock frequency, represents the performance of
the integrated circuit. For example, an 1486 processor can run at 25MHz, while today’s Quad-

Core processor is running in the 3-4GHz range. The increases in the integrated circuit’s speed

1
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and number of transistors have resulted in an increase in power demand. Currently, for cost-
performance CPUs in desktop applications, the power consumption is about 100W. For high-
performance CPUs, such as the Itanium® processor used in server applications, power
consumption goes up to 130W. It is no longer an easy task to deal with the losses in these

applications.

In order to minimize the power consumption of the microprocessors, the supply voltage V4
has to be decreased [5-6] so that the energy dissipated during one clock cycle, CVqd’, is reduced
significantly. However, lower Vg4 leads to an even higher supply current, because the CPU

power is also increasing. Figure 1.2 shows the power roadmap of Intel’s microprocessors [7].

CPU Core Voltage and Current
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Figure 1.2 The road map of the voltage and the current of the Intel’s microprocessors in the last ten years.

Used with permission of Kisun Lee, 2009

Moreover, due to high clock frequencies, the microprocessors’ load transition speeds also
increase. The microprocessor load current slew rates are also increasing. The low-voltage, high-
current, and fast load-transition speeds are the challenges imposed on the dedicated
microprocessor power supplies, known as microprocessor voltage regulators (VRs), and are

physically located on the motherboard next to the microprocessors.

To meet these requirements, multiphase interleaving buck converters are adopted for
today’s microprocessor VRs[8-23]. Figure 1.3 shows the n-phase interleaving buck converter for

microprocessor VR application. Figure 1.4 shows such a microprocessor VR in a motherboard.
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Most of today’s microprocessor VRs consist of four to ten phases, operating at a switching

frequency of about 300-700KHz per phase.

Q] QEE“‘QZMJE} L
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Figure 1.3 Schematic of the n-phase interleaving buck converter

Figure 1.4 The multiphase buck converter in today’s motherboard (desktop) [17]

Multiphase interleaving buck converters have several benefits. By paralleling several
synchronous buck converters and phase-shifting their drive signals, the multiphase buck
converter can reduce both the input and output current ripples and improve the transient response.
Furthernore, the multiphase buck converters distribute the different buck phases. This will
distribute the heat throughout the converter, avoid the hot spot and improve the thermal
performance of the converter. With the low temperature in the power devices, the loss of these
power devices also drop, which results in the efficiency increase of the multiphase buck

converter. Moreover, with the multiphase buck, the inductor is separated into several small
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inductors. Therefore, the profile of the inductors can be made to be very small. This will reduce

one bottleneck of the low profile converter.

All the VRs built for today’s Intel microprocessors need to meet stringent transient
response requirements [24-31], the VR load line specification. The load line contains static and
transient voltage regulation data as well as maximum and minimum voltage levels. The upper
and lower load lines represent the allowable range of voltages that must be presented to the
processor. The voltage must never exceed these boundaries for proper operation of the processor.
However, in a CPU, the high clock speed circuits result in fast, unpredictable, and large
magnitude changes in the supply current. The rate of change could be many amps per
nanosecond. If not well-managed, these current transients may cause the VR output voltage to go
outside the regulation band and manifest as power supply noise, which ultimately limits how fast
the CPU can operate. This is further compounded by the reduced noise margin in the CMOS
logic circuits that result from power supply voltage scaling. While voltage overshoots may cause
the CPU reliability to degrade, undershoots may cause malfunctions of the CPU, often resulting

in a blue screen indicating the PC is about to crash.

This is why output filter capacitors are so important for a processor to operate properly. In
order to supply sufficient energy to the processor, sufficient energy storage capacitors have to be
placed in different locations in the power delivery path to the processor. The closest capacitors to
the microprocessor VR are so-called “bulk™ capacitors. Oscon/Polymer capacitors or multi-layer
ceramic capacitors (MLCCs) are widely used as the bulk capacitors in most of today’s desktop
designs or server designs, respectively. Following the bulk capacitors in the power path are the
MLCC cavity capacitors, which are located in the socket cavity and have lower ESR and ESL
compared to the bulk capacitors. The packaging capacitors are also ceramic capacitors with
extremely low ESL, which are located in the CPU package. There is also an on-die capacitor just

besides the CPU die (Figure 1.5 and Figure 1.6).
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Figure 1.5. A typical power delivery path for today’s microprocessors
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Figure 1.6 A lumped circuit model of the power delivery path of today’s microprocessors

In the future, the transient requirements of VRs will be even more stringent than
those of today’s VRs. Therefore, a huge VR with a huge output capacitors are needed
(Figure 1.7[18]). The huge output capacitors not only increase the cost of the VRs, but
also consume a large real estate of the motherboard. Reduction of the huge output

capacitors is worth investigating.

Figure 1.7 The conceptual drawing of the future microprocessor VR with huge output capacitors. Used with
permission of Yuancheng Ren, 2009
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Besides the microprocessor VR for the CPU, other point-of-load (POL) converters,
dedicated for components like memory cards, are gradually adopting multiphase interleaving
buck converters as their performance requirements go higher and higher. Figure 1.8 shows
another three-phase buck converter (VCN60/70BADJTU-1C) from the Murata Corp. dedicated
for the memory array application [32]. Figure 1.9 shows a three-phase POL converter
(PTVO8T250W) for the wide-input POL application [33-34].

Figure 1.8 The multiphase buck converter for the memory array POL (VCN60/70BADJTU-1C). Used with
permission of Murata company, 2009

Figure 1.9 The multiphase buck converter for the wide-input POL application (PTV08T250W). Used with
permission of Texas Instrument company, 2009

Table 1.1 summarizes the multiphase buck converters in different applications. The input
voltage, the output voltage and the duty cycle are shown in the table. It can be seen that the duty

cycle range is quite wide. For example, in the wide input POL application, the duty cycle is 0.06-
0.45.
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Table 1.1 Multiphase buck converters in different applications

Application Vin(V) Vo(V) Duty cycle D
CPU VR 10.8-13.2 0.8-1.6 0.06-0.15
DDR memory POL 10.2-13.2 0.6-3.5 0.05-0.34
Wide-input POL 8-14 0.8-3.6 0.06-0.45

1.1.2. Limitation of the Multiphase Interleaving Buck Converter

Figure 1.10 shows the efficiency vs. the phase inductance curve for a multiphase

interleaving buck converter. It can be seen that when the phase inductance is increased, the

efficiency of the multiphase interleaving buck converter will also increase. This is because when

the phase inductance is increased, the phase current ripple will be reduced. Therefore, both the

conduction loss and the switching loss will be reduced.
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Figure 1.10 The efficiency vs. the phase inductance curve of the multiphase interleaving buck converter

(the ISL6561 board)

However, when the phase inductance increases, the transient perormance of the multiphase

interleaving buck converter will suffer [35]. Figure 1.11 shows the multiphase buck converter

and Figure 1.12 shows the inductor current response during the output load current transient.
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Figure 1.11 The multiphase interleaving buck converter with the inductor current i;, and the output current i,
marked

The transient voltage drops on the multiphase buck converter output voltage V, occurs
because the multiphase buck converter output capacitors need to provide current during the
transient responses. The current demand of the load, i,, has a much higher slew rate than that of
the multiphase buck inductor current, i;.. The difference between the two currents determines the
charges that need to be provided by the multiphase buck converter output capacitors. If the
unbalanced charges can be reduced, the multiphase buck converter transient voltage spikes can
also be reduced for the same multiphase buck converter output capacitors. The triangle part in

Figure 1.12 shows the unbalanced charges. This part is affected by the output inductance design.

{ ¢

Figure 1.12 The transient inductor current i;, response of the multiphase interleaving buck converter under
the output current i, transient

The triangle part in Figure 1.12 of the unbalanced charges is determined by the inductor
current slew rate and the magnitude of the current step. The current step magnitude is determined

by the applications, which cannot be changed. The only way to reduce the unbalanced charges is
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to increase the current slew rate flowing into the multiphase buck converter output capacitors so

that the transient voltage spike on the capacitors can be reduced.

From the viewpoint of control system, the transient unbalanced charges shown in Figure
1.12 are actually a function of how well the inductor current i_ can follow the changes of load

current i,, as shown in Figure 1.11.

To describe the ability of the inductor current to follow the load current, the average
current transfer function Gj(s) is defined as follows:
T (s) (1.1)

G;(s)= INL(S)

where i(s) and i (s) are the perturbations added to the inductor current i. and load current io,

respectively. The transfer function can be derived from the circuit shown in Figure 1.11, as

follows:

i(s) s-r.-C+1 (1.2)
i(s) s’-L-C/n+s-(ro+r/n)-C+1

G;(s)=

where 1, C and L are shown in Figure 1.11.

This transfer function is determined only by the passive component parameters. The duty
cycle, the load current and the input voltage do not affect it. If linear parameters are assumed, the
equation (1.2) is also valid for the large-signal perturbations as long as the duty cycle is not

saturated.

The bode plot of the current transfer function Gj;(s) is shown in Figure 1.13. Here, a is the

resonant frequency.

1 (1.3)
. =

® JL-C/n
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Figure 1.13 The open-loop inductor current to the output current transfer function G;(s) in a multiphase
buck converter [35]. Used with permission of Pit-Leong Wong, 2009

Feedback control is used in multiphase buck converter to regulate output voltages. The
following discussion attempts to identify how the feedback control affects both the rise time and
the transient response of the multiphase buck converter. In order to do so, the closed-loop current

transfer function must be derived.

With voltage feedback control, the closed-loop current transfer function Giic(s) is as follows:

Zo(s) (1.4)

G;i. (5) =G;i(5) =G4 (5)- G (S)- 1+7(s)

where Gjg(S) is the duty-cycle-to-inductor-current transfer function, G¢(S) is the transfer function
of the compensator, Zy(S) is the converter output impedance, and T(S) is the loop gain. The loop

gain is described as follows:

T(s)=K -G, (s)-G,(s) (1.5)

where Gyy(S) is the duty-cycle-to-output-voltage transfer function, and K is the gain of the

compensator. During load transient responses, the duty cycle changes. However, the duty cycle

10
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change does not affect the closed-loop current transfer function Giic(S). In load transient
responses, as long as the duty cycle is not saturated, the small-signal model transfer function is
also valid for large signal analysis. Thus, Gijic(S) can be used to accurately analyze the large-

signal load transient responses.

For a certain feedback control loop design, the open-loop and closed-loop current transfer

functions, Gii(s) and Giic(S), and the loop gain T(S) are shown in Figure 1.14.
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Figure 1.14 The open loop and closed loop inductor current to the output current transfer functions: Gj(s),
Giic(s) and the loop gain transfer function T(S) [35]. Used with permission of Pit-Leong Wong, 2009

As shown in Figure 1.14, the closed-loop current transfer function has the same shape as its
open-loop counterpart unless the corner frequency moves to @, which is the feedback control
bandwidth. The control bandwidth @ is much higher than the power stage double poles’
frequency .

The open-loop and closed-loop current transfer functions are both second-order systems.
The difference lies is the frequencies of their double poles, which results in different time
domain performances of the two transfer functions. The time domain step responses of the two

transfer functions are compared in Fig. 3.9.

11



Chapter 1. Introduction

14 , ; ,
Closel;oop
: J ft” : :
D_E_ ............ ............. .............. ............ -
Dd}* ...... Opéen..loop.é ............. ............. ............ J
Dz ........... , ............. .............. .............. .............. ..............
0 I 1 ; i 1
0 05 1 15 2 25 3
Time (10%s) e

Figure 1.15 Step responses of the inductor current in the open-loop and closed-loop multiphase buck
converters [35]. Used with permission of Pit-Leong Wong, 2009

The rise time of the closed-loop step response is much smaller than that of the open-loop
step response. The unbalanced charge area is greatly reduced. Much faster transient response can

be expected with feedback control. Our interest is to quantify this improvement.

The relationship between rise time and control bandwidth can be approximated as follows:

L _T_a2 (1.6)
"4

c

The only factor that determines the inductor current rise time during transient responses is the
feedback control bandwidth. Therefore, the inductor current slew rate can be easily derived, as

follows:

di Al Al @ (1.7)

0 0 C

aavg:t T /2

r

Figure 1.16 shows the transfer functions of the duty cycle to the output voltage (Gyq) in
multiphase interleaving buck converters. It can be seen that when the phase inductance increases,
the corner frequency of the Gyq transfer function decreases. Therefore, the loop bandwidth @ of
the multiphase buck converter with a smaller phase inductance will potentially be larger than that

of the multiphase buck converter with a larger phase inductance.

12
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Figure 1.16 The gain of the duty cycle to the output voltage transfer function |G,4| vs. frequency in the
multiphase buck converter

Figure 1.18 shows the average current slew rate of the multiphase buck converter with
different inductances. When the phase inductance decreases, the closed loop bandwidth @ can
be designed to be higher. Therefore, the average current slew rate of the multiphase buck
converter is higher. Accordingly, the unbalanced charges in the triangle part are reduced and the

transient output voltage change will be smaller.

i1

Figure 1.17 The effect of the phase inductance on the unbalanced charge provided by the output capacitors of
the multiphase buck converter

From the above analysis, it can be seen that the efficiency of the multiphase buck converter
increases when the phase inductance increases; and that transient performance of the multiphase
buck converter improves when the phase inductance decreases. Therefore, there is a conflict for
the phase inductor design in the multiphase interleaving buck converter. Figure 1.18 shows the

conflict in the phase inductor design.
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For high efficiency For fast transient
“iphase Alphase

Figure 1.18 The design conflict of the phase inductance in the multiphase interleaving buck converter

To satisfy both the high efficiency requirement and the fast transient response requirement
of a multiphase buck converter, a nonlinear inductor is needed. The nonlinear inductor should
have a high inductance for the steady state operation to achieve the high efficiency of the
converter; and it should also have a low inductance in the transient for a fast response of the

converter. To achieve such a nonlinear inductor, the coupled inductor is proposed.

1.2. Multiphase Coupled-inductor Buck Converters

To solve the conflict of today’s multiphase interleaving buck converters, P.Wong proposed

the multiphase coupled inductor buck converter in 1999 [35-39].

Figure 1.19 shows the schematics of the two-phase non-coupled-inductor buck converter
and the two-phase coupled-inductor buck converter. The L in Figure 1.19 (b) is the self-
inductance of the coupled-inductor; the M in Figure 1.19 (b) is the mutual inductance of the
coupled-inductor. The M can be positive (M>0, non-inverse coupling) or negative (M<O0, inverse

coupling). The relationship of M to L can be expressed as
M =al (1.8)

where a is the coupling coefficient between the two inductors (-1<a<I). Figure 1.20 shows the
integrated two-phase non-coupled-inductor structure and the integrated two-phase coupled-
inductor structure. In the integrated two-phase non-coupled-inductors, the flux generated by one
phase current doesn’t link to the other phase and the two phase currents are not coupled. In the
integrated two-phase coupled-inductors, the flux generated by one phase current links to the

other phase and the two phase currents are coupled.
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Figure 1.19 The two-phase non-coupled inductor and coupled-inductor buck converters
(a) The two-phase non-coupled-inductor buck converter (b) The two-phase coupled-inductor buck converter
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Figure 1.20 The two-phase non-coupled-inductors and coupled-inductors and their magnetic flux flow paths
(a) The two-phase non-coupled-inductors and their flux flow paths (b) The two-phase coupled-inductors and

their flux flow paths

P. Wong found that the coupled-inductors work as a nonlinear inductor within a phase-
shifted switching network. With the proper design, the multiphase coupled-inductor buck
converter can have a higher steady-state inductance for a higher efficiency and/or a smaller

transient inductance for a faster transient response.

The basic equations for the two-phase coupled-inductors are shown below.

v, = L-%+M %
. . (1.9)
dt dt
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The two-phase coupled-inductor buck converter has different equivalent inductances

during different time intervals in one switching cycle. This is because of the different inductor

voltage combinations from the phase-shifted switching network. Figure 1.21 shows the

waveforms when D<0.5 and Figure 1.22 for D>0.5.

After derivation, it is found that

L2—M?
_ S
I-eq] - D
L, + o M
Ly =L, +M
D 0.5-D D 0.5-D
Vin-Vll .
Vi 0
v, 0
) P X Lqu
L \\ /,/‘/ Ly Leg Legs \>4
~ \\‘\, z \;
t t 7Y L ty
V1=Vin'V0 V1='V0 Vl=-V0 V1='V0

V2='Vo V2='V0 V2=Vin'Vo V2 =-V0

(1.10)

(1.11)

Figure 1.21 The steady-state inductor voltage and current waveforms for two-phase non-coupled-inductor

and coupled-inductor buck converters (D<(.5)
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Figure 1.22 The steady-state inductor voltage and current waveforms for two-phase non-coupled-inductor
and coupled-inductor buck converters (D>0.5)

L L2-M? (1.12)

eq3 '
LS+E-M
D

Based on the equivalent inductances, we can analyze the effects of the coupled-inductors
on the converter performance both in steady-state operation and during transient responses. The
steady-state criterion is the current ripple because it has a direct impact on the converter
efficiency. From Figure 1.21 and Figure 1.22, it can be seen that the L.q; and L.q3 determine the
converter steady-state current ripple when D<0.5 and when D>0.5, respectively. Therefore, the

steady state inductance L is defined as
Lss = Legi (D<0.5) (1.13)
LSS = Leg3 (D>0~5) (1'14)

The transient criterion is the current slew rate during transient responses. Figure 1.23 shows

the phase-current response with a perturbation AD in the duty cycle D. It can be derived that

Vv, (1.15)
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where f; is the switching frequency of the coupled buck converter. Therefore, it is Leq that
determines the transient response of the converter phase-current. Based on this, the transient

inductance L is defined as

(1.16)
L[r:LquZLS+M<LS
@,

SO I B S S N -
T —H —
! I [
| N |
v2 -—! ..... _"_ ......

!

I

|

i I
1 .
!

|

Figure 1.23 The transient inductor voltage and current waveforms for the two-phase coupled-inductor buck
converter

From the equation (1.16), the inverse coupled inductor (M<0) can reduce the transient
inductance. Therefore, the inverse coupled inductor can increase the bandwidth (Figure 1.24 [21])

and improve the transient performance of the multiphase buck converter.

A:T/R(dB)B: 8 0 MKR A T/R(dB)B: 8 0 MKR 245 453.683 Hz
A MAX 40.00 dB GAIN 5.529 0B A MAX 40,00 dB GAIN U 5550 TaE
B MAX 250.0 deg PHASE 63.0756 deg B MAX 250.0 deg PHASE 63.0930 deg
| : i MAX 230. ,!1 EEVASE D900 dog
1+ Loop gain . Gain -+ Loop gain
Gain | 11 JSSR 1 1 W ~{ i IR W U
Phase+180°— |~ IR i Phase+180°__
e AN '
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h
L DI
\ nn
S N Y TR
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| [ HNE BREL i
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(a) (b)

Figure 1.24 The bandwidth improvement of the multiphase coupled-inductor buck converter compared to the
multiphase non-coupled-inductor buck converter (a) the bandwidth of the non-coupled-inductor buck
converter: 127kHz (b) the bandwidth of the coupled-inductor buck converter: 245kHz [21]
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From the equations (1.10), (1.13), (1.14) and (1.16), it can be seen that the non-inverse
coupled-inductors (M>0) can increase the transient inductance and may decrease the steady-state
inductance; the inverse coupled-inductors (M<0) can reduce the transient inductance and may
increase the steady-state inductance. Therefore, the inverse coupled-inductor is preferred. (In the
following discussion, references to the coupled-inductor are about the inverse coupled-inductor,

unless otherwise specified.)

Based on the same transient equivalent inductance, the relationship between the steady-
state inductor peak-to-peak currents of non-coupled and coupled-inductors can be determined

and compared as follows:

| L. L. D' (1.17)

where I, ¢p 1s the peak-to-peak current ripple of the coupled-inductor, Iy, o is the peak-to-peak
current ripple of the non-coupled-inductor, and L, is the inductance of the non-coupled-inductor.

The relationship shown in the equation (1.17) is plotted in Figure 1.25.

When the steady-state duty-cycle is closer to 0.5, the current ripple reduction is more
effective. Stronger coupling effects give smaller current ripples. The conclusion of P. Wong’s
study is that the coupled-inductors should be designed to have a larger |a| while maintaining the
same L¢g (Ly) in order to have the same transient responses and to achieve smaller steady-state

current ripples.
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Figure 1.25 The ratio of the transient inductance to the steady-state inductance L,/Lg vs. the coupling
coefficient o and the duty cycle D in two-phase coupled-inductor buck converters

Figure 1.26 shows the two-phase and four-phase inverse coupled-inductor structures
proposed by P.Wong [38]. In this four-phase coupled-inductor, the magnetic fluxes generated

from any two-phase currents are inversely coupled.

1'14 12*
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gqq | LA} |h

8

g1

(a) (b)

Figure 1.26 P.Wong’s two-phase and four-phase inverse coupled-inductor structures (a) P. Wong’s two-phase
coupled-inductor structure (b) P.Wong’s four-phase coupled-inductor structure [35]. Used with permission of

Pit-Leong Wong, 2009
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From Figure 1.25, the stronger the coupling, the better the performance of the multiphase
coupled-inductor buck converter. This can be achieved by reducing the middle leg of the
coupled-inductor structure in Figure 1.26(a). Figure 1.27 shows the extreme case (o=-1) by
reducing the middle leg. This will reduce the leakage inductance almost to zero and Figure 1.28
shows the output voltage waveform of the coupled inductor buck converter with such an no-

leakage coupled inductor. The output voltage is not regulated and the converter doesn’t work!

i14 i 4 i14 i A

I\
q)q | “‘h

\\\\l’
Tt
|

8

g1 g1

(@) (b)

Figure 1.27 The extreme case of P.Wong’s two-phase coupled-inductor structure (a=-1, no leakage

inductance) (a) P. Wong’s coupled-inductor structure (b) P.Wong’s coupled inductor structure with a=-1
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Figure 1.28 The coupled inductor buck conveter with the P.Wong’s no-leakage coupled-inductor (a=-1) (a)
The coupled inductor buck circuit with a=-1 (b) The switching point voltage waveforms and the output

voltage waveform

C. Sullivan proposed one solution to solve this issue. Figure 1.29 shows the C. Sullivan’s
two-phase coupled-inductor structure [39-42] The main difference between P.Wong’s two-phase
coupled-inductor structure and C. Sullivan’s two-phase coupled-inductor structure is that C.

Sullivan’s structure greatly reduces the middle leg to achieve a strong coupling. To compensate
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the leakage inductance decrease due to the middle leg reduction, two wings are added to increase

the leakage inductance of this structure.
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Figure 1.29 C. Sullivan’s 2-phase coupled-inductor structure by providing additional leakage flux paths (a)
P.Wong’s coupled inductor structure in the extreme case (a=-1) (b) C. Sullivan’s 2-phase coupled-inductor
structure with additional leakage flux paths

Figure 1.30 shows C. Sullivan’s two-phase coupled-inductor product and its detailed
winding path structure [40-42]. It can be seen that the winding path of C. Sullivan’s coupled-

inductor is quite long, which is not good for low—voltage, high-current applications.

(@)

Figure 1.30 C. Sullivan’s two-phase coupled-inductor product and its winding pattern. (a) C. Sullivan’s two-
phase coupled-inductor product (b) The winding pattern of the coupled inductor in (a)

Figure 1.31 shows C. Sullivan’s three-phase coupled-inductor and its magnetic paths
between Phase 1 and Phase 2, and between Phase 1 and Phase 3. It can be seen that the magnetic
path between Phase 1 and Phase 2 is different from the magnetic path between Phase 1 and
Phase 3. Different too are the magnetic path from Phase 1 to Phase 3 and the magnetic path from
Phase 2 to Phase 3. The magnetic path differences in the three-phase coupled-inductor will result

in the asymmetry of the inductor.
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Figure 1.31 C. Sullivan’s three-phase coupled-inductor structure and its asymmetric magnetic flux flow paths

For the n-phase coupled-inductor, the asymmetry means the self-inductances of different

phases and mutual inductances between different phases are not always the same, i.e. L;#L;

F oo F Ly, Mpp#AM 37 - # Myne1).

Unlike the symmetric coupled inductor case (Figure 1.32), the asymmetric coupled-
inductors will result in a difference in the phase-current ripples (Figure 1.33), and will also result
in an increase of the output voltage ripple of the coupled-inductor buck converter (Figure 1.34).
These will the burden the control and degrade the coupled-inductor buck converter’s
performance. Therefore, it is desirable to eliminate the asymmetry or attenuate the n-phase

coupled-inductors.
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Figure 1.32 The phase-current ripples in a three-phase symmetric coupled-inductor buck converter (a) The
steady-state phase 1 inductor current waveform (b) the steady-state phase 2 inductor current waveform
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Figure 1.33 The difference of the phase-current ripples in a three-phase asymmetric coupled-inductor buck
converter (a) The steady-state phase 1 inductor current waveform (b) the steady-state phase 2 inductor
current waveform
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Figure 1.34 The output voltage ripples of the three-phase asymmetric coupled-inductor buck converter and
the three-phase symmetric coupled-inductor buck converter (a) The three-phase symmetric coupled-inductor

buck converter (b) The three-phase asymmetric coupled-inductor buck converter

A. Ledenev at Advanced Energy proposed another method to increase the leakage
inductance. He added an additional discrete inductor to realize the function of the leakage
inductance [43] (Figure 1.35). With the additional discrete inductor, the output voltage can be

regulated at a fixed voltage and the circuit can work.
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Figure 1.35 Advanced Energy’s two-phase coupled-inductor structure (a) The coupled-inductor structure
with an ideal transformer plus a discrete inductor (b) the circuit representation of the advanced Energy’s
two-phase coupled-inductor

This coupled-inductor structure is equivalent to P. Wong’s and C. Sullivan’s coupled-
inductors (Figure 1.36) with the relationship

Ly =(L+[M])/2 (119
L=(L—|M])/2 (119

Therefore, Advanced Energy’s coupled-inductor is exactly the same as the P. Wong’s and

C. Sullivan’s coupled-inductors in terms of electrical performance.

4 A : L,
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B Y
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Figure 1.36 Two transformation of the two types of coupled-inductors (a) Representation of Advanced
Energy’s two-phase coupled-inductor (b) Representation of P. Wong and C. Sullivan’s two-phase coupled-

inductor

Figure 1.37 shows Advanced Energy’s four-phase coupled-inductor buck converter. It can
be seen that in this structure, the coupled-inductor is also not symmetric. The relationship

between the Phase 1 inductor and the Phase 2 inductor is different from the relationship between
the Phase 1 inductor and the Phase 3 inductor.
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Figure 1.37 Advanced Energy’s four-phase asymmetric coupled-inductor buck converter

To solve the asymmetry issue in C. Sullivan’s and Advanced Energy’s n-phase (n>2)
coupled-inductors, many researchers have proposed several n-phase (n>2) symmetric coupled-

inductor structures.

J. Cobos proposed an n-phase (n>2) symmetric coupled-inductor structure [44-45] (Figure
1.38). The basic concept is that the different phases are coupled by two-phase coupled-inductor
cells, since the two-phase coupled-inductors are symmetric. Every two phases are coupled by the
same two-phase coupled-inductor cell to build an n-phase symmetric coupled-inductor. Since the
topology of this structure, shown in Figure 1.38, looks like a full matrix, this symmetric coupled-
inductor structure is also called the full matrix symmetric coupled-inductor structure. The
drawback of this symmetric coupled-inductor is that there are many separate magnetic
components, and the magnetic component number increases rapidly when the phase number

increases (C.). Moreover, the winding path of each phase inductor is quite long, since each

phase inductor needs to go through n-1 coupled-inductor cells.

26



Chapter 1. Introduction

Figure 1.38 J. Cobos’ n-phase full-matrix symmetric coupled-inductor structure by coupling any two
phases with an identical two-phase coupled-inductor:

Besides J. Cobos, J. Zhou proposed another set of symmetric coupled-inductor structures.
Figure 1.39 shows the three-phase coupled-inductor structure and the four-phase coupled-
inductor structure. Figure 1.40 summarizes this set of symmetric coupled-inductor structures and
illustrates the generic symmetric coupled-inductor topology.generic topology of this type of
single-magnetic n-phase symmetric coupled-inductors. The concept is that all the magnetic paths,
which are wrapped with the phase-currents need to be connected to two common points and the
magnetic paths are evenly distributed around the two common points. The dotted line in Figure
1.40 represents the leakage flux path of the coupled-inductor. The drawback of this type of
symmetric coupled-inductors is that the magnetic core is too complex and costly to be used in

industry.

(@ ®)

Figure 1.39 The symmetric three-phase and four-phase coupled-inductor structures (a) The three-
phase coupled-inductor structure (b) The four-phase coupled-inductor structure
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Figure 1.40 The generalized n-phase symmetric coupled-inductor structure (the solid magnetic line:

the main magnetic paths; the dotted magnetic line: the leakage magnetic flux path)

M. Xu [46] and W. Chen [47] each proposed an n-phase (n>2) symmetric coupled-inductor
structure (Figure 1.41). In this structure, a secondary winding is introduced to couple the
different phase inductors. The secondary windings of different phase inductors are connected in
series to form a loop. The advantage of this structure is that it is very flexible, though it also has
drawbacks. There are many magnetic components, which is not desired, and the secondary

windings increase the complexity of the inductors.

Figure 1.41 M. Xu’s and W. Chen’s n-phase symmetric coupled-inductor buck converter (the
secondary sides of each transformer are in series to form a loop)
In [36], P.Wong analyzed the two-phase coupled-inductor buck converter, but he didn’t
analyze the n-phase (n>2) phase buck converter. After P. Wong published his work, C. Sullivan
continued to investigate this area. He did the analysis of n-phase (n>2) coupled-inductor buck

converter when the converter duty cycle D is less than 1/n [41].
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Figure 1.42 shows the n-phase symmetric inverse coupled-inductor buck converter when
the duty cycle D<l/n. The Vi, Vii,..., Vxu1) are the switching point voltages; Ly is the
equivalent total magnetizing inductance; L; is the leakage inductance; and V, is the output
voltage of the converter. Figure 1.43 shows the voltage and current waveforms of the n-phase

coupled-inductor buck converter when D<I/n.
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Figure 1.42 The representation of the n-phase symmetric coupled-inductor buck converter
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Figure 1.43 The voltage and current waveforms of the n-phase coupled-inductor buck converter (D<1/n)

The electrical equations of n-phase inverse coupled-inductors when D<1/n, are
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v, =L, -‘]'('ld;'2)+ L, '?;tl+v°
Sy G
n-1 dt dt

0

i (1.20)
S i

LM . d(ll IZ) + Ll . (n-h +Vo
n-1 dt dt

After derivation, C. Sullivan found that the relationship between the steady-state inductor peak-
to-peak currents of n-phase non-coupled and n-phase coupled-inductors with the same leakage

inductances is

n-l+p 5 (-2
I _
pp_copled _ N—1+Np (D<1/n)
| 1-D

pp_non—coupled

where p is the ratio of the magnetizing inductance to leakage inductance Ly/L;, and Ts is the

switching period of the converter. If the coupling coefficient a is defined as

g (=DM (122)
L

where M is the mutual inductance between any two phase inductors, and L is the self inductance

of any phase inductor, then the equation (1.21) can be rewritten as

| L 1+[n—2+2,]~a (1.23)
pp_coupled  _ Ly _ n—-1 D (D<1/n)
I pp _non—coupled Lss l_i
n-1

The current ripple reductions by the coupled-inductors are functions of the steady-state
duty cycle D and the coupling coefficient & and the phase number n. The relationship shown in
the equation (1.23) is plotted in Figure 1.44, where D=0.1. It can be seen from Figure 1.44 that
the larger phase number n (n<1/D) results in more effective current ripple reduction, and the
stronger coupling effect gives smaller current ripples. Comparing Figure 1.25 and Figure 1.44, it
can also be seen that there are two choices for improving the effect of the two-phase current
ripple reduction: either make the duty cycle nearer to 0.5, or increase the number of coupling

phases.
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The conclusion of C. Sullivan’s study is that in order to have the same transient responses
and to achieve smaller steady-state current ripples, more phase inductors should be coupled

while maintaining the same Leq (Ly).
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Figure 1.44 The steady-state phase-current ripple reduction in n-phase symmetric coupled-inductor buck
converters (D<1/n, D=0.1)

Although many researchers have done a lot of investigation of multiphase coupled-inductor
buck converters [35-49], there are still many topics about multiphase coupled-inductor buck

converters to be investigated.

1.3. Challenges in Multiphase Coupled-inductor Buck Converters

The multiphase coupled-inductor buck converter has shown many benefits compared to the

multiphase non-coupled-inductor buck, but there are still many challenges unsolved in this area.

1) Extending the analysis of multiphase coupled-inductor buck converters to the n-phase,

D>1/n cases

P. Wong analyzed the two-phase coupled-inductor buck converter for the whole duty cycle
range. C. Sullivan extended P. Wong’s analysis and analyzed the n-phase (n>2) symmetric

coupled-inductor buck converter when the duty cycle D is less than 1/n. However, the n-phase

31



Chapter 1. Introduction

(n>2) coupled-inductor buck when the duty cycle D is larger than 1/n, is never analyzed and its

performance is never clear. This challenge needs to be addressed.

Furthermore, both P. Wong’s and C. Sullivan’s analyses assume that the multiphase
coupled-inductors are symmetric. However this is not always true in reality as shown prevously.
How to analyze the asymmetric multiphase coupled-inductor buck converter and what’s the
effect of asymmetric coupled-inductors on the multiphase coupled-inductor buck converter are
two additional issues to be addressed before multiphase coupled-inductor buck converters can be

widely used.
2) Searching for alternative coupled-inductor structures to reduce the winding path

Figure 1.45 shows the commercial non-coupled-inductors and coupled-inductors. Their
winding paths are also shown in detail. The LS represents the low-side switch and the HS
represents the high-side switch. It can clearly be seen that the existing coupled-inductors have
quite a long winding path compared to that of the non-coupled-inductors, around 3 times longer.
This is not good for the low-voltage high-current applications, such as the microprocessor VR
and the graphic card VR. This is because the winding loss is dominant in the inductor total loss
in these applications and the long winding path means the large inductor winding loss and total

loss.

p——
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(@) (b)
Figure 1.45 The winding path comparison between the commercial non-coupled-inductors and
coupled-inductors (a) The commercial non-coupled-inductors and their winding paths (picture by author,

2005) (b) The commercial coupled-inductors and their winding paths
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To address this issue, the alternative coupled-inductor structures with the short winding

paths need to be investigated.

3) Searching for a better coupled inductor structure based on the LTCC integration process

to reduce the inductor size

Today the converter is more and more integrated to improve its power density. The LTCC
(Low Temperature Co-fire Ceramic) process is a low-cost, promising integration process for the
future integrated converters. The large inductor size is the bottleneck for the high power density
of today’s LTCC integrated power converter. Coupled-inductor is a possible solution to reduce
the inductor size and improving the power density of the multiphase integrated buck converter.
Searching for a better LTCC coupled-inductor structure to reduce the inductor size and improve

the power density of the multiphase coupled-inductor buck converter is another challenge.
4) Evaluating the benefits of coupling in the n-phase coupled-inductor buck converters

Multiphase coupled inductor buck has been claimed to have benefits in both increasing the
converter efficiency and improving the converter transient response. However, how much
benefits can multiphase coupled inductor bucks achieve in the real applications in terms of
increased efficiency percentage, and the output capacitor reduction in size and cost are never
clear. They should be addressed based on a real commercial multiphase interleaving buck
converter, e.g. the 6-phase interleaving buck converter in Figure 1.46 for the CPU VR

application.
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Figure 1.46 The commercial 6-phase non-coupled-inductor buck converter for the CPU VR application

(picture by author, 2006)

Moreover, in a multiphase interleaving buck converter, there are normally several coupled
inductor combinations. For example, in a six-phase interleaving buck converter, 3* 2-phase
coupled inductors, 2*3-phase coupled inductors and 1*6-phase coupled inductor can be used to
replace the original 6 non-coupled inductors. Which combination can achieve the best benefits in

practice is unclear and addressing this is a challenge.
5) Novel current sensing techniques for the multiphase coupled inductor buck converters

Current sensing is mandatory in almost every DC-DC converters for the current protection,
the current sharing and control for current mode converters. However, the current sensing has

never been investigated in detail in multiphase coupled inductor buck converters

Figure 1.47 shows the most popular current sensing method, the DCR current sensing
method, in today’s multiphase interleaving non-coupled inductor buck converters. When the

sensing network time constant satisty

R..C

CS —Cs

-L,, /DCR (124)
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the sensing signal v is proportional to the inductor current iy, (Figure 1.48)

v, = DCR -i, (1.25)
R [Cos w2
\A A4 IN
Vin - iL VO
/ DCR Lself A1

Figure 1.47 The conventional DCR current sensing network in a simple buck converter
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Figure 1.48 The inductor current i, and the current sensing signal v.; waveforms in a simple buck

converter with the conventional DCR current sensing method

However, it is found that the DCR current sensing method doesn’t work in the multiphase
coupled inductor buck converter. Figure 1.49 shows the conventional DCR current sensing
method in the 2-phase coupled inductor buck. Figure 1.50 shows the phase current and the
sensing signal waveforms. In Figure 1.50, i; is the inductor current of the phase 1, v is the
sensed signal of the phase 1 from the DCR current sensing network. It can be seen that even the

shape of the phase current sensing signal and the shape of the real phase current are different.
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Inventing a novel DCR current sensing method for multiphase coupled inductor bucks is a

challenge.

IS.CS C:gs E Vcsi % Vv
\

Wy , Ccs
[ ]

— WYY
1;DCR Lself .
m

:
I ‘5 I DCR Lscire I

= v‘v‘vA = ( -
Res | Cos o>
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Figure 1.49 The direct use of the conventional DCR current sensing method to the multiphase coupled

inductor buck converter

N"

Figure 1.50 The inductor phase current waveform and the phase current sensing signal waveform of the

conventional DCR current sensing method in the multiphase coupled inductor buck converter

6) Improving the light load efficiency of the multiphase coupled inductor buck converters

All the previous research focused on the Continuous Current Mode (CCM) of multiphase
coupled inductor bucks in the heavy load condition. The Discontinuous Current Mode (DCM) of

multiphase coupled inductor bucks has never been investigated.
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However, DCM is used in the light load condition for some multiphase non-coupled
inductor bucks. In these converters, the switching frequency is decreased to improve the
efficiency in the light load. The constant-on time control method is a well-known and very
popular control method to reduce the switching frequency in the light load in the multiphase non-
coupled buck industry. Figure 1.51 shows the phase current waveforms for a multiphase non-
coupled inductor buck (Figure 1.19 (a)) with the constant-on time control in the light load. In the
heavy load, the circuit works in the CCM (Continuous Current Mode) and the switching
frequency is fixed because of the fixed duty cycle D. In the light load, the circuit works in the
DCM (Discontinuous Current Mode) and the switching frequency is decreased to increase the

converter efficiency.

(C))

(b)

Figure 1.51 The inductor phase current waveforms under different load conditions of a multiphase non-
coupled inductor buck with the constant-on time control to improve the light load efficiency (a) under the
heavy load condition (CCM) (b) under the light load condition (DCM)

If the constant-on time control method is directly used in the multiphase coupled inductor
buck, to improve the efficiency in the light load, there is an issue. Figure 1.52 shows the
efficiency of the multiphase coupled inductor buck with the constant-on time control, based on a
commercial multiphase interleaving buck converter for the CPU VR application. In Figure 1.52,

the efficiency of the multiphase non-coupled inductor buck with the constant-on time control is
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also shown. The assumption here is that both the 2-phase non-coupled inductor buck and the 2-
phase coupled inductor buck have the same steady state inductance in the CCM mode. It can be
seen that the multiphase coupled inductor buck has a much lower efficiency in the light load than
the multiphase non-coupled inductor buck. The DCM analysis of the multiphase coupled
inductor buck and how to improve the light load efficiency of the multiphase coupled inductor

buck in DCM is another challenge.

CPU Sleep mode CPU Work mode
pem [ CCM CCM
(V,=0.8V) (Vo=1.2V)

90.0%

85.0%1 2 phase non-coupled
inductor buck

o0
S
S
=

75.0% /r
70.0% X ‘
65.0% |

-_A 2 phase coupled

Efficiency(%)

. .
60.0% inductor buck
55.0%
50.0%
1 1 1 1
0 1, (A) 0 00

Figure 1.52 The efficiency comparison of the multiphase non-coupled-inductor and coupled-inductor
buck converters under the light load condition based on the Max1545 multiphase VR demo board (V;,=12V,
Ton=330ns, L=L=600nH)

All the above challenges in the multiphase coupled-inductor buck converters are

investigated in this dissertation.

1.4. Dissertation Outline

In this dissertation, Chapter 1 gives an introduction of the research background. The

multiphase coupled-inductor buck converter is introduced and the prior research work in this

38



Chapter 1. Introduction

area is illustrated. The remaining challenges in this area are then highlighted, and the research

goal is determined: to investigate the solutions for the outlined challenges.

In Chapter 2, the comprehensive analysis of multiphase coupled-inductor buck converters
in CCM (Continuous Current Mode) is developed. P. Wong developed the two-phase coupled-
inductor buck converter analysis, and C. Sullivan developed the n-phase coupled-inductor buck
converter analysis when the duty cycle D is less than 1/n. The n-phase coupled-inductor buck
converter analysis for the whole duty cycle range will be investigated in this section. Moreover,
of the prior work done in this area, only the symmetric coupled-inductor buck converter has been
analyzed. In this section, the asymmetric coupled-inductor buck converter will be analyzed as

well.

In Chapter 3, alternative coupled-inductor structures intended to minimize the inductor loss
are investigated. For the existing coupled-inductor structures, the inductor winding path is long.
Therefore, the inductor winding loss is high, which is bad for low-voltage, high-current
applications. To solve this issue, one twisted-core coupled-inductor is proposed. Although the
twisted-core coupled-inductor can reduce the inductor winding loss, it increases the inductor core
loss, and the inductor total loss is not minimized. To minimize the inductor total loss, the low
profile twisted-core coupled-inductor is proposed. In the low profile twisted-core coupled-
inductor, a trade-off is made between the winding loss and the core loss to achieve an even

smaller total loss for the inductor.

The modeling and design of coupled-inductor structures are also investigated in this section.
For the complex inductor structures, such as the twisted-core coupled-inductors, the 3D fringing
flux effects are so strong that a simple model that doesn’t consider the 3D fringing flux effects is
very imprecise. C. Sullivan modeled the 3D fringing effect for the simple E-E core. By applying
and extending C. Sullivan’s space-cutting method, the 3D fringing fluxes in twisted-core
coupled-inductors are modeled, and the reluctance model of the twisted-core coupled-inductor is
built. The reluctance model is very accurate. Based on the reluctance model, the design of the
twisted-core coupled-inductors is shown in detail. Additionally, the reluctance model built for
twisted-core coupled-inductors can be modified to be used for low profile twisted-core coupled-

inductors, thereby facilitating the design of the low profile twisted-core coupled-inductors. The
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space-cutting method developed in the modeling of the twisted-core coupled-inductor can also be

extended to other complex inductor structures with strong 3D fringing flux effects.

Nowadays, the POL converters are more and more integrated for the higher power density.
In Chapter 4, two integrated coupled-inductor structures based on the low temperature co-fire
ceramic (LTCC) process are proposed to further improve the converter power density. The
inductor characteristics of these two integrated LTCC coupled-inductor structures are analyzed,
and reluctance models based on the analyses are built and verified by 3D FEA simulation results.
Based on the reluctance models, simple design methods are developed. The designed integrated
LTCC coupled-inductors are customized and tested to verify the design processes. A better
LTCC coupled-inductor structure with a smaller footprint is implemented with the active stage to
build the high-power-density coupled-inductor integrated POL converter. It is found that the
integrated LTCC coupled-inductor POL converter doubles the power density compared to the
integrated non-coupled-inductor POL converter. The amazing power density 500W/in’ is

achieved.

In Chapter 5, the benefits of multiphase coupled-inductor buck converters are evaluated
based on a commercial multiphase interleaving buck converter. In the multiphase buck converter,
there are six phases. Therefore, there are several coupled-inductor setups. There are the three
two-phase coupled-inductor setup, the two three-phase coupled-inductor setup, and the one six-
phase coupled-inductor setup. The performances of the coupled-inductor buck converters with

different coupled-inductor setup s are investigated systematically.

In Chapter 6, novel DCR current sensing methods for coupled-inductor buck converters are
investigated. The conventional DCR current-sensing method is a very popular current-sensing
method for multiphase buck converters. However, the conventional DCR current-sensing method
doesn’t work for the multiphase coupled-inductor buck converter. Novel DCR current sensing

methods are proposed to solve this issue.

In Chapter 7 the discontinuous current mode (DCM) of multiphase coupled-inductor buck
converters under light-load conditions is investigated. Although the prior research shows that the
multiphase coupled-inductor buck converter has a lot of benefits from the CCM, it is found in
this dissertation for the first time that the multiphase coupled-inductor buck converter with a

DCM has a lower efficiency under a light-load. The DCM operation of the multiphase coupled-
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inductor buck converter is investigated in detail to identify the reason for the low light-load
efficiency. The reason for this is found to be the fact that the inductor phase-current reaches zero
twice in a specific DCM mode of the multiphase coupled-inductor buck converter. With the
understanding of the reason, the solution of the low light-load efficiency issue of the multiphase
coupled-inductor buck converter is proposed. Experiments are implemented, and the results

verify the proposed solution..

Chapter 8 provides a summary of the dissertation and the possible future research topic.
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Chapter 2. Comprehensive Analysis of N-phase Coupled-inductor

Buck Converters

Figure 2.1 shows the n-phase coupled-inductor buck converter. In Figure 2.1, M;;<0, j>1,
i=1..., n-1, j=2..., n. When the Mj; are the same, the n-phase coupled-inductor buck converter is

symmetric. When the M;; are not the same, the n-phase coupled-inductor buck converter is

asymmetric.

J J oo o]

Figure 2.1 The circuit representation of the n-phase coupled-inductor buck converter

In [36], P. Wong analyzed the two-phase symmetric coupled-inductor buck converter. C.
Sullivan analyzed the n-phase (n>2) symmetric coupled-inductor buck converter when the duty
cycle D is less than 1/n [41]. Figure 2.2 shows the curve of L/Lg vs. the duty cycle D when the
coupling coefficient a=-0.8, based on their analysis results. It can be seen that the performance

of the n-phase (n>2) symmetric coupled-inductor buck converter with D>1/n is still unclear.
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Figure 2.2 The incomplete curve of L/Lg vs. the duty cycle D of the symmetric coupled-inductor buck

converter (a=-0.8)

The performance of the above multiphase coupled-inductor buck converter is needed if the

phase inductors are coupled to improve the multiphase buck converter performance in the wide

duty range applications (Table 2.1)[29-30]. Figure 2.3 shows one wide input multiphase buck

POL converter from Texas Instrument. In these applications, the duty cycle D is quite wide.

Therefore, the previous P. Wong’s and C Sullivan’s analyses are not valid any more. The

quantitative analysis of the n-phase symmetric coupled-inductor buck converter with the whole

duty cycle range needs investigating.

Table 2.1 Wide duty cycle range multiphase buck converters

Application Vin(V) Vo(V) Duty cycle D
DDR memory POL 10.2-13.2 0.6-3.5 0.05-0.34
Wide-input POL 8-14 0.8-3.6 0.06-0.45
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Figure 2.3 The wide-input three-phase buck POL converter with a large duty cycle range (PTV08T250W).
Used with permission of Texas Instrument company, 2009

In this section, the generalized analysis of the n-phase coupled-inductor buck converter
with the duty cycle D>1/n is illustrated. Some special characteristics of the n-phase coupled-
inductor buck converter during large duty-cycle conditions are shown. After that, the asymmetric

effects of multiphase coupled-inductor buck converters are analyzed quantitatively.

2.1. Generalized Analysis of N-phase Coupled-inductor Buck Converters

In this section, the three-phase coupled-inductor buck converter with the duty cycle D>1/3
is analyzed first. Then, the analysis is extended to the N-phase, whole duty cycle range coupled-

inductor buck converter.

2.1.1. Generalized Analysis of Three-phase Coupled-inductor Buck Converters

Figure 2.4 shows the three-phase coupled-inductor buck converter. The converter needs
further analysis when the duty cycle D>1/3. The analyses for 1/3<D<2/3 and 2/3<D<I according
to the phase inductor current waveform difference are discussed in the following sections.

JET} JH}

Figure 2.4 The circuit represenstation of a three-phase symmetric coupled-inductor buck converter
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The basic electrical equations for the three-phase coupled-inductor in Figure 2.4 are

v,=L-i,+M-i,+ M -i,

V,=M-i+L-i,+M-i, 2.1)

V, =M i +M i +L-i,

where L is the self-inductance for each phase and M is the mutual inductance between any two

phase inductors. M<0 for the inverse coupling.

The steady-state inductor voltage waveforms v, v, v3 and inductor current waveform i,
when 1/3<D<2/3 are shown in Figure 2.5. There are six switching intervals during one switching
cycle. Due to the different inductor voltage combinations in these six intervals, the inductances

equivalent to those in the non-coupled-inductor case are different for the six intervals: Legi-Legs.

2/3-D 2/3-D 2/3-D
V.=V,.V, D-1/ D-1/3 -1/3

t0 t1 tz t3 t4 ts tg+Ts
Vi=Va (vi=V, (vi=V, (Vvi=Vy (V=Y (V=Y
{Vbe {Vbe {V2=Va {V2=Va {V2=Va {v2=Vb
Va=Va 3=V} (v5=Vy, Lvs=Vy, L=V, =Y,

Figure 2.5 Steady-state inductor voltage and current waveforms for the three-phase coupled-inductor
buck converter with 1/3<D<2/3 (V,=Viy-V,, Vp=-V,)

For the first time interval (to-t;), the inductor voltage combination is
v, =V, =V,.,v, =V, v, =V, -V, (2.2)

Substituting the equation (2.2) into the equation (2.1) and rearranging the terms, it can be derived

that
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L _(L=M)L+2M) di 2.3)
. i,
L+ P &
D'

where D’=1-D. Therefore, the equivalent inductance for the first interval is

:(L—M)(L+2M) (2.4)

eql
L+R-M
DI

L

According to the different inductor voltage combinations shown in Figure 2.5, the equivalent

inductances for the other five intervals can be derived similarly.

L _(L=M)(L+2M) (2.5)
eq2 2D
L+d+—)-M
D
L L _(L=M)L+2m) (2.6)
eq3 — “eql — D
L+ —-M
DI
L _(L=M)(L+2M) (2.7)
eq4 D!
L+—M
D
L _(L=M)(L+2M) (2.8)
eqs L+(1+2D')M
D
L-M)L+2M 2.9
Leq6=Leq4=( )(/ ) ( )
L+—-M
D

There are four different equivalent inductances: Leqi, Leg2, Legs and Legs.

From Figure 2.5, it can be seen that the peak-to-peak current ripple I, ¢ is not determined
by one of the four equivalent inductances, like the previous cases studied by P. Wong and C.
Sullivan. The current ripple, Ip, ¢p, 1s determined by the combination of two equivalent
inductances: Leqi and Lep. Since the steady-state inductance is determined by the total current
ripple I, op, it can be defined as the inductance equivalent to that in the non-coupled-inductor
buck converter, which results in the average current slope shown as the dotted line in Figure 2.5.

Therefore, the steady-state inductance is
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L 1
s 2(D-1/3) 1 2/3-D

Leql D Leq2 D (210)
_(L=M)(L+2M)
B 2
L+ -DM
(3DD' )

Figure 2.6 shows the transient inductor voltage and current waveforms for the three-phase
coupled-inductor buck converter with 1/3<D<2/3. The transient equivalent inductance is the
equivalent inductance which determines the inductor current change Ai in one switching cycle

when there is a duty cycle perturbation AD in the transient. Therefore, it is defined as

|

I .

| I Il i
Lt t, 31415 1 171 ty+T

Figure 2.6 Transient inductor voltage and current waveforms for the three-phase coupled-inductor buck
converter with 1/3<D<2/3 under the duty cycle perturbation

(ﬂ) AV, -AD 2.11)
dt’® T L

S tr

since

Al = (Lo — Log)AD - T +(Lyys — Legy )AD T, + (L, — Loy )JAD - T (2.12)

Substituting the equation (2.12) into the equation (2.11), it can be derived that

L, =L+2M (2.13)
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The steady-state inductor voltage waveforms vi, v,, v3 and inductor current waveform i,
when 2/3<D<1 are shown in Figure 2.7. There are six equivalent inductances: Leqi-Leqs. These

inductances are different from those in the 1/3<D<2/3 case.

ty 4 b t; ly ts ty+T,
V1=Va V1=Va V1=V V1=Va V1=‘]a V1=Vb
V2=Va V2=Vb V2=Va V2=Va V2=Va V2=Va
V3=‘]“l V3=‘]a V3=‘7a V3=Vb V3=Va V3=\]a
Figure 2.7 Steady-state inductor voltage and current waveforms for the three-phase coupled-inductor buck
converter with 2/3<D<1 (V,=V;;-V,, V,=-V,)
Substituting the according inductor voltage combination into the equation (2.1), we can

derive that

Lot = Lugs = Legs =L +2M (2.14)
(L=M)(L+2M) (2.15)
Leq2 = Leq4 =
D
L+— M
D!
(L—=M)(L+2M) (2.16)
Leq6 = ’
2D
L+(1+ )-M
D

Since the phase-current ripple Iy, coupled 1S determined by Lege, the steady-state inductance is
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(L-M)(L+2M) (2.17)
Lss:Leq6: ZD'
L+(1+ )-M
D

In fact, the 2/3<D<I case is a duplicate of the 0<D<1/3 case. If the D and D’ are exchanged in
the equation (2.17), the equation changes to the steady-state inductance equation for the 0<D<1/3

casc.

Figure 2.8 shows the transient inductor voltage and current waveforms for the three-phase

coupled-inductor buck converter with 2/3<D<1. Therefore,

A = (Lygy — Lige)AD T, +(Lygy = LoiyJAD-T, + (Lyg, — Loy JAD T, (2.18)
I/in'l/o_]AD
vlo___ __: __________________ E _____
Vo lip D L

| |
| |
| |
| |
h t t, L3l ts tst; tg tytTy

Figure 2.8 Transient inductor voltage and current waveforms for the three-phase coupled-inductor

buck converter with 2/3<D<1 under the duty cycle perturbation

Substituting the equation (2.18) into the equation (2.11), we get

L, =L+2M (2.19)

This is the same as the 1/3<D<2/3 case. The reason for this is as follows. Figure 2.9 shows
the equivalent coupled-inductor model as that in Figure 2.4. Figure 2.10 shows the small-signal

model of the three-phase coupled-inductor buck converter and its derivation
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(V,, =V, =V,;;=V,). It can be seen that the total equivalent inductance for the converter is

(L+2M)/3. Therefore, for each phase, the transient inductance is L+2M, which is the leakage
inductance of the three-phase coupled-inductors. Since the transient performance of the three-
phase coupled-inductor buck converter is determined by the leakage inductance of the coupled-
inductor, the transient performance and the transient inductance of the three-phase coupled-

inductor buck converter doesn’t change with duty cycle D.

Figure 2.9 The equivalence between two three-phase coupled-inductor models (L: the self inductance of the
coupled inductor; M: the mutual inductance of the coupled inductor, M<0)

p

vly”‘k'
(L+2M)/3
L - M A
2 \"
Vp2 p C
§ _ o T O
\7p3 L L

Figure 2.10 Transformation of the small-signal model of the three-phase coupled-inductor buck converter

For the three-phase non-coupled and coupled-inductors, if the transient equivalent
inductances are the same (Ly=L,.), the transient responses are expected to be the same. The
coupled-inductors can reduce the steady-state phase-current ripple. Based on the same transient
equivalent inductance, the relationship between the steady-state, peak-to-peak inductor current

ripples of non-coupled and coupled-inductors can be determined and compared as follows:
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L+(3DZD'—1)M
L coe _ Lye _ Ly _ Y 1/3<D<2/3 (2.20)
Ippinc Lss Lss L+(1+2D )M
D 2/3<D<l1
L-M

where I, coupled 1 the peak-to-peak current ripple of the three-phase coupled-inductor, and I, nc
is the peak-to-peak current of the non-coupled-inductor. If the coupling coefficient « is defined

as a=2M/L, then the equation (2.20) can be rewritten as

1+(3DID'_%)'0‘
—_— s <
" 1/3<D<2/3 @21)
I pp_coupled i _ 2
Ippinc Lss 1+(f+7).a
2 2/3<D<l1
(24
1-—
2

The current ripple reductions by the three-phase coupled-inductors are functions of the
steady-state duty cycle D and the coupling coefficient «. Since L./Ls can represent the
performance improvement of coupled-inductor buck converters with respect to the non-coupled-
inductor buck converters, Ly/Lss can be seen as the figure-of-merit (FOM) of coupled-inductor
buck converters. The relationship shown in the equation (2.21) is plotted in Figure 2.11. It can be
seen that when D is far from 0.5, e.g. 0.1, the three-phase coupled-inductor buck converter is
better than the two-phase coupled-inductor buck converter and that when D is around 0.5, the
two-phase coupled-inductor buck converter is better than the three-phase coupled-inductor buck

converter.

The relationship shown in the equation (2.21) is also plotted in Figure 2.12. In Figure 2.12,
the curve marked with n=2 is based on P. Wong’s analysis; the red curve with D<1/3 is based on
C. Sullivan’s analysis; and the red curve with 1/3<D<1 is based on the new analysis. It can be
seen that the two-phase coupled-inductor is better when D is around 0.5. However, the three-

phase coupled-inductor can achieve a larger current ripple reduction in a wider duty cycle range.
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Figure 2.11 The two-phase and three-phase curves of the ratio of the transient inductance to the steady-state
inductance L;,/Lg vs. the coupling coefficient o under the different duty cycles (a) the duty cycle D=0.1 (b) the
duty cycle D=0.5
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Figure 2.12 The two-phase and three-phase curves of the ratio of the transient inductance to the steady-state
inductance L/Lg vs. the duty cycle D (the coupling coefficient a=-0.8)

Figure 2.13 shows the simulated phase-currents for the three-phase coupled-inductor buck
converter (a=-0.85) and the three-phase non-coupled-inductor buck converter when V;,=400V,
V=198V (D=V,/Vi,=0.495>1/3) in the PFC application. From the simulation, the phase-current
ripple reduction of the coupled-inductor is 3.32A/16.63A=0.2. According to the new equation
(2.21),
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The calculation result matches the simulation result pretty well, which verifies the equation

2.21).
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Figure 2.13 The simuated phase-current waveforms of the three-phase coupled-inductor buck
converter and three-phase non-coupled-inductor buck converter when D>1/3 (a) The three-phase coupled-
inductor buck converter (b) The three-phase non-coupled-inductor buck converter (i;: the phase 1 inductor

current; vy, ¢: the phase 1 top switch gate driving signal)
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2.1.2. Extension to N-phase Coupled-inductor Buck Converters

The analysis in the above section can be extended to n-phase coupled-inductor buck

converters. Figure 2.14 shows the n-phase coupled-inductor buck converter. The electrical

equations for the n-phase coupled-inductor is

Vv, = L-i.1+M -i;+...+M 'in.,1+|\/| |n
v, =M ~i.1+L-i.2+...+M ~in:1+|\/| |n

. . . . (2.23)
Vo, =M-i+M-i,+...+L-i,+M-i

v, =M -i.1+M -i;+...+M -in._1+L-i;

] J o0 o]

Figure 2.14 The circuit represenstation of an n-phase symmetric coupled-inductor buck converter

Figure 2.15 shows the steady-state inductor voltage waveforms vi, v, Vin-1), Ven) and
inductor current waveform 1; when 1/n<D<2/n. There are 2n switching intervals during one
switching cycle. Due to the different inductor voltage combinations in these 2n intervals, the

inductances equivalent to those in the non-coupled-inductor case are different for the 2n intervals:

Leql'Leq(2n)-

For the first time interval (to-t;), the inductor voltage combination is
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v, =V, =V,,v, =-V,,..v,, =-V,,v, =V, -V (2.24)

0%>°'n in o)

Substituting the equation (2.24) into the equation (2.23) and rearranging the terms, it can be

derived that
(L—M)[L+(n-1)M] di, (2.25)
TR 3 D Tt
L+[ +—]-M
D’ D’

where D’=1-D. Therefore, the equivalent inductance for the first interval is

(L=M)[L+(n=D)M] (2.26)

Lear = D
L+[(n=3)+(n-2) -

eql

According to the different inductor voltage combinations shown in Figure 2.15, the equivalent

inductances for the other intervals can be derived similarly.

L __ (L=M)[L+(n-DM] (2.27)
eq2 D
L+[(n—2)+(n—1)5]-M
Leq3 = Leql (228)
(L=M)[L+(n—=D)M] (2.29)
Leq4 = Leq6 == Leq(2n) = Dv
L+—-M
D
(L-M)[L+(n-1)M] (2.30)
LeqS = I-eq7 == Leq(2n—1) = ZD'
L+(1+ D )-M

There are four different equivalent inductances: Leqi, Leq2, Legan-1y and Leg(on).
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; eq(Zn:I‘)é‘“
Ly L b 1;988¢, tir tg+ T,
Vi=Va (Vi=V, (vi=VY, Vi=Vy (vi=Vy
V2=Vb V2=Vb V2=“7a V2=Vb V2=Vb

. .

.
. . . . .
Vo1=Vb V1= Vo Vaa= Vb Vni=Va Va1~V
Vn=Va Vn:Vb Vn=Vb Vn=Va VH:Va
Figure 2.15 The steady-state inductor voltage and current waveforms for the n-phase coupled-inductor

buck converter with 1/n<D<2/n (V,=Vi;-V,, Vp=-V,)

From Figure 2.15, it can be seen that the peak-to-peak current ripple Iy, ¢, is determined by

the combination of two equivalent inductances: L.qi and Lcg. Therefore, the steady-state
inductance is

1
* 1 20b-1/m 1 2/n-D
|_eq1 D |_eq2 D (2.31)
(L—M)[L+(n-1)M]
L2 +"3 pym
nDD' D'

Figure 2.16 shows the transient inductor voltage and current waveforms for the n-phase

coupled-inductor buck converter with 1/n<D<2/n. Since the transient inductance is defined as
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Figure 2.16 Transient inductor voltage and current waveforms of the n-phase coupled-inductor buck
converter with 1/n<D<2/n under the duty cycle perturbation

(i, _Ai2V, AD 232)
dat”™® T, L,
and
Al = (Lo = Lego )AD - T + (Lgy = Loy )AD - T+ 4 (Logan 1) = Legian) JAD - T (2.33)
then,
L, =L+(n-DM (2.34)

For the general case, when i/n<D<(i+1)/n, 0<i<n-1, Figure 2.17 shows the steady-state
inductor voltage waveforms vy, vj, vi+1, v, and inductor current waveform i;. Due to the different
inductor voltage combinations in these 2n intervals, the inductances equivalent to those in the

non-coupled-inductor case are different for the 2n intervals Leqi-Legn).
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Figure 2.17 Steady-state inductor voltage and current waveforms for the n-phase coupled-inductor

buck converter with im<D<(i+1)/n (V,=Vi,-V,, Vp=-V,)
For the (2i-1) time interval (ty;.2-t2i.1), the inductor voltage combination is

v, =V, -V,,..,v, =V, -V,,v,, =V, -V

0% "I+

Vo ==V, v, ==V, (2.35)

0>

Substituting the equation (2.35) into the equation (2.23) and rearranging the terms, it can be

derived that

(L=M)[L+(n-=1)M] diy (2.36)
dt

v, = 5
L+[n=i-2)+(n-i-H 1M

where D’=1-D. Therefore, the equivalent inductance for the (2i-1) interval is

58



Chapter 2. Comprehensive Analysis of N-phase Coupled-inductor Buck Converters

L (L=M)L+(n-DM] (2.37)
eq(2i-1) — ] ] D
L+[(n=i-2)+(n—-i-1) D,]-M

According to the different inductor voltage combinations shown in Figure 2.17, the equivalent

inductances for the other intervals can be derived similarly.

Leql == Leq(2i+l) (238)
o __ (L=M)L+(n-DHM] (2.39)
Leq2 e T Leq(2i) - D
L+[(n—i-D)+(n-i)—]-M
D!
L _ —L _(L=-M)[L+(n-DM] (2.40)
eq(2i+3) — **t T Teq(2n-1) T L ] ] | D' M
+[1+(+ )B]-
L-M)[L+(n-1)M 2.41
Loy == Ly = (oML (=DM ] (2.41)

. D
L+[-D+iT M

There are four different equivalent inductances: Leqi, Leq2, Legan-1) and Leg(on).

From Figure 2.17, it can be seen that the peak-to-peak current ripple I, ¢, is determined by
the combination of two equivalent inductances: L.qi and Lcg. Therefore, the steady-state
inductance is

1
b =5 (i+D(d~i/n) 1 ili+)/n-D]

Leql D Leqz D (242)
= (L-M)[L+(n-DM]
L+[(n=-2i-2)+ i(i+1)+ nD(n—2i—1)+i(i+1)]'M
nD nD'

Figure 2.18 shows the transient inductor voltage and current waveforms for the n-phase

coupled-inductor buck converter with i/n<D<(i+1)/n. Since the transient inductance is defined as

Ai 8V, -AD (2.43)
T, L

S

di,,
(dt )cp -

r

and
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Ai = (Leql - Leqz)AD 'Ts +"'+[Leq(2i+l) - Leq(2i+2)]AD 'Ts +'"+[Leq(2n—1) - Leq(zn)]AD 'Ts (2'44)
then,
L, =L+(n-D)M (2.45)
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Figure 2.18 Transient inductor voltage and current waveforms of the n-phase coupled-inductor buck
converter with i/n<D<(i+1)/n under the duty cycle perturbation

This is expected since the transient inductance is not dependent on the duty cycle D. This
result can also derived by the equivalent circuit method illustrated in the three-phase coupled-

inductor buck converter case.

Table 2.2 shows the summary of steady-state inductances and transient inductances for the

n-phase coupled-inductor buck converter.
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Table 2.2 The steady-state inductances and transient inductances for the n-phase coupled-inductor buck

converter
0<D<I1/n .. 1/n<D<(i+1)/n .. (n-1)/n<D<1
Lss (L-M)[L+(n-DM] (L-M)[L+(n-1)M] .l (L=M)[L+(n-1)M]
L+{(n=2)+(-1) D ]-M L+fn-2i-2)+ 1LED, D=2 040Dy gy L+(0-2)+ (=D 2 ]-M
L L+(n-1D)M L+(n-1)M L+(n-DM

According to the equation (2.42) and the equation (2.45), the FOM of n-phase coupled-

inductor buck converters is:

i(i+1)  nD(n—2i~1)+i(i+1)

L+[(n-2i—-2)+ ‘M
Ly _ Vop_couptea _ a "D nD' ]
LSS Ippinc L_M
1+[(n—2i—2)+'(|+l)+nD(n_Zl_l)H(IH)} a (2.46)
_ nD nD' n-1
T
n-1

where I, ¢, 1s the peak-to-peak current of the n-phase coupled-inductor, I, 4 is the peak-to-peak
current of the non-coupled-inductor with L,.=Ly, i/n<<D<(i+1)/n, 0<<i<n-1, and the coupling
coefficient a=-(n-1)M/L. The FOM is the function of the steady-state duty cycle D, the coupling
phase number n and the coupling coefficient a.. The relationship shown in the equation (2.46) is
plotted in Figure 2.19 with L/Lg as a function of the coupling coeeficient a when the duty cycle
D is 0.1. The relationship shown in the equation (2.46) is plotted in Figure 2.20 with L/Lg as a
function of the coupling coefficient o when the duty cycle D is 0.33 and 0.5. It can be seen that
when the duty cycle is very small, 0.1, the more-phase coupling is the best. When the duty cycle
is close to 0.33, the three-phase coupling is the best when the duty cycle is close to 0.5, the two-
phase coupling is the best.
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Figure 2.19 The two-phase, three-phase, four-phase and n-phase curves of the ratio of the transient
inductance to the steady-state inductance Li,/Lg vs. the coupling coefficient o under the duty cycle D=0.1
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Figure 2.20 The two-phase, three-phase, four-phase and n-phase curves of the ratio of the transient
inductance to the steady-state inductance L/Lg vs. the coupling coefficient o (a) the duty cycle D=0.33 (b) the
duty cycle D=0.5

The relationship shown in the equation (2.46) is also plotted in Figure 2.21. Looking at the
FOM curves for the whole duty cycle in Figure 2.21, it can be seen that the n-phase coupled-
inductors are better when D is around 1/n, 2/n, ...,(n-1)/n. Moreover, the more-phase coupled-

inductor buck converter can achieve a smaller FOM in a wider duty cycle range. Therefore, to
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achieve a better performance in the wide duty-cycle range multiphase buck converter, more
phase coupling is preferred, such as the wide-input POL case and the multiphase PFC converter
case. Table 2.3 shows the calculated efficiency comparison between the wide-input two-phase
coupled-inductor POL and the wide-input ten-phase coupled-inductor POL in different input
voltages. In the comparison, Vi,=5-12V, V,=2.5V, [,=20A, f=2MHz, the top switch: 2168, the
bottom switch: 2165 and ten phases for both cases. It can be seen that with the ten-phase
coupled-inductor POL can increase 1.5 percent efficiency in 12V compared to the two-phase

coupled-inductor POL converter, keeping the steady-state inductances in the 5V to be the same.
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Figure 2.21 The two-phase, three-phase, four-phase and n-phase curves of the ratio of the transient

inductance to the steady-state inductance L,/Lg vs. the duty cycle D (the coupling coefficient a=-0.8)

Table 2.3 The efficiency comparision of the two-phase coupled-inductor POL converter and the ten-phase

coupled-inductor POL converter in different input voltages

two-phase coupled POL 10-phase coupled POL

Vin(V) 5 12 5 12
L(nH) 200 50 200 198
Efficiency(%) 88 83.5 88 85
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Figure 2.21 also shows that at D=0.5, the two-phase coupled-inductor buck has a lower
Ly/Lss than the four-phase coupled-inductor buck with the same coupling coefficient a=-0.8.
This can be explained in the following. Figure 2.22 shows the two-phase coupled-inductor and
the four-phase coupled-inductor with the same transient (leakage) inductance and the same
coupling coefficient a=-0.8. According to the coupling coefficient definition, the two-phase

coupling coefficient o, and the four-phase coupling coefficient a4 are

M| M| M|
Vowl Lk
|M2| - [ *
swl Lk I L : |M4| |M4|
v k
T ¢ -
i v, '7 7 Yo
— 1Y) o T’
y L, lo — N N o

|M,|
sk [V S
* A <

12 Vowd Lk
e o e W LYY, fapap¥a g g gt
=
Iy
(@) (b)

Figure 2.22 The comparison of the two-phase coupled-inductor buck converter and the four-phase
coupled-inductor buck converter with the same L, (Ly) and the same coupling coefficient a=-0.8 (a) the two-

phase coupled inductor (b) the four-phase coupled inductor
a,=M, /Ly, =—|M,|/(M,|+L,) (2.47)
a,=3M, /Ly, =-3IM,[/3|M,|+L,) (2.48)
With the same coupling coefficient,
a,=a, (2.49)
Substituting the equations (2.47) and (2.48) into the equation (2.49), we can derive
IM, [=3[M, | (2.50)

The magnetizing inductance of the two-phase coupled-inductor is three times larger than the
four-phase coupled-inductor. This large magnetizing inductance results in the smaller phase-

current ripple and the larger steady-state inductance Ly of the two-phase coupled-inductor.
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2.2. Asymmetric Analysis of Multiphase Coupled-inductor Buck Converters

For all the above analyses for the multiphase coupled-inductor buck converter, the
multiphase coupled-inductor is assumed to be symmetric. However, as shown in Figure 1.31, the
practical n-phase (n>2) coupled-inductor is asymmetric. In this section, the effect of asymmetric

coupled-inductors on the multiphase coupled-inductor buck converter will be investigated.

Figure 2.23 shows an example of the three-phase asymmetric coupled-inductor and the
three-phase asymmetric coupled-inductor buck converter utilizing this coupled-inductor. For this

asymmetric coupled-inductor, L1=Ls#L,, M,=M3#M 3.

K ¥ k _—m, ]
T M 1 M T
Ve g:%« I R
T —-\) —-‘,_) —-\D
5 p E, p (r p
! Il 1 . 2 .43 ]
Jas * T F ]
(@) ®)

Figure 2.23 The three-phase asymmetric coupled-inductor buck converter (a) The three-phase
asymmetric coupled-inductor buck converter (b) The three-phase asymmetric coupled-inductor
The detail analysis of the asymmetric coupled-inductor buck converter is in the appendix.

The steady state inductances and the transient inductances are listed here.

L = Ll(Lle_Mlzz)_(I—1M122_2M122M13+L2M123) (D<1/3) (2.51)

ssl
LILZ _M|22+(L1M12_M12M13 _M122+L2M13)E

_ Ll(Ll Lz - M122)_(L1M122 _2M122M13 + L2M123) (D<1/3) (2'52)
trl
L1L2 - L1M12 + M12M13 - L2M13

L

To characterize the asymmetry of the asymmetric coupled-inductor, several parameters are

defined.

L a :L a :&:MB (2.53)
1 s Lo

k=-,
L2 I‘l L2 Ll L3 Ll
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k represents the difference in the phase self inductances. 1 and a7 are the coupled coefficients.

The values k=1 and os= a; represents the symmetric coupled-inductor.

With the equations (2.51), (2.52) and (2.53), the FOM for Phase 1 when D<1/3 can be

derived

2.54
1—af+(alﬁ—ala2\/§—a3+a2)2 (2-59)
I‘lrl — D (D<1/3)
L 1— o, VK + o, VK —

The relationship in the equation (2.54) is plotted in Figure 2.24 when D=0.1, and k=1. The
FOMs of the two-phase symmetric coupled-inductor and three-phase symmetric coupled-

inductor are also shown.

1
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X 05 = —— a,/0; =(0.8
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Figure 2.24 The effect of asymmetry a,/a; on the curve of the L.,/L; vs. the coupling coefficient o; in the
three-phase asymmetric coupled-inductor buck converter (the duty cycle D=0.1)

It can be seen from Figure 2.24 that when the FOM of the three-phase asymmetric coupled-
inductor is larger than that of the three-phase symmetric coupled-inductor; i.e. the benefits of the
three-phase asymmetric coupled-inductor are degraded. The more asymmetric the inductor is, the
more benefits it will degrade. When the asymmetry is very strong, the performance of the three-

phase coupled-inductor is similar to that of the two-phase symmetric coupled-inductor.

When 1/3<<D<2/3 and 2/3<<D<:1, the FOMs for Phase 1 can be derived.
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L., (I-a, - a1\/_+ala2\/_)+ DD'(OQ\/_+0¢2 al alazx/_) e /
—rl 1/3<D<2/3
Lssl l_al\/__i_alaz\/i_az ( )

1—a +(a vk o,k —a +0¢2)E
Loy _ D ;3<p<1)
L l_al\/E+ala2\/E_a2

(2.55)

(2.56)

The relationships in the equations (2.54), (2.55) and (2.56) are plotted in Figure 2.25 when o;=-

0.4, and k=1.

The FOMs of the two-phase symmetric coupled-inductor and three-phase

symmetric coupled-inductor are also shown. It can be seen that when the multiphase coupled

inductor is more asymmetric, the FOM increases and the benefits from the more-phase coupling

are degrading.

0.6
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Figure 2.25 The effect of asymmetry o,/a; on the curve of the L1/Lg; vs. the duty cycle D in the three-phase

asymmetric coupled-inductor buck converter (the coupling coefficient ;;=-0.4)

2.3. Summary

In this section, previous analysis of multiphase coupled-inductor buck converters is

extended, and there is a generalized analysis of the symmetric multiphase coupled-inductor buck

converter. The results of the analysis show that coupling more phases can achieve a better

performance in a wider duty cycle range. The effect of the asymmetric multiphase coupled-

inductor on the buck converter performance is also investigated.
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Chapter 3. Alternative Multiphase Coupled-inductor Structures

In Chapter 1, it is found that the winding path of today’s existing coupled-inductor is quite
long. Figure 3.1 shows the commercial non-coupled-inductor and coupled-inductor and their
winding paths. The existing coupled-inductor’s winding path is about three times longer than that
of the non-coupled-inductor. Therefore, the winding loss of the existing coupled-inductor is
much larger than that of the non-coupled-inductor. In high-current, low-voltage applications,
such as the CPU and graphic card VRs, the winding loss is dominant in the inductor total loss.

Therefore, a long winding path for the existing coupled-inductor is not preferred.

Non-coupled inductor Existing coupled inductor

L, L,

Inductor winding

Figure 3.1 The winding path comparison between the commercial non-coupled inductors and the commercial

coupled-inductors (LS: low-side switch; HS: high-side switch, picture by author, 2005)

In this section, several alternative coupled-inductor structures with short winding paths are
proposed to solve this issue. Their reluctance models and design guidelines are established, and

experiments are performed to verify the design guidelines.
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3.1. Alternative Coupled-inductor Structures

3.1.1. Twisted-Core Coupled-inductors

To get rid of the long winding path, the reason why the existing coupled-inductor has a
long winding path needs to be identified. Simplified in Figure 3.1, the existing coupled-inductor
can be considered as a structure with a straight magnetic core with the winding wrapped around
it. Since the winding is wrapped, it has a long winding path, although the magnetic core path is

short.

If we think the opposite way, keeping the winding path straight and wrapping the magnetic
core around the winding, the minimum winding path can be achieved. Since the magnetic core is
twisted in this case, the resulting coupled-inductor is called the twisted-core coupled-inductor.
Accordingly, the existing twisted-winding, straight-core coupled-inductor is called the twisted-
winding coupled-inductor. Figure 3.2 shows the conceptual drawings of the twisted-winding

coupled-inductor and the twisted-core coupled-inductor [50-52].

Existing coupled inductors  Twisted core coupled inductors
(Winding wrapped around core) (Core wrapped around winding)

L] @O

Phasel Phase2 Phasel Phase2

Long winding path Short winding path
(a) (b)

Figure 3.2 The conceptual drawing of the conventional twisted-winding coupled-inductors vs. the twisted-core

coupled-inductors (a) the twisted-winding coupled inductor (b) the twisted-core coupled inductor

The twisted-core coupled-inductor has a minimized winding loss but a higher core loss,

while the twisted-winding coupled-inductor has a minimized core loss but a higher winding loss.
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In low-voltage, high-current applications, where the inductor winding loss is much more than the

inductor core loss, the twisted-core coupled-inductors are preferred.

One example of twisted-core coupled-inductors is proposed by J. Zhou (Figure 3.3). This
structure can be further improved by turning the left “L” shape core 90°. Figure 3.4 shows the
compact twisted-core coupled-inductor structure. The compact twisted-core coupled-inductor
structure is made of four magnetic parts, which are shown in Figure 3.4. Two magnetic parts are

“I”” shaped bars, and two are “L” shaped parts.

Figure 3.3 One twisted-core coupled-inductor example of the twisted-core coupled inductor concept in Figure

3.2

(a) (b)
Figure 3.4 Another twisted-core coupled-inductor example with the compact structure and its four magnetic

parts (a) the compact twisted-core coupled-inductor (b) the four magnetic parts of (a)

Figure 3.5 shows the loss comparison of a twisted-core coupled-inductor and the existing
twisted-winding coupled-inductor, which keeps the same footprint and inductances when the

total output current [,=40A, switching frequency fi=1.2MHz, Vi;=12V, and V,=1.2V. In the
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calculation, the coupled-inductor winding loss is approximately calculated by the following

equation, which is verified by the Maxwell simulation result.

P

winding

= lehaseRLiDC (31)

where N is the phase number, Ijh is the phase DC current, and Ry pc is the inductor DC
resistance. The coupled-inductor core loss is calculated according to the GSE (generalized

Steinmetz equation) proposed in [53].

k (3.2)
1 ¢7 o fa kl= oy
hET J, ki 10B/dt || B(t) " dt @m)" [l cosd|"|sin 0| do

where P, is the time average core loss per unit volume, B(t) is the flux density function, T is the
period of B(t), and k, o and B are constants given by the magnetic material manufacturer. The
core loss densities for core parts with different values for B(t) are calculated separately, and the
total core loss is obtained by summing the products of the core loss density and the core part
volume. We can see that the total loss of the twisted-core coupled-inductors is 14% less than that
of the twisted-winding coupled-inductors. This accounts for about a 0.5% efficiency increase in a
CPU VR buck converter. From the data, we can also find that the twisted-core coupled-inductor
reduces winding loss, and pays with core loss. Therefore, when the total output current is higher
and the output voltage is lower, which is the trend of the CPU VR buck converter, the benefits of

the twisted-core coupled-inductor are more pronounced.

Twisted winding Twisted core
L winding=32Mm (per phase) L winding=10mm (per phase)
Puinding=0-72W Pore=0.425W Puinding=0-225W P ore=0.7825W
P =1.15W P =1.01wW

totloss totloss

Figure 3.5 The comparison of the winding loss, core loss and the inductor total loss between the twisted-
winding coupled inductors and the twisted-core coupled-inductors with the same steady-state inductance
Ls=100nH and the transient inductance L,=50nH (picture by author, 2005)
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3.1.2. Low Profile Twisted-core Coupled-inductors

Although the above twisted-core coupled-inductor minimizes the winding loss, it increases
the core loss (Figure 3.5), which is not ideal. The twisted-winding coupled-inductor minimizes
the core loss, but its winding loss is increased. Therefore, neither of these inductors can provide
the minimum total loss. A structure with both a relatively low winding loss and a relatively low
core loss is preferred to minimize the inductor total loss. With this concept, the low profile
twisted-core coupled-inductor is proposed as a trade-off between the winding loss and the core
loss. Figure 3.6 shows the evolution process of one low profile twisted-core coupled-inductor

structure.

Compress
5 -

Figure 3.6 Evolution of the low profile twisted-core coupled-inductor structure from the twisted-core coupled

inductor structure

The two-phase low profile twisted-core coupled-inductor structure shown in Figure 3.6
can’t be easily extended to an n-phase coupled-inductor (Figure 3.7). However, if the winding
position is changed a little bit, the resulting two-phase low profile twisted-core coupled-inductor
can easily be extended to n-phase low profile twisted-core coupled-inductor (Figure 3.8). Figure

3.9 shows the proposed core and winding structures.

-4

Hard for implementation

Figure 3.7 Direct extension of the 2-phase low-profile twisted-core coupled-inductor to the 3-phase low-profile
twisted-core coupled-inductor
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2-phase low profile 2-phase low profile
twisted-core twisted-core

Change winding position

—
m N

Easy to be extended to n-phase

3-phase ET-core

A B C

Figure 3.8 Step-by-step derivation of the three-phase low profile ET-core coupled-inductor from the 2-phase
low profile twisted-core coupled inductor

V4 7,-

Vigligs

A B C

(@) (b)

Figure 3.9 The magnetic core structure and the winding structure of the three-phase ET-core coupled-
inductor (a) the magnetic core structure (b) the winding structure

Another n-phase low profile twisted-core coupled-inductor structure, the Z-core coupled-
inductor, is shown along with its evolution in Figure 3.10. In this structure, the magnetic core
structure is tilted, which makes the core loss a little larger; additionally, the winding is not
straight, which increases the winding loss a little bit. Although both the core loss and winding
loss are not minimized, the total loss may be small with a trade-off between the winding loss and

the core loss.

73



Chapter 3. Alternative Multiphase Coupled-inductor Structures

Twisted core coupled inductors

V.

o

Phasel Phase2 Phasel Phase2

"i||- e I"’"-II

Figure 3.10 The step-by-step evolution of the low profile n-phase Z-core coupled-inductor from the twisted-
core coupled-inductor concept

n phase Z core coupled L

In the following sections, the twisted-core and low-profile twisted-core coupled-inductors

are modeled and designed.
3.2. Twisted-core Coupled-inductors

3.2.1. Flux Flow Paths

To model the twisted-core coupled-inductor, the flux flow in the twisted-core coupled-
inductor needs to be investigated. The main flux path of the twisted-core coupled-inductors is
shown in Figure 3.11. From Figure 3.11, we can see that the main flux path follows the magnetic
core itself. This figure also shows the small air gap, airgapl, which mainly controls the self
inductance. The leakage flux path of the twisted-core coupled-inductor is quite complex. Figure
3.12 shows the two main leakage flux paths. Airgapl is also marked in Figure 3.12. Figure 3.13
shows the dimension definition of twisted-core coupled- inductor. Figure 3.14 shows the
precision of the conventional reluctance model, though it neglects the fringing flux. Here, the

steady-state inductance and the transient inductance of the coupled-inductor buck (D<0.5) are

Lielf - (Lself - Lk)z (33)
Lss = D
Lself - E : (Lself - I-k )
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Ltr = Lself -M = I-k (3.4

according to the equations (1.10), (1.11), (1.13) and (1.16). It can be seen that the precision of
the steady-state inductance and the transient (leakage) inductance are not acceptable. The

fringing effect of air gaps must be considered.

airgapl

Figure 3.11 The main magnetic flux flow path of the twisted-core coupled-inductor: the magnetic-core-

structure path

1.Middle pole
airgap

2. Air around
the winding

Figure 3.12 The two main leakage flux paths of the twisted-core coupled-inductors:the middle-pole-air-gap
path and the air-around-the-winding path
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Figure 3.13 The dimension definition of the twisted core coupled inductor structure

L AnH) L,=L (nH)

70

SRN

3D FEA Simple

o -
3D FEA Simple model model

model
(a) (b) (©
Figure 3.14 The Ly, Ly and L(Ly) precision of the conventional reluctance model without considering the

fringing fluxes (h=2.5mm, b;=4mm, a,;=2mm, d=2mm, and 6=0) (a) The L, (b) the L (c) the L, =L,

3.2.2. Reluctance Model

To analyze and design the twisted-core coupled-inductors, the reluctance model of the
twisted-core coupled-inductors is built in this section. In the following three subsections, the
calculations of these three reluctances, the middle pole air gap reluctance Rumid airgap, the
reluatance of the air-around-the-winding R,i;, the magnetic core reluctance R and the small air
gap reluatance Rairgap1 are discussed. Here only the basic modeling concept is shown and the

detail derivation of the equations is in the appendix.

3.2.2.1. The Middle-Pole Air Gap Reluctance Ryig_airgap

The 3D fringing effect related to the middle-pole air gap is very severe. Therefore, the 3D
middle-pole air gap fringing effect must be considered when calculating the middle-pole airgap

reluctance.
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In [54], C. Sullivan investigated the 3D fringing effect for the E-E core structure, as shown
in Figure 3.15. He separated the air gap flux cross-section into three areas: gap, face and corner.
Gap is the area directly between the two poles, the face is the fringing fluxes between two

parallel planes, and the corner is the remaining area.

Cross-section

air gap

Cross-section

‘ ‘ corner . .
—as [Fringing flues
gap between two

—‘-‘k parallel planes

Figure 3.15 The air gap in the E-E magnetic core structure and the division of the air gap’s 3D fringing fluxes

mentioned in [54]

Following C. Sullivan’s concept, a cut is made at the middle plane of the middle-pole air
gap (Figure 3.16). The cross-section view after the cut is also shown in Figure 3.16, with half of
the twisted-core as the reference. At the center of the middle-pole air gap cross-section view is
the gap area, which represents the area just between the two middle-poles. The side areas of the
gap area are the face areas, which represent the areas of the face fringing effect flux between two
planes. The areas between the face areas are the corner areas, which represent the corner fringing

effect flux areas.

However, the face area in the twisted-core coupled-inductor is not just the area between
two parallel planes, but is actually quite complex. To find a method to deal with the complex
face fringing flux area, 3D Maxwell simulations are done, and the fringing fluxes at the A;, A,,

Asz and A4 planes shown in Figure 3.17 are illustrated in Figure 3.18.
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Cross section of
the middle pole airgap

R

corner

Figure 3.16 The cut at the middle pole air gap and the cross section view of the middle pole air gap after the

cut

Figure 3.17 The different planes A;, A,, A; and A, with different face fringing flux conditions shown in the

corss section view of the middle pole air gap

sy

-0
5 Ehe
Ppe—
P

() (b)
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Figure 3.18 The 3D FEA simulated fringing flux density distribution graphs at different planes in the face
fringing flux area (a) The A, plane area (b) the A, plane area (c) the A; plane area (d) the A, plane area

The 3D Maxwell FEA simulation results show that the face fringing flux in A; is the
fringing flux between two perpendicular planes; the face fringing flux in A; is the fringing flux
between two parallel planes; the face fringing flux in A; is the fringing flux between two
perpendicular planes; and the face fringing flux in A4 is the fringing flux between two parallel

planes.

According to the different face fringing flux conditions in the face area, two additional cuts
are made, and the whole face area is further divided into three different face areas (Figure 3.19).
The reluctances related to the facel area, the face2 area and the face3 area are defined as Rycer,
Ripacez and Ryee3 respectively, and the reluctances related to the gap and corner areas are defined
as Rgap and Reomer. Based on [55], the equations to calculate Reacer, Reucez and Ryuee3 are derived.
Rgqp can be calculated with one-dimensional model and Romer can be calculated based on [56].

(The detail derivations are in the Appendix).
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Cut the twisted core into 3 parts Cross section of
the middle pole air gap
partl
part2
part3

(totally 13 parts)

Rfacez

Figure 3.19 The three component parts of the twisted-core coupled-inductor after two horizontal cuts and the

cross section view of the middle pole air gap after the two cuts

3.2.2.2. The Air-around-the-winding Reluctance R,;,

Figure 3.20 shows the air-around-the-winding flux. It can be seen that this fringing flux can
be looked as the fringing flux between two perpendicular planes. Therefore, it can be calculated

similar as that in the middle-pole air gap.

aa

Figure 3.20 The air-around-the-winding fringing flux region in the twisted core coupled inductor and the air-

around-the-winding fringing flux area
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3.2.2.3. The Core Reluctance Ry and the Airgapl Reluctance Rajrgap1

For calculating Rcore, Wwe just use a one-dimensional reluctance model. Rgirgap1 can be
calculated based on the previous developed space cutting method. Figure 3.21 shows the

different flux components in calculating Rirgapi.

pal\ﬂallel
planes

perpendicular  parallel
planes planes

(totally 9 parts)

Figure 3.21 Different fringing flux components for the air gap 1 with the space cutting method developed for
the middle pole air gap

Figure 3.22 shows the detail reluctance model with the fringing flux components marked.

The dimensions of the twisted-core coupled-inductor are defined in Figure 3.23.

>
leaceléRlcornerlé Rairgap 1%

airgapl $I t1face1$R1corner1$

air

Figure 3.22 The detail new reluctance model of the twisted-core coupled-inductor considering the strong 3D
fringing effect
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Figure 3.23 The dimensions of the twisted-core coupled-inductors: a;, by, h, d and ¢

According to the equations (1.10), (1.11), (1.13) and (1.16), the steady-state inductance and

the transient inductance of the coupled-inductor buck (D<0.5) are

L = Lzen — (Lot — Lk)2 (3-5)
ss D
I‘self - E : (Lself - Lk)
Ltr = Lself -M = I-k (3'6)

The self-inductance Lgr and leakage inductance Ly of the twisted-core coupled-inductors

can be calculated based on the reluctance model.

L _ Rmid _airgap (bl b d b ha O-) + Rcore (bl s a1 > d b h) + Rairgap] (bl > ha O-) (3 7)
7 [Ree (B2, 0,1) + Ry (BN, 0)1[2R (b,,1,0) + Regee (01,2,,0, 1) + Ry (B, 0)]
1
+ e —
Rair (blﬂ a])

airgapl mid _ airgap

L 1 L] (3.8)
‘ 2Rmid _airgap (bl s d b h: O-) + Rcore (bl s a'1 s d s h) + Rairgapl (bl b h’ O-) Rair (bl s al)
Riia airgap (01,0,0,0) =R, (0,,d,h,5)//0.25R ., (b;,d) // 0.5R e, (b, d) (3.9

// Rface3 (blod ’ h)// I:zcorner (bl > d)

d (3.10)
4,0, (2b, +h+0o)

Rgap (blad’ h,O-) =
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7 (3.11)

Rfa(:el(bhd)z b
b, £,[0.614 + In(M Z(Hl) +1)]

27 (3.12)
b, 12, (0.614 + In(M 2 ( by 1)

(bl’d)"

face 2

P (3.13)
h,uo[0614+1n(M( 1) +1)]

o b 2 b, (3.14)
E(HFH T(HF) 2

Rface3 (bl Ea] h) -

b,
M) = 5 )
Rcorner(blad):l( ! // 4 ) (315)
8 0.077u,d  u.b,
alr(blaa)_ bl > b (3-16)
a2y [Ty oy
b1 2 a, 4 a
,UO*{O.614+11’1{ +1}}
e 4
> h 7. 1 d+2a =« (3.17)

(b,,a,,h,d)=

(D) p (LT
pbyby 27 b, b, 4

o/ r o/ r

CO re

Rairgapl (bl’h7o-) = ngap (b17o-)// Rl face (bl’h O-)// Rlcorner( ) (318)
2
ngap (bl,U) = 70-2 (319)
o™l
lface (bl’h O-) 2[ lfacel(bl’h’o-)//O'SleaceZI(bl50-)// leacezz (bl>h’o-)] (320)
7 (3.21)

Rl facel (bl ,h, O-) =

b, 44,[0.614 + In(M 2(M) +1)]
O

27 (3.22)
by, (0.614 + In(M 2 A )+1))

R tace21 (0, 0) =

(b.ho)- 27 (3.23)
1;10(0614+1n(M( )+1))

1 face2.
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R (0) = %(m / ﬂ;% ) (3.24)

Figure 3.24 shows the comparison between the calculation results with the above
reluctance model and the 3D FEA simulation results made with Ansoft software for h=2.5mm,
b;=4mm, a;=2mm, d=2mm, and c=0. From Figure 3.24, we can see that the steady-state
inductance has 83% precision, the self-inductance calculation result has about 92% precision,
and that the leakage inductance calculation result has about 80% precision for the specific set of
dimensions, compared with the 3D FEA simulation results. Figure 3.25 shows the approximate
breakdown of the leakage inductance by covering the corresponding surfaces of the twisted-core
with the low-permeability material proposed in [54]. The calculation precisions of the middle-
pole airgap-related leakage inductance Li_miq airgap and the air-around-the-corner-related leakage

inductance Ly rair are also shown.

Lss(n H) Lself(nH)

600

120

300
60

3DFEA  New model SDFEA  New model
(2) (b)

L,=L(nH)

3D FEA New model
(c)

Figure 3.24 The precision of the new reluctance model considering the strong fringing effect (a) The L
precision (b) the Ly precision (c) the L,=Ly precison (h=2.5Smm, b;=4mm, a,=2mm, d=2mm, and =0)
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Approximate L, breakdown
a,=2mm, b,=4mm,d=2mm,h=2.5mm,c=0

. Other
t/-r\]lr-ar_mcjllr_ld 7nH Middle-pole
-the-winding

13.3nH 40.3nH

Lk_Rair(nH) - (n H)

k_Mid_airgap

14 1
12 1
10 7

o N A O
T R SR

0
3D FEA New model 3D FEA New model

Figure 3.25 The approximate breakdown of the leakage inductance in the twisted-core coupled-inductor and

the precision of the new reluctance model for different leakage inductance components

Figure 3.26 shows comparisons of the calculation results with the above reluctance model
and of the 3D FEA simulation results with the Ansoft software for the different o and d
dimensions. From Figure 3.26, we can see that the reluctance model has a very good correlation

for both the self-inductance and the leakage inductance.

1

08

L

self_cal %81

Lseir_rea o4y
02"

omm) — °* g (mm) o(mm) ° d (mm)

Figure 3.26 The ratio of the calculated self and leakage inductances based on the new model to the 3D FEA

simulated self and leakage inductances vs. the dimension o and d (a;=2mm, b;=4mm and h=2.5mm)
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With the reluctance model, the effects of the different dimensions on Lgr and Ly can be
easily obtained. Figure 3.27 show the effects of 5, d and h on the Lyr and Ly. It can be seen that
Lt 1s very sensitive to o, and Ly is very sensitive to d. Both L and Ly are not sensitive to h.

This knowledge can be used in the twisted-core coupled-inductor design

(=
(=3
>

$4ﬁa'\
5\3%
§ 00 \-\
Q 200 1\.
100
(1} : : :
0 5 10 15 20 25 30 35
um)
(@
60
50
340
& 30
20
10
0 . . : : :
0 S5 10 15 20 25 30 35
ofum)
(b)

400
300
200
g
=
2
~ 100
o 2 3
d(mm)
(©
70
60
40
30
)
20
10
0 T T
1 2 3 4
d(mm)
(d)

L,(nH)

A0
4y

=3

2
<

(=)
=)

wn
(=)

£y
=3

3
=]

[
=]

[
=)

=]
=]

1 2 3
h(mm)

®

Figure 3.27 The curves of the L, and Ly vs. o, d and h (a) The Ly vs. ¢ (b;=4mm, d=2mm, a,;=2mm,

h=2.5mm) (b) the Ly vs. ¢ (b;=4mm, d=2mm, a,=2mm, h=2.5mm) (c) the L vs. d (b;=4mm, 6=10um,

a;=2mm, h=2.5mm) (d) the Ly vs. d (b;=4mm, 6=10um, a,=2mm, h=2.5mm) (e) the L vs. h (a;=2mm,

d=2mm, c=10um,b;=3mm) (d) the Ly vs. h (a,;=2mm, d=2mm, 6=10um,b;=3mm)

The following describes in detail the design procedure using the derived reluctance model,

and a design example is provided.

3.2.3. Design Procedure

Assume that a two two-phase coupled-inductor for a four-phase buck converter with the

targer:

V=12V,
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V=12V,

f=1.2MHz,

[,=100A,

With a fixed steady state inductance L, a smaller transient inductance Ly, is preferred.

The dimensions a;, by, h, d, o (Figure 3.28) will be designed step by step in the following.

Figure 3.28 The dimensions of the twisted-core coupled-inductors: a;, b;, h,d and o

Step 1: Calculate Lgs and Ly

Assume the phase current ripple is 30 percent, then

_V,(1-D)T, (3.25)

~107nH
* 0.31

phase
Where V,=1.2V, D=0.1, T=1/1.2MHz, L pasc=25A.

As mentioned in chapter, the coupled inductor buck circuit doesn’t work when the coupling

coefficient is -1. With a reasonable margin, choose the coupling coeffient a to be -0.8 (Figure
3.29),

0.8 ~
/'//
306 ]
—

S —

& "
- 0.4

0.2

-1 -0.8 -0.6 0.4 -0.2 0
(0]

Figure 3.29 The curve of the L,/L vs. the coupling coefficient a for the two-phase coupled-inductor buck
converter (D=0.1)
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(3.26)

where D is the duty cycle of the top switch of the buck converter and D’ is 1-D.
The coupled-inductor’s self-inductance Lgr and leakage inductance Ly can be calculated
based on the equations (1.13) and (1.16) to be

_ Llr(D'Ltr + DLss) (327)
“' " 2p'L, —(D-D)L,

L, =L, (3.28)

In this example, L;=247nH and L,=55nH.

Step 2: Select dimension h

In the previous reluctance model section, it is found that both L and Ly are not sensitive
to h (Figure 3.27). Therefore, the dimension h should be chosen to be as similar as the inductor
winding thickness. In our case, the PCB winding is adopted as the inductor winding. The
thickness of the designed multiphase buck converter PCB board is about 2.3mm. Therefore we

select h=2.5mm to leave some tolerance margin.

Figure 3.30 The dimension h in the twisted-core coupled-inductor structure

Step 3: Select dimension b;

Dimension b; is shown in Figure 3.31. The b, is related to two things: thermal and

magnetic core saturation.
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Figure 3.31 The dimension b, in the twisted-core coupled-inductor structure

To avoid thermal issues, we should design the b; so that the core loss density is acceptable.

According to the Faraday’s law

\V; _ﬁ_Z'ABac'Ac_z'ABac'Ac'fs (329)
°~At DT, D'

where A, is the cross-section of the twisted core, T; is the switching period, f; is the switching
frequency and AB, is the suggested flux density value from the magnetic material datasheet. The

across-section A. is
A =D/ (3.30)

Substituting the equation (3.30) into the equation (3.29)

b, =+V,D'/(2- f,-AB,.) (3.31)

To avoid the magnetic core saturation, we should design b; so that the maximum flux

density is less than By, of the magnetic material.
Boax = Boc +AB, (3.32)
Figure 3.32 shows the DC flux in the twisted core. It can be seen that
@pe =Ppc —Pypc (3.33)

where ®@pc is the DC flux generated by I; and ®,pc is the DC flux generated by .
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Figure 3.32 The DC flux in the phase current I; branch @y in the twisted-core coupled-inductor (®pc;, the
flux generated by the phase current I;; ®pc;, the flux generated by the phase current I,) (a) The fluxes in the
twisted-core coupled-inductor structure (b) the fluxes in the twisted-core coupled-inductor reluctance model

D =Ley - 1

self
Dype :‘ M “Iz
Therefore

_(I)DC _ Lself '|1+NI 'IZ
A by

Substituting the equations (3.29) and (3.36) into the equation (3.32),
B, =[Ly !, +MI,+0.5V,D'T,]/b’

max

Since
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Bmax < Bsal (338)

Therefore, the b; should be at least

blmin = \/[Lself (II - |2)+ I_k |2 + OSVOD'TS]/ Bsat (339)

where I; and I, are the maximum and minimum phase DC currents at the worst cases, and T is
the switching period. In the design, the maximum value of b;,. and b;nmin should be chosen as b.
In this example, we choose 3F4 ferrite material. According to the core loss density curve
from the datasheet, we choose Bg,=0.35T and from the datasheet, the recommended AB,. is
50mT. We assume there are 40 percent DC current difference at the worst case. Therefore,
[,=30A and 1,=20A. According to the equations (3.31) and (3.39), bj,c=4mm and byj,=3.4mm,

so we select bj=4mm.

Step 4: Select dimension a;

Dimension a; is shown in Figure 3.33. The a; can be calculated based on the winding

current density
a,=1,/(4-3-1) (3.40)

where I, is the total output current, J is the winding current density and t is the winding thickness.

We assume J=45A/mm2, t=0.28mm, and a;=2mm.

Figure 3.33 The dimension a; in the twisted-core coupled-inductor structure

Step 5: Select dimensions ¢ and d

Figure 3.34 shows the mimension d and c. According to the equations (3.7) and (3.8),
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Ruid_ai d’ Rcore d Rair a) 41
Lself (O', d) = 247nH = mid _airgap ( O-) + ( ) + gapl (O-) + L (3 )
[Rcore (d) + Rairgapl (0)] [2 Rmid _airgap (d ’ G) + Rcore (d) + Rairgap] (O_)] Rair
L, (c,d) = 55nH *0.85 = ! L (3.42)
2 Rmid _ airgap (d s O-) + Rcore (d) + Rairgapl (O-) Rair

Solving these equations, we get =10um and d=2mm.

Air gap o

(@) (b)

Figure 3.34 The dimensions d and c in the twisted-core coupled-inductor structure (a) The middle pole air
gap dimension d (b) the small air gap dimension o

After 3D FEA simulation using the above dimensions (h=2.5mm, b;=4mm, a;=2mm,
6=10pum, d=2mm), it is found that L~262.2nH, L=57.45nH. Based on the equations (1.13)
and (1.16), we have

Lar — (Ler — L)’ 3.43

LSS _ self Ig self k) =112nH ( )
Lself _E(Lself - Lk)

L, =L, =57nH (3.44)

These 3D simulation results match the design requirement quite well.
3.2.4. [Experimental results

According to the design results, real twisted-core coupled-inductors are customized, as
shown in Figure 3.35. Table 3.1 shows the inductance testing results, the model results and the
FEA simulation results for comparison. The testing results are pretty close to the 3D FEA

simulation results and the design requirements.

Based on the twisted-core coupled-inductors, the twisted-core coupled-inductor VR is built

with the values V=12V, V,=1.2V, f=1.2MHz, and [,=100A. Figure 3.36 shows the tested
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phase-current waveforms. From the phase-current waveforms, we can see that the two phases are

inversely coupled to each other.

Figure 3.35 The customized 2-phase twisted-core coupled-inductors for the 2-phase coupled-inductor buck
converter with V;,=12V, V,=1.2V, f=1.2MHz, and L;;,,.=25A (picture by author, 2005)

Table 3.1 The comparison of the model, FEA and measurement results of the twisted-core coupled-inductor

Lsei(nH) Ls(nH) Ly=Li(nH)
Simple model 222 36 16
New model 247 107 47
3D FEA simulation 262 112 57
Measurement 281 118 61

iL@AdiV) - i(2AdI)

[ 400ns 125M35E  &Onsfat
& thd r 51

Chz 200y Q

Figure 3.36 The phase-current waveforms of the two-phase twisted-core coupled-inductor buck converter

with V=12V, V=1.2V, {=1.2MHz, and I;,,.=25A
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In this section, the twisted-core coupled-inductor is modeled by extending C. Sullivan’s
space cutting method and cutting the space with the strong fringing effect into the gap area, the
corner area, the face areas between two perpendicular planes and the face areas between two
parallel planes. This space-cutting method can also be used in other complex magnetic structures
with strong fringing effects. The reluctance model illustrates the design procedure of the twisted-
core coupled-inductors. Based on the design result, the twisted-core coupled-inductor is
customized, and the twisted-core coupled-inductor buck converter prototype is built. The
measurement results verify the twisted-core coupled-inductor, its reluctance model, and the

design procedure.

However, the profile of the twisted-core coupled-inductor is high and not easy to be used.
The low-profile twisted-core coupled-inductor is proposed to solve this issue. In the next section,

the low-profile twisted-core coupled-inductor will be investigated.

3.3. Low Profile Twisted-core Coupled-inductor

3.3.1. Two-phase Low Profile Twisted-core Coupled-inductor

Figure 3.37 shows the low profile twisted-core coupled-inductor. It is the simplified
version of the twisted-core coupled-inductor. Like the twistd-core coupled inductor, the 3D
fringing effect is also very strong in this structure and the precise reluctance model considering

the strong 3D fringing flux is necessary to design the low profile twisted-core coupled inductor.

Figure 3.37 The low profile twisted-core coupled-inductor

Since the two-phase low profile twisted-core coupled-inductor is a simplified twisted-core
coupled-inductor, we can get a precise reluctance model of the two-phase low profile twisted-
core coupled-inductor from the reluctance model for the twisted-core coupled-inductor, which is
discussed in the previous section. Figure 3.38 the middle-pole airgap reluctance in the low

profile twisted-core coupled inductor. Only the face2 fringing effect is needed to be calculated in

94



Chapter 3. Alternative Multiphase Coupled-inductor Structures

this case. The detail equations for the low profile twisted-core coupled-inductor are in the

appendix.

Phasel Phase2

R

corner

corner Jface corner

(b)
Figure 3.38 The separation of the middle-pole airgap fringing fluxes (a) Cut at the middle of the middle-pole
airgap (b) The gap, face and corner flux areas in the cutting cross section of the middle-pole air gap

The dimension definition of the low profile twisted-core coupled-inductor is shown in
Figure 3.38. The new reluctance model’s precision is shown in Figure 3.40, when w=2mm,
b;=4mm, w;=4mm, d=0.5mm, h=4.0mm, c=30pm, and t=0.3mm. We can see that the precise

reluctance model has around 80% precision for steady-state inductance and transient inductance.

Figure 3.39 The dimension definition of the low profile twisted-core coupled-inductor structure
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Figure 3.40 The precision of the new reluctance model of the low-profile twisted-core coupled-inductor
(w=2mm, b;=4mm, w;=4mm, d=0.5mm, h=4.0mm, 6=30pm, and t=0.3mm)

With the precise reluctance model of the low profile twisted-core coupled-inductor, we can
design the low profile twisted-core coupled-inductor according to a given specification. In the

following discussion, one design example is illustrated.

The design target is two-phase coupled-inductor for a 12V to 1.2 V, 1.2MHz, 20A/phase,
buck VR.

Step 1: Calculating Lqr and Ly

Assume the phase current ripple is 40 percent, then

ss T Vo (1 — D_)Ts ~ 89nH (345)
0.41 e
Where V=12V, D=0.1, T=1/1.5MHz, I,psc.=20A.
With a reasonable margin, choose the coupling coeffient a to be -0.8,
1+24 (3.46)
L, =—2" L ~44.50H
-

The coupled-inductor’s self-inductance Lgr and leakage inductance Ly can be calculated

based on the equations (1.13) and (1.16) to be

L, (D'L, +DLy) (3.47)
= 2p'L, - (D-D)L,
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|_k — |_tIr (3.48)

In this example, Lg=245nH and L;=44.5nH.

Step 2: Selecting dimension b;
We preselect h=4.3mm firstly. In the following, the h will be iterated to find the best design.

Two aspects are related to dimension b;: the magnetic core loss density and core saturation.

The design equation for the magnetic core loss density is

b, =V,D'/[2f,-h-AB,] (3.49)

lac

based on the Faraday’s law. To avoid the magnetic core saturation, b is to be at least

bigae =[Leas (I, = 1)+ L 1, +0.5V,D'T,1/(hB,) (3.50)

lsat

where I; and I, are the maximum and minimum phase DC currents at the worst case, respectively.

Ts is the switching period.

In the design, the maximum value of bj,. and b should be chosen as the b; value to avoid

both the core loss density issue and the saturation issue.

In this example, we choose 3F4 ferrite material. According to the core loss and B-H
characteristics in the 3F4 material datasheet, we choose Bg,=0.3T, AB,.=30mT. We assume
[,=24A and I,=16A at the worst case (maximum 40% phase DC current difference for both the
steady-state condition and the transient condition). Then bj,c=3mm and b;,=2.5mm, so we

select b;=3mm.

Step 3: Selecting dimensions w and d
Dimension w can be calculated based on the winding current density

w=1, /2.3t (3.51)

copper )

where [, is the total output current, J is the winding current density and teopper 1S the winding

thickness. We assume J=40A/mm2, teopper=40=0.2mm and w=2mm. Here, d is the skin depth.
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Dimension d is chosen to be as small as possible to minimize the footprint. d=tcopperttmargin.

We assume tmargin=0.2mm and d=0.4mm.

Step 4: Selecting dimensions ¢ and w;

Now only dimensions ¢ and w; are left. They can be used to achieve the appropriate Lgeir

and L. According to the equations (1.13) and (1.16),

Ly (0, W,) =245nH (3.52)

L (o,w,)=44.5nH *0.8 (3.53)

Solving these equations numerically, we can get 6=20um, w;=3.5mm.

Step S: Selecting h=Smm, 6mm, 7mm and repeat the design process 2-5

When the h=5mm, the design process 2-5 are repeated, and the design result is
h=5mm,b;=2.4mm,w;=3.2mm, oc=20pum,d=0.4mm,w=2mm. When the h=6mm, the design
process 2-5 are repeated, and the design result is h=6mm,b;=2mm,w;=3mm,
0=25um,d=0.4mm,w=2mm. When the h=7mm, the design process 2-5 are repeated, and the

design result is h=7mm,b;=1.7 Imm,w;=2.8mm, 6=25um,d=0.4mm,w=2mm.

The winding loss, core loss and total loss of the above four designs are calculated and
plotted in Figure 3.41. It can be seen that the design with h=5mm has the lowest inductor total

loss. Therefore, it is the final design result.

1.23

Ptot(W)

119 \ ‘

4 5 h(mm) 6 7

Figure 3.41 The graph of the inductor total loss vs. the h dimension
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After 3D FEA simulation with the above dimensions (h=5mm,b;=2.4mm,w;=3.2mm,
6=20pum,d=0.4mm,w=2mm), it is found that L =84nH and L,=42nH. We can see that the 3D

simulation results match the design requirement quite well.

3.3.2. N-phase Low Profile Twisted-core Coupled-inductors

Figure 3.42 shows the three-phase ET-core coupled-inductor. The three-phase ET-core
coupled-inductor can be modeled in a similar way to the two-phase low-profile twisted-core

coupled-inductor.

Figure 3.42 The three-phase ET-core coupled-inductor structure and its dimension definition

Figure 3.43 shows the reluctance model of the three-phase ET-core coupled-inductor. The
equations for the reluctance model can be derived similarly as those of the two-phase low profile
twisted-core coupled-inductor. The Ruid airgap 1S shown in Figure 3.44. The R, and Ry are

shown in Figure 3.45.

VY
RmreZ
>
<
Rairgupl Rairgapl <:
. . >
R mtd_atrgap: mid_airgapS> R <
core core S
Rair:> 14 ] Rair:> -_- ]
\AJ bt AVAVA
R core2 R core2

Figure 3.43 The reluctance model of three-phase ET-core coupled-inductor structure
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R

—

Figure 3.44 The middle-pole air gap reluctance Ryig airgap and its reluctance components: the air gap
reluctance R,,, the face fringing flux reluctance Ry, and the corner fringing flux reluctance R oper

air

-R

bottom

'R

Figure 3.45 The air-around-the-winding reluctances R,;, and R;;;; and their reluctance components: the top
reluctance Ry, the front reluctance Ry, and the bottom reluctance Ryoom

Figure 3.46 shows the precision of the reluctance model when a;=2.5mm, b;=4mm, b,=4mm,
d=0.8mm, h=4.5mm, and c=29um. We can see that the precise reluctance model has around
80% precision for steady-state inductance Ly and transient inductance Li. Therefore, the

reluctance model can be used to design the three-phase ET-core coupled-inductor.

From Figure 3.46, it can also be seen that the three-phase ET-core coupled-inductor is nearly
symmetric. According to the 3D simulation, it has only 3.6% difference for L, and 0.24%

difference for L.
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Figure 3.46 The precision of the reluctance model of the 3-phase ET core coupled-inductor structure
(a;=2.5mm, b;=4mm, b,=4mm, d=0.8mm, h=4.5mm, and 6=29um) (a) The precision of the phase 1
inductances (b) The precision of the phase 2 inductances

3.4.

Comparison of Different Coupled-inductor Structures

Table 3.2 lists the loss comparison of the low profile twisted-core coupled-inductor and the

twisted-core coupled-inductor when the phase-current is 20A, f=1.2MHz, Vi,=12V, V,=1.2V.

The total inductor loss can save 12 percent.

Table 3.2 The two-phase twisted-core coupled-inductor vs. two-phase low profile twisted-core coupled-

inductor

The twisted-core coupled-inductor

The low profile twisted-core
coupled-inductor

The winding length 10mm (per phase) 17mm (per phase)
The winding loss 0.225W 0.38W
The core loss 0.7825W 0.51W
The total loss 1.01W 0.89W
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Table 3.3 lists the loss comparison of the three-phase twisted winding coupled-inductor and
the three-phase ET-core coupled-inductor when the phase-current is 20A, f=1.2MHz, V=12V,
V,=1.2V. It can be seen that the total inductor loss of the three-phase ET-core coupled-inductor

can save 14 percent.

Table 3.3 The three-phase twisted winding coupled-inductor vs. the three-phase ET-core coupled-inductor

The twisted winding coupled- The three-phase ET-core coupled-
inductor inductor
The winding length 32mm (per phase) 25mm (per phase)
The winding loss 1.08W 0.874W
The core loss 0.511W 0.517W
The total loss 1.591W 1.364W

From Table 3.2 and Table 3.3, we can see that the low-profile twisted-core coupled-
inductors are better than the twisted-core coupled-inductor. This is because the low-profile
twisted-core coupled-inductors trade off the winding loss and the core loss and a smaller inductor

total loss can be achieved.

3.5. Summary

In this section, the twisted-core coupled-inductor and the low-profile twisted-core coupled-

inductor are proposed to reduce the winding paths of the coupled-inductors.

To model the twisted-core coupled-inductor, a complex space cutting method is proposed
to model the strong 3D fringing flux effect by extending C. Sullivan’s space-cutting method.
This modeling method can also be used for other complex magnetic structures with strong
fringing effects. The resulting reluctance model can be used to get a sense of the inductance with

respect to the structure dimensions, and to find a better coupled-inductor design.

The designs based on the reluctance models of the twisted-core coupled-inductors and the

low-profile twisted-core coupled-inductors are illustrated and verified by experiment.
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Chapter 4. LTCC Integrated Coupled-inductor Structures

Today, the trend in POL converters is integration. More and more POL converters are
integrated to reduce the size and increase the power density. The present bottleneck to reaching
higher power density is the large magnetic inductor size. In this chapter, different coupled
inductor structures are proposed to reduce the magnetic inductor size and improve the whole
POL converter power density based on the LTCC process. The proposed LTCC coupled-inductor
structures are investigated, analyzed and designed. Based on the designs, LTCC coupled-
inductor prototypes are customized. The experimental results with the customized LTCC coupled
inductors verify the above theoretical analysis. With the proposed LTCC integrated coupled
inductor, the integrated POL converter achieves a power density of 500W/in’, which is about

twice the power density of its LTCC non-coupled inductor buck POL converter counterpart.

4.1. CPES 3D LTCC Integrated POL Converter

The existing POL converers are either the low-current, high-power-density converters or
the high-current, low-power-density converters [57-63]. There is no one with both the high-
current and high power-density. A. Ball in CPES developed a 3D integrated POL converter

which broke through the power-density-vs-current boundary of today’s POL converters.

Figure 4.1 shows the 3D LTCC integrated POL converter concept. It is the layer-by-layer
structure. The active stage is made by several layers and the passive stage, the inductor, is made
by several LTCC layers and serves as the substrate of the whole converter. Based on the
experimental testing, the B-H curve of the LTCC ferrite tape material after sintering is shown in

Figure 4.2. The saturation flux density is around 0.18T.
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Figure 4.1 The CPES LTCC 3D integrated POL converter concept
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Figure 4.2 The B-H characeristic of the p1,,,=200 LTCC ferrite green tape material
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In A. Ball’s 3D integrated POL converter, both the high current limitation and the high
power density limitation (thermal limitation) are addressed. Trench MOSFET switches are
adopted to handle high current. The aluminum-nitride (AIN) double-bond copper (DBC)
ceramics are used as the die holder to improve the active stage thermal conductivity and
performance [64-73]. With the AIN DBC, double-side-cooling can be achieved, which further

improves the thermal performance of the 3D integrated POL converter module.

An LTCC inductor with the special silver paste winding is adopted for the magnetic device.
By controlling the size of the winding cross-section and its length, the inductor DCR can be
designed to be very low and appropriate for high-current integrated POL converter module

applications.

Figure 4.3 shows the CPES 20A 3D integrated stack power POL converter module
prototype. Its specifications are Vi,=5V, V,=1.2V, f=1.3MHz and [,=20A. Its footprint is 18x18
mm?, and its power density is 260W/in’. Figure 4.4 shows the LTCC integrated inductor for the
3D integrated POL converter.

Figure 4.3 The CPES 3D integrated POL converter module prototype
(Vis=5V, V,=1.2V, f=1.3MHz, 1,=20A, footprint: 18mmx18mm) [73]. Used with permission of Arthur Ball,
2009
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18 mm

Figure 4.4 The LTCC integrated non-coupled inductor for the CPES LTCC 3D integrated POL converter
module

To further increase the current level and the POL converter module power density, both the
active stage and the passive inductor should be improved. By utilizing two AIN DBC layer to
facilitate the trace layout and changing the driver package from SO-8 (5x6 mm?) to the LLP (4x4
mm?) to reduce the footprint, the new active stage can be built with the smaller footprint of 8x12

mmz.

However, the LTCC inductor is 18x18mm?” in footprint, much larger than the active stage.
Therefore, the large LTCC inductor footprint has become the bottleneck for further improving
the power density of the integrated POL converter (Figure 4.5).

Active layer:
Driver + MOSFETSs

Passive layer:
LTCC inductor

Ferrite tape

Figure 4.5 The large LTCC inductor footprint compared to the small active stage footprint (inductor

footprint: 18x18mm?’; the active stage footprint: 8x12mm?)
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In Section 2 and 3 of this chapter, two LTCC integrated inverse-coupled inductor structures
are proposed. Then, they are simulated, analyzed, designed, customized and compared. After that,
the better LTCC integrated coupled-inductor structure is adopted to build the final 3D LTCC
integrated coupled-inductor POL converter in Section 4. The electrical and thermal performances
of the 3D integrated LTCC coupled-inductor POL converter are shown. Finaly, Section 5

summarizes the whole chapter.

4.2. LTCC Integrated Coupled-inductor Structure 1

Coupled-inductors are well-known for their capabilities to increase efficiency and improve
the transient performance in multiphase buck converters. In this section, the coupled-inductor
buck is proposed to significantly reduce the magnetic size and to improve the power density of

the integrated POL converter.

Figure 4.6 shows a two-phase coupled-inductor buck converter. Figure 4.7 shows one
LTCC inverse-coupled inductor structure (LTCC integrated coupled-inductor structure 1). The
fluxes generated by the two phase-currents are also shown in Figure 4.7. It can be seen that the
magnetic fluxes generated by the two-phase currents couple with each other. In the outer legs,
the two magnetic fluxes cancel with each other. As defined in the chapter 1, the steady-state

inductance and the transient inductance are

0° 180°
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Figure 4.6 A two-phase coupled-inductor buck converter
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Ltr = (1 + a) Lself (4.2)

(b)
Figure 4.7 LTCC integrated coupled-inductor structure 1 (a) Structure 1 (b) The magnetic flux generated by
the two-phase currents

The coupling coefficient o is

M (4.3)
o=—
L

self

In the next subsections, the LTCC coupled-inductor structure 1 will be analyzed and
modeled. The design based on the reluctance model will be illustrated and the prototype will be

customized and tested.

4.2.1. Controlling the coupling coefficient by the dimension t,

Figure 4.8 shows the dimension definition of the LTCC integrated coupled-inductor

structure 1. There are five dimensions: wg, wi, t, t, and t;.

Maxwell 3D FEA simulation is adopted to evaluate the method to control the coupling
coefficient. In the Maxwell 3D FEA simulation, the B-H curve of the LTCC ferrite material, the
dimension information and the phase-current information I;=I,=20A are input into the Maxwell

simulator.
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Figure 4.8 The dimension definition of the LTCC integrated coupled-inductor structure 1

In the three cases simulated with the Maxwell 3D FEA Tool (Figure 4.9), ws=6mm,
w1=0.7mm, t;=0.7mm, t=0.5mm, and |=24mm. In the case 1, t,=0.6mm; in the case 2, t,=1mm,;
in the case 3, t;=1.4mm. When t, increases, the middle leg is less saturated. Therefore, the
permeability of the middle leg is larger and the coupling coefficient is smaller. The couping

coefficients for these three cases are shown in Figure 4.10.
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Figure 4.9 The DC flux density distribution of three LTCC coupled inductor structure 1 cases with different

t, (w=6mm, w;=0.7mm, t;=0.7mm, t;=0.5mm, and /=24mm) (a) t,=0.6mm (b) t,=1mm (c¢) t,=1.4mm
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Figure 4.10 The effect of t, on the coupling coefficient (w.=6mm, w;=0.7mm, t,=0.7mm, t,=0.5Smm, and
I=24mm)

It can be seen from Figure 4.10 that when the t, increases, the coupling coefficient of the
LTCC integrated coupled-inductor decreases. Therefore, t, can be used to control the coupling of

the LTCC integrated coupled-inductor.

4.2.2. Reluctance Model

Figure 4.11 shows the DC flux density distribution when we=6mm, w;=0.7mm, t;=0.7mm,
t=0.5mm, |1=24mm, t;,=Imm and [,=1,=20A. It can be seen that although the different points in
the core structure opereate at different B-H curve points, the points in the middle leg
approximately operate in one area in the B-H curve and the points in the outer legs operate in
another area in the B-H curve. If the permeabilities of the points in the middle leg are assumed to
be the same and the permeabilities of the points in the outer legs are assumed to be the same,
Figure 4.11 is simplified to Figure 4.12(a). There are two permeabilities for the whole magnetic
structure. In another word, the B-H curve of the ferrite tape is approximated by the two-segment

B-H curve shown in the Figure 4.12(b).
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Figure 4.11 Mapping the DC flux density of different points in the LTCC integrated coupled-inductor

structure 1 to the B-H curve of the ferrite tape (w,s=6mm, w;=0.7mm, t;=0.7mm, t;=0.5mm, /=24mm, t,=1mm)

Ferrite tape B-H curve

uout(Bout’ Hout) 0.18
0.14 umid
B(T) 0.1 (middle leg) _|
Yout
0.06 (outer leg)
I I
0.020 600 200
H(A/m)
(@) (b)

Figure 4.12 The two-segment B-H curve approximation (a) The LTCC integrated coupled-inductor structure

with two-segment approximation (b) The two-segment B-H curve approximation of the ferrite tape material
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Under the two-segment B-H curve approximation, the relationship between the flux
densities in the middle leg and the outer leg can be investigated. Figure 4.13 shows the DC
fluxes generated by the two phase DC currents and the remaining fluxes after the DC flux

cancellation. From Figure 4.13, it can be seen that

()]

mid

(b)

Figure 4.13 The DC flux distribution in the LTCC integrated coupled-inductor structure 1 (b) The DC fluxes
generated by the two phase DC currents (b) the remaining fluxes after the DC flux cancellation

Dy =20, =20, (4.4)
Since
@ . =B, bl (4.5)
D, = Byt (4.6)
Therefore
B / Byge = 21, /1, (4.7)

Combining the equation (4.7) and Figure 4.12(b), the relationship between the ug, and t;/t,

can be drawn with a certain Bp,jg. When By,i¢=0.15T, Figure 4.14 shows this relationship.

/ }

~ 95 /
55 /

15 :

0.5 1
t/t,

135

uou

1.5

Figure 4.14 The relationship between the outer leg permeability u,, and the ratio t,/t, when B,,;4=0.15T
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The reluactance model of the LTCC integrated coupled-inductor structure is very simple
under the two-segment B-H curve approximation. Figure 4.15 shows the reluctance model of the

LTCC integrated coupled-inductor structure.

R, (u,,) é] :11 /NN

Rout(uout) él

N

@) (b)

Figure 4.15 The reluctance model of the integrated coupled-inductor structure 1 (a) The LTCC coupled-

inductor structure 1 with the dimension and the current excitation (b) The reluctance model

The reluctance of the outer leg is calculated based on the permeability in the outer leg, Uy

and the reluctance of the middle leg is calculated based on the permeability in the middle leg,
Umid-

The Rpnig and Rgige €quations are written as follows

4.8
Rmid = WS ( )
uOumid tzl
_ow 2t, (4.9)
o uouout tll uOuoutWII

Based on the reluctance model, the Lgs, Ly and the coupling coefficient |o| can be calculated as

follows

d, R, +R (4.10)

L. = — out mid = I

o I’\1 - Rout(Rout +2Rmid) B

where Ci)l is the total flux generated by 1, and
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K, = — UguUy 1 4.11)
4o+ ]
LW (%_F&)umiidtz
1+ tl Wl out
WS
L - qé“ _ 1 (4.12)
I, Rout T 2Rnig

where (i)“ is the flux generated by the fl, which flows through the middle leg and not through

the outer legs.

i Do L (4.13)
Lself
_ Rmid ~ 1
Rout + Rmid 1+ t72 . umid
t, u

From the equation (4.13), it can be seen that |o| decreases as t; increases. It is the same as
the conclusion drawn from the Maxwell 3D FEA simulation results. The equation (4.13) shows

that the coupling coefficient a is the function of t; and t;.

Substituting the equations (4.10) and (4.13) into the equation (1.13) and rearranging the

terms,
1-a’ (4.14)
ss = D 'K1'|:K3'I
1+ —«
Dl
where,
K - 1-a’ Uyl (4.15)
D w, 2t
I+ —a (—=+—)[1+ : ]
D' 't w, W, 2t U
(7"'7) tz
1+ tl Wl out
W,

S

Figure 4.16 shows the reluctance model’s precision in case 2, when t,=1mm. From Figure

4.16, it can be seen that the two-segment B-H curve approximation is acceptable. Although it is
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not as precise as the 3D FEA simulation, it is much, much faster than the 3D FEA simulation. In
the following, the reluctance model will be used to design the LTCC integrated coupled-inductor

structure.

L, (nH)

100

80

601

40

201

3D FEA Model

L, =L,(nH)

401
35]
301
25]
201
15]
101

3D FEA Model

(b)
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L. (nH)

3D FEA Model

(©
Figure 4.16 The precision of the reluctance model with the two-segment B-H curve approximation when
ws=6mm, w;=0.7mm, t,=0.7mm, t;=0.5Smm, /=24mm and t,=1mm (a) The L precision (b) The L.=Lj
precision (c) The Ly precison

4.2.3. Design Example

Assuming that a LTCC integrated coupled-inductor needs to be designed for a two-phase

integrated coupled inductor buck converter with the following design target:
Vin=5V,
V=1.2V,
f=1.3MHz,
Iphase=20A,
A smaller volume is preferred,
With a fixed steady state inductance L, a smaller transient inductance Ly, is preferred.

The dimensions wi, ws, t1, t, ts and | (Figure 4.17) will be designed in the following design

procedure step by step.
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Figure 4.17 The dimensions of the LTCC integrated coupled-inductor structure 1

Step 1: Assume w=12mm and /=16mm

Figure 4.18 shows the active stage layout and the LTCC inductor footprint. The total
footprint is 192mm”. Keeping the total LTCC inductor footprint to be the same, there are many
different combinations of width and length. Figure 4.19 shows one w and 1 dimension case of the

LTCC inductor with the footprint of 192mm?.

LTCC
Inductor

(192mm?)

(b)

Figure 4.18 Determining the LTCC coupled inductor footprint by the active stage of the LTCC coupled
inductor buck converter (a) the active stage layout (b) the available footprint of the LTCC coupled inductor
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LTCC

Inductor
(192mm?)

Figure 4.19 One w and / dimension case of the LTCC coupled inductor with the footprint of 192mm*
(w=12mm, /=16mm)

Firstly, the design will be investigated for the w=12mm, and |=16mm. After this, the
designs with w=8mm and w=4mm will be investigated. Figure 4.20 shows this LTCC coupled

inductor with marked w and | dimensions.

Figure 4.20 The LTCC integrated coupled-inductor with the marked w and / dimensions

Step 2: Calculate L

We assume the phase-current ripple to be 50% of the phase current. Therefore, the steady-

state inductance can be calculated.

L _V,(1-D)T,
051

4.1
=68nH (4.16)

phase
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Step 3: Select wy
Figure 4.21 shows the dimension ws. It can be seen that

wW=w-2%w (4.17)

Figure 4.21 The w, dimension of the LTCC coupled inductor with w=12mm and /=16mm
Theoretically, w; should be equal to t;. However, because of the the LTCC process limitation,
the w is at least 1mm, which is normally larger than t;. Therfore, w; is chosen to be 1mm.

w=w-2*w;=10mm (4.18)
Step 4: Select t;

Figure 4.22 shows the dimension t.. Here, t; is determined by the winding loss. The
relationship between the winding loss and the t; is drawn in Figure 4.23. In Figure 4.23, § is the
skin depth, which is equal to 0.065mm at 1.3MHz. It can be seen that when t; increases, there is a

diminishing return in the winding loss. Therefore, t; is chosen around the diminishing return area.

t=4.56=0.3mm (4.19)

Figure 4.22 The t; dimension of the LTCC coupled inductor with w=12mm, /=16mm and w,=6mm
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Figure 4.23 The winding loss vs. t; graph of the LTCC coupled inductor structure 1 with w=12mm, /=16mm
and w,=10mm

Step 5: Select the coupling coefficient o

The selection of the coupling coefficient for the LTCC integrated coupled-inductor
structure 1 is based on the volume and the transient inductance. Figure 4.24 shows the L vs. a
when the L is fixed at 68nH. It can be seen that the stronger the coupling, the smaller the L, and

the better the transient performance of the LTCC coupled-inductor buck converter.

1 68— — - |
0.8 d 54 T 7
L. 06 — 41 Ly, —
tr — (nH) =
Lss 04— 27 ="
0.2 14
0 0
-1 0.8 -0.6 -04 -0.2 0 -1 08 -06 -04 -0.2 0
Coupling coefficienta Coupling coefficienta
() (b)

Figure 4.24 The L, of the LTCC coupled-inductor (a) The L/Lg vs. o of a two-phase coupled-inductor (b)
the L, vs. a when the steady state inductance of the LTCC coupled-inductor structure 1 is L,,=68nH
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The relationship of the volume vs. the coupling coefficient of the LTCC coupled inductor
is complex. In discrete coupled-inductors (Figure 4.25), the coupling coefficeint is determined

mainly by the airgaps of the coupled inductor:

o, (4.20)
oa=—"—-
20, + 0,

> P
., =

A 2A

Figure 4.25 The discrete coupled-inductors with airgaps: the coupling coefficient o determined by airgaps o,

and o, and not related to the volume of the coupled inductor

However, in LTCC integrated coupled inductors (Figure 4.26), there are no airgaps.
Therefore, the coupling coefficient is determined by the dimensions of the LTCC integrated
inductor. Accordingly, the coupling coefficient is related to the volume of the LTCC integrated
coupled inductor. Since the relationship between the volume of the LTCC integrated coupled
inductor and the coupling coefficient is quite complex, three designs will be made based on three
coupling coefficents (a=-0.4, a=-0.6 a=-0.8, and a=-0.95). Then, the volumes of these three
designs will be compared to find out the relationship between the volume of the LTCC integrated

coupled inductor and the coupling coefficient. For the first try, choose

Figure 4.26 The LTCC integrated coupled-inductors without airgaps: the coupling coefficient a is determined

by the dimensions and related to the volume of the LTCC integrated coupled inductor
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o =04 (421)

Assume a=-0.4, selecte t; and t,

a=a(t,t,) z—l/(1+::_2.uﬂ) - 04

1 Uout (4.22)
_ 2
Lss:Lss(tlatz):(1 d )I Yoo = 68nH
D w, 2t U
oY W o W,
(—+ = {+1/1+ Lot T

t oW W,

S

t
Ugue = Ugye (t_l)
2

With numerical method, t; and t, can be calculated to be.
t,=1.9mm, t;=1mm (4.23)

Now, all the dimensions are determined when the coupling coefficient a=-0.4. In the next
step, the coupling coefficient will be changed and find out the relationship between the volume

of the LTCC coupled inductor and the coupling coefficient.
Repeat with a=-0.6, a=-0.8and a=-0.95

When the coupling coefficient is chosen to be -0.6, the design steps 3-6 are repeated. The

final design result is we=9.8mm, w;=1.1mm, t;=1.1mm, t~0.3mm, I=16mm and t,=1.5mm.

When the coupling coefficient is chosen to be -0.8, the design steps 3-6 are repeated. The

final design result is we=9.6mm, w;=1.2mm, t;=1.2mm, t~0.3mm, I=16mm and t,=1.2mm.

When the coupling coefficient is chosen to be -0.95, the design steps 3-6 are repeated. The

final design result is we=8.2mm, w;=1.9mm, t;=1.9mm, t=0.36mm, I=16mm and t,=1.21mm.

Figure 4.27 shows the thickness comparison of the above three designs with different
coupling coefficients when w=12mm and |=16mm. There is a sweet coupling coefficient point

around o=-0.8 from the total thickness and volume point of view.
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Figure 4.27 The comparison of the thickness for three LTCC integrated coupled-inductors with different
coupling coefficients (w=12mm and /=16mm)

Figure 4.28 shows the transient inductance comparison of the above four designs with
different coupling coefficients when w=12mm and |=16mm. When the coupling is stronger, the

transient inductance is smaller and the transient performance of the converter is better.

68

54 ~
)
S 41 1 Design 1

& /fD/esign 2
N 27 *,ﬁsign 3
Design 4
14
0

Figure 4.28 The comparison of the transient inductances for three LTCC integrated coupled-inductors with
different coupling coefficients (w=12mm and /=16mm)

Figure 4.29 shows the graph of the thickness vs. the transient inductances for the above four
designs with different coupling coefficients when w=12mm and I=16mm. The design 3(a=-0.8)

and design 4(a=-0.95) are better designs. The design 3 has a smaller thickness but a larger

transient inductance and the design 4 has a smaller transient inductance but a larger thickness.
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Figure 4.29 The graph of the thickness vs. the transient inductances for three LTCC integrated coupled-
inductors with different coupling coefficients (w=12mm and /=16mm)

Step 6: Iterate the design process with the different width w

When the width w is chosen to be 8mm and | is chosen to be 24mm, the above design steps
3-7 are repeated. The final design results are a=-0.4, we=6mm, w;=Imm, t,=0.65mm, t=0.5mm,
I=24mm, t,=1.2mm; 0=-0.6, w=6mm, w;=1mm, t;=0.7mm, t=0.5mm, 1=24mm, t,=1mm; o=-

0.8, we=6mm, w;=1mm, t;=0.82mm, t=0.5mm, |[=24mm, t,=1mm.

Figure 4.30 shows the thickness comparison of the three designs with different coupling
coefficients when w=8mm and I=24mm. There is a sweet coupling coefficient point around o=-

0.6 from the total thickness and volume point of view.

3.7

3.6 |_Design 7\
3.5 \

\/Design 5
3.4

Design 6

t(mm)

3. 3 I I I I
-1 -0.8 -0.6 -0.4 -0.2 0
a

Figure 4.30 The comparison of the thickness for three LTCC integrated coupled-inductors with different
coupling coefficients (w=8mm and /=24mm)
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Figure 4.31 shows the transient inductance comparison of the above three designs with
different coupling coefficients when w=8mm and I=24mm. When the coupling is stronger, the

transient inductance is smaller and the transient performance of the converter is better.
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E 41 ~1 Design 5
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Figure 4.31 The comparison of the transient inductances for three LTCC integrated coupled-inductors with
different coupling coefficients (w=8mm and /=24mm)

Figure 4.32 shows the graph of the thickness vs. the transient inductances for the above
three designs with different coupling coefficients when w=8mm and |1=24mm. The design 6 and
design 7 are better designs. The design 6 has a smaller thickness but a larger transient inductance

and the design 7 has a smaller transient inductance but a larger thickness.

3.7
Design 7
3.6 Q

§ 3.5 \
< \D\egw'esign 5
34 *

3.3 ‘
25 35 45

L tr(nw

Figure 4.32 The graph of the thickness vs. the transient inductances for three LTCC integrated coupled-
inductors with different coupling coefficients (Ww=8mm and /=24mm)

When the width w is chosen to be 4mm and | is chosen to be 48mm, the above design steps

3-7 are repeated. The final design results are a=-0.2, we=2mm, w;=1mm, t,=0.3mm, t=1.5mm,
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I=48mm, t,=0.63mm; o=-0.4, w=2mm, w;=lmm, t;=0.27mm, t~=1.5mm, [|=48mm,
t,=0.53mm; o=-0.6, w.=2mm, w;=1mm, t;=0.32mm, t=1.5mm, |[=48mm, t,=0.61mm; «=-0.8,
we=2mm, w;=1mm, t;=0.41mm, t=1.5mm, I=48mm, t,=0.72mm.

Figure 4.33 shows the thickness comparison of the three designs with different coupling

coefficients when w=4mm and I=48mm. There is a sweet coupling coefficient point around o=-

0.4 from the total thickness and volume point of view.
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Figure 4.33 The comparison of the thickness for three LTCC integrated coupled-inductors with different
coupling coefficients (w=4mm and /=48mm)

Figure 4.34 shows the transient inductance comparison of the above four designs with
different coupling coefficients when w=4mm and I=48mm. When the coupling is stronger, the

transient inductance is smaller and the transient performance of the converter is better.
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Figure 4.34 The comparison of the transient inductances for three LTCC integrated coupled-inductors with
different coupling coefficients (w=4mm and /=48mm)

Figure 4.35 shows the graph of the thickness vs. the transient inductances for the above

three designs with different coupling coefficients when w=4mm and I=48mm. There is a tradeoff

126



Chapter 4. LTCC Integrated Coupled-inductor Structures

among design 9, 10 and 11. When the thickness is smaller and the volume is smaller, the
transient inductance is larger and the transient performance is worse and vice versa. Therefore,

all these three designs are the final design candidates.

4.6

45 &Demgn 11
4.4

4.3 \ —— Design8
: ‘@Pesign 10 P

4.2 Design 9
4.1

4 | |
25 35 45 55

L,(nH)

t(mm)

Figure 4.35 The graph of the thickness vs. the transient inductances for three LTCC integrated coupled-
inductors with different coupling coefficients (w=4mm and /=48mm)

Figure 4.36 shows the previous designs with the same footprint 192mm? in the graph of the
thickness vs. the transient inductance. The design 6 and design 7 are better design compared to
other designs. The design 6 has a smaller thicknes and volume while the design 7 has a smaller
transient inductance and a faster transient performance. However, based on our LTCC process
experience, the thickness of the LTCC coupled inductor can’t be more than 3.4mm. Therfore the

design 6 is chosen as the final design.

3.7 Design 5—— _ —
3.4 ‘ w=8mm
20 30 40 50
L. (nH)

Figure 4.36 The graph of the thickness vs. the transient inductances for the LTCC integrated coupled-
inductors with the same footprint 192mm?
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The Maxwell 3D FEA simulation is done to verify the design 6. From the simulation,
Li=71nH and o=-0.62. Therefore, the design based on the two-segment reluctance model is

acceptable.

4.2.4. Experimental Results

The designed coupled-inductor is 8x24mm®. It is too long and the aspect ratio is not very
good. Therefore, the U shape winding is adopted (Figure 4.37(a)) when the LTCC integrated
coupled-inductor is customized. Figure 4.37(b) shows the prototype of the customized LTCC

integrated coupled-inductor structure.

18 mm
(a) (b)

Figure 4.37 The customized LTCC integrated coupled-inductor prototype

The holes in Figure 4.37 are the off-gas holes. When the LTCC coupled-inductor is
sintered in the LTCC process, air will be generated. With the off-gasing holes, air will find a way
out, not breaking the whole prototype.

Figure 4.38 shows the testing result of the steady-state inductance. At the full load,
Iphase=20A, Li=70nH. This verifies the reluctance model and the design process of the LTCC
integrated coupled-inductor. It can also be seen that the steady-state inductance increases when
the phase-current decreases. This characteristic can be used to improve the light-load efficiency

of the POL converter.
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Figure 4.39 shows the footprint reduction of the LTCC integrated coupled-inductor
compared to the previous LTCC non-coupled-inductor. The footprint of the LTCC coupled-

inductor reduces 28%.

,_]%150 Couple
100 | inductor

15 20

0 5 10
Iphase(A)

Figure 4.38 The steady-state inductance vs. the phase-current I

2-phase non-coupled buck 2-phase coupled buck
0 180° 0 180°
QJJE} QSJH} . L QUE} QSJE} . Lself
v, LA v, _ii.J\N\
— v, T ) Y,
! M
i, _L_ i self .
%up} b} T Qfgf Quk} T
(a) (b)
LTCC coupled inductor

LTCC non-coupled inductor(*2)

13 mm

18 mm

18 mm

(©)

Figure 4.39 The footprint reduction of the LTCC integrated coupled-inductort (a) Two-phase non-coupled-
inductor buck converter (b) Two-phase coupled-inductor buck converter (c) The footprint reduction of the
LTCC coupled-inductor
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With the better layout, the footprint of the active stage can be further reduced. Figure 4.40
shows the further improvement of the active stage. With the further improved active stage, the

LTCC coupled-inductor is redesigned to be compatible with the reduced footprint.

The design result is we=4mm, w;=Imm, t,=0.71mm, t,=1.0mm, t=0.75mm, I=20mm. The
total thickness is t=3.92mm. Because of the thickness limitation of the LTCC process, this LTCC
coupled-inductor can’t be built. To build an LTCC integrated coupled-inductor which is
compatible with the above active stage, another LTCC integrated coupled-inductor structure is

investigated.

(b)

Figure 4.40 The improved the active stage layout and the available LTCC coupled inductor footprint (a) the
improved active stage layout (b) the LTCC coupled inductor footprint

4.3. LTCC Integrated Coupled-inductor Structure 2

The winding structure of the previous LTCC integrated coupled-inductor structure 1 is that
one phase winding is on the top of the other phase winding. If one phase winding is on the side

of the other phase winding, the LTCC coupled-inductor structure 2 is achieved (Figure 4.41).
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(@) (b)

Figure 4.41 Two LTCC integrated coupled-inductor structures (a) The LTCC integrated coupled-inductor
structure 1 (b) The LTCC integrated coupled-inductor structure 2

Now we will compare these two LTC integrated coupled inductor structures qualitatively.
In the comparison, we assume that the ferrite tape material is the same for the two structures (the
u,=200 ferrite tape material), and that the total width w, the thickness t and t; are the same, and
that the inductances for the two LTCC integrated coupled-inductors are the same due to the same
application. From the mean magnetic paths of the two LTCC integrated coupled-inductor

structures shown in Figure 4.42, it can be clearly seen that
Lmean_l >Lmean_2 (4 . 24)
Here, 1 represents the structure 1. Since the inductance equation is

B uo .ur 'tl - (4.25)
L 9

mean

L

the inductor length for the LTCC integrated coupled-inductor structure 1, l; is longer than the
inductor length for the LTCC integrated coupled-inductor structure 2, I,

4.26
l, > 1, (4.26)

Because the widths w for the two LTCC integrated coupled-inductor structures are the same,

Footprint 1>Footprint 2 (4.27)

The LTCC integrated coupled-inductor structure 2 potentially has a smaller footprint than the
LTCC integrated coupled-inductor structure 1.
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Figure 4.42 The mean magnetic paths for the two LTCC integrated coupled-inductor structures (a) The
LTCC integrated coupled-inductor structure 1 (b) The LTCC integrated coupled-inductor structure 2

To model and design the LTCC integrated coupled-inductor structure 2, this structure is

firstly analyzed with the Maxwell 3D FEA simulation to find out the method to control the

coupling coefficient a.

4.3.1. Controlling the coupling coefficient by the dimension w,

The dimension definition of the LTCC integrated coupled-inductor structure 2 is shown in
Figure 4.43. There are six dimensions: ti, ts, Ws, Wi, Wz and |. In the Maxwell 3D FEA simulation,
the B-H curve of the LTCC ferrite material, the dimension information and the phase-current
information (I;=I,=20A) are input into the Maxwell simulator. Three simulation cases are
investigated. For the three cases, wy=1.5mm, w;=0.7mm, t;=0.7mm, t=2mm, and I=20mm. In
the case 1, w,=0.6mm; in the case 2, w,=Imm; in the case 3, w,=1.4mm. The couping

coefficients for these three cases are shown in Figure 4.44.

Figure 4.43 The dimension definition of the LTCC integrated coupled-inductor structure 2
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Figure 4.44 The coupling coefficient o vs. the dimension w, for the LTCC integrated coupled-inductor
structure 2 with we=1.5mm, w;=0.7mm, t,=0.7mm, t=2mm, and /=20mm

It can be seen from Figure 4.44 that the coupling coefficient of the LTCC integrated
coupled-inductor 2 decreases as w; increases. Therefore, w, can be used to control the coupling

of the LTCC integrated coupled-inductor structure 2.

4.3.2. Reluctance Model

The DC magnetic flux density is also investigated for the case 2 when a=-0.6. Figure 4.45
shows the DC flux density distribution of the case 2 based on the Maxwell 3D FEA simulation. It
can be seen that although the different points in the core structure operate at different B-H curve
points, the points in the middle leg approximately operate in one area in the B-H curve and the
points in the outer legs operate in another area in the B-H curve. If the permeabilities of the
points in the middle leg are assumed to be the same and the permeabilities of the points in the
outer legs are assumed to be the same, Figure 4.45 can be simplified to Figure 4.46(a). There are
two permeabilities for the whole structure. In another word, the B-H curve of the ferrite tape is

approximated by the two-segment B-H curve shown in the Figure 4.46(b).
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Figure 4.45 Mapping the DC flux density of different points in the LTCC integrated coupled-inductor

structure 2 to the B-H curve of the ferrite tape (w,=1.5mm, w;=0.7mm, t,=0.7mm, t;=2mm, /=20mm, w,=1mm)

Ferrite tape B-H curve

out(BouU Hout) 0.18 l

umid(Bmid’ Humia)

0.14 _umid
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Figure 4.46 The two-segment B-H curve approximation (a) The LTCC integrated coupled-inductor structure
with two-segment approximation (b) The two-segment B-H curve approximation of the ferrite tape material

134



Chapter 4. LTCC Integrated Coupled-inductor Structures

Under the two-segment B-H curve approximation, the relationship between the flux
densities in the middle leg and the outer leg can be investigated. Figure 4.47 shows the DC

fluxes in the integrated coupled-inductor structure 2. From Figure 4.47, it can be seen that

Lo [

mid

(b)

Figure 4.47 The DC flux distribution in the LTCC integrated coupled-inductor structure 2 (b) The DC fluxes
generated by the two phase DC currents (b) the remaining fluxes after the DC flux cancellation

Dy =20, =20, (4.28)
Since
D .y =B Wl (4.29)
D =Byt (4.30)
Therefore
B,iq / Bgge = 2t, /W, (4.31)

Combining the equation (4.31) and Figure 4.46(b), the relationship between the u,, and
t;/w; can be drawn with a certain Bp,jg. When By,;¢=0.15T, Figure 4.48 shows this relationship.

/»
) /
) /

15 ‘

0.5 1 1.5
tyw,

135

uout

Figure 4.48 The relationship between the outer leg permeability u,, and the ratio t;/w, when B,,;4=0.15T
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The reluctance model of the LTCC integrated coupled-inductor structure 2 is very simple
under the two-segment B-H curve approximation. Figure 4.49 shows the reluctance model of the
LTCC integrated coupled-inductor structure 2. The reluctance of the outer leg is calculated based
on the permeability in the outer leg, u,, and the reluctance of the middle leg is calculated based

on the lermeability in the middle leg, umig.

R,.(u,.) R4, R,.(u,,)

A
+ ¢1 A A
A (7)) o
NQPD/AVAN 1 12
1
(b)

Figure 4.49 The reluctance model of the integrated coupled-inductor structure 2 (a) The LTCC coupled-
inductor structure with the dimensions and the current excitation (b) The reluctance model

The Rpmig, Rout €quations are written as follows

ot (4.32)
. -
" uOumidWZI
Rl 2wt (4.33)
o uOuout tII uOuoutWII

Based on the reluctance model, the Lgs, Ly and coupling coefficient |a| can be calculated as

follows

L — ci)1 — Rout + I:amid — K. -] (434)
. i\1 Rout (Rout + 2 I:amid ) 1

where @, is the total flux generated by the I, and
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o Hout (435)
DA oy 1 )
t1 W1 (%_{_tis)sz
1+ t1 Wl :uout
ts
L by (4.36)
‘ I:\1 Rout + 2Rmid

where @, is the flux generated by the i, which flows through the middle leg and not through

the outer leg.

P Ler —Le Ry 1 (4.37)
Lself Rout + Rmid 1+ f (tl) : Wz
where
AW, b (4.38)

LW,
f(tl): 1 tl out

S

From the equation (4.37), it can be seen that |o| decreases as w; increases. It is the same as

the conclusion drawn from the Maxwell 3D FEA simulation results.

Substituting the equations (4.34) and (4.37) into the equation (1.13) and rearranging the

terms,
1— a2 4.39
L, =—2 K, 1=K, I (439
l+—a
where
1 o (4.40)
D 2 t
1+5a(WS+i)[1+ o lt ]
1 W (75+75)'uﬂwz
1+ t, W) Mon
tS

Figure 4.50 shows the reluctance model’s precision in case 2, when t,=Imm. From Figure

4.50, it can be seen that the two-segment B-H curve approximation is acceptable. Although it is
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not as precise as the 3D FEA simulation, it is much faser than the 3D FEA simulation. In the

following, the reluctance model will be used to design the LTCC coupled-inductor structure 2.

Lse,j(nH)

100y

801

601

401

20

3D FEA Model
()
L,=L,(nH)

407
351
307
251
207
151
107

o

3D FEA Model
(b)
L, (nH)

3D FEA Model

(©)
Figure 4.50 The precision of the reluctance model in case 2, when w,=1mm
(a) Lself (b) Ltr=Lk (c) Lss
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4.3.3. Design Example

Assuming that a LTCC integrated coupled-inductor needs to be designed for a two-phase

integrated coupled inductor buck converter with the following design target:
Vin=5V,
V=1.2V,
f=1.3MHz,
Iohase=20A,
A smaller volume is preferred,
With a fixed steady state inductance L, a smaller transient inductance Ly, is preferred.

The dimensions wj, w2, Ws, t1, ts and | (Figure 4.51) will be designed in the following design

procedure step by step.

Figure 4.51 The dimensions of the LTCC integrated coupled-inductor structure 2

Step 1: Assume w=8mm and /=15mm

Keeping the total LTCC inductor footprint to be the same 120mm?, there are many
different combinations of width and length. Figure 4.52 shows one w and | dimension case of the

LTCC inductor with the footprint of 120mm?,
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LTCC

Inductor
(120mm?)

Figure 4.52 One w and / dimension case of the LTCC coupled inductor structure 2 for the footprint 120mm’
(w=8mm, /=15mm)

Firstly, the design will be investigated for the w=8mm, and |=15mm. After this, the designs
with w=6mm and w=4mm will be investigated. Figure 4.53 shows the LTCC coupled inductor

with marked w and | dimensions.

1 1 g
w; W w 5 ws Wy
Figure 4.53 The LTCC integrated coupled-inductor with the marked w and / dimensions

Step 2: Calculate L

We assume the phase-current ripple to be 50% of the phase current. Therefore, the steady-

state inductance can be calculated.

_V,(1-D)T,
=05l

_ 68nH (4.41)

phase
Step 3: Select wy

Figure 4.54 shows the dimension ws. It can be seen that
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Ws=(W-2*wW-w,)/2 (4.42)

LI |
w; Wg w, W W,
Figure 4.54 The w, dimension of the LTCC coupled inductor with w=8mm and /=15mm

Theoretically, w; should be equal to t;. However, because of the previous LTCC process
experience, the w; is at least Imm, which is normally larger than t;. Therfore, w; is chosen to be
Imm. The w; is preselected to be the same as w;, Imm for the first try. It will be determined

later with the coupling coefficient and the iteration process will be made for the final design.
Ws=(W-2*W-w7)/2=2.5mm (4.43)
Step 4: Select t

Figure 4.55 shows the dimension t;. Here, t; is determined by the winding loss. The
relationship between the winding loss and the t; is drawn in Figure 4.56. It can be seen that when
ts increases, there is a diminishing return in the winding loss. Therefore, t; is chosen around the

diminishing return area.

t=1.2mm (4.44)

ws= I"vlz ws= le
2.5mm " 2.5mm

Figure 4.55 The t; dimension of the LTCC coupled inductor with w=8mm, /=15mm and w,=2.5Smm
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Figure 4.56 The winding loss vs. t; graph of the LTCC coupled inductor structure 2 with w=8mm, /=15Smm
and w,=2.5mm

Step S: Select the coupling coefficient o

The selection of the coupling coefficient for the LTCC integrated coupled-inductor structure
2 is based on the volume and the transient inductance. For the transient performance with the
same steady-state inductance, the stronger the coupling, the smaller the L and the better the
transient performance of the LTCC coupled-inductor buck converter. The relationship of the
volume vs. the coupling coefficient of the LTCC coupled inductor is complex. Three designs will
be made based on three coupling coefficents (a=-0.2, a=-0.4, a=-0.6 and a=-0.8) to find out the
relationship between the volume of the LTCC integrated coupled inductor and the coupling

coefficient. For the first try, choose
a=-0.2 (4.45)
Assume o=-0.2, select t; and w,

The t; and w; are determined according to the reluctance model derived in the previous
section. According to the reluctance model, the coupling coefficient o and the steady-state

inductance L
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1
a=oa(t,w,)=— =-0.2
l ’ 1+(2W5+t75)uﬂ&
t, Wi Uge L
Lss = Lss (t13t2) =
(1- gZ)I uoutu(\)N — _ 68nH (4.46)
YD W o G W,
' w w, " u
(?S+Ws){l+1/[1+ ! V\I/ |
1 1 s
t
Ugut = Ugy (W_lz)
Solving the equation (4.46), w; and t; are calculated to be
wo=1.8mm, t;=1.0mm (4.47)

The w, value here, 1.7mm, is different from the presecting value of w in the step 3, Imm.
Therefore, iteration needs to be done for step 3-6 until the two w, values are close enough. After
iteration, the final design result is w;=1.05mm, w,=1.9mm, w=2.0mm, t;=1.05mm, t~1.46mm

and |I=15mm.

Now, all the dimensions are determined when the coupling coefficient a=-0.2. In the next
step, the coupling coefficient will be changed and find out the relationship between the volume

of the LTCC coupled inductor and the coupling coefficient.
Assume o=-0.4, a=-0.6 and o=-0.8, select t; and w,

When the coupling coefficient is chosen to be -0.4, the design steps 3-6 are repeated. The

final design result is w;=1.05mm, w,=1.6mm, w=2.2mm, t;=1.05mm, t=1.4mm and I=15mm.

When the coupling coefficient is chosen to be -0.6, the design steps 3-6 are repeated. The

final design result is w;=1.15mm, w,=1.5mm, wg=2.1mm, t;=1.15mm, t=1.4mm and I=15mm.

When the coupling coefficient is chosen to be -0.8, the design steps 3-6 are repeated. The

final design result is w;=1.3mm, w,=1.7mm, ws=1.85mm, t;=1.3mm, t=1.6mm and |I=15mm.

Figure 4.57 shows the thickness comparison of the above three designs with different
coupling coefficients when w=8mm and |=15mm. There is a tradeoff between the total thickness

and the coupling coefficient for design 2, 3 and 4.
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Figure 4.57 The comparison of the thickness for three LTCC integrated coupled-inductors with different
coupling coefficients (w=8mm and /=15mm)

Figure 4.58 shows the transient inductance comparison of the above four designs with
different coupling coefficients when w=8mm and I=15mm. When the coupling is stronger, the

transient inductance is smaller and the transient performance of the converter is better.

68

54

Design 1

=7 Design 2

Y/fD/esign 3

L tr(nI{)
B

-1 0.8 -0.6 -04 -0.2 0

Figure 4.58 The comparison of the transient inductances for three LTCC integrated coupled-inductors with
different coupling coefficients (w=8mm and /=15mm)

Figure 4.59 shows the graph of the thickness vs. the transient inductances for the above four
designs with different coupling coefficients when w=8mm and |=15mm. There is a trade off

between the transient performance and the thickness of the LTCC integrated coupled inductor.
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Figure 4.59 The graph of the thickness vs. the transient inductances for three LTCC integrated coupled-
inductors with different coupling coefficients (Ww=8mm and /=15mm)

Step 6: Iterate the design process with the different width w

When the width w is chosen to be 6mm and | is chosen to be 20mm, the above design steps
3-7 are repeated. The final design results are a=-0.4, w;=lmm, w,=1.3mm, w=1.35mm,
t;=0.7mm, t=2.2mm and [=20mm; a=-0.6, w;=1mm, wo=1mm, w=1.5mm, t;=0.7mm, ts=2mm
and 1=20mm; 0=-0.8, w;=1mm, w,=1.2mm, wi=1.4mm, t;=1mm, t=2.14mm and |I=20mm.

Figure 4.60 shows the thickness comparison of the three designs with different coupling

coefficients when w=6mm and I=20mm. There is a sweet coupling coefficient point around o=-

0.6 from the total thickness and volume point of view.

41 « Design 6

‘5\3.9 \\
§'3.7

- \Design p /Design 5
\/

Figure 4.60 The comparison of the thickness for three LTCC integrated coupled-inductors with different
coupling coefficients (w=6mm and /=20mm)

Figure 4.61 shows the transient inductance comparison of the above three designs with
different coupling coefficients when w=6mm and I=20mm. When the coupling is stronger, the

transient inductance is smaller and the transient performance of the converter is better.
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Figure 4.61 The comparison of the transient inductances for three LTCC integrated coupled-inductors with
different coupling coefficients (w=6mm and /=20mm)

Figure 4.62 shows the graph of the thickness vs. the transient inductances for the above
three designs with different coupling coefficients when w=6mm and 1=20mm. The design 6 and
design 7 are better designs. The design 6 has a smaller thickness but a larger transient inductance

and the design 7 has a smaller transient inductance but a larger thickness.
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Figure 4.62 The graph of the thickness vs. the transient inductances for three LTCC integrated coupled-
inductors with different coupling coefficients (w=6mm and /=20mm)

When the width w is chosen to be 4mm and | is chosen to be 30mm, the above design steps
3-7 are repeated. The final design results are a=-0.4, w;=1mm, w,=0.7mm, w=0.65mm,
t;=0.3mm, t~4.6mm and |=30mm; a=-0.6, w;=lmm, w,=0.55mm, w=0.7mm, t;=0.3mm,
t=4.14mm and |I=30mm; o=-0.8, w;=1lmm, w»,=0.6mm, w=0.7mm, t;=0.4mm, t~4.2mm and

I=30mm.

Figure 4.63 shows the thickness comparison of the three designs with different coupling
coefficients when w=4mm and |=30mm. There is a sweet coupling coefficent point from the total

thickness of the LTCC integrated coupled inductor point of view.
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Figure 4.63 The comparison of the thickness for three LTCC integrated coupled-inductors with different
coupling coefficients (w=4mm and /=30mm)

Figure 4.64 shows the transient inductance comparison of the above three designs with
different coupling coefficients when w=4mm and |I=30mm. When the coupling is stronger, the

transient inductance is smaller and the transient performance of the converter is better.
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Figure 4.64 The comparison of the transient inductances for three LTCC integrated coupled-inductors with
different coupling coefficients (w=4mm and /=30mm)

Figure 4.65 shows the graph of the thickness vs. the transient inductances for the above
three designs with different coupling coefficients when w=4mm and |=30mm. The design 9 has a
smaller thickness but a larger transient inductance and the design 10 has a smaller transient

inductance but a larger thickness. Therefore, these two designs are the final design candidates.

Figure 4.66 shows the previous designs with the same footprint 120mm? in the graph of the
thickness vs. the transient inductance. The design 6 and design 7 are better design compared to
other designs. The design 6 has a smaller thicknes and volume while the design 7 has a smaller

transient inductance and a faster transient performance. However, based on our LTCC process
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experience, the thickness of the LTCC coupled inductor can’t be more than 3.4mm. Therfore the

design 6 is chosen as the final design.
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Figure 4.65 The graph of the thickness vs. the transient inductances for three LTCC integrated coupled-
inductors with different coupling coefficients (w=4mm and /=30mm)
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Figure 4.66 The graph of the thickness vs. the transient inductances for the LTCC integrated coupled-
inductors with the same footprint 120mm*

Figure 4.67 shows the customized prototype according to the design 6. It can be seen that
there is a big crack on the side of the LTCC integrated coupled-inductor 2 prototype, which is
caused by the strong air pressure in the sintering process. For this LTCC integrated coupled-
inductor structure 2, all the air generated in the sintering process has to come off the prototype
from one single out leg. Moreover, the off-gasing surface area of the LTCC integrated coupled-
inductor structure 2 is smaller than that of the LTCC integrated coupled-inductor structure 1. As
a result, the w; of the LTCC integrated coupled-inductor structure 2 needs to be larger than 1mm.

The w; is increased little by little to find the necessary w; for the LTCC integrated coupled-
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inductor structure 2. Based on the experiments, there is almost no crack when w;=2mm (Figure

4.68). Therefore, w is selected to be 2mm.

Crack

i

(@)

(b)

Figure 4.67 The LTCC integrated coupled-inductor 2 prototype when w;=Imm (w,=1mm, w,=1.5mm,
t;=0.7mm, t=2mm and /=20mm) (a) the top view (b) the side view

Smaller

(b)

—No crack

w; W,
© @

Figure 4.68 The LTCC integrated coupled-inductor 2 prototype (w,=1mm, w.=1.5mm, t,=0.7mm, t=2mm
and /=20mm) (a) the top view, w;=1.5mm (b) the side view, w;=1.5mm (c) the top view, w;=2mm (d) the side
view, w;=2mm

149



Chapter 4. LTCC Integrated Coupled-inductor Structures

The final design result is w;=2mm, w,=1mm, w=1.5mm, t;=0.7mm, t=2mm and I=20mm.
The Maxwell FEA simulation is done for this design. According to the simulation, Ly=72nH and

o=-0.63. The design based on the reluctance model is acceptable.

4.3.4. Experimental Results

Figure 4.69 shows the final integrated coupled-inductor structure 2 prototype. Figure 4.70
shows the steady-state inductance testing result. At the full load, when Iphase=20A, L=71nH.
This verifies the reluctance model and the design process of the LTCC integrated coupled-
inductor structure 2. It can also be seen that the steady-state inductance increases when the
phase-current decreases. This characteristic can be used to improve the light-load efficiency of

the POL converter.

20 mm

Figure 4.69 The final two-phase LTCC integrated coupled-inductor structure 2 prototype (w;=2mm, w,=1mm,

w=1.5mm, t;=0.7mm, t;=2mm and /=20mm)

Figure 4.71 shows the footprint comparison of the LTCC integrated non-coupled-inductor,
the LTCC integrated coupled-inductor 1 and the LTCC integrated coupled-inductor 2. The
footprint of the LTCC coupled-inductor 2 can reduce 51 percent footprint totally.
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Figure 4.70 The steady-state inductance vs. the phase-current graph of two non-coupled-inductors, the two-

phase coupled-inductor structure 1 and the two-phase coupled-inductor structure 2

Non-coupled inductor*2 Coupled inductor Coupled inductor
structure 1 structure 2

18 mm
20 mm

18 mm

28% reduction 32% reduction
51% reduction

Figure 4.71 The footprint comparison of two LTCC non-coupled-inductors, the two-phase LTCC coupled-
inductor structure 1 and the two-phase LTCC coupled-inductor structure 2

Figure 4.72 shows the efficiency comparison of the POL converters with two LTCC

integrated non-coupled-inductors, the LTCC integrated coupled-inductor structure 1 and the
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LTCC integrated coupled-inductor structure 2. The testing conditions are Vi,=5V, V,=1.2V,
fi=1.3MHz, based on the PCB active stage. It can be seen that the efficiencies are similar, which

is expected because the Ly of the three POL converters are designed to be the same.

0.9 )
2-phase coupled inductor buck
0.88 (structure 2)
hase coupled indltctor buck
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= o
0.84
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0.8
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Figure 4.72 The efficiency comparison of the POL converters with two LTCC non-coupled-inductors, the
two-phase LTCC coupled-inductor structure 1 and the two-phase LTCC coupled-inductor structure 2

4.4. CPES 3D LTCC Integrated Coupled-inductor POL Converter

The two-phase LTCC integrated coupled-inductor structure 2 prototype is connected with
the improved active stage to build the integrated LTCC coupled inductor POL converter. Figure
4.73 shows the final two-phase LTCC integrated coupled-inductor POL converter module. The
specifications are: Vi,=5V, V,=1.2V, f=1.3MHz, and 1,=40A. Its footprint is about 8x20mm?>
and its power density is amazingly 500W/in’, twice that of the previous LTCC integrated non-

coupled-inductor POL converter module.

Figure 4.73 The two-phase LTCC integrated coupled-inductor buck (Picture by Author and A. Ball, 2008)

Since the LTCC integrated coupled-inductor POL converter doubles the POL converter

power density, the thermal condition of this POL converter is worse than the previous LTCC
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integrated non-coupled inductor POL converter. Although the AIN DBC active stage greatly
improves the thermal performance compared to the normal PCB active stage, the thermal
condition of the LTCC integrated coupled-inductor POL converter is still a convern. In the
experiments, the fan with 100LFM is needed to avoid the circuit to burn out. Further
investigation on whether there are hot spots in the LTCC integrated coupled-inductor POL
converter and how to improve the thermal performance of the LTCC integrated coupled-inductor

POL converter is needed.

4.5. Summary

Today, the converters are more and more integrated to increase the power-density. In this
chapter, the bottleneck of the high power density is identified to be the large inductor size.
Different integrated coupled-inductor structures are proposed to reduce the inductor size and
improve the power density of the converter. The hardware based on the LTCC inductor shows
that the inductor size can be reduced by half by coupling the inductors. The built integrated two-
phase coupled inductor converter achieves an amazing 500W/in® power density, twice that of its

integrated non-coupled inductor converter counterpart.
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Chapter 5. Evaluation of the Benefits of Coupling in Multiphase

Coupled-inductor Buck Converters

The multiphase interleaving buck converter normally has more than two phases. For
example, Figure 5.1 is an industrial six-phase interleaving buck converter for a server buck VR
(Intersil ISL 6327). The specifications of the converter are Lppae=100nH, V=12V, V,=1.2V,
fi=600kHz, six 100uF output bulk capacitors, and thirty-three 10puF ceramic capacitors.

Therefore, there are several different coupled-inductor buck converter setups for the
multiphase interleaving buck converter. For this six-phase server buck VR, there are three
different coupled-inductor buck converter setups to improve the original non-coupled-inductor
buck converter performance: three two-phase coupled-inductor buck converter, two three-phase
coupled-inductor buck converter, and one six-phase coupled-inductor buck converter. It is

unclear which coupled-inductor buck converter setup is the best.

3* 2 phase coupled L 2* 3 phase coupled L 1* 6 phase coupled L

Figure 5.1 Intersil’s ISL6327 six-phase server buck converter demo board and its different coupled-inductor
buck converter setups (Picture by author, 2006)
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In this section, the above question will be answered based on this multiphase buck demo
board step by step. Firstly, the benefits of 3*2-phase coupled inductor bucks are analyzed and
verified by experimental results. Then, the benefits of 2*3-phase coupled inductor bucks are
analyzed and verified by experimental results. Finally, the benefits of 1*6-phase coupled
inductor bucks are analyzed, and the benefit comparison of the three different setups is shown.

The suggested coupled inductor buck setup is given.

5.1. Three Two-phase Coupled-inductor Buck Converter

For the three two-phase coupled-inductor buck converter, we can demonstrate the buck
converter transient performance improvement (the output bulk capacitor reduction) or the buck
converter steady-state performance improvement (efficiency improvement) by using two-phase
coupled inductors.

A. Keeping the same efficiency

Firstly, we use three two-phase coupled-inductor buck converters to reduce the output bulk
capacitors while keeping the coupled-inductor buck converter efficiency the same as the original
non-coupled inductor buck converter. The steady-state inductance is kept the same as the non-
coupled inductor: Li=L=100nH.

According to the equation (1.17),

L_:— (5.1)

which is shown in Figure 5.2 for the multiphase buck VR case D=0.1.

We can see that the stronger coupling results in a smaller L, (a potential faster VR transient
performance), but we can’t choose |a/ to be too close to one, or it will cause core saturation. The
practical |a| value is around 0.8-0.9, and the L is about half of the steady-state inductance. In

this evaluation, we choose L;=0.5Ls=50nH. The design point is shown in Figure 5.2.
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Figure 5.2 The ratio of the transient inductance to the steady-state inductance L, /L vs. the coupling
coefficient |a| (the duty cycle D=0.1)

The two-phase low-profile twisted-core coupled inductor is used in this two-phase coupled-
inductor buck converter. Based on the new reluctance model and design procedure developed in
the last chapter, we design three two-phase low-profile twisted-core coupled inductors.

Figure 5.3 shows the output capacitor reduction mechanism of the two-phase coupled-
inductor buck converter. Figure 5.4 shows the experimental output capacitor reduction with the
three two-phase coupled-inductor buck converter. Figure 5.5 shows an efficiency comparison of
the buck converter with three two-phase coupled inductors and the original non-coupled buck
converter. We can see that with the similar efficiency, the buck converter with three two-phase

coupled inductors can reduce five 100puF ceramic capacitors.

Original non-coupled VR 2 phase coupled VR
(L, <L)

Q, 0, cap charge

2

0.,<0,, ‘ Cap reduction

Figure 5.3 The output capacitor reduction mechanism of the two-phase coupled-inductor buck converter
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Non-c upled L, L= 100nH Coupled L, L, -110nH L 55nH

! Y™
6*100uF Ceramic 1*100uF Ceramic
+ 33*10pF Ceramic + 33*10pF Ceramic
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Figure 5.4 Output bulk capacitor reduction of the three two-phase coupled buck converter
(a) Output bulk caps of the original board (b) Output bulk caps of the three-two-phase coupled buck
(¢) Transient waveform of the original board (d) Transient waveform of the three two-phase coupled buck
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1,

Figure 5.5 The efficiency comparison of the original non-coupled-inductor demo board and three two-phase

coupled-inductor VR

Figure 5.6 shows the output voltage ripple comparison. We can see that the output voltage
ripple is increased for the buck converter with three two-phase coupled inductors. This is

because Ly is less than L, and the output voltage ripple is determined by the transient inductance.
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Figure 5.6 The output voltage ripple comparison of the original non-coupled-inductor buck converter and the
three two-phase coupled-inductor buck converter

B. Keeping the same output capacitors

Secondly, we use a buck converter with three two-phase coupled inductors to increase the
buck converter efficiency while keeping the coupled-inductor buck converter transient
performance the same as the original non-coupled inductor buck converter while using the same
number of output capacitors. The transient inductance is kept the same as the non-coupled
inductor: L,=L=100nH.

Figure 5.7 shows the Lg/Li vs. || curve. We can see that the maximum steady-state

inductance L 1s around twice of the L;;. We choose Ly=2 L;=200nH.

5 NN
S
LSS \
Ltr 1 \
01 0.5

o

Figure 5.7 The ratio of the steady-state inductance to the transient inductance L/Ly, vs. the coupling

coefficient |a (the duty cycle D=0.1)
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Following the two-phase semi-twisted core coupled inductor design procedure, we can
design the coupled inductor, customize it and build the three two-phase coupled-inductor buck
converter.

Figure 5.8 shows the multiphase buck converter loss breakdown based on the precise
analytical loss model proposed in [22]. We can see that the three two-phase coupled-inductor
buck converter efficiency improvement is mainly due to the reduction in the turn-off loss of the

top switch.

% 5 = Non-coupled
3 4 m 2-phase coupled
2l

Figure 5.8 The loss breakdown of the original six-phase non-coupled-inductor buck converter with L=100nH
and the three two-phase coupled-inductor buck converter with L,=100nH and L=200nH (V;,=12V, V,=1.2V,
I,=100A, £=600kHz; Top switch: HAT2168; bottom switch: HAT2165)

The experimental efficiency improvement is shown in Figure 5.9. The transient AVP
waveforms of the original non-coupled inductor buck converter and the three two-phase coupled-
inductor buck converter are shown in Figure 5.10. We can see that with the same multiphase
buck VR transient AVP performance, the three two-phase coupled-inductor buck converter can

improve efficiency by 1%.
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Figure 5.9 The efficiency improvement of the three two-phase coupled-inductor buck converter compared to
the original non-coupled-inductor buck converter
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Figure 5.10 The output capacitor reduction of the three two-phase coupled inductor buck converter
compared to the original non-coupled-inductor buck converter (a) Output bulk caps of the original board (b)
Output bulk caps of the three-two-phase coupled buck (c) Transient waveform of the original board (d)
Transient waveform of the three two-phase coupled buck
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The output voltage ripple comparison is shown in Figure 5.11. We can see that the

converters have a similar output voltage ripple because they have a similar L.

Non-coupled, L=100nH Coupled, L,=100nH, L,,=200nH
T G waen  wweonwmw Tk Sl o muAe L TSMa 0TS
~ V,(1OmvmDiv) | V,(d0mV/Div)

S4sOVo L asbDv

Che 1002t B 14 Dps 1255/ 8 Orisdat Chz  100mY @ Ew M 4,045 B25MSH 1 Bt

Intel Vo ripple specification:10mV

Figure 5.11 The output voltage ripple comparison of the original non-coupled-inductor buck converter and
the three two-phase coupled-inductor buck converter

In summary, using a three two-phase coupled-inductor buck converter can reduce five

100puF ceramic output capacitors, or increase efficiency by 1%.

5.2. Two Three-phase Coupled-inductor Buck Converter

Three-phase coupled inductors can further increase the Lg/Li ratio; thus they have the
potential to achieve more benefits than two-phase coupled inductors. Like using two-phase
coupled inductors, we can use two three-phase coupled-inductor buck converters to reduce the
number of output bulk capacitors or to increase the multiphase buck converter efficiency.

A. Keeping the same efficiency

Firstly, we try to keep the steady-state inductance the same as the original multiphase non-
coupled inductor buck converter, where Ly=L=100nH, and reduce the L to reduce the number
of output capacitors.

The Ly/Lg equation for the three-phase coupled-inductor buck converter is shown below.
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1 D (5.2)
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2

Figure 5.12 shows the L/Lss vs. |a| for the three-phase coupled-inductor buck converter when
D=0.1. The corresponding curve for the two-phase coupled-inductor buck converter is also

shown here for reference.
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Figure 5.12 The ratio of the transient inductance to the steady-state inductance L, /Ly vs. the coupling

coefficient |o| for the two-phase and three-phase coupled-inductor buck converters (the duty cycle D=0.1)

We can see that practically the minimum L is around one third of the Ly, We choose

Ly=1/3Ls=33nH. The design point is shown in Figure 5.12.

The necessary number of output bulk capacitors can be estimated by simulation. With the
multiphase buck circuit model with the Intersil ISL6327 controller, the driver and the device
models on the website. Figure 5.13 shows the output bulk capacitance C, vs. the phase transient

inductance Ly, curve, satisfying the transient AVP requirement.

With the capacitors shown in Figure 5.13, the simulation circuit is run with L,=33nH, and it
is found that the Vippie 1s already 12.5mV (Figure 5.14), which is larger than the Intel VR11
specification 10mV. Therefore, it can be seen that the Vippie requirement (10mV), not the VR

transient requirement, is the bottleneck for reducing the output capacitors in this case.
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Figure 5.13 The output capacitance C, vs. the transient inductance L, of the Intersil ISL.6327 six-phase buck

converter fulfilling the transient AVP requirement
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Figure 5.14 The simulated output voltage ripple when the transient inductance of the symmetric six-phase

buck converter with L,=33nH (V;,=12V, V=1.2V, f{=600kHz)

Therefore, L, must be increased to satisfy the 10mV Vipple requirement. In the real circuit,
the phase shift is normally not perfect (180°). Figure 5.15 shows the Voippie Vs. the non-perfect
phase shift. It can be seen that the Vppple increases when the phase shift deviates from 180°.
Considering this non-perfect phase shift and the noise in the real circuit, which increase the

Voripple; €Xperiments are done to find the boundary L corresponding to the 10mV Vypp1.. Based
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on the experimental results, it is found that when L,=43nH, the V, ripple is about 10mV (Figure
5.16).
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Figure 5.15 The simulated output voltage ripple V., vs. the phase shift angle o in a coupled-inductor buck
converter (a) The 2-phase coupled inductor buck with the a degree phase shift (b) The V iy, @ 180 phase
shift (c) The Vippie @ non-180 phase shift (d) The Vippie vS. the non-perfect phase shift o
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Figure 5.16 The tested output voltage ripple in the three two-phase coupled-inductor ISL.6327 buck converter
with L,=43nH

Therefore, L can be set at 43nH, and the three-phase coupled inductor’s remaining Lgy/L;
capability can be used to increase the steady-state inductance. Considering the three-fold

difference between Ly and Ly, Lic=3L=129nH.

Following the design process, we can design the three-phase coupled inductor, customize it
and build the three-phase coupled-inductor VR. Figure 5.17 shows the output capacitor reduction
with the three-phase coupled-inductor buck converter, and Figure 5.18 shows the efficiency

improvement of the three-phase coupled-inductor buck converter.

Non-coupled L, L=100nH Coupled L, L..=130nH, L,=43nH

H 6*100uF Ceramic 25* 10pF Ceramic

+ 33*10uF Ceramic

(a) (b)

165



Chapter 5. Evaluation of the Benefits of Coupling in Multiphase Coupled-inductor Buck Converters

Tek

V,(100mV/Div) =TT P —— : e
| V,(100mV/Div)
Wbt Mes |
i,(100A/Div)
RS- i,(100A/DIV) |
o e aa 20us/Div 20us/Div
(© (d)

Figure 5.17 Output capacitor reduction of the two three-phase coupled-inductor buck converter compared to

the original non-coupled-inductor buck converter (a) Output bulk caps of the original board (b) Output bulk

caps of the two three-phase coupled buck converter (c) The transient waveform of the original board (d) The
transient waveform of the two three-phase coupled buck
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Figure 5.18 The efficiency improvement of the two three-phase coupled-inductor buck converter compared to
the original non-coupled-inductor buck converter

B. Keeping the same output capacitors

Secondly, we keep the transient inductance Ly to be the same as the original multiphase
non-coupled inductor buck converter and improve the efficiency of the three-phase coupled-
inductor buck converter as much as possible. Ly is set to be 100nH. Since practically Ly is at

most around three times larger than L, we choose Ls=3 Ly=300nH.

Based on the precise multiphase buck converter analytical loss model [22], the efficiency

comparison of the non-coupled inductor buck converter, the three two-phase coupled-inductor
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buck converter and the two three-phase coupled-inductor buck converter can be found in Figure
5.19. It can be seen that the two three-phase coupled-inductor buck converter can only improve
the efficiency 0.1% beyond the three two-phase coupled-inductor buck converter . This can be
explained by the loss breakdowns of these three multiphase buck converters, as shown in Figure
5.20. It can be seen that the additional turn-off loss reduction of the two three phase coupled-
inductor buck converter compared to the three two-phase coupled-inductor buck converter is
very small, since the current ripple in the three two-phase coupled-inductor buck converter is
already very small. Therefore, two three-phase coupled-inductor buck converter can only
increase the efficiency a negligible amount beyond that of the two-phase coupled-inductor buck
converter. Practically, it is not wise to use the two three-phase coupled-inductor buck converter

only to improve the efficiency.

Non-coupled, L=100nH Coupled, L,=100nH, L, =300nH
86% Y 0.1%
¢ 1%
84%
82%
80%

Non-Coupled 3*2-phase 2*3-phase
(L=100nH) (L. ,=200nH) (L, ,=300nH)

Figure 5.19 The calculated efficiency of the two three-phase coupled-inductor buck converter (L,=100nH,
L=300nH) compared to the three two-phase coupled-inductor buck converter (L,=100nH, L,=200nH) and

the original non-coupled-inductor buck converter (L=100nH)
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Figure 5.20 The loss breakdown of the original six-phase non-coupled-inductor buck converter with L=100nH
and the three two-phase coupled-inductor buck converter with L,=100nH and L,=300nH (V;,=12V, V,=1.2V,
I,=100A, £=600kHz; Top switch: HAT2168; bottom switch: HAT2165)

In summary, the two three-phase coupled-inductor VR can reduce six 100uF and eight
10puF ceramic capacitors and improve the VR efficiency 0.7%. In terms of increasing the
multiphase buck converter efficiency, more-phase coupling has a diminishing return. For this
ISL6327 multiphase buck VR, the diminishing return phase number point is the (three) two-
phase coupling. More-than-two-phase coupling is not suggested to merely increase the

multiphase buck converter efficiency.

5.3. One Six-phase Coupled-inductor Buck Converter

One six-phase coupled-inductor can further enlarge the difference between the steady-state
inductance Lg and the transient inductance L. Therefore, one six-phase coupled-inductor buck
converter theoretically has the potential to further increase the multiphase buck converter
performance. In the previous section, it is found that using one six-phase coupled-inductor to

increase the multiphase buck converter efficiency (keeping L,=L=100nH and increasing
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L=600nH) meets the diminishing benefit return. Here, only the one six-phase coupled-inductor

buck converter setup with the reduced output capacitors is considered.

However, the asymmetry issue is met in one six-phase coupled-inductor buck. In fact, the
practical n-phase (n>=3) line-structure coupled-inductor is asymmetric theoretically. Figure 5.21
shows the asymmetry of three-phase ET core coupled-inductor and six-phase ET core coupled-
inductor. It can be seen that the more phase are coupled, the more asymmetric the coupled-
inductor structure is. The three-phase coupled-inductor is nearly symmetric. The bad effects of
its little Lg and Ly differences are negligible. Therefore, the output bulk caps will not increase
because of the asymmetry. On the contrary, the six-phase ET core coupled-inductor is very
asymmetric. The output voltage ripple will increase, which prohibits the output bulk cap
reduction. The inductor phase current ripple will be different, which leaves burden to the

converter control system.

a,=2.5mm, b,=4mm
b,=4mm,d=0.8mm
h=4.5mm,0=29mm

LssI LssZ(nH)

a,=2.5mm, b,=4mm
b,=5mm,d=1.1mm
h=4.5mm,0=29mm

3.6% 17%
Diff. Diff.
L"'Z (nH) Nearly LtrI Ltr2 L tr3 ( nH) Very
, symmetric o asymmetric
0.24% 8%
Diff. Diff.

Figure 5.21 Asymmetry of three-phase and six-phase coupled-inductors

One method to reduce the asymmetry of six-phase ET core coupled-inductor is to add the
wings at the side of the six-phase coupled-inductor (Figure 5.22). Figure 5.23 shows the curve of
the transient inductance difference vs. the wing length c;. The L difference is related to the
output voltage ripple and accordingly the output bulk cap reduction. It can be seen that the Ly

difference is smallest at c;=1mm.
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At ¢;=1mm point, the differences of the phase steady state inductances and the transient

inductances in the six-phase ET core coupled-inductor are shown in Figure 5.23. The steady state

inductance difference will cause the 26% phase current ripple difference (Figure 5.24). The

transient inductance difference will cause the 10% larger output voltage ripple (Figure 5.25).

Therefore, although the asymmetry is attenuated by adding the wings, the remaining asymmetry

still causes some issues.
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Figure 5.22 The asymmetry of the six-phase coupled-inductor with wings
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Figure 5.23 Asymmetry of the 6-phase ET core coupled-inductor @ ¢;=1mm
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Figure 5.24 The phase current ripple unbalance (a) the phase current of the six-phase symmetric coupled-

inductor (b) the phase current difference of the six-phase asymmetric ET core coupled-inductor @c;=1mm
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Figure 5.25 The output voltage ripple increase (a) the V, ripple in the six-phase symmetric coupled-inductor

(b) the V, ripple in the six-phase asymmetric ET core coupled-inductor @c;=1mm

According to Figure 5.25, the Vppie Of the one six-phase asymmetric ET-core coupled-
inductor buck converter is 10% higher than that of the symmetric six-phase buck converter when

the average transient inductance for both cases are the same. Figure 5.26 shows the estimated
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Voripple for the six-phase ET-core coupled-inductor buck converter assuming the Vrippic 0f the one
six-phase ET-core coupled-inductor buck converter is 10% higher than the symmetric buck
converter with the same average transient inductance. In Figure 5.26, the solid line is the tested
Voripple 0f the symmetric six-phase buck converter; the dotted line is the estimated Vipplec Of the
six-phase ET-core coupled-inductor buck converter based on that. It is found that the minimum

average transient inductance of the six-phase ET-core coupled-inductor is 48nH.

According to Figure 5.26, thirty-one 10uF ceramic capacitors are needed to achieve the
required AVP transient function. Figure 5.27 shows the estimated output bulk capacitor
comparison of the two three-phase coupled buck converter and the one six-phase coupled-
inductor buck converter. Six additional 10uF ceramic capacitors are needed. With a transient
inductance of 48nH, the average steady-state inductance of the one six-phase coupled-inductor
buck converter can be estimated to be six times that; 288nH. Figure 5.28 shows the efficiency
comparison of the non-coupled-inductor buck converter, the two three-phase coupled-inductor
buck converter and the one six-phase coupled-inductor buck converter. For the one six-phase
coupled-inductor buck converter, the efficiency is estimated based on the precise analytical loss
model of the multiphase buck converter. It can be that the one six-phase coupled-inductor buck
converter only increases the efficiency by 0.4% over the two three-phase coupled-inductor buck
converter. Moreover, the different-phase steady-state inductances in the one six-phase coupled-
inductor buck converter will cause the issue in some control methods. For example, in the peak
current mode control, this difference will cause a phase average current unbalance and
unbalanced heat distribution among different phases. For these reasons, the two three-phase
coupled-inductor buck converter is more practical than the one six-phase coupled-inductor buck

converter.
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Figure 5.26 The output voltage ripple Vi, vs. the transient inductance Ly, for the six-phase ET-core
coupled-inductor buck converter

2*3-phase coupled L 1*6-phase coupled L
L,=43nH Ly og=48nH
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Figure 5.27 The output bulk capacitor comparison between the two three-phase coupled-inductor buck
converter and the six-phase coupled-indutor buck converter (a) The two three-phase coupled-inductor buck
converter case (b) The six-phase coupled-inductor buck converter case
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Figure 5.28 The efficiency comparison of the original non-coupled buck converter (L=100nH), the two three-
phase coupled buck converter (L,=130nH) and the one six-phase coupled buck converter (L,=288nH)
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In conclusion, to increase the multiphase buck converter efficiency, the three two-phase
coupled-inductor buck converter is the most practical design. To reduce the number of output

capacitors, the two three-phase coupled-inductor buck converter is the best design.

In the chapter 4, the size of the LTCC coupled-inductors is greatly reduced compared to
that of the LTCC non-coupled-inductors. The material of the LTCC inductor is the NiZn ferrite
tape. The core loss of this material is relative low and is not the limitation for the LTCC inductor

size.

In this chapter, the sizes of the coupled-inductors (three two-phase coupled-inductors, two
three-phase coupled-inductors and one six-phase coupled-inductor) are not dramatically reduced
compared to the size of the original six non-coupled inductors. The core material of this
chapter’s coupled-inductors is MnZn ferrite. The size of these coupled-inductors is limited by the
core loss density. Therefore, the cross-section is fixed. Accordingly, the size of the coupled-
inductors will not dramatically decrease compared to the non-coupled-inductors. If the core
saturation is the limitation for the coupled-inductors, the size of the coupled-inductors will

decrease significantly compared to that of the non-coupled-inductors.

5.4. Summary

In this chapter, it is found that there is a diminishing return when the phase number of the
multiphase coupled-inductor buck converter is increased to improve the efficiency, and that there
is also a diminishing return when the phase number of the multiphase coupled-inductor buck
converter is increased to reduce the outpur capacitance. For the ISL6327 six-phase coupled-
inductor buck converter, the two three-phase coupled-inductor buck converter (L,=43nH,

L=130nH) is the most favorable design setup.
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Chapter 6. Current Sensing of Multiphase Coupled-inductor Buck

Converters

Current sensing is necessary for phase-current sharing and current protection in every
multiphase buck converter. In the multiphase interleaving buck converters for CPU VR
applications and some graphic card applications, current sensing is also needed for the AVP

function.

In today’s industrial multiphase interleaving buck converters, the DCR current sensing
method [74-82] is adopted for achieving the above three functions. The DCR current sensing
method originally came from the Maxwell-Wien bridge circuit. Recently, it has become widely
used in the multiphase buck converter because of its many merits. It utilizes the parasitic
resistance of the inductor, the DCR, to sense the inductor current, achieving a low-cost current-
sensing solution. It is also relatively precise compared to some other current-sensing methods,
such as the MOSFET Rgs on current-sensing method. Moreover, it consumes hardly any
additional power, and is an intrinsically lossless current-sensing method. Because of all these
advantages, almost every multiphase interleaving buck converter for desktop and server CPUs

uses the DCR current-sensing method.

Figure 6.1 shows the conventional DCR current-sensing method. The sensing network is an
Resistor-capacitor (RC) network in parallel with the inductor. When the RC sensing network

time constant matches the inductance-DCR time constant,
R.C. =L/DCR (6.1)
the sensing signal v is proportional to the sensed current signal i
v, =DCR-i, (6.2)

where R and Cg are the resistance and capacitance of the current sensing network, respectively;
L is the self-inductance of the inductor, and DCR is the parasitic equivalent series DC resistance

of the inductor.
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Although the conventional DCR current sensing method is very popular for today’s
multiphase non-coupled inductor buck converter, it doesn’t work in the multiphase coupled-

inductor buck converter.

(a) (b)

Figure 6.1 The conventional DCR current sensing method in a simple buck converter (a) The buck converter
with a conventional DCR current sensing network (b) The inductor current waveform and the current
sensing signal waveform

6.1. Issues of the Conventional DCR Current Sensing Method

The literature does not mention using the DCR current-sensing method in the multiphase
coupled-inductor buck converter, and whether it is still valid in the multiphase coupled-inductor
buck converter needs investigating. Figure 6.2 shows a circuit diagram where the conventional

DCR current-sensing method is directly used in a two-phase coupled-inductor buck converter. In

the RC sensing network,

R.C, =L, /DCR (6.3)
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Figure 6.2 The conventional DCR current sensing method directly used in the multiphase coupled-inductor
buck converter
The phase-current-sensing result of the conventional DCR current-sensing method in the
multiphase coupled-inductor buck converter is shown in Figure 6.3. Here, <i;>,, represents the
average value of i; during one switching period, and <v.>ag represents the average value of v
during one switching period. It can be seen that even the waveform of i; and the waveform of

Ve are different.

Figure 6.3 The phase current waveform and the current sensing signal waveform in the multiphase coupled-
inductor buck converter with the conventional DCR current sensing method

The total current-sensing result of the conventional DCR current-sensing method in the

multiphase coupled-inductor buck converters is shown in Figure 6.4. Here, <i,>,¢ represents the

average current of 1, during one switching period, and <v.s>,,, represents the average voltage of

Vs during one switching period. It can be seen that although the sensing signal v, has the same
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shape as the total current waveform i,, the amplitude of the v is not right, and v is not

proportional to i,.

>

't

Figure 6.4 The total inductor current waveform and the total current sensing waveform of the multiphase
coupled-inductor buck converter with the conventional DCR current sensing method

When the peak current mode control is used, the phase-current needs to be sensed precisely
to achieve the phase-current protection, the AVP function. When the average current mode
control is used, the total current needs to be sensed precisely to achieve the total current

protection and the AVP function.

This chapter first proposes a precise total current sensing method for the multiphase
coupled-inductor buck converter. Then, a precise phase-current sensing method for the
multiphase coupled-inductor buck converter is proposed. Both of the two current-sensing

methods are verified by the experimental results.

6.2. The DCR Total Current Sensing Method

6.2.1. The Two-phase Coupled-inductor Buck Converter

Figure 6.5 shows the proposed DCR total current sensing method in the two-phase
coupled-inductor buck converter [83]. The two-phase coupled-inductor buck converter can also
be viewed from another angle with the ideal transformer as the controlled voltage source (Figure
6.6). In Figure 6.6, through the sensing network, the two controlled voltage sources with
opposite directions are sensed by v and v respectively. When v and v, are added together
to obtain the v signal, the effects of the two controlled voltage sources cancel each other out.

Therefore, the only effective inductance in the coupled-inductor is the leakage inductance. With
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Li/DCR should give the desired vgs.

this knowledge, we can guess that an RC sensing network with time-constant matching with the

-

. Re [ Co >0
- —lL' Vs Ves
J J M
DCR Ly |
Vi _>i1 Vx1
V| L
‘ DCR __L«k 2
—@— VY Y Y@/ Y Y Y 9
Vo —_—1, Vyo
J Jﬁ}
-L- cs

C. :D Vs
Figure 6.5 The proposed DCR total current sensing method in a two-phase coupled-inductor buck converter
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signals v and veg:

Figure 6.6 Another circuit representation of the two-phase coupled-inductor buck converter with the
proposed current sensing network

Ves = Vet TV

This guess can be verified by the detail derivation. The v is the summation of the sensing
cs2

(6.4)
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After a simple derivation, v and ves can be expressed as (Figure 6.5)

1 (6.5)
V., =(V,-V)——
csl ( 1 0)1+RCSCCSS
1 (6.6)
Vo = (Vz _Vo)—
1+ R CpsS

Substituting the equations (6.5) and (6.6) into the equation (6.4), we get

v - V, +V, =2V, (6.7)
The phase inductor currents can be expressed as
i_ VitV (6.8)
' DCR+Ls
V2V (6.9)
> DCR+L,s
Adding the equations (6.8) and (6.9) together, the total current i, is
— 6.10
i =i +i _V1+V2 (Vx1+Vx2) (6.10)
=1, +1, =
’ DCR+L,s
Since the transformer M is an ideal 1:1 transformer,
— — _ (6.11)
Vxl Vo - Vo Vx2
Substituting the equation (6.11) into the equation (6.10),
vV, +V, =2V, (6.12)

| =
° " DCR(1+L,s/DCR)

Comparing the equations (6.7) and (6.12), it can be found that
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— i 6.13
v, =DCR-i, (6.13)

if and only if
R..C. =L, /DCR (6.14)

This result means that when R.C. =L, /DCR, the sensing signal v is proportional to the
total output current i,, and the coefficient between them is DCR.

Figure 6.7 and Figure 6.8 show the steady-state and dynamic simulation results for v and
i, with the two-phase coupled-inductor buck converter. In the simulation, f=300kHz, L,=300nH,
M|=1.2uH, DCR=1mQ, R=10kQ, and C=30nF. From Figure 6.7 and Figure 6.8, it can be
seen that the v signal can exactly represent the total output current i, in both the steady-state

and dynamic conditions, and the coefficient between them is DCR.
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- A PPN P AP AN
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e AR EA AN NN
3P4 VR S R SRR A VISR
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Figure 6.7 The steady-state total current i, and the total current sensing signal v, simulation results in a two-
phase coupled-inductor buck converter (f=300kHz, L,=300nH, [M|=1.2uH, DCR=1mQ, R =10kQ, and
C.=30nF)
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Figure 6.8 The transient total current i, and the total current sensing signal v, simulation results in a two-
phase coupled-inductor buck converter (f=300kHz, L,=300nH, [M|=1.2uH, DCR=1mQ, R.=10kQ, and
C.=30nF)

The proposed DCR current sensing method for buck converters with two-phase coupled-

inductors can also be extended to buck converters with n-phase coupled-inductors.

6.2.2. The N-phase Coupled-inductor Buck Converter

Figure 6.9 shows the proposed DCR total current sensing method with an n-phase coupled-
inductor buck converter. In the n-phase coupled-inductor buck converter, there is a mutual
inductance M;j between the phase 1 and phase j (1<i<j<n). Similar to the two-phase coupled-

inductor buck converter,

n n -V
Vcs = Zvcsi = Z VI :
i=1

i 1+ ResCosS (6.15)

. Zn . Zn VJ' - ijl
° j=1 ! j=1 DCR + LkS (616)
Because of the 1:1 ideal transformer M;; (1<i<j<n),
vajl =V Voo +vajl =Vao T Vi +vaj1 =
= 1= 1= (6.17)

=(n- 2)Vo +Vin-nim-ny T Vo = nv

0
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Substituting the equation (6.17) to the equation (6.16), we get

i€
J%} J%} Jaﬁ DCR L e o "
Vl A'A'A'_"YYK\’m-. o ...'.m_
y -, Vxl:l f Vx12  Vxi(n-1)
" v DRR A~k A YY) YT Y X iO
- —— AW Y@V Y g
2 —i, \Vxz Vx22 Vol _>|
M(n-l n T
® ®
°
° .L . Vx(n-1)(n-1, Y J?_
v DR K 00000 0

W v CSn
RCS Ccs D—

Figure 6.9 The proposed DCR total current sensing method in the n-phase coupled-inductor buck converter

¥ _>in Vxn1 Vxn(n-1)
J%? J$ J%;
) +

v, -nv,
N (6.18)
° ~ DCR(1+ L,/ DCR)

Comparing the equations (6.15) and (6.18), it can be found that
— i 6.19
v, =DCR-i, (6.19)
if and only if

R.Ces =L, /DCR (6.20)

This result means that when R.C.; = L, /DCR, the sensing signal v, is proportional to the

total output current i,, and the coefficient between them is DCR. Since the relationship among
the mutual inductance M;; (1<i<j<n) isn’t defined in the derivation, the above conclusion is valid

for both the case when the values M (1<i< j<n) are the same and the case when the values

M; (1<i< j<n) are not the same.

Figure 6.10 shows the steady-state and dynamic simulation results for v¢s and i, in the 4-

phase coupled-inductor buck case. In the simulation, there are four phases, f;=300kHz,
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Lk:3001’1H, ‘M12‘21.2MH, |M13’:0.SHH, ‘M14‘:40.1MH, |M23’:2},I.H, ’M24‘:O.5uH, |M34’:1.2MH,
DCR=1m&, R.=10kQ, and C.=30nF.

From Figure 6.10, it can be seen that the v signal can exactly represent the total output

current i, in both steady-state and dynamic conditions, and the coefficient is DCR.
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Figure 6.10 The total current i, and the total current sensing signal v, simulation results in a four-
phase coupled-inductor buck converter (f=300kHz, L,=300nH, [M,,=1.2pH, |[M3/=0.5uH, [M,,=40.1pH,
[My;3|=2uH, |M,4|=0.5uH, |[M34=1.2uH, DCR=1mQ, R =10kQ, and C.=30nF) (a) the steady-state simulation
results (b) the transient simulation results

6.2.3. Experimental Verification

The proposed DCR current sensing method is also verified by experiments. Figure 6.11
shows the experimental v and i, waveforms in a two-phase coupled-inductor buck converter

using the proposed DCR total current sensing method. The experimental results are based on a
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2MHz coupled-inductor buck converter when DCR=11.3mQ, L=102nH, R.=9.03kQ, and
C.s=100pF. Figure 6.12 shows the experimental v, V1 , Ves2 and i, waveforms in the two-phase
buck converter with the center-tap coupled-inductors (Figure 1.36) using the proposed DCR total
current sensing method. The experimental results are based on a 2MHz coupled-inductor buck
converter with R=3.5mQ, R,=10.5mQ, (2R,+R=24.5mQ), L=26.3nH, R=23kQ, and C=100pF.
From Figure 6.11 and Figure 6.12, it can be seen that the analysis of the proposed DCR total

current sensing method is valid.

v (20mV/div)

i (1.84/div)

200ns/div

Figure 6.11 The total current sensing signal v, and the total inductor current i, waveforms in the integrated
two-phase coupled-inductor buck converter using the proposed DCR total current sensing method
(DCR=11.3mQ, L,=102nH, R=9.03kQ, and C.~100pF)

v 1

v, (50mV/div) i, (2A/div)

Figure 6.12 The total current sensing signal v, the phase 1 current sensing signal v, the phase 2 current
sensing signal v, and the total inductor current i, waveforms in the center-tap coupled-inductor buck
converter using the proposed DCR total current sensing method (R=3.5mQ, R,=10.5mQ, L=26.3nH,
R=23kQ, and C.=100pF)
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In this section, a DCR total current sensing method is proposed in multiphase coupled-
inductor buck converters. The experimental results verify the validity of the proposed DCR total

current sensing method.

6.3. The DCR Phase Current Sensing Method

6.3.1. The Two-phase Coupled-inductor Buck Converter

Although the above DCR current sensing method can sense the total current precisely, it
can’t sense the phase-current precisely (Figure 6.13). To achieve phase-current protection in the
peak current model control buck converter, a precise phase-current sensing method needs to be

developed.
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Figure 6.13 The drawback of the previous DCR total current sensing method in the coupled-inductor

buck converter (i;: the phase 1 current; v : the phase 1 current sensing signal)

To develop a DCR current sensing method to sense the phase-current precisely, the phase-
current of the coupled-inductor buck converter needs to be investigated in detail. The basic

coupled-inductor equation is

vV, =(DCR + Ly, -S)i, + M -s-1, (6.21)

self

V, =M -s-i,+(DCR + Ly -9)i, (6.22)

self
From the equations (6.21) and (6.22), it can be derived that

(6.23)

L=l +hp
where
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_ DCR+ L, s (6.24)
Ilpl = 2 2 2\a2 Vl
DCR? +2DCR- L, s+ (L%, —M?)s

self

. —M-s (6.25)
|1p2: 2 2 2 2V2
DCR?+2DCR L, s+ (L%, —M?)s

sel

11p1 1s the current component of the Phase 1 current 1; which is excited by the voltage across the
first phase inductor voltage vi; i1y is the current component of the Phase 1 current i; which is

excited by the voltage across the second phase inductor voltage v,.

To simplify the implementation, 11, and 1, are further decomposed into two terms.

iy =1y, (6.26)
py =3~y (6.27)
0.5v, (6.28)

i =
" DCR+(Ly +M)-s

- 0.5v, (6.29)
' DCR+(Ly —M)-s
0.5v, (6.30)

i. =
® DCR+(Ly +M)-s

. 0.5v, (6.31)
“ DCR+(Ly, —M)-s

self

These four components in current i; will be sensed respectively and then the sensed signal for i;

will be built.

To sense the 1;;, an RC sensing network is added (Figure 6.14). After derivation, when the

sensing network parameters satisfy
ResCe =(Lgy +M)/DCR (6.32)
then

V., = DCR i, (6.33)
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Similarly, the phase-current components iy, 1;3 and ij4 can be sensed with an RC sensing

network. Then the phase-current i; sensing network can be built (Figure 6.15). In Figure 6.15,

-M)/DCR (6.34)

self

Rcspccs = (L

The relationship between v and i; is

v, = DCR-i, (6.35)

\AA

JE]} ﬁ} Res C;\?S Vcsu

i 1 DCR Lself
—MN— Y
+ vy -

-~
=
o~

- M

]

AN — Y
Jﬁ} J%} iz DCR Lser

+

Figure 6.14 The RC current sensing network to sense the current component i;; in the two-phase coupled-

inductor buck converter
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Figure 6.15 The DCR phase-current sensing network to sense the phase-current i; in the two-phase

, Vs

Sl

coupled-inductor buck converter

From the equations (6.21) and (6.22), the phase-current i, can be expressed as
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iy =1y, +i

2p2
Lo =l — I
Lpy =1zt

The above four RC current sensing networks can still be used (Figure 6.16).

V,, = DCR ‘i,

(6.36)
6.37)

(6.38)

(6.39)

In Figure 6.16, the sensed signals v and v are added to build v,s, which represents the total

current signal i,.

DCR  Lsey
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J J Ny —1
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VW Y
Resy | Cos Lﬁ\csu :chsé

(6.40)

Figure 6.16 The complete DCR phase-current sensing network to sense both the phase-currents i; and

i, in the two-phase coupled-indcutor buck converter

The RC sensing network in Figure 6.16 can be further simplified. Figure 6.17 shows the

simplified DCR current sensing network. In Figure 6.17
RcsaCcs = 2(Lself +M )/ DCR

and
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Rcstcs :( self M)/ DCR

I{} $ Res _> Vas
-l -l A\AA4 ] [
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Figure 6.17 The simplified DCR phase-current sensing network for the two-phase coupled-inductor

buck converter

6.3.2. The N-phase Coupled-inductor Buck Converter

The proposed DCR phase-current sensing method can also be extended to the n-phase

coupled-inductor buck converter (Figure 6.18). In Figure 6.18, the RC parameters should satisfy

RusCes =N[Lyey —(n—1)| M [/ DCR

CSX — Cs

R, C, =n(Ly +|M|)/DCR

csy cs
and

R,C. =(Ly +|M])/DCR

csb sel

Then the relationships between the sensing signals and the phase-currents are

4 =DCR-i,,v,, =DCR-i,,...,V, = DCR -i,

1> "cs2 > 7csn
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Figure 6.18 The DCR phase-current sensing network for all the phase currents iy, i, ... i, in the n-phase
coupled-inductor buck converter

6.3.3. Experimental Verification
Figure 6.19 shows the experimental results for the DCR phase-current sensing method in a

two-phase coupled-inductor buck converter (Figure 6.17). In the experiment, the the setup is

£=300kHz, L4=302nH, M=-492nH, DCR=25mQQ, R¢,=1.2kQ, R,=5.14kQ, and C.=10nF.

i,2A/Div),

Vet (50mV/Div)!

I % :.
o A |
" [}

" 1pus/Div

Figure 6.19 The phase-current i; waveform and the phase current sensing signal ves1 waveform in a
two-phase coupled-inductor buck converter with the proposed DCR phase-current sensing method
(f=300kHz, L,=302nH, M=-492nH, DCR=25mQ, R,;=1.2kQ, R.;,=5.14kQ, and C.=10nF)
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6.4. Summary

In this section, the issues of using the conventional DCR current sensing method directly in
the multiphase coupled-inductor buck converter are identified. Then, the DCR total current
sensing method and the DCR phase-current sensing method are proposed to solve the problems
with current sensing. The experimental results verify the proposed DCR current sensing methods.
The proposed DCR current sensing methods are also generalized to n-phase coupled-inductor

buck converters.
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Chapter 7. The Light Load Efficiency Improvement of Multiphase
Coupled-inductor Buck Converters (The DCM Operations)

All the previous research has focused on the continuous current mode (CCM) operation of
the multiphase coupled-inductor buck converter. Nobody has published an investigation of the
discontinuous current mode (DCM) operation of the multiphase coupled-inductor buck converter.
However, DCM is widely used in multiphase interleaving buck converters, such as laptop CPU

VRs.

In the laptop application, the CPU goes into the sleep mode frequently to save energy and
extend the battery life. Accordingly, the dedicated CPU VR is under light-load conditions 80%
of the time (Figure 7.1). To improve the efficiency of the multiphase buck converter and extend
the battery life [84-87], most laptop CPU VRs enter DCM to reduce the switching frequency of
the multiphase buck converter. The constant on-time control is a popular control method for
achieving the desired DCM to reduce the switching frequency of the multiphase buck converter.
Figure 7.2 shows the phase-current waveform of the constant on-time control multiphase buck
converter in DCM. With constant on-time control, the switching frequency of the multiphase

buck converter changes smoothly from CCM to DCM and vice versa.

CPU Power
Thermal Design Point

==E==mm=r= Peak Power

Average Power |

|_m e J LA e oA T A A JJLI.._A__
Alert Power States (L

Time

Figure 7.1 The graph of a typical CPU power vs. time for a laptop CPU with the peak power, the average
power and the thermal design power marked
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Figure 7.2 The phase-current waveforms of a multiphase buck converter with the constant on-time control in

DCM (a) the multiphase buck converter (b) the phase 1 current waveform and the top-switch gate driving

signal waveform of the phase 1

When the multiphase coupled-inductor buck converter goes into DCM under light-load

condition to reduce the switching frequency and improve the converter efficiency, the circuit

scenario is unknown. Therefore, the DCM of the multiphase coupled-inductor buck converter

needs extensive research, especially since laptop computers are gaining more of the computer

market share and will outsell desktop computers in the next several years.

In this chapter, for the first time, the low efficiency issue of the multiphase coupled-

inductor buck converter in DCM operation is identified. Then, the DCM operation of the

multiphase coupled-inductor buck converter is analyzed in detail. After that, the reason for the

low efficiency is shown. Finally, the solution to the low light-load efficiency issue of the

194



Chapter 7. The Light Load Efficiency Improvement of Multiphase Coupled-inductor Buck Converters
(The DCM Operations)

multiphase coupled-inductor buck converter in DCM is proposed and verified by experimental

results.

7.1. Low Efficiency Issue of Coupled-inductor Buck Converters Under

Light-load

Although the multiphase coupled-inductor buck converter has a lot of benefits during CCM
operation, it has low efficiency in DCM operation under light-load conditions. Based on an
industrial laptop buck VR demo board using the constant-on time control method, we tested the
light-load efficiencies of both non-coupled laptop buck VRs and coupled laptop buck VRs. In the
testing, the steady-state inductances in the heavy load are kept the same to maintain the same
heavy-load efficiency. Figure 7.3 shows the testing results under light-load conditions by
applying the coupled-inductor directly into an industrial laptop buck VR demo board [88]. Figure
7.3 shows that simply replacing the non-coupled-inductor with a coupled inductor will cause the

low light-load efficiency issue.

CPU Sleep mode CPU Work mode
pem , CCM ccM
90.0% V,=0.8V) (Vo=1.2V)
85.0%1 2 phase non-coupled
inductor buck VR *.J
2 80.0% -
<
2 75.0%
% / 0
S 70.0%] i '
b=
= 65.0% v
el 2 phase coupled
60.0% inductpr buck V
55.0%
50.0%

0.1 1 I, (A) 10 100

Figure 7.3 The light-load efficiency comparision of the two-phase non-coupled-inductor laptop buck

converter and coupled-inductor laptop buck converter based on Max1545 demo board (V;,=12V, T,,=330ns)

To solve the low light-load efficiency issue, the DCM operation of the multiphase coupled-

inductor buck converter is analyzed in detail in the next section [89].
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7.2. DCM Operations of Multiphase Coupled-inductor Buck Converters
Under Light-load

When the output load current of a couled inductor buck is heavy, the coupled-inductor
buck converter works in the CCM mode. When the output load current of a coupled-inductor
buck converter is lighter and lighter, the coupled-inductor buck converter will go into the DCM
mode. In this section, the DCM operation of the two-phase coupled-inductor buck converter will
be analyzed firstly. Then the DCM operation analysis will be extended to the n-phase coupled-
inductor buck case. For simplicity, an assumption is made that all the phase inductor currents go
through the SR when the top switch is off and there is no voltage drop across the SR when the
SR is on.

Figure 7.4 shows the phase-current waveforms of a two-phase strong coupled-inductor
buck converter in the CCM and DCM when the output load current reduces. For the simplicity of
further analysis, the waveforms are shown with the constant-on time control method

implemented in the coupled-inductor buck converter.

L

Critical 1

Figure 7.4 The phase-current waveforms of a two-phase coupled-inductor buck converter under different
load conditions
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It can be seen that, unlike the single DCM mode of a non-coupled-inductor buck converter,
there are two different DCM modes (DCM1 mode and DCM2 mode) for a two-phase coupled-
inductor buck converter. Although the phase inductor current shapes are different in the two
DCM modes, both the phase inductor currents in the two DCM modes couple in one part of the
switching period, and decouple in the other part of the switching period. In the following

subsections, the two DCM modes are investigated in detail.

7.2.1.1. The DCM1 mode

When a coupled-inductor buck converter is in the DCM1 mode, the phase-current reaches
zero only once during one switching period. The key waveforms of the coupled-inductor buck

converter in the DCM1 mode are shown in Figure 7.5.

At time 0, the Phase 1 inductor current i; is zero, and the Phase 2 inductor current i, is an
intermediate value i,. During the time range from 0 to to, the Phase 1 top switch is turned on and
the Phase 2 top switch is turned off. During this time range, i; increases from 0 to the maximum
value. For the coupling effect, i, also increases. During the time range from ty to t;, both the
Phase 1 top switch and the Phase 2 top switch are turned off, and the two-phase currents i; and i,
decrease until i, reaches zero at t;. From 0 to t;, the two phase inductor currents are coupled.
During the time range t;, T¢/2, the Phase 1 inductor works like a non-coupled inductor with its
self-inductance L;. The phase-current i; decreases until it reaches an inter-mediate value iy, at
time Ty/2. The Phase 2 synchronous rectifier is turned off at time t; to avoid the Phase 2 current
1, becoming a negative value. The Phase 2 current i, stays at zero during the time range t; to Ty/2.

From t; to Ty/2, the two phase inductor currents are decoupled.
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Figure 7.5 The gate driving voltage waveforms and the phase current wavefors of the two-phase coupled-
inductor buck converter in DCM1 (a) The two-phase coupled-inductor buck converter (b) The gate driving
voltage and phase current waveforms

o3

l\)“
&
=
; |
A v
~ ~

=
S
=
N
N
S
S
N

From Ty/2 to T, the coupled-inductor buck converter follows the first half-switching period
working principle, except that Phase 1 and Phase 2 are exchanged. In summary, the two phase
inductor currents i, i couple and decouple alternatively during one switching period in the

DCM1 mode of coupled-inductor buck converters.

To verify the above analysis, the simulation and the experiment are performed. Figure 7.6
shows the phase-current waveforms of the two-phase coupled-inductor buck converter in DCM1.
The phase-currents couple and decouple alternatively. Figure 7.7 shows the experimental phase
inductor current i; waveform in the DCM1 mode of a two-phase coupled-inductor laptop buck
VR. The experimental setup is that V;,=12V, V,=1.37V, M=-1.56uH, and L=L;=L,=1.72uH.
From Figure 7.7, it can be seen that the phase-currents couple and decouple alternatively during
one switching period, as was discussed previously. The oscillation in the i; waveform is due to
the resonance between the equivalent capacitance between the SR drain and source and the total

leakage inductance of the coupled-inductors.
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Figure 7.7 The phase-current i; waveform of the two-phase coupled-inductor buck converter in the DCM1

mode (Vi,=12V, V,=1.37V, M=-1.56uH, and L=L,=L,=1.72pH)

The Vo/Vi, and f; relationship of the coupled-inductor buck converter is necessary for the
control of the two-phase coupled-inductor buck converter in DCM1. After derivation (Appendix
2), it is found that

199



Chapter 7. The Light Load Efficiency Improvement of Multiphase Coupled-inductor Buck Converters
(The DCM Operations)

riv_oz 2 (7.1)
" l+m
and
: 1 rL, (7.2)

where L is redefined to be

12 —M?2 (7.3)

L+ M
1-r

L =

SS

Recalling that, for the non-coupled-inductor buck converter, the V,/V;, and f; relationship is

V_O_ 2 K — Lo (7.4)
Vin 1+1/1+4[})<2 RT:
and
2 7.5
_ L (7.3)
s_nc 2
(l_r)Ton R

Comparing the equations (7.1), (7.2), (7.4) and (7.5), it can be found that the V,/Vj, and f;
relationship of the two-phase coupled-inductor buck in DCM1 is the same as that of the non-

coupled-inductor buck if L replaces L, in the equation.

7.2.1.2. The DCM2 mode

In the DCM2 mode of coupled-inductor buck converters, the phase-current reaches a zero-
current twice during one switching period. The key waveforms of coupled-inductor buck

converters in DCM2 mode are shown in Figure 7.8.

At time 0, both the Phase 1 inductor current i; and the Phase 2 inductor current i, are zero.

During the time range from 0 to to, the Phase 1 top switch is on, the Phase 2 top switch is off, and
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1; increases from O to the peak current I,. For the coupling effect, i, also increases from 0 to a
smaller peak value, i,’. During the time range t, to t;, both the Phase 1 top switch and the Phase 2
top switch are off, and the two-phase currents i; and i, decrease until i, reaches 0 at time t;. From
0 to t;, the two phase inductor currents are coupled together. During the time range t; to t,, both
the Phase 1 top switch and the Phase 2 top switch are off, and the Phase 1 inductor works like a
non-coupled inductor with self-inductance L;. The Phase 1 current i; decreases until it reaches 0
at t. At t, the Phase 1 bottom synchronous rectifier is turned off to avoid 1; becoming a negative
value. During the time range t; to t,, the two phase inductor currents are decoupled. During the
time range t, to Ty¢/2, both phase-currents i, and i, are kept at zero. The whole circuit seems to

stop except that the output capacitors provide current to the load.

From Ty/2 to T, the coupled-inductor buck converter follows the working principle of the
first half of the switching period, except that Phase 1 and Phase 2 are exchanged. In summary,
the two phase inductor currents i; and i, couple, decouple and stop alternatively during one

switching period.
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Figure 7.8 The gate driving voltage and the phase current waveforms of the two-phase coupled-
inductor buck converter in DCM2 (a) The two-phase coupled-inductor buck converter (b) The gate driving
voltage and phase current waveforms

To verify the above analysis, experiments are performed. Figure 7.9 shows the
experimental phase inductor current i; waveform in the DCM1 mode of a coupled-inductor

laptop VR. The experiment setup has the values: V=12V, V,=1.37V, M=-1.56uH, and
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L=1.72puH. From Figure 7.10, we can see that the phase-currents couple and decouple
alternatively during one switching period, as was discussed previously. The oscillation in the i;
waveform is due to the resonance between the capacitance in the SR drain and source and the

leakage inductance of the coupled inductors.
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Figure 7.9 The simulated phase-current waveforms of the two-phase coupled-inductor buck converter in

DCM2
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Figure 7.10 The phase-current i; waveform of the two-phase coupled-inductor buck converter in the

DCM2 mode (V;,=12V, V,=1.37V, M=-1.56uH, and L=1.72uH)
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The Vo/Vi, and f; relationship of the coupled-inductor buck converter is necessary for the
control of the two-phase coupled-inductor buck converter in DCM2. After derivation (Appendix
2), it is found that

V, 2 (7.6)

and

1 r’L (7.7)

: Ts ) (1_ r)Toan

Comparing the equations (7.1), (7.2), (7.6) and (7.7), it can be found that the V,/Vi, and f
relationship of the two-phase coupled-inductor buck converter in DCM1 is the same as that of

the two-phase coupled-inductor buck converter in DCM?2.

Comparing the equations (7.4), (7.5), (7.6) and (7.7), it can be found that the V,/Vj, and f;
relationship of the two-phase coupled-inductor buck converter in DCM2 is the same as that of

the non-coupled-inductor buck converter if L replaces L, in the equation.

7.3. Reason for the Low Light-Load Efficiency

In this section, the reason for the low light-load efficiency issue of the coupled-inductor
buck converter in DCM will be explained. Since the efficiency testing result is based on the two-
phase coupled-inductor buck converter, the low efficiency issue will be explained based on the
two-phase coupled-inductor buck converter in the following. For the n-phase coupled-inductor

buck converter (Appendix 3), the concept still holds.

In the previous section, it can be seen that the two-phase coupled-inductor buck converter
goes into two DCM modes (the DCM1 mode and the DCM2 mode) as the load becomes lighter.
In DCM1 mode, the phase inductor currents i; and i, reach zero only once during one switching
period, and in the DCM2 mode, the phase inductor currents i; and i, reach zero twice during one
switching period (Figure 7.11). Reaching zero-current twice in DCM2 mode of coupled-inductor
buck converters, caused by the coupling effects between phase inductors, is the reason for the

low light-load efficiency of coupled-inductor buck converters.
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Figure 7.11 The phase current waveforms of the two-phase coupled-inductor buck converter in DCM2 mode:
the phase current reaches zero twice in one switching period

To achieve the DCM modes, the synchronous rectifiers (SRs) need to be turned off when
the phase-currents are reduced to zero. Therefore, there are two possible methods for conducting
the currents induced by the coupling effects in the second half of the switching period. We can
turn on the SR to conduct the currents, the twice-SR-gate-driving method; we can also keep the
SR off and use a Schottky diode paralleling with the SR to conduct the currents, the paralleled-

diode-conduction method. These two methods and their consequences are illustrated below.

In the twice-SR-gate-driving method, the SR is turned on twice in one switching period.

The control law of the twice-SR-gate-driving method is

Vo ='1" when iy >0 (7.8)
Vpg ="0" other

where the vy is the SR’s gate driving voltage. The 1; and the corresponding vy, waveform are

shown in Figure 7.12.
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Figure 7.12 The phase current i; and the gate driving voltage vy, waveforms of the coupled-inductor buck
converter in DCM2 with the twice-SR-gate-driving method (a) the two-phase coupled buck converter (b) the
i; and vy, waveforms
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The total loss of the coupled-inductor buck converter in this control method can be

approximated as

I:)Ioss_tot :Vin ) IP -At- fs +4'Qg_SR 'Vg_SR ) fs (7.9)

+2'Qgitop 'Vgitop ) fs + I:)c

ond

where At is the top switch switching time; Q, sr and V, sr are the SR’s gate charge and gate
driving voltage; Qg wp and Vg (op are the top switch’s gate charge and gate driving voltage; and
Pcond 1s the total conduction loss of both the top switch and the SR. Since the SRs switch twice

during one switching period, the SRs’ gate driving losses are doubled.

Because the conduction loss under light-load is not dominant, we assume the conduction
loss in the non-coupled inductor buck converter is similar to that in the coupled-inductor buck

converter; thus the total loss of non-coupled inductor buck converters can be approximated as

Ploss_tot_nc :Vin ) IP At fs_nc +2.Qg_SR 'Vg_SR . fs ne (7.10)
+2:Qq 1op fo et P

g top s ond

In the above equation, it is assumed that the coupled-inductor buck converters and the non-

coupled-inductor buck converters have the same steady-state inductances.

Comparing the equations (7.9) and (7.10), it can be seen that the relationship between f; and
fs nc determines the relationship between Piogs or and Piogs ot ne. Since the steady-state inductances
of the coupled-inductor buck converter and the non-coupled-inductor buck converter are the
same (Leqi=Lnc), and V,, Vin, R, and T, are fixed in the constant-on time control laptop VRs,

substituting the equation (7.7) into the equation (7.5)

f = f (7.11)

Combining the equations (7.9), (7.10) and (7.11),

I:)I = I:)Ioss_tot_nc +2'Qg_SR °Vg_SR ) fs (7.12)

oss _tot

It can be seen that the total loss of the coupled-inductor buck converter in DCM2 mode is

2:Q, 'V, & f larger than that of the non-coupled-inductor buck converters. Since Qg sr is
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quite large in the case of the small duty cycle buck, the efficiency of the coupled-inductor buck

converter in the DCM2 mode will drop a great deal.

In the paralleled-diode-conduction method, the SR is turned on only once during one

switching period. The control law of the paralleled-diode-conduction method is

Vo, =" when i >0 andnT, <t <(n+0.5)T, (7.13)
Vg =0" other

where vy 1s the SR’s gate driving voltage. The phase inductor current 1;, the corresponding v,

and the phase inductor voltage v, waveforms are shown in Figure 7.13.
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Figure 7.13 The phase current i;, the bottom switch gate driving voltage vy, and the switching point voltage
v, waveforms of the two-phase coupled-inductor buck converter in DCM2 with the paralleled-diode-
conduction method (a) the two-phase coupled buck converter (b) the i;, vy, and v; waveforms

The total loss of the coupled-inductor buck converter in this control method can be

approximated as

Pylossitot :Vin . IP At f 's + Z'Qg_SR 'Vg_SR - f 's (7'14)

+2:Qy 1op Vg 1op F's +Peond

g _top

where P’ o4 is the total conduction loss of the top switch, the SR and the SR paralleled diode;

and f;’ is the switching frequency.
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In this paralleled-diode-conduction method, the phase inductor current (S; area) in the
second half of the switching period is conducted by the SR paralleled diode. Therefore, there is a
Viioder (0.3V-0.6V) voltage drop at the phase inductor voltage v; during the S; time range. If the
constant on-time control is used and Vj,, V,, L, M and R are kept the same, T’ will decrease to

keep the output voltage V,, and f;” will increase.

o> f=f,, (715

c

Moreover, since the S; area current is conducted by the SR paralleled diode, the voltage
drop across the SR source and drain, Vgioder 1S much larger than the voltage drop with the SR
conduction, Vsgr (<30mV). Therefore, the bottom switch conduction loss P’cond pot 1s much larger

than Pcond bot In the twice-SR-gate-driving method. Accordingly,

P'cond > Pc (7.16)

ond

Substituting the equations (7.15) and (7.16) into the equations (7.10) and (7.14),

Pvloss_tot > P| (7.17)

oss_tot nc

Since the total loss of the coupled-inductor buck converter in DCM2 with the paralleled-
diode-conduction method is larger than that of the non-coupled-inductor buck converter, the

efficiency of the coupled-inductor buck converter in DCM2 will drop.

Figure 7.14 shows the testing efficiency results based on the industrial constant-on time

control laptop buck VR demo board.

Although the above analysis and testing results are based on the constant-on time control
method, the same conclusion holds even if the constant switching frequency control method is
used: the light-load efficiency of the coupled-inductor buck converter in DCM is lower than that
of the non-coupled-inductor buck converter in DCM when the steady-state inductances are the

same.
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Figure 7.14 The light-load efficiency comparison of the two-phase coupled-inductor laptop buck converter

and the non-coupled-inductor laptop buck converter (V;,=12V and T,,=330ns)

7.4. Improvement of the Light-load Efficiency

In this section, a solution to improve the light-load efficiency of the coupled-inductor buck
converter in DCM will be illustrated. The solution is explained based on the two-phase coupled-
inductor buck converter, while the concept can be extended to the n-phase coupled-inductor buck

converter.

Since the two-phase coupled-inductor buck converter has a similar efficiency as the non-
coupled-inductor buck converter in DCM1 and has a lower efficiency than the two-phase non-
coupled-inductor buck converter in DCM2, the low efficiency issue can be solved by avoiding
the coupled-inductor buck converter working in the DCM2 mode. The burst-in-DCM1-mode
solution is proposed to achieve this concept. Figure 7.15 shows the burst-in-DCM1-mode
solution. When the load current is quite low, the coupled-inductor buck converter converter is
controlled to work in DCM1 for a short time and then the two-phase coupled-inductor buck

converter shuts down for a long time.
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__ DCMI | Idle ~ DCM1

Figure 7.15 The phase current waveforms of the two-phase coupled-inductor buck converter under the

light load with the burst-in-DCM1-mode solution

The switching frequency f; vs. the output current i, graph is shown in Figure 7.16. From

Figure 7.16, it can be seen that one control strategy for the solution is

Constant on—time control  f > f_., (7.18)
Burst—in—DCM 1 control f < f_.,

pevz~&12\pCMy-CCM

ﬂ 110
(HZ) Burst in DCM

110 7

0.1 1 100

i(4)

Figure 7.16 The switching frequency f; vs. the output current i, of the coupled-inductor buck converter

with the burst-in-DCM1-mode control

Figure 7.17 shows the vi,+vy, signal in DCM1 and DCM2 modes. The v +v,, signal keeps
“high” in DCM1 and doesn’t keep “high” in DCM 2. Therefore, another control strategy is
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Cons tant on —time control v, +V,  is continuously "high" (7.19)
Burst —in—DCM1control v,, +Vv,  isn't continuously "high"
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Figure 7.17 The phase current i; and i,, the gate driving voltage v;, and v,; and v;,+v,, waveforms of the
two-phase coupled-inductor buck converter in DCM1 and DCM2 modes (a) The iy, iy, Vig, V2 and vygtvy,
waveforms in DCM1 (b) the iy, iy, V14, V2, and vi,+v,, waveforms in DCM2

The burst-in-DCM1-mode solution can be realized with the hysteretic control (Figure 7.18).
The signal Vy

— H 7.20
Vx = V0 + v AVI ( )
is controlled to be within the band of the V,er and V er+Viand.
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DCM1
signal |

(b)

Figure 7.18 The hysteretic control method to realize the burst-in-DCM1-mode operation in the two-phase
coupled-inductor buck converter (a) The two-phase coupled-inductor buck converter (b) The output current

iy, the v, signal and the DCM1 signal waveforms with the hysteretic control

The detail waveforms of the hysteretic control are shown in Figure 7.19. It can be seen that
— 7.21
Vband _Voripple + Hv ) AVipp ( )

The Vripple can be determined by the reqirement in the specific application, e.g. it is 26mV in the

laptop CPU VR application [90]. Then, Vpang can be determined based on the equation (7.21).

HxAV, NSNS a4y

V Voripple

Vband

Figure 7.19 The H,xAV,, the output voltage V, and the v, signal waveforms of the two-phase coupled-

inductor buck converter with the hysteretic control method

Figure 7.20 shows one method to fully implement the hysteretic control. In Figure 7.20, the

burst signal is the signal showing the burst-in-DCM condition. When the circuit is in the constant
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on-time control, the burst signal is “0”; when the circuit is in the burst-in-DCM1-mode, it is “17;
the DCM1 signal is the signal showing the state of the circuit in burst-in-DCM condition. When
the circuit is in the DCMI state of the burst-in-DCM-mode condition, the DCM1 signal is “17; if
the circuit is in the idle state of the burst-in-DCM-mode condition or in the constant on-time
control condition, it is “0”. Figure 7.21 shows the transition from the normal constant on-time
control to the burst-in-DCM1-mode control. When the interval of the clock signal d is longer
than 0.5Tip, the burst-in-DCM1-mode is triggered. Figure 7.22 shows the transition from the
burst-in-DCM1-mode control to the normal constant on-time control. If the vigtvy, control
strategy is adopted, Figure 7.23 shows the transition process from the normal constant on-time
control to the burst-in-DCM1-mode control. The simulation based on this hysteretic control

implementation is shown in Figure 7.24. The simulation result verifies this implementation.

0° 180°

in

L
SR, SR,+—»>
JE xD, JE xD,
4
d, d, )
t 4

Demux on
d L Mux ‘_]
clock : "L

Burst (Logic[ -k

signal DCM1
signal

Vref

Figure 7.20 One method to implement the above hysteretic control in the two-phase coupled-inductor buck

converter
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Figure 7.21 The output current i,, the V, signal, the clock and the burst signal waveforms of the two-phase
coupled-inductor buck converter with the transition from the normal constant on-time control to the burst-
in-DCM1-mode control
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Figure 7.22 The output current i,, the V signal, the DCM1 signal and the burst signal waveforms of the two-
phase coupled-inductor buck converter with the transition from the burst-in-DCM1-mode control to the
normal constant on-time control (a) the transition with the i, stepping up in the DCM1 state (b) the transition

with the i, stepping up in the idle state
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Figure 7.23 The output current iy, the V, signal, the inductor total current iy ., the v,z +vy, signal and the
burst signal waveforms of the two-phase coupled-inductor buck converter during the transient with the
Vig+V, control strategy
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Figure 7.24 The simulated V, signal, the output current i,, the DCM1 and the burst signal waveforms of the

two-phase coupled-inductor buck converter during the transitions

Figure 7.25 shows the efficiency testing result when the burst-in-DCM1-mode solution is
utilized. The efficiency of the coupled-inductor buck converter is similar to that of the non-

coupled-inductor buck converter under light-load.
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Figure 7.25 The tested efficiency results of the two-phase non-coupled-inductor buck converter with the burst
control and the two-phase coupled-inductor buck converter with the burst-in-DCM1-mode control (V;,=12V
and T,,=330ns)

7.5. Summary

In this chapter, the DCM modes of the multiphase coupled-inductor buck converter are
investigated for the first time. The two-phase coupled-inductor buck converter has two different
DCM modes: DCM1 and DCM2. In DCM1, the phase-currents of the n-phase coupled-inductor
buck converter reach zero-current once. In the DCM2 mode, the phase-currents of the n-phase
coupled-inductor buck converter reach zero-current more than once, which lowers the efficiency
of the n-phase coupled-inductor buck converter. Therefore, the multiphase coupled-inductor
buck converter has a lower efficiency than the multiphase non-coupled-inductor buck converter
in DCM, keeping the steady-state inductance the same. The solution, burst-in-DCM1-mode, is
proposed to solve this issue. With the burst-in-DCM1-mode control, the multiphase coupled-
inductor buck converter has a similar efficiency as the multiphase non-coupled-inductor buck

converter.
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Chapter 8. Conclusion and Future Work

The multiphase coupled-inductor buck converter is a more advanced circuit topology than
today’s multiphase non-coupled-inductor buck converter. The challeges for the multiphase
coupled-inductor buck converter are the limited analysis of this advanced circuit topology, the
magnetic structures for this circuit topology, the low light-load efficiency of this toplogy in the
DCM and the current sensing methods for this advanced topology. These challeges blockade the

widely use of the multiphase coupled-inductor buck converter.

8.1. Summary

This dissertation is engaged in exploring the novel solutions for the above challenges of the
multiphase coupled-inductor buck converter. Starting from the comprehensive analysis of the
multiphase coupled-inductor buck converter, the analysis theory of the n-phase, whole duty cycle
range, any coupling coefficient multiphase coupled-inductor buck converter is established. It is
found that although the two-phase coupled-inductor buck can achieve a low FOM (Ly/Ls)
around the 0.5 duty cycle, the more-phase coupled inductor buck converter can achieve a low
FOM for a wide duty cycle range. This characteristic can be used in the wide-input POL
converters to acieve a better efficiency for the whole input voltage range. The asymmetry
analysis of the multiphase coupled-inductor buck is also investigated. It is found that the stronger

the asymmetry is, the more severe the FOM degration is.

For the low-voltage, high-current applications, one issue for the existing coupled-inductor
structure is the long winding path and the corresponding large winding loss and total loss.
Several twisted-core coupled-inductors are proposed to solve this issue. With the core twisted,
the winding of the coupled-inductors can be made straighter and the winding paths are shorter
than the existing coupled inductors. With the tradeoff of the winding loss and the core loss of the
twisted core coupled-inductors, the total loss of the low profile twisted-core coupled-inductors
can reduce 23 percent compared to that of the existing coupled-inductors. To model and design

the twisted-core coupled-inductors, a sophisticated space cutting method is developed to model
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the strong 3D fringing fluxes. C. Sullivan proposed the space cutting method for the E-E core
transformer before. In the modeling of the twisted-core coupled-inductor, the space cutting
method is applied and extended to further separate the fringing fluxes between two perpendicular
planes and the fringing fluxes between two parallel planes. The fringing fluxes between the two
parallel planes with the changing air gaps are also investigated. The sophisticated space cutting

method can also be used to model other magnetic structures with the strong fringing fluxes.

For the integrated POL application, the bottleneck for the high power density is the large
inductor size. The coupled-inductor is proposed to reduce the large inductor size and improve the
power density of the integrated POL converter. Different integrated coupled-inductor structures
are proposed. The side-by-side-winding structure is proved to be better than the top-and-bottom-
winding structure in reducing the inductor footprint. This is because the side-by-side-winding
structure has a smaller mean magnetic path length than the top-and-bottom-winding structure.
The experimental results based on the LTCC process technology shows that the integrated
coupled-inductor POL converter doubles the power density. To simplify the modeling and design
of the LTCC integrated coupled-inductor, the two-segment approximation of the B-H curve is
utilized. This two-segment approximation, or even three-segment approximation, can also be

used to model other integrated inductors with a nonlinear B-H curve.

The evalution of the multiphase coupled-inductor buck converter based on the
microprocessor VR application is also investigated. When the coupling phase number increases,
there is a diminishing return effect on both the efficiency improvement and the transient
performance improvement. For the server VR example, the three-phase is an appropriate

coupling phase number.

The novel DCR current sensing methods of the multiphase coupled-inductor buck
converter are also proposed in this dissertation. With the time constant of the DCR sensing
network matching the time constant of the leakge inductance and DCR, the proposed DCR total
current sensing method can sense the total current precisely. With a more advanced DCR sensing
network, both the phase-current and the total current can be sensed precisely. The proposed DCR
current sensing networks are lossless and don’t give additional burden to the power loss of the

multiphase coupled-inductor buck converter.
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The light-load efficiency of the multiphase coupled-inductor buck converter was expected
to be higher than that of the multiphase non-coupled-inductor buck converter. However, it is
experimentally found that the light-load efficiency of the multiphase coupled-inductor buck
converter is lower that that of its counterpart with the contant on-time control. This is because
the phase-current reaches zero-current more-than-once in DCM2 mode. The burst-in-DCM1-
mode control is proposed to improve the light-load efficiency of the multiphase coupled-inductor
buck converter. With the advanced control method, the efficiency of the multiphase coupled-

inductor buck converter is similar to that of the multiphase non-coupled-inductor buck converter.

In conclusion, this dissertation proposed alternative multiphase coupled-inductor structures
for the discrete POL application and the side-by-side-winding coupled-inductor structure for the
integrated POL application. The analysis, current sensing and the solution for the low light-load

efficiency of the multiphase coupled-inductor buck converter are also investigated.

8.2. Future work

In the integrated POL converter in the Chapter 4, the active stage and the passive stage are
packaged together. Recently, there is a trend to monolithically integrate the active stage and the
passive stage of the integrated POL converter [63] to further increase the power density of the
integrated POL converter. In this circumstance, air gaps exist and the multi-turn winding is
necessary to achieve an enough inductance because the magnetic core thickness is extremely
small due to the process limitation. What the best and symmetric coupled-inductor structure for

this application is needs further investigation.
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Appendix 1. Analysis of Asymmetric Coupled-inductor Buck

Converters

For all the above analyses for the multiphase coupled-inductor buck converter, the
multiphase coupled-inductor is assumed to be symmetric. However, as shown in Figure 1.31, the
practical n-phase (n>2) coupled-inductor is asymmetric. In this appendix, the effect of
asymmetric coupled-inductors on the multiphase coupled-inductor buck converter will be

investigated.

Figure Al.1 shows an example of the three-phase asymmetric coupled-inductor and the
three-phase asymmetric coupled-inductor buck converter utilizing this coupled-inductor. For this

asymmetric coupled-inductor, L1=Ls#L,, M|,=M3#Ms.

Wk 3 E L ——M; |
EEmE e
| QG 63
B¥ k¥ F ’+v1-| & vz-l ¥ v3-!
(@ (b)

Figure Al.1 The three-phase asymmetric coupled-inductor buck converter (a) The three-phase asymmetric
coupled-inductor (b) The three-phase asymmetric coupled-inductor buck converter

The basic electrical equation for the three-phase asymmetric coupled-inductor is

v, =L i+ My, 4 My
Vo =My, i+ Ly i+ My, - (A1.1)
vV, =My, i+ My, i+ L -y

The steady-state inductor voltage and current waveforms are shown in Figure A1.2 when D<1/3.
The Ippi ne, Ipp2 ne and Ipps nc are the inductor current ripples for Phase 1, Phase 2 and Phase 3.

L1, Lss2 and Lggs are the steady state inductances for the three phases

219



Appendix 1. Analysis of Asymmetric Coupled-inductor Buck Converters

Va=Vin'Vo : : :

) L L s 4)tT
Vi=Va (Vi#Vp (Vvi=Vy (viEVy (viEV (V=Y
V2=V V2=V V=V, V=V < vy=VSv=Vy
V3=V V3=V, (V=Y V=V (vs=V, =V

Figure A1.2 The steady-state inductor voltage and current waveforms of the three-phase asymmetric
coupled-inductor buck converter

Substituting the inductor voltage combinations into the equation (Al.1), L, Leo and L

when D<1/3 can be found.

L=t =Y Vopr - L(LL -M}) - (LM} -2MiM; + M) (Al.2)
ssl SS S D
Ippl Lle_M122+(L1M12_M12M13_M122+L2M13)H
VoV, o LLL -M)-(LM -2MM, + LM ) (A1.3)
Lssz - | DTS - D
ez (LT _M123)+2(L1M12_M12M13)E

The steady-state inductances for Phase 1 and Phase 3 are the same, while the steady-state
inductance for Phase 2 is different. Figure A1.3 shows the transient inductor voltage and current
waveforms for the three-phase asymmetric coupled-inductor buck converter. The transient

inductance for Phase 1 is defined as
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i) _Ai 2V, -AD (Al.4)
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Figure A1.3 The transient inductor voltage and current waveforms for the three-phase asymmetric coupled-
inductor buck converter

With a method similar to that used in the previous section, it can be derived that

_ LI(L1L2 - |\/|122)—(L1M122 _2M122M13 + L2M123) (Al.5)

Lr
" Lle_L1M12+M12M13_L2M13

Similarly, Ly, and Lys can be derived as

— Ll(LlLZ _Mlzz)_(LlM122 _2M122M13 + L2M123)
L? _2L1M12 +2M12M13 _M123
Llr3 — |_‘r1 — LI(LILZ _MIZZ)_(LIMIZZ _2M122M13 + L2M123)
Lle _LIMIZ +M12M13 _L2M13

Llr2

(AL.6)

To characterize the asymmetry of the asymmetric coupled-inductor, several parameters are
defined.

Lo, oMy My M, (A1.7)
1 s 2

k=—L,
L2 I‘l L2 Ll L3 Ll
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k represents the difference in the phase self inductances. 1 and a7 are the coupled coefficients.

The values k=1 and os= a; represents the symmetric coupled-inductor.

With the equations (A1.2), (A1.6) and (A1.7), the FOM for Phase 1 when D<1/3 can be

derived

Al.8
L l—af+(a1\/F—a]a2\/E—a]2+a2)[[)). (A18)
rl

Lt 1_0‘1\/E+0(1052\/E_0‘2

The relationship in the equation (A1.8) is plotted in Figure Al.4 when D=0.1, and k=1. The
FOMs of the two-phase symmetric coupled-inductor and three-phase symmetric coupled-

inductor are also shown.

1
0.9 )
0.8 2- phase sy\fmmetrlc case__—
AV) 0.6 /, —i— az/al =(0.9
X 05 = —— a,/; =0.8
- 0. \ = a,/a, =0.5
0 —i— =
0 3- phase symmetric case @,/ =0.3
0.1
0
-0.5 -0.4 -0.3 -0.2 -0.1 0

Q9

Figure A1.4 The effect of asymmetry on the L;.,/L; in the three-phase asymmetric coupled-inductor buck
converter (D=0.1)

It can be seen from Figure A1.4 that when the FOM of the three-phase asymmetric coupled-
inductor is larger than that of the three-phase symmetric coupled-inductor; i.e. the benefits of the
three-phase asymmetric coupled-inductor are degraded. The more asymmetric the inductor is, the
more benefits it will degrade. When the asymmetry is very strong, the performance of the three-

phase coupled-inductor is similar to that of the two-phase symmetric coupled-inductor.
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When 1/3 < D<2/3, the steady-state inductance and transient inductances can also be
derived.
L, =Ly = (A1.9)
L1('-1L2 — |\/|122)—(L1|\/|122 _2M122M13 + L2M123)
1
(Lle - L2M13 - L1M12 + M12M13)+ﬁ(|—1M12 + L2M13 - M122 - M12M13)

_ L(LL,-M)-(LM2 —2MAM s + M) (A1.10)
1 2
(Lf a M123)_2(L1 _M13)M12(1_37D)+ M, (L _M13)5

L

Ss2

_ Ll(LlLZ _Mlzz)_(LlMlzz _2M122M13 + L2M123)
L% _2L1M12 +2M12M13 _M123
|_lr3 — I—m — L (L L _MIZZ)_(LlMIZZ _2M122M13 + L2M123)
L1L2 _L1M12 +M12M13 _L2M13

Llrz
(A1.11)

Therefore the FOM for Phase 1 when 1/3<<D<2/3 can be derived.

1
L, (-a, _alﬁ+a1a2&)+ﬁ(a1\/z+az -of _alaz\/z)

L B l_al\/E-'-alaZ\/E_aZ (Al1.12)

When 2/3<D<1, the steady-state inductance and transient inductances are as follows.

L. =L .= LI(LILZ_Mlzz)_(LlMlzz_2M122M13+L2M123) (A1‘13)
ssl — —ss3 T Dy
L1L2_M122+(L1M12_M12M13_M122+L2M13)B
L —Ll(Lle_Mlzz)_(L1M122_2M122M13+L2M123) (Al.14)
ss2 Dv
(L?_M123)+2(L1M12_M12M13)6
L[ _Ll(Lle_Mlzz)_(LlMlzz_lezlea+L2M123)
r2 =
L%_2L1M12+2M12M13_M123 (A1.15)
L.-L, :LI(LILZ—MIZZ)—(LleZ—2M122M13+L2M123)
r3 rl

Lle_L1M12+M12M13_L2M13

Therefore the FOM for Phase 1 when 2/3<<D< 1 is
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on=-0.4, and k=1. The FOMs of the two-phase symmetric coupled-inductor and three-phase
symmetric coupled-inductor are also shown. It can be seen that when the multiphase coupled

inductor is more asymmetric, the FOM increases and the benefits from the more-phase coupling

are degrading.

Figure A1.5 The effect of asymmetry on the Li/L; in the three-phase asymmetric coupled-inductor buck
converter (a;=-0.4)
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Appendix 2. Reluctance Models of Alternative Coupled-inductor

Structures

A2.1 Twisted-core Coupled-inductor

According to the equations (1.10), (1.11), (1.13) and (1.16), the steady-state inductance and

the transient inductance of the coupled-inductor buck converter (D<0.5) are

2 2
_ Lot = (Lo — L) (A2.1)
Lss - D
Lself - E ’ (Lself - Lk)
Ly =Ley —M =1L, (A2.2)
L .= Rmidiairga\p + Rcore + Rairga\pl + 1 (A23)
(Rcore + Rairgapl)(2 Rmidiairgap + Rcore + Rairgapl) Rair
L - 1 L] (A2.4)
2Rmidiairgap + Rcore + Rairgapl Rair

The reluctances in Lg.jr and Ly can be derived from the reluctance model of the twisted-core
coupled-inductor. In the following, the reluctance model of the twisted-core coupled-inductor

will be derived in detail.

Figure A2.1 shows the reluctance model of the twisted-core coupled-inductor. The loop of
I, Reore, Rairgapt, Reore and Rairgap1 represents the main flux path, while the paths of Ruig airgap and

R.ir represent the two main leakage flux paths.
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L 4
Relirgapl Rcore
Rmid_airgap}I
I:ecore
1 Rairgapl
— —

9ir

Figure A2.1 The simplified reluctance model of the twisted-core coupled-inductor structure

In the reluctance model, the two most difficult reluctances to be calculated are the middle-
pole airgap reluctance Ruid airgap and the air-around-the-winding reluctance Rg;. In the following
two subsections, the calculations of these two reluctances, Rmid airgap and Rair, Will be discussed.

The dimensions of the twisted-core coupled-inductor are defined in Figure A2.2.

Figure A2.2 The dimension definition of the twisted-core coupled-inductor structure (a;, by, h, d and ©)

A2.1.1 The Middle-pole Air Gap Reluctance Ryid_airgap

In Chapter 3, by extending C. Sullivan’s space cutting concept, the middle-pole air gap
reluctance can be divided into gap, face 1, face 2, face 3 and corner areas. (Figure A2.3). If the
reluctances related to the facel area, the face2 area and the face3 area are defined as Recer, Rface2
and Ry.ce3 respectively; and the reluctances related to the gap and corner areas are defined as Ry,

and Reomer, then
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Rmid_airgap = Rgap //0'25Rfacel //O'SRfacez // Rface3 // Rcorner (A25)
Cut the twisted core into 3 parts Cross section of
the middle pole air gap
artl
P chrner WILZA corndr
part2
part3

Figure A2.3 The three component parts of the twisted-core coupled-inductor after two horizontal cuts and the

cross section view of the middle pole air gap after the two cuts

a. The calculation of the reluctance Rg,p

Rgap 1s simple and can be calculated based on the simple one dimensional reluctance
equation. The Rg,, calculation equation is

. d (A2.6)
gap
ub(2b +h+o)

b. The calculation of the reluctance Rg,ce1 calculation

Figure A3.4 The inductor voltage v1 and capacitor current ic waveforms of the two-phase
coupled-inductor buck converter in the DCM2 mode (a) The two-phase coupled buck converter
(b) the shows the facel fringing effect flux area. (For symmetry, only one facel fringing effect
flux area and the half of the partl are shown.) If we look at half of the partl magnetic core from

top to bottom, we can get the cross section view shown at the bottom of Figure A3.4 The
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inductor voltage v1 and capacitor current ic waveforms of the two-phase coupled-inductor buck
converter in the DCM2 mode (a) The two-phase coupled buck converter (b) the . It is clear that
the facel fringing effect flux is the fringing flux between two perpendicular planes.

View from Cross section of the middle pole airgap
up to down Half of Part 1
Rfacel

Rfacel

Cross section

Figure A2.4 The face 1 fringing effect flux area between two perpendicular planes and the top view of the face
1 fringing effect flux area

The airgap here is the middle-pole airgap and is quite large. Calculating the fringing flux
between two perpendicular planes when the airgap is larger is very difficult. In [55](Figure A2.5),
it is found that Ry, fulfills the following complex-variable equation after using the Schwarz—

Christoffel transformation.

Ya
w A
fringing ZyN
effect b\

/
X
)1,/ /P
vd

X

A
177777777777/

Figure A2.5 The 2D finging effect flux between two perpendicular planes

228



Appendix 2. Reluctance Models of Alternative Coupled-inductor Structures

1 (A2.7)
b (,Uo(ln(zw)"'ln(ZlN)) Fob L)
pa 2d

facel —

where Zjp and Zjy are the Schwarz—Christoffel transformations of the points xp and yy and can be

found through the following complex equations respectively

[’2""—;9(171“ 2)] (A2.8)

Zp~¢€

29[21n(1+ﬁ)—1n(zm)—2ﬁ] (A2.9)
T

From the equation (A3.9), it can be easily got that

(A2.10)
ibl = —[In 2
- [ ( \/—) VI=2,y]
It is equivalent to
R e N T (A2.11)
ibl = ”[l (HI\/THZMZIN 1]
Changing the form of the In(-) function,
. d .. Azl _ (A2.12)
ibl = ——{i[7 — 2sin ' (—2—)] - 2i/z,,, —1
T { [ﬂ- sm ( \/a )] IN }
Considering the basic trigonometric equation
sin(2a) = 2sina cos a (A2.13)

The equation (A2.12) can be expressed as

ib1=—id[ﬂ_sinl(zﬁ)_2m] (A2.14)
T IN IN

Assume

sin” 2 \/_) s \/1_1 (A2.15)

Iy Ziy Zin Iy

then substituting the equation (A2.15) into the equation (A2.14) and rearranging the terms,
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— 2z -1 _z bl (A2.16)
N 1+71N —2(1+d)
Therefore,
2 A2.17
LAV SR AL S (A2.17)
Z,, z[2 d 24 d ]2+1

This is an approximate solution of the equation (A2.9)
Substituting the equations (A2.8) and (A2.9) into the equation (A2.7),

x (A2.18)

R
b, 12,[0.614 + In(M 2(%) +1)]

facel ~

where the function M©) can be expressed as

2
T

7 . b b
Za+=2x Z 1+ -2
2(+d)+ 4(+d) )

2 (A2.19)

M) -

c. The calculation of the reluctance Rgace2

Figure A2.6 shows the face2 fringing effect flux area. For symmetry, only one face2
fringing effect flux area is shown. If we look at the magnetic core from left to right, we can get

the cross section view that appears at the bottom of Figure A2.6.

The face2 finging effect is the plane-to-plane finging effect (Figure A2.7). Accoding to the
mirror theorem, the face2 finging flux reluctance is twice of the finging flux reluctance between
two perpendicular planes with the perpendicular plane length to be b; and the distance between
the two perpendicular planes to be d/2. Therefore, according to the equation (A2.18), the Reacer

can be calculated to be

2 (A2.20)
b4, (0.614 + In(M 2(%bl)Jr 1)

R face2 ~

where function M©) can be expressed as
Vd 2b 7’ 2b
R A R
M (27b] _2 d 4 d )

d 2 (A2.21)
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part 1 Cross section 0{ the middle pole airgap
View from R
Riace2 &, face2 |

face
'y

left to right

—

Riace TN

Cross section
face2

R
el
7 \

d

Figure A2.6 The face 2 fringing effect flux area between two perpendicular planes and the top view of the face

2 fringing effect flux area

y AbI/Z

2D /YN
4

fringing _b,|p
%
effect /0P
b a2 x
vd/2

Figure A2.7 The 2D fringing effect flux between two parallel planes

d. The calculation of the reluctance Ryyce3

Figure A2.8 shows the face3 fringing effect flux area. If we look at the magnetic core from

top to bottom, we can get the cross section view that appears at the bottom of Figure A2.8.
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View from Part 2 Cross section of the middle pole airgap

up to down

!

Rface‘S/ -

/
\

RfaceS

Cross section

Figure A2.8 The face 3 fringing effect flux area between two perpendicular planes and the top view of the face

3 fringing effect flux area

According to the mirror theorem, the face3 fringing effect flux related reluctance, Ryces, 1S
half of the finging flux reluctance between two parallel planes with the distance between the two
perpendicular planes to be d and each parallel plane length to be b;. According to the equation
(A3.20), Ryyee3 can be calculated to be

x (A2.22)

R 2b
h1,[0.614 + In(M Z(Tl) +1)]

face3 —

where function MO can be expressed as

2
» LA R LA B
mPy_ 2 d 4 d

qa)” > ) (A2.23)

e. The calculation of the reluctance Reorner

We have derived the reluctance expressions of the face fringing effect fluxes, and we will
derive the reluctance expression of the corner fringing effect flux. Figure A2.9 shows the corner
fringing effect flux area. Calculating the corner fringing effect related reluctance, Reomer, 1S also

not easy. Fortunately, [56] gives an approximate calculating method for Reomer-
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Cross section of

. the middle pole airgap

R

corner

:

e

Figure A2.9 The corner fringing effect flux area in the twisted-core coupled-inductor and in the cross section

of the middle pole air gap

1 A2.24
Rcorner = g (RSQ 1l RQSS) ( )
where
R 1 (A2.25)
270,077 ,d
VT,
4 (A2.26)

Royee =——
Qss b,

o]

A2.1.2 The Air-around-the-winding Reluctance R,;,

Figure A2.10 shows the air-around-the-winding flux. It can be seen that the fringing flux
can be looked as the fringing flux between two perpendicular planes. If the reluctance related to

the air-around-the-winding flux is called Ry,

1 (A2.27)

R. =
alr 2
; [”(1+b1)+\/’;(1+b1)2—2]2
1,210,614+ 1n{ 4 4 1y
T

4
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Figure A2.10 The air-around-the-winding fringing flux region in the twisted core coupled inductor and the

air-around-the-winding fringing flux area

A2.1.3 The Core Reluctance R, and The Airgapl Reluctance Ryirgap1
a. The calculation of the core reluctance Reore

For calculating Rcore, We just use the one dimensional reluctance model. Here is the

calculation equation

Ry = 2R, + R, (A2.28)
where
JSE A LB (A2.29)
Mo by 2
R -1 4+ 7, (A2.30)
:uo/urbl bl 4

b. The calculation of the airgapl reluctance Rairgap1

Since the air gap reluctance model considering the 3D fringing effects has been discussed
in the calculation of the middle-pole air gap reluctance Ruid airgap, the calculation of the airgapl

reluctance can be done in the same way.

R =R // Ripaee // R (A2.31)

airgapl 1gap 1 face 1corner

where

20 (A2.32)
lgap — b 2
01
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R, face — 2(R, facel /10.5R, face21 IR, face22)
T
Rl facel — h+b
bl,uo[0.614 +In(M 2 (7’) +1)]
o
2z
Rl face21 — 2b
b,£,(0.614 +1In(M* (=) +1))
o
R 27

1face22 —

by 2, (0.614 + In(M 2(%h) +1))

R /1 Rigss)

1corner

1
ZE(RISQ

1
Rgo =——
0,077 u,0

(A2.33)

(A2.34)

(A2.35)

(A2.36)

(A2.37)

(A2.38)

(A2.39)

The detail reluctance model of the twisted-core coupled inductor is shown in Figure A2.11.

The simple reluctance model without considering the fringing effect can be got from the above

reluctance model by setting the Reuce, Reomers Rairs Rifacel @nd Ricomer1 to be infinity.

ngap $ zlfaceléRlcornerlé

air

Figure A2.11 The detail reluctance model of the twisted-core coupled-inductor

The derived reluctance model can be used to identify the minimum inductor total loss point

of the low-profile twisted-core coupled-inductor. Figure A2.12 shows the low-profile twisted-

core coupled-inductor and Figure A2.13 shows the block diagram to achieve the minimum-loss

low-profile twisted-core coupled-inductor.
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Figure A2.12 The low profile twisted-core coupled-inductor

Eeduce the profile of the
twisted core coupled inductor, by

i |

According to the reluctance model,
calculate o, d to keep the same L and L

1 1

Calculate the winding loss and
core loss based on the dimensions

i |

Plotthe P, and P, 5, vs. by

1 1

Find the optimal h;

Figure A2.13 The block diagram of finding the minimum-loss low-profile twisted-core coupled-
inductor
Figure A2.14 shows the Pyinding, and Peore vs. hy for the Ippae=30A case. The minimum-loss
low-profile twisted point for the I p.se=30A case is shown in Figure A2.15. The minimum-loss
low-profile twisted point for the I,n.se=20A case is also shown in the Figure A2.15. It can be
seem that when the phase current level is higher, the minimum-loss low-profile twisted-core
coupled-inductor is more twisted. This can be explained in this way. When the current level is
higher, the winding loss is more important in the inductor total loss and the core loss is less
important in the inductor total loss. Therefore it is better is to minimize the winding loss and to

make the winding more straight. Accordingly, the core is more twisted.
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1.34 1.05
1.32
1
§ 1.3 =~ /
\.'31.28 //’ 50.95 /
- |
£1.26 s
Q.4 1 24 / Q.f 0.9
L2 \\e/ / 0.85
0.8 ‘ \ T

winding

6 7 8
h,(mm)

10

Figure A2.14 The Pyyging, Peore V8. hy @Ippase=30A

4

10

(a) (b)

Figure A2.15 The minimum-loss low-profile twisted-core coupled-inductors (a) I;p.c=30A (b) L;pae=20A

A2.2 Low Profile Twisted-core Coupled-inductor

The model of the low profile twisted-core coupled-inductor is a simplified case of the
model of the twisted-core coupled-inductor. Therefore, the equations for the low profile twisted-

core coupled-inductors can be listed in the following.

Figure A2.16 shows the dimension definition of the low profile twisted-core coupled-

inductor. Figure A2.17 shows the reluctance model of the low profile twisted-core coupled-
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inductor. The simple reluctance model without considering the fringing effect can be got from

this reluctance model by setting the Ryace, Reorers Rair, Rifacel and Ricomer1 to be infinity.

Figure A2.16 The dimension definition of the low profile twisted-core coupled-inductor structure

>
leaceléRlcornerlé Rairgapl%

R

Rface

core

Rairgapl ﬁlfaceléRlcornerlé

air

Figure A2.17 The detail new reluctance model of the twisted-core coupled-inductor considering the strong 3D

fringing effect

The steady-state inductance and the transient inductance can be expressed as

2L Ly - I—i (A2.40)
Lss = D > Ltr = Lk
I-'self _H(Lself - Lk)
and
L = Rmid_airgap + Rcore + Rairgapl + 1 (A241)
self —
(Rcore + Rairga\pl)(2 Rmid_airgap + Rcore + Rairgapl) I:Qair
1 1 (A2.42)
L. =L nigoore ¥ Lk air = +
_midpole k air
2|:Qmid_airga\p + Rcore + Rairgapl Rair
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a. The middle-pole air gap reluctance Ruiqa_airgap

The middle-pole airgap reluctance can be divided into 3 parts: Rgap, Riace and Reomer (Figure
A2.18). Rgyp 1s calculated with the one dimensional reluctance model (Figure A3.15); Ry 1S
calculated by the method proposed in the precious section (Figure A3.15); Reomer 1S calculated by

the method proposed in [56].

Cut

Phasel Phase2

R

corner

corner Jace corner

(b)
Figure A2.18 The separation of the middle-pole airgap fringing fluxes (a) Cut at the middle of the middle-pole
air gap (b) The gap, face and corner flux areas in the cutting cross section of the middle-pole air gap

£ d
Wi h+t

(b)
Figure A2.19 The gap magnetic flux area and face fringing flux area of the low profile twisted-core coupled-
inductor (a) The gap magnetic flux area (b) the face fringing flux area
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R =R, //R

mid _airgap

/IR

face corner

B d
HoW, (h+1)

gap

R T

face —

W, 21, (0.614 + In(M 2(zdbl) +1))

1
Rcorner = g(RSQ // RQSS )a

Ro—_ L
2 0.077pd’

b. The air-around-the-winding reluctance Ry,

(A2.43)

(A2.44)

(A2.45)

(A2.46)

(A2.47)

(A2.48)

The around-the-winding reluctance R, can be divided into three parts: Riop, Reont and

Rpottom (Figure A2.20(a)). Figure A2.20(b) shows the flux area of Rip. Riop 1s the fringing effect

reluctance between two parallel planes. Using the method proposed in the previous section, we

can calculate Ry,p. Calculations of Ryont and Rpgiom are similar to Ryop.

R =R, // Reont // R

air top front bottom
2
Ron = 2b 2 op
] [”(1+1)+\/”<1+1)2 -2
g, {0.614+ I 2 W 4 11}
V3 4
2
Rfront = 2b 2 2b
) [”(1+1)+J”<1+1>2 -2]
4, {0.614+In{ w_ V4 1
T 4

Rbottom = I:etop
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rR

Rair < R

front

\R bottom

(a) R,;, reluctance

Flux lines

(b) R, reluctance
Figure A2.20 The air-around-the-winding fringing flux area (a) the top, front and bottom fringing flux areas
(b) the top fringing flux area with the dimensions marked

c. The core reluctance R, and the airgapl reluctance Rgirgap1

The Recore and Ruirgapr are shown in Figure A2.21. They can be modeled with the one

dimensional reluctance model.

(a) Reore

R airgapl
(o}

b h

(b) Rairgapl
Figure A2.21 The magnetic core reluctance R, and the air gap 1 reluctance Ryiz.p1 (2) The magnetic core
reluctance (b) the air gap1 reluctance
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_ 1 (d +2W+Ww, +£) (A2.53)
o :uo:urh bl 2
o (A2.54)
Rairgapl N
:uoblh

A2.3 Three-phase ET-core Coupled-inductor

The reluctance model of the three-phase ET-core coupled-inductor is built in the similar
method as that of the low profile twisted-core coupled-inductor. The equations for the three-

phase ET-core coupled-inductor are listed in the following.

Figure A2.22 shows the three-phase ET-core coupled-inductor dimensions. Figure A2.23

shows the reluctance model of three-phase ET-core coupled-inductor.

Figure A2.22 The dimension definition of the three-phase ET-core coupled-inductor

core2 R core2

Figure A2.23 The reluctance model of the three-phase ET-core coupled-inductor considering the strong 3D
fringing flux effect

L, = ! (A2.55)
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L, = ﬁ +é (A2.56)
T L= (A2.57)
self 1 more T Rmid_airgap Rhalf + R1 R+ Rmid_airgap Rair
be =k 2+le R+ R:Ui,gap " Ralirl (A2.58)
where
Reeit1 = Riore // Rria_airgap + R (A2.59)
Roue = Rot /R +2R,,.0) (A2.60)
Ruar = R/ Riig_airgap + 2Reorea (A2.61)
R =R + Rairgapt (A2.62)
R, = Riorer + Rairgapt
a. The core reluctances Reores Reore1s Reore2 and the airgapl reluctance Rairgap
The Reore and Ryirgap1 reluctances are shown in Figure A2.24.
Rusgapt = _9 (A2.64)
Hoh by

_ b+a LT (A2.65)

core

Mot -by 2, p.h

b,/2

oAt R

() (b)

Figure A2.24 The air gap 1 reluctance R,j.4.p; and the magnetic core reluctance R.,,. (a) The air gap 1

reluctance R,jpap1 (b) the magnetic core reluctance R,

The Reore1 and Reoren reluctances are shown in Figure A2.25.
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_ a+h (A2.66)
corel ﬂo/jr h . bl

__b+b, (A2.67)
core2 zﬂoljrh . b]

=== p—

() (b)

Figure A2.25 The magnetic core 1 reluctance R, and the magnetic core 2 reluctance R, (2a) The magnetic

core 1 reluctance R,.; (b) the magnetic core 2 reluctance Ry

b. The middle-pole air gap reluctance Ruiq_airgap

The Riid airgap 15 shown in Figure A3.22. It is similar to the middle-pole air gap reluctance in
the two-phase low profile twisted-core coupled-inductor. Following the same method, we can get

the equations

3

Figure A2.26 The middle-pole airgap reluctance Ry;ig_airgap and its components (Rg,p, Rpace and Regrner) With the

space cutting method in the three-phase ET core coupled-inductor

I:zmidfairgap = Rgap // Rface // Rcorner (A268)
R . d , a-d (A2.69)
o pbh g pboh

R = i (A2.70)

face —

b, 1£,[0.614 +In(M 2(%")“)1
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Reo // Ross (A2.71)

corner =
8

Ro—_ 1 (A2.72)
2 0.077u,d

R 4 (A2.73)
st_ﬂobl

c. The air-around-the-winding reluctance R,;,

The R, and R, are shown in Figure A2.27. Following the same method used in the two-

phase low profile twisted-core coupled-inductor, we can get

Rair = Rtop // Rfront // Rbottom (A274)
Rairl = Rtop//Rbottorr (A275)
Rlop = Rbolmm = (A2.76)
[— (1+—)+\/ﬁ]
,uOE{O.614+ln1 +1}}
Ry = (A2.77)

+1}}

front —
h (l+fl)+, ') -27
1, —10.614+1In{
T

Sfront Rair

bottom

bottom

Figure A2.27 The air-around-the-winding fringing flux reluctances for the side pole and the middle pole in

the three-phase ET core coupled-inductor: R,; and Ry

245



Appendix 2. Reluctance Models of Alternative Coupled-inductor Structures

A2.4 Z-core Coupled-inductor

The reluctance model of the Z-core coupled-inductor can also be built based on the
extended space cutting method. Figure A2.28 shows the Z-core coupled-inductor dimensions.
Figure A2.29 shows the reluctance model of the Z-core coupled-inductor. The equations for the

reluctance model are shown in the following.

| b 1

Figure A2.28 The dimension definition of the Z-core coupled-inductor

Figure A2.29 The reluctance model of the Z-core coupled-inductor considering the strong 3D fringing effect

fluxes
L, = 1 L1 (A2.78)
Rpost +(Rgapsit + Rbarz)// Rmorfe Rair
L — 1 [1 _ Rgaps_t + Rbar2 (A279)
‘ Rpost + (Rgaps_t + Rbarz)// Rmt:sre Rgaps_t + Rbarz + Rmore
. 0.5 Rgap_t . Rgaps_t + Rbarz ] I L
O'SRgapft + Rbarl + Rpost //(Rgapsit + Rbarz) Rpost + Rgapsft + Rbarz Rair

246



Appendix 2. Reluctance Models of Alternative Coupled-inductor Structures

where

Rmore = Rbarl + O'SRgap_t //[ Rbarl + Rpost //(Rgaps_t + Rbarz)] (A280)

a. The magnetic core reluctances Ryar and Rps

The Ry, and Ry reluctances are shown in Figure A2.30.

g / y
|\ \ [ R
1/ R'W- Ih a
bar
D A— \1 h
| bl |
(a) (b)

Figure A2.30 The magnetic core reluctances Ry, and R (a) The reluctance of the magnetic bar R, (b) the
reluctance of the magnetic post R0

b, (A2.81)
I:{bar =T
luouralh

a o A2.82
Rpost = 2 + ( )
Hopt Do pbyh

b. The air gap reluctances Ry, ¢ and Ry, ¢

The Rgaps ¢ reluctance can be broken down into several reluctance components: Rggp, Reace and

Reomer (Figure A2.31). Rgap, Reomer, and Race are shown in Figure A2.32(a), Figure A2.32(b) and
Figure A2.33 respectively.

— Rface

Rgaps t; A/' Rcorner

P 4

(C)) (b)

Figure A2.31 The side air gap reluctance considering the 3D fringing flux effect (a) The side air gap
reluctance Ry, ¢ (b) the components of the side air gap reluctance Ry, ¢¢ Rgapy Riace and Regrner
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Rgap 4 Rcorner/
@ ; h
N

a;
(a) (b)

Figure A2.32 The calculation of the gap reluctance R,,, and the corner fringing flux reluctance Rcyner (2) The
gap reluctance Ry, (b) the corner fringing flux reluctance Reormer

Rgalpsft = Rgap // Rface /l Rcorner (A283)
_ 2wtga (A2.84)
P gh(w, —w+w, secar)’
where
w, =2b, +2wW—-w, (A2.85)
o=t — 2 (A2.86)
b, +2w—-w,
_ Rso//Rass (A2.87)
corner 2
where
__ (A2.88)
7 0.077 wigar
Ross = — (A2.89)
Hody
Rf_side
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|:\)f_top

(b) (©)

Figure A2.33 The face fringing flux reluctance Ry, (a) The three components of the face fringing flux
reluctance: Ry gqe and R p,¢ (b) The calculation of the R, ¢, reluctance (c¢) The calculation of the Ry gqe

reluctance
Rface = Rf_side // Rf_top // Rf_bot (A290)
= Rfﬁside 1 O'SRfitop
where
27 (A2.91)
Rf 7top
yoj 0.614+1n[M? ( )+1]dx
27 (A2.92)
Rfﬁside =

4, -h-{0.614+In[M> & 1) +1}

The Ry, ¢ reluctance is the simplified version of Rggps . It can be calculated as

R Ry //0.5R (A2.93)

gap_t = f _top

c¢. The air-around-the-winding reluctance R,;,

The Ryir is shown in Figure A2.34 The calculation of the air-around-the-winding fringing
flux reluctance R,i. According to the calculation method in the two-phase low profile twisted-
core coupled inductor,

R i (A2.94)

[£(1+ 2(w, —W)seca)+ LZ(H 2(w, —W)seco:)2
W, sec o 4 W, sec o

_2]2
4,b, sin ¢{0.614 + In{

2 +1}}
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Figure A2.34 The calculation of the air-around-the-winding fringing flux reluctance R,;, in the Z-core
coupled-inductor

Figure A2.35 shows the precision of the Z-core reluctance model when a;=4mm,
a,=16.5mm, b;=14mm, b,=4.5mm, h=4mm, 0=60.07°, w=4.5mm, and wg=4mm. It can be seen
that the reluctance model can achieve around 75 percent precision in the steady-state inductance
L and the transient inductance L. This reluctance model can be used to design the Z-core

coupled-inductor.

L (nH)

1200
100{
801
60{
40
200

3D FEA Model 0 3D FEA Model
(a) (b)

Figure A2.35 The precision of the steady-state inductance L and the transient inductance L, calculated by
the Z-core reluctance model considering the 3D fringing flux
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Appendix 3. Derivation of Conversion Ratio Equations for

Multiphase Coupled-inductor Buck Converters in DCM

A3.1 The 2-phase Coupled-inductor Buck Converter

Figure A3.1 shows a 2-phase coupled inductor buck. Figure A3.2 shows the phase current
waveforms of the 2-phase strong coupled inductor buck in the CCM and DCM when the output
load current reduces. For the simplicity of further analysis, the waveforms are drawn with the
constant-on time control method implemented in the coupled inductor buck. It can be seen that
there are two different DCM modes (DCM1 mode and DCM2 mode) for the 2-phase coupled
inductor buck. In the following subsections, the conversion ratio equations for the two DCM

modes will be investigated.

0° 180°
Bt ykE
Vit viF i, L
V -
m___ + vI -

Figure A3.1 The two-phase coupled-inductor buck converter with the phase currents marked
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Figure A3.2 The phase-current waveforms of a two-phase coupled-inductor buck converter under different
load conditions

a. The DCM1 Mode

The V/Vi, and f; relationship of the coupled-inductor buck converter is necessary for the
control of the two-phase coupled-inductor buck converter in DCM1. Since the relationship has

not been investigated in the literature, it is discussed below.

Figure A3.3 shows the inductor voltage v, and the capacitor current i. waveforms of the
two-phase coupled-inductor buck converter in the DCM1 mode. Here M<0 for the inverse
coupling.

Based on the inductor volt-second balance and the capacitor charge balance,

T, (A3.1)
Io v, dt =0

T, T VT, (A32)
[Cidt=[idt+] pdt—=2 =0
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assuming L=L;=L,, then it can be derived that

i A
\D,T, ! /! LN :
0° 180° e | [ t
0 1 | : : 1 : : e
i3 +J|;EL ' it : i L
V. v]; . v2g - 2 | : i : i 1
m____ + ‘/\ 1 5 \
o | !
vl “I/vllll-Vﬂ E :

(@) (b)

Figure A3.3 The inductor voltage v; and capacitor current i. waveforms of the two-phase coupled-inductor

’

buck converter in the DCM1 mode (a) The two-phase coupled buck converter (b) The inductor currents iy, i,,

the inductor voltage v, and the capacitor current i, waveforms

,  RDT, RD"T, (A3.3)
r<+ Vil MZ 0
L(1 +T) L(l—?)

Therefore, the expression of the voltage conversion ratio V,/Vj, in the coupled-inductor

buck converter in DCM1 mode is

A 2 (A3.4)
n (1-a*)L
D’RT,

(I-a)+ [(I-a)’ +4
where o is the coupling coefficient of the two-phase coupled-inductor, a=M/L, ~1<@ <0 and

M is the mutual inductance of the coupled-inductor.

Redefining the L to be
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in DCM
12-M?2 (A3.5)

Lss = —r

L+—M
1-r
Here, r is defined as the V,/Vj, ratio.

A3.6
A 20

A D) (A3.7)
and
1 L. (A3.8)

f=—

S

T, (1-0T,R

Recalling that, for the non-coupled-inductor buck converter, the V,/Vi, and f; relationship is

v, 2 K= L. (A3.9)
Vi 1*1/”4; RT;
and
B rZan (A3.10)
o 1-nT,’R

Comparing the equations (A3.7), (A3.8), (A3.9) and (A3.10), it can be found that the V,/Vij,
and f; relationship of the two-phase coupled-inductor buck in DCM1 is the same as that of the

non-coupled-inductor buck if L replaces L, in the equation.
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b. The DCM2 Mode

The V,/Viy and f; relationship of the coupled-inductor buck converter is necessary for the
control of the two-phase coupled-inductor buck converter in DCM2. Since the relationship has

not been investigated in the literature, it is discussed below.

Figure A3.4 shows the inductor voltage v, and the capacitor current i, waveforms of the

coupled-inductor buck converter in the DCM2 mode. Here M<O0 for the inverse coupling.

B

A
>
N

v.

-~

~

(/4 180°

e 0

1
J J ] 2
Vi v i, L

- pl

;b

«

=
S
o

~

N

_.%_ﬁ,'s_
i~

(@) (b)
Figure A3.4 The inductor voltage v; and capacitor current i. waveforms of the two-phase coupled-inductor

buck converter in the DCM2 mode (a) The two-phase coupled buck converter (b) the inductor currents iy, i,
the inductor voltage v; and the capacitor current i. waveforms

Based on the inductor volt-second balance and the capacitor charge balance,

: A3.11
LT v, dt =0 ( :

(A3.12)
VOTS — 0

[Fidt=["idt+["i,dt-

Assuming L=L;=L,, then it can be derived that
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in DCM
2 2 A3.13
o RDT\;I a RDI\T/ISZ 0 (A3.13)
L(1+— .
I+ L E

Therefore, the expression of the voltage conversion ratio V,/Vj, in the coupled-inductor buck

converter in DCM2 mode is

V 2 (A3.14)

r =_0 —
Vin (1-a?)L
l-a)+_ |(1-a)* +4~—2—
(l-a) \/( a) DeRT,

where a is the coupling coefficient of the two-phase coupled-inductor, a=M/L, =1 <@ <0 anqd

M is the mutual inductance of the two-phase coupled-inductor.
The equation (A3.14) can be rewritten as

V

r=—2 =

Vin \/ 2
(l-a)+./l-a) +4

2 (A3.15)
(1-a?)L
T2Rf

on S

Substituting the equation (A3.5) into the equation (A3.15),

r:V—O: 2 (A3.16)
" 1+\/1+4D2LIS:ESTS
and
¢ =i r’L, (A3.17)

*TT. (I-nT,’R

Comparing the equations (A3.9), (A3.10), (A3.16) and (A3.17), it can be found that the
V,o/Vin and f relationship of the two-phase coupled-inductor buck converter in DCM1 is the

same as that of the two-phase coupled-inductor buck converter in DCM2.

Comparing the equations (A3.9), (A3.10), (A3.16) and (A3.17), it can be found that the
V,o/Vin and f relationship of the two-phase coupled-inductor buck converter in DCM?2 is the

same as that of the non-coupled-inductor buck converter if Ly replaces L, in the equation.
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in DCM
For the equation (A3.5), when M — 0
SEVE (A3.18)
Lo,
L+—M

I-r
Therefore, the equation (A3.14) can be found that

V0 9) 2 (A3.19)
[ =—— = -

V. L L when M — 0
"ol 1442 1+ 144
D’RT, DRT,

The V,/Vi, and f; relationship of the non-coupled-inductor buck converter in DCM is a special

case of that of the two-phase coupled-inductor buck converter in DCM.

The V/Vi, and a., f; relationship of the two-phase coupled-inductor buck converter in DCM
in the equation (A3.15) is shown in Figure A3.5. In the simulation, L=300nH, R=0.5€2, and
Ton=100ns.

0.5

0.4

0.3

VO

V. f=4MHz
mg2 f=3MHz
f=2MHz
f=1MHz

0.1

0

-1 -0.8 -0.6 -04 -0.2 0

Figure A3.5 The curves of the conversion ratio V,/V;, vs. the coupling coefficient o and the switching
frequency f; for the two-phase coupled-indcutor buck converter in DCM

The Vo/Vi, and a, D relationship of the two-phase coupled-inductor buck converter in DCM
in the equation (A3.14) is also shown in Figure A3.6. In Figure A3.6, L/(RT)=0.6. The
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simulation result (Figure A3.7) verifies the V,/Vi, and a, D relationship of the two-phase

coupled-inductor buck converter in DCM.

CCM mode
0.5 A
/
0.4 \\ —c-r— =4 0.4
. — = D=0.
N
v 03 D=0.3
[1] \ \
e S
Vin \ D=0.2
0.2 .
\
\h
o1 D=0.1
0
-1 -0.8 -0.6 -0.4 -0.2 0
ol

Figure A3.6 The curves of the conversion ratio V,/V;, vs. the coupling coefficient o and the duty cycle D for
the two-phase coupling-inductor buck converter in DCM
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Figure A3.7 The simulation verification of the curves of the conversion ratio V,/V;, vs. the coupling coefficient
o and the duty cycle D for the two-phase coupled-idnuctor buck converter
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Based on the equation (A3.16), the criteria of the boundary between the CCM and the DCM
can be derived. In CCM mode,

A3.20
V. g (A3.20)

In

<

By equalizing the equations (A3.16) and (A3.20), it can be found that

L (A3.21)

SS

R—_ s
(1_ D)Ts

A3.2 The 3-phase Coupled-inductor Buck Converter

Figure A3.8 shows a 3-phase coupled inductor buck. Figure A3.9 shows the phase current
waveforms of the 3-phase strong coupled inductor buck in the CCM and DCM when the output
load current reduces. For the simplicity of further analysis, the waveforms are drawn with the
constant-on time control method implemented in the coupled inductor buck. It can be seen that
there are three different DCM modes (DCM1 mode, DCM2 mode and DCM3 mode) for the 3-
phase coupled inductor buck. In the following subsections, the three DCM modes will be

investigated in detail.

Figure A3.8 The 3-phase coupled inductor buck converter with the phase current marked
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in DCM
i]ﬂ
ccMm /\/\/\/\/\/\/\/
. ! ] t:
llu TS§
Critical 1
: tk
T, : ”
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DCM 1
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i I
Critical 2 /\/\/\_N
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Figure A3.9 The phase-current waveforms of a three-phase coupled-inductor buck converter under different

load conditions

a. The DCM1 Mode

When a coupled inductor buck is in the DCM1 mode, the phase current reaches zero only
once in one switching period. The key waveforms of the coupled inductor buck in the DCMI

mode are shown in Figure A3.10.
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vlg

L ! i : |
e A .. 4 t
oo
2l AT NN
b1 /T L
o Lo L .
BIACT P AL =
I — | L t

0%, 1,033T,6 t,067T,t;, i, T

Figure A3.10 The gate driving voltage vy4, V35 and v3,, and the phase current iy, i, and i; waveforms of the 3-
phase coupled inductor buck converter in DCM1

At the time 0, the phase 1 inductor current i; is zero and the other phase inductor currents i,
and i3 are at the intermediate values ip;.and iy, respectively. During the time range [0, to], the
phase 1 top switch is turned on and the top switches of the phase 2 and phase 3 are turned off.
During this time range, the 1; increases from 0 to the maximum value. For the coupling effect,
the i, and i3 also increase. During the time range [to, t;], all the top switches of the three phases
are turned off and the phase currents 1i;, i, and i3 decrease until i, touches zero at t;. During [0, t;],
all the three phase inductor currents are coupled. During the time range [t;, 0.33T;], only the
phase 1 inductor current i; and the phase 3 inductor current i3 are coupled. The phase currents 1;
and i3 decrease until they reach the inter-mediate value iy, and in,; at the time 0.33T,. The phase
2 synchronous rectifier is turned off at time t; to avoid that the phase 2 current i, goes to a
negative value and to achieve the DCM. The phase 2 current i, stays at zero during the time

range [t;, 0.33Ts].
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During the time range [0.33Ts, 0.67T;] and [0.67Ts, Ts], the 3-phase coupled inductor buck
follows the working principle in [0, 0.33T;], except that the conditions of the phase 1, the phase
2 and the phase 3 change with each other. In summary, the three phase inductor currents i, i, and
i3 couple and the two phase inductor currents couple alternatively in one switching period in the

DCMI1 mode of the 3-phase coupled inductor buck.

To verify the above analysis, the simulation is implemented. Figure A3.11 shows the phase
current waveforms of the 3-phase coupled inductor buck in DCM1. Three phase currents couple

and the two phase currents couple alternatively.

AN AN AN
TN A N A N A
i(A) | S/ N\ . AN . IANVAN

AN VA NEEEN | A VAN ~
0 T~/ \, / ~J \ /
N N N
2 N IA I N A AN
i(4) 1 A 7\ N 7\ N =
2 N AN AN N Y N /N ]
0 N_J ~ T\ ~ TN
. 0 2TA PN A N
13(A)1 N [ 1 N/ N N ] NS/ R
AN AN / = AEAN f - 7\
0 NN\ 7 |\ N
149 151 153 t(us)

Figure A3.11 The simulated phase current iy, i, and i; waveforms of the 3-phase coupled inductor buck

converter in DCM1

The V,/Vi, and f; relationship of the coupled inductor buck is necessary in control of the 3-

phase coupled inductor buck in DCM1. It will be discussed in detail in the following paragraphs.

Figure A3.12 shows the inductor voltage v; and the capacitor current i, waveforms of the 3-

phase coupled inductor buck in the DCM1 mode. Here M<O for the inverse coupling.
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o A DZTS DTS Dsz DTS Dsz

LMY, /(LAM)

Figure A3.12 The inductor current i, i, and i3, the inductor voltage v, and the capacitor current i,

waveforms of the 3-phase coupled inductor buck converter in the DCM1 mode

Based on the inductor volt-second balance and the capacitor charge balance,

J~OTS v dt =0 (A3.22)
T, . T, . T, . T, . VOTS (A3.23)
L |Cdt=L I,dt +I0 |2dt+J'0 |3dt—?=0
1e.
M (A3.24)
(Vio ~Vo)DT, =V,(0.67+ D,)T, -V, --(033-D~D,)T, =0
_I_
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3[0. 5Vin—Vo (DT,)? +0.5(21n—2 Vi =V, DT, Vo D,T,)D,T,
Leql I—eql Leq2
-V V . ) V
+0.5(n Vo DT, ——2D,T, +i_,)(0.33— D —D,)T, +0.5(2i,, ——2 DT,)DT,
Leql I—eq2 eq3
+0.5(2i , — 2V DT, - Vo D,T,)D,T,
Leq3 Leq2
oV V, . OV
+0.50,,, — DT, - D,T, +1.,)(0.33—-D -D,)T, +0.5(1,,, + —— D, T, ) DT,
Leq3 Leqz Leqz
40,5V (D,T.)*]- Vols g
Leqo R
(A3.25)
where,
A3.26
I, = Vo D,T, +V—°DTS ( )
Leq2 Leq3
] - (A3.27)
i =MDTS _ Y D,T, - Vo (033-D-
I—eql eq2
L _(L=M)(L+2M) (A3.28)
eql r
L+(1+2—)M
I-r
Ly, =L +2M (43.29)
L _(L=M)L+2M) (A3.30)
eq3 _
L+1= M
r

Here, r is defined as the V,/Vj, ratio.
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V (A3.31)

Substituting the equations (A3.31) and (A3.25) into the equation (A3.24) and rearranging terms,
it can be got that

. nRD"T, _____DNRDT, 0 (A3.32)
JC-M)(L+2M)  (C=M)(L+2M)
L+(1+2—")M L+(1+2—")M
1—r I—r

Therefore, the expression of the voltage conversion ratio V,/Vi, in the coupled inductor

buck in the DCM1 mode is

A3.33
21+ ‘;‘) (A333)

in 1= Ha+a)a+ 9L
(1—3‘)+ (1—02‘)2+8 2 2

3DRT,

where, @ =2M /L is the coupling coefficient. The equation (A3.33) can be rewritten as

o (A3.34)
2(1+—
v, (1+2)
Vin a a
o o, (1—5)(1+a)(1+5)L
l-—)+¢/(1-=)" +8
( 2) ( 2) 3T Rf,
b. The DCM2 Mode

When a coupled inductor buck is in the DCM2 mode, the phase current reaches zero twice
in one switching period. The key waveforms of the coupled inductor buck in the DCM2 mode

are shown in Figure A3.13.
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ts 2T/3ts t, t

Figure A3.13 The gate driving voltage vy4, V55 and v3,, and the phase current iy, i, and i; waveforms of the 3-
phase coupled inductor buck converter in DCM2

0t t,t, T34 t, T

s

At the time 0, the phase 1 inductor current i; and the phase 2 inductor current i, are zero
and the phase 3 inductor current i3 is at an intermediate value i,,3. During the time range [0, to],
the phase 1 top switch is turned on and the top switches of the phase 2 and phase 3 are turned off.
During this time range, the i, increases from 0 to the maximum value. For the coupling effect,
the i, and 13 also increase. During the time range [to, t;], all the top switches of the three phases
are turned off and the phase currents 1i;, i, and i3 decrease until i, touches zero at t;. During [0, t;],
all the three phase inductor currents are coupled. During the time range [t;, t;], only the phase 1
inductor current i; and the phase 3 inductor current i3 are coupled. The phase currents i; and i3

decrease until the phase 3 inductor current i3 touches zero. The phase 2 synchronous rectifier is
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turned off at time t; to avoid that the phase 2 current i, goes to a negative value and to achieve
the DCM. The phase 2 current i, stays at zero during the time range [t;, t]. During the time range
[t2, 0.33Ts], all the three phase currents decouple. The phase 1 inductor works as a non-couled
inductor with its self inductance L and its current i; decreases until i; reaches the intermediate
value i3 at Ty/3. The phase 3 synchronous rectifier is turned off at time t,. The phase 2 current i,

and the phase 3 current i3 stay at zero during the time range [t,, 0.33T;].

During the time range [Ty/3, 2Ty/3] and [2T¢/3, Ts], the 3-phase coupled inductor buck
follows the working principle in [0, T¢/3], except that the conditions of the phase 1, the phase 2
and the phase 3 change with each other. In summary, the three phase inductor currents i;, i, and
i3 fully couple, the two phase inductor currents couple and the three phase currents decouple

alternatively in one switching period in the DCM2 mode of the 3-phase coupled inductor buck.

To verify the above analysis, the simulation is implemented. Figure A3.14 shows the phase
current waveforms of the 3-phase coupled inductor buck in DCM2. Three phase currents couple,
the two phase currents couple and the three phase currents decouple alternatively.
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Figure A3.14 The simulated phase current iy, i, and i; waveforms of the 3-phase coupled inductor buck

converter in DCM2

The V,/Vi, and f; relationship of the coupled inductor buck is necessary in control of the 3-

phase coupled inductor buck in DCM2. It will be discussed in detail in the following paragraphs.

Figure A3.15 shows the inductor voltage v; and the capacitor current i, waveforms of the 3-

phase coupled inductor buck in the DCM2 mode. Here M<0 for the inverse coupling.
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° AD TSD3TS DTSDZTSD3TS DTSDZTSD3TS

Figure A3.15 The inductor current iy, i, and i3, the inductor voltage v, and the capacitor current i,

waveforms of the 3-phase coupled inductor buck converter in the DCM2 mode

Based on the inductor volt-second balance and the capacitor charge balance,
T, (A3.35)
'[0 v, dt =0

(A3.36)
VOTS — 0

[Fiedt = [Tidt+["idt+ [idt-

i.e.
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M
(Vin =Vo)DT, =Vo(033+ D +2D, + D,)T, -V, ~=2(0.33-D D, - D,)T,
2M
rem >t
(A3.37)
3[0. 5Yin Vo (DT,)* +0.5(24——= Vi =Vs DT, - Ve D,T,)D,T,
Leql Leql Leq2
+ 0. 5(2V'n Vo DT, -2 Vo D,T, —V—° D.T,)D,T,
eql Lego L+M
+0.5(i , + Vi =V DT, - Ve D,T, Y D,T,)(0.33—-D-D, - D,)T,
L L+M
eql eq2
: \Y
+0.5(2i , ——2 DT,)DT,
Leq3
+0.5(2i,, _ N, DT, _ Ve D,T,)D,T,
L L
eq3 eq2
Ve Vo (DT,)>
eq3
+0.5-Y0 (DZTS)z]—ﬂ =0
Lego R
(A3.38)
where,
A3.39
Iy = Vo Vo DT, - Ve D2TS—V—°D3TS——(O 33-D-D, -D))T, ( )
Leqi Leyo L+M
(L—M)(L+2M) (A3.40)
Leql -

L+(1+2——)M
I-r
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Ly, =L+2M (A341)
L _(L=M)(L+2M) (A3.42)
eq3 _
L+
r
vV \Vj (A3.43)
——=DT, =—=D,T,
Leq3 Leq2
Here, r is defined as the V,/Vj, ratio.
vV (A3.44)
r=—>
V.

Substituting the equations (A3.38) and (A3.43) into the equation (A3.37) and rearranging terms,
it can be got that

e nRD’T, . nRD’T, 0 (A3.45)
J(L=M)L+2M) ' (L=M)(L+2M) ~
L+(1+2— )M L+(1+2— )M
I-r I-r

Therefore, the expression of the voltage conversion ratio V,/Vi, in the coupled inductor

buck in the DCM2 mode is

A3.46
231+ 02‘) (A3.40)

n 1= Ha+a)a+4HL
(1—2‘)+ (1—02‘)2+8 2 2

3D°RT,

where @ =2M /L is the coupling coefficient. The equation (A3.46) can be rewritten as
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(04 (A3.47)
2(1+—
v, (1+2)
Vin a a
. o, (1=)+a)i+)L
l1-—)+q/(1-—2)" +8
=)= 3T2Rf,
¢. The DCM3 Mode

When a coupled inductor buck is in the DCM3 mode, the phase current reaches zero three
times in one switching period. The key waveforms of the coupled inductor buck in the DCM3

mode are shown in Figure A3.16.

fy 1 LT3 1, 1,21/3 1g 1 ty T,

Figure A3.16 The gate driving voltage vi,, V3, and v3,, and the phase current iy, i, and i; waveforms of the 3-
phase coupled inductor buck converter in DCM3

At the time 0, all the phase inductor currents are zero. During the time range [0, to], the
phase 1 top switch is turned on and the top switches of the phase 2 and phase 3 are turned off.

During this time range, the i, increases from 0 to the maximum value. For the coupling effect,
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the i, and i3 also increase. During the time range [to, t;], all the top switches of the three phases
are turned off and the phase currents i;, i, and i3 decrease until i, and i3 touch zero at t;. During
[0, t;], all the three phase inductor currents are coupled. During the time range [t;, t;], the phase 1
inductor current i; decreases until i; touches zero at t;. The phase 2 and phase 3 synchronous
rectifiers are turned off at time t; to avoid that the phase 2 current i, and the phase 3 current i3 go
to a negative value and to achieve the DCM. The phase 2 current i, and the phase 3 current i3
stay at zero during the time range [t;, t2]. At t, the phase 1 synchronuous rectifier is turned off.
During the time range [tp, 0.33T], all the three phase currents are kept at zero. The whole 3-
phase coupled inductor buck seems to stop except that the output capacitor provides current to

the output load.

During the time range [Ty/3, 2Ty/3] and [2Ty/3, Ts], the 3-phase coupled inductor buck
follows the working principle in [0, T¢/3], except that the conditions of the phase 1, the phase 2
and the phase 3 change with each other. In summary, the three phase inductor currents i;, i, and
i3 fully couple, decouple and stop alternatively in one switching period in the DCM3 mode of the
3-phase coupled inductor buck.

To verify the above analysis, the simulation is implemented. Figure A3.17 shows the phase
current waveforms of the 3-phase coupled inductor buck in DCM3. Three phase currents couple,

decouple and stop alternatively.

1 A [\
: X X
i;(A)0.6 AN - A ,
ool A AN\ A A\ A
27\ I\ J \ I\ NWA Y
LR X AY
iy(A) 0.6 . AN - : N
02 ISCA A [T INCA A [ INCA
. NJ'\ \ | N\ \ | N\
. 1 Ay Ay AY
i3(4) ¢ N AN AN
: ~ ) ~—1. , [~
0.2 STIA A\ SN A\ N
2 AVA /AN ] AVAY I\ |
149 151 153 t(us)

Figure A3.17 The simulated phase current i,, i, and i; waveforms of the 3-phase coupled-inductor buck

converter in DCM3
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The V,/Vi, and f; relationship of the coupled inductor buck is necessary in control of the 3-

phase coupled inductor buck in DCM3. It will be discussed in detail in the following paragraphs.

phase coupled inductor buck in the DCM3 mode. Here M<0 for the inverse coupling.

Figure A3.18 shows the inductor voltage v; and the capacitor current i, waveforms of the 3-

D,T, D,T,

DT,D,T, D;T,

Figure A3.18 The inductor current iy, i, and i3, the inductor voltage v, and the capacitor current i,

waveforms of the 3-phase coupled inductor buck converter in the DCM3 mode

Based on the inductor volt-second balance and the capacitor charge balance,

_[OT v, dt =0

LTS i dt = LTS i dt +IOTS i dt +IOTS i dt -

1.€.
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M (A3.50)
OQ—VQDE—VJDfH%+2D+2DQR—VJEQDJ;=O

in in — A3.51
3[O.SM(DTS)2 +O.5(2u DT, - Vo D,T,)D,T, ( )
Leql Leql Leq2
-I-O.S\L(DJS)2 -2-0.5 Vo DT, (D +D,)T,] _ﬂ -0
L I—eqS» R
where,
L (L=M)(L+2M) (A3.52)
eql —
L+(1+2- "M
I-r
Lo, =L +2M (A3.53)
(L-M)(L+2M) (A3.54)
Loy = 1-r
L+—M
r
(A3.55)
Yo pr-Yopr
Leq3 Leqz

Here, r is defined as the V,/Vj, ratio.

V (A3.56)

Substituting the equations (A3.51) and (A3.55) into the equation (A3.50) and rearranging terms,
it can be got that

. nRD’T, . nRD’T, 0 (A3.57)
J(L=M)L+2M) ' (L=M)(L+2M)
L+(1+2— )M L+(1+2— )M
I-r I-r
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Therefore, the expression of the voltage conversion ratio V,/Vi, in the coupled inductor

buck in the DCM3 mode is

a (A3.58)
21+ —

Y, (1+2)
Vi a a

N o, (=D)+a)i+ L

1=+ (1—2)2+8

3D°RT,

where @ =2M /L is the coupling coefficient. The equation (A3.58) can be rewritten as

A3.59
21+ ‘;‘) (A3:39)

in 1= Ha+a)a+ 9L
(1—3‘)+ (1—02‘)2+8 2

3T2Rf,

Comparing the equations (A3.34), (A3.47) and (A3.59), it can be found that the V,/Vi, and
f; relationships of the 3-phase coupled inductor buck in DCM1, DCM2 and DCM3 are the same.

Since
_(L=M)(L+2M) (A3.60)
L+(1+2——)M
I-r

L

SS

Substituting the equation (A3.60) into the equation (A3.59),

V 2 (A3.61)

Vin L
1+ 1+8——§L—
3D°RT,

and

T. 3(1-nT,’R

S
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Recalling that, for the 3-phase non-coupled inductor buck, the V,/Vj, and f; relationship is

v, _ 2 « __2Lu (A3.63)
V. / ’ RT
R [ 1+4DK2 SRT
and
2 A3.64
_o2rlL, (A3.64)
s _nc

3(1-n)T, R

Comparing the equations (A3.63), (A3.64), (A3.61) and (A3.62), it can be found that the
V,/Vin and f; relationships of the 3-phase coupled inductor buck in DCM is similar as that of the

3-phase non-coupled inductor buck except that the Ly replaces L.

Considering the equation (A3.60)

C(L=M)(L+2M) (A3.65)
L, = r —L when M — 0
L+(1+2—)M
l-r
the equation (A3.61)
vV 2 2 (A3.66)

r-:V__: L - L when M — 0
"1+ 1482 I+ [1+8
3D°RT, 3D°RT,

The V,/Vi, and f; relationship of the 3-phase non-coupled inductor buck in DCM is a special case

of that of the 3-phase coupled inductor buck in DCM.

The Vo/Viy and a, f; relationship of the 3-phase coupled inductor buck in DCM shown in
the equation (A3.59) is drawn in Figure A3.19. In the simulation, L=300nH, R=0.50hm,
Ton=100ns. The V,/Vi, and a, D relationship of the 3-phase coupled inductor buck in DCM
shown in the equation (A3.58) is drawn in Figure A3.20. In Figure A3.20, L/(RT;)=0.6.
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Figure A3.19 The curves of the conversion ratio V,/V;, vs. the coupling coefficient o and the switching

frequency f; in the 3-phase coupled inductor buck converter in DCM
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Figure A3.20 The curves of the conversion ratio V,/V;, vs. the coupling coefficient o and the duty cycle D in

the 3-phase coupled inductor buck converter in DCM
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It has been seen that the V,/Vi, equation of the multipase coupled inductor buck in DCM is
similar as that of the multiphase non-coupled inductor buck in DCM for 2-phase and 3-phase
cases. This can be explained in the following. The input currents of the 3-phase coupled inductor
buck in DCM and the 3-phase non-coupled inductor buck in any DCM are shown in Figure
A3.21.

(a)

L

Ton Ts_c/3 2Ts_q/3 Ts_cp

(b)

Figure A3.21 The input current waveforms of the 3-phase non-coupled and coupled buck converter in
DCM (a) the input current waveform of the 3-phase non-coupled-inductor buck converter (b) the input
current waveform of the 3-phase coupled-inductor buck converter

Assume the Vj,, V, and i, of the 3-phase coupled inductor buck in DCM and the 3-phase
non-coupld inductor buck in DCM are the same. Since the input power of the converter is equal

to the output power of the converter, neglecting the loss in the converter,

o . (A3.67)
V. -3-0.5 -M-(Ton)2 ITg e =V 1,
V. -V ) (A3.68)
V,,-3-0.5-20"T0 (T /T, o=V, i
Comparing the equations (A3.67) and (A3.68), it can be seen that, when L,=Ls,
Ts nc — Ts cp (A3.69)
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This means that the V,/Vi, conversion ratio equation of the 3-phase coupled inductor buck in
DCM is the same as that of the 3-phase non-coupled inductor buck in DCM except that the L, is
replaced by L.

Based on the equation (A3.61), the criteria of the boundary between the CCM and the DCM
for the 3-phase coupled inductor buck can be derived. In CCM mode,

V (A3.70)

By equalizing the equation (A3.61) and the equation (A3.70), it can be found that

2L, (A3.71)
3(1-D)T,

A3.3 The N-phase Coupled-inductor Buck Converter

Figure A3.22 shows the n-phase coupled inductor buck. Figure A3.23 shows the phase
current waveforms of the n-phase strong coupled inductor buck in the CCM and DCM when the
output load current reduces. For the simplicity of further analysis, the waveforms are drawn with
the constant-on time control method implemented in the coupled inductor buck. It can be seen
that there are n different DCM modes (DCM1 mode, DCM2 mode,... and DCMn mode) for the

n-phase coupled inductor buck.

S‘

|
TAL .
60°/n| = l%E:vz
ng_ .n
(n-1)3600/nEE' J%“’n -

|||—| l—w

Figure A3.22 The n-phase coupled-inductor buck converter with the phase current marked
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I
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| /\ 1.

Figure A3.23 The phase-current waveforms of an n-phase coupled-inductor buck converter under different
load conditions

In the DCM1, the n phase currents couple and the (n-1) phase currents couple alternatively
in one switching period. In the DCM2 mode, the n phase currents couple, the (n-1) phase
currents couple and the (n-2) phase currents couple alternatively in one switching period. In the
DCM3 mode, the n phase currents couple, the (n-2) phase currents couple and the (n-3) phase
currents coupled alternatively in one switching period. In the DCM n mode, the n phase currents
couple, the n phase currents decouple and the n phase currents keep at zero altermatively in one

switching period.

Figure 6.29 shows the input current waveforms of the n-phase non-coupled inductor buck in
DCM and the n-phase coupled inductor buck in any DCM mode. Assume the Vi,, V, and i,(R) of

the n-phase coupled inductor buck in any DCM mode and the n-phase non-coupld inductor buck
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in DCM are the same. Since the input power of the converter is equal to the output power of the

converter, neglecting the loss in the converter,

(b)

Figure A3.24 The input current waveforms of the n-phase non-coupled and coupled buck converter in
DCM (a) the input current waveform of the n-phase non-coupled-inductor buck converter (b) the input
current waveform of the n-phase coupled-inductor buck converter

V. -V ) (A3.72)
V,,-n-05 —L—= °-(T0n)2/TS e =V, -1
nc -
V. -V . (A3.73)
V. -n-0.5-—2—2 (T ) /T, o =Vo 1o
LSS -
Comparing the equations (A3.67) and (A3.68), it can be seen that, when L,=L,
Tsinc = Tsicp (A3.74)

This means that the V,/Vj, conversion ratio equation of the 3-phase coupled inductor buck in
DCM is the same as that of the 3-phase non-coupled inductor buck in DCM except that the L, is
replaced by L.

Recalling that, for the n-phase non-coupled inductor buck, the V,/Vj, ratio is
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Vv, 2 2L (A3.75)

nc

S K =
Vi 1+‘/1+4|§2 RT, o

Therefore, the V,/Vi, conversion ratio for the n-phase coupled inductor buck in any DCM mode

is

V 2 (A3.76)

where,
(L=M)[L+(N=1)M] (A3.77)
|_+[(n—2)+(n—1)1_rr]|v|

L =

SS

Rearranging the terms,

. Ts B n(l_ r)Ton2R

Substituting the equation (A3.77) into the equation (A3.76) and rearranging the terms,

n—2 (A3.79)
a)

2(1+

In p n_2
=% )4 (1_a)2+8(1_n_1)(1+05)(1+n_1a)L
n-1 n-1

nD’RT,

where & = (n - 1)M /L is the coupling coefficient. The equation (A3.79) can be rewritten

as
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_ (A3.80)
v 20+ "72 )
[=—o — n-—1
v -
" =% Ya+a)i+ "2 o)L
n—1 n—1

o (04
- ) +q(1-—-)* +8
( n—l) ( n—l) nT . Rf,

Based on the equation (A3.76), the criteria of the boundary between the CCM and the DCM

for the n-phase coupled inductor buck can be derived. In CCM mode,

\Y; (A3.81)

By equalizing the equation (A3.81) and the equation (A3.76), it can be found that

2L, (A3.82)
 n(l-D)T,
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