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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 
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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/in3 

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, 
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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, DCM2 …, 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 i486 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 
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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 Vdd 

has to be decreased [5-6] so that the energy dissipated during one clock cycle, CVdd
2, is reduced 

significantly. However, lower Vdd 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]. 
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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. 
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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 

(PTV08T250W) 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 iL and the output current io 
marked 

The transient voltage drops on the multiphase buck converter output voltage Vo occurs 

because the multiphase buck converter output capacitors need to provide current during the 

transient responses. The current demand of the load, io, has a much higher slew rate than that of 

the multiphase buck inductor current, iL. 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. 

t

ΔIo

iL

iL

io

tr  

Figure 1.12 The transient inductor current iL response of the multiphase interleaving buck converter under 
the output current io 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 iL can follow the changes of load 

current io, as shown in Figure 1.11. 

To describe the ability of the inductor current to follow the load current, the average 

current transfer function Gii(s) is defined as follows: 

)(~
)(~

)(
si
sisG

o

L
ii =  

(1.1)

where )(~ siL  and )(~ sio  are the perturbations added to the inductor current iL and load current io, 

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

follows: 

1)/(/
1

)(~
)(~

)( 2 +⋅+⋅+⋅⋅
+⋅⋅

==
CnrrsnCLs

Crs
si
sisG

LC

C

o

L
ii  

(1.2)

where rc, 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 Gii(s) is shown in Figure 1.13. Here, ωo is the 

resonant frequency. 

nCLo /
1
⋅

=ω  
(1.3)
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Figure 1.13 The open-loop inductor current to the output current transfer function Gii(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: 

)(1
)()()()()(
sT

sZsGsGsGsG O
cidiiiic +

⋅⋅−=  
(1.4)

where Gid(s) is the duty-cycle-to-inductor-current transfer function, Gc(s) is the transfer function 

of the compensator, Zo(s) is the converter output impedance, and T(s) is the loop gain. The loop 

gain is described as follows: 

)()()( sGsGKsT cvd ⋅⋅=  (1.5)

where Gvd(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 
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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, Giic(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: Gii(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 ωc, which is the feedback control 

bandwidth. The control bandwidth ωc is much higher than the power stage double poles’ 

frequency ωo. 

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. 
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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: 

c

c
r

Tt
ω
π 2

4
==  

(1.6)

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:  

2/π
ωco

r

o

avg

I
t
I

dt
di ⋅Δ

=
Δ

=  
(1.7)

Figure 1.16 shows the transfer functions of the duty cycle to the output voltage (Gvd) in 

multiphase interleaving buck converters. It can be seen that when the phase inductance increases, 

the corner frequency of the Gvd transfer function decreases. Therefore, the loop bandwidth ωc 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.  
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Figure 1.16 The gain of the duty cycle to the output voltage transfer function |Gvd| 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 ωc 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. 

t
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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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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<0, inverse 

coupling). The relationship of M to L can be expressed as 

LM α=  (1.8)

where α is the coupling coefficient between the two inductors (-1<α<1). 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.  

⎪
⎩

⎪
⎨

⎧

⋅+⋅=

⋅+⋅=

dt
diL

dt
diMv

dt
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1
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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  

M
D
DL

MLL
s

s
eq

⋅
′

+

−
=

22

1  
(1.10)

MLL seq +=2  (1.11)

V1=Vin-Vo

V2=-Vo

V1=-Vo

V2=-Vo V2=Vin-Vo

V1=-Vo V1=-Vo

V2=-Vo

0

D D0.5-D 0.5-D

Leq1 Leq2 Leq3

Leq2

i1

i2

v1

v2 0

Vin-Vo

-Vo

t0 t1 t2 t3 t4

0

D D0.5-D 0.5-D

Leq1 Leq2 Leq3

Leq2

i1

i2

v1

v2 0

Vin-Vo

-Vo

t0 t1 t2 t3 t4t0 t1 t2 t3 t4

 

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

and coupled-inductor buck converters (D<0.5) 
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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) 
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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 Leq1 and Leq3 determine the 

converter steady-state current ripple when D<0.5 and when D>0.5, respectively. Therefore, the 

steady state inductance Lss is defined as 

1eqSS LL = (D<0.5) (1.13)

3eqSS LL = (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 ΔD in the duty cycle D. It can be derived that 

D
fL
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(1.15)
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where fs is the switching frequency of the coupled buck converter. Therefore, it is Leq2 that 

determines the transient response of the converter phase-current. Based on this, the transient 

inductance Ltr is defined as  

sseqtr LMLLL <+== 2  
(1.16)
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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.  
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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: 
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where Ipp_cp is the peak-to-peak current ripple of the coupled-inductor, Ipp_nc is the peak-to-peak 

current ripple of the non-coupled-inductor, and Lnc 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 |α| while maintaining the 

same Leq2 (Ltr) 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 Ltr/Lss vs. the coupling 
coefficient α 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.  
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(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 (α=-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!  

  
(a) (b) 

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

inductance) (a) P. Wong’s coupled-inductor structure (b) P.Wong’s coupled inductor structure with α=-1 
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Figure 1.28 The coupled inductor buck conveter with the P.Wong’s no-leakage coupled-inductor (α=-1) (a) 

The coupled inductor buck circuit with α=-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. 

 

Leakage flux Leakage flux

 
(a) (b)  

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 (α=-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.  

L1
L2

 

(a) 

Vout  

(b) 

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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PathPath1212 PathPath1313  

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. L1≠L2

≠…≠Ln, M12≠M13≠…≠Mn(n-1). 

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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 (b) 

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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 (b) 

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 

2/|)|( MLL sm +=
 

(1.18)

2/|)|( MLL s −=
 

(1.19)

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. 
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(b) 

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 ( 2
nC ). Moreover, the winding path of each phase inductor is quite long, since each 

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

 
(a) 

 
 (b) 

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. 
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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]. 



Chapter 1. Introduction 

29 

Figure 1.42 shows the n-phase symmetric inverse coupled-inductor buck converter when 

the duty cycle D<1/n. The Vx0, Vx1,…, Vx(n-1) are the switching point voltages; LM is the 

equivalent total magnetizing inductance; Ll is the leakage inductance; and Vo 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<1/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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(1.20)

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  
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where ρ is the ratio of the magnetizing inductance to leakage inductance LM/Ll, and Ts is the 

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

L
Mn )1( −

=α  (1.22)

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 
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The current ripple reductions by the coupled-inductors are functions of the steady-state 

duty cycle D and the coupling coefficient α 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 Leq2 (Ltr). 

1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Leq2rα( )

Leq3rα( )

Leq4rα( )

Leq5rα( )

Leq6rα( )

Leq10rα( )

α 2α, 3α, 4 α×, 5 α×, 9 α×,

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-1 -0.8 -0.6 -0.4 -0.2 0

Coupling Effect (α)

n=4

n=2

C
ur

re
nt

 R
ip

pl
e 

R
ed

uc
tio

n
C

ur
re

nt
 R

ip
pl

e 
R

ed
uc

tio
n

 

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 
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(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. 
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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 satisfy 

DCRLCR selfcscs /=  (1.24)
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the sensing signal vcs is proportional to the inductor current iL (Figure 1.48) 

Lcs iDCRv ⋅=  (1.25)

 

Figure 1.47 The conventional DCR current sensing network in a simple buck converter 
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Figure 1.48 The inductor current iL and the current sensing signal vcs 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, i1 is the inductor current of the phase 1, vcs1 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. 

MM

 

Figure 1.49 The direct use of the conventional DCR current sensing method to the multiphase coupled 

inductor buck converter 
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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. 
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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. 
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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 (Vin=12V, 

Ton=330ns, L=Lss=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 
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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/in3 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, Mij<0, j>i, 

i=1…, n-1, j=2…, n. When the Mij are the same, the n-phase coupled-inductor buck converter is 

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

asymmetric. 
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Vin
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M12
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+ -v1
+ -v1
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+ -v2

+ -vn
+ -vn

L2

Ln

M1n
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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 Ltr/Lss vs. the duty cycle D when the 

coupling coefficient α=-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 Ltr/Lss vs. the duty cycle D of the symmetric coupled-inductor buck 

converter (α=-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<1 according 

to the phase inductor current waveform difference are discussed in the following sections. 

Vin

 

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 
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3213
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iLiMiMv

iMiLiMv
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 (2.1)

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 v1, v2, v3 and inductor current waveform i1 

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: Leq1-Leq6. 
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Figure 2.5 Steady-state inductor voltage and current waveforms for the three-phase coupled-inductor 
buck converter with 1/3≤D<2/3 (Va=Vin-Vo, Vb=-Vo) 

For the first time interval (t0-t1), the inductor voltage combination is   

oinooin VVvVvVVv −=−=−= 321 ,,  (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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dt
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where D’=1-D. Therefore, the equivalent inductance for the first interval is 
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According to the different inductor voltage combinations shown in Figure 2.5, the equivalent 

inductances for the other five intervals can be derived similarly. 
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There are four different equivalent inductances: Leq1, Leq2, Leq4 and Leq5.  

From Figure 2.5, it can be seen that the peak-to-peak current ripple Ipp_cp is not determined 

by one of the four equivalent inductances, like the previous cases studied by P. Wong and C. 

Sullivan. The current ripple, Ipp_cp, is determined by the combination of two equivalent 

inductances: Leq1 and Leq2. Since the steady-state inductance is determined by the total current 

ripple Ipp_cp, 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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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 Δi in one switching cycle 

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

 

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 

tr
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since  

seqeqseqeqseqeq TDLLTDLLTDLLi ⋅Δ−+⋅Δ−+⋅Δ−=Δ )()()( 214541  (2.12)

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

MLLtr 2+=  (2.13)



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

48 

The steady-state inductor voltage waveforms v1, v2, v3 and inductor current waveform i1 

when 2/3≤D<1 are shown in Figure 2.7. There are six equivalent inductances: Leq1-Leq6. These 

inductances are different from those in the 1/3≤D<2/3 case. 
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Figure 2.7 Steady-state inductor voltage and current waveforms for the three-phase coupled-inductor buck 

converter with 2/3≤D<1 (Va=Vin-Vo, Vb=-Vo) 

Substituting the according inductor voltage combination into the equation (2.1), we can 

derive that 
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Since the phase-current ripple Ipp_coupled is determined by Leq6, the steady-state inductance is 
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In fact, the 2/3≤D<1 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 

case.  

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, 

seqeqseqeqseqeq TDLLTDLLTDLLi ⋅Δ−+⋅Δ−+⋅Δ−=Δ )()()( 212161  (2.18)

 

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 

MLLtr 2+=  (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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( pppp vvvv ˆˆˆˆ 321 === ). 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. 
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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) 
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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 (Ltr=Lnc), 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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where Ipp_coupled is the peak-to-peak current ripple of the three-phase coupled-inductor, and Ipp_nc 

is the peak-to-peak current of the non-coupled-inductor. If the coupling coefficient α is defined 

as α=2M/L, then the equation (2.20) can be rewritten as 
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(2.21)

The current ripple reductions by the three-phase coupled-inductors are functions of the 

steady-state duty cycle D and the coupling coefficient α. Since Ltr/Lss can represent the 

performance improvement of coupled-inductor buck converters with respect to the non-coupled-

inductor buck converters, Ltr/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 Ltr/Lss vs. the coupling coefficient α 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 Ltr/Lss vs. the duty cycle D (the coupling coefficient α=-0.8)  

Figure 2.13 shows the simulated phase-currents for the three-phase coupled-inductor buck 

converter (α=-0.85) and the three-phase non-coupled-inductor buck converter when Vin=400V, 

Vo=198V (D=Vo/Vin=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 (i1: the phase 1 inductor 

current; v1g_t: 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 

⎪
⎪
⎪

⎩

⎪
⎪
⎪

⎨

⎧

⋅+⋅++⋅+⋅=

⋅+⋅++⋅+⋅=

⋅+⋅++⋅+⋅=

⋅+⋅++⋅+⋅=

••

−

••

••

−

••

−

••

−

••

••

−

••

nnn

nnn

nn

nn

iLiMiMiMv

iMiLiMiMv

iMiMiLiMv

iMiMiMiLv

121

1211

1212

1211

...

...
...
...

...

 (2.23)

 

i1

Voi2

in

M

L
+ -v1
+ -v1

+ -v2
+ -v2

+ -vn
+ -vn

L

L

M

M

vsw1

vswn

vsw2Vin

 

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 v1, v2, v(2n-1), v(2n) and 

inductor current waveform i1 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: 

Leq1-Leq(2n). 

For the first time interval (t0-t1), the inductor voltage combination is   
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Substituting the equation (2.24) into the equation (2.23) and rearranging the terms, it can be 

derived that 
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where D’=1-D. Therefore, the equivalent inductance for the first interval is 
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According to the different inductor voltage combinations shown in Figure 2.15, the equivalent 

inductances for the other intervals can be derived similarly. 
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There are four different equivalent inductances: Leq1, Leq2, Leq(2n-1) and Leq(2n).  
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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 (Va=Vin-Vo, Vb=-Vo) 

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

the combination of two equivalent inductances: Leq1 and Leq2. Therefore, the steady-state 

inductance is 
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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 
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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 v1, vi, vi+1, vn and inductor current waveform i1. 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 Leq1-Leq(2n). 
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Figure 2.17 Steady-state inductor voltage and current waveforms for the n-phase coupled-inductor 

buck converter with i/n≤D<(i+1)/n (Va=Vin-Vo, Vb=-Vo) 

For the (2i-1) time interval (t2i-2-t2i-1), the inductor voltage combination is   

ononoinioinioin VvVvVVvVVvVVv −=−=−=−=−= −+ ,,...,,,..., 111  (2.35)

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

derived that 
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where D’=1-D. Therefore, the equivalent inductance for the (2i-1) interval is 
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According to the different inductor voltage combinations shown in Figure 2.17, the equivalent 

inductances for the other intervals can be derived similarly. 
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There are four different equivalent inductances: Leq1, Leq2, Leq(2n-1) and Leq(2n).  

From Figure 2.17, it can be seen that the peak-to-peak current ripple Ipp_cp is determined by 

the combination of two equivalent inductances: Leq1 and Leq2. Therefore, the steady-state 

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

inductor buck converters is:  
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where Ipp_cp is the peak-to-peak current of the n-phase coupled-inductor, Ipp_nc is the peak-to-peak 

current of the non-coupled-inductor with Lnc=Ltr, i/n≤D<(i+1)/n, 0≤i≤n-1, and the coupling 

coefficient α=-(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 α. The relationship shown in the equation (2.46) is 

plotted in Figure 2.19 with Ltr/Lss as a function of the coupling coeeficient α when the duty cycle 

D is 0.1. The relationship shown in the equation (2.46) is plotted in Figure 2.20 with Ltr/Lss as a 

function of the coupling coefficient α 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 Ltr/Lss vs. the coupling coefficient α under the duty cycle D=0.1 
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 (b) 

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 Ltr/Lss vs. the coupling coefficient α (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, Vin=5-12V, Vo=2.5V, Io=20A, fs=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 Ltr/Lss vs. the duty cycle D (the coupling coefficient α=-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 

Lss(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 

Ltr/Lss than the four-phase coupled-inductor buck with the same coupling coefficient α=-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 α=-0.8. According to the coupling coefficient definition, the two-phase 

coupling coefficient α2 and the four-phase coupling coefficient α4 are 
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Figure 2.22 The comparison of the two-phase coupled-inductor buck converter and the four-phase 

coupled-inductor buck converter with the same Ltr (Lk) and the same coupling coefficient α=-0.8 (a) the two-

phase coupled inductor (b) the four-phase coupled inductor 

)|/(|||/ 22222 kself LMMLM +−==α  (2.47)

)||3/(||3/3 44444 kself LMMLM +−==α  (2.48)

With the same coupling coefficient, 

42 αα =  (2.49)

Substituting the equations (2.47) and (2.48) into the equation (2.49), we can derive 

||3|| 42 MM =  (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 Lss 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=L3≠L2, M12=M23≠M13. 
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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. 
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To characterize the asymmetry of the asymmetric coupled-inductor, several parameters are 

defined. 
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k represents the difference in the phase self inductances. α1 and α 2 are the coupled coefficients. 

The values k=1 and α1= α 2 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 
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(2.54)

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. 
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Figure 2.24 The effect of asymmetry α2/α1 on the curve of the Ltr1/Lss1 vs. the coupling coefficient α1 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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The relationships in the equations (2.54), (2.55) and (2.56) are plotted in Figure 2.25 when α1=-

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. 
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Figure 2.25 The effect of asymmetry α2/α1 on the curve of the Ltr1/Lss1 vs. the duty cycle D in the three-phase 
asymmetric coupled-inductor buck converter (the coupling coefficient α1=-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

Vout

HSLS

LL11 LL22

Existing coupled inductor

Vout

LL11

HSLS

LL22

LL11 LL22 LL11
LL22

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]. 
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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. 

AA BB

O

 

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

3.2 

Vo

 

(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 Io=40A, switching frequency fs=1.2MHz, Vin=12V, and Vo=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. 

DCLphasewinding RNIP _
2=  

(3.1)

where N is the phase number, Iphase is the phase DC current, and RL_DC is the inductor DC 

resistance. The coupled-inductor core loss is calculated according to the GSE (generalized 

Steinmetz equation) proposed in [53].  
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where Pv 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, α and β 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 coreTwisted core
Lwinding=32mm (per phase)

Ptotloss=1.15W

Lwinding=10mm (per phase)

Ptotloss=1.01W

Pwinding=0.72W Pcore=0.425W Pwinding=0.225W Pcore=0.7825W

Twisted windingTwisted winding

 

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 

Lss=100nH and the transient inductance Ltr=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. 
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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. 
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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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22--phase low profile phase low profile 
twistedtwisted--corecore

Change winding positionChange winding position
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22--phase low profile phase low profile 
twistedtwisted--corecore
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AA BB CCAA BB CCAA BB CCAA BB CC  

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 

(a) 

 

AA BB CCAA BB CC  

(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. 
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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 

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, airgap1, 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. Airgap1 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 
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kselftr LMLL =−=  (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. 

II airgap1airgap1

 

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

structure path 

I

2. Air  around 2. Air  around 
the windingthe winding

1.Middle pole 1.Middle pole 
airgapairgap

airgap1airgap1

 

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 

   

(a) (b) (c) 

Figure 3.14 The Lself, Lss and Ltr(Lk) precision of the conventional reluctance model without considering the 
fringing fluxes (h=2.5mm, b1=4mm, a1=2mm, d=2mm, and σ=0) (a) The Lself (b) the Lss (c) the Lk=Ltr 

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 Rmid_airgap, the 

reluatance of the air-around-the-winding Rair, the magnetic core reluctance Rcore 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 Rmid_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. 

cornercorner
faceface

Cross-section

Fringing flues Fringing flues 
between two between two 

parallel planesparallel planes

Cross-section

gapgap

air gap

 

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 A1, A2, 

A3 and A4 planes shown in Figure 3.17 are illustrated in Figure 3.18. 
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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 
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Figure 3.17 The different planes A1, A2, A3 and A4 with different face fringing flux conditions shown in the 

corss section view of the middle pole air gap 

 
(a) 

 
(b) 
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(c)  

 

(d) 

Figure 3.18 The 3D FEA simulated fringing flux density distribution graphs at different planes in the face 

fringing flux area (a) The A1 plane area (b) the A2 plane area (c) the A3 plane area (d) the A4 plane area 

The 3D Maxwell FEA simulation results show that the face fringing flux in A1 is the 

fringing flux between two perpendicular planes; the face fringing flux in A2 is the fringing flux 

between two parallel planes; the face fringing flux in A3 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 face1 area, the face2 area and the face3 area are defined as Rface1, 

Rface2 and Rface3 respectively, and the reluctances related to the gap and corner areas are defined 

as Rgap and Rcorner. Based on [55], the equations to calculate Rface1, Rface2 and Rface3 are derived. 

Rgap can be calculated with one-dimensional model and Rcorner can be calculated based on [56]. 

(The detail derivations are in the Appendix). 
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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 Rair 

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. 

I
b1 a1

h

b1

 

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 Rcore and the Airgap1 Reluctance Rairgap1 

For calculating Rcore, we just use a one-dimensional reluctance model. Rairgap1 can be 

calculated based on the previous developed space cutting method. Figure 3.21 shows the 

different flux components in calculating Rairgap1. 

BB

perpendicular perpendicular 
planesplanes

parallel parallel 
planesplanes

parallel parallel 
planesplanes

(totally 9 parts)(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. 
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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: a1, b1, h, d and σ 

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 

)(

)( 22

kselfself

kselfself
ss

LL
D
DL

LLL
L

−⋅
′

−

−−
=  

(3.5)

kselftr LMLL =−=  (3.6)

The self-inductance Lself and leakage inductance Lk of the twisted-core coupled-inductors 

can be calculated based on the reluctance model.  
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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, 

b1=4mm, a1=2mm, d=2mm, and σ=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 Lk_mid_airgap and the air-around-the-corner-related leakage 

inductance Lk_Rair are also shown. 
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Figure 3.24 The precision of the new reluctance model considering the strong fringing effect (a) The Lss 
precision (b) the Lself precision (c) the Ltr=Lk precison (h=2.5mm, b1=4mm, a1=2mm, d=2mm, and σ=0) 



Chapter 3. Alternative Multiphase Coupled-inductor Structures 

85 

0
5

10
15
20
25
30
35
40
45

3D FEA3D FEA New modelNew model
0

2
4
6

8
10

12
14

3D FEA3D FEA

40.3nH40.3nH13.3nH13.3nH

7nH7nH

Approximate Approximate LLkk breakdownbreakdown
a1=2mm, b1=4mm,d=2mm,h=2.5mm,σ=0

13.313.3 11.511.5

LLk_Rairk_Rair(nH(nH))

40.340.3 37.537.5

LLk_Mid_airgapk_Mid_airgap(nH(nH))

OtherOther
MiddleMiddle--polepoleAirAir--aroundaround

--thethe--windingwinding

New modelNew 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 σ 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. 
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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 σ and d (a1=2mm, b1=4mm and h=2.5mm) 
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With the reluctance model, the effects of the different dimensions on Lself and Lk can be 

easily obtained. Figure 3.27 show the effects of σ, d and h on the Lself and Lk. It can be seen that 

Lself is very sensitive to σ, and Lk is very sensitive to d. Both Lself and Lk are not sensitive to h. 

This knowledge can be used in the twisted-core coupled-inductor design 
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Figure 3.27 The curves of the Lself and Lk vs. σ, d and h (a) The Lself vs. σ (b1=4mm, d=2mm, a1=2mm, 

h=2.5mm) (b) the Lk vs. σ (b1=4mm, d=2mm, a1=2mm, h=2.5mm) (c) the Lself vs. d (b1=4mm, σ=10um, 

a1=2mm, h=2.5mm) (d) the Lk vs. d (b1=4mm, σ=10um, a1=2mm, h=2.5mm) (e) the Lself vs. h (a1=2mm, 

d=2mm, σ=10um,b1=3mm) (d) the Lk vs. h (a1=2mm, d=2mm, σ=10um,b1=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: 

Vin=12V,  



Chapter 3. Alternative Multiphase Coupled-inductor Structures 

87 

Vo=1.2V,  

fs=1.2MHz,  

Io=100A,  

With a fixed steady state inductance Lss, a smaller transient inductance Ltr is preferred. 

The dimensions a1, b1, h, d, σ (Figure 3.28) will be designed step by step in the following.  

B

O

A B

O

A BB

O

A

d
b1

Air gap σh

d

a1

Air gap σh

 

Figure 3.28 The dimensions of the twisted-core coupled-inductors: a1, b1, h, d and σ 

Step 1: Calculate Lself and Lk 

Assume the phase current ripple is 30 percent, then 

nH
I

TDV
L

phase

so
ss 107

3.0
)1(

≈
−

=  (3.25)

Where Vo=1.2V, D=0.1, Ts=1/1.2MHz, Iphase=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 α to be -0.8 (Figure 

3.29), 

-0.2

L
tr

/L
ss

-0.4-0.6-0.8-1
0 0

0.2

0.4

0.6

0.8

1

α  

Figure 3.29 The curve of the Ltr/Lss vs. the coupling coefficient α 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 Lself and leakage inductance Lk can be calculated 

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

sstr

sstrtr
self LDDLD

DLLDL
L

)'('2
)'(

−−
+

=  (3.27)

trk LL =  (3.28)

In this example, Lself=247nH and Lk=55nH. 

Step 2: Select dimension h 

In the previous reluctance model section, it is found that both Lself and Lk 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. 

h

 

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

Step 3: Select dimension b1 

Dimension b1 is shown in Figure 3.31. The b1 is related to two things: thermal and 

magnetic core saturation.  
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b1

 

Figure 3.31 The dimension b1 in the twisted-core coupled-inductor structure 

To avoid thermal issues, we should design the b1 so that the core loss density is acceptable. 

According to the Faraday’s law 

'
2

'
2

D
fAB

TD
AB

t
V scac

s

cac
o

⋅⋅Δ⋅
=

⋅Δ⋅
=

Δ
ΔΦ

=  (3.29)

where Ac is the cross-section of the twisted core, Ts is the switching period, fs is the switching 

frequency and ΔBac is the suggested flux density value from the magnetic material datasheet. The 

across-section Ac is  

2
1bAc =  (3.30)

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

)2/('1 acsoac BfDVb Δ⋅⋅=  (3.31)

To avoid the magnetic core saturation, we should design b1 so that the maximum flux 

density is less than Bsat of the magnetic material.  

acDC BBB Δ+=max  (3.32)

Figure 3.32 shows the DC flux in the twisted core. It can be seen that 

DCDCDC 21 Φ−Φ=Φ  (3.33)

where Φ1DC is the DC flux generated by I1 and Φ2DC is the DC flux generated by I2.  
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(b) 

Figure 3.32 The DC flux in the phase current I1 branch ΦDC in the twisted-core coupled-inductor (ΦDC1, the 
flux generated by the phase current I1; ΦDC2, the flux generated by the phase current I2) (a) The fluxes in the 
twisted-core coupled-inductor structure (b) the fluxes in the twisted-core coupled-inductor reluctance model 

11 ILselfDC ⋅=Φ  (3.34)

22 || IMDC ⋅=Φ  (3.35)

Therefore 

2
1

21

b
IMIL

A
B self

c

DC
DC

⋅+⋅
=

Φ
=  (3.36)

Substituting the equations (3.29) and (3.36) into the equation (3.32), 

2
121max /]'5.0[ bTDVMIILB soself ++=  (3.37)

Since 
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satBB ≤max  (3.38)

Therefore, the b1 should be at least 

satsokself BTDVILIILb /]'5.0)([ 221min1 ++−=  (3.39)

where I1 and I2 are the maximum and minimum phase DC currents at the worst cases, and Ts is 

the switching period. In the design, the maximum value of b1ac and b1min should be chosen as b1. 

In this example, we choose 3F4 ferrite material. According to the core loss density curve 

from the datasheet, we choose Bsat=0.35T and from the datasheet, the recommended ΔBac is 

50mT. We assume there are 40 percent DC current difference at the worst case. Therefore, 

I1=30A and I2=20A. According to the equations (3.31) and (3.39), b1ac=4mm and b1min=3.4mm, 

so we select b1=4mm.  

Step 4: Select dimension a1 

Dimension a1 is shown in Figure 3.33. The a1 can be calculated based on the winding 

current density 

)4/(1 tJIa o ⋅⋅=  (3.40)

where Io 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 a1=2mm. 

a1

 

Figure 3.33 The dimension a1 in the twisted-core coupled-inductor structure 

Step 5: Select dimensions σ and d 

Figure 3.34 shows the mimension d and σ. According to the equations (3.7) and (3.8),  
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Solving these equations, we get σ=10μm and d=2mm. 

d

 
(a)  

Air gap σ

 
(b) 

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

After 3D FEA simulation using the above dimensions (h=2.5mm, b1=4mm, a1=2mm, 

σ=10μm, d=2mm), it is found that Lself=262.2nH, Lk=57.45nH. Based on the equations (1.13) 

and (1.16), we have  
 

nH
LL

D
DL

LLL
L

kselfself

kselfself
ss 112

)(
'

)( 22

=
−−

−−
=  (3.43)

nHLL ktr 57==  (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 Vin=12V, Vo=1.2V, fs=1.2MHz, and Io=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 Vin=12V, Vo=1.2V, fs=1.2MHz, and Iphase=25A (picture by author, 2005) 

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

 

iiL1L1(2A/div)(2A/div) iiL2L2(2A/div)(2A/div)

(400ns/div)(400ns/div)

 

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

with Vin=12V, Vo=1.2V, fs=1.2MHz, and Iphase=25A 

 Lself(nH) Lss(nH) Ltr=Lk(nH) 

Simple model 222 36 16 

New model 247 107 47 

3D FEA simulation 262 112 57 

Measurement 281 118 61 
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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 
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this case. The detail equations for the low profile twisted-core coupled-inductor are in the 

appendix.  

Phase1 Phase2
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faceface

RRfaceface

cornercorner

cornercornercornercorner

RRcornercorner

gap
Rgap

gap
RgapRgap

 
(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, 

b1=4mm, w1=4mm, d=0.5mm, h=4.0mm, σ=30μm, and t=0.3mm. We can see that the precise 

reluctance model has around 80% precision for steady-state inductance and transient inductance. 
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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, b1=4mm, w1=4mm, d=0.5mm, h=4.0mm, σ=30μm, 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 Lself and Lk 

Assume the phase current ripple is 40 percent, then 
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Where Vo=1.2V, D=0.1, Ts=1/1.5MHz, Iphase=20A.  

With a reasonable margin, choose the coupling coeffient α to be -0.8, 
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The coupled-inductor’s self-inductance Lself and leakage inductance Lk can be calculated 

based on the equations (1.13) and (1.16) to be 
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trk LL =  
(3.48)

In this example, Lself=245nH and Lk=44.5nH. 

Step 2: Selecting dimension b1 

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 b1: the magnetic core loss density and core saturation. 

The design equation for the magnetic core loss density is 

]2/['1 acsoac BhfDVb Δ⋅⋅=  (3.49)

based on the Faraday’s law. To avoid the magnetic core saturation, b1 is to be at least  

)/(]'5.0)([ 2211 satsokselfsat hBTDVILIILb ++−=  (3.50)

where I1 and I2 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 b1ac and b1sat should be chosen as the b1 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 Bsat=0.3T, ΔBac=30mT. We assume 

I1=24A and I2=16A at the worst case (maximum 40% phase DC current difference for both the 

steady-state condition and the transient condition). Then b1ac=3mm and b1sat=2.5mm, so we 

select b1=3mm. 

Step 3: Selecting dimensions w and d 

Dimension w can be calculated based on the winding current density   

)2/( coppero tJIw ⋅⋅=  (3.51)

where Io is the total output current, J is the winding current density and tcopper is the winding 

thickness. We assume J=40A/mm2, tcopper≈4δ=0.2mm and w=2mm. Here, δ is the skin depth. 
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Dimension d is chosen to be as small as possible to minimize the footprint. d=tcopper+tmargin. 

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

Step 4: Selecting dimensions σ and w1 

Now only dimensions σ and w1 are left. They can be used to achieve the appropriate Lself 

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

nHwLself 245),( 1 =σ
 

(3.52)

8.0*5.44),( 1 nHwLk =σ  
(3.53)

 Solving these equations numerically, we can get σ=20μm, w1=3.5mm. 

Step 5: Selecting h=5mm, 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,b1=2.4mm,w1=3.2mm, σ=20μm,d=0.4mm,w=2mm. When the h=6mm, the design 

process 2-5 are repeated, and the design result is h=6mm,b1=2mm,w1=3mm, 

σ=25μm,d=0.4mm,w=2mm. When the h=7mm, the design process 2-5 are repeated, and the 

design result is h=7mm,b1=1.71mm,w1=2.8mm, σ=25μm,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. 
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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,b1=2.4mm,w1=3.2mm, 

σ=20μm,d=0.4mm,w=2mm), it is found that Lss=84nH and Ltr=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. 

h

a1σ

b1

b2

d
Lss1 Lss2

Ltr1 Ltr2

 

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 Rmid_airgap is shown in Figure 3.44. The Rair and Rair1 are 

shown in Figure 3.45. 
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Figure 3.43 The reluctance model of three-phase ET-core coupled-inductor structure 
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Figure 3.44 The middle-pole air gap reluctance Rmid_airgap  and its reluctance components: the air gap 
reluctance Rgap, the face fringing flux reluctance Rface and the corner fringing flux reluctance Rcorner 
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Figure 3.45 The air-around-the-winding reluctances Rair and Rair1 and their reluctance components: the top 
reluctance Rtop, the front reluctance Rfront and the bottom reluctance Rbottom 

Figure 3.46 shows the precision of the reluctance model when a1=2.5mm, b1=4mm, b2=4mm, 

d=0.8mm, h=4.5mm, and σ=29μm. We can see that the precise reluctance model has around 

80% precision for steady-state inductance Lss and transient inductance Ltr. 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 Lss, and 0.24% 

difference for Ltr. 
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Figure 3.46 The precision of the reluctance model of the 3-phase ET core coupled-inductor structure 
(a1=2.5mm, b1=4mm, b2=4mm, d=0.8mm, h=4.5mm, and σ=29μm) (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, fs=1.2MHz, Vin=12V, Vo=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, fs=1.2MHz, Vin=12V, 

Vo=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-
inductor 

The three-phase ET-core coupled-
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/in3, 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 μnom=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 (AlN) double-bond copper (DBC) 

ceramics are used as the die holder to improve the active stage thermal conductivity and 

performance [64-73]. With the AlN 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 Vin=5V, Vo=1.2V, fs=1.3MHz and Io=20A. Its footprint is 18x18 

mm2, and its power density is 260W/in3. 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  

(Vin=5V, Vo=1.2V, fs=1.3MHz, Io=20A, footprint: 18mmx18mm) [73]. Used with permission of Arthur Ball, 

2009 
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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 AlN DBC layer to 

facilitate the trace layout and changing the driver package from SO-8 (5x6 mm2) to the LLP (4x4 

mm2) to reduce the footprint, the new active stage can be built with the smaller footprint of 8x12 

mm2.  

However, the LTCC inductor is 18x18mm2 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). 
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Figure 4.5 The large LTCC inductor footprint compared to the small active stage footprint (inductor 

footprint: 18x18mm2; the active stage footprint: 8x12mm2) 
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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  
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Lselfi1
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0o 180o
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Figure 4.6 A two-phase coupled-inductor buck converter 
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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 α is 

selfL
M

=α  
(4.3)

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 t2 

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

structure 1. There are five dimensions: ws, w1, t1, t2 and ts.  

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 I1=I2=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, t1=0.7mm, ts=0.5mm, and l=24mm. In the case 1, t2=0.6mm; in the case 2, t2=1mm; 

in the case 3, t2=1.4mm. When t2 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. 

 B(T)
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I1
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(b) 

I1
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(c) 

Figure 4.9 The DC flux density distribution of three LTCC coupled inductor structure 1 cases with different 

t2 (ws=6mm, w1=0.7mm, t1=0.7mm, ts=0.5mm, and l=24mm) (a) t2=0.6mm (b) t2=1mm (c) t2=1.4mm 
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Figure 4.10 The effect of t2 on the coupling coefficient (ws=6mm, w1=0.7mm, t1=0.7mm, ts=0.5mm, and 

l=24mm) 

It can be seen from Figure 4.10 that when the t2 increases, the coupling coefficient of the 

LTCC integrated coupled-inductor decreases. Therefore, t2 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 ws=6mm, w1=0.7mm, t1=0.7mm, 

ts=0.5mm, l=24mm, t2=1mm and I1=I2=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 (ws=6mm, w1=0.7mm, t1=0.7mm, ts=0.5mm, l=24mm, t2=1mm) 
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(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 
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I2 Φ22

Φ11
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Φ21

(a)  
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I2=I1
Φ22=Φ11

Φ11

Φside

Φside

Φmid t2
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(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 

sidemid Φ=Φ=Φ 22 11  (4.4)

Since  

ltBmidmid 2=Φ  (4.5)

ltBsideside 1=Φ  (4.6)

Therefore 

21 /2/ ttBB sidemid =  (4.7)

Combining the equation (4.7) and Figure 4.12(b), the relationship between the uout and t1/t2 

can be drawn with a certain Bmid. When Bmid=0.15T, Figure 4.14 shows this relationship. 
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Figure 4.14 The relationship between the outer leg permeability uout and the ratio t1/t2 when Bmid=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.  
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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, uout 

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

umid. 

The Rmid and Rside equations are written as follows 

ltuu
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s
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20
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(4.8)
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Based on the reluctance model, the Lself, Lk and the coupling coefficient |α| can be calculated as 

follows 

lK
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(4.10)

where 1Φ̂  is the total flux generated by 1̂i , and 
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where 11Φ̂  is the flux generated by the 1̂i , which flows through the middle leg and not through 

the outer legs. 
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From the equation (4.13), it can be seen that |α| decreases as t2 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 α is the function of t2 and t1.  

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

terms, 
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Figure 4.16 shows the reluctance model’s precision in case 2, when t2=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. 
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(c) 
Figure 4.16 The precision of the reluctance model with the two-segment B-H curve approximation when 

ws=6mm, w1=0.7mm, t1=0.7mm, ts=0.5mm, l=24mm and t2=1mm (a) The Lself precision (b) The Ltr=Lk 
precision (c) The Lss 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,  

Vo=1.2V,  

fs=1.3MHz, 

Iphase=20A, 

A smaller volume is preferred, 

With a fixed steady state inductance Lss, a smaller transient inductance Ltr is preferred. 

The dimensions w1, ws, t1, t2, ts and l (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 l=16mm 

Figure 4.18 shows the active stage layout and the LTCC inductor footprint. The total 

footprint is 192mm2. 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 l dimension case of the 

LTCC inductor with the footprint of 192mm2. 

 

(a)  

LTCC
Inductor
(192mm2)

 
 (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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Figure 4.19 One w and l dimension case of the LTCC coupled inductor with the  footprint of 192mm2 
(w=12mm, l=16mm) 

Firstly, the design will be investigated for the w=12mm, and l=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 l dimensions.  
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Figure 4.20 The LTCC integrated coupled-inductor with the marked w and l dimensions  

Step 2: Calculate Lss 

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

state inductance can be calculated. 

nH
I

TDVL
phase
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ss 68
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(4.16)
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Step 3: Select ws 

Figure 4.21 shows the dimension ws. It can be seen that  

ws=w-2*w1 (4.17)
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Figure 4.21 The ws dimension of the LTCC coupled inductor with w=12mm and l=16mm  

Theoretically, w1 should be equal to t1. However, because of the the LTCC process limitation, 

the w1 is at least 1mm, which is normally larger than t1. Therfore, w1 is chosen to be 1mm. 

ws=w-2*w1=10mm (4.18)

Step 4: Select ts 

Figure 4.22 shows the dimension ts. Here, ts is determined by the winding loss. The 

relationship between the winding loss and the ts is drawn in Figure 4.23. In Figure 4.23, δ is the 

skin depth, which is equal to 0.065mm at 1.3MHz. It can be seen that when ts increases, there is a 

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

ts=4.5δ=0.3mm (4.19)
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Figure 4.22 The ts dimension of the LTCC coupled inductor with w=12mm, l=16mm and ws=6mm 
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Figure 4.23 The winding loss vs. ts graph of the LTCC coupled inductor structure 1 with w=12mm, l=16mm 
and ws=10mm 

Step 5: Select the coupling coefficient α 

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 Ltr vs. α 

when the Lss is fixed at 68nH. It can be seen that the stronger the coupling, the smaller the Ltr and 

the better the transient performance of the LTCC coupled-inductor buck converter. 
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Figure 4.24 The Ltr of the LTCC coupled-inductor (a) The Ltr/Lss vs. α of a two-phase coupled-inductor (b) 

the Ltr vs. α when the steady state inductance of the LTCC coupled-inductor structure 1 is Lss=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:  

21

2

2 σσ
σα

+
=  

(4.20)
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Figure 4.25 The discrete coupled-inductors with airgaps: the coupling coefficient α determined by airgaps σ1 

and σ2 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 (α=-0.4, α=-0.6 α=-0.8, and α=-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 
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Figure 4.26 The LTCC integrated coupled-inductors without airgaps: the coupling coefficient α is determined 

by the dimensions and related to the volume of the LTCC integrated coupled inductor 
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4.0−=α  (4.21)

Assume α=-0.4, selecte t1 and t2 
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(4.22)

With numerical method, t1 and t2 can be calculated to be. 

t2=1.9mm, t1=1mm (4.23)

Now, all the dimensions are determined when the coupling coefficient α=-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 α=-0.6, α=-0.8and α=-0.95 

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

final design result is ws=9.8mm, w1=1.1mm, t1=1.1mm, ts=0.3mm, l=16mm and t2=1.5mm. 

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

final design result is ws=9.6mm, w1=1.2mm, t1=1.2mm, ts=0.3mm, l=16mm and t2=1.2mm. 

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

final design result is ws=8.2mm, w1=1.9mm, t1=1.9mm, ts=0.36mm, l=16mm and t2=1.21mm. 

Figure 4.27 shows the thickness comparison of the above three designs with different 

coupling coefficients when w=12mm and l=16mm. There is a sweet coupling coefficient point 

around α=-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 l=16mm) 

Figure 4.28 shows the transient inductance comparison of the above four designs with 

different coupling coefficients when w=12mm and l=16mm. When the coupling is stronger, the 

transient inductance is smaller and the transient performance of the converter is better. 
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Figure 4.28 The comparison of the transient inductances for three LTCC integrated coupled-inductors with 
different coupling coefficients (w=12mm and l=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 l=16mm. The design 3(α=-0.8) 

and design 4(α=-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 l=16mm) 

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

When the width w is chosen to be 8mm and l is chosen to be 24mm, the above design steps 

3-7 are repeated. The final design results are α=-0.4, ws=6mm, w1=1mm, t1=0.65mm, ts=0.5mm, 

l=24mm, t2=1.2mm; α=-0.6, ws=6mm, w1=1mm, t1=0.7mm, ts=0.5mm, l=24mm, t2=1mm; α=-

0.8, ws=6mm, w1=1mm, t1=0.82mm, ts=0.5mm, l=24mm, t2=1mm. 

Figure 4.30 shows the thickness comparison of the three designs with different coupling 

coefficients when w=8mm and l=24mm. There is a sweet coupling coefficient point around α=-

0.6 from the total thickness and volume point of view. 
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Figure 4.30 The comparison of the thickness for three LTCC integrated coupled-inductors with different 
coupling coefficients (w=8mm and l=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 l=24mm. When the coupling is stronger, the 

transient inductance is smaller and the transient performance of the converter is better. 
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Figure 4.31 The comparison of the transient inductances for three LTCC integrated coupled-inductors with 
different coupling coefficients (w=8mm and l=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 l=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. 
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Figure 4.32 The graph of the thickness vs. the transient inductances for three LTCC integrated coupled-
inductors with different coupling coefficients (w=8mm and l=24mm) 

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

3-7 are repeated. The final design results are α=-0.2, ws=2mm, w1=1mm, t1=0.3mm, ts=1.5mm, 
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l=48mm, t2=0.63mm;  α=-0.4, ws=2mm, w1=1mm, t1=0.27mm, ts=1.5mm, l=48mm, 

t2=0.53mm; α=-0.6, ws=2mm, w1=1mm, t1=0.32mm, ts=1.5mm, l=48mm, t2=0.61mm; α=-0.8, 

ws=2mm, w1=1mm, t1=0.41mm, ts=1.5mm, l=48mm, t2=0.72mm. 

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

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

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 l=48mm) 

Figure 4.34 shows the transient inductance comparison of the above four designs with 

different coupling coefficients when w=4mm and l=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 l=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 l=48mm. There is a tradeoff 
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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. 
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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 l=48mm) 

Figure 4.36 shows the previous designs with the same footprint 192mm2 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.  
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Figure 4.36 The graph of the thickness vs. the transient inductances for the LTCC integrated coupled-
inductors with the same footprint 192mm2 
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The Maxwell 3D FEA simulation is done to verify the design 6. From the simulation, 

Lss=71nH and α=-0.62. Therefore, the design based on the two-segment reluctance model is 

acceptable. 

4.2.4. Experimental Results 

The designed coupled-inductor is 8x24mm2. 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. 

 

 
 

(a)  
13

 m
m

18 mm  
(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, Lss=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%. 
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Figure 4.38 The steady-state inductance vs. the phase-current Iphase 
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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 ws=4mm, w1=1mm, t1=0.71mm, t2=1.0mm, ts=0.75mm, l=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.  
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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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(a)  (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 

ur=200 ferrite tape material), and that the total width w, the thickness t and t1 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_1>Lmean_2 (4.24)

Here, 1 represents the structure 1. Since the inductance equation is 

mean

r

L
ltuuL ⋅⋅⋅

= 10
, 

(4.25)

the inductor length for the LTCC integrated coupled-inductor structure 1, l1 is longer than the 

inductor length for the LTCC integrated coupled-inductor structure 2, l2 

21 ll >  
(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 α. 

 

4.3.1. Controlling the coupling coefficient by the dimension w2 

The dimension definition of the LTCC integrated coupled-inductor structure 2 is shown in 

Figure 4.43. There are six dimensions: t1, ts, ws, w1, w2 and l. In the Maxwell 3D FEA simulation, 

the B-H curve of the LTCC ferrite material, the dimension information and the phase-current 

information (I1=I2=20A) are input into the Maxwell simulator. Three simulation cases are 

investigated. For the three cases, ws=1.5mm, w1=0.7mm, t1=0.7mm, ts=2mm, and l=20mm. In 

the case 1, w2=0.6mm; in the case 2, w2=1mm; in the case 3, w2=1.4mm. The couping 

coefficients for these three cases are shown in Figure 4.44. 
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Figure 4.43 The dimension definition of the LTCC integrated coupled-inductor structure 2 
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Figure 4.44 The coupling coefficient α vs. the dimension w2 for the LTCC integrated coupled-inductor 
structure 2 with ws=1.5mm, w1=0.7mm, t1=0.7mm, ts=2mm, and l=20mm 

It can be seen from Figure 4.44 that the coupling coefficient of the LTCC integrated 

coupled-inductor 2 decreases as w2 increases. Therefore, w2 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 α=-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 (ws=1.5mm, w1=0.7mm, t1=0.7mm, ts=2mm, l=20mm, w2=1mm) 
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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 
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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 4.47 shows the DC 

fluxes in the integrated coupled-inductor structure 2. From Figure 4.47, it can be seen that 
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Φ22=Φ11Φ11

Φside Φside

w2
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Φmid

(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 

sidemid Φ=Φ=Φ 22 11  (4.28)

Since  

lwBmidmid 2=Φ  (4.29)

ltBsideside 1=Φ  (4.30)

Therefore 

21 /2/ wtBB sidemid =  (4.31)

Combining the equation (4.31) and Figure 4.46(b), the relationship between the uout and 

t1/w2 can be drawn with a certain Bmid. When Bmid=0.15T, Figure 4.48 shows this relationship. 
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Figure 4.48 The relationship between the outer leg permeability uout and the ratio t1/w2 when Bmid=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, uout and the reluctance of the middle leg is calculated based 

on the lermeability in the middle leg, umid.  
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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 Rmid, Rout equations are written as follows 

lwuu
tR
mid

s
mid

20
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(4.32)
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1010

2
+=  

(4.33)

Based on the reluctance model, the Lself, Lk and coupling coefficient |α| can be calculated as 

follows 

lK
RRR

RR
i

L
midoutout

midout
self ⋅=

+
+

=
Φ

= 1
1

1

)2(ˆ
ˆ

 
(4.34)

where 1Φ̂  is the total flux generated by the 1̂i , and 
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where 11Φ̂  is the flux generated by the 1̂i , which flows through the middle leg and not through 

the outer leg. 
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From the equation (4.37), it can be seen that |α| decreases as w2 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, 
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Figure 4.50 shows the reluctance model’s precision in case 2, when t2=1mm. 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.  
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(c) 
Figure 4.50 The precision of the reluctance model in case 2, when w2=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,  

Vo=1.2V,  

fs=1.3MHz, 

Iphase=20A, 

A smaller volume is preferred, 

With a fixed steady state inductance Lss, a smaller transient inductance Ltr is preferred. 

The dimensions w1, w2, ws, t1, ts and l (Figure 4.51) will be designed in the following design 

procedure step by step. 
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Figure 4.51 The dimensions of the LTCC integrated coupled-inductor structure 2 

Step 1: Assume w=8mm and l=15mm 

Keeping the total LTCC inductor footprint to be the same 120mm2, there are many 

different combinations of width and length. Figure 4.52 shows one w and l dimension case of the 

LTCC inductor with the footprint of 120mm2. 
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Figure 4.52 One w and l dimension case of the LTCC coupled inductor structure 2 for the footprint 120mm2 
(w=8mm, l=15mm) 

Firstly, the design will be investigated for the w=8mm, and l=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 l dimensions.  
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Figure 4.53 The LTCC integrated coupled-inductor with the marked w and l dimensions  

Step 2: Calculate Lss 

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

state inductance can be calculated. 

nH
I

TDVL
phase

so
ss 68

5.0
)1(

=
−

=  
(4.41)

Step 3: Select ws 

Figure 4.54 shows the dimension ws. It can be seen that  



Chapter 4. LTCC Integrated Coupled-inductor Structures 

141 

ws=(w-2*w1-w2)/2 (4.42)
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Figure 4.54 The ws dimension of the LTCC coupled inductor with w=8mm and l=15mm  

Theoretically, w1 should be equal to t1. However, because of the previous LTCC process 

experience, the w1 is at least 1mm, which is normally larger than t1. Therfore, w1 is chosen to be 

1mm. The w2 is preselected to be the same as w1, 1mm 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*w1-w2)/2=2.5mm (4.43)

Step 4: Select ts 

Figure 4.55 shows the dimension ts. Here, ts is determined by the winding loss. The 

relationship between the winding loss and the ts is drawn in Figure 4.56. It can be seen that when 

ts increases, there is a diminishing return in the winding loss. Therefore, ts is chosen around the 

diminishing return area. 

ts=1.2mm (4.44)
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Figure 4.55 The ts dimension of the LTCC coupled inductor with w=8mm, l=15mm and ws=2.5mm 
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Figure 4.56 The winding loss vs. ts graph of the LTCC coupled inductor structure 2 with w=8mm, l=15mm 
and ws=2.5mm 

Step 5: Select the coupling coefficient α 

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 Ltr 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 (α=-0.2, α=-0.4, α=-0.6 and α=-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 

2.0−=α  (4.45)

Assume α=-0.2, select t1 and w2 

The t1 and w2 are determined according to the reluctance model derived in the previous 

section. According to the reluctance model, the coupling coefficient α and the steady-state 

inductance Lss 
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(4.46)

Solving the equation (4.46), w2 and t1 are calculated to be  

w2=1.8mm, t1=1.0mm (4.47)

The w2 value here, 1.7mm, is different from the presecting value of w2 in the step 3, 1mm. 

Therefore, iteration needs to be done for step 3-6 until the two w2 values are close enough. After 

iteration, the final design result is w1=1.05mm, w2=1.9mm, ws=2.0mm, t1=1.05mm, ts=1.46mm 

and l=15mm. 

Now, all the dimensions are determined when the coupling coefficient α=-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 α=-0.4, α=-0.6 and α=-0.8, select t1 and w2 

When the coupling coefficient is chosen to be -0.4, the design steps 3-6 are repeated. The 

final design result is w1=1.05mm, w2=1.6mm, ws=2.2mm, t1=1.05mm, ts=1.4mm and l=15mm. 

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

final design result is w1=1.15mm, w2=1.5mm, ws=2.1mm, t1=1.15mm, ts=1.4mm and l=15mm. 

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

final design result is w1=1.3mm, w2=1.7mm, ws=1.85mm, t1=1.3mm, ts=1.6mm and l=15mm. 

Figure 4.57 shows the thickness comparison of the above three designs with different 

coupling coefficients when w=8mm and l=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 l=15mm) 

Figure 4.58 shows the transient inductance comparison of the above four designs with 

different coupling coefficients when w=8mm and l=15mm. When the coupling is stronger, the 

transient inductance is smaller and the transient performance of the converter is better. 
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Figure 4.58 The comparison of the transient inductances for three LTCC integrated coupled-inductors with 
different coupling coefficients (w=8mm and l=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 l=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 (w=8mm and l=15mm) 

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

When the width w is chosen to be 6mm and l is chosen to be 20mm, the above design steps 

3-7 are repeated. The final design results are α=-0.4, w1=1mm, w2=1.3mm, ws=1.35mm, 

t1=0.7mm, ts=2.2mm and l=20mm; α=-0.6, w1=1mm, w2=1mm, ws=1.5mm, t1=0.7mm, ts=2mm 

and l=20mm; α=-0.8, w1=1mm, w2=1.2mm, ws=1.4mm, t1=1mm, ts=2.14mm and l=20mm. 

Figure 4.60 shows the thickness comparison of the three designs with different coupling 

coefficients when w=6mm and l=20mm. There is a sweet coupling coefficient point around α=-

0.6 from the total thickness and volume point of view. 
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Figure 4.60 The comparison of the thickness for three LTCC integrated coupled-inductors with different 
coupling coefficients (w=6mm and l=20mm) 

Figure 4.61 shows the transient inductance comparison of the above three designs with 

different coupling coefficients when w=6mm and l=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 l=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 l=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 l=20mm) 

When the width w is chosen to be 4mm and l is chosen to be 30mm, the above design steps 

3-7 are repeated. The final design results are α=-0.4, w1=1mm, w2=0.7mm, ws=0.65mm, 

t1=0.3mm, ts=4.6mm and l=30mm; α=-0.6, w1=1mm, w2=0.55mm, ws=0.7mm, t1=0.3mm, 

ts=4.14mm and l=30mm; α=-0.8, w1=1mm, w2=0.6mm, ws=0.7mm, t1=0.4mm, ts=4.2mm and 

l=30mm. 

Figure 4.63 shows the thickness comparison of the three designs with different coupling 

coefficients when w=4mm and l=30mm. There is a sweet coupling coefficent point from the total 

thickness of the LTCC integrated coupled inductor point of view. 



Chapter 4. LTCC Integrated Coupled-inductor Structures 

147 

4.7

4.8

4.9

5

5.1

5.2

5.3

-1 -0.8 -0.6 -0.4 -0.2 0

α

t(m
m

)

Design 8

Design 9

Design 10

 

Figure 4.63 The comparison of the thickness for three LTCC integrated coupled-inductors with different 
coupling coefficients (w=4mm and l=30mm) 

Figure 4.64 shows the transient inductance comparison of the above three designs with 

different coupling coefficients when w=4mm and l=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 l=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 l=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 120mm2 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 l=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 120mm2 

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 w1 of the LTCC integrated coupled-inductor structure 2 needs to be larger than 1mm. 

The w1 is increased little by little to find the necessary w1 for the LTCC integrated coupled-
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inductor structure 2. Based on the experiments, there is almost no crack when w1=2mm (Figure 

4.68). Therefore, w1 is selected to be 2mm.  

ww11 ww11  
(a) 

CrackCrackCrackCrack

 
(b) 

Figure 4.67 The LTCC integrated coupled-inductor 2 prototype when w1=1mm (w2=1mm, ws=1.5mm, 
t1=0.7mm, ts=2mm and l=20mm) (a) the top view (b) the side view 

ww11 ww11  
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Smaller Smaller 
crackcrack

 
(b) 

ww11 ww11  
(c) 

No crackNo crack

 
(d) 

Figure 4.68 The LTCC integrated coupled-inductor 2 prototype (w2=1mm, ws=1.5mm, t1=0.7mm, ts=2mm 
and l=20mm) (a) the top view, w1=1.5mm (b) the side view, w1=1.5mm (c) the top view, w1=2mm (d) the side 

view, w1=2mm 
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The final design result is w1=2mm, w2=1mm, ws=1.5mm, t1=0.7mm, ts=2mm and l=20mm. 

The Maxwell FEA simulation is done for this design. According to the simulation, Lss=72nH and 

α=-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, Lss=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

 m
m

8 mm  

Figure 4.69 The final two-phase LTCC integrated coupled-inductor structure 2 prototype (w1=2mm, w2=1mm, 

ws=1.5mm, t1=0.7mm, ts=2mm and l=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 
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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 Vin=5V, Vo=1.2V, 

fs=1.3MHz, based on the PCB active stage. It can be seen that the efficiencies are similar, which 

is expected because the Lss of the three POL converters are designed to be the same. 
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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: Vin=5V, Vo=1.2V, fs=1.3MHz, and Io=40A. Its footprint is about 8x20mm2 

and its power density is amazingly 500W/in3, 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 AlN 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/in3 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 Lphase=100nH, Vin=12V, Vo=1.2V, 

fs=600kHz, six 100μF output bulk capacitors, and thirty-three 10μF 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 L3* 2 phase coupled L 2* 3 phase coupled L2* 3 phase coupled L 1* 6 phase coupled L1* 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: Lss=L=100nH. 

According to the equation (1.17), 

α

α

−

⋅
′

+
=

1

1
D
D

L
L

ss

tr

 
(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 Ltr (a potential faster VR transient 

performance), but we can’t choose |α| to be too close to one, or it will cause core saturation. The 

practical |α| value is around 0.8-0.9, and the Ltr is about half of the steady-state inductance. In 

this evaluation, we choose Ltr=0.5Lss=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 Ltr/Lss vs. the coupling 
coefficient |α| (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 100μF ceramic capacitors. 
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Figure 5.3 The output capacitor reduction mechanism of the two-phase coupled-inductor buck converter 
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(c) (d) 

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  

(c) Transient waveform of the original board (d) Transient waveform of the three two-phase coupled buck 
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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 Ltr 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: Ltr=L=100nH. 

Figure 5.7 shows the Lss/Ltr vs. |α| curve. We can see that the maximum steady-state 

inductance Lss is around twice of the Ltr. We choose Lss=2 Ltr=200nH. 
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Figure 5.7 The ratio of the steady-state inductance to the transient inductance Lss/Ltr vs. the coupling 

coefficient |α| (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. 
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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 Ltr=100nH and Lss=200nH (Vin=12V, Vo=1.2V, 

Io=100A, fs=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 



Chapter 5. Evaluation of the Benefits of Coupling in Multiphase Coupled-inductor Buck Converters 

161 

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 Ltr. 

VVoo(10mV/Div)(10mV/Div) VVoo(10mV/Div)(10mV/Div)

5mV5mV5mV5mV

Intel Vo ripple specification:10mVIntel Vo ripple specification:10mV
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44μμs/Divs/Div 44μμs/Divs/Div

 

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 

100μF 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 Lss/Ltr 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 Lss=L=100nH, and reduce the Ltr to reduce the number 

of output capacitors. 

The Ltr/Lss equation for the three-phase coupled-inductor buck converter is shown below. 
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Figure 5.12 shows the Ltr/Lss vs. |α| 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 Ltr/Lss vs. the coupling 

coefficient |α| for the two-phase and three-phase coupled-inductor buck converters (the duty cycle D=0.1) 

We can see that practically the minimum Ltr is around one third of the Lss. We choose 

Ltr=1/3Lss=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 Co vs. the phase transient 

inductance Ltr curve, satisfying the transient AVP requirement. 

With the capacitors shown in Figure 5.13, the simulation circuit is run with Ltr=33nH, and it 

is found that the Voripple is already 12.5mV (Figure 5.14), which is larger than the Intel VR11 

specification 10mV. Therefore, it can be seen that the Voripple 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 Co vs. the transient inductance Ltr of the Intersil ISL6327 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 Ltr=33nH (Vin=12V, Vo=1.2V, fs=600kHz) 

Therefore, Ltr must be increased to satisfy the 10mV Voripple requirement. In the real circuit, 

the phase shift is normally not perfect (180o). Figure 5.15 shows the Voripple vs. the non-perfect 

phase shift. It can be seen that the Voripple increases when the phase shift deviates from 180o. 

Considering this non-perfect phase shift and the noise in the real circuit, which increase the 

Voripple, experiments are done to find the boundary Ltr corresponding to the 10mV Voripple. Based 
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on the experimental results, it is found that when Ltr=43nH, the Vo ripple is about 10mV (Figure 

5.16). 

Ltr

i1

i2

0o αo

 

 (a) 

Vo
(V)

0 2 4 61.135
1.136
1.137
1.138
1.139
1.14

1.141
1.142
1.143

t(μs)
0 2 4 61.135

1.136
1.137
1.138
1.139
1.14

1.141
1.142

t(μs)

Vo
(V)

(b) (c) 

0
2
4
6
8

10
12
14

90 100 110 120 130 140 150 160 170 180
α degree

V
or

ip
pl

e(m
V

)

 
(d) 

Figure 5.15 The simulated output voltage ripple Voripple vs. the phase shift angle α in a coupled-inductor buck 
converter (a) The 2-phase coupled inductor buck with the α degree phase shift (b) The Voripple @ 180 phase 

shift (c) The Voripple @ non-180 phase shift (d) The Voripple vs. the non-perfect phase shift α 
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Figure 5.16 The tested output voltage ripple in the three two-phase coupled-inductor ISL6327 buck converter 

with Ltr=43nH   

Therefore, Ltr can be set at 43nH, and the three-phase coupled inductor’s remaining Lss/Ltr 

capability can be used to increase the steady-state inductance. Considering the three-fold 

difference between Lss and Ltr, Lss=3Ltr=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. 
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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 Ltr 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. Ltr is set to be 100nH. Since practically Lss is at 

most around three times larger than Ltr, we choose Lss=3 Ltr=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. 
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(L=100nH) (Lss=200nH) (Lss=300nH)  

Figure 5.19 The calculated efficiency of the two three-phase coupled-inductor buck converter (Ltr=100nH, 

Lss=300nH) compared to the three two-phase coupled-inductor buck converter (Ltr=100nH, Lss=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 Ltr=100nH and Lss=300nH (Vin=12V, Vo=1.2V, 

Io=100A, fs=600kHz; Top switch: HAT2168; bottom switch: HAT2165) 

In summary, the two three-phase coupled-inductor VR can reduce six 100μF and eight 

10μF 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 Lss and the transient inductance Ltr. 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 Ltr=L=100nH and increasing 
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Lss=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 Lss and Ltr 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. 

h

a1σ

b2

b1
d

a1=2.5mm, b1=4mm
b1=4mm,d=0.8mm
h=4.5mm,σ=29mm

Lss1 Lss2
Lss3

Lss3
Lss2

Lss1

Ltr1
Ltr2

Ltr3
Ltr3

Ltr2
Ltr1

3.6% 3.6% 
Diff.Diff.

0.24% 0.24% 
Diff.Diff.

3.6% 3.6% 
Diff.Diff.

0.24% 0.24% 
Diff.Diff.

0

40

80

120

160

0
10
20
30
40
50

Ltr1 Ltr2

(nH)Lss1 Lss2

156.9156.9156.9

49.8549.8549.85

151.2151.2151.2

49.9749.9749.97

0
50

100
150
200
250
300
350

295295301301 252252

Lss1 Lss2 Lss3

0

10

20

30

40

404040 434343 444444

Ltr1 Ltr2 Ltr3

17% 17% 
Diff.Diff.

8% 8% 
Diff.Diff.

17% 17% 
Diff.Diff.

8% 8% 
Diff.Diff.

Nearly Nearly 
symmetricsymmetric

Very Very 
asymmetricasymmetric

dd

σσ
a1σ

h

b2

b1
dLss1

Ltr1 Lss2
Ltr2 Lss1

Ltr1

a1=2.5mm, b1=4mm
b1=5mm,d=1.1mm
h=4.5mm,σ=29mm

(nH)

(nH)

(nH)

 

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 c1. The Ltr difference is related to the 

output voltage ripple and accordingly the output bulk cap reduction. It can be seen that the Ltr 

difference is smallest at c1=1mm. 
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At c1=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 @ c1=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 @c1=1mm 
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Figure 5.25 The output voltage ripple increase (a) the Vo ripple in the six-phase symmetric coupled-inductor 

(b) the Vo ripple in the six-phase asymmetric ET core coupled-inductor @c1=1mm 

According to Figure 5.25, the Voripple 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 Voripple of 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 of the symmetric six-phase buck converter; the dotted line is the estimated Voripple 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 10μF 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 10μF 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 Voripple vs. the transient inductance Ltr for the six-phase ET-core 
coupled-inductor buck converter 
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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 (Lss=130nH) and the one six-phase coupled buck converter (Lss=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 (Ltr=43nH, 

Lss=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 Rds_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,  

DCRLCR cscs /=  (6.1)

the sensing signal vcs is proportional to the sensed current signal iL 

Lcs iDCRv ⋅=  
(6.2)

where Rcs and Ccs 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. 

 

++ --vv11

 

vvcscs

tt

tt

iL

 
(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, 

DCRLCR selfcscs /=  (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, <i1>avg represents the 

average value of i1 during one switching period, and <vcs1>avg represents the average value of vcs1 

during one switching period. It can be seen that even the waveform of i1 and the waveform of 

vcs1 are different. 
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 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, <io>avg represents the 

average current of io during one switching period, and <vcs>avg represents the average voltage of 

vcs during one switching period. It can be seen that although the sensing signal vcs has the same 
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shape as the total current waveform io, the amplitude of the vcs is not right, and vcs is not 

proportional to io. 

vvcscs

iioo

tt

tt

<io>avg

<vCS>avg

 
 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 vcs1 and vcs2 respectively. When vcs1 and vcs2 are added together 

to obtain the vcs 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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this knowledge, we can guess that an RC sensing network with time-constant matching with the 

Lk/DCR should give the desired vcs. 
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Figure 6.5 The proposed DCR total current sensing method in a two-phase coupled-inductor buck converter 
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 Figure 6.6 Another circuit representation of the two-phase coupled-inductor buck converter with the 

proposed current sensing network 

This guess can be verified by the detail derivation. The vcs is the summation of the sensing 

signals vcs1 and vcs2: 

21 cscscs vvv +=  
(6.4)
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After a simple derivation, vcs1 and vcs2 can be expressed as (Figure 6.5) 

sCR
Vvv
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(6.5)
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(6.6)

Substituting the equations (6.5) and (6.6) into the equation (6.4), we get 
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(6.7)

The phase inductor currents can be expressed as 
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Adding the equations (6.8) and (6.9) together, the total current io is   

sLDCR
vvvviii

k

xx
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+−+
=+=

)( 2121
21

 

(6.10)

Since the transformer M is an ideal 1:1 transformer,  

21 xoox vVVv −=−
 

(6.11)

Substituting the equation (6.11) into the equation (6.10), 

)/1(
221

DCRsLDCR
Vvvi

k

o
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−+
=

 

(6.12)

Comparing the equations (6.7) and (6.12), it can be found that  
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ocs iDCRv ⋅=
 

(6.13)

if and only if 

DCRLCR kCSCS /=
 

(6.14)

This result means that when DCRLCR kCSCS /= , the sensing signal vcs is proportional to the 

total output current io, and the coefficient between them is DCR. 

Figure 6.7 and Figure 6.8 show the steady-state and dynamic simulation results for vcs and 

io with the two-phase coupled-inductor buck converter. In the simulation, fs=300kHz, Lk=300nH, 

|M|=1.2μH, DCR=1mΩ, Rcs=10kΩ, and Ccs=30nF. From Figure 6.7 and Figure 6.8, it can be 

seen that the vcs signal can exactly represent the total output current io in both the steady-state 

and dynamic conditions, and the coefficient between them is DCR. 
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Figure 6.7 The steady-state total current io and the total current sensing signal vcs simulation results in a two-
phase coupled-inductor buck converter (fs=300kHz, Lk=300nH, |M|=1.2μH, DCR=1mΩ, Rcs=10kΩ, and 

Ccs=30nF) 
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Figure 6.8 The transient total current io and the total current sensing signal vcs simulation results in a two-
phase coupled-inductor buck converter (fs=300kHz, Lk=300nH, |M|=1.2μH, DCR=1mΩ, Rcs=10kΩ, and 

Ccs=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 Mij between the phase i and phase j (1≤i<j≤n). Similar to the two-phase coupled-

inductor buck converter, 
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Because of the 1:1 ideal transformer Mij (1≤i<j≤n), 
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Substituting the equation (6.17) to the equation (6.16), we get 
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Figure 6.9 The proposed DCR total current sensing method in the n-phase coupled-inductor buck converter 
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Comparing the equations (6.15) and (6.18), it can be found that 

ocs iDCRv ⋅=
 

(6.19)

if and only if 

DCRLCR kCSCS /=  
(6.20)

This result means that when DCRLCR kCSCS /= , the sensing signal vcs is proportional to the 

total output current io, and the coefficient between them is DCR. Since the relationship among 

the mutual inductance Mij (1≤i<j≤n) isn’t defined in the derivation, the above conclusion is valid 

for both the case when the values )1( njiM ij ≤<≤  are the same and the case when the values 

)1( njiM ij ≤<≤  are not the same. 

Figure 6.10 shows the steady-state and dynamic simulation results for vcs and io in the 4-

phase coupled-inductor buck case. In the simulation, there are four phases, fs=300kHz, 
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Lk=300nH, |M12
|=1.2μH, |M13|=0.5μH, |M14|=40.1μH, |M23|=2μH, |M24|=0.5μH, |M34|=1.2μH, 

DCR=1mΩ, Rcs=10kΩ, and Ccs=30nF. 

From Figure 6.10, it can be seen that the vcs signal can exactly represent the total output 

current io in both steady-state and dynamic conditions, and the coefficient is DCR. 
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Figure 6.10 The total current io and the total current sensing signal vcs simulation results in a four-
phase coupled-inductor buck converter (fs=300kHz, Lk=300nH, |M12

|=1.2μH, |M13|=0.5μH, |M14|=40.1μH, 
|M23|=2μH, |M24|=0.5μH, |M34|=1.2μH, DCR=1mΩ, Rcs=10kΩ, and Ccs=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 vcs and io 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=11.3mΩ, Lk=102nH, Rcs=9.03kΩ, and 

Ccs=100pF. Figure 6.12 shows the experimental vcs, vcs1 , vcs2 and io 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=3.5mΩ, Ro=10.5mΩ, (2Ro+R=24.5mΩ), L=26.3nH, Rcs=23kΩ, and Ccs=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. 

vcs(20mV/div)

io(1.8A/div)

200ns/div
 

Figure 6.11 The total current sensing signal vcs and the total inductor current io waveforms in the integrated 
two-phase coupled-inductor buck converter using the proposed DCR total current sensing method 

(DCR=11.3mΩ, Lk=102nH, Rcs=9.03kΩ, and Ccs=100pF) 

200ns/div

vcs(50mV/div) io(2A/div)

vcs1(50mV/div) vcs2(50mV/div)

 
Figure 6.12 The total current sensing signal vcs, the phase 1 current sensing signal vcs1, the phase 2 current 

sensing signal vcs2 and the total inductor current io waveforms in the center-tap coupled-inductor buck 
converter using the proposed DCR total current sensing method (R=3.5mΩ, Ro=10.5mΩ, L=26.3nH, 

Rcs=23kΩ, and Ccs=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 (i1: the phase 1 current; vcs1: 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 

211 )( isMisLDCRv self ⋅⋅+⋅+=  (6.21)

212 )( isLDCRisMv self ⋅++⋅⋅=  (6.22)

From the equations (6.21) and (6.22), it can be derived that 

21111 pp iii +=  (6.23)

where 
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2222221 )(2
v

sMLsLDCRDCR
sMi

selfself
p −+⋅+

⋅−
=  (6.25)

i1p1 is the current component of the Phase 1 current i1 which is excited by the voltage across the 

first phase inductor voltage v1; i1p2 is the current component of the Phase 1 current i1 which is 

excited by the voltage across the second phase inductor voltage v2. 

To simplify the implementation, i1p1 and i1p2 are further decomposed into two terms. 

121111 iii p +=  (6.26)

141321 iii p −=  (6.27)
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These four components in current i1 will be sensed respectively and then the sensed signal for i1 

will be built.  

To sense the i11, an RC sensing network is added (Figure 6.14). After derivation, when the 

sensing network parameters satisfy 

DCRMLCR selfcsCS /)( +=  (6.32)

then 

1111 iDCRvcs ⋅=  (6.33)
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Similarly, the phase-current components i12, i13 and i14 can be sensed with an RC sensing 

network. Then the phase-current i1 sensing network can be built (Figure 6.15). In Figure 6.15, 

DCRMLCR selfcscsp /)( −=  (6.34)

The relationship between vcs1 and i1 is 

11 iDCRvcs ⋅=  (6.35)
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Figure 6.14 The RC current sensing network to sense the current component i11 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 i1 in the two-phase 

coupled-inductor buck converter 

From the equations (6.21) and (6.22), the phase-current i2 can be expressed as 
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22122 pp iii +=  (6.36)

121112 iii p −=  (6.37)

141322 iii p +=  (6.38)

The above four RC current sensing networks can still be used (Figure 6.16).  

22 iDCRvcs ⋅=  (6.39)

In Figure 6.16, the sensed signals vcs1 and vcs2 are added to build vcs, which represents the total 

current signal io. 

ocs iDCRv ⋅=  (6.40)
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 Figure 6.16 The complete DCR phase-current sensing network to sense both the phase-currents i1 and 

i2 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 

DCRMLCR selfcscsa /)(2 +=  (6.41)

and 
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DCRMLCR selfcscsb /)( −=  (6.42)
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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 

 DCRMnLnCR selfcscsx /|]|)1([ −−=  (6.43)

DCRMLnCR selfcscsy /|)|( +=  (6.44)

and 

DCRMLCR selfcscsb /|)|( +=  (6.45)

Then the relationships between the sensing signals and the phase-currents are 

ncsncscs iDCRviDCRviDCRv ⋅=⋅=⋅= ,...,, 2211  (6.46)
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Figure 6.18 The DCR phase-current sensing network for all the phase currents i1, i2 … in 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 

fs=300kHz, Lk=302nH, M=-492nH, DCR=25mΩ, Rcsa=1.2kΩ, Rcsb=5.14kΩ, and Ccs=10nF. 

i1(2A/Div)

vcs1(50mV/Div)

1μs/Div
 

Figure 6.19 The phase-current i1 waveform and the phase current sensing signal vcs1 waveform in a 
two-phase coupled-inductor buck converter with the proposed DCR phase-current sensing method 

(fs=300kHz, Lk=302nH, M=-492nH, DCR=25mΩ, Rcsa=1.2kΩ, Rcsb=5.14kΩ, and Ccs=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. 
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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 
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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. 
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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 (Vin=12V, Ton=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.  
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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 i1 is zero, and the Phase 2 inductor current i2 is an 

intermediate value im. During the time range from 0 to t0, the Phase 1 top switch is turned on and 

the Phase 2 top switch is turned off. During this time range, i1 increases from 0 to the maximum 

value. For the coupling effect, i2 also increases. During the time range from t0 to t1, both the 

Phase 1 top switch and the Phase 2 top switch are turned off, and the two-phase currents i1 and i2 

decrease until i2 reaches zero at t1. From 0 to t1, the two phase inductor currents are coupled. 

During the time range t1, Ts/2, the Phase 1 inductor works like a non-coupled inductor with its 

self-inductance L1. The phase-current i1 decreases until it reaches an inter-mediate value im at 

time Ts/2. The Phase 2 synchronous rectifier is turned off at time t1 to avoid the Phase 2 current 

i2 becoming a negative value. The Phase 2 current i2 stays at zero during the time range t1 to Ts/2. 

From t1 to Ts/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 

From Ts/2 to Ts, 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 i1, i2 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 i1 waveform in the DCM1 mode of a two-phase coupled-inductor laptop buck 

VR. The experimental setup is that Vin=12V, Vo=1.37V, M=-1.56μH, and L=L1=L2=1.72μH. 

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 i1 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. 



Chapter 7. The Light Load Efficiency Improvement of Multiphase Coupled-inductor Buck Converters 

(The DCM Operations) 

199 

i 1(
A

)  

1 t(μs)

i 2(
A

)  

1.4 1.8 2.2 2.6

2

6

10

2

6

10

Couple
Decouple

Couple
Decouple

Couple
Decouple

Couple
Decouple

 

Figure 7.6 The simulated phase-current waveforms of the two-phase coupled-inductor buck converter in 
DCM1 
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Figure 7.7 The phase-current i1 waveform of the two-phase coupled-inductor buck converter in the DCM1 

mode (Vin=12V, Vo=1.37V, M=-1.56μH, and L=L1=L2=1.72μH) 

The Vo/Vin and fs 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 
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Recalling that, for the non-coupled-inductor buck converter, the Vo/Vin and fs relationship is 
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Comparing the equations (7.1), (7.2), (7.4) and (7.5), it can be found that the Vo/Vin and fs 

relationship of the two-phase coupled-inductor buck in DCM1 is the same as that of the non-

coupled-inductor buck if Lss replaces Lnc 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 i1 and the Phase 2 inductor current i2 are zero. 

During the time range from 0 to t0, the Phase 1 top switch is on, the Phase 2 top switch is off, and 
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i1 increases from 0 to the peak current Ip. For the coupling effect, i2 also increases from 0 to a 

smaller peak value, ip’. During the time range t0 to t1, both the Phase 1 top switch and the Phase 2 

top switch are off, and the two-phase currents i1 and i2 decrease until i2 reaches 0 at time t1. From 

0 to t1, the two phase inductor currents are coupled together. During the time range t1 to t2, 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 L1. The Phase 1 current i1 decreases until it reaches 0 

at t2. At t2, the Phase 1 bottom synchronous rectifier is turned off to avoid i1 becoming a negative 

value. During the time range t1 to t2, the two phase inductor currents are decoupled. During the 

time range t2 to Ts/2, both phase-currents i1 and i2 are kept at zero. The whole circuit seems to 

stop except that the output capacitors provide current to the load.  

From Ts/2 to Ts, 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 i1 and i2 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 i1 waveform in the DCM1 mode of a coupled-inductor 

laptop VR. The experiment setup has the values: Vin=12V, Vo=1.37V, M=-1.56μH, and 
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L=1.72μH. 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 i1 

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 i1 waveform of the two-phase coupled-inductor buck converter in the 

DCM2 mode (Vin=12V, Vo=1.37V, M=-1.56μH, and L=1.72μH) 
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The Vo/Vin and fs 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  
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Comparing the equations (7.1), (7.2), (7.6) and (7.7), it can be found that the Vo/Vin and fs 

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 (7.4), (7.5), (7.6) and (7.7), it can be found that the Vo/Vin and fs 

relationship of the two-phase coupled-inductor buck converter in DCM2 is the same as that of 

the non-coupled-inductor buck converter if Lss replaces Lnc 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 i1 and i2 reach zero only once during one switching 

period, and in the DCM2 mode, the phase inductor currents i1 and i2 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 
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(7.8)

where the vbg is the SR’s gate driving voltage. The i1 and the corresponding vbg waveform are 

shown in Figure 7.12. 
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Figure 7.12 The phase current i1 and the gate driving voltage vbg 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 

i1 and vbg  waveforms 
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The total loss of the coupled-inductor buck converter in this control method can be 

approximated as  

condstopgtopg

sSRgSRgsPintotloss
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where Δt is the top switch switching time; Qg_SR and Vg_SR are the SR’s gate charge and gate 

driving voltage; Qg_top and Vg_top are the top switch’s gate charge and gate driving voltage; and 

Pcond is 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 
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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 fs and 

fs_nc determines the relationship between Ploss_tot and Ploss_tot_nc. Since the steady-state inductances 

of the coupled-inductor buck converter and the non-coupled-inductor buck converter are the 

same (Leq1=Lnc), and Vo, Vin, R, and Ton are fixed in the constant-on time control laptop VRs, 

substituting the equation (7.7) into the equation (7.5) 

ncss ff _=
 

(7.11)

Combining the equations (7.9), (7.10) and (7.11), 

sSRgSRgnctotlosstotloss fVQPP ⋅⋅⋅+= _____ 2  
(7.12)

It can be seen that the total loss of the coupled-inductor buck converter in DCM2 mode is 

sSRgSRg fVQ ⋅⋅⋅ __2  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 
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where vbg is the SR’s gate driving voltage. The phase inductor current i1, the corresponding vbg 

and the phase inductor voltage v1 waveforms are shown in Figure 7.13.  
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Figure 7.13 The phase current i1, the bottom switch gate driving voltage vbg and the switching point voltage 

v1 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 i1, vbg and v1 waveforms  

The total loss of the coupled-inductor buck converter in this control method can be 

approximated as  

condstopgtopg
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where P’cond is the total conduction loss of the top switch, the SR and the SR paralleled diode; 

and fs’ is the switching frequency.  
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In this paralleled-diode-conduction method, the phase inductor current (S1 area) in the 

second half of the switching period is conducted by the SR paralleled diode. Therefore, there is a 

Vdiodef (0.3V-0.6V) voltage drop at the phase inductor voltage v1 during the S1 time range. If the 

constant on-time control is used and Vin, Vo, L, M and R are kept the same, Ts’ will decrease to 

keep the output voltage Vo, and fs’ will increase. 

ncsss fff _
' =>

 
(7.15)

Moreover, since the S1 area current is conducted by the SR paralleled diode, the voltage 

drop across the SR source and drain, Vdiodef is much larger than the voltage drop with the SR 

conduction, VSRf (<30mV). Therefore, the bottom switch conduction loss P’cond_bot is much larger 

than Pcond_bot in the twice-SR-gate-driving method. Accordingly, 

condcond PP >'
 

(7.16)

Substituting the equations (7.15) and (7.16) into the equations (7.10) and (7.14), 

nctotlosstotloss PP ___
' >

 
(7.17)

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 (Vin=12V and Ton=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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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 fs vs. the output current io graph is shown in Figure 7.16. From 

Figure 7.16, it can be seen that one control strategy for the solution is 
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Figure 7.16 The switching frequency fs vs. the output current io of the coupled-inductor buck converter 

with the burst-in-DCM1-mode control  

Figure 7.17 shows the v1g+v2g signal in DCM1 and DCM2 modes. The v1g+v2g signal keeps 

“high” in DCM1 and doesn’t keep “high” in DCM 2. Therefore, another control strategy is  
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Figure 7.17 The phase current i1 and i2, the gate driving voltage v1g and v2g and v1g+v2g waveforms of the 
two-phase coupled-inductor buck converter in DCM1 and DCM2 modes (a) The i1, i2, v1g, v2g and v1g+v2g 

waveforms in DCM1 (b) the i1, i2, v1g, v2g and v1g+v2g waveforms in DCM2  

The burst-in-DCM1-mode solution can be realized with the hysteretic control (Figure 7.18). 

The signal Vx  

ivox VHVV Δ⋅+=  (7.20)

is controlled to be within the band of the Vref and Vref+Vband. 
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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 

io, the vx 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 

ippvorippleband VHVV Δ⋅+=  (7.21)

The Voripple can be determined by the reqirement in the specific application, e.g. it is 26mV in the 

laptop CPU VR application [90]. Then, Vband can be determined based on the equation (7.21). 

VVxx

+

=

VVbandband

VVoo

HHvv**ΔΔVVii

VVorippleoripple

HHvv**ΔΔVVippipp

 

Figure 7.19 The HvxΔVi, the output voltage Vo and the vx 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 “1”; 

the DCM1 signal is the signal showing the state of the circuit in burst-in-DCM condition. When 

the circuit is in the DCM1 state of the burst-in-DCM-mode condition, the DCM1 signal is “1”; 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 0.5Tcrit2, 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 v1g+v2g 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. 
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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 io, the Vx 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 io, the Vx 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 io stepping up in the DCM1 state (b) the transition 
with the io stepping up in the idle state 
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Figure 7.23 The output current io, the Vx signal, the inductor total current iLtot, the v1g+v2g signal and the 
burst signal waveforms of the two-phase coupled-inductor buck converter during the transient with the 

v1g+v2g control strategy 
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Figure 7.24 The simulated Vx signal, the output current io, 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 (Vin=12V 

and Ton=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 (Ltr/Lss) 

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 A1.1 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=L3≠L2, M12=M23≠M13. 
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Figure A1.1 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 
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The steady-state inductor voltage and current waveforms are shown in Figure A1.2 when D<1/3. 

The Ipp1_nc, Ipp2_nc and Ipp3_nc are the inductor current ripples for Phase 1, Phase 2 and Phase 3. 

Lss1, Lss2 and Lss3 are the steady state inductances for the three phases 
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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 (A1.1), Lss1, Lss2 and Lss3 

when D<1/3 can be found.  
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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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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   
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Similarly, Ltr2 and Ltr3 can be derived as 
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To characterize the asymmetry of the asymmetric coupled-inductor, several parameters are 

defined. 
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k represents the difference in the phase self inductances. α1 and α 2 are the coupled coefficients. 

The values k=1 and α1= α 2 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 
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The relationship in the equation (A1.8) is plotted in Figure A1.4 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. 
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Figure A1.4 The effect of asymmetry on the Ltr1/Lss1 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. 
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Therefore the FOM for Phase 1 when 1/3≤D<2/3 can be derived. 
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When 2/3≤D≤1, the steady-state inductance and transient inductances are as follows. 
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Therefore the FOM for Phase 1 when 2/3≤D≤1 is 
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The relationships in the equations (A1.8), (A1.12) and (A1.16) are plotted in Figure A1.5 when 

α1=-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. 
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Figure A1.5 The effect of asymmetry on the Ltr1/Lss1 in the three-phase asymmetric coupled-inductor buck 
converter (α1=-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 
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The reluctances in Lself and Lk 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, Rcore, Rairgap1, Rcore and Rairgap1 represents the main flux path, while the paths of Rmid_airgap and 

Rair represent the two main leakage flux paths.  
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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 Rmid_airgap and the air-around-the-winding reluctance Rair. 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. 
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Figure A2.2 The dimension definition of the twisted-core coupled-inductor structure (a1, b1, h, d and σ) 

A2.1.1 The Middle-pole Air Gap Reluctance Rmid_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 face1 area, the face2 area and the face3 area are defined as Rface1, Rface2 

and Rface3 respectively; and the reluctances related to the gap and corner areas are defined as Rgap 

and Rcorner, then   



Appendix 2. Reluctance Models of Alternative Coupled-inductor Structures  

227 

cornerfacefacefacegapairgapmid RRRRRR ////5.0//25.0// 321_ =  (A2.5)

RRface2face2RRface2face2

Cross section of Cross section of 
the middle pole air gap

part1part1

part2part2

part3part3

Cut the twisted core into 3 parts Cut the twisted core into 3 parts 

RRface1face1RRface1face1

RRface1face1RRface1face1

RRface1face1RRface1face1

RRface1face1RRface1face1

RRface2face2RRface2face2

RRface3face3RRface3face3

face1face1 face1face1

face1face1 face1face1

face1face1 face1face1

face1face1 face1face1

face1face1 face1face1

face1face1 face1face1

face1face1 face1face1

face1face1 face1face1

face2face2

face2face2

face2face2

face2face2

face2face2

face2face2

face2face2

face2face2

face3face3 face3face3face3face3 face3face3face3face3face3face3 face3face3gapgap face3face3

cornercornercornercorner

cornercornercornercorner

 

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 Rgap  

Rgap is simple and can be calculated based on the simple one dimensional reluctance 

equation. The Rgap calculation equation is  

)2( 11 σμ ++
=

hbb
dR

o
gap

 (A2.6)

b. The calculation of the reluctance Rface1 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 face1 fringing effect flux area. (For symmetry, only one face1 fringing effect 

flux area and the half of the part1 are shown.) If we look at half of the part1 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 face1 fringing effect flux is the fringing flux between two perpendicular planes. 

Cross section of the middle pole Cross section of the middle pole airgapairgap
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dd
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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 Rface1 fulfills the following complex-variable equation after using the Schwarz–

Christoffel transformation.  
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Figure A2.5 The 2D finging effect flux between two perpendicular planes 
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where ZlP and ZlN are the Schwarz–Christoffel transformations of the points xP and yN and can be 

found through the following complex equations respectively 
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From the equation (A3.9), it can be easily got that 
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It is equivalent to 
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Changing the form of the ln(·) function,  

}12)]
1

(sin2[{1 1
1

11 −−
−

−−= −
N

N

N zi
z

z
idib π

π  

(A2.12)

Considering the basic trigonometric equation 
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The equation (A2.12) can be expressed as 
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then substituting the equation (A2.15) into the equation (A2.14) and rearranging the terms, 



Appendix 2. Reluctance Models of Alternative Coupled-inductor Structures  

230 

)11(
2

12
1

1

1
1 d

b
z
z

z
N

N
N +=

−
+−

π

 

(A2.16)
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This is an approximate solution of the equation (A2.9) 

Substituting the equations (A2.8) and (A2.9) into the equation (A2.7),  
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where the function )(⋅M  can be expressed as 
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c. The calculation of the reluctance Rface2  

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 b1 and the distance between 

the two perpendicular planes to be d/2. Therefore, according to the equation (A2.18), the Rface2 

can be calculated to be 
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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 
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Figure A2.7 The 2D fringing effect flux between two parallel planes 

d. The calculation of the reluctance Rface3 

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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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, Rface3, is 

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 b1. According to the equation 

(A3.20), Rface3 can be calculated to be 
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e. The calculation of the reluctance Rcorner  

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, Rcorner, is also 

not easy. Fortunately, [56] gives an approximate calculating method for Rcorner. 
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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 
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A2.1.2 The Air-around-the-winding Reluctance Rair 

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 Rair, 

}}1
4

]2)1(
4

)1(
2

[
ln{614.0{

1

22

1

1
2

1

1

1 +
−+++

+

=

a
b

a
b

b

R

o

air
ππ

π
μ

 
(A2.27)



Appendix 2. Reluctance Models of Alternative Coupled-inductor Structures  

234 

I
b1 a1

h

b1

 

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 Rcore and The Airgap1 Reluctance Rairgap1 

a. The calculation of the core reluctance Rcore  

For calculating Rcore, we just use the one dimensional reluctance model. Here is the 

calculation equation 
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b. The calculation of the airgap1 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 Rmid_airgap, the calculation of the airgap1 

reluctance can be done in the same way. 
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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 Rface, Rcorner, Rair, R1face1 and R1corner1 to be infinity.  
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RRairair
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RR1face11face1 RR1corner11corner1

RR1face11face1 RR1corner11corner1

RR1gap1gap

 

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 

 

Figure A2.13 The block diagram of finding the minimum-loss low-profile twisted-core coupled-

inductor 

Figure A2.14 shows the Pwinding, and Pcore vs. h1 for the Iphase=30A case. The minimum-loss 

low-profile twisted point for the Iphase=30A case is shown in Figure A2.15. The minimum-loss 

low-profile twisted point for the Iphase=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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Figure A2.15 The minimum-loss low-profile twisted-core coupled-inductors (a) Iphase=30A (b) Iphase=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 Rface, Rcorner, Rair, R1face1 and R1corner1 to be infinity. 
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Figure A2.16 The dimension definition of the low profile twisted-core coupled-inductor structure 
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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 
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a. The middle-pole air gap reluctance Rmid_airgap 

The middle-pole airgap reluctance can be divided into 3 parts: Rgap, Rface and Rcorner (Figure 

A2.18). Rgap is calculated with the one dimensional reluctance model (Figure A3.15); Rface is 

calculated by the method proposed in the precious section (Figure A3.15); Rcorner is calculated by 

the method proposed in [56].  
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 (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 
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 (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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b. The air-around-the-winding reluctance Rair 

The around-the-winding reluctance Rair can be divided into three parts: Rtop, Rfront and 

Rbottom (Figure A2.20(a)). Figure A2.20(b) shows the flux area of Rtop. Rtop is the fringing effect 

reluctance between two parallel planes. Using the method proposed in the previous section, we 

can calculate Rtop. Calculations of Rfront and Rbottom are similar to Rtop. 
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topbottom RR =  (A2.52)
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(a) Rair reluctance 
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Flux lines 
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(b) Rtop 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 Rcore and the airgap1 reluctance Rairgap1 

The Rcore and Rairgap1 are shown in Figure A2.21. They can be modeled with the one 

dimensional reluctance model. 

Rcore
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d
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(a) Rcore  

σ
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(b) Rairgap1 
Figure A2.21 The magnetic core reluctance Rcore and the air gap 1 reluctance Rairgap1 (a) The magnetic core 

reluctance (b) the air gap1 reluctance 
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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.  
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Figure A2.22 The dimension definition of the three-phase ET-core coupled-inductor 
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Figure A2.23 The reluctance model of the three-phase ET-core coupled-inductor considering the strong 3D 
fringing flux effect 
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where 

RRRR airgapmidmoreself += _1 //  (A2.59)

21 2// corehalfmore RRRR +=  (A2.60)

2_ 2// coreairgapmidhalf RRRR +=  (A2.61)

1airgapcore RRR +=  (A2.62)

111 airgapcore RRR +=  (A2.63)

a. The core reluctances Rcore, Rcore1, Rcore2 and the airgap1 reluctance Rairgap1  

The Rcore and Rairgap1 reluctances are shown in Figure A2.24. 

1
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(a) (b) 

Figure A2.24 The air gap 1 reluctance Rairgap1 and the magnetic core reluctance Rcore (a) The air gap 1 

reluctance Rairgap1 (b) the magnetic core reluctance Rcore 

The Rcore1 and Rcore2 reluctances are shown in Figure A2.25. 
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Figure A2.25 The magnetic core 1 reluctance Rcore1 and the magnetic core 2 reluctance Rcore2 (a) The magnetic 

core 1 reluctance Rcore1 (b) the magnetic core 2 reluctance Rcore2 

b. The middle-pole air gap reluctance Rmid_airgap 

The Rmid_airgap is 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 

 Rmid_airgap

I
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Figure A2.26 The middle-pole airgap reluctance Rmid_airgap and its components (Rgap, Rface and Rcorner) with the 

space cutting method in the three-phase ET core coupled-inductor 
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c. The air-around-the-winding reluctance Rair  

The Rair and Rair1 are shown in Figure A2.27. Following the same method used in the two-

phase low profile twisted-core coupled-inductor, we can get   
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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: Rair and Rair1 
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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.  
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Figure A2.28 The dimension definition of the Z-core coupled-inductor 
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Figure A2.29 The reluctance model of the Z-core coupled-inductor considering the strong 3D fringing effect 
fluxes 
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where 

)]//(//[5.0 2_1_1 bartgapspostbartgapbarmore RRRRRRR +++=  (A2.80)

a. The magnetic core reluctances Rbar and Rpost 

The Rbar and Rpost reluctances are shown in Figure A2.30. 
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(a) (b) 

Figure A2.30 The magnetic core reluctances Rbar and Rpost (a) The reluctance of the magnetic bar Rbar (b) the 
reluctance of the magnetic post Rpost 
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b. The air gap reluctances Rgaps_t and Rgap_t 

The Rgaps_t reluctance can be broken down into several reluctance components: Rgap, Rface and 

Rcorner (Figure A2.31). Rgap, Rcorner, and Rface are shown in Figure A2.32(a), Figure A2.32(b) and 

Figure A2.33 respectively.  

 

RRgaps_tgaps_t

 

RRfaceface

RRcornercorner

RRgapgap
 

(a) (b) 

Figure A2.31 The side air gap reluctance considering the 3D fringing flux effect (a) The side air gap 
reluctance Rgaps_t (b) the components of the side air gap reluctance Rgaps_t: Rgap, Rface and Rcorner 
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Figure A2.32 The calculation of the gap reluctance Rgap and the corner fringing flux reluctance Rcorner (a) The 
gap reluctance Rgap (b) the corner fringing flux reluctance Rcorner 
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Figure A2.33 The face fringing flux reluctance Rface (a) The three components of the face fringing flux 
reluctance: Rf_side  and Rf_bot (b) The calculation of the Rf_top reluctance (c) The calculation of the Rf_side 

reluctance 
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The Rgap_t reluctance is the simplified version of Rgaps_t. It can be calculated as 

topfgaptgap RRR __ 5.0//=  (A2.93)

c. The air-around-the-winding reluctance Rair 

The Rair is shown in Figure A2.34 The calculation of the air-around-the-winding fringing 

flux reluctance Rair. According to the calculation method in the two-phase low profile twisted-

core coupled inductor,  
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Figure A2.34 The calculation of the air-around-the-winding fringing flux reluctance Rair in the Z-core 
coupled-inductor 

Figure A2.35 shows the precision of the Z-core reluctance model when a1=4mm, 

a2=16.5mm, b1=14mm, b2=4.5mm, h=4mm, α=60.07o, w=4.5mm, and wd=4mm. It can be seen 

that the reluctance model can achieve around 75 percent precision in the steady-state inductance 

Lss and the transient inductance Ltr. This reluctance model can be used to design the Z-core 

coupled-inductor. 
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Figure A2.35 The precision of the steady-state inductance Lss and the transient inductance Ltr 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. 
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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 Vo/Vin and fs 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 v1 and the capacitor current ic 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, 
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assuming L=L1=L2, then it can be derived that 
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Figure A3.3 The inductor voltage v1 and capacitor current ic waveforms of the two-phase coupled-inductor 

buck converter in the DCM1 mode (a) The two-phase coupled buck converter (b) The inductor currents i1, i2, 

the inductor voltage v1 and the capacitor current ic waveforms 
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(A3.3)

Therefore, the expression of the voltage conversion ratio Vo/Vin in the coupled-inductor 

buck converter in DCM1 mode is  
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where α is the coupling coefficient of the two-phase coupled-inductor, α=M/L, 01 ≤≤− α , and 

M is the mutual inductance of the coupled-inductor. 

Redefining the Lss to be 
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Here, r is defined as the Vo/Vin ratio. 
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Substituting the equation (A3.5) into the equation (A3.4), 
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Recalling that, for the non-coupled-inductor buck converter, the Vo/Vin and fs relationship is 
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Comparing the equations (A3.7), (A3.8), (A3.9) and (A3.10), it can be found that the Vo/Vin 

and fs relationship of the two-phase coupled-inductor buck in DCM1 is the same as that of the 

non-coupled-inductor buck if Lss replaces Lnc in the equation. 
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b. The DCM2 Mode 

The Vo/Vin and fs 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 v1 and the capacitor current ic waveforms of the 

coupled-inductor buck converter in the DCM2 mode. Here M<0 for the inverse coupling. 
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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 inductor currents i1, i2, 

the inductor voltage v1 and the capacitor current ic waveforms 

Based on the inductor volt-second balance and the capacitor charge balance, 
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Assuming L=L1=L2, then it can be derived that 
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(A3.13)

Therefore, the expression of the voltage conversion ratio Vo/Vin in the coupled-inductor buck 

converter in DCM2 mode is 
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where α is the coupling coefficient of the two-phase coupled-inductor, α=M/L, 01 ≤≤− α , and 

M is the mutual inductance of the two-phase coupled-inductor. 

The equation (A3.14) can be rewritten as 
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Substituting the equation (A3.5) into the equation (A3.15), 
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Comparing the equations (A3.9), (A3.10), (A3.16) and (A3.17), it can be found that the 

Vo/Vin and fs 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 

Vo/Vin and fs relationship of the two-phase coupled-inductor buck converter in DCM2 is the 

same as that of the non-coupled-inductor buck converter if Lss replaces Lnc in the equation.  
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For the equation (A3.5), when 0→M  
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Therefore, the equation (A3.14) can be found that  
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The Vo/Vin and fs 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 Vo/Vin and α, fs 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=0.5Ω, and 

Ton=100ns. 
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Figure A3.5 The curves of the conversion ratio Vo/Vin vs. the coupling coefficient α and the switching 
frequency fs for the two-phase coupled-indcutor buck converter in DCM 

The Vo/Vin and α, 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/(RTs)=0.6. The 
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simulation result (Figure A3.7) verifies the Vo/Vin and α, D relationship of the two-phase 

coupled-inductor buck converter in DCM. 

00

0.50.5

D=0.1D=0.1

D=0.2D=0.2

D=0.3D=0.3

D=0.4D=0.4

--11
αα

00

0.40.4

0.30.3

0.20.2

0.10.1

VVinin

VVoo

CCM modeCCM mode

--0.80.8 --0.60.6 --0.40.4 --0.20.2

 

Figure A3.6 The curves of the conversion ratio Vo/Vin vs. the coupling coefficient α 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 Vo/Vin vs. the coupling coefficient 
α 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,  

D
V
V

in

o =  
(A3.20)

By equalizing the equations (A3.16) and (A3.20), it can be found that 

s

ss

TD
LR

)1( −
=  

(A3.21)

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. 
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Figure A3.8 The 3-phase coupled inductor buck converter with the phase current marked 
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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 DCM1 

mode are shown in Figure A3.10. 
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Figure A3.10 The gate driving voltage v1g, v2g and v3g, and the phase current i1, i2 and i3 waveforms of the 3-

phase coupled inductor buck converter in DCM1 

At the time 0, the phase 1 inductor current i1 is zero and the other phase inductor currents i2 

and i3 are at the intermediate values im1.and im2, respectively. During the time range [0, t0], 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 i1 increases from 0 to the maximum value. For the coupling effect, 

the i2 and i3 also increase. During the time range [t0, t1], all the top switches of the three phases 

are turned off and the phase currents i1, i2 and i3 decrease until i2 touches zero at t1. During [0, t1], 

all the three phase inductor currents are coupled. During the time range [t1, 0.33Ts], only the 

phase 1 inductor current i1 and the phase 3 inductor current i3 are coupled. The phase currents i1 

and i3 decrease until they reach the inter-mediate value im2 and im1 at the time 0.33Ts. The phase 

2 synchronous rectifier is turned off at time t1 to avoid that the phase 2 current i2 goes to a 

negative value and to achieve the DCM. The phase 2 current i2 stays at zero during the time 

range [t1, 0.33Ts]. 
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During the time range [0.33Ts, 0.67Ts] and [0.67Ts, Ts], the 3-phase coupled inductor buck 

follows the working principle in [0, 0.33Ts], 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 i1, i2 and 

i3 couple and the two phase inductor currents couple alternatively in one switching period in the 

DCM1 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.  
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Figure A3.11 The simulated phase current i1, i2 and i3 waveforms of the 3-phase coupled inductor buck 

converter in DCM1 

The Vo/Vin and fs 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 v1 and the capacitor current ic waveforms of the 3-

phase coupled inductor buck in the DCM1 mode. Here M<0 for the inverse coupling. 
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Figure A3.12 The inductor current i1, i2 and i3, the inductor voltage v1 and the capacitor current ic 

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, 
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Here, r is defined as the Vo/Vin ratio. 
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Substituting the equations (A3.31) and (A3.25) into the equation (A3.24) and rearranging terms, 

it can be got that  
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Therefore, the expression of the voltage conversion ratio Vo/Vin in the coupled inductor 

buck in the DCM1 mode is  

s

in

o

RTD

L
V
Vr

2
2

3

)
2

1)(1)(
2

1(
8)

2
1()

2
1(

)
2

1(2

ααα
αα

α

++−
+−+−

+
==

 

(A3.33)

where, LM /2=α  is the coupling coefficient. The equation (A3.33) can be rewritten as 
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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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Figure A3.13 The gate driving voltage v1g, v2g and v3g, and the phase current i1, i2 and i3 waveforms of the 3-
phase coupled inductor buck converter in DCM2 

At the time 0, the phase 1 inductor current i1 and the phase 2 inductor current i2 are zero 

and the phase 3 inductor current i3 is at an intermediate value im3. During the time range [0, t0], 

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 i1 increases from 0 to the maximum value. For the coupling effect, 

the i2 and i3 also increase. During the time range [t0, t1], all the top switches of the three phases 

are turned off and the phase currents i1, i2 and i3 decrease until i2 touches zero at t1. During [0, t1], 

all the three phase inductor currents are coupled. During the time range [t1, t2], only the phase 1 

inductor current i1 and the phase 3 inductor current i3 are coupled. The phase currents i1 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 t1 to avoid that the phase 2 current i2 goes to a negative value and to achieve 

the DCM. The phase 2 current i2 stays at zero during the time range [t1, t2]. 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 i1 decreases until i1 reaches the intermediate 

value im3 at Ts/3. The phase 3 synchronous rectifier is turned off at time t2. The phase 2 current i2 

and the phase 3 current i3 stay at zero during the time range [t2, 0.33Ts]. 

During the time range [Ts/3, 2Ts/3] and [2Ts/3, Ts], the 3-phase coupled inductor buck 

follows the working principle in [0, Ts/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 i1, i2 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 i1, i2 and i3 waveforms of the 3-phase coupled inductor buck 

converter in DCM2 

The Vo/Vin and fs 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 v1 and the capacitor current ic waveforms of the 3-

phase coupled inductor buck in the DCM2 mode. Here M<0 for the inverse coupling. 
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Figure A3.15 The inductor current i1, i2 and i3, the inductor voltage v1 and the capacitor current ic 

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, 
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Here, r is defined as the Vo/Vin ratio. 
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Substituting the equations (A3.38) and (A3.43) into the equation (A3.37) and rearranging terms, 

it can be got that  
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Therefore, the expression of the voltage conversion ratio Vo/Vin in the coupled inductor 

buck in the DCM2 mode is  
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where LM /2=α  is the coupling coefficient. The equation (A3.46) can be rewritten as 
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c. 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. 
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Figure A3.16 The gate driving voltage v1g, v2g and v3g, and the phase current i1, i2 and i3 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, t0], 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 i1 increases from 0 to the maximum value. For the coupling effect, 
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the i2 and i3 also increase. During the time range [t0, t1], all the top switches of the three phases 

are turned off and the phase currents i1, i2 and i3 decrease until i2 and i3 touch zero at t1. During 

[0, t1], all the three phase inductor currents are coupled. During the time range [t1, t2], the phase 1 

inductor current i1 decreases until i1 touches zero at t2. The phase 2 and phase 3 synchronous 

rectifiers are turned off at time t1 to avoid that the phase 2 current i2 and the phase 3 current i3 go 

to a negative value and to achieve the DCM. The phase 2 current i2 and the phase 3 current i3 

stay at zero during the time range [t1, t2]. At t2, the phase 1 synchronuous rectifier is turned off. 

During the time range [t2, 0.33Ts], 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 [Ts/3, 2Ts/3] and [2Ts/3, Ts], the 3-phase coupled inductor buck 

follows the working principle in [0, Ts/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 i1, i2 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.  
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Figure A3.17 The simulated phase current i1, i2 and i3 waveforms of the 3-phase coupled-inductor buck 

converter in DCM3 
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The Vo/Vin and fs 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. 

Figure A3.18 shows the inductor voltage v1 and the capacitor current ic waveforms of the 3-

phase coupled inductor buck in the DCM3 mode. Here M<0 for the inverse coupling. 
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Figure A3.18 The inductor current i1, i2 and i3, the inductor voltage v1 and the capacitor current ic 

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, 
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where, 
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Here, r is defined as the Vo/Vin ratio. 
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Substituting the equations (A3.51) and (A3.55) into the equation (A3.50) and rearranging terms, 

it can be got that  
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Therefore, the expression of the voltage conversion ratio Vo/Vin in the coupled inductor 

buck in the DCM3 mode is  
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where LM /2=α  is the coupling coefficient. The equation (A3.58) can be rewritten as 
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Comparing the equations (A3.34), (A3.47) and (A3.59), it can be found that the Vo/Vin and 

fs relationships of the 3-phase coupled inductor buck in DCM1, DCM2 and DCM3 are the same. 

Since   
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Substituting the equation (A3.60) into the equation (A3.59), 
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Recalling that, for the 3-phase non-coupled inductor buck, the Vo/Vin and fs relationship is 
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Comparing the equations (A3.63), (A3.64), (A3.61) and (A3.62), it can be found that the 

Vo/Vin and fs 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 Lss replaces Lnc. 

Considering the equation (A3.60) 

L
M

r
rL

MLMLLss →

−
++

+−
=

)
1

21(

)2)((
   when 0→M  

(A3.65)

the equation (A3.61)  
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The Vo/Vin and fs 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/Vin and α, fs 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=0.5ohm, 

Ton=100ns. The Vo/Vin and α, 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/(RTs)=0.6. 
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Figure A3.19 The curves of the conversion ratio Vo/Vin vs. the coupling coefficient α and the switching 

frequency fs in the 3-phase coupled inductor buck converter in DCM 
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Figure A3.20 The curves of the conversion ratio Vo/Vin vs. the coupling coefficient α 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 Vo/Vin 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. 
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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 Vin, Vo and io 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, 
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Comparing the equations (A3.67) and (A3.68), it can be seen that, when Lnc=Lss, 

cpsncs TT __ =  (A3.69)
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This means that the Vo/Vin 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 Lnc is 

replaced by Lss. 

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,  

D
V
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By equalizing the equation (A3.61) and the equation (A3.70), it can be found that 
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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.  
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Figure A3.22 The n-phase coupled-inductor buck converter with the phase current marked 
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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 Vin, Vo and io(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, 
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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 
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Comparing the equations (A3.67) and (A3.68), it can be seen that, when Lnc=Lss, 

cpsncs TT __ =  (A3.74)

This means that the Vo/Vin 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 Lnc is 

replaced by Lss. 

Recalling that, for the n-phase non-coupled inductor buck, the Vo/Vin ratio is 
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Therefore, the Vo/Vin conversion ratio for the n-phase coupled inductor buck in any DCM mode 

is  
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where, 
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Rearranging the terms, 
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Substituting the equation (A3.77) into the equation (A3.76) and rearranging the terms, 
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where LMn /)1( −=α  is the coupling coefficient. The equation (A3.79) can be rewritten 

as 
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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,  
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By equalizing the equation (A3.81) and the equation (A3.76), it can be found that 
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