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Multiphase Coupled-Buck Converter—A Novel High
Efficient 12 V Woltage Regulator Module
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Abstract—The most popular VRM topology—multiphase buck of the multiphase buck converter also suffers from a very small

converter operates at a very small duty cycle due to a high input duty cycle, mainly due to the increased switching loss in the
voltage and a low output voltage. The performance of the multi- control MOSFETSs.

phase buck converter suffers from the very small duty cycle. Al- - . .
ternative topologies with an extended duty cycle are explored in  Altérnative topologies [6]-{9] with an extended duty cycle

order to improve the efficiency without compromising the tran- ~are explored in order to improve the efficiency without compro-
sient response. A novel topology named multiphase coupled-buck mising the transient response. The multiphase tapped-inductor
converter is proposed, which enables the use of a large duty cycle puck converter is one of the simplest topologies with an ex-
with recovered leakage energy and clamped MOSFET voltage. The o nqed duty cycle. Multi-winding coupled inductors are used to

input filter is further integrated in the proposed circuit to reduce .
the number of components. A 12 V-to-1.5 V/50 A VRM prototype enlarge the duty cycle. However the leakage inductance between

demonstrates that the multiphase coupled buck converter can have coupled inductor windings causes severe voltage spikes across
a much better efficiency than the multiphase buck converter with  MOSFETS.

the same transient response. This paper proposes an improved topology named the multi-

Index Terms—Active clamping circuit, built-in filter, coupledin-  phase coupled-buck converter, which uses the existing coupled
ductors, multiphase converter, voltage regulator module. inductor windings to form an active clamping circuit between

interleaved channels to solve the voltage spike problem. The

I. INTRODUCTION proposed topology enables the use of a large duty cycle with re-

) o _covered leakage energy and clamped MOSFET voltages. Both
A DVANCES in VLSI technologies impose challenges imnaysis and experiment show that the multiphase coupled-buck
the design of power supplies for microprocessors [1]. lgonverter can achieve a much better efficiency than the multi-
order to deliver a highly accurate supply voltage to microprgshase buck converter with the same transient response.
cessors, a dedl_cated dc/dc converter,_sc_)-called volf[age regulatefye input filter is further integrated in the proposed topology
module (VRM) is placed in close proximity to the microprocesy, reduce the number of components. Compared to the original
sors. Most of today’s VRM topologies are based on the multiyyitiphase coupled-buck converter, the improved multiphase

phase buck converter [2]-[5]. _ coupled-buck converter has smoother input and output currents.
In the multiphase buck converter, the duty cycle is the ratio

of the output voltage and input voltage. The earlier VRMs use
5V as the input, where the synchronous buck topology works
very well. The latest microprocessors for desktop computers,Fig. 1 shows the multiphase buck converter, which is the most
workstations, and low-end servers, require VRMs to work wittommon of today’s VRM topologies.

12 V input. In laptop computers, VRMs directly step from the

battery charger voltage of 16-24 V down to the microprocessar Influence of Duty Cycle on Ripple Cancellation

voltage. Meanwhile, the microprocessor voltage is expected to . .
o ; One of the major advantages of the multiphase buck converter

decrease tobelow 1V [1]. Forthese applications, the multlphas?he ripple cancellation effect, which enables the use of a small

buck converter is required to operate at a very small duty CyCInijuctaFr)1F():e to improve the tra;wsient response and to minimize

The influence of duty cycle on the performance of the mu[- P P

he output capacitance.

tiphase buck converter is investigated in this paper. With a veryln the multiphase buck converter, the inductor current ripples

small duty cycle, the benefit of multiphase buck converterasfar. .~
. : : . In.jindividual channels are cancelled at the output and the total
as using a small inductance to improve the transient response is

. . ) . __[ipple current flowing into the output capacitors is reduced. With
compromised due to the poor ripple cancellation. The efﬂClen%\{I . . :
ch ripple cancellation, the output voltage ripple becomes very
small, which allows more room for voltage deviations during
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where N, Lo and F's are the channel number, the output in-
ductance per channel and the switching frequency, respectively O Output cap
m = floor(N-D) is the maximum integer that does not exceed B Input cap

the N - D. Vin=5V Vin=12V
Fig. 2 plots the influence of duty cycle on the output currera:tIg 4

ripple. The output current ripple is normalized against the iRy '\,
ductor current ripple at zero duty cycle.

As can be seen from Fig. 2, with a very small duty cycle, ) o
the current ripple cancellation is poor in the multiphase budhows the estimated loss contributions at full load for the tested
converter. Thus the benefit of the multiphase buck converter Y&M-

far as using a small inductance to improve the transient respons&S can be seen from Fig. 4, the 5V input VRM can achieve
is compromised. 87% efficiency at full load and 91% peak efficiency, while the

12 Vinput VRM can only reach 81% efficiency at full load and
84.5% peak efficiency. With the increase of input voltage from
5Vto 12V, the duty cycle is decreased from about 0.3 t0 0.125.
In the multiphase buck converter, a small duty cycle caus€he decrease of the duty cycle reduces the full-load efficiency
large currentripples in the inductors, which increase the condiy about 6% and peak efficiency by about 7%. This efficiency
tion and switching losses of MOSFETSs, as well as the lossesdrop is mainly caused by the increased switching loss in the
the inductors. control MOSFETS, as can be seen from the loss contributions
Fig. 3 shows the measured efficiencies for a tested four-phat®wn in Fig. 4. The switching loss in the control MOSFETSs is
synchronous buck VRM with two different input voltages, 3ncreased by about 5 W, which causes more than 5% efficiency
V and 12 V. The output voltage, output current and switchindrop at full load.
frequency are 1.5 V, 50 A, and 300 kHz, respectively. The In summary the efficiency of the multiphase buck converter
measured efficiency data include the power losses in the poweffers from a very small duty cycle, mainly due to the increased
stage, but exclude the control and gate drive losses. Figswitching loss in the control MOSFETS.

Loss contributions in four-phase buck VRM withy = 5 V and

B. Influence of Duty Cycle on Efficiency
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Fig. 5. Multiphase tapped-inductor buck converter. Fig. 6. Equivalent circuits of tapped-inductor buck converter during: (a) step
up transient and (b) step down transient.

I1l. M ULTIPHASE TAPPEDINDUCTOR BUCK CONVERTER

15

Several methods exist for extending the duty cycle of the bu | ! |
converter [6]-[9]. Among them, the tapped-inductor buck cot @ VIN=12V
verter is one of the simplest topologies with an extended du = Vo=1.5V
cycle. The biggest advantage of the tapped-inductor buck 0(3 ok Step up Lo=0.32uH

verter over other proposed solutions is the fact that it only it @
volves a slight modification of the original buck converter. @
Fig. 5 shows multiphase tapped-inductor buck converter. T 3

Step down
turns ratio of the tapped inductor is defined as the turns numt 2

L ) . (2] —
of the winding in series with the control MOSFET over that o = 3
the winding in series with the synchronous MOSFET. 3]
=
°
A. Extended Duty Cycle £
. . l : l |
In the multiphase tapped-inductor buck converter, the D 0] 2 3 4 5
voltage gain is a function of both the duty cydleand the turns _
ratio n, which can be derived as Turns ratio n
V, _ D (2) Fig. 7. Inductor slew rates during transients for tapped-inductor buck
VIN - D +n- (1 — D) . converter.

As can be seen from Equation (2), the higher the turns ratte,choose a high turns ratio to obtain a large duty cycle, a high
the larger the resulting duty cycle will be. For the multiphasirns ratio, at which the inductor slew rate of the step-up tran-
tapped-inductor buck converter, the desirable turns ratio is gent is lower than that of the step-down transient, will impair
lated to the transient response. the overall transient performance. The desirable turns ratio is

The duty cycle is assumed to become “saturated” durigdposen to achieve the same transientinductor slew rates for both
transients to achieve a fast transient response. That is, the diigp-up and step-down transients. For a VRM stepping down
cycle D = 1 for step-up transient, and the duty cydle= 0 from 12 V to 1.5V, the desirable turns ratio is 2: 1. The mul-
for step-down transient. Fig. 6 shows the equivalent circuits tiphase tapped-inductor buck converter operates at 0.225 duty
tapped-inductor buck converter during step-up and step-do@éycle, while the duty cycle of multiphase buck converter is only
transients. During a step-up transient, the top switch is on a@d 25.
the bottom switch is off. During a step-down transient, the )
bottom switch is on and the top switch is off. B. Voltage Spike Problem

The difference between the load current and the inductor cur-in the multiphase tapped-inductor converter, leakage induc-
rent causes the unbalanced charge that must be provided bytémee existing between two coupled windings causes a voltage
output capacitors. The higher the inductor slew rate during traspike across MOSFETSs. The leakage energy is also dissipated
sients, the smaller the unbalanced charge area will be, and &nel generates great power losses.
better the transient response thus can be obtained. Fig. 7 showsg. 8 shows the measured switching waveforms in the tested
the inductor slew rates during both the step-up and step-dofenir-phase tapped-inductor buck VRM. A huge voltage spike
transients as a function of the turns ratio. Although it is desirakike observed across the control MOSFET. The spike voltage is
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higher than 30 V and causes the failure of the MOSFET th L n s3 al +
typically has no more than 30 V breakdown voltage. The hug
voltage spike is caused by the resonance between the leak s4]

inductance and the output capacitance of MOSFETs when .._ =
control switch turns off. _
Clamping or snubber circuits have to be used to solve tﬁgg
voltage spike problem. However, these require many additional
components. For multiphase topologies, this solution would im-

pose significant increases in both the cost and complexity of th@red in the clamping capacitors C1 or C2 and is recovered to
circuit. the load later.

Since multiphase topologies already have many switches, the
idea is that neighboring channels can probably be rearranged
IV. MULTIPHASE COUPLED-BUCK CONVERTER so that the existing switches can incorporate the function of the
additional switches S1a and S2a. Fig. 10 shows a resulting con-
In order to solve the voltage spike problem of the multiphadiguration. The topology is very simple. Top switches S1 and S2
tapped-inductor buck converter, an improved topology naméedve two functions: they serve as the control switches for their
multiphase coupled-buck converter is proposed, which uses tiven channels and meanwhile, also serve as the active clamping
existing coupled inductor windings to form an active clampingwitches for neighbor channels. In order to realize this active

10. Active clamping circuits formed between neighbor channels with a
able capacitor voltage.

circuit between interleaved channels. clamping concept, the capacitoic has to appear as a constant
voltage, as shown in Fig. 10. However, further investigation
A. Concept of Multiphase Coupled-Buck Converter finds that this capacitor does not have a constant voltage. The

reasons are that switches S1 and S3 do not switch complemen-

The idea is derived from the multiphase tapped-inductor butdily, and the two top windings in the neighbor channels have
converter with an active clamping circuit for each channel igifferent voltages across them.
order to solve the voltage spike problem, as shown in Fig. 9. A modification is made in order to allow the clamping

Each channel has an active clamping circuit formed by a azapacitor to have a constant voltage. The resulting topology,
pacitor and a MOSFET. The capacitor has a constant voltaggled the multiphase coupled-buck converter, is shown in
in steady-state operation, which serves as a voltage source. Flgg 11. As shown in Fig. 11, a third winding is coupled with
MOSFETs Slaand S2a have the same control timings as bottive output inductor of the neighbor channel and is placed in
switches S2 and S4, respectively. After top switch S1 or S3 tursaries with the existing top winding. The voltage induced in
off, the currenttrapped in the leakage inductance forces the bdblg third winding compensates the voltage of the existing top
diode of Sla or S2a to conduct. Consequently, the drain—soungading in the neighbor channel, and therefore, the clamping
voltage of top switch S1 or S3 is clamped to the input voltagapacitor appears as a constant voltage, which equals the input
plus the clamping capacitor voltage, and the leakage energyddtage minus output voltage.
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Fig. 13. Key operation waveforms of multiphase coupled-buck converter.

B. Steady-State Operation

Fig. 12 shows the simplified circuit for steady-state analysis. Stage IV (t3-t4) corresponds to the leakage current reset
The clamping capacitor is assumed to be large enough andi@de- As shown in Fig. 14(d), S1is off, S2is on, S3 is on, and
treated as a voltage source. The coupled output inductors h&f!S on. Inductors L1 and L2 are both freewheeling. The S3
three windings, and are modeled as a three-winding transforrGEfrent increases. The stage ends when the S3 current reaches
paralleled with a discrete inductor. All the semiconductor dd2€ level of the output inductor current. Then, stage | begins
vices are treated as ideal switches. again. . .

Fig. 13 shows the key operation waveforms. Fig. 14 shows theS can be seen from Fig. 13, the proposed multiphase cou-
equivalent circuits for the different stages. The operation durifd-buck converter is immune to the leakage inductance. The
these stages can be briefly described as follows. rain—source voltages of the top switches are clamped to two

Stage I (t0—t1) corresponds to the buck mode. As showntfmes the input voltage minus output voltage. For a VRM step-
Fig. 14(a), S1is on, S2 is off, S3is off, and S4 is on. The inpﬁ’fng down from 12 Vto 1.5V, the voltage stress for top switches
source and the clamping capacitor feed energy to the outptigl v and therefore typical 30 V MOSFETSs can be used with

through output inductor L1. Inductor L2 is freewheeling. Thé sufficiept safety margin. ,
stage ends when the control signals turn S1 off and S2 on. According to the steady-state operation waveforms, the DC

Stage Il (t1—t2) corresponds to the leakage energy recovd t.age gain of the multiphase coupled-buck converter can be
mode. As shown in Fig. 14(b), S1 is off, S2 is on, the bodgl rived as
diode of S3 is on, and S4 is on. The drain—source voltage of v, D
S1 is clamped to the sum of the clamping voltage and the input Vin “D+n ®3)
voltage. The leakage energy is recovered to the clamping capac-
itors. Inductors L1 and L2 are both freewheeling. The stage end$-ollowing the same discussion on the selection of the turns
when the body diode of S3 turns off. ratio as in Section I, the desirable turns ratio is chosen for mul-
Stage Il (t2-t3) corresponds to the freewheeling mode. Aiphase coupled-buck converter to achieve the same transient in-
shown in Fig. 14(c), S1 is off, S2 is on, S3 is off, and S4 is omluctor slew rates for both step-up and step-down transients. For
Inductors L1 and L2 are both freewheeling. The input voltageVRM stepping from 12 V to 1.5V, the desirable turns ratio is
feeds energy to the clamping capacitor in order to maintain tBe1. The multiphase coupled-buck converter operates at 0.286
balance of the charge in the clamping capacitor. The stage edds$y cycle, while the duty cycle of multiphase buck converter is
when a control turns S3 on. only 0.125.
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Fig. 14. Equivalent circuits of multiphase coupled-buck converter: (a) Stage I, (b) Stage I, (c) Stage Ill, and (d) Stage IV.

C. Small Signal Modeling function of the load. Of the two zeros, one is the ESR zero in-
To study the dynamic performance of multiphase codroduced by the output capacitc_>r, and the other is an interesting
pled-buck converter, an average model was developed dffihalf-plane (LHP) zero. Unlike the right-half-plane (RHP)
verified experimentally [10]. Here, the control-to-outpuf€"© Of the tapped-inductor buck converter reducing loop-gain
transfer function is taken for the following discussion. For §andwidth [7] and consequently slowing the transient response,

two-phase coupled-buck converter, it can be derived as this LHP zero is good for loop-gain design since it can provide
an additional phase margin without reducing loop-gain band-

(1 + i) ( + i) width. Thus, the multiphase coupled-buck converter is suitable
n Z1 2o . . . .
Goa(s) = Vin D n? . - to achleve a wide loop-gain bandwidth and consequently a fast
n (1+ - (fo) > (1+ E) transient response.
(4) V. IMPROVED MULTIPHASE COUPLED-BUCK CONVERTER
where WITH BUILT-IN FILTERS
2 =— 1 = _2(D +n)’Re Wy = — 1 Since coupled inductors are used, the output current of the
RcCo’ DnLo ' RcCce’”  multiphase coupled-buck converter is pulsing. The pulsing

D+n 2 n 1 To output current increases the output ripple voltage and generates
wo = —~ \/ ToCo' and@ = Din Ty \/ BYerh the switching noise across the equivalent series inductor (ESL)
and ESR of the output capacitors. Additional L-C filters are
Lo is the output inductance reflected to the winding in seriased to smooth the pulsing currents as shown in Fig. 15.
with the synchronous MOSFET/ ¢ is the clamping capaci- This paper further proposes an improved multiphase cou-
tance,Co is the output capacitance, artt is the equivalent pled-buck converter with built-in filters. As shown in Fig. 16,
series resistance (ESR) of the output capacitor. the improved multiphase coupled-buck converter has smooth
As can be seen from (4), there are three poles and two zeliaput and output currents without additional L—C filters. The
One pole comes from the clamping capacitor and the ESRefistence of built-in filters reduces the number or size of filter
the output capacitor. In practice, this is a very high-frequencpmponents.
pole in the order of tens of MHz so that it does not affect the The integration of built-in input and output filters is explained
frequency range of loop-gain bandwidth. There is also a douliteFig. 17. Starting from the original multiphase coupled-buck
pole. This double pole moves as a function of the output inducenverter with additional L-C filters, as shown in Fig. 15, and
tance, the output capacitance and the duty cycle, but not aByausing the shifting principle for capacitors, the filtering and
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Vin >< Cs2 — x Co] Fig. 18. 12V VRM prototype using four-phase coupled buck converter with

. & o _E _E built-in filters.
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VI. EXPERIMENTAL RESULTS
Fig. 16. Improved multiphase coupled-buck converter with built-in filters.

12 V-input, 1.5 V/50A-output VRM prototypes were built
using the improved four-phase coupled-buck converter. These
PR prototypes, as shown in Fig. 18, operate at 300 kHz. The fol-
lowing components were selected for the power stage: control
MOSFETs—Si4884DY; synchronous MOSFETs—Si4874DY;
> I 3 output inductance reflected to the windings in series with syn-
Cos chronous MOSFETs—300 nH; input capacitors—422 uF
ceramic, and output capacitors—6820 uF OSCON.
o In order to evaluate the efficiency of the proposed multiphase
@) coupled-buck converter, a four-phase buck VRM was also built.
For a fair comparison, the four-phase coupled buck VRM is de-
signed with the same MOSFETS, input capacitors and output ca-
+  pacitors, and operates at the same conditions as the four-phase
| buck VRM.
Comx VO To make the efficiency comparison meaningful, the design
of inductors is based on the same transients. Fig. 19 shows the
- transient responses of the four-phase coupled-buck VRM and
the four-phase buck VRM. The two VRMs have almost the same
(b) transient waveforms as intended.
Fig. 17. Integration of L—C filters in multiphase coupled buck converter: (a) Fig. 20 shows the measured efficiency of the four-phase cou-
capacitor shifting and (b) inductor shifting. pled-buck VRM and the four-phase buck VRM. The efficiency
data include the power losses in the power stage, but exclude
clamping capacitor§'in, Ca andCc can be shifted to new lo- the control and gate drive losses. For the four-phase coupled
cations without changing the filtering and clamping function®uck-VRM, the full-load efficiency is more than 85%, and the
as shown in Fig. 17(a). Next by using the shifting principle fapeak efficiency is 89%. Compared to the four-phase buck VRM,
inductors, the filtering inductor&in and La are shifted to the the four-phase coupled buck VRM has an efficiency improve-
positions in series with the inductor windings without changin@ent of about 3.5% at full load and 4.5% peak efficiency.
the basic operation of converter, as shown in Fig. 17(b). The re-To illustrate this efficiency improvement, the loss contribu-
sulting topology is an improved multiphase coupled-buck cotiens are estimated for both experimental VRMs. Fig. 21 shows
verter, where the leakage inductances of coupled windings #ne loss contributions at full load for the four-phase coupled
drawn. buck VRM and the four-phase buck VRM. The main difference
Based on the preceding manipulations in the improved multemes from the switching loss of control MOSFETs and the
phase coupled-buck converter, the built-in filters are formed besnduction loss of synchronous MOSFETs. The four-phase
tween the leakage inductance and the clamping capacitars Coupled buck VRM has 1 W more conduction loss from
and Gs». This concept is similar to one used for other earliesynchronous MOSFETSs than the four-phase buck VRM, but 5
applications [11]-[13]. W less switching loss from control MOSFETs. Compared to

Vin ()
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Fig. 19. Transient responses of: (a) four-phase coupled buck VRM and

four-phase buck VRM F—% 22. Measured waveforms with a smooth input current in improved

multiphase coupled-buck VRM.

2:: 4-phase | Fig. 22 shows the measured waveforms at full load. The input
coupled buck current is ripple-free as shown in the bottom line, which proves
89 o gy ; ’( the existence of built-in filters in the proposed multiphase cou-
R 87 N pled-buck converter.
2 85 /
§ g3 / ;\\ VII. CONCLUSION
5 81 / / : 7 g The influence of duty cycle on the performance of the multi-
79 / / 4-phase buck phase buck converter has been studied. With a very small duty
77 cycle, the benefit of the multiphase buck converter as far as using
75 i / asmall inductance to improve the transient response, is compro-
0 10 20 30 40 50 60 mised due to poor ripple cancellation. The efficiency of multi-

phase buck converter also suffers from a very small duty cycle,
mainly due to increased switching loss in the control MOSFETSs.
Fig. 20. Efficiency comparison between a four-phase coupled buck VRM and IN order to improve the efficiency without comprising the
a four-phase buck VRM. transient response, alternative topologies with extended duty cy-
cles have been explored. One of the simplest topologies is mul-
the four-phase buck VRM, the overall loss reduction for thiiphase tapped-inductor buck converter. However it suffers from
four-phase coupled buck VRM is 4 W, which corresponds the voltage spike problem caused by leakage inductance. This
4% efficiency improvement at full load. paper has proposed an improved topology named the multiphase

Load current (A)
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coupled-buck converter, which enables the use of a large di °
cycle with recovered leakage energy and clamped MOSFI
voltages. Both analysis and experiment have shown that !
multiphase coupled-buck converter can have a much better
ficiency than the multiphase buck converter with the same trs
sient response.

The inputfilter has been further integrated in the proposed ¢
cuit to reduce the number of components. The improved mu
phase coupled-buck converter features smooth input and output
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currents due to the existence of built-in filters.
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