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Critical Inductance in Voltage Regulator Modules

Pit-Leong Wong Member, IEEEFred C. Lee Fellow, IEEE Peng Xy Member, IEEEand
Kaiwei Yao Student Member, IEEE

Abstract—Multichannel interleaving makes it possible to iy, v -
use small inductances to improve voltage regulator modules’ ,
(VRMs) transient responses. However, smaller inductances reduce VRM ¢ CPU &
efficiency. Analysis shows that the transient responses are not only c packaging
determined by the inductances but also the control bandwidths.
This paper presents the concept of critical inductance in VRM.

Critical inductance is the largest inductance that gives the fastest
transient responses. Critical inductance is a good reference for Fig. 1. VRM and microprocessor system.
optimal VRM design. Critical inductance is a function of the
feedback control, the step current magnitude and the steady-state
operating point.

Index Terms—Critical inductance, interleaving, voltage regu-
lator module.

HE voltage regulator module (VRM) and microprocessor

system is shown in Fig. 1. The capacit@rshown in the
figure represents the VRM output capacitors. During micropro-
cessor load transitions, the current flowing out of the capacitor
has a much faster current slew rate than the current flowing irfig. 2. Unbalanced charges during transient responses.
the capacitor. The two currents aiggandiy,, as shown in the

figure. Via
The difference between the two currents causes unbalanced T
charges that need to be provided by the VRM output capacitors, s

as shown in Fig. 2. The VRM output voltage drops that occur T
during transient responses are caused by this unbalanced charge.
It is just a function of capacitor discharging.

For the same VRM output capacitors, if the unbalanced
charges can be reduced, the VRM transient voltage drops can
also be reduced. The load transient magnitixdg and the slew
rate ofi, are determined by the application. The delay time
t4, shown in Fig. 2, is mainly due to the switching actions dfig- 3. Single synchronous buck VRM.
the VRM. For the same switching frequencies and interleaving
channels, the worst-case delay times are the same and will not
be discussed in this paper. To reduce the unbalanced charges,
either the slew rate af;, must be increased or the rise tihe
must be decreased.

In conventional VRMs, a single synchronous buck is used, as
shown in Fig. 3. The current, is the inductor current. Due to
the steady-state ripple requirements, large inductances must be
used. The large inductances limit the speed of VRM transient
responses. Fig. 4.
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Multichannel interleaving VRM.
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Fig. 7. Experimental measurement of control-to-output-voltage transfer
function from a four-channel interleaving buck.

40

Fig. 6. Simplified small signal model of-channel interleaving buck.

£
=
each channel. The large current ripples cause extra conduction g \
and switching losses, which reduce converter efficiency. Mul- 0 '
tichannel interleaving of the VRM improves the transient re- £
sponses, but at the expense of efficiency. 10

]

The inductance design in the interleaving VRM is a very im- [ L
portant issue. The main purpose of this paper is to discuss the \
effects of inductance on transient responses and efficiencies. — ]
Smaller inductances results in low efficiencies, but do not nec- 50
essarily always improve transient responses. There exists an in- “ “Frequency (Hz) e
ductance tradeoff point, the critical inductance, to give fast tran-
sient responses and high efficiencies. The transient responsegﬁﬁ
cussions in next section start with the small-signal model anal-

) Phase (deg)
3

@
S

8. Control-to-output-voltage transfer function of interleaving buck based
he simplified small signal model.

ysis. For symmetric channeld,; = L, = --- = L, = L, the
equivalent inductance is as follows:
I. AVERAGE CURRENT TRANSFERFUNCTIONS
. C L L
The transient response analysis in this section is based on Leg=—. (2)
n

the average model. Researches show that the small-signal
model of parallel/interleaving converters can be simplified as In order to verify the validity of the simplified small signal

a 5ing|e converter with Corresponding equiva|ent paramet§ﬂ§d€|, the ControI—to—output—voltage transfer function of a four-
[1]-[3]. The small-signal model of an-channel interleaving channel interleaving buck converter hardware is measured as
buck converter is equivalent to a single buck converter wihown in Fig. 7. The inductance in each channel is 280 nH. Two
the inductance equal tb/n of the channel inductance in thetypes of capacitors are paralleled for output. The total output
interleaving buck. The results can be briefly explained &apacitance is 1.28 mF.

follows: The bode plot of the corresponding transfer function based on
Small signal perturbations are imposed to the switching nodé&¢ simplified circuit model is shown in Fig. 8 for comparison.
of the interleaving VRM as shown in Fig. 5. The equivalent inductance &80 nH/4 = 70 nH. The good

For constant input voltages, can be simplified as follows: match between the measurements and the model verifies the va-
. lidity of the simplified small signal model of interleaving buck.
Up = Vip - d. 1) Because the small signal model of interleaving buck can be

) , simplified to a single buck converter, the small-signal analysis
In voltage feedback control, the interleaving channels shapeis section is based on a single buck converter. The results

the same compensator. The duty cycle perturbation in differeit, 5150 valid for interleaving buck converters.
channels can also be considered the same. For constant inp,, ihe buck converter shown in Fig. 2, how well the current
voltages, the small-signal perturbations in different channel 87can follow the changes f determines the extent of the tran-

the same and can be connected together. This makes the ind{iGs; ynhalanced charges. The current transfer function defined
tors in each channel in parallel. The average model of Fig. 5 Y

L ) L 3) describes how well;, follows i,,:
be simplified as Fig. 6, which is exactly the same average model N
of a single buck converter. Thus, the small signal model of the ir(s)
- : R : : Gii(s) = = 3)
interleaving buck can be simplified to an equivalent single buck. io(s)
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Fig. 10.  Step response of open-loop current transfer funcfios). current slew rate during the transient response can be approxi-
mated as follows:

wherei,(s) andiz(s) are the perturbations added to the cur- .

rentsi, andiy,, respectively. The parameters for the single syn- di — AIO. (5)

chronous buck VRM are given in Fig. 3. The open-loop transfer At | g tr

function of a buck VRM can be easily derived, as shown

The preceding analysis relates only to the open-loop transfer
ir(s) s-re-C+1 function. In order to analyze the effect of the feedback control

Giis) = 4 (5) T2 L-C+ts- (re +r7)-C+1 4} on the inductor current responses, a closed-loop current transfer

¢ function must be derived. The block diagram of a buck converter

This transfer function is only a function of the passive compavith feedback control is shown in Fig. 11. The transfer functions
nent parameters: The duty cycle, load current and input voltaigethe blocks are defined as follows.
do not affectit. If linear parameters are assumed, (4) is also valid; (s) Load current perturbation to inductor current.
for the large-signal perturbations as long as the duty cycle is rét; (s) Load current perturbation to output voltage, also
saturated. This linearity is only valid for the buck converter; it output impedance.
may not be true for other topologies. For interleaving bucks, tié,;(s)  Input voltage perturbation to inductor current.
linearity is valid only when none of the channels has duty cyclé..(s)  Input voltage perturbation to output voltage.
saturation. Gui(s)  Control perturbation to inductor current.

The bode plot ofG;;(s) is shown in Fig. 9. The corner fre- G4,(s)  Control perturbation to output voltage.
quency in the ploty,, represents the double poles of the poweF.(s) \oltage loop feedback compensator.
stage. The closed-loop current transfer function can be easily de-

The slew rate of, is much faster than that f,. For sim- rived following the block diagram shown in Fig. 11. This paper
plicity, the average current af, during transient responses carconsiders only the cases in which voltage loop feedback control
be approximated as a step response of the transfer functiorisofised. With voltage feedback control, the closed-loop current
Gii(s). The normalized step response®f(s) in time domain transfer function is as follows:
is shown in Fig. 10.

The waveform, which represents the inductor current, is close
to the step response of a typical under-damping second-order
system. The rise timg. (defined in Fig. 10) is the mismatch be-
tween:, andiy,. The definition of the rise time, is consistent where Gy;(s) is the duty-cycle-to-inductor-current transfer
with the definition in Fig. 2. For simplicity, the average inductofunction, G.(s) is the transfer function of the compensator,

ZO (8)

Giie(s) = Cils) = Cusls) - Gels) - 775

(6)
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Fig. 12. Transfer functions¥;;(s), G:.(s), andT(s).

Approximation of Rise Time

. . . 20 .
Z,(s) is the converter output impedance &fifs) is the loop s ] —#—neasure (300K)
. . x gk —f——3 —&— estimate (300K)
gain, as shown in 16 ; | —=—neasure (200K)
14 —&—estimate (200K)
=z —&— measure (100K)
% 12 ; —Ar—estimate (100K)
T(s) = K - Guu(s) - Ge(s). @) g o o =
2 8
& - . . —
G 4, (s) is the duty-cycle-to-output-voltage transfer function and .
K is the gain of the compensator, as shown in Fig. 11. 2
|
0

The transfer functions involved in the closed-loop current e m w m m m w m w a w
transfer function arel(, G.(s), Z,(s), Gii(s), Gui(s), and Crossover Phase Margin (deg)
Guu(s). K and G.(s) represent the compensator, which is
linear. As illustrated in Fig. 11Z,(s) and G;;(s) are deter- Fig. 14. Rise time of closed-loop current transfer function.
mined only by the passive component parametgis(s) and
G4, (s) include the input voltage and the passive parameters. In

the cases in which input voltages are fixé#l; (s) andG ., (s) . i (8). But h I imati the f |
are also linear. During load transient responses, the duty cy@lgen in (8). But how ¢ 0S€ an approximation can the formuia
ve? In order to answer this question, a power stage designed

changes. Fortunately, the duty cycle change does not aﬁ\%!f% different feedback crossover frequencies and different

the closed-loop current transfer functig#;.(s). As long as ins is simulated. The rise ti df

the duty cycle is not saturated, the small-signal model transfg?ase margins 1S simulated. The rise times measured irom

function is also valid for large signal analysis. §|ml_JIat|ons and the rise times e_stl_mated from (8) are compared
The closed-loop current transfer function is affected by tHe Fig. 14. For the phase margin in the range of I, the

o L
compensatok andG.(s). The open-loop and closed-loop cyr£Tors between the two sets of results are below 5%, which is

rent transfer functions(#;;(s) and G;;.(s) and the loop gain EZ?;f:rﬁgetotvsg ge\fsargfizztlzgi:ﬁf?erg)igaﬁ%itT h; ?g)reemem
T(s) are shown in Fig. 12. y '

és shown in Fig. 12, with the high bandwidth feedback con-

The closed-loop current transfer function has the same sha(f the closed-| tt fer function i t affected b
as its open-loop counterpart unless the corner frequency reac &g (N€ closed-loop current transter function 1s not afiected by
e power stage double poles. Thus, the rise time discussed in

<, Which is the feedback control bandwidth. The control bang- . ) .
“ ) and Fig. 14 should be valid for different power stages. In

width is much higher than the power stage double poles. : ; . .
cause of this great increase in the corner frequency, the spifer to verify this, three power stages with different output fil-
' are designed to compare the transient inductor current rise

response of the closed-loop current transfer function becorﬁg The doubl e f . t the th "
much faster than that of the open-loop current transfer functigfine- The double pole frequencies of the three power stages are

as shown in Fig. 13. The rise time of the closed-loop step %44 K(ra(;j/fs), 21'.8 K$ra.d/s), ang 3h1'6 K(raQ/s). Bhf rise t8imes
sponse is much smaller than that of the open-loop step respoﬁg asured from simulations and those estimated from (8) are

The unbalanced charge area is greatly reduced. A much fa&%mpared in Fig. 15, which illustrates that (8) is an accurate

transient response can be expected with feedback control. equation for a variety OT power sta_lges. :
Based on the preceding analysis, the impact of voltage feed-

For a nondamped second-order system, the rise time is 0 e—k rol duct  rise ti b ained
fourth of its resonant cycle. The relationship between rise tir@vC  contro’ on Inductor current rise fime can be ascertained.
ithin the phase margin range of 260, the inductor cur-

and control bandwidth can be approximated as follows: Lo . ,
rent rise time is inversely proportional to the control bandwidth
and is independent of the power stage parameters. The anal-
ysis in this section relates the VRM transient responses with the
(®) small-signal models.

For systems with light damping, the rise time is close to that

& Jworn
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2
- 100 150 250 250 300 25 gain. Because the transient voltage variations at the output ca-
Crossover Frequency (K*radJs) pacitors are the same for both power stages, the one with the
_ o . larger compensator gain results in larger transient duty cycle in-
Fig. 15. Closed-loop current rise time for different power stages. creases
. . Now, the inductance can be changed, while the control band-
V,,5D+AD) r, L i V.*D{ . . . . R
L L ™ "o width is kept constant in order to determine the impact on the
v , transient responses. The design starts with a very small induc-
i C

win

tance. From (11)AD during the transient response is very
T C small. The duty cycle is not saturated. The average model in
T the previous section is valid. The inductor average current slew
rate is determined in (9). As the inductance increadds,also
increases. As long as the duty cycle is not saturated, the average
model analysis in the previous section is valid. The inductor av-
Il. CRITICAL INDUCTANCE erage current slew rate is still determined in (9). For the same
From the analysis in Section II, the transient inductor averag\gntrOI bandwidth, the transient voltage spikes are maintained.
current slew rate can be derived from (5) and (8) hen the mduc_tance r'eaches a va]ue such that the dgty cycleis
) close to saturation during the transient response, the inductance
i _ &L We (9) s defined as the “critical inductance.” The critical inductance
dt] g 5 can be calculated by lettind D in (11) equalA D,

The average current slew rate can also be derived from the 5 Vin "AD (12)
average model of a buck VRM, as shown in Fig. 16. Al - w, e

Assume the duty cycle has an increasefad during the whereAD,,., is the maximum duty cycle increase during tran-
transient response; the net voltage applied to the inductorsignt. Therefore
(Vin*AD. The inductor average current slew rate during the
transient response can be derived as follows:

Fig. 16. Explanation of average current slew rate from circuitry.

Lct =

A-Dma,x = Dmax -D (13)

. whereD,,,.x is the maximum duty cycle. The duty cycle is con-
di Vin - AD . .
- =" (10) sidered saturated when it reachig .
dt g L If the inductance increases beyond the critical inductance, the
If the duty cycle is not saturated, (9) and (10) should be equéllty cycle becomes saturatedaf,.... The average model anal-
When (9) and (10) are equal, the duty cycle increase during #&s is no longer valid. The inductor average current slew rate

transient response can be derived as follows: cannot be maintained as in (9). The current slew rate is deter-
mined by (10). BecausAD is constant during saturation, the
Al, - w, . . .
AD = =V - L. (11) inductor current slew rate decreases as the inductance increases.
2 Vi

This results in the increase of the transient voltage spikes. The

For certain applicationd;;,, andAl, can be considered con-impacts of the inductance on the VRM transient output voltage
stant. From (9), in order to increase the average current slspikes are shown in Fig. 18.
rate, the control bandwidth needs to be designed as high as po$-or all the data points in the figure, the control bandwidths
sible. For a fixed switching frequency, can also be consideredand the converter output capacitors are kept the same. The com-
constant. In these cases ] increases proportionally to the in-pensators for the different inductances are different in order to
crease in inductance. maintain the same bandwidth.

This phenomenon can be explained as follows. In conventional continuous conduction mode (CCM) syn-

Consider two buck converters with the same output capacitdronous buck VRM designs, inductor currents usually have
but differentinductances. Their open-loop current transfer funt0%—20% of peak-to-peak ripples at full load. Large induc-
tions are shown in Fig. 17. The larger inductance has a lowtances are needed to achieve small current ripples. For CCM
gain at frequencies beyond the corner frequencies. However, tlesigns, the duty cycle is saturated during transient responses.
two power stages are designed to have the same control baFite inductor current slew rate is limited by the inductance.
width. The power stage with larger inductance requires largéor the QSW design proposed by CPES in 1997, the inductor
high frequency gain in the compensator to achieve the same lgmak-to-peak current ripple is designed to be twice of its
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sponses with smaller current ripples. Compared with conven-

tional design, critical inductance greatly improves the transigfig- 19. Steady-state inductor current and transient output voltage waveforms
of different inductance designs.

responses.

The simulation results of the CCM, QSW and critical induc- A
tance designs are compared in Fig. 19. For all the three de- A
signs, two-channel interleaving is used. The input and output
voltages are 5V and 2 V, respectively. The switching frequency
and control bandwidth are 300 kHz and 100 kHz, respectively.

The step-up load transient is 20 A.

The inductances for the three designs Bgiw = 200 nH, AV i I I
Ly = 827 nH and Loy, = 2000 nH. Same output capaci- > L
tors are used for the three designs. The equivalent total output
capacitor in simulation is 1 mF with an ESR of 0.8dmThe  Fig. 20. Inductance effects on transient voltage spikes.
peak-to-peak currents in each channel are 20 A for QSW design,

4.8 A for critical inductance design, and 2 A for CCM designwo transient responses can be different. However, the min-
The QSW design has much larger root-mean-square (RMS) ciium voltage spikes are the same because they are determined
rent than the other two. The lowest efficiency is expected for tyg the control bandwidth. Both the step-up and step-down
QSW design. The transient voltage spikes at the output capagimsient voltage curves are shown in Fig. 20. The step-up and
tors are 33 mV for both the QSW and critical inductance desigsep-down critical inductances are markedlags, and L.z,

and 68 mV for the CCM design. Compared to the QSW desigisspectively. The smaller of the two critical inductances is
the critical inductance design is expected to have higher effiefined agl.

ciency while maintaining the same transient responses. Com- .
pared to the CCM design, the critical inductance design gives Letm = min (Len, Leta) (15)
much faster transient response. The critical inductance desighVhen the inductance is smaller thag,,,, the duty cycle is
results in a reasonable tradeoff between the steady-state éfit saturated in either step-up or step-down transient response.
ciency and transient responses. The transient response is determined by the control bandwidth,
The preceding discussion of the critical inductance is onWhich is the same for the two transient responses. The converter
based on the load step-up transient responses. The step-db@as symmetric voltage spikes for both step-up and step-down
transient responses also have a critical inductance defined tf@nsient responses. When the inductance is larger fhap,
the case in which the duty cycle is close to the minimum dutpe duty cycle is saturated in at least one transient response.
cycle Dyin. The feedback control bandwidth is the same fofhe transient responses are no longer symmetric. Both the sym-
both step-up and step-down transient responses. The step dovairic or asymmetric transient responses can happen in either 5
critical inductance can still be obtained using (12). Howevey, or 12 V VRMs depending on the inductance.
AD, ., needs to be rewritten as follows: The simulation results in Fig. 21 show that both the 5 V and
ADe —D—D- (14) 12 V VRMs can have sym_metric or asymmetric trgnsient re-
max i sponses. Another observation from the waveforms is that when
BecauseAD,,,x may not be the same for step-up andhe transient responses are asymmetric, at least one of the tran-
step-down transient responses, the critical inductance for gient voltage spikes is larger than the voltage spikes that occur

ctm
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with symmetric transient responses. This is clear from Fig. 29. -
Of course, the asymmetry in 12 V VRMs is much more severé”
than that occurs in 5 V VRMs.

The critical inductancd....., is the largest inductance that Since the critical inductance is larger than the QSW induc-
gives symmetric, fast transient responses. When the adapfﬁ’r@ce, it would result in better efficiency in the converter. A syn-
reference voltage is used, the total output voltage varianceC[onous buck converter is built for an efficiency comparison of
the larger of the step-up and step-down transient voltage spikgiéferent inductances. The input and output voltage of the cir-
Symmetric transient responses give smaller total output voltagét are 5V and 2V, respectively. The switching frequency is
variance. In this case, symmetric transient responses are deX@Q kHz. Fullload output currentis 11 A. The QSW inductance
able. is 110 nH. The critical inductance is 270 nH f&r. = 3 and

The critical inductanced...,, and the QSW inductances#60 nH forK. = 5. Inductances of 100 nH, 240 nH, 470 nH,
are compared in Fig. 22. Because the critical inductance i€8d 1000 nH are selected for the experiments: The first one rep-
function of the control bandwidth, the different ratios betweeigsents the QSW design; the second and third ones represent the
switching frequency and control bandwidth give differerfritical inductance designs; and the fourth inductance is to show

Load current effects on transient voltage spikes.

curves. The ratids.. is defined as follows: how much the efficiency can be improved by further increasing
I or . I the inductance. The MOSFETSs used in the circuits are Hitachi's

K. === T s (16) HAT2064Rs and their drivers are HIP6601s from Intersil. The

I We inductors used are IHLP series from Vishay. The experimental

Theoretically, for voltage feedback control, the averagesults are shown in Fig. 23.
small-signal model of an-channel interleaving buck converter The critical inductance designs have much higher efficiency
is accurate up tm/2 of the switching frequency, which isthan the QSW design. Further increase of the inductance does
n-time higher than the single channel converter [2]. Howevarpt significantly improve efficiency, but it does slow down the
due to the noise and current sharing problems, it is not practit@nsient responses. In this sense, the critical inductance is a
to design control bandwidth higher than half the switchingood design tradeoff between the efficiency and transient re-
frequency. Moreover, if current feedback control is used, tlsponse for VRMs.
theoretical control bandwidth is reduced to the same as a singlé-rom (12), the critical inductance is a function of both control
converter. Thus/K. between 3 and 5 is an aggressive desigmndwidth and load current step magnitude. With the increase of
range for feedback control bandwidth. control bandwidth, the critical inductance decreases. The min-
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imum voltage spike decreases, too. A larger current step ma
tude results in smaller critical inductance and larger minimu
voltage spikes. The effects of control bandwidth and current s
magnitude on transient voltage spikes are shown in Figs. 24
25, respectively [4]-[7].
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