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Stability and Dynamic Performance of
Current-Sharing Control for Paralleled
\oltage Regulator Modules

Yuri Panov and Milan M. JovanoVjdellow, IEEE

Abstract—The parallel operation of voltage regulator modules attention is paid to the issue of hardware measurement of CS
(VRMs) for high-end microprocessors requires a current-sharing |oop small-signal characteristics. Experimental verification
(CS) circuit to provide a uniform load distribution among the mod- of the CS dynamic performance is important not only from

ules. A good dynamic performance of the CS circuit is very im- - . . . .
portant since the microprocessors present highly dynamic loads to the design point of view. Once the dynamic behavior of the

the VRMs. Stability and dynamic performance of the CS control  Circuit is understood and verified, design specifications can
are considered. To assess these issues, a comprehensive small-sigria¢ written which will ensure compatibility of VRMs from
model of the paralleled VRMs was developed and verified. different vendors.

Index Terms—Current sharing, dc/dc converters, stability, tran-

sient response, voltage regulator modules.
Il. VRM CURRENT-SHARING TECHNIQUE

I. INTRODUCTION The simplified circuit diggram _of two par'allelled VRMs with
, . ... the CS control, proposed in [3], is shown in Fig. 1. The power
T O increase the speed of data processing, today’s high-&figyes of two VRMs are represented in Fig. 1 by lumped av-
_computers use multiple microprocessors. Due to low 0gzage models [4] which correspond to the interleaved SR-buck
erating voltages and highly dynamic nature of modern micregnyerters. The switching parts of the power stages are mod-
processors, a power supply, which has a very tightly regulatggy by dependent voltage sourdgs; - d; andV;y - da, where
output voltage, is needed. These power supplies, called voltqg[% is the input voltage and,,d» are the duty ratios. The
regulato_r modules (VRMs), are located on the motherboard ng)t s’ output filters are represented by lumped components
to Fhe microprocessor. In order to take gdvantage of the mo%ﬁ-ﬁ Cr and their parasitic resistancBSR;, ESRc. Intercon-
larity and economy of scale, today’s high-end computers Usgct impedances between modules are represented by wire re-
one.VRM per microprocessor. To improve the speed and iSstancediy, and Rw». VRMs # 1 and # 2 in Fig. 1 operate
tegrity of the interconnecting signals, the VRMs are then pafjit voltage-mode control. The pulse-width modulators are rep-
alleled to form common power and ground planes. Howevegsented by the blocks with gaify;. Current sourcesy 1, ixo,
paralleling of VRMs requires current-sharing (CS) circuitry t?érroportionm to inductor currents,y, ¢.2, in combination with
ensure equal load-current distribution among the modules {@istorsr, provide droop regulation for increased headroom
both steady state and transient load conditions. A good dynamjiging load transients [3]. The voltage drops across resistors
performance of the CS circuit is very important since the micrq;, are also used as the input signals for the CS circuit. During
processors present a highly dynamic load for the VRMs.  gieady-state operation, these voltage drops are proportional to
To meet the requweme’nts'of high power density and faglyyctor currentsy, iz. The voltage drops across resistéits
transient response, today’s high-end VRMs employ the intefre then amplified by current amplifiers CAL and CA2.
leaved buck topology with synchronous rectifiers (SRs) [1], [2]. The outputs of amplifiers CA1 and CA2 are connected to
The interleaved SR-buck topology is controlled by dedicatgfe common CS bus through the network of resisférs. The
ICs, available now on the market from several manufacture(gjiage on the CS bus is proportional to the average current of
Since these. ICs do not have a built-in circuitry to prQV|d50th VRMs. Therefore, the voltage drops across resisfiars
current sharing among paralleled VRMs, the CS function jgpresent errors between individual inductor currénisir.
implemented b_y the dlsgrete circuitry around the IC controlleg, 4 average currefiz, +ir)/2. These errors are amplified by
A current-sharing technique for paralleled VRMs, popul_ar fQSpamps UA1 and UA2 whose output voltagég , Vi, are con-
its low component count and low cost, was proposed in [3lerted by resistor, ; into currents which are injected into the
The objective of this paper is to evaluate and optimize thgyiage feedback loops at the inverting inputs of remote-voltage-
dynamic performance of the proposed CS technique. Propgehse amplifiers UC1, UC2. Note that the proposed CS scheme

relies simultaneously on two mechanisms:
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mended by Associate Editor K. Ngo. 2) feedback control loop which compares inductor currents
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Fig. 1. Simplified circuit diagram of the current-sharing circuit for paralleled VRMs.

[ll. SMALL -SIGNAL MODELING OF PARALLELED VRMS O
To facilitate development of the small-signal model, a Zeu(s) To :
stand-alone VRM is represented by a Thevenin source [5], [6], $ Vo
as shown in Fig. 2. The Thevenin-source approach simplifies a(s)-\7A -
the model since it focuses only on the CS loop. Output voltage
Vo of the Thevenin source depends on module output current V i

io and CS signalVy. To distinguish between large-signal

and small-signal variables, the “hat” symbol is used for tHdg- 2.  Thevenin-source representation of a stand-alone VRM.

latter. The module’s internal loop dynamics are described by

gain a(s) of the dependent voltage source and by closed-loop To QAl
output impedanc&.(s). The block diagram representing the
stand-alone module model is shown in Fig. 3, where ZoL(s) Ks
Hv(s) = [Rll + 1/(8 . 09)]/R4 +%‘ Vo
Hvd(S) v
is the transfer function of error amplifier EA,; 1/Zcx(s)
Fyy is the PWM gain (for analysis purposds,, = 1.0 was
assumed) ~ N
o d i
Hyp(s)=Vo/d=Vin-Zcr(8)/[Zrr(s) + Zcr(s)] Ki
Fm
is the power-stage transfer function from the duty ratio to the ix
output voltage
R4 K7
ZLF(S)IESRL+SLF,ZCF(S)IESRC+1/(SCF) ;k‘ /\7C +
Hv(s) = {)= é e

are impedances of the lumped output filter inductor and

capacitor Fig. 3. Small-signal block diagram of a stand-alone VRM.

Zor(s) = Zrr(s) - Zer(s)/[ZLr(s) + Zor(s)] is the gain from the inductor current to the current, injected at
) ) the inverting input of amplifier EALK; value selection is based
is the VRM open-loop output impedance on the desirable value of the droop resistance)

Ki =ix/ip =7.19-1077 Kg = Ve1/Var = Ro/Ris
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Fig. 4. Calculated Bode plots of VRM loop gai%-(s), Tr(s), andTx(s).
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Fig. 5. Calculated Bode plots of transfer functiofs).
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Fig. 6. Calculated Bode plots of VRM output impedarite;, (s).

is the gain from amplifier UA1 output voltage to amplifier UCYoop gain7y(s) is negligible at low frequencies, but becomes

output voltage
K7 =Ve1/Vo=Ry-Ry-(1/Ry+1/Ru3
+1/Ris + 1/ Rs6)/(R1 + Ras)

significant at high frequencies (above 10-20 kHz). Loop gain
T%(s) which determines stability of the stand-alone module has
the bandwidth of 70 kHz and the phase margin of.65ince

the droop circuit introduces a virtual resistance at the module

is the gain from VRM output voltage to amplifier UC1 outpupytput, loop gairl;(s), associated with the droop circuit, in-

voltage.

creases the stability margin of loop géik(s).

Note that, with the Thevenin-source modeling approach, allThe Bode plots of transfer functiar(s) are shown in Fig. 5.

power-stage transfer functions are derived for a stand-aloggiow frequencies (below 10-20 kHz) transfer functia) is
module with a current-sink load. From the diagram in Fig. Jyell approximated by its DC gaif(s/ K.

the values of the Thevenin source components are

_Ks  Ty(s)
a(s) o K; 1 +TE(S) (1)
Zen(s) = Zor(s)+ K1 - Ry - Hy(s)- Far - Hyp(s)
o 1+ TE(S)
2)
where loop gaingv (s), Ti(s) andTx(s) are defined as
Ty(s) = K7 - Hy(s)- Fy - Hyp(s) 3)
T[(S) = K1 . R4 . Hv(S) . F]\/[ . HVD(S)/ZCF(S)
(4)
and
Is(s) =Ti(s) + Ty (s). (5)

Bode plots of loop gaingy (s), T;(s), and Ix(s) for the

component values, indicated in Fig. 1, are shown in Fig. 4. As

can be seen in Fig. 4, the contribution of comporiEsts) to

The Bode plots of closed-loop output impedatfze, (s) are
shown in Fig. 6. At the low frequencies, the magnitude and
phase of closed-loop output impedarite;,(s) are determined
by the droop circuit. Namely, in the low-frequency range

ZCL(S) %Kl ~R4/K7. (6)

Note that, if loop gairlx:(s) is stable, both transfer functions
a(s) andZq,(s) have no RHP poles.

The CS circuit, shown in Fig. 1, is represented by the block
diagram in Fig. 7. Transfer functions of the blocks in Fig. 7 are
defined as

Ky = ~Vear/Ver = —Veas/Ves
gains of current amplifiers CA1l, CA2.
purposed{, = 49.7 was assumed)

K3(3) :VBUS/VCAI = VBUS/VCAQ
=1/2-1/[1 + Ria/(R15 + Z16(5))]

(For analysis
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amplifiers UA1 and UA2; where
Zl(;(s) = 1/[1/R16 +s5- Ol], Z17(8) = 1/[1/R17 +s5- Cg]
Based on the diagram in Fig. 7, the relationship between inptis used in this paper since it provides more compact represen-

Fig. 9. Calculated Bode plots of CS loop géirs(s).

and output signals of the CS circuit is described by tation of the current-sharing control than does the conventional
. . . block diagram.
‘A/Al =bs)- VC{JF bec(s) - YCQ ) Loop gainZcs(s) which determines stability of the current-
Va2 =bec(s) - Ver +b(s) - Vo (8) sharing control is derived by opening the CS loop at point A in
where Fig. 8. In the case of identical modules, derivation produces the

following result:

b(s) = Ky - [Ku(s) — K3(s) - Ks5(s)] Boo
boo(s) = —Ks - Ka(s) - Ks(s). Tes(s) =2-b(s) - | Ko = Kr-als) - e
Ideally, bec(s) = —b(s), and (20)
Vai(s) = —Vaa(s) = b(s) - (Ver — Vo). 9) If VRM internal loop gain7(s) is stable, CS loop gain

Note that current-sharing correction signélls andV» de- Ics(s) has no RHP poles. As a result, stability of the CS loop
pend solely on the output voltagés, andVe» of amplifiers €an be assessed by inspectiofek(s) Bode plots. The Bode
UC1 and UC2, but not on the output currents of the moduld¥0ts of CS loop gaiffcs(s) for several values of interconnect
This fact is related to implementation of the VRM IC controlletVire resistancety, are shown in Fig. 9. As resistanéay in-
Namely, as shown in Fig. 1, curreiit, , injected at the inverting ¢réases, the magnitude of the CS loop gain decreases, and its
input of error amplifier EAL, cannot produce any ac voltage drd§j'as€ increases at the frequencies above 1-2 kHz. Within the
across resistaRy, since the ac potential of EA1 inverting inputPractical of iy, values (0-1 M), Tes(s) bandwidth varies
is equal to zero. Hence, the ac voltage across resis{as de- from0.75kHzto 2 kHz, angl_the corr_es_pondmg phase margin ex-
termined only by voltag®+1, and the ac input signal for the csc€€ds 99. The lowest stability margin is observed whep =
circuit does not contain direct information about the ac comp8: -6-» when remote voltage sensing is used. In this case, expres-
nent of the module output current. sion for the CS loop gain simplifies to

Tcs(s) =2 b(S) - K(;. (11)

Therefore, in the case of remote voltage sensing, the CS loop
Once modeling of a stand-alone VRM by the Thevenin sourgain is solely determined by the local feedback loop within the

has been completed, the system of two paralleled VRMs c@% controller, as shown by the dashed curve in Fig. 8.

be represented by the mixed circuit/block diagram, as shown inEquations (10) and (11) for galfi-s(s) provide the foun-

Fig. 8. Although this system representation is not conventiondgtion for the design of CS loop compensator transfer function

IV. STABILITY ANALYSIS OF PARALLELED VRMSs
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b(s) in the frequency domain. The valuesBfs(s) bandwidth Magn. [dB] Phase Margin [deg]
and stability margins can be included in the VRM specification: 40 R T T e 4L
which assure the compatibility of modules from differentmanu — F=mSiy s« Jir s ke e i I‘IZ‘.

facturers. However, these tasks can be accomplished only if lor
gainZ¢s(s) can be measured and verified on the hardware. Ur
fortunately, the CS circuit has no physical point that corresponc
to point A on the block diagram in Fig. 8. Moreover, for proper
Tcs(s) measurement, opening of the physical CS loop must dis
able all the feedbacks associated with CS control. However, ti
real circuit has no points which satisfy this criterion. Therefore
an indirect method of the CS loop gain measurement has to
found before gairf-s(s) can be accepted as a basis for the  0.01 0.1 1 10 100
small-signal design and dynamic performance specifications. Frequency [kHz]

o] 210
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3111 90

V. CURRENT-SHARING LOOPGAIN MEASUREMENT Fig. 10. Measured and calculated Bode plots of CS loop &ig(s).

In practical measurements of a loop gain with a high dc value,
the control loop is kept closed. Instead of opening the loop, an2) Excitation signalVz is injected between the output of
excitation voltage source is inserted in the control path between opamp UAL of VRM #1 and resistaR; in Fig. 1 (at
the source and load subcircuits. Then, the loop gain is deter-  point B in Fig. 8).
mined as the ratio of the voltages on both sides of the excitation3) The CS loop gainl2(s) is measured as the ratio
source. For proper measurement, the impedance of the source of the voltages on the both sides of excitation source
subcircuit should be much less than one of the load subcircuit. ... T2o(s) = =V /(Va1 + V).
This condition is usually satisfied when the excitation sour
is applied at the input or the output of an operational ampl|f|
which generally has a very high inputimpedance and a very |
outputimpedance. In the CS circuit, the excitation source can be

%Serivation of CS loop ganTCS( ) is based on the diagram in
Wg 8 and takes into accounttﬁah = 0. The derivation result

) : . Rev
!nserted e|the_zr at the output of CS error ampllfler UAL or at the T2 (s) = b(s) - | Ko — K7 - als) - W

input of amplifier CA1 that correspond to points B and C on the Rw + Zcr(s)
diagram in Fig. 8. Derivation of the loop gain corresponding to _1 T (14)
breaking the CS loop at points B and C produces the same result T e

b(s) - [Ks — K7 - a(s) - RW%Z(S)} Based on (14), CS loop gaifi-s(s) can be recovered from

Tés(s) = T2 (s) measurement by simply increasing the magnitude of the
1+10(s) - [KG — K7 -a(s) - #%} latter gain by 6 dB. The recovery of loop gdias(s) based on
or T2 <(s) measurement is much more tolerable to measurement
Tho(s) = Tcs ) (12) errors than in the previously considered case.
2+7Tcs If the paralleled modules are far from being identical, the sim-

One can easily prove thatloop gaifis;(s) andZ¢s(s) have ilar measurement of the CS loop gali 5(s) should be con-
the same characteristic polynomial. However, the last equatidncted by opening the CS loop of VRM #1 at the amplifier UA1
implies that loop gaiffZ.4(s), which can be measured experi-output and by injecting the excitation signal at the output of am-
mentally, differs significantly from¥s(s). Equation (12) also plifier UA2. It can be shown that the CS loop gain of two non-
provides an opportunity to recover galia-s(s) based on the identical modules is equal to the sum of these two measured loop

T¢.s(s) measurement gains. In practice, however, parameters of the CS loops of par-
2. Tk alleled VRMs are tightly matched, since their matching is the
Tes(s) = —E5 (13) - )
e\ == TLs prerequisite for the good steady-state current sharing.

Although the gains are linked by unique and simple relation- Fig. 10 shows Bode plots of measured and calculated CS loop
ship (13), the recovery dfs(s) based orif4(s) measure- gainTZ(s). The magnitude plots show reasonable agreement
ment presents a serious practical challenge.rw@eg( ) mag- between the model and measurement. At the same time, there

nitude is close to unity, the value of the recovered gain is vel$/2 Significant phase discrepancy in the frequency range above
sensitive tdl: ¢(s) measurement errors. kHz. Therefore, the proposed model can be used confidently

In this paper, a method of indirect measurement of CS lodpy design purposes if the required CS loop gain bandwidth does
gainTcs(s), thatis much less sensitive to measurement errofi9t €xceed 2 kHz.
is proposed. The proposed measurement method includes three
steps. VI. DYNAMIC CURRENT SHARING OF PARALLELED VRMS
1) The CS loop of VRM #2 is opened by disconnecting re- Generally, the current sharing during load transients can be
sistor R, 3 from the opamp UA2 output and by groundingevaluated in the frequency domain by comparing output imped-
the disconnected lead of the resistor (see Fig. 1). ances of the individual modules, observed at the load point [7].
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Without the CS loop, individual VRMs have different outputim- __ Magn. [dBOhm]

pedanceg?  (s)+ Ry, andZZ, (s)+ K3, due to the mismatch ~

1 t 1

of their power-stage and voltage-feedback parameters. Par: Lo Ru W e 1i0m Bw:Z;as i P
eters of the CS control loops are considered matched, sir-60 "/, 2 _/', 2
otherwise it is impossible to achieve decent steady-state ¢ . L

rent sharing. In practice, tight-tolerance components are u< weles,

to match the CS loops of paralleled VRMs. Because of di® \\ . ) ..,

ferent output impedancest.; (s) + Ry and 22, (s) + R}y, .
the VRM output currents during the load transients can diffc_g4 % \

significantly. The purpose of the CS loop is to modify individua Zi+ R Zcs Zz i
outputimpedances, (s)+ Rl andZ2  (s)+ R%,, observed BW = 130 He BwW=1a ke

at the load point before closing the CS loop, in a such way th " g g4 0.1 1 10 100
output impedanceg} o (s) andZ2 (), observed after closing Frequency [kHz]

the CS loop, match each other. Matching of impedatges(s)

andZ2 ( ) can be accomplished only within the bandW|dth ofig. 11.  Magnitude plots of VRM output impedances, observed before and
cs after closing the CS loop.
the CS loop.

Derivation of the output impedances of paralleled noniden-
tical VRMs is based on the diagram in Fig. 8 and yields

Ry + ZE ()

TABLE |
PARAMETERS OFNONIDENTICAL MODULES

1
ZCS(S) 1+« (5):b(s)-Kr-[01 (s) =02 (3)] (15) Vrer Ly Cy Fyu Cy Ry
, Hles [V] | (H] | [mF] | (V') | [oF] | (m@)
72 _ Ry + Z2(s) 16
cs(s) = 1 — 2@ K 0()-g0)] (16) VRM#1 | 1515 | 75 3.0 2.0 176 0.1
- 1+T¢s
where VRM#2 | 1485 | 150 | 6.0 1.0 | 264 | 04
Tes(s) =b(s)-[2-Kg — K7-(ai1(s) - g1(s)
+ax(s) - g2(s))]  (17) e . .
2(2) g2(s))] also satisfied if the remote sensing of VRM output voltages is
is the CS loop gain of nonidentical modules, and implemented R}, = R%, = 0.
R, R, When impedance&}., (s) + Ry, and Z2, (s) + Rj, are
gi(s) = B 175, (s) g2(s) = Bt 2.0 matched at low frequencies, improvement of their matching at
W e W rer (18) higher frequencies can be accomplished only if the CS loop has

Note that, if impedancegt., (s) + R}, andZ2, (s) + R%,

a bandwidth well above 10-20 kHz. However, practical design
of the CS loop with the bandwidth above 10-20 kHz can hardly

are matched, i.e., §1(s) = g2(s), the CS loop has no effect onbe accomplished. It violates the well-known guideline that the

the output impedances of the modules.
Within the CS loop bandwidth, wherfE-s > 1, (15) and
(16) can be simplified as

Ry, + 2L, (s)

Zes(s) = T o R dat-al)
2:[Kg—K7-(a1(s)-g1(s)+az(s)-g2(s))]
(19)
R% + Z2,(s)
2 W CcrL
Zos(s) = a5 (5) K Jo1 (5) —02(5)]
25— (ar(5)-9:() Faz ()62 (5))]
(20)

bandwidth of the CS loop should be selected much lower than
the one of the voltage feedback loop which is typically in the
20-100 kHz range. Violation of this guideline can cause severe
interactions between CS and voltage loops that affect the system
stability. Since practical matching of impedanégs, (s)+ Ry
andZ2; (s)+ R%; athigh frequencies is not feasible, low band-
width of the CS loop has no negative impact on the dynamic
performance of paralleled VRMs.

When interconnect impedanceB};,, and R%. are not
matched, (19) and (20) indicate that the CS loop changes
individual module output impedances in the direction of their

As itwas demonstrated in Section Il, at the frequencies belm@nvergence. For example, &, > R3,, thengi(s) > go(s),

10-20 kHz, VRM output impedance®.; (s) and Z2., (s) are

and by the CS loop action the impedance of VRM #1 is reduced

programmed by the droop circuits of the modules and can ftem Z%, (s) + Ry, to one specified by (19), whereas the

approximated by their dc values. These dc values have toibgedance of VRM #2 is increased frafif.; (s) +

2
L toone

accurately matched in order not to exceed specified value sfecified by (20). Therefore, matching of impedan&gs and

the steady-state CS error. If |mpedan@sL and ZZ, (s)
are matched, then impedancB}; (s) + Ri and Z2.(s) +

R}, is not critical, but, to compensate for this mismatch during
load transients, the CS loop must have sufficient bandwidth. To

R}, observed at the load point before closing the CS loop, dlestrate this point, Fig. 11 shows calculated magnitude plots

also matched, if?};,, = R

The last condition is satisfied if of output impedance}¢(s) and Z24(s), observed after

VRMs have a symmetrical layout with respect to the load. It idosing the CS loop, as well as impedanégs; (s) + Ri; and
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TABLE I
MEASURED CURRENT-SHARING ACCURACY OF TWO PARALLELED VRMSs
iLOAD
[A] 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
ion
[A] 6.5 11.3 16.3 21.3 26.1 31.0 35.8 40.7 45.5 50.2
o2
[A] 35 8.7 13.7 18.7 23.9 29.0 34.2 39.3 44.5 49.8
CS error ’
[%] 30.0 13.0 8.7 6.5 44 - 33 23 1.9 1.1 0.4

Z2,(s) + R}, observed before closing the loop. This data
was obtained for nonidentical modules whose parameters are
summarized in Table I. The modules were assumed to have
the same droop impedanc¢g.; (0) = Z2,(0), but different
interconnect resistandgl,- # R%.. The magnitudes of imped-
ances, shown in Fig. 11, were calculated for two values of the » o
CS loop bandwidth; 150 Hz and 1.5 kHz. Comparison of the [10 Adiv] [T
plots in Fig. 11 clearly demonstrates that high bandwidth of
the CS loop is essential for matching of the modules’ output
impedances. o2
To validate the analysis results in the time domain, the [10 A/div]
setup of two paralleled 12-V/1.6-V, 50-A VRMs with the
local output voltage feedback was assembled. The measured
references of the modules were 1.603 V and 1.576 V that
is within 1% tolerance band. At the same time, measured
droop impedanceg¢.; (0) and Z%, (0) were tightly matched @)
and were equal to 0.45 & For reader’s reference, Table Il
shows the measured current-sharing accuracy of the paralleled
modules under steady-state conditions. In the 30-100 A itoso R O
load range, the current-sharing error, which is defined as  [sadvii. ... ... . 1
[To1 — To2|/(Io1 + Io2), does not exceed 10%. The response of :
the individual module currents to the dynamic load is shown in
Fig. 12. The waveforms in Fig. 12(a) correspond to the CS loop or I
bandwidth of 1 kHz. To obtain the waveforms in Fig. 12(b), [MOAdV] |
the loop bandwidth was decreased from 1 kHz to 300 Hz by 1o
increasing the values of capacitors C1 and C3 in Fig. 1 from
10 nF to 43 nF. Comparison of the waveforms in Figs. 12(a) oz
and (b) reveals that reduction of the CS bandwidth does not  [10 Adiv] |
significantly affect the overshoots of the modules’ currents, but 24
causes the increase of settlement time after the load step-up by : PR IN LTS
approximately two times. Presented experimental results testify Time [200 us/div}
that good dynamic current sharing requires the wide bandwidth (b)

of the CS loop.
. . P . , ig. 12. Measured response of two paralleled VRMs to the dynamic load:
_ This section C_Oncentrates on analysis of the VRMs’ smalls) 1.kHz current-sharing loop bandwidth and (b) 300-Hz current-sharing loop
signal load transients. However, the VRM load can change frarmndwidth.

almost zero current to the maximum one with the extremely high
current slew rate. In that case, the large-signal load transient can
be affected by VRM nonlinearities, such as duty ratio saturation,
amplifier output voltage saturation and limited slew rate, output VRM current sharing relies simultaneously on the droop cur-
inductor saturation, etc. Usually these nonlinearities negativeiynt sharing and on the feedback control loop which effectively
affect the control loop performance, and the designer’s objectiggjusts references of the paralleled modules based on the dif-
is to avoid current-sharing loop operation in the nonlinear moderences between individual module currents. To assess the sta-
With the proper design of the CS circuitry, the current sharirglity and dynamic performance of the CS control, a comprehen-
during large-signal load transients is determined mostly by te&e small-signal model of the paralleled VRMs was developed.
small-signal behavior. In addition, the CS loop gain, which determines the stability of

loap

[25 A/div] |

1-0: ..:

29

oo
Time [100 us/div]

VII. SUMMARY
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the CS control and which can be verified by hardware measu
ments, was identified. Finally, it was found that a wide banc
width of the CS loop is important for dynamic current sharin
between VRMs with unmatched interconnect impedances.
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Correction to “Design Considerations for 12-V/1.5-V, 50-A
Voltage Regulator Modules”

Yuri Panov and Milan M. JovanoVic

In the above papérFig. 6(b) was shown in place of Fig. 6(a). The
correct Fig. 6(a) and (b) are shown here.
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Fig. 6. Resonant SR driver: (a) circuit diagram; (b) idealized waveforms.
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