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Abstract - The parallel operation of voltage regulator
modules (VRMs) for high-end microprocessors requires a
current-sharing (CS) circuit to provide a uniform Ioad
distribution among the modules. A good dynamic performance of
the CS circuit is very important since the microprocessors
present highly dynamic loads to the VRMs. Stability and
dynamic performance of the CS control are considered. To assess
these issues, a comprehensive small-signal model of the
paralleled VRMs was developed and experimentally verified.

measurement of CS loop small-signal characteristics.
Experimental verification of the CS dynamic performance is
important not only from the design point of view. Once the
dynamic behavior of the circuit is understood and verified,
design specifications can be written which will ensure
compatibility of VRMs from different vendors.

I. INTRODUCTION

The simplified circuit diagram of two paralleled VRMs
with the CS control, proposed in [3], is shown in Fig. 1. The
power stages of two VRMS are represented in Fig. 1 by
lumped average models [4] which correspond to the
interleaved SR-buck converters. The switching parts of the
power stages are modeled by dependent voltage sources
v[N.dj and VIN.d2,where VINis the input voltage and dl, dl are
the duty ratios. The VRMS’ output filters are represented by
lumped components L~, CF and their parasitic resistances
ESR~, ESfi. Interconnect impedances between modules are
represented by wire resistances Rwl and RW2.VRMS # 1 and
# 2 in Fig. 1 operate with voltage-mode control. The pulsewidth modulators are represented by the blocks with gain FM.
Current sources ixI, ixz, proportional to inductor currents i~l,
iL2,in combination with resistors & provide droop regulation
for increased headroom during load transients [3]. The
voltage drops across resistors I& are also used as the input
signals for the CS circuit. During steady-state operation, these
voltage drops are proportional to inductor currents iL], iL2.
The voltage drops across resistors & are then amplified by
current amplifiers CA1 and CA2.
The outputs of amplifiers CA1 and CA2 are connected to
the common CS bus through the network of resistors R14.The
voltage on the CS bus is proportional to the average current
of both VRMS. Therefore, the voltage drops across resistors
Rlo represent errors between individual inductor currents i~l,
iL2and average CU3Td (iLl+iL2)/2, These errors are amplified
by opamps UA1 and UA2 whose output voltages VA1,V,z are
converted by resistors R13 into currents which are injected
into the voltage feedback loops at the inverting inputs of
remote-voltage-sense amplifiers UC1, UC2. Note that the
on two
proposed
CS scheme relies simultaneously

To increase the speed of data processing, today’s high-end
computers use multiple microprocessors.
Due to low
operating voltages and highly dynamic nature of modern
microprocessors, a power supply, which has a very tightly
regulated output voltage, is needed. These power supplies,
called voltage regulator modules (VRMS), are located on the
motherboard next to the microprocessor. In order to take
advantage of the modularity and economy of scale, today’s
high-end computers use one VRM per microprocessor. To
improve the speed and integrity of the intercomecting signals,
the VRMS are then paralleled to form common power and
ground planes. However, paralleling of VRMs requires
current-sharing (CS) circuitry to ensure equal load-current
distribution among the modules for both steady state and
transient load conditions. A good dynamic performance of the
CS circuit is very important since the microprocessors present
a highly dynamic load for the VRMS.
To meet the requirements of high power density and fast
transient response, today’s high-end VRMS employ the
interleaved buck topology with synchronous rectifiers (SRS)
[1, 2]. The interleaved SR-buck topology is controlled by
dedicated ICS, available now on the market from several
manufacturers. Since these ICS do not have a built-in circuitry
to provide current sharing among paralleled VRMS, the CS
timction is implemented by the discrete circuitry around tbe
IC controller. A current-sharing technique for paralleled
VRMS, popular for its low component count and low cost,
was proposed in [3]. The objective of this paper is to evaluate
and optimize the dynamic performance of the proposed CS
technique. Proper attention is paid to the issue of hardware

II. VRM CURRENT-SHARING TECHNIQUE
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Fig. 1. Simplified circuit diagram of the m.ment-sharing circuit

mechanisms: (1) droop current sharing, and (2) feedback
control loop which compares inductor currents of the
individual modules and takes the corrective action based on
their difference.
HI. SMALL-SIGNAL MODELING OF PARALLELEDVRMS
To facilitate development of the small-signal model, a
stand-alone VRM is represented by a Thevenin source [5, 61,
as shown in Fig, 2. The Thevenin-source approach simplifies
the model since it focuses only on the CS loop. Output
voltage V. of the Thevenin source depends on module output
current i. and CS signal V,,. The module’s internal loop
dynamics are described by gain a(s) of the dependent
voltage source and by closed-loop output impedance ZCL(s).
The block diagram representing the stand-alone
model is shown in Fig. 3, where
Hv(s)=[RLl
+l/(s, C9)]/R4

module

is the transfer function of error amplifier EA;
(s)/~zLp(s) + ZCF(S)] ,
HVD(S)
= Vo/d =V,N . ZCF
is the power-stage transfer fhnction from the duty ratio to the
output voltage;
ZLF(S) = ESR~ +S. LF , zc, (s) = ESRc +~/(s”CF)
are impedances
capacitor;

R16

of the lumped output filter inductor and

for paralleled VRMS.

ZOL(S) = z~~(s).

Z~~(S)/(ZLF(S)+
zCF(s)]

is the VRM open-loop output impedance;
K,= 7.19”10-7
is the gain from inductor current iL to current ix, injected at
the inverting input of amplifier EA1 (Kl value selection is
based on the desirable value of the droop resistance);
K6 = R9/R13
is the gain tiom amplifier UA 1 output voltage to amplifier
UC 1 output voltage;
K,= R]”Rq/(RI+R*j)”(l/R~+l~ ]j+1~,8+l~56)
is the gain from VRM output voltage V. to amplifier UC1
output voltage.
Note that, with the Thevenin-source modeling approach, all
power-stage transfer functions are derived for a stand-alone
module with a current-source load. From the diagram in
Fig. 3, the values of the Thevenin source components are

a(s) = ~.
K,

ZCL(S)=

Tv (S)

(1)

I+- TZ(s) ‘
Zo~(s)i-K,

where loop gains
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Fig. 3. Small-signal block diagram of a stand-alone WM.

FM HrD(s) ,

and
T=(s) = Tr(S)-FTv(s)

,

(4)
(5)

Bode plots of loop gains Tv(s), TI(s) and TX(s) are shown
in Fig. 4. As can be seen in Fig. 4, the contribution of
component TI(s) to loop gain TZ(s) is negligible at low
frequencies, but becomes significant at high frequencies
(above 10-20 kHz). Loop gain TZ(s) which determines
stability of the stand-alone module has the bandwidth of
70 kHz and the phase margin of 65”. Since the droop circuit
introduces a virtual resistance at the module output, loop gain
T,(s), associated with the droop circuit, increases the stability
margin of loop gain TX(s).
The Bode plots of transfer function a(s) are shown in
Fig. 5. At low frequencies (below 10-20 kHz) transfer
fi.mction a(s) is well approximated by its DC gain Kf/K%
The Bode plots of closed-loop output impedance ZCL(s)

Zc~(s) = K, . Ri/K7
Note that, if

100

gain

(6)

.
Tx (s)

is stable, both transfer

The CS circuit, shown in Fig. 1, is represented by the
block diagram in Fig. 7. Blocks in Fig. 7 represent following
gains. Blocks Kz represent the gains of current amplifiers
CA1, CA2. Blocks KJ represent the gains from output
voltages of amplifiers CA1, CA2 to CS bus voltage VMW
Blocks K~ represent the gains horn voltages Vc~l and Vaz to
output voltages VA and VA of amplifiers UA 1 and UA2,
respectively. Blocks KS represent the gains from CS bus
voltage V&.JSto output voltages V~~and V~Z.
For analysis purposes, K1 =49.7 was assumed. Gains K3,
Kd, and KS are related to the values of the components in
Fig. 1 as
K](s) = 1~2 . 1/[1 + R,,/(RI, + 21, (s))],
K4(s)

= z17(s)/R12

K,(s)

=

where
2,6(s)=

determined by the droop
frequency range,

Z,,(s)

in the low-

loop

functions a(s) and Zc’ (s) have no NIP poles.

are shown in Fig. 6. At the low frequencies, the magnitude
and phase of closed-loop output impedance Zc~ (s) are
Namely,
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1
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Fig. 4. Bode plots of VRM loop gains T,(s), T,(s), and T:(s).
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Note that CS correction signals V~l and V.2dependso1ely
on the output voltages of amplifiers UC 1 and UC2, but not on
the output currents of the modules. This fact is related to
implementation of the VRM IC controller. Namely, as shown
in Fig. 1, current ixz, injected at the inverting input of error
amplifier EA 1, camot produce any ac voltage drop across
resistor I&, since the ac potential of EA1 inverting input is
equal to zero. Hence, the ac voltage across resistor ~ is
determined only by voltage V=,, and the ac input signal for
the CS circuit does not contain direct information about the ac
component of the module output current.
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Once modeling of a stand-alone VRM by the Thevenin
source has been completed, the system of two paralleled
VRMS can be represented by the mixed circuitiblock diagram,
as shown in Fig. 8. Although this system representation is not
conventional, it is used in this paper since it provides more
compact representation of the current-sharing control than
does the conventional block diagram.
Loop gain 7’CS(S)which determines stability of the currentsharing control is derived by opening the CS loop at point A
in Fig. 8:
Tc$(s) = 2 b(s).

Kb – K, a(s).

Rw

1

(lo)
“
[
If VRM internal loop gain T~s) is stable, CS loop gain
Tc~(s) has no RHP poles. As a result, stability of the CS
Rw + Zc~ (S)

loop can be assessed by inspection of Tc- (s) Bode plots. The
Bode plots of CS loop gain Tc~(s) for several values of
interconnect wire resistance Rw are shown in Fig. 9. As
resistance Rw increases, the magnitude of the CS loop gain
decreases, and its phase increases at the frequencies above 12 kHz. Within the practical of RW values (O-1 mfl), Tc$(s)

D
K3

Fig. 7, Small-signal block diagram of the CS circuit.

Based on the diagram in Fig.7, the relationship between
input and output signals of the CS circuit is described by
equations:
VA,=b(s). vc, +bcc(s)vcz,
(7)
vA2=bcc

where

(s). v~,

+b(s)’vc2 ,

(8)

bandwidth varies from 0.75 kHz to 2 kHz, and the
corresponding phase margin exceeds 90”. The lowest stability
margin is observed when R~O, i.e., when remote voltage
sensing is used. In this case, expression for the CS loop gain
simplifies to
(11)
TG(s)=2,
b(s). Kb.
Therefore, in the case of remote voltage sensing, the CS loop
gain is solely determined by the local feedback loop within
the CS controller, as shown by dashed curve in Fig. 8.
Equations (10) and (11 ) for gain Tc~(s) provide the
foundation for the design of CS loop compensator transfer
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the excitation source. For proper measurement, the impedance
of the source subcircuit should be much less than one of the
load subcircuit. This condition is usually satisfied when the
excitation is applied at the input or the output of an
operational amplifier, which generally has a very high input
impedance and a very low output impedance. In the CS
circuit, the excitation source can be inserted either at the
output of CS error amplifier UAI or at the input of amplifier
CA1 that correspond to points B and C on the diagram in
Fig. 8. Derivation of the loop gain corresponding to breaking
the CS loop at points B and C produces the same result:

1
Frequency [kHz]

10

100

have the same characteristic
equation

polynomial. However, the last

implies that loop gain

measured experimentally,

T&(s),

which can be

differs significantly from Tcs (s).

Equation (12) also provides an opportunity to recover gain
Fig. 9. Bode plots of CS loop gain T~(s).

function b(s) in the frequency domain. The values of Tc~(s)
bandwidth and stability margins can be included in the VRM
specifications which assure the compatibility of modules from
different manufacturers. However, these tasks can be
accomplished only if loop gain Tcs(s) can be measured and
verified on the hardware. Unfortunately, the CS circuit has no
physical point that corresponds to point A on the block
Tc~(S)
diagram
in Fig. 8. Moreover,
for proper
measurement, opening of the physical CS loop must disable
all the feedbacks associated with CS control. However, the
real circuit has no points which satisfjr this criterion.
Therefore, an indirect method of the CS loop gain
measurement has to be found before gain Tc~(s) can be
accepted as a basis for the small-signal design and dynamic
performance specifications.
IV. CURRENT-SHARING LooP GAIN MEASUREMENT
In practical measurements of a loop gain with a high dc
value, the control loop is kept closed. Instead of opening the
loop, an excitation voltage source is inserted in the control
path between the source and load subcircuits. Then, the loop
eain is determined as the ratio of the vokazes on both sides of

Tc~(s) based on the T~~(s) measurement:

Tcs (S)=

(13)

~
Cs

Although

the gains are linked by unique and simple

relationship (13), the recovery of Ta (s) based on T&(s)
measurement presents a serious practical challenge. When
T~~(s) magnitude is close to unity, the value of the recovered
gain is very sensitive to T:! (s) measurement errors.
In this paper, a method of indirect measurement of CS loop
gain Tcs (s), that is much less sensitive to me~~ement
errors, is proposed. The proposed measurement method
includes three stem:
(1) The CS loo; of VRM #2 is opened by disconnecting
resistor Rlj from the opamp UA2 output and by
lead of the resistor
grounding the disconnected
(see Fig. 1).
(2) Excitation signal VE is injected between the output of
opamp UA1 of VRM #1 and resistor R13 in Fig. 1 (at
point B in Fig. 8).
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(3) The CS loop gain T~&(s) is measured as the ratio of the

before closing the CS loop, in a such way that output

voltages on the both sides of excitation source VE:

impedances Z~ (s) and Z&(s),

T;s(s)

CS loop, match each other. Matching of impedances Z& (s)

=–vAl/(v//,

+VE)

.

observed after closing the

Derivation of CS loop gain T&(s) is based on the diagram in

and Z&(s)

Fig. 8 and takes into account that V’~2= 0. The derivation
result is:

of the CS loop.
Derivation of the output impedances is based on the diagram in Fig. 8 and yields:

T:s(s) = b(s)

KG – K, a(s).

Rw

1

=;Tcs.
(14)
[
Based on (14), CS loop gain Ta (s) can be recovered from
Rw + Zc~ (s)

2;s(s)=

be accomplished only within the bandwidth

can

Rwl +z;~(s)
~+al(s).

1 i- Tcs

T& (s) measurement by simply increasing the magnitude of
the latter gain by 6 dB. The recovery of loop gain Tc- (s)
based on T’&(s)

measurement

is much more tolerable to

measurement errors than in the previously considered case.
Fig. 10 shows Bode plots of measured and calculated CS

(15)

b(s). K7.

2;s(s)=

Rwz +z;~(s)
~_az(s).

(16)

b(s). K7.
I -t Tcs

where

loop gain T&(s) . The magnitude plots show reasonable
agreement between the model and measurement. At the same
time, there is a significant phase discrepancy in the frequency
range above 2 kHz. Therefore, the proposed model can be
used confidently for design purposes if the required CS loop
gain bandwidth does not exceed 2 kHz.
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Generally,
evaluated in
pedances of
point [7]. As

the current sharing during load transients can be
the frequency domain by comparing output imthe individual modules, observed at the load
shown in Fig. 8, without the CS loop, individual

VRMS have different output impedances

Z;!(s)+

R;

‘

(19)

Frequency [kHz]
Fig. 10, Measured and calculated Bode plots of CS loop gain

g2(s)

Rwl + Z:~ (S)

Note that, if impedances

?...c,,I
.~,.130

10

R WI

on the output impedances of the modules.
Within the CS loop bandwidth, where Tc~>> 1, equations
(15) and (16) can be simplified as

‘1

.PL---

.

~(a,(s) .g, (s)+ a,(s) .g,(s))]

is the CS loop gain of nonidentical modules,

are

201k~&s.re::
k
‘//
o

Tcs(s) = 2. b(s). [K, -K,

and

Z&(s) + R; due to the mismatch of their power-stage and
control-stage parameters. Therefore, the VRM output currents
during the load transient can differ significantly. The purpose
of the CS loop is to modi~ individual output impedances
Z~~ (s)+ R~ and Z&(s)+ R;, observed at the load pOint

As it was demonstrated

in Section

II, at the frequencies

below 10-20 kHz, VRM output impedances

Z&(s)

and

Z~L(s) are programmed by the droop circuits of the modules
and can be approximated by their dc values. These dc values
have to be accurately matched in order not to exceed specified value of the steady-state CS error. If impedances
Z&(s)

and

Z&(s)

are

matched,

then

impedances

z&(s)
+ Rw, and Z~L (s)+ RW2, observed at the load point
before closing the CS loop, are also matched, if RW1=R~z.
The last condition is satisfied if VRMS have a symmetrical
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before closing the CS loop, are also matched, if RWI=RWZ.
The last condition is satisfied if VRMS have a symmetrical
layout with respect to the load. It is also satisfied if the remote
sensing
of VFW
output
voltages
is implemented
(RW1=RW,=O).
When impedances

Z~Ia(s)+ Rw, and Z&(s)+

Z&(s)+

Rwl and Z&(s)+

matched, equations (19) and (20) indicate that the CS loop
changes individual module output impedances in the direction
of their convergence. For example, if Rw, > Rwj , then
> g~ (s),

and by the CS IOOPaction the impedance of

VRM #l is reduced from Z~z (s)+ Rw, to one specified by
(19), whereas the impedance of VRM #2 is increased from
Z~,J(s)+ RWZ to one specified by (20). Therefore, matching
of impedances Rwl and RW2is not critical, but, to compensate
for this mismatch during load transients, the CS loop must
have sufficient bandwidth. To illustrate this point, Fig. 11
shows calculated magnitude plots of output impedances
Z&. (s) and Z~:y(s), observed afler closing the CS loop, as
well as impedances

Z~~ (s)+ Rw, and Z~~ (s)+

Rwl,

Ob-

served 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
impedance

Z&(0)

= Z& (0),

but different
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Fig. 11. Magnitude plots of VRM output impedances, observed before
and after closing the CS loop.

Rwl

at high frequencies is not feasible, low bandwidth of the CS
loop has no negative impact on the dynamic performance of
paralleled VRMS.
When interconnect impedances Rw, and Rwz are not

g,(s)

,,, ,,,,,
Z:L+R;L.

Rwz are

matched at low frequencies, improvement of their matching at
higher frequencies can be accomplished only if the CS loop
has a bandwidth well above 10-20 kHz. However, practical
design of the CS loop with the bandwidth above 10-20 kHz
can hardly be accomplished. It violates the well-known
guideline that the bandwidth of the CS loop should be
selected much lower than the one of the voltage feedback
loop which is typically in the 50-100 kHz range. Violation of
this guideline can cause severe interactions between CS and
voltage loops that affect the system stability. Since practical
matching of impedances

Magn. [dBOhm]
-58

interconnect

resistance. The magnitudes of impedances, shown in Fig. 11,
were calculated for two values of the CS loop bandwidth:
150 Hz and 1.5 kHz. Comparison of the plots in Fig. 11
clearly demonstrates that high bandwidth of the CS loop is
essential for matching of the modules’ output impedances.

TABLE I.
PARAMETERSOF NONIDENTICAL MODULES.

VRM # 1
VRM #2

VKEF
[v]
1.515
1.485

LF
[nH]
75
150

cF
[mFl
3.0
6.0

FM
~v-l
2.0
1.0

C9
[nF]
176
330

Rw
[m]
0.1
0.4

comprehensive small-signal model of the paralleled VRMS
was developed. In addition, the CS loop gain, which
determines the stability of the CS control and which can be
verified by hardware measurements, was identified. Finally, it
was found that a wide bandwidth of the CS loop is critical for
dynamic current sharing between VRMS with unmatched
interconnect impedances.
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the stability and dynamic performance of the CS control, a
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