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Loop Gain Measurement of Paralleled DC DC
Converters With Average-Current-Sharing Control
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Abstract—Paralleled operation of dc—dc converters is widely
used in today’s distributed power systems. Special control circuitry
is usually necessary to ensure current sharing among the paral-
leled modules. The average-current-sharing control method is very
popular due to its simple implementation and good performance.
Although the analysis and design of the average-current-sharing
control were presented in the past, a loop gain measurement tech-
nique has not been published. This paper presents a practical loop
gain measurement technique that uses two excitation sources. Mea-
sured and theoretical data are compared to verify the proposed
technique.

Index Terms—Average-current-sharing control, current shar-
ing, current-sharing loop gain, loop gain measurement, paralleled
dc—dc converters.

|I. INTRODUCTION

ARALLEL operation of dc dc converters is widely used in
P today s distributed power systems due to redundancy, ex-
pandability of output power, easy standardization, and improved
thermal management. Generally, it is desirable to distribute the
load current equally among paralleled converters. However, be-
cause of limited component tolerances and an asymmetric layout
of the converters, their output currents can be signi cantly dif-
ferent. To balance the load current among the paralleled mod-
ules, a variety of approaches, with different complexities and
current-sharing performances, were proposed and employed by
industry [1] [6].

The simplest current-sharing technique is the open-loop
(droop) method [1] [3], which relies on the output resistance of
paralleled modules to maintain relatively even current distribu-
tion among the modules. The droop method is easy to implement
and it does not require any communication (control wire con-
nection) between the modules. However, this technique has poor
output voltage regulation as a result of droop output character-
istics and requires individual converter reference voltages to be
trimmed to closely match each other.

More complex, closed-loop (active) current-sharing tech-
niques [3] [10] overcome the disadvantage of poor output regu-
lation by employing feedback control. One of the most popular
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Fig. 1. Simpli ed block diagram of paralleled converters with average-

current-sharing control.

closed-loop methods is an average-current-sharing method [10]
due to its simple implementation and high performance. A sim-
pli ed functional diagram of paralleled converters with average-
current-sharing control is shown in Fig. 1.

The output currents are sensed and compared to average con-
verter output current iay. The resulting current-sharing error
signals are then processed by current-sharing-error ampli ers
(CSEAs) and injected in the voltage loops of paralleled mod-
ules. When the CSEA gain is high, the corresponding current-
sharing error is low, and currents of the paralleled modules are
essentially equal.

The steady-state performance of the average-current-sharing-
control technique was analyzed in [9]. For paralleled converters
delivering power to modern data processing equipment, the dy-
namic current-sharing performance during fast slew-rate load
transients becomes more and more important. To provide ad-
equate transient current sharing, the high bandwidth of the
current-sharing loop as well as ample stability margins are re-
quired. The dynamic modeling and analysis of average-current-
sharing control can be found in [4] and [11] [14]. Perhaps the
most general and systematic analysis was presented in [12]
and [13]. Although the references contain dynamic modeling,
analysis, and design of average-current-sharing control, none of
them offers a method of measuring the current-sharing loop gain
in the hardware setup. The purpose of this paper is to propose
a practical technique for measurement of the average-current-
sharing loop gain, derive the theoretical loop gain, and compare
the measured and calculated results.
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Fig. 2.

Il. CURRENT-SHARING MODELING AND CALCULATED LooOP
GAIN OF PARALLELED DC DC CONVERTERS

A detailed schematic of two paralleled buck converter mod-
ules with synchronous recti ers (SRs), which employ the
average-current-sharing control, and the list of component val-
ues are shown in Fig. 2. Blocks Kp represent the gain of load
voltage resistive dividers and resistors Ry represent the inter-
connect impedance. The modules in Fig. 2 are identical except
for mismatched reference voltages Vrer1 and Vgreg2. Current
balancing of modules output currents is achieved through bal-
ancing of their inductor currents i, ; and i _,. Balancing of the
inductor currents has the advantage of lossless current sens-
ing [15]. Namely, the module inductor current is sensed based
on the voltage drop across equivalent series resistance (ESR)
R of inductor L. The voltage across inductor Lg is ampli-

ed and averaged by differential ampli er U1, whose transfer
function has a low-pass Iter property. Voltage V sense at the
output of ampli er U1 is related to inductor current i, as

Vsense = ILZx (1)

where Zx = R1g/Rys ¢ (RL +seLg )/(1 +S*Ryg Cls).
\oltage V syare 0N the current-share bus is the average of
signals V sense1 and V sense2

1
V sHARE = Q(V sensel + V sensE2). 2

The difference between sensed voltage V sense and current-
share bus voltage V sy are is proportional to the current-sharing
error. This error isampli ed by differential ampli er U2, which
has a transfer function Gecs = (R7/Rg)/(1 +s*R7+Cy).

Simpli ed circuit diagram of paralleled POL converters and list of component values.

Resistor R2 at the output of ampli er U2 converts voltage
V cs into current, which is injected into the voltage loop, as
shown in Fig. 2. Current-sharing signals V ¢s; and V ¢sz, which
inject currents in the voltage loops, are derived as

Vsense:r  V seNsE2

Vcs1 = Ges

Vsense2  V seNnseL

Vcs2 = Ges =

> Vst (3)

Equation (3) indicates that signals V cs1 and V ¢s2 are equal
in magnitude, but opposite in phase. Error ampli er U3 of the
voltage feedback loop is described by

Gea2Vcs (4)

where Gea1 =2ZF /Z. and Gea2 =Z¢ /Rz

The averaged model of two combined power stages is shown
in Fig. 3. Resistors R_oss in Fig. 3 model conduction losses of
the switch and SR. The combined power stage is described by

Vea = Gegai1Vioap

Vo1 = Gyed; + Gyd; V oz = Giyd; + Gygd;
(5)
iL1 = Gigdy + G{§d, iL, = Gijd; + Gjgd, (6)
Gva + Gy
2+ Rw/Z oap

V Loap =

*(d; +dy) ()

where Gvd = Vo]_/dl =V oz/dz, Gid = i|_;|_/d1 = i|_2/d2
are direct transfer functions, and G{§ =V 02/d; =V 01/d;,
6 = iL1/d, = i »/d; are cross-coupling transfer functions.

Authorized licensed use limited to: Milan Jovanovic. Downloaded on January 9, 2009 at 17:39 from |IEEE Xplore. Restrictions apply.



2944

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 6, NOVEMBER 2008

Fig. 3. Averaged model of merged power stages of two paralleled modules.
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Fig. 4.

Block diagram of two paralleled modules.

Based on (1) (7), the control block diagram of paralleled
modules with remote voltage sensing is shown in Fig. 4. Since
the diagram is symmetrical and V cs1 = V ¢s2, duty cycles
d; and d, are also equal in magnitude and opposite in phase,
namely, d; = d,. Based on (6) and (7)

Vioap =0 and i1 = L. (8)

Relationships (8) allow reduction of the block diagram, as
shown in Fig. 5. Since V Loap = 0, signals excited by sources
V nd; and V nd, cannot propagate to the power stages of the
opposite modules, and therefore, G{5 = 0 and G5 = 0.

Based on the reduced block diagram in Fig. 5, the current-
sharing loop gain is nally derived as

Tcs = Gea2FmGigZx Ges. )

It should be noted that power stage transfer function Giq =
i_1/d; in(9)iscalculated with the shorted load since V L oap =
0. This condition also means that current-sharing loop gain Tcs
is independent of the load.

Derived loop gain T¢s is practical since it provides the ba-
sis for conventional design of current-sharing error ampli er
transfer function Geg in the frequency domain.

Fig. 5.

Reduced block diagram for loop gain derivation.

I1l. PROPOSED CURRENT-SHARING LOOP GAIN HARDWARE
MEASUREMENT

Generally, to measure a meaningful current-sharing loop gain,
it is desirable to identify the location where breaking the loop
interrupts the ow of current-sharing signals of both modules.
At that location, the excitation signal is added and the loop gain
is measured as the ratio of the test and reference signals. Obser-
vation of the diagram in Fig. 4 suggests that the only location
that satis es the indicated condition is location A. If the ex-
citation signal is added at location A, then V cs1 = V ¢s2,
di = dy,Vioap =0,01 = 1.2, i.e., the signal relation-
ships of the original circuit are observed. Unfortunately, point
A exists only on the block diagram and not in the real circuit.
Therefore, a different measurement approach should be consid-
ered. To derive the desired measurement method, the block dia-
gram in Fig. 6 is examined. The excitation source can be added
at the output of ampli er U2 in Fig. 2 where the relationship be-
tween the input and output impedances is maintained [16], [17].
Speci cally, the magnitude of U2 output impedance is much
less than the value of resistor R2. If the single injection source
V ac1 IS added, as shown in Fig. 6, then d;  Vcs1 +V 4
and d, Vs V cs1. Hence, d, = d; and the signal
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Fig. 6. Placement of excitation sources for loop gain measurement.

Fig. 7. Simulated Bode plots of current-sharing loop gain T cs1 with single-
injection source.

balance of the original circuit is violated. To demonstrate the
drawbacks of the single-injection-source measurement, corre-
sponding loop gain Tcs; was simulated using SIMPLIS soft-
ware for paralleled converters, shown in Fig. 2 and plotted in
Fig. 7. Loop gain Tcs; stays below 0 dB level at low frequencies
and goes above 0 dB in the frequency range from 5.3to0 7.6 kHz.
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Fig. 8. Practical setup for current sharing loop gain measurement.

Fig. 9. Implementation of load voltage sensing circuit and EA.

The maximum value of this gain in this range is only 0.3 dB.
Above 7.6-kHz frequency, loop gain T cs; decreases rapidly
with 40 dB/decade slope. This loop gain still carries informa-
tion about the current-sharing loop stability. Namely, gain T cs1
indicates that the loop is stable with the minimum phase margin
of 100 , which corresponds to 7.6-kHz crossover frequency, and
with the gain margin above 20 dB. However, it is not possible
to de ne a meaningful bandwidth for loop gain T cs;. Also,
the traditional design of current-sharing error ampli er com-
pensation in the frequency domain is not possible since there
are two current-sharing ampli ers in the circuit and relationship
between loop gain T ¢s1 and current-sharing-ampli er transfer
function Ggs is not straightforward. Hence, the single-source-
injection measurement technique fails and a more sophisticated
technique should be proposed.

In order to keep the signal balance and measure meaning-
ful loop gain Tcs, two excitation sources V 41 and V 4 are
added, as shown in Fig. 6. Inthiscase,d;  V ¢cs1 +V 41 and
d, Ves2 +Vae V cs1 + V ac. If excitation sources
have the same magnitude and the opposite phase, i.e., V ac2 =

V ac1,thend, = di,V Loap =0,iL1 = iz, andthesig-
nal balance of the original circuit is restored. It is easy to verify
that with two excitation sources the loop gain is the same as
the one given by (9). Therefore, the current-sharing loop gain
measurement can be accomplished with two excitation sources
Vacrand Vo =V ac1.The two sources can be implemented
as voltages of the opposite polarity on two secondary windings
of a three-winding excitation transformer. The secondary wind-
ings should have the same number of turns Ns; = Ns2. A
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