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Abstract - A simple, low-cost, and robust
“democratic” (autonomous) current-sharing
circuit is proposed and analyzed. The cir-
cuit maintains good current sharing among the
modules by properly adjusting the voltage ref-
erences of the modules based on the differ-
ences between the average current of the paral-
leled modules and the currents of the individ-
ual modules. Design guidelines for achieving a
desired current-sharing performance are given
and verified on a number of dc/dc modules op-
erating in parallel.

1 Introduction

Generally, the paralleling of lower-power converter
modules offers a number of advantages over a single,
high-power, centralized power supply. Performance-
wise, the advantages include higher efficiency, better
dynamic response due to a higher frequency of opera-
tion, and better load regulation. System-wise, paral-
leling allows for redundancy implementation, expand-
ability of output power, and ease of maintenance. In
fact, paralleling of standardized converter modules is
the approach that is widely used in distributed power
systems for both front-end and load converters.
When operating converter modules in parallel, the
major concern is load-current sharing among the par-
alleled modules. A variety of approaches, with dif-
ferent complexity and current-sharing performance,
were proposed, developed, and analyzed in the past
[1] - [8]. Among these approaches, the most attractive
are those which provide the desired current sharing
without implementing a master/slave configuration or
requiring a separate current-share controller. These
“democratic” (also referred to as autonomous [2] or
independent [6]) current-sharing approaches, which
allow each module to operate either as a stand-alone
unit or as a parallel module, make possible the imple-
mentation of true N+1 redundant systems.
Generally, democratic current sharing can be im-
plemented using two approaches. The first approach,
known as the “droop” approach [6, 7], relies on the in-
ternal (output) and/or externally added resistance of
the paralleled modules to maintain a relatively equal
current distribution among the modules. The droop

0-7803-2034-4/94/ $4.00 © 1994 |EEE

420

Lieu Fang-Yi

DELTA Electronics, Inc.
3 Tung Yuan Road
Taoyuan, Taiwan, R.O.C.

method can be implemented in a variety of schemes
as described in [7]. It is simple to implement, and
it does not require any communication (control-wire
connection) between the paralleled modules. How-
ever, the major deficiency of the droop method is a
poor load regulation. As a result, the droop method is
not suitable for applications where a tight regulation
is required.

The other method ensures the desired current shar-
ing by adjusting the reference voltages of the voltage-
feedback error amplifiers of the individual modules so
that the deviations of the modules’ currents from the
average current are eliminated [1] - [6]. This current-
sharing technique requires a single-wire communica-
tion (current-share bus) between the modules in or-
der to provide the average current information to the
current-share circuits of each module. An implemen-
tation of this current-share technique is described in
detail in [5]. A modified circuit, which is used to im-
plement an IC controller with current sharing function
is presented in [6].

Generally, the “current-share-bus” technique em-
ploys an operational amplifier (current-error ampli-
fier) in the low-bandwidth, current-share loop to gen-
erate a current-error signal which is used to adjust
the reference voltage [2] - [6]. In addition, it requires
sensing of the load currents (or currents proportional
to the load currents) of the individual paralleled mod-
ules. To ensure the stability of the paralleled-module
system, the current-share loop gain has to be properly
tailored [2], [3]. Otherwise, the system may exhibit in-
stabilities, especially during load transients [8]. How-
ever, even for a stable system, the operation of this
type of current-sharing circuit may not be satisfac-
tory due to its high sensitivity to the noise. In fact,
the implementation of the circuit requires very careful
layout and grounding considerations [6].

In this paper, a novel implementation of the
current-share-bus technique is described. The main
feature of the proposed implementation is that it does
not employ the operational amplifier to generate the
current-error signal. As a result, the circuit is inher-
ently stable, robust, and cheaper to implement.

The paper also presents a detailed analysis of op-
eration and design guidelines for achieving a desired
current sharing. Finally, the proposed technique is
verified on a number of experimental dc/dc modules
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Fig. 1: Parallel connection of two dc/dc modules which employ proposed current-sharing circuits. Rl and
R2 represent interconnect (cable) resistance between outputs of modules and load. If not stated otherwise, it

is assumed that RL = R2 = R,,.

operating in parallel.

2 Implementation and Analy-
sis

The parallel connection of two dc/de modules which
employ the proposed current-sharing (CS) circuit is
shown in Fig. 1. Instead of using an operational am-
plifier to process the current-error signal [2] - [6], the
proposed circuit employs a comparator followed by a
low-pass filter (passive integrator) consisting of Rg,
R3, and C. Current source Ig represents the sensed
current which needs to be proportional to the output
current Ip, 1.e., Is = Kslp, where Kg is the current
sensing gain. If sensing resistor Rg is much smaller
than R; (Rs << Rp), then the voltage across Rg is
independent of R, and it is given by Vg = Rsls.

To achieve and maintain the desired current shar-
ing, the CS circuits of the modules are connected
through the current-share bus. The voltage on the

421

CS bus sets the desired output current of the mod-
ules.

In the next subsections, detailed explanations of
operation, current-sharing accuracy, current-sharing
loop stability, and effect on the output voltage of the
proposed CS circuit are presented.

It should be pointed out that, although in the fol-
lowing analysis only the parallel connection of two
modules is considered, the proposed CS approach 1s
applicable to any number of modules connected in
parallel. The only reason for focusing on the two-
module parallel connection is to explain the principle
of operation and the characteristics of the circuit in
the simplest, easiest, and most obvious manner.

2.1 Principle of operation

To further facilitate the explanation of the CS opera-
tion, Fig. 2 shows only the current-sharing circuit of
the modules.

Generally, the desired current distribution among



16-1

1
VS

MODULE 1 MODULE 2

~ Ves ,
R(%
. 1 €.S.BUS 2 . 2
=KRslo lv * Ve=KR,s g
> @
.
1 2
Voj ]r A i Vs
R R Ry
1 ° R : ? Ry " 2
Vjﬁ@ e Ven
+ +
Xy R, cl==y} vZ==c2 R b2
1 4 [} 4 2
Vg Va

Fig. 2: Current-sharing circuits of two parallel mod-
ules shown in Fig. 1. If not stated otherwise, it is
assumed that C! = C? = C and V} = V2 = Vg.

the modules is achieved by comparing voltages across
the sensing resistors V4 and VZ in the CS circuits
of the individual modules with CS-bus voltage Vs,
and by appropriately adjusting the output voltages of
the modules so that the differences between voltages
V4 and V2, and the CS-bus voltage are decreased to
the desired levels. The output voltages are adjusted
by voltages across capacitors C! and C?, which effec-
tively change reference voltages VA and V2 according
to the duty cycle of the comparator-output voltages
Uclom a'nd vzom'

Voltages V¢ and VZ are proportional to the cor-
responding load currents, while the CS-bus voltage,
according to Fig. 2, is

1 2 1 2

VitV _gepgletlo,
2 2

l.e., it is proportional to the average of the output
currents of the individual modules. Therefore, the
current-sharing circuit tries to maintain the output
currents of individual modules equal to the average of
these currents. This conclusion can be generalized for
any number of modules in parallel. -

Figure 3 shows the key steady-state waveforms of
the CS circuit of two identical modules. Since the
modules are identical, they are expected to share the
load current perfectly. As can be seen from Fig. 3, the
modules carry equal average output currents. How-
ever, their instantaneous output currents are differ-
ent; i.e., the output-current waveforms contain 180°
out-of-phase ac components. These ac current com-
ponents are induced by the CS loop due to the in-
evitable ripple of the capacitor voltages vl and vZ.
Namely, when the comparator outputs in the CS cir-
cuits are high, capacitors C! and C? are charged
through R3 with time constant 7., = CR3. Sim-
ilarly, when the comparators’ outputs are low, the
capacitors discharge through Ry with time constant
Taischar = C{R2||R3). The changes in capacitor volt-
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Fig. 3: Key waveforms of two identical (VA = V2 =
Vr) parallel modules shown in Fig. 1 with relatively
small capacitors C* and C? (C! = C? = C).

ages v& and v% induce changes in the output voltages
of the modules, v}, and vé, which cause changes in
output currents i, and ¢%.

For the two-module parallel connection, compara-

tor outputs must be in the opposite states (i.e., if v},,,

is high, v2,,,, must be low, and vice versa) because for

one comparator the voltage across the sensing resistor
(output current) must be higher than the CS-bus volt-
age, whereas for the other this voltage must be lower
than the CS-bus voltage. The comparators change
states when the instantaneous currents of the indi-
vidual modules become equal to the average current
of the modules. If the modules are identical, the duty
cycles of comparator output voltages vl,,, and vZ,,
are 50%. Generally, for any number of modules in
parallel, at any given time, at least one of the com-
parators must be in the opposite state than the others.
The average capacitor voltage vc(w) = Vo as a
function of the duty cycle of the comparator out-
put can be calculated from the equivalent charg-
ing/discharging circuit shown in Fig. 4 as

Vr

Vo = — +Vr
1+ (1 - Des) £241-Dcs

where D¢ is the duty cycle of the comparator out-
put voltage and Vp is the forward voltage drop of the
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Fig. 4: Equivalent charging/discharging circuit.
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Figure 5 shows the plot of V¢ as a function of D¢5.
As can be seen, for small duty-cycle changes around
Dcs = 0.5, the Vo dependence on Dgg is virtually
linear for all R3/R; ratios. For duty cycles higher
than 0.7 and R3/R, > 5, V¢ increases rapidly toward
the reference voltage (Vg = 2.5 V). Finally, it should
be noted that ratio R3/R; has no effect on V%% =
Vr that occurs for Dcs = 1, but only on VZ"" that
occurs at Dcgs=0. A smaller R3/R» ratio increases
the VZ¥" value, and therefore decreases the V¢ range.

Furthermore, from Fig. 2, it can be derived that
the output voltage of the module is dependent on the
average capacitor voltage as

Ry Ry

=14+ 5 )Va+ (Ve — V. 3

Vo (+R4)R+R3(R c) (3

As can be seen from Eq. (3), voltage V¢ effectively

changes the reference voltage of the voltage-feedback

error amplifier. From Eqs. (2) and (3), the adjust-

ment range AVp of Vp, assuming that Rz >> Ry,
is

AVp ymas _ ymin

= Vo(@VC'fnm) - Vo(@cha:c)
= %(VR - Vr) (4)
3

Switching frequency fcg of the comparators in the
CS circuits, and therefore, also the ac component fre-
quency in the output voltage and current waveforms,
is determined by the frequency of the closed-loop com-
plex poles of the output filter of the power stage. To
facilitate the explanation of this claim, Fig. 6 shows
the small-signal, block diagram of a module with the
CS circuit.

In the circuit in Fig. 6, the CS circuit is modeled by
a voltage source that represents the voltage waveform
of the capacitor in the CS circuit. The ac component
of this voltage source serves as the excitation signal to
the close-loop circuit consisting of the error amplifier
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Fig. 6: Small-signal block diagram of module with
current-share circuit.

(E/A), PWM modulator, power stage, and voltage
divider (R5 and R,), which represents the output-
voltage feedback loop. It should be noted that, gen-
erally, the PWM modulator can be of a current-mode
type.

According to Fig. 6, a change in vc (due to un-
avoidable charging or discharging of C) will produce
a response in output Vp at the frequency of the closed-
loop complex poles of the power stage. As a result,
the comparator in the CS circuit will switch at the
same frequency. Generally, this frequency depends on
the open-loop frequency of the complex poles of the
power stage and the amount of feedback (E/A gain)
and can be determined from the root locus plot of the
voltage feedback loop.

Finally, Fig. 7 shows the key waveforms of the par-
allel connection of the two modules with the mis-
matched reference voltages (i.e., Vi > VZ2). As can be
seen, the frequency of the ac current and voltage com-
ponents is the same as for the case of equal references
(Fig. 3). However, the duty cycles of the comparators
are not equal. As a result, the average voltages of C!
and C? are different, i.e., V3 > V2.

2.2 Accuracy of current sharing

As illustrated in Fig. 3, the current sharing of two
identical modules is, as expected, perfect. However,
the modules which are not identical exhibit a current-
sharing error, as can be seen in Fig. 7 for modules
with slightly mismatched reference voltages. Namely,
the difference in the reference voltages (or, generally,
any other source of mismatching) calls for different
average voltages of capacitors C! and C? to correct
the mismatching. To obtain the required average ca-
pacitor voltages vé(w) and vé(w), the duty cycle of

comparator voltage vl = must be different than that
of v2,,,. Since the comparators compare the instanta-
neous load currents of the individual modules with the
average current of the modules, the only way to gen-
erate different duty cycles is to have the current wave-
forms shifted in the opposite directions with respect
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Fig. 7: Key waveforms of two parallel modules with
mismatched references (V4 > VZ) and relatively small
capacitors C* and C? (C! = C? = ().

to the average current of the modules. If Vé > V2, the

I}, waveform has to move up, and the I, waveform
has to move up for the same distance with respect
to the average current level of Ics = (I} + I3)/2 as
can be seen from Figs. 3 and 7. Since the ac com-
ponents of the output voltages are v}, = RLi}, and
vy = R%i%, where R, = R2 = R, are the resis-
tances of the cables connecting the individual outputs
with the load as shown in Fig. 1, the output voltages
also shift with respect to each other, as can be seen
from Fig. 7. The shifting of the waveforms not only
introduces a difference in the duty cycles of the com-
parators, but also introduces a difference between the
dc components of individual output currents, i.e., cre-
ates a current-sharing error. This error is smaller if
the ac components of the individual output currents
are smaller. Since, according to Fig. 6, the magnitude
of the ac output-current component is proportional
to the magnitude of the ac component of capacitor
voltages vl and vZ, the current-sharing error can be
controlled by proper selection of the capacitor values.
Generally, larger values of C! and C? are required for
higher accuracy.

Figure 8 shows the waveforms of the same two mod-
ules as in Fig. 7, but with larger capacitors C! =
C? = C. As can be seen, the ac components of capac-
itor voltages vg and v are very much reduced. As
a result, the ac components of the output currents,
and consequently, the current-sharing error are also
reduced compared to Fig. 7.

2.3 Stability

Due to the presence of the comparator in the CS loop,
the CS loop is inherently stable if the voltage-feedback
loop is stable within the range of the effective voltage
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Fig. 8: Key waveforms of two parallel modules with
same mismatched references (Vi > V2) as in Fig. 7
and five times larger capacitors C! and C? (C! =
C? = C) compared to those in Fig. 7.

reference change. Namely, according to Fig. 6, the
magnitude of the ac component of the output cur-
rent (voltage) is dependent on the gain of the voltage-
feedback loop and the magnitude of the ac component
of capacitor voltage vc. Since the magnitude of the
ac component of vc is bounded and independent of
the CS loop gain, it follows that the magnitude of the
ac component of the output current is proportional
to the magnitude of the ac component of v, if the
voltage-feedback loop is stable. As pointed out ear-
lier, the magnitude of the output current ac compo-
nent can be controlled by properly selecting charging
Tehar and Tg;,cn time constants.

2.4 Effect on output voltage

As shown in Fig. 3, when two identical modules are
connected in parallel, their effective reference volt-
ages will change for the same amount because the
CS-loop comparators will switch with 50% duty cy-
cle. Therefore, the output voltages of the modules
after paralleling will stay equal but will assume dif-
ferent values than before paralleling. As a result, the
load voltage will also change due to the paralleling.
Whether the output voltages after paralleling will be
higher or lower than before paralleling depends on the
output-voltage adjustment procedure before parallel-
ing. If the output voltages are adjusted while the CS
bus is held low, the output voltages will increase af-
ter the paralleling. If the CS bus is held high during
the output-voltage adjustment, the output voltages
will decrease after the paralleling. To help explain
this claim, Fig. 9 shows the load regulation curves
of two identical modules for the above-mentioned ad-
Justments of the output voltage. The separation of
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the curves before paralleling AVp for the adjustments
with low and high Veg can be calculated from Eq.
(4) Since the modules are identical, the correspond-
ing curves for both modules comc1de with each other.
When the modules are connected in parallel, capaci-
tor voltages V2 and V2 change for the same amount
due to 50% duty cycle operation, causing the output
voltages to shift equally from their values before par-
alleling, as shown in Fig. 9.

As can be seen from Fig. 5, V¢ at Des=0.5 is only
slightly different than Vi at Des=0 if R3/R; > 1,
i.e., when Vi is held high. However, V¢ at Deg=0.5
is much lower than Vo at Deg=1, i.e., when Vpg is
held low. As a result, the shift of the output voltages
after paralleling is smaller if the adjustment is done
when the CS bus is held high and the ratio R3/R;
is selected to be high (> 10). This is seen clearly in
Fig. 9, where the load regulation lines of the modules
after paralleling are closer to the regulation lines that
correspond to the adjustment with the CS bus held
high.

This conclusion can be generalized for any number
of modules in parallel. Of course, the voltage shift de-
pends on the number of modules, adjustment proce-
dure, and the output-voltage adjustment range given
by Eq. (4). Generally, the voltage shift decreases as
the number of modules increases.

3 Design Guidelines

The design of the CS circuit requires a proper selec-
tion of resistors Rg, Ry, R2, and R3 and of capacitor
C.

The value of Rg is determined by the choice of the
sensing network and its gain. While the resistive sens-
ing is a viable approach to sensing low currents,-the
transformer sensing is a more practical approach to
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sensing larger currents. In fact, for modules that em-
ploy a current-mode control, the existing current sens-
ing device can be also used for the CS loop sensing.
To avoid the dependence of the sensed voltage Vg on
the value of R;, R; should be selected much larger
than Rs. A good choice is to select R; ten to twenty
times larger than Rg. Finally, it should be noted that
Rs and R, need to be high-precision (small tolerance)
resistors since the differences in their values affect the
accuracy of current sharing.

Resistors Ry and Rg, for given voltage divider re-
sistors B4 and Rs, set the range of the output volt-
age. This range must be within the specified regula-
tion range, V3" - V5e® of the modules. Assuming
that B3 >> Rz and that the adjustment range of the
output voltage is equal to the regulation range, i.e.,

AVp = VFes — V"”" R3 can be calculated by solvmg
Eq. (3) as
(Ve — Vr)
R3 = R5 maz min ° (5)
vger = v

To satisfy Rz >> R,, Ry should be selected at least
10 times smaller than Rj.

With the above calculated values for resistors R
and Rj3, the CS circuit can maintain the desired cur-
rent sharing for mismatched modules whose output
voltages before paralleling are within the specified reg-
ulation range when their CS-bus lines are held low, as
long as the cable resistances that connect the outputs
of individual modules to the load (R, in Fig. 1) are
the same. Otherwise, this range can be smaller or
larger, depending on the cable resistance differences
8].

As described in Sec. 2.2, the value of capacitor C
determines the accuracy of the current sharing. Gen-
erally, higher values of C result in better current shar-
ing. However, the transient response of the CS loop
becomes slower as the value of C is increased. As a
result, the dynamic current-sharing performance may
degrade for excessively large values of C. Therefore,
the minimum value of C which meets the desired ac-
curacy spec should be taken. To determine this value
analytically, it is necessary to know the closed-loop
gain of the voltage-feedback loop at the current-share
loop frequency. Without resorting to the computa-
tion of this gain, a good rule-of-thumb value for the
capacitor selection is that the capacitor voltage peak-
to-peak ripple should be kept below 1% of the dc level
to achieve current-sharing accuracies of around 1%.

Finally, the selection of the comparator in the CS
circuit does not require any special considerations.
Since the CS loop is a slow loop, the comparator speed
is not critical, and therefore, a cheap, all purpose com-
parator can be used. In fact, to further reduce the
component count, an open-collector comparator with-
out a pull-up resistor can be used. The operation of
the CS circuit is identical with that with the compara-
tor with a pull-up resistor, except that the comparator
output voltage veom in the high state follows the ca-
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Fig. 10: Oscillograms of key waveforms of two exper-
imental modules connected in parallel with identical
references Vi = VEZ =25V and C' = C?=C =330
nF at V;,, = 48 V and I, = 10 A. Scales: v oy, - 1
V/div; ve - 50 mV/div; Ip - 0.1 A/div.

pacitor voltage instead of being pulled up all the way
to the rail voltage. Lastly, since the comparator does
not have any hysteresis, it requires a filter at the in-
put terminals to eliminate false triggering due to the
noise.

4 Experimental Evaluation

To evaluate the performance of the proposed CS cir-
cuit, three identical experimental 5V/15A, dc/dc for-
ward converters operating at 300 kHz were built for
the input voltage range from 40 V to 60 V. The follow-
ing components for the CS and the voltage-feedback
control circuits, according to labeling in Fig. 1, were
used: Rg =0.1 K, Ry =1K, Ry =43 K, Rz = 100
K, C=220 nF, Ry = Rs = 10K, Zr = Ry = 1K,
and Zpp = Crp = 22 nF. The values of the major
components of the power stage are: turns ratio of the
transformer N=2.5, filter inductor Ly = 15 pH, and
Cp = 4700 pF. The control was implemented using
the current-mode controller UC3825. The informa-
tion about the output current was obtained indirectly
by measuring the primary current. The sensing was
done by using the same current transformer which was
used to implement the current-mode control.

Figure 10 shows the oscillograms of the key wave-
forms of two experimental modules connected in par-
allel. As can be seen, the frequency of the current-
share loop is around 500 Hz, which represents the
frequency of the closed-loop complex poles of the
power stage (note that natural undamped frequency
of open-loop complex poles of the power stage is
fo =1/+/LrCFr = 600 Hz. The waveforms in Fig. 10
are in good agreement with those in Fig. 3 except that
in the oscillogram, the crossovers of the load-current
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waveforms occur before the moments the comparators
change states. This is caused by the delay introduced
by an RC noise-filtering network at the input of the
comparators. With reference to Fig. 2, this filter con-
sists of resistor B, = 10 K, connected in series with
the positive input of the comparator and capacitor
Cn = 10 nF, connected right across the comparator
input terminals.

Table 1 summarizes the current-sharing measure-
ments for two paralleled modules with mismatched
references (V3 = 2.5 V, V2 = 2.45 V) without and
with the current-sharing circuits connected. As can be
seen, the CS circuit dramatically improves the load-
current distribution among the modules. The relative
current-sharing error, I3, ~ I(Z)(dc)|/(IL/2), when
the CS buses are not connected is in the 20% to 135%
range, depending on the load current. With the CS-
busses connected, the current-sharing error decreases
significantly. For C' = C? = 330 nF, the current-
sharing error reduces to 7.2% at light load (I =5 A)
and to 0.8% at full load (I, =30 A). As explained
earlier, larger values of C! = C? decrease the ac com-
ponents of the output currents (I})(ac), Ié(ac)), and,

consequently, give better current-sharing accuracies.
For C' = C? = 1.5 uF, the current-sharing accuracy
is better than 1% in the entire load range. At the same
time, the measurements of the dynamic current shar-
ing during large load transients (from 10% to 100%)
showed no noticeable increase in the current-sharing
€rTor.

Finally, Table 2 summarizes the experimental re-
sults for a parallel connection of three experimen-
tal modules with the mismatched reference voltages
(VA =25V, V& = 2475 V, and V§ = 245 V).
As in the case of two paralleled modules, the CS cir-
cuit dramatically decreases the current-sharing error.
Without the CS buses connected, the current-sharing
error is in the 26% to 176% range. However, when
the CS busses are connected, the current sharing er-
ror reduces to 10.4% at light load (I =7.5 A) and
to 2.2% at full load (I =45 A). It should be noted
that in the entire load range, the maximum absolute
current-sharing error max|IZ)(dc) — IJO(dc)‘ is less than

330 mA.

The larger relative current-sharing errors in the
three-module parallel connection compared to those
in the two-module connection are caused by small dif-
ferences in the power stage parameters of Module #3
compared to the other modules. Namely, as pointed
out earlier, in the experimental converters, the mea-
surements of the output currents were done indirectly
by sensing the primary currents. As a result, any
mismatching of the power stage parameters such as,
for example, transformer magnetizing inductance and
turns ratio and/or efficiency, introduces errors in the
output currents of the modules. If the output currents
are directly measured, the differences in the power
stage parameters do not affect the accuracy of the
current sharing.
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20 || 11.54 846 499 491 308 || 10.12 0.08 9.88 0.08 511 5.10 24 10.04 0.03 9.96 0.03 5.11 5.10 0.80
25 || 13.95 11.05 499 490 232 {1262 0.08 1238 008 511 510 19 12.55 0.02 1245 002 511 510 0.8
30 [[1634 1466 499 490 17.8 || 1512 008 1488 008 511 509 0.8 15.04 0.02 1496 002 5.11 510 0.53

Table 1: Measured current-sharing performance of two paralleled experimental modules with mismatched refer-
ences (VA =2.5V, V2 =2.45 V). Relative current-sharing error in % is defined as [|I(1)(dc)— I(Z)(dc)l/(IL/2)]100%~

Without CS Bus Connected With CS Bus Connected
C=1.5 uF
Iy I} I? I A V2 V3 Error I; I? I v} V? V2  Error
WlW W W v MM ®m A W WV VM V) (%
7.5 2.02 054 494 5.00 496 509 176.0 2.54  2.61 235 5.09 5.09 509 104
15.0 457 310 7.33 500 4.96 5.09 846 5.06 510 484 509 5.09 509 5.2
22.5 7.11 570 9.69 5.00 496 509 53.2 7.58 758 734 5.09 5.08 5.09 3.2
30.0 9.66 8.32 12.02 5.00 495 509 37.0 || 10.11 1006 9.83 5.09 5.08 5.09 2.8
375 || 11.87 11.70 13.93 5.00 4.99 5.09 17.8 || 12.62 1256 1232 5.08 5.07 509 24
45.0 || 13.06 17.00 14.95 5.00 512 5.09 26.3 | 15.13 1507 1480 5.08 5.07 509 2.2

Table 2: Measured current-sharing performance of three paralleled experimental modules with mismatched
references (Vi =2.5 V, V2 =2.475 V, V3 =2.45 V). Relative current-sharing error in % is defined as [max

T ey = Thaey |/ (1L./3)1100%.

5 Summary

A simple, low-cost, and robust “democratic” current-
sharing circuit is proposed and analyzed. Detailed
explanations of operation, current-sharing accuracy,
current-sharing loop stability, and the effect on the
output voltage of the proposed circuit are presented.
The current-sharing performance of the proposed
scheme is evaluated experimentally on the parallel
connection of two and three, 5V/15A, forward con-
verter modules.
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