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A Novel, Low-Cost Implementation of
“Democratic” Load—Current Sharing
of Paralleled Converter Modules

Milan M. Jovanovi¢, Senior Member, IEEE, David E. Crow, and Lieu Fang-Yi

Abstract— A simple, low-cost, and robust “democratic” (au-
tonomous) current-sharing (CS) circuit is proposed and analyzed.
The circuit maintains good CS among the modules by properly
adjusting the voltage references of the modules based on the
differences between the average current of the paralleled modules
and the currents of the individual modules. Design guidelines for
achieving a desired CS performance are given and verified on a
number of de/dc modules operating in parallel.

I. INTRODUCTION

ENERALLY, 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 operation, and better load
regulation. System-wise, paralleling allows for redundancy
implementation, expandability 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 paralleled modules.
A variety of approaches, with different complexities and
current-sharing (CS) performances, were proposed, developed,
and analyzed in the past [1]-[15]. Among these approaches,
the most attractive are those that provide the desired CS
without implementing a master/slave configuration or requir-
ing a separate current-share controller. These “democratic”
(also referred to as autonomous [3] or independent [10]) CS
approaches, which allow each module to operate either as a
stand-alone unit or as a parallel module, make possible the
implementation of true N + 1 redundant systems.

Generally, democratic CS can be implemented using two
approaches. The first approach, known as the “droop” ap-
proach [6], [8], [10], [12], [13], relies on the internal (output)
and/or externally added resistance of the paralleled modules
to maintain a relatively equal current distribution among the
modules. The droop method can be implemented in a variety
of schemes, as described in [12]. It is simple to implement,
and it does not require any communication (control-wire
connection) between the paralleled modules. However, the
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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 CS 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]-[8],
[10], [11], [15]. This CS technique requires a single-wire
communication (current-share bus) between the modules in
order to provide the average current information to the current-
share circuits of each module. An implementation of this
current-share technique is described in detail in [7]. A modified
circuit used to implement an IC controller with CS function
is presented in [10]. ‘

Generally, the ‘“current-share-bus” technique employs an
operational amplifier (current-error amplifier) in. the low-
bandwidth, current-share loop to generate a current-error

~signal that is used to adjust the reference voltage [3]-[8],

[10], [11]. In addition, it requires sensing of the load
currents (or currents proportional to the load currents) of
the individual paralleled modules. To ensure the stability of
the paralleled-module system, the current-share loop gain
has to be properly tailored [3], [4]. Otherwise, the system
may exhibit instabilities, especially during load transients
[14]. However, even for a stable system, the operation of
this type of CS circuit may not be satisfactory due to its
high sensitivity to the noise. In fact, the implementation
of the circuit requires very careful layout and grounding
considerations [10].

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 inherently stable, robust, and cheaper to implement.

The paper also presents a detailed analysis of operation
and design guidelines for achieving a desired CS. Finally, the
proposed technique is verified on a number of experimental
dc/dc modules operating in parallel.

II. IMPLEMENTATION AND ANALYSIS

The parallel connection of two dc/dec modules that employ
the proposed CS circuit is shown in Fig. 1. Instead of using
an operational amplifier to process the current-error signal
[31-18], [10], [11], the proposed circuit employs a comparator
followed by a low-pass filter (passive integrator) consisting
of Ry, R3, and C. Current source Is represents the sensed
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Fig. 1. Parallel connection of two dc/dc modules that employ proposed CS circuits. R., and R?, represent interconnect (cable) resistance between outputs

of modules and load. If not stated otherwise, it is assumed that R}, = R2

current that needs to be proportional to the output current I,
ie., Is = Kglp, where Kg is the current sensing gain. If
sensing resistor Rg is much smaller than R; (Rs < Ri),
then the voltage across Rg is independent of R;, and it is
given by VS = Rs_ls.

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

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

It should be pointed out that although in the following anal-
ysis only the parallel connection of two modules is considered,
the proposed CS approach is 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

Ry

of operation and the characteristics of the circuit in the
simplest, easiest, and most obvious manner.

A. Principle of Operation

To further facilitate the explanation of the CS operation,
Fig. 2 shows only the CS circuit of the modules.

Generally, the desired current distribution among the mod-
ules is achieved by comparing voltages across the sensing re-
sistors V¢ 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 effectively
change reference voltages VA and V3 according to the duty
cycle of the comparator-output voltages v.__ and v?
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