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Introduction
When designing low-voltage power systems to

supply large load cunents, paralleled lower-cunent
modules are often preferred over a single, large
power converter for several reasons. These include
the efficiencies of designing and manufacturing
standard modular converters which can be com-
bined in whatever number necessary to meet a
given load requirement; and the enhanced reliability
gained through redundancy. Additional gains are
often achieved in mechanical packaging consider-
ations and in distributed heat removal.

While most modem-day power supplies can be
paralleled for higher currents, the load current will
not share equally between modules without some
extra effort in the design process. With unequal
load sharing, the stress placed on the individual
modules will be unequal, resulting in some units
operating with higher temperatures--a recognized
contributor to reduced reliability .Therefore, the
challenge in paralleling modular supplies is to
insure predictable, uniform current sharing-regard-
less of load levels and the number of modules.
Another major goal should be to provide enhanced

system reliability through complete redundancy such
that the failure of one or more modules could be
tolerated as long as the total remaining capacity is
equal to or greater than the demands of the load.

Over the years, a variety of schemes have been
devised to accomplish load sharing and, as one
would expect, these schemes offer a wide range of
performance characteristics. A brief description of
some of these approaches will, perhaps, be useful in
comparing their performance capabilities against the
degree of difficulty in their implementation.

Current Limit Paralleling
The connection diagram for this most basic ap-

proach is shown in Figure 1 where it can be seen
that each unit is completely independent except for
the common load. Each individual module must
have inherent current limiting because in practice,
the output voltage of all the modules will never be
exactly equal. Thus, when several modules are
paralleled, the one with the highest output voltage
will attempt to supply all the load cuITent, up to the
point where its current limit is reached. As this unit
goes into current limiting, its output voltage will
fall to the level of the next highest module, which
then begins to conduct and supply additional load
current. When the second module reaches its
current limit, number three starts conducting, and so
on.

Of course, there is no current sharing at all
except for the units which are in current limiting,
and it could be expected that the dynamic load
regulation, particularly as each current limit thresh-
old is passed, would be less than desirable.
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Output Voltage Droop Method
As the name "droop" would imply, this method

of paralleling is accomplished by designing the
individual power modules with a finite output
resistance so that the output voltage falls slightly as
the load current is increased. The modules would
then be connected together as shown in Figure 2. If
the individual units are initially adjusted for equal

culTents at some load. the action of the output
resistances will be to maintain sharing over fairly
wide changes in load demand. If one module were
to conduct less CUlTent. the reduced voltage drop
across its output resistance would lower the voltage
at the sense point. causing it to increase its conduc-
tion and correct for the unbalance. While this
approach has seen considerable usage. it also has
poorer load regulation. and the problem gets worse
as the output resistance is increased to increase the
accuracy of sharing. Additional difficulties result
from the need for accurate initial balancing and the
susceptibility to reference drift in the individual
modules.

Common Point V oltage- Mode Control
Figure 3 shows a paralleling configuration where

the control is achieved by a separate block contain-
ing the load voltage sensing. the system reference.
and a gain stage. The individual modules then only
need to contain the power stage--the ultimate
simplicity if low system cost is a primary objective.

While current sharing will not be perfect if
power stage variables give different switching
waveforms for the same duty cycle command. the

fact that most of the gain is in the single control
unit minimizes this problem and reasonable sharing
can be achieved with excellent line and load regula-
tion over a wide range of operating conditions.
With a single control point, output voltage adjust-
ment or margin testing is also easily accomplished.

The power stages in this configuration can be
designed with a blocking diode at the output such
that if an individual unit fails, the remaining mod-
ules will merely increase conduction to make up for
the loss. However, even recognizing the argument
that the greatest propensity for failure will be with
the high-stress power stages, the fact remains that
in this approach, and the one following, a failure in
the control stage will cause the entire power system
to fail.

Closed Loop Current Mode Control
Current-mode control means that a power supply

is controlled by feedback from both inductor current
and output voltage. Here, each module's current
level is programmed by a voltage control loop and
with this capability, current sharing can be very
exact. The circuit approach for paralleling can
either have a separate controller, as shown above in
Figure 3, or the more usual Master / Slave configu-
ration as illustrated in Figure 4. In either case, the
transfer function between control input and module
current is well defined and a changing control
voltage will cause a proportionate change in each

module's current.
The module unit configured as a master will
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the second is that while each module must have its
own voltage sensing and reference circuitry , they all
must regulate to the same common output voltage
level.

Since there will always be differences between
the individual references--no matter how slight-the
technique used by most implementations is to apply
the current sharing control information to adjust the
voltage reference in each module. Properly done,
this allows each module to achieve a reference
value which equalizes the individual currents within
each module at exactly the value needed to regulate
the load voltage. Since the reference adjustment
range need only be large enough to accommodate
unit-to-unit tolerances, it is reasonable to include an
added feature that allows the module to continue to
regulate, losing only the current-share capability,
should the current control line open.

The means for generating and distributing current
sharing information between the modules is not a
triyial task. The signal should be transmitted with a
single interconnecting line (the Share Bus). It must
be insensitive to noise pickup and parasitic ele-
ments. The modules must current share when the
control signal is present and must continue to
operate when the Bus is either open or shorted.
Typically, this involves adding an Adjustment
Amplifier within each module. This amplifier's
function is to compare a signal derived from that
module's current with that received from the Share
Bus, and to adjust the reference as needed to drive
this difference to zero. At least two techniques have

work singlely as an independent supply for loads
within its rating. However, when higher loads
dictate the need for more paralleled modules, slave
units may easily be added which will automatically
deliver a proportionate share of the total load. The
problem, of course, is that redundancy is achieved
only with the slave units-not with the master.

Independent Current Sharing
While current-mode techniques can give each

module the ability to control its own current,

completely independent sharing typically requires
more effort. Figure 5 illustrates a more desirable
approach for paralleling where each module can act
either as a stand-alone supply, or as a proportionate
member of a paralleled group. A distinction should
be made here between "current-mode control",
which uses an internal control loop derived from
inductor current, and "current sharing", which adds
a current loop based on external module output
current. Current sharing can apply equally to either
voltage or current-mode designs. In Figure 5, the
current sense signal measures the module output
current and its function has no bearing on whether
or not the modules contain an internal current-mode
control loop.

Independent current sharing presents at least two
difficulties, however, which must be overcome in
order to make a connection as shown in Figure 5
practical. The first is the need for a bidirectional
bus for communicating current sharing information
between the modules, (more about this later), and
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noise rejection. One potential difficulty is
that anything which loads down the Share

:~I Bus-an external short or a single failed
Voltage module, for example-could pull down the
Amp ,-,!bus. Average all Vc's entire system. A possible protection against
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Monitor I ~/ Share Bus ment allowed for the reference but, while

this would keep the supplies from collaps-
ing, it would still reduce the load voltage to
the value defined by this adjustment limit-a
limit which must be lower than the expected

I reference tolerance.

Master / Slave Automatic Selection
Properly done, a master/slave system with auto-

matic selection would preclude this mode of failure
as only the master has control and if it fails, the
system would merely select a new master. One such
approach is shown in Figure 7. Here, with the
series resistor replaced by a diode, the reference is
allowed to adjust only in an upward direction. The
Share Bus now represents the highest current being
delivered by any of a paralleled array of power
modules. This is because only the module with the
highest output current can forward-bias its diode
and drive the Share Bus. The differential voltage at
the input to this Adjust Amplifier will force its
output low, leaving the reference unchanged. This
is appropriate because the module initially supply-
ing the highest current already has the highest

reference voltage.
Modules initially supplying lower output currents

would use the Share Bus voltage as an input com-
mand for their Adjust Amplifiers. Their reference
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Fig 6. -Sharing the A verage Current

been successfully used to accomplish this: Average
Current Sharing and Master / Slave Automatic
Selection.

Automatic A verage Output Current

Sharing
This system, which was developed (and patented)

by Ken Small at Boschert, is shown in simplified
form in Figure 6. The module's power stage is
controlled by the Voltage Amplifier in response to
a comparison between the sensed output voltage
feedback and the adjustable voltage reference. The
module's contribution to load current is sensed by
the Current Monitor and a voltage proportional to
output current is applied to the Share Bus through
a series resistor, RSHARE. With the resistors in each
module all summed together at the Share Bus, the
voltage at this node then always represents the
average of all the output currents of all the modules
connected together. If the individual currents are not
equal, there will be voltage drops-either
positive or negative-across the share resis-
tors. The Adjust Amplifiers within each v Ito age
module will then force these signals to zero Feedback

by changing the value of the individual
references for each Voltage Amplifier.

With all modules matching up such that
each one delivers a current equal to the
average of all, excellent sharing can be
achieved. Additionally, since the Share Bus
is not a part of the voltage control loop, its
bandwidth can be low and the Bus can be
decoupled with a large capacitor for good
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than CUlTent and voltage sensing, only a single line
interconnects the modules for current sharing and
each controller communicates with its own power
stage, either directly or through an isolating medi-
um.

The overall block diagram of this IC is shown in
Figure 9, however, its capability and application can
probably be more readily visualized by discussing
the functions separately.

Current Sharing with the UC1907
The UC1907 Load Share Regulator takes auto-

matic master / slave selection one step further by
replacing the diode described above with a unidirec-
tional Buffer Amplifier as shown in the simplified
sketch of Figure 10. In theory, this addition could
eliminate the sharing error caused by the diode's
voltage drop, and deliver perfect current sharing. In
practice, however, this might also result in a con-
stant hunting as modules with coincidently equal
references could fight for position as master. The
solution chosen for the UC1907, which is more
specifically illustrated in Figure 11, is to add a
50mY offset to the Adjust Amplifier (as compared
to the 700mY of a diode). This offset acts as
hysteresis to insure a positive selection of a master.
The amount of output current unbalance can be
determined by dividing the 50 mY offset by the
gain of the current monitor circuit which in the

voltages will be adjusted upwards, increasing their
output currents until the voltage at the output of the
current monitor equals that on the Share Bus.

The forward drop of the master's diode in this
system represents an error in current matching
between modules. The magnitude of the error is the
ratio of the diode voltage drop to the Share Bus
voltage and it represents the maximum deviation
between the master and any of the slaves. A fault
on the Share Bus will now only hold all the Adjust
Amplifiers low, leaving all the references un-
changed. While forced sharing will be defeated, all
the modules will still operate within their tolerances
with sharing determined by their individual current
limits.

The UC1907 Load Share Regulator
From the above discussion, it would appear that

providing good load sharing capability could add a
significant degree of complexity to power supply
design. To ease this task, an integrated circuit
designated the UC1907 has been developed to com-
bine both the voltage regulating and current sharing
functions into a single device. The UC1907 would
normally be built into each power module and
applied as shown in Figure 8 to sense its own
module output current and the output voltage
directly at the load. For maximum accuracy, differ-
ential sensing is used for both measurements. Other
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slave modules are all active, using the Share Bus
voltage to increase their references to the appro-
priate value.

The Adjust Amplifier is a transconductance
circuit, allowing its bandwidth to be limited, and
noise decoupled from the reference adjust loop,
with a single capacitor to ground at its output. The
value of the capacitor can be determined from

Cl=~
21tf

Where f = desired bandwidth and ~ = 3 mSiemens for
the UCI907.

As an added feature, since the master-and only
the master--will have its Adjust
Amplifier driven into low-side
saturation, this can be detected and
used to activate a flag output iden-
tifying which module is acting as
master. This open-collector output
has adequate current capabilities for
an LED or lamp indicator, as well
as serving as a logic output.
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Fig 9. -UCl907 Load Sharing Controller Block Diagram
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UC1907 is 20. This means that the module acting
as master will have an extra 2.5mV across its
current sensing resistor-a fairly low percentage if
full scale is in the l00-200mV range.

As can be seen from Figure 11, the current
monitor circuit has a fIXed gain of 20 with differen-
tial inputs for direct sensing across a low-valued
shunt. While optimized for sensing in the return
line of a power supply, its common-mode range
will allow sensing in the high side as long as V cc
is at least two volts higher. The output of the
Current Amplifier is available through a 100.0.
source impedance for interfacing with external
current monitoring or limiting functions.

Since the Buffer Amplifier can only source cur-
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Adjusting the reference: Before discussing the
reference, there are some aspects of the UCl907
which need to be clarified with respect to ground-
ing. Practical power systems must address the issue
of undefined resistance in series with both the feed
and return lines between the supply and the load.
For accurate load voltage control, high-impedance
Kelvin sense inputs are an important part of the
voltage control loop. In the UCl907, these are
provided by the Voltage and Ground Amplifiers
which can measure the load voltage differentially at
the point of use. To allow the Ground Amplifier
headroom so that it can provide effective system
ground sensing, an arbitrary low-impedance refer-
ence level is established within the UCl907 which
is exactly 250 m V above the load ground. This is
called an Artificial Ground and it serves as a return
point for all the currents associated with the opera-

I!:!]
(4! Son.. ~

VccVrof R.,ge
200to210V

rREF1 ~~ I r;;;;:;--~J~

'1.75Vr-~~~

I

tion of the UC1907. To accommo-
date undefmed voltage drops in the
system power return line, the
UCI907 supply return is connected
closest to the supply, at the most
negative end of the return line.
These three different "ground"
references within the UCI907 are
shown in Figure 12 and differenti-
ated as follows:

Negative Sense (Symbol: * ) -

This is the high-impedance pin
intended for remote sensing of the
load or system ground, bypassing
any voltage drops which might

appear in the power return line. It is the input to
the Ground Amplifier and should be considered as
the "true" ground. Unless otherwise stated, all volt-
age measurements will be referenced to this point.

Artificial Ground (Symbol: V) -This is a
low-impedance reference point which is exactly 250
millivolts more positive than the (-) Sense terminal.
This offset allows the Ground Amplifier to divert
all the control bias and operating cun-ents away
from the high impedance at the (-) Sense input. It
also serves as a point to return all external resistors
and compensating capacitors associated with the
operation of the UC1907.

Power Return (Symbol: nI7 ) -This should be
the most negative voltage available and can range
from zero to -5V below the (-) Sense terminal. It
should be connected as close to the power source as

possible so that voltage drops
across the return line and the cur-
rent sensing resistance lie between
this terminal and the ( -) Sense

point.

With this understanding, we can
F now look at Figure 12 and recog-

rom

~~ont nize that while the reference volt-
age is 1.75V with respect to artifi-

;o.r:'. cial ground, it is actually 2.00V
Bu. with respect to the load. The adjust-

ment range for cuITent sharing must
be enough to encompass all the
tolerances associated with setting
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'175K
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Fig 12. -Reference Adjustment in the UC1907
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the output voltage. In the UC1907, reference accu-
racy is %1.5% (30mV) and the adjustment range is
set at 5% (loomV). The adjustment is accomplished
by adding current to R1 to create a voltage drop
which is defined by the output of the Adjust Ampli-
fier and resistor R2. Q3 clamps the Adjust Amplifi-
er to limit the voltage across R2 to 1.75 V and
therefore, with R1 = 1k, the maximum adjust

voltage is limited to 100mV.

Voltage Control with the UCl907
Figure 13 shows the elements within the UC1907

associated with closing an overall feedback loop to
regulate the power supply output voltage. In addi-
tion to the adjustable Reference and the Ground
Amplifier discussed above, this circuit contains a
Voltage Amplifier intended to serve as a high-gain
error amplifier, and a fixed-gain Drive Amplifier
included to ease interfacing with the power stage.
With most of the gain in the Voltage Amplifier, this
is the place to provide the frequency compensation

necessary to stabilize the loop. The Drive Amplifier
can be used as either a f1Xed-gain voltage buffer or
a voltage-to-current transconductance stage with the
current established externally by RSET. This config-
uration is particularly appropriate for isolated power
supplies where an optocoupler will be used to
transmit the feedback control across an isolation
boundary .The polarity of this control loop is such
that increasing the sense voltage increases the
optocoupler current, a requirement for starting an

isolated power supply.
Figure 13 also shows the usual method for

powering the UC1907, as long as the supply's
output voltage is five volts or above. Note that
while the voltage sense lines are normally connect-
ed as close to the load as possible, the controller's
supply is taken from close to the power stage such
that line drops, the current sensing resistor, and
blocking diode (if present) all tend to raise the chip
supply voltage, rather than reduce it.
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Application Issues

System start-up: Since the current share loop will
normally have a bandwidth limited to something
less than 500Hz, there are dynamic factors to
consider in designing a multiple-module power
system. The addition of CI to the Adjust Amplifier
will limit its slew rate to the value defmed by its
maximum output current of 200uA. Since the
voltage feedback loop will probably be significantly
faster, the start-up characteristics shown in Figure
14 will be typical. These curves assume four
paralleled modules with nominal references lOrn V
apart, ranging from 1.98V on module #4 to 2.OIV
for module #I. It is further assumed that the load is
light enough that current limiting does not come
into play. Under these conditions, at TO the load
voltage and current rise with the speed of the

voltage control loop until the module with the
highest reference regulates the output at TI. At this
time, the other three modules with lower references
are contributing nothing and the full load current is
coming from module # I. During this time, the
Adjust Amplifiers in modules #2, 3, and 4 are
responding but with a lesser slew rate. At 1'2 the
internal threshold of the reference adjust circuitry is
reached and the references on the lower-output
modules begin to rise. At T3, module #2 matches
module #1 and it picks up half the load current,
dropping the module #1 current to 50%. At T4 and
T5 the other modules have completed their adjust-
ment and sharing is complete at T5 with each one
conducting 25%.

The point of all this is to show that at turn-on,
one module may initially attempt to supply the
entire load current and, if the load were heaver, go

into current limiting. This would be
no problem unless the modules are
equipped with over-current shut-
down which might prevent the
system from starting as different
units alternately start up and shut
down. Several solutions are possi-
ble: A faster current adjust loop

25% (although stabilization may be
difficult), a soft-start in the power
stage to slow the initial voltage
ramp-up to less than the Adjust
Amplifier slew rate, or a delay in
the over-current shutdown function.
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Fig 14. -Start-up Timing, 4-Module System (without soft-start or

current limiting).
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Transformer Current Sensing:
While the UC1907 was designed
anticipating that its primary use
would be with a low-voltage-drop,
CUITent-sensing resistor, in high
cUITent applications these resistive
shunts are less desirable. In switch-
mode power supply applications, it
is feasible to current sense ahead of
the output rectifiers, using a cUITent
transformer to develop a higher
voltage signal with minimal power Fig 15. -Current Sense Transformer and Averaging Circuit
dissipation. Figure 15 shows a way Eliminates High Power Current Shunt
of accomplishing this with a for-
ward converter. The load current signal is converted
to a voltage waveform across Rcs. Assuming that
R2 is much greater than Rcs, the voltage on C2
will follow the rising inductor current during the
on-time of the power switches. During the off-time,
C2 discharges slowly through R2 to approximate
the down-slope of inductor current. In this manner,
the average voltage on C2 can be made equivalent
to the average load current through the inductor.

An Off-Line Load Share Application
A possible application for the UC1907 in an off-

line, isolated flyback design is shown in Figure 16.
Here all the control intelligence is provided by the
UC1907 on the secondary
side of the power trans-
former. An optocoupler
passes the control informa-
tion over to the primary
side pulse-width modula-
tor. This modulator could
be implemented with any
of a variety of approaches,
including either voltage or
current mode control. Note
that in this application, the

Reference, Voltage Ampli-
fier, and Opto-Driver
would be needed under
any circumstances and the
UC1907 merely adds
cUITent sharing.
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Load Sharing with Mag Amp Control
The use of a saturable reactor, or mag amp, is a

popular approach for power control where the
power source is an AC square-wave or pulse-width
modulated supply. Controlling a mag amp is ac-
complished by varying its reset cun-ent which, as
shown in Figure 17, is done by driving QI with the
output from the Drive Amplifier. Here again, the
UC1907 provides all the regulating circuitry while
adding current sharing. Note that in this application,
the control is self-powered, using the module's
regulated output as a source of power for both
control bias and the mag amp reset cun-ent. To
provide short-circuit current limiting for a mag
amp, an auxiliary power source would be required.
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Fig 18. -Non-lsolated DCIDC Converter with Load Sharing

Non-lsolated DC-to-DC Converter

Applications
With a non-isolated source providing power for

multiple modules, a11 driving the same load, current
sensing must be done on the high side as shown in
Figure 18. The reason for this is that with a com-
mon source--and a common load-all the sense resis-
tors in the return path would effectively be in
parallel, defeating their ability to monitor individual
module currents. The only limitation which the
UCl907 presents to this configuration is that the
current amplifier has a maximum common-mode
range ofVcc-2V which must be accommodated by
either raising the supply voltage to the controller
-as shown in Figure 18-or level-shifting the current
sense voltage.

Since an optocoupler is not required, the feed-
back signal from the Voltage Amplifier in the
UC1907 is taken from the lset pin of the Drive
Amplifier. With two inversions between the voltage
sense input and the ISET pin, another reversal is
required and is provided by the error amplifier
within the UC1524A. This amplifier is set for unity
or low gain inversion to be compatible with the 0.3
to 4.0V range of the ISET terminal.

In this application, the same sense resistor used
for current sharing is also shown providing informa-
tion for current limiting of the PWM controller. The
Current Amplifier provides both a fixed gain of
twenty and level shifting to a ground reference.
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A Linear Regulator Example
Figure 19 shows the use of the UCl907 as a

load sharing controller for a linear regulator. The
only added components are a Darlington power
stage, plus a transistor which uses the Current
Amplifier output to provide current limiting in
addition to its primary function of load sharing. As
this is another non-isolated example, current sensing
must be done again in the positive power line and
common-mode range considerations must be made.
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Adding Load Sharing to Existing Power

Modules
While the UC1907 is most efficiently utilized by

incorporating it into the initial design of a power
supply, it can also be used as in Figure 20 to
retrofit existing modules as long as provisions for
remote sensing have been provided. In this applica-
tion, the voltage feedback portions of the UC 1907
are unused as the voltage loop is already closed
within the supply. However, current is sensed and
the Adjust Amplifier is used to drive added transis-
tor Ql, providing a variable voltage drop across Rl.
This accomplishes the same function as varying the
reference voltage. Thus, the UCl907 can be used as
a stand-alone add-on for power supplies designed
without a built-in load sharing feature.
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Paralleling Power � Choosing and Applying the 
Best Technique for Load Sharing 

Laszlo Balogh 

ABSTRACT 

Redundant and distributed power systems often invoke the need to parallel power stages for a variety of 
reasons, among them enhanced reliability, enabling the use of standardized designs with varying loads, 
distributing heat sources, and for improved maintainability. However, paralleling usually requires load 
sharing to equalize stresses, and while many techniques have been used, there are many compromises 
between complexity and performance. This topic attempts to simplify the selection process by describing 
and comparing the more popular approaches and, through analysis and example, provide guidelines for 
the designer. Load share techniques from simple droop methods to closed loop current control - as well 
as many variations of each - are included in this material together with the design information to 
simplify their application. 
 

I. INTRODUCTION 
The topic of paralleling power supplies was 

on the sideline of design engineering tasks for 
decades. Except in a few specialized application 
areas like high reliability and redundant systems 
typically used in space, military, 
telecommunication central power systems and 
high end mainframe computers, sharing the load 
current among several parallel operated power 
supplies was not required. 

Recent efforts in standardization, 
miniaturization and the proliferation of high 
current, low voltage power supplies have directed 
additional attention to various techniques to 
parallel power stages. The fundamental difficulty 
using parallel power processing circuits is to 
ensure that the load current is properly distributed 
among the parallel connected power modules. 
Only then, the design can be optimized for the 
highest reliability and lowest cost by ensuring 
equal temperature rise and by minimizing the 
power rating of the individual components. 

As a starting point, it is important to establish 
the purpose and benefits of parallel power 
supplies and accompanying load sharing 
techniques in a typical power system design.  

Standardization � load sharing enables the 
use of lower power, standardized modules across 
several applications promoting design reuse. The 

standardized approach makes power system 
solutions easily transferable between different 
end equipment platforms significantly reducing 
the time-to-market period. At the same time it 
increases component selection by allowing to 
choose from a wider variety of lower power 
components more readily available from different 
manufacturers. 

Modularity � the resulting modularity 
provides great flexibility to the user. Systems can 
be easily reconfigured to accommodate broad 
variety of output voltage and load current 
combinations. Expandability of such a system 
provides a simple way to keep up with increasing 
load current requirements. 

Redundancy � when implemented, 
maximizes system availability in critical 
applications. A redundant system has at least one 
reserve module which provides extra output 
current above and beyond the maximum current 
required by the load. Additional benefits of 
redundant power systems include improved 
maintainability as faulty units can be exchanged 
without system interruption. Furthermore, 
enhanced reliability is achieved through 
operating the modules below their full output 
current rating thus reducing their power 
dissipation and temperature rise. 
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Thermal management � the primary driver 
in all paralleling schemes for lower power 
applications is the decentralized heat dissipation 
of the parallel power stages. By distributing the 
power dissipation among a larger number of 
power components and over an increased surface 
area, thermal management and airflow 
requirements can be kept at a more economical 
level. 

Equalizing temperature rise � it is well 
established knowledge among reliability 
engineers that operating temperature has a 
profound effect on the life expectancy of 
electronic components. A well designed load 
sharing circuit ensures equal distribution of the 
load current among the parallel connected power 
supplies. Matching currents mean equal power 
dissipation, i.e. very similar temperature rise 
which will improve the long term reliability of 
the system. 

Minimizing component ratings � voltage 
and current ratings of electronic components in 
the power supply are proportional to the 
continuous power rating of the circuit. Since the 
accuracy of load sharing has a direct impact on 
the maximum power each power stage has to 
process, the chosen load sharing technique has a 
direct, measurable impact on the cost of the 
system. 

The price to pay for all these benefits is the 
added complexity introduced by the load share 
circuit which varies widely depending on the 
implemented technique. 

II. PARALLELING POWER STAGES 
The simplest concept of paralleling is 

demonstrated in Fig. 1 picturing parallel operated 
power stages controlled by a single control loop. 
The operation is based on a single feedback loop 
and pulse width modulator (PWM). The 
controller generates the duty cycle D which is 
distributed for the main power switches. 

Power Stage 1

Power Stage 2

L

Control

D
VO

VIN

RL

 

Fig. 1. Concept of parallel power stages. 
This approach assumes voltage mode control 

because the single PWM comparator is unable to 
control the individual currents of the power 
stages. Thus, the clock ramp is used to determine 
the necessary duty ratio. In order to achieve load 
sharing among the modules, the power stages 
must be identical. Not only the components, but 
the printed circuit board layouts of the power 
stages must match very well. 

Unfortunately, 100 percent matching is not 
achievable in practice, which will have an effect 
on how well the load current is distributed in this 
system. Component tolerances and parasitic 
circuit elements will ultimately introduce minor 
difference in the effective duty ratio of the power 
stages even though the control duty ratio, D is 
identical for each one of them. 

Since the input and output voltages are 
common for all the parallel units there is only one 
correct duty ratio which satisfies the transfer 
function of the chosen topology. To demonstrate 
this phenomenon, Fig. 2 shows the effective duty 
cycles and energy storage inductor current 
waveforms of two parallel power stages used in 
Fig. 1. 
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D1
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Fig. 2. Effective duty ratio difference and its 
effect on the inductor current waveforms. 

The correct duty cycle always corresponds to 
the longest conduction period of the main switch, 
while energy transfer from the input to the output 
takes place. This can be proven easily by looking 
at the volt-second balance, i.e. current waveform 
in the energy storage inductors. In this case the 
actual output inductor value and switching 
frequency have no effect, since they will 
influence the ripple current amplitude only. 

As shown in Fig. 2, the duty cycle D2 keeps 
the current constant as the starting and finishing 
points of the current waveforms are equal. 
Accordingly, the shorter D1 duty cycle is 
insufficient to apply enough volt-second product 
for balance to be reached. Therefore the average 
current in L2 will decrease until � in steady state 
� discontinuous mode operation is established as 
pictured in Fig. 2. 

Based on these observations, the operation of 
the system can be described as follows: at light 
load, while all power stages are in discontinuous 
inductor current mode (DCM), they will share the 
load current reasonably well. As soon as the 
operation is in continuous inductor current mode 
(CCM), the power stage with the largest effective 
duty ratio will deliver most of the load current 
while the other stages stay in DCM. Their 
average output current will remain relatively low 
and can be estimated as: 

2
I

I PPL
O

−≈ ,  

Considering the above findings the system in 
Fig. 1 would never work, because only one unit � 
with the largest effective duty cycle � could 
operate in continuous inductor current mode and 
it would deliver almost all of the load current. 
Fortunately, there is a balancing mechanism 
which makes this approach useable. As current 
increases in the converter, there are resistive 
voltage drops which work in our favor. Fig. 3 
explains what happens when the resistive voltage 
drop is taken into consideration. 

V2

L1
L2

V1

 

Fig. 3. Volt-second balancing based on parasitic 
resistive voltage drop. 

As current increases in the power stage with 
the largest duty cycle so does the resistive 
voltage drop. Fig. 3 depicts a steady state 
operating point where the voltage drops ∆V1 and 
∆V2 provide the necessary balancing mechanism. 
The required voltage drops correspond to a very 
well defined constant current difference between 
the two output currents. Once this ∆I is 
developed between the two outputs, both inductor 
can operate in CCM thus they will share the load. 
∆I depends on the input and output voltages, VIN 
and VO respectively, transformer turns ratio 
where it is applicable (N=NP/NS), the duty cycle 
difference, ∆D and the equivalent resistance, 
REQV in the path of the current. 
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∆I can be calculated based on the equivalent 
circuit of Fig. 4 which represents a generic power 
stage where all components are transformed to 
the energy storage inductor side of the circuit. In 
this model, R�P is the primary side resistance 
transformed to the secondary side by the turns 
ratio, RSEC is the resistance of the secondary 
winding of the transformer, RSW is the resistance 
of the forward switch, RIND is the winding 
resistance of the inductor and RSR is the 
resistance of the freewheeling rectifier element. 
Depending on the power stage topology, some 
components might not be present in the 
equivalent circuit. 

L
D

1-D

IOVOROFF

R'P RSEC RINDRSW

RON RIND

RSR
VIN
N

 

Fig. 4. Simplified power stage model. 
The calculation is based on the fact that the 

average voltage applied on the left hand side of 
the inductor must be equal to the output voltage 
VO. This condition can be expressed as: 

( ) OOFFOONO
IN VD1RIDRI

N
V =−⋅−⋅






 ⋅−  

which expression can be rearranged as: 

( )( )D1RDRIVD
N

V
OFFONOO

IN −⋅+⋅⋅+=⋅  

From this, the equivalent resistance can be 
found as: 

( )D1RDRR OFFONEQV −⋅+⋅=  

Although REQV is a function of the duty cycle, 
it can be assumed that for small duty cycle 
change its value is constant. After substituting 
REQV and looking at the effect of small change in 
duty cycle: 

EQVO
IN RID
N

V ⋅∆=∆⋅  

which gives: 

D
RN

VI
EQV

IN
O ∆⋅

⋅
=∆  

This equation shows that the current 
difference is constant. The equation can be 
further modified for percentage errors at a chosen 
operating point (IO). It is the ratio of the module�s 
output current deviation to the load current 
divided by the number of parallel power stages 
(n): 

( ) D
IRNn
DV1nIE

OEQV

IN
O %)(% ⋅

⋅⋅⋅
⋅⋅−

=  

The above equation can be used to calculate 
the current sharing accuracy as a function of the 
load current and effective duty cycles of the 
power stages. Since the output current shows up 
in the denominator on the right hand side, the 
percentage of error diminishes at higher output 
currents which is consistent with a fixed current 
error. Finally, Fig. 5 summarizes the load sharing 
characteristic of the system in Fig. 1 using two 
power trains.  

IMODULE both
DCM

DCM
&

CCM
both
CCM

ILOAD

IO1

IO2

IO

 

Fig. 5. Load share profile of parallel power 
stages (single voltage mode controller). 

As mentioned before, one of the main 
disadvantages of this technique is that it can not 
be implemented with current mode control. Even 
simple current limiting can be troublesome using 
only one current sense signal representing the 
sum of the currents in the parallel power stages.  

In order to implement cycle-by-cycle current 
limiting in the individual power stages, parts of 
the PWM logic must be implemented locally as 
shown in Fig. 6. 
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Fig. 6. Parallel power stages with independent 
cycle-by-cycle current limit. 

In voltage mode control, it is still desirable to 
use a single PWM controller to determine the 
operating duty cycle and distribute D between the 
parallel power stages. This master duty ratio can 
be truncated by the cycle-by-cycle current limit 
comparator to protect the individual circuits 
against over current.  

This technique is preferred over duplicating 
the PWM comparators at the power stage level 
because it prevents additional errors due to 
variation between local ramps. Inequality in ramp 
amplitude and ground potentials can easily turn 
into duty cycle difference when using a common 
feedback signal. As shown previously, duty cycle 
difference can cause large discrepancy in output 
currents in absence of a balancing mechanism. 

Of course, once a current comparator is 
introduced to the system for cycle-by-cycle 
protection, current mode control can be readily 
implemented which can maintain equilibrium for 
the parallel connected power stages. Fig. 7 
displays the simplified schematic of a current 
mode configuration for parallel power stages. 

Error Amplifier

VE
VO

VIN

Power Stage 2

Power Stage 1

L D2

L D1

RL

 

Fig. 7. Current mode control for parallel power 
stages. 

This approach still uses a single voltage error 
amplifier for output voltage regulation. The error 
signal, VE is distributed throughout the system. 
The control is based on comparing the peak 
currents of the parallel power stages to this 
common error voltage. The duty cycles now can 
be individually adjusted to maintain similar 
current levels in the parallel connected power 
circuits. Consequently, peak current mode control 
eradicates the large error caused by duty cycle 
inequality. Unfortunately it has its own error 
sources which will determine the performance of 
the system. These error terms are demonstrated in 
the simplified schematic of Fig. 8 and will help to 
quantify the potential accuracy of the technique.  

L
D

VIO,PWM

R1

R2

VGND

VE

IP

RCS

 

Fig. 8. Error sources in peak current mode 
control. 



 6-6

Since each power stage determines its own 
unique operating duty ratio to control the peak 
current in the circuit, the PWM comparator and 
logic must be locally duplicated. The common 
error signal is than compared to the measured 
current sense signal at the input terminals of the 
PWM comparator in each power stage. There are 
three components which affect the accuracy of 
the peak current measurements. According to 
Fig. 8, VGND is the potential difference between 
the analog ground of the error signal VE and the 
respective power grounds which serve as the 
reference potential for the current sense resistor. 
The tolerance of the resistor value itself is 
another source for error. Finally, the input offset 
voltage of the PWM comparator contributes to 
the inaccuracies as well. The following equation 
gives the relationship between the controlled 
peak current and the variables in the 
measurement circuit: 

 ( ) PWMIOCSPDIVGNDE VRIGVV ,+⋅=⋅+  

where the divider gain is defined as: 

21
2
RR

RGDIV +
=  

The peak current, IP can be expressed as: 

CS

PWMIOGNDEDIV
P R

VVVG
I ,)( ++⋅

=  

This peak current is the sum of the peak 
magnetizing and the peak output inductor 
currents as shown in Fig. 9. Therefore, the effect 
of the magnetizing and output inductor value on 
the average output current should be analyzed 
next. These errors are not related to measurement 
accuracy. They stem from the fundamental 
operation of peak current mode control and a 
systematic peak-to-average error. 

L1

L2

IL,PI1

I2

IP
I'L,P

IM,P

 

Fig. 9. Contributions of magnetizing and output 
inductor tolerances to load share error. 

According to the waveforms, the peak current 
can be expressed as: 

PLPMP III ,, '+=  

where 

TD
L
VI

M

IN
PM ⋅⋅=,   

and 

( )








⋅⋅

⋅⋅⋅−
+⋅=

O

OIN
OPL LN2

TDNVVI
N
1I ,'  

The first expression describes the effect of the 
magnetizing inductance while the second 
equation gives the peak-to-average error as a 
function of the output inductor value. Equating 
the two expressions of IP and solving it for IO 
yields: 
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TABLE 1. ABSOLUTE AND PERCENTAGE ERRORS IN CURRENT SHARING USING PEAK CURRENT MODE 
CONTROL 

 Variable Actual difference (∆IO) Percentage output current error (%IO) 

VIO,PWM IO
CS

1O V
R
NI ⋅=∆  IO

CSO
V

RI
N1E ⋅
⋅

=%  

2 VGND GND
CS

DIV
2O V

R
NGI ⋅⋅=∆  GND

CSO

DIV V
RI

NG2E ⋅
⋅

⋅=%  

3 RCS 
( )( )

CS2
CS

IOGNDEDIV
3O R

R
VVVGNI ∆⋅

++⋅⋅
=∆

 

( )( )
CS

CSO

IOGNDEDIV R
RI

VVVGN3E %% ⋅
⋅

++⋅⋅=

 

4 LO 
( )

O2
O

OIN
4O L

LN2
TDVNVI ∆⋅

⋅⋅
⋅⋅⋅−

=∆  
( )

O
OO

OIN L
LIN2

TDVNV4E %% ⋅
⋅⋅⋅

⋅⋅⋅−=  

5 LM M
M

IN
O L

L
NTDVI ∆⋅⋅⋅⋅=∆ 25  M

MO

IN L
LI

NTDV5E %% ⋅
⋅

⋅⋅⋅=  

 
 
The error contribution of any particular 

variable can be determined by differentiating the 
equation. The differentiation has to be carried out 
one by one for all the variables. The results are 
given in Table 1 above. 

Notice again that all expressions in the right 
column have IO in the denominator indicating 
that the load share accuracy improves at higher 
load currents. Important to note that the load 
share accuracy depends not only the control 
technique, but also on the topology, switching 
frequency and operating point through the 
parameters VIN, D, T and the transformer turns 
ratio, N where it is applicable. Naturally, for non-
transformer-coupled topologies N becomes one 
and the magnetizing inductor term (5) in Table 1 
should be neglected. 

Once the individual error terms are clarified 
the overall load share accuracy can be calculated 
either statistically or for worst case. If a certain 
load share accuracy must be guaranteed, the 
worst case error should be used: 

5E4E3E2E1EEMAX %%%%%% ++++=  

The two paralleling techniques discussed 
before use a single feedback loop and no 
dedicated circuitry to ensure equal current 
distribution between the power stages. These 
methods are capable to share the load current and 
can be implemented with no additional circuitry. 
Despite their simplicity and cost effectiveness 
they are rarely used because their lack of 
redundancy and sensitivity to single point failure. 
Furthermore, they are not truly modular because 
they must share either the duty cycle or the 
sensitive analog error signal generated by the 
error amplifier. Consequently the power circuits 
should be mounted in close proximity paying 
very careful attention to layout, noise and voltage 
drop in the ground connections. These often 
forgotten techniques are included for 
completeness and because they demonstrate the 
fundamental error sources and calculation 
methods in paralleling power supplies. 
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III. PARALLELING POWER SUPPLIES 
What differentiates a power supply from a 

power stage is that it has its own dedicated 
controller. A power supply can operate either 
stand alone or in parallel when the requirements 
of load sharing are addressed in the system. Due 
to the need for stand alone operation these power 
supplies must provide output voltage regulation 
through their respective feedback loops which 
introduces the next level of complexity for load 
sharing. The problem can be easily demonstrated 
by looking at the simplified block diagram in Fig. 
10. 

L

Power Stage 1

Power Stage 2

D2

VO
VIN

RL

L

Control 1 (VM)
D1

Control 2 (VM)

VR1

VR2

PS2

PS1

 

Fig. 10. Parallel connection of power supply 
modules. 

Voltage regulation of a power supply is based 
on a closed negative feedback loop where the 
output voltage is compared to a reference voltage 
by the error amplifier. In case of two independent 
power supplies, it is inevitable that the 
references, VR1 and VR2 in Fig. 10, the feedback 
dividers and offsets are slightly different due to 
manufacturing tolerances. Therefore, each power 
supply has its own, slightly different output 
voltage levels � VO1 and VO2 � where the output 
voltage would be regulated in stand alone 
operation. This slight deviation in the individual 
output voltage levels is referred to as initial set 

point accuracy. A power supply�s set point 
accuracy is determined by the accuracy of its 
reference, output voltage divider, the input offset 
of the error amplifier, and ground potential 
difference as depicted in Fig. 11. 

VO

VE

R1

R2

RFB CFB

Error
AmplifierVR

VGND

VIO,EA

 

Fig. 11. Initial set point error components. 
The voltage level where the output will be 

regulated can be found as: 

( )EAIOGNDRO VVV
2R

2R1RV ,++⋅+=  

It is important to emphasize that ground 
potential difference between the reference points 
of the feedback divider and the voltage reference 
can be a serious contributor in set point 
inaccuracy. Often designers pay close attention to 
the input offset voltage of the error amplifier, 
usually in the millivolts range but neglect the 
potentially tens of millivolts of voltage drop in 
the ground connection which might turn out to be 
a more significant error source.  

The set point accuracy equation can be solved 
using the previously shown partial differential 
method. The results are: 

R1O VV %% =  

R

GND
2O V

VV =%  

R

EAIO
3O V

V
V ,% =  
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214O R

1R
2R1

2V ,%% ⋅
+

=  

The first equation shows that the tolerance of 
the reference voltage directly impacts the set 
point. Assuming that VGND and VIO,EA are 
negligible compared to the reference voltage, the 
second and third components will yield a much 
smaller dependency because the expression 
yields a very small value. 

The effect of the resistive divider is rather 
interesting. Fig. 12 shows the normalized 
solution as a function of the resistor ratio R2/R1. 
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Fig. 12. Normalized output voltage tolerance 
versus feedback resistor ratio. 

The chart covers the ratio from one 
hundredths to hundred and can be read as 
follows: find the actual R2/R1 ratio on the 
horizontal axes and read the corresponding 
multiplier on the vertical scale. If there are 1% 
resistors used in the design, multiply 1% by the 
number just read off the vertical axes. That is the 
contribution of the feedback divider to the initial 
set point inaccuracy. Interestingly, when R1=R2 
using 1% resistors means ±1% output voltage 
variation but the same 1% type resistors can 
cause nearly ±2% output voltage error if R1 is 
significantly larger than R2. 

The worst case set point accuracy is than 
estimated as: 

21RO R

1R
2R1

2VV ,%%% ⋅
+

+≈  

Set point accuracy is an important parameter 
because of its significant effect on the load share 
accuracy in the next couple of techniques to be 
discussed.  

A. Sharing in current limit 
The first technique is called inherent droop 

method where the overload protection of the 
power supply is utilized for sharing the load 
current. Modern power electronic modules are all 
protected against excessive output current by 
their current limit. Typical output characteristics 
of two identical power supplies are pictured on 
the V-I plane in Fig. 13. The effect of their initial 
set point and current limit tolerances are also 
highlighted in the diagram. 

VO1

VO2

ICL1ICL2IO  

Fig. 13. Power supply output characteristics with 
current limit. 

When these two power supplies are 
connected in parallel they will not be able to 
share the output current properly. Remember that 
we are paralleling two completely independent 
building blocks both capable of regulating the 
output voltage, although at slightly different 
levels. One would regulate the output at the level 
VO1 while the other requires an output voltage of 
VO2. Initially, the output of the system is always 
regulated at the highest output voltage, in this 
example VO1, as shown in Fig. 14. As the load 



 6-10

current increases this output voltage level is 
maintained until the power supply reaches its 
current limit point. Unfortunately, all other 
parallel connected power supplies with lower 
initial set points are not delivering any load 
current because their respective error amplifiers 
interpret the common output voltage as being too 
high. Once the power supply with the highest 
output voltage reaches its current limit, its 
operating mode changes from a constant voltage 
to a constant current source. As the load increases 
further the voltage falls to the next highest output 
voltage set point. At that point the second highest 
voltage power supply starts contributing to the 
output current until it reaches its maximum 
output current rating. Eventually, as the load 
current reaches its maximum value, all power 
supplies deliver their maximum output current. 

IO1
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IO2

I M
O
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VO1

VO2

ICL1 ICL1+ICL2

 

Fig. 14. Output characteristic and load current 
distribution of the parallel combination of the 
two power supplies of Fig. 10. 

As Fig. 14 reveals, the output voltage is well 
regulated until the last member of the parallel 
connected group reaches its current limit 
operation. Unfortunately, the load current is not 
shared between the modules. Unless one module 
runs into current limit, the next lower set point 
unit can not deliver any current. This can be 
considered the worst possible scenario from 
reliability point of view. Unless the system is 
fully loaded, there will be power supplies which 
are in current limit while other ones idle at the 
same time causing wide variation in individual 
temperature rises. 

Another potential problem to mention is the 
handover of control between the feedback loops. 
As one power supply reaches its current limit the 
output voltage starts to fall. It becomes regulated 
again at the next lower output voltage level 
where the next power supply can start supplying 
some load current. At this point the control is 
handed over from one power supply to another 
during which transition the output voltage could 
experience a glitch. 

Obviously, this technique needs an accurate, 
reliable current limit. The accuracy of the current 
limit circuit is the determining factor how much 
current each module delivers in a parallel 
scheme. The tolerances of the current limit circuit 
can be analyzed using the equivalent circuit of 
Fig. 8 after replacing the error signal VE with the 
reference voltage of the current limit circuit, VCL. 
Accordingly, the equations listed in Table 1 are 
equally applicable after substituting VE with VCL. 
Additionally, the tolerance of VCL has to be 
added to the error sources which can be 
expressed as: 

CL
CS

CL V
R
NI ∆⋅=∆  

or in percentages: 

CL
CSCL

CL V
RI

VN6E %% ⋅
⋅
⋅=  
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Note that the 
CSCL

CL

RI
VN
⋅
⋅

 term is always one in 

current limit therefore the accuracy of the current 
limit is a direct function of the VCL tolerance. 

While this technique is clearly not 
recommended for load sharing, it highlights a 
couple of important aspects of paralleling 
independent power supplies. Primarily, 
component tolerances will set the output voltages 
apart. This initial output voltage difference 
prevents the units from sharing the load current 
due to the extremely low output impedance in 
voltage regulation mode. The output impedance 
of a power supply is the relationship between the 
change in output voltage in response to a change 
in output current. Once the unit enters current 
limit the output voltage becomes a strong 
function of the load which indicates high output 
impedance. The presence of the output 
impedance is then utilized in this rudimentary 
current sharing mechanism. A more sophisticated 
version of employing tightly controlled output 
impedance can be observed in the droop current 
sharing method.  

B. The droop method 
The technique has got its name from the fact 

that the output voltage of the power supply is 
made to slightly decrease as the load current 
increases. For the cursory observer it might look 
like the output voltage regulation is not working 
properly as the voltage droops at higher loads. 
But this is the result of the carefully selected 
output impedance which is designed into the 
power supply. The operating principle of this 
technique is summarized by a very simple 
equation and corresponding output characteristic 
of a power supply designed with droop method in 
Fig. 15. 

VO(0)

ICLIO

VO

OOOOO IR(0)V)(IV ⋅−=

O

O
O I

VR
∆
∆=

 

Fig. 15. Output characteristic with droop. 
The fundamental difference between this 

output characteristic and the one in Fig. 13 is that 
a finite output impedance � RO � can be observed 
through the entire voltage regulation region. A 
small constant slope of the graph to the left of the 
current limit region indicates the presence of RO. 
The output voltage becomes the function of the 
load current and this phenomenon can be 
exploited for load sharing.  

When two power supplies with droop output 
characteristics are paralleled in a system the load 
share accuracy depends on their initial set point 
accuracy and the tolerance of their output 
impedance according to Fig. 16. 

VO1(0)

IO

VO2(0)
VO

 

Fig. 16. Effects of set point and output impedance 
tolerances on load share accuracy. 
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In the above picture VO1(0) and VO2(0) 
represent the different output voltages with no 
load due to the tolerance of the initial set points. 
The gray shaded area is defined by the output 
impedance variation. VO signifies the common 
output voltage of the parallel connected units 
while ∆IO shows the worst case current sharing 
error between the modules. As the lines indicate 
the load share accuracy will depend on the 
tolerances but even more so on the actual value 
of RO. A steeper slope, corresponding to higher 
output impedance could narrow ∆IO between the 
individual output currents. Unfortunately, higher 
RO also results in higher output voltage variation 
as the load current changes from zero to full load, 
therefore increasing the output impedance is not 
always feasible. 

Since load sharing accuracy in these systems 
depends only on two components the 
mathematical analysis is rather simple. As 
mentioned before, the output characteristic of a 
power supply employing drop method can be 
given as: 

( ) OOOOO IR0VIV ⋅−= )(  

Rearranging the expression for Io and finding 
the partial derivatives yields the following two 
equations for output current tolerances as a 
function of initial output voltage and output 
impedance tolerances: 

)(%)(% 0V
RI
0V1E O

OO

O ⋅
⋅

=  

O
OO

OOO R
RI

IV0V2E %)()(% ⋅
⋅

−=  

Closer examination of the equations shows a 
very large load share error due to the initial set 
point tolerance. The term multiplying the set 
point accuracy number in the first equation is the 
output voltage divided by the droop at a given 
output current. This number is load current 
dependent and it has its minimum value at full 
load in the 50 to 100 range. For example, 
assuming a 2% maximum droop of the nominal 
output voltage gives a minimum multiplier of 50. 
In the second equation the multiplier is one (1) 
which means the tolerance of the output 

impedance shows up directly in the load share 
error and it is constant for the entire load current 
range. The total error is the sum of the two errors. 
Fig. 17 summarizes the behavior of a system 
using parallel power supplies employing droop 
output characteristics. 
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Fig. 17. System voltage and module currents of 
two paralleled power supplies designed with 
droop output characteristic. 

It is interesting to notice the constant current 
deviation due to the initial set point tolerance 
which can be estimated as: 

1O

2O1O
O R

0V0VI )()( −=∆  

assuming that VO1(0)>VO2(0) as pictured in 
Fig. 17. Also shown, that at ILOAD=∆IO the output 
impedance of the system is changing from RO1 to 
the parallel combination of RO1 and RO2. The 
gray shaded area emphasizes the effect of the 
output impedance tolerance. When n number of 
power supplies are connected in parallel the 
system�s equivalent output impedance is the 
parallel combination of all individual output 
impedances. That would suggest that if more 
modules are paralleled the individual output 
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impedances can be higher which should improve 
on the load share accuracy among the power 
supplies. Unfortunately increasing the number of 
modules does not help on the initial set point 
accuracy which is the major cause of current 
imbalance with droop method. Furthermore, it 
can be shown that the OO RI ⋅  product for a 
module remains constant in any system, 
independent of the number of units connected 
parallel therefore the load share accuracy can not 
be improved this way. 

There are many different ways to implement 
the required output impedance � RO � to achieve 
the desired droop output characteristic in a power 
supply. 

Series resistance 
Certainly the simplest idea is to use a low 

value resistor in series with the output of the 
power supply. Fig. 18 shows a typical 
arrangement for implementing RO using a 
discrete resistor.  

Power Stage

L

Control (VM)
D VR

PS VO
VIN

RL

RO

 

Fig. 18. Implementing finite output impedance 
with series resistor. 

The important detail to notice is that the 
resistor must reside outside of the feedback loop. 
So the voltage across the load will have a current 
dependent component. In this case the tolerance 
of the series resistor is known and can be used to 
calculate the respective error component directly. 
Some of the disadvantages associated with this 
technique are the power dissipation of the resistor 
which is detrimental to the efficiency, the cost 
and relatively large printed circuit board area of a 
precision, low value, non-inductive resistor. 

VO

RL

RCS=RO

Voltage
sense

Current sense
 

Fig. 19. Current sense resistor provides output 
voltage droop. 

The problem can be mitigated if the current 
sense resistor � often present for overload 
protection � is used to implement the output 
impedance. This solution assumes that the power 
dissipation is acceptable and it requires the 
reposition of the current sense resistor RCS 
according to Fig. 19. 

Current dependent voltage feedback 
This solution also utilizes the current sense 

information of the power supply to implement a 
finite output impedance but without the 
restriction on the value of the current sense 
resistor. The technique is based on summing the 
output current and voltage information and 
comparing it to a voltage reference by the error 
amplifier. While this approach can be 
implemented in many different ways, Fig. 20 
illustrates an interesting circuit for summing the 
current and voltage information of a power 
supply. 
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Fig. 20. Voltage feedback modulation using 
output current information. 

The current sense amplifier is configured to 
reference the current sense signal to the same 
potential present at the non-inverting input of the 
error amplifier. This allows a simple addition of 
the current information to the feedback signal 
because the voltage across R5 will be 
proportional to the output current only. By 
properly choosing R3 and R4 values, the gain of 
the current sense amplifier is user programmable 
accommodating a wide selection of current sense 
resistor value to minimize power dissipation. The 
ratio of R1 and R5 provides the ultimate 
mechanism to set the output impedance of the 
power supply. The output voltage of the current 
sense amplifier, VCSO in Fig. 20 equals: 

OCSRCSO IR
3R
4RVV ⋅⋅+=  

The circuit controls the output voltage 
according to the following relationship: 

2R
V

5R
VV

1R
VV RRCSORO =−+−  

After substituting the expression of VCSO and 
rearranging for VO: 

 OCSRO IR
3R
4R

5R
1RV

2R
1R1V ⋅⋅⋅−⋅





 +=  

The familiar expression for initial set point 
and droop characteristic can be recognized in this 
equation. The load share accuracy was calculated 
in the previous section as a function of set point 
and output impedance tolerance and those results 
can be applied here as well. The output 
impedance of the power supply is: 

CSO R
3R
4R

5R
1RR ⋅⋅=  

Calculation of the output impedance tolerance 
can be carried out by the same partial differential 
method used earlier which gives the following 
solution: 

CSOO R5R4R3R1RR %%%%%% ++++=  

As this result shows, adding the current sense 
amplifier is beneficial from efficiency and 
flexibility point of view but it increases the 
tolerance of the output impedance. Consequently 
the load share accuracy is slightly lower than in 
the previous example. 

Using a limited gain error amplifier 
This technique takes advantage of the natural 

output impedance of the power supply, best 
observed in open loop operation. The open loop 
output impedance can be defined using the 
equivalent circuit shown in Fig. 21. 

L

VO

REQV

VG
RESR
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ZO,OL

 

Fig. 21. Demonstration of the open loop output 
impedance. 

The circuit consists of an ideal generator, VG, 
the equivalent source impedance and the output 
filter. Since the primary interest is to use the 
power stage�s output impedance to implement a 
droop characteristic, the parasitic resistances, in 
particular REQV must be considered. In open loop 
operation, the steady state output voltage droop is 
caused by the dc output impedance, which can be 
found easily as RO,OL=REQV where 
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( )D1RDRR OFFONEQV −⋅+⋅=  

as defined earlier in connection with Fig. 4. It 
is important to mention that the dc resistance of 
the filter inductor is part of the expression of RON 
and ROFF, thus it is included in the equivalent 
resistance. 

Once a negative feedback loop is 
implemented for voltage regulation, the power 
supply�s output impedance is reduced 
significantly according to: 

DCEA

OLDCO
DCO G1

R
R

,

,,
, +

=  

Assuming that the open loop output 
impedance is known and sufficiently high, a 
targeted output impedance can be realized by 
adjusting the dc gain of the voltage error 
amplifier in the power supply. With an integral 
compensation around the error amplifier the dc 
gain is very high, limited only by the open loop 
gain of the error amplifier. Accordingly, the 
output impedance becomes negligible and 
accurate output voltage regulation, which is 
independent of the load current is realized. 
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Fig. 22. Limited gain error amplifier 
configuration 

On the other hand, using a limited gain error 
amplifier as pictured in Fig. 22, the dc gain is 
limited to: 

1R
5RG DCEA =,  

By choosing R5 appropriately, the error 
amplifier gain can be set to implement the 
desired output impedance. This simplified 
approach is completely adequate to design the 
required droop output characteristic for the power 
supply. For completeness, Fig. 23 illustrates the 
output impedance in the frequency domain and 
the effect of the error amplifier gain with 
negative feedback. 
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Fig. 23. Typical characteristics of the output 
impedance in the frequency domain with limited 
gain error amplifier. 

At dc the open loop output impedance is the 
equivalent dc resistance looking back into the 
output of the power supply. As frequency 
increases, the output impedance rises due to the 
filter inductor. At higher frequencies the output 
capacitor shunts out the inductor and the output 
impedance falls to the value of the equivalent 
series resistance of the output capacitor. The 
solid lines in Fig. 22 demonstrates the effect of 
the limited gain error amplifier. The output 
impedance is reduced in a wide frequency range 
where GEA>1 (0dB) is maintained. Although this 
phenomenon is irrelevant from the output droop 
point of view, it provides useful insight how to 
reduce power supply output impedance in 
general. 

Based on the equation found to determine the 
output impedance with a limited gain error 
amplifier, the accuracy of RO depends on the 
tolerance of REQV and GEA,DC according to: 

R

G
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2RR
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where %REQV denotes the accuracy of the 
source impedance and %R is the tolerance of R1 
and R5 setting the gain of the error amplifier. The 
expression indicates a relatively large tolerance 
of the output impedance because REQV is defined 
by parasitic resistances in the power stage. 
Furthermore, temperature and duty cycle, i.e. 
load current and input voltage will vary the 
output impedance through their effect on the 
equivalent source impedance. 

The limited gain error amplifier can provide 
for a much more accurate output impedance 
design if a unique property of current mode 
control is exploited. In both peak and average 
current mode control the error signal at the output 
of the voltage error amplifier is proportional to 
the output current of the converter as opposed to 
the duty ratio in voltage mode control. This 
fundamental difference in the control principle 
makes it possible to implement a more accurate 
output impedance with a limited gain voltage 
error amplifier in current mode control. 

Using a typical limited gain error amplifier 
configuration as it was shown in Fig. 22, the 
principle of operation can be described and the 
design can be facilitated. Under a no load 
condition the error amplifier output idles at its 
minimum value which is required to regulate the 
output at its initial level. As the load current 
increases so does the error signal amplitude. At 
full load VE reaches its maximum value above 
which the output current can not follow the error 
signal amplitude any more because of the current 
limit circuit � not shown in Fig. 22. Considering 
the current components summed together at 
inverting input of the error amplifier, it is easy to 
see that when VE increases VO must decrease. 
The relationship between VE, VO, VR and the 
resistor values can be expressed by: 

2R
V

5R
VV

1R
VV RRERO =−+−  

From this equation the output voltage can be 
determined as: 

ERO V
5R
1RV

5R
1R

2R
1R1V ⋅−⋅






 ++=  

According to the above expression, the output 
voltage has two components. One is a constant 
value primarily defined by the reference voltage 
while the other one is proportional to the error 
voltage, thus to the load current. These 
components correspond to the initial set point at 
zero load and the droop. Taking into 
consideration that to adjust the output current of 
the converter from zero to full load (ICL) requires 
the error signal to change from its minimum to its 
maximum value (∆VE), the equation can be 
modified to show the output current as a control 
parameter for the droop. 

O
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5R
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2R
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 ++=  

where ∆VE is the control range of the error 
amplifier output. From this the initial set point 
and output impedance of the converter can be 
found as: 

RO V
5R
1R

2R
1R10V ⋅






 ++=)(  

CL

E
O I

V
5R
1RR ∆⋅=  

The tolerances can be calculated using the 
partial differentials as before. After the required 
mathematical manipulations the results are: 

R
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 +⋅+=  

R2IVR CLCLO %%%% ⋅++=  

where %VCL is the threshold tolerance of the 
current limit reference, %ICL is the tolerance of 
the maximum output current including peak to 
average, current sense resistor and other factors 
as defined earlier. It is also assumed that all 
resistors have the same tolerance, %R. 
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Current sharing using droop output 
characteristic is an easy open loop technique 
which can be implemented with minimal or no 
additional components. It works without the need 
for communication between the parallel power 
supplies. Reasonable accuracy can be achieved 
by paying close attention to the initial set point 
accuracy of the individual modules using high 
performance voltage references and minimizing 
resistor tolerances in the feedback system. In 
very low output voltage, high current applications 
the acceptable output impedance might be 
restricted to keep the output voltage within its 
regulation window. This limitation has to be 
considered when choosing the droop method for 
load sharing. 

From an efficiency point of view the series 
resistor technique carries the penalty of a 
potentially high power loss because the series 
resistance is predetermined by the required 
output impedance value. The second example 
where the current sense signal is added to the 
feedback signal provides a lower loss solution. 
Using a limited gain error amplifier in current 
mode control offers probably the most efficient 
way to design the desired droop characteristic. 

C. Active current sharing 
The most sophisticated and most accurate 

load sharing implementations rely on a closed 
loop negative feedback system, very similar to 
those control loops used to regulate the output 
voltage of a power supply. To make this 
approach work two pieces of information must be 
available in the system. One is the actual output 
current of the power supply and the other is the 
desired amount of output current. Since the goal 
is to evenly distribute the load current, the 
desired output current is the load current divided 
by the number of parallel modules. Therefore the 
task is two fold; measure the output current and 
generate the average output current information. 
In order to determine the average output current, 
the modules must be able to communicate, hence 
the units have to be connected. This connection 
which carries the average current information 
between the modules is the load share bus. 

The output current of a particular power 
supply is compared to the average current 
information represented by the load share bus at 
the inputs of an error amplifier. The load share 
error signal is interfaced to the voltage error 
amplifier of the power supply. This error signal 
can be added either to the feedback node or to the 
reference of the voltage error amplifier 
depending on the designers preference. A greatly 
simplified diagram in Fig. 24 demonstrates the 
active current sharing principle. 
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Fig. 24. Active load share principle. 
As it is highlighted in the diagram active load 

sharing modifies the power supply�s voltage 
reference to ensure equal output currents. 
Consequently all errors associated with the inner 
loop�s initial set point and current measurement 
tolerance are eliminated by the load share error 
amplifier�s corrective action. The output current 
measurement circuit of the load share controller, 
the generation of the average current information 
and possible ground potential differences among 
the parallel connected power supplies introduce 
new error sources which ultimately define the 
performance of the active load share technique. 
Many variations exist to produce the average 
current information and adjust the output voltage 
by the load share error signal but all of them can 
be classified into three fundamentally different 
solutions.  
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Dedicated master / slave active load share 
In this arrangement one of the power supplies 

is selected to drive the load share bus using its 
own output current information. All other units 
take this information and adjust their own output 
current to match the current being delivered by 
the master. A typical implementation is pictured 
in Fig. 25. 
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Fig. 25. Load Sharing with a dedicated master 
module. 

Since the master module unilaterally controls 
the bus, the output current of the slave modules 
are not available for the master. Therefore, the 
master does not need a load share error amplifier. 
The load share bus becomes a current command 
for the slave modules. If the slave modules can 
deliver exactly the same current as the master 
then the load is perfectly distributed amongst all 
modules. Consequently, the signal on the current 
command bus still equals the average current 
information in the system.  

The slave modules use an error amplifier with 
negative feedback to match their respective 
output current to the current command signal. 
Depending on the initial output voltages, the 
slave units might deliver either more or less 
current than the master. Accordingly, the output 
voltages of the slave units must be adjustable in 
both directions. Also note that the output voltage 
of the system is defined by the master only in a 
dedicated master-slave system. 

There is one major disadvantage using a 
dedicated master module which impacts fault 
tolerance. If the master module fails, the current 
command is zero, consequently all units try to 
lower their respective output current to match the 
control signal. Generally, it is not possible for the 
slave units to lower their outputs that much 
because of the limited output voltage adjustment 
authority of the load share error amplifier. 
Nevertheless, the load share mechanism is 
decommissioned and the system reverts to a 
group of independent power supplies connected 
in parallel without a balancing mechanism as 
discussed earlier. In addition, output voltage 
regulation might be out of range since all power 
supplies are set to their minimum output voltage 
level by the load share error amplifier. 

Automatic master / slave selection 
The fault tolerance problem of the dedicated 

master-slave method can be addressed by a minor 
modification to the circuitry. Fig. 26 gives an 
idea of an automatic master selection scheme 
where any one of the parallel connected power 
supplies can assume the role of master and drive 
the current information presented on the 
interconnecting load share bus. 
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Fig. 26. Automatic master – slave load share 
concept. 
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In this implementation the power supplies are 
identical and they are all capable of taking the 
lead role as a master in the system. It is ensured 
by the ideal diode placed between the inverting 
and non-inverting inputs of the load share error 
amplifier. The master selection is taking place at 
start up before the load share loop becomes 
active. During this start up phase the current 
distribution is governed by the initial set points of 
the power supplies. The module with the highest 
output voltage will deliver more output current. 
Since all modules are copying their respective 
current information onto the load share bus, the 
diodes will allow the module with the highest 
current to seize control and drive the load share 
bus. In all other modules with lower currents, the 
diodes are reverse biased. The master is now 
singled out and provides the current command to 
the other power supplies. From this point on the 
operation of the system is identical to the one 
with a dedicated master unit. The slave modules 
adjust their output voltages to deliver the current 
demanded by the master. It is interesting to note 
that the master was selected because it has the 
highest output voltage among the modules. In 
order to match the output current of the master 
the slave units must increase their output voltage. 
This simplifies the adjustment circuit because it 
is only required to be able to adjust the output 
voltage upwards. Another consequence of the 
operation of the automatic master selection is that 
the output voltage is regulated at the highest set 
point among the parallel connected power 
supplies. 

Using the automatic master method ensures 
the fault tolerance of the system. In case the 
master would fail, any one of the other units can 
take control of the bus based on the same 
selection criteria discussed in the previous 
paragraph.  

The democratic load sharing 
Democratic load sharing can be implemented 

with another minor variation on the automatic 
master slave implementation changing the ideal 
diode to a resistor as illustrated in Fig. 27. 
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Fig. 27. Example of the democratic load share 
theory. 

When a resistor is used between the two 
inputs of the load share error amplifier the bus 
becomes the true representation of the average 
current in the system. Due to the high gain of the 
error amplifier the system is in balance when the 
voltages across the resistors become zero. That 
happens when all modules measure the same 
output current. 

A unique property of the democratic load 
share system is that not only the output current 
levels but also the output voltage of the system is 
determined by �voting�. If the voltage error 
amplifier is allowed to adjust bi-directionally the 
individual output voltage set points of the 
modules are weighted. Initially higher output 
voltages are adjusted lower while the initially 
lower ones are getting raised until the desired 
current balance is established. Accordingly, the 
system output voltage might be closer to the 
nominal output voltage of the system than any of 
the module output voltages connected parallel. 
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Although democratic load share provides 
perfect balance for currents and system output 
voltage during normal operation it fails to 
provide fault tolerance. When a power supply 
fails or disabled, its output current is zero. Unless 
it is removed from the �democratic voting� 
scheme it can falsify the average current 
information on the load share bus. This 
phenomenon is highlighted in Fig. 28. 
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Fig. 28. The effect of faulty module in democratic 
load share system. 

Practically the faulty module drags down the 
bus. The measured output current is always 
higher than the average representation on the bus 
causing all the active load share error amplifiers 
to saturate and the current sharing to fail. The 
solution is to disconnect the faulty power supply 
from the �voting� which will restore the load 
share operation for the rest of the system. 

Active load share error components 
All three active load share circuits comprise 

the same building blocks therefore they can be 
analyzed the same way. These sub-circuits are 
the current sense amplifier, the load share error 
amplifier and the bus driver circuit which might 
be slightly different depending on the load share 
mechanism. 

The current sense amplifier provides a user 
programmable gain stage to scale the signal 
present across the current sense resistor. It is 
desirable to work with the highest possible load 
share bus voltage to minimize the inaccuracies 
due to the input offset of the load share error 
amplifier and the possible ground potential 
difference among the load share controllers. The 
current sense measurement error can be analyzed 
based on the schematic diagram of a true 
differential amplifier schematic in Fig. 29. 
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Fig. 29. Generalized current measurement 
circuit.  

The two inputs of the high gain operational 
amplifier are at the same potential which voltages 
can be expressed as: 
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After rearranging the equation for Vcs and 
carrying out the error analysis to determine the 
effect of resistor mismatch, the output voltage of 
the current sense amplifier can be found as:  

( )

( ) CMCS,IO

CSOCS

V
G

R%GVR%GG

RIGR%V

⋅
+
⋅⋅+⋅⋅⋅++

+⋅⋅⋅⋅+=

1
421

21
 



 6-21

where %R is the tolerance of the resistors in 
decimal format (0.01 corresponds to a 1% 
resistor) and G is the current sense gain defined 

as 
3R
4RG = . Four error components can be 

recognized by close examination of the equation. 
These errors are caused by the resistor mismatch 
around the amplifier, by the current sense resistor 
tolerance and by the input offset voltage of the 
amplifier. They can be calculated using the 
following equations: 

( ) CM
CSO

V
RI1G

R41E ⋅
⋅⋅+

⋅= %%  

R22E %% ⋅=  

CSR3E %% =  

( )
CSO

CSIO

RIG
VRG2G1

4E
⋅⋅

⋅⋅⋅++
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%  

Resistor mismatch around the amplifier 
allows a portion of the common mode voltage to 
appear at the output of the current sense 
amplifier. The first expression compares this 
voltage to the real current sense output to 
determine the error in percentages. This is 
probably the most significant error in the current 
sense circuit when the current sense resistor is 
not ground referenced. The equation shows a 
fixed voltage contribution to the current sense 
output which will result in a gradually decreasing 
percentage error as the load current increases. To 
minimize this error, it is desirable to increase the 
gain around the amplifier as the constant error 
voltage becomes a smaller percentage compared 
to the real signal. In other words, the full scale 
current sense voltage should be maximized. Even 
more important is to use very accurate resistors in 
this amplifier stage. For precise high side current 
sensing 0.1% resistors are desirable.  

The second equation gives the gain error due 
to the resistor mismatch. This error is a constant 
percentage over the entire load range and it can 
be mitigated by using accurate resistors. 

The tolerance of the current sense resistor is 
another error source impacting the accuracy 
directly. In addition to selecting a low tolerance 
current sense resistor, it is important to pay 
attention to the printed circuit board layout. It is 
imperative to use a Kelvin type connection where 
voltage drop on PCB copper traces are not part of 
the sensed signal.  

The fourth component is the percentage error 
contribution of the gained-up input offset voltage 
with respect to the accurate current sense output 
signal. Since the gain of the current sense circuit 
can not be reduced due to other considerations 
mentioned earlier, the designer�s only remedy to 
minimize this error is to chose a low offset 
amplifier. 

4E3E2E1EIE OCS %%%%)(% +++=  

The worst case current sense error is the sum 
of the four error components and it is a function 
of the actual load current of the module. Both 
%E1 and %E4 errors go to infinity as the load 
current approaches zero due to Io appearing in 
the denominator of their respective equations. 

The load share error amplifier of the active 
load share system compares two current sense 
signals to generate the load share error signal. 
The typical circuit implementation is pictured in 
Fig. 30. 
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Fig. 30. Load share error amplifier circuit. 
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This circuit is a general purpose negative 
feedback amplifier similar to the voltage error 
amplifier which is used to regulate the output 
voltage of the power supply. The reference 
voltage level at the non-inverting input of the 
operational amplifier is taken from the load share 
bus which voltage corresponds to the desired 
average output current of the module. There are 
two load share specific concerns highlighted in 
Fig. 30. 

One problem is related to the operation of the 
master module, which drives the load share bus. 
In this case the load share bus voltage and the 
current sense signal at the inverting input of the 
error amplifier are at the same potential and the 
output of the error amplifier is defined by the 
polarity of its input bias voltage. According to the 
offset polarity, the amplifier would be forced 
either to the maximum error level or to zero. 
Since the output voltage adjustment is 
proportional to the error amplitude, the maximum 
error signal would force the master module to the 
end of the adjustment range. This is not 
acceptable for two reasons: the output voltage 
might be out of tolerance and the slave modules 
would not have enough adjustment range left to 
achieve balanced current distribution. 
Accordingly, the input offset polarity and 
amplitude of the load share error amplifier must 
be pre-conditioned to ensure that the output 
voltage of the master module preserves its 
original output voltage set point. Since a 
minimum offset must be guaranteed for proper 
operation, the VIO,LS of this amplifier is 
significantly higher than the usual input offset of 
an operational amplifier and it is given in the data 
sheets of the integrated load share controllers. 

The other issue is the voltage differential 
between the grounds of the current measurement 
circuits which is emphasized by the VGND voltage 
source in Fig. 30. Since the current sense 
amplifiers are connected to the local grounds of 
the modules, any voltage between the respective 
grounds can cause additional error in current 
distribution especially at higher output currents 
due to resistive voltage drops in the ground 
connections. The obvious solution to eliminate 
this problem is the carefully designed ground 

system where the resistive voltage drops are kept 
at minimum. 

Both of these effects influence the ultimate 
accuracy of the system. The accrued error at the 
error amplifier inputs can be easily analyzed 
based on the schematic diagram of Fig. 30. Until 
the load share error amplifier stays in its active 
linear operating mode, the input voltages are 
equal: 

GNDLSIO2CS1CS VVVV ++= ,  

From this equation the error can be 
determined as the ratio of the sum of VIO and 
VGND to the current sense signal: 

2CS
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where VCS2 is a function of the output current 
according to: 
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In this expression VCS2,MAX is the maximum 
or full scale current sense signal amplitude set by 
the gain of the current sense circuitry and IO2,MAX 
is the maximum output current of the module. 
Substituting VCS2 into the previous equation for 
error yields: 
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This error term further accentuates the 
importance of maximizing the full scale load 
share bus voltage. While VGND can be a current 
dependent component causing a fixed percentage 
error, VIO,LS is a constant and its effect is 
minimized if it is compared to a higher current 
sense signal. Also note that similarly to the effect 
of other error sources in the current sense circuit, 
the percentage error accumulated at the load 
share error amplifier diminishes as the output 
current increases. 

The total error in an active load share system 
can be found as the sum of the current sense 
errors and the error amplifier�s contribution: 

EALSCSALS EE2E −+⋅= %%%  
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Because the error amplifier compares two 
measured current sense signals, the measurement 
error, %ECS had to be multiplied by two. 

The last difficulty to consider with respect to 
the active load share technique is the stability of 
the additional negative feedback loop introduced 
by the load share error amplifier. Fig. 31 shows 
the addition of the load share control loop to the 
existing control functions of a power supply. 
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Fig. 31. Control loops in a power supply with 
active load sharing. 

In this example three loops are utilized, an 
inner current loop, either peak or average current 
mode control, an output voltage regulation loop 
and finally an outside load share control loop. 
Since the load share loop is added to an existing 
voltage control loop interaction between the 
feedback systems must be avoided. Therefore, 
the crossover frequencies of the three loops must 
be well separated.  

The primary concern for load sharing is to 
provide redundancy and increased long term 
reliability, i.e. aging, through balanced thermal 
stresses. Consequently, relatively slow acting 
corrective measures by the load share loop is 
completely acceptable. Since the performance of 
the voltage regulation loop is imperative to 
achieve precise output voltage regulation and fast 
transient response, it is desirable to maximize its 
gain bandwidth. The load share loop bandwidth 
then can be chosen such that it does not interfere 
with the operation of the voltage loop. It is 
usually ensured by designing the load share loop 
crossover frequency at least an order of 
magnitude lower than the voltage loop crossover 
frequency. 

In order to compensate the load share error 
amplifier properly, the gain blocks of the load 
share loop must be identified. 
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Fig. 32. Gain blocks representation in active 
current sharing control loop. 

The control loop comprises of the current 
sense gain block, the load share error amplifier, 
the adjust gain block and the gain describing the 
response of the power supply to the control 
parameter provided by the load share circuit. 
Accordingly, the small signal closed loop transfer 
function of the load share controller is: 

ADJEALSCSPWRLS GsGGsGsG ⋅⋅⋅= − )()()(  

The transfer functions of GCS, GADJ, and 
GPWR needs to be determined for the 0.1Hz to 10 
kHz frequency range. In the majority of the 
designs the load share loop crossover frequency 
is expected to be within these frequency limits.  

The current sense amplifier gain is selected to 
minimize power dissipation, in addition to the 
current sense and load share errors. The full scale 
load share voltage should utilize the full voltage 
swing capability of the operational amplifier. 
This is usually limited by the bias level and the 
input voltage range of the load share error 
amplifier. The gain of the current sense amplifier 
is constant in the frequency range of interest. 
Assuming a maximum allowable power 
dissipation (PCS) for the current sense resistor 
dictated by efficiency considerations, the 
maximum value RCS is given as: 

2
MAXO
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MAXCS I
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If the full scale load share bus voltage is 
VCS,MAX, the current sense gain is established as: 

CSMAXO

MAXCS
CS RI

V
G

⋅
=

,

,  

The next step is to calculate the adjust gain 
based on the maximum output voltage adjustment 
range, ∆VO. Usually, the full useful output 
voltage swing of the load share error amplifier 
corresponds to the maximum adjustment allowed 
for the design. Accordingly, 

EALS

O
ADJ V

VG
−∆

∆
=  

Notice the need for the transfer function 
between the load share adjust input and output 
current of the power supply. This parameter is 
usually not readily available especially when load 
share is added to systems utilizing parallel 
combination of off-the-shelf power modules. In 
these cases the transfer function must be 
measured and a matching arithmetical 
representation must be derived. Fig. 33 
introduces the expected transfer function between 
the adjust input and the output voltage of the 
power supply. 
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Fig. 33. Typical adjust / sense to output transfer 
function. 

From the measured dc gain in dB (GDC,PWR) 
and crossover frequency (fC,PWR) the transfer 
function can be defined in algebraic form. The 
dominant pole is: 
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and the real gain � not in dB � equals: 
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The transfer function in the complex 
frequency domain between the sense input and 
the output current can be written as: 
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After obtaining the GPWR(s) transfer function, 
the procedure continues by calculating the 
desired compensation around the load share error 
amplifier. Placing the load share loop crossover 
frequency at least a decade lower than fC,PWR 
ensures the desired separation between the 
voltage feedback and load share control loops. 
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Fig. 34. Recommended load share error 
amplifier configuration. 

Using PWRCLSC f10f ,, . ⋅=  as a design 
guideline, the required gain of the load share 
amplifier can be defined. At this time all other 
components in the closed loop transfer function 
are known and their combined gain can be 
calculated at the desired load share loop 
crossover frequency, fC,LS. This defines the gain 
of the load share error amplifier at fC,LS as: 
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,
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LSCPWRADJCS
LSCEALS fGGG
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⋅⋅

=−  

Using the component references of Fig. 34 
this gain can be set by R2 and R1 resistors 
according to: 

1R
2RfG LSCEALS =− )( ,  



 6-25

To improve load share accuracy in steady 
state operation, the low frequency gain of the 
load share error can be increased by adding a 
pole to the feedback network. The pole can be 
placed at the desired load share loop crossover 
frequency or below which defines a minimum 
value for C2: 

2Rf2
12C

LSC
MIN ⋅⋅⋅

=
,π

 

To summarize the result of the load share 
error amplifier design procedure, a typical Bode 
representation of the complete system is given in 
Fig. 35. 
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Fig. 35. Bode plot of the compensated load share 
control loop. 

By closing the feedback loop around the load 
share error amplifier the active load share design 
procedure is completed. Since the active load 
share controller can be implemented in many 
different ways, some of the gain equations might 
have to be revisited as the circuit changes. For 
example, in integrated load share controllers the 
error amplifier is often implemented by a gm type 
amplifier instead of an operational amplifier 
shown in Fig. 34. These minor circuit 
modifications do not change the essence of the 
calculation method although they might result in 
a change of the actual numerical expressions. 

IV. ACCURACY COMPARISON 
In this final chapter the expected accuracies 

of the different load share techniques are 
calculated and compared. In order to fairly assess 
the expected performance of the systems a 
common power stage will be used for all the 
different load share techniques. 

In these examples, two 12V input, 3.3V / 20A 
output, non-isolated modules provide 40A load 
current to a common load. The analysis will 
determine the load share accuracy at half load 
and full load and the maximum required current 
rating of the modules based on the current 
distribution error. The calculations can be easily 
adopted to any number of units, because the 
calculated maximum error always corresponds to 
the worst case situation. In worst case, the two 
modules at the opposite extreme tolerance points 
are compared and all the other modules must fall 
within the calculated error band. 

The generalized power stage and its parasitic 
elements are given in Fig. 36. 
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Fig. 36. Universal circuit diagram for accuracy 
calculations. 
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To carry out the calculations the following 
numerical values are assumed: 

 
Operating Parameters 

Parameter Value Tolerance 
VIN 12V  

VO,NOM 3.3V +/-3% 
VBIAS 5V  
VOH 4.5V  
∆VEA 3.8V  

VR 1.25V +/-0.5% 
VCL 0.15V +/-1% 

ILOAD,MAX 40A  
IO,MAX 20A  
FSW 200kHz  
D 0.275  

 
Controller characteristics 

Parameter Value Tolerance 
VCM 3.3V  

VIO,CS +/-300µV  
VIO,EA +/-1.5mV  

VIO,PWM +/-15mV  
VIO,LS 30mV +/-15% 
VGND +/-5mV  

  
Component Values 

Label Value Tolerance 
L 3µH +/-10% 

RIND 0.5mΩ  
RLOAD 165mΩ  
RSW 10mΩ  
RSR 5mΩ  
RCS 6mΩ +/-1% 

ALL RS  +/-0.1% 
 

A. Calculating feedback divider and set point 
accuracy 
The first step is to calculate the output 

voltage set point and its accuracy. After selecting 
R2=10kΩ, R1 can be calculated. 
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which value is available from the E-192 
(0.1%) resistor value series. Accordingly the 
output voltage can be set to exactly 3.3V. The 
tolerance of the set point is: 
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Based on the calculated 1.1% set point 
accuracy, the output voltage will fall in the 
3.262V<VO<3.338V range. 

B. Defining the maximum output impedance in 
droop current sharing 
To minimize the load share error using the 

droop technique it is desirable to maximize the 
output impedance of the power supplies. For this 
calculation the output error budget must be 
considered. Fig. 37 shows the allowable output 
voltage window based on the output voltage 
specification.  
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Fig. 37. Output voltage regulation budget. 
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As the graph indicates, the output voltage 
should be set to the highest initial value which 
still guarantees that the output stays within the 
regulation window considering the set point 
tolerance. Accordingly, the maximum value of 
the output impedance is: 

MAXO

SETOO
MAXO I

VV
R

,

,
,

∆−∆
=  

Ω=−= m1246
A20

V0760V1980R MAXO ...
,  

To account for set point resolution and 
component tolerance errors RO= 6mΩ output 
impedance is selected for the design. 

It is important to notice that droop method 
only works if ∆VO,SET is less than half of the total 
output voltage window, ∆VO. Otherwise, there is 
no common output voltage level which would 
cross the two worst case load lines 
simultaneously. That means one of the supplies 
could go into current limit before the other one 
would contribute to the load current. 
Consequently, it is necessary to set the output 
voltage very precisely when the droop load share 
technique is considered. That also allows a higher 
module output impedance which further 
improves the load share accuracy of the system. 

C. Calculating current sense accuracy 
When the current sense circuit is designed the 

goal is to fully utilize the available signal 
amplitude at the output of the current sense 
amplifier in Fig. 36. The current sense gain is 
then limited by the available voltage swing at the 
output of the current sense amplifier and the 
maximum voltage across the sense resistor.  
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After this gain is finalized, the current sense 
error can be calculated. There are four error 
components; common mode voltage, input offset, 
gain and sense resistor errors as explained with 
respect to Fig. 29. Since some of the errors are 
the function of the module�s output current, the 
current measurement error can not be 
characterized by a single number. Using the 
numerical values of the example circuit the result 
is given in Fig. 38.  
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Fig. 38. Current sense error as a function of 
output current. 

At light load accurate current sensing is rather 
difficult because the useful signal becomes very 
small. On the other hand, input offset and 
common mode voltage errors are independent of 
the load current therefore their effect start 
dominating the measurement result. As a result 
the error increases exponentially at lower current 
level. While the percentage error is large, the 
current difference among the modules remains 
relatively constant and in most cases negligible. 

D. Current limit accuracy example 
Although sharing the load current with power 

supplies operated in their current limit mode is 
really not practical, the analysis of the current 
limit accuracy can be useful to determine stresses 
and minimum margins during the design 
procedure. The 150mV current limit reference 
allows IPK=25A peak current across the 6mΩ 
current sense resistor. The output inductor�s 
ripple current was designed for 4AP-P therefore 
the nominal short circuit current is ICL=23A. 



 6-28

To find the tolerance of this current value 
four error components must be determined. The 
first one is the tolerance of the current limit 
reference itself which is given in the controller 
characteristics table. In integrated PWM 
controllers the current limit reference is usually 
less accurate than the voltage reference because 
the trimming is performed at the voltage 
reference. 

010EVcl .% =  

The next error term is related to the input 
offset of the PWM or current limit comparator. 
Depending on the particular implementation, any 
of these comparators can be used in current limit 
operation. This offset is listed as VIO,PWM in the 
table and its effect on the current limit accuracy 
is: 
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Since the current limit circuit uses the peak 
current information, the effect of the output 
inductor tolerance on the peak to average current 
error must be considered also.  

This error is calculated as: 
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Lastly the tolerance of the current sense 
resistor has to be taken into account. It is listed in 
the component table: 

010ERcs .% =  

The worst case error than can be found as the 
sum of the four error components which gives a 
total current limit tolerance of 13.2%. This 
accuracy number clearly explains the common 
design practice, where the current limit is usually 
placed 10% to 20% above the expected highest 
load current value.  

E. Case studies 
The following accuracy calculations are 

obtained from the equations derived in the 
previous part of the paper. Due to the tedious 
nature of the numerical substitutions the details 
of the calculations are not shown. The 
descriptions, assumptions and final load share 
accuracy results are summarized in the table 
below.

Error [%] 
Case # Technique Comments / Assumptions 

Half load Full load 
IO,MAX [A] 

1 Distributed duty ratio Assumes 20ns (∆D=0.004 or 1.4% of 
DNOM) timing mismatch 18.6 9.3 21.9 

2 Distributed error signal Error signal is divided down locally to 
PWM comparator 20.7 10.8 22.2 

3 Droop with series resistor Using RCS as the droop resistor, placed 
outside the feedback loop 65.1 33.1 26.6 

4 Droop w/ current ffwd Using RCS inside the feedback loop to 
measure output current 65.5 33.5 26.7 

5 Droop w/ limited gain EA Using RCS for peak current mode 
control and current measurement 55.9 28.6 25.7 

6 Active current share Automatic master/slave method, 
parameters based on UCC39002 6.1 4.3 20.9 
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Fig. 39. Current share errors as a function of the module’s output current.

As it could be seen in Fig. 38 earlier, the 
current share errors vary significantly by the 
output current. For completeness, Fig. 39 shows 
the total load share errors for the six examples 
listed in the table. 

The trends clearly show that at light load 
accuracy suffers independently from the selected 
technique due to various fixed error contributions 
which are getting larger and larger compared to 
the current signal as the load decreases. The 
active load share technique is the one which 
maintains the highest degree of accuracy at 
relatively light load. The next group of curves 
offering medium accuracy correspond to the 
parallel power stage approaches where either the 
duty ratio or the error signal is distributed among 
the parallel connected circuits. The disadvantages 
are the lack of true redundancy and modularity 
and the sensitivity to single point failure. In 
addition, distribution of the sensitive error signal 
or the high speed PWM command with 

reasonable accuracy might be troublesome in 
larger systems. The simplest droop method does 
not require any communication between the 
modules, but it is extremely sensitive to 
component tolerances especially to set point 
accuracy of the output voltage. Quite often the 
droop load share technique requires less than 
0.5% initial voltage set point accuracy. In most 
low voltage applications � 2.5V and below � the 
droop method imposes impractical accuracy 
requirements. 
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V. SUMMARY 
This paper has strived to give a detailed 

overview of the most fundamental load share 
principles and their applications for parallel 
power processing solutions. The intricate effects 
of circuit parameters and parasitic elements were 
outlined. The methods used in the analysis can be 
applied to evaluate other load share circuits. 

Some of the calculations needed to analyze 
the load share performance have value in general 
circuit design practice to better understand the 
effect of component tolerances on output voltage 
regulation and current limit accuracy in power 
supplies. 

Additional information of many different load 
share implementations are discussed in various 
application notes from Texas Instruments and in 
the literature. Many of the most recommended 
papers are listed in the reference section. 
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