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Care must be taken to avoid introducing interfering signals
(noise) onto the parallel bus that may prevent proper load
sharing between modules, instability, or module failure.
One possible source of interference is input ripple current
conducted via the + and –Input power pins. The PR signal
and DC power input share a common return, which is the
–Input pin. Steps should be taken to decouple AC compo-
nents of input current from the parallel bus. The input to
each converter (designated as + and – pins on the input
side of the module) should be bypassed locally with a 
0.2 µF ceramic or film capacitor. This provides a shunt
path for high frequency input ripple current. A Y-rated
4,700 pF capacitor should be connected between both 
the + and –Input pins and baseplate of each module, thus
creating a shunt path for common-mode components of
current. Attention to the PC board artwork should minimize
the parasitic impedance between –Input pins of parallel
modules to ensure that all PR pins are referenced to the
same potential, or use a transformer coupled interface.
Modules should be placed physically close to each other
and wide copper traces (0.75 in./19 mm, 2 oz. copper)
should be used to connect power input pins. A dedicated
layer of copper is the ideal solution.

Some applications require physical separation of paralleled
modules on different boards, and /or input power from
separate sources. For applications using separate sources,
please refer to the “Hot-Swap Capability Eliminates
Downtime” application note on Vicor’s website. In these
cases, transformer coupling of the PR signal, per Figure 2–8,
is required to prevent inter-module common-mode noise

from interfering with the sync pulse transmission. High-
speed buffering may be required with large arrays or if the
distance between modules is greater than a few inches.
This is due to the fact that all modules, except the one
that’s talking, are in the listening mode. Each listener 
presents a load to the master (talker), which is approxi-
mately 500 Ω shunted by 30 pF capacitance. Long leads
for the interconnection introduce losses and parasitic 
reactance on the bus, which can attenuate and distort the
sync pulse signal. The bandwidth of the bus must be at
least 60 MHz and the signal attenuation less than 2 dB. 
In most cases, transformer coupling without buffering is 
adequate. Many applications may benefit from the addition
of Z1, in series with the PR Pin of each converter. A low Q 33 Ω
@ 100 Mhz ferrite bead or a 5 - 15 Ohm resistor may be
used to improve the PR signal waveform. Although this is
not a requirement, it can be very helpful during the debug
stage of large converter arrays to help improve the PR
pulse wave shape and reduce reflections. Again, careful
attention must be given to layout considerations. When
the outputs of two or more converters are connected in a
parallel array to increase system power the converters
should be “group enabled” to ensure that all the convert-
ers start at the same time. The PC pins of all converters in
the array should be controlled by an external circuit which
will enable the converters once the input voltage is within
the normal operating range. Please consult with
Applications Engineering at any Vicor Technical Support
Center for additional information.

Figure 2–7 — AC coupled single-wire interface Figure 2–8 — Transformer-coupled interface
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PARALLEL OPERATION CONSIDERATIONS
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2. Control Pin Functions and Applications

Parallel Operation (PR Pin). The PR pin supports paral-
leling for increased power with N+1or N+M redundancy.
Modules of the same part number will current share if all
PR pins are suitably interfaced. Figures 2–9 and 2–10
show connections for the Maxi and Mini modules; Figure
2–11 shows connections for Micro array. Applications 
containing two or more Micro modules must define a 
designated master (talker) by stagger trimming the output
voltage of each subsequent module down by at least 2%,
or setting the remaining Micro modules in the system as
designated listeners by connecting the SC pin to the 
negative output pin.

PR Pin Considerations. When paralleling modules, it is
important that the PR signal is communicated to all
modules within the parallel array. Modules that do not
receive a PR pulse in a parallel array will not current share
and may be damaged by running in an over-power
condition.

All modules in an array must be of the same part
number.Series connection of outputs is accomplished
without connecting the PR pins and allowing each module
to regulate its own output voltage. Since the same current
passes through the output of each module with the series
connection, power sharing is inherent. Series connection
of inputs requires special precautions, please contact
Applications Engineering for assistance.

Array Output Overvoltage Protection (OVP). In order
to maintain the highest possible uptime of a parallel array
the converters use an output overvoltage protection 
system (OVP) that is highly resistant to false tripping. For
the converter to shut down due to an OVP condition two
conditions must be satisfied (logical AND);

1. The voltage at the output terminals must be greater 
than the OVP set point.

2. The secondary control IC within the converter must be 
requesting a power conversion cycle from the internal 
primary control IC.

By using this logic, false tripping of individual converters
due to externally induced OVP conditions such as load
dumps or, being driven by an external voltage source at
the output terminals is minimized.

Modules connected in a parallel array rely on the active
master module for OVP of the entire array. Modules acting
as boosters (slaves) in the array are receiving external
requests for power conversion cycles (PR pulse) and will
not shut down from an OVP condition. Therefore it is
imperative that the + and -Output pins of modules
connected in a parallel array never be allowed to become
open circuited from the output bus. An open circuit at the
output terminals will result in terminal voltages far in
excess of the normal rating causing permanent damage 
to the module and possible hazardous conditions.
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• The +Out and –Out power buses 
should be designed to minimize and 
balance parasitic impedance from 
each module output to the load.

• The +Sense pins should be tied to the same 
point on the +Out power bus; (Figure 2-10)
the –Sense pins should be tied to the same
point on the –Out power bus.

• At the discretion of the power system 
designer, a subset of all modules within 
an array may be configured as slaves 
by shorting SC to –S.

• ORing diodes may be inserted in series 
with the +OUT pins of each module to 
provide module output fault tolerance.

• The +Out and –Out power buses should 
be designed to minimize and balance 
parasitic impedance from each module 
output to the load.

• At the discretion of the power system 
designer, a subset of all modules within 
an array may be configured as slaves 
by shorting SC to –Out.

• Do not use output ORing diodes 
with parallel arrays of the Micro.

CONTROL FUNCTIONS AND OUTPUT CONSIDERATIONS

Figure 2–9 — N+1 module array output connections (Maxi and Mini)

Figure 2–10 — ORing diodes connections (Maxi and Mini) Figure 2–11 — Parallel module array output connections (Micro) 
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5. Current Sharing In Power Arrays

Whenever power supplies or converters are operated in 
a parallel configuration — whether for higher output
power, fault tolerance, or both — current sharing is an
important consideration. Most current-sharing schemes
employed with power converters involve either artificially
increasing the output impedance of the converter module
or actually sensing each output current, forcing all of the
currents to be equal by feedback control. In a synchronous
current-sharing scheme, however, there is no need for
having a current-sensing or current-measuring device on
each module, nor is there a need to artificially increase the
output impedance, which compromises load regulation.

WHY IS CURRENT SHARING IMPORTANT

Most paralleled power components — transistors, rectifiers,
power conversion modules, offline power supplies — will
not inherently share the load. In the case of power convert-
ers, one or more of the converters will try to assume a 
disproportionate or excessive fraction of the load unless
forced current-share control is designed into the system.
One converter — typically the one with the highest output
voltage — may deliver current up to its current limit setting,
which is beyond its rated maximum. Then the voltage will
drop to the point where another converter in the array —
the one with the next highest voltage — will begin to
deliver current. All of the converters in an array may deliver
some current, but the load will be shared unequally. Built-in
current limiting may cause all or most converters to deliver
current, but the loading will remain unbalanced, and
potentially cause damage to the converters.

Consider the situation when one module in a two-module
array is providing all of the load. If it fails, the load on the
second module must go from no load to full load, during
which time the output voltage is likely to droop temporarily.
This could result in system problems, including shutdown
or reset. If both modules were sharing the load and one
failed, however, the surviving module would experience a
much less severe transient (one half to full load), and the
output voltage would be likely to experience no more
than a slight momentary droop. The dynamic response
characteristic of all forward converters, resonant or pulse-
width modulated, is degraded when the load is stepped
from zero (no load) where the output inductor current is
discontinuous.

In the same two-module array example, the module 
carrying all of the load is also generating all of the heat,
resulting in a much lower mean time between failure
(MTBF) for that module. An often-quoted rule of thumb
says that for each 10°C increase in operating 
temperature, average component life is cut in half. In a
current-sharing system, all of the converters or supplies

run at a lower temperature than some modules would in
a system without current sharing. As a result, all of the
modules age equally.

Current sharing, then, is important because it improves
system performance; it minimizes transient / dynamic
response and thermal problems and improves reliability. It
is an essential ingredient in most systems that use multiple
power supplies or converters for higher output power or
for fault tolerance.

CURRENT-SHARING IN POWER EXPANSION ARRAYS

When parallel supplies or converters are used to increase
power, current sharing is achieved by a number of
approaches. One scheme simply adds resistance in series
with the load. A more practical variant of that is the
“droop-share” method, which actively causes the output
voltage to drop in response to increasing load. The two
most commonly used approaches to paralleling converters
for power expansion are the driver / booster or master /
slave arrays and analog current-share control. They appear
to be similar, but the implementation of each is quite 
different. Driver / booster arrays usually contain one 
intelligent module or driver, and one or more power-train-
only modules or boosters. Analog current-share control
involves paralleling two or more identical modules, each
containing intelligence.

Droop Share. The droop-share method, shown in Figure
5–1, increases the output impedance to force the currents
to be equal. It is accomplished by an error signal, which is
interjected into the control loop of the converter causing
the output voltage to operate as a function of load
current. As load current increases, output voltage
decreases. All of the modules will have approximately the
same amount of current because they are all being
summed into one node. If one supply is delivering more
current than another supply, its output voltage will be
forced down a little so that it will be delivering equal
current for an equal voltage out of that summing node.
Figure 5–1 illustrates a simple implementation of this
scheme where the voltage dropped across the ORing
diode, being proportional to current, is used to adjust the
output voltage of the associated converter.

Droop share has advantages and disadvantages. One of
the advantages is that it can work with any topology. It is
also fairly simple and inexpensive to implement. A major
drawback, though, is that it requires that the current be
sensed. A current-sensing device is needed in each of the
converters or power supplies. In addition, a small penalty
is paid in load regulation, although in many applications
this is not an issue.
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5. Current Sharing In Power Arrays

In general, it is not recommended to mix and match con-
verters, especially those with incompatible current-sharing
schemes. The droop-share method, however, is more
forgiving in this regard than with any of the other
methods. Current sharing can be achieved using arrays
constructed from different converter models or even from
different suppliers with a little external circuitry.

Driver / Booster Arrays. Most Vicor converters can
employ the driver / booster array for increased power.
(Figure 5–2) Driver / booster arrays usually contain one
intelligent module or driver, and one or more power-train-
only modules or boosters. The driver is used to set and
control output voltage, while booster modules are used 
to increase output power to meet system requirements.

Driver / booster arrays of quasi-resonant converters with
identical power trains inherently current share because 
the per-pulse energy of each converter is the same. If the
inputs and outputs are tied together and the units have
the same clock frequency, all modules will deliver the
same current (within component tolerances). The single
intelligent module in the array determines the transient
response, which does not change as modules are added.
Booster modules require only one connection between
units when their outputs are connected; no trimming,
adjustments, or external components are required to
achieve load sharing. The load sharing is dynamic and
usually guaranteed to be within five percent.

It is important to remember that when using boosters, the
input voltage, output voltage, and output power of the
boosters must be the same as the driver.

The advantages of driver / booster arrays are that they
have only a single control loop so there are no loop-within-
a-loop stability issues, and they have excellent transient
response. However, this arrangement is not fault tolerant.
If the driver module fails, the array will fail to maintain its
output voltage.

Analog Current-Share Control. Analog current-share
control, typical of PWM type converters, involves 
paralleling two or more identical modules, each 
containing intelligence. The circuit actively adjusts the 
output voltage of each supply so that the multiple 
supplies deliver equal currents. This method, however, has
a number of disadvantages. Each converter in the array
has its own voltage regulation loop, and each requires a
current sensing device and current control loop.

Analog current-share control supports a level of redundancy,
but it is susceptible to single-point failures within the
current-share bus that can, at best, defeat current sharing,
and, at worst, destroy every module in the array. The
major reason for this is the single-wire galvanic connection
between modules.
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Figure 5–1 — The droop-share method artificially increases the output impedance to force the currents to be equal.
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5. Current Sharing In Power Arrays

CURRENT SHARING IN FAULT TOLERANT ARRAYS

Current sharing is an essential element in fault-tolerant
arrays, and regardless of the approach, there is an
inherent additional cost incurred by the addition of at
least one redundant converter or supply.

Most applications today that require fault tolerance or
redundancy also require Hot-Swap capability to ensure
continuous system operation. Hot swappable cards must
be designed so that the operator cannot come in contact
with dangerous potentials, currents or thermal hazards. It
is also essential that when a module fails, the failure is
detected and identified by an alarm or notice to provide
service. A Hot-Swap system must ensure that during swap
out there is minimal disturbance of the power bus.
Specifically, the affected voltage bus must not drop
enough to cause errors in the system, either on the input
bus or the output bus.

N+1 Redundancy. A power supply failure can cripple an
entire system, so a redundant converter or supply can be
added to ensure that, in the event of a failure, the system
will continue to operate. Adding an extra module (N+1) to
a group of paralleled modules will significantly increase
reliability with only a modest increase in cost. 

How redundant converters are implemented is determined
in part by the available space and cost requirements. Two
500 W Maxi modules, for example, could be used to 
provide a 1 kW output with an additional 500 W module
for 2+1 redundancy a total of 1.5 kW in a volume of
about 16.5 in3 (270 cm3). Four 200 W half-size modules
might be used instead with a fifth 200 W module for 
4+1 redundancy, a total of 1 kW and 14 in3 (229 cm3).
Although the second solution uses less space, it increases
the accumulated failure rate because it employs more 
converters, more ORing diodes, more monitoring circuitry,
and more assembly. 

ORing diodes may be inserted in series with the +Output
of each module in a N+1 array to provide output fault 
tolerance (Figure 5–1). They are important in a redundant
power system to maintain fault isolation. Without them, 
a short-circuit failure in the output of one converter could
bring down the entire array. As well, fusing the input of
each converter prevents a converter input short from 
compromising the entire array.

ORing diodes, however, add losses to the power system,
reducing overall efficiency (and, potentially, decreasing
reliability). To ameliorate this negative effect on efficiency,
ORing diodes should run hot, thereby reducing forward
voltage drop and improving system efficiency. Reverse
leakage current will be an issue only if the output of a
converter shorts and the diode is reverse biased. This is an
important consideration with regard to operating temperature.

Current sharing, required to ensure system reliability, can
be implemented by a multiplicity of methods. Figure 5–1,
shown earlier as an example of the droop-share method,
is also an example of N+1 redundancy using ORing diodes.

Synchronous Current Sharing. Synchronous current
sharing (Figure 5–2) is available with Maxi, Mini, Micro
converters — converters that use the zero-current-
switching and zero-voltage-switching topology. Each
module has the capability to assume control of the array,
that is, they constitute a democratic array. The module
that assumes command transmits a pulse on the parallel
bus to which all other modules on the bus synchronize.

The converters use this pulse as a current-sharing signal
for power expansion and fault-tolerant applications. The
pulsed signal on the parallel bus simplifies current-sharing
control by synchronizing the high-frequency switching of
each converter. The parallel pin is a bi-directional port on
each module used to transmit and receive information
between modules. If the lead module relinquishes control,
another module in the array will transparently take 
command with little or no perturbation of the output bus.
A pulsed signal also gives designers the option to add
capacitors (Figure 5–3) or transformers between parallel
pins, providing DC-blocked coupling. Such coupling 
prevents certain failure modes internal to a single module
from affecting the other modules in the array, thus 
providing an increased level of fault tolerance.

Use of a current-share bus transformer (Figure 5–4)
enables arrays of Maxi, Mini, Micro converters to current
share when they are widely separated or operated from
independent sources. Since the current-share signal is a
pulsed signal, it can be transformer coupled. Transformer
coupling this pulsed signal provides a high level of 
common-mode noise immunity while maintaining SELV
isolation from the primary source. This is especially 
useful when board-to-board load sharing is required 
in redundant applications.

Synchronous current sharing eliminates the need for 
current-sensing or current-measuring devices on each
module, and load regulation is not compromised.
Additional advantages of the synchronous current sharing
architecture includes excellent transient response, “no
loop within a loop” control problems, and, a high degree
of immunity from system noise. The availability of synchro-
nous current sharing in democratically controlled arrays
offers power architects new opportunities to achieve 
simple, non-dissipative current-share control. It provides
options that simplify current sharing and eliminates the
tradeoffs — such as the need to sense the current from
each individual module and adjust each control voltage —
as is the case with other current-sharing methods. 
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5. Current Sharing In Power Arrays

The synchronous current-sharing method applies to 
quasi-resonant, frequency-modulated converters with the
necessary intelligence, such as the Vicor Maxi, Mini, Micro
Family of high-density DC-DC converters, where the energy
per pulse is fixed. 

Finally, no matter what method is used, current sharing
reduces thermal problems, improves transient response,
and helps extend the lifetimes of all modules in an 
array. Nevertheless, all current-sharing schemes require
careful attention to electrical and mechanical design to
operate effectively.
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5. Current Sharing In Power Arrays
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6. Thermal Performance Information

The relevant nomenclature for the tabulated thermal information supplied in this section for the
Maxi, Mini, and Micro modules is defined as follows:

Tb = baseplate temperature

Ta = ambient temperature

Pout = module output power

Pin = module input power

η = module efficiency = Pout / Pin

Pdiss = module power dissipation = Pin – Pout = (1/η – 1) • Pout

Supplied thermal resistance values:

θbs = baseplate-to-heatsink thermal resistance

θba = baseplate-to-ambient thermal resistance

Basis of output power versus ambient temperature derating curves:

(Ta)max = (Tb)max – θba • Pdiss = (Tb)max – θba • (1/η – 1) • Pout

Simplified thermal management is one of the benefits of
using Vicor converters. High operating efficiency minimizes
heat loss, and the low-profile package features an easily
accessible, electrically isolated thermal interface surface.

Proper thermal management pays dividends in terms of
improved converter and system MTBFs, smaller size, and
lower product life-cycle costs. The following pages provide
guidelines for achieving effective thermal management of
Vicor converters.

Consideration should be given to the module baseplate
temperature during operation. The maximum baseplate
temperature specification for Maxi, Mini, and Micro is
100°C.

Enhanced module cooling can be achieved with free or
forced convection by using the appropriate heat sink. The
available 
are available on the Vicor website.

Vicor heat sinks and thermal interface options

http://www.vicorpower.com/products/accessories/2nd_gen_mounting/
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