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ABSTRACT

Ever growing demand for efficient and high quality tele- and data-communication power systems have
driven the replacement of centralized power supplies with distributed architectures. Recently, a new
Intermediate Bus design has gained popularity by providing lower cost, superior power quality, and
higher efficiency while taking advantage of the newest advances in power components. This topic provides
a brief overview of the historical evolution of high-reliability power systems, and then focuses on the
benefits and design challenges of the Intermediate Bus Architecture (IBA) with an example illustrating the
control requirements for a practical IBA converter design.

I. INTRODUCTION

Over the years, telecommunications and data-
communications power-system architectures have
transitioned through several basic topologies. The
1990s witnessed the transition from centralized
power supplies to distributed-power architecture
(DPA), with the most recent advance now called
intermediate-bus architecture (IBA). Each advance
of power-distribution systems has been driven by
advances in components and circuit topologies and
by a demand for wider input-voltage ranges, higher
power levels, and better supply performance to
support digital-processing systems. Other
significant driving factors have been the general
trends toward higher efficiency, smaller size, and
lower cost of ownership for the whole electronic
system.

The advantage of IBA depends heavily on an
intermediate-bus converter (IBC) that generates an
optimal intermediate-bus voltage and provides
electrical isolation. Initially introduced in the early
2000s as a simplified version of a regulated isolated
converter, the IBC has evolved as a new class of
converter with very demanding requirements for
high efficiency and power density. Depending on
the input-voltage range and the electronic system’s
requirements for voltage and power levels, the
optimal IBC can be fully regulated, semiregulated,
or unregulated, leaving many choices, trade-offs,
and challenges to the power-system designer.

This topic starts with a general description of
power-distribution systems for telecommuni-
cations and data-communications equipment that
requires high reliability and availability. It then
introduces the role of the unregulated IBC as a
key functional block of IBA-based power systems
and provides a more in-depth review of the IBC’s
major requirements and of the design of various
IBC control methods. Finally, test results with a
typical hardware example of a 48-V-input,
600-W-output IBC application are presented to
demonstrate the efficiency and improved
performance of an IBC incorporating a new
integrated controller with innovative features.

I1. EVOLUTION OF POWER-DISTRIBUTION
SYSTEMS

Power-distribution systems for telecommuni-
cations and data-communications equipment have
undergone dramatic changes within the past two
decades because of modern digital-processing
equipment. Among the new priorities for a power
system is that it be flexible enough to reliably
handle interruption of input voltage and drastic
load changes. Power systems are also required to
be highly efficient, energy-saving, and “green” to
reduce cost of ownership and meet environmental
regulations while remaining competitive in the
market. The brief history of telecommunications
power-distribution systems that follows explains
the reasons for power-system evolution.
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A. Centralized Power System

Originally, the only voltage needed for
telecommunications electromechanical switching
systems was —48 V provided by AC/DC rectifiers
and backup batteries. Since the 1960s, the transition
from electromechanical relays to electronic
semiconductor switchers added DC/DC converters
generating +5 V and £12 V from a —48-V supply.
These centralized power supplies, typically located
in the bottom of a rack or cabinet, included an AC/
DC front-end rectifier/charger, a power backup
battery, and a DC/DC converter. Large and costly
supply bus bars routed the required voltages to
each shelf inside the cabinet, which contained
replaceable line cards with switching, diagnostic,
and monitoring equipment. Fig. 1 shows typical
configurations of centralized power systems that
were dominant until the mid 1980s [1, 2]. In
multilocation centralized power systems, the DC/
DC converters were physically located in different
places, thus requiring safety shielding because of
the presence of the high-voltage bus. The
centralized power system has become obsolete in
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a. Centralized power system.

telecommunications and industrial power-

distribution systems for the following reasons:

* Custom centralized power supplies require a
longer time to market and lack flexibility for
quick modification.

* Failure of any part of the power system means
failure for the electronic equipment in the whole
cabinet.

* Custom, bulky power-delivery bus bars are
expensive.

+ Static and dynamic regulation of the supply
voltage is poor and varies from shelf to shelf.

B. Distributed Power Architecture (DPA)

A dramatic change happened in the early 1990s
when the market largely adopted a DPA [3, 4].
The bulky centralized power supply was replaced
by an AC/DC front-end power supply that provided
a —48-V backplane voltage to each shelf and line
card. The line cards of these systems allowed hot-
swap replacement to reduce failure downtime.
Each line card included a number of —48-V input-
isolated DC/DC modules to provide all required
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Fig. 1. Different types of centralized power systems with battery backup.
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Fig. 2. Example of distributed-power architecture.

voltages to the line-card loads (Fig. 2). This change

in the ideology about power distribution systems

was driven by the following:

» A trend towards digital functional blocks with
increased power, lower voltages, and specific
power sequencing

* A broad market introduction of modular, high-
density, and reliable isolated DC/DC converters
at a reasonable cost

* A demand for a more flexible, shorter design
cycle for power-distribution systems that
allowed quick changes and updates

* A need for systems with high reliability and
availability that supported hot swapping and
had lower maintenance costs

C. Hybrid Power System

DPA-based systems addressed new power
requirements, but the system cost remained
relatively high. When the required number of
supply voltages per line card exceeded the initial
four to five, the excessive number of isolated DC/
DC converters was questioned. In Reference [5],
Narveson suggested using only one isolated DC/
DC converter and deriving the remaining outputs
from nonisolated point-of-load (POL) regulators.

This architecture, commonly called a hybrid power
system (Fig. 3), was the first step towards the IBA.
The hybrid power system reduces power-
distribution costs and allows placing POLs right
next to the related load, thus reducing the impact
of supply-plane parasitics and improving
high-di/dt transient response.

The hybrid power system is the preferred
solution when one of the output voltages requires
relatively high power. In this case, a single
regulated, isolated converter improves the
efficiency of the whole system when the converter’s
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Fig. 3. Hybrid power system.
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output voltage is 3.3 V or higher. With the 3.3-V
bus voltage, the hybrid system’s overall power
output may be limited to about 200 W. This limit is
suggested because high currents circulating
through the bus-voltage power and ground planes
can cause significant losses and EMI issues as the
system power increases.

D. Intermediate-Bus Architecture (IBA)

Driven by demands from the digital- and
analog-IC industry for low-cost POLs and for an
increasing number of low-level supply voltages in
the 0.5- to 3.3-V range, the early 2000s market
adopted the IBA [6-8]. In many applications, the
IBA-based power system includes a front-end AC/
DC power supply with a typical output of 24 V or
—48 V. In some data-communications and medical
equipment, the input DC voltage can be from a
400-V power-factor-corrector block [9]. This
voltage is supplied to an IBC that provides isolation
and conversion to the lower-level intermediate-
bus voltage, typically 5 to 14 V. This intermediate-
bus voltage is supplied to nonisolated, POL
regulators that provide high-quality voltages for a
variety of digital and analog electronic blocks
(Fig. 4).

Advantages of an IBA System

» System cost is reduced because only one isolated
converter is needed and because low-cost,
standardized nonisolated POL regulators are
available in the market.

» IBC designs can be simple because there are no
strict regulation requirements for the
intermediate-bus voltage.

* Quality of supply voltages is increased because
nonisolated POLs are located next to the
electronic functional blocks.

» System has high flexibility for modifications
and updates.

* Overall system reliability is higher.

* Housekeeping, power sequencing, diagnostics,
and optimized power-saving modes are easier to
implement because all major control signals are
on the secondary side.

Potential Challenges for an IBA System

* The intermediate-bus converter must have the
highest efficiency and power density to provide
a competitive edge for IBA versus DPA.

* The overall line-card power can be limited
because of high currents circulating through
ground- and bus-voltage planes.

* Parallel operation ofhighly efficient, unregulated
bus converters can be difficult.

» Specialized IBC controller ICs are needed to
address specific IBC requirements.

E. Comparison and Trade-Offs of
IBA versus DPA

IBA is a continuation of DPA at the line-card
level. An optimal choice between IBA and standard
DPA for each specific case depends on many
factors, including the number of required power
supplies, the required voltage and power levels,
the system-bus input-voltage range, and the
specified static and dynamic regulation. It is
obvious that cost and efficiency are the most
significant trade-offs. Table 1 shows the pros and
cons between IBA- and DPA-based systems in
very general terms. A detailed analytical
comparison is needed to make the right design
decision. Examples of such analysis can be found
in Reference [10].
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TABLE 1. PROS AND CONS OF IBA VERSUS DPA
FOR DIFFERENT SYSTEM REQUIREMENTS

System Requirement IBA DPA
Input-Voltage Wide — Best
Range Narrow Best —
Number of <4 — Best
Outputs >4 Best _
One Regulated Output — Best
Demands Most of the Power Hybrid system could be

the best in such case
Cost Best —
Efficiency Better Best
Load Supply-Voltage Quality Best Good
Power Density Best Good

ITI. KEY ELEMENTS OF IBC DESIGN

IBA includes an additional DC/DC conversion
stage provided by an IBC to supply the intermediate-
bus voltage (Fig. 4). It is important for the IBC to
be highly efficient with high component density at
the lowest possible cost. While the first bus
converters on the market were slightly modified
versions of fully regulated DC/DC modules, the
IBC’s strict design requirements have made it a
stand-alone, specialized product in module
manufacturers’ portfolios.

A. Major Requirements and Parameters of
Modern IBCs

The most important requirements for an IBC
are high efficiency, high power density, and low
cost. A list of these and typical IBC parameters
follows:
 Efficiency: 96 to 97% typical
« Power density: >250 W/in>
» Cost: $0.10 to $0.20 per watt

* Input-voltage range:
* 43 to 53 V for servers and storage
38 to 55 V for enterprise systems
36 to 60 V for narrow telecom range
36 to 75 V for wide telecom range
380 to 420 V for medical and data-center high-
voltage systems

Power range: 150 to 600 W and higher

Most popular transfer ratios: 4:1, 5:1, and 6:1

for 48-V nominal input voltage

Mechanical form factor:

* 1/4 brick for > 240 W of output power

* 1/8 or even 1/16 brick for < 240 W of output

power

Switching frequency: Relatively low at 100 to
200 kHz
Most popular power-stage topologies: Full-
bridge, half-bridge, and push-pull
Secondary-side rectification: Almost entirely
uses synchronous-MOSFET, self- or control-
driven rectifiers
Control approaches: Fully regulated, semi-
regulated, or unregulated

Because of the growing popularity of IBA, the
IBCs for different power levels and transfer ratios
are readily available from different vendors. Table 2
shows the major parameters of currently available
IBCs on the market. This data is based on a review
of products from the most popular vendors.

B. Approaches to Bus-Converter Control
Depending on the input-voltage range and the
requirements for output-voltage tolerances, an
IBC can be regulated with the feedback loop taken
from its output; semiregulated by the input-voltage
feed-forward circuit; or unregulated [11, 12].

TABLE 2. MAJOR PARAMETERS OF MODERN IBC CONVERTERS

Input Voltage | Form-Factor Output Transfer Efficiency | Density,
Vendor V) Brick Size Power (W) Ratio Output Voltage (V) (%) (W/in%)
A 36 to 60 1/8 240 5:1 6.5 to 11.5 unreg. 95.5 272
A 36 to 60 1/4 396 4:1 11.4 to 12.6 reg. 94.5 285
B 38 to 55 1/4 587 5:1 7.1 to 11.0 unreg. 96.4 403
B 36to 75 1/4 286 4:1 11 to 12.5 reg. 95.9 191
C 36 to 57 1/4 500 5:1 6.8 to 11.5 unreg. 96.4 312
C 38to 55 1/8 240 5:1 7 to 11 unreg. 96.5 377
C 38to 55 1/16 150 4:1 8.9 to 13.75 unreg. 95.2 347
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The IBC with a closed feedback loop requires
an additional isolation barrier for feedback-signal
transfer. It is more expensive and less efficient
than a semiregulated or unregulated IBC because
it operates in a wide duty-cycle range. However,
full regulation 1is justified for the hybrid power
system where the IBC’s output is the supply
voltage for the most power-consuming load. If
power sequencing is needed, an additional switch
can be added between the IBC’s output and the
load [12].

The IBC that is semiregulated by the input-
voltage feed-forward circuit is usually a lower-
cost solution than the fully regulated converter,
but it also has lower density and efficiency than
the unregulated converter because it is designed to
operate over a wide duty-cycle range, even at
steady state. The semiregulated IBC may also be
used in a system with a relatively wide input-
voltage range.

The unregulated IBC provides the solution
with the highest efficiency and power density and
the lowest cost because it operates at almost 100%
duty cycle at steady state. There is no additional

communication through the isolation barrier except
for the energy transfer through the power
transformer. The size of the transformer and its
output and input filters is small because the
converter operates at maximum duty cycle.
However, overstresses that occur during transient
conditions like start-up, current limiting, and
shutdown need to be addressed during the design.

C. Major IBC Topologies

IBCs are usually highly efficient because they
can employ forward-type full-bridge, half-bridge,
and push-pull topologies and the synchronous-
MOSFET rectification technique. Fig. 5 shows
three such IBCs in their very simplified forms.
Using a self-driven, synchronous-MOSFET
rectifier is a very popular choice for unregulated
converters, but practical solutions may require
additional control windings and snubber circuits
for improved efficiency and reliability. Despite the
popularity of using such rectifiers in unregulated
bus converters, high-power applications for fully
regulated and semiregulated converters with
control-driven MOSFET rectifiers can be used as
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well. Two advantages of using control-driven
rectifiers are a simplified power transformer and a
gate-drive voltage that is independent from input-
voltage and load-current variations. A detailed
review, classification, and comparison of
synchronous-rectification techniques can be found
in Reference [13].

The double-ended topologies shown in Fig. 5
are preferred for IBC applications because they
can operate at almost 100% duty cycle, which can
significantly reduce the size of the output inductor.
Currently available IBCs usually operate at about
100 kHz. They can operate with a 48-V (nominal)
input-voltage range in the hard-switching mode,
or with a 400-V (nominal) input-voltage range in
the zero-voltage-switching transition mode. The
full-bridge topology is preferred for a 250-W or
higher output power. The half-bridge topology
provides a low-cost solution for the output-power
range below 250 W. The bridge-based topologies
have primary MOSFETs with a drain-to-source
voltage rating equal to the input voltage, with
some reliability margin. These topologies are a
better choice for input voltages higher than 24 V.
For a 24-V or lower input, the simplicity of push-
pull topology is attractive because driving primary
MOSFETs is easier. However, the center-tapped
primary winding is a drawback for the planar
transformer.

Table 3 provides a general comparison of IBC
topologies. However, to select the right topology
during practical design, detailed calculations and
a review of power-system specifications are
needed for each specific case.

D. Using a Resonant Converter as an
Unregulated IBC

Recent published reports, among them
Reference [14], have suggested that a high-
frequency, resonant-converter topology can be
used for a high-performance, unregulated IBC.
This topology has been successfully used for bus
converters operating at up to 800 kHz at 95.5%
efficiency with a 48-V input and a 12-V, 500-W
output but has not yet become mainstream in the
industry.

TABLE 3. COMPARISON OF POPULAR
IBC TOPOLOGIES

Topology | Full-Bridge | Half-Bridge | Push-Pull
Primal‘y Vs = Vin Vs = Vin Vs> 2Vin
MOSFETS
Transformer Good Problem Poor
utilization with 5:1 utilization
transfer ratio
Rectifier Primary- | No primary- | No primary-
MOSFETs winding winding winding
clamping clamping clamping
to zero is ability ability
possible
Output The Same
Inductor
Cycle- Only a Inherent Not a
by-Cycle | problem ifa issue problem
Current DC blocking
Limit capacitor is
used

IV. CHALLENGES OF DESIGNING
UNREGULATED IBCS

The design of unregulated IBCs with self-
driven MOSFET rectification has its own
challenges with numerous trade-offs. The design
goal is to achieve the highest efficiency and power
density at the lowest cost. The challenges include
the following:

» High ripple current during transitional states
* Start-up problems

* Optimal synchronous rectification

* Reverse energy flow and self-oscillation

* Parallel-operation issues

 Flux balancing of power transformer

The following discussion (Sections A through F)
addresses each of these challenges.

A. Operation at Transitional States

At steady state, an unregulated converter
operates at almost 100% duty cycle with very low
output ripple current and low input-inductor ripple
current. However, during softstart or cycle-by-
cycle current limiting, the duty cycle varies from
0% to 100%, which can cause a significant ripple
increase at the middle of this range. This ripple
can overstress the power stage and limit the start-
up capabilities of the IBC, especially when there is
a large output capacitance. The output inductor’s
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peak-to-peak ripple current, Al;, can be plotted

with Equation (1) for the whole duty-cycle range:

_ V,,xDx(1-D)
2X N XLy Xfyy

Al (D

out
where fg, = 1/T, is the switching frequency,
D = T,/(0.5 x Tg,) is the duty cycle after
rectification, N = Wy, /W is the transformer’s
transfer ratio, Wy, is the primary winding turns,
Wi 1s the secondary winding turns, L, is the
inductor’s inductance, and Vj, is the voltage to the
transformer’s primary winding.

140 T T

. 100 kHz
£ 120 —

5 100
©3
2 £ 80 /
2< / 200 kHz \
€7, 60

53 / N
g 4 500 kH \
3 /) : \
£ 20

o

0 10 20 30 40 50 60 70 80 90 100
Duty Cycle, D (%)

Fig. 6. Output inductor s ripple current versus
duty cycle for a 48-V input, 5:1 transfer ratio,
and 0.1-uH output inductor.

Note that duty-cycle calculations assume a D
value between 0 and 1. The following discussion
refers to duty cycle in percent, which is D x 100.

The plots in Fig. 6 show that the output
inductor’s ripple current is very low in the vicinity
of D=0 and 100% but can reach 120 A at D = 50%.
Thus, the size and cost of power-stage components,
especially of the output inductor, become
significantly higher when this increased transitional
peak ripple current has been taken into account.

One way to avoid the issue of high ripple
current is to use a special frequency-control circuit
that limits the output inductor’s ripple current
during duty-cycle transitions between 0% and
100%. The desired change in switching frequency
over the duty-cycle range is

f.w =kxDx(1-D), @)
where k is a constant based on circuit
implementation. Substituting Equation (2) into

Equation (1) gives the corrected inductor ripple
current as

V.

= 1 . 3
2X N XL, Xk )

Al

The result of the correction is that the switching
frequency changes as the duty cycle changes to
maintain the inductor’s ripple current at a constant
value. This idea has been implemented in the
Texas Instruments (TI) UCC28230/1 controller
[15]. A measured plot of the switching-frequency
change versus the duty cycle is shown in Fig. 7. In
this case, the nominal switching frequency is set at
about 100 kHz. The frequency is maintained
constant during steady-state operation when the
duty cycle is above 90% or less than 10%. During
start-up or cycle-by-cycle current limiting, the
duty cycle varies significantly such that the
inductor’s ripple current reaches a maximum value
at 50% duty cycle. The frequency-control circuit
maintains the maximum frequency at about 420
kHz when the duty cycle is between 30% and
70%. The higher frequency significantly reduces
ripple current and allows the output inductor to be
approximately 25% of the value needed without
the frequency-control circuit. When the frequency-
control circuit is used, inductor selection is based
on a maximum frequency of 420 kHz at 50% duty
cycle instead of on 100 kHz as it would be without
frequency control.
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Fig. 7. Measured switching frequency versus duty
cycle with frequency-control circuit.
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B. Startup Problems
The ripple increase described in the
previous section also impacts IBC start-up.

Constant
P=60W

\

Constantl=11.5A
Constant R=0.45Q
rd

The inductor’s ripple-current increase 2 : '/ R
during start-up may activate the IBC’s 10 0\ 1 7 X Vout at Steady State
overcurrent-protection circuit, possibly \ : /' | ’/;L
causing the converter not to start at all. 8 YHEE P
Increasing the current-sensing threshold <2 \i L1+~
level and adding more filtering are not >§ 6 H
recommended for correcting a start-up 4 1A
problem. If a real overcurrent or output ‘/ I \\ Vout During Start-Up
short circuit occurs, these methods of 2 ! ~ é&'m'ted by ripple current)
correction will probably overstress the y ! \\\\
converter. To meet reliability and current- 0 S

. . 0 10 20 30 40 50 60 70 80
stress margin requirements for the power- L (A
stage components, a much larger output out (A)
inductor must be selected, or the switching @ Without frequency-control circuit (fmax) = 100 kHz).

frequency must be increased to reduce the

ripple (Fig. 6).
To further illustrate the start-up issue,

Constant P =300 W Constant | =59.5 A

the plots in Fig. 8 of output voltage versus " let at SteladyI Staltei
average load current are presented based on 10 \ X
the following analysis. During the cycle- ‘\
by-cycle current limit, the inductor’s __ 8 N
average output current, I, can be described ?: 6l N -
by Equations (4) and (5): 3 Constant R =0425 0, . S
Tout = Logtimy _ Ny xVip XD 4 T
4L, xf,, 2 .
V,, xDx(1-D) @) |-
AN X Loy Xy, % 10 20 30 40 50
Iout (A)

where Iy (im) is the output current limit and
L,, is the primary magnetizing inductance
of the power transformer. Then for any I
range, the output voltage, V,,, can be
determined as follows:
)XD
— I, ¥R

where R, is the equivalent series resistance of the
power-stage primary side, and R, is the equivalent
series resistance of the secondary side.

The plots in Fig. 8a show output voltage versus
average load current at steady state and during
start-up operation with cycle-by-cycle current
limiting. These plots were determined by

R
Vi _Iout Xi

tr (5 )

vV

out —

sec?

N

tr

b. With frequency-control circuit (fgomax) = 420 kHz).

Fig. 8. IBC start-up performance with 75-A cycle-by-cycle
current limit and 100-kHz nominal switching frequency.

substituting Equation (4) into Equation (5) with
the following conditions: Vi, =48 V, f,,, = 100 kHz,
Ni =5, Loy = 0.1 pH, Ly, = 75 pH, Togim) = 75 A,
Ry =25 mQ, and Ry = 4 mQ.

Also included in Fig. 8a are the start-up load
curves with a constant load resistance of 0.45 Q, a
constant current load of 11.5 A, and a constant
power load of 60 W. The constant-resistance and
constant-current curves are touching the start-up
Vout versus I, curve without crossing it. With the
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constant-power mode replicating

POL-regulator behavior, it is

assumed that the POL regulator 100

starts operating and draws current

m
— Cour = 10000 pF || [ [ ]]
~——Cour = 1000 oF ——

only after V., exceeds the

[

[

undervoltage lockout (UVLO)

threshold set at 5 V. Until then, the

POL regulator does not draw any

Charge Current (A)

current. Thus, the load curves

indicate the maximum start-up

load current of a converter designed

0.01

for 60-A nominal output with a
current limit set at 75 A. Obviously,
the fold-back behavior of V
versus I, limits the start-up
capability of this unregulated IBC.
The load curves cross the steady-
state V¢ (upper) plot at 21 A for the constant-
resistance mode, at 11.5 A for the constant-current
mode, and at 5 A for the constant-power mode.
The start-up performance of the converter is
reduced dramatically because of the inductor’s
large ripple current at 50% duty cycle. Without the
frequency-control circuit suggested earlier, the
only way to override this limitation is to either
increase the output inductance or increase the
nominal switching frequency. Either way, power
losses and converter cost increase.

Fig. 8b illustrates the advantage of a start-up
frequency-control circuit. The conditions are the
same as for Fig. 8a except that the converter
operates at 420 kHz for most of the start-up time
and at 100 kHz when it reaches the steady-state
condition. With the same 0.1-pH output inductor,
the start-up capability is significantly improved
over that shown in Fig. 8a where fgy(max) = 100 kHz.
The load curves cross the steady-state V,; curve at
75 A for constant-resistance mode, at 59.5 A for
constant-current mode, and at 32 A for constant-
power mode.

This start-up analysis is based on the assump-
tion that the IBC’s output capacitor is not very
large. Obviously, if the allowable start-up time is
short and the output capacitor is large, an additional
current to charge the high capacitance must be
taken into account. The frequency-control circuit

0.1

10
Soft-Start Time (ms)

Fig. 9. IBC's required charge current for different output
capacitances at selected soft-start time.

increases the average charge current available for
start-up even with a large output capacitor. The
average charge current, I, for the output capacitor,
Cout» that satisfies the selected soft-start time, tg,
can be determined by Equation (6):

V.

1

I _ Vin
tSS X Ntr

ch = Cout X (6)

Fig. 9 shows the IBC’s average output current
required to charge different output capacitances
for the selected soft-start time. These curves do
not account for the extra current drawn by the
load. The effects of different output capacitances
can be estimated with and without a frequency-
control circuit by comparing the plots in Figs. 8
and 9.

With the frequency-control circuit, a charge
current of at least 59.5-A is available per Fig. 8b.
A 10-A portion of this current can be used to
charge the 10000-uF output capacitor within
10 ms per Fig. 9. The remaining 49.5-A current is
available to the load.

Without the frequency-control circuit, the
available current per Fig. 8a is only 11.5 A. This
current is barely sufficient to charge the 10000-pF
output capacitor within 10 ms. If the load draws
more than 1.5 A in addition to the capacitor’s
charge current, the converter will not start because
the overcurrent-protection circuit will be activated
due to the large ripple current.
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C. Optimal Synchronous Rectification
Technique

For IBCs with a 12-V or lower output voltage,
the synchronous-rectification technique is
mandatory to achieve the required efficiency.
Compared to Schottky diodes, low-Rpg o) rectifier
MOSFETs can increase IBC efficiency by more
than 5%. There are many publications and patented
solutions for how to drive the rectifier MOSFETs.
Most designs can be divided into self-driven,
control-driven, and diode-emulator categories.
Classification of synchronous rectification and
additional details can be found in Reference [13].
For the unregulated IBC, a self-driven rectification
approach that uses a secondary-side transformer
winding (Fig. 5) or an additional control winding
is quite popular because of its simplicity. The
proper timing in either self-driven or control-
driven synchronous rectifiers is critical to reduce
power losses. To avoid overshoot, it is important
that the conducting rectifier MOSFET on the
secondary side turn off before the primary-side

a4, vgs

Q3, V,_:Is (5 V/dIV)

(5 V/di{/)

Time (50 ns/div)

a. No load, 50 ns/div.

MOSFET is turned on. This is achieved by proper
OFF-time switching control of primary-side
MOSFETs for half-bridge (Fig. 5b) and push-pull
(Fig. 5¢) topologies. For the full-bridge topology
(Fig. 5a), the OFF time is specified to be the time
between primary current switching of MOSFETs
on one diagonal to MOSFETs on the other
diagonal. The optimal OFF time, Tgxopy), depends
on power-stage parameters and the load current.
With light loads, the optimal OFF time is longer.
This relationship is illustrated in the drain-source
and gate-source switching waveforms of the
synchronous-rectifier MOSFETs shown in Fig. 10a
for no load and in Fig. 10b for nominal current
conditions.

Optimal switching of rectifier MOSFETS over
a wide load-current range is possible when the
OFF time is allowed to increase to some degree at
light loads but is kept as short as possible with
nominal loads. A special OFF-time control circuit
can be designed to allow the desired output-current
threshold to be set such that the OFF time, Ty,

Vin —.48V I|_—44A fsw—100kHz

.......................... . Q4, Vg,
Q3, V. (5 V/div) ;

(5 Vidiv) ..
) gs . -

Time (25 ns/div)

b. 44-A load current, 25 ns/div.

Fig. 10. Switching waveforms of secondary-side rectifier MOSFETS.
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starts increasing and reaches its maximum
at no-load condition (Fig.11). This
increase can be implemented in a linear
manner as shown in Fig. 11a, or as a step
function with hysteresis as shown in Fig.
11b. The method can vary depending on
the specific design and application. TI’s
specialized UCC28230/1 bus-converter
controller implements a comparator-
based approach as shown in Fig. 11b.
This controller has dedicated pins (OS
and OST) to allow programming of the
nominal OFF time, Tyg and the output-
current threshold so the OFF time steps
up to the new Ty rmax) value at the desired
current level. The gray area designated
“Telamp” 1n Fig. 11 represents the time
when both rectifier MOSFETs are turned
off. The purpose of T¢jymp s to prevent
reverse energy flow, which is described
in detail in Section IV. D.

Since the unregulated IBC does not
have direct access so it can sense the
load current, a transformer current tap or
primary-side resistor is usually used to
monitor output current indirectly.
Primary-side current sensing includes
not only the reflected load current but
also the magnetizing current. However,
in most applications, the magnetizing
current is only a small percentage of
overall current and can be ignored.

The impact of increasing OFF time
in relation to output voltage during light-
load conditions is shown by Equation (7):

Vout = ﬁx s tTOff —Loue X Ryt (7)
tr S

For the comparator-based approach
shown in Fig. 11b, the output voltage
(Vour) can jump a few hundred millivolts
(with hysteresis) as shown in Fig. 12.
This jump is not desirable if IBC’s
operate in parallel using droop-current
sharing. For such applications, the OFF-
time control circuit can be disabled to

allow constant-slope output voltage.

Toss §
& Torr at no load = 5 x Ty for 20%
OFF-time control threshold
A OFF-time Control Threshold
(Set by resistor divider R1/R2 from
pin VREF to pin OST and to GND)
Tclamp /
Tq Toffopt) = 2-5 x Ty at heavy load
Y Telamp (set by resistor R3 from
0 t T v, pin OS to GND)
Iout
Ensures Provides
no cross minimum diode
conduction at conduction over
light load wide range of
load conditions

a. Linear OFF-time control.

Tty Toff(max) at no load = 5 x Togor) for 20%
/ OFF-time control threshold

:1- d Hysteresis = lyyst x R1 x R2/(R1 + R2)
4 A / OFF-time Control Threshold
" (Set by resistor divider R1/R2 from
/ pin VREF to pin OST and to GND)
Tclamp
A
tTd Totf(opt) = 2.5 x Ty at heavy load
v | (set by resistor R3 from
in OS to GND
0 Td \ > P )
0 Ensures Provides lout
no cross minimum diode
conduction at{ conduction over
light load wide range of
load conditions

b. Step-change OFF-time control.

Fig. 11. Setting Ty Ty, and Tijqy, versus load current with
OFF-time control circuit.

Vout Droop of Vgt vs. loyt in
unregulated IBC because of
equivalent output resistance

1x)1 Q
x)2 Totf(min)
I Toff(max)1
Hysteresis to avoid ! RELTEE § - )
instability from i off(max)
LC filter ringing H
1
1
Selected OFF-time 1
control threshold i
’I‘ Idc of I-out

Fig. 12. Impact of comparator-based OFF-time control
circuit on output voltage (not to scale).
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Always-stable
zone

Droop of Vg ¢ vs. Iyt in
unregulated IBC because of

Proper
bandwidth
is needed
to stabilize

Toff(max)2

Selected OFF-time
control threshold

ivalent output resistance
IO
eI e Tt min)
--L--.__.-
------...__---- o= TOff(max)1
me- Toff(max)Z

|

O-mmmmmmmmmagn-

lgc of Lout

Fig. 13. Impact of linear-based OFF-time control circuit on output

voltage (not to scale).

The impact on V,; of changing OFF time is
different for a linear-based OFF-time control
circuit. Depending on the gain of the control
circuit shown in Fig. 11a and the output impedance
of the IBC, the slope of V,; versus I, below the
set OFF-time threshold can be positive, negative,
or zero (Fig. 13).

D. Reverse Energy Flow and Self-Oscillation

All topologies shown in Fig. 5 are capable of
transferring energy in the reverse direction, that is,
from the output to the input. This is because
MOSFETs can conduct current in either direction
when turned on. This is not true for a converter
using a diode rectifier. During a sudden input-
voltage drop or shutdown, it is possible for the
self-driven rectifier MOSFET to start oscillating
and pumping energy backwards, thus causing
large current and voltage spikes at the rectifier
MOSFETs [16]. The reverse current flow is also

possible during quick converter restart because the
output bus capacitor has not been completely
discharged after the previous operation. Another
potential condition for reverse energy flow is the
parallel operation of several bus converters.

One possible way to address this issue is to
forcibly turn off the secondary-side rectifier
MOSFETs during primary-side MOSFET OFF
time. To understand this technique, refer to Figs.
14 and 15. In this implementation, the controller
uses additional output signals, O1 DIN and O2
DIN, to turn off rectifier MOSFETs during Ty
time as shown in Fig. 14. Fig. 15 shows the
controller’s push-pull outputs, O1 D and O2 D,
driving the high-side MOSFETs in the full-bridge
power stage. Complementary 1 — D outputs, O1
DIN and O2_DIN, driving the low-side MOSFETs
via external drivers. There is always dead time, T,
between the D and 1 — D pulses that is necessary
to avoid shoot-through currents in each leg on the

Toff 1 Toff Tott L
0o1D | | | |
- | I I I R
! . v v . | T v L
Tg o ! Ta !y
02_D —b: :4— —>: :4_
. I ™= >
I I
01_DIN ! | | !
1 1 .
i 1
——— | Tq | | ] |
02_DIN LT o | :
— T < : \ 1
Tel ! 1 Tclamp 11 Tclamp I Tclamp | |
oo > N >

Fig. 14. Timing of UCC28230 controllers output signal.
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Fig. 15. Simplified diagram of typical full-bridge unregulated IBC.

primary side. If the duty cycle is less than
maximum, there is the overlapping time, T¢jamp,
when the primary winding is shorted by the lower
MOSFETs because they are both in the ON state
(Figs. 14 and 15). This specific timing algorithm
has been implemented in UCC28230/1
controllers.

As mentioned earlier, this timing technique
addresses the problem of reverse current flow
during output prebias start-up, shutdown, input-
voltage drop, or parallel operation. For the half-
bridge (Fig. 5b) or push-pull (Fig. 5¢) IBC
topologies, the primary winding of the power
transformer cannot be shorted by the primary
power MOSFETs. To turn off the secondary-side
rectifier MOSFETs during the Tgjan, interval, an
external pulse transformer can be used as shown in
Fig. 16. In this case, the synchronous-rectifier
scheme uses the control-driven technique for the
unregulated IBC.

E. Parallel-Operation Issues

Parallel operation of IBCs is desirable in cases
when the physical height is limited or when there
may be a future need to easily upgrade to higher
power levels. Paralleling can also be used for N+1
redundancy, but in this case, diodes in series with
the outputs are needed to isolate a failed converter
from the rest of the system. It is impossible to use
any kind of active current-sharing technique with
parallel unregulated converters. The only option
here is to use a droop-current-sharing mechanism
that depends on the output impedance of the
converters sharing the current. Obviously, an
accurate droop-current-sharing approach becomes
more difficult as new IBC designs become more
efficient. Additional problems related to sharing
steady-state current can occur if all parallel IBCs
do not start simultaneously. These problems
include power circulation and tripping the
overcurrent-protection circuit. Maintaining the
secondary-side rectifier MOSFETs in the OFF
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Fig. 16. Typical half-bridge unregulated IBC with control-driven synchronous rectifier.

state during the 1 — D cycle previously described
is one way to prevent reverse current flow during
parallel operation of unregulated IBCs.

FE Flux Balancing of Power Transformer

For optimal operation with reduced switching
losses, unregulated IBCs use a relatively low 100-
to 200-kHz switching frequency. The power
transformer in the topologies shown in Fig. 5 are
expected to operate with a symmetrical hysteresis
(B-H) loop with no flux unbalancing for smaller
size. One option to avoid flux unbalancing is to
use a gapped transformer. However, this approach
requires more transformer magnetizing current.
Another option is to use a DC-blocking capacitor
in series with the primary winding as shown in
Fig. 5a for the full-bridge converter. For the half-
bridge topology, this capacitor is already present
as a necessary part of the power stage (Fig. 5b).
The potential issue with the DC-blocking capacitor
is that during cycle-by-cycle current limiting,

significant variations in pulse amplitudes may be
applied to the primary winding. This pulse
variation occurs because significant DC voltage
can build up across the blocking capacitor that can
interfere with the transformer’s volt-second
balance each half switching cycle. Unequal
amplitude pulses to the transformer windings
cause overvoltage stresses in the secondary-side
rectifier MOSFETs. In many cases, careful layout
and symmetrical matched-output pulses from the
controller and drivers can eliminate the need for a
DC-blocking capacitor in the full-bridge converter.
The simplest way to avoid unbalancing in a push-
pull converter is to use cycle-by-cycle current
limiting or a gapped transformer, because the
DC-blocking capacitor cannot be used with this
topology.
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V. EXPERIMENTAL RESULTS

The advanced control improvements
to an unregulated IBC were verified with a
DC/DC module that had a 600-W output,
a 48-V input, a 5:1 turns ratio, and a
quarter-brick form factor [17, 18]. The
controller used for these experiments was
the UCC28230/1 [15]. More details about
this controller can be found in Appendix B.

The measured module efficiency,
power losses, and output voltage are
shown in Figs. 17, 18, and 19, respectively.
In this example, the OFF time was set to a
fixed time period. For this reason the
output voltage shown in Fig. 19 has an
almost constant slope. The input-voltage
measurements were Vi, =38V, V,p, =44V,
Vinz =48V, and V;,4 =53 V. A comparison
to the old controller that had an identical
power stage, revealed an efficiency
improvement of at least 1% over the full-
load-current range.

VI. CONCLUSION

Various power-distribution systems
for telecommunications applications have
been reviewed along with a historical
perspective. The pros and cons of the
emerging IBA have been discussed in
detail. Major requirements for the IBC
have been identified, and currently
available IBC modules have been reviewed
and compared. The most important design
challenges of unregulated IBCs include
controlling transitional states, solving
start-up problems, achieving optimal
synchronous rectification, preventing
reverse energy flow, designing for parallel
operation, and obtaining transformer flux
balancing.

An overview of the UCC28230/1 IBC
controller addressed specific solution
issues. This advanced controller can
provide clamping for the transformer
primary winding, load-current dependent
OFF-time control, and frequency control
during soft start and cycle-by-cycle current
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Fig. 17. Efficiency versus load-current measurements.

20

-
(3}

Power Loss (W)
=

0 10 20 30 40 50
Load Current (A)

Fig. 18. Power losses versus load-current measurements.
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Fig. 19. Output voltage versus load-current measurements.
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limiting. The experimental results from using a
600-W-output, 48-V-input, full-bridge IBC
confirmed the improvements provided by the
suggested control circuit.
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APPENDIX A. SELECTION OF OPTIMAL BUS VOLTAGE

Optimal selection of intermediate-bus voltage
is critical for the overall performance and lowest
cost of an IBA-based power-distribution system.
For higher bus voltages, IBC power losses can be
very low; however, POL regulators perform more
efficiently at lower bus voltages. A lower bus
voltage can mean higher currents circulating
through the power and ground planes. Obviously,
there are some trade-offs to consider when
choosing a bus voltage that will provide the lowest
overall power losses for the power system.

In general, the power losses, Py, associated
with any switching power conversion can be
expressed as

POLs with five different output voltages. It is
assumed that for the bus voltage ranges from 5 V
up to 15V, the MOSFET switches for the selected
IBC, and the POL modules remain the same. The
key parameters shown in Table 4 are for an IBC
and five POLs available in the market. The
parameters Rqq and K are specific to the selected
modules and might be different for other practical
examples.

The sum of the constant losses of each POL
module (2.53 W) and the sum of the related output-
current losses (49.5 W), can be used to define the
total losses in the POLs as a function of Vy,:

) P ol(vbus) = 253 W+o.2o9%xv‘§us +495W (9)

where P 1S the nearly-constant power losses
consumed by the control and housekeeping
circuits; K, x V2 is the power loss associated with
the switching process (a function of switching
voltage [V], frequency, and in some cases, the
load current); and K, is a coefficient measured in
W/V? that reflects module dependence on the
switching voltage. It is assumed that the switching
frequency is constant and that Rey I is the
conduction power losses that are dependent on
load current, I, and the equivalent resistances, R,
of the components and traces.

The optimal bus voltage should be analyzed
for each design case because of the dependent P —05W +0.056E><V2 +AmO
relationship between the constant power losses, ibe(Vbus) 27 Thus
the voltage/current-dependent power losses, and 2
the selected POL regulators. The following X(Pb“S(Vbus) * Poolvous) * Poutrota )
example of bus-voltage optimization is for a DPA Vous
consisting of an unregulated IBC converter and

_ 2 2
Pyt = Peonst T Ky XV +Req><I s

The bus-voltage power and ground planes
have a resistance, Ry, equal to 2 mQ. Thus,
setting the overall output power, Pgyiotal) t0 be
equal to 501 W defines the plane losses as a
function of Vy:

2
Pool(vbus) * Pout(total) ] (10)

Pous(vbus) = Ripus X[ v
bus

Equation (11) shows how the Vy,,-dependent
bus-converter power losses, Pipc(vbus), €an also be
e defined by using the related parameters from Table
4 and substituting with Equations (9) and (10):

(11

TABLE 4. IBA POWER-SYSTEM PARAMETERS FOR OPTIMAL BUS-VOLTAGE ANALYSIS

Module Vout (V) Lout (A) Pout (W) Peonst (W) Req Q) | Piossy W) | K, (W/V?)
POL #1 0.7 60 42 0.46 2.5 9 0.038
POL #2 1.0 120 120 0.92 1.25 18 0.076
POL #3 1.5 60 60 0.46 2.5 9 0.038
POL #4 2.5 60 60 0.46 25 0.038
POL #5 33 30 30 0.23 5 4.5 0.019

Total — — 501 2.53 — 49.5 0.209

Bus Plane — — — — 2 P plane(Vbus)
IBC Vius Tpus Phus(Vbus) 0.5 Req X Thus 0.056
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Therefore, total IBA-based system power

losses can be defined as. 140 \\
Piotat(vbus) = Ppol(vbus) T Pous(vbus) + Pibe(vbus)- (12) 120 _
. . N Puot —

Fig. 20 shows plots of power loss as a function S 100 P

of bus voltage. The optimal bus voltage can be by e
.. . o 80 =
chosen for minimal overall power losses. This 9 Pol L
particular power-loss curve is relatively flat for 5 60 .
bus voltages between 8 and 10.5 V. With a g ]
relatively wide bus-voltage range, using an o 40 "y
unregulated bus converter in many cases depends P ibc
. 20 \ bus

on the input-voltage range. ~

The general trend is to select the optimal bus 0
voltage in the lower range, at higher switching 5 6 7 8 9 10 11 12 13 14 15
frequencies, to lower overall system power. This Bus Voltage (V)

trend supports a balance between the voltage-
related losses like switching losses and the current-
related losses like conduction losses.

Fig. 20. Power losses over bus voltage.
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APPENDIX B. ADVANCED INTEGRATED-CIRCUIT CONTROLLER FOR IBC

Fig. 21 shows the functional diagram of the
specialized UCC28230/1 controller for an
unregulated IBC.

The UCC28230/1 PWM bus controllers are
optimized for use in IBCs requiring high efficiency
and high power density. Supported topologies
include full-bridge, half-bridge, and push-pull as
shown in Fig. 5. This controller also supports
external drivers such as the UCC27200, a 120-V
high-side/low-side driver (Figs. 15 and 16). The
UCC28230/1 has several innovative features that
help overcome the unregulated-IBC design issues
described in this topic:

+ A start-up frequency-control circuit supports a
small output inductor and a large intermediate-
bus capacitor.

Programmable, load-dependent OFF-time
control provides optimal timing of synchronous-
rectifier MOSFETs over a wide load-current
range.

Additional 1 —D control outputs support primary
winding clamping in self-driven synchronous-
rectifier applications to prevent self-oscillation.
They can also be used as drive signals for the
control-driven synchronous rectifier.

The logic block is specifically

The UCC28230 and UCC28231 respectively
provide precision reference voltages of 5 V and
3.3 V, with 1.5% overall accuracy and a 10-mA
output current. The precision reference voltage
can be used to accurately set system parameters
like the OFF-time threshold and the switching
frequency. This reference voltage can also be used
as an accurate reference voltage for an internal
ADC in a low-cost microcontroller. The micro-
controller has become a popular choice in IBC
modules to provide housekeeping and program-
mable protection parameters.

Other features include UVLO, thermal
shutdown, programmable soft start, overcurrent
hiccup mode, and short-circuit protection with an
internal restart that can be set into latch-off mode
with an external resistor.

The UCC28230/1 can operate either with a
fixed switching frequency (if the frequency-set
resistor is connected to the reference voltage) or in
the fixed volt-second mode (if a frequency-set
resistor is connected to the input voltage). In fixed
volt-second mode, the switching frequency follows
the input voltage to maintain constant peak flux
density in the power transformer core.

designed to provide accurately UCC28230/1
matched and trimmed duty- Vo, UVLO Voo
le pulses al ith th NGl L
cycle pulses along wi e Voo S —
OFF time. In a full-bridge ] Generator
converter, the DC-blocking VREFl1 ~ 1) 01 om
: 0s - _
capacitor on the transformer’s R1Z p—3{OFF-Time
. . R3 Control Short-Circuit
primary side can often be R2 2| circuit Shutdown
e osT 8
eliminated. —|>°— 02_DIN
CS|s
. . \ 4
Cycle-by-cycle current limit- :m L1 »  Logic 1
. i 4‘ o1
ing prevents overstressing the Cgcle-bst/-fyqlte Block -
urrent Limi
converter. If the overcurrent
. 9
condition causes a duty cycle of Oscillator |CLK —|>— 02D
less than 80% at the output, the vin—«%f 4land Start-Up/"Y | Soft Start and
. . K Frequency Hiccup Current-
controller goes into a periodic Control Limit Circuit LA PR
(13 . 2 r
shutdown-and-restart “hiccup 5 |
mode after a programmable delay )

time.

Fig. 21. Block diagram of specialized UCC28230/1 controller for

unregulated

IBC.
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