
Art of Electronics – The x-Chapters

9x.16 Bus Converter: the “DC Transformer”

It would be nice to have a “dc transformer,” to con-
vert one dc voltage rail to another; and, like the usual ac
transformer, it should work in both directions. We’ve seen
plenty of dc–dc converters in Chapter 9 – these convert an
input dc supply rail to an output dc at a different voltage
(boost, buck, invert, etc., recall §9.6). Theseswitchmode
devices act like a one-way (input to output) dc transformer,
but they do their magic by converting to ac internally, with
magnetics and rectification (or flying capacitors) to create
the output dc, and with feedback duty-cycle control to set
the regulated output voltage.
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Figure 9x.71. A buck converter with active switches is also a boost
converter running the other way. Here the duty cycle D refers to
switch S1’s ON fraction.

Perhaps surprisingly, youcan create a bidirectional
switchmode dc–dc converter: look at Figure 9x.71, where
we’ve drawn a conventional non-isolated buck converter,
using an active switch (S2) instead of a passive catch-diode.
With input from the left, it’s a buck converter. But if the in-
put dc comes from the right, it’s a boost! You can think of
this as a bidirectional dc transformer, working both ways
with a “turns ratio”N=npri/nsec: it steps the dc voltage up
or down by a factorN (depending on which side is the “in-
put”), and (if lossless) it conserves energy. For example, if
Vout is the lower voltage,Iout=NIin.

The “transformer turns-ratioN” is set by the switching
duty cycle; for example, a 25% duty cycle (fraction of time

S1 in ON) is a turns ratioN=4. It’s the same equation as
for the classical buck converter (eq’n 9.3d in Chapter 9),

N =
Vout

Vin
= D, (9x.5)

whereD is the fraction of time switchS1 is conducting.

9x.16.1 Differences from classic switch-mode
converter

The dc bus converter, though similar to the standard non-
isolated buck or boost, differs in two important ways:

• a bus converter has a fixed duty cycle, rather than a feed-
back loop to generate a target output voltage; so a bus
converter keeps the voltageratio (rather than the output
voltage) approximately constant.

• a bus converter must use a synchronous switch (MOS-
FETS2) instead of a freewheeling catch diode, because it
must allow current to flow in either direction whenON.

9x.16.2 Bus converter applications

When might you want a bidirectional dc transformer, any-
way? A situation where you have several dc buses: for ex-
ample, a contemporary automobile with a 48 V bus, but
encumbered with many legacy 12 V accessories. It’s con-
venient to have power moving between the buses; and it’s
essential if one side suffers a “load dump” (the sudden dis-
connection of load on the 12 V side, which would cause a
voltage surge unless transferred to the 48 V side).

Another example is generating a high-power split sup-
ply. Say we start with a 72 V offline switching supply;
use that to drive a 2:1 bus converter (50% duty cycle),
which creates a 36 V center-tap. Now ground that output,
and you’ve got a±36 V high-current supply, ideal for a
high-power audio system (for example). It works because
the bus converter’s output (the new “ground”) will happily
source or sink current, making it a stiff voltage midpoint.

9x.16.3 Bus converter example

Commercial dc bus converters that are aimed at high-power
applications (e.g., the automobile example above) take ad-
vantage of multiphase switching, with transformers to take
care of the voltage ratio. In the modest example here,
we’ve taken a simpler approach, using a single inductor
with a settable duty cycleD to determine the voltage ratio.
The basic scheme is shown in Figure 9x.72, where a half-
bridge driver IC provides the gate drive to the switches.
The IR2085 includes an internal oscillator, but with a fixed
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Figure 9x.72. Block diagram of dc bus converter. R4 adjusts the
duty cycle, thus the voltage conversion ratio.

duty cycle ofD=50%; but a little trickery lets you alterD
(refer back to Fig. 7.10B, where we played a similar trick
on the venerable 555). Here the left side is the higher volt-
age input (say 48 V) and the right side is the lower voltage
rail (say 12 V).

Figure 9x.73 shows the full circuit, with our PCB version
pictured in Figure 9x.74. Much of it should be familiar: the
usual gate coupling networks driving the switchesS1 and
S2 (Q1 andQ2, respectively), the energy-storage inductor
L1, the large storage capacitorsC4 andC5, a 4-terminal
current-sense resistorRS for overcurrent protection, and the

bootstrap componentsD1 andCB to generate theVCC+12 V
needed to drive the high-siden-channel MOSFET’s gate.

In this circuit we’ve addedD2 and R4+R5 to alter the
duty cycle around the IR2085’s fixed 50% internal setting.
That IC has a bus-voltage limit of 100 V, but the robust
(50 A) 55 V MOSFETs limit the high-side voltage. This
thing is capable of plenty of power – for example, it can
convert between 48 V@5 A and 24 V@10 A (50% duty cy-
cle), a very respectable 250 W.44 We tested it at somewhat
lower voltages (24 V in, 12 V out) and power, where it de-
livered a measured conversion efficiency of 95% or better
from 10 W to 100 W.

9x.16.4 A few comments

Effective series resistance
The bus converter ideally transforms voltage perfectly in
either direction (by the ratioN), but with an added series
loss resistance, analogous to the copper winding resistance
in an ac transformer. The effective series resistance is par-
tially due to the expected MOSFET’sRDS(on), but mostly
due to switching dead-time, when neither the high-side nor
the low-side MOSFETs are turnedON (by design, the dead-
time helps to ensure that both MOSFETs won’t be on at

44 It uses the impressive inductor seen in the center of the lastrow in the
photograph of Fig. 1x.72.
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Figure 9x.73. Bidirectional dc bus converter circuit. The high-side rail can run to +60 V, with adjustable Vout/Vin ratio set by R4.
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Figure 9x.74. The bus converter of Fig. 9x.73 fits nicely on a 6×8 cm 2-layer PCB. Here we added an input fuse (automotive type), and
we doubled the output bypass capacitance.

the same time, to prevent high supply-rail shoot-through
current spikes). In this circuit we’re running the IR2085
around 150 kHz with a dead-time of about 100 ns, thus a
3% time during which the inductor node is not driven.

The relatively large dead-time is a consequence of our
having used a simple half-bridge driver IC, taking advan-
tage of its built-in dead-time conduction gap. But its 100 ns
gap is rather conservative, and you would do better to sep-
arate the waveform generation from the gate driving cir-
cuitry.

Tracking ratio
Because the converter generates a fixed voltage ratio, and
does not use a feedback loop, slow variations in input volt-
age are faithfully transformed. Here “slow” might range up
to a few kilohertz, that is, a smallish fraction of the switch-
ing frequency. But that’s not an “ac signal,” because the
converter can’t work with bipolarity signals: it’s ac riding
on dc.

Current pulsation and multiphase
We claimed our converter conserved power, thus the claim
that the high-voltage input current was lower than the out-
put current, in proportion to the voltage step-down ratio.
But it’s not that simple. Take, for example, our 48 V to 12 V
converter: input switchS1 is ON only 25% of the time, but

during that time the input current is thesameas the aver-
age output current; it’s only in theaveragethat it’s reduced
by a factor of four. The problem is that our simple con-
verter used a single inductor, with pulsed conduction at the
input. In a more sophisticated configuration you would cre-
ate an interleaved multiphase converter with four inductors
(each with its pair of switches45), and with the switches
interleaved so that each operates in sequence. This largely
eliminates input current pulsation. And, in a further burstof
good fortune, it happens that theoutputcurrents from the
four phases overlap considerably (33% in this example),
because theS2 output switches areON three times as long
as theS1 input switches, during which their output currents
combine.46

This is why you see a nest of converter inductors sur-
rounding the processor on computer motherboards, per-
forming multiphase (8 or even 16 phases) buck conver-
sion from a 12 V bus to a 1 V CPU core voltage. And,
moving back to our favorite dual-bus automotive theme,
Figure 9x.75 shows a reference design for a 2 kW bidirec-

45 As in the photograph of Fig. 9x.75.
46 The basic timing and monitoring tasks are increasingly being done with

inexpensive and fast microcontrollers; this makes a lot of sense, espe-
cially because there’s no feedback or stability issues witha fixed-ratio
bus controller.
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Figure 9x.75. A serious dc bus converter: 4-phase bidirectional 12V/48V automotive module, good for efficient 2 kW conversion. Cour-
tesy of Texas Instruments Incorporated.
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Figure 9x.76. A transformer-coupled bus converter provides gal-
vanic isolation between input and output (i.e., separate grounds),
and it permits large ratios of input/output via the transformer’s turns
ratio.

tional bus converter from Texas Instruments, intended for
12V/48V automotive systems.

Isolated bus converter
The bus converters above, which we’ve called dc trans-
formers, lack one feature of real ac transformers: they are
non-isolated, sharing a common ground. But that’s not
necessary – they can be (ac-) transformer coupled, as in
Figure 9x.76. Besides allowing independent grounds, the
transformer’s turns ratio lets you maintain high efficiency
(reasonable switching duty-cycle) even when transforming
large voltage ratios (as in the 400V/12V converter shown).




