Power Supply Control
Design Tools — Part 1

In this article, Dr. Ridley discusses the problems in comprehending supposedly-simple power electronics

circuits. A free piece of analysis software, the first in a series of six, is provided to readers of this column

to help them with their power supply design and analysis.

Modeling Power Supplies

The power electronics field is sup-
posedly simple. We have circuits with
maybe half a dozen major components
in the power stage, and perhaps 20
more parts in the control loop. We use
time-tested techniques like bread-
boards, oscilloscopes, and frequency
response analyzers to measure quanti-
ties that we are supposed to be able to
predict easily with either simulation or
design equations.

Despite the apparent simplicity of the
field, it rapidly becomes a bewilder-
ing place when you design your first
products. There are countless books,
references, papers and application
notes which try to shed some light on
the topics that are involved in design.

In teaching power supply design
courses for the last 20 years, | constantly
face challenges in presenting material
that is up-to-date, accurate, interest-
ing, and most importantly, of immediate
practical use in the workplace. Engineers
attending the courses are expected to
immediately increase their productivity
at work, and they do. One of the ways
that practicality is kept to the forefront of
training is by not getting weighed down
with excessive equations.

When presenting courses and show-
ing some of the waveforms or transfer
functions of converters, | am constantly
asked — do you have the equation for
that? Some equations are in the notes
| present, but most are in the design
software that goes with the courses. Of
course | have the design equations, but
something has always prevented me
from writing them all out. First, they are
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in the form of software equations, and
it is a lot of work to extract them from
their native format. But, secondly, | do
not believe it would do a service to the
engineering community to just provide
the equations.

It is a strange fact that for the sim-
ple set of the three main converters,
the buck, boost, and buck-boost (or

flyback) there is no single publication
that summarizes all of the design and
analysis equations in a single place. It
has been on my list of things to do for
some time now to generate a complete
set of equations and publish them as a
poster for the basic converters operat-
ing in CCM and DCM, and with voltage-
mode and current-mode control.

Texas Instruments once provided a
wall chart which made some progress
toward this, but it had omissions, out-
of-date models, or did not cover all of
the functions needed by a designer. It is
still quite useful if you can find one.

Too Many Equations

| have come to realize that the ultimate
set of equations in a concise printed
reference won’t happen, and finally last
week | was able to put my finger on why.
Christophe Basso has just published an
update to his Switch-Mode Power Sup-
ply book™ which is highly recommended
as a reference to all those involved in
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Figure 1: Buck Converter with Parasitic Resistances and Voltage-Mode Control.
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power supply design. In this book, he
has a thorough review of multiple differ-
ent modeling techniques over the years,
and he presents summaries, including
many of the equations needed for de-
sign.

There are, in total, over 1300 equa-
tions in this book just to cover the
basics of operation of our “suppos-
edly simple” converters. Basso’s book
is very much a practical volume and
the equations in there are necessary to
understand this field properly. When you
have been in this field for a long time,
there is a tendency to forget how much
background is really needed to be an
effective designer. At some point in your
career, you need to go through these
equations and understand where they
come from, and how they impact your
circuit. However, at other times, you
want to get to the results as quickly as
possible because you are subject to an
aggressive schedule.

Fortunately, you don’t have to digest
all the equations before you can de-
sign a converter. The big advantage of
Basso’s book is that it provides Spice
models on a CD so you can immedi-
ately get to work on your power supply.
Understanding the equations can come
later.

If you include other advanced aspects
of power supplies - resistances that
are frequency dependent and nonlinear,
multi-output supplies, the intricacies of
switching and high frequency snubber
networks — the number of equations
goes up by an order of magnitude. In
fact, it’s worse than that, since many of
the expressions for quantities become
implicit equations that cannot be solved
in a closed form.

Different Equations for the Same
Problem

There are other problems with collect-
ing a comprehensive set of equations
for our converters. If you compare one
reference with another, you will find dif-
ferent answers. Rarely will you find two
books with exactly the same expression
and notation.

In each analysis, approximations are
made to arrive at an answer in a useful
form. For example, we might assume
the ESR of an output capacitor is always
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much lower than the dc resistance of
the output load on the converter. That
will lead to one equation. For some high
current supplies, however, the ESR of
the capacitor may be comparable, or
even bigger than the load resistance,
and the assumptions this equation will
be invalid in predicting responses ac-
curately.

Now let’s look at an example circuit
and equation. For the simple buck con-
verter of Figure 1, the equation for the
control-to-output transfer function is:
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Equations 3 and 5 for the Q of the
circuit are clearly not the same. The first
one does not include the series resis-
tance of the diode or switch, and the
second one does include these resis-
tances. The second equation makes the
assumption that the inductor parasitic
resistance is considerably smaller than
the load resistance, the first does not.

If you refer to the book by Vorpérian',
even more effects are incorporated into
the modeling, including storage-time
delay in the power switch.

Clearly, different levels of complexity
are possible, and you can spend a tre-
mendous amount of time analyzing this
most straightforward of equations. Then,
when you build the real circuit, there will
still be some discrepancies in the actual
measurements versus predictions.

There are no right and wrong answers
to this since none of the published mod-
els incorporates everything seen in the
real circuit. The damping of the filter res-
onance is affected by switching losses,
inductor core losses, and proximity
effect losses in the inductor (this one is
very complex — the heating effects oc-
cur at the switching frequency, yet the
damping is at very low frequency). No
publication has been written to try and
explain the effect of these phenomena
on the transfer functions.

More equations, and more variations
from one analysis to another, are cre-
ated when the buck converter operates
in discontinuous-conduction mode
(DCM). Vorpérian showed quite rightly
that the converter remains second order,
and the filter of the converter is heavily
damped in this region of operation. The
equations for DCM are quite complex,
and not included here.

Engineering Design Tools

Basso’s book! is very much aimed at
the power designer, and also includes a
CD of files to run with Spice. If you like
to work with Spice, it is highly recom-
mended that you start with these mod-
els for your power supplies.

Sometimes you are so under so much
pressure that you do not even have time
to get Spice running for your circuit, let
alone understand the equation deriva-
tions. The intent of this series of articles
is to provide the working power supply
engineer with some design tools that
will speed up the design process. To
achieve that, downloadable software
is available, and will be provided in 6
parts:

Part 1. Buck converter with voltage
mode control in CCM and DCM

Part 2. Buck converter with current-
mode control in CCM and DCM

Part 3. Boost converter with voltage
mode control in CCM and DCM

Part 4. Boost converter with current-
mode control in CCM and DCM

Part 5. Flyback converter with voltage
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mode control in CCM and DCM
Part 6. Flyback converter with current-
mode control in CCM and DCM

This software can be found at www.
ridleyengineering.com. Part 1 is already
available, and each successive part will
coincide with articles in this magazine.

Part 1 - Buck Converter Analysis
with Voltage-Mode Control

The buck converter is the simplest of
all, with the equations shown above for
the control-to-output transfer function
in CCM. After you have downloaded
the file for the buck converter, you can
enter your converter circuit elements,
and immediately plot the control transfer
functions. You can also vary input
voltage and load resistance to see the
effect of different operating conditions
on the control transfer function.

In CCM, the control function of the
buck converter looks like a simple LC
filter, with a gain set by the input voltage
to the converter. Damping of the filter
is affected by the parasitic component
resistances of the circuit and the load
resistor. The model provided in the
software is sufficiently accurate for all

practical converters, and you can use it
with confidence.

At light loads, the converter will
enter DCM, and the characteristic LC
filter characteristic will be replaced by
a system with a dominant pole, and
a second high frequency pole. The
software will automatically detect when
this happens for your circuit elements.

Summary

As a power supply designer, you have
your hands full trying to get a power
supply into production. Unless you
have a lot of spare time available, don’
t get caught up in trying to re-derive
equations that vary from paper to paper,
or trying to reprogram equations that
have already been done before. You
will never achieve perfect correlation
between modeling and measurements
anyway, so make sure your time is well
allocated in solving the bigger problems
that you may have with making your
power supply rugged and reliable.

Make use of the tools that will be
available with this column over the
coming months, or you Spice simulations
of converters that have already been set

up by experts in that field".
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Power Supply Control
Design Tools — Part 2

Buck converter with current-mode control

In this article, Dr. Ridley presents a summary of current-mode control for the buck converter. A free piece

of analysis software, the second in a series of six, is provided to readers of this column to aid with the

analysis of their current-mode buck converters.

Modeling Power Supplies with
Current-Mode Control

In the last article, (April 2008 Power
Systems Design Europe, page 18)
the complications of modeling power
circuits were discussed in some detalil
for a buck converter with voltage-mode
control. Even for that simple configu-
ration, the analysis can have different
levels of complexity. This will depend on
how many parasitic components are in-
cluded in the analysis, and any assump-
tions made about their relative values.

We don’t usually use voltage-mode
control for rugged converter design.
Current-mode control is the preferred
approach, implemented as shown in
Figure 1.

A whole new world of mathematical
complexity arises when current-mode
control is used for a power supply.
Fortunately, the full analysis of current-
mode control is completed, and you can
download the complete book on the
topic from www.ridleyengineering.com.

The dynamic analysis of current mode
involves advanced techniques, including
discrete-time and sampled-data model-
ing. This is essential to arrive at a model
which explains all of the phenomena
seen with your converter, and which ac-
curately predicts the measured control-
to-output response and loop gain of the
current-mode converter.

There are several important points
to learn from the full analysis of the
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current-mode converter:

1. The power stage has a dominant-
pole response at low frequencies,
determined mainly by the time constant
of the output capacitor and load resistor
values.

2. The power stage has an additional
pair of complex poles at half the switch-
ing frequency which, under certain
conditions, will create instability in the
current feedback loop.

3. The resulting transfer function of
the power stage is third-order, even
though there are only two state variables
in the converter. (This apparent anomaly,
for control theorists, is caused by the
fact that the switching power converter
is a nonlinear, time-varying system.)

4. The second-order double poles at
half the switching frequency cannot be
ignored, even though they may be well

beyond the predicted loop crossover
frequency.

5. The capacitor ESR zero is un-
changed by the presence of the current
loop feedback.

As explained in reference [1], current-
mode control has many advantages.
These include elimination of the reso-
nant filter frequency, the ability to cur-
rent share with multiple power stages,
simplified compensation design, and
inherent peak current limiting.

Designing with Current-Mode
Control

While the analysis of current-mode
control is quite complex to read and
understand, the design process is quite
simple. Much simpler, in fact, than
voltage-mode control, and this is one of
the reasons that current-mode control is
so popular today.

Figure 1 shows the current-mode
feedback system. The inductor current,
or switch current, is sensed and com-
pared to a voltage reference to set the
duty cycle of the converter. A sawtooth
ramp may also be added to the signal to
stabilize the current loop.

Closing the current loop is straight-
forward. A current transformer, or sense
resistor, is used to generate a voltage
signal proportional to the actual current
in the switch. The only requirement on
the design of this network is that the
resulting signal should not exceed the
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Figure 1: Buck converter with current-mode control. The green components show the current feedback; without these, the

control is voltage-mode.

voltage headroom available in the PWM
comparator. You do not have to think
about the gain of the current loop, or
resulting transfer functions at all during
this phase of the design.

It is an interesting feature of the
current loop that, regardless of how
large you make the gain of the current
sensing network, the current loop gain
remains constant. This is because the
PWM modulator gain, which is part of
the current loop, is determined by the
reciprocal of the slope of the sensed
current. The higher the current gain,
the lower the gain of the modulator.
The two effects exactly cancel each
other.

Once the current sense network is
selected, you must decide whether
you need to add a compensating ramp
to the system. This is usually done for
converters which will operate at duty
cycles above 40%. Further details are
given in"". Addition of the compensating
ramp provides independent control of
the PWM modulator gain. This stabilizes
the tendency of the current feedback
to oscillate at duty cycles approaching
50%.

Buck Converter Current-Mode
Software
Software is now available for down-

load that allows you to predict the small-
signal response of your buck converter
with current-mode control. After entering
your power stage values and switching
frequency, you can design the current
loop parameters of current gain, and
compensating ramp value. The software
will help you choose the proper values.
Once this is done, the transfer function
gain and phase of the power stage is
plotted for you, and the resulting poles
and zeros given.

The software is designed to run under
either Excel 2007 or Excel 2003. Make
sure when you open the software that
the macro features are enabled in order
to use the program properly. Please go
to www.ridleyengineering.com to down-
load the software.

Summary

As mentioned at the end of the
Design Tips in last month’s magazine,
you have your hands full trying to get a
power supply into production. Trying to
understand the intricacies of analysis of
current-mode control is a useful thing to
do, but most engineers simply don’t
have the time with their aggressive
development schedules.

The software tool made available
with this article will help you design the
current loop properly, and give you the

analysis of the converter. Remember,
however, the results of any power sup-
ply transfer functions should always be
verified by measurement. Our power
systems are frequently dependent on
circuit component parasitics that can be
unpredictable, and can also be impact-
ed by noise and improper board layout.
Experimental verification is an essen-
tial step for a rugged design, and should
never be omitted.
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Power Supply Control
Design Tools — Part 3

Boost converter with voltage-mode control

In this article, Dr. Ridley presents a summary of the boost converter with voltage-mode control. Free

analysis software—the third in a series of six—is provided to readers of this column to aid with the

analysis of their voltage-mode boost converters.

Voltage-Mode Boost Converter

The last two articles covered the buck
converter in both voltage-mode and
current-mode control. The buck is the
simplest of all the converters, but as
we have seen, the equations can still
be very complex when the full range of
operation is considered.

The boost converter offers a new
set of complications in analysis and
characteristics. It can be a challenging
converter to stabilize when operating
with voltage-mode control as shown in
Figure 1.

For the boost converter of Figure 1,
the equation for the control-to-output
transfer function is:
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Where the resonant frequency is given
by

And the equivalent inductance is de-
termined by the duty cycle:

L
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The Q of the filter is a complex combi-
nation of the parasitic resistances shown
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in the circuit, and the load resistance.
For this equation, you can refer to either
[3] or [5].

Boost Converter
Right-Half-Plane Zero

The boost converter adds a new com-
plexity to the control problem - a right-
half-plane (RHP) zero. This is caused by
the fact that when the boost converter
switch is turned on for a longer period of
time, the inductor is disconnected from
the load for a longer period of time. That
means that the output initially drops,
even though the control command is
trying to make it increase.

Figure 2 shows the effect on the gain

Ry ) Rg output v,
Y Re R
duty cycle d
clock —{s Sawtooth ramp
R

L

— 11

control v,

Figure 1: Boost converter with voltage-mode control.
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Figure 3: Effect of input line variation on the control characteristic of the boost
converter.

and phase of the RHP zero. At heavy
loads, the RHP zero frequency is the
lowest, and the phase delay is the
greatest. At light loads, the RHP zero
frequency is higher, and the converter is
easier to control.

The operation of the boost converter
also causes a shift in the resonant
frequency with input voltage, as can be
seen from the control equations. Figure
3 shows how the characteristics of the
boost converter can vary dramatically
with a wide input voltage.

The general rule of thumb for con-
verters with RHP zeros is to design at
the lowest input line and the maximum
load. This causes the lowest value
of RHP zero, and the lowest value of
resonant frequency. However, when
using voltage-mode control, the moving
resonant frequency can create prob-
lems at different operating points, and
the whole range of operation should be
carefully checked with both prediction
and measurements.

More equations are created when
the boost converter operates in dis-
continuous-conduction mode (DCM).
These are not given in this article,
but the free software provided for the
boost converter will automatically as-
sess which mode of operation your
converter is in, and provide the proper
transfer function.

Important Characteristics

There are several important points to
remember about the boost converter
operating in continuous-conduction
mode:

1. There is a double pole at the
resonant frequency of the LC filter. The
frequency of this double pole will move
with the operating point of the converter
since it is determined by the equivalent
inductance of the circuit, and this is a
function of duty cycle. At low line, the
resonant frequency has its lowest value.

2. As with all switching power sup-
plies, there is a zero in the control-to-
output transfer function corresponding
to the ESR of the output filter capacitor.

3. The boost converter has a right-
half-plane zero which can make control
very difficult. This RHP zero is a function
of the inductor (smaller is better) and the
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load resistance (light load is better than heavy load). The
bandwidth of the control feedback loop is restricted to
about 1/5" the RHP zero frequency.

In discontinuous conduction mode, the resonant fre-
quency of the filter is eliminated from the control char-
acteristic, as predicted by the switch model in®. This
simplifies the control loop design, but higher power boost
converters are usually designed to operate in CCM for effi-
ciency reasons.

Boost Converter Voltage-Mode Software

Software is available for download that allows you to
predict the small-signal response of your boost converter
with voltage-mode control. After entering your power
stage values and switching frequency, the transfer func-
tion gain and phase of the power stage is plotted for you,
and the resulting poles and zeros given.

The software is designed to run under either Excel 2007
or Excel 2003. Make sure when you open the software
that the macro features are enabled in order to use the
program properly. Please go to http://www.ridleyengineer-
ing.com/freesoftware.htm to download the software.

Summary

The boost converter is an essential topology for step-
ping up the input voltage, and is applied in many areas
of power conversion. This includes dc-dc converters,
lighting applications, power factor correction circuits,
battery discharging circuits, and many other applications.
It is a good topology, but care and time must be taken to
properly design the control loop. The inductor should be
chosen carefully for a controllable power stage RHP zero
characteristic. As with all converters, measurement @ is
essential to ensure a stable and rugged product.
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Power Supply
Control Design Tools —

Part 4

Boost converter

with current-mode control

In this article, Dr. Ridley presents a summary of current-mode control for the boost converter. A free

piece of analysis software, the fourth in a series of six, is provided to readers of this column to aid with

the analysis of their current-mode boost converters.

Modeling Power Supplies with
Current-Mode Control

In the last article, the complications of
modeling power circuits were discussed
in some detail for a boost converter
with voltage-mode control. The boost
converter was shown to have the com-
plication of a right-half-plane zero which
makes control with voltage-mode very
difficult in some cases.

The problem is made much easier
with current-mode control. This is
always the preferred approach for the
boost converter, implemented as shown
in Figure 1.

As with the buck converter, a whole
new world of mathematical complex-
ity arises when current-mode control
is used for a power supply. The full
analysis of current-mode control is
completed, and you can download the
complete book on the topic from www.
ridleyengineering.com.

The dynamic analysis of current mode
involves advanced techniques, including
discrete-time and sampled-data model-
ing. This is essential to arrive at a model
which explains all of the phenomena
seen with your converter, and which ac-
curately predicts the measured control-
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to-output response and loop gain of the
current-mode converter.

There are several important points
to learn from the full analysis of the
current-mode boost converter:

1. The power stage has a dominant-
pole response at low frequencies,
determined mainly by the time constant
of the output capacitor and load resistor
values.

2. The power stage has an additional
pair of complex poles at half the switch-
ing frequency which, under certain
conditions, will create instability in the
current feedback loop. The damping of
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these complex poles is controlled by the
addition of a compensating ramp.

3. The resulting transfer function of
the power stage is third-order, even
though there are only two state variables
in the converter. (This apparent anomaly,
for control theorists, is caused by the
fact that the switching power converter
is a nonlinear, time-varying system.)

4. The second-order double poles at
half the switching frequency cannot be
ignored, even though they may be well
beyond the predicted loop crossover
frequency.

5. The capacitor ESR zero is un-
changed by the presence of the current
loop feedback.

6. Finally, and most importantly, the
current-mode boost converter re-
tains the exact same RHP zero as the
voltage-mode converter. However, since
the current feedback has eliminated the
double poles of the filter resonance, it
is not difficult to control this RHP zero
effectively.

As explained in reference'™, current-
mode control has many advantages.
These include elimination of the reso-
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Figure 1: Boost converter with current-mode control. The green components
show the current feedback; without these, the control is voltage-mode.

nant filter frequency, the ability to cur-
rent share with multiple power stages,
simplified compensation design, and in-
herent peak current limiting. The control
is also optimum when operating in either
continuous- or discontinuous-conduc-
tion mode, and there is no problem in
operating the converter in both of these
regions.

Designing with Current-Mode
Control

While the analysis of current-mode
control is quite complex to understand,
the design process is quite simple.
Much simpler, in fact, than voltage-
mode control, and this is one of the
reasons that current-mode control is so
popular today.

Figure 1 shows the current-mode
feedback system. The inductor current,
or switch current, is sensed and com-
pared to a voltage reference to set the
duty cycle of the converter. A sawtooth
ramp is added to the signal to stabilize
the current loop if duty cycles ap-
proaching 50% are used.

Closing the current loop is straight-
forward. A current transformer, or sense
resistor, is used to generate a voltage
signal proportional to the actual current
in the switch. The only requirement on
the design of this network is that the
resulting signal should not exceed the
voltage headroom available in the PWM
comparator. You do not have to think

about the gain of the current loop, or
resulting transfer functions at all during
this phase of the design.

It is an interesting feature of the
current loop that, regardless of how
large you make the gain of the current
sensing network, the current loop gain
remains constant. This is because the
PWM modulator gain, which is part of
the current loop, is determined by the
reciprocal of the slope of the sensed
current. The higher the current gain, the
lower the gain of the modulator. The two
effects exactly cancel each other.

Once the current sense network is
selected, you must decide whether you
need to add a compensating ramp to
the system. This is usually done for con-
verters which will operate at duty cycles
above 40%. Further details are given in
[1]. Addition of the compensating ramp
provides independent control of the
PWM modulator gain. This stabilizes the
tendency of the current feedback to os-
cillate at duty cycles approaching 50%.

Boost Converter Current-Mode
Software

Software is available for download
that allows you to predict the small-
signal response of your boost converter
with current-mode control. After entering
your power stage values and switching
frequency, you can design the current
loop parameters of current gain, and
compensating ramp value. The software
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will help you choose the proper values.
Once this is done, the transfer function
gain and phase of the power stage is
plotted for you, and the resulting poles
and zeros given.

The software is designed to run under
either Excel 2007 or Excel 2003. Make
sure when you open the software that
the macro features are enabled in order
to use the program properly. Please go
to www.ridleyengineering.com to down-
load the software.

Summary

If you work with a boost converter, it is
advisable to use current-mode control.
While the analysis is complex, the soft-
ware tool made available with this article
will help you design the current loop
properly and show the transfer functions
of the converter. Remember, however,
the results of any power supply trans-
fer functions should always be verified
by measurement. Power systems are
frequently dependent on circuit compo-
nent parasitics that can be unpredict-
able, and can also be impacted by noise
and improper board layout. Experimen-
tal verification® is an essential step for
a rugged design, and should never be
omitted.
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DESIGN TIPS

Power Supply Control
Design Tools — Part 5

Buck-Boost Converter with
\Voltage-Mode Control

In this article, Dr. Ridley presents a summary of the buck-boost converter with voltage-mode control.
Free analysis software—the fifth in a series of six—is provided to readers of this column to aid with the

analysis of their voltage-mode buck-boost converters.

Voltage-Mode Buck-Boost
Converter

In the early days of power electronics,
there were three basic topologies: the
buck, the boost, and the buck-boost.
Variations of these three topologies
solved most power conversion prob-
lems, and continue to do so today.

In the last 4 articles, the buck and
boost converter control characteristics
have been presented, using voltage-
mode or current-mode control. The final
two articles of this series present the
buck-boost converter (or, in its isolated
version, the flyback converter.) Like the
boost converter, the buck-boost can be
a challenging converter to stabilize.

Figure 1 shows the standard buck-
boost converter operating with voltage-
mode control.

For the buck-boost converter of Fig-
ure 1, the equation for the control-to-
output transfer function is:

A (1+sCR ) 1-5—=
Vo_Vg L
AT 2 2
a P 1+L+S—2
00 o
Eq. 1

Where the resonant frequency is given by
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And the equivalent inductance is de-
termined by the duty cycle:

The Q of the filter is a complex com-
bination of the parasitic resistances
shown in the circuit and the load resis-
tance. For this equation, you can refer
to either [3] or [5].

Buck-Boost Converter
Right-Half-Plane Zero

Like the boost converter, the buck-
boost converter has a right-half-plane

By Dr. Ray Ridley, Ridley Engineering

(RHP) zero, as seen in the transfer func-
tion above. As with the boost, when the
buck-boost converter switch is turned
on for a longer period of time, the induc-
tor is disconnected from the load for a
longer period of time. That means that
the output initially drops, even though
the control command is trying to make it
increase. This is the classic characteris-
tic of a RHP zero.

Figure 2 shows the effect on the gain
and phase of the RHP zero. At heavy
loads, the RHP zero frequency is the
lowest, and the phase delay is the
greatest. At light loads, the RHP zero
frequency is higher, and the converter is
easier to control.

The operation of the buck-boost con-
verter also causes a shift in the resonant
frequency with input voltage, as can be
seen from the control equations. Figure
3 shows how the characteristics of the
buck-boost converter varies significantly
with a wide input voltage.

For converters with RHP zeros, design
is usually done at the lowest input line
and the maximum load. This condition
has the lowest value of RHP zero, and
the lowest value of resonant frequency.
The moving resonant frequency can
create problems at different operating
points, and the whole range of operation
should be carefully checked with both
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Figure 1: Buck-Boost converter with voltage-mode control.
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Figure 2: Effect of changing loads on the control characteristic of the buck-

boost converter.

prediction and measurements.

More equations are created when
the buck-boost converter operates in
discontinuous-conduction mode (DCM).
The free software provided for the boost
converter will automatically assess which
mode of operation your converter is in,
and provide the proper transfer function.

Important Characteristics

There are several important points to
remember about the buck-boost con-
verter operating in continuous-conduc-
tion mode:

1. There is a double pole at the
resonant frequency of the LC filter. The
frequency of this double pole will move
with the operating point of the converter

Power Systems Design

since it is determined by the equivalent
inductance of the circuit, and this is a
function of duty cycle. At low line, the
resonant frequency has its lowest value.

2. There is a zero in the control-to-
output transfer function corresponding
to the ESR of the output filter capacitor.

3. The buck-boost converter has a
right-half-plane zero which can make
control very difficult. This RHP zero is
a function of the inductor (smaller is bet-
ter) and the load resistance (light load is
better than heavy load). The bandwidth
of the control feedback loop is restricted
to about 1/5th the RHP zero frequency.

In discontinuous conduction mode,
the resonant frequency of the filter is
eliminated from the control character-
istic, as predicted by the switch model
in [5]. This simplifies the control loop de-
sign, but higher power boost converters
are usually designed to operate in CCM
for efficiency reasons.

Most buck-boost (or flyback) convert-
ers are low power — 10 W or less. And
most of them are designed to operate
only in discontinuous conduction mode.
This makes the control much simpler,
but it is often very difficult to avoid going
into CCM under all conditions. As power
levels rise, trying to keep the converter
in only DCM puts excessive stress on
the power switch. As we will see with
the next article, current-mode control
makes the RHP zero issue much more
manageable.

Buck-Boost Converter
Voltage-Mode Software

Software is available for download
that allows you to predict the small-
signal response of your buck-boost
converter with voltage-mode control.
After entering your power stage values
and switching frequency, the transfer
function gain and phase of the power
stage is plotted for you, and the result-
ing poles and zeros given.

The software is designed to run under
either Excel 2007 or Excel 2003. Make
sure when you open the software that
the macro features are enabled in order
to use the program properly. Please
go to http://www.ridleyengineering.
com/freesoftware.htm to download the
software.
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Figure 3: Effect of input line variation on the control
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Summary
The buck-boost converter is very
widely used in industry, in the format

verter always in
DCM, but this
may be the pre-
ferred mode of operation for low-power
converters. As with all converters,
measurement? is essential to ensure a

stable and rugged product.
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