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SMALL-SIGNAL ANALYSIS OF PARALLEL POWER CONVERTERS

by

Raymond B. Ridley
(ABSTRACT)

A small-signal analysis and modelling approach is developed for
parallel power converter modules. The small-signal model of parallel buck
converter modules is developed in detail to demonstrate the modelling
approach. It is shown that a multiple power converter module system can
be reduced to an equivalent single-module system to facilitate system

analysis and design.

Different forms of current-mode control and their applications to
single and multiple modules are discussed. Detailed procedures are then
developed for the design of a current-mode control circuit for single or
multiple power converter modules. The applications of the design proce-
dures and the analysis results are demonstrated for several converter

design examples.

The use of a secondary output filter on the output of power con-
verters is discussed. The effect of this filter and its interaction with
the stability and closed-loop performance of the converter are analyzed

in detail.
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Chapter 1

Introduction

In recent years, rapid advances in the field of computer hardware
have led to increased requirements of the computer power systems. Pack-
aging densities and integrated circuit speeds have increased dramat-
ically, with corresponding reductions in voltage level and increases in
power. Specifications for power supply outputs in the range of 1-2 volts
at several thousand amperes, with less than 5mV of switching ripple and
noise, will soon be required for large computer systems.

With these increases in speed and density, many more users have be-
come increasingly dependent upon computers, and frequent system down-time
due to hardware failures are no longer acceptable. Since high current,
off-line switching converters operate with their switching devices at
high stress levels, they are frequently the cause of system failures. Even
with conservative designs, power supply failures are aggravated by
power-line anomalies and, with no backup power system available, will
cause the system to crash. With the increased demands on high power
levels, and the need for high reliability the use of a single power module
to supply the needs of a large computer system is becoming quite imprac-
tical. The high stress levels on the semiconductor devices cannot be re-
duced without compromising the power density of the supply; so, it is
desirable to design a power system with some redundancy to allow continued
power output with limited device failure.

Fortunately, recent advances in switch-mode power supply control

technology have made this possible. The use of current-mode control allows



a single power supply module to be replaced with several power modules,
each supplying an equal amount of the load current. With the addition
of extra modules, the peak stress within each may be reduced and some
redundancy may be built into the system. This scheme provides numerous

advantages:

i If a semiconductor device fails in one of the power modules, the re-
maining modules may provide the required additional power and the

failed module may be replaced without loss of output.

° Each individual module can be built at a sufficiently low power
level, therefore paralleling devices within the module is unneces-

sary.

i By arranging the switching sequence of the modules appropriately, the
input and output ripple current can be dramatically reduced. This is
essential for low noise requirements, and the use of this scheme will

allow a smaller output filter with faster transient response.

. A single power module design may be used for many different applica-
tions, the power level of each application determining the number of

modules to be used in parallel.

These features and the dc characteristics of parallel power modules
are generally well understood. However, the small-signal characteristics
of such a system have not yet been investigated, and stability and

closed-loop performance characteristics are not well understood. This



lack of analysis and understanding of how to design the feedback loop of
such parallel module systems have restricted their use.

The main purpose of this thesis is to characterize the small-signal
performance of parallel power converter modules. In Chapter 2, the
small-signal transfer functions for the block diagram representation of
the parallel power module system are derived for an arbitrary number of
power modules. The loop gains which may be defined for a parallel power
module system are derived from the transfer functions in Chapter 3.
Chapter 4 discusses the different types of current-mode control available
for parallel modules. The advantages and disadvantages of these schemes
are discussed and control methods for applications are suggested.

Early work on current-mode control developed specific design guide-
lines for the design of the power converter control loop. These procedures
allowed the control to be designed in a non-iterative manner to satisfy
all small-signal design specifications concurrently. Chapters 5 and 6
extend these design procedures to allow the use of similar procedures for
different current-mode control schemes and for the design of control loops
for multiple parallel modules.

Since the use of parallel power modules is often required for very
low output noise, the use of a secondary output filter on the power supply
output is considered in detail in Chapter 7. Design guidelines are given
to allow the use of a secondary LC filter to give maximum noise atten-
uation without sacrificing stability or output impedance characteristics.
This analysis is applicable to single or multiple modules.

To illustrate the concepts developed in earlier sections, Chapter 8
contains design examples for different power stage configurations showing

how the control loop may be designed for specified performance criteria.



An example of a secondary output filter design is also given. Conclusions

are presented in Chapter 9.



Chapter 2

Small-Signal Model for Parallel Power Modules

In this chapter, the small-signal model for k parallel buck power
modules is developed. It can be seen from Figure 2.3 that, neglecting
second-order effects, this is a k+1 order system with a single output
capacitor common to each of the power modules. The only assumption made
about the power stages is that each module has an identical inductor with
the same equivalent series resistance. The analysis does not depend on
the input voltages or the duty cycles of each module being equal. Such a
generalization is possible for the buck converter due to the invariant A
matrix under all switching conditioms.

For the boost and buck/boost converters, the analysis only yields
manageable results if the modules are restricted to common inputs due to
the variable A matrix. This analysis is not included here.

The ultimate goal of the small-signal analysis is the reduction of
the complexity of the generalized k+1 order system to a smaller equivalent

system for which design and analysis steps may be developed.

2.1 Effect of Switching Sequencing on Small-Signal Performance

When using a power stage constructed of parallel modules, the design
freedom exists to switch the power modules with different timing permu-
tations. The power switches may be operated synchronously and all turned
on at the same time, or synchronously but out of step with each other.

Alternatively, they may be operated asynchronously. The effect of the mode



of operation on large-signal performance, especially the output and input
ripple, can be quite dramatic. In some cases, the timing may be arranged
so that the inductor ripple currents cancel at the output, allowing for
a much smaller output capacitor and a faster transient response. Similar
improvements can be made for the input ripple current.

The purpose of this section is to demonstrate the effect of the power
stage switching sequence on the small-signal characteristics of the power
supply. If the small-signal characteristics are shown to be unaffected
by the switching sequence, the sequence may be arranged to produce the
optimum large-signal characteristics.

Figure 2.1 shows the circuit diagram for two parallel power modules.
When both switches are closed, it can easily be shown that the state

equations for the system are given by:

X = Ax + blv + b, v

gl 2°g2
where
R /L -R /L -1/L | [1/1] o ]
e C
A = -RC/L -Re/L -1/L b1 = 0 b2 = |1/L
1/C  1/C 1/CRy 0 0

Re = Rc + R1 and Rc, R1 << RL.

During the time when only switch 1 is closed, the state equations are:

X = Ax + blvgl

and when only switch 2 is closed,

X = Ax + b2V82



Figure 2.1: Circuit Diagram for Two Parallel Buck Converter Modules.



Figure 2.2 shows two possible switching sequences of the two parallel
power stages. In the first diagram, the switching is synchronized, and
the two power switches are closed at the same time by a common clock.
In the second diagram, the power stages are controlled by a common clock,
but the turn-on of the switch is delayed by a fixed time for one of the
power stages. Although these diagrams show a specific sequence, they may
be assumed to be general since any of the time intervals may have a neg-
ative value.

In the first diagram, the duty cycle of the first converter is d1 =
(t1 + tz)/ts’ where ts is the period of the switching frequency. The duty
cycle of the second power stage is d, = tl/ts. The state equations for

2

the different time intervals are:

.
1}

Ax + blvgl + b2vgz t < tl
= + < < +
X Ax blvgl tl t t1 t2
X = Ax t1+t2<t<ts

We can now carry out the step of state-space averaging which gives the

result:

(VI
|

Ax + tl/ts(blvgl + bZVgZ) + tz/ts(blvgl)

Ax + d.b.v + d2b2V

1°1Yg1 g2

Consider the second diagram. In this case, the duty cycle of the

first power stage is d1 = (t, + tz)/ts’ and the duty cycle of the second

1

power stage is d2 = (t2 + tl)/ts. For this case, the state equations for

the different time intervals are:
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Figure 2.2: Possible Synchronized Switching Sequences for Two Parallel

Buck Converter Modules.



1Vgl 1
x=Ax+b1V1+b2Vg2 t1<t<t +t2
x=Ax+b2vg2 tl+t2<t<tl+t2+t1
).{=Ax 1:1-i-t2+t1<t<tS

Averaging these equations:

M.
I

Ax b/t (byvey) + ty/t (byvyy ¥ byvo) + b/t (byvey)

Ax + dlblvgl + d2b2Vg2

Notice that this result is identical to the case of synchronized
switching. The small-signal behavior of the system is, therefore, inde-
pendent of the switching sequence of the power stages. If the power
stages are driven by separate clocks, the small-signal behavior is also
unaffected if the frequencies of the clocks are approximately equal. This
mode of operation is undesirable from a large-signal point of view since
the asynchronous clocks will cause a beating of the output ripple ampli-
tude as they switch in and out of phase with each other.

For the buck converter, this desirable result is obtained because
the plant matrix for the on and off times is the same. For the boost and
buck-boost converters, the sequence of switching does have a small effect‘

on the damping of the output filter.

2.2 Small-Signal Transfer Function Analysis
The circuit diagram for k parallel buck converters is shown in Figure
2.3, where the circuit parameter variables are defined for the analysis

below.

10
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For k parallel buck converter power stages, it can easily be shown that

the

linearization is:

where

vi

.
Il

11
-Re/L
-RC/L

-RC/L

= Di/L

Ax + b v +....+
vl

Cx

12
-RC/L
-Re/L

-RC/L

-RC/L

1/C

small-signal state equation,

gl

13
R_/L .
R_/L .

-Re/L .

-RC/L .

1/C

after averaging,

-RC/L
-RC/L

-RC/L

R /L

1/C

bvkvgk + bldl +....+ bkdk

-1/L
-1/L

-1/L

-1/L

1/CR;

g1

./L

perturbation and

(2.1)

(k+1 x k+1)

12



The corresponding small-signal block diagram for k parallel buck

converters is shown in Figure 2.4. Each of the gain blocks, F1 - F6’

are defined as the following transfer functions:

F1 = Input-to-Output Transfer Function = vo/vgi

F2 = Duty-Cycle-to-Output Transfer Function = vo/di

F3 = Input-to-Inductor-Current Transfer Function = ili/vgi

F4 = Duty-Cycle-to-Inductor-Current Transfer Function = ili/di

ol
1}

Duty-Cycle-to-Inductor-Current Transfer Function = ili/dj

rry
1]

6 Input-to-Inductor-Current-Transfer Function = ili/vgk

Transfer function blocks Fi and FV represent the current and voltage
compensations, respectively. Fm is the gain of the pulse modulator. Each
of these design blocks will be discussed in detail later.

The transfer functions may be evaluated by the Laplace transforma-
tion and rearrangement of Equation 2.1. The derivation of transfer

functions F1 - F_ is presented in Appendix A. The results of the analysis

6

are as follows:

1
R s +--—)
F,=v /v . =D, ( c ¢ (2.2)

13
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1
P o=y /d =V (Rcs ¥ c) (2.3)
o

F, = ili/v =D, (2.4)

/d, = . (2.5)

Fg = d15/d = Vox (2.6)

F = -D (2.7)

6 = 114 Vg = Dk

where R ' =R, + kR and R " =R, + (k-1)R
e 1 c e c

1
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2.3 Conclusions

In this chapter, it has been shown that the switching sequence of
the buck converter modules has no effect on the small-signal model ob-
tained using state-space averaging analysis techniques. Also, the power
stage transfer functions have been derived for k parallel buck modules.
In deriving these transfer functions, no assumptions have been made about
the type of control used or that the input voltages have any relationship
to each other. The only assumption made concerning the power stages is
that the inductors of each power stage are equal, with equal equivalent
series resistance. It is interesting to note that for the k+1 order
system, none of the derived transfer functions is greater than third or-
der. It is shown later for the special case where the power modules op-
erate from the same source, that the system can be reduced to a

second-order case with the appropriate control scheme.
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Chapter 3

Loop Gain of Multi-Loop-Controlled Parallel Power Modules

To evaluate the small-signal characteristics of the parallel power
modules, the open-loop gain of the system must be examined. Closed-loop
characteristics of the output impedance and the audiosusceptibility as
well as the system stability are dependent upon the open-loop gain.

In this chapter, various loop gains of the multi-loop controlled
parallel module system are examined and compared to the corresponding loop
gains of a single module. The loop gains of multi-module and single-
module systems are related. The well-understood design tools for single
module power supplies can, therefore, be used with modifications for the

multiple modules.

3.1 Loop Gain of a Single Power Module with Multi-Loop Control

Before analyzing the loop gains of parallel modules, the loop gains
of a single-module, multi-loop controlled converter are considered. The
transfer-function block diagram for the single-module buck converter is
shown in Figure 3.1. There are three possible choices for measurement
of loop gain, denoted by a, b and ¢ on the block diagram. The third
choice, ¢, is not a practical one, since for the present known methods
of implementing current-mode control, the loop gain cannot be measured

at this point.

The first choice of loop gain, T,, measured at point a can be ex-

1!

pressed as:

17



Fo
~
( )
TV
F4 :
1
L S
A
Ty Fy
x C )
~— < £ b
d a
P - ®

Figure 3.1: Small-Signal Block Diagram for Single Buck Converter Module.
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T, =T + T, (3.1)

where

—3
]

FFF

T, =FF.F
m

It can be seen that the expression for the loop gain at this point
is composed of two factors; the first is due to the voltage-compensation
loop, Tv’ and the second is due to the current-compensation loop, Ti.

A second loop gain, T2, can be measured at point b. In this case,

the loop gain can be expressed as:

Tv
T2 =-T-I-T;- (3.2)
Again, this loop gain is composed of the same two factors, TV and Ti’
merely arranged in a different form.

Instead of considering either of the loop gains T1 or T2 as a basis
for comparison of the multiple-module and single-module systems, the
components of these loops, Ti and TV, are compared. The closed-loop
characteristics of the system may also be expressed by these loop-gain
components. This is discussed in more detail in Chapter &4 where the

properties of the current loop are considered. Further discussions of loop

gains T1 and T2 are given in References [2]-[4].

19



In order to compare the systems with multiple modules and a single
module, components Ti and Tv are analyzed. If the relationship between
these loop gains for parallel modules and a single module can be derived,

then the system can be properly characterized and designed.

3.2 Loop Analysis of Multiple Converters

In the following analysis, the voltage-loop gain, Tv’ of the multiple
modules is derived and compared to that of a single module. Also, a loop
gain analogous to that of the current-loop gain, Ti’ is derived for the
multiple modules and compared to that of the single module.

The small-signal block diagram for k parallel buck power modules is
shown in Figure 3.2. For the derivation of loop gains, the input voltage
perturbation is assumed to be zero; so, gain blocks Fl’ F3 and F6’ shown
in Figure 2.4, do not affect the loop gain and are not included here.

For most practical applications of parallel modules, each of the

modules operate from equal dc bus voltages, whether it is derived from a

common dc input bus or a common ac line rectified to form individual

busses. The analysis, therefore, assumes a common input voltage for each %

module. If the modules operate from dc busses of different values, it
can be shown that the resulting system can be made equivalent that with
equal input voltages if the difference is known to be constant. This is
discussed in Appendix B.

For the case of k parallel converters with unequal input voltages,
the analysis of the loop gains becomes intractable and offers no insight

to the problem. A system with two modules operating from unequal input

20
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Parallel Buck Converter Modules.
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In Figure 3.2, a loop gain measured at point b is analogous to that
measured at point b in Figure 3.1 for the single module. It is apparent
that a point analogous to point a in Figure 3.1 cannot be defined for the
parallel module block diagram. (Similarly, loop gain T1 cannot be iden-
tified and measured directly for parallel modules.) Also, when the outer
voltage loop is opened, the current-loop gain, Ti’ cannot be readily
identified.

In analyzing the loop gain at point b for the multiple module case,
an expression may be obtained of the form:

T '

\Y

L, = T77F

(3.3)

Comparison of Equations 3.2 and 3.3 allows the definition of an

'equivalent' current-loop gain for the parallel modules (Ti = F(s)), and

this may be compared to that of the single module. Also, the voltage-loop

gain, Tv', for the parallel modules can be compared to that of the single
module, T .
v

The analysis of k parallel converters for the loop gain at b is

presented in Appendix B. The resulting loop gain is:

KF_F,F_
T, = - (3.4)
27 TH+FF [F, + (k-1F]

Recognizing that the numerator contains gain blocks found in the
voltage loop expression of a single converter, the voltage loop gain, Tv’

of the parallel modules is then:

T =%kF.FF
v 2°vm

22



The equivalent current-loop gain for the parallel modules is:

T, = F F,[F, + (k-1)F,]

Substituting the expressions for the transfer-function blocks, it is

shown in Appendix B that the voltage-loop gain can be written as:

1
T o-pgV (Rcs+c) (3.5)
1
’ 52 + S'Ell:;jgi + EL- + 'j;-
L' CR L'C
L
L. _
where L' = L/k and R11 = Rl/k

It is also shown that the equivalent current-loop gain for the parallel

converter modules is approximated by:

1
T, =FF 8 CR_ (3.6)

1]
s sz+s-——R11+R°+i- +
L' CRL LC

It can be seen from equation 3.5 that the voltage loop gain for k
converters is the same as that for a single module with inductance L' =

L/k and R, ., = Rl/k (i.e. the values obtained by paralleling the inductors)

11
with the exception of the leading gain term, Fva. (Since the value of
the modulator gain Fm depends upon the value of the inductance for the
current-mode control, it will be different when evaluated for a single

inductor or parallel inductances.) The analysis of Fm is presented in

detail in Chapter 4 when different control schemes are considered.

23



From the expression for the current-loop gain in Equation 3.6, it
can be seen that the expression is the same as that for a single module
with a parallel inductance value with the exception of the leading term,
FmFi/k'

It is apparent that the system with parallel modules can be reduced
to an equivalent system with a single module if appropriate adjustments
in the gains of Fm’ Fi and Fv are made. The procedure for this is presented

in Chapter 4.

3.3 Analysis of Two Converters with Different Input Voltages

In the second section of Appendix B, the analysis of the loop gain
at point b is presented for the case where two converter modules have
different input voltages. The different input voltages affects the gain
blocks FZ’ F4 and FS’ as shown in Figure 3.3, multiplying each by m. Ma-
nipulation of the block diagram allows this gain to be shifted to gain
block Fm for the second modulator. The overall effect of the input voltage
may then be considered to be equivalent to a change in the gain of the
modulator gain block Fm only. This allows the possibility of nullifying

the effect of different input voltages by adjusting the gain of the

modulator blocks with the addition of suitable external ramps.

24
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In certain applications, the disparity in input voltages may not be
known or the addition of external ramps may be an unwanted complication
to the circuit. It is shown in Appendix B that the high frequency be-
havior of the current-loop gain is only changed by a small amount for
large differences in the input voltage sources when the gains of the
modulators are not adjusted. The purpose of the analysis of two different
converters is to show that, for reasonable differences in input voltage,
the effect will be insignificant especially when the control system is
properly designed for the current loop to be dominant at high frequency.
It is shown that even for a large disparity in input voltages, the
equivalent current gain for the two converter modules has an additional
pole-zero pair added. Since the zero occurs at a frequency before that
of the pole, there are no detrimental effects due to the disparity in

input voltages.
3.4 Conclusions

For the parallel buck converter modules with equal input voltages,
the current- and voltage-loop gains are identical to those of a single
module with an inductance value equal fo 1/k times the inductance of each
individual module, with the exception of the pulse-modulator gain, and
the current-compensation gain. If these gains are properly adjusted, the
problem of designing the control for the multiple modules can be reduced
to that of designing for a single module.

For parallel converters with unequal input voltages, stability and
other performance characteristics will not change significantly when the

control loops are properly designed with the voltage loop dominating at

26
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low frequencies and the current loop dominating at high frequencies. In .:
following the control circuit design procedures given in Chapter 5, de-

viations in the input voltages will not cause any serious problems.

27



Chapter 4

Current-Mode Control of Multiple Power Modules

For the use of multiple parallel modules to be successful, some form
of current-mode control must be used to ensure the modules share the
current equally. Current-mode control has two important properties which
allow for enhanced regulator performance: firstly, it provides the de-
sired sharing of current and inherent peak current protection. This
purpdse is well-understood and implemented by most designers. The second
feature is a high-bandwidth second feedback loop which allows for enhanced
small-signal performance and improved system stability. This is espe-
cially important for systems with right-hand-plane zeros (boost and
buck-boost) or when using a second LC filter on the output of a power
supply.

In this chapter, the small-signal aspects of two forms of current-

mode control are considered. It is shown that the desirable small-signal

characteristics can be lost when applying current-injection control to a ~

practical buck regulator circuit leading to instability. A control scheme
is proposed to overcome these problems while retaining the current sharing

property of the control.

4.1 Current-Injection Control

The basic approach of current-mode control is to sense the inductor

current state and compare this to an error voltage to regulate the duty

cycle of the power switch. For an ideal switched-mode converter, the
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inductor current is equal to (or proportional to, with transformer iso-
lation) the current flowing in the power switch. To protect the power
switch, the instantaneous current is usually sensed by a current trans-
former and resistor and compared to a fixed voltage in order to achieve
current limiting. Current-injection control (CIC) compares this waveform
with an error voltage (clamped to an upper limit to preserve current
limiting) to achieve current-mode control.

The circuit diagram for a CIC buck regulator is shown in Figure 4.1.
In this circuit, the switch current is sensed by the current transformer
and resistor Rw and compared to the error voltage generated by the feed-
back network. (Multiple buck regulator modules employ the same scheme
but share a common error voltage reference, 0 to force the peak currents
in each of the modules to be equal.) ﬂ

The small-signal block diagram of Figure 3.1 shows the effect of the
use of current-mode control on the system. A second feedback loop, Ti’
is introduced by the current feedback network which can have dramatic
effects upon the small-signal characteristics of the power system. The

loop gain expression for this current loop is given by:

Ti = FmF Fi 4.1

For the case of current-injection control, the current-sense gain block,

Fi’ is a dc gain expression:
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Figure 4.1: CIC-Controlled Buck Converter Circuit, Showing Required

Feedback Components.
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Loop gain F4 is as derived in Chapter 2, and Fm is the gain of the
pulse-width-modulator (PWM) The current-loop gain significantly affects
the small-signal characteristics of the system and should, therefore, be

considered as carefully as the voltage-loop gain compensation, Tv'
4.2 Properties of the Current-Loop Gain

The expression for the current-loop gain is given in Equation &4.1.

Fm is the duty-cycle modulation gain given by:

_ 2 1
Fm“T(s-s
p n

(4.2)
f+ 2Se)

where Sn and Sf are the slopes of the current-sense waveform during on
and off-times, respectively, of the power switch. An external ramp, Se,
similar to that used for a conventional PWM controller, is required to
stabilize the system for higher duty cycles.

Several observations can be made about the current-sense loop gain,
Ti: firstly, since the gain of Fi is directly proportional to the gain
of the current-sense network, and the gain of Fm is inversely proportional
to the slopes of the current-sense waveform, the overall gain Ti is in-
dependent of current-sense network parameters. The only control over the
current loop is through the use of an external ramp which can only serve
to decrease the gain.

Without the addition of an externai ramp, the bandwidth of the cur-
rent loop, Ti’ is very large, in excess of half of the switching fre-
quency. Also, for practical circuit designs, it can be seen from the

expression for F4 that the phase of the current loop is approximately -90
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degrees for frequencies above the resonant frequency. This makes stabi-

lizing the system much simpler. The system loop gain defined as T1 in

Figure 3.1 is given by:

T1 = Tv + Ti

It is apparent that for frequencies where the magnitude of the
voltage-loop gain is less than that of the current-loop gain, the phase
of T1 will be that of the current loop, -90 degrees at frequencies above
resonance. The gain of TV should, therefore, be reduced below that of Ti
before the crossover of T1 to utilize the stabilizing effects of Ti' If
this is done, any right-hand plane zeros or secondary filter poles of T
occurring after the point where ITVI = lTiI will not cause instability.
If we make Ti as large as possible, TV can also be increased to a higher
value resulting in improved system performance.

Observation of loop gain T2 leads to the same conclusions in a more

indirect manner:

TV

T, =1+,

i
At frequencies beyond the resonant frequency and below the crossover
of the current loop, the effect of the -90 degree phase of Ti is to boost
the phase of T2 by +90 degrees. Hence, the maximum benefit is derived from
Ti if its crossover is as high as possible. Also, T2 should be crossed
over whilst lTiI is significantly larger than 1 to use the phase boost

from the current loop to stabilize the system. This corresponds to re-

ducing loop gain TV below that of Ti before Ti crosses over.
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4.3 Effect of Current Loop on Closed-Loop System Performance

The closed-loop performance measurements of audiosusceptibility and
output impedance are critical parameters for a power system, since they
are a good measure of how good a voltage source the system is. The effect
of the current loop in improving these performance measures is, therefore,
just as important as its stabilizing effects upon the loop gain.

The closed-loop input-output attenuation, or audiosusceptibility,

of the buck converter is given by:

Fl
Ka= T710 (4.3)
1
1+T, +T )
1 v

where F1 is the open-loop input-output transfer function as given in
Chapter 2.

The effect of the gain of Ti is, therefore, significant in the at-
tenuation of noise from input-to-output. The gain of TV at higher fre-
quencies can be reduced for stability, whilst retaining good noise
rejection. If Ti is reduced to a small value, the bandwidth of TV must
significantly increase to obtain the same noise attenuation. This can
be difficult to achieve while maintaining stability for boost and

buck/boost converters or systems with a second LC filter.
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From the small-signal block diagram of the buck converter, closed-

loop output impedance can be derived to obtain:

1
7 (s) +T, |Ru\SRe * T
P 1
1
2 (s = SR + & (4.5)
1+T +T.
v 1

where Zp(s) is the open-loop output impedance.
From Equation 4.5 it can be seen that for the case when |Ti|>>1, the

expression for the output impedance can be simplified to give:

Ti Z1

T. + T
i v

Zo(s) = (4.6)

where Z1 is the impedance of the load in parallel with the output
capacitor.

It can be seen from Equation 4.6 that the output impedance no longer
depends upon the filter of the power stage when |Ti| >> 1, but upon the
load impedance and output capacitor only. This is consistent with the
concept of the current-mode control creating a current source from the
inductor.

It can also be seen from Equation 4.6 that when ITVI > lTil the
output impedance can be approximated by:

T.
Z i
Zo(s) = TV Z1 4.7)

It would appear from the Equation 4.7 that a large value of Ti ac-

tually increases the output impedance. However, when Ti is increased,
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Tv may also be increased by the same amount whilst retaining the same
stability performance. It should be also noted that the output impedance
does not demonstrate resonant peaking whilst the current-loop gain is
large, thereby reducing the peak value of output impedance that would be
obtained with single loop control. A large gain of Ti is, therefore, de-

sirable from stability and all closed-loop performance standpoints.

4.4 Second-Order Effects on Current-Loop Gain for CIC

The circuit diagram for a transformer-isolated buck converter is
shown in Figure 4.2. Assuming ideal circuit elements, the switch current
sensed by the current-sense transformer is equal to the inductor current
multiplied by the turns ratio. The sensed current waveform is shown in
Figure 4.3.

Figure 4.4 shows the same circuit, but including the parasitic ele-
ments of the power transformer and some other circuit elements. The
switch current is now equal to the inductor current plus the currents
through the other parasitic elements, as shown in the circuit diagram.
The resulting current-sense waveform is shown in Figure 4.5.

There are several components of this non-ideal waveform which cause
significant problems with the implementation of CIC. Firstly, for a
large, dc output, low-noise supply, the dc portion of the waveform is
large compared to the ramp used for control purposes. When scaling the
waveform for use at the logic voltage levels of the control circuit, the
ramp at the top of the waveform may be very small, and the system will

be very noise sensitive.
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Figure 4.2: Transformer-Isolated Buck Circuit (Forward Converter) with-

out Second-Order Parasitic Elements.
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r“""——————__‘————————— ' Small signal information

OC Information

Figure 4.3: Ideal Control Waveform for CIC Control of Buck Converter

Circuit.
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Figure 4.4:

Transformer-Isolated Buck Circuit (Forward Converter) In-
cluding Second-Order Parasitic Elements and Snubber Compo-

nents. (Core Reset Components not shown)
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Turn-on spike | Magnetizing current ramp

Ideal waveform — — —

Figure 4.5: Control Waveform for CIC Control of Buck Converter Circuit,

Showing Effects of Second-Order Elements.
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A second problem is the spike at the beginning of the turn-on. In
order to eliminate the effect of the turn-on spike and the sensitivity
of the small ramp, an external ramp must be added. This will reduce the
current-loop gain significantly often causing instability. 4

A third effect is that of the magnetizing inductance which effec-
tively adds a constant slope to the control signal. This effect cannot
be distinguished from the observed waveform, but it can significantly
reduce the gain of the current loop. ¥

The result of all these second-order effects is demonstrated for a
real case of a transformer-isolated buck converter. Figures 4.6 through

4.8 show the current, voltage and loop gain T, of the system before the

1
second-order effects are considered. It can be seen that the loop gain
has high band&idth and an excellent stability margin.

The frequency responses of Figures 4.9 and 4.10 show the same system
with the inclusion of second-order effects and the addition of an external
ramp to eliminate the noise problems. The gain of the voltage loop is kept
constant to keep the noise rejection performance as before. It can be seen
that the current loop gain has been drastically reduced, resulting in a
marginally stable system. The addition of a second filter and the inclu-
sion of other second order effects such as switch delays will certainly

cause instability, and the system performance must be severely degraded

to maintain stability.
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4.5 Standard Control Module Implementation of Current-Mode Control

A second method of achieving current-mode control is with the
standard control module (SCM) [1]. The circuit diagram of this type of
control is illustrated in Figure 4.11. Instead of sensing the switch
current, the inductor voltage is sensed with a secondary winding and in-
tegrated through R4 and C1 to reconstruct the inductor current. There
are several advantages and disadvantages of this control scheme.

Since the inductor current is reconstructed with an op-amp
integrator, the dc information about the level of the inductor current
is lost. A separate network is required to limit the switch current and
to allow for current sharing. On the other hand, the absence of the dc
portion of the current eliminates the problem of a large dc-ramp ratio
experienced with CIC, and the control ramp may be made large to eliminate
any noise susceptibility problems.

Since the inductor voltage is sensed directly across the inductor,
the waveform used for control purposes is unaffected by current spikes
due to stray capacitances and the external ramp caused by the transformer
magnetizing current. The gain of the current loop need not, therefore,
be degraded by the addition of an external ramp.

For these reasons, SCM is superior to CIC in high-current applica-
tions with transformer isolation for a single module. Notice that for
the single module, the only additional components required to implement

SCM are a secondary winding on the inductor and a resistor, Ra.
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Figure 4.11:

SCM-Controlled Buck Converter Circuit,

Feedback Components.
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4.6 Combined SCM/CIC for Control of Multiple Modules

A combination of SCM/CIC may be used for the control of parallel
modules. In this scheme, the dc portion of the switch current is summed
with the ramp from the SCM scheme, as shown in Figure 4.12. For multiple
modules, a separate op-amp is required to integrate the current, and a
resistor must be placed across the integrated capacitor to prevent any
dc offset from the integrator. The control waveforms for this circuit are
shown in Figure 4.13.

The effect of the resistor across the integrator for the SCM is to
compensate the current-loop gain block, Fi' If Fi is the gain of this

block without the resistor, then the new gain is:

F,'= =————— F, (4.8)

In designing the control loop, the pole of this function should be
placed at a frequency below where the voltage loop |TV| >> ITiI' In this

case, loop gain T. of Equation 3.1 is unaffected by the addition of the

1
pole. The audiosusceptibility in Equation 4.4 is then also unaffected

by this compensation.

The equation for loop gain T2 is affected by the presence of this

pole:
Tv TV
T, = T+71 = T when lTil >> 1
i i
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Figure 4.12: SCM/CIC-Controlled Buck Converter Circuit, Showing Required

Feedback Components.
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Figure 4.13: Control Waveform for Combined SCM/CIC Control of Buck Con-

verter Circuit.
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Since the effect of the resistor is to introduce a zero-pole gain
into Ti’ at frequencies below the pole, the phase of the current loop will
be increased by 90 degrees. Correspondingly, the phase of T2 will be de-
creased by 90 degrees. However, if the pole is placed well below the
crossover of T2, this effect will only be upon the conditional stability
of Tz, and the system will not be unstable. The effect of the placement

of the pole of the integrator on loop gain T, is shown in Design example

2
2 in Chapter 8.

It can also be seen from Equation 4.7 that the gain of the output
impedance is decreased at frequencies below the pole and the effect of
the pole is to improve the output impedance response. This effect is also
demonstrated in Design example 2 of Chapter 8.

The effect of adding SCM to the previous example of the
transformer-isolated buck converter is shown in Figures 4.14 through
4.16. It can be seen that the current-loop gain Ti is restored to its

value before the second-order effects are added and this control scheme

is indeed useful.
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4.7 Conclusions

It is shown in this chapter that different implementations of
current-mode control (SCM and CIC) offer distinct advantages, and the
benefits of both schemes can be combined to control multiple parallel
modules. For single converter modules, the use of SCM is recommended over
that of CIC since its additional component count is minimal, and the noise
problems inherent to CIC are eliminated. This is especially true for high
power applicationms.

Design procedures for the implementation of SCM, CIC or a combination
SCM/CIC will be developed in the next two chapters, allowing for a single

step-by-step procedure for a reliable and predictable system.
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Chapter 5

SCM/CIC Design for Parallel Power Modules

The loop gains, Ti and Tv’ for parallel power modules were derived
in Chapter 3. Comparison of these expressions with those for a single
module with k inductors in parallel shows that they are identical with
the exception of a dc gain term due to the differing values of Fm and Fi’
evaluated for the two different cases. These gains may depend on the value
of the inductor for the power stage and will be different if sensing the
current through individual inductors, as for the parallel modules, or
through a lumped parallel inductance, as with the equivalent single power
stage.

In this chapter, the gains of Fm and Fi are considered for the pos-
sible current-mode control schemes and unified with the definition of a
control time constant for the current loop. The gains of the current and
voltage loops for the single and multiple modules can then be analyzed
for all three control schemes and compared. It is then demonstrated that
the current-loop gain of the multiple modules may be made equal to that
of the single module, merely by adjusting the external compensation ramp
of the pulse-width modulator. The voltage-loop gain may also be made
identical to that of the single module since its gain may be adjusted
arbitrarily. When the open-loop parameters of the equivalent single and
multiple modules are made identical, it can be easily demonstrated that
the closed-loop characteristics are élso the same.

Step-by-step design procedures were given for the control of a single
power stage module using SCM [1]. Following the analysis of this chapter,

these design procedures may be extended for the design of any of the
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current-mode control schemes discussed and for the use of single or mul-

tiple power modules.

5.1 Loop Gains for Parallel Power Modules

In Chapter 3 the voltage-loop gain transfer function was derived for

the buck converter to obtain:

T =FFF,"
\

v m 2
1
R s +-——)
=FF g (C C (5.1)
m Ve——
]
L SZ+SR11+RC+1 +1
L CRL L'C

where L' = L/k and R,, = Rl/k'

11

1

2

output-voltage transfer function for a single converter with k parallel

The above expression for F is the same as the duty-cycle-to-
inductors, each of value L and equivalent series resistance Rl. The gain
Fm’ however, is the pulse-modu}ator gain evaluated for the individual
inductor of each power stage, since each has its own feedback network.
The voltage-compensation gain is FV which may be selected arbitrarily.
For a single module with k parallel inductors, the voltage-loop gain

is:

T'=F'F'F' (5.2)
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where Fm' is the pulse-modulator gain evaluated using the inductance of

k inductors in parallel. The compensation-voltage gain Fv'

may be opti-
mized using the procedures given in Reference [1]. If the voltage gain
F_ of the k parallel modules is adjusted such that F F = F 'F ', the
\Y m v m v

voltage-loop gain of the parallel module system can be made identical to

that of a single module system.

The equivalent current-loop gain for k converter modules was derived

in Chapter 3 to obtain:

— 1
Ti = FmFiFac /k (5.3)

1
FF, g (S * CRL)

m 1
1
kL (2, R11+ R, . 1 L 1
L' CRL L'C

The expression for Fac' is equal to the duty-cycle-to-inductor-

current transfer function for a single power module with k parallel
inductors. The expressions for Fm and Fi are again those for each indi-
vidual module. The current-loop gain for a single converter with a par-

allel inductance is:
T,"=F 'F.'F_"' (5.4)
Comparison of Equations 5.3 and 5.4 shows that the current-loop gain

for the parallel modules differs from that of the equivalent single module

by a dc gain term. It can also be seen from these equations that, if the
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gain of the pulse modulator can be adjusted such that F F./k = Fm'Fi',

the current-loop gains for the two systems are then identical.

5.2 Design Unification

To derive a procedure for simplifying the design of the multiple-
module control loop as outlined above, the expressions for Fm and Fi must
be examined to see how they are affected by the inductance value. In the
following analysis, definitions are made to unify the three types of
current-mode control, with the definition of a current-loop time constant
to be used for analysis in place of circuit components. With these defi-
nitions, the comparison of the gains of multiple and single modules is
simplified, and design procedures may be developed later for any of the
control schemes.

To achieve these goals, first, the current sense gain block, Fi’ is
examined. For SCM, CIC or combined SCM/CIC control, the current-loop gain
block is given by the following expressions, where the circuit elements
are those defined in Figures 4.1, 4.11 and 4.12 for the appropriate con-

trol scheme:

for SCM. (5.5)

for CIC. (5.6)

for CIC/SCM. (5.7)
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In order to have just a single expression for Fi’ the following de-

finitions are made:

Lo (5.8)
scm n
ncL
Tcic X (5.9)
W
T = 1 for SCM (5.10)
m scm
T = 1, for CIC (5.11)
m cic
- -1 (5.12)
T (l/rcic + l/Tscm) for CIC/SCM‘

With the above definitions, the current-sense gain block is now a

single expression for all three control schemes:

Fi = %t: (5.13)

A physical interpretation of the above definitions helps to show the
intent of this approach. The time constant T defined above, determines
the slope of the ramp of the control waveform for each of the control
schemes. If L is fixed from one control scheme to the next, then the

current sense ramp used in the feedback is identical for all cases. This
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is illustrated in Figure 5.1. It is intuitive that if the feedback
waveform is the same for each control scheme, neglecting the dc portion
of the waveform, then the small-signal characteristics will also be
identical. By using the parameter T to represent the control character-
istics for the current loop, a general design procedure can be developed.

Next, the gain of the pulse-width-modulator block is considered.

For constant frequency operation, the pulse-modulator gain is:

1

(sn - Sf + zse)

_ 2
F = T (5.14)

m
p

The slopes of the control ramp, Sn and Sf, are determined by the

power stage and the control parameter time constant T It can be demon-

strated that the pulse-width-modulator gain block, Fm, can be written as:

P o= 2T (5.15)
m M
where, for the buck converter,
M=V (1-2D)T_+ 285 T t (5.16)
23 P epm

From Equations 5.13 and 5.15, the current-loop gain expression can now

be written as:

2t L Fac'
—_ 1 — e——— — —
Tl T "m i ac [k = M t k
m
= Z—L/k ' = .Z—Ii-' F t
M ac { ac
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Figure 5.1: SCM, CIC and Combined SCM/CIC Control Waveforms with Iden-
tical Time Constant T for Identical Small-Signal Perform-

ance. Each Waveform has the Same Peak Amplitude, Vp.
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The above expression for Ti is identical to the current-loop gain
for an equivalent single module, with the exception of the value of M.
‘As shown in Equation 5.16, M is a function of the input voltage, duty
cycle and switching frequency (all independent of the number of modules),
and a term dependent on the value of the added external ramp and the time
constant of the current loop, T For the single module, the gain of the
pulse modulator is adjusted to avoid instability with the addition of an
external ramp, Se'. The time constant of the current loop for the single

module 1is Im'.

If the slope of the external ramp added to the multiple-
module control, S , is scaled such that S =S 't '/t , the value of M
e e e m’' m

is equal for the multiple and single modules, and the current-loop gains

are identical:

2L’
T. =—7F_ ' where M' =V (1-2D)T_+ 28 T t '
i M ac g P e pm
2Tm' L'
-— mmmmin e 1
=T T Fac
m
=F'F !F 1
m i ac

Hence, by merely adjusting the slope of the external ramp, Se’ the
current-loop gain, Ti’ for k parallel modules can be made identical to
that of the equivalent single power stage module with k parallel
inductors. (An intuitive explanation may be given for this approach:
considering the case of the multiple modules with CIC, the slope of the

current-sense waveform is less than that of a single module with k par-

63



allel inductors using the same feedback network, since the slope decreases
with larger inductance. The value of the external ramp to be added to
‘obtain the same control characteristics of the current loop is corre-
spondingly reduced by the same amount. This amount is given by tm'/Tm,

since this is the ratio of the slopes for the two cases.)

Next, the voltage-loop gain of the k parallel modules is evaluated.
From Equations 5.1 and 5.15, the voltage-loop gain for the parallel mod-

ules can be written as:

21m
— '= ]
T = FmFVFZ M FVFZ
ZTm' T
= L FF,

M 1t '"v2
m

21m' T
_ '
= 'FVFZ
Tm
1 ]
=F f;;TFVFZ
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This is exactly the expression for the voltage-loop gain of a single
power module with k parallel inductors.

The design of the control loop of k parallel power stages is now very
simple. The system is treated as though it were a single power module,
and the design procedures presented in Reference [1] can be applied di-
rectly. The external ramp which would be added to stabilize the single
module is then reduced by a factor tm'/tm. (Note that if pure SCM were
used, this would be unity. For parallel power stages, SCM cannot be used
alone and hence this quantity is less than one.) The gain of the
voltage-compensation network is also reduced by the same factor. The
resulting multi-module system will then have exactly the same small-

signal characteristics as the single module.

5.3 Conclusions

The above analysis shows how the k parallel module power system can
be reduced to a design case of just a single module with an equivalent
inductance equal to that of the k inductors in parallel. A single, uni-
fied design procedure, similar to that in Reference [1] can now be given
for the design of single or multiple modules using SCM, CIC or combined
SCM/CIC for the buck converter.

The analysis of the different control schemes are also directly ap-
plicable to the boost and buck-boost converters and, although the parallel
power stages of these converters are not analyzed here, similar results

are expected. Design procedures for all three types of power stages are,

therefore, included for completeness.
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Chapter 6

Control Circuit Design Procedures

In Reference [1], it was shown that the design of the control circuit
for the three basic types of converter could be performed in a single,
non-iterative manner to concurrently satisfy design specifications of
stability, output impedance, step-load response and audiosusceptibility.
This was achieved using the SCM scheme for a single converter. Further-
more, it was shown that this scheme of control was sufficient to optimize
small-signal performance of the converter, and a more complex voltage-
loop feedback circuit is neither necessary nor desirable. This is con-
trary to the approach of most designers and has not gained great
acceptance due to the complexity of the analysis and difficulty of im-
plementing the design procedures in the handbook.

The following design procedure extends the procedure developed in
Reference [1] to allow the use of SCM, CIC or combined SCM/CIC for either
single or multiple power modules. The procedure also clarifies some of
the design steps such as the addition of an external ramp to the pulse
modulator and the choice of current-loop control circuit components.

The design steps which are common to the SCM Handbook are given below
for completeness, but the derivation of the design equations is not shown
here. Although the design steps appear to be quite lengthy and involved,
they are actually easy to use-and are very amenable to automation through
a computer program.

The derivation of the design steps after the unification of the

different control schemes for multiple and single modules is explained
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in detail in Reference [1]. It is not intended that the user be familiar

with these derivations to use the results.

6.1 Design Procedures

The starting point for the design procedure is an equivalent buck,
boost or buck-boost converter with equivalent circuit elements as shown
in Figures 6.1 through 6.3. In each diagram with k converter modules, k
can be equal to one for the single converter module. In each of the con-
verter circuit diagrams, there is an allowance for transformer isolation.
This is not restricted to the buck-boost converter. The converter circuit
diagrams can, in most cases, be derived from the actual power stage cir-
cuit which may, for example, be a full-bridge buck converter rather than

the forward converter model shown.

6.2 Power Stage Circuit Elements

L = Inductor value (Secondary inductance for the buck-boost)
C = Output Filter Capacitor

Rc = Output Filter Capacitor ESR

R1 = Inductor ESR

Vg = Input voltage (Source voltage VS reduced to secondary.)
Vo = Output Voltage

np/nS = Transformer Turns Ratio

D = Duty Cycle

k = Number of Power Modules
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Figure 6.1: Equivalent Power Stage Components for a Transformer-Isolated

Buck Regulator with Input Filter.
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Figure 6.2: Equivalent Power Stage Components for a Transformer-Isolated

Boost Regulator with Input Filter.
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Figure 6.3: Equivalent Power Stage Components for a Transformer-Isolated

Buck/Boost Regulator with Input Filter.
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R, = Load Resistance
w. = Input Filter Resonant Frequency
B_. = Peaking of Input Filter at Wy

B_ = Output Impedance of Input Filter at Wy

6.3 Design Specifications

Stability Margin

Input-Output Attenuation

Output Impedance

Step-Load Output Voltage Peaking

Transient Response Settling Time

6.4 Design Outputs

R. R, C, R Voltage Loop Control Components

R n CIC Current Loop Control Components

R, n R SCM Current Loop Control Components

V'S Pulse Modulator External Stabilizing Ramp

6.5 Design Procedure Overview

1) Select control scheme to be used. Recommendations, based on the

discussion of Chapter 4 are:
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2)

3)

4)

5)

6)

7)

Single Module Multiple Modules

Large dc/Ripple Current SCM SCM/CIC
Small dc/Ripple Current CIC CIC
Transformer-Isolated SCM SCM/CIC

High Performance

Transformer-Isolated CIC SCM/CIC

Low Cost

Design current-loop time constant T to give sufficient ramp for noise

immunity and predictable performance.

Design pulse-modulator external ramp slope, Se, to reduce gain of

current loop as duty cycle approaches 0.5.

Evaluate design parameters to be used for calculations during the de-

sign procedure.

Check that input filter interaction will not cause stability problems.

Design zeroes of loop gain to satisfy design specifications and give

best performance.

Choose voltage loop feedback components.
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8) Choose current loop feedback components.

6.6 Detailed Design Procedure

1) Select control to be used.

2) Select Tn to give desired ramp height, Vp. Design equations are as

follows:

SCM or CIC:

(Vg - VO)DTp
Tm = 7 Buck (6.1)
P
V DT
Tm = gV P Boost, Buck/boost (6.2)
p
Combined SCM/CIC:
(Vg - VO)DT
Tm = v Buck (6.3)
p
V DT
L % P Boost, Buck/boost (6.4)
p
LVo
Teic TV R Buck (6.5)
m L
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T

where Vm is the maximum allowable comparator input.

LV
o

., = T———
cic kaD RL

T
ScC

— _ -1
m (1/Tm l/Tcic)

Boost, Buck/boost

(6.6)

(6.

3) Choose external ramp slope to stabilize converter over full duty cycle

range.

The high frequency asymptote of the open-loop gain, T

all three converters is approximated by:

where:

0Q

K1 =7

=

M

M

M

]

K

T(S) =.s—

V (1-2D)T + 2S T =
g p epnm

V (2-1/D')T_+ 28 T 1
g(2"1/DOT eTpm

V (1-D/D'")T_ + 28 T 1t
8 p epm

1’ for

(6.

Buck

Boost

Buck/boost

As the duty cycle of the constant-frequency converter approaches

50%, the pulse-width-modulator gain becomes very large, and may cause

instability. The addition of an external ramp reduces this gain and

extends the operating range beyond 50% duty cycle. The open-loop gain
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expressions above may be used to formulate a precise guideline for the
choice of the external ramp.

If the maximum duty cycle results in a crossover frequency of less
than two-thirds the switching frequency, no external ramp is added.
This occurs at a 25% duty cycle for all three converters. For a greater
duty cycle, an external ramp is added to reduce the crossover to half
of the switching frequency. The design equations given below may be
used to design the external ramp. The value of the slope to be added
will prevent the high frequency crossover from exceeding two-thirds
of the switching frequency. By adding the following ramp slopes, the
50% instability problem is eliminated without significant deteri-

oration of the small-signal performance.

If D < 0.25, then S_ = 0. Else:

2]
1

Vg(D-O.lSZ)/Tm Buck (6.9)

2]
1

Vg(D-O.lSZ)/D'tm Boost, Buck/boost (6.10)

4) Evaluate design parameters according to the following equations:

Buck Converter:

L =1L/k

o /

wy = IAJLeC
T CRC
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=
I

1

0

V (1-2D) + 28 T 1
g epm

2V _/M
o

D

np/nS 1/D

Boost Converter:

L/kD'?
1AL C

CR
c

1/2(00 (l/CRL + (Re + Rce)/Le)

1 - Req/RL + ZCwOLe/RL - (LewO/RL)2 =1
l/CRL

2Vg/D'M

D/D' (1 + ZVgLe/RLM)

|
np/ns D

Buck-boost Converter:

L/kD'2

1AL, C

CR
c

2
1
Rl/D

2
1
Rc/D

76



R +R_-R
eq e ce c

g = 1/2w0 (l/CRL + (Re + Rce)/Le)

A1 =1 - DReq/RL + ZCwODLe/RL - D(Lewo/RL)2 =1
A2 = D/CRL

Kl = 2Vg/D'M

K2 =D/D' (1 + 2VgDLe/RLM)

o=

t
np/nS D' /D

5) Check to make sure filter interaction will not affect stability sig-
nificantly. The forward peaking of the input filter is Br at its res-
onant frequency, - If the following inequality is satisfied, the

filter will not affect stability:

2 (6.11)
Br << u RL

6) Design zeros of loop gain to satisfy design requirements:

T Settling time
K Audiosusceptibility
K Output Impedance

K _ Output Peaking

Upper Limit of o1
The open-loop gain asymptotes are shown in Figure 6.4, defining

the zerces of the loop gain, s,. and s_,.

01 02
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Gain

Frequency

—_——_— Current loop gain

———— Voltage loop gain

Overall gain

Figure 6.4 : Open Loop Gain (Tl) Asymptotes Showing Relationships between
Current Loop Gain, Voltage Loop Gain, Overall Loop Gain and

the Zeros S01 and 502.
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In order to prevent peaking of the output impedance and
audiosusceptibility constraint at high frequency, the upper limit on

is:

So01

S, < T (6.12)

A second restriction on the upper limit of s must be applied

01
for the boost and the buck/boost converter. The value of this zero

must be significantly less than the right-hand plane zero of the power

stage.

RL
So1 << = Boost (6.13)
07 e
RL
——— /
So1 << 5oL, Buck/Boost (6.14)

As a general guideline, 501 should be less than half of the value of

the right hand plane zero.

Audiosusceptibility Specification
The required input-output attenuation is Ka' Since the input
signal is also attenuated by the turns ratio np/ns, we define

audiosusceptibility Ka' as:

K'=KXK n/n without an input filter. (6.15)
a a ' p s
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K,' =K |1- L |—2_=  yith an input filter. (6.16)

To meet the design specifications, the minimum value of s is:

01
K, w K
3 70 2
S > T where K, = (6.17)
01 Ka K3A2 3 K1 Al
The minimum value of 501 is not allowed to exceed the maximum
value defined previously. If this happens, the audiosusceptibility

constraint cannot be met, and it must be revised.

Output Impedance Specification
The specified maximum output impedance is Ko. The minimum value

of 501 required to achieve this value is:

(6.18)

Output peaking Specification
KOp is the specified maximum change in output voltage for a given

step output current. The minimum value of So1 required to achieve this

is:

O e i (6.19)
op e 2/ 1L
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Settling Time Constraint
The specified output settling time is T for an input or output
perturbation response. The settling time is determined by the value
of Sgo° The minimum value of s ., required to achieve the specification

02

is:

P — (6.20)

Note: settling time cannot be specified to be less than the time con-

stant of the filter.

Range of Design Parameters tzz' and o'

The range of the zero s is determined by the settling time

02

constraint. A value of S92 towards the low end of the allowable range

is selected, and T, !

9 is then given by:

T = (6.21)

The range of s is given by the audiosusceptibility, output impedance

01

and output peaking constraints, and by the upper bound constraint for

no high frequency peaking and right-hand plane zero.

The variables a', 1 ' and s are related by:

z2 02

s =0 WAT (6.22)

The range for a' is then given by:

81



s , s
01m1? S v Olmax

1
Y022 YoTz2

(6.23)

9 and o' are given in Appendix

Standardized curves for values of tz

D. The gain of the curves is normalized by:

T (6.24)

The frequency scale is normalized to w A desired curve is now se-

0"

lected from the family of curves for the chosen TZZ"

7) Voltage Loop Component Design

The optimum values of a' and Izz' have been selected. The corre-

sponding values of variables a and T, are related by:

2

T =1 (6.25)

a = 7 (6.26)

The voltage loop control components can now be found from the following

equations:

C.R = — Buck (6.27)
ly a
'm (6.28)
C,R =—7 Boost, Buck/boost )
1y Da
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8)

Q
]

2 (Tzz - rzl)/Ry (6.29)

R5 = tzl/C2 (6.30)
There are four unknowns in three equations. Capacitor C1 can be picked
arbitrarily, and the values of the other components are then fixed by
the above equations.
Current Loop Component Design

For SCM, the component values are related by:

471 (6.31)

If resistor R6 is used, for best results, it is chosen by:

< 70701 (6.32)

For CIC, the components are related by:

ncL
Tn =-§-—np/nS (6.33)
W
For combined SCM/CIC:
. & (6.34)
scm n
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np/n (6.35)

6.7 Conclusions

Design procedures have been developed for the control components
of a SCM, CIC or combined SCM/CIC of single or multiple power modules.
The design procedure assumes a fixed control-compensation network
which has been shown to be adequate for concurrently satisfying design
specifications of output impedance, audiosusceptibility, transient
response and stability wmargin. The step-by-step design procedure
clearly defines the necessary components required for a good design,
vet allows the designer the freedom of trading off several design
characteristics when choosing the parameter a' to select the desired
stability margin.

These design procedures have been developed with the ultimate
goal of automating the calculations on a small computer, enabling the
designer to rapidly design the control system of a given power con-
verter and realize the limits of a given power stage. When the system
is automated, more extensive curves of loop gains and other small-
signal performances may be plotted by the computer and used to select
the optimum design parameters.

Examples of how to use the design procedures are given in Chapter
8 with the resulting small-signal performance simulations. Examples
are presented for single and multiple converters controlled with SCM,

CIC and SCM/CIC, showing that the small-signal performance may indeed
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be identical for different control schemes and for power stages con-

structed from multiple modules.
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Chapter 7

Secondary Output Filter

Today's switching power supplies for computer systems frequently
have very high output-current requirements together with very low output
ripple and noise specifications. The corresponding high amplitude
pulsating current waveforms in the circuit produce stray magnetic fields
which couple into the output voltage bus. The main power inductor is
designed primarily for filtering of the switching frequency ripple, and,
since the high frequency noise may be at 10 Mhz or higher, it is difficult
to remove with a single stage filter. In many designs, therefore, it is
necessary to add a second-order LC filter at the output of the power
supply. Since this filter often has its resonant frequency well below
the switching frequency of the power supply, it can drastically affect
the control loop stability, especially for single-loop feedback systems.

The second output filter is often designed with little or no analysis
- a typical design approach is to split the output capacitor in two and
place a toroid on the bus bar between the capacitors to provide the second
stage filter. Alternatively, cabling inductance and parasitic load
capacitance are used to build the second filter stage. The purpose of
this chapter is to analyze the characteristics of the second stage filter
for the buck converter and to produce basic guidelines for the design of
an effective noise filter. Also, it will be shown that SCM or CIC are
sufficient to stabilize the system if the second filter is properly de-

signed, providing all of the stable, high performance characteristics of

the power supply without the second filter.
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7.1 Secondary Filter Circuit

The equivalent circuit of a buck converter with a secondary output
filter is shown in Figure 7.1. The secondary inductance may consist of
an internal element to the supply, cabling to the load or some kind of
common-mode toroid. It is apparent that this circuit is a fourth-order
system and the control-to-output-voltage transfer function may have up
to 360 degrees phase delay, presenting a formidable problem to the control
system designer. However, if the following criteria are satisfied for

the system, SCM or CIC may be effectively used to stabilize the system:

. The duty-cycle-to-inductor-current transfer function (Current Loop)
retains essentially the same form as for the single filter power
supply; that is, approximately a first-order transfer function with
the single pole characteristic after the power supply resonant fre-

quency.

* The poles and zeros of the second output filter do not significantly
change the gain and phase characteristics of the duty-cycle-to-
output-voltage gain until after the current loop becomes dominant.

(Beyond So1 in SCM design terms.)
N The secondary output filter is sufficiently damped so that the

voltage-loop transfer function does not peak to a value close to the

current loop.
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Figure 7.1: Buck Converter Circuit with Secondary LC Output Filter.
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To show that these criteria can be met for a well-designed filter, the

circuit of Figure 7.1 must be analyzed in detail.

7.2 Secondary Filter Analysis

The averaged, state-space equations for the circuit of Figure 7.1

are as follows:

T [ - -1 R 7 [y ]
L, LCI L LCl 0 =
1 1 1 1
Mo '%' 0 él' 0 0
EL. 1 = 1 1 X + d
dt i Roq 1 R R L .
2 I, I L, I
1 -1
v 0 0 _ — 0
C, ¢, CoRp,
X = A X + B d

The duty-cycle-to-inductor-current transfer function is given by:

i, (s) -
Ly =[1 0 0 0] (sI-A)"'B
d(s)

and the duty-cycle-to-output-voltage transfer function by:

vo(S)

-1
=[0 0 R 1] (sI - A) "B
1) c2

It should be noted that the parasitic resistance of the inductors
is assumed to be zero. Since these resistances are usually an order of
magnitude less than the equivalent series resistance of the output

capacitors, the effect of this omission is negligible. Before the above
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expressions are evaluated, one assumption is made about the circuit de-

sign: the main filter inductor L, should be considerably larger than the

1

secondary inductor, L This is certainly a reasonable restriction since

9
L1 is designed for switching frequency attenuation and L2 is either a

parasitic inductance or designed for high frequency noise attenuation.
Without this assumption, the analysis becomes intractable. The usual

assumption for switching regulators, that Rc and Rc are much smaller

1 2

than RL’ is also made.

The duty-cycle-to-inductor-current transfer function is:

i (s) [R 1 ] [ ]
L 3 2] e 1 1 1
1 =V (? + s + + s + + )(7.1)
—_— g _LZ CZRL L202 L2C1 L2C1C2RL
D(s)

where the denominator is given by:

R 1 R .R 1

4 3 e 2 cl cl 1 ]
D(s) =s + s + + s + +

L2 CZRL] [ LlLZ L2C1 LZCZJ

L. L,C. L.L,C L,C.C.R L.L,C.C

R R 1
U B S -+ S + = (7.2)
17272 17271 2°1°2L 1727172 .

The duty-cycle-to-output-voltage is given by:

R .R [ 1 1
V _(s) < cl’c2 2 ] 1 >
0 =V |————— s + s + + (7.3)
8\ 4D, [C1Rer  CoRep | CRCR .,
D(s)

To gain some insight to these expressions, it is instructive to first

examine the determinant of (sI-A). The parasitic resistances RC and Rc

1 2°
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and the load resistance RL serve to damp the circuit, but will not sig-

nificantly affect the resonant frequencies of the output filter. In order

to determine these resonant frequencies, the determinant is evaluated
3 = = = o, i i >>

with Rcl RC2 0 and RL Then, again assuming L1 L2,

D(s)

4 2] 1 1 1
s + s + +
[ L2C1 LZCZ} L1L2C1C2

2 1 2 1 1
[ T (C,+C,) } [ T.C, LZCZJ

This shows immediately the resonant frequencies of the circuit. The
low frequency resonance, wl, and the high frequency resonance, w2, are

given by:

1 1
W, = s——— w, = (7.5)
1 \/Ll(C1+C2) 2 \/LZCS
where Cs is the series combination of C1 and CZ'
As stated before, L1 is considerably larger than L2, and for most
practical designs, 'considerably larger' means about 10 times larger.

For a stable control loop design, the second filter resonance must occur
at a frequency well beyond the point where the current loop is dominant.
This occurs at a frequency somewhat above the first resonance. (Denoted
by So1 in SCM design terms.) For a good system design, therefore, w2 >>
wl. This can be achieved by separation of the capacitor values.

The transfer functions of Equations 7.1 and 7.3 will, therefore, be
analyzed for the conditions where C, >> CZ’ or for G, > C.. For each

1 2 1

of these two conditions, it will be possible to factor the transfer
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functions and separate the effect of the two filter resonant frequencies.
Design rules can then be established for either of these two cases. If
neither of these inequalities is satisfied, a reasonable factorization
cannot be achieved. However, it is apparent that the resonant frequencies
will still be approximated by the equations of (7.5), and the damping of
the two filter resonances will lie somewhere between the case for C, >>

1

C2 and for C2 >> Cl' In most cases, the condition that one of the
capacitors is larger than the other can usually be achieved. The problem
of how to select capacitors C1 and C2 for designs where the values can

be controlled will be presented later in this chapter.
7.3.1 Duty-Cycle-to-Inductor-Current Transfer Function for C1 >> CI2

If C1 >> C2, the denominator of the transfer functions for the

voltage and current gains is approximated by:

R 1 R R
D(s) = s* + s == + ]+sz[°1°2+1 }

Ly Gk )

+ [ Rer + ' +—t (7.6)
le L.C L.C.C.R L.L.C.C :

17272 271 2L 1727172

This expression may be approximately factored by:

R 1 1 R _4R 1
D(s)= (52+ sl— cl 1L )(SZ+ sl— cl c2 + + 1 ) (7.7)

+ +
lFZ c1RL_] Llcl L LZ CZRL LZCZ

The expansion of the above expression will give a small discrepancy

in the s2 term of D(s). This discrepancy will be very small for most
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practical designs, and for all designs, will not significantly affect the
expression for frequencies well above the first resonance. Since the
primary importance of this factorization will be in determining the
peaking of the voltage loop at the second resonant frequency, the dis-
crepancy is irreievant.

The duty-cycle-to-inductor-current transfer function when C, >> C

1 2
is given by:
. R ¥R 1
if(s) 23, 52[ Ci c2 — ]-+ s LlC + T clc = (7.8)
d(s) L 2 2°LJ 272 2°1°2°L
D(s)

This expression can also be factored, with similar arguments to that

of the denominator factorization to give:

i (s) v (s + ClRL) (7.10)

R 1
d(s) L1<;2 + S[LC1 o3 ] + Llc >
2 1L 171

In cancelling the corresponding parts of the numerator and denomi-

nator, as above, the effects of the approximations in factoring the nu-
merator and denominator are also cancelled.
Expression (7.10) for the current-loop gain is now equal to the ex-

pression for the current-loop gain for a buck converter with a single
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output filter consisting of inductor value L1 and capacitor value Cl'
Hence, the first condition for a stable feedback loop is indeed met for
‘the case when C1 >> Cz; the control-to-inductor-current transfer function
has retained its form with the addition of the second stage filter, and

is actually independent of the second stage filter parameters.

7.3.2 Duty-Cycle-to-Output-Voltage Transfer Function for C1 >> C2

The voltage-loop transfer function in Equation (7.3) can be factored

to give:
R .R
Vo(s) g ci ;2 (s+cé )(s+cé ) (7.11)
d(s) 8 17cl 2°¢2
D(s)
1 1
V R s + R s +
) g cl ( Cchl) c2 ( CZRCZ)
R 1 R .+R 1
Ly (%2 + s LCI = * Llc ) Ly (s2 + s ClL c2 |t Llc
1 1°L 1°1 2 2°L 272

Notice that the first part of the transfer function is equal to the
transfer function for the voltage gain of a buck power stage with just a
single stage filter. The effects of the second order filter are shown
by the second part of the expression. Since the numerator contains just
a single-order zero, the peaking of this transfer function is given by
the quality factor of the denominator expression of the second part of
Equation 7.11. It can be seen that the peaking of the second filter is

determined by:
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(7.12)

Q= where w, = —_
(Rcl+Rc2 + 1 ) 2 VI,

If the second output filter is designed so that Equation 7.12 gives
a value of Q to be one or less, the third condition for a stable control
loop design is satisfied. It will be shown in the design examples of
Chapter 8 that the second output filter will be well damped due to the
ESR of the capacitors and the above requirement on Q will not severely
limit the design of the second stage output filter.

For the case where C1 >> CZ’ therefore, it is demonstrated that the
control loop is not significantly affected if the second stage output
filter is properly designed and damped.The second design case for C, >>

2

C1 will now be considered.

7.3.3 Duty-Cycle-to-Inductor-Current Transfer Function for C2 >> C1

If C2 >> Cl’ the denominator of the transfer functions for the

voltage and current gains is approximated by:
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_ cl c2 1
D(s) =s +s I + TR + s T T + T

4 3 Rc1+R02 1 2 R4R
1 2L 172 2C1

R 1
+s cl + 1
LiLoCy  LpCyCoRp L0608

This expression may be approximately factored by:

R 1 R 4R
D(s) = (32 +s ch v L1C s? + s Ci €2 4 Llc (7.13)
1 2Ry, 1%2 2 2%1

As in the previous case, the expansion of this expression will give a

small discrepancy in the 52 term of D(s).

The duty-cycle-to-inductor-current transfer function when 02 >> C1

is given by:

DR BT R Al T IS S|
as) L 5 Ry LGy L.Ci0R,
D(s)

This expression can also be approximately factored to give:

i. (s) \) R 4R
L1 ='i§'<s + 1 )(SZ +s cl c2 + 1 )

a(s) 1 C,Rp L, L,Cy

D(s)

A (s + ClR ) (7.14)
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Expression 7.14 for the current-loop gain is again equal to the ex-
pression for the current-loop gain for a buck converter, this time with

a single output filter consisting of inductor value L, and capacitor value

1

CZ' Hence, the first condition for a stable feedback loop is also met
for the case when 02 >> C1 and the current gain is not affected by the

second stage output filter.

7.3.4 Duty-Cycle-to-Output-Voltage Transfer Function for C2 >> (.‘.1

The voltage-loop transfer function can be factored to give:

Vo(s) =Xg_Rcch2 (s + 1 Xs + 1 )
d(s) L,L, CiRe1 CoRea
D(s)

V R 1 R 1
g C]. S 4 e—— Cz s + —
) ( C,R_, ) C,R_, | (7.15)

Ly 2 Ry P ] 1 /2 Y 1
s- + s T + TR + T o 2{s™ + s +
1 RL | 1fy) 1

Notice that the first part of the transfer function is again equal
to the transfer function for the voltage gain of a buck power stage with

just a single stage filter consisting of L, and Cz. The effects of the

1
second-order filter (L2 and C1 inserted between the main power filter),
are shown by the second part of the expression. Since the numerator
contains just a single-order zero, the peaking of this transfer function
is given by the quality factor of the denominator expression of the second
part of Equation 7.15. It can be seen that the peaking of the second
filter is determined for the case where C_, >> C. by:

2 1
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w, L

2 72 where w, = 1
Q = —2*%_ 2 (7.16)
R™Reo VL,

In the case where C2 >> Cl’ the secondary resonance is less damped

than for the case where C1 >> CZ' However, if the second filter is again
designed to give a Q of less than one, the system will retain all of its

stable properties.

7.4 Output Impedance Peaking Due to Secondary Filter

It has been shown so far that the control loop with a secondary
filter will not be significantly affected when the filter is properly
designed, and the restriction on the Q of the second filter for control
loop purposes also will prevent peaking of the audiosusceptibility of the
regulator. The only small-signal effect that remains to be analyzed with
a second-order filter is that of the output impedance.

It has been shown that the first resonance occurs at the frequency
determined by inductor L1 and the parallel combination of capacitors C1
and C,. The second resonance occurs at a frequency determined by inductor

2

L2 and the series combination of the capacitors. Since any peaking of

the output impedance due to the second filter will occur at the second

resonant frequency and L, is in parallel with C, for output impedance

1 1

analysis, the impedance of C1 will be much less than that of L1 and the
first inductor may be omitted from the circuit. The expressions for the
output impedance will then be only third only for the high-frequency
peaking effect.

Referring to the circuit diagram of Figure 7.1, the output impedance

can be found from:
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- - r 1 - P -
V -
c, 0 = 0 0
1
affn,l = [L 8 1 + o |1,
at L, L L
v -1 1 1
c 0 - L
| 2] ! %2 Cofy, %2
X = A X + B I
o

Then the output impedance, Zo(s), is given by:

2(s) = [0 R, 1] (sI-) B + R,

3 2
R s + s + + s t +
CZ( C.R L L2C2Rc2 L2C2 LZCl LZClCZRc

(7.17)

1 R 4R 1
3 cl c2 +s + 1 + 1
2°1°2°L

s + 52 +
LCZRL L2 L202 L2C1 L.C.C.R

When C1 >> C,, this expression may be approximately factored:

2)

-

R ,+R 1
1 2 cl ¢c2 1
_ R s +—=———|s” + s + + (7.18)
Zo(s) = c2 ( Cch2 )( [ L2 CZRq2_ L2C2 )

+R 1
1 2 ' cl c2 1
S + m— s + s + +
( ClRL ) ( L2 CZRL] L2C2 )

Equation 7.18 may be approximately fac-

And for the case where 02 >> Cl,

tored to give:
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(7.19)

It can be seen from Equation 7.19, for C2 >> C,, cancellation of the

1’
numerator and denominator occurs, and there is no output impedance peaking
due to the second-order filter. However, for the case where C1 >> CZ’
this cancellation is not possible, and a peaking will occur due to the
higher damping term in the numerator of the second-order part of Equation

7.17. At the second resonant frequency, the peaking of the output

impedance is given by:

C2 >> C1 No output impedance peaking

R, [(R_#R_,)/L, + 1/C,R ]
[(R_*R_,)/L, + 1/C,R]]

C, > C Zo(s)max =

7.5 Further Secondary Filter Design Considerations

It has been shown in the foregoing analysis that it is preferable
to design a secondary output filter with the larger capacitor located at
the output of the supply. This will prevent any peaking of the output
impedance characteristic at the higher resonant frequency. It is also
important that C2 be the larger capacitor for another reason: the second
resonant frequency must be maintained at a value well above the point
where the current loop is dominant. This second resonance is a sensitive

function of the smaller capacitor and a far less sensitive function of
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the larger capacitor. If the second capacitance is made to be the smaller
one, the second resonance will be sensitive to any load capacitance var-
iationms.

If the second capacitor is made large, however, not only will the
power supply be insensitive to changes of the second resonant frequency,
but the control-loop adaptive effect will compensate for the load
capacitor changes. If possible, therefore, capacitor C2 should be made
larger than Cl'

In some cases, the second output filter is constructed of cabling
impedance and load board capacitance. In this case, the design approach
should be to either limit the amount of load capacitance and make C, the

1

larger capacitor or to make C, small and place a large capacitance at the

1
load. This may be contrary to conventional design approaches to this
problem, but it will produce the best results.

With these and other design considerations in mind, some design

guidelines can now be given for the second-order filter.

7.5 Secondary Filter Design Guidelines

1) Design the main power inductor and larger capacitor value as for a

single output filter.
2) Design the SCM or CIC loop as for a single output filter power supply.

To allow the greatest freedom of choice of the secondary filter, choose

the value of Sp1 towards the lower end of the range.
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3) The second output filter inductor should be bounded by the inequality

4)

5)

6)

7)

L2 << Ll' The value of L2 should not exceed about one-tenth of the

value of Ll'
Determine the value of the smaller capacitor to give a resonant fre-

quency which is greater than s (At least three times greater, as a

o1’
rule of thumb). This is an absolute upper bound on the smaller
capacitor value and should not be exceeded if stability is to be
maintained. This is especially important to remember when the smaller
capacitor has to be CZ.
Within the above constraints, design the second output filter to give

the desired noise attenuation.

For the chosen values of the smaller capacitor and LZ’ check the
equations for the damping of the second filter resonance to make sure

the Q does not exceed one. If it does exceed one, some noise atten-

uation may have to be compromised to maintain stability.

If C2 is the smaller capacitor, check the equation for output impedance
peaking to make sure that this will not seriously degrade the per-
formance of the power supply. If C1 is the smaller, there will be no

output impedance peaking.
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7.7 Conclusions

It has been shown in this chapter that a properly designed second
output filter will not affect the stability of the SCM or CIC loop. This
is true because the ac loop gain of the converter is independent of any
second output filter parameters, and the dc loop gain is affected only
after the ac loop gain has become dominant.

The second output filter resonance must be damped to give a low Q
(assuming that the resonance is below the switching frequency). It will
be shown in one of the design examples that the second filter will be
damped sufficiently by the ESR of the capacitors in most practical ap-
plications, and it will not be necessary to add external damping resist-
ance or to compromise the filter design to meet this requirement.

If possible, the second capacitor, CZ’ should be chosen as the larger
capacitor, since there will be no peaking of the output impedance for this
case. If C, is larger, the output impedance peaking may be quite severe.

1

Also, the second resonance will be independent of load capacitance

changes.
The second resonance is more damped for the case when C1 is the
larger capacitor. If the values of capacitance are close together, the

damping term for C2 >> C1 should be used to produce a more conservative

design.
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Chapter 8

Design Examples

The following design examples illustrate the use of the design pro-
cedures developed in Chapter 6. The first example is a single buck module
using CIC to achieve the given design specifications of stability, output
impedance, audiosusceptibility and settling time. This example demon-
strates the extension of the SCM design procedure developed to cover CIC,
and shows how the external ramp should be chosen.

The second example uses SCM on the same power stage as example 1.
For the case where no resistor is placed across the current loop
integrator, it is shown that the small-signal performances of SCM and CIC
are identical. The effect of the addition of the resistor and the place-
ment of the pole of the subsequent pole-zero pair are demonstrated in this
example.

Example 3 illustrates how the same power stage may be constructed
from three parallel modules and controlled with CIC to obtain the same
small-signal performance as for the single module case. This shows that
all of the advantages of modularity may be achieved without compromising
the small-signal performance.

The fourth example uses a combination SCM/CIC scheme to control the
same three modules as Example 3. This demonstrates how the noise per-
formance of the system can be reduced with the addition of the SCM loop.
Although the control circuit now has more degrees of freedom, the design
procedure remains extremely straightforward.

The final example is a different power stage, constructed of five

modules in parallel, with a combination SCM/CIC scheme. A second LC filter
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is added to the output of the supply to show how this should be designed
to achieve the maximum additional noise attenuation without compromising
any of the small-signal characteristics.

8.1 Design Example 1 - Buck Converter, Single Module

Power Stage Parameters

L =1.7 uyH V. =300v V =15v
s g
C = 14000 yF Vo =3.6v
R = 2 mOhm T = 28 us
c p
RL = 18 mOhm np/ns = 20
D = 0.30 (measured)
1) Use CIC.

2) Select desired ramp amplitude, Vp = 0.75 v. From Equation 6.1,

_ (Vg - VO)DT

P _ -
tm = 7 1.4 x 10
P

4

3) Design external ramp for minimum input voltage.
V . =10 v (200v source) D = 0.41
gmin

‘From Equation 6.9,

S =V (D-0.182)/t. = 1.8 x 10°
e g fh
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4)

5)

6)

Evaluate buck parameters.

01

Le =L/k=1.7 pH
wy = IAJLeC = 6500 rad/s
Tt =CR =2.8x10"°
z1 c
A1 =1
A2 =0
M =V (1-2D)T_+ 25Tt =3x 10"
g p epm

_ P
K1 = 2Vg / M =10
K2 =D =0.3
No input filter.
Design specifications:
Transient response settling time L 0.5 ms
Output impedance < 15 mOhm Ko = 0.015
Output peaking 3% for 10% step load Kop =0.3
Audiosusceptibility (30v input step
causes 10 mV output disturbance.) Ka =3.33 x 10
Upper limit on Sg1° from Equation 6.12

1
S <
01 Wy T,1
Audiosusceptibility, from Equation 6.17:
' -3
K =K n /n = 6.7 x 10
a a p's

< 5.
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Output impedance, from Equation 6.18:

w, L /A
s > 0 1

e
01 Ko - Le A2/A1

=0.74

Output peaking, from Equation 6.19:

. N wo Le/A1 RL o,
01 KOp - Le A2/A1 RL

Settling time, from Equation 6.20:

Choose value of 502:

<
0.3 s02

Select value of s towards low end of range:

02

02

Then, from Equation 6.21:

T, = =3.8x 10"

Range of a', from Equation 6.23:

and

01

s > 0.74

01

01

02
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S . S
woiml? > o' > w01ma§ 1.2 < a' < 2.25
0 z2 0'z2

Use curves from Appendix D to select the value of a'. The curve with

the closest value to the selected wotzz' is used to select the value of

a', in this case, the curve for w ' =3 is used. The gain of the curves

0"22
are normalized to ZOlog(Kl/wO) = 23.8 dB. Picking a' = 2 gives a cross-

over frequency of 15w.= 15.5 kHz and a phase margin of 70 degrees.

0

7) Design voltage-loop components.

z2 z2

1

L - Ala
1 1
1 + Aza TzZ

-

CR =-" =0.65x 10°%
1y a

C, may be selected arbitrarily.

1
C1 = 0.01 uF
R_ = 6.5k

y

Other components are then constrained by the following equations:

C, = (Tzz - tzl)/Ry = 0.06 yF

5 = Zl/C2 = 470 ohm
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8) Design current-loop components. From Equation 6.33

n L

1 = ==—n /n
m Rw P s

Number of turns of current transformer may be selected arbitrarily.

Sense resistor is then constrained.

n_= 200

=
Il

51 ohm

The design of the control system is now complete. Using these cal-
culated values, the small-signal characteristics were simulated with the
computer model described in Appendix C. The results for loop gain, output
impedance and audiosusceptibility are shown in Figures 8.1 through 8.5.
It can be seen from these curves that all of the design objectives have
been met or surpassed. The design objective of settling time can be ver-
ified from a large-signal simulation. The maximum value of the output
impedance characteristic guarantees that the step-load peaking specifi-

cation is satisfied.

109



BUCK CONVERTER EXAMPLE 1 CIC CONTROL
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Figure 8.1: Design Example 1 - Single Module Buck Converter with CIC

Control. Voltage Loop Gain, TV,
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BUCK CONVERTER EXAMPLE 1 CIC CONTROL
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Figure 8.2: Design Example 1 - Single Module Buck Converter with CIC

Control. Current Loop Gain, Ti'
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BUCK CONVERTER EXAMPLE 1 CIC CONTROL
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Figure 8.3: Design Example 1 - Single Module Buck Converter with CIC

Control. Loop Gain, Tl.
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BUCK CONVERTER EXAMPLE 1 CIC CONTROL
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Figure 8.4: Design Example 1 - Single Module Buck Converter with CIC

Control. Loop Gain, T2‘
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BUCK CONVERTER EXAMPLE 1 CIC CONTROL RUDIOSUSCEPTIBILITY
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Figure 8.5: Design Example 1 - Single Module Buck Converter with CIC

Control. Audiosusceptibility and Output Impedance.
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8.2 Design Example 2 - Buck Converter, Single Module

Power stage parameters - same as example 1.

1) Use SCM.

2) - 7) Steps are identical to CIC, example 1.

8) Design current-loop components. From Equation 6.31:

Number of inductor sense turns may be selected arbitrarily. Resistor

R4 is then constrained by the above equation.

7o)
]

13 k

As discussed in Chapter 4, an additional design freedom exists to
add a resistor across the integrator capacitor for the current loop of
SCM. The pole of the resulting pole-zero pair was placed at several
different values ranging from O (normal SCM circuit) to So1° to see the
effect on the small-signal performance. The small-signal characteristics
were simulated, and the results are shown in Figures 8.6 through 8.10.
The curves for the placement of the SCM pole at zero show that the small
signal characteristics are identical for SCM and CIC. It can be seen that
the loop gain begins to degrade as this pole is moved out towards s

01’
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causing a dip in the gain and subsequent peaking of the
audiosusceptibility and output impedance characteristics. The beneficial
effects of this pole on the output impedance at lower frequencies is
clearly shown. A compromised value of this pole should be selected to give
improved low frequency output impedance without degrading high frequency

characteristics. A value between 501/5 and 501/3 is suggested.
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BUCK CONVERTER EXAMPLE 2 SCM CONTROL
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Figure 8.6: Design Example 2 - Single Module Buck Converter with SCM
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BUCK CONVERTER EXAMPLE 2 SCM CONTROL

8
2
x P =0
8 - H o P=501/10
Q
+ P=S01/5
s
§ k"/i/t L X P=S01/3
-~ N o Z §\
I~
8 /// y”ﬂr\*‘\ﬁk\ z P=S01/2
= ///;C &\:ta,
z g el ~ v P=SOI
g ° gy r’:)/f;/// ‘\\\
/ //AC/’/
8. /;/‘,2 Lk
8 T
=1
g 1|
2
" 1LEe 1.E+2 1.E+3 1.Evd 1.E+S
FREQ (HZ)
VPI&SU
BUCK CONVERTER EXAMPLE 2 SCM CONTROL
3
x P =20
2 - L 1l o P=s01/10
=] e
N + P=S01/5
NCR \
(3 © R X P=S01/3
m
w L et | '
o T \\\\ z P=S01/2
7] N
! r Yy P=S01
N SRS
| T
\\ ::“ \
3
8
! 1.E+1 1.E+2 1.E+3 1.€E+4 1.E+S
FREQ (HZ)
VP14&SU

Figure 8.7: Design Example 2 - Single Module Buck Converter with SCM

Control. Current Loop Gain, Ti.
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BUCK CONVERTER EXAMPLE 2 SCM CONTROL
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BUCK CONVERTER EXAMPLE 2 SCM CONTROL
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Figure 8.9: Design Example 2 - Single Module Buck Converter with

Control. Loop Gain, T2.
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BUCK CONVERTER EXAMPLE 2 SCM CONTROL AUDIOSUSCEPTIBILITY
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Figure 8.10: Design Example 2 - Single Module Buck Converter with SCM

Control. Audiosusceptibility and Output Impedance.
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8.3 Design Example 3 - Buck Converter, 3 Parallel Modules

Power Stage Parameters - same as Example 1 except:

L =5.1uH
k =3 (3 modules used to achieve same effective power stage)
1) Use CIC.

2) Select desired ramp amplitude, Vp =0.25 v.

From Equation 6.1,

(Vv -V )DT -
r =8 O P _,x10
m \%
p
3) Design external ramp for minimum input voltage.
V . =10 v (200v source) D =0.41
gmin
From Equation 6.9,
4
S =V (D-0.182)/1 =0.6 x 10
e g m

4) Evaluate buck parameters.

L, =L/k=1.7u
wy = LAJLC = 6500 rad/s
t . =CR =2.8x10
z1 c
A, =1
1
A, =0
M = 4

V (1-2D)T +2S Tt =3 x 10
g p e'pm
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=
"

2V / M=10
g

5) - 6) Steps are identical to Example 1.

7) Design voltage-loop components.

“m -4
C,R < =0.65x10

1y

" Capacitor C1

constrained by the following equations:

C1 = 0.03 uF
R_=6.5k
y
02 = (‘tz2 - Tzl)/Ry = 0.06 uF
R5 = Izl/C2 = 470 ohm
C2 = 0.06 uF
R5 = 470 ohm

8) Design current-loop components. From Equation 6.33:

may be selected arbitrarily. Other components are then
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Number of turns of current transformer may be selected arbitrarily.

Sense resistor is then constrained.

n_ = 200

R =51 ohm

(Notice that the only changes in the control circuit are in the value

of the added external ramp and the voltage feedback capacitor, Cl.)

The small-signal characteristics for this example are shown in Figures
8.11 through 8.15. These characteristics are identical to those of Example

1, showing that modularity may be achieved without compromising the

small-signal performance.
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BUCK CONVERTER EXAMPLE 3 CIC CONTROL 3 MODULES
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BUCK CONVERTER EXAMPLE 3 CIC CONTROL 3 MODULES AUDIOSUSCEPTIBILITY
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Figure 8.15: Design Example 3 - Buck Converter, 3 Parallel Modules with

CIC Control. Audiosusceptibility and Output Impedance.
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8.4 Design Example 4 - Buck Converter, 3 Parallel Modules
Power Stage Parameters - same as Example 3.

1) Use SCM/CIC. Use same current-sense network as for

Example 3.

2) Select desired ramp amplitude, Vp =1v.

(V. -V )DT i
1 =22 P -1x10
m \Y
p

From Equation 6.35:

ncL _
1 x 10

cic R np/ns

From Equation 6.7,

- _ -1_ -
rscm = (l/tm l/tcic) 1.3 x 10

4

3) Design external ramp for minimum input voltage.

., =10 v (200v source) D = 0.41
gmin

S =V (D-0.182)/t_ = 2.3 x 10"
e g m

4) Evaluate buck parameters.
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L =1L/k=1.7 uH

e
wy = lﬁJLeC = 6500 rad/s
T =CR =2.8x107°
zl c
A1 =1
A2 =0
M =V (1-2D)T + 28 Tt =3 x 10°*
8 P epm
_ . )
K1 = 2Vg / M =10
K2 =D=20.3
5) - 6) Steps same as Example 1.
7) Design voltage-loop components.
= 1
TzZ T22
1
.- Ala _
1 1
1+ Aza Tzz

C1 may be selected arbitrarily. Other components are

then constrained by the following equations:

‘1

R
y

I

8000 pF

6.5 k
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R. = Tzl/C2 = 470 ohm

Q
1

0.06 uF

=
I

470 ohm

8) Design current-loop components.

CIC loop:
n L
T :Ln/n
m R s
W
n_ = 200
c
Rw = 51 ohm (same components as Example 3)
SCM loop:

T = =1.3x 1074

Number of inductor sense turns may be selected arbitrarily.

Resistor R4 is then constrained by the above equation.

7]
Il

16.2 k

SCM pole is placed at 501/5

So1 = 3250 rad/s so l/ClR6 = 3250/5
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R, = 190 k.

The small-signal simulation results for this design are shown in
Figures 8.16 through 8.22. The different components of the current-loop
gain are illustrated. The small-signal simulations show that the per-
formance is identical to the previous examples, but the system has im-

proved noise immunity due to the extra current ramp from the SCM loop.
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Figure 8.16: Design Example 4 - Buck Converter, 3 Parallel Modules with

SCM/CIC Control. Voltage Loop Gain, TV
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Figure 8.18:

Design Example 4 - Buck Converter, 3 Parallel Modules with

SCM/CIC Control. CIC Component of Current Loop Gain.
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Figure 8.19: Design Example 4 - Buck Converter, 3 Parallel Modules with

SCM/CIC Control. Total Current Loop Gain, Ti'
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Figure 8.20: Design Example 4 - Buck Converter, 3 Parallel Modules with

SCM/CIC Control. Loop Gain, Tl'
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Figure 8.21 Design Example 4 - Buck Converter, 3 Parallel Modules with

SCM/CIC Control. Loop Gain, T2.
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8.5.1 Design Example 5 - Buck Converter, 5 Modules, Secondary Filter

Power Stage Parameters

L =10 uH V =300v V =15v
s g
C = 36000 uF Vo =3.6v
R = 2 mOhm T = 28 us
c P
RL = 7.2 mOhm np/ns = 20
D = 0.30 (measured) I0 = 500 A

Control is first designed without a secondary filter. For this part of
the design, to be consistent with the control-loop design procedures, the
power inductor is named L and the output capacitor C. These will be re-

defined when the secondary filter is added after the control-loop design.
1) Use SCM/CIC.

2) Select desired ramp amplitude, Vp =1v.

From Equation 6.1,

(V_ - V_)DT i
1 =—2 P - 1.4 x 10
m Vp

4

Maximum value of CIC signal, Vm = 5 v, due to comparator

limits. From Equation 6.5:

LV
o)

cic kaRL

=2x 10
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_ -1 _ -4
Teem = (l/tm 1/tcic) =2x 10
3) Design external ramp for minimum input voltage.
., =9 v (180v source) D = 0.48
gmin
From Equation 6.9:
4
S =V (D-0.182)/t =12.7 x 10
e g m

4) Evaluate buck parameters.

Le =L/k =2.0 uH

wy = IAJLeC = 3726 rad/s

T =CR =7.2x10°

z1 c

A1 =1

A2 =0

M =V (1-2D)T_ + 25Tt =3.2x 10

g P epm
- _ 4

K1 = ZVg / M=9.4 x 10

K2 =D =20.3
5) No input filter.
6) Design specifications:

Transient response settling time T 0.5 ms

Output impedance < 8 mOhm Ko = 0.008

Output peaking 5% for 10% step load Kop =0.5

Audiosusceptibility 30v input step

causes 10 mV output disturbance Ka = 3.33 x 10"4
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Upper limit on So1

1.8

= 0.93

Output peaking:

wo Le/By Rp
01 "R - LA, /A R

L

Settling time:

s > — = 0.54

Choose value of 502:

0.54 < 302

<

1

01

01

>
501 0.93

01

SO2 > 0.54
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Select value of s, towards low end of range:

02
Sgp T 0.6
Then
' = 7;—5——- = 4.4 x 107%
0702

The range for a' is then given by:

s . s
Olml? > o > 01ma§

YoTz2 Yolz2

Use curves from Appendix D to select the value of a'.

the curve T
curve for wo 22

Picking o' = 1.5 gives a crossover frequency of 20w

phase margin of 80 degrees.

7) Design voltage-loop components.

z2 z2
1
.- Ala
1

1 + Aza TZZ

1.2 <a' <2.2

In this case,

' = 2 is used to select the value of a'.

= 12 kHz and a

The voltage-loop control components can now be found from:
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C1 may be selected arbitrarily.

C1 = 0.01 yF

R
y

6.7 k

Other components are then constrained by:

Cp = (T = T5)/Ry
Rs = 1,170
C2 = 0.056 uF
R5 =1.3 k
8) Design current-loop components.
nCL 4

cic Rw np/ns =2 x 10

Number of turns of current transformer may be selected arbitrarily.

Sense resistor is then constrained.

n_= 200
c
R = 200 ohm
W
SCM loop:
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Number of inductor sense turns may be selected arbitrarily. Resistor

R4 is then constrained by the above equation.

R, = 20 k

8.5.2 Secondary Output Filter Design

The design guidelines for the second stage output filter were
developed in Chapter 7. In\Chapter 7, the filter components were la-
belled according to Figure 7.1, with inductor L1 representing the main
power inductor, and 02 the main filter capacitor for the optimum de-
sign. The power inductor for this example is, therefore, referred to
as L1 and the filter capacitor as CZ' (Note that C1 and C2 should not
be confused with the control-loop components.

The schematic for the output stage of the parallel converters is
shown in Figure 7.1 with the additional second-order filter. The com-

ponents to be designed for this circuit are L,, C, and RC

20 Cq For high-

1
frequency noise attenuation, the ESR of the capacitors become the

dominant impedance, and RCl must be selected to be a low value. The

value of the ESR of the capacitor is assumed to be 2 mOhm. In order
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that the first stage of the filter attenuates as much as possible at
the switching frequency, a lower bound may then be determined for the

capacitor, Cl'

1
C1 > S7f R C1 > 2200 wF.
s cl

From the discussion of Chapter 7, it is also required that Cl < C2 for

the best filter design. Hence, the range of C1 is:

2200 uF < C1 < 36000 wF

The second filter inductance, L2’ should be designed to be signif-

icantly less than L,. The second filter resonance is then given by:

1
w = i where C = ic—z—-
02 \/LZCS s C1 + C2

In order to minimize the effect of the second filter on system
stability, the second filter resonance should occur at a frequency
above So1° where the current loop dominates the voltage loop. Hence,

we require

Wy >> So1 w02 >> 9300 rad/s

If the second resonant frequency is picked to be five times larger

than s and if C1 is selected to be its minimum value of 2200 wF, L

01 2

can then be determined:
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L, = 190 nH

A second requirement for the filter not to significantly affect
the stability is that its Q factor should be low. For the previously

selected values:

= ecom— = - +
Q R 2.5 where R RCl RC2

This is an unacceptably large value and some attenuation must be
sacrificed to achieve a more stable system. If L2 is reduced to 100

nH and C1 is increased to 4400 uF, the second resonant frequency re-
mains unchanged and the Q is reduced to 1.25. This is an acceptable
value.

With these design values, the attenuation at the switching fre-
quency due to the second filter is -20 dB. If the switching of the five
power modules is overlapped, the output ripple frequency is five times
the switching frequency and the ripple reduction is even more dramatic.
The small-signal characteristics of this system are shown in Figures
8.23 through 8.29. Three sets of curves are shown for each plot: the
first corresponds to the five modules without a second output filter;
the second shows the response for the filter as designed above (filter
1), and the third is the same filter with capacitors C2 and C1 inter-
changed.

Comparison of the case with no filter and filter 1 shows that the
filter causes a slight dip in the loop gain (but not stability prob-

lems) and a corresponding peak in the audiosusceptibility. The output

impedance is actually reduced with the second filter.
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The plots for filter 2 confirm the predictions of Chapter 7,
showing a significant peaking of the output impedance. From the
small-signal point of view; it is desirable that the filter 1 config-

uration be used.
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Figure 8.24: Design Example 5 - Buck Converter, 5 Parallel Modules with

SCM/CIC Control. SCM Component of Current Loop Gain.
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Figure 8.28 Design Example 5 - Buck Converter, 5 Parallel Modules with

SCM/CIC Control. Loop Gain, T2.
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8.6 Conclusions

The design examples presented in this chapter show the procedures
for SCM, CIC and SCM/CIC design for single or multiple modules are actu-
ally straightforward. Although the design procedures may appear somewhat
tedious, it should be apparent that the use of this approach is far
quicker and more productive than the customary trial and error approach
to design. It can also be seen that the design procedures are very ame-
nable to computer automation, leaving the burden of the tedious calcu-
lation to the computer. The designer's role is then in the intelligent
choice of design specifications and in the trade-off of stability and

other small-signal performance measures.
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Chapter 9

Conclusions

In this thesis, the small-signal model has been developed for an
arbitrary number of parallel buck power modules. Loop gains of the re-
sulting power system have been defined and analyzed to investigate the
stability issue of parallel power modules. The analysis procedures de-
veloped for the transfer function and loop gain derivations are directly
applicable to boost, buck/boost and other types of converters, and similar
results are to be expected.

It has been shown that the small-signal performance of the parallel
buck converter modules is independent of the switching sequence of each
module (assuming constant frequency operation). It has also been demon-
strated that the system stability is relatively insensitive to input
voltage variations between each of the different modules when using
current-mode control.

Different forms of current-mode control, SCM and CIC, have been an-
alyzed and compared to show their similarities and differences in terms
of both small-signal performance and practical application. A new control
schgme is proposed for high-current, parallel power modules which com-
bines the merits of both types of current-mode control. For single module,
high-current applications, it has been shown that the use of SCM, with
auxiliary current limiting, is preferable to obtain the best small-signal
performance.

With the relationships between the different control schemes ana-
lyzed and understood, simple definitions have been made to allow the

unification of design procedures to be used for SCM, CIC or combined
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SCM/CIC for single or parallel power converter modules. These design
procedures also offer guidance in the choice of an external ramp and
choice of the current-loop components.

The effects of a secondary LC filter used on the output of the power
stage have been analyzed in detail, leading to an optimal design approach
for the filter. The filter components may then be chosen to give maximum
attenuation without sacrificing stability of the system or compromising
the output impedance. The results obtained for the secondary filter are
directly applicable to other power stage topologies.

The use of the control-loop design procedures have been demonstrated
with some practical examples, and the resulting small-signal results ob-
tained from the analysis program confirm the transfer function and loop
gain analysis developed earlier in the thesis. The examples also demon-
strate the use of the different current-mode control schemes and show how
a power stage may be constructed from parallel power modules without

changing the small-signal performance.

Suggestions for Future Work

Further analysis work is required to fully characterize the use of
parallel modules for other power stage topologies and for different
duty-cycle modulation control schemes.

Large-signal verification of the results obtained and of the design
procedures is required to demonstrate the performance. (Some of this work
verifying the design examples developed in this thesis, has been performed

under a grant from IBM, Poughkeepsie.) Hardware implementation and ver-
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ification of the small- and large-signal simulation measurements is also
desirable.

The design procedures developed require familiarity with their der-
ivation and are somewhat tedious to use. Programming of these results into
a computer is a fairly straightforward task which would provide a valuable
design tool for power supply engineers. (This is an on-going project with

IBM, Endicott.)
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Appendix A

Small-Signal Transfer Functions for Parallel Buck Modules

A.1l Evaluation of (sI-A)-1 for k Parallel Buck Modules

The A matrix for k parallel buck power converters is a (k+1) by (k+1)

matrix as given below.

- h
-Re/L -RC/L -RC/L .o -RC/L -1/L
-RC/L -Re/L -RC/L .o -RC/L -1/L
-RC/L -RC/L -Re/L R —RC/L -1/L
A =
-RC/L -RC/L -RC/L . -Re/L -1/L
1/C 1/C 1/C . . 1/C -1/CRL
We need to find the matrix (sI-A)-l in order to evaluate the system

transfer functions.

st /L R/L R/L .. R/L 1/L
R/L s+ /L R/L .. R/L 1/L
R/L R/L s+t /L. . R/L 1/L
(sI - A) =
RC/L RC/L RC/L . s+Re/L 1/L
-1/C -1/C -1/C . . -1/C s+1/CRp
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The first task is to find the determinant of the matrix (sI-A). In

order to simplify this procedure,
matrix from the first, the third

the (k-1) row from the (k-2) row.

s+R;/L -(s+R /L) O

0 s+R;/L - (s+R;/L)
0 0 s+R,/L .
0 0 0

R /L R/L R_/L
-1/C -1/C -1/C

Now we add the first column to the second column,

. s+R1/L -(s+R1/L) 0

we first subtract the second row of the
row from the second, up to subtracting

The determinant is then equal to:

0 0
0 0
0 0

. s+Re/L 1/L

-1/C s+1/CRL

the resulting

second column to the third column, up to adding the (k-2) column to the

(k-1) column. The resulting determinant is then:

S+R /L 0 0 0 0

0 SR /L 0O 0 0

0 0 S+R1/L . 0 0

0 0 0. . st /L 0 0

. s+R '
RC/L ZRC/L 3RC/L s Re /L 1/L
-1/C -2/C -3/C . -k/C S+1/CRL
where R '= R, + kR
e 1 c
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The value of this determinant can now be evaluated by inspection:

R \ k-1 Re' 1 .
det(sI-A) = S+L— s+f-)s+ER-;+Ea-

1

Assuming that Re << kR;, this can be simplified to:

L’
R.\k-1 R ' 1
det(sI-4) = ( +T1') (52 +slge + ﬁ]* f%)
L

We now need to determine the cofactors of (sI-A). Since the last row
of the B matrix will always be zero for the buck converter, it is not
necessary to evaluate the last column of (sI-A)-l, and hence the last row
of cofactors need not be found. Also, since the (sI-A) matrix is highly
symmetrical, inspection of its form shows that there will only be three
different values for all of the cofactors, equal to either cofll(sI-A),

coflz(sI-A), and cof (sI-A). The other cofactors are related by:

1k+1

- s s P

cofij cof12 for every j i and i, j k 1
= i < +

cofii cof11 for every i < k 1

cofik+1 = cof1k+1 for every i <k + 1

The next task is to determine the values of the three cofactors

coflz(sI-A), cofll(sI-A) and cof (sI-A).

1k+1

The value of the cofll(sI-A) is given by the value of the determinant

of the following k x k matrix:
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s+Re/L Rc/L Rc/L . Rc/L 1/L
RC/L s+Re/L Rc/L .. Rc/L 1/L
Rc/L Rc/L s+Re/L .. Rc/L 1/L
Rc/L Rc/L Rc/L . .s+Re/L 1/L
-1/C -1/C -1/¢c . . -1/C s+1/CRL

Notice that this determinant is exactly the same as the determinant of
(sI-A), except that the order of the matrix is reduced by 1. Hence, the

value of this cofactor can immediately be written as:

R, \k-2 R" 1
_ 1 2 e 1, k-1
COfll_(S+L) (S+S[L+CR+LC)

L

where R " = R, + (k-1)R
e c

1

The value of coflz(sI-A) is given by the value of the determinant

of the following k x k matrix:

R/L R/L R/L . .R/L 1/L
R/L s+R_/L R /L . .RJ/L 1/L
R/L RJ/L s+ /L. .R/L 1/L
cof , = -
R/L R/L R/L..Ss#H/L 1/L
-1/C -1/C  -1/C . . -1/C s+l/CR,

Using similar reduction techniques as before, this can be simplified as:
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0 '(S+R1/L) 0 - 0 0
0 0 -(s+R1/L) .o 0 0
0 0 0 .o 0 0
cof12 = -
0 0 0 .0 -(s+R1/L) 0
RC/L RC/L RC/L .o S+Re/L 1/L
-1/C -1/C -1/¢c . . =-1/C s+1/CRL

If we let a = s+R1/L, the value of this determinant is then:

R
— _rr.1\k_¢c 1 k-2 1 k-1,-1 k-2
cof12 = .[( 1) T (s + Eﬁ;)( a) T +

S RN CEV

R
k-2 1 c 1
-a (s +§§-)TT_ + c

Assuming RC << R, and substituting for a, we obtain:

L
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The value of cof1k+1(sI-A) is given by the value of the determinant of

the following k x k matrix:

Rc/L s+Re/L Rc/L .o Rc/L RC/L
Rc/L Rc/L s+Re/L .o Rc/L Rc/L
Rc/L RC/L RC/L R RC/L Rc/L
RC/L Rc/L Rc/L - Rc/L s+Re/L
-1/C -1/C -1/¢ . . -1/C -1/C

Using similar reduction techniques as before, this can be simplified as:

0 stR;/L 0 0 0
0 0 s+R /L 0 0
of. =(-DY o 0 0 0 0
1k+1
0 0 0 .0 s+Ry/L 0
"
R /L R /L 2R /L . . (k-2)R_/L s+R "/L
-1/c -1/C -2/C . . -(k-2)/C -(k-1)/C

Again, letting a = s+R1/L, the value of this cofactor is:

R ) } _ Re"
of .y = (DS (DR + (D) T 1 gD
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=% ey + 2 42
= K2 okl v+ ié

=(s+;ﬁ43%+%q
=1 +-§l0k'1

c
+ Lc(k-l)

We now know all of the required cofactors of (sI-A) to be able to

find the transfer functions,

cofactors and determinant, (sI-A)-l

- .
a1 %2 4 12 X
42 %1 %12 12 X
(s1-4)" = 1/D(s)
2812 %2 %12 11 X
f1k+l Ak+1 A1k+1 0 Y1 X
RI
_ 2 e 1 k-1
where a11 =s  + S[L + CRL + TC
a =-SE+L
12 T IC

and after cancelling common terms in the

can be written as:
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R
1 LR
1 TTS T

R R '
_ _11f 2 e 1 k
D(s) = (s + T )(s + S[_L + CRL + _LC)

x values are not needed and undetermined.
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A.2 Evaluation of Transfer Function Blocks

A.2.1 Input-to-Output Transfer Function, Vo/vgi

The transfer function for the ith-input-to-output is given by:

vo -1
- = C(sI-4) B
gl
where C= R R R 1 B =[D./L
Cc Cc C
0
L0 ]

[~ -
(s1-4) 1B = D,/L sz+s(Re"/L+1/CRL)+(k-1)/LC

- sR_/L + 1/IC

- sR_/L + 1/LC

1/C (s + Rl/L)

D(s)

C(sI-A) B L CR, LC IC C L

L D(s)

R R R
1 Di(Rc sz+s|:—e + -1—:|+ k-1) (k-l)[s TE'+L +_5_+_1.])
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1
Hence, Yo = D1 (Rcs * C)
— l
Vgl L s2+srRe+1-‘+k\
[L CRLJ LC}

A.2.2 Input-to-Inductor-Current Transfer Function, il./v i

By nature of the symmetry of the circuit, all of the inductor cur-
rents will have the same input-to-output and duty-cycle-to-output trans-
fer functions as each other. Hence, the transfer function, ili/vg" will

be equal to 111/vg for all i.

1

The ith-input-to-ith-inductor-current transfer function is given by:

. _ !
lli/vgi = C(sI-A) B
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R 7"
. 2 e 1] k-1
Hence,  1i =Dy <S + S[L + CRL]+ IC >

R R '
v, 1 2 e 1 k
gi L (s +—L-)(s + s[-ﬂ- + CRL]+ LC)
A.2.3 Input-to-inductor-Current Transfer Function, i“/ng.

The transfer function for the jth-input-to-ith-inductor-current,

where i = j, is given by:

L = o(s1-a)7!B
v,
g]
where C=[1 o ....0 o] B=[0]
Dj/L
0
| 0
R
-1, _ sls_<c 1
C(sI-A) B = Dj< - +-—LC>
L D(s)
R
. s ¢, 1
Hence, i = Dj < L * > _
2
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A.2.4 _Duty-Cycle-to-Output Transfer Function, vo/di'

The transfer function for the ith-duty-cycle-to-output is given by:

52+s(Re"/L + 1/CRL)+(k-1)/Lc;

- SR /L + 1/IC

- SR /L + 1/LC

1/C(s + R /L)

D(s)
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1
Hence, Yo = Di (Rcs * C )
d R’
i 2 e 1 k
L (s + s I +CR ]+ LC)
L L
A.2.5

Duty-Cycle-to-Inductor-Current Transfer Function, il'/di'

The transfer function for the ith-duty-cycle-to-ith-inductor-current

is given by:

_ -1
- = C(sI-A) 1B
1
where [C = 1 0 o o] B= Vo /T
0
0 -
R "
2 e 1| k-1
C(sI-A)"'B = Vgi<s * S[L * ER—L:IJ' TC >
L D(s)
[ "
Voi 52+SLe+cé]+1£él>
Hence, i = _8 ! LJ
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A.2.6 Duty-Cycle-to-Inductor-Current Transfer Function, i“/dj.

The transfer function for the jth-duty-cycle-to-ith-inductor-current,

where i = j, is given by:

14 _ -1
— = C(sI-A) B
j
where C=[1 0 ... .0 0] B=[o0
vV /L
g3’
0
0
R
R
C(sI-A) 1B = ng<L +LC>
L D(s)
R
, s ¢C 1
Hence,  ‘1i = Vi ( L +LC)
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APPENDIX B

Loop Gain Derivation for k Parallel Buck Modules

The block diagram for k parallel buck converter modules is given in
Figure 2.1. For the loop gain derivation, the input perturbation Vg is
zero; so, the gain blocks F2, F3 and F6 are not shown on this diagram.
In order to derive the expressions for the voltage-loop gain, TV, and the
equivalent current-loop gain, Ti’ for the parallel modules, loop gain T

2

at point b on the diagram is evaluated, where:

The loop gain, TZ’ is given by the gain -y/x as shown on the block diagram.

The value of y is given by:

- (B.1)
y =FF, Z d,

and the duty-cycle perturbations are given by:

Kk
d, = -F_x +FFd +FF, E d,
: i=2
Kk
d.=-F x +FF d, +F.F Ed.
] m it47j i5 i
i=1
i#]
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k-1

d = -F x+FFd +FF Z d,
i=1

Adding the duty cycles together gives:

K K K
D d; = F kx +F.F, 2 4; + (k-L)FF, 24
im1

i=1 i=1

k
Z d,[1+FF.(F, + (k-1)F,)] = -F kx’

i=1

SO

-F

k
:E: 4. = m (B.2)
1
i=1 1+ FmFi[F4 + (k-l)FS]

Substituting (B.2) into (B.1l) gives:

-F F . F kx
v

gy = 2°m
1+ FmFi[F4 + (k-l)FS]

Loop gain T, can then be expressed as:

2

kF F F
m
[F

2°v
mi‘ 4

+ (&-DF,]
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Substituting for the transfer function Fz, the numerator of this ex-

pression becomes:

1
Rs +=
KFF.F =FF g <° C)
m2'v m

If we let L' = L/k and R11 = Rl/k

1
<Rcs * F> (B.3)

1
2, R+ R ) 1 ]+ 1
S L' CRLJ L'C

This is similar to the expression for the voltage-loop gain which

is obtained for a single module with an equivalent inductance L/k and
equivalent resistance Rl/k' However, modulator gain Fm is evaluated for
the inductance of each of the individual modules and not that of the
equivalent single power stage. The gain of Fm may be a function of
inductance value depending on the type of control being used. For k

converters, voltage-loop gain TV is, therefore, defined as:
Tv = kaFVF2 (B.4)
The loop gain at b can then be written as:

TV
T, =T 3F7r(r
m 1

, * (k-DF]

From the form of this equation, the equivalent current-loop gain can be

written as:
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T, = F F.[F, + (k-1)F]

R" 1 R 1
2 e | k-1 S 4
=FF Vg(s ST TR [T IC (k 1)[51. ¥ LCJ)
mi_°2 L
L R R' 1
s +—t s2+a|—e+ ‘|+k
L LL CRLJ LC
R 1
2 1
_ \Y (s +s—+-—])
—FmFi_g E CRLV
L R R ' 1 7]
1 2 [_e k
s +=—|[s + s + + =
< L >< [L CRLJ LC>

1
o
3
q
[
<
[0}
7]
+
r":u
—
~——
o~
+
(@}
)| =
r‘|
~— —

1l
L]
=4
o]
[
<
QoQ
L
0
+
Q
2]
[
SN—

1]
o]
+ry

0Q

1
v (S * TR ) (B.5)

1 1
L CRLJ L'C 178



This is the same expression obtained for the current-loop gain of a
single module with k parallel inductors, with the exception of the lead

coefficient, F F, /k.
m 1
B.2 Loop Gain of Two Converters with Different Input Voltages

The transfer-function block diagram for two converters is shown in
Figure 3.3. The input voltage of the first converter is assumed to be Vg’
and that of the second converter to be Vgl = ng where m is an arbitrary

constant. From the expressions for FZ’ F,, and F5 derived in Appendix A,

4°
the effect on each of these transfer functions is direct multiplication
by the value of m. The transfer-function blocks affected by the different
input voltages are marked on the block diagram. The gain of Fm for the
second converter is also affected by the input voltage, and this is

changed by a factor m,, the value of which depends on the type of control

1°
being used.

The small-signal block diagram may be manipulated to take into ac-
count the input voltage differences with a single factor K multiplying
the pulse-modulator gain, Fm’ where K = mm, .

If the disparity in input voltages is known to be a constant for a
given system design (as may be the case for parallel power converters
operating from different power sources such as a battery and a solar ar-
ray) the effect on the overall loop gain can be nulled by adjusting the

modulator gain of each power module such that K = 1. The difference in

input voltages will then have no effect on the loop gains of the system.
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If the gains of Fm are not adjusted, the loop gain analysis at b can
proceed in a similar manner as before. The loop gain at point b is given

by T, = -y/x. the value of y is:

2

y = Fsz(d1 +d,) (B.6)

Duty cycles d, and d2 are given by:

1

d1 = -Fm(FiF4d1 + FiFSdZ + x)
d2 = -KFm(FiFAdZ + FiFSdl + x)
Rearranging,
dl(l + FmFiF&) = -Fm(FiFSd2 + x)
dz(l + KFmFiF4) = -KFm(FiFSd2 + x)
Letting T4 = FmFiF4 and T5 = FmFiFS’ then:
-T.d, - F x
_ 572 m
4 = 1+T, (B.-7)

-KT.d. = KF X
4, = —=1 m (B.8)

2 1+ KT4
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Letting K1 = 1/K, then:

-T.d, - F x
—_—

Rearranging and simplifying, we obtain:

F [T. - (K, +T,)]x
4 = m-5 1 4 (B.9)

1 2
(1 + Ta)(K1 + T4) - TS

Similarly, d2 can be derived to obtain:

F [T. - (1 +7T,)]x
g =_ m's 4 (B.10)

2 2
(K1 + T4)(1 + TA) - T5

Adding (B.9) and (B.10), and substituting into (B.6):

_ FFF [T - (K +T) + Ty - (1+7T)] x

y
2
(K1 + TA)(I + T4) - T5
) FmFZFV[Z(TS - T4) - (K1 + 1)]
2 2
K1 + (K1 + l)T4 + T4 - T5

181



CORFF, 2Ty 5T - &+ D)
[K. + (K, + 1T, + T2 - T2]
1 1 s 7T, - T

The voltage-loop gain for the two parallel converters is given by

TV = (1 + l/Kl) FmFVFZ (B.11)

and since T2 = -y/x, the loop gain may be expressed as:

[Z(T[+ - T5) + (K1 + 1)]

2

[k, + (K, + DT, + T,

2
- TSIIL + 1/K]

The equivalent current-loop gain for the two converters may then be found

from:

2 .2
IR+ R+ DT+ T, - T+ /K]
1+ T, =
2(T, = T + (K] + 1)

expanding and simplifying, we obtain:

2 2
T - T4(1 + KT4 + K~ + K TA) - TSK(Z - T5 - KTS) (B.12)
i

1+K+ 2KT4 - 2KT5

Further reduction of this expression cannot be done for an arbitrary
K. For the special case of K = 1 (i.e. equal input voltages, or gains
adjusted to nullify the effect of different of different input voltages)

the expression reduces as expected:

1R2



_ T4 (1 + T4

i 1+1+ 2T4 - 2T5

T + 1+ T4) + TS(Z - T5 - TS)

T4(2 + 2T4) + TS(Z - 2T5)

2 -
2 + _T4 2TS
2 2
_ T4 + T4 + T5 - T5
1+ T4 - TS

i (T, + T + T, - T)
(1+7T, - Tg)
=T, + T

B.3 High-Frequency Behavior of Current Loop Gain

The expression for current-loop gain in Equation B.12 can be sim-
plified by making some further assumptions. As discussed in the chapter
on control loop design, the importance of the current loop lies in the
higher frequency area greater than the resonant frequency of the power -
supply filter. Below the resonant frequency, the voltage-feedback loop
gain, TV, is much larger than the current-loop gain. The important prop-
erties of the current-loop gain are its high frequency crossover and its

90 degree phase at frequencies above the resonant frequency.
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From the expressions of T, and TS’ some approximations can be made

4

for higher operating frequencies.
For s > w0, T_. << T, and T, = A/s

Hence, for high frequency, Equation B.12 can be simplified to give:

T (1 + KT, + K> + K°T,)
T oo 4 4
i

1 +K+ ZKTQ

2 2
T,[(1 + K7 + T, (K + KD)]

(B.13)

1 +K+ 2KT4

Picking the extreme value for K of 4, which is unlikely to be exceeded

in a practical application,

T4(1 + 4A/s + 16 + 16A/s)

T; = (1 + 4 + 8A/s)

T4(17 + 204A/s)

(5 + 8A/s)
(s + 1.184)
=3.4T
4 (s + 1.64A)

It can be seen from this expression that the effect of increasing the gain

of F}] by a factor of 4 is that the current gain is increased and a
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closely-spaced pole-zero pair is introduced. The magnitude of the
voltage-loop gain is also increased, in this example by a factor of 2.5
over that of the two modules with equal input voltages. This analysis
shows that the high frequency characteristics of the closely spaced
pole-zero pair will not affect the characteristics of the current loop
significantly, and if such a second-order effect exists, it is not det-
rimental since the zero occurs before the pole providing a slight increase

in phase margin.
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APPENDIX C
EASY5 Computer Model for Small-Signal Analysis of Parallel Power
Modules

The computer package used to perform the small-signal analysis of
the parallel power modules was the EASYS5 package. Detailed descriptions
of this software package may be found in Reference [5] and a presentation
of the two-port model generation approach for the switching converter cell

and other macros used in the model definition may be found in Reference

[6].

Figure C.1 shows the EASY5 model block diagram for the first con-
verter module with input filter, output filter and load. Summing blocks
are used to allow the connections of subsequent power modules, shown in
the block diagrams of Figures C.2 through C.5. The model generation data
file used to generate this system is given below, followed by the data
file used to generate the plots of the Design Example 5 in Chapter 8.

(Five buck power modules with a secondary filter, Filter 1 configuration.)
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Figure C.1: EASY5 Block Diagram for Small-Signal Analysis of Parallel

Buck Power Modules. First Power Module, with Input Filter,

Output Filter, Load and Summing Blocks for Subsequent Modules.
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Figure C.2: EASY5 Block Diagram, Second Converter Module with Current-

Mode Control Blocks.
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Figure C.3: [EASY5 Block Diagram, Third Converter Module with Current-

Mode Control Blocks.
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Figure C.4: EASY5 Block Diagram, Fourth Converter Module with Current-

Mode Control Blocks.
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Figure C.5: EASY5 Block Diagram, Fifth Converter Module with Current-

Mode Control Blocks.
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PHASE 1. MODEL DESCRIPTION FILE INTERPRETATION PHASE
MACRO FILE NAME = MACROS

B T R Y

*% Define input filter macro. Present configuration is simple *¥*
** undamped LC circuit. *

e o e e T Ly B o o o ok L o o o o e T T D e o e TR L i L e L L O o e e iy e D S e L e B T e e T

st

DEFINE MACRO = FI
MACRO INPUTS = VG IG L C
MACRO OUTPUTS = IL vC

MACRO CODE

MACRO STOP SORT

MACRO DERIVATIVE, IL FI--
MACRO DERIVATIVE, VC FI--
MACRO RESUME SORT

END OF MACRO

(VG FI-- - VC FI--)/L FI--
(IL FI-- - IG FI--)/C FI--

Ak s b e A e e ek

#** Define switching regulator macro. SR--

*% Inputs to macro: L Inductor

*% VX Duty cycle

w R Load resistance

E N Number of modules in parallel

wi V1l Input voltage

*% V1S Steady state input voltage

Wk VCS Steady state capacitor voltage

*% VO Output voltage of regulator macro
%

*% QOutputs of macro: IL Inductor current

w IG Input current

% ILS Steady state output current

S A R A e e e e S e
DEFINE MACRO = SR

MACRO INPUTS =L VX R N V1 Vis Vves VO

MACRO OUTPUTS
MACRO CODE
MACRO STOP SORT

IL IG ILS

D = VCSSR-- / V1SSR--
ILSSR-- = VCSSR-- / R SR-- / N SR--
IG SR-- =D * IL SR-- + ILSSR-- * VX SR--
MACRO DERIVATIVE, IL SR-- = (-VO SR-- + V1 SR-- * D + V1SSR-- * VX
& / L SR--
MACRO RESUME SORT
END OF MACRO

SR--)
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T T Y
** Define second output filter stage macro.
** Inputs to macro: IS Current from power stages

*x C Filter capacitor
* L Filter Inductor

wF Rc- Capacitor ESR

*% R1 Inductor resistance

wk VO  Output voltage of load block

** Qutputs of macro: VC Capacitor voltage

e IL Inductor current

ww \% Output voltage (with ESR)

*%

Fddeddededel A e e de et e de e e e

DEFINE MACRO
MACRO INPUTS
MACRO OUTPUTS
MACRO CODE
MACRO STOP SORT
v LF-- = VC LF-- + RC LF-- * (IS LF-- - IL LF--)

MACRO DERIVATIVE, VC LF-- = (IS LF-- - IL LF--) / C LF--
MACRO DERIVATIVE, IL LF-- = (VC LF-- + IS LF-- * RC LF--

& -IL LF-- * (RC LF-- + RL LF--) - VO LF--)/L LF--
MACRO RESUME SORT
END OF MACRO

LF
IS C L RC RL VO
vC IL \%

nnn

J<-‘--l:-l--b-ln-lasb.l‘.l‘-b-l-.l.-l‘.L-L.L.L.I-J..L.I.Ja-L.LJ_J_J‘-I-.\..l..l.J_.L.L.L.l..I-.l..l..l_.I_J_.L.‘4.I..l.J_~L.L.L.L.LJ.-L.LJ¢.L.L-L~LJ..L-L
R o e T D e D D D D T D I i S I T D I T D I D D S D i D Dl i D D D A S I D o D T e D D D D D A D S I D D D D N D A S

** Define output load macro.

** Inputs to macro: IS Total current into load
w% C Output filter capacitor
wk Rc  Capacitor ESR

% R Load resistor

% I0  Output current source
** Qutputs of macro: VC Capacitor voltage

*% VO Load voltage

B e o B S B e B B B R I S B B B S S B B B B L S T . S PP BPLIBL RPN PP I PT AT L Y
PR R T T N e D i o L i T T T o T o D T i e T i D D i L L T T T L i o D D i o I A o D I D I i I D D D e e D A D D T i 1Y

DEFINE MACRO = LO
MACRO INPUTS
MACRO OUTPUTS
MACRO CODE
MACRO STOP SORT
Vo LO-- = VC LO-- + (R LO-- * (IS LO-- + IO LO--)

& - VC LO--) * RC LO-- / (RC LO-- + R LO--)
MACRO DERIVATIVE, VC LO-- = (R LO-- * (IS LO-- + IO LO--) - VC LO--)

& / (C LO-- * (RC LO-- + R LO--))
MACRO RESUME SORT
END OF MACRO

IS C RC R I0
vC VO
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** Begin model definition.

Fedededededriieded iR R A e

MODEL DESCRIPTION

LOCATION
LOCATION
LOCATION
LOCATION
LOCATION
LOCATION
LOCATION
LOCATION
LOCATION
LOCATION
LOCATION
LOCATION
LOCATION

LOCATION
LOCATION
LOCATION
LOCATION

LOCATION
LOCATION
LOCATION
LOCATION

LOCATION
LOCATION
LOCATION
LOCATION

LOCATION
LOCATION
LOCATION
LOCATION

1

41
21
3

34
40
27
38
25
8

10
68
63

113
119
167
143

213
219
267
243

313
319
367
343

413
419
467
443

END OF MODEL

FIX
MCX1
MCX2
SRO1
MCL
MCV
MCY1
MCY2
LEI1
LFX
LOX
TZX
MCO1

SR02
LEI2
MCO2
MCI2

SRO3
LEI3
MCO3
MCI3

SR04
LEI4
MCO4
MCI4

SRO5
LEI5
MCO5
MCI5

INPUTS
INPUTS
INPUTS
INPUTS
INPUTS
INPUTS
INPUTS
INPUTS
INPUTS
INPUTS
INPUTS
INPUTS
INPUTS

i nn

INPUTS
INPUTS
INPUTS
INPUTS

INPUTS
INPUTS
INPUTS
INPUTS

INPUTS
INPUTS
INPUTS
INPUTS

INPUTS
INPUTS
INPUTS
INPUTS

MCX2(S,2=IG)
SR01(IG=S,1),SR02(IG=S,3),SRO3(IG=S,4)
MCX1(S,2=S,1),SR04(1G=S,3),SR05(IG=S,4)
FIX(VC=V1),LFX(V=V0), MCL(S,2=VX)

MCO1(S,2=S,1)

LOX(VO=S,1)
SRO1(IL=S,1),SRO2(IL=S,3),SR0O3(IL=S,4)
MCY1(S,2=S,1),SR04(IL=S,3),SRO5(IL=S,4)
SRO1(IL=S,1)

MCY2(S,2=IS),LOX(VO=V0)

LFX(IL=IS)

MCV(S,2=S,1)
TZX(S,2=S,1),SR01(IL=S,3),LEI1(S,2=S,4)

FIX(VC=V1l), LFX(V=V0),MCI2(S,2=VX)
SRO2(IL=S,1)

TZX(S,2=S,1),SR02(IL =S,3),LEI2(S,2=S,4)
MC02(S,2=s,1),MCL(S,2=S,3),MC01(S,2=S,4)

FIX(VC=V1), LFX(V=V0),MCI3(S,2=VX)
SRO3(IL=S,1)
TZX(S,2=S,1),SR03(IL=S,3),LEI3(S,2=S,4)
MCO03(S,2=S,1),MCL(S,2=S,3),MC01(S,2=S,4)

FIX(VC=V1), LFX(V=VO0),MCI4(S,2=VX)
SRO4(IL=S,1)
TZX(S,2=S,1),SR04(IL=S,3),LEI4(S,2=S,4)
MCO04(S,2=S,1) ,MCL(S,2=S,3),MC01(S,2=S,4)

FIX(VC=V1), LFX(V = VO),MCI5(S,2=VX)
SRO5(IL=S,1)
TZX(S,2=S,1),SR05(I1=S,3),LEI5(S,2=S,4)
MCO5 (S, 2=S,1) ,MCL(S,2=S,3),MC01(S,2=S,4)
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** Buck converter model data, example 5. CIC/SCM design, 5 modules. ke
bealeataat.

B L et
TITLE BUCK CONVERTER EXAMPLE 5 SCM/CIC CONTROL 5 MODULES, SECOND FILTER
INITIAL CONDITIONS

IL FIX = 100

VC FIX = 15

IL SRO1 = 100

IL SR02 = 100

IL SRO3 = 100

IL SR04 = 100

IL SRO5 100

VC LOX 3.6

X1 TZX =0

X2 TZX =0

1

PARAMETER VALUES
I0 LOX = 0.0

*%* Input filter parameter values. Input filter consists of simply LC *
.LJ: :

te
ircuit. (Dummy values).
% s

ek o ek
dedededese et dodod et ottt s e e

-t ! o -l -t .!.-'r-LJ.J‘-L.I..I.-L-L.I.J.J.J..L.L
DR TR R R T D T D N D D D i D D I D D D D i D T D

*% MCX- form the sum of the input currents. To connect parallel module
*% set Cl, C2, C3 to 1, to disconnect module, set to 0. (C4 always 0) **

wloale
W

#% MCY- forms the sum of the output currents. Values should be the %
*%* same as for MCX- i
** N is the number of converters in parallel. o
Fededesed e e e A e e e e e e e e R R e R R R e e e e e R
Cl MCX1 = 1.0 C2 MCX1 = 1.0 C3 MCX1 = 1.0 C4 MCX1 = 0.0

Cl MCX2 = 1.0 C2 MCX2 = 1.0 C3 MCX2 = 1.0 C4 MCX2 = 0.0

Cl MCY1 = 1.0 C2 MCY1 = 1.0 C3 MCYl1 =1.0 C4 MCY1 = 0.0

Cl1 MCY2 = 1.0 C2 MCY2 = 1.0 C3 MCY2 = 1.0 C4 MCY2 = 0.0

N SRO1 =5

N SRO2 =5

N SRO3 =5

N SR04 =5

N SRO5 =5
B L
** Switching regulator values: VCS is steady state capacitor voltage, **
*% V1S is steady state input voltage. w%
odedesaa ottt e e e A e R R R e Rt Rt Aot Rl

V1SSRO1
V1SSR02
V1SSRO03
V1SSRO4
V1SSRO5

15.0 VCSSRO1
15. VCSSRO2
15. VCSSRO3
15. VCSSRO4 =
15. VCSSRO5

3.6

]
[eNeNeNe
L]
WWwww
o O O O
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*% Output load current is set by changing load resistance below

FRFTTTNEN

0.0072

R SRO1 = 0.0072

R LOX

1.0E-5

RL LFX =

C4 MCO2 = 0.0
= 0.0

C4 MCO4 = 0.0
C4 MCO5 = 0.0

C4 MCO1 = 0.0
C4 MCO3

3.3 EO3

-0.514
PO LEI2 = 3.3 EO03

C3 MC02 = -0.514
-0.514

Rw/n'

LFX = 1.0E-07

-Fm
-Fm
= -Fm

L
PO LEI5 = 3.3 EO3

PO LEI1
PO LEI3 = 3.3 EO3
PO LEI4 = 3.3 EO3

C3 MCO4 = -0.514

C3 MCO1 =
C3 MC03 = -0.514
C3 MCO5 =

in

0.002
0.0

-0.0257

-0.0257

RC LOX
RC LFX = 0.002
20 LEI2 = 0.0
Z0 LEI3 = 0.0
20 LEI4
Z0 LEI5 = 0.0

Voltage loop ga
C2 = CIC loop gain
C2 MC02 = -0.0257
C2 MCO03 = -0.0257
C2 MCO4 = -0.0257
C2 MCOS5 =
Z0 LEI1 = 0.0

C2 MCO1

C1

-0.514

C1 MCO02 = -0.514
-0.514

-0.514

Cl1 MCO5 = -0.514

ts, one for the voltage loop, one for an SCM loop, and one for *

LFX = 4400E-06
inpu
*%* a CIC loop.

W~

*% MC-- is the modulator gain block for each module. Ther are three

**% LEI- is the transfer function of the SCM compensation.

*%* Secondary output filter parameter values

** Qutput capacitor value, with ESR

C LOX = 36000E-06

R SR02 = 0.0072
R SRO3 = 0.0072
R SR04 = 0.0072
R SR0O5 = 0.0072
GAILEIl1 = 0.0625
GAILEI2 = 0.0625
GAILEI3 = 0.0625
GAILEI4 = 0.0625
GAILEIS5 = 0.0625

C1l MCO1
Cl MCO3 =
Cl MCO4 =

v

C

v

.

TZX is the voltage compensation transfer function.

o

.
o

20 TZX = 2.32 EO08

21 TZX = 1.21 EO5

PO TZX = 0.0

Zz2 TZX = 0.0

1.39 EO4

P1 TZX =
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lecleclsctoats.

*% MCV allows the voltage loop to be broken, and the outer loop T2

o o o e T e o e o

< < < S 2 R 2 R Ed < < 4 I < L T L S 4 < < R
“_w Ma Mn ..w« L uw Mn L Mu 3 ._n £ M“ O S .Nm .«m +®

: 3 - ; :

< .. & % X oooo w

: O x w0 g R S e e e e 3

. .nn 4 0 £ OO0 OO X

k O < - < * QO * <

% : A o ok e o0 %

* 3 . 3 3 3

Q it t ¢ Mno NW %23/45 %

=] > 40 < ° . e e ] 3

) x5 %09 ¥k S Fouuy *

= £= 58 Fa £°28 p b

+ S 4 X * O * N3 E SIS S R RN *

Bal * O L)) &= * o0o” * OO0V O +

g ot s 182 o i :

3 3 < 3 +* 3

d.. <« MnSa ..W"C upr - O.m Lm

@ & & o & ¥ oo ) o 4 &

[72] ' T 8 * 2> = $ O O OO <

[e] uw o mn ° < +* M m I 1] n.“n 0000 <

— k. 3 3 3 3 3

(8] ik O it * O % S.l_ T_._* wononn B

> < o . 3 1 < <

(V] 2l < . — %0 uw..muv.m.v m mn23/45 uw

S 3 o ~ '3 < '

< wUA * > um [&] E 1} P - = < *

o =] $ 0O %M = < 3 (3] M E OO OO <

— * = * O < * O N ] O T EZ=Z = +

58 2 ig & O 8 $:8 °  fnggn &

T N 3 3 3 3 3

e : O < 3 * A ®* OOV O 3

n 1] Q £ @ ] . < N < Y i <

% Ln * Q0 m O .mmo o On <

[72] < < o e 4 4
a o W X : 0 O W g X ¥ Ag . . & ¢ -
(o] - Py ~O K P o QU O K * P A — e O X )|
o lm o B 3 — g - % * O« 7] * OO OO < P
— ] QO O [ W ] O O % : @ &0 ] LN .u«mu
o (7] < . * O (@] ~ £ O L ] [=] : O O O O .wp
- 1} Ol ¥ © * Ol =T | I =T o} ! Q 1ok g
2 LB Usia Tk Baf° fC7gLy sgEemaa ko
5.8 o8is (o8 @8LM F9gUEF HEionosn £y
n 230 k¥ w” A X gEodN aNEOOOO ¥ o
—~ &8N N = T M N AN £ O * 800 OO g O == =5 )]
— - O O O % * 00O O &k = * H P Q + : B
“% & Y i8 i858 8 2 ifa f%00 & 100080 E
. = n % < = : O : O 4 O o, X : ©
T > - 3 < Q@ o < * a3 [0} +* e

[V &) [32] 3 =] 2] (] < K P w0 o O O ¥ <
HZZ oW Q0 % $ PO W n o % < o g - — .k ® o~
=] . O - % 3 . O -+ % < N O O — R )]
n 4ol O r— X . n o |l — R * 2 E @ e} k. O O OO : O
g O — £ O *x 32 (8] K O < O ol [ < O
Q% n ¥k - : O |l [ S < —~ O 0 e o o B

=] 7] 2o x o Q £ X —~ P O o 1 & <
v > A > < — 3 Ay Ao R < o - o — ko 0nan < U
QO Z S0 %M * ©OZ (GRS < H 30 [SSRH : O
O 8= H tMnV nLM..T.. mM.mL P@%M rM*HBMB ud

- < < g 3 < <
O ® — Y- RO O~ O~ % O O N O O+ ODLDLOD a8
SSck Hoi® (2ck &TEE : T 0EL ML EZEEE ¥
T T A S R R A e R %
Mﬁnuﬂ\n“__n .uM“C R T I A I A &) B R ODDOLDO * %

197

TF MANUAL SCALES
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Fkdeddedededeieiioiol Rl bk dedk e dedok Rk et e e e ek

*%* Open loop gain measurements. Voltage loop, SCM loop or CIC loop are¥**
selected by changing the gains of MCO-.

Fededededkdedeiieiedok el Aok R e e e e e ek

PARAMETER VALUES

loels
we

C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
TF

MCO1 = -0.514
MCO2 = -0.514
MCO3 = -0.514
MCO4 = -0.514
MCO5 = -0.514
MCL = 0.0
MCI2 = 1.0
MCI3 = 1.0
MCI4 = 1.0
MCI5 = 1.0
MCV = 1.0
INPUT = S3 MCL

C2
Cc2
Cc2
c2
Cc2
Cc2

TITLE BUCK CONVERTER
TRANSFER FUNCTION

PARAMETER

C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
TF

MCO1
MCO02
MCO3
MCO4
MCO5
MCL = 0.0
MCIZ2
MCI3
MCI4
MCIS5
MCV = 1.0

INPUT = S3 MCL

o wonn

c2
C2
C2
Cc2
c2
C2
c2
c2
C2
Cc2
Cc2

TITLE BUCK CONVERTER
TRANSFER FUNCTION

PARAMETER

C1
C1
Cc1
C1
C1
C1
C1
C1
C1
C1
C1
TF

ALUES
MCO1 0
MCO2
MCO03
MCO4
MCO5
MCL = 0.0
MCI2
MCI3
MCI4
MCIS5
MCV = 1.0

INPUT = S3 MCL

v
0
0
0
0
0

[l ool

b s
[oNoNoNe]

o

.

Cc2
Cc2
c2
c2
c2
c2
Cc2
Cc2
Cc2
C2
C2

TITLE BUCK CONVERTER
TRANSFER FUNCTION

C2 MCO1 = 0.0 C3 MCO1 =
€2 MCO02 = 0.0 C3 MCO2 =
C2 MC03 = 0.0 C3 MCO3 =
€2 MCO4 = 0.0 C3 MCO4 =
€2 MCO5 = 0.0 C3 MCO5 =
MCL = -1.0
MCI2 = 1.0 C3 MCI2 = -1.
MCI3 = 1.0 C3 MCI3 = -1.
MCI4 = 1.0 C3 MCI4 = -1
MCI5 = 1.0 C3 MCI5 = -1
MCV = 0.0

TF OUTPUT = S2 MCO1
EXAMPLE 6 SCM/CIC CONTROL
MCO1 = -0.0257 C3 MCO1
MC02 = -0.0257 C3 MCO2
MC03 = -0.0257 C3 MCO3
MCO04 = -0.0257 C3 MCO4
MCO5 = -0.0257 C3 MCO5
MCL = -1.0 )
MCI2 = 1.0 C3 MCI2 = -1
MCI3 = 1.0 C3 MCI3 = -1
MCI4 = 1.0 C3 MCI4 = -1
MCI5 = 1.0 C3 MCI5 = -1
MCV = 0.0

TF OUTPUT = S2 MCO1

EXAMPLE 6 SCM/CIC CONTROL

MCO1
MCO02
MCO3
MCO4
MCO5
MCL =
MCI2
MCI3
MCI4
MCI5
MCV
TF
EXAM

Hoprrrriooooo

g O

P

O\SOOOOOOOOOOO

C3
C3
C3
C3
C3

C3
C3
C3
C3

MCO1
MCO02
MCO3
MCO4
MCO5

MCI2
MCI3
MCIé4
MCI5

= S2 MCO1
SCM/CIC CONTROL

W%

OO O OO
OO OO0

O O OO

5 MODULES LOOP GAIN Tv

W nounn
[oNeNeNo N
coocooo
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5 MODULES CIC LOOP GAIN

.514
.514
.514
.514
.514

[eNeNoNel

5 MODULES SCM LOOP GAIN
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PARAMETER VALUES

C1 MCO1 = -0.0 C2 MCO1 = -0.0257 C3 MCO1 = -0.514
C1 MCO2 = -0.0 C2 MCO2 = -0.0257 C3 MCO2 = -0.514
Cl1 MCO3 = -0.0 C2 MCO3 = -0.0257 C3 MCO03 = -0.514
C1 MCO4 = -0.0 C2 MCO4 = -0.0257 C3 MCO4 = -0.514
Cl1 MCO5 = -0.0 C2 MCO5 = -0.0257 C3 MCO5 = -0.514
C1 MCI2 = 1.0 C2 MCI2 = 1.0 C3 MCI2 = -1.0

C1 MCI3 = 1.0 C2 MCI3 = 1.0 C3 MCI3 = -1.0

Cl1 MCI4 = 1.0 C2 MCI4 = 1.0 C3 MCI4 = -1.0

Cl MCI5 = 1.0 C2 MCI5 = 1.0 C3 MCI5 = -1.0

Cl1 MCL = 0.0 C2 MCL = -1.0

Cl MCV = 1.0 C2 MCV = 0.0

TF INPUT = S3 MCL TF OUTPUT = S2 MCO1

TITLE BUCK CONVERTER EXAMPLE 6 SCM/CIC CONTROL 5 MODULES CURRENT LOOP
TRANSFER FUNCTION

PARAMETER VALUES

C1 MCOl1 = -0.514 C2 MCO1 = -0.0257 C3 MCO1 = -0.514
Cl1 MCO2 = -0.514 C2 MC02 = -0.0257 C3 MCO2 = -0.514
Cl1 MCO3 = -0.514 C2 MCO3 = -0.0257 C3 MCO3 = -0.514
Cl1 MC04 = -0.514 C2 MCO4 = -0.0257 C3 MCO4 = -0.514
Cl MCO5 = -0.514 C2 MCO5 = -0.0257 C3 MCO5 = -0.514
Cl MCI2 = 1.0 C2 MCI2 = 1.0 C3 MCI2 = -1.0

Cl MCI3 = 1.0 C2 MCI3 = 1.0 C3 MCI3 = -1.0

Cl1 MCI4 = 1.0 C2 MCI4 = 1.0 C3 MCI4 = -1.0

Cl MCI5 = 1.0 C2 MCI5 = 1.0 C3 MCI5 = -1.0

Cl1 MCL = 0.0 €2 MCL = -1.0

Cl MCV = 1.0 €2 MCV = 0.0

TF INPUT = S3 MCL TF OUTPUT = S2 MCO1

TITLE BUCK CONVERTER EXAMPLE 6 SCM/CIC CONTROL 5MODULES LOOP GAIN T1
TRANSFER FUNCTION

PARAMETER VALUES

Cl MCO1 = -0.514 C2 MCOl1 = -0.0257 C3 MCO1 = -0.514
Cl MC02 = -0.514 C2 MC02 = -0.0257 C3 MC02 = -0.514
Cl MCO3 = -0.514 C2 MCO3 = -0.0257 C3 MCO3 = -0.514
Cl MCO4 = -0.514 C2 MCO04 = -0.0257 C3 MCO4 = -0.514
Cl1 MCO5 = -0.514 C2 MCO5 = -0.0257 C3 MCO5 = -0.514
Cl1 MCL = 1.0 C2 MCL = 0.0

Cl1 MCI2 = 1.0 C2 MCI2 = 0.0 C3 MCI2 = 0.0

Cl MCI3 = 1.0 C2 MCI3 = 0.0 C3 MCI3 = 0.0

Cl MCI4 = 1.0 C2 MCI4 = 0.0 C3 MCI4 = 0.0

Cl MCI5 = 1.0 C2 MCI5 = 0.0 C3 MCI5 = 0.0

Cl MCV = 0.0 €2 MCV = -1.0

TF INPUT = S3 MCV TF OUTPUT = VO LOX

TITLE BUCK CONVERTER EXAMPLE 6 SCM/CIC CONTROL 5 MODULES LOOP GAIN T2
TRANSFER FUNCTION
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** Closed loop measurements.
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PARAMETER VALUES

C1 MCOl1 = -0.514
C1 MCO2 = -0.514
C1 MCO3 = -0.514
Cl MCO04 = -0.514
C1 MCO5 = -0.514
Cl1 MCL = 1.0 c2
Cl1 MCI2 = 1.0 C2
C1 MCI3 = 1.0 Cc2
Cl1 MCI4 = 1.0 Cc2
C1 MCI5 = 1.0 Cc2
Cl MCV = 1.0 C2

TF INPUT = VG FIX

TRANSFER FUNCTION

PARAMETER VALUES

Cl1 MCO1 = -0.514
C1 MCO2 = -0.514
C1 MCO3 = -0.514
C1 MCO4 = -0.514
Cl1 MCO5 = -0.514
Cl MCL = 1.0 c2
Cl1 MCI2 = 1.0 Cc2
Cl MCI3 = 1.0 Cc2
Cl MCI4 = 1.0 Cc2
Cl MCI5 = 1.0 Cc2
Cl1 MCV = 1.0 Cc2

TF INPUT = IO LOX
TITLE BUCK CONVERTER
TRANSFER FUNCTION

C2 MCO1
C2 MCO02
C2 MCO3
C2 MCO4
C2 MCO5
MCL =0
MCI2
MCI3
MCI4
MCI5
MCV

wownouu
coocoo
[eNeNeNoNe

o nnonn

-0.0257
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-0.0257
-0.0257
-0.0257

C3 MCI2
C3 MCI3
C3 MCI4
C3 MCI5

TF OUTPUT = VO LOX
TITLE BUCK CONVERTER EXAMPLE 6 SCM/CIC

C2 MCO1
C2 MCO2
C2 MCO3
C2 MCO4
C2 MCO5
MCL =0
MCI2
MCI3
MCI4
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MCV

oo

[eNeoNoNe)
OO OOOo

0.

-0.0257
-0.0257
-0.0257
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-0.0257

C3 MCI2
C3 MCI3
C3 MCI4
C3 MCI5

TF OUTPUT = VO LOX

EXAMPLE 6 SCM/CIC CONTROL 5
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C3

CONTROL 5 MODULES AUDIO
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-0.514

MODULES ZOUT

ki
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APPENDIX D

Normalized Loop Gain and Phase Curves for Control Design

The curves in this appendix are intended for use with the design

procedures of Chapter 6. After selection of the zero s in the design

02

procedures, the quantity w ' may be calculated as described in Chapter

0%z2

6. Curves are presented here for values of w from 1 to 10, and the

0z2’
set of curves corresponding to the closest value should be used. The gain
of the curves is normalized as described in the design procedures, and
the frequency is normalized to the resonant frequency, Wy From this set
of curves, the desired value of o' may be selected from within the al-
lowable range calculated during the design procedures.

The damping coefficient, g, used to plot these curves was chosen to
be 0.2. Few practical power supplies will have a lower damping factor than
this, and the effect of an increased damping factor is to improve the
phase margin for any choice of a'.

The values of a', beginning with the lowermost gain curve (and,

correspondingly, the uppermost phase curve), are 0.05, 0.1, 0.2, 0.5, 1.0,

2.0, 3.0, 4.0, and 6.0.
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