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ABSTRACT

Extension of the analysis of the con-
stant-frequency current-mcde controlled
switching voltage regulators to operation
above 50% duty ratio is presented. As it
is known, stable behavior above 50% can be
achieved at open voltage regulating loop
by employing an external ramp for compen-
sation but the possibility of instabilities
at closed voltage regulating loop still
exists. Calculation of the maximum usable
ac loop gain is accomplisned by taking in-
to account the amplified and fed-back out-
put ripple voltage. Both the continuous
and hysteretic instabilities are discussed
and diagrams to facilitate the design of
the optimum error processor are given.
Experiments carried out on the buck and
boost converters support the derived
results.

1. INTRODUCTION

The nonmularityv of the current-mode
control of switching voltage regulators
has been steadily increasing. This method,
which bears a number of different names
(e. g. "Current-Programmed lode", "Peak-
Current Control", "Current-Injected Control"
"Current-Controlled Hodulation", ete.),
yields several very advantageous charac-
teristics as compared to other two-loop
centrolling methods or to the traditional
pulse-width modulation. These character-
istics (single-pole control transfer func-
tion, smooth pulse-by-pulse overcurrent lim-
iting, easy paralleling of power stages
with automatic current sharing, nossibility
of feed-forward of input voltage and/or
output current for nearly ideal transient
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almost all types of power supplies: in lab-
oratory instruments, in OEM modular power
supplies and at very high power and high
reliablility applications, including space-
craft and military electronics. Current-
mode control emﬂrqes in off-line sztCnlng
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in sine - wave power inverters, too.

Depanding on the type of the employed
pulse modulator several different versions
of current-mode control can be distin-
guished. (For a compilation of the most fre-
quent circuit solutions see e.g. ;1].) In-
disputably, the constant-frequency peak-cur-
rent controller has the largest practical
importance among the possible variations.
EMC considerations, elimination of the acous-
tic noise, application of transformer in
the power stage, synchronization reguire-
ments, ete, call for constant-frequency op-
eration.

So our attention will be focused on
this particular controller type. Previous
studies [2}- 6] dealt with the low-frequency
stability problems of the constant-freguency
current-mode controlled converters and some
{7],{1] discussed the effect of fed-back
ripple voltage on the high frequency opera-
tion (the term "high frequency" is used here
for the clock frequency component and its
lower-order subharmonics). It was shown that
the [ad~lback ripple can cause hysteretically
or continucusly arising subharmonic instab-
lllty and this lmposns an upper 1imlt on the
(=Y JrhCEusde I WS VS g WG
missing topic in the dlscu551oq* the effect
of ripple feedback on the opexatlon above
ratio. It ‘_SJ that
at duty ratlos above 50% the constant-fre-

eontroller diszlay
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Stablllty even with open voltage regulating
loop. Deisch proposed a method to overcome
this problem [9]. The solution is to add a
stabilizing ramp to the sensed current thus
providing the proper current slope ratios.
But until now the effect of ripple feedback
on this slope compensated case has not been
analysed. Our intention with this paper is
to complete the description of the current
mode control by extending the high fregquency
stability analysxs above 50%.

Lie plock schematic of a FoWer converter
with slope compensatcd current-mode control-
ler is shown in Fig.l. The operation is as
follows. The switch (or switches in push-
pull and other multi-switch topologies) isg
turned off b¥ resetting the R-S latch with
the outrut of the current comparator. This
nappens if the sum of tne sensed switch or

....... in=

+L2Y3



inductor current and the compensating ramp
ig exceeds the error signal i,. Conduction
of the switch starts again when the next
clock pulse sets the latch. Regulation of
the output voltage against load or line
variations is provided by varying the cont-
rol signal, which in our case is the same
as the output of the errcr amplifier (ig).
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Fig.l. Slope-compensated constant-frequency
current-mode controller

The following questions have to be
answered at the circuit of Fig.l. First:
what is the optimum wave-shape for the com-
pensating ramp? Second: what is the maximum
usable transfer conductance of the error
amplifier? (Usable conductance means here

tuat the voltage [eedlack 120p dogs not

produce instability.) i
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It can be easily shown (3] that in the
converter, whose bhlock schematic is showm
in Fig.l, any perturbation in the current
minimum of the inductor pronagates from
cycle to cycle as

= - c
ﬂIn my, + m ﬁIn—l {1y
1 c
where
m;: slope of the rising inductor cur-
rent;

m,: slope of tne falling inductor cur-
rent (absolute wvalue);

m : slone of the comrensatinag ramm at
tane noment of turn-orf,

Perturbations don’t increase if the abso-
lute value of the multiplier of LIn 1

is not more than 1. Expressing mg/mp and
solving the resultant differential equation
results in the Deisch function [9]:

Pt o B T
[§C2T—RnT tn2e) for ¢t > 3

£(0)= Y /2]
0 for &< g

Hera T is the clock period time and e is
the base of the natural logarithm.

fur a cLeguiated buck converter m, can
be considered to be constant. Theref%re
the required compensating ramp can be writ-
ten as

Buck:
A
o £ T T
55—(2T—£nf—£n23) for t >3
. 3
i . 13/
Lo for t < 3
where V_: output voltage (diode forward

voltage drop neglected);
L : inductance of filter inductor.

similar considerations result for the
boost and the buck-bocst converters in:

Boost:
VO.‘I:E 'F.‘? _E.- 1-| £ PR I
| 2L l\T: TFHJ Ll [ 5
i.= f4/
0 for t < %
Buck-boost:
v_T
9 (a2t gt iy
JEL (2T ﬂnT in2e) for t > 3
1.7 15/
‘o for t < %
Mhe watrafarme nf +hace comnaneating

ramps are shown in Fig.2.
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Hlowever the application of these ramps
produces only marginal open-loop stability,
that is the perturbations neither increase
in amplitude nor settle down. It is a bet-
ter choice to employ a compensating ramp
which eliminates any perturbation in the
inductor current as fast as possible. The
obvious choice for the ramp slope is |3,

]
d m {6/

Mg GpE. 2
which gives za2ro multiplying factor for tne
perturbation. By a ramp having the slopa as
in Bg. /6/ any perturbation disappears with-
in one cycle. The optimum ramp can be also
ezasily calculated. For the three basic topo-
logies its time function is given
quently (here also, it is assumed that the
output voltage is constant, and the duty
ratio varies according to the input voltage
variations).
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ramps which are larger than those, produc-
ing marginal stability, has a significant
effect on  the static current limiting
characteristic of the convertesr. The effect
is an increase the shert circuit-current
as compared to the nominal maximum output
current. This increase results in extra
current stress on tne power handling compo-
nents, too. For illustration: the increase
inthe 3hor - the
switch peak current can be as high as half
of the maximum operational ripple current
in the filter inductor for a buck converter
with optimum compensation. iowever, this
effect, if undesirable, can be eliminated
by using some type of foldback current
limiting.
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1.2, Maximum usable gain

The knowledge of the maximum usable
gain is important for two reasons. First:
instable operation, i.e. oscillation in tne
voltage regulating loop is inadmissible and
must be avoided in most practical cases.
Second: dc regulation and dynamic perfor-
mance often require high loop gain. Although
in a number of applications integral feed-
back can be used with practically infinite
dc.loop gain, thus providing superior sta-
tic performance, proper dynamic response
can he achieved only above certain ac gain
value of the voltage regulating loop. There
are also cases when use of the integral
fzedback i3 nob desirable. Il the load is,
for instance, a constant current sink an
intagral feedback produces zero phase mar-
ginbelow the corner frequency of the error
amplifier. Varying load also makes impos-
sible to match its pole to the zero of the
error amplifier. This is illustrated by
Fig.4., where tne model of a current-mode
controlled converter and the characteristic
3ode plots can be seen.
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Fig.4. rModel of voltage feedback loop and

the relevant Bode plots

Optimum load (a) can produce an open loop
response which is similar to that of the
ideal integrator with an associated 90"
phase margin. Light load (b), however,
produce -40 dB/decade slope of the loop
gain betwsen the pole of the load impedance
and the zero of the error amplifier with
virtually zero degree phase margin. If there
are shifting in
system or smooth transient response is a
requirement the integrating frequency re-

can
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sponse of the errcr amplifier has to b= shanged,

and constant transconductance must be
provided. This, however, deteriorates the
static regulation which calls again for the
use of the maximum possible gain.

Our goal is to determine the wvalue of
this gain in order to facilitate the design
of the control loop. The until now not an-
alysed case (constant-frequency peak-cur-
rent controller above 50% duty ratio) is
the subject of our investigations. The metn-
od used througnout the analysis, was intro-
duced in [1], so only the main points will
be repeated here.

2. CONTINUOUS SUBHARNONIC INSTABILITY

Increasing the gain of the error ampli-
fier can result in subharmonic instability
at the constant-frequency peak-current
controlled converters. 1f the gain values,
where subharmonic eoscillation starts and
stops, are equal we have the case of con-
tinuous instabilitv.

The gain at the boundary of instability
can be calculated by the perturbation meth-
od described in [1;. The brief summary of
the method is the following. Let u be the
vector of infinitesimal perturbations in-
jected in the state variables of the sys-
tem. The response vector v is given by the
matrix equation

E-_—

[+

u 110]

The matrix A is determined by the circuit
parameters of the system, including duty
ratio and error amplifier transconductance.
The system is locally stable, that is small
perturbations settle down, if the absolute
value of the eigenvalue ) of matrix A is
smaller than l. A can be calculated from
the characteristic equation

[a -1 =0 j11/

whersa E is the identitv matrix.

Assuming first order subharmonic oscil-
lation of infinitesimal amplltude (A——l)
the characteristic equaticn can Le
in the from:

1+a

/12f

1118518718798 58,5,=0
Eq.f12/ is suitable for the calculation the

critical transconductance of the error am-
plifier.

2.1. Determination of the matrix elements

The determination of the matrix elements
will be shown for the buck regulator. Two
state variables will be assumed: the cur=

rent in the filter inductor and voltage

in the filter capacitor. The CerULt madel
with the generators, which represent the
perturbations of the state variables, is

shown in Fig.5.
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Fig.5. Buck regulator with perturbations

For the analysis u and v are given as
'al ol a1
"o ¥ =
5% (4900

We assume that the perturbations enter
at the beginning of the nth period and the
response vector is measured at the begin-
ning of the (n+l)th period. The matrix ele-
ments are to be calculated with special
excitations, according to their definitions

u = 113/

a11=§1§+l alz_ﬂ;3+L{
no AV =0 n ]ﬁIn=O
[14
azlﬂézg+l} “22 £23+1&
n jﬁvn=0 n |&In=

r'or tne calculations a closer 1LOOk at
the waveforms of the current comparator is
necessary (Fig.6). Turn-off happens when
TAS SUl Of TNE LOWUCTUL Culicii &f, Gid s
compensating current iz equals the current
from the error amplifier ig. Details around
tite turn=-oif instant with and without per-
turbation in the inductor current are
enlarged in Fig.7.

From geometrical consideraticns we get

+ A
Yol 1/
| e

ﬂTn =
[=

where

5 DT '
A, = gaI (R, + co) [1€}

- 3 the slop= of i_ at turn-off.

e

The perturbation in the inductor current
at the end of the nth period is given as



AIn+l =

ﬂIn-m

14T #m, AT 117/

Fig.6. Waveforms of the
in steady state

current comparator

Fig.7. wWaveforms in the
turn=-off instant
+urhat+ion

vicinity of the
at current per=-

The perturbation in the
can be also caleculated

AT DT  AT__.(1-D)T
MV g = —a— + “*lc /18/
o o

capacitor voltage

Combining Eqs. [15/, /16/ and Eqs.

117/, /18/ and using the definitions under
f14/ we arrive at
M, -Mm, r .
=1 - 21 2| DT, |
a;; =1 TN 1+g(R_+ Cn)F f19¢
c ey o |}
and
- bi  (1-D)T
a,, = + - all 120f

o] o

The remaining matrix elements are deter-
mined from Fig.8.

Fig.B. Waveforms in the vicinity of the
turn-off instant at voltage per-
turbation

Here

AT guv
AT = = /21
n my +m =M m, +m -m
and
AIn+l = (mz—ml}QTn j22/
50 mz_ml
a;, =9 = 123/
12 ml+m me
At last a,, comes from the equation
AT (l-D)T
5 _ n+l
Vo4 = c + avn l]24]
o
from where
(m,-m, ) (1-DJT
- J25/

a = ].+g —(—-—_—'—)—"—"
22 ml+mC M, C0
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boost converter and other cicuit versions,
too. The matrix elements for the buck,

Vo mn e ~n1 =

Clllsauld ol iy

and hmok-hanet converters
lected in Table 1. Table 2 shows the ex-
pressions for the slopes of the inductor

current and the amplified feedback ripple

(ﬁe). Here D" =1 - D.

2.2. Characteristic equation

svra

Substituting the expressions for the
matrix elements and slopes from Tables 1
and 2 in Eg. [l12/ we get the characteris-
tic equation for the system. This egquation
can be solved for the maximum usable trans-
conductance g of the error amplifier or
for the compensating slove m_. The compen-
sating slope, however, is usiually selected
according to the considerations of Section
ool o

The characteristic eguation is a guad-
ratic equation for g:

Ag2 + Bg+ C =0 126/



TABLE 1. PERTURBATION MATRICES t},:] FOR THE SLOPE-
=CUMPENSATED CASE

2 'L
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TAULE 2. SLUPLS OF IHDUCTOR CURBENT AiD FEEDBACHK RIPT
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significant simplification in the co-
efficients of Eq. [26/ can be achieved by
introducing new, dimensionless variables.
The new variables are:

for the buck converter:

T
r —-—
g —gRC and r =T 1277, [28/
c o
for the boost and buck-
boost converter:
TR
[ g L :—L
g —gEZE; and r T /29/), |30/

(RL: load resistance)

for all three converters:

/31

The new quadratic equation will have the
Lrom

Arg’? + B'g’ +C' =0 132/

. The coeificients of this equation are
collected in Table 3.

TADLE 3. COLFFISIENTS OF ED. (32)*
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¥ For definiticns of r and m* see the text

As it can be seen, Eg. [32/ is gquadratic
not only for the transconductance but for
the compensating slope, too. So at a given
duty ratio either of them can be easily
calculated. In contrary to the uncompensa-=
ted case coefficient C' does not disappear
at 50% duty ratio, that is finite g’ is
allowed, just as it was expectaed from direct
analysis of the propagation conditions of
perturbations at open voltage regulating
loop.

3. HYSTERETIC SUBHARMONIC INSTABILITY

__ A5 it nas been mentioned elsevhere [7],
(1], constant-frequency current-mode con-
trolieu converters are subjecteda to hyster-
etic subharmonic oscillation, too. The ap-
pearance of this particular instability is
a hysteretie function of the transconduc-
tance 0f the error amplifier, that is the
system jumps into subharmonic oscillation
at a higher gain and abandons oscillation
at a lower gain. The amplitude of the os-
cillation, if present, does not depend on
the loop gain.

The physical reason of the hysteretic
instability is the following. If the loon
gain is high enough to produce a fed=back
ripple, which does not allow the change of
the current comparator at the arrival of
the next clock pulse, the system omits one



conduction periocd, and subharmonic oscil-
lation starts. Because of the subharmonic
oscillation the output and also the fed-
back ripple increase in amplitude and this
prevents the system from returning to nor-
mal operation.

Hysteretic instability is predictable
and calculations and experiments carried
out for the uncompensated case shOw good
agreement (see e.g. Fig.l1l7 in 1J)

the upper qaln lzmzt for the c0mpensated
case. However there are some difficulties
with the prediction of the lower limit.
The reason is simple: if the system enters
subharmonic oscillation the nature of com-
pensation changes (ramp starts somewhere
in the middle of the new period) and though
calculation can be done, a number of dif-
ferent subcases must be considered. A
complete discussion of all possible situ-
ations is beyond the scope of this paper,
50 only the determination of the upper
limits will be shown. Also the discussion
of the buck converter will be omitted,
because here hysteretic instability is im-
possible - the fed-back ripple is always
above the inductor current at the end of
the period.

At the boost and buck-koost converters
there are two subcases, according to the
turn-on condition. If there is an uncondi-
tional turn-on at the arrival of the clock
pulse we speak about dynamic turn-on, If,
however, turn-on can occur only if the
fed-back ripple is below the sum of the
inductor current and compensating current,
static turn-on condition exists.

The main difference is that at dynamic
turn-on a small voltage jump on the ESR of
the filter capacitor appears during the
presence of the clock pulse and this alters
the gain limit where the system enters hys-
teretic subharmonic oscillation.

For illustration the derivation af +Lho
apper gain limit at staric turn-on will be
presented for the boost converter. The
characteristic waveshapes at the inout of
Lile cullenl CONMPALATOr are snown in Fig.9,

a7 |
i |

Fig.9. Current comparator waveforms of a

boost converter with slope compen-
saktion at the =—waras -~ I

oscillation (static turn-on)

It is assumed that the compensating ramp

is inhibited at the turn-off instant.

The condition of instability is that
the amplified and fed-back ripple (-ig) be
equal to the inductor current at the end
(or what is the same) at the beginning of
the period. That is

I DT )
g ( = + Ich) = m1DT+1C(DT) 133/
Here the following relations hold:
I ™v
Pl VO < [

I. =% ~5— DD /34/
and VD

my = T 135/

Substituting (34 and 35/ into f33/ and
expressing g results in

v, T
DD — + (DT)
g - “c 136/
‘ DTI lo voT
i r
G + RC(D’ 51— DD J

Similar considerations apply for the buck-
boost converter and for the case of dynamic
turn-on, too. The results are collected in
Table 4.

DYNAMIC TURN=ON

v
BD‘-——----- + L {oT)
Bopst | g =

4. DESIGN PROCEDURE

The results summarized in Sections 2
and 3 make vossible the direct design of a
current-mode controlled cenverter which is
free from subharmonic instability. The usu=
al procedure is indicated in Fig. 1l0.

The computation beging with the deter-
mination of the minimum and maximum duty
ratios and with calculation of the induc-
tance (and transformer parameters in the
transformer-copupled versions). Capacitance
of the filter canacitor and its ecmii-
valent series resistance can be calculated
from the maximum allowable output ripple
voltage. Dynamic and static regulation de-



termine the overall loop gain and the zero
of the error amplifier.
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Fig.l0. Algorithm for the design of a
contant-frequency peak-current
controlled converter

Next step is the selection of the compen-
sating ramp and calculation of the requlred
LLdllsCullduciiallee Ul I.—h¢ 2LLuL aid ~|;J-1J-

fier. (The application of the compensating
ramp decreases the overall loop gain, this
will be determined later.) Zventually
checking of the lcop stability follows. At
the buck and buck derived family of con-
verters this must be done for only the
continuous type of oscillation, however

at the boost, buck-boost and other flyback
converters it must be accomplished for
both the continuous and hysteretic oscil-
lation. If oscillation can occur and there
is no way to decrease the loop gain new
capacitor with smaller ESR and/or larger
capacitance must be selected.

As it was mentioned bhefore the compen=-
sating ramp decreases the loop gain. It
is casy to snoOW that tag awount ol gain
decrease is given by

m

a = .
+ m

<

137/

so the reguired transconductance of the er-
ror amplifiesr mast be larger then that, re-
sulting in from the regulation requirements,
by the reciprocal of a.

From the viewpoint of continuous insta-
Bility the vower stage of a converter can
be' characterized by only one parameter
r=T/ReCgo which was introduced in Section

.2. In order to facilitate the zontrol

loop design some sample calculations were
done and the results are submitted in the
form of diagrams. Fig.ll. shows the norma-
lized transconductances (g' = gR.) of the
buck regulator at the verge of oscillation
for different r and different m’ = mcvofL
values with D as independent variable:

Fig,l2. collects results of similar
calculations for the boost regulator. Here
g' = (:LIofcovo and r = TVQ;I’LIo.

= -anumm -

Eowm Lo

4 e a
= ...L.._,.__\._. - — -

buck and noost converters. 1t displays g*

at the ogptimum compensation ramps of Fig.3.
The optimum ramp is linear with m" = 1 for
the buck converter and it is parabolic with
m’ = D for the boost converter.

5. EXPERIMENTAL RESULTS

A constant-frequency peakx current con-
trollied circuit having slope compensation
capability was built and measurements were
carried out for two different power stages
(a buck and a boost converter). The para-
meters of the experimental circuits are
collected in Table 5.

TABLE 5. PARAMETERS OF EXPERIMENTAL CIRCUITS
| Buck | boost
T MR i 8 e i Ea
' ! - 56
I, mA 910 160
L 507 507
58 54,5 54,5 50 50
194 44,% 41,9 ' 213 =2a
i LA ¥
r, [moj 210 245 245 | a2 280
m, [Almses] 13,7 19,7 9,9 | 45,2 4g,2
L:-{ L =] 2 o Lo PR | Q.4
1
£ 2 5 5 5,52 5,592
m’ 1 1 0,5 1,17 1,17
o2} 0,3 - 0,9 el - 0,7
Hote 1: Onsec of the compensating ramp exnreseed in

duty racio
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subharmonic oscillation for different r and m’ values
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Fig.l2. Normalized transconductances of the boost regulator at the verge of continuous
subharmonic oscillation for different r and m’ values.
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pensating ramps.

Fig.l4. Measured and cal-

culated boundaries of

e e R e

oscillation for buck
converters,

— calculated upper liﬁit, hysteretic oscillation

————— calculated limit, continuous oscillation
X measured upper limit, hysteretic oscillaticn
o measured lower limlit, nystereclic osclllation
A measured limit, continuous oscillation

Note l: calculated limit of continuocus oscillation
above D = 0.4 (g’=* 0,68)

Fig.1l5. Measured and cal-
culated boundaries of

..... dysteredlic
subharmonic oscillation
for a boost converter.

Fig.l6. Measured and cal-
culated upper boundaries
of unysteretic sublarmeonic
oscillation for a boost
converter.



At the buck converter the onset cf the
compensating linear ramp was the beginning

of the period and at the boost convarter
the linear ramp started at 40% of the pe-
riod.

Measured boundaries of continuous in-
stability for the buck converter are shown
in Fig.l4. together with the predictions
of theory. It can be seen that the agree-
ment between expsrimental and theoretical
results is excellent for the case of m'=0,5
and very good for the case of m'=1.

Tigs.15. and 16 display Lhe results of
measurements carried out on boost conver-
ters. Fig.l5. shows thz case when in part
of the duty ratio range the boundary of
continuous instability runs below the
boundary of hysteretic instability. At
D=0.4 the compensating ramp enters and
this pushes the boundary of continuous in-
stability well above the other boundary.
Here the agreement between theory and ex-
periment is only fair but this can be
probably explained by the interactinn of
the two different instability mechanisms.
At Fig.l6. the upper boundary of the hys-
teretic instability is below the boundary
of continuous instability. The agreement
here is again excellent.

6. SUMMARY AND CONCLUSIONS

The analysis of high-frequency insta-
bilities in the constant-frequency current-
mode controlled converters has been exten-
ded to duty ratios above 50% in the paper.
Above 50% stable operation is possible only
by employing a compensating ramp. The op-
timum form of this ramp depends on the type
0f the converter: for the buck family it
is of linear shape, for the boost family
it is of parabolic shape. There is possibi-
lity for two different high-freauency in-
stabilities at this controlling methed.

The first one, the continucusly arising
iﬂstabllity,can be nresent both in the buck

el e b e oy e ey
and boost ¢r buck-brost conver pefebits SRS )

the hysteretic instability is characteris-
tic only for the boost and buck-boost con-
varters. The leoop gain at the vergs of con-
tinuous instability can be determined by
perturbation analysis. The
bcundary of nysteretlc 1nstablllty can he
calculated by investigating the switch-over
conditions of the current comparator in the
controller. Continuous instability depends
on the slope of the compensating ramp and
hysteretic instability depends on the actu-
al value of the ramp.

Diagrams, presenting loop gain limits
for stable cperation, alyoritiun for the
design of stable loops, and experimental
results make the paper complete.

gain at the
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TABLE 5. TRANSCONDUCTANCES AT THE START AND AT THE STOP OF
HYSTERETIC SUBHARMONIC OSCILLATION
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