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ABSTRACT

A survey of the instabilities of swit-
ching voltage regqulators with different
types of current-mode controllers (incl-
uding 1c3 or constant-hysteresis; MC2 or
constant-frequency and constant off-time
versions) is presented.

Apart from the well-known open-loop osc-—
illation of the constant frequency regulator
above 50% duty ratio, other instabilities
can also arise by increasing the ac loop-
-gain. At the constant-hysteresis control-
ler the operating frequency changes, at
the other types continuously or hystere-
tically arising subharmonic oscillation
appears. These phenomena can be analysed
by taking into account the effect of the
amplified and fed-back ripple voltage to
the operation of the current comparator.
Calculations were accomplished in order
to establish maximum usable ac gains for
the three basic power converter topologies
(buck, . boost and buck-boost) "and for "the
abbve mentioned controllers. Experiments
were also carried out for several parti-
cular power circuit and controller com-
binations showing close correspondence to
theoretical results.

1. INTRODUCTION
Current-mode control is one of the two-

-loop tontrol methods used at regulated
switching power converters. It has been
known since 1967 [1] but it was never re-
ported publicly. It was re-invented ten
years later [2] and since then it went

through a considerable development. Several
communications treated different modelling
and dynamic analysis aspects of the origin~
. nal version (LC3 or constant hysteresis)

or presented and analysed partially modif-
ied controller concepts [3?-[11]. An inter-
esting possibility of current-mode control
- the use of input voltage/output current
feedforward to the input of the current
comparator in-order to improve the dynamic
behavior of the regulator - was also pub-
lished [12]. However little attention was
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paid to the question of the maximum usable
ac gain of the control loop. Partial res-
ults were submitted in [6] and [13] for
some of the controller configurations with-
out extra compensation and in [7] for cons-
tant~frequency controller with sawtooth
compensation. This latter one is a direct
combination of the traditional duty-ratio
modulation and current-mode control and

its characteristics are function of the
ratio between the amplitudes of sensed
switch current and sawtooth waveform.

Current-mode control of switching power
converters has many advantages over PWM
control. The peak current of the power
switch(es) directly follows the command
signal originating from the error ampli-
fier. Thus the inductor is practically re-
moved from the system, resulting in a de-
crease by one in the number of poles of
the characteristics functions. The end res-
ult is faster transient response, easier-
-to-design control loop as well as instant-
aneous overload protection, possibility to
parallel operation of identical power sta-
ges without extra current equalization,
etc. The benefits are abundantly discussed
in most of the papers on current-mode cont-
rol. However these benefits can be fully
exploited only if the gain of the control
loop is as high as allowed by the stabil-
ity requirements of the system. The higher
the gain, the smaller is the amplitude of
transient response to step load or line
changes. The maximum usable ac gain is a
function of power circuit topology, type
of controlling method and the actual val-
ues of the components and steady-state
currents/voltages.

The aim of this paper is to give gener-
al insight into the mechanisms which prod-
uce instability at different power circuit
and controller combinations and to introd-
uce simple and easy-to-use analytical
methods and expressions for the determina-
tion of the maximum usable gain. The es-
sence of the method used throughout the
paper is to investigate the effect of the
amplified and fed-back output ripple volt-
age to the operation of the current com-
parator. The authors strongly believe that
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this approach is a useful and easy-to-un-
derstand one and despite its relative sim-
plicity it gives results which are accu-
rate enough for everyday applications. It
can be extended to compensated operation
(5], [7], too.

l.1. Review of current-mode controlling

techniques

The common property of all current-mode
controlling techniques is the direct com-
mand of the peak current of the active
switching device(s). The block schematic
of the implementation of the simplest and

most wide-spread versions in shown in Fig.,1.
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Fig.l. Basic current-mode controlling
techniques

The maximum current of the switch or in-

ductor is set by the output voltage veg of o

the error amplifier. The switch is turned

18

off if the voltage on the current sensing
element exceeds Vg. The switch can be tur-
ned on: (a) after a fixed amount of current
decrease in the inductor,

after a fixed time interval or
by a clock signal of fixed
frequency.

The error amplifier of the regqulating
loop can be implemented as shown Fig.2.
Using a high dc gain amplifier the frequen-
Cy response can be approximated as shown
in the same figure. This solution provides
zero dc error and constant amplification
factor above the characteristic pole freq-
uency wo. The value of the gain above wg
determines the transient response of the
requlator.

(b)
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Error amplifier circuit and plot of
frequency response

Fig.2

In order to obtain maximum phase margin
for the overall feedback control system wo
must be selected so that the error amplifi-
er together with the rest of the circuit
should produce the response of an ideal
integrator [12]. Nevertheless this app-
roach does not provide automatically sta-
ble operation at high ac loop gain. The
reason is, as it will be clarified later,
the presence of the amplified output ripple
voltage at the input of the current com-
parator,

For the sake of completeness three ad-
ditional controlling techniques are intro-
duced in Figs.3 and 4.

Fig.3 shows the block schematic of the
slope-compensated controller. As it is
long known [14] converters with constant-
frequency peak current controllers are
unstable, even with open voltage regulating
loop, above 50% duty ratio. Deisch [5]
proposed a solution to overcome this limit-
ation. The idea is to alter the effective
current slopes by adding artificial com-~
pensating waveform to the inductor or
switch current. Similar technique was used
by Pivit and Saxarra [7], but their com-
pensating function was a simple sawtooth
waveform.

The constant-on-time controller can be

"“seen in Fig.4a. It -differs from the pre-

vious versions in one fundamental property.
Here, in contrary to the other techniques,
the current minimum is commanded directly

- by-the error amplifier, This results in



some difficulties with the voltage regul- Fig.4b, which shows the constant-frequency

ation at light load. This is the reason variation of the current~minimum-controlled
why it is not as widely used as the other converters. It is interesting to note that
solutions introduced so far, ... .- -- -- -this controller is -open-loop stable only

‘above 50% duty ratio. With compensating
technique similar to that of Fig.3, however,
it can be used below 50%, too.

Yo
1 I clock | 2. FREQUENCY SHIFT OF CONVERTERS WITH

‘CONSTANT-HYSTERESIS CONTROLLER

vi
o] power stage

f%w Veomp Practical experience shows that swit-
| ,/l ching voltage regulators with constant-hys-
-5 ftip-tlop teresis controllers never display spurious
oscillation or other instability of the
i R iy regulating loop if the usual low-frequen-~
cy stability criteria of the control system
are met. Of course, the excess phase shift
Rly (set by Ve) of extra input/output filters or of the
Veorrp i 7 ::i error amplifier can produce unstable oper-
~. ation but this can be analysed by the help
' compensating i Yeormp of traditional methods of control theory.
clock gen. waveform However a deeper insight into the opera-
9en. Vew tion of the system discovers one particu-
- lar type of instability, namely: shift of
I the frequency of free~running oscillation.

The fed-back output ripple voltage changes
the actual frequency up- or downward, de-
pending on the type of converter. The amo-
unt of change is a function of the ac loop
gain, Although the frequency shift is not
instability in the usual meaning of the
word still it is mostly unwanted because
it can cause increased dynamic losses or
increased ripple current and voltage. If
the frequency-versus-gain function is known
the ac gain and operating frequency requi-
rements can be maintained by proper design.
Also the effect of ageing of components
(e.g. change of ESR of the output filter
capacitor) can be taken into account.

Fig.3 Slope-compensated current-mode
controller
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[ T As an example the derivation of the
b frequency-gain relation will be shown for
] b. tant - ¢ trol
i ) constan requency conroler the buck regulator (Fig.5). The relevant
i waveforms are displayed in Fig.6. The so-
L Fig.4 Controllers commanding current 1id line indicates the inductor current.
ﬁ minimam This is one input signal of the current
i comparator. The other input signal is the

That is the same with the arrangement of error voltage vo divided by the resistance
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R of the current-sensing resistor and shif-
ted in every turn-off interval downward by
the current hysteresis AIX. These sudden
jumps represent the hysteretic behavior of
the comparator. The waveforms clearly indi-
cate that, due to the ripple component of
the error voltage, the effective hysteres-
is changes and in the particular case of
the buck regulator its value,AI’ will be
less than the pre-set hysteresis AI.

Fig.6 Current comparator waveforms of the
buck regulator with constant-hys-
teresis controller

The following equation can be written
for the conducting transistor:

AL -

el 1

o (0)-v (DD)] = m DT (1)
which is the switch-over condition of the
current comparator. Here mj is the slope
of the inductor current during the cond-
uction of the switch, D is the duty ratio,
T is the period time. Assuming constant
load current and constant ac gain of the
error amplifier at and above the operating
frequency one can write:

& Péo%véuﬂj=gﬁowT%vJOﬂ (2)
and
~ 1 VT
VO(UT)—VO(0)=LLC(D'l‘)—ic(o)]Rc+c—c-,-élc(t)dt
(3)

llere
- - _br
1c(t) = ml(t > ) (4)
and Rz
R Rl
Substituting Eq.(4) into Eq.(3) gives
VO(DT) - VO(O) = m DTR (6)
The effective hysteresis
ALY = mlDT (7)
can be expressed from Eqs(l), (2) and (6).
a1’ = AL (8)
1+ch

The frequency of operation is inversely

proportional to the effective hysteresis.
Its value is

f = fO (1 + ch) (9)

where (neglecting second-order effects)
the self-oscillating frequency without
ripple feedback is given by the following
expression:

Vo(l—D)
Similar considerations apply to the
other converter types. The results are
collected in Table 1.

TABLE 1. FREQUENCY OF CONSTANT:.YSTERESIS
CURRENT~CONTROLLED CONVERTERS
WITH AND WITHOUT RIPPLE FEEDBACK

Vo(l—D)
Buck f—fo(l+ch) foz——EKf_—
R LI
1*‘3{—59'0 v (cl)—o)-I
L oo it v, (1-D)D
Boost f=fo TR fo= TAT
1+g o ¢
AIzl—DS
[R LI b ]
149|551y |
oo 4 —Vo(l—D)
Buck- f=f - - f =
—booSt o - IORC o LAT
9 311D

In the case of the buck regulator the
effect of the fed-back ripple is increased
frequency. The relative difference is the
product of the transconductance of the
loop and the equivalent series resistance
of the filter capacitor. In the other two
cases the actual frequency depends on the
output voltage, load current, duty ratio,
choke inductance and ESR and capacitance
of the filter capacitor. At the usual cir-
cuit parameter combinations the frequency
generally decreases with increasing loop
gain.

The expressions in Table 1 give possibi-
lity to forecast the effect of changes in
component values to the operating frequen-
cy. Because large deviations from the nom-
inal frequency in both directions are un-
wanted they formulate the real loop gain
limit of converters with constant-hystere-
sis controllers.

3. CONDITIONS OF LOCAL STABILITY OF CON-
VERTERS WITH CONSTANT-FREQUENCY CON~-
TROLLER

Constant-frequency current-mode control-
led converters are subject to spurious os-
cillation at the first subharmonic of the
clock frequency. This fact is not surpri-
sing when one realizes that these conver-



ters are prone to instability at the same
frequency even with open feedback loop
above 50% duty ratio. The open loop tran-
sient response shows damped ringing below
50%. The damping factor is a function of
the actual duty ratio,

At closed feedback loop subharmonic os-
cillation also appears above a specific
gain value. Depending on the circuit para-
meters, two different types of this oscil-
lation are possible, At the first type the
starting and ceasing gain values are not
equal: thus the appearance of the instab-
ility is a hysteretic function of the loop
gain. This phenomenon will be discussed in
detail in the next section of the paper.
The other type is characterized by grad-
ually increasing or decreasing magnitude
of the oscillation. The starting and cea-
sing gain values coincide, so there is no
hysteresis in the gain at the boundary of
instability.

The maximum allowable gain of this con-
tinuously arising oscillation was inves-
tigated in [13] for the buck and the boost
regulator. The method used there was the
so-called describing function analysis.
This is a well known and useful tool of
control theory but, due to its inherent
limitations, it is not very accurate. Here
an other method will be used which gives
better accuracy and can be rather easily
applied for the determination of the local
stability of current-mode controlled con-
verters.

Essentially this is a perturbation an-
alysis. A system is locally stable if the:
amplitude of any small perturbation dec-
reases with time or -~ in the case of samp-
ling type control systems - with the num-
ber of subsequent periods. The application
of the method is formally very simple.
Inject small perturbations in the energy
storing elements of the system, i.e. per-
turb the state variables by infinitesimal-
ly small quantities. Calculate the res-
ponse of the system in the next period and
compare it with the excitation., If the mag-
nitude of the response is equal to or lar-
ger than the excitation the system is loc-
ally ynstable.

Matématically the method is as follows.
Let u be the vector of infinitesimal per-
turbations. u has as many components as
the number of state variables in the sys-
tem. Let v be the response vector. The two
vectors are connected by the perturbation
matrix of the system:

(11)

There is a special u; vector which prod-
uces a response vector vi proportional to

Yj.

veau

vy (12)

uj is called the eigenvector and X is cal-
Ted the eigenvalue of the matrix A. If the
absolute value of ) is equal to 1 the sys-
tem is at the verge of local instability.

=A~L-l'i
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Hence the condition for stability is:
A<l

For the eigenvector the following equation
applies:

(13)

This equation has a nontrivial solution if
the determinant of the matrix A-)I is zero
(I is the unit matrix). That is:

A - AL =0 (14)

Solving Eq.(14) results in the eigenvalues
f A.
In our case the most suitable moment
for the perturbation is the turn-on inst-
ant. Because the perturbation is infinite~
simally small the system can be considered
linear. Assuming a constant-gain error amp-

-__lifier there. are only. two enpergy-storing

elements in the system, so A is a second-
-order quadratic matrix. This means that
Eq.(14) is a quadratic equation for the
eigenvalues.

3.1. Determination of the matrix elements

The determination of the matrix elements
will be shown for the buck regulator.

:

R-S Hip-ton

Constant-frequency current-mode con-
trolled buck regulator with pertur-
bations

Fig.7

There are two storage elements in the
circuit: the filter inductor and the £il-
ter capacitor. Fig.7 shows the circuit
with the generators which produce pertur-
bation signal, Eq.(11) can be written in
the form:

a1 %12 n
= (15)
21

AIn+1

AUn+l



In order to calculate a;; and aj; let
us assume: AUp = 0. The ef%ect of the cur-
rent perturbation on the waveforms of the
circuit can.be seen in Fig.8.
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Fig.8 Waveforms in steady state and in
perturbed state

Let the perturbation of the inductor
current enter the system at the beginning
of the nth period. This perturbation al-
ters the current in the inductor and the
voltage in the capacitor at the end of the
same period. The following equations

apply:

AIn+1 = allAIn if AUn =0 (l5a)
and
AUn+l = aZlAIn if AUn =0 (15b)
g%
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Fig.9 Waveforms in the vicinity of
switch-over
AT +1 can be determined by the help of
Fig.9n which shows the current comparator

waveform in the vicinity of the switch~
~over moment. From simple geometrical con-

siderations: AIn+ gk?c*(li Aj;n
AT, = e . Co (16)
n my-m_;
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and
AIn+l=AIn+ml(DT-—ATn)-rmz[(l—D)T+ATn] (17)
Egs.(15a), (16) and (17) result in
AT i m, =m -
n+l 172 T DT
a;,= =1- =2 l14g(R +==)!| (18)
11 a1 au_ =0 my-m ;L cc,J

The change in the voltage of the filter
capacitor at the end of the period can be
calculated as follows:

AQ = AInDT+AIn+l(l-D)T (19)
The change in the capacitor voltage is

= 80 _

AUn+l = Co = aZlAIn (20)
Combination of Eqgs.(16), (17), (19) and
(20) yields:

AU |
n+l T
a,,= = —[p+(1-D)a,,] (21)
21 AIn|A0n=O <, 11

The remaining matrix elements can be also
easily calculated.

~ AIn+l _ m2—ml
aj, = “x0 = e (22)
n AIn=0 1 ¢l
and
(m2~ml)(l-D)T
a,, = l+g - (23)
22 (ml mcl)C0

In the above expressions m), mpand mg; de-
note slopes of the inductor current and
slope of the amplified and transformed
ripple voltage. Their values are

vo(1~o)
m o= ==y (24)
Vo
my, =~ -1 (25)
v_(1-D)
= - o DT
m.1 = "97I5 (Rc'ZCO ) (26)

By the help of similar considerations
the elements of matrix A can be derived
without difficulties for other topologies,
too. Table 2 contains the results for the
three basic converter circuits.

The slopes of the inductor current and
of the feedback ripple are collected in
Table 3.

3.2. Derivation of stability criteria

Eq.(14) gives possibility to derive the
local stability criteria of the system.
From the equation the eigenvalues of the
perturbation matrix can be calculated by
solving the resultant quadratic equation:



TABLE 2. PERTURBATIOI '
RBATION MATRICES According to our present experience the
two methods give identical results for most
( m)-m, bT m. -m practical circuit parameter combinations.
1~ﬁ—:a——[1+g(n +—-)]‘g 2_1 Therefore the first one will be used fur-
Buck A = 1 Vel ¢ G, m, -m ther on. The details of the calculation are
= shown for the buck regulator.
T _ T(1~D) Expressing the elements of the pertur-
COEU’L(l D)""11] i 1+=5 L)) bation matrix by the help of the steady-
o -state duty ratio and circuit parameters
- yields for the buck regulator:
F m,-m T
2 ¢l my=my
—- g—tez D(14D)T
my-m_; m R D+g[uRC+ e 1
Boost A = a = - (29)
= 11 DT
T(1-D) 14T€1-D) D'[l“‘g“‘c”“"“zco )]
C, 11 ' C, 12
L i : DD,TZ
zcé
r- _ . a,; = - = (30)
m, m.y mz-ml 21 D’[l+g(Rc+ng )]
m.-m hmom oo o
1 el 1 "cl
Buck- A = g
boost = - D 31
| _rA-p), 1-1Q-D) R i )] e
‘ ‘ Co 11 C, 12_J ¢’ 2T
D’ +g [D'RC+P—5'£(§—1)]
TABLE 3. EXPRESSIONS FOR m), m, AND m °
2 cl a,, = o] (32)
D’ [14g(R_+ =)
ml m2 mCl o] ZCO
b Buck Vo(1-0) Vo -gVo(l-D)(R £ DT, Here D' '="1-D
; Lb L Lb ¢ 2C, Substituting the expressions of the matrix
; elements in Eq.(28) results in:
soost | Joli) i VoD gb Agl+Bg+c=o0 (33)
; L )
! L o The coeffitients of this equation are func-
; tions of the steady-state duty ratio D,
| Vo (1-D) | v, 1 the equivalent series resistance R_ and
Buck-~ “~m | T 9 & capacitance Cy of the output filte¥ capa-
boost o citor and the period time T. The exact
expressions can be found in Table 4.
2 Eq.(33) can be easily solved by the
A“- +a. - - help of a hand-held calculator. Some
A(all a22)+a11322 812821 = O 27) sample results are displayed in Section 5.
Th ) . In a similar way the equations for the
ere are two different ways to follow boost and buck-boost requlators can be
hege. Thﬁhsimplgr one is to assume first also derived. As it is expected the trans-
gr ir fg arm?21c oscillation with infini- conductance at the boundary of instability
Y 'eisemaaly sm; -lamplitude. This means an is given by the roots of a quadratic equa-
thg ng ue o dine Then one can determine tion which has the same form as Eq.(33)
the c rr§s§°“ fng transconductance g of but has different expressions for the co-
1 regulator from the equation: efficients. These coefficients are also
l+a,,+a,,+a,.a._.-a..a =0 (28) collected in Table 4.
1177227711%22"%12%21 Some interesting general conclusions
which is a quadratic formula for g with the can be drawn from the results shown in
starting conditions used. Table 4. The coefficients and so the sta-
The other, more general, way is to calc- bility conditions of the buck regulator do
ulate the eigenvalues as functions of the not depend on the inductance of the filter
loop transconductance and plot their absol- choke or on the load current. For the case
ut values versus g. If |A|=1 we are at the of the boost and buck-boost regulator it
verge of instability. This solution can can be established that the stability con-
take into account the theoretically pos- ditions do not depend on the equivalent
sible complex roots and the case of A=l. series resistance of the output capacitor,
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TABLE 4. COEFFICIENTS OF EQ.(33)

A B C
2 2, T 2,,.3
RZ(2-60+40%) +—E~(~1+4D-7D% 4407 )+ Rc(4-120+8D2)+
Buck 2 2 © 2—61)+4D2
+ DRy 307 503,04 + —T,-—(a1+4u~7uz+4u3)
2 2 2 C
C e}
[e]
4IgL2 I LT IL ,
Boost | —=— + (1-D) O _(-6+8D) + 2-6D+4D
véc? v 2 Vo©
o o o o ©
+ %—(—1+2D-u2)
(o]
Buck- 4Iih2 5 IOLT 2 IOL 2 2
53 DT+ {~D+D°) T (-6D+8bL°) + 2-6D+4D
boost Voco VOCo o o
+ -(T-:'-(—l+2u—u2)
(o]

but depend on the inductance and the equi-
valent load resistance. In all three case
the coefficient C vanishes at 50% duty
ratio which means that here one of the
roots of Eg.{(33) will be zero. This indi-
cates that instability occurs even at

zero loop gain. _

4. HYSTERETIC SUBHARMONIC INSTABILITY

Converters with constant-frequency or
constant off-time controllers are inclined
to a special form of subharmonic instabi-
lity. The amplitude of oscillation in the
state of this type of instability does not
change with the loop gain, and the appear-
ance of the instability is a hysteretic
function of the gain. This means that the
subharmonic oscillation starts at an upper
gain level and ceases at a lower gain
level.

The physical reason of the hysteretic
subharmonic instability is very simple.

If the loop gain is high enough to produce
a fed-back ripple which does not allow the
change of state of the current comparator,
the system leaves out one period, i.e. it
enters subharmonic oscillation. The cur-
rent comparator cannot change state if the
error signal with the superimposed ripple
is below the inductor current at the next
actual turn-on instant. As soon as the
subharmenic operation takes place the out-
put ripple suddenly increases in amplitude
and prevents jumping back in the normal
operating mode. Return to normal mode can
occur only at a lower gain value. Of
course, due to the hysteretic nature of
this phenomenon, instability can appear
even if the gain never exceeds the upper
limit. External noise or transient, per-
haps continuous subharmonic instability
can push the system into this state. So
from practical viewpoint the lower gain

24

value is the border which the system must
never exceed. There are cases where the
upper limit is infinite. However, there is
a lower finite value of the loop gain
which must be respected because of the
above discussed reason.

The boost and buck-boost regulators have

‘& small step in the output voltage at the

turn-on and turn-off instants. This step

is due to the change in the current flowing
in the equivalent series resistance of the
output capacitor, If the incoming clock
pulse (in the case of the constant-frequen-
cy controller) or the elapse of the pre-
-set off-time (constant off-time control-
ler) can turn on momentarily the power
switch the small jump in the output voltage
alters the conditions of instability.
Therefore two cases will be discussed. At
the first one the condition of starting

the subharmonic oscillation is as discus-
sed previously. At the second one oscil-
lation can start only if the feedback sig-
nal remains below the choke current even
after the turn-on moment. The first one is
called static and the second one is called
dynamic turn-on. Fig.l0 clarifies the dis~
tinction by the waveforms of the current
comparator of a boost converter.

The upper gain limit can be calculated
for both controllers (constant-frequency
and constant off-time versions) from the
equations which can be written according
to Fig.lO (boost converter):

I
- - Op -
dynamic turn-on gcolon ™ Ton (34)
Io
- static turn-on g(E;Ton+Ich)=mlron (35)

Similar eguations can be produced for
the buck-boost converter, The buck conver-
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Fig.1l0 Current comparator waveforms of
a boost converter at the verge of
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ter is exception: here at the end of the
period the fed-back output ripple is al-
ways above the inductor current and this
means that the starting gain value is
_infinite.
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Fig.1ll Waveforms of a boost converter in

the state of hysteretic subharmonic
oscillation

For the boost converter the lower gain
limit can be calculated by the help of the
waveforms in Fig.ll. The waveforms are
valid for the dynamic turn-on condition.
The upper commas in the figure denote quan-
tities in the state of subharmonic oscil-
lation. The subharmonic oscillation ceases
if the fed-back ripple becomes equal to
the choke current during T; (after the
turn~-off moment). The value of T) is:

~ for constant-frequency operation

T, =T (1-2D)

1 (36)
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- for constant off-time operation
Ty = Toss
The ceasing gain values can be deter-
mined from the following equations:
- dynamic turn-on

(37)

’ - ’ - -
gIMRc+AIl g(IM+m2Tl)Rc m2Tl (38)
- static turn-on
’ = -
gIyR _+4I, = -m T, (39)

As in e ca-'» of the upper boundary
the equations have the same form for the
buck-boost converter. AI, can be calculat-
ed with the knowledge of "the current flow-

ing_through the filter capacitor.

Lower gain limit exists for the buck
regulator, too. It can be determined in
the same way as in the two other cases.

Due to the limited space available the
results are not submitted here. Those who
are interested can request them from the
authors. Partial results are presented in
[6] ana [13].

5. EXPERIMENTAL RESULTS

Two experimental circuits - a buck and

a boost regulator - were built and measure-
ments were made in order to verify the int-
roduced theoretical results. Also two dif-
ferent types of controllers - constant-hys-
teresis and constant-frequency versions -
were used. The measured data are shown in
Figs,12-17 together with the appropriate
calculated characteristics of the partic-
ular power circuit/controller combinations.

Fig.l2 presents the actual operating
frequency of a buck converter with const-
ant hysteresis controller and at two dif-
ferent equivalent series resistances of
the filter capacitor in function of the
loop transconductance. Fig.13 and Fig.1l4
show the results of similar measurements
for a boost converter with different Rg
and Co combinations. Here the correspon-
dence between the calculated and measured
values is not as good as in the previous
case but still remarkable,

Fig.15 introduces the calculated trans-
conductance-versus—-gain function and the
measured gains at the verge of instability
for a buck regulator with constant-frequen-
cy controller. Here the correspondence bet-
ween theory and experiments is surprising-
ly good, anyway it is much better than in
a preceeding case which was based on des-
cribing function analysis [13]. The im-
provement is not so dramatic for the boost
converter (Fig.16). Although the indepen-
dence of the instability from the ESR,
which is a new result since [13], is rather
well demonstrated, the difference between
prediction and measurements and the random
deviations indicate the necessity of fur-
ther refinements both in the theoretical
model and in the experimental technique.



vobably the inclusion of such second or-
« v effects in the model as delay of the
F er switch and/or the controller and
.aainination of stray inductances at the
test set-up would produce the required im-
provement. This might be the subject of a
future study.

The hysteretic subharmonic oscillation
was also demonstrated for the case of the
static turn-on at a boost test circuit
(Fig.17) with constant-frequency control-
ler. Here the correspondence is also very

. good.
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Fig.l2 Calculated and measured frequency
of a buck converter with constant-
~hysteresis controller (L=500uH;
AI=0.66A; Co=47uF)
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Fig.l3 Calculated and measured frequency

of a boost converter with
ant-hysteresis controller
Co=30uF; V4=20V; I,=0.53;

const-
(L=480uH;
AI=0.5A)

6. CONCLUSIONS

Time domain analysis of waveforms of the
carrent comparator in current-mode control-
led switching voltagye regulators seems to
be a useful tool for the determination of
stability criteria or for the prediction
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Fig.14 Calculated and measured freguency

of a boost converter with constant-

TG=2200pF; Vo=20V; I5=0.5A;
41=0.54)
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Calculated and measured transcon-
ductances of a buck regalator at

- the -boundary of instability
(Cy=47uF; T=60usec)

Fig.1l5

of behavior at increasing ac gain values.
According to the experience of the
authors three different closed-loop insta-
bility mechanisms are of outstanding im-
portance at the above discussed class of
power circuit/controller combinations. The
hysteretically controlled converters dis-
play frequency shift but otherwise they
are unconditionally stable, The constant-
~frequency controllers can result in con-
tinuously arising subharmonic oscillation
which can be described by the help of per-
turbation analysis. Both the constant-
~-frequency and constant off-time control-
lers are prone to hysteretically arising
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Fig.l6 Calculated and measured transcon-
ductances of a boost regulator at
the boundary of instability
(Vg=20V; I_=0.5A; L=480upH;

T=60 usec; Co=30uF)

subharmonic oscillation.

The presented stability criteria and
expressions for frequency shifts produced
predictions which were within measurement
errors in most practical cases. Although
the field is still open for further inves-
" tigations in this area - especially to
take into account some, until now neglec-
ted, second-order effects - the results
give a rather complete characterization of
the current-mode controlled voltage regu-
lators from the viewpoint of loop-gain
limitations.
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