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Abstract

Ascurrent-mode conversion increasesin popularity, several peculiarities associated with fixed-frequency, peak-current
detecting schemes have surfaced These include instability above 50% duty cycle, a tendency towards subharmonic
oscillation, non-ideal loop response, and an increased sensitivity to noise. This paper will attempt to show that the
performance of any current-mode converter can beimproved and at the sametime all of the above problems reduced or
eliminated by adding afixed amount of “slope compensation” to the sensed current waveform.

1.0 INTRODUCTION

The recent introduction of integrated control circuits designed specificaly
for current mode control hasled to adramatic upswing in the
application of thistechniqueto new designs. Although the advantages of
current-mode control over conventiona voltage-mode control has been
amply demonstrated"?, there still exist several drawbacks to a fixed
frequency peak-sensing current mode converter. They are (1) open loop
instability above 50% duty cycle, (2) lessthan ideal 1oop response
caused by peak instead of averageinductor current sensing, (3) tendency
towards subharmonic oscillation, and (4) noise sensitivity, particularly
when inductor ripple current issmall. Although the benefits of current
mode control will, in most cases, far out-weight these drawbacks, a
simple solution does appear to be available. It has been shown by a
number of authorsthat adding slope compensation to the current
waveform (Figure 1) will stabilize a system above 50% duty cycle. If
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oneistolook further, it becomes apparent that this same compensation
technique can be used to minimize many of the drawbacks stated above.
Infact, it will be shown that any practical converter will nearly aways
perform better with some slope compensation added to the current
waveform.

The simplicity of adding slope compensation - usually asingleresistor -
addsto its attractiveness. However, thisintroduces anew problem - that
of analyzing and predicting converter performance. Small signal AC
modelsfor both current and voltage-mode PWM'’ shave been
extensively developedintheliterature. However, the slope compensated
or “dual control” converter possesses properties of both with an
equivalent circuit different from yet containing elementsof each.
Although this has been addressed in part by several authors'?, there
still existsaneed for asimple circuit model that can provide both
quditative and quantitative results for the power supply designer.
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The first objective of this paper is to familiarize the reader with the
peculiarities of a peak-current control converter and at the same time
demonstrate the ability of slope compensation to reduce or eliminate
many problem areas. This is done in section 2. Second, in section 3, a
circuit model for a slope compensated buck converter in continuous
conduction will be developed using the state-space averaging technique
outlined in (1). This will provide the analytical basis for section 4 where
the practical implementation of slope compensation is discussed.

2.1 OPEN LOOP INSTABILITY

An unconditional instability of the inner current loop exists for any fixed
frequency current-mode converter operating above 50% duty cycle -
regardiess of the state of the voltage feedback loop. While some
topologies (most notably two transistor forward converters) cannot
operate above 50% duty cycle, many others would suffer serious input
limitations if greater duty cycle could not be achieved. By injecting a
small amount of slope compensation into the inner loop, stability will
result for al values of duty cycle. Following is a brief review of this
technique.
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- DEMONSTRATION OF OPEN LOOP INSTABILITY IN A
CURRENT-MODE CONVERTER.

FIGURE 2

Figure 2 depicts the inductor current waveform, I, of a current-mode
converter being controlled by an error voltage V. By perturbing the

current It by an amount Al, it may be seen graphically that AT will
decrease with time for D < 0.5 (Figure 2A), and increase with time for
D > 0.5 (Figure 2B). Mathematically this can be stated as

AL = -4l (12) (1)

Carrying this a step further, we can introduce a linear ramp of dope -m
as shown in Figure 2C. Note that this Slope may either be added to the
current waveform, or subtracted from the error voltage. This then gives
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_ myp +m
an =-an (T @
Solving for m at 100% duty cycle gives
m > —Y%mj ©)

Therefore, to guarantee current loop stability, the slope of the
compensation ramp must be grester than one-hdf of the down dope of
the current waveform. For the buck regulator of Figure 1, mpisa

constant equal to l;‘O—Rs, therefore, the amplitude A of the compensating

waveform should be chosen such that
Vo
A > TRg T 4

to guarantee stability above 50% duty cycle.

2.2 RINGING INDUCTOR CURRENT

Looking closer at the inductor current waveform reveals two additional
phenomenon related to the previous instability. If we generaize equation
2 and plot I, vs nT for dl n as in Figure 3, we observe a damped
sinusoidal response at one-half the switching frequency, similar to that of
an RLC circuit. This ring-out is undesirable in that it () produces a
ringing response of the inductor current to line and load transients, and
(b) peaks the control loop gain a Y2 the switching frequency, producing

a marked tendency towards instability. |
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FIGURE 3 - ANALOGY OF THE INDUCTOR CURRENT RESPONSE TO
THAT OF AN RLC CIRCUIT.

It has been shown in (1), and is easily verified from equation 2, that by
choosing the slope compensation m to be equa to —my (the down Sope
of the inductor current), the best possible transient response is obtained.
This is analogous to critically damping the RLC circuit, alowing the
current to correct itself in exactly one cycle. Figure 4 graphicaly
demonstrates this point. Note that while this may optimize inductor
current ringing, it has little bearing on the transient response of the
voltage control loop itself.
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FIGURE4 - FOR THE CASE OF m =-m,, A CURRENT PERTURBATION
WILL DAMP OUT IN EXACTLY ONE CYCLE.
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2.3 SUBHARMONIC OSCILLATION

Gain peaking by the inner current loop can be one of the most
significant problems associated with current-mode controllers. This
peaking occurs at one-half the switching frequency, and - because of
excess phase shift in the modul ator - can cause the voltage feedback
loop to break into oscillation at one-half the switching frequency. This
instability, sometimescalled subharmonic oscillation, iseasily detected
asduty cycle asymmetry between consecutive drive pulsesin the power
stage. Figure 5 showstheinductor current of a current-mode controller
in subharmonic oscillation (dotted waveforms with period 2T).
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FIGURE 5- CURRENT WAVE FORM (DOTTED) OF A CURRENT-MODE

CONVERTER IN SUBHARMONIC OSCILLATION.

To determine the bounds of stability, it isfirst necessary to develop an
expression for the gain of theinner loop at one-half the switching
frequency. The technique used in (2) will be paralleled for abuck
converter with the addition of termsto include slope compensation

2.3.1 LOOP GAIN CALCULATION AT ¥,
Referring to figures 5 and 6, we want to relate the input stimulus, AV,,

to an output current, Al . From figure 5, two equations may be
written

Al = ADm T-ADm T @)
AVe = ADmy T+ADm T (5)

Adding slope compensation as in figure 6 gives another equation
AV, = AV +2ADmT 6)

Using (5) to eliminate AV from (6) and solving forAI/AV, yields

Al _ mp—m
AV, mj+m+m @
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FIGURE 6- ADDITION OF SLOPE COMPENSATION TO THE CONTROL
SIGNAL
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For steady state condition we can write

Dm T=(1 —DmT (8)
or
_mz
D=m—™—m ©)

By using (9) to reduce (7), we obtain

N 1
Ave - 1 —ZD(1+m/m2)

(10)

Now by recognizing thatAl; is simply a square wave of period 2T, we
can relate the first harmonic amplitude toA1 by the factor 4/rr and
write the small signal gain at f = fg as

i_L_ 4
Ve. 1-2D(1+m/my)

(11)

If we assume a capacitive load of C at the output and an error amplifier
gain of A, then finally, the expression for loop gain at f = % fgis

4TA
mc (12)
1 — 2D (1+ m/my)

Loop gain =

2.3.2 USING SLOPE COMPENSATION TO ELIMINATE
SUBHARMONIC OSCILLATION

From equation 12, we can write an expression for maximum error
amplifier gain at f =% fg to guarantee stability as

A 1 —2D(1+ m/my)
mae = 4T (13)
n2 C

Thisequation clearly showsthat the maximum allowable error amplifier
gain, A, isafunction of both duty cycle and slope compensation A
normalized plot of A, versusduty cyclefor several valuesof slope
compensation is shown in figure 7. Assuming the amplifier gain cannot
be reduced to zero at f = Yfs, then for the case of m =0 (no
compensation) we see the sameinstability previously discussed at 50%
duty cycle. Asthe compensation isincreased to m = —%m, the point
of instability moves out to aduty cycle of 1.0, however in any practical
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system, thefinite value of Apax Will drive the feedback loop into
subharmonic oscillation well beforefull duty cycleisreached. If we
continue to increase m, we reach a point, m = —my, where the
maximum. gain becomes independent of duty cycle. This is the point of
critical damping asdiscussed earlier, and increasing m abovethisvalue
will dolittletoimprove stability for aregulator operating over thefull
duty cycle range.

2.4 PEAK CURRENT SENSING VERSUS
AVERAGE CURRENT SENSING

True current-mode conversion, by definition, should force the average
inductor current to follow an error voltage - in effect replacing the
inductor with acurrent source and reducing the order of the system by
one. Asshown in Figure 8, however, peak current detecting schemes are
generally used which allow the average inductor current to vary with
duty cyclewhile producing less than perfect input to output - or
feedforward characteristics. If we chooseto add slope compensation
equal to m = -%2my, as shown in Figure 9, we can convert a peak
current detecting schemeinto an average current detector, again allowing
for perfect current mode control. As mentioned in the last section,
however, one must be careful of subharmonic oscillations asaduty
cycle of 1isapproached when using m = -%2m,.
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FIGURE 8 - PEAK CURRENT SENSING WITHOUT SLOPE COMPENSATION
ALLOWS AVERAGE INDUCTOR CURRENT TO VARY WITH
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FIGURE 9 - AVERAGE INDUCTOR CURRENT IS INDEPENDENT OF DUN

CYCLE AND INPUT VOLTAGE VARIATION FOR A SLOPE
COMPENSATION OF m = -%2 ma.
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25 SMALL RIPPLE CURRENT

From asystems standpoint, small inductor ripple currents are desirable
for anumber of reasons - reduced output capacitor requirements,
continuous current operation with light loads, less output ripple, etc.
However, because of the shallow slope presented to the current sense
circuit, asmall ripple current can, in many cases, lead to pulse width
jitter caused by both random and synchronous noise (Figure 10). Again,
if we add slope compensation to the current waveform, amore stable
switchpoint will be generated. To be of benefit, the amount of slope
added needs to be significant compared to the total inductor current -
not just the ripple current This usually dictates that the slope m be
considerably greater thanm, and while thisis desirable for subharmonic
stability, any slope greater than m = -¥2 my will cause the converter to
behavelesslike anideal current mode converter and more like avoltage
mode converter. A proper trade-off between inductor ripple current and
slope compensation can only be made based on the equivalent circuit
model derived in the next section.
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FIGURE 10 - A LARGE PEDESTAL TO RIPPLE CURRENT RATIO.

3.0 SMALL SIGNAL A.C. MODEL

Aswe have seen, many drawbacks associated with current-mode control
can be reduced or eliminated by adding slope compensationinvarying
degreesto the current waveform. In an attempt to determine the full
effects of this same compensation on the closed |oop response, asmall
signal equivaent circuit model for a buck regulator will now be
developed using the state-space averaging technique developed in (1).

3.1A.C. MODEL DERIVATION

Figure 11 a shows an equivalent circuit for a buck regulator power stage.
From this we can write two state-space averaged differential equations
corresponding to the inductor current and capacitor voltage as functions
of duty cycle D

g (Vi =V, Vo(1 =D

r = - dp_ o(L ) 14)
hd I, V,

Vo=—c—4lR (15)
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FIGURE 1% BASIC BUCK CONVERTER (A) AND ITS SMALL SIGNAL
EQUIVALENT CIRCUIT MODEL (B).

If we now perturb these eguations - that in substitute

Vi + AVL, Vo + AVy, D + AD and I + Al for their respective
variables - and ignore second order terms, we obtain the small signal
averaged equations

® DAI AV, ViAD
Al = = L Lo + IL (16)
e _ALL AV (17)

AVo C CR

A third equation - the control equation - relating error voltage, Ve, to
duty cycle may be written from Figure 6 as

1 — D) Vo TR
I Rs = Ve — mDT — (d-D)VoTRs (18)
2L
Perturbing this equation as before gives
AV, m Vy T
AILf ? ADT <RS 2L) i(l D) AVO (19)

By using 19 to eliminate AD from 16 and 17 we arrive at the state
space equations

(20)
* D AV, Vi AVp Vi (1 — D) ALV
=2 AV + - -
LRI W) 2 %) m )
Rs 2L Rg 2L Rg 2L
. Al AV
Vo= "R (21)

An equivalent circuit model for these equations is shown in Figure 11B
and discussed in the next section.
3.2 A.C. MODEL DISCUSSION

The model of Figure 11B can be used to verify and expand upon our
previous observations. Key to understanding this model is the interaction

§RL=V£
IL
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between Rx and L as the slope compensation, m is changed In most
cases, the dependent source between Rx and C can be ignored

If Rx is much greater than L, as is the case for little or no compensation
(m = 0), the converter will have a single pole response and act as a true

Rg Vo)
2L /°

current mode converter. If Rx is small compared to L (m »

then a double pole response will be formed by the LRC output filter
similar to any voltage-mode converter. By appropriately adjusting m,
any condition between these two extremes can be generated.

Rs Vi
Of particular interest is the case when m= ;L 0, Since the down

slope of the inductor current (m, from Figure 6) is equal to Rs Vo

. we

can write m = —%m;. At this point, Rx goes to infinity, resulting in an
ideal current mode converter. This is the same point, discussed in
section 2.4, where the average inductor current exactly follows the error
voltage. Note that although this compensation is ideal for line rejection
and loop response, maximum error amp gain limitations as higher duty
cycles are approached (section 2.3) may necessitate using more
compensation.

Having derived an equivalent circuit model, we may now proceed in its
application to more specific design examples. Figure 12 plots open loop
ripple rejection (AVy/AVy) at 120Hz versus slope compensation for a
typical 12 volt buck regulator operating under the following conditions:

Vo = 1v

Vi = 25V

L = 200puH
= 300uf

T = 20uS

R .= .50

RL = 10,120

Again, as the slope compensation approaches —}2my, the theoretical

ripple rejection is seen to become infinite. As larger values of m are

introduced ripple rejection slowly degrades to that of a voltage-mode
converter (-6.4dB for this example).
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RIPPLE REJECTION AT 120 Hz (DB)

1 1 | 1 1

1
-15 -2 —25 -3
SLOPE COMPENSATION (m/my)

1
-35 —4

FIGURE 12 - RIPPLE REJECTION AT 120Hz V.S. SLOPE COMPENSATION

FOR 1AMP AND 12AMP LOADS.
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If asmall rippleto D.C. current ratio is used. asis the case for Ry =

1 ohm in the example, proportionaly larger values of slope compensation
may beinjected whilestill maintaining ahighripplerejectionratio. In
other words, to obtain agivenripplerejectionratio, the allowable slope
compensation varies proportionally to the average D.C. current, not the
ripple current. Thisisan important concept when attempting to
minimize noise jitter on a low ripple converter.

Figure 13 shows the small signal loop response(AVy/AV,) versus
frequency for the same example of Figure 12. The gains have all been
normalized to zero dB at low frequency to reflect the actual differencein
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frequency response as slope compensation misvaried. Atm = —Y2mp," (5 SUMMING OF SLOPE COMPENSATION DIRECTLY WITH SENSED CURRENT

anideal single-poleroll-off at 6dB/octaveisobtained. Ashigher ratios
are used. the response approaches that of adouble-polewith a
12dB/octaveroll-off and associated 180° phase shift
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FIGURE 14 - ALTERNATIVE METHODS OF IMPLEMENTING SLOPE COMPEN-

4.0 SLOPE COMPENSATING THE UC1846 CONTROL I.C.

Implementingapractical, cost effectivecurrent-modeconverter has
recently been simplified with theintroduction of the UC1846 integrated
control chip. This|.C. containsall of the control and support circuitry
required for the design of a fixed frequency current-mode converter.
Figures 14A and B demonstrate two alternative methods of implementing
slope compensation using the UC1846. Direct summing of the
compensation and current sense signal at Pin 4 iseasily accomplished,
however, thisintroduces an error in the current limit sense circuitry. The
alternative method isto introduce the compensation into the negative
input terminal of the error amplifier. Thiswill only work if (8) the gain
of theerror amplifier isfixed and constant at the switching frequency
(R1/R; for this case) and (b) both error amplifier and current amplifier
gainsaretakeninto consideration when cal cul ating therequired slope
compensation. In either case, once the value of Ry has been calculated,
the loading effect on Ct can be determined and, if necessary, abuffer
stage added asin Figure 14C.
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7 CONTINENTAL BLVD. MERRIMACK, NH 03054
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SATION WITH THE UC1846 CURRENT-MODE CONTROLLER.
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