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Switched Inductors: Control Loops

Switched-inductor (SL) power supplies normally close feedback loops that
sense the output, amplify the error, and adjust inductor current so the error
is low. With this feedback action, they can feed any current the load or
controller demands. This is how voltage regulators, battery chargers, and
light-emitting diode (LED) drivers supply power.

Perhaps the most distinguishing feature in their implementations is
how the error adjusts the inductor current. In this respect, although often
described in unique and stand-alone terms, most switched-inductor power-
supply systems evolve from two basic primitives. Variations on these then

germinate features and restrictions that ultimately set them apart.

1. Primitives

1.1. PWM Loop
A. Comparator
A comparator compares two analog voltages and outputs a digital voltage
to indicate which is higher. The output vo reaches the output high Vou in
Fig. 1 when the positive input vp surpasses the negative input vy and the
output low VoL when vy exceeds vp. In CMOS implementations, Von and
Vo are usually the positive and negative power supplies vpp and vss.

The differential input voltage vip is the difference between vp and vn.
From this perspective, vo reaches Von when vip is positive and VoL when

vip is negative. Comparators therefore dual as polarity detectors.

Vpp

v, »
v 0 N O Vip
N — \+
v v TViDovNy
Ss VoL TH

Fig. 1. Comparator.
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Solution:
Avs = VS(HI) — VS(LO) = 500m —200m = 300 mV
VI = Vsro) + Avsdo =200m + (300m)(45%) =340 mV
VI = V§HI) — AVsdo =500m — (3001’1’1)(45%) =360 mV
t 100
dO(MIN) =—t-= . =10%
Lok 1p
C. PWM Loops

The PWM voltage loop in Fig. 8 is the classic PWM voltage-mode
regulator. CPpwm and vs translate the amplified error voltage vio into the
energize duty-cycle command dg' that energizes the switched inductor Lx.

fcik determines the switching frequency and period fsw and tsw of Lx.

Fig. 8. PWM voltage loop.

The feedback translation Prs scales vo to the feedback voltage ves that
the error amplifier Ag compares to the reference voltage vr. So Ag outputs
the vio that sets and adjusts di' so Lx's inductor current i. supplies the
output current ip needed to keep the error low. This way, v nears vg and
vo is close to a reverse Prp translation of vg.

The PWM current loop in Fig. 9 is a direct translation of the voltage
loop in Fig. 8. This loop senses and regulates i. or io. So the error that
feeds CPpwwm and adjusts dg' is the current-error voltage vio.

The current-feedback translation Birs scales i or io to the current-
feedback voltage virs that the current-error amplifier Aig compares to the

current-reference voltage vir. Aig outputs the vio that sets and adjusts dg'

Page 6



Switched Inductors: Control Loops

1.2. Hysteretic Loop

A. Hysteretic Comparator

The hysteretic comparator CPuys in Fig. 11 is a comparator that decouples
and shifts vip's rising and falling trip points vrur and vrwoy. This way, vo
rises to Von after vip rises over vran and falls to Vo after vip falls under
vrwo). But vo does not trip when vip rises over vrwoy or when vip falls

below vrr. The difference between these trip-points is the systeresis Avr.

Fig. 11. Hysteretic comparator.

VN's trip points oppose vp's in vip. This is because vo trips low when
VN rises —vro) over vp and trips high when vy falls —vr@m below vp. This
is like saying vn's vram and vreo) are vp's —=vroy and —vrr.
B. Hysteretic Loops
The hysteretic current loop in Fig. 12 is a relaxation oscillator that centers
on the hysteretic comparator and slewing action of i.. Pirs is usually a

resistor that converts it to virs. This way, virg rises and falls with iy..

Fig. 12. Hysteretic current loop.

CPuys waits for the v the switcher impresses across Lx to slew i and
virg high to virs's v in Fig. 13. When vigg overcomes vy, CPrys trips
ve' low. This prompts the switcher to apply vp across Lx, which slews i
down. CPuys "relaxes" as ip slews down, until vieg reaches virs's vrLo). At

this point, CPuys trips high and virs's i Birs again climbs towards vr).
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Fig. 22. Doubly-contracted PWM current-mode voltage loop.

This is like subtracting vrg and virs from vr and —vs. With vg inverted
this way, Zvip adds two vp's and two wx's like CPpwm in Fig. 23. Either

way, incorporating Ag and Ae into CPpww is a double contraction.

II p ||
FB
Fig. 23. Compact PWM current-mode voltage loop.

These double contractions are stable without zpo when the capacitor
pole pc that Co produces reduces AL to foas at or below the current loop's
bandwidth pisw that the current loop's unity-gain frequency fias sets. It is
also stable when the roles of pc and pisw reverse. pc and piw can also
precede fogz when zc reverses pc at or below fogs. With zpo, stable
operating conditions are more elusive.

D. Offsets

The vios needed to set dg' is a dg' fraction of Avs over vswLoy. Since this vios
is a vp in Zvip and vig minus virg generates vios, Virs 18 Vios below Vir. Vip
in the PWM voltage loop is similarly vios below vg:

Vios = Vswo) T Avgdy'. (35)
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Fig. 37. Peak current loop.

tr " is also the same. When vir rises suddenly, vir surpasses Vieg, SO Vio
falls and stays low. This raises and keeps vg' high because, once fcrk sets
vg', subsequent lows keep vg' high. So i rises uninterruptedly across tr".

tr , however, is shorter. When vir falls suddenly, vir falls below vig,
so vio rises and stays high. This keeps vg' low because the peak flip flop
SRpk is reset-dominant. This way, ir falls uninterruptedly across tr".

The valley current loop in Fig. 38 is the peak's complement. CPy starts
te when virp falls below vir, virg rises until fcrx ends tg, and vg' stays low
and high with vio across tr's. So vir sets Virswo), tcLk fixes tsw, and ir. rises

and falls across tg" and tg~ without interruptions.

Fig. 38. Valley current loop.

B. Sub-Harmonic Oscillation
vin noise can change the di;/dt that projects i across Avirs/Pirs, Which can
alter tg or tp. A temporary rise in Vg's vin, for example, raises di "/dt in Fig.
39. So i reaches vir'/Pirs sooner, falls across a longer tp, and reaches diro
below the nominal ir o).

dir extends the next tg that dip "/dt projects. This shortens tp because
tsw is constant. So dip /dt projects i above the nominal i o). Since dg/dp

is vp/vg, the new imbalance dir; is an inverting dg/dp translation of digo:
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Slope compensation adds another offset vsos. vs subtracts a dg fraction
of Avs from vsar) or adds a dg fraction of Avs over vswo). So in all, vios is

Av
_ IFB +
VIOS - VIOS +v

= -V +
SOS 10S
2

Av N
=— ( Vswormn tAvgd ) (63)

Example 12:Determine vsmn, Avies, Vo, and ves for the peak current-
mode voltage loop when vr is 1.2 V, Ag is 10 V/V, Birp is 1
Q, teik is 1 ps, tp is 100 ns, tsr is 10 ns, vswo) is 200 mV, vg
2.2V, vpis 1.8 V, Lx is 10 uH, and i (avg) is 100500 mA.
Solution:

dv 0.5v
Av, =t ( IFBj_t {—Djz% mV
S CLK dt CLK LX

Vs = Vso) T Avs = 200m + 90m = 290 mV

4= 18 s
Ve +vp 22+18

tg = terkde = (11)(45%) = 450 ns
\%
AV =1t [L_EJBIFB (450n )( j(l) 99 mV
X

tp =tp+tsg =100n + 10n =110 ns

AV g Vg
Vios = > -t L Bre + Vswo) +dAvg
X

=99Tm—(110 )( ](1)+200m+(45%)(90m)

=270 mV
Veo = i(ave)Birs + Vios = iLave) + 270 mV = 570 £ 200 mV

Vig = Vg —~E0 =12 - YEO = | 14V +20 mV
A, 10
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Vg +Vp

AVFBzAVT+tP[ jBFB:41 mV

F~F

0
_py, o (00M)Q2+1R)66%) o

! (800k)(20p)
Ay =Nen 20 _ 65y
Beg  66%
v 1.8
t. =d.tey = D tew =] —— |(1n) =450 ns
BooTERY [vaJ W [2.2+1.8j( 2
2
Av. = Vit +vpty’ N Vit + Vg (tsw —tE)
© 8L,C,, 8L,C,,
2 . 2
_ (2.2)(450n)" + (1L8)(In—4500)° .
8(10p)(Sp)
Note: Avo is much lower than Ave.

D. Voltage-Mode Voltage Loop
The voltage-mode voltage-looped buck in Fig. 46 uses the filtered buck

like a current loop. This way, Prs2 scales vo to Vs, Ag2 compares Veg: to
VR, and the filtered buck translates veoz t0 iLava). SO veoz adjusts the ipava)

that sets io so vrs2 and vo near vr and vr/Brs2.

Fig. 46. Voltage-mode voltage-looped buck.

vre2 and veoy are steady because Co suppresses vo's ripple. CPgy,

however, needs this vgo to carry a Prgi translation of vrave). Ve minus
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