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Voltage-Mode Control Basics

LJ TECHNOLOGY Linear Technology Corp. Confidential



Voltage-Mode Controlled Buck Converter

_____________________________________________________________

. Comparator Ve V.,
Power Stage Error Op-Amp
Control-to-output Compensation A(S)
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Buck Converter Power Stage Control-to-Output

. 2
Vin (+) = o d: R g \VA Output v
_> PWM ---JE} C =
ST i
PWM Duty cycle d_
Control-to-output transfer function: ESR Zero:
1 1
S f, em=52E
.V, [+ ) -2 [C
G — Vo — SZ_ES:Q
v (S) = J - S & Resonant double poles:
1+ D +— f 1 - 1
7y 7y =
0] 0] o_p 277_ /L m:

- 1 zero, 2 poles system.
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Buck Converter Control-to-Output Transfer Function

Power stage duty-cycle to output transfer function Gdvi{s)=vo i d

0 T .
Gain (Gdv H ] Reference design
S ( ,,,,,,, ) ........... M i'ﬁ*ag Doyblg Poles 1 3X470uF Kemet Tantalum cap.
/ T rc=30mQ
o0 Daouble Poles ' / 2 - Customer design
. ESR|7ero 2 X 220uF Panasonic SP cap.
5 : r.=12mQ
ESR Zg
40 3 d 5
100 1-10 1-10 1-10 110
i)
2n
Phase (Gdv) e
30
0 S T
—a0 hf?:u‘-._.fz_t.‘;_ESR
o0 NI Double Poles: -180 °©
o N ESR Zero: +90°
-120 A I RN rT -
T 800
-180 3 : :4 ' 5 6
100 1-10 1-10 1-10 1-10
&5
2n
Fregquency (Hz)
Control loop is a strong function of output capacit or ESR
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Voltage Loop Compensation Design

1. Select desired cross over frequency f -

f _fS\N,_,fSN

C(max) — 1_0 5

2. Loop compensation — type Il compensation network

* One pole, low frequency integrator for high DC gain
*Two zeros located around L-C resonant double poles
» Two high-frequency poles:

e to attenuate high frequency noise

* to ensure the magnitude of the loop gain keeps

decreasing after the 0dB crossover
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Type |l Compensation Network
(Typical 3-Pole, Two-Zero system in Voltage Mode Control)

iz
1 =
Z. ; = 1Z‘F V, Zi
+ P
N e aan HA 1
i G R 2z G ; Z =R/l =—+R,
B AR =R,
Yo |
Sy Y I . :
] - 1 1
ok \ oL Z, = //( sz
‘ 1

i Ve o_@ (1+5/0,, 1+5/00,,)
0, s (1+s/,)1+s/@,)
where: W,; = Rzlcl’ Wz = cz(R11+R3)
1 -1 = =
“TREere) MTRe %7 pok
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Pros and Cons of Voltage Mode Regulators

¢ Pros:
+ Don’t need dedicated current sensing R : high effic lency and
low cost solution

¢ Cons:
+ Loop gain is a function of Vin
+ Solution: Vin feed -forward compensation
+ Loop gain is a function of output ESR
+ Need carefully loop compensation design
+ Need to compensate for double resonant pole
+ The current sensing / limit is slow and not accurat e
+ Need external loop for current sharing if two suppl les / phases
are in parallel
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Current Mode Control Basics
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Simplified Block Diagram of Current Mode IC

< . ) L I:asense |
1T +
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Vin PWM »JE} - —c $ °
‘ slope comp i, feedback K...(S) R, C,
ref |
- T/\/\/\/\ i
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>
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Error ref

Op-Amp
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s R i | % *
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Q)
=]

I

LTC1628/1629/3731
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Peak Current Mode Control

Slope comp v

S S,
Ihductor
curtent signal

R R

Top FET Gate Signal
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LTC’s Current-Mode Controller Block Diagram

) L LTC1628/1629 '
Bt i iﬁ-
CLl:iK = - - T8 =] "
E'IEJF — 0T FCE— ,,a-: o
— | FOALCE BOT |5'_""|
Fi I!.l.

1:1 Gain
Diff Op-Amp

e

Current sensing . i

e

and comparison loop ITH voltage Iolo_p
compensation

‘ 7 LIl I/ K _ S
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Power Stage Transfer Function With Closed CurrentL  oop

Gain (dB) Mew power stage Gev(s) with current-mode-control

20
10 ; i 1 Reference design
0 S A 3X470uF Kemet cap.
) -10 LF PEO|e :I)"""-—-—-_-._.,.___ rC:somQ
-20 : : .
: = A Customer design
i ESR/[Zero :
0 5 Z 2 X 220uF Panasonic cap.
—40 * * =
100 1-10° 1-10* 1-10° 1-10° re=12mQ
£
F 2m
Phase (deg) redueney (13
0= X v
=20 P e ;
—40 E "'..'. .
o \M E_ESR 1
_Bl] E LTI YT LA
-100 :
-120 ; 0
-140 ; 90
-160 :
-180 :
100 1-10° 1-10* 1-10° 1-10°
A
2n
Freguency (H=)

* Reduce phase delay with different output capacitors
 Stable system with reduced output capacitors / cost
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Buck Converter Power Stage Control-to-Output

A
A Output

RC
/CD éc R Simplest small-signal model :
current source feeding the load

Low frequency model

A
Vo Input

Control-to-output transfer function:

. c 1.1
. 1+-) c 2m R[C
\Y/ S
G,(s)=—==K SZ
V
c 1+ f=tpgl
Sy 21 RIC

- 1 zero, 1 pole system.
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Pros and Cons of Current Mode Control

& Pros:

*

*

L 4

L 4

Accurate / fast cycle-by-cycle current limit

True soft-start of inductor current

Easy to parallel phases / converters for high curre nt

Accurate / fast current sharing

Very good line ripple rejection

Simple loop compensation with wide range of COUT, i  ncluding
Ceramic

High reliability

¢ Cons:

¢

¢
¢
¢

Need current sensing Rsense or RDSON, noise immunity
Subharmonic instability (ramp compensation)

Duty cycle limitation (ton, toff) due to current se nsing delay
Higher output impedance at low frequency
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LT IR

Loop Compensation Design
Of Current Mode Control
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Voltage Loop Compensation Design

1. Select desired cross over frequency f -

fS\N.__ fSN

f, =W
C(max) 10 5

2. Choose desired loop phase margin:

Phase margin >= 45° for buck converter

3. Choose optimum values of the resistor divider
network K rz£(S) and ITH compensation network
A(s)
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Feedback Voltage Divider and Phase Boost

Vout 0

VEAIN  K(S)

-20

a = 100 1-10° 1-10% 1-10° 1-10°
+ i
_‘ K —_ VREF - R. Ix

- Frequency (Hx)

ref 40
Loy
_ Vean(S) _ L, |
K rer (s) = TIAI—?S) = Kger S =
0 1.|_

ZﬂDfp_ref -10 3 d I 5 6
100 110 110 1-10 110

oo 1 P 1 £(8)

z ref — x

. 2R, [C, e Keee 27TIR, HC, +C,) Frequency G2

C,and C, provide phase boost around the cross-over frequency
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ITH Compensation — High DC Gain

Compensator Gain A(S) 00 i
wn Om _Vean EAIN _ o N f
ITH | Vi Vi «— - M 60 S -
| — . VEaiN S, =0 .\\
| : 10 R
_‘ % 30 .\‘\\
Cy. i Vv o @ ™~
. | ref 10 NN
.__= _________ . 0
Zin (S) 10
0
Vi (8)
A(S) === = =0, L(Zin(9)) o ° -90° |
VEAIN (S) %
= -0
1. Simple Integrator: o a5
A( S) — _g | | —1su10 100 1kHz 10kHz ~ 100kHz  1MHz
m
Cth K3 Frequency

* High low frequency gain for accurate DC Vout regulation
 -90° phase delay @ expected cross-over frequency f.
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ITH Compensation — LF Pole

Compensator Gain A(S)

9m _Vean | EAIN

TH | Vi Vi, <g—@< v
I | EAIN

AS) = VV—((S)) =9, [(Z4(9)

2. Simple Integrator withg , Op-Amp
Output Impedance R :

A(S) =~ 0On |:Ro EI# Spo = :
(]_'F __EE__) FQB [g:%h
Spo

* J,, Op-Amp adds a low frequency pole

e Still -90° phase delay @ f.
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ITH Compensation — Add Zero for Phase

Compensator Gain A(S)

a0 TTT
igm  9m _Vean |EAIN 80 f
ITH | Vo, Vi «—— - c 70 . c
i ® E | VEAN 'C_U (1] .
Ry i LR T O % ] fow
i | ° 30 pr T
C?hl i = Vref 20 ~ =
B T : 13 Sihz boostg '
Zitn (S) 10 phase margin
0 Y i
-.\ \\\ J/,A‘
| % it
3. Add zero for Phase Compensation & N, A 900
at cross over frequency:. 8 9 ¥
s 2}
1+ — -135
A(s) = -g, [R, B—=_
(1_|_ i ) 10 100 1kHz 10kHz ~ 100kHz  1MHz
1 Spo Frequency

Stz =
* R, [T,

e Adds a zero before / around f- to boost up phase
L7L|nff\|2  Increased gain @ high frequency
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ITH Compensation — HF Pole

Compensator Gain A(S)

i, Om _Vean | EAIN 90 1L

TH Vi, V0 0 fo
J_ N EAIN % 60 < fo
R‘!‘ ]Ci % b S
Cﬂ;h Ethp = Vet ig A ™

____________ I 10
= /
Zi (s) 0 HF Pole L.
0 — ] U
2 =N
4. Add a high frequency pole to o ¥ N ;ﬁ" X
attenuate PCB switching noise: f__‘@ oo - 90° |
o
1+i -135
—_ Shz
A(S) B gm [R) = S S —1su10 100 1kHz 10kHz ~ 100kHz
(1+ S—) ﬂ1+ —) Frequency
po hp
—_ Cth + Cthp —_ 1
Sthp (Cth >> Cthp)

Rth |]:th |]:thp Rth |]:thp
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How to define compensation network

Simulation :

- Use LTspice to generate Bode plot
e Check:

» cross-over frequency (fc)

» phase margin & gain margin (¢m, Gm)
*Adjust compensation values
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Extract from datasheet

Parameter Value Units
RL 10.4 0
Cout 15 1k
Resp 10 mil
oL Ro 04 Mo
1.255V Cp 60 pF
REFERENCE oy 73 oF
R 100 ke
R1 402 k2
R2 133 ki
= (Cp: COMPENSATION CAPACITOR
CouT: OUTPUT CAPAGITOR Vour ; v
CpL: PHASE LEAD CAPACITOR VN 3.3 V
Oma: TRANSCONDUCTANGE AMPLIFIER INSIDE |G
(rp: POWER STAGE TRANSCONDUCTAMGE AMPLIFIER Uma 35 umho
Rc: COMPENSATION RESIS TOR 75 b
Ry: OUTPUT RESISTANCE DEFINED AS Wour DIV IDED BY Ioaniax) Ormp i mno
Ro: OUTPUT RESISTAN CE OF 01y, L 07 oH
R1, R2: FEEDBACK RESISTOR D IVIDER NETWORK :
Rgzp: OUTPUT CAPACITOR ESR fg 1.3 MHz
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LTspice to generate Bode plot

o 5
0 = o
~ O
¢ —) :
\ ..,___/_’/
AC 10m | J
\— < Resr
< 10m
pert
x--'m _.Cpl
402K |3.3p __Cout
35”/ A __15
a5 g
Ve Gma + V1 _"R2
i J{/ + ™~ .
133K
\ Re 400K \7/1 255
100K J7
47 <
Cc
60p
~7 .ac dec 1000 100 1000k
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V(out) / V(pert)

LTspice to generate Bode plot

V{out)V(pert)

54dB 180°
H170°
48dB
-180°
42dB—
I-150°
36dB—
-140°
30dB~
-130°
24dB~ 1207
dm=98° |
-100°
12dB >
I 90°
6dB-|
I 80°
0dB
I 70°
-6dB
~ - 60°
— -
-12dB —— : : —— 7 ——7 ——— 50°
100Hz 1KHz 10KHz 100KHz 1MHz
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Practical Tests
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Measure the Voltage Loop Gain

FREQUENCY
ANALYZER

. I_J:_IL_I - . fmr\l\r i T i/-\©— Channel 2
| i
i Output

| Channel 1
A \/ ’q

=
=
<
| |
1

________________________________________________ . lLoopgain:ChZ/Chl

_____________________________________________________________________________

LT IR
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Typical Loop Gain and Phase Margin

LTC3729 Current Mode Buck Converter Typical Loop Gain

System Loop Gains:

70
60 ~. S
- s0 RN Cross-over
= 40
@ ™~ frequency f
G ¥ SN ,
20 Raty ,
P,
10 H"“--. ‘
0 ‘h‘"“""--..._\
-10 N
-10 My i
100 1-10° 1-10° 1-10° 1-10"
(i)
180 CTTTIT ]
160 .
o 140 \‘\-. Phase Margin i
© 120 [ )
< . 100 M ik
oo, N N
AN ) \
60
0 S R NI
e S " \
20
0 \
100 1-10° 1-10* 1-10° 1-10°

(7“”@'2 Frequency (Hz)
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