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Introduction: Voltage mode control
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Introduction: Current mode control
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Introduction: Ripple-based control

optional /\/\/ inductor current Limited di/dt of
Uramp inductor current
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Introduction: Ripple-based control

perturbations: Output current

optional /\/l/\/\ fast rippled signal

N
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Introduction: vZi_

L perturbations: Qutput current
+ 1 C R v
== | Driver N\ 4 °
- r" /\/l/\/\
— =i —_ = fast rippled signal
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Introduction: vZi_

Fast loop:
- Responsible for fast dynamic
response

Slow loop:

- Responsible to regulate tightly the
output voltage.

- Very low bandwidth

Output current

/ Y Y
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Introduction: vZi_

How can we measure the capacitor current?

We can estimate it by measuring only the output
voltage and designing a transfer function 1/Zc(s)

1
Z(s)——+Rc s+L.-s

L / Y YN
Lol 4l [T L J{ %
L _

+
- —
Vin A > Vin A
]
K. K. =1/Z.(s)}—4
K\u * \ K\o ]
Vref Vref
—
-1 Modulator = Modulator
— H,(5) | T+ €—— H,(5) |« T+

[ ] M. Del Viejo, P. Alou, J. A. Oliver, O. Garcia, and J. A. Cobos, “V2IC control: A novel control technigque with very fast
response under load and voltage steps,” in 2011 Twenty-Sixth Annual IEEE Applied Power Electronics Conference and
Exposition (APEC), 2011, pp. 231-237.

[1Y.Yan, P--H. Liu, F. Lee, Q. Li, and S. Tian, “V2 control with capacitor current ramp compensation using lossless capacitor
current sensing,” in 2013 IEEE Energy Conversion Congress and Exposition (ECCE), 2013, pp. 117-124.
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vl concept

V3 VZi_reordered
/ m ZC(S) ______ /
i P IR T
+ 3 &Y, +
"= | Driver [=» | —_—C ° “=pm | Driver [—»
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FFB
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— AN Ky
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vl concept

Low-Q output capacitor

40 /
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vl concept

Integral Proportional Inverse of impedance
action action of output capacitor
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vl concept

High-Q output capacitor

40 /
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vl concept

(1+5/,)(1+5/4,) High-Q output capacitor /

H (S) = A + k
t Os 14t 5412 _V_'nJ_
QWC W% _ —_
100 1k 10k 100k IM 10M
60 L L Ll IIII! L L L.l IIII! 'l Ll IIIIII 1 Ll IIIII! L AL LLllll Modulator

- H(s) has complex poles. It cannot be
implemented as a type-lll controller!

'60 LI T lllllli l L) l;;llii L] l ll;llli T T IIIIlIi T rrTrTm

135 - i b L
] - But it can be approximated if AB <
w_/10

_135 1 l Illlll‘i T ] IIIIII; L] ] llll:;l‘i l T lllllli ] l II;III
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vl concept

(1+5/2,) (1 +5/z,)

H(s) = A4,

1
s{1+73—5+—s2
< ch Wg

10k

100k

1k

100

Gain (dB)

1 ) thpe—III(S) =4,

High-Q output capacitor
(1 + S/Z1)(1 + S/Zz)

IM

v7i, control, equation (1)

-------- Type-III voltage mode control
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vl concept

High-Q output capacitor

VZi_reordered Type-Ill voltage mode
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vl concept

High-Q output capacitor

VZi_reordered Type-Illl voltage mode
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vl concept

Low-ESR zero output capacitor

0 B i : — z /

Driver

I

l+
v
r

'H a-<|

Modulator

] LRI ] L] IIIIIII L} L] IIlIIII L} LA L} LB
100 1k 10k 100k IM 10M
Frequency (Hz)

Z.(s) = R, ( For the frequencies of interest! )

H —AWH(+K
t(S) - S v lZC(S)

October 2016 1)
CEIUPM EEEEEEEEEN S

PwrSoC16 17



vl concept

Low-ESR zero output capacitor
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vl concept

1+5
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vl concept

Low-ESR zero output capacitor

V2 Type-ll voltage mode
/ Y™ N S s oW
L L
1 SR 0 S
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vl concept

Low-ESR zero output capacitor
V2 Tvpe Il voltage mode

TekPrevu TekPrevu

5 (LT MM IR g RES ) N e of LT T —I_—I_—I_ C I 1]
- Duty cycle [10V/div] : Duty cycle [10V/div]

Output voltage [100mV/div]

Output voltage [100mV/div]

Inductor current [S5A/div],

Inductor current [5A/div]

B - PRI U0 SO (et .
Feedforward o
output current ramp = 0V

Feedforward of
output current
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FFB [100mV/div]
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0 0 ] 1 1 ] 1 y (
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SFB (V) P /] , | | Feed .
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vl concept

V2 control compensated with the inductor current

Type-ll current mode

/

+ T + T
=== | Driver —»\ 11 === | Driver
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Ve -
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vl concept

H.(s) = 4o +K,+K !
POSSIBLE IMPLEMENTATIONS OF H, V2, Vzic ’ VziL and V! are just different
ACCORDING TO OUTPUT CAP : .
implementations of H(s).
Low-Q cap (Q<0.5)
V2 - By using only the output voltage, it is possible
type-1ll voltage mode to emulate a current mode control with
feedforward of output current = V! concept
High-Q cap (Q>0.5)
If AB < w/10 - Keep the ripple information in the loop!!!
vai

type-lll voltage mode (approx)

If AB > w,/10
vZi

Low-ESR zero cap

.
(o]

V3
2
v S,
CEIL ¢ Il volt d rm (I) c.tgb.e; 2-0-1 E T ‘B"/J




Comparison of traditional VMC design and V1 concept

Design of voltage mode based on v'
---------- Traditional design of voltage mode

Keep the ripple
RN Al x0T | information in the
~“Traditional | loop!!
i TR V|V|C regulator B e

Gain (dB)

90 it

-135 N N L3 s L S B 0 i L S 0 e
100 1k 10k 100k M 10M
Frequency (Hz)

' October 2016 )
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V1 conceptis a ripple based control: subharmonic oscillations!!

Design of voltage mode based on v'
---------- Traditional design of voltage mode

ramp (V)

Ve (V)

... BUT accurate models are needed to design with robustness....

Discrete modelling and Floquet theory

— = Cortes, J.; Svikovic, V.; Alou, P.; Oliver, J.;
) Cobos, J.; Wisniewski, R., "Accurate

o Robustness analySiS and Optimization analysis of sub-harmonic oscillations of
. V2 and V2Ic controls applied to Buck
(0] ngh dCcuracy converter," Power Electronics, |EEE
Transactions on , early access
October 2016 1)
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Floquet theory

Bifurcation phenomena

o Sub-harmonic oscillations can be seen as a bifurcation where the system is unable to
maintain a T-periodic solution

A AR A Al .«/"\\

A

\ATAIATAYAY
1//\\//\‘/\\/\\/\\ JEEA
. =

¢ ,/ ¥ ¥
\ ) 3.2 1034 1086 105.8 109 109.2
\ J
iL (A) 400 BOD\ 800 1000 1200 1400 /150‘/1800 2000
4 T R S S N T T S T TR R N1 I ST I P T S T S T R

3]
2]
13

0 k% ——
] T
I
400 600 800 1000 1200 1400 1600 1800 2000
ESL (pH)

Bifurcation diagram

October 2016 H
CEIUPM EEEEEEEEE

PwrSoC16 26



vl concept

Equivalences between controls

If low-Q cap or
high-Q cap with resonance below AB/10

v2 compensated with
capacitor current
(vZi,)
v2 compensated with
inductor current

current
mode

voltage
mode

October 2016 %)
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Floquet theory

Bifurcation phenomena

o Sub-harmonic oscillations can be seen as a bifurcation where the system is unable to

maintain a T-periodic solution

iL ( A ) 400 600 800 , 1000 1200 1400 1600 1800 2000
4 P Y R R

Yy

Stability is analyzed by Floquet
theory.

o If a perturbation grows over a
period = unstable
AXpy1= q)cycle - Axy

A = eigenvalues of @

[A] < 1, stable
[A]| > 1, sub-harmonic oscillation

cycle

Floquet

400 600 800 : 1000 1200 1400 1600 1800 2000
ESL (pH)

October 2016
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Floquet Theory: robust design regarding all the tolerances

2
v,
([step =1 1,0 5
o - =3.1v 00 /
— 0,8—; :;_,-
V 3 174 WM - ,.v"{é\\M WyHMMM fMM W’H = o7 STABLE -
e, o, o, bl o *" g "g 32 o el
S 04 ;____‘ir:pffi'?_‘_’ ______ Ll g Mot 3
//\///w// % \/// \// /w
K = g:f ’ UNSTABLE
B, e_f 0,0
VAR _ : SRR 0,004 0,8 1,2 1,6 2,0 2,4 2,8 3,2 3,6 4,0 4,4
Tt T T TR Voo (V)
| /| C .I Predicted stability behavior
E - tr 1 '
(@ 200mv_ % @D 1.004A @ € s0. ov_) 4 ns Hs.ouc‘.szs [ o - z;.o-nv] The Floquet theory pred,Cts accurately the

oscillation!

V,,, =3V 2>A=-0.966
Experimental sub-harmonic oscillation on V2Ic control
V,,,=3.1V >1=-1.06

Out of unit circle!

- October 2016 ‘E
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vl concept

H,(s) = 4 +K,+K !
POSSIBLE IMPLEMENTATIONS OF Ht
ACCORDING TO OUTPUT CAP

Low-Q cap (Q<0.5)

V3
type-lll voltage mode

High-Q cap (Q>0.5)

If AB < WE/ 10
vai
type-lll voltage mode (approx)

If AB > w,/10
vai

Low-ESR zero cap

a CEIl type-Il voltage mode

Integral
action

Proportional

10k 100k M 10M

Inverse of impedance
action of output capacitor

October 2016

EEEEEEEEEN
PwrSoC16

llllll L) T T LI
10k 100k IM 10M

Frequency (Hz)

)
R/
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vl concept

And what happens to the v2 control compensated with the inductor current?

V2 compensated with the inductor current Type-ll current mode
/ . /
+ T + T
= | priver |\~ F v == | Driver
Vin __— Vin
—_ — - _
Vref
Modulator Modulator | +
—— A,/ s Ve -
R,

G R

- As seen, the v2 control is equivalent to a type-Il control. In a Buck converter, the control relies on the
ESR of the output capacitor to boost the phase of the loop gain.

- If the ESR is not dominant in the output voltage ripple, the phase margin is poor because the type-Ii
controller cannot add any phase and the response is oscillatory or unstable.

- The v? control is commonly compensated with the inductor current for improved response for non-
dominant ESR capacitors. What we are essentially doing is turning the v2 control into a conventional
current mode control that can now be regulated with a type-Il controller.

October 2016 ! 1
CEIUPM EEEEEEEEEN Sae
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vl concept: design guidelines

Proposed design of a type-lll voltage mode control based on the v! concept

a CEIUPM

NS I 9c SHIE s

Pi pgéfto match zc:ros of
impedance of output cap

R oA

o [ T s 1
2] < 2= ~ z,to set recovery time 22/~

10 tr

Frequency

October 2016
EEEEEEEEN
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Comparison of traditional VMC design and V1 concept

a CEIUPM

Design of voltage mode based on v'

Traditional design of voltage mode

180
135
90
45 H
O— .
-45 | I Illllll L L} IIIIIII L L IIIIIII L] Li
100 1k 10k 100k
Frequency (Hz)
October 2016
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Comparison of traditional VMC design and V1 concept

a CEIUPM

Design of voltage mode based on v'
---------- Traditional design of voltage mode

October 2016
EEEEEEEEEN
PwrSoC16

= duty (V)

output voltage (V)

inductor current (A)

ramp (V)

v (V)
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vl concept

Low-Q output capacitor

VZi_reordered Type-Illl voltage mode
1 P
+ Driver
“==_ | Driver Vin
Vin —s
e ramp
H Modulator /\/\,/ﬂ
Modulator ramp : . _ AAN
N\/ - — i Vet b —I\l R,
“ N Itis possible to modulate this voltage mode G R C|-'W"-R
control with constant on-time and no ramp! G -
' ype controller
R ERLnnnn ’ii'ﬁfﬂ\’/)’jj

******* i ’Ind:uctor Cu:rrcnt (A)

|

] |

,,,,,,, (R I 777\77777777L
1 ]

\

-4 ! | — 1
I E— R F— —Foedforward ol - ‘ j ; ‘ .
1 < outputcurrent -FFB (V) SFB-(V)1-| 3 —f——fE@?dﬁqliw—a—?——Qf—frampzﬂy—fvé(—vi)—
{ . ‘ ‘ VNV .. 2 1 , ! output current ! : :
L I 1 I L I I I L] I ] L] l L l L] l T I L] I 1 I L] I ] I L] l L l
505 510 515 520 525 530 535 540 505 510 515 520 525 530 535 540
t(pns t(us SR,
(ns) October 2016 (us) w
CEIUPM EEEEEEEEES )
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vl concept

Low-Q output capacitor

(1 + S/Z1)(1 + S/Zz)

H.(s) = A,
S S
s(1+5/p,)(1+5/p,)
100 1k 10k 100k M 10M
60 1 1 IIIIII! 1L [ IIIIII! 1 1L IITIIII 1 1 IIIIII! L Iilllll Modulator
] Ay K J
40 21 _E 2y : KC CR.
~204d TS~ ,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
% 11K :
g Y -
s | 2
Q204 e it s e e '
) AT TS L.:
NPT Wz A - N
-60 T lll;lll T TTTTTT T l ;;;III‘ T TTTTTT T TTTTIT —— Driver —>\ Yo
135 L 1 IIIIII!I 1 L IIIIII: 1 L IIIIII!I 1 1l IIIII!I 1 L L hiiLl Vin
ramp
Modulator /\/\,/ﬁ
Ve _ ANN——
L[ R
_ o e
35 bt o . . Eati Type-lll 2“ ? C, R,
= L] L IIIIIII T L] lllllll T L lllllll L] L ll'llll 1 LI controller IICl
100 1k 10k 100k 1M \ Type-III controller
Frequency (Hz)
October 2016 1)
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vl concept

Low-Q output capacitor
VZi_reordered Type-Ill voltage mode

+ T
+ “==m= | Driver
“=mm= | Driver Via
Vin —

Modulator| A, A Neet

Modulator Ve \ ANN—
— VWA |R', g
G R
11 C; R,
1 ICI

Type-III controller

2
% _ __ _ ’ _ _ _
------- ERMp-LV) i[O L
1 0 I S e e e B AL m
505 510 515 520 525 530 535 540 505 510 515 520 525 530 535 540

t (us) October 2016 t(ps) ! )
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Introduction: vZi_

/ Y YN
L é
+ 1 C R
== | Driver —»\ —_
Via = |i¢)
Kic
+
+
K\’u
s
= Modulator FaSt Ioop
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Fast loop:
- Responsible for fast dynamic
response

Slow loop:

- Responsible to regulate tightly the
output voltage.

- Very low bandwidth
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In steady-state, it behaves like a current mode control
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