Fast dynamics with non linear control:
merits and limitations

José A. Cobos, Pedro Alou

Centro de Electronica Industrial (CEl)

Q www.cel.upm.es
September 2008
'POLITECNICA




Outline

Motivation
@ Cout, Current & voltage steps

Optimal time control

Analog implementations
@ V2, hysteresis
@ Proposed control implementation

Limitations of the proposed control
@ ESL, OpAmp bandwidth

@ Cout tolerances

@ Variable frequency. Freq loop

Experimental results
Summary
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5MHz Integrated Converter
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Bandwidth limitations of Linear control

# Robustness at very high frequency

- Noise

- Parasitic influence e  Limit Bandwidth

- Plant variation
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Minimum time control
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Minimum time control

# NON Linear Control

||~ Optimum response for load and voltage steps

#% Complex implementation

mmmm) Digital Solutions
nmmm Analog Solutions

# Combination of Non-linear and Linear Control

v NonLinear mmmm Take the system close to steady state
v Linear nmmm)p Steady state, but must not interfere (Instabilities)
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V2 and Vg, Hysteretic approaches

WV Fast response to current steps
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V2 and Vg, Hysteretic approaches

W Fast response to current steps

Sensing output voltage ripple:
noise problems

Triangular output voltage ripple
needed (ESR dominant)

z: \ E : \7< \
ESR dominant
~ Vour Ripple provides
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Depending on Cg ...

Not ESR dominant
limm

Vour

VOUT —— | Vour

iCOUT icou-r

Voltage ripple is delayed with

Voltage ripple provides an
respect to C,; current

instantaneous measurement of

Cout Current
- LOAD STEP

A Vout, ESR dominant
z—" Vout, Not ESR dominant
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5MHz converter with 10uF ceramic Cap

Tek  Prewiew 0 Acgs 17 Sep 05 15:42:24

Chi 5.0% Chz 10.0mY b
Chd 2.04 £ Chl




Instantaneous response under L
current steps E I Al
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Non Linear + Linear control

@ \VA
‘_@‘/\/KT}:K : Regulator ref
c*lc ref ‘

Linear loop to regulate Vg1

@ 100kHz bandwidth is enough K *i o
C Ccre
@ 2-3us time response for a 1V voltage 0
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Output Capacitor Current Sensor

@ Equivalent RLC network + trans-impedance amplifier

Output capacitor

}ICOUt ‘ AVO
5 Cs

Cout?

ls = leou/N
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Current sensor: design goals

Objective:
@ To design a parallel RLC Scaled impedance
network magnitude

@ Scaled impedance magnitude A

@ Equal phase and/or same time
constants
R A I N

'm}' Is}' Same phases
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ESL effect is given by Op Amp bandwidh

Output capacitor db?l
[Tt | Aoc
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AB |
Assuming
Sensor resistance
. e . Apc'wp  AB
Trans-impedance amplifier input resistance W < =
Trans-impedance amplifier input inductance 10 10
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Tolerance Analysis: Influence of different AB

Nominal case: Simulation results

500.00m

°‘\\/§\/
-500.00m TCout = Ts ’
| |

71.00u 71.50u 72.00u

Sensor gain is affected:

/;\\E//\/\\/ -15% AB deviation produces -
15% fg,, variation

ls

Sensor designed for 135 MHz
but AB is 170MHz

Sensor designed for 135 MHz
but AB is 100MHz

500.00m 500.00m
N NSNS\ S
0- AN
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Effect of output capacitor tolerances
DeSlgn SpeCIflcatlonS .....................
@ Switching frequency: 5SMHz o
@ C,,rresonant frequency: 1.5MHz (approx.) : :

. . . - ESL
@ C,ydielectric: XTR (Thermal variation +/- 15%)
@ System operates in inductive side . Cout
: MLCC
Capacitive
side
Inductive
side
% AN
Cout Resonant Switching Frequency
o Frequency
O (\
5570 N
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Restriction to output capacitor tolerance

If sensor is designed for inductive side, but C, ; is reduced
and system changes from inductive to capacitive side:

Incorrect

ICout

155.00...

n- IS . B C.. actual current
1

@ Cousensed
current

111111111111

Restriction: Assure by design that system always
operates in the same side A
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& “Worst” worst case of fges variation

Worst case of fycg variation

@ System operates properly, remaining on inductive side

@ Resonant frequency changes from 1.59 MHz to 2.1 MHz
@ Phase remains unchanged

1

Fey et =
Homin J(0.75-C)-(0.75-ESL)

C -25% and ESL -25%
—

fres Increases 1.32 times

5MHz

C-25%
L-25%
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1.5MHz //v'
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Current sensor design: Experimental validation

Tek  Run Sarmple 08 Dec 07 1530057
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Scaled impedances

Chz Z00md 2
Ch3 200y Chz

The design must regard:
@ Tolerance of AB: sensor gain variation
@ Design restriction: freg<fgy

28 @ Internal stability of the Op-Amp ST
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Limitation: frequency is not constant

/\/ ¥ Hysteretic
vy  Band

100 nH

/M Vout
v.=5v L _{ o] VouslV
2.7V -55V T / T 3| 1v-2v
fo = 5 MHz
) -

Restrictions:
@ V,andV,, range
@ Qutput capacitor tolerances
@ Current sensor tolerances

/ L1 ‘\\\
i 2
H 2
) .S, )}

4

Oy,

POLITECNICA

S
09—
'c:.g
055
— h
c O3
0 Q0T
owE



Frequency loop: Proposed solution

Frequency (VVFR
L oltage
O oo Controlled
- Regulator Resistor) Hysteretic K.
Band —
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Tek

Experimental results of the whole system:
Voltage step
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-Very fast response!

-Close to Minimum Control Strategy
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Experimental results of the whole system:

frequency loop
Voltage Steps

Tek  Stopped 1 Acis 12 Gep 08 17:02:49 Stopped 1 dcs 12 Sep 08 17:04:38
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Frequency loop adjusts the switching frequency to the
5MHz nominal value
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Conclusions

Hysteretic control of the output capacitor current
@ Very simple control strategy
@ Very fast dynamic response, close to Minimum Time Strategy
@ Reduction of output capacitors (bx)
Based on measuring capacitor current: Limitations
@ Always in the same side: Inductive or capacitive

@ Capacitance tolerances and Op Amp bandwidth must be regarded in
the design
@ Variable frequency, corrected by the frequency loop

@ Not direct application to Multiphase
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DIGITAL CONTROL

Minimum time
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ANALOG CONTROL

Minimum time
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