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Research Background

@ Rapid advances of Power Devices
m=) Fast switching speed

$

Application of A> modulator
to DC-DC converter controller becomes feasible.

@ CExpected advantages
- Fast transient response
- High efficiency at low load
- Spread spectrum of switching noise



Research Objective

@ To show advantages of feed-forward-type AZ controller
over feedback-type in DC-DC converter.

Feedback-type AZ controller mmp one clock signal delay

Feed-forward type mm) no signal delay
- small ripple
- fast response

@ To investigate applicability of A% controller
in single-inductor dual-output DC-DC converter.
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Trade-off of Fast Response and Efficiency

Faster Transient Response () Inductor charged and discharged
at high speed

U

High Switching Frequency

High Efficiency ) Lower Switching Loss

Y

Reduction of Switch Operation

U

Low Switching Frequency



Problems of PWM Controller 8

DC-DC converter with PWM controller

Switching frequency == determined

oy sawtooth wave

Output of Ergar Amp
—E l l l i ®» time

SW|tch|ng Period
PWM Output

AT

Difficult to meet simultaneously both of

 Fast Transient Response
- High Efficiency



A> Modulator Controller

Fast transient Response: High input = Dense Pulse Stream
(at transient state) (High switching frequency)
I Can meet both

High efficiency: Low input —  Sparse Pulse Stream
(at steady state) (Low switching frequency)

AZ modulator output

DC/DC Converter Output high J I_I_I_
\_Error Amp =
N o

—>| A 2 M Controller |‘> = _I_I_I_I—I_]—

Vi ’ Low _I_l I_I
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Feedback-type A2 Modulator H

Dout
"

And 3y ol Filter
: LPF

M—"?z)a H(2)

H(z)

"= TG

=1

He=——— STF(z) =z

Signal Transfer Functi

[ One-clock delay

X(z)+

l
|+ H(z)

E(z)

NTF(z)g1-z"

|

Noise Transfer Function
Differentiation=Noise Shaping




Feedback-type A2 Modulator and Operation 1

2

Phi

| 1
Ph2 "
Error o 0_._\
Amp
output Ph2 L Ph1 y -'F D Q Switch
7T - —DCK on/off
r,L— Pt control

<€
177
Vref =Vref
o

Vref =

0
Input Signal .

- clocking JPM L Ph2 u Ph1

2]

I
Output Signal

-Vref

Threshold Voltage--

Sampling Frequency
. o

ntegrator I

Number of Pulses

Sampling period



1st-order Feedforward A> Modulator

13

+ Vout
Low Pass Filter ADC >

DAC

/_[ 1st -order FF A2 ] \
W

L .
@;& i

I

A(in)
©

o

E(z)

; %
H
s (2) 3 > Y(2)

Y(z) =X(z)+ - E(2)
= 1+H(z)
H(z) = 1—2z"1
STF = 1 NTF=1 —z 1

No Delaa [Differentiation=Noise Shaping




2"d-order Feedforward-type A> Modulator 14

>
1 v 1 E@
X(z) NESNENZ Y(z)
_-'O_' 12| |12 Omglls pug

e Y(2)=X(2)+ (-2 T Ez)

/—[ 2nd-order FF AZ J \ STE = _1 NTF= (1—z1)2

o

EE%E Pl

e

No Delay l 2"d-order Differentiation

/




A3 Modulator as DC-DC Converter Controller *

Vout
Vin L R1
p— Cout Rout g
T ,,L
T | Controller R2

g $ref
@® Feedback A modulator /7v7
One-clock signal delay (disadvantage)

@ Feedforward AX modulator
No signal delay (advantage)
phase & gain margin improvement

We expect mmmmp small ripple
fast transient response



Simulation Condition 16

Boost DC-DC Converter

L Vout
Vin R1
____ Cout Rout g
7777 77I7_
T | Controller R2
Vin: 3V + Vref
L: 4.7uH 1 __I_
Cout: 47uF !
Rout: 50Q 1) PWM controller
Vref: 600mV 2 1st-order feedback AZ modulator

Fs: 400kHz (PWM) @ 1st-order feedforward A modulator
Fs:800kHz (A %) @ 2-order feedfoward AY modulator



VOUT / V

VOUT / V

Output Ripple Voltage (Simu

ation Results) 17

4.9922 £ 0056
4.992 ¢ 5.0054
4.9918 |V 2 5.00524 M4 . )
LANNNNANANANNANANNNNNNNT] —
4.9916 S 5.005 . 0.6mV
4.9914 0.1mVv £ 50048 - ' v
4.9912 5.0046
4.991 5.0044
4.9908 5.0042
4.9906 50048 —7"657.64 4.66 4.68 4.7 4.72 4.74 4.76 4.78 4.8
4605 461 4615 462 4625 463
time/mSecs PWM C ” 5uSecs/di time/mSecs 20uSecs/div
ontroller 1st-order Feedforward A modulator
5.0884 5.0344
>.0882 5.0342
5.088 — 5.034
5.0878 - l 1 | A | > 5.0338 \l/
5.0876 (119 1 : 5.0336 AN AN A Falal y
5.0874 1.1mV 3 ool AVARIAV I VAVAR\VAVERVAVARVAV/SSR
S N
5.0872- 5.0332
5.087 5.033 023mV
5.086 5.0328
5.0326
5.0866
time/mSecs 50uSecs/div time/mSecs SuSecs/div

1st-order Feedback AZ modulator

2nd_order Feedforward AZ modulator



Transient Response Simulation ™

S SN
> / Cout
50Q
7777 Zout
L_I Controller

Vref ;I; inl-’
At 8ms Zout: 10Q — 5Q

At 10.5ms zout: 5Q —10Q




Transient Response Simulation

5.4
> 5.2
e 5
-]
@] 4.8
>
4.6
4.4
7 7.5 8 8.5 9 9.5
time/mSecs 500uSecs/div
Zout: 10Q— 5Q
At 8ms
(lout: 0.5A 1A)
55
5.3
>
e 5.1 / E
:) =
@]
> 4.9
4.7
9.8 10 10.210.410.610.8 11 11.211.411.611.8
time/mSecs 200uSecs/div
. —

(lout: 1A — ~ 0.5A)

IPROBE1/ A .
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1 #__#
0.9
0.8
0.7
0.6
6 8 10 12 14
time/mSecs 2mSecs/div

Output Current lout

PWM
1st- order Feedback AX modulator

1st-order Feedforward AY modulator
2nd- order Feedforward AZ modulator



Simulation Results Summary %

E Modulator 1st-order 1st -order 2nd-order
Feedback Az | Feedforward AX | Feedforward AZ
Steady Ripple 0.1mV 1.1mV 0.6mV 0.23mV
State @ @ €) @
Transient Ripple 0.18V @ 0.15v @ 0.083Vv @ 0.074v @

State(fall)  fime  0.68ms@® 0.55ms @ 0.28ms @  0.28ms @

PWM controller case: steady state ripple m) smallest
but transient response mp slowest

2nd-order feedforward AZ modulator is the best among 3 AZ modulators.
This is due to

- No signal delay

- Noise is 2"d-order shaped

- High-frequency noise is reduced by LC circuit



Contents 21

@® Research Background and Objective
® PWM and Az Controllers in DC-DC Converter
@® Feedforward-type A> Controller in DC-DC Converter

@® A> Controller for
Single-Inductor Dual-Output DC-DC Converter

@® Conclusion



Background of Single-Inductor Dual-Output DC-DC Converter 22

Conventional Dual-output Converter

Vin

—© Voutl

—* Vout2

Inductor L X2
Bulky, expensive

Vin

Signal-Inductor Dual-Output Converter

DC/DC

—— ./.

B

——— \VOutl

—= Vout2

Inductor L X 1
Small, cheap




Background of Single-Inductor Dual-Output DC-DC Converter 23

Conventional Dual-output Converter Signal-Inductor Dual-Output Converter
DC/DC
° TR *-/:"é —* \Voutl DC/DC [(——— Voutl
Vi - Vin
in — _/_ # #
* —= \/out2
DC/DC §§
55 -_._; —* Vout2
1 =

Inductor L X2
Bulky, expensive

Inductor L X 1
Small, cheap

Hot Research Topic




Operation Principle of SIDO 24

—e—e—o0 “o—e
Vin — o ——> L4
! S1 /
7737- .3 77T
~ Vout2 .
O 0—@ >
e : Voutl i Vout2 i
Dual-boost converter Inductor Current

Dual outputs by time-division usage of inductor



Simulation Condition

25

L Vout1
— I —0 “o—9—
Vin — / -
S1 Cout1 __ Rout1
7T 77t7' 7T § R1
2 Vout2
$15253~n L_o>vo—e
T T T Cout2 — Rout2
Driver
/Vin: 3V N
X 7T
L: 1uH | A
Cout1,2: 200uF PWM vs. A2 AN
Rout1,2: 200Q _ Vref2
R1, 3: 9KQ PWM vs. A% < 77],_7—
R2, 4: 1KQ ¥ et R2
Vref1: 500mV -
Vref2: 700mV 77]’_7'
Fs:1MHz (PWM)

\Fs: 5MHz (AY) Y.




Simulation Results with PWM Controller

26

— poutl —
10
Voutl  (Vrefl=7.0V)
Vout2  (Vref2=5.0V)
_2| T T T T T
0 1.0 2.0 : - 3.0 4.0 5.0
[252567ms|  72v.  lmefms
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L 52 Vout1 ?Il
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T s1 Cout1 Rout1 =7.0
77]77- o . I =4 6.9
Sf.st.s?« \oj_vm“z 6.8
Cout2 Rout2 R3 out
Dri i
| Arlve[‘ | ;I;_ -
—{ PWM | h o 0,47V
Vref2 5
P <] e
77],_7_Vref1 " 504
4.8
D
2.5 3.0 3_.5 4.0 4.5 5.0
[ 434ms| 5.388Y time {ms)



Simulation Results with Feedforward A> Controller 27

— foutZ — fWourl

s {L Voutl  (Vrefl=7.0V)
|
5 [\, 4 Vout2 (Vref2=5.0V)
S
= 3]
2 Smaller ripple voltage
.
=1 T T T T
0 1 2 3 4 7.0]7vom
mlm fime (me) 5951

6 o] l,  0.035V
EG.BSéNW\WW

i | st/ ‘ Coutd % 1 6.75
= 6.7
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111 i o sz
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\ =
\_—l—wefz e 5'503 /]\
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77;7 3.0 3.25 3.5 375 4.0
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SIDO & A> Modulator

@® \We here showed
A2 modulator is applicable to SIDO converter

@® Zoutl changes m Voutl, Vout2 change

- =

AY modulator ™= high switching freq. operation

- =

Voutl, Vout2 recover soon
(fast response and good cross-regulation)

28
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Conclusion 30

- As the DC-DC Converter Controller

A2 Modulator excels PWM
Merit: Fast transient response

FeedForward A Modulator excels Feedback-type
Second-Order Modulator excels First-Order
Merits : Small output voltage ripple
Fast transient response

* A2 Modulator applicable to SIDO DC-DC Converter




Future Work

@ Efficiency evaluation of DC-DC converter
with A2 modulator

@® Application of AX modulator to
current-mode control

@® Application of AX modulator to
AC-DC converter

31
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Thank you for your attention!

Any questions?



Simulation Results with Feedforward AS Controller >>
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