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Seminar Overview

Back to School
— Discrete Time Concepts
— The z Transform & Transfer Functions
— Continuous < Discrete Time Conversion
* Digital Control Of Power Supplies
— Sampling
— Compensator
— Digital PWM
* Benefits Enabled By Digital Control

A Look Ahead
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IP Disclaimer

There Are A Lot Of Patents On Digital Control
~or Power Converters
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Discussed In This Seminar Do Not Infringe
Someone’s Patent

If You Have Questions About Whether A
Technique You Are Considering Using Infringes
Someone’s Patent, Talk To The Attorney Of
Your Choice
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DISCRETE TIME FOUNDATION
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BAcKk To ScHool”
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Continuous Time

I >
t Time

For every t there is an x(t)
Example: x(t) = X,-sin(w-t)
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Discrete Time

4 )
There is no
X 4 x[k + 1%]
x[K] J
O
O
O O
T >
k-2 k-1 K K+1 K+2 Time

X[k] is a sequence of values
Example: x[k] = X,-sin(k), k is an integer
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Analog Value

| .
t Time

X(t) can be any real number
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Digital Value

* A Digital Value is a value represented in a
digital circuit

Digital values are discrete, or quantized
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Continuous To Discrete Time

Conversion
Sampler o?o

* Sampling: Process to convert a continuous
time signal x(t) to a discrete time signal x*(t)

* Sampling interval: T or Tcavpe

* Sampling frequency: Fs or Fopype = 1/Ts
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Sampling Plus ZOH

-

/OH keeps output at same value until a
new value appears at the input

J
o A
oo
Sampler
Zero
Xy X Order y(t)
1 0
I (ZOH)
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Sampling Delay

e ZOH output signal is 2
delayed, on average,
by one half the
sampling interval

 This leads to L

Ts

additional phase shift
in control loops

e g0 (Fj
¢(f) 2-F, -360° = F 180 ¢(st 10 a00 150
10 F,
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Continuous Time Control Loop

Command Error Controller Control Plant %ystem
Input Signal Input utfut
) 4 f—D e(t) u(t) Y\( )

¢ ,

How do we convert to a
discrete time controller?
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Continuous Time Plant
With Discrete Time Controller

Discrete Continuous
Time Tim
Command Error Controller  Control Control Plant %ystter?
Input Signal Input Input ;(Bu
rik :\ elk ufk u(t

Ts

vk~ Y0

Sampler

V4
N\

Systems with continuous time and discrete time
elements are “sampled data systems”
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Continuous Time Plant
With Discrete Time Controller

Discrete Continuous
Time Tim
Command Error Controller  Control Control Plant System
Input Signal Input Input O;Etp)ut
rik] n e[k] ulk] u(t) A
ﬂ ZOH R
Ts
~ . ." N
If the sampling rate is much faster than the
plant dynamics, the control looks like
9 continuous time to the plant y
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Continuous Time Plant
With Discrete Time Controller

Discrete Continuous
Time Tim
|
Command Error Sampler Error — Controller  Gontrol Control Plant System
Input Signal Slg[E]aI Input Input Ouzgm
r(t e(t) € ulk u(t y
® ’\"’/ A (k] e (t) S
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Solving Continuous Time Systems

x(t) ==  h(t) > y(t)

Laplace Transform

X(t), h(t) | > X(s), H(s)
> >
Convolution Multiplication
X(t)*h(t) Inverse X(s)-H(s)
~ Laplace Transform <
yit) < L Y(s)
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Solving Discrete Time Systems

x[k] =)

h(k]

>ylk]

O
5[K]
-O0—0—F—O0—0—0—0—0—0—0—0—>
2 1 0 1 2 3 4 5 6 7T 8 k
° o
hiK] . ©
CQEEEQ{{{{{’
2 1 0 1 2 3 4 5 6 71T 8 k
o
O 4 ©
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Solving Discrete Time Systems

x[k] =)  h[k] >ylk]

Zz Transform
x[k], h[k] | > X(2), H(z)

hlkl*x{k]= ) h(k—i)-x(i)

Convolution Multiplication
X[k]*h[k] Inverse X(z)-H(z)
~F z Transform ~
ylkl < L Y(z)
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The z Transform

Laplace Transform

Z Transform

| IEMBEDDED POWER LABS

.E{x(t)} =X(s)= jooox(t)-e_” . dt

S=0+ ] ®

o0

Z{x[k]} =X(Z) =Zx[k]-z_k

k=0

Z is a complex number
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z Transform Examples

Impulse Step Exponential

0,k<0 X[k]=e"-1(r)
k>0

N
| M|
|

[E—
| p— |
=R
| M|

:#

x[k]
X(z)=Y6[k] =

- X(z)=Y1[k] z* .

T (=)= 21k o
=1 % k=0

:ZZ_k 1

k:()l Tl T g
— —_— _ ~
ZZ z—e s
= —a-Tg
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z Transform Of a Delay

O
- O
X[K] O
0O i | i O T T l T >
k4 k3 k2 k1 k kil ki2 k+3 k5 k6 Time
: O s s s O
Time o i O
. Delay o O
| hgNe
y[K] 0
O0—O0—0—0— | —O— >
k4 kB3 k2 k1 k k#1 k+2 k#3 kt5 k+6 Time

O :
O

ylk] = x[k-3]
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Zz Transform Of a Delay

Arbitrary Delay
Take z Transform
Change Variables

Note That:
Result

y[k] :x[k—n]

0

Y(z) :Zx[k—n]-z_k

k=0

k=l+n=l=k-n

Y(z) = _Z_nx[l]-z_l_”

_|_| EMBEDDED POWER LABS [

SRS
1<0=x[I]=0
=N x[1] 2




z Transform Properties

* Linearity

Z(a-x[k]+b-y[k])=a-X(z)+b-Y(z)

 Time Invariant (Stationary)

Z(x[k—n]) =z -X(Z)
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Difference Equations

X[k] =—>

Discrete
Time System

—> y[k]

Vi :J/[k] :f(yk—layk—za---aJ’oaxkaxk—la---axo)

Ve == Vg = Ay Vo= =4, " Vi,

+b,-x, +b, -x,_ +b,-x,_,+...+b -x _

[ Easily Computed
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Discrete Time Transfer Function

Discrete
X[k] =—> _. —> y[K]
Time System
Ve =4 Vg =y Vip == Ay Vi,
+b,-x, +b, -x,_ +b,-x,_,+...+b, -x,_
Y(Z) _ 7 A Vi Ay Vi, A Ve,
+b,-x, +b -x,_, +b,-x,_,+...+b -x _
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Discrete Time Transfer Function

Y(Z):Z{_al Vi T8y Ve 7 4, 'yk—n}
+Z{+by-x, +b,-x,_ +b,-x,_,+...+b, x,_,}

m

vi_\_ 7 | A 1 ~ |
I\Z)—L —al-yk_1;+4~’l—a2-yk_2}+...41—an-yk_n;

{
+Z{b, - x, }+Z4{b - x, }+...2{b, - x,_,.}

Y(z):—al-Z{yk_l}—%-Z{yk_z}—...—am -Z{yk_m}
+by - Z{x, }+b - Z{x,_ }+...4b, - Z{x,_,}

Y(z)=-a,-z"-Y(z)-a, z°-Y(z)—...—a,-z"-Y(z)

n

+by- X (z)+b -z - X (2)+...+b, 27" - X(z)
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Discrete Time Transfer Function

Y(z)+a, -z Y(z)+a,-z7 Y (z)+...4a,-z"-Y(z)
ZbO'X(Z)-I-bl'Z_1°X(Z)+...+bm°2_m°X(Z)

{ 1 —1 ) —n\ -7/ \
\\ta-z +a,-z +...+a,-z | I'\Z)

:(bo+b1 'Z_l-l-...-l-bm 'Z_m)'X(Z)

m

(o)=Y hithe i, s
X(z) l+a -z +ayz"+...+a, z

n
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Discrete Time Integrator

Continuous k
Time Reminder y[k]=;X[k]
y(1)= [ x(7)-dz ~ K]+ x[k
1 0
Y(s)=—X(s) = x[k]+ y[k—1

(
X (s) (1-27)-¥(2)= Xz
Y(z) 1
H(Z): X(Z) N -z
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Discrete Time Integrator

ylk]=x[k]+y[k-1]

x[K] Q l

N~ ——

{ Register J/ y[k-1]
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Example: Discrete Time Pole

Transfer Function

Ve =—0a, Y, +by-x,
Y(z)z—al-z_l-Y(z)+bO-X(z

| IEMBEDDED POWER LABS

X[kK] ——

)

ylk]
f_l_\ 5

N

Register

y[k-1]

-a1

Pole Frequency

l+a, -z =0

-1
—a, -z =1
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Example: Discrete Time Pole
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Example: Discrete Time Pole

T z=2 a=-2

Impulse Response
| |
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Time (secon ds)
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Discrete Time Derivative

Cdx . x(t+Ar)-x(1) !
()= = im =,
LAY ) s
T
x\k-T,|—x| (k—-1)-T. t t+ At
y[kTS]: [ S] T|:( ) S]
S
y[k]:x[k]—x[k—l]
R
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Discrete Time Zero

ylk]

y|k|=x|k]-x[k—1] x[K] *

O

N

Y(z) :X(z)—z_1 -X(Z)
:(1—2_1)-)((2) X[k-1]

( A zero at dc }
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Discrete Time Zero

y|k|=x|k|-b-x[k—1]

Y(z):X(z)—bl .z -X(Z)
=(1—b1-z_1)-X(Z)

| IEMBEDDED POWER LABS

X[K]

ylK]
VU
D
Z—1
X[K-1]
b4
H(bl) =1-b -z .
b
bl
=0
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Generic Discrete Time System

x[K]

Sets
Gain
And
\kZeros

H(Z)_Y(z)_ b+b-z"'+..+b 2"
- X(z) - l+a -z +a,-z" +...+a,-z"
be || @ > yik]
Register Register
X[k-1] m m ylk-1]
b1 {—I—} -ai
(. =) %
Register Register
X[k-2] yIK-2] \_
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Sets
Poles

)

¢

2

E

n Stages
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The “BiQuad”

1 )
_by+b iz +b, -z

[ Two Zeros ] H(z) [ Two Poles J

- l+a,-z" +a, 2~
x[K] b @ > yIK]
Register Register
X[k-1] ylk-1]
3 b1 F (- —|—\
[ PID ] b {Type 3]
Register Register
x[k-2] y[k-2]
| b2 | ()

I I EMBEDDED POWER LABS ©2013 Embedded Power Labs — All rights reserved




Sampled Data System

Control Continuous
Signal Time . System
X E Plant “ Output
e f D
Mixed Continuous
And Discrete Time —
How Do We Work
With This?
J
Discrete —
Time
Controller Reference
Clz] 5 Input
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—
Sampled Data Syste | 5ot

Time Model Of The

J

J

Plant
Control Continuous /\
Signal Time . System
E Plant “ Output
P(s)
Option 2:
Find A Continuous
Time Model Of The
Controller
/\
Discrete
Time
Controller Reference
Clz] 5 Input

| IEMBEDDED POWER LABS
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Discrete Time Model
Of A Continuous Time Plant

ulk-Ts] D/A u(t) P(s) y(t) AD ylkTsl,

o Start with the D/A transfer function
D/ A< ZOH
':ﬁ’r‘,‘gﬁ By ()= hyop (1) =1(2)-1(2 - Ty
~ Li{hgy (1)) = L{1(1)} - L{1(e - T5)}
11
D/A =— €
Output S

%!
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Discrete Time Model
Of A Continuous Time Plant

Y(s)=P(s) H,pp (s) ukTd | g | u® o) O ) o | VKT
e

Y(z)=(1—zl)-Zifl{P(S)} \>

\)

t:k'TS J
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Example

. a z-(1—e*s
P(S)_S—i—a Y(Z):(I_Z_l) (z—l()-<z—e“)TS)
P S)_ a :l_ | z—1 z (l—e_a'TS)

s s-(s+a) s s+a T ‘(z—l) (7o T5)
\ )

-z = Single Pole
z-(1-e") _ Response!

Example taken from Digital Control of Dynamic Systems, 2" ed., Franklin, Powell, and Workman, Ellis-Kagle Press
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s Plane <~ z Plane

Im(s) q.T Im(z)
A z=e A

X / \ )
Re(s] \y Re(2)
=1

r

Stable: Poles In LHP Stable: F0|§5 Inside
Unit Circle
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s Plane & z Plane

Im(s) s-T Im(z)
A z=e ° A

Re(s) Re(z)

DU GE—
\

DC:s=0 bL:z=1
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s Plane & z Plane

Im(s) s-T Im(z)
A z=e ° A

§:0>—==-
> 2T, /
> >
Re(s) \y Re(z)
r=1

Example:
1j'a)S /4
— T j= .
e 2 =e‘’*=1lj=z2

FS_ 1 g
2 27, 4-r
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Discrete Equivalents

* Consider the transfer H (s) - Y(s) 1
function: X(s) s
* This becomes the s-Y(s)=X(s)
differential equation:  ay(¢) (0
=X
dt

* Solve by integrating:  y(¢)=|

 How to approximate
in discrete time?
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Discrete Equivalents
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Discrete Equivalents

X “Forward Euler”

7 >

kT
e

y(k-Ty) = y(k=1)+x(k-1)-T;
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Discrete Equivalents

v(k-T)= y(k=1)+x(k-1)-T;

e
Y(Z):Z—l.Y(Z)‘l'Z_l.TS-X(Z) H(Z\ :H((’\‘ 1
Y(z)-27Y(z)=2"T;- X(z) - \ /|S:TS
-1 \

He) =i i
b1 | :

- z 1 Z—l Z_

TS_TS T, > S << T

S
J

| IEMBEDDED POWER LABS
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Discrete Equivalents

X(t) “Backward Euler”

N
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Discrete Equivalents

A o e V4 7) o °]° ”
X(t) Tustin’s Rule” or “Bilinear Transform
/ -
_~ | | Time
s (6)+x(k-1) K-1 K
kT x(k)+x(k-1 s ™\
j(k—l).TS x(T).dT ~ ) A 2 z-—1
N y § <
I, z+1
\_ _J
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Mapping And Stability

A ' 4 Backward
Forward |
I Euler
Euler |
z=1+T5"-s :
|
|
|
|
& Tustin/
Bilinear
14| 158
2
A —
- TS°S
2
\_ J
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Example: Con
To Discrete Time

 Wanted: Lead-Lag Circuit

— Fyepo = 1 kHz, Fog e = 10 kHz,

K C
(5)
)

H(S):)i(s

1 — F
S'CF_l-I-S'RF-CF

| R
S-CS_1+S-RS°CS

RF

I+s-R,-C, R, 1+s-R-Cg
R, R, l+s-R.-C,
1+s-R,-Cq

Zp(s) =R |

Zy (S):RS |

H(s)z

| IEMBEDDED POWER LABS

tinuous
Conversion
cs I Iéz‘EN
Lo s v
10K v

N
K, =—1=R, =R, =10 kQ
1

C, = =159nF =15nF
2.7 Fyppo - Ry
F v = 7 ;{ . =1.06 kHz
s "L
C, = 1 =1.59nF=1.5nF
2'72-'FP0LE' F
1
oo = S m R.C =10.6 kHz
F LR
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Example: Continuous
To Discrete Time Conversion

|
F e =100 kHz T ivpre = r =10 ps
SAMPLE
2 z-—1
S <& .
[ T, z+1 } ,
1+ L2 1+TS z+1
= a@o H - K . Dzrro
H(S)_KDc-— s TUSTIN(Z)_ DC > 21
1+ .
DpoLE 1—I—TS z+1
OporE
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Example: Continuous
To Discrete Time Conversion

Bode Dlagram

| | ——Hs

20
| [ _7 75 Z+7 25 | | [ | : HtUStin
| [ | | [ |
s Ho o lz)=————— e R
TUSHN( ) | O 5 | | | | | \\\: | | |
— | [ | _‘_ | | | | [ | | | |
3 Co : Z /| L BEEE o
) | [ | :: | | |
2 T 0 i e S
= [ | | |
c |
o [
o} L
2 [
[
] .
[
[
[
ol
0 I ‘ L |
240F=====F=+ L Hn e e e S r e T TA AT T T T F-F I T T F - T T T R =T T T
[ | | | | [ | | | |

210

Phase (deg)
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Frequency (kHz)
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Example: Continuous
To Discrete Time Conversion

 What about direct pole-zero mapping?

N
N
R
S

H(z)=K,

Zz—Z

— = 9zgr0 Tsampre
2, =€ =0.9355

— = 9porg TsampLE 205134

Zporg — €

1= zpo5
1
K, =—— oLt — _7 5447
1= 2,000

| IEMBEDDED POWER LABS

z—0.9355

H(z)=-7.5447-

 —7.5447-2+7.0581
z—0.5134
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Example: Continuous
To Discrete Time Conversion

Bode Dlagram

T ——FF 11

20 T T \\\\\\‘ T T ‘
| [ | |

| [ 7HS
R —— Htustin|-—

-
¢,

Magnitude (dB)
S

()]

O | | | I I T | 1 [ | L
240*7777+777)777\77\7«#7\7\7%’»77777*»777)774{77\7*»7\7\7\7777777+777\774747#7\7\7\7777777#777\77—0777#7\7\7\7777777F*f*\f*%f%f#%f\f
| | | [ | | | | [ | | | | [ | | | | | (I
| | | [ | | | | | [ | | | | [ | | | | | (I
| | | | | |

210

Phase (deg)

: T | [ A | [ | I I — !
(e e e e =)
10” 10" 10" 10’ 10° 10
Frequency (kHz)
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Example: Continuous
To Discrete Time Conversion

Bode Diagram

20
—Hs
19 — Htustin |
—_ —Hz
m
T 18
[0
©
2
S 17
©
=

-
»

-
o

240

210

Phase (deg)

180

Frequency (kHz)
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About The B

Bode Diagram
T T

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff

-

|

...evaluation moves
along unit circle from
+1 to -1

ode Plots

& As frequency on the A
Bode plot moves from

low to high

frequency... y

/Bode plot magnitude\
is found by
evaluating:

| IEMBEDDED POWER LABS

‘H (Z — ej°a)'TSAMPLE )

o J
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Example: Continuous
To Discrete Time Conversion

_Y(z) -7.5447-z+7.0581 z'

H(z)= —
(2) X(z) z-05134 2
Y(z) —7.5447+7.0581-z"
X(z)  1-0.5134.2"

Y(z)-0.5134-2z7"-Y(z)=—7.5447- X (z)+7.0581-z" - X (z)

y[k]-0.5134- y[k—1]|=-7.5447 - x| k]|+7.0581 x|k —1]

[ y[K] = 0.5134- y[k —1]~7.5447 - x[K]+7.0581-x [k 1] ]
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Example: Continuous
To Discrete Time Conversion

LeadLag (Xnew) {
Ynew = 0.5134*Yold-"7.74477*Xnew

+7.0581*Xold; B

CF
1R5N

Xold = Xnew; fﬁ |
Yold = Ynew; H -
RF
x(t) ——— S oK
return (Ynew) ; fﬁ + Y
} V4
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IMPLEMENTING DIGITAL CONTROL

A ™ - = N s o =

FOR A POWER SUPPLY
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Power Supply With Analog Controller

VIN C—

> VOUT

POWER STAGE

GATE
DRIVE

COMPARATOR

LATCH

ERROR AMPLIFER/

COMPENSATOR
| |

—II—f:'—

<

<3JVREF

7
N

CLOCK

N\

1

[

GENERATOR

RAMP
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Straightforward Digital Conversion

VIN o—— POWER STAGE — VOUT
GATE
DRIVE
COMPENSATOR
C(z) - W

~il

A>B

DIGITAL
REFERENCE

<3

Tl

e

N BIT COUNTER
COUNT CLK

—<3 CLOCK
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Sampling Issues

VIN D>—— [ Sampling Rate ] o> vouT

[ Sync Or Async? }

|

B +

DIGITAL
REFERENCE

<3

[ Sampling Instant

_ N Bl COUNTER

JJJIM COUNT CLK ——<3 CLOCK

*[ Conversion Time ]
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Undersampling

-~
Issue
\//\\//\\ Extra loop delay means

]\ more phase shift y

~

TswitcH

€ >

== |
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Oversampling

-

~
Faster Is Better?
Not Necessarily...

I IEMBEDDED POWER LABS
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Oversampling

A
I:SAMPLE//I 0

I:SAMPLE/20

System/
Loop
Poles &
Zeros

I:SAMPLE/2

I:SAMPLE/20

I:SAMPLE/1 0

\

Close

spacing of

o

poles &
Zeros
means
high
precision

arithmetic!

)
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FsampLe = Fswitch

[ Do not sample at switching points — Too much noise! ]

A pda
VAR NV

LU (

Sample at midpoint of on or off time
Quiet, Gives average value
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Oversampling Revisited

S

TswitcH

) (

o Y N O O N

If FSWITCH = N-FSAMPLE then one can a moving
average filter to get the average over one cycle
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Moving Average Filter

q R '
x[k] 'Y o | o
® ® ® ®
®
® e O
T 2l 2 )T A T2
Soooxlmmyoomé N

y[k]:%.kzk: x[k]= X[k]+x[k—l]J;\.[..+x[k—N+1]

Averages the last N samples
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Moving Average Filter

CLOCK
Il = ]| = 1l &5 | = 1| &
uun IRORN e IR v BRI ey ISR ey 5
= X | = X | = X | = X | = X
X 42 | g2l 42 g2l 48
O] () O] O] (O)
d e hd nd nd

§

£
N

y N —— K]
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Moving Average Filter

® Impulse Response
P S S NS S S— S— SS—SS—" SS—S_—=—
“Finite Impulse
PN e A A A M Response (FiR)”
—@ NlSamlees | *——0—0—0—0- Filter
) A Frequency Response
DC Gain = 1 ]>‘ n
) { Linear Phase Shift! ]
Zeros At
I:SAMPLE/.N
| And Multiples y _
DC FSAM!'LEfN E‘FSALPLEJ’N S'FSF\I'!'IPLE!N
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Circuit Speed Issue

{Suppose Sample}\
Taken Here o
€ > /\

Next On Time
Starts Here
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Circuit Speed Issue

— a
\
\/ A/D Duty Cycle

Conversion Computation
Time Time
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Circuit Speed Issue
100 kHz, 10 us

< >
d Not Much A

Time For

< 25% < 37.5% A/D And
2.5 s 3.75 ps _Computation
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Circuit Speed Issue

100 kHz, 10 ps
< >

/"

87.5%, 8.75 s

p 25% S
2.5 us

" Better, But Still Not Much
Time For
. A/D And Computation
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Delay Time = Loop Phase Shift

/NN N

Sample Is
9 Taken Here

J

N

But Due To Circuit Speed,
New Duty Cycle Available Here
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Delay Time = Loop Phase Shift

y

/

N

For Loop Modeling h

Purposes, This Is The

Effective Delay Time U

N\
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Sampling Resolution

* Not As Big Of An Issue As It Used To Be
* 10 Bit Resolution Gives 0.1% Resolution

1n Dl'l' I E'\:FI\I Ef‘f\nnm:f"\l TﬁAﬁ\l
LU DI 15 Irdinly cCOnNnouiItiCal 10uay

®

* |ssues
— ENOB In Noisy Environment?
— Need Accurate Reference
— Need Fast Conversion Time

— Wide Range Output: Resolution At Lowest Voltage
Drives The Number Of Bits
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Analog Error Amplifier Approach

VOUT =

DIGITAL
VOLTAGE >— D/A

%

VREF

]

ANALOG
ERROR AMPLIFER
| |
I

RN

\

COMMAND
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| .~ VERROR

—
A/D

E(k)

L S—

COMPENSATOR
C(z)

DUTY
CYCLE
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Analog Error Amplifier Approach

VOuUT
= ANALOG
ERROR AMPLIFER
| |
I I
DIGITAL N
VOLTAGE >— DIA HYoer .~ VERROR
COMMAND / [] |
Output AV
Voltage Analog
Setpoint (— Error
\Commandj D/A Output Amplifier
Is Reference M) (e
Voltage :
P KPass F|Iter)

| IEMBEDDED POWER LABS

E(k) DUTY
COMPENSATOR
e c(z) —? CYCLE
| S
A/D -
Converter SEEELCLR
. Calculates Next
Quantizes Duty Cvl
The Error uty Lycle
\ Signal )
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The Big Advantage

VOUT =

ANALOG
ERROR AMPLIFER

| i
Y

DIGITAL [T\
VOLTAGE >— DIA HYoer .~ VERROR

COMMAND / |

|

\V4
(
A/D Does Not Have
To Have High
ion!
g Resolution! y

| IEMBEDDED POWER LABS

E(k) DUTY
COMPENSATOR
AID C(z) 5 CYCLE
N
)
Non-Linear

-

Quantization Can
Have Advantages

J
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" ..How Much )

Limit Cycllng Does The

Output Voltage
\_ Change\?/_/
VIN O>— POWER STAGE > VOUT
GATE
DRIVE
4 If The j COMPE?IZ?ATOR _ W
Duty o ' — DIGITAL
Cycle ' REFERENCE
Cha NgeSs JM_L CC;\lUBNl'-I'r COUNTEELK 1 CLOCK
By 1 i
_ Bit..

| IEMBEDDED POWER LABS
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Limit Cycling lllustrated

Achievable Output Output Voltage
Voltage Values Sampling Bins
3430V ERP IV Zero Error Bin:
' —_—3.370 V
—_—3.350 V
3.330 V 3.330 V
3.300 V Eniniitns
3280V— 20V
—_—3.270V
—_—3.250 V
3.230V 3.230V
_— 3210V
180V —  —3.190V

| Desired Output Voltage: 3.300V ]
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Limit Cycling lllustrated

Achievable Output Output Voltage
Voltage Values Sampling Bins
3.430V 3.430V
—_—3.410V
—_—3.390 V
3.380 V == — 3370V
( N —3.350V
3.330 V 3.330 V
3.300 V - J 3:310 V
3280V —0 | — 3290V
. ) —3270V
—_—3.250 V
3.230 V 3.230V
—_—3.210V
3180V — 10V

| IEMBEDDED POWER LABS
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Limit Cycling lllustrated

g B
Output Voltage Bounces
Achievable Output Output Voltage
Voltage Values Sampling Bins Between 3.330 V Anc!
5430V © 430\ 3.280V In A 40/60 Ratio
— 3410V
samv— 3%
—3.350 V
3.330V 3.330V — —_— —_—
—3.310 V
3.300V
3280V— 200
—3.250V — 0 0
3.230V 3250V /e = 40%%3.330 V +60%x3.280 V
—3.210V =1.332V +1.968 V
3180 \/ =— —3.190 V 3300V

[ Actual Behavior Is Generally Chaotic ]
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Limit Cycling

* A Real Issue
* Mainly Caused By Mismatch Between:
— Output Sampling Resolution
— Output Voltage Resolution
(=DPWM Resolution x Power Stage Gain)

* Can Also Be Caused By Rounding Errors In
Compensator Calculations
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Limit Cycling And Stability

* A Power Supply That Limit Cycles Is
Technically Stable

~iinAAA
ouridacd

- 4 P s s

Output Voltage Remains

B
* Even So, Limit Cycling Is Undesirable
— Freaks Out The Customers
— Creates Noise Problems
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Classical Digital PWM

COMPENSATOR
OUTPUT — |
A
PWM
A8 T ouTPUT
B
N BIT COUNTER
CLOCK >—— CLK COUNT
COUNTER _I_r
COMPENSATOR |
OUTPUT
|
|
|
|
|
|
|
| Il_
|
PWM | -~
OUTPUT
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Classical Digital PWM Issue
-

COUNTER 0.1% Duty Cycle
— Resolution
=> 10 Bit Counter

COMPENSATOR ,
OUTPUT '
I
— I

Feiocc = 100 kHz - 1024
= 102.4 MHz!

|

|

[ Fswitch ? PWM |
= 100 kHz OUTPUT

I I EMBEDDED POWER LABS ©2013 Embedded Power Labs — All rights reserved
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Classical Solution: Dither

 Example: Alternating Pulses Of
50% And 25% Duty Cycle

* Average Duty Cycle: 37.5%
* Issue: Now Have F\,cn/2 Frequency
Component In The Output

|< * * * ]

d = 50% d =25% d = 50% d =25%
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More Advanced Approaches

* Delay Lines
* Hybrid Delay Lines And Counters

 Many Possibilities To Trade Timing Resolution,
Clock Speed, Power Consumption, Die Size

* See A. Syed, et al., "Digital pulse width
modulator architectures," in Power Electronics

Specialists Conference, 2004. PESC 04. 2004
IEEE 35th Annual, 2004, pp. 4689-4695 Vol.6.
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Hybrid DPWM Concept

Dcoarse = 5/16 = 0.3125

\{ Coarse Duty Cycle Set By Counter ]

Deine = 1/2 x 1/16 = 0.03125

Total Duty Cycle:
Fine Duty Cycle Set By Delay Line ] 0.3125+0.03125=0.34375

| IEMBEDDED POWER LABS
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Compensator: PID

Duty[k]=K,-E[k]+K,-> E[k]+K,-(E[k]-E[k-1])

E[K] Kp
K, —% {JD— Duty[K]
Z-1
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Compensator: PID

E[k] Kp

-

)

| IEMBEDDED POWER LABS

J > Duty[K]

o
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Compensator: Frequency Domain

e Pole And Zero Placement As In Continuous

Time
|l AaA /l ~ Y
— Lead/Lag x[K] b @ > yIK]
— Type 2, Type 3
Register Register
X[k-1] y[k-1]
VY a
b1 /\_*_/\
Register Register
X[k-2] y[k-2]
b2 @ az

| IEMBEDDED POWER LABS
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Digital Average Current Mode Control

* Digitize The Analog Version
* Sense Average Current The

- \AJ

Same vvay As /-\Hdlug

* Similar Speed And Resolution Issues

AVERAGE
CURRENT W@ N
+ COMPENSATOR GATE
VOUT D@ = Kv(z) Cio) DPWM | —> o\
+

DIGITAL
VOLTAGE &=>—— D/A
COMMAND
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Peak Digital Current Mode Control

[ This Does ]
_— ‘ < Not Work!
IPEAK
GATE
DRIVE

DIGITAL LATCH ——>

CURRENT > S
COMMAND/ i

& A/D Not Fast CLOCK
Enough To Sample
Every Few
\_ Nanoseconds

DIGITAL
COMPARATOR
Py
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Peak Digital Current Mode Control

Use A Hybrid Approach

— Digital Compensator

— Analog Comparator To Detect The Peak

ANALOG
COMPARATOR
IPEAK
AD COMPENSATOR /A > S TCH GATE
vout = C(2) S > DRIVE
+
DIGITAL
VOLTAGE > CLOCK >——
COMMAND
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Today’s Platforms

Digital Signal Controllers Tuned For
Power Supply Applications

— NMirranchin Tacrhnn Aoy AeDICe
IVIIUI blll[J ICbII I sy UUoTIN I1\VO

— Tl Piccolo

Limitations

— Single Core Processing
 Little Opportunity For Parallel Operations

— Instruction Speed
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Today’s Platforms

* Full ASIC Designs
— Intersil/Zilker

— Volterra
— Chil

— Maxim
— ZMDI

— Etc.

| IEMBEDDED POWER LABS

~

Key Advantage:
Parallel Operations As
Needed
4 . )
Key Disadvantage:
Little Or No

Customization

N\ J
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Today’s Platforms

* Hybrid Designs

— Example: Tl Fusion Controllers

Power Conversion
Specific Processing
Core And Peripherals

General Purpose
Microcontroller
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Today’s Platforms

* FPGA Plus...
— Power Supply Oriented Peripherals

— Hai‘u core |V|iCFOC0|”‘|u“'O||erS

— Example: Microsemi/Actel Products

* Cypress PSoC
— Microcontroller Core
— Configurable Analog Peripheral Blocks
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DIGITAL CONTROL

ENABLED BENEFITS
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Dead Time Optimization

* Switching Timing Is Very Important In
Synchronous Rectifiers

Too Little Dead Time:

Shoot Through Losses

* Too Much Dead Time:
Excessive Body Diode Losses

* This Problem Attacked Aggressively With Both
Analog And Digital Techniques
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Efficiency Optimization

[o—1 o7 . >
|_
Vin | Controller ‘le Vout
w [F

A N

Minimum Duty Cycle\
_ Maximum Efficiency
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Sensorless Optimization

92 - 0.236
% ——
= 88 1
> 10230 X
o 86 10228 ©
=2
Q gq /\ 10.226 &
= 1 S
L, N ™A 7~
‘S% 22 /| \ N 10224
SHRSE SN VR 10222
80 _1 \ 0220
74
78 1+ —— e —— 0.218
230 10 50 90 130 170 210 250
{41 [ns]

Fig. 4. Measured efficiency # and duty-cycle command D as functions of the
dead-time 47 in the experimental prototype.

V. Yousefzadeh and D. Maksimovic, "Sensorless optimization of dead times in DC-DC converters with
synchronous rectifiers," Power Electronics, IEEE Transactions on, vol. 21, pp. 994-1002, 2006

| IEMBEDDED POWER LABS
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Sensorless Optimization

ﬂ\ /g o

0.236

-
Can’t Do This With Analog!
ey b.
~ &\; 37 7\ /D IRZZEES
R I \ / 10.222
801 \v/ 10220

May Be Multiple Patents On This Idea

dead-time 47 in the experimental prototype.

| IEMBEDDED POWER LABS

V. Yousefzadeh and D. Maksimovic, "Sensorless optimization of dead
times in DC-DC converters with synchronous rectifiers," Power

Electronlcs IEEE Transactions On©V2 |132E]r"nt%8d9 Félov:\ll'grq_%bsz Ogl?rights reserved




Improving Transient Response

e Two Basic Ideas
— Nonlinear Feedback

l -~ CA ~
IVIUUC DWILLIIIIIg/Ud N SChe u I 15

e Either Can Be Implemented In Analog
* Easier To Do In Digital
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Nonlinear Quantization

[ Extra Control Effort ]>

| No Change

—

| IEMBEDDED POWER LABS

Large Error

Medium Error

Small Error

Zero Error Bin

! Normal Correction ]
Effort

Small Error

Medium Error

Large Error

Maximum Possible
Control Effort
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Non-Linear Quantization

1\ e
r,; } E-'], 1 ;{7‘
© | Non-uniform P
quantizer | _""7,{:,"
;u 74.}' -
2 niform
q+b = / quantizer
(} n:
,
q/2
%I q 2+ a,
E....___.,.-.....g q/2 + a, +a,
P H. Hu, et al., "Nonuniform A/D
i Quantization for Improved Dynamic
Responses of Digitally Controlled DC—
DC Converters," Power Electronics,
Fie 2 AD ot characteris IEEE Transactions on, vol. 23, pp.
1. 2. uantizer characteristics.
d 1998-2005, 2008
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Non-Linear Quantization

TeK HITH 23-0MS/ES 54 Acgs Tek SIEIE 25.0MS/s 3 Acgs
- et ettt ettt . ettt !, .. s

1+

2

H:

dafg

............................

Chi 10,0V Ch2 50.0mvh M 2.00is Chi 7 T8V 2',}’.,?“59 Eﬂﬁ 52 3{}“"“‘“ WZT0Hs T 7 T3
5.00

200mvQ  Ch4 Vv

Fig. 15. Experimental step-load (50%-t0-100%) transient responses: (a)
uniform quantizer, (b) nonuniform design #1.

Top-to-bottom: load control signal, ac coupled output voltage v (t), inductor
current i (t), switch-node voltage v (t).

H. Hu, et al., "Nonuniform A/D Quantization for Improved Dynamic Responses of Digitally Controlled DC-DC
Converters," Power Electronics, IEEE Transactions on, vol. 23, pp. 1998-2005, 2008
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Variable Mode Controllers

Normal

Normal
>
Control
Fast
> o A
Compensation
5l DCM

Operation? Yes

Transient

Detected? Yes
Discontinuous

Conduction? Yes

EMBEDDED POWER LABS

Compensation
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Example

aEas v i L+ | |icad

Non-Linear L /%/ -+ - L

Iralisicrit B c,
CO ntro I Switching surface controller (SSC)
o f;(mplr - JMosf;
Function — 3.
\ DPWM 1DPWM
d ?mf
.| DPWM |e— PID
Window-flash
Constant-frequency PWM controller A/D
Fig. 4. Proximate time-optimal digital controller for a synchronous buck con-
verter. Experimental prototype parameters: V; = 6.5 V. L = 1 pH. C =
288 pF (ceramic), Reer = 1mf2. Vigr = 1.3 V. fo = 780 kHz. Nioaa =
= 10mV. N, = 32. Lk = 32.

O-to-10A. ga/p =

V. Yousefzadeh, et al., "Proximate Time-Optimal Digital Control for Synchronous Buck DC-DC Converters,"
Power Electronics, IEEE Transactions on, vol. 23, pp. 2018-2026, 2008
©2013 Embedded Power Labs — All rights reserved
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Example

TeK IR 10.0MS/s 40173 Acas Tek 10.0MS/S 13{grAcqs]
12.5-10 A /\ : : '_ : : : _' : :
ipo : : : : : : . : :
[5A/div]

2

{ ! vs
- b g 3+ .
‘14‘—I ‘_load“_.__{ S T T T
S0.0mvVie Ch2  5.00 V% M 5.00us Ché 3.2V EP] 50.0mvhE Ch2 5.00 VO& M5.00us Chd S 3.2V
Ch3 10,0V Cchd 20,0V & Ch3 10,0V Chd 200V %

ental step-load transient waveforms for the PWM controller with PID compensator (left) and the PTOD controller (right): (a) 7.5-10 A, (b) 5-10 A,

T T
(c) 2.5-10 A. The waveforms shown are, top-t

(10 v/div), and load control signal.

o-bottom: inductor current ¢, (5 A/div), ac coupled output voltage v5ye (50 mV/div), switch-node voltage i,

V. Yousefzadeh, et al., "Proximate Time-Optimal Digital Control for Synchronous Buck DC-DC Converters,"
Power Electronics, IEEE Transactions on, vol. 23, pp. 2018-2026, 2008

I IEMBEDDED POWER LABS
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Variable Mode Controllers

e How Is Transient Detected?

— Detecting Small, Fast Variations

Leads To Noise Sensitivity

— Opposite Issue: Slow Response And Minimal
Improvement In Response

e Shifting From One Mode To Another
— Done Smoothly?

— Lots Of Opportunity For Oscillations
During Transitions
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Self Tuning Control Loops

Start With The Basic Controller...

Reference
Error Digital Duty
Vout == Processor = Compensator = PWM _>Cycle
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System ldentification Method

J

~

Error
Vout Processor = Compensator
Built In
Network Analyzer
. 4 .
Test Signal Compensation
Received Here Adjusted To Optimize

| IEMBEDDED POWER LABS

.

Loop Response

J

Digital
PWM

Duty
Cycle

Digital Test Signal
Injected Here
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Observer Method

Reference
Vout Eiifels == Compensator
Processor P
Inductor Observer
ﬁ
Current

€ Observer Uses Measurements To
Determine The Power Stage
g Characteristics

| IEMBEDDED POWER LABS

-

Compensation

Adjusted To Optimize

Loop Response

Digital Duty
PWM ™ Cycle
\

J
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MUSINGS ON THE FUTURE
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More Advanced Control

* Power Supply Control Has Not Been A Hot
Topic Among Control Theorists

VAJL. o VAT~ LD

vvhat Ve Hav
— Works Well

— Is Inexpensive

* Cost Of Digital Has Discouraged R&D

' P
Nndd.
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Compensator: State Feedback

State Space Model Of A Discrete Time Plant

d

x[k]
%y[k]

Memory
O

X[k+1]
u[k] b %

] :

.

] =

X[] L[k]} X = A X +buy Ve =C-x +d-uy
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Compensator: State Feedback

1
_/\ x[k+1] g XK
K b | ' = C > y[k
ulk] \t ") \;I\- /;—3' § y[k]
A
K

Works Same Way As Continuous Time State Feedback
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Compensator: State Feedback

State Estimation Based Feedback

ulk] =+ %;/ PLANT > yIK]

MODEL C
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More Advanced Control

Output Current

A /" How To Get

From New
Actual To New

| NEW D Desired
VT2 Operatmg

?
t New Actual Felln:
lour 1 Operating @ «

Point

>
Vout nowm Output Voltage
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More Advanced Control

~

Output Current Back To The
A Future!
Trey Burns
Showed In
New D] 1975 Can Get

|
OUT_2 Lp/ There In One
t ’ On Time And

New Actual :
One Off Time
lour 1 Operating @ « -
Point
>
Vout nowm Output Voltage
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More Advanced Control
a N

4 )
The Key Is To Think In the Time Domain

(Not Small Signal Frequency Domain!)

\_ - _/
| L New D] 1975 Can Get

s . . . )
Example: “Proximate Time-Optimal 2223

Digital Control for DC-DC Converters”  ffTime

J
< Yousafzadeh, PESC 2007 y
>

Vout nowm Output Voltage
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More Advanced Control

 We Are Ready To Start Applying More
Advanced Control Techniques

I,

e Feedback
— Optimal Control
* Linear Quadratic Regulators (LQR)

 Example: Cirasys
— Uses Input-Output Linearization
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Platforms

e ASICs Will Dominate Volume And Revenue
 Some Products Will Ship With DSCs

— Low Volume Or Specialized Applications
 Hybrid Approaches Are TBD

— Interesting But Waiting For The Killer Product
— Cost Will Always Be An Issue

e FPGA Plus

— Very Limited Production Volume
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Barriers

* A/D Speed
* Sensor Speed & Accuracy For State Based Control
— Including Current Mode Control

e DPWM Speed
* |IP Minefield

* Increasing Switching Speed Driving Faster
Controllers

* History
* Cost
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Opportunities

* Decreasing Cost Of Silicon
* Control Engineers Bringing New Perspectives
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Where Are We Going?

 Will We Find A Barren Desert Or
A Rich, Fertile Wonderland?

-~ . en - VAl

Could See Lots Of Experimental Products With
No Commercial Success

* Could See Some Breakthrough Ideas

* | Predict A Very Interesting 3-5 Years As We
Explore This New Frontier
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About The Speaker

Bob White, Chief Engineer, Embedded Power Labs

*  Bob has broad experience in designing power supplies, dc-dc converters and power systems for electronic
equipment. He is widely recognized as an expert in power systems architecture and digital power. Bob is
the principal author of the PMBus™ specifications. He is a well known speaker and author who has
presented many papers and seminars at conferences such as the IEEE Applied Power Electronics
Conference (IEEE APEC), the European Power Electronics Conference (EPE), the IEEE International
Telecommunications Energy Conference (INTELEC) and the IEEE International Congress on Power
Electronics (CIEP). In more than 30 years of professional experience, Bob has held managerial and
individual contributor positions with Vul Corporation, Emerson Network Power/Artesyn
Technologies/Zytec Corporation, AT&T Bell Labs/Power Systems, the Digital Equipment Corporation and
General Electric.

*  Bob has a BSEE from MIT (1980) and a MSEE from the Worcester Polytechnic Institute (1991).

* Heis aFellow of the IEEE, in which he has been active for more than 25 years. He was elected to the
Power Electronics Society’s executive committee three times, served two terms as the Society’s Technical
Vice President. Bob is well known for his key role in developing and supporting the IEEE Applied Power
Electronics Conference (APEC). Bob was awarded the IEEE Third Millennium Medal in 2000 and the IEEE
Power Electronic Society’s Distinguished Service Award in 2002. The Power Sources Manufacturers
Association (PSMA) recognized Bob in 2005 for his contributions to and leadership of the PSMA and APEC.
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