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What is a Control System?

L An open-loop system links the output to the control variable

U (S) control

O A control system observes the output and minimizes errors

Compensator

Y(S) =V (S)H(S)

err

1
[U(s)-Y(s)]G(s)

input output
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Shaping the Loop with the Compensator

O The compensator builds the error variable and ensures stability
» Insert poles and zeros to build the compensation strategy
» Choose how to cross over at £, with phase and gain margins

Compensator dynamic response
G(s) £G(f)
Error v, (s)
processing
k°Vout (S) V (S)
Scaling factor J G(S) T V.. (s) ‘G(f)‘
1 10 100 1k 10k 100k

U The block amplifies and shapes the error ¢ between V, .and V,,
l » Minimize the error between the setpoint and the output ‘D
y
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Building the Compensator the Analog Way

L Associate active and passive components to form the compensation chain

Vo (5) A 69 [ (5) 2O (s) fg o (9)

m
- compensator modulator plant
k scaling factor
D

1. Select poles/zeroes placement
2. Calculate components values
3. Solder resistors and capacitors

- Change in strategy requires
new components values

k 6 Public Information @




How do you Build a Compensator?

O The compensator can be implemented with analog components

Vour Vour Vour
® 7 e
Verr < |/:i:| ’I‘@ : <

T u OTA

1

V

err &

Op amp + TL431

v' Passive components suffer drawbacks: v

Active components are not perfect!
1. Tolerance, aging

1. Open-loop gain, bias requirements
2. Sensitivity to temperature, humidity 2. Limited in bandwidth, slew-rate
3

. Temperature drift

ﬁ-n! cee
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Compensating the Digital Way

d A digitally-controlled system is a discrete-time system

» It contains continuous- and discrete-time components

Digital comparator

out
Digital controller

Digital modulator

01 Nobit H — °——] k scaling factor

010 X D

o1 quantizer ’ J

100

l Quantization l Sampling l
(ADC)

oot} vn-1] P ]
10011 || [

|

|

V(1)
- . T - \_/\/
10111 T T, \&
e

t
(n=1)T, nT, (n+1)T,
Binary values Discrete time Continuous time
‘ 8
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Why do we Need to Close the Loop?

O We want to compensate the power stage deficiencies to obtain:

> Speed v" High bandwidth
> Precision ‘ v’ Large dc gain
» Robustness v High gain below f,
overshoot .
precision
2.5V A
5 5V TN )/
> vout (t)
oV v, (¢) oV
. speed
Stimulus Response

What compensation strategy?

k 9 Public Information
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Choosing the Crossover Frequency /.

4 Selecting f. depends on the topology and its control mode

Topology Voltage Mode Current Mode

F * F *
Buck 3-fy < f,<— J, €=
2 2
Boost 3-fo < f. <03 frin, Jo <03 frps
Buck-boost 3. fo < fc <0.3 'fRHPZ fc <0.3- fRHPZ
Continuous conduction mode * Theoretical upper limit

|]:> Too high a crossover frequency affects susceptibility to noise!

10 Public Information ) @
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Crossover Frequency Impacts Response Speed

4 Adjust £, to meet the transient response you want

Al
5.20 Vout (t) AI/OM ~ out
jICZSkHZ 27Z.f;cout
5.10 f. =10kHz
(V) 500 > | l
£, =20 kHz
4.90 £ = Al 1
130 mv T © AV 2xC
480 Depends on C,,, and f, CCM buck
converter
990u 1.17m 1.35m 1.53m 1.71m
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Transient Response Depends on Phase Margin
1 Phase margin affects overshoot and recovery time

=30° i
- oc| Vour (t) P f()lzossover is constant to 5
P, =45° i
Py = 60°

5.00

(V) 495
10 A
4.90 .
7 A e (1)
4.85 Al,,=3Ain3 s
Marginally depends on PM

990u 1.17m 1.35m 1.53m 1.71m
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Open-Loop Phase Margin Affects Closed-Loop Response

_________________________

cos(¢,) %P Open-loop phase margin It is an approximation
‘" sin(p,)  Q Closedloop quality factor {for a 2"-order system!
20
@, =10°
q O 10 0. N 0. =205
° dB)0 N, —a5¢
o(0n) \ L, | @B el
T N
5 \\ —10 || T(S) \\
\ o
5] L 700 N
0 -20 b \ N
0 20 40 60 80 100 10 100 1 kHz 10 kHz 100 kHz
o, -2 76° Closed-loop response

21 . _
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Meeting the Selected Crossover Frequency

4 Extract magnitude and phase of the power stage transfer function at f,

° dB
180 40.0

90.0 20.0

Attenuation at 10 kHz

|

-90.0 -20.0

-180 -40.0

!

12 dB

v

PS = —1400J

10
k“

100

1k 10k
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Shift the Magnitude Curve Up or Down to Meet Crossover

d Tailor the compensator to offer a 12-dB gain at the selected crossover

° dB
180 40.0 | |Vour (f)‘ Shift up by 12 dB
VFB (f)
90.0 20.0
_______________________ ) e
0 0
-90.0 -20.0
The compensator is tuned to
180 4090 ffer a 12-dB gain at 10 kHz

10 100 1k 10k 100k 1Meg
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A Permanent 270° Phase Lag

O The compensator is typically built around an inverting op-amp

Permanent Log f
phase lag

4y (s) Ls0e
() =

£G(f)

O A compensator typically includes a pole at the origin: |G(0)| - «

]
Zy=—r

=SCf Add another Log f
-90° 0g
1 1 Q0° Fmmmmmmmm - ==
G - lllll'P
( ) SC&~22(S)
T -270°
pole s=0 ZG(f)
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Stay Away from the 360° Limit: Build Phase Margin

(1 Add up plant and compensator phase responses to total less than -360°

ZG(f)

-270°

ZH(f)

-180°

Compensator: integrator

Plant
¢7:—9q/__
p=-145°
Loop phase

signal returns
in phase

Log f

Log 1

Decrease compensator
lag near crossover

ZH ( f,)—270°+boost ==360°+ ¢,

&

boost = ¢,, — ZH ( f,)—90°

Public Information

Compensator fc Lo
gf
LG( f )
Phase boost
Ap =125°
-270°
Plant
Lo
ZH(f) ZH(f.)=-145° g/
_1800 ........................................
Loop phase Log f
-180°
-360°

ZT(f)




How to Create and Adjust Phase Boost

O Combining a zero and a pole lets you adjust the boost from 0° to 90°

W,

1+ — f f peaks at Apply k factor I = &

G(s)=-G, . >~ /G(f.)=r—tan lf tan‘lf — fo=ff, ——m— k
Mid-band 1+a)7 ¢ P o=kt
gain - h
magnltude phase ‘ HH 180 )
k=1 I || LR \IJ[ 25
\ |(7(-f £G .j )
\\ -'.."~'~
S K \ .’ .\
\\ 3 \\ 4 v
20 dB 0 f. = 1kH ‘_; l," "\\ ‘-‘-
* \\ l' :" \\\ X
\\ \\ / ) 4 ) N
PRSI k=25 |y M
0dB ""'“"&jzzz-. iy !y 3N
\\ . 'w\\ | I ", = \ .“
(;0 \\\ . \\‘ N [/ ,' I‘ .'- A - N L [
N\ N[N , 4‘ < 1 ‘\ "
20 dB N boost Il KRR
N OO fem s |
k=1,2,510,25 N T TR T Fh
\ heeet — “cte 900

10 Hz 100 kHz 10 Hz 100 kHz 1
19 Public Information :
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Boosting the Phase up to 180°

d By placing a double zero and a double pole, the boost increases up to 180°

T | PWI
N wzz -1 ]21 -1 f; -1 f;- -1 f;
G(s)=-G, ZG(f.)=m—tan” —“+tan” == —tan" - —tan” =
1+ | 142 J ) h 5 ;
magnitude “r “p. phase 270°
k=1 1] L] \/Jf )5
|G | 1. =1 ZG(f)
.‘,. . | k | fpl = fpz ,". i .\'\ ! N
20 dB '.'. f - 1 k -IZ N \L l. ',- . | .‘
c'.' \ “I,. ."u' ,. ’l \‘ \
S NYATT] T il 3 el
B 341 2 NG LU T e : v Ll Boost up
. il y ‘% \ G. = = I M o
[T \ | AL - v, S TR to 180
X NSRS L A e =3y B c AR SR
\\ " e K’ A ' . 3oy
20dB | S o WARRI AT Y
\ "'r"r ...' fc N kHZ . \‘\\'\' J(
b2 aene = R TIR 90°

100 kHz Public Information 10 Hz 100 kHz @




There are Three Compensator Types

Gain

{ \L 1+&%Invertedzero (1—'_ 521 1+aj
G(s)=—— G(s)=-Gy,—= G(s)=-G, =
S S
o I+ T+ |14+
po P a)l?1 a)Pz
Type 1 Type 2 Type 3
N |6(r (/) ;
50 AN AN Jeu
N\ D ! ~
”
\ NG \ ’ / | // \ .
N\ / 0° to 90¢ N\ -~ 0°t0180° \
—~ / L R \\ | | \ J
ZG(f) \M / Aﬂﬂ 1 } t + /4@(] , N
@

0° phase boost Up to 90° phase boost

.
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Switching Topologies and Compensators

 Select the adequate compensator based on the plant phase lag

clock \[ele}

Voltage mode Current mode Ml_LL I_D
. S DRV
Q [ ]
R
CMP /\

o K | Les ]
§+ Vo (1) Nl
PWM block )
» in CCM, 2"9-order response: type 3 » in CCM, 3"-order response: type 2
» in DCM, 1%t-order response: type 2 » in DCM, 18t-order response: type 2

Heavily-damped 2nd-order

kzz Public Information w



Provide Gain or Attenuation at /.: no Boost

d Type 1 is a simple integrator without phase boost

Vo (3)

@)

| RS

Vi (5)=0
Virtual ground

20
G, =-20dB@ f,=10Hz —> G, =10 ® =0.1
N J

~

J
=< =100 Hz
o G,

-20

40
0.1 100
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The Finite Open-Loop Gain Limits the dc Gain

L The op-amp characteristics affect the frequency response

v’ Virtual ground is lost in dc G(s)~— Aok
0 s-Ay k,, S
Vo (5) 1+a)OL"] 1+a) y ]
Cl kg Aoy e ot
mgma | R 6(
80 dB - 30 Hz 66.4 ks .\.‘. r ‘ f)
R, 50 \\\ e T
| 0k | TR R N
Vi (S ) © e 13648 N\\\
A . (dB) 0 \\.
OL + '\.i\
QO ® §10 kQ i S
ower 50 pemewiil ] yudl [T ( J‘ .
[0 it ~.. N
g = 15t pole 2 Hﬁdé.“"
-100

» Voltage divider enters the picture at dc  t1mH 1Hz 100 Hz 100 kHz
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Simulating Large-Open-Loop-Gain Compensators?
4 If you use an op-amp model, use another E-source to fix the operating point

E1 [o}
LoL -100 dB
Ok —> [z 2] 40 270 ‘G(f)‘
S g -

0 180
1 _G_CoL
T 1G

VFB—

- C>+V3 -40 90 \
’ cc ee 25
e Y o, | 1T £G(f)
Href =
e R2 + 80 O
TogM Qs %10" %}Yg +%>\1/g

=106dB = -120-90

A

OL

1 10 100 1k 10k 100k
4 E, fixes the operating pointto 2.5V

» 12 V at R, confirms regulation is ok

k% Public Information w



Boosting the Phase at Crossover with Type 2

U By adding another zero and pole to the type 1, phase boost is created

1+ R, C
G =-G Al G,=—2 1
Vout (S) (S) 0 1+i 0 Rl Cl +C2
C, 1 @p
1| 1 1
C W, = . =
1 R, R § ’ GG R,C
1 MW\ “C+C,
2
- Je +1
Vi () =— oo RS, /)
+ , =
T
= +1
I/ref <> Rlower § fc
T 1 c C,

C: =
- ' 27Rf. 7 27f,CR,-1

Public Information @
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Desigh Example with a Type 2 Compensator

[ Stabilizing a buck converter operated in current-mode control

dc
Vout
rL L1

duty-cycle 100m 47u
501V 5.00V 5.00V
a O/C _C . l\/\/\, 2 AN F
X1
PWMCM
L=47u VvC |
E? =;90k PWMswitch CM_|P c3
=Rl
Se = Se —l— 695mV {CI:IZ}
[231mV | - Il R6 <rC
[9.00V |
-3 ? § 10k §SOm
+ .
C Vin Verr = I I 7 VVV—] Rload
{Vin} 2\ XPWM c4 {RR22} i {RL}
GAN {c1
K=0.36 LoL
1k -
(695mV | 695mV co
o Yy 2.50V = 180u
parameters cob L +
5
. » X3 . R5
V|n=9 + AMP384X Vref
RL=5 P O 25 10
AC =1

27 1/18/2023 - Public Information @
C. Basso, Switch-Mode Power Supplies: SPICE Simulations and Practical Design, McGraw-Hill, 2014 .



Plot the Control-to-Output Transfer Function

O Read the Bode plot and extract the plant attenuation and lag at crossover

Control-to-output transfer function

° dB
180 20 ‘H(f)‘
9 0 [H(f,)|=-24dB
0 -20 ZH(f) LA
-90 -40
-180 -60
10 100 1k 10k ! 100k

) .

_______

Public Information
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parameters

Automate the
?Upltz)efl‘)k calculation for easily
C= . .
Gfo=-24 trying different
pfc=-61 strategies
pm=70
Se=20k <— Slope comp.
Ri=600m
boost=pm-(pfc)-90
G=10"(-Gfc/20) ™ BOOST = 4.10e+001
boost=pm-(pfc)-90 G = 1.58e+001
pi=3.14159 Pl = 3.14e+000
K=tan((boost/2+45)*pi/180) > K = 2.19e+000
C2=1/(2*pi*fc*G*k*Rupper) C, =4.58e-011
C1=C2*(K"2-1) C, = 1.75e-010

R2=Kk/(2*pi*fc*C1) y. R, = 2.00e+005

D



Immediately Check the Resulting Performance

O It is easy to verify the strategy impact on the transient response

° 4B Loop gain transfer function V) Step-load response

80 180 7 (f) 5.08

40 90 5.04| f.=10kHz, ¢, =63°

0 0 5.00 &

-40 -90 4.96
1.5A

-80-180 4.92| vy (1) 1/

out 1us
10 100 1k 10k | 100Kk 1.44m  1.73m  2.01m  229m  2.58m

» Perform parametric sweeps with Monte Carlo analysis to check robustness

k 29 1/18/2023 Public Information @



Automated Type 2 Calculations with SIMPLIS®

tve 20 N

©2 “ oL E
D v 1k 5
c2 {Rupper}
X1 R2, €1 0
H ” L. coL
4 R2 Cc1 1%
- 100
T
4
OPSIMP
u2 E1 25 / \
—L_v3 4oV V2
— R11 =
Velock T Ve fRiowery U AT 140 /‘ ‘r{ f\
:ID - . R -
36 * Do not edit the below lines =
37 . GLOBALWVAR boost=PM-P5-30 g
38 . GLOBALVAR G=10M(-Gfc/20) § 120
36 . GLOBALVAR fp=(tan({boost=pi/180)+sqrt{(tan{boost*pi /1800 )A2+1))*fcC S
40 - GLOBALWVAR fz=fcr2/Tp £
41 .GLOBALVAR a=sqrti({fcaz/fpr2l+l) =
42 .GLOBALVAR b=sqrti(fzA2,/fcr2)+l)
43 . GLOBALVAR R2=((a/b)*G*Rupper=fp)/(fp-fz)
44 .GLOBALVAR Cl=1,/(z pi*R2*Tz)
45 . GLOBALWVAR C2=C1/({C1*R2*2*pi+fp-1) 100 g
47 * Choose op amp characteristics *
45 ”
45 . GLOBALWVAR AOL=90 * open-loop gain in dB =
50 - GLOBALWVAR POLE=30 * 1W"FFEE7IUE"CY_IF]U‘1$ = 0 2 40 60 100 200 400 6008001k 2% 4 ek 10k 20k 40k 60k 100K
51 .GLOBALVAR WHIGH=5 = upper output level =
52 . GLOBALWVAR VLOW=100m * Jower output lewvel = freq/Hertz 10kHertz/div
qq ”

30 Press F11 Public Information




Changing the Phase Boost on the Fly

 How to keep magnitude at £, but increase the boost by a certain amount?

y Je

Increase the

boost by & o
/\ 1600 ‘1 /\ 172

f f ki=20% fz f
tan l(afc J—tan'1 %p = k, -boost tan” (x)—tan"' ()= tan 1(1x+_x))}/]
o \ /
\
tan (boost -k, ) 41,1 LEY TS — Bt
an (boost -
_ 1 2 o) pJz pJz Y
¢ 2f. {\/fc ’ fpfz-'-tan(boost-kl)z-'_( . ] /. fc} f =£
D a

ksl 1/18/2023 Public Information



Increase the Boost by 20%

O Spread pole and zero while keeping mid-band gain untouched

0 0
(' r (. ¥ ‘
40\\ Mfc |G(j) 40 Je |G’( )
\\
20 T~ ——— k,=20% 20 —~
(dB) ™S (*) (dB) I (*)
0 — ~ ‘ 0 TS Il
d \\\\\ N 7 boost ™ )
________._._--/i ‘boost | ~ - i l i \~ il
-20 -20
i 1y I 1, f A
V 7 LG(f) "G (f)
-40 1 -360 -40 -360
10 100 1k 10k 100k 10 100 1k 10k 100k
boost = 60° boost =72°
f.=268Hz mmmm) o=05911 ) f, =158 Hz
S, =3.773kHz f, =6.3kHz

k 32 1/18/2023
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Watch for Boost Distortion Brought by the Op-Amp

1 The response must be imposed by the pole and the zero, not by the op-amp!

100 G (f
M. ’
. Op amp
50 ™~ '
N dB
B \‘k"‘ ~
(dB) T ¥ GBW
Ideal type 2 ~. T
O ‘\u\‘\ RN ¢
}'C \.\\\
20f1, 3
-50
1 10 100 1kHz 10kHz 100 kHz 1 MHz 10 MHz

» Limit phase/gain distortion by selecting an op-amp still having gain at 20-f.

33 1/18/2023 Public Information @
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Increasing Phase Boost up to 180°
U The type 3 compensator adds another pole/zero pair to the type 2

W
v (S) £1+ a 42
o) s a)zz R C
G(s)=-G, 0=
. [1+ s 1y, s ] R G +G,
2 W 0]
H Rl § R3§ 1 : 1 " 1 1
= = = w =
C R, “Tre (R+R)C, " RC, " GG,
I AA | C+C,
C3 L > > 1 2
_ \/l+(f \/l+ fc]
— lel’1 fp] fpz
» =
chfpl _ﬂl jle 2 jFC ’
+ | o 1+
I/ref <> Rlower § fC fzz
c,-—S& -1 S/t R, =1
p— 271, CR, -1 2nf. R, ’ Z”Rupperfpszz ’ sz_f
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Desigh Example with a Type 3 Compensator

d A voltage-mode-controlled buck converter is a typical usage for a type 3

PWWM
L=47u Vout
s =100k rL L1
a o C sotv] 0 [0V ] 27 [s00v)
3 14 1

A

PWM sw itch VM p Verr c4 '
{C2} R3
7 1 re >R 2
" c1 R4 10k §50m
{C1} {R2} 15
() {Vin} _| l—/\/\/\/_ ng 5 00V Rload

XPWM 2750V { } {RL}
GAN [250V]
K=0.75 LoL T

1k - |
592mV A c2
17 _— 190u
Lo + o
parameters T 1k 16
X2

19 AMPSIMP + \Vref R5
Vin=10 ~~' V5 o5 10k
RL=5 CV AC=1

- Public Information @



Extract Data from the Control-to-Output Transfer Function
 Choose /. beyond f, but watch for the op-amp gain-bandwidth product

H parameters
dB ° Control-to-output transfer function Poles and zeroes can
Rupper=10k
40 180 ‘H(f )|=—-12dB fomt be placed
=—- Gfc=-12 : ;
) ¢ foe144 independently unlike
pm=60 i -
20 90 P oostobm-(pfe)90 with A-factor
G=10"(-Gfc/20)
. AH( f) Eiis.likzusg
1=
\4 fz2=1k
fpl=fc/tan((2*atan(fc/fz1)-tan(fc/fp2))-boost*pi/180)
20 -90 fp2=50k
C1=1/(2*pi*fz1*R2) C1 =2.63e-008
H(f) Vot (f) C2=C1/(C1*R2*2*pi*fp1-1) O C2 =2.70e-009
40180 = —V ( f) 1\ C3=(fp2-f22)/(2*pi*Rupper*fp2*fz2) C3 = 1.56e-008
c JH ( 1. ) — —144° R3=Rupper*fz2/(fp2-z2) R3 = 2.04e+002
e a=sqri((fch2/fp1n2)+1) > A = 1.37e+000
10 100 1k 10k 100k p=sqrt((fc~2/fp272)+1) B = 1.02¢+000
c=sqrt((fz1~2/fc"2)+1) C = 1.00e+000
d=sqrt((fc"2/fz272)+1) D = 1.00e+001

R2=((a*b/(c*d))/(fp1-fz1))*Rupper*G*fpl ) R2 = 6.06e+003

Public Information |




Assess Compensation Effects with Transient Steps

O The buck transitions from a 2"%- to 1s%-order model when going to DCM

dB ° Loop gain transfer function V) Step-load response
40 180 5.08 I
20 90 ] 5.04 CCM ',' \“
L.
0 0 5.oor e —
' -l
!
20 -90 4961y /< DCM DCM ceMm
’ 0.1A 1A
-40-180 4.92 v (1) o05a/ 058/
out 1us 1us
10 100 1k 10k 100k 120m  3.60m  6.00m  8.40m  10.8m

» One of the zeroes could go to a lower frequency and improve DCM response

kw Public Information @
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The TL431 in Compensators

 The TL431 is the most popular choice in adapters designs

= |t associates an open-collector op amp and a reference voltage

= The internal circuitry is self-supplied from the cathode current

= When the R node exceeds 2.5V, it sinks current from its cathode

K]

R]

-

+

(‘) 2.5V

| A

K

TL431A /2Fi R

A

Public Information




Many Different Variations Around the Part

Part number Max voltage (V) Min operating Reference voltage Packages
current (UA) (V)

TLA31 1000 T092, SO8, p8,
DIP8
TLvV431 18 100 1.24 TO92, TSOP5, SOT-
23
NCP431 S 60 2.5 T092, SO8, SOT-23
NCP100 7 100 0.9 TO092, TSOP5

4 Public Information @




The TL431 Type 2 is Associated with the Optocoupler

O A type 2 based on the TL431 requires a single capacitor C,
V Vad

out A Type 2 TL4A31
C, \ pole
H ]e1 Rpullup |:
Cl
C—+—| Vip

Type 2 op amp /

Public Information N/



The Optocoupler Adds its Own Dynamics

 The optocoupler hosts a low-frequency pole: characterize it
** Reproduce the controller internals where the opto connects

V=5V I == | Frequency
o _ | | -~ Response
e Tweak to the same bias - | %9 Sy !li Analyzer
E §Rpullup - T
28V _ V=3
PWM —
ng reset e 100kQ 4.7 pF
_ / “Q

)

Ves (t)

10-100 kHz

D
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The Original Pole is Modified by the Optocoupler

1 A simple 1st-order model includes an output capacitor

50.000 225.000 1

S R 8 RS AR HHHH Co = <2 nF
40.000 180.000 opto

[ e " 27 R,

30.000 135.000
o ZOUs) [T
I

I | 90.000 cO o)
| ||||1

10.000 H_H—rmﬂ-m——[ 45.000
.y | | EART TR

o 0.000 [
0,000 [ ASIATITE WW[ T ‘ {CTR} () v,

G = IR I
o0 | I SR Ga s

I S e o= Gt
-40.000 -180.000
o0 | ST U

100 1k 10k 100 k 1M

Simplified 1st-order model
43 Public Information




The LED Resistance Influences Bias Point and Gain

Q Select R, ., so that the optocoupler always pulls V,zlow in worst-case

I/out o ‘
T = | G, =~CTR Lt
v o oo ) Not ok Rip
0 §RLED§ -
K. N : Requires £.>500 Hz
Mlnlmum 200 900 ﬂH(S’)r’”””IeSS ,,,,,,, ¢
' gain! i than 17 dB
§R %1, ' 17
pullup \__ ias i Of gain
\__ - i I
Vip <3—4 i

y 0 o
/ f i
T / /—J_ :
CE sat

-17 dB —
[ -20.0 -90.0
VTL431 1’11111 1
/
-40.0 -180
LED,max — v —V +I CTR R pullup min 10 100 500 1k 10k 100k
dd CE ,sat bias min~ " pullup
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Apply the Compensation to a CM-LLC Converter

1 The current mode LLC can be stabilized with a type 2 compensator

L

VIN
us _)9
,.,_l]
Q s2 ic=1
1K _L RS
R13 | g [
{coTmy
L v = HB
“{vin}
. PR e
1K
R14 | oo ?
™
cs, 1o -
::; i IN ouT| T
=0OUT/IN
200m N
V8 It ]
U4
| || I — . R16
1)1} h {RLED)
R1 _L — Optocoupler
1.5k 1n \ u3
c4 ' 4
k2]
. . ¥ - R12
T 100u . [](Rupper)
%
Adjust slope compensation G4 gain. -y _(I
Slope is 82 kV/s by default. Ui @ T 1op1c=0 ic=1 u1o c7
o3 A gain of 2 brings it to 160 kV/s. — i a- 1 R3 E1 e CCOI TL431_CEZS\ |
1 - o - {Ccol}
| - 1m
. i - ) I 1 R-dom |L 1 —_—w
ap
Rie f RS o 82 Qb o 1o ]—
L v e 1 5 ce h i R15
Ts T 100p = [|] {Rlower}
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A Current-Mode LLC Converter Operates in Free-Running

 The on-time duration is precisely memorized and mirrored for the off-time

‘ Exact 50% duty ratio
Internal N I b
|
ON-time G2 : - | !
comparator I”TeF%”al \ B ! L | |
' 1
| i i
| [
T T I Counter |
i I I L : reset
HI 1 :I N | — 1
I { [ : Hi-frequency NCP1300xy VCS (t )
Mupper | ton J ! | clock ANLYWWS stop
. i | [ | 3} t
Driver | | | ' Verr( )
out | ' ! [ D.O. g .D.”
puts m | ;
il | C | | :
Mlower :: | SELLE | | :
|
I ' 'D | ! s
" . . — I l Digitized t,,
[l | .
ON-time :: i I : : : duration
counter It :: i I |
; I : L |
I W pr I L |
_!! 1@ ns on-time resolution ! seqguence E
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Simplified ¢ Replication with SIMPLIS®

Q Using digital counters with SIMPLIS® is not an option if small-signal analysis is wanted
» A simple capacitor-based circuit does the job well and remains compatible with POP

Coming from the
CS comparator

U3

o

— &

f“’

= Capacitor C, is charged by a
constant 1-pA current.

= When the CS comparator sends the

reset signal,

capacitor stops

charging: end of ¢,,.

= The C, capacitor is now discharged

with the same 1-pA source.

= When its voltage touches ground,
this is the end of 7,

C

ﬂ‘m
+

+
2l 3

=
m

Ct Ic=1
10p IC=0 \\\R3
T
—— 10m

—Vi

-

E1

D .

Public Information
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\
i
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Exact 50% duty ratio




No Change in Plant Response at Different Inputs

0

0

N

ZH(f)

-45

-20

¢\
v, =400V

-90

-40

=-15dB

v, =370V

(1)

RN

-60

F,, =74 kHz

10 20 40 60 100 200 400 6008001k 2k

= One benefit of the CM operation
is the 18t-order response.

4k 6k 10k 20k 40k B0k 100+

LH(fc )Vm=37OV =—85°

R T

freg/Mertz

40 60 100 200 400 6008001k 2k

4k 6k 10k 20k 40k &0k 1001

10kHertz/div

For a 1-kHz crossover
frequency, a simple type-2

= The control-to-output transfer _
compensator will do

function remains the same from

k 370V dcto400V dc.
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Type 2 Compensator with Optocoupler

O Component values are calculated by SIMPLIS® to meet gain and phase boost targets

Vdd
]
Yﬁ\ .GLOBALVAR Gfc=-24 * magnitude at crossover *
R3 R2 .GLOBALVAR PFC=-87 *plant phase at crossover *
|:| {Rpullup} (RLED} .GLOBALVAR PM=70 * phase margin goal *
.GLOBALVAR boost=pm-(pfc)-90 * required boost *
I ouTl_gg N
=QUT/IN ° g LoL :GLOBALVAR fc=1k * targeted crossover *
1K
VB } * Pole-zero calculations *
‘¢ :
¥
[] R1 .GLOBALVAR k=tan((boost/2+45)*pi/180)
- VB {Rupper} .GLOBALVAR fp=k*fc
X1 Optocoupler .GLOBALVAR fz=fc/k
U1 1 mm COL .GLOBALVAR Vout=12
I I ==k v .GLOBALVAR Ibias=250u
= — .GLOBALVAR Vref1=2.5
e CcO c1 - {Vout18m}  GLOBALVAR Riower=Vref1/Ibias
i e {Ccol}
.GLOBALVAR Rupper=(Vout-Vrefl)/Ibias

.GLOBALVAR Rpullup=18k

Vdd u3 Z
TL431_CB S\ *
+ V1 * Optocoupler specifications *
Vdd

R4

+ = AC 1 *
Velock (1 —— {vdd} {Riower} (" .GLOBALVAR Fopto=15k
T .GLOBALVAR Copto=1/(2*pi*Fopto*Rpullup)

.GLOBALVAR CTR=0.3

e *

» Automated calculations account for the optocoupler pole contribution

Public Information




CM-LLC Compensated Loop Gain

Q Plot the loop gain to check crossover frequency and phase margin at this point
(dB) (*)

[N

20 \ j: @, =70° I

| ! ) ™

f =1kHz i

N
~

—_~
~
N

7(r) \ \

4045 ERG ™ @k Bk 10k =k 4tk Bok o 1on oPia = 40 60 100 200 400 600E00Ik o T Bk 1ok 2ok Aok

60k 100

» You can now assess parasitics impacts by sweeping these terms in Monte Carlo runs
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Compensated Transient Response

L CM makes transient response stable and immune to input voltage variations

>
-
=
2
o

12.05

12.00

11.90

11.85

00 V

Vot (t)

10to 20 Ain 1 us

10

12
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Agenda

 Introduction to Control Systems

d Compensation Strategies with an Operational Amplifier
d The TL431 at Work in Compensators

 Building a PID

1 Continuous-Time to Discrete-Time Domains

d Mapping and Compression

[ Digital Compensation

A Practical Implementation of Filters

d Conclusion

Public Information




The PID Controller in the Parallel Form

O The block combines three actions: proportional, integral and derivative

<
3
—
~
~
@
=
A\ 4
_ )
Kan
—
M
—
~
~

A -
-
de(t
(5 40
- dt y,
_____ Compensator = ——————————————

O Each processing block serves a purpose:

adjusts the correction | makes sure the static D tailors reaction strength
signal to the disturbance erroris reduced to zero  in relationship to
disturbance speed

amplitude |
53 Public Information @
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Many Methods to Tune a PID Compensator
O A PID can be adjusted through different approaches:

Manual
Decrease Increase small Decrease Degrade
I Ky Change
0 k; [s'] Decrease Increase Increase Eliminate Degrade
g _ :
= k, [s] Minor Decrease Decrease No effect Improve if
change small k,
k, k
G(s)=k, +?+skd Parallel form T, =k—”[s]
1 .
H(S) = Factor £,
1+S+(Sj2 g | ’ . >~ Tune k, k, k,
@, @ G(s)=k, (1+;+srd] Standard form 7, :k_d[s]
i p

The plant The compensator
54 1/18/2023 Public Information ®
https://en.wikipedia.org/wiki/PID_controller o



Each Coefficient Affects the Transient Response

) G(s)H(s 1
O Calculate the closed-loop response to a 1-V step input: - ((; ()S) h(, ()S)x;ﬁznvlaplaceﬁvm (t)
k,=1k=1u k, =0 k,=10 k =1k k, =0 k, =10 k, =1k k,=1lm
1.5 1.5 1.5
. N
1.0 target 1.0 \/\/ [ 10—\~
(V) Ia N)/ (w/
0.5 T 0.5 I 0.5 [ E——
v, () v, (1) V, (1)
1.5 i 1.5
k, =10 hzwu k, =0 =10 k =10k &, =0 k,=10 k =1k k, =4m
1.0 /\ ig_ /\\//\\/ £~0 1.0
Ve | 7
(V) (V) (V)
0.5 T 0.5
V,ui (1) Vo (1) Vot (1)
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

¢ (ms) ¢ (ms) t (ms) ®
Public Information |
1/18/2023
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Watch for the High-Frequency Gain

d The &, term does not roll the gain off at high frequency and can bring noise issues

k; k =10 k =1k k, =4
G(S):kp+_l+5kd 100 P ! 4 m
e 0] T s s
G(s)=G,|1+— || 1+— 80 it e arittil d
§ a)zz I / §—>00
T (dB) Kl (°)
7 :k_P_kp+ kp2_4kdki o0 7/ ’ The derivative term cannot
Tk 2k A be physically implemented
' i 401 // iG f) - 100
. _
o, <A G b -2
B 2k, " w 20
10 100 1k 10k 100k 1Meg

» Add a low-pass filter to force a flat gain at high frequency

B 1 STy N
G(S)—kp (1+—+srdj : ST, ! ‘ PID with pole @, =T— ‘ Filtered PID
| d

STi :1+_
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Transform PID Coefficients in Poles and Zeroes

O If you add a 3" pole, you end-up with the type 3 compensator

k. sk 1
Gepp (8) =1 k, +—+—*
P s s
1 T+ [1+——
a)Pl = a) C()
Nk, Filtering ! P2 Exira
pole —f L hi-frequency pole

z S
: 1+—J
s @,
@am) . (5)-g

a)Pl a)l’2

S ”ij

Identical responses

O Assume the following specifications: 40 L@ }
- k. —
f; :3kHZ ~ kd =(0) a)pl)( 0@ )~510|JS 30 ( ) //"‘*\\ 1100
G, =20dB f : f 2 t (dB) i N
20| i S 0
/.. =600 Hz 1 10> if‘ f )i 1100
f, =21kHz + w T zl]=2643
f =21kHz : n 100 1k 3k 10k 100k

P ~
k 57 1/18/2023
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Integrator Saturation Issue

U The Integral term accumulates the error over time

Vout (f) 1. Assume a large output current step
2. Control asks for maximum duty ratio, e.g. 80%

3. Output cannot keep up, control voltage is flat
‘ ‘ y
t
_ :_p i
8(1‘) T vc(t) Tj } (t)=r—pe-t
+ g( )is constant i
+
RS 7,0 o , ']
(S)__z max
— t
) 1 w| =Y
a) = t
po 131(:11 g( )

1/18/2023 Public Information j |




SPICE Simulates the Saturation Effect

O An average model coupled to a PID simulates a voltage-mode buck converter

L1

e d 75u 100m  Yout
parameters T % O VWY VYout t
fc=10k d Resr Ccé
Gfc=-20 ¢, y PwMswichvM [P 7om T \I La rge I ntegral T [0 [V
M Q X \ lon 1 current voltage [ 71— “
Vpeak=2 AC=0 PN s : (€] ! g |
Fs =100k =St n_4_v step x5 ~10
IntFilt AMPSMP {Ti0.1u}
G=10(-Gfc/20) L
pi=3.14159 1 13
- + |
fz21=1.2k \ Vint (t)
f22=1.2k Mt X oot vout
=\ XPWM \
fp1=11.3k 3 GAN R100
= K= 1Npeak 10k
fp2=50k ) eal 6 I
POLE -
Wz1=2*pi*fz1 A Eﬁﬂm R12 K
Wz2=2*pi*fz2 Verr = 0Kk K1 ) sumz .
Wp1 =2*pi*fp1 - I 9 K2 7 s 2 20
S’iA _ ¥ K3 — X3 * Vref
i=(1+fcA2/fp142)*(1+fc 2/fp242) B2 + o2 w1 xa sum2 s
. oltage K1=1
j=(1+fz172/fc*2)* (1+fcr2/fz272) SUM3 X1 . K2=-1
A foms V(err2)>1997 X8 Ki=1 POLE " p

Whi=sqrt(i/j )*G*fz1*2*pi 199 /‘\ AVPSIMP K2=1 FP= (NITd)(2°pi) R7 -

V(err2)<10m? 10m:\V(err2) — VHIGH =5 K3=1 10k

VLOW =-
e=(Wp1-Wz1)*Wp1-Wz2) Control voltage ° -
=Wp1*Wz1+Wp1*Wz2-Wz1*Wz2 Vdirect
v, (t) s

Td=e/(f*"Wp1)
N=((Wp1+2)/f)-1 \ x10 P )
Ti=(Wz1+Wz2)/((Wz1*Wz2)){(1/Wp1) e
kpf=(Wpi/Wz1){Wpi/Wp1)+Wpi/Wz2)

Public Information
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Windup Phenomenon in the Integral Path

O The small-signal response shows a 10-kHz bandwidth and a good phase margin

° dB

1.11 (t) saturation
180 60.00. |T (/)] oo Vint RN
Y%
90.0 30.0 306m Full recovery
6.00
4.00 [\ Ve (t)
0 0 (V) 2.00 \
0 {
\/
-2.00{Control swings negative
-90.0 -30.0
6.00 regulation —— regulation
5.00 \ // A
(V) 4.00
-180 -60.0 300 \/ v, (1)
200 Overshoot out
10 100 1k 10k 100k 710u 1.11m 1.51m 1.91m 2.30m

s The transient response shows overshoot due to saturation and recovery time
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Anti-Windup Methods

O Insert a clamping circuit at the PID output

Vorra (1) ( 2VV_1 Verr (1) (PWM%'?/VF d(t
100mV - 5V L —4 J t ( )

Limiter Max dc = 80%
‘ Normal operation: Verr2 (£)=Ver () =0
Clamp active: Vo (£) = Vo (£) # 0

U Scale the difference to reduce the integral term input

—O—{m)
) k, < v v D

err2 — Verr
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The PID with Anti-Windup Back Calculation

O The injection in the integral path reduces its voltage excursion

Compensator

» Adjust the & coefficient to meet the overshoot specs

ksz Public Information @



Transient Response with Back Calculation Anti-Windup

ce

O The overshoot is gone with almost no recovery time o

x5
AMPSIMP
6.50 Vint
5.50
(V) 4.50 mw
3.50 AMPSIMP
V t g g I
2.50 out (1) @ : « | &
P " ‘__“‘ 0.1uF
R8
120 fy =0 e I W N
g z 1 FP = (N/Td)/(2*pi) Tgk
800m D) —
(V) 400m T - -
. J—
0 L kb = 1
-400m Vint (t ) limiter

300u 900u 1.50m 2.10m 2.70m : %D B
1 B2 + !
: Voltage :

» Increasing k too much degrades response L=

AMPSIMP
VHIGH = 5

V(err2)>1.99 ?
199

K1
\/(erv?)<10m ?10m : V(err2) K2 b
X13
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O A switch can reset the integral path when saturation occurs LH

GB__..,
6.50 Y Without reset u>
v 5.50 g ~— |
( ) 4.50 4 /]|\ {F;Z/o,w)
. =
3.50 With reset Aipsive
) | G
1.00 e Without reset R
(v)700m = -,~¥ L
400m e
| . X6 &
! POLE
100m — With reset limiter e
v () [
-200m ,

AMPSIMP
K1=1 VHIGH = 5
VLOW = -5

300 900u 1.50m 2.10m 2.70m %

____________

V(err2)>1.99 2
1.99:

V(err2)<10m ? 10m : V(err2)

) . *y7 Sat i
Public Information % T CoMPARHYS w




Turn off the Pole at the Origin in a Type 2

O The added current source can be turned on or off, removing the pole at the origin

1 1 1
G z(s) Z,(s)=R, |l =R, w, =
H SCz 1+i R2C2
P
R 1 R
V,(s)o G(s)=~| g,k (s)——+G, G, =—*
in ) S R
1+ — 1+ — !
@, o,
R
1+Ezgmk1 (S) 1+wz
- —G, : =-G, .
1+ 1+
@, @,
New equation Type 2

» The technique can be extended to a type 3 compensator

kss Public Information @



Example with the Pole at the Origin Toggling Circuit

O The added current source can be turned on or off, removing the pole at the origin

.

parameters

R1=38k
fc=1k
Gfc=-20
pfc=-90
pm=70

G=10"(-Gfc/20)
boost=pm-(pfc)-90
pi=3.14159
K=tan((boost/2+45)*pi/180)

fz=fclk
fp=k*fc

gm=10u

R2=G*R1
C2=1/(2*pi*fp*R2)
C1=1/(2*pi*R2*fz)
Ck=gm/(2*pi*fz)

Approximate formulas
for C, << C,;

R3

"""""""""""" (R1} {c|:|2}
11
i R7 R5
Ry C3 ' ’
(o

5

B3 G2 2
100k {om} {CIZI}
mommomoomomomooomoos 11
integrator o1 R
{C1} {R2}
R1 ¢
. {R1} |
vin A - -
* Vin +
R6
) ac=1 e
E1
100k

Public Inforrr_1ation

Vout1

Vout2

Pole/zero
on demand

Classical type 2
compensator

D



On-Demand Pole at the Origin and Zero

By setting the transconductance g, to zero, the pole and zero are removed

(dB °) (dB °)
40.0 170 ‘G(f)‘ 40.0 170|
30.0 150 30.0 150
20.0 130 20.0 130
10.0 110 10.0 110

0 90.0 _ 0 90.0

£G(f) g, =10pS ZG(f)
10 100 1K 10k 100k 10 100 1K 10k 100k

» Turn the current source off to improve overshoot and recovery time
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Application in a High-Current Dc-Dc Converter

O The output current changes from 61 Ato 1 Ain 1 us: undershoot and ringing are gone

Pole at the origin is active Pole at the origin is disconnected and back in place

Stop L u

M4.00us A S 67.0mV M 4.00MS A S 67.0mV

i 30.40 % i 30.40 %

Public Information w
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Agenda

1 Introduction to Control Systems

J Compensation Strategies with an Operational Amplifier
J The TL431 at Work in Compensators

J Building a PID

 Continuous-Time to Discrete-Time Domains

d Mapping and Compression

 Digital Compensation

1 Practical Implementation of Filters

1 Conclusion
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Continuous-Time and Discrete-Time Signals

d The switch samples the input signal at a T, switching interval

u(t) u’ ()

0]

Sampler
/\/\/\ _T_

Time-continuous waveform

t
T
S
‘ ‘ ‘ ‘ Sampling period
-1

Sampling clock <>

U

0]

~
4

v[n+1]

v[n]

[\:}\[%1] l‘/ [\\ 'Tt' .
- [1 t

(n-1)T, nT, (n+1)T,

r no u[n+1.5]

()T, (n+2)T,

O There is no discontinuity in u# along the time axis W There is no in-between sample value
» nis aninteger:u’(n)=Usin(nT,)

| » u can take on any value: u(¢)=U -sin(wr)

20 Public Information @
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Fourier, Laplace and z-Transforms

O Laplace and Fourier transforms map continuous-time functions

|U(a))| <— Two-dimensions —» LU(a))

Fourier transform
. A frequency domain #
Time-continuous ‘ U(a)) _ J'u(t)‘e—ja)tdt ‘ V4
/\/\/\ bilateral g ‘U(a))‘ —
Laplace transform
. ) s-domain ;
u(t) %{ U(s)=[u(t)-e"ar | -
0 s=o0+jo )

unilateral

O The z-transform maps discrete-time functions

I o

A l‘ .
pd os o} z-domain
s dd < n G, 2 - -
*,.' L %{ U(z)=2uln]z J ) U(:)=1+z e ()1 > Re(z)
vV o< )

u (t) — Discrete sample value —
Public Information |




Laplace and z-Transforms

O Convert a continuous-time signal into a complex frequency function

Time-continuous
Time-continuous

R ) B miaund mAVAYA

transform Inverse-Laplace transform
Analog compensator y(t)

u(t)

Map to the s-plane
O Convert a discretized signal into a complex frequency function

Discrete-time
Discrete-time

\ \
’d o' ‘o ,' * U(z) = Z{u[n]} y[n] =z {H(Z)U(Z)} D r"» Rt
é * d b d o H(Z)=1+Z_1 é 1" by
N Inverse-Z \? b
te e Z-transform . ¢
YooY transform .
. Digital compensator ¥ (1)
u (t)

Map to the z-plane
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Step-Response via Laplace- and z-Transforms Approaches

t

| o . =u(of1-¢7]
O The stimulus is continuous in time |

ol

- 0.6 /‘ 63%
i % H(S):HISTI ] {y(t)_cl{éljsr}P 0.4 /
(1) / i

. . s-domain Transfer function in s 0.2 :
Time-continuous Continuous time y(t)
00 7 10 ms
[ The stimulus is a discretized signal plnl=a(l-a)" u[n]~(1-a) uln]+u[n]
o
0.8 /
step 0.6 ..°.
I ]
|I - ', (EE—— -2 ] e 120)
0 e-e-é z—1 L, 1-(1-a)z z—ll—(l—a)z <J :
_ u (1) _ z-domain Transfer function in z 0.2 y[n]
Discrete time 0 Discrete time

0 20 40 60 80 100
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From Laplace to z-Transform

O Take the Laplace transform of the sampled signal

U" (s) = E{u* (t)} = gu[nﬂ]e_”’n = u[O] +u[];]e_STS +u[2];]e_2STS +...+u[n7;]e_”STS

1 We can introduce the variable z and remove the exponentiel terms

—— - —— - - ———

sToy 1 _e—sTS' : This is
b y a delay

__________________

u[nT]Z —u[O]+u[T]z +u[2T]z +.. +u[nT]

=
Ms

> This is the definition of the unilateral z-transform
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Z-Transform of a Time Delay

O The signal y*(¢) is u*(¢) shifted by 3 clock cycles y[n]=u[n-k] k=3

uln=3] u’ (1)
l n+2n+3
n-3n-2n-1n n+tl I
+ 3 clock cycles N
y[n] ¥ (1)
n-3 n-2 n-1 l |
ntl n+2n+3

—_—— e = = = —

Public Information @
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Assemble Blocks to Form a Transfer Function
O Assume the following difference equation

y[n]zu[n]+u[n—1] y[n—k]—)Y(z)-z"k
O Involve the delay operator to z-transform the expression ‘ y[n]l—>Y(z)

P(z)=U(:)+U(2)=" sk () 2

O Factor and rearrange: r(z) =1+z"
U(z)

O Describe this equation in a flow-graph style

_ é This is a simple 1 G, =2

1 —

] i 0 o low-pass filter m) G(s)=G, PR
T

u [n - 1] , .
Public Information @




How do you Practically Build a Delay?

O A register delays the information by one clock cycle

One cycle

D  QF—— output Two cycles
data D Q D Q D QF—— Threecycles

data

clk

clock

clock clk clk —> clk

-

No delay

o~
=
Y

~
N

00 I~

Jata 7 One cycle

delay v, (t) va Two cycles

del output -1 -1 -1 8
elay data z z z —/—> Three cycles
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Modeling the Delay with SPICE

O A delay line in SPICE can be used to model a delay

M(t) >—2UD —— = y(t) G(s)=e""

1 G(o)-t

> dB) dB) £G(@)=-aT (°)
10 180
90.0 2.00 ' | 5
G(f
0 0 - | ( )| 0 wo
-90.0 -2.00 ZG(f) 5

1k 100k 10Meg

1k 2k 5k 100k 10Meg
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Approximating the Delay (1)

O A delay can be defined by associating a RHP zero and a LHP pole (all-pass filter)

1— 5 ‘G (a))‘ _1 Pole/zero cancel
( ) 0) d each other
Gd S )= a ‘
1+ i ZGd = —tan_l [ﬁj — tan_l (ﬂj =2 tan_l [ﬁj
, @, @, o,
O What value of r satisfies this equality?
1-s/@ e
—sT 1
arg(e™ )=ar - ‘ ~oTl, =-2tan™' | —
g( ) g(1+S/C()Tj [C()T]
—> ~(

O Use the arctangent Taylor series equivalent: _ _

3 5
3 5
- X X 0] CO 0)
tan” x m =" T )  or~-2| — e 4o

5

k 79 Public Information




Approximating the Delay (2)

1 Solving for wr gives us the 1storder Padé approximant of the exponential

T S
-5~ 1=——
—sT. 2 a)z . 2
‘e TR T with o, =0, =—
l+s—= 1+— s
2 o,
b |
\
// \\ - The phase deviation
0
- / \ between both
(dB) 0 s 4o 9) formulas increases
T 14E with frequency
TR 2
_STY\\\ i
e - \\ q
ﬁ }\j\\% -180

10k 100k
Public Information |
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Discretizing Continuous-Time Transfer Functions

O How to move from one domain (continuous time) to the other one (discrete time)?

A S
Ri
G S VA R

Vfo—+ " S=f(Z)

‘ Digital control
R
For ()55 ) g W ()7 ()= () s Ve ()

z=e"

-1
Vou (S)QLG(S)——GO (1+&j }é Verr (5) Vou { G(Z)—W} v
i b, + b,z
k ” V820 Public Information im




Mapping s in the z-domain
O Assume a simple integrator transfer function
X (s)

1 ¢t
Y(S) = - ‘ y(t) :;Jox(z‘)dt
O In continuous-time domain, the integral is the area under the curve

x(1)

— Azj:x(t)dt

A
| t
0 tl

» How do we evaluate the integral in the discrete-time domain?

X
x[n-1] Sum discrete areas

(1) 10
H/T/Tf ‘ A = Al + A2 + A3
4 ' 4 | A ! t
. ° (n-2)T (n-)T al,
83 Public Information




Three Integration Options

U The area can be approximated in three ways

Forward @------ >0 x((n-1)T.)
x(nTs). A A2 z)C((I’l—l)]—;)]—;
(o) o A L
0
. 7 (n=1)T, T,
l o< ----- o x(nT,) Backward
0 A, = x(nT))T,

A 4, zx[n]TS

Public Information

:(nl)
L \L o x((n—l)]"s)+x(n]"s)
x((n-1)7) @ 2
Ai
(n—l)Ts nT,

4 n x((n—l)Ts)+x(nTs)TS

2

, R X[n—li-l-x[n]Ts

= Trapezoidal integration
= Flat-top approximation

0N,



Discretizing in Different Ways

O Forward-Euler method
WAreEd Y(z)=7(z)z" + X (2)

%/[n]:)?/[n—lhx[n—l]]; mm) Y(z) T z_ T

z'T

()
1 “ X(S)

0 X(Z) 1-z" z z-
Integral value Integral value at  Approximate integral s 1
atsample n  previous sample  between samples ‘ H(Z) — H(S) L lg= z
§=— I
T, T
s \ Ky

] Backward-Euler method

y[n]=y[n-1]+x[n]I, mm) Y(:) T oz T - Y (s)
T ) 0 X(z) 1-z7' z z-1 X (s)
Integral value Integral value at  Approximate integral gmmmmmnes 1
atsamplen  previous sample  between samples ‘ H(Z) = H(S) b g = -
S=Z : ZT;

kss Public Information
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____________




Tustin and Backward/Forward Euler Methods

[ Tustin method

=y S — 2+

Integral value Integral value at  Approximate integral Y(Z) = X(Z
atsample n previous sample  between samples

2 z—1
) H(z)=H(s) 2.0 s=—>—
 Other approaches Traa i Toz+1]
Discretization Method What is Important?
Zero-Order Hold (ZOH) Transient response with a staircase input . .
v’ Tustin brings a good
First-Order Hold (FOH) Transient response with a PWL input

Transient response with impulse train

Impulse-Invariant Mapping input and discrete-domains

Good matching between frequency- and

Pole-zero Matching discrete domains

86 Public Information
https://www.mathworks.com/help/control/ug/continuous-discrete-conversion-methods.html

matching between frequency-
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Viewing Tustin, Backward- and Direct-Euler Differently

O It is possible to approximate the exponential using Taylor’s series expansion

1 _
e rl+x+x 4.+ X" ‘ e ~1+x
(n—l)!

Neglecting
high-order terms

v’ Forward-Euler v’ Tustin transform
E z—=1
! K 1 1§ =— ! _
it ] T Z+li

v’ Backward-Euler
""""" Use the Padé

1 1 ozl .
Z=—F AT ‘ - approximant of
the delay operator

Public Information Henri Padé 0
1863-1953 f




Applying Tustin’s Method to a Low-Pass Filter

L We have the following low-pass filter transfer function

1
G,(s)=—m 2 z-1 1+z" 2 To, —2
¢ Sl<—85=— G =G ——— G,=1- b =—21
1 L8] T z+1 » 4 (2) °1+ble‘ ’ Tw +2 | To, +2
a)p § sp N 7
[ Test the response in the frequency domain with z' =¢™*"
10 10
Fo=40kHz | F =40 kHz
f,=1kHz "7 f, =10 kHz J» =10 kHz
(dB) I 21 Y (dB) Ow;s_gﬁa..-_M.._w..ﬂ.__.m,........j‘:fs\-.,W. |
N 6. (/) W
10 - 10 fl, =8.5 kHz
G (@ zcolljtee"” o \\
£, is the discrete pole Gd ‘ f )‘ R"(

10 100 1k 10k 100k 10 100 1k 10k 100k

Jo=ta_ 5, | | o= Ja 1500,
88 fp Public Information fp |




From the s-Plane to the z-Plane - Exact Mapping

O The stable pole region - left half-plane - entirely maps inside the unit circle

] . |Z| Lz Im (Z)
T s Mmagnitude angle
T
T, — \1/ \/ unstable
; z (o+jo)T, _ Jof, joT, region
<+ ]% o= 0 -
v
B ] o
-10 -1 -
F_]E s=0
c=0
Left half-plane Right half-plane o
T =1s

Imaginary

The imaginary part defines the angle
The real part defines the radius

» The stable poles (LHPP) in s are confined inside the unit circle
» Unstable poles (RHPP) in s lie outside the unit circle

89 1/18/2023 Public Information @
Watch Brian Douglas’s videos at https://www.youtube.com/channel/UCqOimsn84ShAe9PBOFnolrg .



The Bilinear Transform

U Tustin’s approximation maps the entire jw axis on the unit circle in the z-plane

J@ Im(z)
T
jl 1+S5 unstable
T L z = T o, > region
5 & = l—s—>
]2Ts Y =0 B
@------ s . O ‘
-10 1
s=0 —>  z=l
c=0 —
Left half-plane Right half-plane o0 —> |71

T =1s

Imaginary

» The stable poles (LHPP) in s are confined inside the unit circle
» Unstable poles (RHPP) in s lie outside the unit circle
ﬁ Stable in the
I z-domain

Stable in the
s-domain

Public Information @, = analog world

®, = discrete world



Compression in the Frequency Response

L Map the s-domain transfer function in the z-domain with bilinear transform

1 MaptOZ 1
Ha (S) = 1+ H ( )
ST 2 z—1
% In general: IJ{T 2+J ,EUer
z =/ T
2 z-1 2 e’ 1 2 o, T
H = ‘ H, (" )= H | j—tan| ==
i(z) ﬁ(T z+1j ( ) (T e/ +1j a[]ﬂ [ 2 D
discrete analogue
» The discretized pole w, is not at its original frequency-domain position
1 What you have What is expected
Wanalogue O ‘ ‘ L 1 L
a)dzitan_1 AT f, | \ Ji= —Ttan (fa”Ts)
ro T 2 y; 0.8 \ T s
discrete ‘ ’ 0.7 f,=1kHz — f, =0.997 kHz
‘ ‘ discretized

requency warping %601 02 03 04 05 £, =10kHz — [, ~8.5kHz

F
L.F,
91 1/18/2023 Public Information |
FS =40 kHz .

N



Maghnitude and Phase Distortion of Mappings

O Tustin offers the best magnitude tracking while phase diverges as you approach %

reference —PZQSTS
Exact 15 e
|Z| : orward Euler "] 4= Lz
| . )l / TS (arizl(i-Zn-F))).lTSO A¢ - 80 Tustin
z (2 i F ) 1 > — -° | -t
gz’"’“:)l / reference TL:S)UZ i 2 (arizz(i-Zn-F)))%lo / - < e
L P | 7(s): T, - Ap = 8° _.e=T
LGl / v os— fondsten)) 22 el
e ST Forward o 180 - ]
. (S) =1+sT (ar4z4(l.2n-F)))-T \ ”f/%
1< Tustl n 3 s == 5 z ‘/
— Backward | LK Backward and
— z2y(8) =
- =T forward Euler
Backward Euler
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

FS

O Tustin provides same phase-mapping accuracy with lower sampling frequency
» Acceptable results for £, >5- f while Euler would require F, >7-f

92 Public Information @
M. Jovanovié, Introduction to Digital Control of Switch-Mode Converters, in-house course, PHX 2014 .



Account for Warping when Positioning Poles and Zeroes
O Frequency compression occurs because of nonlinear relationship linking @, and o,

—00 < w, < +00 Entire continuous
' frequency range
T T . .
—_——< a)d <4 Discrete-time
frequency
S N

U You can anticipate the compression and prewarp your poles and zeroes

Where you should 10 T 90
set the pole What you want G,(0)=G lI+e . \
Q/ 2 a)dT; in discrete time l+be | 45
@, = —tan 5
s f, =10 kHz \
‘ @)  |[G.(/) ’ Y
-3dB -\\\:\\V |
2 (2710k-T) 1 2 O
Sy = o tan( 5 )27[ =12.7 kHz 5 £G,( x /I ﬂ 45
v L. L.,

G =1- h = F 10 100 1 kHz 10 kHz 100 kHz
0 1 . .
Tsa)p, +2 Tsa)p, +2 Public Information @
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From the z-Equation to Practical Implementation

O Start with the z-transform expression

Y(Z) 1+ 2! Expand

U(Z) — Yo 1+blz_1 Y(z)+Y(z)blz‘1 =U(Z)GO +U(Z)GOZ_1

Rearrange
Y(z)=U(z)G,+U(2)Gyz" =Y (z)bz" )
‘ y[n] =u[n]GO +u[n—1]GO —y[n—l]b1

O Assemble blocks according to the obtained equation

) /xL\Q . How can we
GO Z_l i

u y[n] . testthis
ﬁ% . configuration?

z ! —b,

kgs Public Information @
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SPICE Simulates Delays Efficiently

O We know z ™' can be modeled by a delay line in SIMextrix®

1
T

In - 1 1 + I Out
R3 %
Z0=50 TD=(Ts}
R1 R2 50 U

100u U 100u [

—L R — —L—  Model from Basil AIMukhtar - ON Semiconductor

| S|

U By reproducing the flow-graph blocks, you can build the transfer function

Simple low-pass filter
_ =0OUT/IN
] £5 V(N1)+V(N2)-V(N3) *
B ulr] ] Gl B e vl pparam Fs=40k
y 2> o .param Ts={1/Fs}
Am = A .param fp=10k
u[n]G, z & .param wp={2*pi*fp}
- .param wpw={(2/Ts)*tan(wp*Ts/2)}
- y[n-1]h oy y[n-] param GO={1-2/(Ts*wpw+2)}
N param b1={(Ts*wpw-2)/(Ts*wpw-+2))
E2 *

Continuous-time ) ) -
LAP1 Public Information '
TSI Laplace TF




Plot the Continuous-Time Response

O Pole frequency pre-warping offers an excellent matching

0

-3dB——=>

i

-10

Gain / dB

G(/)

Tustin >

40k 60k 100k

2010 20 20 60 100

200

400 600800 1k

2k 4k 6k 10k

20k

Phase / degrees

-45

)

£G(f)

Tustin—>

45—

-90 10

20 40 60 100 200 400 6008001k

» Phase extends beyond -90° with discrete-time implementation
v’ Flowchart structure and behavior is validated before coding begins

.

Public Information
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SIMPLIS® Include 1st -Order Filters Blocks

A A pole-zero equation implemented in SIMPLIS® is the following:

Y(z)+Y(z)Dyz"' =U(z)N,+U(z) Nyz™ )
Y(z)=U(z)N,+U(z)N,z"' =Y (z)D,z"'

‘ y[n] =u[n]N1 +u[n—1]N0 —y[n—l]D0

O Assemble blocks according to the obtained equation

J  Edit Tst Order Discrete Filter: U1 X

15! Order Discrete Filter

aaaaaaaaa

Description

N 1% Order Discrete Filter model, The filter transfer function is
! T(_)_N1+N02‘1
RV TP
u [ n ] N —1 Cnmpaﬁb_le with ﬂje SIMPLIS s_imula?:or only. Click on the Help button
0 Z for more informati this device,

+ y [ n ] T mol on about this
aaaaaaaaa ? ?
" ]
NO 0 ||| miss I Candition |0 =
J— Acquisiion Time | 1n ) S
Z 0 -

kgs Public Information Lok || o @



Determining Coefficients Values

U Replace z by its value in the s-domain: z“l ="

I_S SwW
Vo
oy T -, 2
N +NZ 1 N +N:e sT, < e T, ~
H(z)="—"1 0= fi‘.z‘;" H(s)="— 0= oo ' Tsw
(=) 1+ D,z m— () 1+ D,e ™™ I+s
If we plug this expression into the original transfer function, we have:
g Lo o = 2NN, v o, (To.~2)
N, + N, —2 s I, N, =N, ' o (T, +2)
1+5—> +—
rearrange @, 2 1+D Ho (T.o,+2
H(S)z T2 H(S)=H0 B a)p:_ 0 le 0 p(s z )
s 1+— T, 1-D, o, (T.o,+2)
1+ D, 2 @, 4
sw N, +N D =1-
14520 g Nt N, )
2 " 1+D, Lo, +2

kgg Public Information @



The Implementation Requires a Clock Generator

[ This is a transient simulation with a POP block

VA
1-POLE
500m DISCRETE FILTER
X1 V1

U1
SIMPLIS_DTF_SCG_Y__V2

' Sampling Clock VF
- Generator

IN ouT 3

VA lock
I C%C—_ TRIG CLK_OUT
[N CLK_IN CLK_OUT[
Clock 4 V3 RTN RTN
E, I AC 1
T_ACQ=1n N1={N10} T_ACQ=1n
IN outYF U2 NO={N0O}
+ +—
Velock \ [71 =0OUT/IN IID%=(EDOO}
» Automate the z-coefficients calculations -
* *
= * iti *
'gtggﬁmg ]:L i}? k Zeprg'efs"i;'(t)':rl .GLOBALVAR N10=HOO*wp*(Tsw*wz+2)/(Wz*(Tsw*wp+2))
O LOBALVAR HO—0% da'[i’n i .GLOBALVAR NOO=HOO*wp*(Tsw*wz-2)/(wz* (Tsw*wp+2))
‘GLOBALVAR Fsw=100k|* sampling frequency * "0 EOBALVAR DOO=1-4/(Tsw*wp+2)
) :'SLOBALVAR Nl\?ggoo d update N10 with below line *
if no zero, set = 0 and update wi elow line
.GLOBALVAR Tsw=1/Fsw ) o ane )
GLOBALVAR HOO=107(H0/20) .GLOBALVAR N10=HOO* (wp*Tsw)/(1+(Tsw*wp,/2))

*

.GLOBALVAR wp=2*pi*fp
.GLOBALVAR wz=2*pi*fz

100 Public Information w




Sampling Frequency Affects the Filter Response
O The phase drops faster at a 100-kHz sampling frequency

G (/) /ﬁ \ G () //
(dB) 10 (dB)

-~/ F =100kHz ’\ J. =1kHz
1A f,=10kHz 0

__
i £G(f) =Mz . ZG(f) PN
PN i b \x\ oy o N
45 \ -45

\ U

10 100 1k 10k " 100k 1M 10 100 1k 10k 100k 1M h
Public Information |
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Implementing a Type 2 Compensator

O You start from the low-entropy form Laplace transfer function

o I Divide by z°
Ty _ GTw (1+2)(2z+Tw +Tw.z—2
G(S)=G0 S - S:il Z_ » G(Z)= 0 Swp( +Z)( Z+ Sa)z+ sa)zZ )

1 2 2
145 T 1+z 4z° -8z-2Tw,+2T w,z" +4
@, " Divide by z°
Biquad
e a +az'+a,z?
# G(z)=—" 2 Specifications:
1+bz" +b,z7 a, = 0.0857
G, =20dB f =1kHz
_ 10
“ - GOTS(a)p (T, -;—2) Boost — 50° a, =1.957-10
2(2+Tw > )
’ k= tan(bozog +%) =2.74 a, =-0.0855
2
a, = —GO]; a)pa)z b = ——2 f =364 Hz bl = '19829
' 24T, ' 1+05To, ‘
f, =2.74kHz J b, =0.9829
a, = G Lo, (Lo, ~2) b 2 F =1MHz

=— -1
2T, +4 ' 140570,
kos Public Information w



The Biquad Filter is a Recursive Digital Structure

O A part of the output is fed back to form the transfer function

Feedforward Feedback Reduce to 1st
coefficients coefficients .
i I order filter
yln] = ayx[n]+ax[n—1]+a,x[n—-2]-by[n—1]-b,y[n—2] ‘a —h =0
2 2

n]fwc vl .

A |
— > (< —
2"d-order —b2 l *

O This configuration is called Direct Implementation |
» Can be transposed in different forms (DI 1) so as to minimize calculation errors

k04 Public Information w



Where are Poles and Zeroes?

» If you read coefficients from the code or a circuit: where are poles and zeroes?

T
I_Sﬂ
LN G Double zero
— © 2
: ol DT gt (L) acare
() a, +az"' +a,z” 2 (5)~ Gy T, + 4, a,+a +a, 2 ) a,+a +a,
Z)= 1 = ~ | 2
1+bz" +b,z bt L LisT 1-b, +S2(Tsj b, —b, +1
b +b,+1 2) b+b,+1
O Numerator and denominator follow the form: Double pole
2
T
( a,+a, +a,+sT, ( az)-l—sz(zsj (ao—al-l—az) A
— 2
=1+s(r, +7,)+5°7,7,, l+s(z,+7,)+s°1,7,

>~ G(s)=G

01 )
+S(Tp1 +Tp2)+S Tplz-p2

D(s

(s 1+S(Tp1 +7,, ) +s22'plrp2

105 Public Information @
C. Basso, Linear Circuit Transfer Function: an Introduction to Fast Analytical Techniques, Wiley, IEEE-Press, 2016 o

2
1+b, +b, +sT. (1—b2)+s2(%j (b, —b, +1)

Normalized low-entropy form

)=
N(s)=1
)
)




Link Time Constants and Coefficients

1 Solve a system of equations to unveil the poles and zeroes

2
a. —a a,—a,+a, (T
_ 0 2 . _ 0 1 2| s
z-zl_l_z-ZZ_ T; T4 T, = (2]
a,+a, +a, dy+a, +a, a,+a, +a,
2
1-b, b, —b +1(T I+b+b,
T, +t7,=—""—T T, T,,=—"—|—=
pl p2 s pl p2
1+ b, +b, 1+b5,+b,\ 2

» The second zero does not have a physical meaning in a type 2 compensator
1 1

Ja=—TF S =
T, (ao —a, +ya’ —4a,a, ) Infinite value T, (a2 —a, ++Ja’ —4a,a, )
2r 2( ) 2| — 2( )
a,+a +a a,+a +a
i 0 1 2 B Clo +al +a2 0 1 2
p 1 * 14b,+b, i
pl = B f ) =
Tsw(\/buz —4b, —b, +1) T ’ T, (b2 —1+4b,2 —4b2)
2z b,=b+1p 2z| -
2(1+5, +b,) 2(1+b, +b,)
L Public Information @




Testing Coefficients with Mathcad®

[ Back-calculate poles and zero values: b5
G,
f.=3639Hz f, =lpHz f, =274kHz  H,~4-10° or172dB /1% =20.008dB  G(s)=G, @,
Pole at the origin Infinite OL gain le Mid-band gain 5[1 " S}
0)171 0)172
0 I 0
50 f~ —~ | 1. Reference 5™ ~{( r
\\\\ G | 2. Tustin \\x\ U7 |
‘\\‘H-‘.___Ei 9 dB 3. Back-calculated 1-20 \\““"‘---__-_ 1-20
(@B) o B utimNE S~ [*¢) @y PN S 1700
Vi ! “\"‘_ T~ Vi ’ x\ \ / i
/| N\ 1-60 /| 1-60
/) \ / N Tustin
. T ZG(S) Ml > 4G f) SR E R
10 100 1 kHz 10 kHz 100 kHz 10 100 1 kHz 10 kHz 100 kHz

F =1MHz F =100 kHz
km 1/18/2023 Public Information @



Testing the Filter with SPICE

[ Parameters calculation is automated with SIMetrix®

Biquad filter direct form 1

40

=OUT/IN

20/dB

V(N1)+V(N2) (f)
{a0} ARB1 ‘ ; F
h I nt ouT s
n2 20
iy \‘ ‘\
Vi

S ] bz = VINT)#V(N2)-V(N3) 1| bazr
ya ut 3 ARB4 7 us

1}

<
an
N

Gain / dB

n1

{al}

H2r Ll F, =100

VINT)-V(N2) E2 20

Z—}T Zaa_zu % ARB5 Z{T Za[zu 0
LAP1 iaz) (DZi L G ( f )
{GOy(1H{wz}/s)/(1 +sKwp})
2 FH

* E5 E3
PARAM Fsw=100k .PARAM a0={GO*Tsw*wp*(Tsw*wz+2)/(2*Tsw*wp+4)} % P
_PARAM Tsw={1/Fsw} .PARAM a1={GO*Tsw 2*wp*wz/(Tsw*wp+2)} S
PARAM Ts=Tsw .PARAM a2={GO*Tsw*wp*(Tsw*wz-2)/(2*Tsw*wp+4)} £
.PARAM fz=364 -PARAM b1={-8/(4+2*Tsw*wp)}
.PARAM fp=2.74k -PARAM b2={(4/(Tsw*wp+2))-1}
* *
.PARAM wz={2*pi*fz} {"*'}a0 = {a0}
.PARAM wp={2*pi*fp} ("*'}al={al} o™l L] TSl
.PARAM GO=10 {"*'}a2 ={a2} 9010720 40 60 100 200 400 6008001k 2% 4 6k 10k 20k 40k 60k 10
* /[\ { T } bl = {b 1} Frequency/Hertz 10kHertz/div

{"*'} b2 = {b2}

20 dB * . .
1/18/2023 Public Information




Implementing a Type 3 Compensator

O You can now repeat the exercise for a 2-zero/3-pole compensator

1

21—z
@ ==
(1+ - 1+ R
S w, s

G(s)=G,

T+ | 1+
a)P1 a)Pz

N(2)=GLo,w, (z+1)(2z+T 0, +To,z-2)(2:+T0, +T.o, z-2)
} Divide by z°
D(z)=2w, (z-1)(2z+T0, +T,0,z-2)(2z+ T 0, +T,0,z-2)

L Glo,0,(To,+2)(To, +2) o Glo,0,(To,-2)(Te, -2)
(N ;=
a, +a, P a, 724 a, 73 240, +2T0,0, +2T0, 0, +T 0,0, 0, ) 240, +2To,0, +2M 0,0, +T 0,0, 0, )
- G(Z) = — —~ 3 _ GlLo,o, (210, +2T0, +31 0,0, —4) To,-2 4 po_ 16
1 + bIZ + b2Z + b3Z “- 2(4@Zz +2Tw, 0, +2[o, o, +7"52a)p]a)pzwzz) b= Tw,+2 To,+2 ’ (Tscop1 +2)(7:a)pZ +2)
GTo,0, (2L, +2To, -3 0,0, +4) (Lo, -2)(To, -2)
“ 72(40)22 +2Tow, 0. +2To, o, +Tfa)p‘ a)],za)ZZ) : :_W

kog 1/18/2023 Public Information @



Watch for the Computation Flow

Feedforward Feedback

[ The zeroes are computed first then the poles coefficients coefﬂfents
v
yln] = ayx[n]+ax[n—1]+a,x[n—2]+a, [n — 3] —by[n—1]-b,y[n—-2]-b,y[n—3]

a
[ ] [>0 : C\_l_ [n] v' Computing zeroes first reduces overflow issues
L / T Y +* Poles tend to amplify variables when they occur
-1
z

B ¢ Zeroes attenuate the variable when they occur
4]
¢ >0
y=1
Z_1 Wrong result
+
_ _ x=1—> =5
Z ! z ! Y
—b3 Not clamped Accurate result

o

Zeroes calculation Poles calculation '
" 1/18/2023 Public Information @
M. Jovanovié, Introduction to Digital Control of Switch-Mode Converters, in-house course, PHX 2014 .



Going Digital - Converting Samples in Words

O The analog-to-digital converter converts the sample in a binary word

Sampler u [n] —u (nTS)
W QK TR ADC [ V¥ (1)
vy N bits

u(t) 1 1 1 u*(t)

0 The conversion process brings a quantization error Quantization
error
111 ADC out
T - 110 Range:0to 1V
pd od o * 101 . 011
R KRR 100 Resolution:
vy oo TAvesmy 010
_ 010 —=-=125mV
3-bit ADC 9% 2 8 t 1

8 quantization . _ T, ‘
111 levels Public Information |



SIMetrix® Lets you Test Coefficient Values

O Before implementation, it is interesting to test the filter in SPICE

continuous ™ out) continuous
=OUT/IN _ Zero-order hold (ZOH)
:h LAP2
; VINT)+V(N2) =2
{a0} ARB1 - ntouT
> I o discrete — o
n
g " “H/Z“‘ Eg {FsW}/(s+1p)
ACH E1 E6 <z
P4
|| ba_z = V(NT)+V(N2)-V(N3) 1| ba_zr1 >
Ve ut 3 ARB4 Ve us I
IN ourT| ‘{31) (01)‘
=0UT/IN * * .
| >, S ! Discrete- to
E4 5 V(N1)+V(N2)-V(N3) g2 ; cO nt| nuous-
-1 ba_z"1 o — ba_z*1 )
AN Z | time
I{ég}l(1+(wz1)/s)*(1+s/(wz2))/((1+s/(wp1))*(1+s/(wp2})) ! (a2} {02} | conversion
+ +
Reference TF | > I | < I
. 5 V(NT)-V(N2)
in Laplace Es 3 |arss Es
- ba_z"-1 — ba_z"1
7 ! us Ca 7 ! Uz
{a3} {b3}

1/18/2023
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i
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Public Information

. Ben-Yaakov, D. Adar, Generic Average Modeling and Simulation of Discrete Controllers, APEC 2001

*

* Enter Design Goals Information Here *
*

.PARAM fc=3k ; targeted crossover

*

.PARAM Fsw=1Meg ; sampling frequency
.PARAM Tsw={1/Fsw} ; sampling period
.PARAM Ts=Tsw

*
*

.PARAM fz1=200

.PARAM fz2=600

.PARAM fp1=21k

.PARAM fp2=21k

.PARAM Gfc=-20 ; magnitude at crossover

*

.PARAM G1={10"(-Gfc/20)} ; needed gain at fc
.PARAM GO={G1/SQRT((1+(fz1/fc)"2)*
+(1+(fc/fz2)"2)/(1+(fe/fpl)"2)* (1+(fe/fp2)"2))}
*

.PARAM wz1=(2*pi*fz1}
.PARAM wp1=(2*pi*fp1}
.PARAM wz2=(2*pi*fz2}
.PARAM wp2=(2*pi*fp2}

Automated calculation




SIMPLIS® Offers a Sampled PID Block

U Add the third pole via a RC filter tuned at @,

G(Z)zK

4B K, 4, (Z)

"2 7K, 4, ()11
A A

Internal z transfer functions
computed with forward- or
backward-Euler or Tustin

N

f. =3kHz N G, =199

ch —=20dB K, = kp =2.643
£ =200 Hz K, =kT =2.509m
Zl k
fo—600Hz [ Ki=ttxsio

- 21kH |
fpl g y = ! =15m
pr =21kHz J a)plkd

Externally
implemented

1/18/2023

From type
3 conversion

\/
k

\2 \2

_ _ _d
K, =k, K=kT K,==*

. s 1 Forward-Euler
y=— O<w, , <l —» yk,>2< 0 Backward-Euler
a)pl kd Pole must lie O 5 Tustin
in unity circle )

4

Edit PID Discrete Fifter: U1
PID Discrete Filter (Version 8.1+)
Parameters

Description

PID Discrete Filter madel. The filter transfer function is

K, " KpSp(z)

T(z)=Kp+ 50

z-1
Si(z). Sp(2) ={(< iz
2z-D/(z+1)

Compatible with the SIMPLIS simulator orly, Click on
for formation about this device.

T =1ps

yKp85,(2)+1

Method is Forward - Euler
Method 1s Backward - Euler
Method is Trapezoidal

the Help button

Parameters

- 5 ern [ s
KD 508,622 : Integration Method] ‘wmmm -
s [ | e | DR

e

Public Information

You can choose and
4= combine mapping

functions

https://www.simplistechnologies.com/documentation/simplis/dp_discrete_filters/topics/piddiscretefilter.htm
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The Sampled PID Parameters Can be Automated

O Because of infinite quasi-static gain, a biasing circuit is necessary

*

.var Fs=1Meg
.var Ts={1/Fs}
.var fc=3k
Second pole o
.var fz1=200

u2
POP Trigger DELAY=100n Cup2)
- N out . i ||, var fz2=600
1 L-cLk L} | _
T =0OUT/IN c2 .var fp1=21k
I .var fp2=21k

1 var wz1={2*pi*fz1}

= T Acaein var wz2={2*pi*fz2}

“Ic=0 .var wp1 ={2*p!*fp1}

PID Fitter vl .var wp2={2*pi*fp2}
16 PID_IN _PiD_out 10 *

o T IN out . + var a=sqrt(1+(fc/fp1)A2)
" J- CLK_IN  CLK_OUT — var b=sqrt(1+(fc/fp2)*2)

ct

T_ACQ=1n v oK RTN .var c=sqrt(1+(fz1/fc)*2)
Sampling Clock - E3 var d=sqrt(1+(fc/fz2)2)
-1 Generator .var GO=(a*b/(c*d))*Gfc
.var Cwp2={1/(wp2*1k)}

TRIG CLK_OuT

RTN .var ki=G0*wz1
—Lvs .var kd=((wz2-wp1)*(ki-GO*wp1))/(wp112*wz2)
+ Xg o T 2% var kp=G0*((wz1+wz2)/wz2-wz1/wp1)

.var kpz=kp

V_CLK .var kdz=kd/Ts

.var kiz=ki*Ts

.var gam=1/(wp1*kd)

T+

"3

o

B {™} G0 ={G0}
{™ } ki = {ki}

{"™ } kd = {kd}

{" Y kp = {kp}

{"™ }kpz = {kpz}
{™ Y Kiz = {kiz}
{™ }kdz = {kdz}
{( }} gam = {gam}

Public Information ) |
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You Can Also Derive PID Blocks Yourself

O We can map the continuous-time representation in the z-domain

—> P k,e(1)
+ &(1) ( ) v, (1)
u(t) —>? | k[e(r)
- s de(t) |
»(t) D £,
» The proportional block is straightforward
Vc(S)|k,.=kd=o =k,&(s) ‘ V.[n]=k,&[n] ‘ g[n]kpg[n]
kﬁ 1/18/2023 Public Information @
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Backward-Euler Applied to the Integral Path

O Map the integral block defined in the s-domain

k, 1 1-z" k 1
C (S) o0 Ti SBaCkWZSrd-Eulerq ‘ (Z) kp =kq=0 Ti 1_ Z_1 g(Z)
[ Develop and rearrange this expression: I,
k,T,
Vc(z)(l—z‘l)= z) mmmy V. [n]-V,[n-1]=""Leln]
r

» Assemble the blocks to form the integral path:

- V[n]

le 1/18/2023 Public Information @




Backward-Euler Applied to the Derivative Path

 Map the derivative block defined in the s-domain

V. (S)|kp=k,.=o = kpr{ (s) SZI_TSZ_I ‘ V.(z)

Backward-Euler

=k,7,

k,=k;=0

U Develop and rearrange this expression:

V(2)= S 1 o) b [1] ="

N

(e[n]-e[n-1])

» Assemble the blocks to form the derivative path:
k,z,

[n] o @[]

S

kl? 1/18/2023 Public Information




A Filter is Needed for the Derivative Term

O Start from the low-pass filter expression

1 go1=7) 1 1
G(s)= T G(z)= =
S T T
s 7 7, j(l‘ 7, j

1+ Z_l-l-l 1+
NT ' ¢, +NT

0, < o-" NT. NT,

Ty

[ Factor and rearrange this expression considering &, as the input and ¥V, the output
a T,
W, ‘ 4 [n] =a-g, [n]+Vc [n—l](l—a)
N S

G(z) = a=
O Insert the extra filter block in series with the derivative term

1-z'(1-a)

k,z,

eln] = (D)3 V(]
. -1 * -1 l_a

z z

kns 1/18/2023 Public Information @




Final Filtered PID Implementation

1 The model can be enriched with an anti-windup structure

‘l k | Proportional

1 e
V.[n]
2
o, +o 1 w 0] 10) W (a) - )(a) - )
—__4 % _ D _ _ _po  "po po _ D 7 Dy 2
i 1) 1) N_a)a)+a)a)—a)a) : kp_a) a)+a) fa =
71z b2 § 20t Pz z1 "z 2 )2 o (a)p1 a)zl + a)pl a)zz _a)zl a)zz )a)pl

119 1/18/2023 Public Information @
C. Basso, Designing Control Loops for Linear and Switching Power Supplies, Artech House, 2012 o



Use SIMetrix® to Validate the Structure

O Simulation lets you verify the blocks are well assembled together

Second
pole

IN ouT . {ﬁ)—“'
=OUT/IN 2
_ R1
el(,, - 1K
{Ap} 23
N :; ouT T :; o
'||— Z“' i a ) Fswl/is+1p)
B¢ 32 &5
Lo Q) g s
© R moour g Zero-order hold (ZOH)
'll_ I 38 g Automated
'N=,|;UT 1 = <3 calculation
S
7, =193 s
d
| N. f.=3kHz )
| 04 N =2643
837 = B
I(-gg;'(1+(wz1}/s)'(1+s/{w22))/((1+s/(wp1})'(1+s/{wD2))) “a g @ Je T, = 1.053 ms
S e — T fo =200 2 Ly —264
1| [ — 1| [ = _
T [1_,_6021}[1_,_5‘} Esba_l’l‘j} I-S Ei: E2 % < f;z =600 Hz A7 — 25 lm
s 1) z 5
G(S) = GO = - > fP[ = 21 kHZ Ap = kP
s s
I+— || 1+— _
{ w]{ w] | f,, =21kHz 4 —5096

Reference TF type 3
120 1/18/2023

E1

Public Information
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Testing PID Responses

[ The SIMPLIS® PID and SIMetrix® discrete version agree well with each others

] | Ll \L?_Elace type 3
@) | I ]  SIMPLIS \ ,\\\
- SlIMetrix | | \/
N A
Jlet) [0V
£ =200 kit - —= ]
o ] U Laplace type 3
0 — T NS T
e e siMPLIS| N | A1 |
SIMetrix \

=135
20 30 40 50 60 70 80 100

L
I
——

Public Information
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Practical Application to a Buck Converter
1 The PID compensator is applied to a 250-kHz VM buck converter

S1

[ Vsw L1 VOuT
i /ZLE A .
+ n 22u1C=0 EL
10m rc lout
Vin 30m VB
— 12 D1
Ideal_Diode . R3 —
- 4700 1650 ! T OUT——evg
V4
T =OUT/IN @ AC10
1L : +
If you change Fsw: R
Qdrv
clock 'S - change clock frequency Y Ut oy VAR
| U35 X1 - change Vsaw frequency =OUT/IN
- change Fs in the parameters list —
S Q I f
R T — .
QN = Vref k Vout
K-dom U1 R5
PID out T—’?g90=1" = D {Rupper}
Loop delay PID Filter
i clock delay @
Velock @ delay RHPZ_LHPP sup- - ] gt’;_om CLK_:,Z‘
RTN o
Anti-aliasing
j_ R6 filter
——W1 {Rlower}
T{Vref1}T

1-V peak amplitude
1/18/2023
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Automate All Calculations with SIMPLIS®

O You can quickly check different compensation strategies and see what it does

.var Gfc=-8 * magnitude at crossover *
.var PS=-148 * phase lag at crossover *
*

* Enter Design Goals Information Here *

*

.var fc=10k * targetted crossover *

.var PM=60 * choose phase margin at crossover *
*

* Enter the Values for Vout and Bridge Bias Current *
*

.var Vout=5

.var Ibias=250u

var Vrefl=2.5

.var Rlower=Vrefl/Ibias

.var Rupper=(Vout-Vrefl)/lbias

[var kdiv=Rlower/(Rlower+Rupper )4
*

* Capture the double zero position and one of the pole position *
var fz1=1.5k
var fz2=1.5k
var fp2=50k ; pole is brought by the Tustin mapping at Fsw/2
*

Account for the
* Do not edit the below lines * divider network
.var boost=PM-PS-90

var G=(1OA(-GfC/2O)) attenuation

.var fpl=fc/tan((2*atan(fc/fz1)-tan(fc/fp2))-boost*pi/180) *
.var Fs=250k
.var Ts={1/Fs}

* 123 1/18/2023

.globalvar Wtau=2/Ts ; transport delay
.globalvar R={1/(10n*Wtau)}
*

.var Reg={Rupper*Rlower/(Rupper+Rlower)} ; equivalent resistance driving Ca ]

[ .var Ca={1/(pi*Fs*Req)} ; anti-aliasing filter

Position the anti-aliasing filter

var wz1={2*pi*fz1}
var wz2={2*pi*fz2}
var wpl={2*pi*fp1}
var wp2={2*pi*fp2}
*

var a=sqrt(1+(fc/fp1)"2)
var b=sqrt(1+(fc/fp2)"2)
var c=sqrt(1+(fz1/fc)"2)
var d=sqrt(1+(fc/fz2)"2)
.var GO=(a*b/(c*d))*G

vaerp2 {1/(wp2*1k)}

var ki=GO*wz1l

var kd=((wz2-wpl)*(ki-GO*wp1))/(wp1"2*wz2)
var kp=GO*((wzl+wz2)/wz2-wzl/wpl)

*

var kpz=kp
.var kdz=kd/Ts PID block

var kiz=ki*Ts coefficients
.var gam=21/(wp1*kd)

*

Public Information

Display
coefficients in
the netlist

*

{™"}

{™"}

{'*'} GO = {GO}
{"*'}fpl = {fp1}
{"™"} ki = {ki}
{"™"} kd = {kd}
{"™"} kp = {kp}
{""} kpz = {kpz}
{"*"} kiz = {kiz}
{"*'} kdz = {kdz}
{""} gam = {gam}
{™"}

{™"}
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Cycle-by-Cycle Simulation Shows a Stable Operation

O Simulation shows the staircase waveform on the PID output

7 420135 T T t — ——— e  S— — | 1 T7 N
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. i ] i i ] ] 1 ] ]
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>
= : =1 ll‘\
5, SWAY]
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Open-Loop Gain is Obtained in a few Seconds

O Crossover and phase margin are good at a 250-kHz sampling frequency

a0 __"'-—=_.__ PN 4
£, =10kHz
Fah W, i 11 1D
. \ UiI=1TUb
< ‘-‘F——-.._‘
g y
) T —
~—_]
T (£
= V]
60
80
F. =250 kHz
-—-_"'__-—_
E— —T 1| RN |
ég (Dm = 600 \
3 ® \
N
Ly \
pay \ J )
111111 40 50 60 70 80 90100 200 300 400 500 600 700 800900 1k 2k 3k 4k 5k 6k 7k 8k 9k 10k 20k 30k 40k 50k &0k 70k 80k 100
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Excellent Transient Response

=~ 2
=S .
) B B ]
====== H
==—==
= =
L === =
~ =
—
|t \T L N
A N Nl a Iy
] T~ e = [
N N S SN d
RRLiN Al S LB r
N ‘™~ 3
S
S

—
(7))}

-2

i

N

o

4]

+—

(7))}

+— s

(e

Q _

© S

2 £

< 5

9 -

+ el
! S

] a
©

£

=

=

)

(7))}

©

Y

©

(e

@©

=

mb |\\\¥ mr T \..k

D

-

Q 8
o) 2

1

3 S
S

e 4]

-

- Sgggg © vonn 2 2 2 5 5 gvetag 5 m

D ) 7>E:.,.mu ) WL ) M\Héz ) 1“.”:%9”0




Conclusion

To close the loop, you need a compensator

The compensator is designed to stabilize and shape the response
This filter can be implemented using an op-amp, a TL431, an OTA...
An op-amp is not a perfect element and it impacts final results
Digital control implements a discrete-time compensator

You analyse the stability of the converter in the z-domain
Simulation tools are useful to verify architectures before coding
Going from the s-domain to the z-domain warps the response
Pre-warping poles-zeroes position is the way to go

Simulation is an excellent tool for visualizing the effects of discretization
Plotting the response before programming is a gain in time!

Merci !

Thank you!
NS Xié-xie!
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