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RST Digital control: structure and calculation
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RST calculation: com'r'ol sfruc‘rure

P RS VRS RNSEIE

dt) R=r +r-z'+r,-27
Oy ) u(t)

1/S

25+ 2"
0 1 2 n

_ BIA 0 PR .

T S=S,+S,-Z2 +S,-2°...+S,-1Z

= T=t,+t-z +t,- 2%+t -2"
A combination of FFW and FBK actions
that can be tuned separately
S-u=T-r-R-y y_ A-S
T d A-S+B-R
Hff = —
S A(z7)-S(27)+B(z27) R(z7) = Pys(z7)
Hfb=
S y BT
r A-S+B-R
Pdes(z_l)
B(1)
T =
des(l)

B(1)
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Getting the desired polynomial

w* w=2-7-100 Sample Ts=100us
S12-C w5+ £=03
P, —1-1950 7 +0.963 -2

RST calculation: Dlophan'rme Equa’rlon

el NS W - RO N

nB+d
{ \
T _1 ’ ;
X :[11811"'1Sn81rO’rl""’rnR] a 0
T
P :[11 plv"'lpnP’O""D] = :
M = &
anA a2
0
0 0 a,
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nA
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|
o ... .. 0
b, 0
b, 0
b,
an b2

0

0 0 0 by,

o~

0.001949 z*'+0.001924 -z
1-1.959 z* +0963 -z*

Calculating R and S: Diophantine Equation
A(z7)-S(z7)+B(z7)R(z7) = Py (z7) :>orm:

p+gu+vu



RST calcula'ﬂon fixed polynomials
i W S VIS RS RS, 2l N S WS . R B, 5 N

@ N
v)t

o~

d(t)

Controller TF is: Ty o s LUt g y(t)
-1 . -1
ity — R(Z_l) Add integrator ~ R(z ) ‘ -
S(zh) n-z71]-57(z?)

*

y AS Add 2 zeros more on S A-[l— z‘l]-[1+ a7 +a, z‘z]-S
d A-S+B-R A-S+B-R

yrst

Tracking and regulation response

Integrator active on step reference and step disturbance.
Attenuation of a 300Hz disturbance

Calculating R and S: Diophantine Equation
A(z')-Hs(z™)-S(zH)+B(zY)-Hr(zY)-R(z") =P, (z")
Hs(z™) =fixed partof S

Hr(z™) =fixed part of R

0 0002 001 0o 002 0025 003 003 004 0045 003
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RST equivalent for PID controllers
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RST equivalent of PID contr‘oller' com'muous PIDdesu
)'-In'-m—-———_-

Consider a Il order system:

B ®° w=2-7-100

A 420 @5+’ £=0.3

Pole Placement for
continuous PID
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quivalent of PID controller: continuous PID desugn
., 2227 N N . . DR 7 N ™l

Consider a Il order system:

B ®° w=2-7-100

A o2 2
A s°+2-(-w-S+w ¢ =0.3
2
aQ,
— . .0 _
Kp=[1+2-0,-&,) —2 -1 .
3 PIDf =Kp-| 1+ —+ Td Ti
Kizao-w—g s-Ti 145740 | g —kp-Td
),
(ao+2’§o) Wy—2:¢-0
Kd = :
a) Tracking and regulation response
15 T T T T
- , , ‘ PDIIB—Zero Malp I I I i i i . },"FJIC'C
e Hsc_cPD . L V e
- ' - / ............ .
o 100F i 0 i i i i
1 N 0 0.00s 0.01 0.8 0.02 0.025
E‘_‘]UU_ Contral commands
4 a a
-50-045 -; -3!5 -3“ -2!5 -2I -1!5 -1I -D!S a Y/ ___JE_-____________i-___-_________JEI:’}{_—___-_______E- ____________ |
Real Lxis 10 0 ; ; i ;
0 0.005 0.01 0.015 0.02 0.025
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), RST equivalent of PID: s S to z subs'n'ru‘non

‘Imm«m N 22l N2 S S b - R B N " il
All control actions on error

o T(z")=R@"
M) MR s |4®) [ g/ y(®

Proportional on error;
Int+deriv on output

R T(z7)=R(Q)

10 ? rs=PID |_Y® [ga [ YO

Rz™) r+r-z7+r,-27

_ PIDd(Z—l) Choose R and S coeffs such that the 2 TF

S(zH) - S, +S,-2 +s,-27° are equal
—a)zt Td-(1- 77 -1 -2
PIDd=Kp- 1+E-0H_(1 051)2 + N-Td (1 z ) . _R_r0+r1 Z_1+r2 z_2
Ti 1-z (Td+N-Ts-a)+(N-Ts-(1-a)-Td)-z S sO0+sl-z'+s2-z
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@ RST equnvalem- of PID pole placemen’r in z

DA W S S TR IS £l N WS . . R 7. 3 N

-H

Choose desired poles
w° w=2-7-150 Sample Ts=100us 0.001949 z*+0.001924 -z*
242 @S+’ £ =0.8 1-1.959 z* +0.963 -z

P =1-1959 z'+0.963 -7

des

Choose fixed parts for R and S

Hs=1-z" Hr=1

Calculating R and S: Diophantine Equation

A(z7)-Hs(z7)-S(z)+B(z7)-Hr(z7) - R(z7) = Py, (z7)
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= ,RST equuvalen’r of PID pole placemenf in z

i W 2 S S RS S Sl N W . <. IR 7 S N ™

st

Tracking and regulation response

1.5 T T
; /\ | e The 3 regulators behave very
; ; ; —{] L .
| a— —— ypichust similarly
1 H ¥S
___________________________________________________ ¢
] ] ] ]
] 0.005 0.01 0.015 0.02 0.025
Caontrol commands
30
upide
upidd [
upidtust
I]}f Tracking and regulation response

Manual Tuning with Ki, Kd and
Kp is still possible

0 0.005 0.m 0.0$15 0.0z 0.025

Control commands

0.005 0.m 0.015 0.0z 0.025
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RS for regulation, T for Tracking

POPCA3 Desy Hamburg 20 to 234 may 2012



Hcl =
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DA W s IS GRS

= RS for r'egulcmn T for' ’rrackmg
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I
_ Pdes=(s+atp-,)- (s +2-¢, - @ S+a)0) a,=15 @, =940r/s (= :
After the D. Eq solved we get the following open loop TF: :
Hs =[1-1] integrator I
Diophantine Equation : A-Hs-S"+B-R=Pdes-Paux Hol = B R — 0022626 -1 (1+038752%1 ) (1-192927-1 +0.93222°-2 ) :
A-S (1-2-1) (1-0.64942™1 ) (1-1.9592"-1 +0.9632°-2) I
I
o Pol:a—zaro [GET : : _ I
oo Closed Loop TF without T l
®=31400r/s P |
"' £=0.004 | | Hel—_ B 0.0019487 771 (1+0.987521 ) |
g Pure delay A-S+B-R (1-0.881921 ) (1-0.8682z"-1 ) (1-1.8362"-1 +0.8447"-2) |
N A
g g 10r/s — o e e o e e e e J
E .u;s o160t b I . Tracking and regulation Eespunse
=1 | yrst
15 ! . r
i I :
020 ‘ i ‘ I I 1 V
Real tis | 0gk------ ..-..-J;.-............L....-.--.-..-J; ___________________________ _
____________ il | i |
Pdes - Paux | 0. 0.015 0.0z 0.025
T= | Control d
B(l) - ontrol comman IS I
' a
T-B  0.50314z/-1(1+0.98752"-1) ' R s S S S .
A-StB-R 1 : NSO NSO USRS SUSTOSURUUIOOS USSR SUSS _
T polynomial compensate most of | T -
the system dynamic I . i .
1 0D.M 0015 0.02 0.025



Systems with delays
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@ Stms wnfh delays
"

Il order system with pure delay

B e “’:%'Zblgo”s Sample Ts=1ms
- . : >
A s°+2--w-S+w 7 =3ms

Bode Diagram

PID is much

M agnitude (dB)

Phasze (deg)

107 10

Frequency (radfsec)
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0.1692 z*+0.149 z°

Continuous time s

slower than before

1-1.368 z* +0.6859 z~

Tracking and regulation response

0

01 00y o003 004 005 008 007 003 009

Cantral commands
T T

0.1

0
0

001 002 003 004 005 006 007 005 009

0.1
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Sys‘l'ems with delays
S RS RV N 2l RS

© «

>\ %

Predictive controls
1.5 : ) ) ) ) )
1150 u(t) J B YO T R A e
N : : i i P — ypid ||
= 1. S s o
D steps ahead |4 0 : : | | | | | |
i ] ool o002 003 004 005 008 007 008 009 0.1

predictor
t Control commands
rt) ;@_,@_. Controller u(t) . B/A y(t) ' '
e
B -5 Teld
- L - c
AU
oos 008 007 008 009 01

-1
0 00t 002 003 004

Diophantine Equation
Az H-S(zH+z
Choose fixed parts for R and S

Hs=1-z" Hr=1
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‘By(z7)-R(z)=A(z7) Py (z7)



RST at work with POPS
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] AC/DC converter - AFE

WA (1 47 g e

[] DC/DC converter - charger module

|:| DC/DC converter - flying module

MV7308

18KV AC
Scc=600MVA
[}

RST at wor'k |h PO

DC ( i i }
AC
ce1
OF1
r——n
DC |+ I |
p— | ==cry
DC - I e [ AN
[ I
e cri1== !
| | fcwn
I I
DC |t . . Twi
1 | I
I I
DC - : :
I I
pc1 | I Lwi
Icnz_: I
oc [+ ! !
e I I
I I
DC . .
. =]

MAGNETS

MAGNETS

MV7308

Ppk=60MW
Ipk=6KA
Vpk=10kV

AC
ccz
oF2__
=N
| ! bc
™, .FF2_= I
| Re2 | + DC
! :_CF21| oca
I I
crwb2) | | —
w2) . . - DC
I I
I I
: : + DC
I I
| | pC2
i ::c:zzi
v ! ! " | bc
I I
I I
. . + DC
IR |
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RST a‘r wor'k Alh POPS Vou‘r Con'rr'ol H
_ I 2 N S Wl v 2 M R N

lIl order output filter
o _1-’uut_ Rd-Cd-5+1

g : A M7 Vi T Lf-Cf-Rd-Cd-SP+LF-(Cf +Cd)-S*+Rd-Cd-§S+1
iCdmp

Step Response
T T T

Decide desired dynamics

o ®=2-7-150 7o ym, . 0.1431.27+0.1043.2° |
$°+2--w-s+° ¢ =0.85 1-1.142-7" +0.3897-2
P =1-1.142- z'+0.3897-22
o ooos  0m 0015 002 Tim[;liizcj 003 0035 004 0045 005
Eliminate process well dumped zeros y B-T
Peros = Z-0.8053 — =
r A-S+B-R R e T
Solve Diophantine Equation _
1 1 4 3 3 3 F“” mem respo _S|ble for
A(Z ) . S(Z )-l- B(Z ) R(Z ) des(Z ) eros(Z ) . i i!f?”.;j{ oscillations
S e
Calculate T to eliminate all dynamics
_1 Frequency (rad/gec] 53
( _1) — deS(Z ) 400
B(l) 500 %, . . .

DDDDD
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s EUERP £ 7 Bar (300 111t ey RO G L NN o S

RST at wor'k wu1'h POPS Vout Control

S, 5l N S W S . < R 7, N "l

Tracking and regulation response

15 : :
yrst
1 I_JF“LL r
=3 O O TN SNy SpOUOIOS SIS S SN _
0 i i i i i i i i i
DD 001 002 003 004 005 005 007 008 003 01 0 001 002 003 004 005 008 007 008 009 01
Contral commands Contral commands

0 ] 001 o002 003 004 005 006 007 003 009 01
] 0o 002 003 004 005 005 007 008 003 01

Well... not very nice performance....
There must be something odd !!!

Identification of output filter with a step Put this back in the RST
S e calculation sheet
A S S S R s B sl | 0.08904 z% + 02251 z% — 0.06442 z — 0.1636
- M e Holldent = e 38725 + 03507 =* — 0.09403 =% 7 0.02594 =2
0 T O O O _ /
ool |

o
=
T
|

o

b
T
T

I

a

|

S [ I i i FI— [ ,

rurcmg. uiﬁuaayu'ulg'lu%u&}tg cu 10 23 may 2012
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Input
Cutput
HelTv'reg, pp

I I I !
0.04 0.06 0.0a 01 0.1z 014 0.16 018

Performance to date (identified with initial step
response):

Ref following: 130Hz

Disturbance rejection: 110Hz
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Magnitude (dB)

Phasze (deg)

20

-20

-40)

— .,;"

RST at wor'k |h POS Vou‘r Con'rr'ol

A W 2 RS S R S £l N WS . . AR . 55

T In reality the response is a bit less nice... but still very good.

Bode Diagram

Ref following
Dist rejection

Fregquency (Hz)
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RST at work |h PO Imag Con'rr'ol

R

&L

‘Imm«m“l——m—-m
PS magnets deeply saturate:

Magnet transfer function for Imag: Tductance
2 " Lm(D) = f(DL ]
Imag 1 Lmag =0.96H r I
Vmag S ) Lmag + Rmag Rmag = 0-329 E
L.-'{r: L UL L L :
¢ & - » Current

-Lr.-'a: start Iu.': and

The RST controller was badly oscillating at the flat
top because the gain of the system was changed

26Gev without Sat compensati'bn
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@ RST a‘r wor'k wu'rh POPS Imag Con’rrol

LR_Q_US u{“\r\u!
L

26Gev with Sat compensation
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@_m&w 7 v S

‘Imwm
Magnet transfer function for Bfield:

Lpnag = 0.96H

B | =0.320

mag

|-

Vimeg g K K e = 2.5

mag mag
mag

2EGeVLva§a;\\\
14000

12000
10000

G000

6000

Efield [Gauss)

4000

-2000
0

VU Wl W v vva, U VAT I - 3 - W =W

26GeY LHC Cycle

Magnitude (dB)

Phase (deq)

Bield [Gauss]

20

]

-20

-40

-60

-a0

-1a0
-270
-360

-450 k-

.
A4Ga
nnnnnnnnnn

il
2.3 235

ey 2012

2000 N —- L -

RST at wor'k |h PO Bfleld Cntr'l
| 22l N R ST - T N
Tsampl=3ms.

Ref following: 48Hz
Disturbance rejection: 27Hz

Bode Diagratm

S~

R K> :
. Y3545 :

1014

10135

1013

10126

1012

10115

1011

Freguency (Hz)

26GeY LHC Cycle

[T]

(sAallIsSsS
aud

0469
103

<=

012 014 0186 018 0z

022 024 0.26



) RST com‘r'ol Conclusnons iy
S TV TRV N, 2l N S WG S . <= R T 7, i N ™ ol

*RST structure can be used for “basic” PID controllers and
conserve the possibility to manual tune the performances

It has a 2 DOF structure so that Tracking and Reqgulation
can be tuned independently

It include “naturally” the possibility to control systems with
pure delays acting as a sort of predictor.

*When system to be controlled is complex, identification is
necessary to refine the performances (no manual tuning is
available).

*A lot more.... But time is over!

POPCA3 Desy Hamburg 20 to 23 may 2012



Thanks for the attention

Questions?
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Towards more complex systems

(test it before !1)
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I
I
mMagnitude (dB)

o
=

Phasze (deg)

-133

Ts=1ms

-180

1.2487 (z+3.125) (z+0.2484)

73 (z-0.7261) (22 - 1.077z + 0.8282)
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Bode Diagram

N R 150"12""'

Fregquency (radfzec)



@ Uns'rable fl.l'rem*-lay

et W 2 S YIS G S 22l N Wl . % .+ R 7,
Choose Pdes as 2"d order system 100Hz well dumpued

Tracking and regulation response
15 T T T T o
; ; =
' ' yrst
1 | 1 r é
' ..-r_,_ =
A g .
I I the freq t@ about 5@1—!2 @ Sd
, P Lo _4§ nf(’]nhmmnr{\ IR i RERE
' ' ' ' ' ' LA 4 VPI.II nie-'o
] | 1 | | | | | | | ! T T H R B
] ool 002 o003 004 005 0065 O00OF 008 009 01 : s I R
Cantral commands =
T T T T T T I T T ﬁ
.................................................................. d £
: 1 1 1 o
02 I I I I I I I I I
0 001 002 003 004 005 006 007 008 009 01

b -._._.,._._.-.

IR e Vi j':“:_-:_,_ — L'Lelaymargln...I ______ i

----------------------------------------------

Magnitude (dB)

0 , , ! i Modulus margin template
il [ A HE ———— Delay margin = T_ template

Output Sensnwny functmn

25 L :
0 oos 01 015 02 0X5 03 035 Dfi 045 05
Frequency (f.l'fs)
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