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Controller Design and Validation '

Performance
DESIGN MODEL (S)
METHOD

specs.
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CONTROLLER - ™ PLANT e

1) Identification of the dynamic model
2) Performance and robustness specifications
3) Compatible controller design method
4) Controller implementation
5) Real-time controller validation
(and on site re-tuning)
6) Controller maintenance (same as 5)

Robustness
Specs.
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Outlinel

Robust digital control

-The R-S-T digital controller

-Basic design

-Robustness issues

-The sensitivity functions and their properties
-Robustness margins

-Robust stability

-An example
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TheR-ST Digital Controller l
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TheR-ST Digital Controller .
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Controller

r(t)

(n|r

A7) Ad)
A(d)=1+aq +..+a g™ B(@')=bg'+..+b g™ =q'B*(q")

Plant Model: [G(q'l) = q°B(g”) — q°'B*(q) }

R-S-T Controller: [S(q'l)u(t):T(q'l)y*(t+d+1)- R(q-l)y(t)}

Characteristic polynomial (closed loop poles):

P(@)=A@)S@) +a *BE)R@") |

I.D. Landau : A course on system identification in closed loop 2/Marie Curie Action TOK 3092




Pole Placement with R-S-T Controller '
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Controller : [R:HRR';S:HSS'} H.,Hs: fixed parts
Regulation: R and S solutions of: [AHSS'+q'dBHRR': P=P, F\’F }
\
. domi auxiliary
Tracking: [T =P/B@Q) } "{,“o'.’;i”t poles

computer file

Reference trajectory: y* = y*=(B_ /A)r
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Connectionswith other Control Strategies |

-Digita PID: Ny=ng=2;H =1-q"

-Tracking and regulation with independent objectives(MRC):

[ P=B*PP. 1 (Hyp.: B* has stable damped zer os)

- Minimum variance tracking and regulation (MV C):
[ P= B*(E } (Hyp.: B* has stable damped zer os)

noise model

- Internal Model Control (IMC):
[ P=AP 1 (Hyp.: A has stable damped pol es)
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Digital control inthe presence of disturbances and noise '

(disturbance)

p(®)
rt) v(D)]

=T [P ys U PN RG]
+
PLANT
+
R :

b(t)
(measurement noise)

A

Output sensitivity function s, (21 = Az HS(z'h)
(P—V) " AZHS(zh) +B(Z R

Input sensitivity function s (2= - AZHR(Z'Y)
(p—u) v AZHS(z ) +B(ZHREY)
Noise-output sensitivity function S, (1) = - Bz HR(Z Y
(b—y) " Az ")S(zH) +B(zHR(z' Y
Input disturbance-output sensitivity function g -1y B(z )S(z'h)
(v—1y) " Az HS(zh) +B(z Rz

All four sensitivity functions should be stable! (see book pg.102 - 103)

I.D. Landau : A course on system identification in closed loop 2/Marie Curie Action TOK 3092



Complementary sensitivity function l

(disturbance)
p(t)

, V()|
"0 AR

— T 1s»€+> B/IA |-¥
PLANT
R |~ O
b(t)

(measurement noise)

—
~—

+
[
—

Y

For T = Rone has:

B(zHhR(z'Y)
Az 1)S(z 1)+ B(z Rz

= Syb(z-l)

Sy (1) =

Syp(Z71)- Syp(Z1) =Sy, (27 + 5, () =1
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Robustness of a control system I

A control system is said to be robust for a set of given
uncertainties upon the nominal plant model if it guarantees
stability and performance for all plant models in this set.

*To characterize therobustness of a closed |loop system a
frequency domain analysis is needed
» The sensitivity functionsplay a fundamental role in robustness
studies
» The study of closed loop stability in the frequency domain
gives valuable information for characterizing robustness

10
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Stability of closed loop discretetime systems '

The Nyquist is used like in continuous time
(can be displayed with WinReg or Nyquist_OL.sci(.m))

1y Be"R(Ee") I
HOL (e ) - A(e jW)S(e- jw) Critical point
_1/ //_‘\ W=p Re»H
e I~ N
ST 1+ H (%) Hyd ™)
yp BO

A(z)S(z)+B(z)R(z")
A(z")S(z)

w =0

S (z")=1+H_(z")=

Nyquist criterion (discrete time —O.L. is stable)

The Nyquist plot of the open loop transfer fct. Hy, (e7%) traversed in the sense of growing
frequencies (from O to 0.5fy) leaves the critical point[-1, jO] on the left
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Stability of closed loop discretetime systems
Nyquist criterion (discretetime —O.L. is unstable)

The Nyquist plot of the open loop transfer fct. Hy, (€7%) traversed in the sense of growing
frequencies (from O et fo) leaves the critical point[-1, jO] on the left and the number of
encirclements of the critical pointcounter clockwise should be equal to the number of

unstable poles in open loop.

Remarks.
_,y A IMH -The controller poles may become
e 1 unstable pole in Open Loop unstgble if _high performanc& are .
_[="| Stable Closed Loop (a) required without using an appropriate
design method
[P Re H
Stable O L’ -The Nyquist plot from0.5fgtofsis the
" Unstable Glosed Loop(b) symmetric with respect to thereal axis

of the Nyquist plot from O to 0.5f4
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Robustness margins '

The minimal distance with respect to the critical point
characterizesthe robustness of the CL with respect to
uncertainties on the plant model parameterg( or their variations)

1 -Gain margin DG
D | -Phase margin Df
= =" -Delay margin Dt
DM -Modulusmargin DM
Crossover o & [Hol
frequency
Wer

13
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Robustness margins '

Gain margin
1 o
= : pour DT (wygg) =-180
‘HOL ( leso)‘
Phase margin
Df =180° - Bf (W) pour |Hgo(jwy)| =1
Df = miin Df i If there are several intersections with the unit circle
Delay margin
_Di Dt
=— Several intersections points: Dt = min—-—
War ' Wer

Modulus margin
DM = ‘1+ HOL(jW)

)- 1
max

L=(s, Gwy

=18, (jw)

min
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Robustness margins—typical values l

Ganmargin:DG3 2 (6dB) [min: 1,6(4dB)]
Phase margin: 30° £ Df £ 60°

Delay margin : fraction of system delay (10%) or
of time response (10%) (often 1.T)

Modulusmargin: DM3 0.5(-6dB) [min: 0,4 (-8dB)]

A modulusmargin DM 3 0.5impliesDG 3 2 et Df > 29°
Attention ! The converseisnot generally true

The modulus margin defines also the tolerance with respect
to nonlinearities
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Imaginary axis

=
T
—-

S S0 ) ]

Robustness marginsl

Myquist plot

) |

2 A5 - -0.5 0 0.5 1 1.5 2 2 v 2 2

Real axis

Good gain and phase margin Good gain and phase margin
Bad modulus margin Bad delay margin
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Modulus margin and sensitivity function I

DM =L+ H_ (z)|, =|si(zY)| =(s,(zY) )" =

ge A(z)S(zY) 5

= pour z'=e'*
EAZ)S(z)+B(Z)RZY).. &

Sp(e ™) dB=DM 'dB=-DM dB

dBi

-1
yp‘

'S
Critical region
for design

Minimum distance
with respect to the
critical point
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Correspondance Output Sensitivity = Nyquist Plot l

dBi

Crossover o IHodl
frequency

Wer
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Properties of the output sensitivity function '

— The open loop being stable, one has the property:

"5loglS (e Jdf =0

The sum of the areas between the curveof Syp and the axis 0dB taken with
their sign is null

Disturbance attenuation in a frequency region impliesamplification
of the disturbancesin other frequency regions!

19
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Properties of the output sensitivity function '

Augmenting the attenuation or widening the attenuation zone

d \

Higher amplification of disturbances Reduction of the robustness
ouside the attenuation zone (reduction of the modulus margin)
5 wl = 0.4 radsa -F RN 0 =0.8 rad/s

20
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Robust stability l

To assure stability in the presence of uncertainties (or variations)
on the dynamic chatacteristics of the plant model

Ho —nominal F.T., H' 5 —Different from Hg, (perturbed)

Robust stability | M&# ) Ha (@) <B+H.(Z)]=[S, @)=
condition Az )S(z)+B(Z)R(z]) _ F_’l(Z')_l\ R
(sufficient cond.): AzZ)S(zY) | AEZ)S(ZY)
S, ()| <[H$(z")- H, (2"
A ImH dBi .
|Syp|
« LS Rl Sio M
1+ HO’L"' 7 0
HOL OL
Size of the tolerated uncertainity on H,,
at each frequency (radius) 21
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Toleranceto plant additive uncertaintyl

From previous dlide :

B(z")R(z") . B(z)R(z") :‘R(z'l) JB(z") _ B(z") <‘A(z‘l)S(z*) +BZ)R(Z)| (%)
AZ)S(z) AZ)S(2)|[S(z)] A%z AzY) Az)S(z) |
/ / | |
I_l’OL I_IOL G G
B<<z1)_B(zl)<‘A(zl)5(z1)+8<z1)R(zl):‘ P(Z) | iz (*)
AT{Z‘) A(|z‘1) A(ZHR(z") | AZ)REY| T
¢ 6 s,(2)|<[6' @)- 6@’

A|Sup| dB
Limitation of the actuator stress

TN

0
\/>\_/\O.5f e

IS’ -1
up

(Size of tolerated uncertainties)

22
I.D. Landau : A course on system identification in closed loop 2/Marie Curie Action TOK 3092



Toleranceto plant normalized uncertainty
(multiplicative uncertainty)

From (**), previous dide:

B(z") . B(z)
Akz") AZ")
B(z")
A(z7)

| PEhH |

_|AZ)S(z") +B(z)R(ZY)| _
B(z")R(z?)

| B(z*)R(z")

S,(z7)

The inverse of the modulus of the “complementary sensitivity function’
gives at each frequency the tolerance with respect to “normalized
(multiplicative) uncertainty”

Relation between additive and multiplicative uncertainty:

G- G)

G'=G+(G-G)=G(L+

23
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| mportant messagel

L arge values of the modulus of
the sensitivity functionsin a
certain frequency region

: 1

-

L ow tolerance to modd
uncertainty

Critical regions for control design

Need for a good mode! in these regions
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Small gain theorem I

U Y1

St
- sl <1
S,

Y2 ||Sz||¥ £1] yu

S;: linear time invariant (state x)
IS, <1
=[S, £1
Then:
imx(t) =0; limu,(t) =0;limy,(t) =0

It will be used to characterize “ robust stability”
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Description of uncertaintiesin the frequency domain l

ImH

)

/

Uncertainty disk
(at acertain frequency)

1) It needs a description by atransfer function which may haveany phase but a modulus < 1
2) The size of the radius will vary with the frequency and is characterized by a transfer function

26
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Additive uncertainty'

G'(z7) =G(z") +d(z" )W, (Z")
d(z?) any stable transfer function with Hd(z'l)H¥ £1

W, (z') astabletransfer function

G'(z")- G(z)], =W.(z")],

G'(z")- G(z"),, =

d W,
oy b R
K G O -
? d \
Apply small gain theorem
K=R/S;H=z"B/A -
[Robust stability condition: HSUF,(Z'l)V\L(Z'l) <1 }

27

I.D. Landau : A course on system identification in closed loop 2/Marie Curie Action TOK 3092



Multiplicative uncertainties'

G'(z") =G(z")1+d(z )W, (z")]
d(z?) any stable transfer function with Hd(z'l)H¥ £1

W (z') astabletransfer function
W,(z7) = H(Z")W,(z")

d W
) ot
- K —O0— G -
d
[Robust stability condition: HSyb(Z'l)Wm(Z'l) <1 }

28

I.D. Landau : A course on system identification in closed loop 2/Marie Curie Action TOK 3092



d(z)
W (z™)

?TK—Q

Feedback uncertaintieson the input l

G(z?)

[1+d(z)W (2]
any stable transfer function with Hd (Z'l)H¥ £1

G'(z") =

a stable transfer function

W

i

> O0+H-S,H W
1D

[Robust stability condition: IS, (z W (z*)

e
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Robust stability conditions'

H,HT RW,d) —— Family (set) of plant models
Robust stability :

The feedback system is asymptotically stable for all the
plant models belonging to the family riw,d)

» Additive uncertainties
IS, (ZW.(zY)|, <1 <= |s,(e™)

<W.(e™)[" 0OEwWEDp

* Multiplicative uncertainties
S,(Z)W, (29, <1 <= \Syb(e"’w)

<W (e™)" OEwWEp

 Feedback uncertainties on the input (or output)
S(ZW(Z), <1 <= IS (e™)|<W.(e™)" 0OEWED

30
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Robust Stability '

A Im G
[dw | 4 Family of plant models: I
\ /7 N w=p ReG GT F(G,d,W,)
N G —nominal model; |d(z )|, £1
/ G (e_jW ) 1 . .
uncertainty W, (z*)- size of uncertainty
disk w=0 o K — /
Robust stability condition:
arelated sensitivity atype of uncertainty
/ function \ / \
IsW, | <1

B defines an upper template
-1 for the modulus of the
< ’\ny‘ sensitivity function

S,

defines the size of the
tolerated uncertainty \E

There also lower templates (because of the relationship between various sensitivity fct.)
31
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Robust stability and templatesfor the sensitivity functiona

Robust stability condition:
S, (e™)<W.(e™)" 0EwEp

*The functions W( Z'l)\'1 (the inverse of the size of the uncertainties)
define an “ upper” template for the sensitivity functions

» Conversely the freguency profile of ‘sxy (e™) can beinterpreted in

terms of tolerated uncertainties

dBi

| S;/lp| A|Sup| dB

\ |§yp | _=-DM

i N, BN

° w ° \/‘>/:><0.5f:
Syp | / | Sy;)1| mi:n -| Syp | mr; DM \Sup -1 /

Tolerated additive uncertainty

Tolerated feedback uncertainty on the input

32
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Templatesfor the Sensitivity Functions '

nominaldelay Output Sensitivity

J‘? margin
performm /Ar.-f"\vf Function

Dangerous zones.
Need for good modelsin
these regions

Input Sensitivity

| .

[Supl*

P

size of the tolerated additive uncertaintyaW
(G'=G+ dWgy)
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Robust Controller Design .

[ Pole placement with sensitivity functions shapi ng}

Nominal performance: P, and partof H, and Hy
R=R 7
S=¢

Several approachesto design :

-|terative
Choosing PF. and using band stop filters H, /P, , H / E;
(matlab toolbox « ppmaster »)

Allow to shape the sensitivity functions

(see Langer, Landau, Automatica, June99, Optreg (Adaptech) )

34
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-Convex optimization }
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Properties of the output sensitivity function I

The asymptotically stable auxiliary poles (Pg) lead in general
to the reduction of ‘Syp( jw)‘ in the frequency regions
corresponding to the attenuation regionsfor 1/P¢

P-@Y)=@+pyg )™ -05£p£E-005 Np £Np-Np

dE

Pf = (L - o.2qg 1% o3
-10}
-15}
_2nb

-25

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Fvp £/ fe

|n many applicationsthe introduction of damped high frequency auxiliary
polesis enough for assuring the required robustness margins
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Properties of the output sensitivity function I

S multaneousintroduction of a fixed part Hg and of a pair of
auxiliary poles Pg; of the form:

He (@) _1+by,gt+byq?
P- (0™") 1+a0™ +a,q’
Obtained by the discretization of :

S2+27

2

2 1
0S +Wo with =212
+27 2 To1+7z1
S denWOS+WO e

numW

F(s) =

produce and attenuation (hole) at the normalized discretized frequency:

Wl 0 . & um O
Wise = 2arctang 0’e X withattenuatior M, = 20Iog§ num = (Znum <Z gen)
e 2 1] Z den 7]

and has negligible effectsat f << f;,.andat f>> f; .

36
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Properties of the output sensitivity function

dE
st <— Hz={wl=1l,xi=0.21)
Pf=i{wil=1.02, xi=0, 343

n]

-5t
__'LD -

Hz=1: Pf=1 -->=
__'LS -
_ZD -
-25
o.10 0.15 0.20 0.25 0.30 0.35 o.40 0.45 0.50

3vp i/ e

For details see Landau: Commande des Systemes, Hermes
Efective computation using: filter22.sci (.m)
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360° Flexible Arm l

ALUMINIUM

COMPUTER

TACH LOCAL

> POSITION
POT. SERVO.
ENCODER
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360° Flexible Arm l

Brazg manipulateur szouple 360°

.05 0.10 0.15 0.z0 0.25 0.30 0.35 0.40 0.45 0.50 -5 -4 -3 -2 -1

t/fe PsZ Modéle

Frequency characteristics Poles-Zeros

(Identified Model)
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Module [dB]

5r

20r

15

10

Output Sensitivity Function- Syp

@

Syp - Sensibilité perturbation-sortie

A

Shaping the Sensitivity Functions l

Input Sensitivity Function- Syp

Sup - Sensibilité perturbation-entrée
60 r

template

B

/“)( template

0 /4

30

20

Module [dB]

10+

20F

] _30 I 1 I I 1 1 3 ] 1
4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Frequence [Hz] Frequence [Hz]

A- without auxiliary poles

B- with auxiliary poles

C- with stop band filter H, / P,
D- with stop band filter H_,/ P.,
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Robust Discrete Time Controller Design '

Some references directly related to the course

More detailscan befound in :
|.D. Landau: Commande des systemes — conception, identification, mise en oauvre
Hermes, 2002, Paris, chapters 2 and 3 (english translation available)

and

http://landau-bookic.lag.ensieg.inpg.fr

«« Slides» version of the chapters can be downloaded

*Free routines (matlab, scilab) can be downloaded as well as a matlab based software
« ppmaster » for pole placement design with sensitivity functions shaping

|.D.Landau, R. Lozano, M. M’ Saad « Adaptive Control », Springer, 1997, chap.8

|.D. Landau : A course on « Robust Discrete Time Control », Valencia, April 2004
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