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Robust Control with Classical M ethods —
QFT

Per-Olof Gutman

* Review of the classical Bode-Nichols control problem

* QFT inthe basic Single I nput Single Output (SISO) case

» Fundamental Design Limitations

* ldentification of Uncertain Transfer functions

* QFT for non-minimum phase and computer controlled systems

» QFT for cascaded systems, and for a class of non-linear plants

e QFT for Multi-Input Multi-Output (MIMO) plants

* A comparison between QFT and other robust and adaptive control

Qsyn — the toolbox for robust control systems design P-O Gutman

Y7 TECHNION

Israel Institute of Technology

|dentification of Uncertain Transfer

Functions
hd Theproblem - FFT, etfe
* Modd building - Goodness of estimate
- Coherence

* Freguency response
[ ]
measur ements
- Linear systems

| dentification from
frequency function estimates

Sen i taint - Manual
- Sensor noise, uncertainty, non- N lnesr least squaresin
- TheLissgjou figure Bode diagram
- The Lissgjou figure set * Least Squares

- Averaging methods: tim?elzg?l;ier  |dentification in closed loop

Qsyn — the toolbox for robust control systems design P-O Gutman
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The problem

e Frequency response
experiment on system
with friction
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w radfsec
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The problem

e Different transfer function models may result from
- non-linearities
- different operating points
- noise and disturbances

e Wearelooking for a set of transfer functions,
{P:(9)}, representing the plant under all relevant

oper ating conditions, on which to basethe
robust design.

Qsyn — the toolbox for robust control systems design P-O Gutman
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Mode building

LAy 1 | 1@
_____ J(@)s| | S

» Example: Robot arm

 |f @ and/or m are not measur able, then the
moment of inertiaisuncertain:  J.;,<J < J,.

e — uncertain transfer function model

Qsyn — the toolbox for robust control systems design P-O Gutman




P

Israel Institute of Technology

E TECHNION

(s)

y=Bsin(wt+0)

Freguency response measur ement
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-Asin(wt)

e Linear systems.
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Frequency response measurement, cont’d
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measur ement on
oscilloscope
difficult dueto

* SENSOr noise

e non-linearities

e uncertainty

e Direct

P-O Gutman

obust control systems design

Qsyn — the toolbox for ri




Israel Institute of Technology

E TECHNION

P

TheLissajou figure
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Lissajou figuresets
g 05—
* Envelope = rectangular templates-
with phase and gain extent
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Lissajou figure sets,
cont’d

* You can do better: Noam
Galperin: Modelling and S
identification of uncertain B
systems using Lissajou figures.
Ph.D.-thesis, Technion, 1997.

» Lissajou figure set makesit
possible to identify the convex i il
hull of the template that gave  mezmameeess o v g aness o
risetothe Lissajou figure set

Qsyn — the toolbox for robust control systems design P-O Gutman
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Lissajou figure sets,
cont’d

« Example: Electro-

3
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mechanical system from o [ .-
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Lissajou figure sets,
cont’d

» Thegrey level representsthe
number of times a given pixel
has been traver sed by the
Lissajou trajectory.

* Noam’s method can also be
used to filter out noise, by
utilizing the grey levels of the
Lissajou figure set.

Figure 3.12: The noise free LFS Eq (thick line), The noisy measured LFS E,, (thin
jagged line), and the 1st-stage filtered LFS E}, for Example 6.
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Figure 3.13: Gray level image of the measured histogram k., for Example 6.
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Averaging methods

» Fourier Integral Method or Correlation Method.
Ref. Ljung (1987), Soder str 6m (1987)

e« u=Asin(at) y=Bsin(at+d) + e(t)

sin(m‘,‘)l o w=21/T
O, py 'Oy nJ:dt |y, |+ ThisequalsFFT
at one frequency.
(D "fdt vl " swept sing”
cos(wt) T  HP3562, etc.
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Fourier Integral Method, cont’d

Bsin[wt+5)sin(at)dt+ %"J’Te(t)si11|'ax)dt =gcos[5]— B "J' cos[Zwt+5]dt
0

°y. :nLTnJ.STy(t)cos(at)dtzgsin[é')
Sill(e’wf)l . 5:arctan[ yc/ys]
u(t) y(t) I ant |
- P(s) Q<>—’ i[ Vs |e B:W
R afdt -y, |° arg(P(w)=0
cos(at) T . |P(J a))lzB/A
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FFT, etfe

* Y(9)=P(s)U(s), Y(9)=Ly(1)}, U(s)=Lu(t)}
* Y(o)=Pla)U( o)
oy

oo ; T :

ja)]z [ y(t}e‘latdt: | y[t}e—latdt if y(t)£0 only on [0,T]
0 0

I n experiments, compact support isalways the case

. P ja)Jz?'(y[t]} /T

um}z fft(y) /£t (u) =etfe([y,ul)
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Goodness of estimate

» The Power Spectral Density of y(t) is
O(w) =Y(o)Y(jo)=Y(m)
» The Cross Spectral Density between u(t) and y(t) is

?,,(@) = Y(a)U(jw)
D
[ 00,0

 1fY(s) = P(9)U(s), then @ (@) =P(jw)P (w)and
@ (o) = |P(0)f D,(w) = P(-j®) P, (w), and K(w)=1.

 Coherence: W[a)]:ﬂcb @

+ Notethat P jo=7 /ﬂ@:ﬂ: @, ()| D (o)

Qsyn — the toolbox for robust control systems design P-O Gutman
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Goodness of estimate, cont’d

« Assumethat Y(s) = P(9U(9+E(s), and that &(t) is uncorrelated with u(t),

i.e. @, (@)=0. Then
2 \
7(0)]: }Pl]a) Hja)

* &(a) = P(o)f D (0)+ P(a) and
D,(0) =P(0) D, ()
 ltcanbeshownthat  var ﬁ{ j a)l:q)e[a)] / (I)u[a)]

2

D cbu[a)]+d>e[a)] <1

o

y@

u

noise/signal ratio
» Givesprobabilistic value sets!
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M odel identification from frequency
function estimates

» Manual fitting, see Qsyn manual for an example,
Command pmodel in Qsyn.

* Non-linear Least Squaresin Bode diagram.
Reference: Sdman et al., | EEE Transactionson
Automatic Contral, vol. 36, Sept. 1991, 1065-1070.

» |lan Cohen, Servotronix.
* Oded Yaniv, Td Aviv University.
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L east Squares

* Assumethat thetrue plant isgiven asa discrete timet.f. model
y(t) = -a,y(t-1) - a,y(t-2) -...-a,y(t-n) + byu(t)+byu(t-1) +...+ +bu(t-
n)+ e(t), with e(t) uncorrelated with u(t), ... and y(t-1), ....

© Y() =¢TO +¢)
Regressor: @'(t) =[-y(t-1) —y(t-2) ... -y(t-n) u(t) u(t-1) ... u(t-n)]
Parameter vector: @z[(%) a, a, by, by Db]"

« Parameter vector estimate ©

* Modéd error, or prediction error: gt)=(y(t) - ¢ )
» Valuefunction, or criterion: V= g2{t}/[2N]
e Find @ such that V—minimum

Qsyn — the toolbox for robust control systems design P-O Gutman
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L east Squares, cont’d
+ Let Y=[y(1) y(2) ... YN)IT, @=[97(1) ¢7(D) ... g"(N)]"

s Y=PO+E
PY=PPO+DP'E~xDP' PO

» Assumethat R(N)=(®'®)/N has an inverse: persistant excitation

. O, =@'®)'®TY pseudo-inverse

« It can be shown that var (C)N ~ var (e(t))RY(N)/N

» Gives probabilistic value sets

Qsyn — the toolbox for robust control systems design P-O Gutman
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L east Squares, cont’d

* RecursivelL east Squares, alsoin Kalman filter
form, see Ljung(1987), Ljung and Sdder strom
(1985).

» Hard least squaresbounds, giving deter ministic
templates, see e.g. Gutman P-O: " On-line
parameter interval estimation using Recursive

Least Squares'. International J. Adaptive
Control & Signal Processing, vol 8, 61-72, 1994.
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|dentification in closed loop

M e P X« Good signal/noiseratio
i} Important, when
identifying
- }g%en lI<oop, w/o
- ¥=_P y+ 1 El ac
1+PGV 1+ PG U - within closed loop, Y/U
- in glos/ed Ifoop, Y/Pl/ )
. — 1 G and U/V, from which P
U 1_|_pGV 1_|_pGE [2J is computed.

. ][\Iotethat in closed loop,
. requency separation
. Z:M—J P,if R>>E | pgween sensitivity and
U R+GE \I/G, if R<<E| compl. senstivity does not
compensate bad g/n ratio.
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