Robust Control with Classical Methods—
QFT

Per-Olof Gutman

® Review of the classical Bode-Nichols control problem

¢ QFT inthe basic Single Input Single Output (SISO) case

¢ Uncertainty and Fundamental Design Limitations

« QFT for non-minimum phase and computer controlled systems

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

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

« A comparison between QFT and other robust and adaptive control

@ 'II;ESESI:{(Egli Technology ) .
Review of the classical Bode-Nichols

control problem

¢ Thecontrol problem
« Design in the open loop: the Bode-Nichols design problem
« Alternativesto 1 degree-of-freedom feedback control
« Closed loop transfer functions
« Bode and Nichols diagrams
« Trandation of specifications
- Test signals and specifications envelopes
- Specifications for the transient
- Steady state state specifications
« Theloop shaping problem
« Compensation networks
¢ A design example
« Therobust control problem
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The control problem

Given ) d
i u 1 2
1. Plant with 3 Ly
disturbances _ -
2 C|Osedloop y envelope Disturbance rejection specs
" specifications e
Servo spec "y envelope =Y

Find: Regulator G(s)

such that the closed i y
loop satisfies % o " i

the specifications
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The Bode-Nichols design problem

¢ The problem with " Plant with disturbances’ & " Closed
loop specifications” is transformed to
Given

u y
I

2. Open loop specifications @y An @€ € - 1GrCyp---
Find: Regulator G(s) such that the open

. s kLl s y
loop G(s)P(s) satisfies the specifications

« Hopefully, the closed loop |
satisfies the original
specifications:
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Alternativesto 1 d-o-f design
* Open loop control. Can be used when

-d,, d, "smal”, and
- P(s) "well known”

L R Y P(s) ¥
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Alternativesto 1 d-o-f design

e 2d-of closed loop contral: the 2 d-o-f closed loop t.f.
T Y[s) F[s)P[st[s]
TRy 1AsGS

s ”decoupled” from

the disturbance rej jection functions
Y9 G FTS)

S(s)_ﬁ 1+P[s) and ? ) PGS

Lol Lm0 1
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Closed loop transfer functions Bode diagram with margins
Gm=11.87 dB, (w=9.798) Pm=57.72 deg. (w=4.583)
50 T
g o7
. Open |00p L[S]= P[S]G[S] g’ 0
L _Ys_ PsGs
« Complementary sensitivity SS=Rs“rAsGS G
L - E‘/S:}_ Y‘/S:} B 1 Frequency (rad/sec)

* Sensitivity 9°°Rs 0,5 1+PsCY , . o —

- - . . }5] _ 5] 2 -90 ---
* Plant input disturbance rqeﬁlon s b/s T+PsGs § 0

” ” )= L £
« "Cost of feedback” t.f. N #PsGs L
h h -360 -
* Note: §(g+5(s)=1 ° L T— K
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Nichols diagram with closed loop loci
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Nichols diagram with margins

40

s -~ ~Pak

g g - ldb
5 H S i
% (é £ B db
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L & 2 o
: : i
a0 - 12 cby
[s)
%0 a0 20 20 40 40 50 @ 0 db
Opentoop Phes (e Open oo Phase (s
|L/(1+L)|=const arg(L/(1+L))=const
. . gpbid 0 db
where L=PG is the open loop frequency function 30 270 <180 -0 a
Cperd.oop Phase (ded)
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Example: conditional stability

100

50

Opendoop Gain (@)

50
360 270 480 90 0
OpenLoop Phase (deg)
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Nicholsdiagram with closed loop
sensitivity loci

» Exer cise: Prove that

the sensitivity loci

[1/(1+L)|=const are

the mirror images

| w.r.t the 0-db axis of

the M-locus
|L/(1+L)|=const!

Opendoop Gain (db)

350 -300 -250 -200 150 -100 50
OpenLoop Phase (deg)
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Recall: Design in the open loop

o Plant with disturbances

d, d,
u y
@ 0 =D
y envelope
e q, y envelope
o L ] t
/ £ Venvelope g

o Closed loop servo and

disturbance rejection specs

Translate: closed loop time domain specificationss —
open loop frequency domain specifications
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Trandation of specifications

* Test signasin thetime domain:
step, ramp, sinus, ...

» Specification envelopes

u y .
1 Pant P(s)  Transient
2. Open loop specifications Py A“’wc’et)’(:l""’CO’C.I."”
Find: Regulator G(s) such that the open loop oo L] re I . Steady state
G(s)P(s) satisfies the open loop specifications t
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Test signals and specification envelopes

[ S P LA
| |
1 M
L e i ARnnEEs ~ SRR 1 0,
step B reference +2%
! 90% “ou
PP S—
L SRR 04
10% "
? time 10
b —
[P fs
yen ve;'ope «  Transient —¢S5—>

OGO eine ddaytine
— t=settling time; M= overshoot
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Trandation of atransient specification

1. Dominant pole assumption: Model the as yet unknown
closed loop by e.g. a 2nd or 3rd order transfer function.

2. Find all such modelsthat satisfy thetransient of the
considered closed loop time domain specification.
Example:

Q —Jl(g,mo)/(t)sﬂ{migz»l} <u(t)

2
ST+2Cw,S+0, S
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Trangation of atransient specification, cont’d

3. Display the Bode plots of the acceptable models and determine
some closed loop frequency domain specifications. Example:

0

e My _pec M yields =
! p_spec
0 and A, g
[ ¢m7$ecl 1 specl H
5 ) 4
B C 8
s i.
0 i 3
5
20 L ] 350 300 -250 -200 150 100 50
10" o radls 10 OpenLoop Phase (deg)
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Translation of a transient specification, cont’d
4. Get open loop frequency domain specifications by

- Rule of thumb. Example: o ¢, ~0.80g gy
- Use of M-loci in Nichols diagram. -
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Trandation of steady state specs

W sy ...,
Israel Institute of Technology
Trandation of steady state specs, cont’d

Lo g In the open loop Bode diagram
e By use of error coefficients, stiffness coefficients, and similar. £ BRI I L)
Example: Error coefficients. The error in closed loop e(t) iss.t. '
e{t]aeor[t)+qr[t)+%r[t]+..., t—oo o e=L(1+|L(0)]), if L isw/o int.
No ofiegaorsint(s) | e o o I e e=Vaw,, if L has 1 integrator
. i e T e=lw?, if L has 2 integrators,
1+L(0)
! 0 ; etc., ...
lliYLSL(S!
2 o 0 1
e And similarly for stiffness
3 0 0 0 0 = - o coefficients...
Qsyn — the toolbox for robust control systems design P-0 Gutman Qsyn— the toolbox for robust control systems design P-0 Gutman

Iﬁ TECHNION

Israel Institute of Technology

Tranglation of steady state specs, sinus signal

Example: In steady state,

y envelope
f

ﬁ ’IIs‘Egl:llr’El\igjglv:Jf Technology
The loop shaping problem

1. Plant P(s)

“A e P

Pm A @ €€ GGy -+

69 |4 P [

2. Open loop specifications
Find: Regulator G(s) such that the open loop

T G(s)P(s) satisfies the open loop specifications
30 e £ B —a
Lo -
Use of sensitivity loci in fa »
. " . “u of-
Nichols diagram yields . E
10 N 10° L
requercy (rad/ Frequency (radisec)
1) and An e .
m_spec2 1 spec2 AN Y T g
30 iogg 02508 £ .10 -
40
30 a0 20 204 a0 s o0 L
Opendoop Phase (ded) 10 10° 10]
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Compensation networ ks
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o Lead « 1st order low pass

eLag « 2nd order low pass

=] * Notch .

«PID * Anti-notch g e

+ Standard PID - Complex lead/lag N
3
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PID Standard PID
GPID,(.(S)=/{~(Z(1+S/a)~ L+s/b G -K L Tys _K 1+(L+l/‘M0)‘+T1(TD+I/MD)SZ
1+5/(bN) m(8)=K| 1+ T + =
o s LMy | T, s(l+s/M,)
8o L AR Ry R
- il It o S d it st 5 3 5 il S Tl 3 S 5
7 e Lo T T T e o e L =
Frequency (racdsisec) 10 10 10 10
o0 f===t==—=t e N S— Freciuency racssec
_ Mk e e e N I R I A -
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Low passfilters
* First order low passfilter  1/(1+g9a)

* 2" order low passfilter 1/(1+2{s/o,+s%/w?)
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Notch filter

()2, s/, )+1
Gooen (8) = ( / )+2g(, _5/(1)“)
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H 1
A design example A design example, cont’d
o P(s) with specs
g T, N
o Plant P(s)= —250(S hl 1) 57 1. &GP j@;_gec| =20deg
)= 3 & R )
s(s+5)s +10) * N
£0
" " o WWW include lead that
e Specificationsintheopen |, = 10 rad/s 0 T ?.gdZdJ/rg-o deg at
loop frequency domain — 44 g 20 reds
(pm - deg ] 1+5/5.8
£ 160 Gieaq(8) = T
e, =0, <0.1 +s/17.
2 3 A 0 1 2
10 10 10 10 10
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A design example, cont’d A design example, cont’d
” : 2. Adjust gain, st. 1+s
g " i ' o o, =10 rad/s: @ " ~ 1+ 5/0.256
c of- k=5.1 < wf-
& &
r 1+5/58 oI
L(sj= 173 S
i 10! 10° 10! il ( ) 511+S/l7 P[ ) RS 107 10° 10"
Frequency (radizes) Frequercy (radisec)
: i 3. 70, since o 4. Check: A,=9.80B
H P(s)=H(s)/s. g a0 Voilal
3 =1/2.56=0.39 |§
o = include G, - 180
with M=3.9, and 70
a= m/10=1 10° 10" 10 10' 10°
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A design example, cont’d

5. Nichols chart

s oPs

Operdoop Gan (dh)

40 : .
-270 -180 |0 o
Operdoop Phase (ded)
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A design example, cont’d

6. Closed loop time
domain simulation

Reference step response
e ik

7. Exercise: Redesign
G(s) st. the specsare
satisfied, and time
response is nice!

Amplitude

Time (secs)

Qsyn —the toolbox for robust control systems design P-0 Gutman

Qsyn — the toolbox for robust control systems design -0 Gutman




Iﬁ TECHNION
Israel Institute of Technology

Therobust control problem

* Givenaset of plants, P(sie|R(s|

« Design one feedback compensator G(s)
(and one prefilter F(s)) such that the
specifications are satisfied for each Py(s).

« Difficultif individua transfer functions are
retained in design calculations.
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A robust control problem example
» Exercise:

Consider the following double integrator plant with uncertain gain and delay
Pisy=t o k=0 = o
l.\i—\_—jc Jo=LI0gT =017,
Design a feedback controller, G(s) . such that the modulus of the sensitivity function

! <6dB
1+ P(s)G(s)

and that the crossover frequency

w,>0.07 rad/s
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A robust control problem example, cont’d

1@ =200

=300
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