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?rguencg demain iec'iiw&iohs:

Similos 4o the Lime-domain specs. thot resultedin feasible ateas inthe s-plane, we con define drequency domain specs,

that diclate/shape how ous Bode plot ghould look like. Recall the Sengifivity/CL TFs we introduced o while back.
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I we hove. disturbances d and/sc noise. 1 ertering ous CL system, we can use T and S to map the noise = ond

disturbances d fo the outpud y. Usually disturbances have (ow frequencies and oise hos . The commands

we input to ous system usually also have a velotivley (ow frequency. Krowing this we can congtrain the musnilud es of
S(jw) and Tjw) for specific frequencies,

-|5¢ J‘u)l <1 ot bw frequencies for disturbance rejec{:ion and good commaond tracking.

>|T¢( J'u)l <1 o high. frequencies for noise fejection.
e con rewsite thas as functions of L(s) and with gome function W (jus).

- | L(J'w)l > | M(J’u)l ot (ow frequencies

=
> | L(J'w)l <| \l\/z(ju)l ot hish ftequendes



This results in the following "obstacle cousse” for the Bode plot of L ( juw).
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Next to high - and low-{-'cequev\cg behavier we can also Constraim the bomduwidth of CL system . The bandwidth
tells us fhe moximum frequency for which the oubput can track commands within o factor ~ 03 .

We con usuoly appsoximote the CL bondwidth with the oL crossoves frequency wy. -

To J&siah our contrdes C(s) Si\len the desiced  behavios oJ: L(s) we con use some basic buildins blocks

to steer [ (s) u‘\rous\n the Bode obdacle cousse. That way we construct a dynamic compensator

C (s) that fullflls ous requ;ro.men’cs.

R'oporf: ional compensation:

In this cose C($) =Kk ,whece K is o simple gain.
= Shifts the mgn'u{udt , while phose is unoffected.
seq. to rig\\{:)

= |mproves command tracking (highex magnilude ot low ©) and CL bonduidth (moves crossoves §

- Stabi(i':g con be compromized !

Leod compensofor

A lead compensatec is a pole zewo pair where the zeto alwoys cowmes before the pole.




Main use: increase. phase mocgin. Gy,

(s)=k B S4a
i. Pick VaB ok desired we

it. Pick % depending on desiced phose increase.
6. Adjust < to put we ot desiced freg.

Side effects: increose mognitude of high freq.

Loq compensolbor:

A log compenSatec is o pole Zeto pair where the pole olways comes before the zeco.

i +1
Moin use: improve command trocking/ distusbance. rejection. Clo.s (s)=) %

i. Pick % 05 the desired increose i mognitude of low freg.

i, Mulbiply < by 3 ( high freg. not affected)
iii. Pick a tobe sufficiently small not to affect w,

Side effects: reduction of phase mocgin.

ijiﬁaﬁog:

If one of the 2ecos is non- minimum-phase , the closed loop system might become. wnstable
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For lasge encugh gains the closed loop wwill become unstoble. The CL system becomes slow.

If we have o OL pde in the RHP. Le need a high gain ts stobalize. the system.
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e

¥—Re

This should give you o sense of how, fer mang systewms , there asre cleas pesformance limitotions. Cestain
requiremerds can thus never be sokisfied.



J;'rn& Delo»gs

Aftec choosing ous controles C(s), we have o implement it . Usuolly we use. computess for this task. Unforturatley ,
computers have a. finite compute time , which means that the control input o o cectain error has seme deloy. Some p\\gsica.l

Systeme themselves olse have deloys. An extreme example woild be communication with .q. o moss rover.

/ﬁé\ /&

In this example. the delay con be Sseverol minubes. How eon we Lake this inte account 7
Ma“‘lem{icullg we can express o fime deloy as:
yib) = u@-T)

The fime delog is o Lineas operator fhot transforms am input w(t) into o delayed output y(@). T is the ammourt of delay.

We can alse compute the TF of o time. delay. Assume. ()= €™t
y =T STy

The TF of o. kime. delay is thus given by: €57

This not o. rational function! Le have ns poles or zecas! Root locus doesnt work fo agses closed loop behavier.

Lek's toke a doser ook of frequency response of o time deloy. Remembes thet for fhe frequency recpanse. toe plug in

s=jw and look o the \’eSuU:ing phose and musnilude.. Assume T=1

|GGl = €9°T| = 1
2G(uTr=< . T
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?
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Thus we. can Suwmasite the effect of o time deloy as o phose shift of -wT That meoms thok for any systom



with o fime de(ag we hove to be Very caseful obout the phase!

Gain ond g\mse Marging:
To get the gain masgin we Look of the fird Lime we crose -180° ,i.e.:

< @(jw) -wT =-130°
Similacly we con look of the effect on the phase macgm and see. thot -
0= ¢ T
whese P s the phase masgin withad the time delay and w, the crossoves frequency. Ovesal we See o decreose in

phase macgin that qets amglified as the crossoves frequancy increoses.

Control desigh with fime delays:
So how can we deal with these time deloys and design confrolles fhat twork with thewm 7 One way is to:

i. Design o feedback cortrol sydem ignoring e delay

ii.  Check the effective phose macgin . |f masain too small:
— Increase phase dt crossoves (e.g. lead Compensolor)
= Dectense crosseves frequency (e.g. Swalles gaim)

iit. Mecate until good.

We con also approximale. the time delay witha rational function Lo then use. the knotm methods.

Padé _oppraximotion

In the Podé opproximation e ceprasent the time deloy as o rotio of two po)cdnomiols. A ficd ordec appto)dmo{im

toould look hke fhs:
'st k S+P
e $+q

To gel the values of the. coefficients we con compose this term bs the
k-

And considesing theams upto order 2 we se,t:

Z_
-sT_ T S
el —
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Lith this opproximalion we com use. things like the roet locus ogain. Note the non-minimum-ghase 2eo! This limiks

the max. gain in ous CL.
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Mnlineaf Sz,.s‘te.ms

Al of the fools we have leammed in this cousse. are anly valid for Lineas system. Thus wosk systems in the. real uorld
ase nonlinear. To bridge this gnp we linearited systems acound equiibriom peints wilh the. Jacobiaw finearization procedure
that takes some system

1) = F(x@d),ul)

yib) = h(x®),u)

and produces a lineasized systew. volid asound the equiibsium point . The system is then given by:
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Given this Lineacizotion , the Hadtman -GroPrion theorem tells us that if bhe lineavized system is closed -loop BIBO stable,
then the nonlineas system is alss slable in a range. asound the equilibrium point. We. just dont kwow how lacge. that segion
is.
If we vow want o design a. contrder for o nonlineas gystem we. peeceed as follows:

¢, Design o lineas compensator for the lineas model

ii. | the systemis CL stoble the wonbnear System wil also be stable in the region of the equibrium

iii.  Check in o nenlineas simulobion if ysur design is tobust with respect Lo typical deviations.



Exom Eroblem&
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Problem: Consider the closed-loop system as shown in Figure 5.
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Figure 5: Closed-loop system.

Where L is given as

s—5 —10-s

L) = e a6-10°

Q18 (0.5 Points) Mark the correct answer for each statement.

Statement

| True

False

The closed-loop stability of the above system can be assessed

by using the Nyquist plot of L.

The closed-loop stability of the above system can be assessed

by relying on the root locus of L.

The closed-loop stability of the above system can be as-
sessed by relying on the Bode plot of L by testing for
|L(jwpe)| < 1, where wp, is the the phase crossover frequency,

ie. ZL(jwpe) = —180°.

F518

Question 34  Choose the correct answer. (1 Point)
The transfer function of a time delay is...

linear and rational.

nonlinear and rational.

nonlinear and not rational.

linear and not rational.
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Problem: Consider the closed-loop system T’ shown in Figure 22, where L represents a linear time-invariant
plant and k£ € R. We denote the transfer function corresponding to the system L by L(s).

+ Y
" T k L

Figure 22: Closed-loop system 7T'. Linear time-invariant system L and proportional gain k.

Q38 (1 Points) Mark all correct statements.

For any linear time-invariant system L, by relying on the Nyquist criterion, we can assess the stability
of the closed-loop system T as a function of k.

For rational transfer functions L(s), the root locus of L(s) shows the poles of the closed-loop system
T in the complex plane as a function of k.

For non-minimum phase and unstable linear time-invariant systems L, by relying on the Bode plot of L,
we can reliably assess the stability of the closed-loop system T" by checking whether | L(jwp.)| < 1,where
Wpc is such that ZL(jwpc) = —180°.

Both the Polar plot of L(s) and the Bode plot of L(s) are representations of the complex number

L(jw) for w > 0.

Problem: Address the question below.

Q39 (1 Points) Mark all correct statements.

Time delays are linear systems/operators.

Let L(s) represent the transfer function of a linear time-invariant system without delays. Let L(s)
represent the transfer function of the same system as L(s), where the output of the system now is
delayed by 5s, i.e. L(s) is a delayed version of the system represented by L(s). It holds that, Vw € Rxo,

IL(jw)| = |L(jw)l, and,
/L (jw) ZL(jw) — bw.

The transfer function of a time delay is a rational transfer function.
Time delays can cause closed-loop systems to become unstable.




