Classical Control

Topics covered:

Modeling. ODEs. Linearization.

Laplace transform. Transfer functions.

Block diagrams.

Time response specifications.

Effects of zeros and poles.

Stability.

Feedback: Disturbance rejection, Sensitivity, Steady-state tracking.
PID controllers and Ziegler-Nichols tuning procedure.
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Classical Control

Text: Feedback Control of Dynamic Systems,
8t Edition, G.F. Franklin, J.D. Powel and A. Emami-Naeini
Prentice Hall 2002.
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What is control?

For any analysis we need a mathematical MODEL of the system

Model — Relation between gas pedal and speed:

10 mph change in speed per each degree rotation of gas pedal
Disturbance — Slope of road:

5 mph change in speed per each degree change of slope

Block diagram for the cruise control “plant”:

Slope
(degrees)
0-5 ¥ 010(u — 0.5w)
Control _ Output speed
(degrees) (mph)
n > 10 ———
u Y
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What is control?

Open-loop cruise control:

w r
S R PLANT “HUs
0.5 '
v, 110 —0.5w)
5 \ 5 T10(= - 0.5w)
7 1/10 UE ‘I'; 10 ;yOI 10 )
Reference Ty —=5w
(mph)
eol D’”_)’oz 15w ril6S,wil0=e, 10
ri6S,wlll=e, [15Smph,e , [17.69%
y — w
e [%] (2ol 115002 OK when:
r r 1- Plant is known exactly
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What is control?

Closed-loop cruise control:

S SP r
§ PLANT !
0> y., 10w —0.5w)
200 5
+ 5 § i J—r——Ww
? 20 — = Ty 201 201
4 - Z/l T Vel
e, Lr—y, : Diw )
201 201 7'=65,W=0=>ecl_201%~05%
1 5 1
l[%]Dr Vel DLD D W | r=65w=12eq =gt siest ~ 069%
“ r 201 201~
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What is control?

Feedback control can help:
o reference following (tracking)

e disturbance rejection
e changing dynamic behavior

LARGE gain is essential but there is a STABILITY limit

“The issue of how to get the gain as large as possible to reduce
the errors due to disturbances and uncertainties without

making the system become unstable is what much of feedback
control design is all about”

First step in this design process: DYNAMIC MODEL
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Dynamic Models

MECHANICAL SYSTEMS: F Uma Newton’s law

mx Ju—bx

vIlx velocity

allvI]x¥ acceleration

v Dév [] u : > Vo ] l/m Transfer Function
W,e ullU e’
m m Vel U s[1b/m %_”

How do we compute the transfer function?
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Dynamic Models

MECHANICAL SYSTEMS: Fllla Newton’s law

ml*0 O —Imgsin@ 1T,

w16 angular velocity
allollo angular acceleration
I Oml? moment of inertia
3 , T . T
6115 sind 11 S0 1590 3 Linearization
[ ml~ Y% [ ml

How do we linearize the nonlinear dynamics?
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Dynamic Models

. T
G159 e
[ ml
Reduce to first order equations:
x, 160 X, Lx,
' T
X, 16 )’Czﬂ—gxlD S
[ ml
e 0 1
X T .
y=|" u=—S =il g 0 Ol |y State Varlal:_JIe
X, ml —7 Representation

General case: x [ Fx[1Gu
v HxJu
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Dynamic Models

ELECTRICAL SYSTEMS:

Kirchoff’'s Current Law (KCL):

The algebraic sum of currents entering a node is zero at
every instant

Kirchoff’s Voltage Law (KVL)

The algebraic sum of voltages around a loop is zero at
every instant

Resistors:
Vo () ORI, (1) < i (1) Gy (2)

<R Jc <L Capacitors:
M —— + - 14
YR = ove VL (e vl [ic(@)dz 0ve(0)
0
Inductors:
di (1 . 1 | .
v, ()DL 25)QZL(t)DZ'([vL(T)erlL(O)
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Dynamic Models

ELECTRICAL SYSTEMS:
OP AMP:

vo A, —v,),A—>©

T
V,° | |
' R o, v [y
FLI % _OI_VO p n
j‘ i, <+>A(Vp-Vn) ! p N ln L O
VS _

To work in the linear mode we need FEEDBACK!!!
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Dynamic Models

ELECTRICAL SYSTEMS:

R,
— VN
R, ||C
v, VWAVt ™Yo

R, oo (OC)= v, Lt v, [0~ L tv](ﬂ)dﬂ

Vi

—

K

J

RC %
v, KO-
RC

Inverting integrator
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Dynamic Models

ELECTRO-MECHANICAL SYSTEMS: DC Motor
torque armature current

\ __— Stator magnet \ .
I''lK,i,

Rotor windings .
el 1K O
/ \

emf shaft velocity

J 6 11-b6 OT
di.
dt

—v, UR I UL—"[lel]0

(a) (b)

Obtain the State Variable Representation
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Dynamic Models

HEAT-FLOW: Heat Flow Temperature Difference

1 —
—IT -T, L
qu 2
|
71—

ok

Thermal capacitance Thermal resistance
q3

%

Temperature T} [ ] 1 ( 1 [ ] 1 j@—' —]}[

outside, T, C 7
\;k\

R, qi
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Dynamic Models

FLUID-FLOW: Mass rate Mass Conservation law

AN

me w,.

/ \

Inlet mass flow Outlet mass flow

out

— p: density of fluid
h: height of water

Wip
= L
mlipAh=>hll—Ww, —w |
i &
h Pressure p,
l w A: area of the tank

9
\ y
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Linearization
Dynamic System:  x [ flx,ul
00 flx ,u | Equilibrium
Denote  ox[lx—x ,oullu—u,

o L flx, Oox,u, [oul
Taylor Expansion

szco,uoﬂ]@

OX

ox ] 8f

ou

ou

o

X, U X, U

0°>70 [

_I 29

= ~ = ox~Fox [ 1Gou
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[Linearization

ox~Fox [ 1Gou

i Ke—
Ox, ox, ou, ou,
F=2 0 : " 6=9 o z
u o, O, U, |of, O,
| Ox, @xn_x ) | Ou, Gum_x )
e koo .
Example: Pendulum with friction 011 —40 D7sm6’ 10
m
_ 0 .
‘ k
- —gcosx1 ~S2
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Laplace Transform

* Function f(?) of time
: : ) : bt
— Piecewise continuous and exponential order |f(¢) [ Ke

ol ] joo

F(s) | (e *dr £ ELD £ O i F(s)e ds
0- 272] o — JO

— (- limit 1s used to capture transients and discontinuities at 1=0
— s 1s a complex variable (c+j®)

* There 1s a need to worry about regions of convergence of the integral

— Units of s are sec’'=Hz
* A frequency

— If f(?) 1s volts (amps) then F(s) 1s volt-seconds (amp-seconds)
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Laplace transform examples

* Step function — unit Heavyside Function
« After Oliver Heavyside (1850-1925) u(t L {

0 00 o5t e—(O'Dja))t 1
F(s) 0 [u(®)e™dt 1 [e™dt 11— - = if o0

0— 0— S olljo S

* Exponential function
« After Oliver Exponential (1176 BC- 1066 BC)

o (sta)t * 1

o0 o0
F(s) L je_me_Stdt ] je_(SDa)tdt - ]
0 0 sla sla

if ol

e Delta (impulse) function &(%)
o0

F(s)0 [5(@t)e " dt 11 for all s
()_
Example: ME207_Laplace.m
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Laplace Transform Pair Tables

Signal Waveform Transform
impulse 5(1) I
step u(t) 1
S
ramp tu(t) 12
S
exponential % u(t) b
N
damped —~ Sla
ped ramp %) :
(slx)
sine sin[ B Cu(r) 2ﬂ 5
. rf
cosine cosLBrLu(z) 2042
S
damped sine —at . p
P e M sinl Brlu(r) (SDa)zD,Bz
damped cosine _ slla
e A cosLGrlu(t) (SDa)zD,Bz
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Laplace Transform Properties

Linearity: (absolutely critical property)
LUAS () DO Bf (10 AL, ()0 BLLf, ()0 AF; (s) 11 BF, (s)

Integration property: {jf(r)dz}Dm

Differentiation property: {df(t)}DsF(s) £(0-)
(2

L) 0) (152 F(s) =57 (0=) = £'(0-)

dt"

, {d””f(rf

- ar?

J

LS () =" f(00) =2 f1(0) = £ (0-)
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Laplace Transform Properties

Translation properties:

s-domain translation: L f(OYIF(sUa)

-domain translation: £.f(t—a)u(t—a) e “F(s) for a10

Initial Value Property: lim £(¢) [ lim sF(s)
t—00] §—>00

Final Value Property: lim f(¢) [ lim sF(s)
{—>00 s—0

If all poles of F(s) are in the LHP
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Laplace Transform Properties

Time Scaling: LU @} FC)
Multiplication by time: Litf (1)} D—dil(s)

S
Convolution: o j; F(@)g(t —0)d7} [ F(s)G(s)
Time product: LU/} [ "F(3)Gts A2
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Laplace Transform

Exercise: Find the Laplace transform of the following waveform

. 45120
£(1) 112102sin(2¢) — 2 cos(2t) u(?) F(s)L T4l

Exercise: Find the Laplace transform of the following waveform

3
_ . 1365 180
£) De ()05 sin[4x[dx F(s)[—
/) 2 LB - ) B oam ol
—40¢
f(t) D56—40tu(t)Dd te MB[ F(S) DIOS D2OO
dt 5114002
Exercise: Find the Laplace transform of the following waveform
AH—e‘TS

@)U Au(t)-2Au(t—T)JAu(t-2T) F(s)[
S
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Laplace transforms

=

<

= : :

S / Ditferential

= \__equation

g

<

g \4 ;

< / Classical

= \techniques

=
Response Inverse Laplace
signal transform £~

e The diagram commutes

— Same answer whichever way you go
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equation

Algebraic
techniques

Response
transform
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Solving LTI ODE’s via Laplace Transform

y L] an_lyGHDD Uayy U bmuB”DDbm_luD”_mD - [1Dyu

Initial Conditions: y 00, 00w ™ 0L, ul0r

Recall L{dkf (e )} s F(s)— kzll D 0)s

k

s"Y(s)— nz_iy("_l_j) (0)s’ Dnz_i a, |:SiY(S) — iy(i_l_j) (O)Sji| ] ib{siU(s) — iu(i_l_” (0)s’

70 i0 70 i0 0

n—-1  i-1 m i—1
(i-1-)) J (i-1-)) J
Ea.g OS—Eb.Eu 0)s
b s" b " [1---[1bs[b, 2y O l ©)

Y(S)D mn __ U(S)DZDO j1I0 _ _ i0 0
s"Ua, s U---UassUa, s'Ua, s U---UasUa,

n

For a given rational Uis) we get Y(s)=0(s)/P(s)

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Laplace Transform

Exercise: Find the Laplace transform V(s)

dv(t) 4 3
16v(e) [14u(?) Vi(s) [ _
dt () ssl16l] s6
v(0-) -3
Exercise: Find the Laplace transform 7V(s)
d2v(t) . dv(t) 5 2

14 C3v(8) [ 5e V(s) [
dt? dt ®) (5) s L[S

w(0—) [1=2,v'(0—) (12

L]
\

Y030 501

What about v(7)?
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Transfer Functions

y L an_lyDHDD Uayy U bm_luB”_IDD - [1Dyu

Assume all Initial Conditions Zero:

"0 a,_s"" 0---OasDa, Y(s)C @m_lsm_l .- bs b, U(s)

Output )nput
m—1
\Y(S)D b, ™ 0 DbsOby B
s’ Ua, s U---Uasa, A(s)

Y(s) . b, s" " ---0bsb,

U(s) s"Oa, s"" 0---Oa,sDa,
e 5=z =) (5 2,)
(s=p)(s=py)--(s—p,)

H(s) L
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Rational Functions

* We shall mostly be dealing with LTs which are rational
functions — ratios of polynomials 1n §

m m—1
F(S)Dbmsn Dbm_lsn_1 - Ubs L1b,
as a, s U---Uaslla,
K (s—z)(8-2)) (s -2,)
(s=p)(s=py)--(s-p,)

* p; are the poles and z; are the zeros of the function

e K is the scale factor or (sometimes) gain
A proper rational function has n=m
A strictly proper rational function has n>m

* An improper rational function has n<m

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University

29



Block Diagrams

Series: — G, G, —

Gl
Parallel: }
G, i

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Block Diagrams
Negative Feedback:

R Reference input
), EIIR-B Error signal
CUGE Output
BIIHC Feedback signal
C G
CUGR-GHC=(1UGH)CLGR= —L]
R (LUGH)
EDR—HGE:(IDGH)EDR:ED 1
R (LUGH)

Rule: Transfer Function=Forward Gain/(1+Loop Gain)
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Block Diagrams
Positive Feedback:

R Reference input
), EIIRIIB Error signal
CUGE Output
BIIHC Feedback signal
C G
CUGRUGHC=(1-GH)CLGR= —L]
R (1-GH)
E |
EUORUHGE=(1-GH)E IR= — L]
R (1-GH)

Rule: Transfer Function=Forward Gain/(1-Loop Gain)
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Block Diagrams

Moving through a branching point:

R(s) G | @ ROL < | CO),
B B
Lo 290 1/6
Moving through a summing point:
R(s) + G C(s) — }LS)> G + = C(s)
B(S) G
B(s) |
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Example:

Block Diagrams

R(S) +

+
£
\ 4

R(s)

H, |

C(s),

G,G,G;

10H,G,G, [ H,G,G,

C(s)

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Impulse Response
Dirac’s delta: jooou(r)d(t —)d7t [u(t)

Integration is a limit of a sum

U

u(t) is represented as a sum of impulses
By superposition principle, we only need unit impulse response

ht—1. Response at 1 to an impulse applied at ¢

System Response: u(¢) h > (1)

Y0 O [ u(@)h(t—)de

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Impulse Response

t-domain: (¢ h > (1)
\ Impulse response
»(t) [ j:’u(r)h(t —7)dt u(?) 18(t) = y(t) D h(r)

The system response is obtained by convolving the input with
the impulse response of the system.

Convolution:  £f j:’u(r)h(r —0)dr) [ H(s)U(s)

s-domain: U(s) H > Y (s)
\ Impulse response
Y($) UHS)U(s) u@)lo@)=U(s)U1=Y(s)IH(s)

The system response is obtained by multiplying the transfer
function and the Laplace transform of the input.
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Time Response vs. Poles

Real pole: H(s) L
sl o
1.0 l\
0.8
06 ‘ e“(?‘t
h(t) h,_%‘ \

0.4 ___ _)V\‘_—é
0.2 i

¢ 0 1.0 2.0 3.0 4.0

T Time (sec)
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= h(t) e ™

ol10
oll0

TL]—

Impulse
Response

Stable
Unstable

Time Constant
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Time Response vs. Poles

Real pole:
H(s) ] ° h(t) Doe™™ Impulse
stio Response
71— Time Constant
o
o 1 o
Y(s) L] —=yp()lll—e Step

slios Response

Example: ME207_TimeResponse_1.m
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38



Time Response vs. Poles

2
Complex poles: H(s)[]——— . Impulse
s* 1280w s w, Response
0)2

DE#Dg”a)nﬁDna)jH—gz[

. |
@, . Undamped natural frequency G Sin_,g\ m(s)
¢ :  Damping ratio
2
0
H(s) [ : \
] ) ] Wy,
&DGD]@d k‘DG—]a)d[ S
2 i >
@w Re(s)
SOTe Tepe >
sUold D N
|
; | l
clldw o, 1o \1-C L
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Time Response vs. Poles

Complex poles:
2

H(s) ] € > h(f) [ —- 2

1

: ]\\ |
\ $

Dng“a),ﬁDna),fH—fD NI

ol10
oll0

0 D 10 15 20 25 30

Time (sec)
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e % sinLw,t.

Impulse
Response

Stable
Unstable
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Complex poles:

Time Response vs. Poles

H(s) O @, s h(f) 2o
s, ﬁDa)zﬂ §2D 1-¢7
1.0 Sl 61—
N / \
0.4 =
g [/ 1\

NOB —
~0.2 \\/
—0.4 \

_06 \ /
\ /
~3% 2 y 6 8 10 12

W, !
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Impulse
Response
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Time Response vs. Poles
Complex poles:

Y(s) L[ n Eﬁ —>y@)dl-e {cosﬂvdtﬂj smﬂvdtﬂ}

$0¢w, 3 0w?l-¢2

2.0

a,

Step
Response

1.8

1.6

1.4

v() 1.0
¢ T, | —

0.6 [——

0.4

0.2

0 -
0 2 4 6 8 10 12
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Time Response vs. Poles

2
4,

Complex poles: H(s) L[ L
e P (5) s’ 20w s Do’

n

2

0 s
$0¢w [ 0a?l-2L
CASES:
C00:s° Do’ Undamped
.{:ﬁ_:}Dé'a)nﬁ ijﬂ—gzﬂ Underdamped
¢ :?-:}Da)nﬁ Critically damped
gm::]m@mw/gz—l@n m@—w/gz—l@n[ Overdamped

Example: ME207_TimeResponse_2.m
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Time Response vs. Poles

A Im(s)
STABLE UNSTABLE
X ¢
X
LHP t RHP
>< >< K o > 3
4 4 4 Re(s)

Example: ME207_TimeResponse_Multiple.m
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Time Domain Specifications

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Time Domain Specifications

1- The rise time ¢ is the time it takes the system to

reach the vicinity of its new set point
2- The settling time ¢ is the time it takes the system

transients to decay
3- The overshoot M, is the maximum amount the

system overshoot its final value divided by its final

value
4- The peak time ¢, is the time it takes the system to

reach the maximum overshoot point

(o E g =S

, 1-— é/ W,
&

i 4.6
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Time Domain Specifications

Design specification are given in terms of
t.t,, M .t

rovp?
These specifications give the position of the poles
w 0 = 0,0,

Example: Find the pole positions that guarantee

t, <0.6sec, M, [110%,¢, <3sec
< 0.6 1.8 3 L < 3s o - 4.6 1.5333
by < .S(:)wn_@—g s S OS wn_(Bs_ 7s
(In0.1)? _ o 46 _ 25556 _
M,<01le¢=2 \/nz T n0.1)? = (0.5912 (=06 w, = 735 s = wp=3

Example: ME207_TimeSpecifications.m
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Effect of Zeros and Additional poles

Additional poles:

1- can be neglected if they are sufficiently to the left
of the dominant ones.

2- can increase the rise time if the extra pole is within
a factor of 4 of the real part of the complex poles.

Example: ME207_TimeResponse_ExtraPole.m
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Effect of Zeros and Additional poles

Zeros:

1- a zero near a pole reduces the effect of that pole in
the time response.

2- a zero in the LHP will increase the overshoot if the
zero is within a factor of 4 of the real part of the
complex poles (due to differentiation).

3- a zero in the RHP (nonminimum phase zero) will
depress the overshoot and may cause the step
response to start out in the wrong direction.

Example: ME207_TimeResponse_ExtraZero.m
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Stability

Y(s) . b s" b s" " [1---[Obs b,
R(s) s"Oa, s"" 0---Oasla,

Y(s) K (S_Zl)(s_zz)“'(s_zm)
R(s)  (s=p)s—p,y)-(s—p,)
Yes) ko ko k

n

oo []
R(s) (s—p) (s—p,) (s—p,)

Impulse response:
ko ko k

n

R(s) 1= Y(s)L

L]
(s—p) (—py) (s—p,)
y(t) Dke™ Ok,e™ -k e

(See Laplace Transform table)

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Stability
y(t) Dke™ Ok,e™ -k e

We want: el >0 Villl...n

[—>0

Definition: A system is asymptotically stable (a.s.) if

Re{p,} 10 Vi

Characteristic polynomial: a(s)s" Da, " O---Oas Da,

Characteristic equation: a(s) 10

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Properties of feedback

Disturbance Rejection:

Open loop "
r K, A . Y
y UK Arw
Closed loop W
r hr KC > A ! —> y
y L KA rl : w
10K A 10K.A
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Properties of feedback

Disturbance Rejection:

Choose control s.t. for w=0,y~r

Open loop: K DL:yDer

Closed loop: K, DD%:yzrDOwDr

Feedback allows attenuation of disturbance without
having access to it (without measuring it)!!!

IMPORTANT: High gain is dangerous for dynamic response!!!

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Properties of feedback

Sensitivity to Gain Plant Changes

Open loop "

r K, A > Y
o

Closed loop W

" — K. — 4 Jﬂy

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Properties of feedback

Sensitivity to Gain Plant Changes
Let the plant gain be A1/

ol oA
Open loop: 2 ]
P p T 4
41 oA _ OT
Closed loop: éTCD5 10— 00—

T. Al0AK, A T

c o

Feedback reduces sensitivity to plant variations!!!

Sensitivity: ST [0 dT /T 4 dT
dA/A T dA
Example: Sic B 1 ,Sﬁo b

104K,

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University
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Simulation of feedback systems via Stmulink

Example: ME207_TimeRes
ME20/7 TimeRes
ME20/7 TimeRes

DONSE_C
DONSE_C

DONSE_C

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University

C
C

C

esign_setup.m
esign.mdl
esign_run.m
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PID Controller
PID: Proportional — Integral — Derivative

P Controller:
Y(s) . C()G(s)  R(s) + @ E(5)
R(s) 10C(s)G(s)’

E(s) . 1
R(s) 10C(s)G(s)

U(s) | Y(s)

C(s)K,

G(s)

u(®) K je(®), U(s)UK, E(s)
Step Reference:

R(s) L ! —>e  lmsE(s)Jlims : ! ] :
s 50 =0 1K G(s)s 10K,G(0)

eProportional gain is high

€y 0= KPG(O) —> o True when: ePlant has a pole at the origin

High gain proportional feedback (needed for good tracking)
results in underdamped (or even unstable) transients.
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PID Controller
P Controller: Example (ME207_P_Controller.m)

R(s) + a E(s) K U(s) A
T ? s? Os 01

Y(S)D KPG(S) - KPA

R(s) 10K,G(s) s°UsC(10K,A)

w; 110K 4 1 1
= ¢ —1 r >0
2w, 1 2w, 2/I0K,A4 577

v Underdamped transient for large proportional gain
v' Steady state error for small proportional gain

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University

Y(s)

58



PID Controller

PI Controller:
Y(s) . C(s)G(s) R(s) + an E(s) Cs) 0K DKI U(s) G(s) :Y(s)
R(s) 10C(s)G(s)’ P

E(s) . 1

R(s) 10C(s)G(s)

t
u(t) UK e(t) L K,je(z')df, U(s) L] (K ] K jE(S)
Step Reference: 0 >

R(s) D : = e, JlimsE(s) [lims : : — [Jlim : 10

= =0 15(1{ el )G(S) HOID(K el jG(S)

S S

e It does not matter the value of the proportional gain
e Plant does not need to have a pole at the origin. The controller has it!

Integral control achieves perfect steady state reference tracking!!!
Note that this is valid even for K,=0 as long as K;#0
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PID Controller
PI Controller: Example (ME207_PI_Controller.m)

R(s) + a E(s) K D& U(s) A :Y(S)
I P s* Os 01

K,
Y(s) (K o jG(S) K, sUK, 4

N
R(s) 15(1{ : jG() s Os* D0 K ,A)s K, 4

DANGER: for large K; the characteristic equation has roots in the RHP
s Os* U(ALK ,A)s UK, 400
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PID Controller

PD Controller:
Y(s) - C(s)G(s) R(s) +
R(s) 10C(s)G(s)’

E(s) . 1
R(s) 10C(s)G(s)

UGs) | Y(s)

E(s)

G(s)

C(s) K, K s

u(t) K e(t) 1K, dz(; ) , U(s) K, K s E(s)

Step Reference:

R(s) L ! —e [lmsE(s)[Jlims : ! ] :
S s—0 s—>0 ][] D{p DKDSM;(S) s 1K, G(0)

. ®Proportional gain is high
e 10 = KPG(O) — o True when: ePlant has a pole at the origin

PD controller fixes problems with stability and damping by adding
“anticipative” action
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PID Controller
PD Controller: Example (ME207_PD_Controller.m)

Rs) @ E(S) Jeynk, nkys YO, A J(s)
T PP s20s01

Y(S) U{ DKDSLG(S) - AU{ DKDSU
R(s) mDr( 1K ,slG(s) s*000K A@D(lDK A)

w, 110K 4 1Kpd | 10Ky4

= ¢ L
26w, 10K A 20, 2J1DK A

v' The damping can be increased now independently of K,
v The steady state error can be minimized by a large K,
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PID Controller

PD Controller:

Y(s) - C(s)G(s) R(s) +
R(s) 10C(s)G(s)’

E(s) . 1

R(s) 10C(s)G(s)

UGs) | Y(s)

E(s)

G(s)

C(s) K, K s

u(t) K e(t) 1K, dz(; ) , U(s) K, K s E(s)

NOTE: cannot apply pure differentiation.
In practice,

K s

is implemented as
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PID Controller

PID: Proportional — Integral — Derivative

HORV-NAON P S RO G(s) T(s)
I N T P

I ) K
u(t) 1K | e(t) ] )| k1t k kT
P dt ]'7] p

g
V) g oo s
E(s) "\ T

e(t)dr LT,

1
y

O Cmmm—y

PID Controller: Example (ME207_PID_Controller.m)
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PID Controller: Ziegler-Nichols Tuning

e Empirical method (no proof that it works well but
it works well for simple systems)
e Only for stable plants

o You()do not need a model to apply the method
4 (1

/ Slope R = é = reaction rate

Class of plants:

Y (s) - Ke'**
U(s) w1
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PID Controller: Ziegler-Nichols Tuning

METHOD 1: Based on step response, tuning to
decay ratio of 0.25.

Tuning Table:
T
P: Kp Dt—
d
PD: K, 10951, 1t
t, 0.3
.
PID: K, D1.2t—,T, 12¢,,T, 10.5¢,
o d
!

ME 207 — Classical Control — Prof. Eugenio Schuster — Lehigh University 66



PID Controller: Ziegler-Nichols Tuning

METHOD 2: Based on limit of stability, ultimate
sensitivity method.

R(s) + TE(s) % Ul(s) G(s) Y (s)

e Increase the constant gain K, until the response
becomes purely oscillatory (no decay — marginally
stable — pure imaginary poles)

e Measure the period of oscillation P,
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PID Controller: Ziegler-Nichols Tuning

METHOD 2: Based on limit of stability, ultimate
sensitivity method.

2 (1) Tuning Table:
P K, [10.5K,
\— PD: K,0.45K,,T, fuz
‘ AV ’ \./ PID: K,[0.6K,.T, D%,TDD%

The Tuning Tables are the same if you make:

K, 25, P (14,
td
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