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26.09.

Control systems

- get Skript (this)

- pdf

- transparencies file: Workbook CS | 14.pdf

- old examinations file see studpub/bayerlej/exams CS

1. Introduction

e Examples
e Temperature control (soldering iron, clima control)
e pressure control (air pressure breathing system, blood pressure)

speed control = cruise control in cars

e car: AntiBlockSystem, 02-Control in a catalyzer

airplane:  Autopilot system, height control

Example: portable drilling machine

e — open loop control

Set POWGI‘ Speed
value > >
Actuator process
-> open loop

OpenOffice.org Rev.4 by Bay
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e - closed loop control:

[ Z] disturbance
[ X ] control difference
Power
Set value [X,.] [Y] speed

O - — —@—P» Actual value
[W] ) [ X ] controlled value
reference- controller actuator process
value (Motor)

[X,] <
Sensor

- closed loop

e disadvantages:
e more expensive in product and development
e more parts which could be damaged or have a defect
e danger for instability

e with defect sensors = wrong control

e advantages:
e gain of comfort

e disturbances will be compensated

Reference transfer function

X
FW(P)ZW , if: Z=0 (description of reference behavior)

=1 - ideal goal

Disturbance transfer function

X
FA(P)=7 | if: W=0

=0 - ideal goal

OpenOffice.org Rev.4 by Bay
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2. Signal block diagrams (SBD)

- 3 basic elements
2.1 Elements

Block

—P F -
X e(t) X a(t)
cause effect

Different descriptions F of the relation between In — and Output

_X.(p)
e (1) complex transfer function F(p)—X (»)

e (2) Differential equation

e (3) step response (or sometimes impulse response)
e (4) Bode plot

e [ (5) state space matrix ] (not used in this lecture)

Summing point

X
O

e (+)is not written:
=> Adder, if no (-)

=> Subtraction, if (-), also called comparator
e attention: physical units for X, , X, and X; must be the same!

Junction point

X

1

X
1 >

OpenOffice.org
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2.2 Set up of signal block diagrams

e example 1(resistor)

R _
I U=RI I U U I
> b = — P R — P oder — P 1I/R —P
U

Current source Voltage source

- That means there are 2 possibilities to draw a SBD of a resistor.
1. cause: current source. then effect: voltage drop.
2. cause: voltage source: then effect: current is flowing

for example: a battery has a fixed voltage, which forces a current through a resistor.In

this case => 2. SBD is the correct choice.

e example 1.2

DC-Motor

U n fspeed)

Inversion describes a generator /dynamo

e example 1.3

stove top (hot plate in kitchen):

P
Power heat

Inversion here not possible

e example 2(Capacitor)

or:

OpenOffice.org Rev.4 by Bay
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Laplace

o A differentiation is Laplace- transformed a multiplication with p

dl/l(t)

=g

=C *

d
uy *— oo A,y = C*p *U,

dt

e An integration is Laplace- transformed a division through p

1 ¢. 1 1
Uy = Ef’df U=, o
e example 3 (RC-low pass filter)

= here no inversion possible because it is clear that U4 is in and Uz is output.

I<> R

1,=0

e

v

C

T +Uz

e RC - block as signal block diagram:

R

!

p*C

oy

Inplljt I — : . . Output

1
I*R

0)

2

U1=|*R+U2
=U,=U;-1*R
1
=]
U, Cp
U2=U1—|*R

OpenOffice.org
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e example 4 (double RC — low pass filter)
I I
1 2 4>
\—1
¢ L L (1) Ui=11 Ry +Ugy
Q C*T Q YI (2) Uci=LRx+U,
(C)  (h=12)=Cs " p* Uc
(C) Uamo %
Necessary number of independent equations:
e 1 + one for each new unknown internal variable
e here: 1+3 =4 (new internal: |1, 12 and Uc1)
. L x ]
— P equations (Cy): T Cpxp
(2): 12_L(UC] Uz)
. R2
(Cy): 1,=C*xpxU_+1,
— (1): Ue=U,—1,*R,
U1 Um 1 Iz .*I>2 1 U2
R, Iﬁ U,
R, rCH
IT ?)4 L
OpenOffice.org Rev.4 by Bay
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Mechanical example (Exercise 1.1)
—>swimming ball controls Valve | - tank level control

- physical equations:

o (1) q,=Cx*z

e Q. = input flow of fluid

e z = distance for the valve-opener

e C =valve constant

z _h
e (2) 11

i (law of the lever)

=

e Z=S.a.

Iz = lever length to valve
e h =level change

e |, = lever length to the swimming ball
o (3) A*y=Aly=h(t)) or. Axy=](q,~q,)di+ 4%y, (content of tank)
0

ge and g, = fluid flow in [ |/ min ]

o A = basic area of tank

e Yo = tank level, if valve is closed, set value

oy = actual tank level 2Y=Yo—h

e h = Difference to yo, positive is level goes down

e input value (disturbance [ Z ]): Q. = unknown output flow

e output value (controlled value) [ X]) H = relative level

e Laplace transformation (formal writing: g. becomes Qq(p) )

(Change into frequency domain to avoid using convolution integral )

OpenOffice.org Rev.4 by Bay
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o (1) Q(p)=CxZ(p)

- H
Qa > > — Alip
o
1 C |
,,,,,,,,,Z ,,,,,,,,,,
|
1,
1H
ik

12 of 116

- with only small adaption / changes you see the standard control loop SBD:

Ww=0
set value — 1 Z

disturbanci Q,

H

Actuator
(Valve)

P-controller

ﬁ—»cﬂqg}»

R
Ap

Controlled valug H

process
[-process

(Tank level)
>

- |-process: the process has integrating property

- set value is a basic element of standard control loop SBD, but here there is no such

input, or in other words input set value =0. Summing point with input 0 can be neglected.

- could be added to change the tank level set value.

Repetition operational amplifier (OA):

I=0
>

Udv JrV

U():V*Ud

4>
I=0
OpenOffice.org
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Approximation 2: v=v, (e.g. uJA741: v, > 20 000)
__ Y
1+ pT

Approximation 3: V

= Gain-Bandwidth-Product = vo/ (21tT)

- Approx. 3 is necessary for high frequencies

together with high gains

Exercise 2.3

Unity gain amplifier (or Voltage Follower)

U, =Up (trivial)

U2
U,=v*Us (OA-equation)
Ui =Ugs+ U,
Signal block diagram OA: U
§) >
e Ve
8] §)

Exercise 2.5

-> Input impedance Z;

if too low add in front circuit Ex. 2.3

e you need 3 equations (2 internal values: Uy and 1)

° (1) Uzzv*Ud

OpenOffice.org Rev.4 by Bay



Control System 1 Prof. Dr. Bayerlein 14 of 116
o (2 U,—1*%Z,+U,=0 s U,=+I*%xZ,—U,

1
o (3) UstU,+I%Z,=0 =5 I= (-u,-U,)

'z,
Strategy:

1) define output (here U,) start drawing arrow on right side.

2) define input values of system (here U,) draw arrow on left side.
3) look for an equation for output value (here U, =v * Uy).

4) Convert into SBD and draw right side from right to left (see red block).

5) now look for open inputs (here Uy) and find equations for that values (here e.g.

Equation 2, solved for Uy,

6) repeat until there are no open inputs left.

e 1. Possibility:
: - (1)
4 (2)
IA —p  (3)
1
Z2
A g)<

e 2. Possibility

OpenOffice.org Rev.4 by Bay
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> (1) U, = vxU, Q) U,=-I%Z,-U, (2 1=Zi(Ud+U1)

1

2.3 Reducing of SBDs

e WB (Workbook table page 7)

e Rule1
—» F® —P F@ — —» F *F, —P»
=>
e Rule 2
FI(P) ﬁ
g ——pF+F,
FZ(P)
=>
e Rule3
X,=W+- XF, X=F (W+-XF,)
W X =>X-+XF1F2=WF1
—»( > F
- =>X(1+-FF,)=WF,
F
F = P TIr T,
2 - | 2
XF,
F ZKZL if feedback has+ sign
VW 1-F *F,’ &
—F =XW —p F =£=L if feedback has - sign
" VW 14F *F, &

- because the = (+ -) changes the side of equation, the yellow mark changes

OpenOffice.org Rev.4 by Bay
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Example:

Voltage follower (example above):

- F =—2__7
= TeTy 14y

V = w => Uz/U1=1

y——"o
V =V, =20 000 =>U,/U;=20000/20 001 =0,99995 T+ p*T
Example 2:

OpenOffice.org Rev.4 by Bay
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— F
]:*5:71
| -F % F,

F2

F,

> combined rule 1
and 2

- F,=—2+1

>1+—2

oY 1

Rule 8

Left summing point is shifted

over block F1 and over the right

summing point.

Summing points could be

arbitrarily exchanged (rule 6)

ges

Note:
You could not shift a summing point over a junction point!! Never!!
You could noft shift a junction point over a summing point!! Never!!
You can shift a summing point over a summing point — no problem

You can shift a junction point over a junction point — no problem

OpenOffice.org Rev.4 by Bay
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example BAY59 / A1 (old examination task)

1. Shifting of summing point right (rule 6)

2. Shifting of middle summing point over F; to the right, add compensation block (rule 8)

v
—pF +1 }?» F, ——p F+F, [P

A

Rule 9
Junction point is shifted in front of F,

e »9—» F, (F, +F,) >(; o o>

F.*F, -

OpenOffice.org Rev.4 by Bay
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1

Fo= 1—F,*F, (combination of rule 1 and 4, F3; and Fs are combined with rule 1)

>

F2<F3+F4)F7 (1+F1)(F3+F4)F2

F._=(F +1 = =
e =(F >1—F2(F3+F4)F5*F6*F7 =7 e |~ F % F—F,(F,+F,)F*F

- Now if time demonstration of simulation program ,Regdelph®:

'ftp: studpub/bayerlej/REGDELPH/Regdelph32.exe’

Preparation of Regdelph example exercise 1.1:

“1te
o
A
e
1 fa
/
10—
C— min 0,01 m’ B m’
cm min*x 0,01 m min*xm
I om
q,from 0 to 100 —=0,1 —— constant
min min
A= 1m
[, = 05m
[, = 1m

OpenOffice.org Rev.4 by Bay
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2.4 Some exercises with simulation program Regdelph32.exe

Sprungantwort, Vorgaben [5] Uberlagerter Eingangssprung E|
Hr. | Wert
Darstellungszeit 10 71 (01
b
Ausgong Ghed e, 1 .
b
mit Yorgeschichte? [ o
b
Runge Kutta-Integration? [ x
Anfangswerte aus Buffer? [sonst Null] [ *
b
o OK | X cancel " OK X cancel

/& Glied-Parameter

Mr |Art Yerstarkung T1 7 Gen.-Fre. |[T2/Dampfung Grenzwert Eingange

1 |1 -1.0000 -F1.2

2 |P 1.0000 3

3 |FP 0.5000 1

</ |

020

018

016

014

012

010

n.08

0.06

0.04

0.02

0.0

EEX

0.0 1.0 2.0 3.0 a0 5.0 6.0 7.0 8.0

9.0 10.

OpenOffice.org
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Exercise 2.8 (see file “Exercises2006.pdf”)

— ] A
1
Y
2 P ¥, X
Tl [
o S
o e
= G L T - L s
+ T# 7 f B E e = ﬂf .
[Fe 72
F\F, _Fy
o \+F F,F,F,\ * F, _ F,(F,F,—F,)
F.,F, F, I+ F \F,FsF¢—F (F,F,—F;)FsF,
|+ F,F,F.F, F,
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Control System 1 Prof. Dr. Bayerlein 22 of 116

Exercises2006.pdf, page 13, Task Bau 3

F
F,=—— (Rule 4
ST1+F, (Rule 4)

Fe=——"— (Rule4
T1rr.r,p, (Ruled

Shift junction points in front of F,

orinfrontof F, & F,

e Shift junction point between red

F, and F, in front of F,.

F
’ I+ FyF Fg— FoF g I5F5F

| + F,F,Fg— F,F + F F,

1 +dito x F
F,
F, 1+F,
= 1+ F(F,F,—F,)+F.F, WithFsFe F F F
6( 2 4 2) 5 6 1 3 (F2F4_F2) + 1 3

_j’_—
1+ F,F,F, (1+F,)(1 +F,F,F,)
F,(1+F,F,F,)
(1+F,)(1+F,F,F,)+F,(1+ F,)(F,F,— F,)+ F F,
F,(1+ F,F,F,)
|+ F, +2F, F,F,+2F,F,F,F,— F,F,—F F,F,+ F,F, with this you get result of this task page 34.

_ F1(1+F2F3F4)
“ (1+F)1-F,F+2F,F,F,)+F,F,

OpenOffice.org Rev.4 by Bay
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different additional possible solution:

17+%2 ¥3 Fe¢

2. possibility to solve task Bau 3

F,
o 1+ F,
ges 4 (1+ F,)(F,-F,F,)
3 - F F
1+ ! !
1+ F,F,F, 1+ F,

F,(1+ F,FF,) S
= (1+F)(+F,F,F,)+F F,— F,(1+F,)(F,— F,F,) so this is again the same result!

3. Characterizing of linear system blocks

3.1 Time domain

OpenOffice.org Rev.4 by Bay
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XKa ()

Writing of a DE as block

e The differential equation (DE) describes input / output relation of X,(t) and X.(t) for any

signals
e special input signals:

= unit step function X, (t)= o (1)

e

Gy
1

—

el f

Diagram of unit step function

- unit step response: X, (t)= h(t)

e measured with any amplitude:

Xe (t) =Xo * o (1) => X (t) = Xo h(t) (measurable)
- normalize to unit step response:
=X,

£=0
oL
e Advantage: % ‘L phg

e simple step function generator:

e good DC-information

e Disadvantage:

e power density-spectrum: ’ E

OpenOffice.org Rev.4 by Bay
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(but in control systems we have low frequencies, this does not matter. 1kHz is

relatively high frequency in our area.)

e Impulse function:

Real impulse

e => This “real” impulse response X,depends on system and T !better: ideal

impulse:
Uy > o0 _~ Area constant
o U, 7
: i
7 =0
ideal impulse

e => X, ,ideal impulse response” independent of T

e much better: ideal unit impulse (Dirac-impulse, Delta-impulse)

Ideal unit impulse

e [6(t)]1=1/s (Attention: the Dirac-impulse has the unit 1/s!!)

e block diagram:

S0 Fees
Ope Rev.4 by Bay
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e d(t) : ideal unit impulse response

e advantage:

P ISR
B

Power density for the ideal

unit impulse

S(t) —~1 power density = p(f) is constant
e disadvantage:

only theoretical existence, no real dirac impulse can be generated

3.2 Frequency domain
e Laplace transformation: .7 {f(t)} = [¢* f(t) * €™ dt (limits O til o)

e In the US-literature the complex frequency p (p = o +j w) is expressed with the
letter s; | prefer p to avoid mixing up with seconds s / sec.
1 1

“& Pl 02, ™ T4 o02s
Attention:
Symbol: f(t) = F(p) Table WB p. 9-11 the complex transfer-
o ()~ 1/p Unit step functions of table WB p. 16
o 5 (t) 1 Dirac-impulse (unit impulse) are functions in frequency
o f(t)=t-1/p> Ramp function domain

mnemonic trick: o

filled circle for

frequency domain

OpenOffice.org Rev.4 by Bay
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3.3 Calculation of system responses

Xa ¥/
ol i D 6L i Tﬁ-

f X

Xo (9~ Fgresivs Xo

F(p) is complex transfer function

e Example:
U ot Switched cosine
Xe®
3V ' It is switched on at t=0
/ 2s
U~V
Switched cosine

Sinus: period Tp=2s

1k
ot I © Frequency =f = 1/Tp =0.5 Hz
1 1 U
Ve -

Ue | . L
. radian frequency w =2mnf=3.14 /s
Lowpass 1.st order In WB p. 9 row 1.2.k parameter T is used:

1 1 1S
m=?:2nf—27c2—82§ —>T:T
° f(t)——*cos—ZLcosti
2 T T? T
o f(t)zL*cost— oo — L
T’ T 1+7% p’
a (01) (p)=3ve—LL
=> u,t)=3Vxcos(wt) . U, (p)=3V*—~L—
= ’ & 1+7°p°
ls
e T= — ; (Parameter p.10)

e 2s =T, = period of the cosine

Rev.4 by Bay
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Getting F(p) (3 methods)
1. Set up and reduce signal block diagram (s. a.)
2. Complex phasor domain calculation, then jw = p
3. Laplace transformation of differential equation

e now use (2) phasor equation voltage divider:

1 /Time constant

u, joC _ 1 3
U “Ti,rc PP} RC=1kQ* 1yF = 1ms
joC
2
1 v IS
U,(p) = F(p)*U.(p) = *
Itp*lms 18 5 0 Ty=1ms; T, =1s/m
T 2
! 7T

e Transformation back into time domain (Inverse transformation « ):

U,(t) = AL E ) U P U g
‘ T \T,)+ T TANT,+T, T,
T
tan p=—: U, (t=0)=0
T2
xe Ipec -2
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3.4 Conversion of DE into complex transfer function
e linear DE / DGL with constant, real coefficients, input x., output X,

e time domain: (signals in lower case letters)

d"xo dnflxo dxo B dmxe dxe
dtl’l + W"F..."‘dl W"'aoxo - bm dtm +'-'+b]W+b0x€ (1)

an an—]

e Conditions:

e all starting values = zero, that means system in steady state

i.e. in system all oscillations have stopped

e frequency domain: (signals in upper case letters)

xo(t) = Xo(p) x,(t) = X,(p)

Transformation of general equation (1) into frequency domain o :
a,p"Xo(p)+a, ., p"" Xo+ . +apXo+aXy(p) = b,p"X,(p)+ .. +bpX,(p)+bX,

The transfer function F(p) is resulting in:

=> Xo(p)[anp"+...+alp+ao] = Xe(p)[bmper...erlerbo

X, b, p"+..+b,pt+bh,
solved: F(p) =% -

. £ complex transfer function
e a,p +..ta,pta,

so the coefficients of F(p) are exactly

3.5 Graphical display of F(p) identical to the coefficients of the
e Problem: differential equation!!
(so both have exact identical
i information without any calculation,
(/\/J only different writing)

! )

Plane of time domain

~

o F(p)=RF(p)+jSF(p) ; p=0+jo . R =realpart; 3 =imaginary part
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complex (p) plane

indicated with circle around p

2 F

0,(.L—,—~

Polar plot to example 1

e A complete graphical display needs 4 dimensions.

e We have only 2D / 3D - graphics so: data reduction necessary.

3.5.1 Polar plot of F(w)

e Ifo=0,then F(p) > F(w) : this is the complex frequency response

(diagram in the complex F- plane)

e example 1

Lt R
0
Uy :}rl “ld,
Low pass

e F(w) — calculation with voltage divider:

1

U, joC _ _ 1
U, R+,1 I+joCR 1+ pCR
joC

e Or with differential equations:

OpenOffice.org
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j=cx L cr*dta, F(p)

=7 - u, = u, o= = T =

= ixR+u, S R PR P 15 p«CR
voltage change b, @ *la,

= = je . =7
o> Flol=ors =Pl e | p=jo

1 1 1-j

Foo=Flo=—2)=  —— =%

o Fa=Flompa)= 15 2
erweitern mit: (1 - j)

1
_ 1_ /
5 (1=))
e example 2 (demo f — function (Workbook p. 12-15)

P
F =
(7) p'+0,8 p°+8,74 p*+3,432 p+14,4041

e Programs to calculate and display polar plots :
e.g. Regdelph or Matlab

Polar plot example 2
3.5.2 pole — zero plot

° F(py)=0 : Poi : zero , m piece, indicated with € (m: order of num.)
¥

° F(p.)= ;  (denominator zero) pole p.;,n piece(n: order of denom)

e example 1:

1 A
no zeros, P«1="pc *

e example 2:
1 zero, 4 poles:
® Po1 = 0

*

() poc1,2='0,2 i] 1,5
*
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[ ) poc3,4=—0,2 ij 2,5

i
{_ b
el 53 ( o~
Re ¥ -
[

Pole — zero plot

e To stabilize a system all poles have to be placed to the left of the w -axis.
(as soon as one point is placed to the right of the axis, the system is unstable. One or
more points on the w -axis represents the borderline case between the stable and

unstable state, which finally is allocated to the unstable state in control systems)

3.5.3 Mesh plot

e Phase is omitted. |F(p)| vertical above the p-plane!

e Properties (looks like a tent)

(1) At a zero |F| touches the

(F ¢ ground [looks like tent-
pegs]
(2) At the poles' |F| = o
! >4 E e §
e - [looks like tent-poles]
o %WM

G 4 ’211’7"7 (3) When n>m (that is

Coordinate system for amplitude response and phase response normal) the tent touches

the ground in case of great w and o .
(4) The sectional area crossing the w -axis is the amplitude response of the system

(5) A demonstration of the program is added with Windf6 (see WB page 14 + 15).

And visualization with MatLab is possible
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3.5.4 Amplitude- / phase response in the bode plot

Flp) = Flo) =|F(o)e"

——

p=jo;0=0

Bode plot is display of :

— 20dB Ig [|F|] versus Ig [w] } => bode plot

— ¢ versus g [w]

33 of 116

[FI
1 0 10 100 01 V2

) e

1,12

aB 0dB pole 20dB 40dB | -20dB 3dB

- 3dB

1dB

above: linear omega-axis; below: logarithmic axis

e improved display of low frequency-information

(above linear axis, below logarithmic axis)
e simple asymptotic construction

advantage dB-values:

when filtering in series, dB-values are added instead of multiplied

OpenOffice.org
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Symbolic display of F1 * F2
[ ] Fges = F1 * F2

IglF,) =glF*F,] =Ig[F]+iglF,] =spode plots of F; and F,
are added

-> attention: this is not the case with Ig [¢], as ¢ is the exponent of e

e disadvantages
e DC-case ( w = 0) can't be displayed (see table), Ig(0) is negative infinity

e measurement:

o

Ay o
Z
" | o]

Elementary sketch for the circuit fo measure the signal fo get F

u, = A sin(w,?) . u, = B sin (w, t+@) : |IF (w,) = %

At

4=
| |

P

Input signal: red; output signal: blue
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W, = 2% T[TL . @=360° % ;  here o is negative (lag phase)

pl rl

3.7 Elementary transfer blocks

e page 16 table of formula / Toolbox (important: print it out; have it as hard copy)

3.7.1 P-block

OP functions as inverting

amplifier, thus inverse

directions of the arrow u,.

- RCOP-display of a P-block

as a damper it is also possible to use a simple voltage divider (K < 1);

Voliage divider

e Symbol:

3 1
—
‘P

Symbol: P-block

e Note:
e R;in Op-amp-circuit is the input resistance of the circuit

= not too small, so that it doesn't load the source at the input

OpenOffice.org Rev.4 by Bay



Control System 1 Prof. Dr. Bayerlein

36 of 116

- if it gets too large, for great amplifications R, will get too large and the band

width will get too small (constant gain- bandwidth -product)

=> separate amplification onto 2 simple OA, alternatively take a better (more

expensive) OA

3.7.2 I-block (Integrator)

RCORP-display of an integrator

PC 1 K,
F == =_- =21
(p) = — pCR 7
TI
o T, = Integration constant

e K =1/T, = Unity gain radian frequency

e step function

UO
u,(t) = Uyolt) = ? Phase is constant -90°.

—C

dy | & = | w9

O

It 's that simple to produce a step signal

U,K,
2
p

— u)(t) = U, K *t

U, K
Uz(P) = ?0*?1 =

OpenOffice.org
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in OA: maximum rising speed = Slew rate in Volt/sec :

t
Step response of the integrator
e bode plot
K, Num ( p)
F - — = F A
° (@) J [Fle Denom(p)
e  Magnitude: |F|= VR +F = [Num (o)
|Denom (o)

~

e Phase: o = arctan% = Oy—9p

. . Kl
e lineardisplay: |F(w)|=4% ;
e logarithmic display: ;
048
o K= Transit(radian)frequency

Unit -"-
gain crossover  -"-

e numerical example:

e R=1kQ; C=1pF; =>T,=1ms; K =103 s (don't use Hz in this case)

K
o fi=159Hz = . ; (transit (unity gain-) frequency)
27
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u,(t)=1V=sin(w, ¢)

. u,(t)=Bx*sin (0, t—90°)

o B=IF(o 1V
Kl
K 3 -1
B=|F(o,)*1V =4 *1v=m—SH*1V:ﬁ=0,159V=159mV
¥ 2710 s 2m

Function Demo F

(see Workbook page 12-15)

)%
F =
(7) p'+0,8 p’+8,74 p’+3,432 p+14,4041

- demonstration of “DemoF” and of a different band-pass filter in Regdelph and Windf6

=> The circle with radius in the complex panel is the 0dB - line.

3.7.3 D-block (Differentiating block)

R
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U
u(1) = Ug* ol1) = —
p )

U
Uz(p) =— PKp =UKp* 1« ”2(t> = UK, 5(1)
p Diracstof3-Generator

=> (theoretically) we have invented the Dirac-pulse-generator .

(step function)

A differentiated step function results in the Dirac-pulse.

— U = 15V =V supply voltage

— The voltage decreases

exponentially

D-block: theory: green; real: red

e Warning:
D-blocks don't have to be provided with steps at the input,

Else: Measurement # Theory

- Even programs like Regdelph can't deal with Dirac-pulse.

s s

D-block (symbol)

e Symbol D-block: (attention with Regdelph)

3.7.4 PT1-behavior

e T1: lag with one time constant (£ low-pass 1. order, T2 would be 2. order)

"o
——{—
'Rot Rl
o— "¢ + 4o

Figt 1,
b

RCOP-display of a PT1-block
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P ):_:7:&;
P R, R, 1+pCR,
k

—
T

RZ
e with: RTl £ K (gain value , DC-gain respectively voltage gain)
eand CR 2T (time constant)

® ()= KUO(I—e_Tt) ;

i BT 7 v ol

Tangential construction:line of dashes

frue behavior: red (after 5 time constants the erroris < 1%)
e This is not the unit step response, because step amplitude is Uo !!

[ — unit step response: page 16 without Uo]

e symbol PT1:
K T
PT1 (symbol)
e bode plot:
K
e Flp) > Fljo) Tr o7
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o« ¢ = Oy—, = 0°—arctan[w T']

Magnitude curve: PT1-block

Variation of K:

The magnitude curve is shifted up or down, nevertheless it maintains its shape.
The phase curve remains unchanged.

Variation of T:

The magnitude curve is shifted to the left (T increases) or to the right

respectively maintaining its shape.

The phase curve is shifted the same way (right / left).

All PT1 have the same shape of bode plot, only position changes with Kand T
1

® We= T = cut-off frequency or corner frequency

% = transit frequency

asymptotic construction

—2p 48
|F (n—o0)| = mi ; \< > |IF(w—0)| = K (constant)

T
K
o |Flo=1/T)| = i —3dB (value at corner frequency )

e Note: the T in the drawing has nothing to do with the period of a signal, but is a

feature/ property of the PT1-block called time constant.
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e In addition, sometimes “-— 1dB- difference points” are used at frequencies with
1 2 1
> and 7, which each keep a distance of an octave between 7

(indicated only by orange lines of dashes here ).

3.7.5 PD + PDT 1
e Circuit:  (e.g. Used as controller in the hanging ball in magnetic field)

(=» PD should never be used with a step function at input - Dirac pulse output)

Ry ¢ R,
o R B
R, P ?
i P
O— v L4 —0

RCOP-display: PD + PDT1

R;=0=>PD
Ty
Flp) = U, R, R, 1+ pC(R,+R,)
T 1 R, 1+pCR,
[ ] Rl R3+_C 7 T
R1+R3+L
pC
R
K=-
[ ] R1
° TD:C(R1+R3>
T,=CR,

e WB page 16, line 12
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T

o 1= [Step depth] ; PD: st = o
1
o K = gain value
= DC-gain
e step response:
U 1+pT T,~T, &
e U,p) = po 1+§TD uy(t) = UK |1+ DT Le ™| ; row 1.2.bin the
1 1
table page WB
10
T,~-T, 7
o (0)=|1+ DT Le't| % UK = UyK—2 = U, K st
1 1

° uy(0)=U K Note: Starting pulse is with st larger than final value

Uy &)

UoKSt

v

o
Step response of a PDT1-block
blue: PD
red: PDT,
R;=0 =>PD Dirac-pulse (with a true OA the slew-rate has to be

considered)

e PD is an special case of the PDT1 with:
R;=0; st=
=>F(p) =K (1+pTo)
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e symbol: (with ideal properties not realizable)

K &
._._7 prvepeenegiy
PD (symbol)

e variation of the step depth:

st type / Name

o0 PD

>1 PDT, (lead block), Pre-emphasis (in telecommunications engineering)

=1 |P

<1 PDT, (lag block), De-emphasis (in telecommunications engineering)

0 PT, WBpage 16 ; line 2

“=-1" |Allpass WB page 16 ; line 16

RCOP-display of a PDT1-block Step response of a PDT1-block for st < 1
L)
K 6 1 T,’, K T2
e O e o
P2 PT PIT 7

PDT1-control composed of PD- and PT1-blocks
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bode plot:

m”%‘%}"

A [H [ 8] - 20 4/8/24 Ja/—l::j’(W Lo
at > 1 X o AE ¥rae: e,

Pl7=0 | Po1; = Py £

k < o
; : T4
\ e
2N

Display in bode plot (magnitude response)

e mean / average values with logarithmic axis:

lgw,+Ilgw Iglw,m,] 1
° 12 2 = 21 2 :5 glw o] = Igiow,

geometrical average

o At wma the phase curve has its maximum value
e Atst>1 = maximum

e Atst<1 = minimum

st Pmax
1 0°

2 19,5°
4 36,9°
10 54,9°
© 90°

Ve -19,5°
0,1 - 54,9°
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3.7.6~> deleted

3.7.7 Pl-controller

Pl-controller: composed of P- and I-block

Pl-controller: RCOP-circuit

1
kot2C I pCRR, R Ri+pCRR, 1+pCR,
= + = = with

C R
Flp)= Rp :RTZ—F CR, 2 P 7 =
1 1 p 1 pCRl pCRl pCRl pCRl
K, T,

R2+ c R22 T,
R "7 R R, 1+pCR,
R,R, R, pCR,
PC ¢ -
R2
o Kr= E = control gain

e Ty= CR, = reset time

o« T= CR = integration time constant

e step response:

5 (@24

Step response PI-controller
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symbol: Pl-controller

1. Project in control systems: Cruise control
e steps:
e Define hardware
e Make a process analysis
e Controller design
e Analysis of the reference - and disturbance behavior

e Optimization

e 1. Hardware

This sketch shows a car

e Speed Sensor: v — Uy with v is the speed

e Actuator: Upr — P with P is the power of the motor

e 2. Process — analysis:

Lz V-

Where should | get the
appropriate DE ?

influencing aspects e. g. :
e mass of the car (— inertia of masses )

e power of a motor

OpenOffice.org
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e friction of the air

e Wwheel friction

=> better: a simpler experimental procedure: measurement of step response

=> step function at input

40kWV step
e We expect the step response look like that:

V4

1eoket - - o
o Numerical example

| (fits to an old VW-van)

70 oS T )6
Step response of a PT1-block

— look at the table on page16

=> great similarity with a PT1 — block

k T
Symbol of a
PT1-block
100 km/h kml h
e K extracted: K = A0 KW - 2’5—kW

e T extracted: T =10s  — extracted with tangent method

OpenOffice.org
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First simple signal block diagram for the cruise

control
e 3. Analysis of the reference — and disturbance behavior

e Mr. Bayerlein's choice: PI — controller (at first without any explanation).

e Now free choice of K and Ty :
— optimized for quick start at the traffic light from 0 to 50 km/h

1+PT, 1
—_— F,=K
pT, I+pT

° Fp =K

e reference transfer function: (reaction of speed v caused by a step at w)

KN w1
Fo= FrFyg _ . pT, HpF
V14 FF 1+F, * Fy

e = now choice of Ty with pole compensation (from experience)

=>Ty =T =10s Zero of controller compensates or eliminates the pole

of the process!)

e reference behavior:

KK
Foo= pTy _ KK
d K.K pT,+K.K
1+
pTy

o Now calculate step response
e normalizing:

Ky =>» which block- behavior it this ??
_ 1
Fulp) =——5— => again PT1 - block
I+p ’
K K
T,
Kw =1 (results from the calculation above with the variables,
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i.e. caused by using a Pl-controller)

Ty 105
Ty, = K. K KK (Tw is a free choice by a corresponding free

choice Kg)

e reference step response: (what does speed v, if w is switched from 0 — 50km/h)
copy from: page 16, line 2

set value w switched from = 0 —» 50km/h

Again step response of a PT1-block

Tw can be chosen arbitrarily ! (Porsche Killer)
choice: Tw=1s

e calculated with this choice:

T, Ty 10s kWh

K = = =
T, = =1s . =» O x
SRS = s*K | 2’5kmnllh e

e question:

How much power is needed?

Calculate the power curve p(t) with the above step (set value: 0 — 50km/h)

e power transfer function:

T=T,
I1+p T,
FP(p)ZP(p) _ e "p Ty _ Ky (I1+p Ty)
W(P) I+ FRFg 1+KR EHT% « K p Ty+tKy K
rTy HpF
PDTI
1 l+p Ty
e standardizing: K 1+ p Ty
Ky K; K
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power curve from page 16, line 12

p(t) A
1\\20 kw w"’f =200 kW

\:\\\\ 10

\\\
-‘2——0—: ZOkWT~ ol ; = g‘\M’
2 , ! «,

-

Step response of a PDTT1 controller

1
K. =—
K

51 of 116

To actually accelerate in 1s from 0 to 50km/h (and to keep Tw = 1s ) a motor power of

200kW would be necessary (the 5 fold of the present motor power of 40 kW).

e repetition:
e properties at Ty = T (pole compensation)
no error signal after transient time
arbitrarily fast

the faster, the higher the power peak

Disturbance behavior of the cruise control

— most peculiar / standard function of the control system

Signal power diagram extended by a disturbance

variable
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Simplified mountain (without crossover)

e fictional disturbance power:
e The mountain is applied as a simplified step function onto the input Z .
e The math formulas need input values of 0.

=> calculate the response on the mountain, then overlay the drive with 100km/h.

This results in a drive of 100km/h on the mountain.
e Step on the mountain: Z(t) = Pz * o(t) is applied P, = - 20kW to the input Z.

e disturbance- transfer function for this (taking w = 0):

K
F,(p) = V(p) _ Fy _ I+pT
Z(p) 1=(-)FyF l_i_KRH—'—p_TT) « K
pTy HpF
KpTy KpT,

- F,= ; mit T =T

pTy(1+pT)+K K(1+pT) KK+ p(Ty+TKxK)+p'TyT

due to the table of formulas on page 16, line 8, we receive the following DT2 — behavior:

T
PX,
F,(p)= 1 K — DT2 A p A%
+1|+p
K

R

KK

4 !

DT2 (page 16, line 8)

e since Pz < 0 — step response goes down.
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Va

Mgt N 7 4 Vo

————

N i
- A

-»n
Reaction of the car during mountain drive with

activated cruise control

e V as response to the step Z(t) = Pz o(t) is the step response of DT2 (see page 16,
line 8)

e On WB page 18 + 19 DT2 is described in all detail. On this page you find

equations for the first maximum.

e Numerical example:

® KR =4
e T=Ty=10s Kz = control amplification

to change Kr only the resistance values
e K=25

in the OPV - wiring have to be altered.
o =>1t,=256s

With a Kg of e.g. 40 an almost ideal
® =>Vn=387kmh ,Kavaliersstart” can be controlled. The
e The Cruise control reacts sufficiently fast, cruise control goes under full power up

error signal is 0 again after some latency  to just below the target speed.

=> 0.k If Kg is increased further the system

e Regdelph - simulation as demonstration  starts to oscillate => chaos.

10.11.05

3.7.8+9 PID + PIDT1 - block

e all info see WB page 20 +21

PI PD
K |1+ +pT
F( ): KR(1+pTN) (1+pTV) _ ( I D)
P pTy (1+pT1) I+pT,
PTI Summenform

Bodeform
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KR(1+pTN)
pTy
PD : (14+pT,)

PI

PTI : (1+pT,)

PDT1=PD + PT1

PID =PI + PD
ke  To 7 = e
LT
G e BT

L[ e)
P (2

PIDT1 assembled out of: PIl, PD and PT1

e conversion of Bode form < -- > Parallel form

page WB 21 bottom

5 k< KalTytTy)
TN
T,=T,+T,
TD — TNTV
T,+T,

e Unit step response (don't mix up T, with T))

t—T T T
h(t)=K L1+ =2 -1+
1 TI TI
h(t=0)=K D_KREFN%* 57T,
T, Fy Fytty
step depth:
T T,
st = il |
Tl not: Tl n
h(t=0) = K st

OpenOffice.org
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o e e ,
- I
I 1 {
i =
£
Standard step response PIDT1
special case PID T,=0 =>st—> o
of course not realizable
NgPsU FERt WSy &8 & ke Te

oun A

i P 1077

Block diagram: for PIDT1 out of PID & PT1
Symbol: PIDT1

Bode plot:

IF|

~

In control systems always is:

e The phase value is calculated as follows:
¢ = —90°+arctan|w T, ]+arctan [0 T, ] —arctan[o T, |

o
\Ca
—
B

y

% o

S
‘\"Q—.‘_
S

Magnitude plot PIDT 1

e pole compensation

OpenOffice.org

Tn: greatest time constant of the process

Ty: second greatest time constant of the process

Tryv>T,>T,

55 of 116

Rev.4 by Bay



Control System 1 Prof. Dr. Bayerlein 56 of 116

3.7.10 delay time block (delay)

e true delay (i.e. Delay without change of signal)

rm
Ta 5

Standard step response delay time block
(WB page16, line 15)

A

X

e no OP - circuit possible
e examples:
- transport of material
- water transport in central heating

« conveyor belt

) e - L0 17 _T
v

Symbol: dead

time block

Model for delay time

- delay times of signal transmissions (with light speed)

with digital sampling systems we have always delay times

T, o
° Tt = 7 +Tcalculation (TO - Samphng tlme)
F(p)= e
shift op'erator
7 (o) =le7"]

= |cos(—jwT,)+ jsin(—joT,)| =1
Flw)=e /T =¢*
¢=-wT, (rad) => the phase is proportional to frequency

180°
T

¢=-—oT (degree)
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?4 note:
B as Ty . o
=l _,/\‘ (Q- if the sin-signal has
N/ the radian frequency
rEQaplGI- - - — & — - ks | [\' / i
o U - of /T, the output is
I i inverted (-180°) (as
Bode plot phase (page 16, line 15) displayed).

e 3.7.11 and 3.7.12 canceled

3.7.13 PT2 - behavior (resonance systems)
e System 2.nd order: see WB page 22-24
e Each closed loop generally behaves similarly to a PT2 — block

e RCOP - circuit ( only resistances, capacitors and OA)

n, m — multiples (arbitrarily real

numbers)

F(p)= s
2 1 i D Fp=
d 7 converted into 2 PT1: F, (147, p)(1+ 7, p)

(only possible if d > 1)

K: DC - gain, wo:natural radian frequency, d: relative damping

K=m m=K

1o, 1 1 1

— CR=5 * —

Po CR \/nm 0 \/nm
1 [n 2d

dz—\/ﬁ (2m+1) - *
2 \m 2K+1
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e step response: (see WB page 23)

e Attention: Whend > 1, a PT2 has to be converted into 2 PT1

«
K o kpaneuqEmL oy %
S B e T e o o
f doesn't occur in practical
Pra =1 ) "
operation, called critically
PT2 displayed by 2PT1
damped
_ 1 ( Ja ) »
T\, = g, dtvd -1 T, and T, must be real and positive

e Resonance behavior:

—d wyt

- [ _ 12
d<1: h(t)=K|1- < = * sin(mox/l—d2t + arctan ldd )

1-d
envelope
e aperiodic creeping:
T _t T _t
d>1: h(t)=K|[l-——— ¢ - —2_ ¢ "
TI_TZ T2_T1

Step response PT2

Endwert=final value= steady state

e Mmaximum:
T T

tmax:— 0, = —F—
wV1-d’ <=> 4 1-d

e relative overshoot:
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__Ah T SR —— N
final value - \/7[2+ln2 i
e K =final value, if unit step response

e examples:

d i/ % notes

0 100% Non damped oscillation

0,7071  14,321% ideal damping for pointer instruments

0,591 10%

0,826 1%

1 0% Critically damped

> 1 - No overshoot, “creeping”

AL

N,
fA ey AN
e AL,
' —
/é’hx
Step response PT2 with d<0,2
. Ah, Ah, Ah,
W= - A, - A, 2 log decrement
e Bode plot WB page 22:
|F(u))| _ 2K : ZdOu)
° \/1—(‘)—2 + 2dm) ; @p=— arctan o
o) o ~[)
Attention!

Quadrant problem with pocket calculators.
When w > w, the result of ¢ has to be
between -90° and -180°.
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Optimal damping of a closed loop

e definition of rise time (t.,) — and settling time (taus)

_T" - | A4
—1 7 %

RSR (reference step response, FSA in German) of a standard-

closed loop with Fx (controller) and Fs (process)

reference step response (RSR or FSA) ofa PT2:

1) green: general

2) blue: optimal damping with corresponding tolerance band

- marking of tolerance: + Ah

Ah
~ final value

* 100 %

- relative tolerance band:

- optimal damping:
when overshoot () of the FSA equals the tolerance band

—Inu

. with PT2: d I rid
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Project 2: Temperature Control system with a fan heater

e description see WB page 25-32

1.Step: Hardware

sketch of the hardware

process: P = 1700W

Ur: 0°C =0V (thermometer)
100°C = 10V

Ky=0,1V/°C (gain)

AT

First implementation of the system into a block diagram

actuator:

- voltage controlled power amp

- Triac, phase control (Dimmer):

principle of the phase control
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Ue: ov - 0w
10V - 1700W

Ke =170 W /K (gain)

2. Step: Identification of the process

wanted:

model of the process including sensor & actuator

measurement of the process step response (PSR):

o

sketch of the PSR of the System with offset-voltage

On WB page 27 you find the offset-cleaned standard step response

e model set up with Windfc#:

T:=12,04s
T,=1,47s
K =0,73

kK T 1 T,
C{P!E ’ 7—‘ u:

model of control process (2 PT1 = PT2)
found by Windf c#

e demonstration of temperature-control

OpenOffice.org
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PIDT1- Controller design

Ta
g
] kﬂ : K r" 1 TZ
g *
o — [ 20r
4 _‘,,Q | "
we inniet £ | IREI

Block diagram, which results from process identification and determination of the

controller

Method: ,,flash control design*
= see WB page 33 (Bayerlein nomenclature), results we get as fast as a “flash”
(1)  choice of controller time constants with pole compensation
Ty = greatest process — time constant = T, = 10s (rounded)
Ty = second greatest process — time constant =T, =1s (rounded)

Now Kr and st can still be chosen arbitrarily

Ky opIyttrty) K
T, L+ pT b+ p T
pT(1+ p—)
F = x(p) — FRFS _ St
" W(p) 1+ FFy |y KefpFy)titpFy) K
pTN(1+p_)
_ Ky K _ 1
B T B T T.T
pTN(1+pS—:)+KRK 1+pKA}{+p2S”A;,;<
R R

Due to the I-rate of the PIDT;-controller it is possible that the

final value is reached without error signal.
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reference step response of the system (here case of PT2)

e
[ see17 \P0)  seireas | St

— PT2P, M —
Parameter der Spezifikation arameter Realisierung

~ —Inui o = —2
¢ _\/rt2+lnzii ; 0 Ly 1—d’
- (, t, are being set => see the product specifications
now you can calculate, how the device/ controller should be designed.
e flash control design presumes pole compensation !!
3.8 deleted

3.9 Calculation of the Bode plot of complete closed loops

3.9.1 Method of approximation

B

Display of a closed loop (F.)

Fo=Fr Fs Fy (open loop function contains all functions)
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Fo: open loop total transfer function

e only the bode plot of F ;(w) is known
e the bode plot of the complete closed loop F w (w) is wanted
( ): FO(P)
" 1+F0(p)
e approximation:
Fylw)
F = __ 0/
v 1+F,(0)
1. Folo)>1 = Fy(o)~1 = very good control effect
2. [Fylo)l<l = Fylo) ~ F(o) = no control effect

'{Lﬁ, S

2048

s

E #, s 7
> R M ptennt P s

Different areas on the magnitude curve

e magnitude curve |F,| is,cut off* at 0dB by negative feedback
e error valuation of the approximation:

if |Fo (w)] > 20dB

=>error<10% £ 1,1 £0,83dB

0,9 =2£-0,83dB
e Thus, in case of
1. |Fo| > 20dB => error in Fy < 1dB o.k.
2. |Fo| <-20dB => error in Fy < 1dB o.k.

e Apart from this, the ,Nichols — formula “ have to be used
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3.9.2 Nichols formula

= see WB page 34

F( ) Lphfagzncurve
w —
F — 0 . — A
w(o) 1+F,(0) 5 Fylw) Fylo) * e
Lmagnitude curve
)a .
|F W((D)| ‘ 0| ¢, = arctan %o

- \/1+2|F0‘cos cp0+‘F02‘ 7 cos((p0)+|F0‘
attention: |Fo| do not use the dB-value, but the factor

example Ex 3.22 (from exercises2006.pdf)

(task depot on page 7 and answers on page 22)

Rl fiiil T

Given block diagram

T,=0,3s
T,=0,2s
T;=0,05s
K=10 £ 20dB

e the bode plots of the individual components have to be summed up

e bode plot of an open loop

OpenOffice.org

66 of 116

Rev.4 by Bay



Control System 1 Prof. Dr. Bayerlein
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0-Alf ———K a/é’————\ 0 A ——|
3.3 5 z0
z &’/57 o —~ 205 7
-—-’\/\//:@ff,_., P ]
- - <-4 P
e BFV
60 24
Sketch as approach solution
e either asymptotic drawing as a sketch diagram
Drawn on scale paper you could find a relatively precise answer
e or by using Nichols — formula:
calculate open RK
|F0| - 2 = 2 2
Vi+(oT )} V1+(oT,? V1+(oT,)
¢, = —arctan (wT,) — arctan (w7',) — arctan (o T,)
[Fdl [F w(w)/
w ®o [T ew [
aB aB
0,1 9,99 19,99 -3,15 0,909 | -0,823 -0,2866
1 9,38 19,44 - 30,87 0,915 | -0,77 - 2,87

10 1,26 2,04 -161,6 2,83 9,03 —-44,99
100 0,0033 | -49,63 -253,9 0,0033 | -49,7 - 2541

complete closed loop with Nichols-formula (see results in exercise pdf as well)

[ £l
| Fylo)]=
V1+2|Fy| cosq, + | Fo|
vt sin @,
by = 10N coscp0+‘F0‘

curves|Fy| and |Fyw| of this task see page A1/27 & A1/ 28 (answer)
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4. Stability

4.1 Definition

e Examples of impulse responses

stable instable

oy 1%/

The three fundamental kinds of impulse responses are displayed

68 of 116

instable

e A system is only stable, if the final value of impulse response is g(t-->x) =0

Hence the system has to return to its original state after an arbitrarily long lasting

period of time.

Impulse response of an integrator

atalil ralilif  edilfoe s
Symbolization of the three fundamental kinds of

systems
e (question:
is an integrator stable? With this definition it is not!
4.2 Criteria for stability
=> see WB page 35
e F(p) transfer function of the system is given

d(¢) == 1 (Dirac-impulse)
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G(p)=F(p)* 1 function
Im;;dse

- b, p" +..+b, p+b
G(p)=glt) - F(p)= 1 -

n
a, p t..ta, pta,

A, 4, A,
= + +..t

p_pool p-pooZ p-poon

—
frac exp, if all poles different

expansion into partial fractions: the A, are called residues and are real numbers

o => glt)=4, ™" +..+4, ™" .

g(t—00) =0 Stable only if all real parts of all poles are negative

(or: if all poles are located on the left p-half-plane)

e Example 1

~

symbol PT1

_ K
1+ pT >

F(p)

l+p,,T=0 =p,  =— % ; (stableonlyif T>0)

Take the denominator of the transfer function and set it = 0 (pole). Then solve
to p . Calc. T under the condition that p -1 < 0 . Possible up to two poles.

e Example 2

K
K T Fo- 1+ pT K

W K 1+pT-K
. [~ 1+ pT

PT1 with positive feedback

pole place: 1+p.1 T-K =0
poo1T =K_1
Peot1=(K=1)/T
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, K-l
! r stable,if: a)K>1; T<0
<0
b)K<1; T>0
Example U 3.22
k S I 1 Tz T
excercise 3.22 -> Stable for which K??
R
l+p T, 1+pT, 1+pT, K
F,= -
P S S B 2 (T DN (R T AN T

1+ pT, 1+ pT, 1+ pT,
(zero search is very complicated but possible with general coefficients forn =3 ;
= for n > 3 impossible)
Hurwitz criterion

e When zeros can't be calculated, the Hurwitz criterion might help
(see WB page 35)

e Zero-Search — calculation of determinants provides signs of the poles' real parts

e 1. example

—TFE}HIC ke X . l x e.g. rocket:
' rocket
Example with 2 integrators =>n =2
1
F=ma=mx =>x Z—H'thdt

m

K, , K,

K * L2

_ F, _ p P _ K, K, K
" 1+ F, +KK1K2 P2+KK1K2

2
p
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e Since ¢, is missing, the system for all K is unstable

Cz=1
C1=0
CQ=K*K1*K2

o 2, example Ex. 4.1a

N
Fy=2=1: Dylp)=p' +6p"+12p+8=(p+2)
w
C3 = 1
C = 6
Ci = 12
Co 8
Hurwitz (1) all c; are positive and # 0 =>n=3
6 8 0
@ Hy=[ 12 0/=0 ‘(1) 162‘ -0 ‘8 2‘+8 ‘? 182‘=8(6*12- 1%8) >0
0 6 8
_ |6 8
@ 7 12‘ >0
=> stable
e comparison with poles:
Pt 2, 3= =2
e Exercise using the Hurwitz criterion
e Ex4.1b
Dy(p)=p'+2p +2p" +10p +25 . n=4 =>4x4 matrix
2 10 0 0 | -->oddexponents
o 1 2 25 0 | -—>even exponents (incl. 0)
=> 74l 2 10 0
0 1 2 25 --> s.a. shifted to the right by one position
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(1) all c; pos. and # 0
(2) For the determinant of the 4 x 4 matrix a 3 x 3 matrix needs to be calculated at
least. But we will start with simpler steps!

(3) ,north-west“ minor determinant:

Hi=2>0 --> H 4 = utmost "north-west" possibility, i.e. 1 x 1 matrix
H, = ‘ % 120 ‘ =—6 <0  => systemisunstable

check with pole place criterion:

Poo1,2:_2ij; Poo3,4: 1 + jx2

-
unstable !

;(positive real part is ,prohibited®)

— pole place are best determined by the Newton—procedure

e Ex.41.c
Dy(p)=p*+2p +3p°+2p+2 . n=4
2200
goo|[1 320
0220
01 3 2

(1) all ¢; are positive and # 0

(3) north-west minor determinants:

H =2 >0

H,=|% 2 |=2¢3-1%2=4 >0
1 3
220

Hy=|1 3 2|=2%x3%2 + 2%2%0 + 0x1%2 - 0%3%0 - 2%2%2 - 2%]*2
0 2 2

—12-8-4

H,=2*H; =>no new information

=> unstable

pole places to compare:

pm,z:_lij : poo3,4:0ij

; (pole on the jw - axis)
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Hurwitz criterion for a polynomial 3™ degree

e The general principle is:

H. = ¢o * H.1 ; when H,.; fulfills Hurwitz , this is also true for H,
e general solution for systems of 3™ degree

Dy(p)=c;p’ +e,p" +ep +c
e stable if and only if:

all ¢, have the same sign and # 0

C>Ci1 > CyCs3
c, ¢, 0 o ¢
= = * 2 0 =
Hy ¢ ¢ 0 Sy Co (Czcl 0003)
¢, ¢
0 ¢, ¢

e Example 3.22 stable for which K? (J4-3)

K o 7y % aB =2 T

Block diagram Ex 3.22 (page7; bzw.A1/6)

K
F, (1 +pT,) (1+pT,) (1+pT) K

I K K+(1+pT) (1 +pT,) (1 + pT})
U+ pT) (1 + pTo) (15 pT)

denominator of the transfer function (of the complete system, thus process and
controller and feedback) needs to be multiplied out and sorted according to powers

of p:

OpenOffice.org Rev.4 by Bay



Control System 1 Prof. Dr. Bayerlein 74 of 116

Ny(p)=K +(1+ pT)) (1 +pT,) (1 + pT;)
=K+<1+pT2+pT1+p2T1T2) (l+pT3)
=K +1+pTy+ pTy+ p'T\To + pTs + p'TsT, + p'T T, + p' T\ T, Ty
=K+l+p(T1+T2+T3)+p2(T1T2+T3T2+T1T3)+p3T1T2T3
=T1T2T3p3+pz(T1T2+T3T2+T1T3)+p(T1+T2+T3)+£4;11

[ ) ¢ Co

e condition: [1: T, T3>0

—thus €1-¢-% are uniquely defined positive

c, >0

- is a must !

=>K+1>0; K>-1 (lower limit for K)

e additional condition: CiCy > CyCs

1
I'\T,T,

(T,+T,+7T,)(T,T,+T,T,+T,T,)>(K+1)T,T,T, | *

(T,+T,+7T,)(T,T,+T,T,+T,T,)
=> T1T2T3

> K +1

cnsilot
$ 4 Ry A { W e ///;; K

Upper limit for K

Ex 3.22: stability range on the K-axis

(T,+ T,+T,) LI I B ;
- T, T, T,
- - _

Timit

At points — 1 and K the system is indifferent

e numerical example:

T1 = 0,2
T.=0,3
T, =0,05
K, =-1+(0,55)(28,33) =148

grenz
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e Variation 2 of this task
=>» For which K is the above system stable, if one of the time constants is negative?

T,<0; T2, T3>0
Ti=- T4l
all ¢, until c; have to have the same sign:

Cs IS negative, thus ¢, , c¢; c, also have to be negative

denominator:
DW(p)ZT1T2T3p3+p2(T1T2+T3T2+T1T3)+p(T1+T2+T3)+K+1

Cs is negative, because -|T4| T, T3<0

=>¢C,, Ci, Copalso have to be negative

Co<0 => K+1<0 => K<-1

ci <0 => T, +T,+T3<0 => '|T1| <-T,-T; |* ('1)
[T4|> T+ T;

c <0 => TiTo+TiTs+ T, T <0

Ti(To+T3)+T,T; <0

T,T
7| < 2 *(—1
| 1‘ T2 + T3 | ( )
7| > TT2+T3T
2 3

e New values:

T1 =- 0,3
T2 = 0,2
T;=0,05
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|0,3] > 0,2 + 0,05 v
%
03| > M = 0,04 v
0,2 + 0,05
e Hurwitz:
(1,4 T+ T (T T+ T+ TT) > (K +1) T, 1,7, % ———
— 1£243

negativ

Fraction is negative,

(T, +T,+T,) 1 + 1 + 1 < K +1 since T, is negative
T, r, T, ot
attention
1 1 1
K+1>(T +T,+T,) [+ — + =
Tl T2 T3
1 1 1
K>-1+(T,+T,+T,)|—+—+—
Tl T2 T3
= K___=-1+(-0,3+0_2 +0,05) Lo, 1,1 = —2,083
grens -0,3 0,2 0,05
: A S P > wi-/wéw(
/// /,.r/ 9 ,,/ /’ 1/‘—_\/ 2& ‘- el'/,’//”(/y//// ” "//'/"//\,
f f —
-2,08 = 0

Ex 3.22 /2 (strange, only here stable for pos feedback!):

stability range on K-axis
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Test of the stability analysis with Hurwitz in combination with Regdelph

e in the following part example 3.22 is going to be simulated with the numerical values
last used and with K = -1,5.

_ 5]
Nr |Art Yerstarkung T1 7 Gen.-Fre. |T2/Dampfung Grenzwert Eingiing_~ |
1 P -1.5000 -4,71
2 |PT1 | 1.0000 -0.3000 1
3 |PT1 | 1.0000 02000
4 |PT1 | 1.0000 0.0500000

T/ Ende, cancel qeanderte Konst. ubernehmen Konst. neu anzeigen dlucjﬂ
4 »

5.0
e
R e e o
e
ngantwort, Yorgaben
10 sl T o o e S st e e i s SR e e P
T st sge 10,0000
_5
NS m— L

0.0 1.0 20 3.0 4.0 5.0 6.0 T.El
mit Yorgeschichte? o

Runge Kutta-Integration? [

Anfangswerte aus Buffer? [zonst Null] [

¢ oK | X cancel
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12.12.05

Nyquist stability criterion

e Pole criterion:
sometimes the poles are not known and not calculatable.

e Disadvantage of Hurwitz:
F(p) has to be known, no delay times are allowed

e Nyquist (special criterion)

advantage:
delay times are allowed, only F, (w) has to be known

condition:
control process has to be stable (integrators are allowed)

Bode plot of the open loop:
FO((’O) = FR((D)*FS(U))*FM&SS((’O)

[— [—
controller process sensor

lro(w}l

W

|[Fo(wg)| =1 £ 0dB
= definition of the crossover

-

048
frequency

-
v

e
-

180"

Bode plot with definitions of crossover freq and phase

margin
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Nyquist criterion

e > F.(p) isstable, ifand onlyif ®x>0 1

[ ]
KT £ :
F

SBD to the Nyquist-criterion

5. Design of closed loops (Frequency response approach (FRA))

=>» frequency response curve = Bode plot

5.1 objectives with indicators:

(1) stability ©>0 ; [180°+q,(w,); the larger, the more damped |
(2) well-damped: 50°<g,<70°
t ~ 4. [short settling time |
(3) fast: nax Wy 2 (formula valid for all controllers)
of RSR
1 .
(4) accuracy: X, (tow) = m s Lsmall control differenz X ]
(5) cheap: [depends very much on the application]

e explanation of the indicators for 4 and 3

4)

Xd
|

SBD fto (4) "accuracy”

question:

OpenOffice.org Rev.4 by Bay



Control System 1

what is the final value of Y«

1
X,(p) :;*

3)

What does the RSR look like?

SFP with (3) "speed”

i

Farlr) !

vH8 %

(t—0)

Prof. Dr. Bayerlein

© = 1+F,

Amplitude response with (3) "speed”

— looks like a PT1 or PT2

80 of 116

after a set value step W = olt) 2

X0 ="" e, (p)

{ —0o0 pP=

final value theorem

1

- T R
p 1+F(p)
]

= W q.e.d

— great wq => fast closed loop

small wy => slow closed loop

=> complete closed loops often behave like PT2

=> F, often behaves like PT2
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e RSR =~ step response PT2:

t
b = = b ——

wo 0)0\/1—612
see PT2 - equation WB p 22

SFP with (3) "speed”
t N e N ——

=» good estimated value for wo ~ wgand d ~ 0,7 =>  “max o A1-07
d 5
5.2 FRA - process taking the example of a 4 PT1 - process

— see top of WB page 36 (process without |-part)

(08) €4)
. Gor A 1 2 o0 4 go3

SBD 4 PT1-process

Bode plot of the process:

0,05~ "
=20

W

6«6
2N I\ TN TN
=1

RY

=700

|}
w

k£ =2 _
D -uz, & Uertrelon el

M—‘)Wt*

Amplitude responses of the 4 single PT1

All DC-gains of single blocks are not drawn and collected together into a correction

factor K*
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| Fs |

Addition of single plots give :

A8

Phase:  @s=-arctan (w * 0,01)
w*1)
w * 0,05)

= - arctan (w * 0,33)

= - arctan

= - arctan

(
(
(
(

Amplitude responses of the 4 PT1 summed up

A

|F0(ood) | =1 %= 0dB — def. of crossover freq. (w,)

Phase margin: Pz = 180°+q,(0,)

5.2.1. Design of a P — controller:
o 1% step FRA - process: draw, measure the bode plot of the process.

P — controller:

k

EP’ Controller phase @reg =0, i.€. Py = Preg + Ps = Ps
Symbol P-block
e indicators:
@pr: damping
wq: Speed

Fo: precision

e choice of the most important parameter:  ¢@r = 60°

(with a P — controller the remaining parameters result from this in consequence )
Pr = 60° = 180° + @y(w,) = @,(w,) = —120°

=> (using the Bode plot) wq =2,6s

4

— ~ 1,5¢
Op s

2

:> t max
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e total open loop gain: |Fo (wq)| = 1

|FR(0‘)d)‘*‘FS((’Od)|:1 —12dB
=> X ~12dB —12dB £ 0,25 = 10*®

Bode S. WB38

| Fglw,) | = 025K, =05 => Ky =2 = 6dB

K=2
e same calculation in dB: -> DC-gain = 2
|FR((Dd)‘+|FS((Dd)‘:
dB dB
|FR((Dd>‘_ £ ‘FS((Dd)| _  _
=>T_Ks_0 T => K¢ = 6dB
0—(-12dB+6dB) = 6dB
e accuracy.
Xd(t—mo) = 1 = 1 = ! - 1 = 0,2

1+F,(0) 1+F,(0)xF,.(0) 142%2 5

i 1 0,2 o8
-——I 7o

SBD to accuracy at design with P-controller

=> the output is still 20% smaller than the set value !

This error can, for example, be corrected with an adaption of w, since it is a well-

known , systematic and stable error. (Set w=1.25 to get an x=1)

SFP like above but with adaption

e Sketch of the RSR (reference step response):
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.

P

b~ - - -

%5s

RSR- prediction with P-controller (see PT2-block)
5.2.2. Design P - controller (pr = 40°)

@, = 40°
@, = 180°-40° = —140°
W, = 3,8l
s
Lo = 3%3 = 1,05s

e total open loop gain:
|FR(wd)J * LFS(wd)J =1

K —17dB = 0,14

K = | Fslo,) | — 0,14% 2 = 3,54

]l

correction factor

1 1
X\t = = = 12,4°
(1) 1+F,(0) 143,542 7o

e Sketch of the new RSR:

x1h
98+ -~ -~/ —

I
|
(—
/
(
‘
l
(
]
1
[
1

i 2 —

‘1,5',5

RSR with P-controller with 40° damping (phase margin)
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Results from Bode plot

85 of 116

Controller (] KR TN (pReg( wd) Tv st Xd( t—)OO) Pr
P 2,6 2 - 0° - - 0,2 60°
P 3,8 3,54 - 0° - - 0,124 40°
P 8,2 12,6 - 0° - - - 0°
Table WB p 36
5.2.3. Design P — controller at the stability limit @r = 0°
Cpo(wd) = 180°
1
w, = 8,2}
o ™ 4 0,49 s
W,
e total open loop gain:
| F(w,) \ = —28dB
diagram
K = 28dB—6dB = 22dB = 12,58
82
=> oscillating frequency: 5 ~ 1.3 Hz
X, (t—00) = !
‘ L+F(0) F(0)
2
But target: Fy(0) = , then control error /difference will be zero !!
5.2.4. Design with | — controller
K K
Frlp) = 7[ ;  magnitude: | Fy(w)| = & ; Qree = —90°
e Now add controller-Bode plot to the process bode plot
=>F, ; po see WB page 39
1
o | Frlo)] piotwith K, = .
Rev.4 by Bay
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[Fal
- zo%‘é additional negative phase in the
\ closed loop.
i 1% & — leave the rest stable
— closed loop is getting slower
Magnitude to design with I-controller — should be avoided

e Now search again for the intersection point of the new phase curve ¢, at -120° , to

obtain again a phase margin of 60° .
1 4

= 0, = 04~ ~>¢f o~ — = 105
s w,

=> now the closed loop is 6,5 times slower !!

1 A
e Nowcorrect X/, sothatat ®s = 04~ the total amplificationis = 1 = 0dB

from curve WB page 39 | Fglo,) \ = 7dB = 224

The controller gain becomes:

1 1
K 224%2 448 0,223 Kipo = K, * Ky = 023 %
1
e results:
X, (t>o) =0

1 —
w, = 0,4E ZER—“QT) - (pReg (('Od)
Pregl @) = —90°/

e continuous search for improvement: What happens with other types of controller?
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PT1, PT2, and IT1 have due to the negative phase only even slower closed loops.

D, DT1, DT2 are excluded as controllers, since the controller gain at DC is

Koltmm) = —L

| F&(0)| = 0 sothe control error is 1+F,(0)

=> 100% error, thus the loop is completely useless

5.2.5. Extended PI control design with pole compensation

K, (1+pT
Fulp) = % => 2 free parameters: K ,, T,
N

Ty is chosen with pole compensation

Ty = greatest process PT1 - time constant = 1s

KdgzZk

compensation of the greatest time constants

pole compensation

e now add phase curve to the process

7.'
(el Preg = - 90° + arctan (w Ty)
£ To be plotted with Kg = 1 equals 0 dB

Magnitude to Pl-design
=> see page WB 40

result:

For Pz = 60° results in the intersection point of — 120° with %o the value

=» in comparison with | — the controller is 3,5 times faster but same accuracy !!

K, = 1 = ! = 0,79

° | Fy(w,) ‘*Ifg 0,63%2 : Qe = —90° + arctan 1,4 = —35,54°
—4dB 2

0,63
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T, = ls; KR=F2; T, = R,xC

choice: C

RCORP-circuit for the Pl-design

applicable OPV: e.g. TL 081
TL 071
TL 061

OpenOffice.org
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5.2.6. Pl — controller with symmetrical optimum

[ choice of Pgreg (W4)]

e If you decide on a greater Ty, ®reg (wg) is more positive => loop accelerates

89 of 116

e With sym. optimum you decide on on a value of preg (wg) = - 15° at pr = 60°(see page

WB bottom table p 37)

° =-90° + arctan (wq Tn)

/

see WB p 41
At ‘fscuu}=-7ﬂf‘
0% 75° =35’
Phase with values at sym. optimum
e result:
1
w, = 2,0;
1
Ty = 1,87s = —xtan75°
W,
K, fromcurve WB p41: 1,25
Results from Bode plot
controller Wy Kr T Preg(q) Tv st Xa(t—) Pr
| 04", 0223 | - |-90° - - 0 60°
Pl 1 .41/s 0.79 1s -35.54° - - 0 60°
Pl 2.01/S 1.26 1.87s -15° - - 0 60°
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05.01.06
Training task from old exam (Bay 46 A4)
ke e e ane arns vy waaane B
Erlaubte Hilfsmittel: Alles auBer PC oder Rechner mit Simulationssoftware. Ergebnisse werden nur
mit dazugehdrigen Zwischenergebnissen bewertet. Alle Zwischenrechnungen sind abzugeben
Klausur BAY 46 Seite 2 von 3
Aufgabe Al A2 A3 Ad Summe
Punkte
© N
S S
2 > ~ @
h if ) 1 ¥
T l [r q T ¥ T ] T L § §i 8
(= l T
[~ } o
o &3 s :
= > | 134 i
e ey y
! Syt 4
!
l "
W
!
I
| N
-
| o di o , i, . P e L £
o
1 ! €
L, <
i ‘ <fqe=4Hz
d 4.3
! | =
| 2
|
§ g E
l o
i -
: I
l -
I
8 = 1%
: E ¥> g
= L i
! g =3 g
: 1 = =3 S
t o
i ‘ .
1 _14: 1 L l I §
< (SN S D & —
N ‘\\\ {\‘
el
e Design a controller matching the given bode plot :
here Pl-controller with symmetric optimum and ¢gr = 50°.
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What is the magnitude of wq, Ty and Kg ?

e FRA-design

Table page WB 37:
Pr = 50° => @reg(wy) =-20° and ps(wg) =-110°

 ;
& /
v L J
\} - Tq70
% s
o N ;;
- "l @
&y

Display of phases from table WB 37 bottom

from the given Bode plot:
take off o s =-110° onto the phase curve of the process and then perpendicular
onto the frequency axis. This results in f4 = 4Hz

w,=2nxf, =2n*x4 Hz :25,1%

This equation is to be used to

calculate Ty .
Now calculate with: .
Qe = —90°+arctan o T (page 37; 3.)
e 0, =25,1 '/s) = —90°+arctanw, T, = —20°
= w, I, = tan70°

I 1
T, = —tan70° = -

*2,75 = 0,109
W, 25,1

Calculate Kg
at w4 the gain of the process together with the controller must be zero dB, i.e.
|Fo(wa)| = [Fs( wa)| * |[Fr( wg)| =1 =0dB

The magnitude of the process results from the bode plot (intersection point of

the magnitude curve with the perpendicular just drawn )
—12,5dB

|Fs (wg)]=-12,5dB => 10 * =0,237

The controller is a Pl-controller, thus it can be calculated by using the transfer
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function of page WB 16

14T *p I+joT J1(0,T,)
FR(p):KRT—:: = |FR((D)|: KR.—N :KR#
N¥D JoT, 0, Ty
Insert
V14(25,1%0,109)
0,237 % 251s0100 K= 1 = K,=396
=> solution: Pl-controller on IT-process
e Realization
Tn=R;*C =0,109s
R2/R1 = KR =3,93
R1=100kQ chosen
’ -~ R, =3,93 * Ry = 393kQ
. T 0,109s
RCOP-circuit of Pl controller c =2 == = 0,275uF
R,  393kQ a

e the 2™ version would be pole
compensation, which unfortunately is unstable with IT1
controller design 4PT, — process from top of page 36 (continuation)
e Pl —design with sym. Opt. pr = 60°, Preg( Wq) =-15° => Ps( wg) = - 105°
=> wy=2,0 % => Kr=1,25; Ty=1,8s

e Regdelph:

PIDT1 - controller Rgqg ; PID can be designed automatically

parameter names used in the program compared with this script

Regdelph: Bay
P - gain K: Kr
T/ T Tn
T/Ty: Ty
Kds: st

5.2.7 Controller design on 4 PT1 — process PD — controller

e see Bode plot WB page 42 PD - controller
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PD - controller: F(p) = Ky(1+pT,) ; st = o

e Tp with pole compensation Tp =1s => Kg=3

1 1
wg=14 _ ; (comparison: P- controller: wy =2,6 . , much faster!

S S

5.2.8 PDT1 - controller with Regdelph

e st=10 (inthe WB there is no bode plot of this example)

W, = 7,1% . T, =0297 . K, = 428

5.2.9 PID - controller without Regdelph:

e st=ow see WB page 42

5.2.10 PIDT1 — controller with Regdelph
1

93 of 116

)

st=10: o, = 54~ . T, = 02971 . Ty =1ls . K= 307
results from bode plots (FRA-design 4 PT1-process)
Controller | ¢y K Tn | Preg(tws) | Tv | st | Xy(t—co) PR
P 2,6 2 - 0° - 1 10,2 60°
P 3,8 3,54 - 0° - 1 10,123  |40°
P 8,2 12,6 - 0° - 1 - 0°
I 0,4 0,224 - -90° - - 0 60°
Pl 1,4 0,79 1 - 36° - 1 0 60° Polcomp
Pl 2,0 1,25 1,87 -15° - 1 0 60° sym.Opt
PD 14 3 - + 86° 1 o0 0,14 60°
PDT1 7,3 4,04 - +50° 0,33 |10 |0,11 60°
PIDT1 5,7 3,04 1 +40° 0,33 |10 |0 60°
PID 9 5 1 +65° 0,33 | 0 60°
Table WB 36 filled with results
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PIDT1-controller, variation of step depth

— see RSRs page 46 bottom

st tnax {S] speed | Kgr *st = Yn. actuator peak values
1 2 0,94
2 1 2,6
5 0,6 11
10 10,45 30
100 10,3 475

=> the increase in velocity with great step depths is relatively low in proportion to the
necessary power of the actuator. Chose => normally st < 4
5.3 FRA-procedure for processes including an integrator
— see example on page 36 bottom
e examples of processes with |-part:
Ex1.1 (tank level controller)
position / servo controller

flight objects / course control

A
: | X F - r >

Example flying

) SBD flying object
object

e Set of all control circuits: Mostly one of the following 4

controllers is used !
P

Pl
PIDT1

PDT1

Set all existing loops
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Example WB p 36 bottom 3PT1 + |

001
1 0,01 1, Zq

4 1 G111 6 00 o1 (/¥4

x (4 (4.4

w < F o

o ) R 0 o 0 (4] 0

0 0 0 ‘ o e 0 LS LT
-6z —0,628 —Gé25 —-0,628 4 o fe @725

g (0)

0,625

i ey . 0 !

1 0+7Fx (g 4’! F e
72 @)

SBD of page 36 bottom; with 3 input- DC- examples

e Control errors, final values of X4, Xfort— oo, if W, Z; or Z, get a unit input step.

e If all signals are constant, then:

K ko
- -
& kK a 0 X~ c 7
P, o727, 0, PD e Bk, it 2,977,972

r/rr7( PI/ PLDT2

Single -SBDs for the blocks

(Mw=1,2,=2=0 (NR: 755 = 98
(2) disturbance case 1 Strategy:
w=0,z=0,2z=1 , . .
1 ? > from disturbance input in reverse
direction
(3) disturbance case 2 1 > divide by the K of the blocks
w=0,2,=1,2=0 (NR: Tg = ~%0625 )> atsumming point with - : sign changes

e In control loops with I-blocks disturbances in front of the I-block of the process only
get completely compensated, if Fr (0) - «, i.e. if a Pl or a PIDT1 is used
Thus:

If no or neglectable disturbance occurs in front of the I-block of the process, you

chose a P- or PDT1-controller, because a Integrator in the controller is not
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necessary and would only slow it down.

If there is a disturbance Z; :

check if value X can be accepted at the output.
If not:
Chose PI- or PIDT1-controller.
controller design with Standard- FRA- procedure with ITn process
— again: gr = 60° [P, Pl, PDT1, PIDT1]

e Start with process bode plot (see WB p 44) sensor included (i.e. Everything except

the controller belongs to the process- bode plot )

e asymptotic sketches:

Asymptotic bode plots of "individual parts" of the process
(calc: 4,08dB = 1,6 ; 1,94dB = 1,25)

e K correction factor: collect all K of blocks

the drawn bode plot still has to be multiplied with this factor K .

e Phase of the process:

¢ = -—arctanw *0,01 —arctanw *0,11 —arctan w *0,05—90 °
6 - 2 - 3 1

5.3.1%t P-controller

— P-controller with ¢pr = 60°

1
o ®s(wg)=-120° according to the plot: w, = 327
o at s |Fs(0))] from the drawing = - 11dB
. B 1 B
o Kr*0,282*Ks =1 => K, = —0,282*0,2 = 17,7
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to be continued on page 36 bottom (IT3-process)

Contr. Wg KR TN PRreg (wd) Tv st Ft1 (0) X(t—> OO) atZ1 =1

P 3,2 17,7 | - 0 - 1 12,8%

I Always unstable ! Prohibited !

Pl unstable | — 011 | - - - - Polcompensation
Pl 1,6 7,61 (2,331 | -15° - 1 - sym.Opt.

PIDT1 3,9 18,9 10,97 | - 0,11 |10 | -

PDT1 7,8 41,7 | - ? 0,11 |10 |1,2%

5.3.2"¢ |-controller

Po = Ponrotter T Pprocess = —9I0°—arctanw 0,01 —arctanw*0,11—arctan w*0,05—-90°
=> d.h.<—-180°

[ ]
e Phase margin has got to be negative => closed loop is always unstable for I-controller!

5.3.3@ Pl-controller with pole compensation

— Ty=0,11s
see: Ty
P, = i900+ arctan w*O,E—arctanw*0,0l—afet&ﬁw*o,ll—arctanw*0,05—90°

controller

=>1s < —180°
KR(l+pTN>

e PI:F(p) =
) pTy

e Pole compensation of the I-part of the controller is prohibited now !!

5.3.4" Pl-controller with symmetric optimum

— explanation on a simple IT1-process (application is allowed for all ITn)
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Bode plot of IT1-process with Pl-controller sym. Opt.
IT1 F(p) S
. -process: = —F—
e green: p p {1+ PTI)
FO - FS * FR
Pl-controller: @, = —90°+arctanw 7
e blue: o, = L
N TN
— lg wy+lgw
[ ) Wy = \/U‘)N * ; lg Wy g N2 g
e controller phase at wy
Qree = —90°+arctanw,*7T
T
Qrow = —90°+arctanL = —15°
Reg 0,268
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e Now optimal controller design:

Prof. Dr. Bayerlein
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Wz = Wuw choice of ¢ ,so that the phase margin is maximal : Pr = Puax
P Oy 4= O _ oy P ree(©0,) ps(,)
, w, w,
30° 0,333 0,577 - 30° -120°
40° 0,198 0,445 -24° - 116°
50° 0,132 0,364 - 20° -110°
60° 0,0718 0,268 -15° - 105°
See table WB p37 middle position
e Method 1 for controller design :
If process time constants are known, then ((?)_jlv from table — determine Ty
e Method 2: KDGZK =
Pole

process time constants needn't be known.

e Back to the IT3-process of page 36 bottom compensation

= 105° =, = 1,62
S

P = 60° = ¢ (w,) — thus slower by factor 2,

but instead z, now is completely omitted !

Qe ;) = —15° = —90°+arctanw T
Is

1,6

Ty from

=Ty = de*tan75° = tan75° = 2,33s

5.3.5"" PDT1-controller
KR( 1+p Tv)

F =
* «(p) 1+pT /st

e Ty with pole compensation = 0,11s is allowed again in this case (since no I-part is

used in the controller).

1
= 0, = 738; factor 2,5 times faster
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e maximum of controller output value after reference step: Yoo = Kptst

P-controller:  ¥max = 17,7%1

PDT1-controller: Yo = 41,7%10=417
So: 2.5 times faster, but actuator amplitude must be more than 20 times higher!
5.3.6" PIDT1-controller

KR(1+pTN) (1+pTV)
pTy

FR(P) =

PI

t

o 17 step:

adding the phase of the PDT1-block ®rpr

(14+p22) ; with PDT,: st =~
pst r

PDTI

st given, Ty with pole compensation = 0,11

o 2" step:

1

T

= +arctan(mTV)—arctan((u—V) -

st

Pl absolutely normal with symmetric optimum. It sees the ,new process” Fs+ PDT1

5.4 Overview of the choices of Ty and Ty or Tp

Method Processes without | Processes with |
Ty with Polcomp. optimal Prohibited! Loop becomes
unstable
Ty with sym.Opt. Tn mostly too large optimal

Ty with -12dB method
(TN =1 /(0T12)

optimal

(like polcompensation)

No result, because no -12dB-

slope

Ty or Tpwith Polcomp.

Tvor Tp = 2" largest p.t.c.

Ty or Tp = largest p.t.c.

Ty case PIDT; => optimal => optimal
Tocase PDT, (p.t.c.: process time constant)
Ty or Tpwith -30dB TyorTp TyorTp
method = 2™ largest p.t.c. = largest p.t.c.
=> optimal => optimal
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e PIDT1 with pole compensation (only with processes without I !):
Tn: greatest time constant of the process

Ty : second greatest time constant of the process

e -12dB method

The time constants of the
controller Tyis determined

according to the course of

)
f/z,/gi

- magnitude of the process.

-12dB-method, graphical solution with parallel shifting

wr+2 radian frequency of the tangential point (same as Regdelph is doing)

=> -30dB-method:
With the help of the tangent, which has a slope of -30dB/decade, Ty or T can be

determined. The procedure works exactly like the -12dB-method.

e Where do names of Ty and Tp come from?

PIDT1
F. - Ky(1+pTy)(1+pT,)
WB page 16: pTN(1+p_V) =Ty
PDTA1
Fo - K(1+pT,)
WB page 16: 1+p% =T,
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5.4 Improving the control performance
— see WB page 50

e situation:

Control system on page 50 ,top, is designed with PIDT1 , but Z, is too great.

e Improvements:

(1)Method of precontrol
required additional hardware: 2" actuator, 2" sensor, 2" controller necessary
examples:
if Z, are supply voltage variations, correction: controlled power supply

if Z, is ambient temperature, additional heating control of the quartz / sensor

(2)Method of disturbance variable feed forward
additional hardware: disturbance sensor, compensation filter G,

— disturbance Z, can now be compensated much faster, because compensation
is carried out only by
Fsi1+ Fs2.

— Gz doesn't change the loop-dynamic !

b

ﬁq :EYZ

SBD section to disturbance feedforward see WB p 50

Ideal choice of G; :

GxFgxFg =1 = j B
GZ _ * Z1 1 Z1

N
FSI FSZ
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example:

Fg, = K => PTI
l+pT

G, = —HKPT — PD

realistic filter is then PDT1 (PD is ideal only )

does not work, if Fs4 is a delay time block

Fy = e o : G,=¢"" not realizable, like a “prophety” block

3 Method of cascaded control

Additional hardware: Sensor for internal values: 2™ controller (e.g. an

armature current sensor in large motors )
3 advantages:

Inner closed loop (PID + Fg; + Fs, ) can react very fast on Z,, because the

compensation only runs through Fssand Fg; .

Amplification can now be much greater (=> good control effect), since only

the negative phases of Fs; and Fs; influence the inner phase margin.

Inner values (here e.g. X;) can easily be limited by limiting w; .

(e.g. Limiting of the armature current to 1kA (ICE) by Zener diode at w
cascade controls are special cases of the ,state controls* (X; can be called :
internal state)

design of the cascaded control in 3 steps

(1) design of the inner closed loop either using the Cruise control-version [1a], flash-
control design (WB page 33) [1b] oder FRA-design [1c].

process Fs+ ; Fsz ; controller: Pl

xi(p)

(p) the inner

(2) Calculate the dynamic of the closed inner loop ( F.(p) = W,

feedback included)
either:

at 1a) with calculation of the transfer function F; (p)
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at 1b) F,,; is always a PT2 with K=1, d, wg as given, see WB page 33
at 1c) Fyi(w) with Nichols-formula see WB page 34

(3) design of external controller with F,; + Fs3+Fs, controlled process with classic FRA-

procedure or if applicable with flash control design

5.5 Training tasks section

BAY 48/2

Inside: The resulting time constant should be set to 5s with the choice of K3 (dotted

black). Center (dotted red): K2 in a way that the damping turns out to be d = 1 (flash
control design!). How great is the resulting w, ? The center closed loop can be dismantled

; } rinls ‘
1 el
1Lk ¥ '3 ¥
| s { 13 ‘ |
- | f-L— =7 .‘E ,
' i
‘ j. S— ot S S 3 :
UL — e =2 — —_—— e ——— — !
SFP aus BAY 48 A2

into 2 PT1, how great are the two new time constants ? Outside: with FRA-procedure the

P-controller can be designed. How great are wy and K1 (printing mistake in Bay 48) for

phase margin gr = 60°.

K*K, K*3 e
wi IHF, KK, Kx3 SP+K3*3nOEEZed1+p* Ls
. sp 3K;

Tlmlen

y= % general for negative feedback (in consequence of rule 4 WB page 7)

when normalizing 1 + ... is forced in the denominator.

Transfer function is altered to PT1-form, since feedbacked P and | can be summed

up into a PT1 (see magnitude courses)

ls 1
= = = K = —
5s N 15

innen 3
3
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e middle loop (dotted red): d=1, flash controller design (see WB page 33)

Ky Tt 1 5 Xk

e

Summary of the SBD matching task BAY 48 A2

K, in the equation
~

3
N
) S s

1 ls
K, =K, = = = 001
- page WB33: TR T =2 T 4p 2K 4xSsx1PkS
1 1 1
= = = 0,1_
% 2dTinnen 2*1*55 §
e external loop:
=4
K4 1 ettt %
i 4 ? j
; - -
IR 4
1 \f: -1 T2 2
— friesion d+Vd —1
—=> —> / — T, =
o on 4 | Wy

splitting of the PTZ2 into 2 PT1 to calculate

Ko L B ) =z

SBD which results from the calculations

OpenOffice.org
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©r = 60° = 180°+q,(w,)°

e given — 2 .Because there is no sym. optimum the

—120

table can't be used (no Pl-design)
The phase of the process consists of the single phases of the blocks

—120° = ¢, = —arctan(w,*10s) — arctan(w *10s) — 90°
- PTI B PTI -
—> —120° = —2(arctan(w,*10s))—90°

—> arctan(w,*10s) = 15°

- 0, = ﬁ*tan 15° = 0,0268%

Due to the transfer functions from page WB 16 F(p) K
PTI1
the corresponding phase courses can be calculated as I+pT
follows: |F(o)| = ‘ 1+I'<ooT ‘
J
e +arctan (w *T_) foreach"1 + p T_"in the numerator ___K
Vi+(wT)
e -arctan (w*T._) foreach"1 +p T_"inthe denominator K
F(p), = —
o +90° for each "p" without "1+..." in the ! p
K K
numerator F = ==
Flo) = | = 5
o -90° for each "p" without "1+..." in the

denominator

at wq the total open loop gain of controller and process is 1:
|F0(U)d)| = |FR((Dd)|*‘FS((Dd)‘ =1
= K, *PTI*PTllx1=1

——
controller process

; . K %
inserted: ™\ [ 4 (o 105 ,

1 > 7Ys
>2)* -

k
> K, = (1+(0,105)) * m"7 = 0,004103
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BAY 46/A3

SBD to BAY 46 A3, here positive feedback system

e dotted orange
2 1 Ko

. _ Tty T+2p _ 2 _ 2 _ 5
wi (211) B 2 (1+p) (1+2p)=2  —143p+2p° —— 1-3p-2p°
(1+p) (1+2p) Ej T
K K
F(p)Przz =

2d

1 1+ 7 1+ T
1+03—0p+;p2 ( 1]9)( 2]7)
0

K -2
F ) — neu — neu —
" (PT2) <1+pT1”e”) (1+pT2"e”) 1+p<T1neu+TZrzeu)+p2TlneuT2neu 1_3p_2p2
R —
e with comparison of coefficients:
=> (1) Tlneu*TZneu = _2 = TI*TZ - (2) Tlneu+T2neu 3 = T1+T2 -
Kneu = _2
1 _2 —
= (1) T, = 7 inserted into (2) => -3 =——+T, |-T, [T,
2 2
2 = % 2 _ 3 9
= —I,—-37T,=-2 |+2*-1) => T, +37,-2 =0 => T, 2= T3 + Z+2

=> T,, = 0,5616 - T,, = =3,5615
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. -2 35k 1  +OSé€vé

gl i

resulting SBD fo BAY 46 A3

e applying Hurwitz:

transfer function of the total system is used. The negative sign of one PT1-block has to
be integrated into the calculation. The differential time T, of the PD-controller is

equivalent to the smaller (positive) time constant of the process.

) 2K
K =
el = 1y A ey AT S
- 2K 1+pT,2K — pT,+1-2K
1+ K&‘Fﬁﬂ 1+ ——— 2 sorted to p H_% _
tHp P (1+pT)) 1+pT, @ @

To get the system is stable all ¢c; have to have the same sign.
¢, =T, = —35616<0

Thus also ¢, < 0, so that the system is stable if

¢, = 1-2K <0 _ K>%

BAY 22/ A6

= setting up SBDs

OpenOffice.org Rev.4 by Bay



Control System 1 Prof. Dr. Bayerlein 109 of 116

e mesh rules:

1
. U, = 11*R1+11*R2—12*pc = [,=pC,(I,R+1,R,-U)

. U, =1LR
U o= 15— 4R I = ~ U1
. ) 2 pC’l 3 3 => 3 R3 2 2 pCl
1
R N S = I, = pC,(-U,+1,R)
pC,
e nodes:
. L+l —1,—1,=0 = I, = Li+1,~1,
¢4
Uy J - “ o
T sl v >
R4
C‘l

SBD (one possible result of BAY 22 / A6)

- equations are not allowed to be used more than once => tick used equations

BAY 50/ A1

=» position control => output (controlled) value X

Sketch for task BAY 50/ A1
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e Actuator: ¢ = K*Us
e Sensor: U, = Kj*x
dx dx’
e balldynamics:  m*g*a = B*EJF’"*? 1
dx m dx
* dt = Bxx+m*— = = —|m*xgx| adt —m*—
mgfoc Xx+mro o=> X Bmgfoc m*—
m
I3

SFP (solution for BAY 50/ A1)
The diff. Equ. defined after X is converted by the summing point on the right and the

surrounding elements (I-, P- and D-controller)

e attention! printing mistake:  In the solution in the WB the ,g“ is missing in the SBD

2" variation
new process SBD

H* g ”adtdt = Sfxdt + mkx

b “

| < X
—t—{%
s | - &

SFP (2" solution for BAY 50/ A1)
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BAY 56 / 1

= SBD-reduction task

lask BAY 56 /A1 (sum up)

e Strategy:
sum up (reduce complexity) with rule 1, 2 and 4
F, = F+F,

'BAY 50/ A1 (sum up 2" step)

7% 45 r
|

BAY 56 /A1 (sum up 1" step)
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1

o Fo=1TpiF Fp = 1+F,
3 4
ro (F,+F,+F,) (1+F,)
° ges = 1-F,F,

The result is not allowed to contain F's which were not given in the task (don't

invent new ones).

In the result complex fractions are prohibited, only one main division line.

BAY 43/ A3
= stability analysis
725 2 35 67 26 93
w 1 | Xq X > X’
e 0or
x

BAY 43 /A3 (given SFP)

1,5(1+2 p) W35 26
X 2p 1+0,lp 1+03p
w 1,5(1+2p) 3,5 2,6 K
+ * * *
2p 1+0,1p 1+03p 1+0,01p

1,5(1+2 p) 3,5%2,6 (1+0,01 p)
2p(140,1p) (1403 p) (140,01 p)+1,5(1+2 p)3,5%2,6K

e denominator polynomial of F,, (p) [red] multiplied out:

p'+113,3 p’+1366,7 p°+(3333+45500K ) p+22750 K
Cs=1 c;=113,3 ¢, =1366,7 c;=3333 +45500 K Co = 22750 K

e A system of 4" degree can be calculated (see page WB 35 bottom box) even without

determinants :
all ¢; positive and # 0 from ¢, it follows that K> 0

C2C3>Cq Cy 1366,7 * 113,3 > 3333 + 45500 K =>K < 3,328
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CiCxC3> C12 C4 + Co C32

113 of 116

(3333 + 45500 K) * 1366,7 * 113,3 > (3333 + 45500 K)? + 22750 K * 113,32

=>0>207*10°K* - 6,45* 10° K - 505 * 10°

=>0>K -3,12 K-0,244
=> Ky, = 1,56 + V1,56° + 0,244

=> K, =-0,076 ; K, =3,169

e solution

700 stalal 7 e
g

4

Solution to BAY 43/ 3

BAY 51/A3

1/26/06

e printing mistake in the exam; in the OA obviously « instead of 8 should be written

e comparison of the given RCOP-circuitry with the ones of the elementary transfer blocks

I+pT,
is provided:  PDT1: Flp) = K9m0

e In this task the focus is not on a switched sine (Laplace) but on a steady sine!

e f g

General SBD for a
function F(p)

~10_y5

RZ
K== =
R, 15
C

T,=
T,=CR,=7%10 "F*3%10°Q =21 ms

m1=27tf=27[3Hz=18,85%

u(t) =2V sin(18,85§*t)

OpenOffice.org

(R,+R,)=T7+10"F (1,5%10*+3%10°) Q = 126 ms
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u,(t) = 2V|F(o,)|*sin(o, t+¢)

V1+(0,T,)
V 1+(031 Tl)z

¢ = arctan(w, T ,,)—arctan (o, T,) = 45,57 °

|F (@) = K = 1,597

inserted:

u,(t) =—3,194 V*sin(18,85%* t+45,57°)

114 of 116

The PDT1-circuit is an inverting amplifier! That's why the phase position is inverted

by -180° . Thus either subtract at ¢ additional 180°, or as shown invert the sign of

the amplitude.

Response to ,,switched signals*
z.B. BAY 56 /| A2

MG P4
4( Fw 2&)

f f Talelle 5 10-12

“109 i 'F(p) =l ®/
For calculating transform into frequency

domain and after calculation back again

_7.05p" +7.65p + 1,5

2 1,5(1+3 p)
Fo(p)=F F4F,=—= %04 (142p) + =2 "2P)
i w(p) 1 £ 1+0,5p*o’ ( p) 3p
_24p+48p°+15+075p+45p +2.25p
3p+ 1,5p°
o Fulp)=Fulp)* % ( Unit step function: o (z) o %)
70507 +7,65p+1,5 1 1+51p+47p
e Fulp)= 3 3 == B
1LSp +3p 2 p(1+05)p)
- —t
1 47\ o
.o _ + 1_ _ 1 _ _ 0,5 =F
) (t 5, 0,5 (5, 0,5 O,S)e X(t)
23a
o Ful)=glr+a6+48e)

OpenOffice.org
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BAY 40/ A5
(1) skipped
(2) P-controller ¥z = 60°
@,(w,) =—180° + ¢, =—180° + 60° =—120°
in the bode plot 2 intersection points are given with the phase curve => 2
possibilities

1
1. W4 = 1=2;

o 4,5
2. 0, = 45— => petter almost 4 times faster 1

\S)

= 3,75)
s

|FR((’0d)|*‘FS((Dd)‘:1
~274B

from bode plot: |F (w,)|=—-27dB => 10 * =0,0447

1

= =22,
0,0447 3

=> & = | FR(U‘)d)

Design analogue PDT1-controller with ¥z = 60°

Pole compensation: st =5
K(1+pT,)
FR(PDTI)(p) = —TD
1+p—2
st

Pole compensation:
1

1+pT, but by

1
cut-off frequency at @1 = 03 (left) is not caused by a pole

a zero (1+pT,) same as with Pl or PD. This one cannot be compensated by a 2"

Zero.

1
Pole compensation with cut-off at 10; => T,=0,1s

Attention:
we do work with the same bode plot, but the task set is different => calculate

everything anew

continue with standard- FRA- procedure:

now the PDT1-phase is added to the given phase s :
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0,1
o) = artn(030.1) -arcan| 0% | ng 0] = 0] + (0]

w Ps PReg Po
2 -115 9,01 -106
5 -122 20,9 -101
10 -138 33,7 -104
20 -155 41,6 -113 B
50 -169 33,7 -135

[e] (o) (o) (o) 1
Po(wy) =—180° 4+ @, =—180° + 60° = —120 provides: @us = 28~
J1+(w ,%0,1)°
R = > * |FS<(Dd3)‘ =1
Kr is calculated with \/“‘(%3*%) —52dB < 0,0025 = K,=154,19
process

controller
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