Process Control Principles

Fundamental control concepts

Regulate value of a quantity compared to a
reference value. Reference called setpoint

Process - a collection of equipment and
materials that takes inputs and has outputs

Example
Q. depends onvh

an, If Q. = Q,,, h constant

Q. > Q;,, tank empties
i I Q. < Q,,, tank overflows

H h

l Qout
——

No reference value given
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Basic Control Elements

Measurement
’ Control decision
M System modification
)
==
L measurement
i i sight glass
controller
e/ “
H h ‘ final
/ control
Qout element
Y Y

tank level, H, is reference (setpoint)
h is the control variable.

Human is the controller, adjusts
Q. to maintain h as close as possible to H

Example of regulator action
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Automatic Control Systems
Automation

Automatic
Control

Qi

B sensor
i | P
controller

L § ‘ [

—

| final
H h control
element

OOu't
Y |

Use sensors and analog or digital electronics to
monitor system.

Elements of Automatic Control System
Process - single or multiple variable
Measurement - sensors / transducers
Error detection - compare H to h
Controller - generate corrective action
Final control element - modify process
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Block Diagrams

Reduce complex systems to inputs and outputs

Block Diagram

of Control System Control
— e
element

_ P

Summing ‘ u

point

N process

€ .| controller
v oc
m measurement

Signals form a loop Control loop

r = reference setpoint value

c = control variable in the process

m = measurement of control variable
p = controller output

u = control element change

e=r-m (due to signs on summer)
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Practical System

Signa_l_ . current to
Conditioning Controller pressure
— | CONverter
A-20'mA 4-20 mA
3-15 psi
. neumatic
Setpoint P
Diff. Pressure Control value
transducer
Flow -
Final control element
- Valve
Process ¢
Setpoint error Flow
Controller
: '
Diff. pres.
measurement
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Control System Performance

System signal change over time so
e(t) =r-c(t)

Where e(t) = error as a function of time
r = setpoint value

c(t) = control variable as a function of time

Control System Objectives
e(t) = 0 after changes or disturbances

Stable c(t) after changes or disturbances

Stability
Steady-state regulation - e(t) = 0 or within

tolerances
Transient regulation - how does system

perform under
change
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Types of system response

uncontrolle
process

! -
process t \
control

activated instability

Damped Response

Change Setpoint

7 et438a-1.ppt



Transient Responses

OVEK
| ~ e
hh F————
\ / '
c(t) / \ )
r1 T
t
Setpoint change
/
R WY S WY
r1 B // /
: '\__,/} i ||
c(t) | |
| |
SN ettl ( e | t
Disturbance
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Analog Measurement Error

Error determines accuracy

Methods of determing accuracy

Measured Value: Reading +- value
100 psi +- 2 psi

Percent of Full Scale (FS): (FS Value) (%/100)
Meter accurate to +-5% of FS)
10 V scale
error = 10 V (+-5%/100) =+-0.5V

Percentage of Span (Span = max-min)
(Span)(%/100)
P measurement +-3% of span
20-50 psi
error = (50-20)(+-3%/100) = +-0.9 psi

Percentage of Reading
reading of 2V +-2%
error =2 V (+-2%/100) = +- 0.04 V
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System Accuracy
Cummulative Error

5 V+-AV
—»| K+-AK —» G+-AG —

Sensor sensor amplifier

K'=sensor gain G = amplifier gain
V = sensor output voltage,
AG, AV, AK uncertainities in measurement

What is magnitude of AV? / input
With no error: V= (K)(G)c

output

With error V+-AV = (K+-AK)(G+-AG)c

Multiple out and simplify to get

+ AV
+ AV zAG 1AK Where —2Y _ normalized
T/ = —G_ + ? V fractional uncertainity
: o
jé_G.J A_K = normalized fractionaluncertainity
G K
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Combining the errors

Use RMS (RSS)

av|#(a6* [ak®
v e K
Rms

Notes:

A_G A_*f are fractional error. Divide % to get
G K

ﬂ/ Is fractional RMS error Multiply by
V' 100 to get percent.

Works on all formulas that are only multiplication
and division.

= ﬁ;j )
\
Example: inverting OP AMP = U R
t\- : K i 5% T [ 2
\ K¢ AR T8SAK o t008
O v, Read with 2%
/ ru{ e 12 Q/‘*)_ ::t'r\-' Q2
i "r( )"':-) J o ['“. -l_..; i‘lf\ ITI 'z —[) all,j" pr
_élf‘i\/_: —+ ‘nv £ P _\‘-,-- )
i< it L ./'I \
— 4\/( Q )\ +(0.02
" et438a-1.ppt 10,073 0R " r



Sensor Characteristics

Sensitivity - Change in output for change
In input. Equals slope in linear device

Hysteresis - output different for increasing or
decreasing input

Resolution - Smallest measurement a sensor
can make.

Linearity - how close to a line is the I/0
relationship

C,, = m(c) + ¢,

Where c = measured control variable
m = slope
c, = offset (y intercept)
C,, = sensor output

12 et438a-1.ppt



Example
Finding m and c, from data points

y y
Y ygemx xq g2 0

X9 - X1

Sensor has a linear resistance change of 100 to 195
ohms, as temperature changes from 20 - 120 C.
Find the sensor I/O relationship

Define Pande (%, 4= (20, Joos) %= Inpud
) {67 = C"'*-_'d‘r:'-'-‘?
<¥1 Yy = (;?_oakfj I%S_K;'_B J
S fot;w:- _I'%S 2~ (00 52 98 o o
o 20 20° )00 © 0.9S L/ oC

Flot 4o eheck pomts

,lr'\‘._’? 8
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Sensor Response

First Order Response - ideal

c(t)
Cf ___________ bf
c b, no time delay

t
Step change in measured variable

Practical sensor response
c(t) b(t) = sensor response function

c /\ b; = final value

Cl P (S LS e S SES SSS m n S ——

" b, = initial value

14 et438a-1.ppt




Model ing 1st Order Respone

For step increase:

Where b = final sensor value
b; = initial sensor value
t=time

T = time constant of sensor

For step decrease
t

Example: Step increase
b;=40V b =20V t=0.0025/s

Find time it takes for sensor to reach 90% of final value

o 1) .
/o, 002

15 et438a-1.ppt



Example: Step decrease

The sensor initial output is 1.0 V how long does it
take to change to 0.2 V if the time constant of the

sensor is 0.1/s. s
bi= oV k{=00V ¥:olfs b= (bi-bg) €
“‘L‘/o.r
b@)=0.2 G. %% le
In(o.2) = “Hou

— ). &0 |

Significant Digits in measurement and
design

In meaurement: readable output of instruments
resolution of sensors and
transducers.

Calulation using meaurements: Trunicate calculator

answers to match significant digits of measurements
and readings,

16 et438a-1.ppt



Significant digit examples

Compute power based on the following measured
values. Use correct number of significant digits.

I=325A V=1178V P=V()

3.25 A 3 significant digits
117.8 V 4 significant digits

calculator 382.85 W
Trunciate to 3 significant digits P =383 W

Significant digits not factor in design calculations
Device values assumed to have no uncertainity.

Compute the current flow through a resistor that has
a measured R of 1.234 kQ and a voltage drop of
1.344 Vdc.

234 kQ) 4 significant digits

1
1.344V 4 significant digits

R
V
| = (1.344)/(1.234x 10%) = 1.089 mA 4 digits

17 et438a-1.ppt



Basic Statistics

Arithmatic Mean ( Central tendency)
n

2.

(i=1)

X=
n

Where x; =ith data measurement

n = total number of measurents taken
X = mean value

Variance ( Measure of data spread from mean)

2 Zdi

n
dj- xj x 3 (i=1)
O =
n 1

o2 = variance of data

Standard Deviation N

o = standard deviation

18 et438a-1.ppt



Statistics Example

A 1000 ohm resistor is measured 10 times the follow
readings where taken

Test# Reading Test# Reading
1 1016 6 1011

2 086 7 997

3 081 8 1044

4 990 9 991

5 1001 10 066

Find the mean, variance and standard deviation of the
tests What is the most likely value for the resistor to
have?

= _I),lf..j',-l,_' ¢ ! - L9 ¢
X . .

/1 L _If‘ f_-'

19 et438a-1.ppt



|deal OP

INVERTING
TERMINAL

AMP Characteristics

ol

NON-INVERTING
TERMINAL

infinite Z;,
Z

out

& I

frequencies
With V, = 0,
Infinite volta

~N O o b

etd438ala.ppt 1

= 0 zero output impedance
Bandwidth infinite Gain is constant for all

V, =0 (No offset voltage)
ge gain (A,)

Instant recovery from saturation
|, =0 (due to infinite Z,,)




OPERATIONAL AMPLIFIERS
(OP AMP)

VOLTAGE AMPLIFIER DESIGNED FOR USE IN
ANALOG COMPUTERS.

Symbol for basic OP AMP

& .1\/
\/] w

O

RV,

_I._
V 4 /l
-V
Two Inputs V, Inverting input
V, Non-inverting input

V>0 V<0
V>0 V>0
Requires bipolar power supplies

OP AMPS ARE DIRECT COUPLED (dc) AMPLIFIERS AND CAN
AMPLIFY dc & ac SIGNALS SIMULTANEOUSLY



Basic Amplifier Circuits

Inverting Voltage Amplifier

3 R
A —
' I:ain
Ij 4 S v Vo _ \/‘ (_I'?Rf ]
= i in

V, Limited by +-V
Large A, causes V, =V (saturation)

Non-Inverting Voltage Amplifier

JE AV:M [1 + &)
Rin
° o Vo= vi[1 - -R—fJ
= = IQin
R, = R, of OP AMP

A, has minimum value of 1

et438ala.ppt 2




Other useful OP AMP circuits

Impedance buffers (Voltage follower)

Used where high Z,, needed

Characteristics

Practical Circuit (LM741)

A, =1
Z.=1MW
Z, =10 W

in = Infinite

Circuit causes minimum loading on previous stage

et438ala.ppt 3




Example: Buffered voltage divider circuit

12 Vd .
T ek Voltage divider formula only
valid for infinite load resistance
10k _
Find V, under load Elo
NO LoAD V,  Vi® bk tSka U”)
=4 Vd¢
5k Vv, 5k=R_ WI|TH LoAD \/“ —
R 18k = Skall Skn XSk

— = 2. SK
\/6: —l-mOZv) = L4V

e,

Add impedance buffer Asswme Lm791 K= | ma
+12 Vdc Ayl Se V-V, Ry= los

T RNISkn = [mall Ska

KJ o lme (S ko) o
5k =R, 67‘ l(‘f')ﬁ:z_kﬂ_ 191502
Wors ® (12v) =3387Vv

ok s t 4978 ==
: =

\/m SAVAE 3987V

et438ala.ppt 4




Electronic Adding and Subtracting

Inverting Summing Amplifier

vy R Ideal
O . .
circuit
Vs Ro Re
Or
\/3 F:‘3 + N\
O - VO

Using Superposition =

_ —R :
Gain v, Fljf Gain v, R_f Gain v, R
1 2 3

V, V, V
Wy = -—R[ Ly 24 3)
Total output ~ *° "R, R, R,

Output is inverted sum of v,, v,, and v,

. . V
Improved circuit ..
(non-ideal OP AMP) .
2 >
bias compensation R °
V3 R

R.=R,[| R, I Ry I| Ry b

et438ala.ppt 5




Non-inverting Summing Amp

R Re
A AN
_:_ L +V
_ Vs
Y1 R ——o
O NN +
V8 @ =W
o, NN
V3 R _(1 Rf)(v1+v2+v3]
o, AN VO = +
R 3
Ri=R;=R;

For any number, n, inputs.

G = (1 A RI;,)(\Q + vz-l: ..... +vnj

Assuming R;=R,=R;=...R,

Example: n=3, R, =R, =R;=56k R;=9k R =1k
V,=0.5Vdc V,=0.37Vdc V;=0.8Vdc FindV,

v ={ e

[ QKJ[O.S +0.37+0.8
Vg = | 1+
1k 3

] = 5.5667

et438ala.ppt 6




T
*Q-F -
\/O: el;\ \'/J' = =
s T~ 1) kR ‘
\é‘ “gk&\/. — \/ = -2V, “*1(2_\/)_ Cf\/dc AMS
het Re=Ske find Ay £V, Vi= 2 vg, —
A :—*ﬁ{: S L = — [ INVERTING VOLTAGE
v Kl.n 51:52_ ‘? FOL(_OV\}EIQ

\/I}\: ZVCiC qu AVVE = “{(Z): -2 Vdc A};}_S
Let Ri=@ska Find Ay, ¢V, V= 2 vdc

AN Ke | - 2.Skg Reduces
R Sks =TS LINPUT VRLTAGE

VoS AyVis =0.8(2vde) = —/ vdc
—_—
OUTPUT SMALLER THAN ZnPuT

LM\HQ hln/tafmi ‘[F/‘L— L 2

ct438a] a.ppt 7
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Non-Inverting Amp Examples

50k Re 100k
R A Find V, and
A, Given values of R
= 15 and V, =-1 Vdc
—0
o N -
VI -156 i

K ks,
\,= Vt'(” '—élli): (H t;ogn,)vl
\/: "‘l(g> :'*JSVC{C ANS AJ A S{C_,N

Q = CHANGE
A= (14 %\) (|+ ’2%1:)—:% A§i§

NOTE ! Q Q‘( OP Qﬁﬂp [ OO Amp LL)WJLL Nol
- (KAl \
REDUCE OUTPUT OF PREVIOUS STAGE

i @recs o & Ve, what s 47

= 18 Vdc
GAMO’T HAPPEN " AMP SATULATES AT 12-15 Vdc

P@Lm‘-jr Supplﬂ leﬁed
IQC "Ei;ljwog.‘s dlfg‘(‘or‘f‘ed (C}?ﬁhpf/\‘:j‘)

et438ala.ppt 8



Summing Amplifier Example

o NN V1 - 0.2 VdC
100k v, =0.1 Vdc
Vv 15k Re 2
V3 Rs 15
o AN - Vo
10k —0
¥
-15
| = ape. e~y
e R () B TR TR,
° Qf R, * R, ' R 8 | R, "L R3

\f = |00L§L (Qj\/)Jr “iookri (O.l\/> X

O

\/or-q@.zv\Jr “é.Qéz-“('(o.iv)+ *ié(‘O\l\/

ot 1

GAINS
\/;, ~0.8~0.6667+ /.0 Vdce = — 0.9667 Vd ¢

APPLIC ATI0N S
R, R, Ry POTENTIOMETERS CREATES
,Qublu [THXEQ

WHEN R = K,= Ky \[ 5 AVERAGE of V, A

etd38ala.ppt 9



Averaging the Output of 3
Temperature Sensors

T VCC
Tl LM34
50
I ‘ 4
= Vv
L Ri‘ N
O NN
+V
LM34 % =
TE v o AAA = Vo
1T & —
V3G AN Y
T LM34 50k g 15
3 —
L

LM34 - temperature sensors. Gain =10 mV/F
T,=80F T,=45F T,=80 F

Average the temperature using a gain of -1 and -5. Find the
value of R; and V for each value of Gain

To AVERAGE R7R =Ry~ Soke
Y V

\/?‘Q‘c(-—[—&- \_£L+_—3)
R R

et438ala.ppt 10



Averaging Example continued

. Sake
\/o- '"—'Q-—l"-(\fl -i-\/?-‘f' Vg} '{or 3 A Pu{\S

-(QQ N um‘s

—

\/ = -—rlé‘f-{l-{w(\/l*r\/ﬁ\lg-t L +\/h)

Q

gop, a aQH\ of =1 find Qelcd-;mg)mp Eefweev\
(\)1 and IQ( _

: fz% = = _’ﬂ
‘(o@_am& ch-m Value AV —ﬁlQ{-‘__
T
'?mcl Q\c el VQ AV: =]
T\-_-go‘*f: Ve lomV/F(T\}= }omv/ir(-gcw:):o.gv
T, 4s°F V7 la m\//F(’TZ): /OM\//F (48“(:) - 0.95V
o A )Om\//l.—@-g)f/()Mv/,:(qouF):w

A, R
RE T

o
D
O

Q\:Solcc?._ Q{"— _ﬁﬁﬁ" ot l(SOkSL\ - )b 6k %{\_)_S
3 __
_— ‘Q . S
\/0T ”*QT\E“L\IH'V?_Jr\&): Uéf7k&\ QZ’)_S +O.<}S+On"r)
SO RS
Vo~ 5V ireace . 05209208 Lo 4c
3

Clhecks

et438ala.ppt 11



Averaging Example continued

Part 2 Find R.and V, forA, =-5

Find Value of Qg
R = Ay K

¢ —p— N3 R:8sko ApS
0= S(SOkR) | g3 33 ke Ans
3 ———
)
B f\{f "w 5.8 + 048 t6
\/0: 3 (\/ %N, +\]> e

/=l 6T (1:38yY) 22,8V avpg
Q —— .

Check =& JQ*Oqé,LQﬂ): 225 checkg

3 =

<fandqd o~ 2w
NQT/-: R( Y !\QN'—"L;)f\dr\C{Ov CI Value

P —

. ¢
use closest standord value and seri€
’t:‘). {e,\-hgme%ﬁr‘ +hen C_.Ctl:b'"(l*e,

0

p(“ac,‘ll }CCL( Q{

82 £ SkSe

ct438ala.ppt 12



Scaling Linear Transducer Outputs

x= transducer input
------ (measured value)
V; = transducer output

5 voltage
P K = transducer gain
| | (slope)

: : K, = scaler gain
X, X, V, = scaler output

Span = max. value - min. value

K _ outputspan _ S,
" inputspan S

Case 1: no offset in transducer or scaler characteristics

1

et438-2a.ppt

Transducer gain formula: V; = KX

Required scaler gain:

_ desired span S,
transducer span S;

s

scaler output formula
V, =K, Ky - X

V, =K, -V;



Block Diagram Case 1: multiply by constant

Transducer scaler

X Vv v
.
—> Ky ——» K, L e

S

input

Example: Pressure transducer: P (x) range 0 - 50 pisg
V (Vy) range 0-1.25Vdc

Desired output range: 0-10 Vdc -
Find transducer gain, gain required to scale transducer to
new range and draw the block diagram with calculated values

shown.

Find Ky ¢ _outputspan _ S,  _ 12520 Y _ 0025 v/psig

input span S, 50 -0 psig

Find scaler gain  __desiredspan _ S,
° transducer span S;

10-0V

K, =— =8 VIV
125-0V
P Vy Vs

2 et438-2a.ppt



Case 2: Transducer with offset - Output with no offset

b = transducer offset

Transducer gain formula:

Scaler gain formula
Must subtract offset

V., =K, (K,x+b)—K_b

correct
form of Vs = KSKTX+Ksb_Ksb

scaler output — V. =K KX
scaler equation — V, =K/ V; —-K b

Block diagram

Transducer Scaler
X VT Vs
—| Kx+b —>| K\V-Kb —>
input
output

VT= KTX+b VS = KSVT-KSb

3 et438-2a.ppt



Example: offset transducer output transducer range

Temperature transducer Temp range 0 - 100 C (x)
output 1-5Vdc (V;)

Desired output: 0- 10 Vdc

Find K; and b for transducer. Also find K to get desired
output. Also draw the block diagram and insert gains
and formulas

Find K; k. _ output span _ S, K. — 5-1V
" inputspan S T 100 -0C
Find b from point slope form of line V. -V, =K (x-Xx,)
V; —1=0.04(x-0)
VT:O.04X+1 sob=1

=004 V/C

Find scaler gain K - _desiredspan _ S,
° transducer span S,

S, 10-0V 10
S, 5-1V 4
V., =K. V. Kb

V, =25V, —25(1)

=25V/V=K_

scaler formula V=25V, -25

4 et438-2a.ppt



Example: Case 2 continued

Block Diagram

Transducer Scaler
X V; Vs
—| 0.04x+1 |— > 2.5V-2.5 —»
input
output
V= 0.04x+1 V,=2.5V:-25

Case 3: Transducer with no offset, Output offset

_______________ c = scaler offset can be +-
iy : value
| Transducer gain formula:

Scaler formula must
| add a constant

V., =K, V; +cC

. /
K — desired span S,
° transducer span S;

To find c, use point slope form
Vs - V51 = Ks(VT = VT1)

5 et438-2a.ppt



Case 3: Example: Pressure transducer
range 0 - 25 psig (x)
0-1V(Vy)
Desired range (-5 V to 5 Vdc) Find transducer gain
and scaler gain formula. Draw the block diagram of the

system

Find K, g _outeutspan S, __1=0V __ 44, y/psig
" inputspan S 25 - 0 psig

Find K, K — desired span  _ Dy
°* transducer span S,

S _S-IV_10_45viv=k,

S, 1-0V 1
Use point-slope form of line to find the value of ¢

V.-V, = K. (V; - V) (\/T11 Vs‘l) = (1, 5) can use either point

in pair defining range

V, —5=10(V; — 1)

V, =10V, -5  scaler gain formula

_ c = -5 in this case
Block Diagram

Transducer Scaler

X V;
—»| 0.04 —| 10V-5 ——»

input

V.= 0.04x output
6 ot438-2appt | V,=10V+-5



Example 1

Range of linear temperature transducer is 32- 212 F
with a transducer gain of 10 mV/F. The desired output
of the transducer for the range of temperature is

0 - 10 Vdc. Find the gain formula.

Ki® OSVW[F  FIND SPAN AT 7= 3:F V= 00V/F (32F)=032V

SV g omy AT T2 VE0ove @) 2.0y
'T)\ T,‘ : -
S+ .8V OutPuT AT 32°F scaled tp OV
SA: 6631&"@4 SPLEJ"} Sd: {O._OV: /QV VT_ KTT +b
. > A 5.8¢
{/\ST Sy o8y ™

CASE 2 SCALING MUST REMoVE OFFSET
Vo= Rglbe =1l Eronily Foes Grapl b=0.32V
/‘,r V.= 8.5¢ Vy - §.56(0.22) V(v

, \{SZS-SQVT‘“ 1.979 V/\/ Check

at 32°F Vp=0.32V
V= £.66(0.32)~ 1.7 = O V
‘| at 212°F V=212V @ hecks
/a PNoE \/S"SSQJ(,;) [Z)" (’779 = o6l
| ) 212°F
Blsck :Dlajraw'W

—_— y \/ ] \/S
[ T
7 et438-2a.ppt 0.01V[F ,__..JS.SQ\/-‘; LT 3}—»




Example 2

Linear temperature transducer

Range: -20 C to 50 C K, =20 mV/C
Desired range: 0 - 5 Vdc.

Transducer output voltage is bipolar (+-)

Vo at —20%C Vo720 mu/a(-(-zot) = 04V

Vi @t So'%C VTf 26 M\I/QC@OQQ: (OV

SCALER FORMULA V= KKV~ Kib Find b GmPLmHT
K: SC] (S‘-Q\v

sOTSy 1o

= L ST V/V

\E: -0.4V *(r‘om P,x>+

s R VAR T 357‘(*0-4)
V= 3.5V, + (429 Vv

Check Vi<-04V at -j0°¢
(= 3‘571(-0.4\;)-# 2D R G
Q

V= IV ot S0°¢
: . = <.
V=357 (1) + 1929 oV

T — ]\ Vs
w—h/i% 3.571\/1-1-/.4-3() e

8 et438-2a.ppt




Practical Realization of gain formula

Use OP AMP circuits

Vg

o

o nP

SENSOR

scaling without offset:
use inverting or non-inverting
amps to implement K,

For inverting
_R
R

in

K

S

For transducers with offset use inverting summation amps

Vp Ry Second OP AMP changes sign if R, =R,, A, =-1
e Ry
¥r Ry
o V- = VO
T L
= stage 1
b stage 2
slage 1 overall gain
-R -R —R -R R R
V,= StV 4ty V _[ N fv,,](—1)=—fvT+—fvb
RT b ® RT Rb RT Rb
Gain formula with offset
R R
V., =(K -K.b) = L\ R R
= (KeVr -K.b) RTVT+Rb b %0 KS:—RL K==LV
T b

9 et438a2a.ppt



Example: Design an OP AMP circuit that will
implement the scaler equation from Example 2

Assume Ry, = R. = 100k R; =470 kQ

V; =3.571V,; +1429 scaler relationship for Example 2

Vo R
o——— 470 kQ
fe Ry 100 kO
VD vV N— ™
V
T Rr
o VWV = Rn Vs
ks 100 kQ -
) st
e

KSr el KS =X S QC:"%%I«L -

. K¢ ; t70kq

SE Pk Ry Rys RE R Tk i

for QT Use Standard vomeg‘ Potent)s meter 5
12752 — . . g

_v\’fﬁ?_j_ Wr—  Oolibinte bl \/:I- 04 and [0V

) ~ S
KSE: %_EVL AT:‘]L,MH’Q: \/é : j \V musf. é&) >0

S 929 _ Re  Pr: Ghoka S0
(429 = {\¢<;)—_;> _j—_%-___f:i }(( JNok s

Ry R
~ . ) qToksL Bl =
O. (148 QLT 90k —> Qé 5‘-?{—:?‘;,—_:}—* ..é:_éj_k.i\){c

. =
S
vy S€ Make KE€ o
Simple Case Ma D | so \/L.: KSI'D
10 et438a2a.ppt L _
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Models of Components

Types of components in controls systems

electrical
mechanical
liquid flow
gas flow
thermal

Behavior of systems defined by characteristics

Example: electrical
resistance voltage
capacitance current
inductance charge
delay

Resistance - amount of potential required to produce a
unit current.

Capacitance - amount of charge required to make a unit

change in potential.

Inductance - amount of potential required to make a unit
change in rate of flow (current).

Delay (Dead-time) - time interval between signal
appearing on input and response
appearing on output.

et38a-3r.mcd 1



Defining Equations
Resistance Static resistance (linear)

R-"
|
Dynamic Resistance (non-linear) Depends on the

values of e and i.
R. Ae dc'a
Al di

Can estimate dynamic R with slope of tangent line at
operating point.

e e
R . Ae - 2 | 1
Al T2 19
Capacitance
C. AqQ | is rate of change of flow
s Columb/sec = Amp
C-Ae = Aq c.2e_Ad_;
At At
: de — :
i=C- o Definition of capacitance
Inductance . .
a2 L. di Potential required to
At dt make change in flow

et38a3r.med 2



Dead-time Delay - us

e in high frequency transmission
lines and satellite co

MmMmunications

Where:

D = distance (m)
Vo

= velocity of propagation (m/s)

Example: Non-linear r
Dynamic resistance.

esistance Volt-amp Characteristic.

FindR at6 v Operation
R=Av
Al

105 i, 0504

V1-59 v, 605

Av VvV 2 \4 1 Al 12 | 1 AV
R
AV = 0.1 Ai = 0.004 Al
R = 25 ohm

et38a-3r.mcd 3



Example: Sine voltage across a capacitor. What is the
current?

e(t) =V max sin(o-t)

dv_ d

i(t) = C- - C-d tV max Sin(o-t) =C-V . -0-cos(w-t)

90 degree lead between current and voltage

Example: Current pulse of 0.1 sec and amplitude of 0.1
mMA applied to a capacitor produces a rise in voltage from
0 to 25 V. What is the capacitance?

622 steic | b.g

At Ae

i 0110 amp €1 Ovolt ep  25volt

t1 0-sec t2 .1-sec

Ae - e5 - eq At = 13 - Ty
Ae = 25 .volt At =0.1-sec
. At
C C =4.10" .farad
Ae

C=40uF Ans

et38a-3r.mcd 4



Example: voltage pulse of amplitude 5 with a duration of
0.02 sec is applied across an inductor. This causes a
current increase from 1 amp to 2.1 amp. Find L.

e=|_.Ai_ Solve for inductance L=e--At

Al Al
L4 = O-s8¢C to - 0.02-sec e — 5-volt
iq - 1-amp i5 - 2.1-amp

At = 0.02-sec Al =1.1.-amp

A
L - e: : L =0.091 -henry (V*s/A)

Al
Example: Electrical delays Transmission lines

D
D
input O O output t d=
f(t) fit-ty V

v, = velocity of propagation
typical values between
2-3 x108 m/s

fit)

ft-ty)

et38a-2r.mcd 5



a.) Find the delay of a 600 m transmission line with
v, = 2.3x10° m/s

b.) Find the delay of a satellite transmission with a path
length of 2000 km and a velocity of propagation of

3x108 m/s.

a.)
8 m
. V.- 2310
D - 600-m P -
D 6
ta ty=2609-10° -sec
P
ty =2.609 uS Ans
) Convert km to m
2000-km-1000- " =2.10°% .m
km
2.10% m 3 m
tg tqy=6.667-10" .
3-108-sec R

ty=6.667MS  Ans

et38a-7r.mcd 6



Liquid Flow Characteristics

Flow = volume of liquid/unit time
(e.g. gallons/minute)
Potential = pressure

Liquid flow resistance - depends on the type of flow

Types of liquid flow

Laminar - low velocity flows. Stream lines are
parallel. Liquid flows in layers.
Linear flow resistance

turbulent - relatively high velocity flow.
non-linear flow resistance

Flow type determined by the Reynold's Number

R=p-\/-d

L

Where p = density of the fluid (kg/m?3)
v = average velocity of the fluid (m/s)
d = diameter of pipe (m)
u = absolute viscosity of fluid (Pa-s)

Note: Reynold's number is dimensionless

Laminar flow : R<2000
Turbulent flow: R>4000
Transition flow: 2000< R< 4000

et38a-3r.mcd 7



Average velocity of liquid

Q
Va—
Laminar Flow A
Where:
e
—
d A = area of pipe (m?)
— Q = flow (m3/s)

Velocity distribution

Since pipe diameter is usually given
4-Q
Tc-d2

Where: Q = flow (m3/s)
d = pipe diameter (m)

"

Laminar Flow Equations for Round Pipes
P-RL-Q  (Pg)

128-pu-1

R (Pa-s/ms3)

‘Tt'd4

et38a-4r.mcd 8



Where: p = pressure drop (Pascals)
R, = laminar flow resistance
Q = flow (m3/s)
| = length of pipe (m)
u = absolute viscosity (Pa-s)
d = pipe diameter (m)

Turbulent flow Equations for Round Pipes
p=K t-Qz Pa
R{=2:K{+Q Pa-s/m3
_8:p-fil

Kt >
T -d5

Where:  f= friction factor (see table 3.3 p. 80 text)
| = length (m)
d = pipe diameter (m)
p = density of liquid (kg/m3)
R; = turbulent flow resistance (Pa-s/m?3)
p = pressure (Pa)
Q = flow (m3/s)

et38a-2r.mcd 9



Ligquid Flow Capacitance - increase in volume of liquid
required to make unit increase in pressure

Where: C, = capacitance (m>/Pa)
AV = volume change (m3)

Ap = pressure change (Pa)
Pressure relationship
Ap = p-g-AH

Where: p = density of fluid
g = acceleration due to gravity
H = height of liquid in tank

Derive relationship

AV AV
AH = Ap=p-Q-
A P=p-g A
C AV AV A ;
L AB AV p-g (m3/Pa)
p-g A

et38a-3r.mcd 10



Liquid Flow Inertance (Inductance)

Amount of pressure drop required to increase flow rate
by 1 unit/second

Where: L = inertance (Pa/(m3/s2)

p = pressure drop (Pa)
AQ/At = change in flow

Inertance defined using physical parameter
1 =2 Parmys?
| = A ( a (m S )

Where A = area of pipe
p = density of liquid
| = length of pipe

Dead-time Delay of Liquid - time required to transport
liquid from one point to another

tg=- v=average velocity of fluid (m/s)
D = distance traveled (m)

et38a-{r.mcd 11



Example 1: Oil at a temperature of 15 C flows in a
horizontal, 1 cm diameter tube with a flow rate of 9.42
L/min. Tube length is 10 m. Find:

Reynold's Number

Flow resistance

Pressure drop in tube

From Appendix A in text

Kk
o - 880- % 4 - 0.160-Pa-sec
m
CoWVERT AwL Lryrs TO &I UNITS

Q 63 42 Lfrmin) (). 666 X010 > (031 L[ Conwversign 1A

d: ICW"\: OOIYV\

| appe nd Ix
Q- r:?woqm-/
AVE VeLoomy Ve J9 . 3(SWSTek) o, m/g
nd* 1T (0. OimV
@e.r.jﬂo‘c{% H Q__ Sf\j_d <@b)0 l"\j(n )(2m S)(OOinﬁ _ IO% C)( /q-’\JS
(0. 160 Pa-s)

K < 200w L_»Qm u,q(-i F‘Lobu LiIvEAR RELATIONSRHIP BETWEEN
FLOUJ AN*B 'PQI\ uR L

R ~ 128l IZQ(D 140 Pa~S ({o m\ ﬁQ,S'oJX,O‘? pq.g/mg ANS
L= 2 - (
TF |4 _fT(O Oim)q -

w e bf’“o
Trw-eu {E__[_\LP (,» Sf\)w(ﬁp S fm3 (J S7x)o M/s>

\ P (. o‘;:;fwo“ (’ J,q,d
' =

C N\ ‘+ 't'O pgi
B P OO?%TXFO p)uﬁlgx] qfﬁ/ﬁ)

fjr:l/.id?‘ﬂ Csl | Ans
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Example 2: Water at 15 C flows through a commercial
steel pipe with a diameter of 0.4 inch with a flow rate of
6 gal/min. The line is 50 ft long. Find:

Reynold's Number

Resistance to flow

Pressure drop in pipe

FROM  APPENDIX A LiQuin DEVSITY Anvd Viscos Ty
= 000 Kjlm% A= 0.001 Pa-s

C.Of\VE’P{' E(\cI{K“L L,{'ml{‘i tQ SL LM\H_ZIS

d = (0.41n)(0.025¢ m[in) = 0.Sl81em .
&)= (Cafa(/mw\((-,.?ﬂ@&x;o_?:‘*'ﬁg(sf'jf!m):3.7853)00 M/g
| = (30(+S(0f30<1¥ m(Q) = (S.290 m
25 “"3/3)
LN S MGG Ve lacte i@ ) 4( 18 J?K}J
F J AVC—FC le-‘ ! J \/ C’ TF(O O|of£3mﬁa

T
] V=4.669 m(s
Q: S:L (".000 k;j Eﬁ oGCT m| 3)(0 o:ro;(:.m)

Om po\S
R=47,990 £'S qoeo

FLOW S TURRULEMT. MUST USE FRICTION FACTOR TABLE 7O
FInuD RESISTANMCE AND PRESSURE DReP 0ol |
s 2_ o = -
P=RQ® Rym2ko K 5o
Find ~( {pom Takle 3.3 P-8Q

C_OW\MQP!CQ_] gfh‘_’Ql PIGDQ dg'G_ \'Y*\@'{QJ“ I“'zQ'ﬂ"\

F: bedween {QG\} [Q, 000 QL)</C)O)OOQ
L Spofuis DR, {003 { <0029
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Example 2 (cont.)

MUST USE LInEATR ﬁN:LPpDLAT)OS\) FoR mUuLA
+s FIND § foo 47 440

e Soe (6 qya )

‘{l: Ra
( must be between

(o and §, (= 0.035 4 (0.028-0.035) | F2940° 19,000
190,000 = IOJOUO

§ - 0.035 4 (~0.007) € iy

( {:0.03259

!""\Cl K

NJow + ¢ - 81000k lmg)(o-“z"q)(’s'&q”‘)
¢ e (OO0 JEm) T
Ki® 3.6¢14% 10" Porsjme

Find Qt

Fz*c 2KQ = 2(3.6614x 10" Pc&—s/mé)(z.?esax;d‘*m3/g>
| R 2 ] g

CoNVERT TO ENGLISN UNITS

(X.?’? f()X)OcJ Pa-s /mg)(ql;qax)u"q) s H-JZS' 387D p%,om ﬂg_._v

ravny CtPPE'f\d P&-4

Ps K

P ( 4314)(]0]2 Pe - \Sfm )(3-?953505-4 nq?x/s)z'
P= s.296x105 Po_

ComnVERT TO ENGUSN UNITS

P (s 24¢x108 Pck)(l-qsxn?q PSJ(PQ) :[M

ANS
=
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Example 4: A tank has a diameter of 1.83 meters and a
height of 10 ft. Determine the capacitance of the tank
when it holds: a.) water b.) oil c.) kerosene d.) gasoline

A TTd: T8 m)?
] ¥ m s A: L1d . /1 ([‘6‘_) m\ - L2
U\.\ (‘L f)i q —g— " o . C3
ﬁ RbRin” e
O = /000 Keq|m®> G oz — S P e SR
| 3l L% oootig o 9.1 i 2.8 mp, |
LQ) 2z QRg k 3 ) €2 a2 s e
(0QA L. | 3V 0 AN ' G T '
( LJ[”" ) ).-.-i'n'-'n/.‘sh'J "o |
c‘ J - 800 L 'II"W:I’ . L}(ﬂ S 7 - '_-)1) L k{ : .‘I._
T T R daria
_ - 40 (< | > 5 B3 5 _ M
9) ) T fhg =rmsy — <|3.@xiol mifp, |

L 794 k:‘! {n:“(")?[!‘-ﬂ/iz)

Example 5: Determine the inertance of water in a pipe
with a diameter of 2.1 cm and a length of 65 meters.
T - ﬁﬂq 53-‘- | 600 I-\-./m3 A = __TT_‘Jl
LA |

4

- kS
A= T (0.021m)
#

A:3.36x19Fm?
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Thermal Elements
Thermal Conduction and Convection

Thermal Resistance - opposition to heat flow. Heat flows
from high temperature to low temperature

L 0 (] [
Q=" Watts
RT
i |
m 5 Frica L
[ / I
- ~

R, = unit thermal resistance

u A = area of

RT:A K/W e — Q=" = - Watts

Resistance of film layers depends on type of fluid,
velocity of fluid. High velocity flow makes thin film.

Convection cooling. "Wind Chill".

et38a-’3r.mcd 16




Film Conductance |, _ LI Called film coefficient
R film

Film coefficients: Natural Convection In Air

a). Horizontal surface facing up

h-25T 42

T4 = temperature difference between wall and fluid

a). Horizontal surface facing down

hw1.325T <

a). vertical surfaces

h-1.78-T 4°°

Natural convection in still water
h-2.26-(T,, « 343)T4>

T,y = water temperature

et38a-2r.mcd 17



Forced convection-air against smooth surfaces and
iInside pipes

Valr546'r: h-454 . 4'1"’61ir
- 0.75
Va|r>46"s" h=7.75v 4

Thermal resistance of inner solid layers given by

A
R i K-m2/W
K
Where: x; = thickness of i-th material
ki = thermal conuctivity of material

(see appendix in text)

et38a-3r.mcd 18



Unit resistance of a composite wall is the sum of inside
and outside film resistances and the resistances

comprising the wall.

Series resistance analogy
Temperature analogous to voltages

O— C
1 X1 X X
R u~ 1 1 2 Fosews 1 n ' 1 K-m2/W
hyg kq1 ko Kn hj
o] 4 X1 X2 1\J K/W
T= E i b B 4 |
Alhg kg ko K Mg,

Thermal Capacitance - increase in heat required to make
a unit change in temperature (S| unit J/K)

Heat Capacity (specific heat) - heat required to raise
temperature of 1 kg of material by 1 K.

C-|-=m-S-|-

Where: C+ = thermal capacitance

m = mass (kg)
St = heat capacity (J/kg)
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Example 1: A wall section shown below has 2 layers:
steel 1 cm thick, and insulation 2 cm thick. Still Water at
45 C is inside the wall. The temperature difference
between the water and the inner wall is estimated to be
10 C. The outer wall is surrounded by air at a
temperature of 85 C that has a velocity of 6 m/s. The
wall dimensions are 2 m x 3 m. Determine the unit
thermal resistance, the total thermal resistance, the total
heat flow, the direction of heat flow.

Find I<, and Kl \(.Porﬂ

waoll
& moteriols A ppe: _d' ) A |
.r |/ | steel K= I5W/m:K
> L/ “'_-1 | v sulls Jl T ) = DO, \AY ‘;_,.m "
_| ; " r_{ 2 mX 3m ( 2
e . |
e Taside film cselficient
21

outsicle 7= N insicle film YA =Rl V)
Film layer loyer - A i i }

) - ' T 14 < e 2\ = ‘S (& >
Dutside (l lyvy Coe {(H.:w.wr [’UL ' *’i"‘("(\“ ‘ “}‘“’) :: :
Cu i ‘(0 rr;\i;f'.{ ConnN 'i.:’.r?_‘ﬂ Vo ,.r‘\

Vern S bm|s 24.6 nls -
0.7S
N o S RAE A 2.
{_{ut‘_ L'\O‘: 7:7§ VQO AN = 7./ ({L_) p;/:—)) = _}',7;" l-‘\_l/n'\ _K /
) v, ! 0.01lm 0.02Zm
N L+ 2Ly Hizr. L7 S - /5 ¥ wim-p T 0.036W/m-Kk
lr'r'.‘s L‘\[ KZ L\l S(_.;._/’ LU/""\?'*H *'piq_u/ﬂ"\—u U .
X 2 0.01 m ]Qu: O, 00177¢S +0,000222+ 0,.5858¢ +4,033(56
I - = = ,.
20.02m | P =0.S%L K-mw | Awns
)(2 B - " | l\q_ . ) _ . (_____\‘ -—-;%;________‘: 1]_‘.{\ |
0 - R . 0S¥z K-mi J509359 Kiw | Aus bl
= % . .
T " e m¢? £~ - L :‘) |
- T~ Tx _(BS-4s5)C S| Fo 6 W
ey Heat low W=7"Re T ooveskiw =
et38a .
AT GmiTs C oR K WweRk

N OTE .




Example 2: Determine the thermal resistance for each of
the following film conditions: a.) Natural convection in
still air of surface T4 =20 C. b.) Natural
convection in still water where Ty=30C and T,,is 20 C

c.) Forced convection in air with velocity of 4 m/s.

G Neaturel Canvechion air on Vertica| Surface
- OAT | o e Q0 d8T
T 2o 21287, = 128(20)

e 3764 Wintk
' L > S | A
f\)u" G 0.2G6k l-\~r-17-/ _icf_;i

,Q% —7/(? = 0.03(499 K*—-W'l/w A NS
173

:_1.> rﬁf‘cad Cur"\vcfc‘%bur"\ /“11.{‘ \/O;ré <J'é‘(n/‘;
[/\ :94.84 +49.1 \”.’f_};r

.\/{'-' \ : {:{} A / g .
L‘\ » 4.8 + 9.1 Lﬂ} 2.0 "] q W /r’m1~ K
i el [ s el )
' 0.047%8 K-m%/y | AVS
K L / \. -~
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Mechanical Elements

Mechanical resistance = friction
Opposition to motion. Force required to increase
velocity.

Viscous friction - friction of motion. Related to velocity
Coulomb friction - force independent of velocity

Example of viscous friction - shock absorber, dash pot

linear R_-B- F N-s/m
viscous friction i Y
. : o -
Non-linear viscous friction B - A B = dF
AV dt

At operating point use tangent line to find approx. B

AN Mechanical Capacitance - change in
| length of spring required to make unit
kS increase in force. Inverse spring

‘ constant

1
C _ N/m
LI ¢
‘ M Mechanical inertia (mass) - force

| | required to make unit increase in
acceleration
]

AV d
F aye =M Fom- "
At dt

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\




Mechanical Dead-time - time required to transport
material from one place to another

D
b =
d '

Where D = distance
v = velocity of material

Example 1: A mechanical system consists of a sliding
load and a shock absorber. The force versus velocity
curve is shown below

Test data
o __— Run F (N) v (m/s)
; I a 7.1 10.5
| | & b 96 15.75
i ol Determine R, and
72
E coulomb frlctron
: Ll.{"
velocity E{ = QW\:_ Zl__\; use [ '{ [ @ i
UsE F=F+Rv _ ferm ol Ling
) Sl il
3 ( S DT e-toE W 1eS)
=y ;—-\ V- 10.5) _f"-»r——».
| (J 0.9 Ve i\ HS/WI l'l
F=2.1> 046¢eV~-§ | ANS
F=0%762V {4 N FC_ ‘ =
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Modeling Physical Systems

Linear systems - modeled with linear
differential equations

Derivatives capture how system variables
change with time

Definition

Linear Differential Equation - a linear combination of

derivatives of an unknown function and the unknown
function

Example Series RL circuit. What does current do
over time

L-gti(t) CR(t)=0

To solve - find how i varies
with time-i(t)

Can do analytically or
numerically

| ct38a3r].ppt
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More Complex Differential Equations

Can have higher order derivatives. 2,3, 4. etc.

2
d : d . :
o g D 7s _
J 2 I(t) 2dt|(t) I(t) =0

2nd order- linear ODE (ordinary differentia| equation)
2
d° 5 gd ‘-0 =it
dt2 dt

2nd order non-linear

/

ff/ d 2 'ﬁ

| — v}-sin(v) v=0
\d t2 /

2nd order non-linear

When right-hand sjq

e (RHS) is 0, equation called
homogeneous.

Implies no outside stimulation.

et38a3rl.ppt



Examples
homogeneous R=10k

<‘> 10 mH
5A

No current source after the switch
Is thrown.

non-homogeneous R=10k

<‘> 10 mH
5A

Energize relay with the current source
Current source drives the system.

3 et38a3rl.ppt



Differential equations for
control

Equations have constant coefficients and are
linear.

Single input stimulation r(t)

Single output variable x(t)

42 d
o X(t) v ... Fay X(t) + a4 x(t) apgx(t)=bgr(t)
dtn dt2 dt

ay.....a,, a4 g and b, are constants

What can r(t) be?

constant -5, 3, 10

ramp 3t, -10t, 0.2t-3

sin/cos 100sin(wt), -5cos(wt+6) w and q are
constants

Unit-step (square wave)

v(t)
] beeewee

u(t-ty) = 1 after t
4 et38a3rl.ppt O before



Examples

|dentify which of the following equations are
linear and which are non-homogeneous

3-gtx(t) x(1)2-0

6-jtv 2.v=V -sin(ot)

L-gti(t) R-i(t)-0

5 et38a3rl.ppt



Characteristics of Linear Systems

1.) Multiplying by constant is reflected
though system.

If input r(t) gives output x(t) then,
K (r(t)) gives K (x(t))
I/O proportional

2.)Superposition from circuits holds

If input r1(t) gives y1(t) and
Input r2(t) gives y2(t) then
total output to inputs is

r1(t)+r2(t) = y1(t)+y2(t)
Total output is the sum of the individual input
responses.

From circuits - transients and sine steady-state

6 et38a3rl.ppt




Deriving Dynamic Equations
Input/output relationships

Dynamics represented by integrals and derivatives
Electrical elements: Resistance
i(t) —— R ohms
+

v(t)

Defining equations  y(t)=R-i(t)

i(t)=G-i(t) R:@
Inductance (henrys)
L
- v(t)

Initial current
at start of time

./

w)=L:2 it i(t)=1- vt a -+ 1(0)
ot L)y

Defining equations

7 et38a3rl.ppt



Lumped Circuit Elements: capacitance

Capacitance (farads)

C
O j :
* v(t) initial voltage at
. : start time
Defining equations
d 1 [ /
i(t)=C-=v(t) v(t)=—: i(t) dt+ v(0)
dt C o

All law from circuit theory hold for the analysis of
lumped circuits. KCL, KVL, mesh analysis, nodal
analysis can all be performed. Substitute the

appropriate integral or derivative into the mesh or
nodal formulation.

When the current or voltage in a circuit element
Involves the two currents or voltages, the derivative or
integral take the difference of the voltages or currents

] et38a3rl.ppt



Example

Write mesh equations for the circuit below using the
lumped circuit element representations

L C
|
I

(
\

() (1)

KVL around mesh 1
W) L-jti (1) Rq(i4(1) i o(1))=0

L_d

i4(t) + Rqliq(t) ino(t))=v(t
dt|1() 1(11(1) - i o(t) )=v(t)

KVL around mesh 2
,..t

Rq(io(t) - i4(t)) (1: i(t) &t + V(0) + Ryyi o(t)=0
/0

system of integral-differential equations in unknown functions
i4(t) and i,(t)
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Self-regulating tank system
= Need relationship for how
?‘ level changes with time.
- Derive differential equation

AV = {Q in Q@ cuutk__\)'At

level change

RIS

| Ah=AV

(Q ; Q ) At A
A - AV _\in out,
A A

average level change over time interval At

Q@ Q (Q; Q

Ah _ \ *= if > out) feibep Tirmit At == 10 dh _ L =lim out )
At A dt A

Assume laminar flow for simplicity. Q,, determined by p of
tank.

P-R,-Q P-p-g-h Combine these two

L ot equations and solve

for Q

out

P p'g'h=Q
RL:Qout R out

10 et38a3rl.ppt




Self-regulating tank system (cont.)

p-g-h!
(Qin B dh /Qin p-g-h\
dh | R — =l o
e E d | A RL'A/
dt A \
. Q;
bring all terms with dh [ pg |, TN
h or derivative of h dt R [-A A
to one side
. IR‘Al gn R
multiply through by | . . h Qi

coefficient on h \ -p-g / dt ) p-g
Remember finding h(t)

Q,, is independent of the liquid height. consider it along with
density, area and flow resistance to be constant

R-A R
Let .. G.
P9 p-g
dh non-homogeneous equation that
Ut h-G-Qj, determines how height of liquid in

tank varies with time

Shut off value to find natural response of tank for some inital
height

11 ct38a3rl.ppt



Non-regulating Tank

Output flow is fixed by pump flow rate. It is independent of the
liquid height in tank.

Qin
—E—== - AV Q in - Q 0U’[>'At
] ) A A
T e | Define
l':';__T At=t1'to
b t) 0,4 Constont
J l —r[(—r—n Zout Ah(t) = h(ty) - h(ty)
./' " \
Ah ‘\«-_(_Q in Q out, take limit At — O
At A

| | Right hand side is independent
dh (Q in Q out ) of h. To solve integrate both
A sides with respect to t

dt A
L 1 |
dt dt - A'(Q in ~ Qout) d
o to
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Non-regulating Tank (cont.)

From Calculus

tq
\ y |
h(tq) - h(tg)- A'“\Qin‘Qout)dt

Ao

t 4 Note: Right hand

1. _ side is not a function
Ah(t) - A'(\Q in ~ Qout) 4 oft. Itis all a constant
t and can be taken
-0 out of the integral

Change in height depends on the difference in flows and the
time that the difference is applied.

If Q;,is not a constant but changes with time, the formula
below models the response of the tank system

.-.t1
1,
Ah(t) = A (Qin(t) - Qo) o

o
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Solution techniques: convert all equations into derivatives
only. Approximate derivatives using mathematical methods
calculate approximate derivative values for some small
increment in time. Results are a list of computed points
that approximate variable over a time interval. Graph
these points to see system response

Liquid Filled Themometer

T, = fluid temperature

T., = measured temperature
C+, = thermal capacitance of
themometer

™ C;,, How does measured temperature

T/ change with time. Heat transfered
m to themometer depends on AT,
(Tg - T At R; and time interval
A =-——— '
ik
AQ C
definition of thermal capacitance AT Tm
AT AQ AQ (Ta | Tm)'At
N | e " S
CTm CtTm R1TCm
(T T i |-At
AT - . a _ m)
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Liquid Filled Themometer (cont.)

Determine the average change in temperature

AT (Ta-Tm)

At RT'C m

take limit At — O

This is similar in form to the self-regulating tank equation
This is a non-homogeneous differential equation that describes
how the measured temperature changes with time
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Mechanical Systems

Pneumatic Control Value Position

Determine how the position of a air actuated control value
changes with time after pressure is applied

Schematic of value

(See text p.116 for details)

L/K

F, = P,(A) = input air force

All forces must balance at each
instance in time so:

a Fo=F, ()+ Fr(t) + Fc(t)
l Where F(t) = inertial force
Fr(t) = viscous friction
force
x=0 M Fc(t) = spring force
l Need equation that relates position,
B x to time
» Ll )
F=m-a a=gtV=d2x
e 4 dt
V=__X
dt
Inertial force
d 2
F |= Mi—— X

16
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Pneumatic Control Value Position, (cont.)

Inertial force 2

F|=m--9_ X

dt2

Acceleration is second derivative of position, x

Friction force

e
F =B-V=B-( X
R \dt )

Viscous friction for laminar flow is porportional to the velocity.
Velocity is the rate of change of position

Spring force

XeC oiiF F = = =k
m' C C
Cm Cm

J?—; () = &K XE) * Kunﬁc‘i't
Force from spring is porportional to its length, x. C_ is spring
capacitance, k = spring constant.

z \
Fa=m. d = Y & B(—qx? r —1—-'X
dt2 \dt | Cm

Fa is constant. Equation describes how position changes with

time. Second order equation.
17 et38a3rl.ppt



Simulating differentiation with
OP AMPs

Use rules of circuit analysis and ideal OP AMPs to find the
input/output relationship for the circuit below.

B Rules of OP AMPS
i
g v f y no current flows into
= o > L ,° OPAMP
v . /__/"// V_ - V+
Use nodal analysis at inverting

< . 4o node of OP AMP
M Lupprents .
| i G . = (1\ %

\JU\ \Jm(*\ v’ U) (
IE! e

del; cureents |
Cring ¥ Q o\>
volteqe U@V "0 RS ded
oﬁ\

)® C“‘"— Qj () =~V u\) 5 Cviﬁ-\/m(‘t\ . ~
,zm : vt,me\’ ) J pec A v B
A € *_— \_Jaf.ﬂ ”\j_—_(t.) U_).Q‘-lp as [nPL_C{ (OQ{PU:'!
o) R o

V,G)3 di
7 ,npf;

Lin®) 7 4&) Current N &
) n 1Terms 0¥

& 1

Ou‘{ PLC{
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Proportional Control Action

Basic control loop

CONTRALLED
VARIABGE
SETPOINT ERRIIR
VALUE FINAL CONTROL PROCESS
CONTRALLER [P ELEMENT — %1 ELAaND L
MANIPULATED
CONTROL
YARIABLE VARIABLE
SIGNAL SENSTIR(s)
| CONDITITINING <& ——

Simplest form of controller - amplify error and apply
signal to the process through final control element.

Example: Dc motor speed control

control variable = motor speed

sensor/signal conditioning = speed transducer
setpoint = desired speed

final control element = variable dc voltage supply
control variable = motor terminal voltage
manipulated variable = dc voltage control voltage
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The control relationship for proportional control

Amplify error and send to final control element.
Co= K&+ Gy

Where C, = the controller output
C,, = the controller output with e =0
K, = the proportional gain
e = the control error

e = SP - Measurement,

e = error signal
SP = setpoint value
Measurement = sensor measurement

e can be positive or negative
e used to take corrective action

Measurement > SP e negative - output decreases
Measurement < SP e positive - output increases

Practical controller output devices have limits on
C, and final control element.

Examples: flow value position
motor power supply

2 et438a-5.ppt



Controller Gain Plots

(:0 OuTPUT
MAX CONTROL OUTPUT
| K
4P
~2 e
INPUT
MIN. CONTROL
OUTPUT
~=— PROPORTIONAL BAND

Proportional band limits of control output.
Determined by value of K,,.

%

+15

At higher K, e produces
more correction but /
reduces the range between
controller limits

K1>K2>K3

4‘ =— PROPORTIONAL BAND
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Finding K, and the Proportional
Band

_ AOutput AOutput
PSP - Measurement Kp- e

Proportional gain - change in output /change in error

Increasing proportional gain decreases proportional
band (PB). Interms of percent.

CVOPB = 1

K
p
%PB inversely proportional to K,

. ' Ot d e 9’?.""_‘.' OP AmpP s I.'n‘."i"' i %+ J '~‘-'l11bl-'-_=_'h-'>r-\
Example: Aowpud */sVcc oP Ami its Fixed by

e = T 3Vd ok ,_ A\ i .1‘1._{11
i aen o Comiar® Lo IS - ¢IsY 3o !

= \ L : \ _‘/. .'.J__ K/ . _ I ¥ ] B : : - S _.[ll - —
ring g t, L NgQ J I 5 b T ‘ - 4C
J I":Mc‘ry’* emif\ 3 < 3) é
o Bg - = 156% = L (106 = 9
4 PR Re lsa o= = (U a/)
P:d_.:f.t?d Qn k.‘j _f_J dl\l f /—l‘ &, IS f l;' [ [ 4 {3“-{[‘3""4
)

{ ' - de 2 30 (o Z) = 5
O ‘i’ 0. 20 - 43 5 C
A Ou puwt ) v \ O = o 0

_ > ) SR _:_" toad/
N @ f. Kl_‘) _ g- 3 v (._l ,.'}/(j PE% A n \’-.'I M ay L] GL{‘# Fhu{:f ./Q ‘q‘ l."); L ( KJ )

; ouwtpuwT ; e ©
Kp= _2 S > Je Ky= Aoulput => 6(2)=1%2V sumpa Pange,

e T ClhracC Y catf, @ fk_ A = N I { J
4 et438a-5.ppt Great Crrec Can hand led be{ome Seatulet)on



Proportional Gain and Proportional
Band

Example. Continued

Decreasing %PB (increasing K, ) causes a smaller
error signal to cause the controller to reach its limits

ORIGINAL O, PB= 20%/, t{(Vde Causes C, e \/G\"L{ *ISVde

Decrease Of PR ta (0%
A VarIATION OF 'l 0F 0RIGINAL A€ (Causes (, 4o

K EACK LAENITS
i 19°4 )
o/ PR = “[0e% > - — - I/ = oy
fWPR= Kp!9%h = 100 %, A? > Kp=lo

Find Ac input fhat Priduces Mex A output

L] s193 fP_{‘f ~ 20 MAY
ACo _ Aowtput
Ze - K Tae

LTS
Solve {aor Q&

Ae g;t:;: VA oufPuﬂ.t

A owt put
e Kp
:’0\/ e
= 2 2 1.6
des 2. 3y (a19)

p!‘o[)ur*_!‘r;r’} 2 l\o ™ C(e S
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Characteristics of Proportional
Control

C,=K,e+C,  Control formula

control out

0 B | error

Ife=0thenC,=C,

If e not = 0, then for every unit of error K,(e) units of
correction are added/subtracted to control output.

There is a band of steady-state error about 0 that
has a magnitude of PB% where the output is not

saturated.
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Offset and residual error

residual error - also known as steady-state error.

Proportional control always produces a steady-state
or residual error when a change in the process occurs

Load control out
change V

0V

error

If the load change is permanent, then the error is
permanent. Increasing K, decreases steady-state
error be can not eliminate it.

If load change is transient, then error returns to bias
value, 0.
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Effects of Increased Gain on error and
stabllity.

High gain reduces steady-state error but increases
chances of instability

Example
FoR  Kp= 2 Vo* 0-18 Vde = C,
| V5= Otlvde = e
Vi, = (:SVdc = ¢y

Lﬁ!qs

>

\(}T l\# VC : vLms > CGT kFe ! CL:\) k/ot 2‘\/'11" sV
Voo

\/ﬂt :,_CQ\ J ";_“'._ = r?.(__:— LMI-’L mne 5 'tlf;’-.'u_ft‘[ -5 { t’rf-.ﬁ_. Ertac
P-‘"uccz'“‘:s Cl\c.\n-:l!:"::; \/

-\ Cs
Find  Pesidwal Crrac Kemem ber '< £ ] ? €= Kr"‘

Ecroc I3 ]nur:rse.ij Prava*rma\ ta ktg

Ve _\o = ?_fo = 3.5V

Kp -
For .‘;w\%r‘*( error to (eachk O KF‘_}Q@ < et KP = S
C:’.’L]qua_{i;

e
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