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Instructional Objectives

e At the end of the lesson the viewer will know the static
characteristics of the industrial instrumentation

e Importance of instrumentation in process industry

Instrumentation study importance o\l & gl dul 3 4l
Sl

Static Characteristics

The instrument static characteristics are the parameters of any instrument

of sensor at steady state conditions and are given of instrument data sheet.

Aall Gk b e Jlga ol Gldra ol Jalse  Gulll Slead 8L (ailadldl
o=l ol i Instrumental data sheet leal) cilily 3855 (e W gac) a5 5 il
Jia 3 il Al CagHh aie Slealdl cilel j8 dalall Jal gall Jad 8L Gl 3 gl

Linearity 431l s Accuracy 43l
b eday cplt o A0 88 sl Qi Y ulas
Dynamic characteristics

The relationship between the system input and output is varying rapidly.
Dl Al Gyl vie Jleadl Cled 2 Aalall ol sall ind AS sl (il 3 el (al 52

Aoy b juria Lla g el A slate C3AN (SO ladie ) 53 il

Instrument static characteristics

The static characteristics of an instrument are concerned only with
the steady state reading.
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e Span and range

If an a measuring instrument the highest point of calibration is X2
units and the lowest point is X1 units

Then the instrument range is X2 units and the instrument span is
given by

Span = (X2-X1) units
e Mean and standard deviation of measurement

For a set of n measurement x1, x2, ...... xn the mean value will be

given by

x1+x24+--+xn

X
mean n

The spread of any measured value (xi) can be expressed as
deviation (di) as

di = xi — Xpmean
The extent to which n measured values are spread about the mean
value can now be expressed by the standard deviation o, when

1

<al12 +d2% + -+ dn2>5
o=

n—1

1. Accuracy 43l
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Units of accuracy 4a cias g
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1. Percentage of true value (% of T.V.) 4&dall 4l (e 4 gia dpais

Measured value — True value

x 100

True value
2. Percentage of Full Scale Deflection (% of FSD)

Measured value — True value

ALY Gullall G o) (e Ay gia dpuis

100

Maximum Scale Vlaue

2. Precision alsaYi/hual)

e A Ao gana zU 3ale) Glo Gl lea 3o Al AKaY/huall Galey e

Bl A8al) 3 goa & le) al)
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DS e adiad ASaYl /sl o
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Accuracy 43

Precision a&aY)/laual)

Accuracy represents degree of
correctness of the measured value
w.r.t. true value.

Precision represents degree of
repeatability of several
independent  measurements  of

desired input at the same reference
conditions

Accuracy of instrument depends
on systematic errors.

Precision of instruments depends
on factors that cause random or
accidental errors.

3. Repeatability sl
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4. Resolution Jssil) sas
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5. Dead Space : 4 gidl daluall

Y G Al Juay) af g Ll e Jualdl) aadl ol 4 glall daliall 3 gan Gy jad ol
RUENGEON DV Jl ST S PP VRN



Sl dana Jil g 2 aSaill g L) 3 3¢l

Output
reading

+4

1
+

Measured
variable

‘
~ Dead space
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6. Tolerance JwisY)
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7. Range or span  Gtaill s sl
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8. Linearity 4l
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100

Actual result
Response

% $pan

Straight line

| 100
Stimulus % span

9. Sensitivity of measurement bl g dsabua
Gy ) ()l lea Sla jRa) Qe 8 B il uld o bl dailus e
ol s Lol

Change of output signal A
Static sensitivity K = & putsignal _ A9o

Change in input signal ~ Ag;

10. Reliability 4 s sal
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11. Instrument Drift oG8l jlga Gl )

s e aali (e OOlAL i) Apre il Cile) 8 DA Al o 4dy el e
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Characteristic with
sensitivity drift

-

o
< Nominal characteristic

PressulTe Pressure
(a (b)
Scale Characteristic with zero
reading drift and sensitivity drift

- Nominal characteristic
-

Pressure

()

Effects of disturbance: (a) zero drift; (b) sensitivity drift;
(c) zero drift plus sensitivity drift.

12. Hysteresis skl
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reading
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Dynamic Characteristics
Lecture # 2 Contents

e Dynamic characteristics
e Zero order instrument
e First order instrument

o Step input

o Ramp input

o Sinusoidal input

At the end of this lecture we will able to know

e Characteristic equation of an instrument
e Zero order instrument and its example

aSaill 5 Gubal) 3 el

e First order instrument and its responses to step, ramp and

sinusoidal input
e Error in measurement
e Physical parameters that influence the error

Dynamic characteristics

e The dynamic response of an instrument to a signal input may be
described by the n-th order differential equation such as following

Aloalanl Alobaal) A g Lo 53 JA0l Lo Luld Slead A€alial) Tlaiud) Cia s (Say

dny dn—ly

dy
anﬁ+an_1W+m+a1—+a0y= box

dt

y = (3e)_all) Slead) Ao g Ll liiall Luial) el of dpaSl)

X = (Sleal dand 53 Ll 3 fa slaa 4aS) leall Ala ) S

t= Time

- SIS sl e

Where ag, aj, a, ...... etc and by are constants which are the

combination of system physical parameters

11
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l Initial Conditions

Input Quantit I l Output Quantit
£ Y Measurement p_, Y

X(t) l System I Y(t)

Zero Order Instrument da_iwall 45,0 (b 3 jgal

e The simplest model for a measurement system is a zero order
differential equation
apy = bpx
by
or,y = —x = Kx
do

Where K = ? ; K is called the static sensitivity and is depending
0

on the calibration

<Uaada

Gy aity Sleadl 7 yae o W) ¢ gl a5l o gli 8 X da O al 51l (10 @
e ol )45l (gl (92 Allia B ) sacay

e OO At Uil Gl A el ¢ Ay jheall (uldl Aaghia gl 3 @
o5

)5 Ay jiall (el A slaial Culil) 5 paall inie (e dpulall ol 30a3 (Say @
il 1 e s

12
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Potentiometer circuit

e A potentiometer is the example of a zero order instrument.

= 0 E =K®6
€y = o =
eo = f(0)
Where, K = ei = volts/radian (static sensitivity of
T

potentiometer)
Without any time lag or phase change

First Order Instrument — As¥) 4l (b8 3 3¢l

o Lai) padl pale e g giay A transducer s0WY Jsaal (S Y @
OO sl sl

Y AN e il Slead Jla sa za N A asa sl Ba 31 e

3ol da a8 Y may s Al e A8 8050 e ge il Alpay 23U o
i Cag ok ) Jgeasll i gl L

OO (AN sl oy Sis bulb Auad) 3)) s da jd jai Cagn o

Casial s o d oY) ABidall alasiuly gl ae 50 al) da )0 i Jaze dadal Sy @
V¥ AN e Alealil) Asbaally yia ga il o sl

alaall ddansd 53 (Y AN e oald lead LSl (ailiadl) clac) o3 Gll) o
)

13
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dy
a, ar + ayy = byx

a . bg
—yty=—X

aO aO

w+y=Kx.......(1)

T is time constant of the system= %

0
K'is static constant of the system = %
0

Step input 3shall Jala

e The step input function is defined as
{X=0fort<0} @
X =X fort>0§"""
Is used to solve the differential equation

Step Input

* The step input function is defined as
x=0fort<0 ]

X=X, fort 2 UJ’

-

é
’ ,

Substituting equation (2) in equation (1) for t = 0 we get
w+y=Kxg.......(3)

The solution of this differential equation (eqgn. 3) givesfort > 0

t
y = KX, [1—e?]

14



Sl dana Jil g 2 aSaill g L) 3 3¢l

e Errorin measurement at any instant of time is defined as

y
t

=X — X, [1 — e_¥] [for a step input]

em L

e Normalised error = L e

N

1.2 -

0.8 -
e, 06 -

Xs
0.368 04
0.2 -

15
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Ramp Input el Jiaa

e The ramp function input is defined as

¥ = Ofort<O

X;tfort =0

e Recalling the characteristic equation [eqn. (1)] of a first
order system we can write
Ty+y= Xst
e The initial conditions are
x=y=0,fort=0
) t
y = KX{ [re_? +t— r]

Ramp Input
* The ramp function input is defined as

0 fort<O
X =

xstfort>0

Error in measurement at any instant of time is given by

. . . .
emzx—%szt—Xsre T— Xt + X471

. _t .
= —Xste T+ X T

16
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[Steady state error

at any instant of
time)

Steady statetimelags T

€m — X, T
(Steady state error

at any instant of
time)

Steady statetime lag= T

transient \ll Lkﬂ\«c)mss.h.u ¢ T Al & jra WIS 4 ol gl e
.error

Lagdll e Walate bl Slea Jay ¢ paladl Uadl) olaia) 5 jmasd ¢ G e 3 0e s o
time constant of the instrument leall e 30 caulil Ll a3 ) A3l

JSy adisg the lag of the instrument sl Slea DAl of mazal ) e Gl o
T el Qi) e il

9\)35bJ\m@AJwUdéﬂ\EJ\Jﬂ\hJJMuycdu‘d.\m‘;.o )
OIS Dlaiay jaaiall Jiae e Wlida ¢ sSou Aledl)

ool iy pasiall Jase ae Lyl iy il Uad o

a3l 4] Gl Sln s o o ¢ Ul sl gl s 1Y o
low time constant =

17
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Sinusoidal Input ) Jaaall

JaY) dalas Jie ¢ clleall (e 221 8 Periodic signals 4sll <l Wiyl aa g e
A e damall sl all cils o s 5 <Vibration analysis

il aUas e Sinusoidal input sl SOl Jie Ay )50 3 L8] Gulai b Leic @
ol ol el e Jaall s L3 2 55 S o 51 A0 0

: b WS Sinusoidal function dwal) Alall cay a5 23y o

x(t) = x;sinwt fort =0

* The sinusoidal function is defhined as

x(t)=xgsinet tor t20

e The characteristic equation will be as follows
Ty +y = Kxgsin wt

e Solution of this differential equation yields [ignoring initial
condition]

y[0] = yo

KX :
Y = rere (et = @),
Where ¢ = tan"lwt
y = Asin(wt — ¢)
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Where A = KX
Vi+w?2t2
(31t L a3 At sl 5 ¢ 5 8 seal) Aal) At gLl iy A

owall Jaadl

diny sV Ag ) (e el A slaial s Al dail gLl of ol sl ey e
Aol 4 Heall s lay aa 5 e
Al Aalaal) das) gy el 8 5l Gl 23y @

o D= %and IS expressed in seconds
. i . . Radian
o Where ¢ is in radian and w is in “Sec

AUl Aaleall e gLVl dpsd Gl 24 @

A 1

KXs V1 + w?7?

19
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First order system response to sinusoidal input

0

Phase
shift

«45°

0.0t 0.1
=

Remarks <Uaada
Al Llaind e o) iy Jaall 3 5La) aa g alaill e 30 culdll e JS G pedal Y (e

O Cus T (e pll Gl

20
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A
KX,

~ 1
?

s Qa8 5uals dllia () San g Jaall 5 5La) dad o 58 (gl L8 Gl aldadl 0 ) o
gl

a3 ol camy bl A glaie Gl ¢ Jadl ol cld el JaY) (i L e S 1Y o
e T gt Gl e

Al a0l Gl @l HLEY) (ulal el el Gl Gl ulall A glaie Jleatial e e
AL e (el 2o il ) S AN ) g

Lecture #3

Contents

Dynamic characteristics
Response of a second order system for step, ramp and sinusoidal
input.

o Problems on first order and second order instruments.

Second order system

dny dn—ly dy
anW+an_1W+ ---+a1E+a0y = box

Lashia any Al 450 (e dlalis Aalee Aol s diadal a3 @A) el e
Al Al cld )

el & Al sl @l jiagilal) (& 3030 5 Alall larcall Jsmay & il Guilia o
AL 28l 3 ) A shaial L8

by LS Al Al e ol e gl A0S (S @

azy + aly + aoy == box

.. ) b
lz+—fy+y=—x
Wn Wy 0
Or
Yy o2 _
w%+wny+y—KX ......... egn. 1

Where w,, = \gz Jilbaie puall aUaill _aadall 2o jill
2

21
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E=—t = il Jsladl 4us (Zai) (the value of Zai lies

2 QAopay

between 0.65 to 0.7)

b . e
K= a—o = Static sensitivity of the system
0

fashaie (¥ A a sall o Apaplal) TlaiuY) (1) Aslaall puilaial) Jall Caay o
roots of characteristic = 3l daladl Hsia o Gla Aall dlaiul Adiad o
equation
For step input
Equation 1 can be written as

D2 D
(0)_121 + ng_n + 1) y = KX..........eqn.2

Where D is the differential operator and D = %

Initial conditions
y=0 att=0
dy

— = (0 att=0
dt

The particular integral of equation (2) is

Yp = KX
The homogenous solution of the equation will be given by,
Homogeneous solution = Particular integral + Complementary
function solution.

The complementary function will have three possible forms
Case 1: £> 1, over damped system #elmia (35ill 4aghaidi(real
unrepeated roots) 38 né 5 s dalaall Ja )53

Real unrepeated roots

N

L

Jjw

22
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Normalized output will be expressed as
y

KXs

E/B1 (<5 T)ont | EVB1 (<5-/FT)wnt

2./8%2-1 2,/&%2-1
Oscillated in response

Particular integral + complementary function
Case 2: £ = 1, critically damped system La s isliaie dashis(real

repeated roots)

Real repeated roots

\ |7

é =1-(1+ wyt)e ®nt There is no oscillation in
S
response

Case 3: 0 < &< 1, under damped system dlelaic i daghie
(complex conjugate roots)

jw

(Oscillation)

23
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Where, ¢ = sin™1,/1 — &2 phase shift

24



Sl dana Jil g 2 aSaill g L) 3 3¢l

Look at the origin is slapped but in the first order system is faster

Ramp Input
e The characteristics equation of a 2™ order system with ramp
input can be expressed as follows

D” L2 1)y = ket
0)121 Wy, y_ XS

_ay _ _
y—dt—O at t=0

e The solutions are found to be for case 1: £ > 1, over damped
system.

y _ . 28X
==Xt —
wn

25
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(1 LB - 128/ Ez (~&+/E=1)wnt
45,7 —
i 22\/22 (e-JE1) w)
45,[e7 —

Case 2: For & = 1, critically damped system

Yy _ %ot — 2%s (1 e wnt(1+“’_nt))

K wn

Case 3: For 0 < & < 1, under damped system

: Ewpt
= %t — 25%s ll—e—zsm(m — B t+c|>)

Wn 281 —¢

A<

Where

Steady state

2E X,
error S —

Time laag

Ramp response of second order instruments

26
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Sinusoidal input

X = X¢ Sin wt

y/K sin(wt + ¢)

Xs ) 212 2,2
[T 2z

_ 2
Phase shift (1) = tan 1 w—fwn

wn w

Phase response

27
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Saalia Uad
adl e Lo (el Ao shaial ¢ gle ¢ Saabinall Uadl) Gy ya3 oSy
k
7.
X

Jaall 5 ) g lusY Aaidle Ay yhay ad il sale ) o Lol G shiia 5 )8 aned Luliie Jiag g
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Problem 3.1

A first order temperature transducer is used to measure the
temperature of the oil bath. If the temperature goes above 100°C,
heat supplied to the oil bath should be stopped within 5secs after
reaching 100°C. Determine the maximum allowable time constant
of the sensor if the measurement error of 5% is allowed.

Solution:

t
Measurement error=¢e =

For the given problem

t
e T =0.05
Fort < 5 sec
T < 1.66 sec is allowed for error of 5%
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Problem 3.2
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A first order instrument has time constant of 0.5 sec. it is

measuring a process parameter that is sinusoidal in nature having

a frequency of 3 Hz. Determine the dynamic error of the system.

Solution:

The dynamic error

Here

Where

y/k

d, =2k _
vk 1
X J1+ (wr)?
w = 2nf =2n3
And7 = 0.5
1 1

x J1+ (2n3 x 0.5)2 ~ \/89.7364 9.472

So the dynamic error

Problem 3.3

=0.105-1=-0.89 = —89%

= 0.105

A first order temperature sensor has been suddenly immersed in a

liquid that has a temperature of 100°C. If after 3 secs the sensor

shows a temperature of 80°C, calculate the instrument time

constant. Also calculate the error in the temperature reading after

2secs.

t
y =100 (1 - e_?)
t = 3sec, Vi=3sec = 80°C
3
80 = 100 (1 - e_?>

3
08=1—e 7>»>» 1= 1.86sec
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To calculate the error in the temperature reading after 2secs

2
Vi=2sec = 100 (1 - e_m> = 100(1 — 0.341) = 65.8°C
Error = —34.2°C

Problem 3.4

A pressure transducer is to be selected to measure the pressure of
a vessel. The pressure variation can be considered as sinusoidal
signal of frequency lies between 1 and 4Hz. Several sensors are
available each with known time constant. Select a sensor if the
dynamic error of +1% is acceptable.

Solution
The magnitude of dynamic error of first order |d,| < 0.01
y
Magnitude ratio = %
y
Ao
0.99 < =

X J14+ (wt)?
w=2n*x4 ,f=4Hz
w? = 631
0.981(1 + w?7t?) =1
w?1? =0.01936

B 0.01936 ey
T= 31 - > msec
Similarly
f=1Hz
T = 0.0226 msec
5.6 msec < T < 0.0226 msec
Problem 3.5

A periodic signal is to be measured with a first order instrument
having a time constant of 3 sec. If the dynamic error of +5% can
be tolerated, find the highest frequency of input signal that can be
measured by the instrument.
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Solution
)’/k
de == T - 1
1
095 < ——
Vv1+ (wr)?
(wt)? < 0.108
w < 0.01095 rad/sec
Problem 3.6

An accelerometer that is second order in nature is to be selected
to measure sinusoidal signal of frequency below 100Hz. If the
dynamic error of +6% is allowed choose for damping ratio of 0.6.

Solution
d, =0.06, &=0.6

)’/k
094 < — < 1.06
1
1.06 > ” 7
{[1- )T + e
1
094 <

(- )T s )

w, = 730 rad/sec
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