EET 438b

Sequential Digital Control Systems and Data Acquisition
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ET 438B
LabVIEW Practice Programs

P2.3

Create a program the will take the average of three inputs and display a numerical
value. The program should also display the result on a meter. The figure below shows

the desired front panel.

2| Eile Edit

B)‘,”-.

Spring 2012 labview1.docx
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P2.4

Use the results of P2.3, and add start/stop controls to the averaging program. See the
figure below for the desired front panel layout.

File Edit Yiew Project  Operate Tools  wWindow Help

BE 3t Application Fort |~ ][ 85

The button labeled “OK” will start an averaging operation and cause the Running LED to
light. Depressing the “STOP” button ends the program. Use While loops to accomplish

the desired functionality.

Spring 2012

labview1.docx



ET 438B
LabVIEW Practice Programs
Boolean {/0O and Graphing

P2.8

Create a LabVIEW program that has the front panel shown below.

preveom

| B graph.viFront panel

This program should plot two cycles (4x radians) of a cosine wave using 720 data
points. Plot the cosine on an XY graph. The program will start and the Program
Running indicator will light when the “OK” button labeled start is pressed.

The plot should display when the program completes the last iteration and the Program
Done indicator should light. The iteration count indicator will show the current iteration
count. Insert a 50 mS delay in the loop generating the data points to be able to see the
counter change.

You will need to use a FOR loop and a WHILE loop with correct stopping conditions to
produce this program. The WHILE loop is ideal for delaying the program start until a
user presses the correct button. View the Graphing with LabVIEW online video to help
you get started.

Spring 2012 labview2.docx



ET 438b
Continuous and Digital Control
Non-ldeal OP AMP Operation

1)  A0-5V pulse is to be applied to a LM741 OP AMP operating as a comparator.
What is the maximum input frequency that the puise can have before the OP
AMP's slew rate will affect the pulse response?

2.) If the 0-5 V pulse input frequency will be no greater that 25 kHz, find the slew
rate specification that the OP AMP must have in this circuit.

Spring 2000 slew.wp5



4 Chap.6 Exercises

245

Successive approximation ADC:  An analog-to-digital converter that sequentially compares a series
of binary-weighted values with the anulog input to generate a digital code word that represents the

analog input voltage. (6.5)

Summing amplifier: A circuit with several inputs that produces an output voltage that is the inverted.
weighted sum of the input voltages. (6.3)

Voltage follower: A circuit with a very high input impedance. a very low output impedance, and an
output voltage that is equal t© the input voltage. (6.3)

Wheatstone bridge: A circuit used 10 meusure the value of an unknown resistor in which the un-

known resistor and three other Fesistors

& EXERCISES

are connected in a diamond configuration. (6.4)

Section 6.2

6.1 Determine the values of v~ — v, that will saturate an
op amp for each of the following condition sets:

(@) A =10 +V, =20V. -V = —0V
(b) A =107 +V, =20V ~V, = ~20V
©A=4x 10wV, =16V, =V, =—I8 Y%
@ A=2X10°% +V, = 18V. =V, =—16 \Y

6.2 Determine the value of va — 1y that will produce pos-
itive saturation of an op amp for each of the following con-
dition sets:

@ A =100 +V,=20V.A =01y =8V
() A=107. +V, =20V A =0.L.v = Y
@ A=4<100 +V, = 16V.A =008 1. =06V

@ A=2x%10° =V, =18V A =012 =3 v

6.3 For each of the following condition sets. determine
the CMMR and CMR required to limit the common-mode
error to a maximum of 29 of the output when v, = ov

(@) A = 10%. v, — 1y = 1.0 mV. maximom v, = 8 \Y
(b) A = 107, 15 — 1y = 0.8 uV. maximum v = SV

(c) A=41%X 10°, vy = 20 MV, maximum v, = 6V
(@) A=2x10%v—vy=5puV. maximum v, = 3V
(e) A =2 % 107, vty — vy = 80 V. maximum v, = 3V

Section 6.3

%;\‘\}34 6.4 (a) Revise the high-level indicator in Figure 6.4a so
that the ni lamp will be ox only when v, > 9 V.
(b) Revise the low-level indicator in Figure 6.4b so that
the Lo lamp will be ox only when vy, < I V.
{c) Revise the high-low-level indicator in Figure 6.4¢ so
that the Lo famp will be ox only when v, < IV oand the
lamp will be o~ only when vy, > 9V,

'-__\\”\ 6.8 Designa three-level indicator with three comparators
and three lamps. marked (1/4). (1/2). and (3/4). The (1/4)
indicator lamp will be o~ only when vy, = 2.5 V. The (1/2)

indicator lump will be ON only when v, > 5 V. The (3/4)
indicator lamp will be ox only when vy, > 7.5 V. When v,
is less than 2.5 V. all lamps are OFF. When v, is greater
than 7.5 V. all lamps are ON.
6.6 The following conditions give the input and output
voltages of an inverting amplifier. and one of its tW0 resis-
wrs. R, or Ry Determine the value of the unknown
12 sISIor.
() vy, = 6 Vit = —I3V.R = 10 kQ
(b} vy, = 12 V., = —12V.Ry = 30 kQ
Q) vy = 02Vt = —8V. Ry = 2kO
d) vy = 073 V.o = —12V. R = 1kQ
() vy, = 10 V.t = —2V. R, = 3k0
6.7 A primary element produces an output voltage that
ranges from 0 to 22 mV. Design an inverting amplifier that
produces an output voltage with a range of 0 to -4 V. Use
a 1-kQ resistor for Ry,
6.8 The following conditions give the input and output
voliages of a noninverting amplifier. and one of its two re-
sistors. Ry or Rin- Determine the value of the unknown re-
sistor.
(@) v = 6 V.vgq = 15V Ry = 10 k&
B v, = 1.2 Vovge = 12V R, = 30 kO
(€) vy = 0.2 Vo = 8V Ry = 2k0
(dy vy, = 075 Voo = 2V R = 1kO
6.9 Repeat Exercise 6.7. but change the output voltage
range 10 0 to 4V and use a noninverting amplifier.
6.10  Determine the output of a two-input sunuming am-
plifier for each of the following condition sets.
(a) v, =2V, =4V. R =5k R, = R, = 10k
My v, =2V.y, =4V R,=R,=R,= 10 kO
(© v, = -2V, = 6V.R =10 KO R, =8Kk(OLR, =
6 ki1
(dy v, = ~6V.y, =4 V.R = 16 k(L R, = 12K
R, = 3k

i
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a) A high-level indicator. When v, < 8 V, the HI lamp is OFF. As v, increases from g8Vt
8.00012 V, the HI lamp goes from OFF to oN. When v;, > 8.00012 V, the HI lamp is ON.

vo(V)
A

1.99988 V

0 + - - e Vin(V)

b) A low-level indicator. When v,, < 1.99988 V, the LO lamp is ON. As v;, increases from
1.99988 V to 2 V, the LO lamp goes from ON to OFF. When vy, > 2 V, the LO lamp is OFF.

High-level
indicator

Low-level
indicator

c) A high-low-level indicator combines the high-level and low-level indicators into a single circuit.
In this circuit, the HI and LO lamps operate the same as they do in (2) and (b) above.

# Figure 6.4 These voltage-level-indicator circuits use a voltage divider to produce reference
voltages of 2V and 8 V.

190




ET 438b
Continuous and Digital Control
Differential Gap Controller

Refer to the schematic diagram below for the following questions. This circuit implements

a differential gap temperature control using OP AMPs.
+15Vdc

T FAN

Rl ok R2

10
120 Vac

+15Vdc {60

1}
2N3904

-
QN

+{SVdc é RS —

SETPOINT
ADJUSY

R3=7? | sek  ~1SVde

O NS N
+{SVdc R4 l

1.) Calculate the setting of R2 so that a sensor, S1, input of 50 F will give a voltage of 5.0
Vat TP1.

2.) Determine the setting of R6 so that U3 has a 10 F deadband voltage scaled to be
compatible with the input at TP1. Assume that Vgz= 0.8V..

3.) Determine the voltage at TP2 so that the LTP of the comparator U3 will be 90 F.

4.) Calculate the value of R3 so that the voltage at TP2 is equal to the LTP value.

5.) Make a sketch of the input/output response of U3 and mark the input voltage values
where 65 F, 95 F and 120 F are located. Also identify the voltages of the upper and
lower trip points.

6.) Calculate the value of R7 so that the cooling fan relay will be activated when the
control circuit detects an over temperature. (hge = 200 for 2N3904) Use the 10 times
rule to assure that Q1 goes into saturation.

7.) For what range of temperatures will LED1 be on?

Spring 2016 gaphw.docx
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ET438B
Window Comparator Homework

For the comparator circuit shown below,
1) Determine the input/output curves for the outputs, V,, and V,,. Label the trip

voltages on the curves.

2.) Determine what logic function will give a high output only when the input voltage
V. is between the upper and lower trip values.

Vref2 =2 V
< - Vo2
’ U2
+

Spring 2000 window.wp5



& Chap. 6 Exercises
Usea —1V supply for v a 1-k () resistor for R,.
and compute the resistance of Ry that will resultin
an output voltage of | V when T = 0°C.

_ Complete the U,y column in the results table.
Determine the erminal-based linearity of the output
voltage. Vo

gvguﬁ‘

Section 6.5

630 Determine the time constant and the 99.3% acquisi-

tion time of a sample-and-hold cireuit it ¢ = 100 pF and

- = 1RO
\"T“@ 6.31 Determine the minih\um
information tfrom signal that has a maximum frequency
-£1200 Hz.
7 232 Determine the alias frequency that is produced

DN

sumpling rate to get all the

20 kHz.
13 The logic levels of the input to the 4-bit binary-
weighted DAC in Figure 4.32 are 3V fora logic 1and OV

when a 16-kHz signal is sampled at a rate of

; U’%

249

for a logic 0. The resistance values are R, = 2k} and

R =1k

(a) Determine Vpgu. Vasn. and Ves.

(b} Determine v for each of the following binary inputs:
0101 1011 1111 0111

6.34 Use the successive approximation technique out-

fined in Figure 6.36 to convert each of the following analog

voltages to 4-bit digital words. Use Vys = 20V

(a) 42V (b} 19.6V

(c) 9.23V (dy 14£71V

6.35 Determine the quantization error in volts and per-

centage of the full-scale range for each of the following

ADCs. The input voliage is 10 V at the center of the wp

step.

(a) Resolution

{b) Resolution

{c) Resolution

(d) Resolution

1 bits: error = =5 bit
8 bits: error = | bit
10 bits: error = =1 bit
12 bits: error = =+ bit
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4 Sec.65 Digital Signal Conditioning 233

bit
00 A AW
pighal | ,, GO |
input -

da |, w2 48T N A
ines

. 2R
D3 (bit 3) AAA

R =
Digital inputs = 5 voits for binary 1 Vy=— & [D3 sippedpred DO]
= 0 volts for binary 2 R 2 4 8
A R
; =71
Digital Digital Visg =~ 3 [8 DO]
input Vo input ° Ry
“Vysp =— -+ [ D3
0000 O 1000 FSR2 msp == 7 [D3]
0001 FS/16 1001 9FS/16
0010  FS/8 1010 5FS/8 Ves = 2Vuss
0011 3FS/16 1011 11FS/16
0100  FS/4 1100 3FS/4
0101 SFS/16 1101  13FS/16
0110 3FS/8 1110 7FS/8
{ 011t 7FS/16 1111 15FS/16

¢ Figure 6.32 A 4-bit binary-weighted D/A converter. Weighting is provided by
input resistors R, 2R, 4R, and 8R. Each digital input (D0-D3) has a value of Qor
5V, depending on the corresponding bit in the input code. The output is the weighted
sum of only those inputs that have a value of 5 V.

~RfV]

V s 6.50
MSB R (6.50)
VFS = 2 X VMSB (6.51)

| %

Viss = ;,SB (6.52)

Although simple to understand, there are many disadvantages to the binary-weighted
DAC. Each input resistor has a different resistance based upon the ratio of R-2R-4R-8R, and
so on. It is difficult to build IC resistors that can be accurately matched at ratios greater than
20:1. This limits binary-weighted DACs to 5 bits or less. Precision resistors or 10-turn po-
tentiometers could be used, but that would be expensive. In addition, each binary bit position
is represented by a different Thévenin equivalent resistance, and the devices that provide the
inputs to the DAC will see different loads.
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b 34

Analog
input
signal DAC -

Comparator

+

output
signal

. Successive
Digital approximation
clock register (SAR)

Digital {—-————1

a) Schematic
Conversion

step 12

Clock { q
output “ U U U U U U U U U
Bit3; 1 0 O
1 1
1

] 0,0-0,1 1t 1 Ly 1 - 1;
Digital | Bit 2! 0 tpt-1lo t 0 0,0- 0f
output Bul,o 0 1;1 1:0 0t 1l1- 1
it0l 0 0 0 1;0-0,0 0 0 1ij- 1}
r Conversion : Hold |  Conversion ; Hold "
( Ves ! #1 {o# #2 io#2
| H {
i { /1 B |
\
: Analog ; / : [—r_-! \ |
i input ,/ 1 : \\ {
1
Analog i I \\ }
signals \0.4 Vi ! - | : |
} L Lot
i { ! | i
| DAC 1 { | |
0 1 output ; { { {
\ f i ] {

b) Timing diagram

¢ Figure 6.36 A 4-bit successive approximation A/D converter. A conversion

takes place in four steps, each initiated by a negative clock pulse. The four steps for

conversion | are as follows:

L. The SAR outputs digital word 1000, producing a DAC output of Vis/2 V. This is
higher than the analog input, so bit 3 is reset to 0 and latched for the duration of
the conversion.

. The SAR outputs word 0100, producing a DAC output of Veg/4 V. This is lower
than the analog input, so bit 2 is set to 1 and latched for the duration.

3. The SAR outputs word 0110, producing a DAC output of 3Vg/8 V. This is lower

than the analog input, so bit | is set to | and latched for the duration.

4. The SAR outputs digital word 0111, produciag a DAC output of 7Vgg/16 V. This

is higher than the analog input, so bit 0 is reset to 0 and latched for the duration.

The final digital output is 0110.

[E+]




Hw¥

ET 438b
Continuous and Digital Control

1) Acarrier signal of V(t) = 2sin(2m(2500)t) is used to AM modulate the following
information signals:
a.) V,(t) = sin(2rm100t) + sin(2r175t)
b.) V,(t) = sin(377t) + sin(754t)

Find the frequency components of V (t)- V,(t) and V() - V,(t) in Hertz. Sketch
two plots of the frequency components that show the magnitude and the
frequencies found in the AM signals of each of the above products.

2) For the information signals in problem 1, determine the minimum sampling
frequency that can be used to convert these analog signal into discrete values.

Spring 2000 amhw.wp5
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ET 438b
Spectrum Analysis of Undersampling

A 200 Hz sinusoidal signal is sampled at a rate of 150 samples/second.

a.) Sketch the frequency spectrum of the signals generated by this sampling
process.

b.) Show the range of frequencies that can be reconstructed without aliasing on the
sketch.

c.) What signal, if any, will be reconstructed from this sampling

Spring 2001 specan.wp5
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ET 438b
Continuous And Digital Control
Commercial DAC Design

The DAC0800 DAC connection shown has the following values

e
MSE LSE
o LT
Qre? = s
14 4 — \/O
DACOS00 LD
"N 15 n

V. =5Vde R =10kQ
R, =5kQ

1))

Determine the output voltage when the digital input has the following values:

a) 11111111,
b) 10000000,
c) 00000001,

Convert the binary values of parts 1a, 1b, and 1c¢ into decimal.

Calculate the percent resolution of the DAC. What is the value of the LSB?
Determine the value of R, such that the output voltage will be 12 Vdc when the .
digital input is 11111111,

The DAC output is to be used to control a voltage control oscillator (VCO) that
has a sensitivity of .5 Hz/mV. What is the smallest change in frequency that
the DAC digital input can produce in the VCO frequency output.

Spring 2000 dachw2.wp5
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Binary-Weighted Resistor DAC

20 pts

For the DAC shown at the left O *...

the values of resistors are: NI R
e LA

R1 =20 kQ2 .o usalH
R, = 10 kQ Y NNy "y
R, = 5.0 kQ WOM
R,=2.5kQ .

A e R
The value for V,,is 0.5 Vdc. ____..o“rf"“‘—‘v\’\”—

For a digital input of:

D1 =1
D2 =1
D3 =1
D4 =1

1) Find the value of R. that gives an ouput voltage of -10 Vdc.

2) What is the voltage value of the DAC output with only the least significant bit in
the logic 1 position.

3.) calculate the resolution of the DAC above

Rev. Spring 2000 dac_hw1.wp5
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A/D Homework

Refer to the attached diagram of a counter-type A/D converter for the following
questions. The latch and counter control logic tables are:

Counter
RST | Output
H count

L 0

Latch Control

ENB

T |0

— | T 1O

>
O
=]

The DAC is a DACO0800.

1.)  What logic level must the enable lead take for the converter to function
(H, L)

2.) The LED lights when the A/D converter is making the conversion (Yes, No)

3.) Compute the reference current for the DAC

4.) If the value of V, = 3.594 Vdc, how many clock cycles are required to make the
conversion. ( Hint: compute the voltage value of the LSB of the DAC) SHOW
ALL CALCULATIONS.

Rev. Spring 2000 bonus3.wp5
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o
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| v
H 1 1
f ~ S
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| COUNTER RST ; h
1 ‘
CNABLE RESET

Figure 1. Analog-to-digital Converter.

Rev. Spring 2000 bonus3.wp5



W

ET 438b
Continuous and Digital Control
Digital Input/Output Homework

The figure below shows a digital input port for a data acquisition system. The port
and the inverters connected to the port are TTL compatible devices. With the
following parameters.

Max sinking current = 16 mA
Max source current = 200 pA
Logic low Level = 0.8 V

1.) Determine the minimum value of the resistors R in the interface.
2.) Find the decimal values that will be read by the port when the interface
switches are in the following states
SO S1 S2 S3 S4
a closed | open closed | closed | closed
b closed | closed | closed | open open
c open open closed | closed | closed
d open closed | open | closed | open
e closed | closed | open open open

INPUT |
pORT D0 o<t

o

f_/j
uJ A
[ YRVS
ny
IH—J/

D4 o\<>1

Spring 2000 diohw1.wp5



For the circuits shown below indicate whether the current through the load is

being sourced or sunk by the active devices.

O
L~

-3))
+V
?
Re
I
Ry |
a
Fig. 1
O
!
S K
=
¢
7 =
—~
| .

Fig. 3

Spring 2000

ny
Q
RC
O AN
!
Y
N
Fig. 2 N
—>
N
J'_“—_—“_]
|
>
()> R>
~7 Z

Fig. 4

diohw1.wp5
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4.) The speed of a permanent magnet dc motor will be controlled by a dc control
regulator that has an input range of 0 - 15 Vdc. The regulator has linear output
of 0 - 50 Vdc over range of input voltage. The motor has a linear speed
characteristic with respect to terminal voltage over the desired range of
operation. The gain constant for the motor is 40 rpm/V. This motors speed is to
be controlled by a data acquisition system with an 8-bit digital output word from
the system through a DAC0800 DAC chip. A 5kQ resistance is used in the OP
AMP circuit connected to the DAC.

a.) determine the values of reference current resistance for the DAC circuit
so that a range of 0-15 Vdc is achieved for the span of digital output.
The reference voltage is 5 Vdc.

b.) find the binary input values that will produce motor speeds of 600 rpm,
1200 rpm, 1600 rpm.

c.) determine the maximum speed error that can be expected due the
quantitization.

Spring 2000 diohw1.wp5



ET 438b
Continuous and Digital Control

1)) Determine the mask value and the logic function to get the desired input.

input Desired Input
a) 10110111 00110111
b.) 11100011 11100000
c.) 10101010 01010101

2) Determine the mask value and the logic function to get the desired output

Output Desired Output
a.) 10111 10010
b.) 11100 00011
c.) 10101 01010
d.) 00101 00000

Spring 2000 mask.wp5
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176 4 Chap.5

Measuring Instrument Characteristics

Resolution: A single step of output in a measuring instrument whose output changes in discrete steps.

(5.3)

Resonant frequency (designated by wg):

order component. (5.5)

The break-point frequency of an underdamped second-

Response time:  The time required for the output to reach a designated percentage of the total change,

after a step change in input. (3.5)

Rise time: The time 1equ1red for the output to go from a small percentage of change to a large per-
centage of change, after a step change in input. Unless otherwise specified, the change is from 10%

1o 90%. (5.5)
Sensitivity:
in output. (5.3)
Settling time:

The ratio of the change in output divided by the change in input that caused the change

The time it takes for the response of an underdamped component to remain within a

small band above and below the 100% change line. (5.5)
Span: The size of the range. equal to the upper range limit minus the lower range fimit. (3.3)

Systemic error:
Thermal sensitivity shift:

Another name for bias. (5.4)
A change in the sensitivity of a measuring instrument caused by a

specified change in the ambient temperature. (5.3)

Thermal zero shift:

A change in the zero output of a measuring instrument caused by a specified

change in the ambient temperature. (5.3)

Time constant (designated by r):

The time required for the output of a component to reach 63.2% of

the total change after a step change in input. (3.5}

¢ EXERCISES

Section 5.1

1.1 Compute the mean and standard deviation of the fol-

lowing sets of measurements:

(a) 76°C. 77°C, 75°C, 76°C, 75°C

(b) 2.3 gpm. 2.5 gpm, 2.5 gpm, 2.3 gpm. 2.4 gpm

(¢) 7.4 1pm. 7.3 Ipm, 7.5 lpm, 7.6 Ipm. 7.4 Ipm

(d) 410 KkPa, 411 kPa, 413 kPa, 412 kPa. 413 kPa.
413 kPa

(e) 32.6 psi. 32.5 psi,
32.8 psi .

(f) 426 m. 4.25m, 426 m, 425 m, 423 m, 424 m

32.8 psi, 32.6 psi. 329 psi,

Section 5.2

5.2 A pressure sensor is tested for repeatability by in-
creasing the input pressure from 0 to 15 psi 10 times and
recording the output reading each time the input reaches
15 psi. The output readings are as follows:
15.45, 15.53. 15.61, 1542, 15.55
153.47. 15.51. 15.59, 15.46, 15.60
(a) Calculate the mean and standard deviation of the 10
readings.
{b) Use three standard deviations to estimate the range of
readings you would expect in a very large number of
test runs.

5.3 Repeat Exercise 5.2 for the following output read-

ings:
14.64, 14.72. 14.69, 14.62, 14.61
14.67, 14.71. 14.78, 14.75, 14.80
Section 5.3

5.4 Determine the span of each of the following measur-
ing transmitters:

Type Upper Range Limit Lower Range Limit

(a) Temperature 150°F -50°F
(b) Pressure 100 psi 0 psi
(c) Level 4 ft 2 ft
(d) Flow rate 15 gpm 5 gpm
(e) Force 210 1bf 200 Ibf
(f)y Temperature 250°C 50°C
(g) Pressure 200 kPa 0 kPa
(h) Level 1.5 m 1.0 m
(i) Flow rate 12 lpm 8 Ipm
(j) Force 10 N § N

5.5 A potentiometer has 800 turns of wire, a lower rangeé
llmlt of 0 V. and an upper range limit of 20 V. Determine

[ BT T
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¢ Chap. b Exercises

the span in volts. the average resc‘»lmion as a percentage of
the span and the average resolution in volts,

56 A pressure gage with o range from 3 1o 15 psi was
ested for dead band. When the input pressure wis in-
creased from 9.00 10 9.03 psi. the output remained station-
ary at 9.10 psi. When the input was inkcreu.\ed from 9.00 to
9,06 psi. the output changed from 9.10 w0 9.1 psic Express
the dead band in pounds per squure inch. as a percentuge

of the lower input value. and as u percentage of the span.

57 A potentiomerer iv used 10 meusure the position of

a shaft. The input range of shaft position is from - 1607
to +160°. The corresponding output range is from ~20 1o

420 V. What is the span of this position sensor? What is

jts sensitivity in volis per degree?
58 The following results were obtained from the cali-

pration of a force transducer:

Input Foree (N} Output Voltage (V)

8] (.06
2 (163
4 1.2G
[ 1.77
235
0N 294
12 353
14 417
16 480
18 343
20 6.06

Determine the sensitivity of the foree wansducer in volts
per newton at 20 and 30% of full scale. Hint: Divide the
change in output voltage between 2 and 6 N by the change
1Ny 1o determine the sensitivity at

in force (ie.. 6 — 1 =

20%.

59 At 70°F an input of 0 psi to a pressure ransmiteer

produces an output of 4 mA. and an input of 100 psi pro-

duces an output of 20 mA. The ransmitter has a thermal

zero shifi of 0.02 ma/“F and a thermal sensitivity shift of

0.0004 (mA/psiy/~F. Determine the following:

(a) The sensitivity of the transmitter at T0°F.

(b} The sensitivity of the transmitter at 20°F and 120°F

{e) The O-psi output of the ransmitter at 20°F and
1207F.

(d) The 100-psi output of the transmitter at 20°F and
120°F

510 A temperature transmitter has an input range of 0

to 100°C. an output range of 4 to 20 mA. and an accuracy

of =0.56 . The ideal transmitter has a linear output from

177

1 mA at 0°C 10 20 mA at 100°C. If the output of the trans-
mitter is 13.6 mA. what are the ideal. minimum. and max-
imum possible temperatures?

5.11 A pressure transmitter has an input range of
100 kPa to 150 kPa. an output range of 4 to 20 mA, and an
aceuracy of = 1%, The ideal transmitier has a linear output
from 4 mA at 100 kPa o 20 mA at 130 kPa. If the output
is 15.2 mA. what are the ideal. minimum. and maximum

possible pressures?
Section 5.4

512  The accuracy of the position sensor in Exercise 5.7
is =16 of span. If the output is +8 V. what is the ideal po-
sition? What are the minimum and maximum possible po-
sitions?

313 The measurements in Exercise 5.1 were obtained in
tests for repeatability. Each measurement was obtained by
traversing the sensor from the lower range limit to the ideal
measurement and recording the equilibrium measurement
of the sensor. Determine the bias and repeatability of each
sensor in terms of the measured vartable and as a percent-
age of span.

Runge Limit Ideal

Upper Lower Measurement
{ay 100°C 0°C 75°C
thy 10 gpm 0 apm 2.7 gpm
tc) 20 lpm 0 Ipm 7.8 lpm
(dy 300 kPa 100 kPa 1i6 kPa
te} 40 psi 30 psi 32 psi
if1 5.0m 40 m 42 m

314 Determine the following from the test of the pres-

sure sensor in Exercise 3.2

(a) The bias or sysiemic error in pounds per square inch
and in percentage of span.

{h) The repeatbility in pounds per square inch and in per-
centage of span.

5.15 Repeat Exercise 5.1 for the pressure sensor st in

Exercise 5.3.

3.16  Explain the difference between repeatability and re-

producibility.

5.17 Determine the measured

censor in Exercise 3.2, Express the maximum positive and

negative errors in pounds per square inch and in percent-

accuracy of the pressure

age of span.
5,18 Determine the measured accuracy of the pressure
sensor in Exercise 3.3, Express the maximum positive and
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negative errors in pounds per square inch and in percent-
age of span.

519 The following data are the average upscale and
downscale values from a calibration report. Both the input
and the output are expressed in terms of percentage of
span. Plot the calibration curve and determine the com-
bined hysteresis and dead band.

Upscale Downscale

Input Output Output

0 . 90.2
10 . 84.8
20 . 780
30 . 70.0
40 . 61.3
50 . 52.2
60 . : 43.1
70 . 339
80 . 240
90 . 14.0

100 . 2.5

520 Draw the calibration curve for the force transducer
in Exercise 5.8. Then draw the straight lines for indepen-
dent linearity, terminal-based linearity, and zero-based lin-
earity. Determine the maximum error for each straight
line.

521 The following data are the averages of the upscale
and downscale readings from four calibration reports. For
each report. draw the calibration curve and then draw the
straight lines for independent linearity, terminal-based lin-
earity, and zero-based linearity. Determine the maximum
error for each straight line.

Average Ouiput
(b) (©)

4.0 30
15.7 10.5
26.7 18.2
37.1 27.7.
46.9 382
56.0 50.2
64.5 61.9
2.3 724
79.5 81.7
86.0 89.5
92.0 97.0

Measuring Instrument Characteristics

Section 5.5

5.22 Explain the difference between static characteristics
and dynamic characteristics.

523 The following data were obtained from four tem-
perature probes that were plunged from a liquid bath main-
tained at 50°C into a second bath maintained at 100°C. For
each probe, plot the response curve and determine the 95%
response time, the time constant, and the 10 to 90% rise
time.

Temperature (°C)

Time (s) (a) (b) (c) (d)

50.0
59.1
66.3
72.6
715
81.6
84.9
81.7
89.9
91.7
93.2
94.5
95.5
96.3
97.0
97.3
938.0
93.3
98.6
98.9
99.1

50.0
62.7
2.2
79.3
84.6
88.5
914
93.6
952
96.5
974
93.0
938.5
93.9
99.2
99.4
99.6
99.7
99.8
9.8
99.9

50.0
60.6
68.9
75.5
80.7
84.8
83.0
90.6
92.6
94.1
954
96.4
97.1
97.7
98.2
98.6
938.9
99.1
99.3
99.5
99.6

0 50.0
10 66.0
20 76.8
30 842
40 89.3
50 92.7
60 95.0
70 96.6
80 91.7
90 98.4

100 98.9
110 99.3
120 99.5
130 99.7
140 99.3
150 99.8
160 99.9
170 99.9
180 100.0
190 100.0
200 100.0

524 The following data were obtained from a step ré-
sponse test of an underdamped component. Plot the re-
sponse curve and determine the 10 to 90% rise time, the
overshoot, and the 2% settling time.

Time (s} Output (%)

0 0.0
5 36.5
10 74.5
10C.0

15 110.0
120.0

110.0

100.0

96.0
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ET438B
Differential Amplifier Homework

In the circuit shown below, R2 is a thermistor. The calibration curve for this device is

also shown below. Determine the error voltage that is produced by ignoring the

loading effects of the differential amplifier on the sensor circuit when the measured
temperature is 60 degrees C.

Resistance (chms)

Spring 2000

100

10

+10 Vdc
R1=2.5kK
» 2ok
sek [T
() o
AN +
8.2k |
ook

Temperature Sensor Calibration Curve

20 40 60 80 100

T
Temperature (degrees C)

120

140

differ.wp5
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Differential Amplifier Application

For the circuit below has the following values

R, =0.12 Q R1 = R2 = 100 kQ R3 = R4 = 470 kQ
R5 = 10 kQ R6 = 82 kQ
V, = -7.875 Vdc

The circuit is designed to sense the load current of the dc motor/generator M by

0+24 Vdc

RE

R1

M -
I

measuring the voltage drop across the shunt resistor R.. Find the magnitude and
direction of the current supplied to motor/generator.

Spring 2000 diffsen.wp5
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Determine the equ ition of the zero-based linearity line
and express the nonlinearity as a percentage of the ourput

span.

@ The unbalanced bridge in Figure 6.17 is used w
condition the output of the strain-gage load cell deseribed
in Exercise 6.21, The parumeters in Figure 6.17 huve the
following values:

149 10 150

R, = load cell resistance (range =
Ry= 1500 Ry = R.=2kQ Rey =
=1V R/R, = 1000

Determine the values of Vi for the following input
force conditions. Fi,: — 100, —50. 0. 30. and 100 N.

Determine the equation of the zero-based linearity line
and express the nonlinearity of as a percentage of the out-
put span.
6.23 Design a single-stage. active. low-pass filter that
will provide an attenuation factor of 30 for a 200-Hz sig-
nal. Calculate the resistor size required if a 30-uF capaci-
tor is used in the RC circuit,
6.24 Design a two-stage. active. low-pass filter that will
provide an attenuation factor of 500 for a J00-Hz signal.
Caleulate the resistor size required if 0.1-uF capacitors are
used in the two RC circuits.
6.25  Design (a) a single-stage low-pass filter and (hy a
two-stage low-pass filier that will attenuate o 139.2-Hz
signal by an attenuation factor of 100, Use the program
BODE to generate frequency-response data and plot a
Bode magnitude dingram for each filter. Compare the two
Bode diagrams and comment.
6.26 Design a noth filter that will attenuate a 1539.2-Hz
signal by an attenuation factor of 20. Use the program
BODE und plot 2 Bode magnitude diagram for the notch
filter. Compare the notch filter Bode diagram with the two
low-pass filter diagrams from Exercise 6.25a.
6.27 Change the endpoints of the line segments in Figure
6.22 to minimize the maximum error. Construct a table
similar to Table 6.2 showing the error at the midpoints and
the endpoints of the line segments.

Rioap =k

& Figure 6.40
(Exercise 6.18).

A vonstunt current source

6.28 Construct a five-step piecewise-linear approxima-
lion of the function defined by the input/output tuble that
follows. Construct a graph similar o Figure 6.22 and a
wble similar to Table 6.2

Measuring Instrument Input; Qutput Table

tnput Output tnput Output Input Output
) 29 35 R 70 av.§
5 6.8 10 36.7 73 73.2
1 108 45 418 S0 §0.3
13 148 30 17.2 85 851
20 189 b 528 90 89.3
25 231 60 385 v 935
30 27.4 63 6.2 100 97.1
Nore: Al vatues are a percentuge of full-scale range.

6.29 A plantinum RTD has the following resistance ver-
sus temperature characteristic:

Temperature. TC Resistance. R, ()

0 100.0
23 109.5
S50 119N
75 {29.6

1on 139.3

An unbalanced Wheatstone bridge is to be used to convert
the RTD resistance into a voltage signal. The balance re-
sistance value Ryy = 119.8 (so the bridge output will be
0V at 30°C.

Your assignment is to design the unbalanced bridge cir-
cuit, an instrumentation amplifier. and @ summing ampli-
fier that will give a full-scale output from 1 to 3V as the
temperature goes from 0 o 100°C. As part of your design
assignment. you are o complete the following table of re-
«ults from various steps of the design process:
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6.11 A primary element produces an output voltage that
runges from 0 to 22 mV. Design a summing amplifier that
will produce an output voltage with a range of —1
—35 V. Use a 1-k( resistor tor Ry,

6.12  The summing amplitier in Figure 6.8a can be used
to implement the equation y = my + b (the slope-intercept
form of the equation of u straight line). Use a [0-K€) resis-
tor for R and determine the values of R, and R, to imple-
ment the following slope-intercept equation.

Ve X F v m = R/R, = 3420 =y,

"nm‘ -
my + b
-“nu( =

6.13  Given a 10-uF capacitor, compute the value of R,
for an integrator with the following defining equation:

I

= 1 -
- i Vin dr + Unul([l)

6.14 Determine v, (1) of the integrator in Example 6.6
for each of the following condition sets.

(), =5s.=Ts. Uy () =10V

ML =35 1=085 v, ) =10V

(o) =0s. =125 0, )=0V

(D, =0s.6=16s v, (1) =0V

ey, =0s.16=20s5v,,0un=0V

6.15 TFor each of the following condition sets. determine
the value of the external resistor. R,.. for an instrumentation
amplifier similar to Figure 6.12.
(a) gain = 100. R; = 1 k€.
(b) gain = 100. R, =

(¢) gain = 500. R, =

(d) gain = 200. R,

.= 1kO

Section 6.4

6.16 Design a current-to-voltage converter that converts
a 10-mA input into a 13-V output (refer o Figure 6.14a
and Example 6.9).

(a) Determine the value of resistor R (Figure 6.14a)

(b) Determine the value of V', necessary for the op amp to
be in the linear operating region with | V to spare.
6.17 Design a voltage-to-current converter that converts
a 6-V input into a 20-mA output {refer to Figure 6.14b and

Example 6.10).

(a) Determine the value of resistor R (Figure 6.14by}.

(b} Determine the value of Ry pap that will result in an
output voltage (v,) of 11V when v, = 6 V.

(¢) Determine the value of v, necessary for the op amp to
be in the linear operating region with 1V to spare if
Rioap has the value determined in step (b).

6.18 A constant current source is shown in Figure 6,40,

(a) Find the value of v,.

(h) Find the value of v,

(¢) Assume that v, — 20V and Vi, — 0.8 V. Determine
the maximum value of R oap for which i, will have
the value of step (a).

6.19  Design u current-to-current converter with an input
range of 0 to 0.2 mA and an output range of O to | mA
(i.e.. a gain of 3). Plun to use the following three resistors
in your design:

R, (see resistor R in Figure 6.14b)
R- (see resistor R in Figure 6.14u)
Rioap (see resistor Ry oy in Figure 6.14bj .

You may use the following assumptions in your design:

Vo = 1OV when i, 1 ma

Riosp = 2 kQ

i, can produce 12V at the v, input terminal
v, =I5V

Use iy = 0.2 mA and i, = L mA as your design condi-
tions when you determine the values of Ry vy va. and Ra.

6.20 FEind the value of the unknown resistor. R,. for each
of the following balanced Wheatstone bridge conditions
(see Figure 6.13).
(a) R. =

{(by R =

{(©) Ra

d) R =

o o
o T
)

7 7
D D
i~

The self-nulling current balance bridge in Figure
576 is used to condition the output of a strain-gage load

cell. The load cell has an input force range of £ 100N and
an output resistance range of =1 Q. An input of —100 N
produces an output of 149 Q. an input of O N produces an
output of 150 Q. and an input of + 100 N produces an out-
put of {51 Q0.

The strain gage element is designated R, in Figure 6.16.
The bridge is balanced when R, = 150 Q and Iy = 0 A
The other bridge parameters are

R. =50 Ry=1450 R.=R, =12k

3u

Determine the values of [y for the following input force
conditions. £, — 100, =30, 0. 30, and 100 N.
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3. The zero-based linearity fine extends in both directions from the point where iy = 0 mA and
R, = 120 Q. The line is positioned such that it is an equal distance from iy at each extremity.
We will use Ly for the y-coordinate of the zero-based line. The magnitude of L, at each ex-
tremity is determined by averaging the magnitude of iy at each extremity.

When R, = 140, Ly = (17.544 + 18.182)/2 = 17.863 mA
When R, = 100, Ly = —17.863 mA

The equation of the zero-based linearity line is determined by the following two points:

R, =1200 Ly = 0.0 mA
R, =140 O Ly = 17.863 mA

Zero-based linearity line Ly = 0.89315R, — 107.178
The values of Ly, Ly — iy, and the percentage of difference are in the last three columns of the

table below.

T (°C) R, (Q)) iy (mA) Ly (mA) Ly—in % Diff.
0 100 —-18.182 —17.863 0.319 0.89

25 110 -9.009 —8.931 0.078 0.22

50 120 0.000 0.000 0.000 0.00

75 130 8.850 8.931 0.081 0.23

100 140 17.544 17.863 0.319 0.89

out

_ Rf{a(l — a}e}vdc

Yo T Rl T F ae

a
¢ Figure 6.17 Unbalanced Wheatstone bridge and instrumentation amplifier cir-
cuit. The purpose of the circuit is to produce an output voltage that is proportional to
the difference between R, and Ryat-
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Resolver: A rotary transformer that produces an output signal that is a function of the rotor position.

(7.2)

Retroreflective scan method: A method of photoelectric detection in which the light source and the
receiver are mounted in the same sensing unit. A special retrorefiective target, mounted on the ob-
ject to be detected, reflects the light beam from the source back to the receiver. (7.2)
Sensing range: The distance from the sensing face of a proximity sensor within which a standard tar-

get will be detected. (7.2)

Specular scan method: A method of photoelectric detection that is used only when the object has a
mirror-like finish. The licht source and the receiver are mounted such that the light beam reflects
from the object into the receiver. (7.2)

Strain gage: A sensor that measures the displacement per unit length of an elastic member that is un-

der stress. (7.5)

Synchro: A rotary transducer that converts angular displacement into an ac voliage or vice versa. The
three types of synchro are the transmitter. the transformer. and the differential. (7.2)

Tachometer: An electric generator used to measure angular velocity. (7.3)

Unbonded strain gage: A sensor that is attached to an elastic member at two points to measure the
total displacement between the two attachment points. (7.5)

¢ EXERCISES

Position, Motion, and Force Sensors

Section 7.2

@ Determine the number of turns required to produce a
potentiometer with each of the following resolutions.

(a) 1% (b) 0.5% (c) 0.2%
(@) 0.1% (e) 0.01%

The potentiometer in Figure 7.4 has a resistance of
100,000 Q). Determine the loading error caused by the fol-
lowing values of R, and a.

{a) R, = 1000 Q:a = 0.25.0.5.0.
(b) R, = 10,000 Q:«a = 0.25.05.0.
() R, = 100.000 Q1:a =0.25.05.0.75

@ The synchro system in Figure 7.6 operates at a fre-
quency of 60 Hz. The maximum amplitude of the trans-
former rotor voltage is 6.2 V. Determine the ac error signal
produced by each of the following angular displacements.

(a) 6 =75°
(b) = 45°
(©) 6 = 150°
(@ 6= 110°

@ For the synchro system in Exercise 7.3. determine
the angular displacement that will produce each of the fol-
lowing ac error signals.

(a) 3.1sin 377t

(b) ~4.8sin 377

(©) 5.5sin 377t

(d) 2.7 sin(377r + 180°)

7.5 The synchro system in Figure 7.9 operates at a fre-
quency of 400 Hz. The maximum amplitude of the trans-
former rotor voltage is 22.5 V. Determine the ac error sig-
nal produced by each of the following pairs of angular
displacements.

(a) 8 =60°60,=—60°
(b) 6 = —30°6,= —20°
(¢) §=45°6,=20"

(d) 6 =—18°6,=—17"
7.6 Equations (7.5) and (7.6} define the stator voltages
(E, and E-) of a resolver in terms of the rotor voltages (E3
and Ej).

e}

E, = K{Escos 6 — E, sin ) (7.5)
E> = K(E cos 8 + Eysin6) (7.6)

Assume that K = | and show that Equations (7.5) and
(7.6) can be rearranged to define the rotor voltages in
terms of the stator voltages as follows:

Ey=E,cos® + E,sin 0
E,=E,cos8 — E sin8

Hint: Use the following equivalent forms of cos 8 and sin
6 during the manipulation of the equations.

X
—”";

cosf = = =
Vo + v
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Es
[

+
Resistance

element

Sliding contact

a) A linear displacement potentiometer .

Resistance s
element Stiding

contact

& Figure 73 Two types of potentiometric
displacemem SENnsOrs: (a) linear; (b) angular. in
both types, Eou is a measure of the position of

b) An angular displacement potentiometer the stiding contact.

& Figure 74 A loading eror is produced in
a potemiome,ter when a load cesistor is con-
nected between the sliding contact and the ref-
erence terminal.

tiometer and @ 18 the proportionate position of the sliding contact, then ak,, is the resistance
of the portion of the potentiometer between the sliding contact and the reference point. The
load resistor, R, 18 connected in parallel with resistance aR,. The equivalent resistance of this

paral\el combination is (R L)(aRp)/(R Lt aRp)-
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AC

voltage
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Synchro Systems

A synchro is a rotary transducer that converts angular displacement into an ac voltage, or an ac
voltage into an angular displacement. Three different types of synchros are used in angular dis-
placement transducers: control transmitter, control transformer, and control differential.

Synchros are used in groups of two or three to provide a means of measuring angular dis-
placement. For example, a control transmitter and a control transformer form a two-element sys-
tem that measures the angular displacement between two rotating shafts. The displacement mea-
surement is then used as an error signal to synchronize the two shafts. The term electronic gears
is sometimes used to describe this type of system because the two shafts are synchronized as if
they were connected by a gear drive. The addition of a control differential forms a three-element
system that provides adjustment of the angular relationship of the two shafts during operation.

A two-element synchro system is shown in Figure 7.6. The control transmitter is desig-
nated CX, and the control transformer is designated CT. Both the transmitter and the trans-
former have an H-shaped rotor with a single winding. Connections to the rotor winding are
made through slip rings on the shaft. The stators each have three coils spread 120° apart and
connected in a'Y configuration.

€out
cx Si
Ry .
€out 1
Ry
a)f@ =0°
€out

€out

#® Figure 7.6 A two-clement synchro system
measures the phase difference between two ro-
c) = 180° tating shafts.
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@ A de tachometer has the following specifications:

R =0.025m

B = 0.22 Wb/m*
N =120
L=025m

Determine K and construct a calibration curve for a ve-
locity range of 0 to 5000 rpm.

Determine the speed measured by each of the fol-
Gwing incremental optical encoders:

500

(a) Count = 102, timer interval = 4 ms, N =
pulses/revolution

(b) Count = 2800, timer interval = 10 ms, N = 1600
pulses/revolution

(¢) Count = 1800, timer interval = 8§ ms. N = 2000
pulses/revolution

(d) Count = 1200, timer interval = 10 ms, N = 1000
pulses/revolution

719 Determine the count produced by each of the fol-
lowing incremental optical encoders:

(a) Shaft speed = 1800 rpm, timer interval = 40 ms, N =
300 pulses/revolution

(b) Shaft speed = 3600 rpm, timer interval = 10 ms, N =
1800 pulses/revolution

{(¢) Shaft speed = 5000 rpm. timer interval = 16 ms. N =
2000 pulses/revolution

(d) Shaft speed = 4400 rpm, timer interval = 8 ms, N =
1200 pulses/revolution

Section 7.4

The accelerometer in Figure 7.18 has the following
specifications:

M =0.012kg
K = 320 N/m
X = =0.25cm

Determine the following:
(a) The maximum acceleration that can be measured.

(b) The resonant frequency. fo-

Position, Motion, and

Force Sensors

(¢) The damping constant, b, required to produce a damp-
ing ratio of 0.6.

(d) The maximum frequency for which Equation (7.18)
can be used with less than 0.5% error.

Section 7.5
721 The strain gage force transducer in Figure 7.19 has
the following specifications:

Cantilever Beam

Material: steel
E=2x 10" N/m’
Maximum allowable stress = 3.0 X 107 N/m?

h=125cm
h=025cm
L=6cm

Strain Gage
Gage factor = 2
Nominal resistance = 200 Q

Determine the maximum force that can be measured and
the change in resistance produced by the maximum force.
7.22 The pneumatic force transmitter in Figure 7.201s to
have an input of 0 to 50 1b force and an output signal range
of 3 to 13 psi. Determine the required effective area.

7.23 The strain gage force transducer in Figure 7.19 has
the following specifications:

Cantilever Beam

Material: beryllium
E=29x 10" N/m’
Maximum allowable stress = 10.0 X 10° N/m®

b=72l1lcm
h=04cm
L=12cm

Strain Gage 2

Gage factor = 2
Nominal resistance = 300 O

Determine the maximum force that can be measured and
the change in resistance produced by the maximum force.
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N N
—————1— Cantilever

N spring N

N N

N K N

N =5 N

N \

N M |~+—Mass N Displacement

§ E M caused by

N \ @ / N acceleration
N\

N N

N 2 \

N H Displacement N

N IN

N sensor Q .

SO SOOSSENANN

- Direction of
acceleration

a) At rest b) Accelerating up
& Figure 7.18 Linear accelerometer.
~ The accelerometer is a spring-mass-damping system similar to the control valve shown
in Figure 4.5 and the second-order process shown in Figure 14.9a. A second-order system is

characterized by its resonant frequency (fo) and its damping ratio (), as determined by the
following equations:

(7.16)

7.17

where f, = resonant frequency, Hz
{ = damping ratio
K -= spring constant, N/m (K = 1/Cp)
M = mass, kilogram

il

i

b = damping constant, N - s/m

Consider the situation in which the accelerometer frame in Figure 7.18b is accelerated
upward at a constant rate. The mass M will deflect the cantilever springs down until the
springs exert a force large enough to accelerate the mass at the same rate as the frame. When
this occurs, the spring force (Kx) is equal to the accelerating force (f = Ma).

Kx = Ma
or
M
= — 7.18
x=a (7.18)
where x = displacement of the mass, m

X
[

= mass, kg
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' Bellows:
Bimetallic thermostat:

activated switch. (8.1)

Blackbody:

tance of 1. (8.1

An ideal body used to model

317

A thin-walled cylinder with corrugated sides used to measure pressure. (8.3
Two strips of different metals bonded together to form a temperature-

the heat radiated from objects. A blackbody has an emit-

Bourdon element: A flatiened tube bent into an incomplete circle, spiral. or helix that is used to mea-

sure pressure. (8.3)
Differential pressure:
Differential pressure flow meter:

The difference between a measured pressure and a reference pressure. (8.3)
A flow meter that operates on the principle thar a restriction ina

flowing fluid produces a pressure drop that is proportional to the flow rate squared. (8.2)

Emittance:
blackbody. (8.1)
Filled thermal system:

The ratio of the radiant energy emitted from a body to the radiation emitted from an ideal

A temperature sensor that uses a bulb filled with a liquid. gas, vapor. or mer-

cury. Thermal expansion of the fluid in the bulb produces a motion that is a measure of the tem-

perature of the fluid (8.1)
Gage pressure:
Magnetic flow meter:

The difference between a measured pressure and atmospheric pressure. (8.3)
A flow meter that uses the voltage induced when a conductor moves in a mag-

netic field (the flowing fluid iS the conductor). (8.2)

Perfect vacuum: A pressure of zero. (8.3)
Radiation pyrometer: A lemperature sen

sor that measures the temperature of an object by sensing

the thermal radiation emanating from the object. (8.1)
RTD: Abbreviation of resistance temperature detector: a temperature sensor that uses the change in

resistance of a conductor due to a ch
Strouhal number:
Thermistor:
changes in temperature. (8.1
Thermocouple:

A constant used in th

A temperature sensor th

ange in temperature of the conductor. (8.1)
e flow rate equation of a vortex shedding flow meter. (8.2)
A temperature $ensor using a semiconductor that has a large change in resistance with

at uses the fact that two dissimilar wires connected at each

end generate a voltage that is a measure of the difference in temperature between the two ends.

(8.1 -
Turbine flow meter:
(8.2)
Vacuum:
Vortex shedding flow meter:

A flow meter that uses the rotation of a turbine blade to measure fluid flow rate.

A pressure that is less than atmospheric pressure. (8.3)
A flow meter that uses pulsations caused by an unstreamlined obstruc-

tion in the flow stream to measure flow rate. (8.2)

¢ EXERCISES

Section 8.1

8.1 Name the four types of fluids used in filled thermal
system temperature Sensors.

8.2 The following data were obtained in a calibration
test of a class 111 FTS temperature transmitter similar to
Figure 8.3:

Temperature (°C) 0 38 81 120 162 199

Qutput Signal (psi) 101 534 7.86 1014 1278 15.01

Construct a calibration graph by plotting the data points.
Draw a line through the endpoints and estimate the
terminal-based nonlinearity of the transmitter in degrees
celsius and percentage of full scale.

8.3 Check the equation developed in Example 8.1 at
75°C.

ol @ The resistance of nickel wire at 20°C is given by the

following equation:



R S S A
n.,.;\},}&..}l,z

i\zb) M

318 4 Chap.8

R = resistance at 20°C, {}
p = resistivity of nickel = 47.0

where

A = area of the wire, circular mil [circular mil =
(diameter in mils)?]
L = length of the wire, ft

A nickel resistance thermometer element is to have a re-
sistance of 100 £ at 20°C. Determine the length of wire re-
quired if the diameter of the wire is 0.004 in. (4 mils).

8.5 A two-wire direct method is used to measure the
resistance of a nickel RTD that has a sensitivity of
0.817 Q/°C. Determine the lead-wire error caused by
15 ft of each of the wire gages listed in Example 8.2.

(ft;\i Given the following data for the circuit in Figure

8.5b:

I, = 1 mA.

The sensor is a nickel RTD.

R, = 120.0 Q) when T = 0°C

R, = 201.7 Q when T = 100°C
(a) Determine v, when T = 0°C and when T = 100°C.
(b) Design an op-amp circuit similar to Figure 8.6 that will

convert v, into a 4- to 20-mA current signal as follows:

iy = 4mAwhen T = 0°C
oy = 20 mA when T = 100°C

8.7 An RTD is used to measure the temperature of air
flowing in a duct at 1.5 m/s. The dissipation constant for
this environment is 15 mW/°C. The air temperature is
60°C, and the RTD has a resistance of 120 Q at 60°C. De-
termine the self-heating error for each of the following
sensor currents: 1 mA, 10 mA, and 20 mA.

8.8 Plot the thermistor resistance values in Table 8.2
with R on the y-axis and T on the x-axis.

8.9 Determine the sensitivity (change in resistance per
degree Celsius) of the thermistor in Table 8.2 at —70, 0,
70, and 140°C. Express the resistance change as a per-
centage of the resistance at the designated temperature.
Use the average resistance change over the 20°C band
from —80 to —60°C to compute the sensitivity at —70°C,
the average change from —10 to +10°C to compute the
sensitivity at 0°C, etc. The average resistance change and
sensitivity at 7 = —70°C are computed as follows:

R(—80°C) — R(—60°C)
20°C

ARy, (~70°C)

T R(-70°C)

Ang (—.703C) = 5 Q/DC

Sensitivity (—70°C) = 100 X

Process Variable Sensors

8.10 Determine the self-heating error for a thermistor in
the voltage divider circuit shown in Figure 8.7. The ther-
mistor has a dissipation constant of 6 mW/°C and a resis-
tance of 3281 0 @ 20°C. The circuit conditions are

T = 20°C
R = 3500}
V=10V

iy = 0 (zero loading effect)

LUt

8.11 A thermistor with the resistance values given in
Table 8.2 is used in the voltage divider circuit in Figure
8.7. The output voltage, v, is easily obtained from the
voltage divider rule.

Y SR S v
Vour = LR de»
R+ thermistor

(a) Compute v, for7T=0,10,20,30, ..., 90, 100°C.
Use the following circuit conditions in your calcula-
tions:

=1400Q Vo=1V

Plot vy, versus 7.
(b) RepeatpartawithR = 6500, Vg =1V

e .
{-l\)’ 25.12 » A type J (iron~constantan) thermocouple is used to

check the temperature in an oven. The reference junction
was placed in an ice bath at 0°C, and the measuring junc-
tion was placed in the oven. The thermocouple output volt-
age was measured to be 28.3 mV.

Use the data in Table 8.4 and the following interpola-
tion formula to determine the oven temperature. Proceed as
follows. In Table 8.4. locate the two consecutive lines for
which the smaller voltage is less than 28.3 mV and the
larger voltage is greater than 28.3. We will use L to indicate
the lesser line, H to indicate the greater line, and A to indi-
cate the measurement. Thus V (L) = 27.39 mV, V(M) =
28.3 mV, and V(H) = 33.11 mV. Also, T{L) = 500°C, T{M)
= measured temperature, and T(H) = 600°C. Use the fol-
lowing interpolation formula to determine the measured
temperature, T{M):

V(M) = vw} .
viE) - VD) |

8.13 Repeat Exercise 8.12 for a type K thermoccuple
with an output voltage of 34.2 mV.

o = ) + (1) - 1) |

) &9 The EMF produced by a thermocouple may be ap-

proximated by the following equation:

E=E,+ aT+ a.,T*
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& Figure 8.5 Four signal conditioning methods used to convert resistance changes

into usable control signals.
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& Chap.8 Exercises

where E= thermocouple EMF at T°C.V
. Ey= thermocouple EMF at 0°C. V
T = temperatuze, °C

ay. ay = constants

Determine the values of Ey. . and a3 for the iron—
constantan thermocouple described in Table 8.5. Use the
EMF values at 0. 100. and 200°C to find Eq. a,. and a2
Check the accuracy of the equation at 60°C. (Hint: See
Example 8.1.)

8.15 Construct a graph of the temperature versus the out-
put signal for the iron—constantan thermocouple in Table
3.5, Determine the terminal-based nonlinearity of the graph
(i.e., the maximum difference between the actual curve and
a straight line connecting the two endpoints).

816 AnLM35 integrated circuit temperature sensor has
the following output voltage versus temperature values:

= —500mV at T = —50°C
Vo = OmV at T = 0°C
Vour = 300 mV at T = +30°C

u out

Design an op-amp circuit that will convert the output of
the LM33 into the following linear current signal:

© = 4mAat T = —30°C

Tow

© =20mAat T = +50°C

Lout

|

8.17 The signal conditioner in Figure 8.9 will be used ©
condition the output of a type J thermocouple. The desired
input/output conditions are an input temperature range of
0 to 200°C and an output current range of 4 10 20 mA.
Table 8.3 lists the thermocouple voltages and the outpul
current values for temperatures from O to 200°C in incre-
ments of 20°C. Determine the required values of the dif-
ferential amplifier cain. Gy, the offset voltage. . the
summing amplifier gain. Ga. and the voltage-to-current
converter resistor, R. Proceed as follows:

(a) Determine the value of G, that matches the solid-state
compensator o the type J thermocouple over the fem-
perature range of 0 10 40°C (the expected range of ref-
erence junction temperatures). The solid-state compen-
sator voltage., v has a slope of 10 mV/°C. Over the
range of O to 40°C.atypel thermocouple has a slope of
2.06 mV/40°C = 0.0515 mV/°C. Determine the value
of G, such that G, times the thermocouple slope is
equal to the compensator slope (i.e.. 0.0515G, = 10).
Determine the value of v, that matches the ratio v
(max)/vs (min) to the ratio fou (Max )i (MIN) (le..t0
20/4 = 3). In this computation, assume G, = 1 and

(b

—
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v, = 0 (i Trer = 0°C). Under these conditions, vz
(min) = Uy and v, (Max) = Gyure (200°C) + vo- The
required condition is

v, (min) vy -

(c) Assume Gy=1 and determine the value of R that pro-

duces the desired 4- t0 20-mA current output.

Compute the output current at temperatures of 0. 100.

and 200°C with Tyer = 0°C.

(e) Repeat step d with the reference junction at 20°C and
again at 40°C. Compare both sets of results with the
results in step & by computing the percentage of dif-

(d

pas

ference.
§.18 Repeat Exercise §.17 for a temperature range of O
to0 400°C and an output current range of 10to 50 mA. Use
Table $.4 for the mV output at 400°C.

3.19 Complete the following for the iron—constantan

thermocouple transmiteer described in Table 8.5:

(a) Determine the terminal-based linearity of the trans-
mitter output. )

(b) Design a five-step. piecewise linear function that will
linearize the transimitter ouput.

Section 8.2

820 Differential pressure flow motors are used as the
sensors in six liquid flow control systems. Pretend you
were assigned the task of constructing calibration graphs
for the six flow controllers. Your first step was to conduct
four calibration tests for each control system. In the first
rest. you set the controller at 25%. collecied the output
fow in a container of known volume. and measured the
time required to fill the container. You then repeated this
test at controller settings of 30%. 75%. and 100%. Your
test results are summarized in the following table.

Time in Minutes to Fill the
Container (volume = V gal)

Controller  Container at Each Controller Sefiing
Tag Volume
Number V(gal) 5% 506 75% 100%
(a) FIC 101 0.25 332 139 1.98 1.72
(by FIC 112 1.00 1.74 1.22 1.03 0.88
(c¢y FIC 116 0.25 1.84 1.29 1.04 0.91
d) FIC 119 5.00 1.49 106 084 0.74
(e) FIC 134 1.00 295 2.05 1.68 1.47
£y FIC 148 5.00 156 314 260 2.26

o oy S0 P T
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Given the ladder diagram attached, answer the following guestions.
Assume that all contacts start in the de-energized positions prior
to question 1.

Rev.

Push button switch PB2 is pressed. Which indicator lamp(s)
will light? (R, G, Y)

Will the indicator lamp(s) remained on after the PB2Z is
released? (yes, no)

What combinational logic function is created by the third rung
in the ladder? {( NOR NAND XOR)

After PB2 is pressed, PB4 is pressed. Which indicator lamp(s)

The relay contact B in ladder rung 2 is in the {open,
closed) state after PB2 and PB4 are depressed.

The relay contact A in ladder rung 1 is in the (open,
closed) state after PB2 and PB4 are depressed.

After PB2 and PB4 are depressed, The contact C in ladder rung
4 is in the (open, closed) state.

PB2 and PB4 have been depressed. Now both PBl and PB3 are
depressed. Will any indicator lamps remain on? {yves,
no)

Can the lamps in rungs 5 and 6 light simultaneously for any
combination of inputs? (yes, no)

Spring 2017 seghw38.wp5
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: ET 438B
Ladder Diagrams Homework

Attached are two typical control and wiring diagrams. Drawing 1 is the control
diagram for a power circuit breaker and Drawing 2 is a control and power wiring
diagram for a motor starting cn‘cwt Refer to these drawings to answer the followmg
questions. .

Refer to Drawing 1 for questions 1 to 13

1))

2)

3)
4.)

5.)

10.)

The voltage for the breaker tnp/close circuit is (include level and type of
current is ;

List the terminal block stud numbers that connect the voltage to the breaker

heater circuits.

List the terminal block stud numbers that connect the voltage to the breaker
tnp/close circuits.

How many 51 devices are there in the trip circuit of the breaker?

CS/T stands for what function in the diagram?
What are the ratings of the fuses in the breaker trip/close circuit?

At what temperature does the thermostat operate in the breaker control
circuits? .

What is the function of the 52X device?

What are the terminal numbers of the 52X relay coil?

~ According to the diagram, how many studs for external connections exist on the

breaker terminal block?

Rev Spring 2000 o s ladderwp5 .
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11.)

12.)

1‘3.)

What is the name of the 67G device?

What is the wire number on the wire that connects stud number 10 to terminal

2 on the breaker trip coil?

What value of resistance in series with the md;cator hghts on the control
dlagram'? '

Refer to DraWing 2 for the remaining questiohs. This is a motor starting‘ circuit

~that uses a reactor to limit the starting current to the motor while it is accelerating up
to speed. After a predetermine time interval, which should be long enough to allow
the motor to accelerate, the starting reactors are removed from the circuit by shorting
them out. The motor draws a large load current, so current transformers are used to

 couple the overload relay sensors to the main ac power. The control schematic is
labelled with wire numbers 1 to 10 to help designers and maintenance personnel
identify the circuit connections. : :

14.)

15.)

16.)

17.)

18.)

19.)

Accordmg to the drawing Iegend what is the function of the TR coil in the
control wiring schematic?

According to the drawung legend, what is the funct|on of the A coil in the control

wiring schematic?

Energizing the (A, M, 1CR) relay will directly connect the ac power to the
motor? ' :

If the overload devices in the ac power Schematic have detected an overload,
the OL contacts in the control wiring will be (open, closed)? '

For the TR relay to be energized by the start button the A relay must be
(energlzed de-energized)

The time closing contact connects voltage to the (1CR ZCR TR) relay
coil.

Rev Spring 2000 : ‘ ) . ladder.wp5



Hw 24

20)

21)

'22;)

23)

24.)

25.)

How will the ac power circuit be effected when the A relay is energized in
control schematic? :

To keep the motor runmng at normal operating speed, which of the following
relays must remain energized (A, M, both)’? '

Is the ladder control voltage circuit fused?

If there is no voltage connected to the ac power circuit will an operator be able

- to start the motor? Explain your answer

The overload contact in the control wiring is connected to the control voltage
transformer by wire number ?

For the motor to keep runnmg control relay (1CR ZCR) must remain
energized

Rev Spring 2000 : : : o ; ‘ ‘ ’ _ladder.wp5
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ET 438b
Ladder Logic from logic Symbols

Draw a ladder logic circuit that implements the logic functions shown. Label the inputs
and output of the ladder contacts and coils to match the logic symbols

™
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ET 438b
Logic Symbol Circuits from Ladder Logic

Draw the digital logic circuits that implement the ladder logic functions shown. Label
the inputs fromand output of schematic to match the ladder logic.
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Ladder Logic from logic Symbols

Draw a ladder logic circuits that implement the logic functions shown. Label the inputs
and output of the ladder contacts and coils to match the logic circuit.
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ET 438b
PLC Addressing

1)  The figure below represents an output status file. In the column at the far right,
list the address if there were output modules in the following slots on the PLC
chassis: 2, 5, 6.

1ST1A0121210110,2 1817 16 159 14 2111 10| Addr
(OO A B R U Rt B A A B A U B A B B R U RS
[ N N N RS RO A R U B N A N A T A
[ R A S U R R A N A U NI B A AV R RO O
O O I N R VT O A O A A A S O NV R O R R U

2)  The figure below represents a input status file fora PLC. In the column on the
far right enter the address if there were input modules in the following slots of the
PLC chassis: 1, 3,4,5

1914321 s 181716 |9 1413 ¢ J Al

[ N N N A R NV B D S A N A A VAR

{1 T N O T O A (O I A B E U IS R

! 1 O i SRRt 1 O 10 11 0 10 o 0

Ol o L b 0 0 0 i o 0 i o oo ,
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3.)The following memory map shows a bit file for a typical PLC. Determine the value of
the bit contained in the given addresses

stapztieinliole 18 17 61514 1312 (10
clo ottt o o jo e it e e
vl by to o b o qo o o o ot gl
S Rt N TRt S U Y A R U RUNNE R U RIS N
O 11 0 4 oo o b o 1o o000
(TERE! ool 0 41 1 ] 0o 1 ooyo ot
tolg lo i b b oo po pr o o bl gy
TR R P T FI N S A A SO B S RIS

a.) B3:156/12

b)  B3:156/9
c) B3:158/15
d)  B3:159/0
e) B3:160/2

f) Bit 14 element 157
g.) Bit 3 element 156

4)  The data type identifier for integer values in Allen-Bradley PLCs is

5.) For the circuit shown below, a sourcing 24 Vdc input module is used with a
sinking solid state sensor. The sensor must draw 2.7 mA to be in the on state.
The maximum off state current of the input card is 4.5 mA,

a.) Indicate the correct polarity for the dc supply.
b.) Size the resistor shown to keep the sensor energized even when contracts
are open.

it
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6.) In the figure shown below, the maximum off current of the ac input card is 2.5 mA
when energized by the rated value of 120 V ac. An ac solid state sensor is to be
connected to the ac input card and must pass 4.5 mA to be in the active state.

a.) find the equivalent resistance of the ac input point when the card is in the off

state.
b.) determine the resistance of a bleeder resistor that will keep the sensor

energized be will not activate the-input card.

Input
module
solid state
sensor ©}
€& =
O}
)
voltege T
supply o g
0]
D
T jcomman
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ET 438b
PLC Programming Homework

The circuit shown below is currently implemented using electromechanical relays.
Convert it to a PLC rung diagram that uses an Allen-Bradley instruction set. The fe]
and bit address are assigned as follows

PB1 =1:0/0 )
PB2 = 1:0/1 IPE
1FS = 1:0/2 START o
PB3 = 1:0/3 - ZPE —~
SOL = 0:0/0 1 O “»—-——_wi_i_ﬁg—-———-ﬂz{:y—
B3:0/0 = 3CR . | SToe ~
B3:0/1 = 5CR = ‘ =
If 120 Vac inputs and outputs 3R
are used sketch the external .
connections necessary to ol o
interface the field devices 3 0 O ‘ LK)
(used attached terminal ’;
diagrams)
ZHE
A o | m,*__é ;
RIT SeE
o A/l é ULy
- Al l i
SCF ICR il
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PLC Input and Output modules
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