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Abstract
This Thesis 1escribes the ' design ani
construction of a digital weight meter. The main of
1igital weight meter diviles working two systems. Theve
are Mechanics System and Electronics System that

Mechanics System has usel strain gage is sensor. Weight
is compressing on cxlinier therefore output voltage
singnal of strain gage is varity as weéeight compress on
cylinier. Electronics System compos;s of. Instrumentation
Anplifier, Didital Volt Meter . and Requlator which
voltage signal from strain gage has Qili go to.
Instrumentation Amplifier willgass to Digital Volt Meter
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.y ,l INTRODUCTION | ' o l i I,f,
l ' ' ! : o li.

The MPX Series of monolithic, on-chip compensated,

licon pressure sensors offer highly stable performance'

rer the temperature range of —40° to 125°C, provndlng
) ideal solution for users who chooss to achieve tem-
rature compensated performance without the cost and
rden of part- by-part temperature characterization.

fhe MPX2000 Senés of silicon pressure sensors are
nperature compensated, calibrated versions of the
.ndard MPX10, MPX50 MPX100 and MPX200 uncali-!
ated devices. Desngnatad MPX2010 thru MPX2200
)s@ sensors complement the standard line of pressure;
1ges of 10 kPa thru' 200 kPa. As with their companion'
vices, the MPXZ000 Series sensors are available as un-
rnted elements and as ported assemblies suitable for
)ssure, vacuum and differential pressure measure-
nts. Refer to MPX2010 thru MPX2200 Data Sheets for
ﬂenls'ional and port-configuration suffix information.

L ¥

VACUUM
PORT

PRESSURE
PORT

PX2000 Series calibrated, temperature compensated
0N pressure sensors are available as unported ele-

nts, vacuum ported, pressure ported, or.supplied with;

) ports for differential measuremens. |, ] Y
il

3_,Flguro 1.
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. il
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|

| comperisatllon over temperature. | I

| h

t

SILICONE SILEONE L
DIE COAT DIE l DIE'BOND,
\ oy

|
' 1
T T .
i ¢ - I' : i ; i
Figure 2 shows the cross section of the Motorola MPX
pressure sensor die in the chip carrler package. A silicone

\
| THERMOPLASTIC

1yt 1 l l]
CASE,

gel isolates the die surface and wire bonds from harsh -

environments, while allowing the pressure signal to be
transmitted to the silicon diaphragm.

- i
Figure 2. MPX Differential Pressure Sensor l

' Element Cross Section . i

! ' ' !
l

{

t
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ON CHIP CALIBRATION ‘ .
AND COMPENSATION ! ; ; i .
A P

Calibration and temperature compensation’ are

- achleved on-chip with two diftused thermistors and ten
thin-film resistors, all of which are deposited on, the pe-
riphery of the substrate. Five resistors and both’ thermis-
tors are laser trimmed to ensure compliance with the pub-
lished specifications. Resistors Rotfy and Roff2 In Figure
4 serva as a voltage divider to zero the offset voltage with
zero pressure applied. Thermistors RTCofﬂ and RTcoff2
are selected to stabilize the Initial value of offset over
temperature. Rg{ equals Rg2 to assure symmetry; these
values combined with Rp establish span calibration and

i
| b '
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ol | R
Monolithic pressure sensor chip, showing diaphragm,

ear s,iress strain gage, thir-ﬁlm resistor circuitry and
n out. I

A i
I Figure 3. Monolithic Pressure Sensor Chip
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*LASER TRIMMED ON-CHIP ;
5 y ‘ ol

i

!

!
Five laser-trimmed resistors and two thermistors calj-
ate the sensor for offset, span, and symmetry as well
provide temperaﬁure compensatiop. | |

i
¥

I
Figure 4. 'Ten;lperaturo Compensated | '
Pre'ssure Sensor Circuit { ol
t ! | ’
, | y |
L
i
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| PEF'!FORMANCE
[ CHARACTERISTICS
] : . f ‘ ‘
MPX2000 Series Preslsure Sensors Lre designed to pro-
je an output of 4 mV/V Excitation with full-scale pres-
re applied, or 40 mV at the recommended excitation of
 Vdc. Variations in span, linearity, offset and hysteresis
1t modify this output within the limits of the Operating
\aracteristics listed on the Data Sheet. The magnitude
these variations will be affected by the initial trimmed

4 d 6 i

values and the device performance over a specified tem- '

perature range. The circuit designer should have a fuil
understanding of MPX2000 performance characteristics
as weighed against his design requirements prior to se-

lecting an Interface circuit design approach. Shown in_ |

Figures b, 6 and 7, are the MPX2000 worst-case t urfor-

{
1
mance windows at 26°C, 0° to 85°C, and —40°jto 125°C |
respectively. ' 4tk ,r:‘i | ' . ~|
O I AR TR
8 | ' : |' vl .
i ' | i [ L | i
Ly , ' '
] 4258 mV
- MPX2050 ; I
ol Meaim /
€ i I
16
° 10 ‘ ' :
5 .
0 Wbl \
- 1 1 L 1 1 1 1 1 i
s0 10 20 30 40 60 60 70| 8 90 100% | !
! , PRESSURE INPUT {% FULL } Y]
| | soﬁe | TR

! ! ! i !
Flduro 8. Output versus Prossure Ditterential !

i+ Performance Window at 25°C
| i poglot ) 1 l
L } !’ il ] Heoovod
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g l V
3 30 .
£ ' ] 36,02 mv
20} It ¥
E 15 T ! !
310 ! [
5 P Vg = +10 Ve '
: | N
-5 1 7‘ ) L it
0 10 20 30 4 5 6 70 80 80 100%"
! ' .RESSUREINPUT(%FlfILl[.SCALEl [
t t i |

Figure 6. Output versus Pressure Differential '
Performahce Witlldow at 0°C to 85°C
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) f IMPROVED PERFORMANCE
Ty CHARACTERISTICS

Many design requirements specify initial values of off-
56t and span more precise than those values offered by
he MPX2000 series sensors. With the addition of simple
ircuitry to fine-tune the offset and span, worst-case per-
formance can be improved considerably and will comply

] 1
Circuits a) thru f) are compatible with ?he Performance
Characteristics Cun{/es shown in Figurog 5, 6 and 7.

L
L fy

Figure 11. Interface Circuits

i i o
"l ‘.>+5Vdc
3y 2 | I R

4t

with those limits exhibited in Figures 8, 9 and 10. ?
! ! ' . X
i 3
i : ! L
' | . i 'l l“ [N [ i
L3 l — :
aol-, l 40 + 008 mV ,
sl oMeasso T
gop  MPx2I00 ‘ |
MPX2200 "
E 5 - | .
ot of )
E 15_ I [ ! l ) i
o 101 ) [ I i | =
e 0 0.04mV ' Vs AN
' 0 Pt
-5 1 1 1 i 1 L ' 1 1
0 10 20 30 4 5 6 70 8 90 100%

PRESSURE INPUT {% FULL SCALE)
T '
Figure 8. Improved Performance Characteristics.
Output versus Pressure Differential Performance
Coy | Window at 25°C." |,

| 8
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|
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2 |- ‘ 38527V
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. | |
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Figure 9. Improved Performance Characteristics.
Output versus Pressure Differential Performance
Window at 0°C to 85°C. s,
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Figure 10. Improved Performance Characteristics.
Output versus Pressure Differential Performance
Window at —40°C to 125°C. ‘
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MPX2000 10k 200 pF [ ,

AN 4 —df == -1 |

: , W b | a

! A |H’

.i !1 —:—’VWr l TR
" T 170 Tl iy [ed s

a) Simple Pressure to Voltage Converter, :
Split Supply. I] | R I
Qutput referenced to ground. Eg = = 4 Vdc with full-

scale pressure (vacuum) applied. | . 5
*Use 200 pF where board Iayou‘t has not been optim-

. !

i
ized to reduce parasitic oscillations. i i }

" g ' i | -l | :"‘5 Vde ! I
I ' it
|

b ! |
: |

MPX2000

SR T

i

b) Differential Output.
Split Supply. || !
Output (+) referenced to Output (—). Eg = 0.0 Vdc
at zero pressure applied. +4 Vdc to r-4 ydc output
with full-?cale pressure (+) or vacuum () applied.

. ve |

i ‘ '
MPX2000 ! K]
s | ','
|
! !
3 2 !
( | e
fl
N | : . ]
N I | !
! 10k " 3
; T | A
¢} Single-ended Supply, TTL or CMOS Logic l
Compatible Comparator. || | j !;

Output switches low at 65% full-scale Input; switches
high at 45% Input. 1 M Hysteresis resistor may be
removed or|value changed according to user
raquirementsi bl ,,l. i Tems v ¢
[T A | |
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Circuits 8) thru f) are compatible with Performan:

Characteristic Curves shown in Figures 8, 9 and 10.

' ' l .' |
. f ' Wk . 1!}
; AN
I ! v i
+6V t—e . !
5 ] i ' {1 ] i
. 3.2 ’ | N i !
MPX2000 R I b (+) i
‘ ' - ‘ P
rll R i .
wq Rg! f' 4 } 5 i~
MRt l o
i F H ) [
! i 980(:1* [ i L Vee ! ‘l‘
| ; I I
T (=) |'
+ K i 1
JHIEaS ]
=S ] ‘ ! i
o i 100k ! | l
o L L AN |
X I I i t !” fll |,l ' ’:
a) Precision, Dual Op-Amp Pressure-to-Voltage ' *'[
Converter. P I ] ‘

d} Single-ended LSupply, Ground Refarencod Output.
Eo = 8 Vdc with 100% pressuré applied. Circuit is
‘ ratiometric. Output Is 8Q0% ch with 100% pressure
" applied. ! ’ [ rL
. . ,
RN
! i | “ '! Ili!"’i;gv i‘llln I
|
i il | S
. -.|‘ ": "u£ !' } i
1500 |
A .
3
62V

Set SPAN with Ry,
ential output is = 8 Vdc with full

p) Battery O ernted DVM Compatible Manometer,

Full-scale output equals 200 mV; use R1to scale con-
version umts, ﬁz to adjust Offset.

1
1,;
|

4

i
Twi !

‘0

1

|

B V, Single-ended Supply, Pedestal Reforenclod

Output. s )

Eo is +4 Vdc plus Pedestal Voltage with full-scale

pressure applied.

*Select for de'sired'pedestal;i (= 100k = 1 V)

MOTOROLA -+ i |

applied.

l‘
]

+5

10

|
Y
!

!

then set OFFSET with Rq. DIff

Dressure (vacuu

i
i
4 t
[

b} Precision Pressure-to-Voltage Convortor using Q

Op-Amp. '

§

DVM or uP compatible input. Set SPAN with Rg, ¢
OFFSET with Ry¢. Differential outputis = 8 Vdc v

full-scale pressure (vacuum) applied.




) ' 3 , e l
pFigure 12 (continued)
i [

i ‘ ,
, l

1
cl 200 kPa to 200 mV Converter. |
mV/kPa for mlcroprocesson" '}

input, or read directly from
3-1/2 Digit DVM. Set Rg for |
SPAN and th?‘nI Ry for OFFSET,

!
T

i

h!

y .
- !I. | !
! 1. ¢ ¢

| o1 ok é__ | ' ‘ 11 !
; . |OFFSET) ! |
| . 7 6] _ | —— e d i ‘ b
i ' ! 13“ | !
, i |
A ™ , —{3 j2 |y !
1k 14 N iy !
AN N > . - ‘ ! ! i ' ;
i o ! ; i 4o 4.
T ] ’ i
e o | ) Em o)y =), 4
d) Precision Portable Manometer. - 3., Conveft mm/Hg to ‘4’3, (1 kPa =.7.60062 mm/Hg).
Better than =.5% accuracy over normal’ ambient 4. Convert total span qkf’a. (193.90.5006; -; 26.%5
range using metal-film resistors and similar accuracy kPa) 3 ! ! ! i |
rated DVM. Use Rg + 10% Rg to set span and ac- 5. Determine XDCR output at full scale. (496 uV X
complish’'conversion rati?.; : l l 2665 K 13.218mV) |1 | ! [
EXAMPLE: Determine Rq Using an MPX2050P sensor 6. Amplifier Gain required is: “?9-9 mV/13.218 mV]
| to measu'reland d(i'splialy 0-,199.9 mm/ng. i . = 15.123 VN; , " N ‘ e
', Required écale,factor is 1 mm/Hg = 1 mV to DVM. 7. Ay = ,._B-ﬂl + 1 so,Av—f .2.9%—- = 14,161 kJ
2, (XDCRscale factor is 4 mV/V/50 kPa or 80 pVNIKPa. | Rg s o
| Excitation V is 6.2 V; so XDCR scale factor is 6.2 To select pra‘ctical values lot Rg = 13 k and (Rgl
: | x80=496;zV{kPa. : y Somed il R b
| | I ,l R | l | i dHE
o ol St

+10 : i 4 ! v

' P ! j I ? i ah ':’|
| 1! i | Pt g e ;i";l o

' | . W N H i a
' BEEEEE R i b i

| ‘ IR IR
: |
| i [ , l ' ! 1!
b i IR
[ oy ' b C |
I" ' l ! ii _'.!'1;)‘l|
; } ! :
|« . 1[ ' W£ , 3 | | 'nl!"‘f,'}
t { '
ook b 10k ' g e) Single Supply, Ground Referenced, Pressure-to- !
) | Voltage Converter. ' . o !
' Span and Offset controls are independent. !
' Eout |8 +8 Vdc with full scale pressure applied.
P ' hl.
T IR
' . .k ‘ »




»romoter — Displays ln kPa, |
rllbran’or'l l}'rocedurlcisI '

0 f i ,
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Vacuum Reference Procedure. B) Two-point Procedure with no Vacuum Reference.

1 '
With a full vacuum applied, adjust the OFFSET pot Record the displa'yed reading and local pressure. I
for 00.00 displayed. With vacuum removed, adjust With a change In'local pressure, record the new !
CAL for local barometric pressure. : local pressure and displayed reading. Adjust CAL
‘H 1 . in the proper direction so that the changs in dis- !l

‘ :
: played reading equals the change in|ocal pres- i
)

sure. Repeat as necessary. Now adjust OFFSET so

|
R Y ,”g..}-. |
| ‘ that thé displayed reading equal local pressure. 1‘“
ol ! i Conversion Factor: 100 kPa =* 29 f29 ln/H P ;
T %Y I : |
i i [ ' Iﬁ i:' I ; a |
|

"l
4
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ﬂ( ENT SELECTION | (T 1
!"'L{ensor performance will remain wrthm the limits ; \ 1
! u?ow& specified In this documont, care must be | } l Refer to Applications Note AN936, “Mounting Tech- .
fﬁsure that circuit performance will not degrade !:1,niques, Lead Forming, ahd Testing of N{otoro|la s MPX
I

nt output of the device. Select the operational Series Pressure Sensars.!’ I b h

Lead forming and mountmg techniques, if not properly

rr according to the temperature, Pft noise and

|
requirements of your des|gn goal. Select resis- applied, may contribute large offsets and further degra- |
rprqpna(e to the: temperature environment. Use dation of sensor performanca, especially over, tempera- f
Im resistors for extended temperature range op- | 'ture. Thoroughly understand the mechanicalj handling !
Use temperaturelcompensated reference diodes and mounting ground rules prior to flmahzrr}g the me-
' 1

opnately rated regulators where generation of the

on voltage is mtegral to the packaged assembly. |

ine thatlthe support, brrcuttry will meet the per-] | '

ce requirements of your dasign gver temperature [ | | |

wdent of lthe sensor. r'l il T . g l ) l i f -
| | || f l 3 } ' 1 |

! i, [ B . s ]
i f" Pt | \ . ]
p 1 | _ | ‘ !l l‘i
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| i il; |
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TEMPERATURE COMPENSATION, CALIBRATION

| D APPLICATIONS OF MOTOROLA’S X-ducer PRESSURE
;??j{ i | e SENSOR e .|

> g
5 z LN

! ‘ Prepared by ! & ‘
Harald Nagel ! '

|

NTRODUCTION | !
The Motorola pressure sensor elements are designed
tilizing the piezoresistive effect in silicon. A transverse
oltage strain gage is diffused on a thin silicon dia-
hragm. Applymg pressure to the diaphragm results in !
resistive change in the strain gage that ig proportional |
y the applied pressure. The strain gage is an integral "
art of the silicon diaphragm, hence there are no tem-*|
erature effects due to differences in thermal expansion
f the strain gage and the diaphragm. However, the out- "},
ut parameters of the strain gnge ituul(l' ur:.:u temporutur’uj!

skl 'y f it
y

2 : |
Thermoplastic Case

\ t l
Gel Die-Coat A\ 1

Leadframe

Aluminum Cap -

|
|
|
-

/
i J
BEY e Sond ./ | | Aluminum Base
. X-ducer Die ~

FIGURE 1 — Motorola X-ducer Pressure Sensor Package
|
|

'ONSTRUCTION OF THE PRESSURE ]
ENSOR ELEMENT |‘
Shown above is a cross- -sectional view of the pressure |
nsor chip that is hotised in a circular thermoplastic
ckage 0.6" in diameter and 0.2” thick. The mounting"
via on RTV die bond to an aluminum base of the pack-
7e with four gold wire bonds connecting the chip to the

ducer in # tradomurk of Motorola,

N R

! ! U
dependent, requnring that the devxce be temperature
compensated if used over an' extensive temperature
range. Simple resistor networks can be used for narrow
temperature ranges, i.e., 0°C to 80°C. For temperature
ranges from —40°C to +125°C, more extensive temper-
ature compensation networks are necessary for zero pres-

_sure offset and full scale span. This application note il-

lustrates proper temperature compensation and some
practical examples of apphcatxon of the Moborom pres- i
sure sonsor ulement ‘ | I
4 | | |
&
i 1 ‘
|

FIGURE 2 — Baslc Elomentol

f.‘ I w4 | i i
leadframe. The cavnty is filled with gel die-coat to protect
the chip from hazardous materials and the wire bonds |
from conducting liquids or gases. An aluminum cap hav-
ing a positive pressure port covers the package from the
top. The basic element and elements with barbed port
fittings for 1/8” hose connections are shown in Figure 2,

|
©MOTOROLA INC., 1984
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Qutput versus Pressure Differential
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3URE 3 — MPX100 Piezoresistive Pressure Sensor Element :

| |

| |
,

7 4 !

All Motorola silicor: pressure sensors are available in
solute,. differential and gage configurations and m
2gsure ranges from 0 to 1% PSI, 0 to 7va PSI, 0 to 15
I, and 0 to 30 PSL The same package sytle and con-|
-uction techmques are employed, for all pressure*
\ges, allowing the same board layout for each of the!

feront pressure ranges. Over pressure is usually spec- -

d as two times the rated pressure range.

Motorola's pressure sensor eloments have a typical full
le span output voltage of 60 mV @ 25°C, zero presure
set voltage of 20 mV @ 26°C and an excitation value |
3.0 Vdc. The full scalq span output voltage of an ele- ]
nt decreases with'i xncreasmg temperature and in-'
ases with decreasing {;emperature relative to the 25°C
in, Pressure sensor e:ements haye a typical temper- |
re coefficient of full scale span of, -0.1 9%/°C. The!

put voltage of the pressure sensor {element is ratio- |/
tric to the excntatlon voltage of thd element for any |

|
|
1
|

Vsupply

Rseries A

a
Vout VSupply

Vout % +
o Vout
jories Compensation & X-duces
A) o~
Series Comp I Vout
with Thermistor Es
(8)
Parallel Compensation
<0 s (c)
o=y

FIGURE 4 — Span Temperature Compensation

fixed pressure. lherelore, one can vary the excitation

voltage at full scale pressure to compensate for the in-:
crease or decrease in full scale output voltage. H

Throe mothods for span tomporature componsation uro
shown, the simplest being Figure 4A. A single resistor
in series with the pressure sensor element gives good
results over a limited temperature range (0°C to 80°C).
This compensation scheme yields a +0.6% full scalé ¢ span
compensated device. Selecting the proper resistance
value is relatively simple compared to techniques re-
quired for compensating bridge fype transducers. The
resistance value can be calculated as follows: :i [

Rg = RXx3577 | ?f | ‘:“j
where: ' iy 1 ‘ : i

Rg = series resistance required g " ‘

R = transducer resistance at 25°C ' ‘

pd

Z 1200
- 4
<. 1600
w
o “

1500 /1/ “

h |
1400 ;
1300 R
35 400 426 450 . 476 500 | 625 650 675

Bx(OHMS) | | {

FIGURE 5 — Serles Reslstance Compensation
; { | LE

IR
LR

i | ! i
Assuming a transducer resistance of 494 ohms @ 25°C,

- the ideal span compensationresistor would be 494 x 3.577

= 1767 ohms. Pressure transducers are specified with
minimum transducer resistance of 400 ohms and a max-
imum resistance of 550 ohms. Using Figure b, the series
compensation resistance is found at a glance. If a selec-
tion of resistor values is not readily available to ideally
match each transducer, then a value of resistance in the
middle of the range can be chosen to achieve the desired
accuracy. Note that in Figure 6 resistors below and above
the ideal resistance of the calculated value of 1767 ohms
are used. A *1% span compensation is achieved usmg
a rather large tolerance of series resnstance i

A properly selected thermistor and parallel fixed re-
sistor (Figure 4B) compensates the element from —40°C

to +125°C. The thermistor must have a negative tem-

perature coefficient. Application Note AN840 provides a
detailed description of the thermistor compensatlon
scheme.

The 0°C to 80°C range (Figure 4C) shows the compen-
sation resistor parallel to the element chosing the resis-
tance value outlined in Figure 4A. The temperature com-
pensation of full span is achieved by using a series
resistor with constant voltage excitation or a parallel
resistor with constant current excitation. For larger tem-
perature ranges, a thermistor-resistor pair is utilized. |
i |

i |
|

N

3

-



~0.81 0= 400 ;
' -10 Rx.ducet = 494 N1 @ 25°C + l

+ 121 A
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The zero pressure of['set‘and the temperature coeffi-
ent of offset are coqtrolled by the photolithography
anufacturing process of the pressure sensor element.
Offset voltages typically range botween 0 and 35 mil-
volts and the temperature ‘coefficlont of offset, has'a
pical value of £ 156 microvolt°C at an excitation voltage
3.0 Vde. TR T .
The simplest method of compensqtiné offset, the tem-

FIGURE 6 — Full Scale Span versus Temperature ! 'l
|

.rature coefficient of offset, and gain all at the same

me, is illustrated in Figure 9. T}'Ie typical full scqle
itput voltage of the pressure sensor element is 60 mV.
herefore, a gain stage is required to obtain a useful
atput signal. v -
The temperature and offset calibration circuit (Figure
) uses a dual operational amplifier such as an LM258.
he selection of the span compengation resistor (Rg) has
een previously discussed. Assuming Rg is approxi-
wately four timos the transducer rosistunce, the exci-
ation voltage at point V3 is equal to approximately
de, if the circuit operates from a 10 V power supply.
i |

' v

:E Rg l Rol‘k " ' :
W I

Vi b . “11
S+ J\! 200
4 % J ,l i

WA

v3
S-
V.
Ll »

' !

“ 1
? N
The output voltages on the S+ d.8 ~ pin of the trans-
ducer are set at approximatel de. . i g. H
The voltage divider consisting of R1 (8 k) and R2 (1 k)
gets the voltage at point V4 to y approximately 1.1'Vdc,
or slightly higher than the voltage at pin S+ and 5=7
Since the transducer has a positive temperature coef-
ficient of resistance, thé voltage V3 increases with tem-
porulury, s duss Lhe vollage st point V1. 'I'he Lrandducer
has its own temperatute coefficient oﬂ offset, i.e., =16
uVrC, Therefore, it is necessary to calculate the value
for R, such that the shift in V1 with t,er;nperature, can-

cels out the offdet shift. | ' il N
Wa can calculate R uding the following equation:
| | Wt Il ] o
(avi R1 x R2 bl
Plahdn o) ]
R'T [(A\(o?‘fw) RI{EZ | b
| LT ' ! I | I |
or " I N i : l K
I‘(A V1 )I' 1 R
R = x 10 K || — 888 ohm (2)
A T
| Co '
| A f
| i P
::’ l ] |' | 1 P
. il ] [~
09 | .| ]
2 08 L | i
E 0.7 l d /'/
g o:s ' — al
= 05 : Pt
& o /'/ 2 i
Pl | : , l
02 i i :
| 100 2600 || 3500 | 4500 500 | 6500 7500 B0 9500
, TT OFFSET RESISTOR (OHMS) ‘

[
FIGURE 8 — T Offset Resistance Values
| {Nominal Values)

where: & V1 = V1 at maximum desired temperature
minus V1 at room temperature.

or AVl = V1 (t max) = V1(t 25°C)

A VO = V0 at maximum desired temperature minus
VO at room temperature

or A V0 = VO (t max) - VO (¢ 25°C) | .
Figure 8 provides a graph for selection of the TQ re-
sistor, once the ratio between & VI to'A VO is known.
The second stage of the operational amplifier (QA2)
provides a gain of 50 (R5 divided by R4). The effect of
R is negligible on the ovemllI gain of OA] and QA2.
The output voltage VO is compensate for span and offset
over a given temperature range. For the circuit illus-

trated in Figure 7, this range 18 0°C to 80°C, assuming:
] ' i‘ “ ’
Rg = 1767 ohm use 18k ' |

A , P
Rx'= 494 ohm‘l T
i
AVl i
— | i' !
‘ i
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The calibration stage consistin'g of OA3 and OA‘L is
illustrated in Figure 9. ' N L
i {The variable gain amplifier, 0A{4, bums the pressyre
dependent signal (V0) with the variable offset voltage
created by the voltage divider R8, R9, and Roff. OAg acts

. as a buffer between the variab‘le ‘offset voltage and the

variable gain control RG. f ,

If OAg were not in the circuit, the offset adjustment
would interact with thef gain adjustment, making re-
peated calibration necessary. | !

The temperature and offset calibration (Figure 7) has

| an output voltage (V0) of 1.0 to 2.0 V, depending dpon

the transducer offset voltage at zero pressure differential,

~ and the value of Rg. The voltage Vb is adjusted {ia volt-

age divider R8, R9 and Rofy. In this example, YIS i8 the
average of VO and V5 between 1.0 and 3.0 Vde.'

For the circuits shown in Figures 7 &iid 9, the output
voltage is intended to be 2.0 V at zero pressure differ-
.ential across the transducer. i g'

' If Rofr is adjusted so that no current is flowing thrglugh

R@, V6 will equal Vgyt which equals V2 (or Vout 7 V2

= 0). The output voltage is 2.0 Vdc. Applying full Jcale

pressure sets R for the desired output voltage swing.
! .

| )
» O
i +10V
1 | . !!
'
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S0k ) Cort
O |
R Y
| [ II i )
! z‘ l i [ '
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| Ti0k
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Using a value‘ !of 6.0 k for R()l,l !provides a zero ;)realéure
voltage of 2.0 Vde and a maximum pressure voltage of
4.0 Vde. A 10'k resistance yields' a maximum: output
voltage of 6.0 Vde. Figure 10 illustrates a different volt-
age divider scheme for a zero pressure differential output
of 1.0 Vdc and 'a maximum swing of about 4.0 Vdc,

Obtaining zero pressure differential across pressure
sensor elements is automatic%{or gage and dilferential
transducers. An abs'olute pressure' gsensor element is
sealed with a reference vacuum. In order to obtain‘ zero
pressure offset, a vacyum of less than or equal to the
reference vacutim must be applied to the sensor element.
If this is not possible, the cqlibration: procedure can be
changed by first compensating for the temperature coef-
Niclont of upunT und then upplyingithe groutvsl vucuum
desirable. This level can be used for zero pressure offset.
Motorola’s abpﬁolute_pressure’ transducers have a refer-
ence vacuum of approximately 25 microns. For most ap-
plications, the:re.aultinlg calibration error is negligible.

| N | i ‘

CONVERSION OF, OUTPUT lVOLTAGE TO
FREQUENCY b |

Using the previously descriqu mlgthods, the pressure
gensor element is temperature,compensated over a de-
sired temperature range and the output versus pressure
relationship is transformed into a finite output voltage.

As schematically illustrated in Figures 7, 9 and 10, a
pressure dependent output voltage has been deveioped.
Depending on a specific application, this output voltage
can be cpnvex;ted to frequency or current. The output
voltage can be used to drive analog-to-digital converters
for digital signal proce'ssing_ as an ilnter,facei to micropro-
Ccessors. | f,, 4 : IR il
~' IREN= R R T
ll r ! )

f
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% " FIGURE 11 — MC4324 VC'M plrculti
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|
Voltage to frequency anveraion' can be achieved by
employing a Voltage Controlled Multivibrator (VCM
such as a MC4324. The operating frequency range of thi
multivibrator is controlled by the value of an externa
control capac.{tor (CX) connected between Pins 3 and 4
Only one-half of the dual VCM was used. | | I

A linear voltage to frequency relationship is achieve
by using a fixed capacitor of 680 pF for Cx (Figure 11)
An improvement in tuning rétio can be achieved by pro
viding a variable|tuning capacitor to facilitate ‘initia
alignment of the circuit. The pressure dependent butpu1
voltage from the ¢ircuits shown in Figures 7, 9 and 1(
can be used as the control voltage Ifor the MC4324 VCM
: 4 i ’ .
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The output circuit (Figures 9 or 10) can be adjusted in
such a way that the output voltage swing complements
the most linear voltage to frequency relationship. The
minimum output voltage or zero pressure differential
(Figure 12) should be about 3.7 V at 300 kHz, and the
maximum output voltage or maximum pressure should
be about 4.8 at 650 kHz. Therefore, the full scale pressure
across the transducer can be transformed in a better than

2:1 change in output frequency.
I
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FIGURE 13 — Voltage to Frequency MC1455/LM258
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An alternate appro ch Ito convertmg the pressure de-
pendent output voltage of the transducer to a frequency
is illustrated in Figure 13. The circuit consists of one half
of an LM258 operatxonal amplifier and an MC1455 used
as an astable ml.lltlvxbrator The LM268 operational am-
plifier is used as a voltage controlled current source. Fig-
ure 14 graphically illustrates the relationship between
control voltage and output current using different feed-
back resistors. The voltage current relationship remains
very linear, assummg that the four resistors are chosen
to be of equal value and much larger than the sensing
resistor (1.0 k). This circuit supplies an output current
up to the maximum output current available from the

operational amphﬁer The maximum voltage compliance
of the output is limited by the output swing of the op-
erational amplifier, minus the voltage drop actoss the
sensing resistor. L i ‘ : |

A detailed anlalysis‘of voltage controlled curtelnt
gources ig dlscussed in Apphcatlon Note AN587,

The capacitor e.1 p.F F)gure 13) is charged via
constant current"

source 'and discharged via Pin 7 of the
MC1455 timer. The 10 kQ remstor allows the capacitor
to charge only to one half of the aupply voltage, resultmg
in a very linear control voltage frequency conversion.
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FIGURE 16 — Voltage to Frequency
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| ' INTRODUCTION | K
high-performance, low-cost alternative to mechanj-
bellows and Bourdon tubes as the sensitive element
ressure switch designs now exists in the Motorola

( Series 'of solid-state 'pressure sansors. Available In | i
jes from 10 kPa to 200 kPa (=x1.5 psi to 30 psi) these

ors offer repeatablhty and precision not available
1 inexpensive mechanical devices. Linearity and hys- -
sis, are rated at better than 0.1% FS; repeatability Is’|
ar than +0.5% FS after 1.5 million cycles. Improved
ormance over extended temperature is attainable
minimum external circuitry. For complete individual |
ce performance specrfrcatlons, refer to MPX10,
(50, MPX100 and MP)'(ZOO data sheets. 7¢
T |
SENSOR CHARACTERISTICS !
16 MPX Series pressure sensor output is a millivolt-
, analog signal proportional to the pressure (or vag-
) input. These piezoresistive sensors, unllke conven-
1l Wheatstons bridge devices, utilize a smgle p- type

sed resistor strategically placed in an etched silicon |

hragm. A four-terminal resistor with two voltage and

current taps, the device Is an electromechanical an-

of a Hall effect device. When current is passed lon-

linplly thru tha rnuiul?r (Pinu 1 and 3} and prossury ;
|

DIFFUSED

\AL OXIDE
VATION

| . ENHANCEMENT METALLIZATION
a’\ ", DIFFUSION / |
Nsilicon 4
ETCHED DIAPHRAGM
WAFER

\\\ /GLASS FRIT SEAL

H
'
i

{ )
PRESSURE PORT FOR

N CONSTRAINT VACUUM FOR
WAFER DIFFERENTIAL SENSORS ABSOLUTE
' i SENSORS

e etched-silicon wafer is bonded to a glass frit for '

nally matched support. The reference chamber is 'i
d in a vacuum for absolute devices and open to at-
here for differential and gauge sensors.

Figure 1.
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is applied at right angles t

diaphragm is stressed,‘ a transverse electric, field is gen-,
erated and this voltage ls tapped-off

1
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the current flow, the silicon '

Pins 2 and 4. {See Flgu and 2) | 'I ‘“ 4’ |
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‘A four-terminal resistor with two, voltage and two-,
current taps, the sensor is an electro-mechan/cal analog !

of a Hall effect device. I

Flgure 2.

1
v

i
This single-resistor technologlcal advancement over '5 !
conventional four element Wheatstone bridge configu-, l"‘
rations offers distinct advantages to the user, TC of span !

is predlctable based on initial room- temperature read-
ings, so it is unnecessary for the user to' temperature
. profile each part. Offset polarity is controllable thru pre- ||
cision lithography with the result being simplified offset :
compensation circuitry. Accuracy, in terms of Imearity,, l:
hysteresis and sensntl\(rty, surpasses that ‘'of t

complex, full-bridge sensors

SELECTING THE SENSOR

The circuit described'ls generic int
ues shown need to be changed to meet a wide variety of .
the designer’s needs. However, the sensor required for a ‘
particular application must be selected properly. Srmply K
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L A A
-t'{ the sensor selected must.fit the pressure range o“ | tection device in water heatere or drstlllatkon equipment

\terest. If your switch-point glacl psi, use an MPX10. I
our, switch-point is 28 psl, use an MPX200. Refer to the
Pressure Conversion Chart™ (Table 1) to convert your
nit of use to kPa. - !
Select the sensor package configuration appropriate to
our needs. For gauge-pressure use MPX__GP, for
auge-vacuum use MPX__GVP, and for drfferentlal pres:
are use MPX__DP. If Vou design your own proprretary
ort, the element only designation is MPX__D. :
The example presented here is a pressure switch de;
ghed to “trip” at a semng between 15 and 28 psi. Wrth
8 psi as the controlling pressure, the MPX201 is the de-
Ice suitable to that range. (The MPX201 IS selected over
e MPX200 in this swrtch epplrcation as an economic
ecision in that rmproved }mearlty specifications contrib-
te nothrng of consequence to performance.) As this is
pressure-referenced»to -ambient switch, the GP package
. appropnete Therefore, the MPX201GP is the sensor
/pe used ina 16-30 pT Pressure switch.
i Py
IRCUIT DESCRIPTION P |
This simple solid-state pressure swrtch {see Figure 4)
onsists of five basic functions; 1) the low:voltage power
uppl\'(, 2) the sensor, 3) signal amplifier, 4} comparator,
nd 5) the' power output control. Connected to any elec-
ic motor powered appliance, this circuit will sense pres-l
ite, compare that pressure with a reference or set—pomt '
d then switch the motor power. Typical apphcatron§
‘e 8 cCompressor- motor controller in a pressure system
1ich™as a Palnt sprayer, a pump control in a liquid level
atector, a fan control mafntalnlng a positive pressure in
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Using instead an MPX11DR to sense low-level pressure
differentials and replacing K1:with an LED indicatar, this [¥
same circuit can be used to indicate excessive pressure '\
Idrop across air or water filtration equipment. |\ \
The unregulated power-supply shown is appropriate in "
this application as the circuit is ratrometnc Variations in "{ '
line power, within normal limits, wrll only shift the op-|. !
erating point a few’ percent. The transformer secondary
will provide about 10 Vrims | to a 40 inA load, but this },rs
not critical. Feur 1N4001 diodes (or,a bridge assembly)
charges C1, {a 200 uF filter) to about H 12 Vdc. This volt-, ,
age is the transducer excitation, op- an supply, and relay,
coil source. ' R N I
Transducer excitation current is developed thruthe Rq, '
R divider of 820 ohms each. Temperature compensatlon .!
techniques as described in Motorola Application Note 0
AN922 show a method of self-compensation achieva e
thru the proper selection of R series. In accordance wrth all
these recommendations, 820 x 2 ohms s th:e closest stan-. |
dard value for the typical trensducer input impedance and LR
is approprlate to the relatlvely loose requrrements of this, {
design. | NN | ! ]
Refer to "Operatmg Charactenstrcs," Frgure 3. Forany |
sensor used, output ps a function of pressure input will i
be between 20 and 9¢ mV wrth 3. 0 Vdc across Pins 1 and
3, and full-scale pressure applted Assuming a trip-point r
near center scale, the; sensor output will be between 10,
and 50 mV. A fixed ampllfrer gainof =100 VN will provrde ‘
a 1to 5V swing in most cases. This nommal AV versus |
.AP may be maodified by a factor of 5 to 10 but will make | i
very little difference in the switch operatrot Thrs can be i;
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clean room or hosp{rtal operating room, lor a heater pro- seen by an analysis ?f the amplrfrerlcomp rator circuit. ] [ (
; R () rl i' o= > a ' o b
) i i{ | 1kr¢\= 75 M b ‘ ] I TR
1 | y ] | ' [N |
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i o _“, 'N ; i, i Flgure 3. (‘)pe rating Characteristics el i ! \ ! ;
o X W r»_J | P
! " i Pressure Over- Iv Full Scale Zero Pressure | i i Linearity . l
' " b ! | Range Pressure | | *Span Offset , | Sensitivity |' % of FS 1
b o e pst | mV mv myes | : ,il '
" UncompenutodI’ " PSI Max Min Max Min | Max Tvp Max I
APX 10 1 ) QuLib)| « 1 120 | w 0 ab T NS T
APX11 ' ) O0to 1.5 15 30 60 0 35 34 % ~05t0 +3 \
APX12 ' 0to 1.5 15 45 70 0 ' 35 38 oto +5 '
=APX50 b 0to 7.5 30, 45 90 0 35 8 =01 |-
APX51 Ll | 0t75 30° 30 60 0 35 '6 120.1 b
APX52 A Pt ows 30 30 90 0 35 s .| =08 Co
apxi00 . 10| li{(@w1s)| 30 45 90 0 ! 35 la [+ lxo0a ! ’
APX200 y '] ato30 60 145 0 l 0 35 (2 Cy =0t | '
PX201 . ;| ot30 |' 60 45 | 90 | o 3 |y {2 | fs0.2 I
T | IR .
: o l (‘zTable 1. Pressure Conversion Chart T o ) 1
T0!! mm Hg @ 0°C ]"t‘l in. Hg @ 0°C 1 in. H20 @ 25°C I ibs per sq. in. l  kiloPascals |
“ROM: g 5; P | oy [ Multiply By | [ , T T Q/ TR b
Tt T T
nm Hg @ 0°C | | RS 0.039370 0.53682- 0;019337.,«. | 1 013332
-n. Hg @ 0°C | |0 25.400 1 " 13.635 0.49115 l’ , | ‘33884 1 |
“n. H20@ 25°C ', | || , 1.8628 0.73339 1 036021 " | | ' 0.24835 Pl
=bs. per sq. In. j Pl is171s 2.0360 27.762 SR T 6.8948 (
iloPascals "Il | 75008 0.29530 4.0265 (L 0.14504 1!
. T Ol Tty
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* The amplifier-comparator is an tM358 dual operational
amplifier. Note that there is no input resistor between Pin
2 of the transducer and Pin 2 of the amptifier. In effect,
the input resistor is the output impedance of the sensor
so the gain of this stage will be Ay= RFB/transducer, Z,
= 100K/=1K or about 100 V/V. While this arrangement
presents loading to the transducer output and some deg-
radation in linearity and sensitivity, this factor is relatively
unimportant in a switch application. (This would, how-
ever, be intolerable in a precision linear design.) Rg is the
trip- pornt adlustment By adjusting Rg, a voltage division
between Rg wiper and transducer Pin 4 +ip takes place
which {x100} establishes a dc level at output Pin 1 of the
amplifier. Qbserving the polarity of the transducer output
and op-amp inputs, it can be seen that the amplifier out-
put will go toward ground with an increase in pressure.
The positive value at which the amplifier starts its neg-
ative going output is determined by the Rg setting. Rs,
therefore, establishes the pedestal level from which the
AV versus AP negative going transition begins.

The second half of the LM358 operational amplifier acts
as a voltage comparator. The noninverting input of the
amplifier is the reference voltage input with Pin 3 of the
transducer as the reference source. Transducer sensitivity
will decrease with an increase in temperature. This [s
caused by a decrease in excitation current which occurs
with an increase in transducer Zj,. As transducer Zin in-
creases, the reference voltage moves closer to the more

 positive pedestal voltage and helps compensate for TC
of span errors.

As applied pressure increases, amplifier output (Pin 1)

point, the comparator swnches tola HI output and then: t
{R4) hysteresis resistor, drives the first amplrfler output
slightly more negative. While a hysteresis resistor is nec
essary to prevent relay chatter in the event pressure hov-l
ers at the trip-point, many applrcattons require other spe-
cific hysteresis value's The value of thle hysteresis resistor
can be modified to provide reliable hysteresrs from 1%
to 49% of the trip-point value. ’ !
Integrator capacitor C3 'across be (R3) wlll not always
be necessary. In systems such as compressor controls
whare the pressure input “hammers” due to the lack of
a pneumatic accumulator, Co will act as the accumulator, |
and smooth out pressure peaks which would otherwrse
cause a chattering output. In static systems such as hqurd
level controls, the ntegrator function {C3) will not be
necessary. ' { 1' ’l' b '

The final output of this switch is a FORM C SPDT relay.
As the LM358 can safely source 30 mA, select a relay coil
which requires 20 to 30 mA at 12 Vdc 12 amp contacts
are sufficient to control 1/4 HP motors and below. For‘
larger motors, use the miniature "o -board" relay to op-
erate a contactor which will in turn control heavier loads. 1

Refer to Figures 6and7 for component layout and PCB
patterns for this circuit. | ! Do

To gain the advantages of a non- mechamcal power out-
put, the SSR circuit shown m Figure 6 is compleiely iso-
lated from the input crrcurtly, will handle resistive loads ;
to 7A and adequately control motors up to 1/4 HP. For
users requiring quiet, zero-crossing triac switching, sim-
ply replace the MOC3009 with a MOC3030 zero- crossing
triac opto coupler. | ! .
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Figure 4. Solid-State Pressure Switch '
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Figure 5. Solid-State Relay (SSR) . '
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Figure 6. it
IPROVING THE CIRCUIT FOR PRECISION
RFORMANCE /. i ] .
Most users will be satisfied with the circuit as de-
ribed. Performance is repeatable * 3% over the normal
ctory environment of * 15°C to 40°C. However, there
Il be applications where a tighter performance over a
der temperature range is required. Following are rec-
nmendations which will allow the designer to achieve
1% repeatability from 0°C to 85°C. | | '
For extended temperature precision operation, the
ywer supply must be reworked to provide a stable, reg-
ated output over the temperature range, If an external
lprly is not available, modify the supply in Figure 5.

f

Figure 7. Component Layout for the Pressure Switch
‘ i i | ’[1 T
) |

Replace T1 with a more substantial transformer hav‘ingI
a secondary winding which will provide 12to 15 Vims 8t
100 mA. Install a fixed, three-terminal regulator such as
an MC78M12. Use a high quality 1,000 uF, 35 Vdc filter-
capacitor. Dasign your supply so that its regulation to line
and load variations over temperature is well within 50%
of the maximum system tolerance you expect to see.
The LM358 operational amplifier must be replaced with
the LM158 device. All resistors must be metal-film pre-
cision resistors, Rg should become 1 M{ and a 10 k(2
input resistor should be inserted between Pin 2 of the
transducer and Pin 2 of the operational amplifier. R1 and
Rp are key to compensating the transducer sensitivity
over temperature so their values must be qalculated for
each sensor using the technique described in Application
Note AN922. HRAD 5
Improvements may be achieved beyond the above rec-
ommendation by utilizing an LM124 quad operation am-
plifier. Use one extra section as a buffer,
transducer Pin 2 and following amplifier inverting input.

Use the second extra section as a junction controllled tem- |

perature sensitive voltage source to excite the transducer.

A simple compromise design approach which will in-
crease accuracy over temperature significantly but call
for no changes in the circuit as presented would be to
add a thermister across Rg. The care with which this ther-
mistor is selected will determine the final acCuréw over
temperature for each individual unit. il !
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