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AIR COMPRESSOR MOTOR SPEED CONTROL SYSTREM

Mr. Nuntachai ~ Narkachatee
Mr. Prattana Sritup

‘ Mr. Pongsak Pummarin
Advisor: Mr. Jirawath Parnklang
Academic Year 1996

ABSTRACT

ATR COMPRESSOR MOTORSPEED CONTROL SYSTREM is a principle of changing
the speedoftheairoomprwsormotor.Bysensoﬁngthetemperat\n'ein the room compare to the
setﬁngpoint.Thenusedﬁlediﬂ'emncetoconﬁ'olﬂxeﬁethncyofﬂle electrical at the
compressor motor. When the temperature in the room reduced to the setting point the speed
of theicompressormotor bereducedtoo.lnﬂﬁsconcept,c;nsave the energy of the

compressor motor.
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2.3.1 e S8aunue medlufined ( Platinum Resistance Thermometer )
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2.3.2 uina 3aunud meslufinas ( Nickel Resistance Thermometer )
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2.3.3 nevied TFauaus medlufimed ( Copper Resistance Thermometer )
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( PERFORMANCE CHARACTERISTIC AND TESTING PROCEDURES )
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2.6 THERMISTORS

Fumsidinh (Semiconductors) FRIUAWHENMIVBIM I Funavas
anudumuinfudegunginfioy  UnfudaialimedSmaederddulrsAnganudn
ﬁm’lﬂﬁwﬁaqmnqﬁxﬂunu (Negative temperature coefficient of resistance) llﬂ:ﬁﬂ"lf:(»l (large
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3. ilogangiigetu anmdmmezfovas
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4. fiduysz@nsanudumudegungiitiu nontinear
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anuduiusszninsanudumuiugungd o lédeauns
R, = R, exp B (T - Ty
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mmmv’humunqmuqu TK

= EBK
FEAUNTINY (electron volt energy level)

A o w

] A v []
e Yo Tueiu (boitzmann ’s constant (8.625 x 10 eV/ °K))
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2.6.2 osemilfaveunsiliained (Thermister readout instrumentation)
1 -~ A L] L4
wosmsas e uneslaaey tweudluldar Ouput Voltage 1lu linear Ay
ad o A s ' 9 1 - o o o
gaungiinfauddynuiiesnnquanifvesinnusunudsgangfveunsfimas iy

nonlinear WITUULNIL Y8497 linearizing 5vnIN Taadinvugangiife 192497 Voltage
divider

Rr

- 4 o
C i 211 wemsmsidnesTaanimedlunesiie Weninmihusaudu

( Voltage divider circuit for linearizing themistor output )
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ﬁngﬂ‘?{ 2.14  efe, =1/{1+R/R)}

1{1+R R/RR )}
1/{1+ sr(T)}
= F(T)

' P
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.
e
!
u

ANUMUMUYBUNBTUtAaT ( resistance of themistor )

w
U

o ﬂ:nuﬁmmwﬁtﬂ%uuuﬂmmuqmnqﬁ ( resistance of themistor at
reference temperature )

R,/R (Fnadl)

T = RyRyp
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Usznaudae

1. Fegfufl (stator) Tuamaney 2 yp ganited P ulFoumund JFunhisye
’c’hﬂﬁﬁ.ﬂ (running winding 138 main winding) &[ﬁﬂﬂﬂ’)ﬂ‘l{ﬂﬁﬁﬂ’]‘mﬁ'mmuﬁ reactance
genhyedmuh fuamediSunyy Taofitnnaduainlngnhyamyu gadmiuiando

f ! o J 1] t Lt .' 1 A
Tutidluyandnai Ilsiusganeainan TihenihvasFunyuiusnudehwasiinau



=17-

¢ y

- i hd Q' w d e Vo d 1
Und yafiesuiingadimiuurilinyu (starting winding) yavaaniliulindegfuiigu
i

b A t 4
v t L 3 o o A -
fu uahlfasluges (soy Muyurralnngandn 90 sem Tidh Mailifehiteau
1 oo & - et ¥ > 1o a ¢
uumanmuwu"luwsm-'unusmgﬂunmmmumwmmﬂmﬂmmmmwammmmuw
(reactance) funnduamiivinadnuaninyaineeynsufuainduiigudna centifugul
$w1tch) g ldsvinudundmivis Sl e ingnilqudnareiennld reay dus
FauaiTuri inyunievaaodi 1My (starting winding or muxilialy winding) 14 Aaui
1¥iunamefoaien comperssonvasgiiunianTaliueman 14 Taounduduamesi
@ 3 4 v dayo 3 v " 4
l¥gmiwvesgidunianTssfunimen 19y IliaRonius 1l rqdsagde saey

. 4
TAnandedninia

MAIN
WINDING

STARTING
WINCING

e————STATOR

P o (% .
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V/F Converter ICs Handle
Frequency-to-Voitage
Needs '

Simplify your F/V converter designs with versatile V/F ICs.
Starting with a basic converter circuit, you can modify it to
meet almost any application requirement. You can spare
yourseif some hard labor when designing frequency-to-volt-
age (F/V) converters by using a voitage-to-frequency IC in
your designs. These ICs form the basis of a series of accu-
rats, yet economical, F/V converters suiting a variety of ap-
plications.

Figure 1 shows an LM331 IC (or LM131 for the military tem-
perature range) in a basic F/V converter configuration
(sometimes termed a stand-alone converter becauss it re-
quires no op amps or other active devices other than the
IC). (Comparable V/F ICs, such as RM4151, can take ad-
vantage of this and other circuits described in this article,
although they might not always be pin-for-pin compatible).
This circuit accepts a pulse-train or square wave input am-
plitude of 3V or greater. The 470 pF coupling capacitor suits
negative-going input pulses between 80 us and 1.5 ps, as
well as accommodating square waves or positive-going
pulses (so long as the interval between pulses is at least 10
1s).

1C Handles the Hard Part

The LM331 detects an input-signai change by sensing when
pin 6 goes negative ralative to the threshold voitage at pin 7,
which is nominally biased 2V lower than the supply voitage.
When a signal change occurs, the LM331's input compara-
tor sets an intemnal latch and initiates a timing cycle. During
this cycle, a current equal to Vrep/Rg flows out of pin 1 for

Vg5V

Q
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atdmet = 1.1 RC. The 1 uF capacitor filters this pulsating
current from pin 1, and the curment’s average value flows
through load resistor R(. As a result, for a 10 kHz input, the
circuit outputs 10 Vpg across Ry, with good (0.06% typical)
nontinearity.

Two problems remain, however: the output at V1 includes
about 13 mVp-p ripple, and it also lags 0.1 second behind
an input frequency step change, settling to 0.1% of full-
scale in about 0.6 second. This ripple and slow response
represent an inherent tradeoff that applies to aimost every
F/V converter.

The Art of Compromise

increasing the filter capacitor's value reduces ripple but also
increases response time. Conversely, lowering the filter ca-
pacitor's value improves response time at the expense of
larger ripple. In some cases, adding an active filter results in
faster response and less ripple for high input frequencies.

Although the circuit specifies a 15V power supply, you can
use any regulated supply between 4 Vpc and 40 Vpc. The
output voltage can extend to within 3 Vpg of the supply
voltage, so choose Ry, to maintain that output range.
Adding a 220 k2/0.1 pF postfilter to the circuit siows the
response slightly, but it ais6 reduces ripple to less than 1
mVp-p for frequencies from 200 Hz to 10 kHz. The reduction
in ripple achieved by adding this passive filter, while not as
good as that obtainabls using an active filter, could suffice
in some applications.

R,

t
581k 21%°
5
¢
‘. | > 001 uf
8 k3]
10kHz FS -
VReg) oUTPUTH uTPUT 2
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o A o 10v
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4 3 l <R
126 1% —.:L = 146 St 0.1 uF
Rg l
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FIGURE 1. A Simple Stand-Alone F/V Converter Forms the
Basis for Many Other Converter-Clrcult Configurations




Improving the Basic Clreuit

Further modifications and additions to the basic F/V con-
verter shown in Figure 1 can edapt it to specific perform-
ance requirements. Figure 2 shows one such modification,
which improves the converter's nonlinearity to 0.006% typi-
cal.

Reconsideration of the basic stand-alone converter shows
why its nonlinearity falls short of this improved version’s. At
low input frequencies, the current sourcs feeding pin 1 in
the LM331 is tumed off most of the time. As the input fre-
quency increases, however, the current source stays on
more Of the time, and its own impedance attenuates the
output signal for an increasing fraction of each cycle tima.
This disproportionate attenuation at higher frequencies
causes a parabolic change in full-scale gain rather than the
desired linear one.

In the improved circuit, on the other hand, the PNP transis-
tor acts as a cascade, so the output impedance at pin 1
sees a constant voltage that won't modulate the gain. Aiso,
with an alpha ranging between 0.998 and 0.990, the transis-
tor exhibits a temperature coefficient of between 10 ppm/*C
and 40 ppm/*C~a fairly minor effect. Thus, this circuit's

O VgeasvVTO20V

nonlinearity does not exceed 0.01% maximum for the 10V
output range shown and is normally not worse than 0.01%
for any supply voitage between 4V and 40V.

Add an OQutput Butfer

The circuit in Figure 3 adds an output buffer (unity-gain foi-
lower) to the basic single-supply F/V converter. Either an
LM324 or LM358 op amp functions well in a single-suppty
circuit because these devices' common-mode ranges ex-
tend down to ground. But if a negative supply is available,
you can use any op amp; types such as the LF351B or
LM308A, which have low input currents, provide the best
accuracy.
The output buffer in Figure 3 also acts as an active filter,
furnishing a 2-pole response from a single op amp. This
filter provides the general response

Vout/lout = RL/(1 + Kip + K2p2),
(p is the differential operator d/dt.) As shown, Ry_controls
the filter's DC gain. The high frequency responsa rolls off at
12 dB/octave. Near the circuit's natural resonant frequency,
you can choose the damping to give a little overshoot—or
none, as desired.

Q1 = 2N4250, 2N3908 or similar

high-beta PNP transistor

Select Ry = ((Vs.~ 3v)/av]
X 10k}

Ry
8 1xe *Use stable components with

4N0gF

LM331

5 low temperature coefficients

T :.‘ll uf*

Vour

12k 21K
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ADJUST

TL/H/B741-2

FIGURE 2. Adding a Cascade Transistor to the LM331's Output Improves Noniinearity to 0.006%
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Versatile Monolithic V/Fs
Can Compute as Well as
Convert with High
Accuracy

The best of the monolithic voltage-to-frequency (V/F) con-
verters have performance that's so good it equals or ex-
ceeds that of modular types. Some of these ICs can be
designed into quite a variety of circuits because they’re no-
tably versatile. Along with versatility and high performance
come the advantages that are characteristic of all V/F con-
verters, including good linearity, excellent resolution, wide
dynamic range, and an output signai that's easy to transmit
as well as couple through an isolator.

One of the recently introduced monolithic types, the LM131,
has both high performante and a design that's rather flex-
ible. For instance, it can compute and convert at the same
time; the computation is a part of the conversion. Among
other functions, it can provide the product, ratio and square
root of analog inputs.

This IC has an internal reference for its conversion circuitry
that's also brought out to a pin, so it's available to external
circuits associated with the converter. Not surprisingly, it
tums out that any deviations of the reference, due to proc-
ess variations and temperature changes have equal and op-
posite effects on the scale factors of the converter and the
extemal circuitry. (This presumes, of course, that the scale
factor of the external circuitry is a linear function of voltage.)

PRECISION RELAXATION OSCILLATOR

Before looking at some applications, quickly take a look at
the basic circuit of an LM131 V/F converter (Figure 1). Basi-
cally, this IC, like any V/F converter, is a precision relaxation
oscillator that generates a frequency linsarly proportional to
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the input voltage. As might be expected, the circuit has a
capacitor, Cy, with a sawtooth voltage on it. Generally
speaking, the circuit is'a feedback loop that Keséps this ca-
paciior charged to a voltage very slightly higher than the
Input Voltage, Vin. If Viy is high, Ci_discharges relatively
quickly through Ry, and the circuit generates a high frequen-
¢y. T ViN s low, Ci discharges slowly, and the converter
puts out a low frequency.

When Cy discharges to a voltage squal to the input, the
comparator triggers the one-shot. The one-shot closes the.
curent switch and also tums on the output transistor. With
the switch closed, current from the cument source recharg-
es Cy_to a voltage somewhat higher than the input. Charg-
ing continues for a period determined by Ry and Cr. At the
end of this period, the one-shot returns to its quiescent state
and C_ resumes discharging. .

Resistor Rg sets the amount of current put out by the cur-
rent source. in fact, the current in pin 1, with the switch on,
is identical to the cumrent in pin 2. The latter pin is at a
constant voltage (nominally 1.90V), so a given resistor value
can set the operating currents. When connected to a high
impedance butfer, this pin provides a stable reference for
external circuits.

The open-collector output at pin 3 permits the cutsut swing
to be different from the converter's supply voltage, if the
load circuit requires. The supplies don't have to be sepa-
rate, however, and both the converter and its load can use '
the same voltage:
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trequency proportional

szg 10 the input voltage. Current pulses keep Cy's average voitage siightly greater than the input voitage.. .
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STEADY AS SHE GOES ot

By far the simplest of the circuits that make use of the refer-
ence output voitage from the LM131 is one that simply ties
this output pin right back to the signal input. This connection
is just a V/F converter with a constant input, which makes it
a constant-frequency oscillator. Even with this simple circuit
(Figure 2), variations in the reference voltage have two op-
posite effects that cancel each other out, so the circuit is
particulariy stable. In this type of circuit, the temperature-de-
pendent internal delays tend to cancsl as well, which isn’t
true of relaxation oscillators based on op amps or compara-
tors.
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FIGURE 2. A V/F converter Is a stable-frequency

oscillator If its Input s connected to its reference
output. If the reference voltage changes, the
effects of the change cancel out, so the frequency
doesn't change. With low tempco components for Ry
and Cr, frequency stabiiity vs temperature can be
as good as 25 ppm/°C.

Resistors Ry and Rg are bast taken from the same batch,
(RL must be larger than Rg, so it's made up of two
resistors.) By doing this, the tempco tracking, which is the
critical parameter, is five to ten times better than it would be
if R were a single 30.1 k1 resistor.

Although the refersncs output, pin 2, can't be ioaded with-
out affecting the converter's sensitivity, the comparator in-
put, pin 7, has a high impedance so this connection does no
harm.

Frequency stability is typically +25 ppm/*C, even with an
LM331, which as a V/F converter is specified only to 150
ppm/*C maximum. From 20 Hz to 20 kHz, stability is excal-
lent, and the circuit can generate frequencies up to 120 kHz.
Although the simplest way of using the reference output is
to tie it back to the input, the refsrence can aiso be butfered
and amplified to supply such extermnal circuitry as a resistive
transducer, which might be a strain gauge or a pot (Figurs
3). As in the stable oscillator already described, deviations
of the internal reference voltage from the ideal cause the
transducer's and the converter's sensitivities to change
equally in opposite directions, so the effacts czncel.

In this circuit, op amp A2 butfers and ampilifies the constant
voltage at pin 2 of the converter to provide the 5V excitation
for the strain gauge. Amplifier A1, connected as an instru-
mentation ampiifier, raises the output of the strain gauge to
a usable level while rejecting common-mode pickup.

A potentiometer-type transducaer works just as well with this
circuit. Its wiper output takes the place of At's output as
shown at the X.

The reference terminal is both a constant voltage output
and a current programming input. So far, it's been shown
simply with one or two resistors going to ground. It is, how-
ever, a full-fledged signal input that accepts a signal from a
current source quite well,
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FIGURE 3. In this strain-to-frequency converter, the converter's reference excites the strain gauge (of the optional pot)
through butfer amp A2. This makes the circuit insensitive to changes In the reference voltage. .- v~




This extra input is what enables the LM131 to compute
while converting. For instance, it will convert the ratio of two
voltages to a frequency proportional to the ratio (Figure 4).
The circuit is still a V/F converter, but has two signal inputs,
both of them going to rather unorthodox places at that. The
inputs, shown as voltages, are converted to currents by two
current pumps (voitage-to-current converters), Of course, it
currents of the proper ranges are available, the curmrent
pumps aren't needed. The left current pump, which includes
Q1 and A1, determines how fast capacitor Cy discharges
between output puises. The other pump sets the current in
the reference circuit to control the amount of recharge cur-
rent when the one-shot fires. Tying the comparator input,
pin 7, to the reference pin sets the comparator's trip point at
a constant voltage.

*Stable components with low tempco ve
A1, A2 should have fow offset and low bias
current: LM3518, LM358A, LF3538, or similar .

Q1, Q2: 2N3565, 2N2484, or similar high 8

Vi _R 1 1
‘ou‘r-—’(-gx—' u:nnL
V2 Ra 11RCr o TS,
=D ok T
o2 L

L i
ALK 4 LIV TR 13V
TUH/8T42-4
FIGURE 4. This circuit converts the ratio of two
voitages to an equivalent frequency withouta
separate analog divider. Full-scale output
Is 15 kHz. The two op amp circuits convert the
Inputs to proportional currents.

To get an idea of how the circuit works, consider first the
effect of, for instance, tripling the Input voltage, V1. This
make C discharge to the comparator trip point three times
as fast, so the frequency triples. Next, consider a given
change, such as doubling the voitage at the other input, V2.
This doubles the recharge current to Cy during the fixed-
width output pulse, which means Cy's voitage increases
twice as much during recharging. Since the discharge into
Q1 is linear (for V1 constant), it takes twice as long for Cy_to
discharge—the frequency bacomes half of what it was be-
fora, -

Although the cument pumps in Figure 4 must have negative

inputs, reamanging the- op amps according: to Figwe §

makes them accept positive inputs instead:- Trimming out
the offset in the op amp gives the ratio converter better

‘of by the frequency-to-voitage e_omemf. :

linsarity and accuracy. The trim circuit in Figure 5a needs
stable positive and negative supplies for the offset trimmer,
while the one in Figure 5b needs only a stable positive sup-
ply. Unmarked components in Figure 5 are the same as in
Figure 5a.

Y
V0 IV

a TL/H/8742-5
A1, R2, R3: Stable component
with low tempco .
Qg 2z 330 ?
‘b
s
o = <
v,o.-m—,::
4 70 1 1
CHPEET AN
b TU/H/8742-8

FIGURE S§. These current pumps adapt the converter
circuits In Figurss 4 and 6 to positive input voltages.
Optional otfset trimming Improves linearity and
accuracy, especially with input signals that have a
wide dynamic range.

Nots that the full-scale range of the current pumps can be
changed by varying the value of the input resistor(s). If ei-
ther of these pump circuits is used with a single positive
supptly, the op amp should be a type such as 1/2 LM358 or
1/4 LM324, which has a common-modae range that includes

the negative-supply bus.

COMPUTING SQUARE ROOTS IMPLICITLY

An analog divider, computes the square root of a signal
when the signal is fed to the divider's numsrator input, and
the output is fed back to the divider's denominator input.

IN
ém' ANALGS W""'a?
et ovisew OW™T  oy12= N
OUT = {iN

TUWSE742-7

This type of computation is called impiicit, because the end
result of the computation is only implied, not explicitly stated
by the equation that dafines the computation.

In the implicit square root computing loop describaed in the
text, a V/F converter serves as a divider. Since it's a con-
verter, its inputs are voiteges (oc currents), but its output is a
frequency. To connect its output back to one of Its inputs so
it wilt compute a square root means that its output frequen-
cy must be converted back to & voitage. This is taken care

<
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does this has a more elaborate current pump than the ratio

v .
1wt O— by e four = k1 x 2N circuit of Figure 4. This pump is really two cascaded circuits;
ve| comveariy FREGAENCY v; it inciudes op amps A2 and A3 as well as transistors Q2 and

T, Vg = k2 X loyr Q3, Current from this pump goes to pin 5 to control the one-

N

Doing some algebraic substitution shows that

shot's pulse width. (This cusrrent ranges from-13.3 pA to
1.33 mA)) B RN
As in the ratio circuit, the leﬂ current pump controls the
discharge rate of C,. The other pump, however, controls the
one-shot's puise width to vary the amount that Cy charges

fout = k3 X Wiy ) during the pulsa. If the V2 input Is close to zero, the current

where - from the pump into pin § is small, and the one-shot devel-
k3 = JKi7KZ. ops a wide puise. This aliows Cy_ to charge quite a bit. it

takes a relatively long time for C_ to discharge 10 the com<

IT'LL TAKE RECIPROCALS parator threshold, so the resulting frequency is low. As V2

Taking the ratio of two inputs—in other words, doing divi-
sion—is only one of the mathematical operations that can
be combined with converting. Another one is a special case
ot division, which is taking reciprocals. In this instance, the
numerator (V1 in Figure 4) is held constant, and the denomi-
nator, V2, changes over a wide range such as one of two
decades. In this case, since the frequency is the reciprocal
of the input, the period of the output is proportional to the
input. When operated this way, the V2 current pump should
have an offset trimmer. A constant cument circuit is still
needed to discharge capacitor Cy.

Nonlinearity (that is, deviation from the ideal law) with an
LM331 is a little better than 1% for 10 kHz fuil-scale. In-
creasing Cr to 0.1 uF reduces the nonlinearity to below
0.2% while decreasing full-scale output to 1 kHz.

Two inputs can aiso be muitiplied while converting to a fre-
quency. The multiplying converter circuit (Figure 6) that

\

goes negative (a greater absoiute magnitude), the output
frequency rises. Op amp A3 must have a common-mode
range that extends to the positive supply voltage, which the
specified types do.
Multiplying, dividing and converting can all be done at the
same time by combining the V2 input current pump of Fi Figure
4 with the circuit of Figuwre 6. If a scale-factor Trimmer is
needed, R4 in Figure & is a good choice, bstter than input
resistors such as R1 or R2. Using the latter as trimmers
-would make the input impedance of the circuit change with
trim setting.
Two V/F converter ICs along with some extra circuitry will
take the square root of a voltage input. Square root func-
tions are used mostly to simulate natural laws, but also to
linearize functions that have a natural square-law relation-
ship. One of the latter is converting diffential pressure to
flow, where flow is proportional to the square roat of differ-
ential pressure.

""Vs X 7500 with £ 1% tolecance

A1, A2: Each is 1/2 UM158/LM353A or 1/2 LF3538 X
A3: LMI01A, LM307, or LF13741 onty

Qt, Q2: High 8 such as 2N2484, 2N3585 or simitar
Q3: High 8 such as 2N4250, 2N3908 or gimiar

n o2 Pl
Sm Qin 4]
< 1% < Ll o

3L . . i

- .- - o TUWS742-9 - .
FlGUREG.Thoproductotmhputvohguboeomnmoqulnhmﬁoqouwylnw:mor.Awmntpumpmt
IWuwmmmmmbmmdeotmm.mom e e g

PRIV S e cr e g e

- —e— ‘.




Detect Frequencies Accurately . .. .

Using an F/V converter combined with a comparator as a
frequency detector is an obvious application for these devic-
e3. But when the F/V converter is utilized in this way, its
output ripple hampers accurate frequency detection, and
the slow filter frequency response causes delays.

If a quick response is not important, though, you can etfec-
tively utilize an LM331-based F/V converter to feed one or
more comparators, as shown in Figure 6. For an input fre-
quency drop from 1.1 kHz to 0.5 kHz, the coniverter’s output

Iin

rasponds within about 20 ms. When the input falls from 9
kHz to 0.9 kH2, however,.the output responds only after a
600 ms lag, so utifize this circuit only in appiications that can
tolerate F/V circuits’ inherent delays and ripples.

Author's Blography -~ - ‘ Ceon

Bob Pease is a staff scientist in the Advanced Linear Inte-
grated Circuit Group at National Semiconductor Corp., San-
ta Clara, CA. Holder of four patents, he eamed a BSEE from
MIT. Bob lists tracking abandoned railroad roadbeds and
designing V/F converters as hobbies.
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ROOT LOOP COMPUTES
The circuit in Figure 7 is an implicit-loop (see “Computing
Square Roots Implicitly’) that uses IC1 as a voltage-to-fre-
quency converter and divider, and IC2 as a frequency-to-
voitage converter. The F/V converter, IC2, and the current
pump that inciudes A1 and the transistor retum the output of
IC1 to its denominator input. A relatively elaborate feedback
circuit like this is needed to convert IC1's frequency output
back to a current for its denominator input.
Looking at the circuit in more detail, IC1 puts cut a frequen-
¢y proportional to Viy divided by the feedback voltage, V.
The current |4 is generated by a current pump that has Vy
as its input (Figure 53). To develop the feedback {C2 con-
verts the puise output from IC1 into standard width precision
current pulses that charge capacitor C1. This capacitor inte-
grates them into the voltage Vy, thus closing the loop.
Op amp A2, serving as a comparator, ensures that the cir-
cuit will always start and continue running. If Vi suddenly
jumps to a higher voitage, one pulse from the one-shot in
IC1 may not be enough to recharge Cy_ to a voltage higher
than the input. In such a case, the IC's internal logic keeps
its internal current switch turmed on, and the voltage on Cy,
ramps up until it exceeds the input. During this time, howev-
er, IC1's output hasn't changed state. (Such a temporary
hang-up isn't unique to this circuit, and equivalent things
happen to other V/Fs besides the LM131/LM331.) What is
* worse here, though, is that the fack of pulses to IC2 means
that Vy and |y decay. The recharging curmrent, i, is the same
as Iy, so it not only becomes progressively harder for the
voitage on Cy to catch up with the input, it may even fail to
catch up entirely if (I2XRy) is less than the input voitage.

As a sign of this condition, when the convertsr hangs up,
the one-shot’s timing noda, pin 5, continues to charge welt
beyond its normal paak of 2/3 Vs. As soon as the compara-
for A2 detects this rise, it pulls up voitage Vy, current |,
increases, and the loop catches its breath again. |

After all these nonlinear computations, this !ast circuit is
about as linear as it can be. it's a precision, ultralinear V/F
converter based on an LM331A (Figure 8) that has saveral
detail refinements over previous V/F converter circuits.
Choosing the proper components and trimming the tempco
give less than 0.02% emor and 0.003% nonlinearity for a
+20°C range around room temperature,

This circuit has an active integrator, which includes the op
amp and the integrating feedback capacitor, Ce. The inte-
grator converts the input voitage, which is negative, inta.a_

positive-going ramp. When the ramp reaches the converter
IC’'s comparator threshold, the one-shot fires and switches
a pulse of current to the integrator's summing junction. This
current makes the integrator's output ramp down quickly.
When the one-shot times out, the cycle repeats.

There are several reasons this converter circuit gives high
performancs:,

* A feedback limiter prevents the op amp from driving pin 7
of the LM331A negative. The limiter circuit arrangement
bypasses the leakage through CRS5 to ground via A5, so
it won't reach the summing junction. Bypassing leakage
this way is especially important at high temperatures.

* The oftset trimming pot I3 connected to the stable 1.9V
reference at pin 2 instead of to a power supply bus that
might be unstable and noisy.
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FIGURE 7. Two converter ICs generate an output frequency proportional to the square root of the input voitage. The
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FIGURE 8. An ultraprecision V/F converter, capable of batter than 0.02% error and 0.003% noniinearity fora
+20°C range about room temperature, augments the basic converter with an extsrnal integrator.

¢ A small fraction (180 uV, full-scale) of the input voitage
goes via R4 to the Ag network, which improves the non-
linearity from 0.004% to 0.002%.
¢ Resistors A2 and A3 are the same value, so that resis-
tors such as Allen-Bradley type CC metal-film types can
provide excellent tempco tracking at low cost. (This
tracking is very good when equal values come from the
same batch.) Resistor R1 should be a low tempco metal-
film_or wirewound type, with a maximum tempco of
+10 ppm/°C or £25 ppm/*C.
In addition, Cy shouid be a polystyrene or Teflon type. Poly-
styrene is rated to 80°C, while Teflon goes to 150°C. Both
types can be obtained with a tempco of — 110 £30 ppm/*C.
Choosing this tempco for Cr makes the tempco, due to Cr,
of the full-scale output frequency 110 ppm/°C.
Using tight tolerance components rasults in a total tempco
between 0 ppm/°C and 220 ppm/°C, s0 the tempco will
never be negative. The voltage at CR1 and Ry has a temp-
co of —6 mV/°C, which can be used to compensats the
tempco of the rast of the circuit. Trimming Ry compensates
for the tempco of the V/F IC, the capacitor, and all the
resistors.
A good starting vaiue for selecting Ry is 430 kN, which will
give the 135 pA flowing out of pin 2 a siope of 110 ppm/*C.
if the output frequency increases with temperature, a little
more conductance shoukd be added in parallei with Ry.

When doing a second round of trimming, though, note that a
resistor of, say, 4.3 M}, has about the same etfect on temp-
co when shunted across a 220 kQ resistor that it does when
shunted across ons of 430 k0, namely, ~ 11 ppm/*C. This
technique can give tempcos below +20 ppm/*C or aven
£10 ppm/°C.

Some precautions help this procedure converge:

1. Use a good capacitor for Cr. The cheapest polystyrene
capacitors will shift in value by 0.05% or more per tem-
perature cycle. The actual temperature sensitivity would
be indistinguishable from the hysteresis, and the circuit
would never be stable.

2. After soldering, bake and/or temperature-cycle the circuit
(at a tamperature not exceeding 75°C it Cr is polystyrene)
for a few hours, ‘o stabilize all components and to relieve
the strains from soldering.

3. Don't rush the trimming. Recheck the room temperature
value, before and after the high temperature data are tak-
en, to ensure that hysteresis per cycls is reasonably low.

4. Don't expect a perfect tempco at —25°C if the circuit is
trimmed for £5 ppm/*C between 25°C and 60°C. If it's
been trimmed for zero tempco while warm, none of its
components will ba linear to much betier than 5 ppm/°C
or 10 ppm/°C when it's coid.

The values shown in this circuit are generally optimum for

+12v to + 16V reguiated supplies but any stable supplies

wouid be usable, after changing a
fow component vaives. Sk




APPENDIX E: Standard Resistance Values

The standard 1% (and ;%) resistor values are recommended for ease of design and for best availability when designing

precision analog circuits.
Standard Resistance Values for the 10-to-100 Decade
Resistance Tolerance (+ %)

0.1 0.1 0.1 cem e 0.1 01 .-.- 0.1

0.25 1 2 | 025 1 2 | 025 1 2 | 0.25 1 21025 1 2 1025 1 2
0.5 5 0.5 5 05 - - 5 05 5 0.5 ’ 5 0.5 5
100 100 10} 147 147 — | 215 218 — 316 316 — | 464 464 — | 681 ©8.1 68
10.1 -— — | 149 -_ — | 218 -— — | 320 — — 1 470 - 47 | 69.0 - —_
102 102 — | 150 180 15} 221 221 22| 324 324 — | 475 475 - | 698 €698 —
10.4 —_ — | 15.2 _— — | 223 — — | 328 - — | 48.1 — — | 70.6 — -
105 105 — | 154 1854 — | 228 226 — {332 332 33487 48.7 — | 715 7183 —
10.8 — — | 158 -— — | 229 — — | 33.8 -— — | 49.3 — - | 723 — —_
107 107 —}158 188 — (232 232 — (340 34.0 — | 499 499 — | 732 732 —
10.9 _— - 1 16.0 -— 16 | 234 — — | 344 - — | 50.5 — — { 741 — —_—
110 110 11)] 162 162 — 237 237 — (348 348 — 511 3511 51! 750 730 75
11.1 — — | 16.4 -— — | 24.0 — .. 24352 = - | 51.7 — — | 75.9 —_— -
113 113 — 165 1685 — | 243 243 — {357 387 —|523 823 —|788 768 —
114 -— - | 18.7 —_— — | 246 — — | 36.1 — 36 | 53.0 - - | 777 -— —_
115 1.5 —]|169 169 — | 249 249 — 365 365 — |536 3538 - ! 787 787 —
117 — - 172 - -~ 1 252 -— - | 37.0 -— — | 542 _— — | 79.6 -— —
118 118 —|174 174 — | 255 288 —|374 374 — 549 849 — | 806 8068 —
120 — 12| 176 — — | 25.8 —_— - | 379 _— — | 56.6 — -— | 81.6 — —_
121 12,1 —~ 1178 178 — | 261 26,1 —|383 383 — |562 382 56| 825 825 82
128 = —|180 =— 118|264 ~—~ —]388 = —=[59 = —|835 - —
124 124 — {182 182 — | 267 ‘287 — | 392 392 39| 576 5768 — | 845 848 —
12.6 -— —~ | 184 —_— — | 274 _— 27 | 39.7 - — | 58.3 —_— — | 856 -— —
127 127 —~ | 187 187 — |274 27.4 — | 402 402 — |590 3590 — | 865 868 —
129 — — | 18.9 — -} 277 -— — | 40.7 -— — | §9.7 — — | 87.6 — —_
130 130 13| 191 191 — 280 280 — 412 412 — |604 60.4 — | 887 88.7 —
13.2 — - 1 18.3 -— — | 284 -— - | 41.7 -— — | 612 — -~ { 89.8 - —
183 133 — (196 1968 —|287 287 —|422 422 ~—|619 619 62| 909 909 ot
13.5 — — | 19.8 -— - | 29.1 - — 1 42.7 — — | 62.6 - - | 92.0 — -
187 137 — 1200 20.0 20294 29.4 — [432 432 43 |634 63.4 -~ | 93.1 931 —
138 == —1203 = —[208 = —|47 = —|642 = —|oga2 @~ —
140 140 — 1205 208 ~— 301 30.1 30442 442 — |645 649 — ] 953 983 —
14.2 — — | 208 _— — | 30.5 - = | 448 == — | 65.7 —_ — | 9685 — —
143 143 — 210 210 — {309 309 — (453 483 —|665 66883 — | 976 07.6 —
14.5 — -] 213 — — | 312 - — | 45.9 -— - | 67.3 —_— — | 98.8 -— -—

Standard F Values are odtai

1.21 k0, ote.

‘.
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