





FOR DIGITAL TO ANALOGUE CONVERSION
by
A. OATES
JUNE 1992

AGLA

SERC

DARESBURY LABORATORY

DARESBURY

WARRINGTON

CHESHIRE

WAL 4AD

SUMMARY
This study investigates techniques to achieve the best performance of a DAC and haw to
achicve repealable stable results.
High resotution Digital to Analogue converlers are investigated with the intention of using
them lor control and calibration applications reguiring 16 bit resolution.
True 16 bit performance cannot be achieved without contrelling the ambicnl temperature in
which the devices operale.

INTRORUCTION
The purpose of Lhis study was to evaluate the performance of several high resolulion Digital

to Analogue Converiers with the aim of producing a sysiem capable of true 16bit performance
over 2 wide operalional temperature range.

A scll contained dual DAC unit was produced which incorporated several principles to
improve overall performance.

1. An 18 bit converter was used 1o guarantee Lruc 16 bit performance.

2, The DAC 1C and all sensitive electronics were placed in a temperalure controlled
cnvironment,

3. The digital input was isolated from (he analogue elcctronics.

4. The DAC unit was designed to be placed where the analogue signal was required , not in a
crale environment,

High precision DAC's are used regularly on calibration and controi applications and recent
requirements for automatic calibration iechniques for Voltage to Frequency Converters and
for highly stable power supply control references prompted the study.,



Figure 1
Schematic of a DAC unit being driven from a digital output driver.
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THE CHOICE OF DIGITAL TO ANALOGUE CONVERTER
The heart of the complete unit is the Burr Brown DACT29KH. This converter was chosen
oul of three devices evaluated  as follows:-
Sipex SP9380-18
Analopue Devices AD 139K
Burr Brown DACT2Z9KEH

Alter evaluation of the technical data for the three devices it was found that any of the three
I8 bit devices listed above could be used. Diflerences relevant to this application between the
Burr Brown device and the two other devices are discussed below.

ADVANTAGES OF THE DACT29KIE

1) The DACT29KH was sipnificantty lower cost compared with the others.

2) Tt was noted that bath the other (wo devices had a non adjustable linearity and although
originally exhibit 18 bit linearily they had 2 drifl in parts per million per 100D hours. In time
the lincarity could drifi ow of specification thus making the device un-serviceable. The
DACT29KH would also drifl bul due 1o the adjuslable lineartiy coutd be re-calibrated and so
broupht back into specification.

DISADVANTAGE OF THE DAC729KE

The disadvantage with the Burr Brown device is that it needs more external components than
the other two devices, These extra components adjust the linearity to the full 18 bits while the
other devices should be 18 bit linear without adjustment.

Even with the cost of the extra components added the DACT29KH price was still the lowest
cost device.

CONCLUSION

It can be seen that the DAC729K1H represented the best all round choice for the design.
Being of lowest cost, and similar performance, and is likely to pive the longest service of the
three devices because of the ability (o re-calibraze the linearity.

SPECIFICATIONS FOR THE DACT29KH

TEMPERATURE DRIFT
From the DACT729KH daza sheet

TEMPERATURE DRIFT
Gain drift 1yp = +/- 3ppm per degree Celsius
Offset drift typ = +/- 2ppm per degree Celsius
Reference  typ = +/- 2ppm per degree Celsius

total *H- Tppm per depree Celsius

16 bit accuracy requires (10**5/ 2+* 1612 = 7.63ppr
so the ambiem temperature must be conrrolled to within



7.63
----- = 1.09 degrees Celsius
7.00

A temperature control tolerance of +/- 0.5 degrees is Lherefore acecplable.
LONG TERM DRIFT
From the DACT29KIT data sheet. { Ref 1}

STABILITY LONG TERM
Gain  typ = - Sppm/ 1 000 hours
Offset typ = +f- 5ppm/1000 hours
reference typ = +/- 5ppm/1G00 hours

worst case max  +/- 15ppm/1000 hours

It must be noted that the specificalion of 16 bit accuracy over 500 hours can be
approximated from the above specifications.

LINEARITY
From the DAC729KH dala sheet (Ref 1)

DifTerential finearity error = +/- 2ppm / degree Celsius
Long lerm linearily error = +/- 2ppm / 1000 hours

max Srrer £/~ 4ppm

The DACT729KI is capable of 18 bit lincarity. To reduce this (0 16 bit would require a
wemperature change of.

T63-2

wemeeeeae = 2 8 degrees Celsius
200

Therelore the previous specification on page 14 for 1.09 degrees temperature control is the
dominant facior.

Note - long term drifl and lemperature drift have been treated separately,

ANALQGUE CONVYERTER CIRCUTT
{ Brure 1 shows a overview of the DAC unit being driven from a digial output driver umt in a
CAMAC crale. }

RANGE CONFIGURATION
The DAC729KH produces a current output of 0 to -2mA this had 10 be converied Lo 2
vollage using an operational amplifier as a current Lo vollage converter for each range.

Feedback was provided by four SK ohm resistors internal to the DACT29KH.

An imernal eperational amplifier is also provided in the DAC IC. This was noi used as the
conncction of the DAC IC to external equipment made Lhe DAC IC susceptible lo damage
due to a fault in external equipment or by user error.

The op-amp chosen o perform the owtpul driving was the PMI OP07. This device although
incxpensive, has very low ofisel drift, large gain and good linearity and did not degrade the
perfarmance of the DAC within the hmils of consideration.

OUTPUT VOLTAGE RANGE SELECTION
The Vollage range was sclecled by changed by changing 2 16 pin DIL hcader on the
analogue PCB.

The range seleclion resistors internal to the DAC are designed to be highly stable but these
resistors would need 10 be maiched Lo greater than 1 part in 2 **18 to permit no re-calibralion
of gain and offset after 2 range change. Thus the header used to change the ranges also
connects in a different set of adjustment polentiometers for each range.

Each adjustment potentiometer has the provision for a series resistor at each end. These
resistors if fitied can reduce the adjusiment span therefore increasing the ease of catibralion.
This reduced the effect of instability i Lhe potentiometes.

-

IGURE 2 Comparison of temperature stability of potentiometer amd combination resistors
1

A B
37k3 [13ppm

Temperature drilt
—& 100k |100ppm —— 25k |100ppm

A 100ppm/degree Celsius

B. 10074+{15%3/4) = 36.25
37K |i5ppm fdegree Celsius

t the above method has two major advantages.
I. Reducing the sensitivity of calibralion adjusiments therelore making calibration easier.
2. Increasing he units (emperature siabibly | see figure 2.

Resistors had to be sclected on test because the adjustment range may lie outside the middic

quarter'span covered by the potentiometer. Resistors were selected in one of the following
confipurations. :

It must be noted that



FI1GURE 3. Gain resistor configurations

1 | 1 l 1

The technique shown in figure 3 was used for pain, offsel and linearity adjustments. If the
extra slability was not required the resistors could be replaced by links and the vaiue of the
potentiometer increased accordingly. This would result in a coarser adjusiment, The same
approach applied to the ability to change range without re-calibralion il this was nat required
ong set of gain and offser potentiometers would be sufficient for all ranges,

All components were specified 1o be the most stable parts which could be used within

reasonzble price and size limits. The majority of resistors used were 15ppm/degree Celsius
temperature dnft,

OVEN CONTROLLER CIRCUIT

The temperarure controlled environment was provided by a die-cast box and was heated by
power transistors, Transislors were in a linear control circuit which enabled the majority of the
power consumed Lo be transferred to oven enclosure without using pulse width modulation
commonly used wilh a resistive heating element, This was to climinale any switching noise

appearing on the analogue output due to high frequency components of power switching using
a non continuous modulation.

INTERNAL POWER DISSIPATION

With the oven cireuit off the power dissipalion from the 2nalogue circuit caused a thermatly
insulated oven enclosure 1o rise 10 degrees Celsius above ambient temperature ( the dual
DAC circuit was caleutated to dissipate approx 3 walts ). Therefore if an maximum ambient
remperature of 35 degrees Celsius was reached the oven must run at 55 deprees plus a safecy
margin to maintain temperature conirol

SOLUTICN USED

1t was decided not 1o run the oven a1 greater than 45 degrees as higher temperatures produce
a greater thermal shock to the components when the unit heats or cools from ambient
temperature. The alternalive Lo running a1 2 higher temperature is o reduce the insulation thus
allowing hest loss through convection. The extreme wes used where the oven enclosure would
nol be insulated at all. With no thermal insufation there would be a problem with heat loss
across the enclosure with the point larthest from the heating element rupning cooler due 1o
convection iosses. This was reduced by [our healing elements one at each corner of the
enclosure.

FIGURE 4. Transisiors, Power controlied by Ve the control voltags

+13v

Ov

All transistors gain matched to approx 200

Figure 4. shows the transistors used. Four were used 10 overcome heat loss across the
enciosure. One wransistior being bolted onto each corner of the enclosure. The transistors must
be gamn matched or the temperature distibution will again be uneven across the enclosure, It
can be noted thal the power supplied by the controller citeuir was drastically reduced by the
gain of the transistor.

/ FIGURES. The cascade conlrol technigue
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To correct the transislor non-linear propesties the Cascade Control technique is used as
shown in figure 5.

The Cascade Control is used when a transducer responds poorly 1o the conteol signat or is
non-linear. The slave control loop controls the (ransducer thus the input to the slave controler
will zctivate the 1ransducer in a linear manner, The master controlier now supplies its required

transducer setling to the slave controller. Cascade Conirol requires the slave laop 1o have far
quicker response (ime than master Joop.



Referning to figure 5. the stave loop is being used 10 set the current in the transislors vsing
an op-amp 1o compare the control input of with the voll drop across a resistor in series with
the heating Iransislors. Thus producing 2 lincar relationship betwesn  control voltage and
power input 1o the oven enclosure.

The temperalure sensor  an LM133  produces an almost lincar output of 10mV/Degree
Celsius, A thermistor would have required various components to produce a lincar output
while the LM135 requires only a current limiling resistor 1o produce 2 linzar voltage oulput,
The master controtler is provided by op-amp which comparcs a precision reference diode
with ihe temperature sensor passing the crror voltzge lo slave loop controliing the healer
ransistors.

CALCULATION OF THE OVEN TRANSFER FUNCTION
The temperalure sensor was positioned close to one of the heater transistors 1o minimise Lthe
time defay belween the transistor drawing current and the temperature change being sensed.
This defay was estimated to be 4 seconds and assumed lo be a pure time delay. The oven was
then heated Lo 45 degrees Celsius and allowed io cool [rom which the oven time constant of
1140 seconds was chosen. From the zbove measuremems the Laplace transfer function {or the
oven could be approximated 10.
-45
c
Gp(s) = ———- —
1+1140s

The above equation is a first order lag with pure time delay. This is not the full transfer
funclion as ambienl lemperature changes have not been included, although ambient
temperaturc changes can be ignored if they are assumed to be slowly changing,

SYSTEM GAIN K
The overall gain of the system could be expressed as -

{ sensor output ( Volls/degree Celsius } * master cont gain * cascade controller conversion
ratio of degrees Celsius out / Volisin ),

The cascade voitage conversion ratio was found by applying a voltape to (he cascade
controfler input and then measuring the temperaiure change of the oven. This was calculated
tobe 641 degrees C/ V. The only variable lefl which can be aliered is the Master Controller
Gain (KMC ).

K=10mV * KMC = 6,41 = 0,064 1*KMC

The master gain was increased until the control system became unstable |

This oceurred at KMC of 3000 making Ku = 5000 * 0.0641 = 120.5.

The value of 320.5 il used would give a very unstable control system but gives an indication
of how high the system gain can be increased before instabilily is reached.
The gain must therefore be reduced to allow 2 safety margin, This was invesligated by
Ziegler & Nichols in the 1940's (Ref 2 ). They provided recommended values for various
control systems. For this case of proportional control they recommend that the stable gain
{ Kc ) should be set to half the gain at which sysiem oscillates { Ku ).

Kc=0.5Ku
Ke=320.5"0.5= 106025

CAD SIMULATION

Stmulation of the conrtrol system using the CAD package CODAS was used to abserve the
behaviour of the system. The CODAS program requires Lhe Lapiace Lransiorm for (he system
and information such as limited control effart { maximum transistor current )

CAD simulation confirmed that the temperature control syslem be stable and have a low
steady stale error. Flowever it musl be noled Lhat the pure time delay is the limiling factor for
both siability and steady state error of the contrel system, Positioning of the temperature
sensor is therefore g critical factor in determining the performance of the sysierm.

MECHANICAL CONSTRUCTION

ANALOGUE CIRCUIT

To cnsure good performance from the analogus electronics a double sided circuit board was
used with the upper face being used as an ground plane. Using 2 ground plane not only
reduces noise and pick-up belween tracks, but in this application it was esseatial to avoid IR
volt drops. With an 18 bit device over a 5v range the LSB = 0.000019V without 2 ground
plane board the carthing arrangements would have caused problems,

The circuil board contained two DAC channels.

OVEN ENCLOSURE
A slandard die-cast enclosure was used for the oven. The die-cast box was choser because it

provided shielding for the analogue circuit from eleclromagnetic interference and proved 1o be
4 good thermal conductor,



The calibration of the duat unit 1o its full specification requm:s the zdjustment of Z4 len o
potentiometer and when the unil is commissioned, or if the DACT29KY is replac::d the
seiection of up to 48 resistors.

Sixteen of the above adjustments are gain and offset adjustments and are not difficult to
adjust and check but the remaining eight ( four per channel ) correct the finearily of the DAC,
LC several point measurements would be required 10 do this.

i. To make the DACT29KH linear 1o 18 bit reguires correcting the weighling of the 4 most
significant bits using the following procedure.
With bits | (0 14 all swilched on the outpul voltage is measured, and to this measured
voltage the value of the least significant bil is now added.
Adding binary “1" to bit 1o 14 an would switch bits 1 to 14 off and bit 15 on . So with
bil 15 on and all others off the outpul voltage can be set to the above combination of bits | 1o
Id + 1 LSB =bit 15

The above procedure is done for the following -
Adjust MSB-3 bits 1to 14+ 1 LSE=bir 15
Adjust MSB-2 bits T to 15+ 1 LSB =bit 16
Adjust MSB-1 bits 1 to 16+ 1 LESB =bit 17
Adjust MSB  bits 1to 17+ 1 LSB =bit 18
Adjust offser
Adjust gain
Repeat the above uniil no adjustment is required,

The above adjustments are interrelated il the MSE -3 is set incorrectly the following 5
settings will be tncorrect.

3. Checking the linearity involves the measurement of a number of points across Lhe oulpul
span 1o see if they would plot 10 2 straight line. This procedure is time consuming but must be
done 1o check that the adjusiments done in 1. are correct.

3. When the unit was completed atierpis were made to calibrate it manually. This proved
very lme consuming and it was difficult to achieve better than a 16 bit linear ouLput using the

above method.

4. Correct calibration requires an in-depth knowledge ol the operation of the DAC,

The above procedures are mainly repetitive caleulations thus ideal for incorporation into
soltware.
The program Now diagram is shown in figure 6.

AGURE &. LINEARITY ADJUSTMENT FLOW CHART

SWITCH ON
BITS1T0O 14

¥
READ DVM
ASSIGN YALUE A

PRINT ERROR
SWITCH OFF VALUES AND TELL
BITS | TO 14 USER TO ADJUST
AND BIT 15 ON MSB -3
i 3

READ DVM
ASSIGN VALUER

15

VALUE A=
VALUE B+1 L.SB

ADJUST MSB.-3




Figure 7. shows the cquipment used to develop and use the calibration and test programs. Relerence Drill against Ambicng Temperature
/ Izrror Volis { PPM of FSR )
FIGURE+. Block diagram of the syslem used for calibration 454
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The system works as foliows. T ehl
1. The PC is used as a terminal and Lo store program Hsling in text formal 104 B ovenord
2. A MVMEI0I1 processor with ROM and RAM cards performs all the processing functions & oven on ch!
in the VME crale. £y -+ 7 +r 4 16 BIT LIMI
3. The VME crate is fited with seral, GPIB and CAMAC interfaces which it uses to 5] ﬁ B
communmicate in this case with the PC, DVM and DUAL DAC rospectively. Y 16 BITLIMITS
The programming fanguaie used is PILS ( Rel3). PILS is ideally suited to this application as né e t
i was supplied with subromines far driving 2 GPIB interface which was used to read and ) \@

control the DVM. PILS resembles the Basic [anguage . structure,

RESULTS

Scveral groups of measurements were iaken on both channels of the unil conrstructed.

These results were oblained by placiag the unit in an environmental oven whereby the ambient
temperature under which the unit was operating was controliable.

The tesults are summarised in graphical form. Two separale measures of reference were
obtained.

1. Reference Drift Figure 8. The DAC output was set to -10v on a +10v to -10V range, as
the -10v offset is created fom the DAC 1C voltage reference this measurement shows any
drift in the valtage reference ,output buffer op-amp and offset adjusimenl polentiometers,

2. Gain Daft Figure 9. The DAC output was set to +10v on a +10v 10 -10v range. This
measurement includes the drifls in (1) but also includes DAC IC resistor ladder and gain
POLCHLOMCICTS,
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CONCLUSIONS
To obtain iuly accurate 16 bit DAC systems requires greal care to minimise Lhe cifects of
temperature drifl. High stability components must be used in changing gain and ofTset.
To hald accuracy for repeatabie measurements in anything other than laboralory conditions
requires highly stable temperature conirol and is essemial to oblain anything other than
meantngless slalements with regard 10 16 bit systems,
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