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A Noniterative Polynomial 2-D Calibration
Method Implemented in a Microcontroller

Khalid Fouad Lyahou, Gert van der Horn, and Johan H. Huijskejjow, IEEE

Abstract—Output signal handling of a smart sensor usu- of trimmable resistors [2]-[4]. A second class of calibration
ally involves a calibration facility to correct for input-output  methods within this group [5] comprises those methods where
nonidealities which comprise offset, gain errors, nonlinearity hq yransfer of the analog signal processing circuit is controlled

errors, and cross sensitivity. In this paper, a calibration method d dified b diaitall bl f .
is presented which features a progressive improvement in the and modified by a digitally programmable array of resistors or

sensor calibrated transfer toward the desired transfer as the user capacitors. However, higher resolution can only be achieved
proceeds from one calibration point to the next. The method is by increasing the number of controlling bits and the array size
based on a set of mathematical formulas whereby a calibration of the trimming elements. The disadvantages of these analog
coefficient is calculated at a selected calibration point and used to methods are circuit complexity, limited resolution, and lack of

calculate a first correction of the sensor transfer curve. Further lexibill hev h limited biliti handl
improvement in the sensor transfer is obtained by repeating €Xibility. Moreover, they have limited capabilities to handle

the process for a second calibration point using the transfer the nonlinearity and cross sensitivity problems, and each
resulting from the first calibration, without the need to review sensor requires a lot of individual attention for the calibration,
the calibration already carried out at the first point. The process making it harder to automate the calibration process.

can be repeated until the desired error reduction is obtained. L . . o
Step by step, the calibration method builds up a polynomial The digital calibration methods offer many possibilities

transfer correction. Simulation results are shown to demonstrate fOr flexible, accurate, and programmable calibration meth-
the performance of the method. A software implementation of 0ds. Moreover, the availability of cheap microcontrollers and
the method for two-dimensional (2-D) calibration in an 8-bit smart sensors with digital, microcontroller-compatible outputs,
“}'Cf?c%“troﬂeg 'Siﬁre?e“:e?-grne m'crr%CO”ttrO'r'ﬁrl‘r’;”th r::alll:ratuinm makes integrated calibration of the smart sensor device pos-
program can be incorporated in a compact Smart SEnsor System. giple  These digital calibration methods can be implemented
Index Terms—Calibration, linearization, microcontroller-based  ysing either a lookup table method or a calibration function
Sensor systems, microsystems, pressure sensors, smart Sensors. nathod. A disadvantage of the former method is the large
storage capacity needed to accommodate the large number
I. INTRODUCTION of correction points necessary to obtain adequate calibration,
. . .. and the large amount of sensor data that has to be gathered
HE MAIN requirement of an electronic sensor is to, . . . .
: X . . during the calibration process. Reducing the storage space
generate an electrical signal proportional to the mputt
. . . . at the expense of speed and accuracy can be effected by
physical quantity. However, a practical electronic sensor doesin a coarse table and an interoolation method between the
not realize the ideal signal transfer, but exhibits nonidealitig%in?s stored. but this requires azditional dedicated circuitr
like offset, gain, and nonlinearity, in addition to the possiblg ft t, lculat t?] int lated ooints 61 171, Th y
effects of a disturbing variable which affects the desired sendy Software 1o calculate the interpolated points [6], [7]. The

response to the physical quantity of interest. For examp%’ace requirement is increased further if correction for cross

the offset, gain, and nonlinearity of a pressure sensor Cac?']nsitivity to an interfering parameter is also required. In the

be dependent on the operating temperature of the sen§8|9°nd class of calibration methods, a small matrix of calibra-
in which case the sensor is said to be cross sensitive tion data is obtained during the calibration process which can

temperature. Thus, the output of a sensor cannot be interpret?ngsed to calculate the calibration coefficients to be used later
' ' I polynomial correction function [8]-[10]. The calculation

as an accurate and reliable representation of the physi : ; - i ) )
quantity to be measured and certain measures must be taf we calibration coefficients involves extensive computations
ually carried out on a PC or external computer. If the user

to calibrate the sensor using reliable reference input signeﬂ'§, h ibrati decid ibrati ;
such that its output can be accurately related to the phy8i8£l|t & calibration system decides for more calibration points to

quantity. For smart sensors, calibration methods can be applﬁHHh‘_ar_ reduce the error, then the calculations of.the calibration
to the analog part or the digital part of the sensor Signaﬁpeﬁlments have to be repeated all over again for the new

processing chain [1]. Analog calibration methods are basBYmPer of calibration points.

on changing the analog signal transfer in such a way as! Nis paper proposes a point by point calibration method, and
sents the implementation of the latter in a microcontroller

to compensate for the sensor errors, mostly through the e ! ) ) ) .
program. At a given calibration point (reference signal) the
Manuscript received June 3, 1996. actual sensor output is equalized to the desired sensor output,
The authors are with Electronic Instrumentation Laboratory/DIMESyy calculating and applying a correction coefficient according
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horn@ei.et.tudelft.ni). 0 a simple formula. This can be considered an offset calibra-
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where the actual sensor output is again directly equalized to the 4.

desired output, without disturbing the previous equalization. Output

This results in a gain calibration, while the offset calibration (normalized) f2 (s step2
is preserved. The calibration can be repeated for any number

of reference signals, building up, step by step, a polynomial 05~ fa

correction curve, which can be applied to the sensor signal
immediately. After four calibration points, for example, a
third-order polynomial correction is achieved. Each correction  0.0-
is applied in such a way that the previous calibrations are not
disturbed.

The method does not require the collection of a matrix 5
of sensor data and then using it to calculate the calibration
coefficients through matrix inversion. Instead, the calculation
of each calibration coefficient involves the solution of one
equation with one unknown only, plus the calculation of
the resulting corrected sensor response. Each time, a nefity 1. Transfer curves before and after calibration.
calculated calibration coefficient is used to add a new term to
the callbr_atlon function already at_han_d from previous cghbr_%’ so that the corrected sensor outgifz») at inputzs is
tions, which then forms a new calibration function resulting i, equalized to the desired outppt. Also the previous
further correction of the sensor response. After each calibratioQiipration folw1) = py is still valid.
step, the sensor response and error can be examined at fhe foliowing calibration steps will build up a polynomial

new calibration point, and if the error reduction is not Y&inearization function in the same successive manner. The
satisfactory, further corrections can be effected. Moreover, tﬁﬁrd, fourth, and fifth calibration functions are, respectively,

method can be readily extended for 2-D calibration to calibr

for cross sensitivity to another variable, which can be measured

separately (such as temperature). f3(x) = fo(x) +az x {fi(x) = p1} X {f2(z) — p2}
In Section Il, the mathematics of the one-dimensional (1-D)

point-by-point calibration will be explained. Then, the twof4(z) = fa(z) + as x {f1(z) —p1}

step3
0.5 1.0

Input ——»
(normalized)

-1.0

en as

dimensional (2-D) calibration will be discussed, followed by x{ folx) — pa} x {fa(z) — ps}
the implementation in a microcontroller for the calibration of
pressure sensors (esp. piezoresistor-bridges). F5(@) = (@) +ag x {fi(x) —p1}

x{f2(x) = p2} x {fs(z) — p3} x {fa(x) — pa}.

In this section, the principle of the proposed method é%third calibration _measuremerth(xg) is used to calcu!ate
applied to 1-D calibration will be discussed. In this case, tHE SO that t?]e callbrated functiogis () equa(ljs the desired
sensor is considered to be sensitive only to the input desifdgction at three pointgzy, p1), (x2, P2), and (z3, ps). A
variable, hence the term 1-D calibration. fourth measuremenys(z4) is used to calculatey, which

The method is based on a number of calibration equatiolf&€arizesfs(x) ata fourth poin{zy, pa). A fifth measurement

where each equation is built up from the previous one and wifl(#3) i used to calculate; which linearizesf; () at a fifth

each new equation involving one new calibration coeﬁicierﬁ.}o'm (5, ps). The process can be continued until the error,
The input variable is indicated as the uncalibrated sensortne difference between the desired and the calibrated transfer

response is denoted b (x), the desired value of the sensoJunCt'odn’ IS suff|C|enrt1Iy redhuced. hod K vel
response at theth calibration point byp,, the calibration 1© demonstrate how the method works to successively

coefficients bya,., and the calibration functions b, (). The reduce the errors in sensor response, starting With the gain
first calibration functionf;(«) is given by the simple formula and offset. errors and proceedmg to the nonlinearity errors,
reference is made to Figs. 1-3. Fig. 1 shows the uncalibrated

filz) = folz) + aq. sensor response together with the resulting responses after
. ) 1, 2, and 3 calibration steps for the case where the sensor
From the first measuremeyi§(«, ) the desired value of, can  jnnut and output are normalized fo-1, 1}. Fig. 2 shows the
be calculated, to equalize the corrected sensor outiduti)  initial uncalibrated error and the error values after 1, 2, and 3

Il. 1-D CALIBRATION

to the desired output valug, at input,. _ calibration steps. For clarity, the error values after 3, 4, and 5
The second calibration functiofi(x) uses the previously cajipration steps are shown separately on a different scale in
corrected functionf, (x) as Fig. 3. In those figuresf, anderror, refer to the uncalibrated
folz) = fi(z) + az x {fu(z) — p1}. sensor response and the uncalibrated error, wliiileand

errory, refer to the response and error aftecalibration steps.
The correction term with calibration coefficient is zero Simulation results involving other function calibration meth-
in the first calibration point(z;, p1). A second calibration ods in the literature namely the three-point method in [10],
measuremenf; (z) is used to calculate the correct value foand the polynomial fitting method in [8], showed that the
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0.50 —

variable are also to be selected following the same order
as that for 1-D calibration. The results are best (as regards

[ Error
T speedy and steady error reduction) when calibration is carried
out in such a sequence that each error (such as offset) and
normalized its temperature coefficient are corrected before proceeding to
Input correct for the next error (in this case, gain error) and its
temperature coefficient. Calibration should, thus be carried out
along axes representing pressure values (the desired variable)
and proceeding along each selected pressure axis with different
temperature values. Denoting the measured temperature value
by T, and the reference temperature at the calibration point
(B, T;) by T;, the 2-D calibration functiong;;(p, T') for the
case ofm by n calibration points . represents the number
of pressure points and represent the number of temperature
-0.50 points), are given below.
« Calibration for offset and its temperature coefficient along
the pressure axigp; )

errory

errorg

-0.25

error;

Fig. 2. Error curves before and after calibration.

0.03 Ji1 = fo+au
| Error fi2 = fui +an(@ -11)
erors fi3 = fi2 +aws(T - 1T)(T - 13)

0015 |

fln = fl(n—l) + aln(T - Tl)(T - TQ) cee (T - Tn—l)-

 Calibration for gain and its temperature coefficient along
the pressure axigp;)

normalized

Input for = fin +a21(fin — p1)
fo2 = for + ax(fin — p)(T —11)
fo3 = foo + aga(fin — p) (T = T1)(T - 13)

-0.08

Fig. 3. Error curves for three successive calibration steps. fan = fon—1) + aon(fin — 01 )(T = T))(T —T3)

(T = Tpy).
performance of this method is good: the error reduction per
calibration step is comparable, and for certain sensor curves,
better than those methods.

Calibration for second-order nonlinearity and its temper-
ature coefficient along the pressure afis)

fa1 = fon + az1(fin — p1)(fon — P2)

o . v d ib fa2 = fa1 + az2(fin — p1)(fon — p2)(T = T1)
The output of a pressure sensor is not only determined by _ + _ _ T —TMT — T
the pressure applied to the sensor, but it is also affected to a fos = faz & azalfin = p1){fzn = p2)( D) 2)

certain extent by the operating temperature of the sensor, in

such a way that the sensor errors themselves are temperature

dependent. Then, such a pressure sensor has to be calibrateds,, = f3,,_1) + asn(fin — p1)(f2n — P2)

for both_ pressure (desired variable) and tempera_ture _(undeswed X (T =TT = To) (T = Tn_y).

interfering variable), hence the term 2-D calibration. The

sensor response in this case can be represented graphicalyalibration for higher order nonlinearities and their tem-
by a surface in a three-dimensional (3-D) picture. The cagberature coefficients can be further carried out along the axes
ibration method can be extended to handle 2-D calibratidps, ps, ..., pm), following the same procedure, whetg; is

by succeedingly selecting axes with fixed values for onbe calibration coefficient to be determined at the calibration
input variable and then proceeding along each selected gp@snt F;, 7, fi; is the ith calibration function at thejth

with different values for the other variable as in the 1-Demperature value, angl is the desired output value for the
calibration. A separate temperature sensor is of course neefigtttion f;; at the calibration pointF;, 7;).

to calculate and apply a temperature dependent correctiorfo illustrate how the method works, Fig. 4 shows the uncali-
on the pressure sensor output. The values along the flosated transfer surface and Fig. 5 the uncalibrated error surface

Ill. 2-D CALIBRATION
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Fig. 8. Error values for different sensor characteristics.

for input pressure and temperature values normalized-fig (

1) are shown in Fig. 8. The six different sensor characteristics
investigated are referred to by the corresponding case numbers:
error3x 3 refers to the error values aften33 calibration steps

and error5< 3 to the error values after 5 3 calibration steps,
whereas the error values aftex5b and after 7 5 calibration
steps are referred to by errox% and error 5, respectively.

The initial maximum nonlinearity error for all considered cases
was approximately 25% of full-scale.

Simulations carried out to compare the performance of this
method with that of the 2-D calibration polynomial using
matrix inversion [8], showed a better performance of the
proposed method as regards the speed of error reduction per
calibration step, in addition to the fact that progressive error
reduction always resulted with this method, as the number of

of an example sensor which is sensitive to the desired as wgdlibration steps were increased.
as to an undesired input variable (pressure and temperature,

respectively). The transfer surface and the error surface after

IV. MICROCONTROLLERIMPLEMENTATION

five pressure by three temperature calibration steps are showpig. 9 shows the block diagram of the proposed smart-

in Figs. 6 and 7.

sensor microcontroller-based system using a smart sensor bus

The absolute maximum error values for six different sensfri] to read out integrated temperature and pressure sensors.
characteristics after different numbers of calibration steps amtle output of the pressure sens@,;) is determined by
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el v computer V. CONCLUSIONS

! cl%ca‘ga interface . . .

‘ E-:‘e:sor | ; and ““’rk A technique to correct for sensor offset, gain, nonlinear-

1 interrace s ' . g e . . .

‘ 5 A £ w 8L ity, and cross sensitivity, using an 8-bit microcontroller has
Pressure | S e <2 w3t & . . .
Sl p— e 35 22 F L micro been developed. Calibration methods based on mathematical

i £ o = H H— . . . . .

Temperalure! | T_sensor [~ ; controller correction functions implemented in a microcontroller have

T ; p— become increasingly popular because of their flexibility and

Smart Sensor Interface Circuit 197 bus effectiveness and also because of the continuing reduction

of size and price of microcontrollers. Already it is possible
to be incorporate them in the sensor package to form a
smart sensor with calibration facility. With the proposed
the applied pressure and the operating temperature of #ibration method, it is possible to let such a smart sensor
sensor. A temperature sens@r) is also used to give the jtself carry out both the calculation of the calibration coeffi-
calibration setup an indication of the operating temperatuigents and the calculation of the measurement correction, thus
The calibration program and the calibration coefficients afgoviding an accurate ready-to-use sensor system. Moreover,
saved in the memory. the calibration method, and the calibration system based
Through the user terminal, the necessary calibration dafgon it provide the user with a means to enter calibration
asked for by the microcontroller can be entered. The micrgoints data until a certain error reduction is achieved. At
controller used is the 80c552 which is an 8-bit microcontrollefach calibration step, a calibration coefficient is calculated
driven by 12 MHz clock. The system software consists of gcording to a simple formula, and the newly calculated
program written in C, which is compiled, assembled and theslibration coefficient is used to add a new term to correction
downloaded into the system memory. The program consigigction resulting from the previous calibration. A steady
of two parts: thecalibration part to calculate the calibration reduction in error a|Ways resulted when Successive|y app|y|ng
coefficients and thaneasurement parto calculate the cor- this method to different types of sensor response curves.
rected values of sensor output using the values of calibratipRe number of summations and multiplications required to
coefficients already calculated and saved in memory durigglculate a single corrected value is comparable to that re-
the calibration cycle. It is an interactive program whichguired by other methods based on polynomial correction
during the calibration process sends the necessary messa@@sg matrix inversion. Simulation results have also shown
to inquire the user about the reference data required at e@ght the performance of the proposed method (as regards
stage of the calibration process. Once the correct response &@sr correction) is comparable to and for most of the cases
been received, the microcontroller proceeds with the necessgéyisidered, better than that of the other method referred to.
calculations, which involves calculating a new Calibratiorrhe ad\/antage of the proposed method is the progressive user-
coefficient and checking the error limit supplied by the usegontrolled error reduction, in addition to the ease with which
Once this limit has been reached, entering more calibratigie calibration coefficients can be calculated. The calculation
data can stop, and the measurement cycle can start. of the corrected values, now totalling 30 ms per sample, can
It was earlier discussed that the 2-D calibration algorithile speeded up by using a 16-bit or 32-bit microcontroller.
requires scanning across temperature values for as mame software part can be further developed, such that the
pressure values as required to reduce the error to the specifighbration cycle becomes more automated with minimum
limit. This represents a practical disadvantage during th@erference from the part of the user. In this way, the
calibration cycle, since it is easier and faster to changgsulting smart sensor setup with the microcontroller makes
the pressure values applied to a sensor than to change ghfyst, automated, and thus cheap calibration of sensors in
temperature. Accordingly, it is more convenient to select ﬂlﬁoduction possib|e, and also provides for fast and Cheap
order in which the calibration process is carried out such th@fstomer recalibration [2]. Furthermore, since the smart sensor
it requires the minimum number of changes in temperatus@s all the calibration facilities on board, a minimum attention
values. This fact has been accounted for in the program usgg sensor is needed, namely the reference data can be sent
where functions have been used to enable the programidomany sensors at a time in a batch calibration process.

carry out the calibration cycle along axes of fixed temperaturgis will reduce the production costs of accurate sensors
values for different pressure values, whereas the correctiggnsiderably.
process during the measurement cycle is carried out along
fixed pressure values as was explained earlier.

The program was operated and tested using the fictive sen-
sors data already used in the simulations. Actual results from
the microcontroller were found to coincide with the simulation[yj 3. H. Huijsing, F. R. Riedijk, and G. van der Hom, “Developments in
results. With the microcontroller type already mentioned, and integrated smart sensorsSéns. Actuators/ol. A43, pp. 276-288, 1994,
32-bit precision floating point arithmetic, it was found that(2] 1 Enzeket , Sien Sensorsand Micostueucdions Sersor 1956,
the time required to calculate one corrected value during the  sure sensor with integrated signal conditioning for automotive and
measurement cycle was on the average 30 ms basedxof 5 industrial applications,Sens. Actuatoys/ol. A21-23, pp. 79-83, 1990.
calibration steps. This is fast enough for sensors with a sign!ﬂ] J. Gakkestact al., “A front end CMOS circuit for a full bridge piezore-

- sistive pressure sensorSens. Actuatorsvol. A25-27, pp. 859-863,
bandwidth lower than 15 Hz. 1991.

Fig. 9. Microcontroller-based pressure sensor system setup.
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