
1 Introduction

Hereafter an attempt is described to estimate temperature drift and nonlinear-
ity of magnetic sensors of our navigation device prototype. The main function
of this device is to determine the user’s attitude relatively to sides of world by
means of MEMS accelerometers and angular rate sensors and also magnetore-
sistive sensors.

This device is intended to be used as an augment to a satellite navigaton
system receiver.

2 Stand components

The stand includes:

1. Three-axial magnetic sensor based on HMC1022 and HMC1021Z. To mea-
sure the magnetic field a signal from DAC is applied to the compensation
circuits of the sensor IC. The DAC signal magnitude is found such, that
current pulses in the Set-Reset strap not change output of the sensor
bridge. Thus measurements dependencies on the temperature drift of
both the bridge bias and the bridge gain are eliminated.

2. Digital sensor LM74 admits thermocompensation of the remaining drifts.

3. Three angular rate sensors ADXRS300. The sensors are situated at distint
boards so, that their sensitivity axes be orthogonal. These additional
boards are rigidly connected to the main board of the stand.

4. Two biaxial accelerometers ADXL210AE: the first is situated on the main
board, the second mounted on one of the auxiliary boards with an angular
rate sensor. This permits directing one of it’s axes vertically, thus achiev-
ing the third component of the acceleration. The PWM outputs are used
to save ADC inputs. To reduce uncertainties accelerometers and angular
rate sensors are powered by reference voltage generator REF195.

5. Microcontroller LPC2138 generates necessary control sequencies for the
magnetic sensors and the digital temperature sensor, gathers incoming
signals and forms them into messages sent from the stand through an
RS–232 port.

The most unavailable part of the stand are stable resistors, transforming the
DAC voltage to current. For our goals it is necessary that they have low (10..25
ppm) temperature coefficients. Though such and even more stable resistors are
produced by many companies, it is not so easy to buy them.

The whole stand is located in an aluminium container tied with screws of
non-magnetic stainless steel. ”Non-magnetic” steel by itself has some rudiments
of magnetic properties and mounting parts made of it near magnetic sensors is
not desirable, but in this particular case the screws are situated far enough
from the board not to rise strong anxiety. Though the box is not completely
hermetic, the experience shows that it resists condensates pretty well.

The technique implemented in the stand gives samples of magnetic fields as
frequent as approximately 800 Hz. Magnetic sensors noises are appeared to be at
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Figure 1: Noise of magnetic sensor

the level of the least significant digit (fig. 1) even without filtering. However, the
magnetic field is usually output at the rate of 200 samples per second, because
larger rates would not admit output time and other measurements, such as
temperature, acceleration and angular rate.

The curve on fig. 1 was obtained in a rural district, inside a car. The stand
and the notebook on wich the data were stored was powered from the car accu-
mulator. The magnitude of horizontal component of the Earth magnetic field in
Moscow region is about 400 units, the vertical is about 1000. The sensor noises
correspond therefore to azimuth uncertainty not exceeding nine arcminutes.

In the room where the next tests took place, the enviroment was much more
noisy. Sensors readings were immanently superposed with industrial frequency
signal, which magnitude were about 50 units peak-to-peak (fig. 2). Before fur-
ther processing we were forced to average the measurements on five seconds
timespans.

3 Tests Description

The stand was frozen in a heat-and-cold camera down to ultimately obtainable
temperature, then got out of the camera and placed unmovably far from ferro-
magnetic masses. Thermocycling right in the camera was unadmittable, because
we was interested primarily in the magnetic performances, and in the camera
they would inevitably superposed with the changes of magnetic permeability of
the walls.

To be able to estimate the null and gain drifts, the stand orientation rel-
atively to the Earth gravitaion and magnetic fields changed form session to
session.
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Figure 2: Industrial frequency in magnetic measurements

After rime had gone from the box, we put upon the stand a 25-Watt resistor
with nominal resistance of 2kOhm, which had been kindly donated by A. Mlin-
nik and S. Monin. This resistor, as had been proved by means of the stand,
contains no magnetic substances. In order not to let the current through the
resistor introduce disturbances into the constant component of the magnetic
field, we switched it in AC net of 220 V, 50 Hz. On July, 11 we heated the
stand with a gas torch. Typical temperature curves are shown at fig. 3.

In the higher temperatures region the device operation was limited by the
linear regulator LP2980AIM5–3.3, which supplied the digital circuits, including
the temperature sensor LM74. As the ADC readings of MCU LPC2138 directly
depend on the power supply voltage, one of ADC inputs was connected to
2.048 V output of a DAC, so we could draw the linear regulator output voltage
vs temperature (fig. 4).

When the board tempereture is higher than 100◦C, the regulator output
voltage becomes so low that the temperature sensor LM74 fails to function.
This leads to some turn of the curve to the lower temperatures in the lower
right part.

4 Temperature uncertainty estimation

Besides the digital sensor, the stand includes three analog sensors of ADXRS300
(fig. 5). These sensors make it possible to estimate the temperature range within
the box and consequently the errors that can not be termocompensated.

At fig. 6–8 the analog temperature sensors measurements are compared with
the test having taken place on July 14. The non-repeatability is concerned with
different stand heating rates for different tests, as well as with difference in
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Figure 3: Typical temperature changes in tests
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Figure 4: Power supply of the digital part vs temperature
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Figure 5: Analog sensors readings (ADC units). The values reach the ADC
upper limit by 90◦C.
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Figure 6: Repeatability of analogous sensors (first sensor)
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Figure 7: Repeatability of analogous sensors (second sensor)
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Figure 8: Repeatability of analogous sensors (third sensor)
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the position of the heating source. The test of July 11 is particularly out-
standing. Then we heated the stand intensively with a gas tourch, beginning
approximately from minus 20◦C. The hysteresis reached 24 ADC units, which
corresponds to about 7◦C. Since the analog temperature sensors are placed each
at a distinct board, this value can be considered a pessimistic estimation of the
maximum uncertainty of the temperature within the stand.

5 Magnetoresistors drifts estimation

When estimating the drifts it was assumed that the sensor reading without the
noises was proportional to the corresponding magnetic field component with
some bias. The gain and the bias were thought of as some functions of the
temperature:

y(T ) = a(T )x + n(T ), (1)

where y is the sensor reading, a is the gain, x is the applied magnetic field value,
n is the bias, T is the temperature. It was assumed that T can be represented
precisely enough with the LM74 sensor readings. The x value is constant for
every curve y(T ), because the Earth didn’t move relatively to the stand during
the session.

5.1 Gain drift

Therefore in order to estimate the gain drift it is enough to get the curves for
different magnetic field values and subtract one from the other:

y1(T ) − y0(T ) = a(T )(x1 − x0) (2)

Putting aside for a while speculations on the absolute value of a(T0), having
normed relatively to the gain for some central temperature T0, we shall get the
relation:

a(T )

a(T0)
=

y1(T ) − y0(T )

y1(T0) − y0(T0)
(3)

It is evident, that in order to minimize the error due to the noises, one must
select possibly greater x0 − x1 values.

Fig. 9 gives the results for all three axes. As it can be seen from the curves,
the vertical sensor has the best performance. This can be easily explained if
suppose that the major sources of the drift are the parts on the board surface
(especially, the ceramic capacitors). IC HMC1021Z, containing the z-axis sensor,
implemented constructively so that its package is moved away to some distance
from the board, whereas HMC1022 lays right on it.

In any case thermocompensation makes it quite possible to decrease the gain
drift error down to 10−3 and lower, which corresponds to three arcminutes.

5.2 Bias drift

First of all, it should be remarked that the very bias is small: it does not exceeds
twenty-thirty units. It can be assured with the stand turning around the nadir-

zenith line so, that two of three axes of the magnetic sensors remain orthogonal
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Figure 9: Gain drift. We have a tendency to explain the break on the ay curve
as a sequence of two slight turns of the stand during the tests.

this direction. The sensors readings will draw an ellipse, the center of which
relatively to the null will be the very bias of the sensor.

Having learnt from the previous subsection that the gain drift within the
whole range of the temperatures observed does not exceeds ±0,5%, we can
neglect the changes the first member of the right part of (1), when y(T ) is not
more than two hundred units. For more precise estimation the stand orientation
should be chosen so that y(T ) not be more than thirty.

Under these circumstances one can think, that

n(T ) − n(T0) ≈ y(T )− y(T0) (4)

It would be quite appealing to determine n(T0) turning cautiously the Earth
magnetic field half-circle around an orthogonal to it axis. Unfortunately, moving
the stand in parallel to itself at ranges comparable with its size, we convinced
ourselves that in our room the field was not homogenous from the magnetore-
sistors point of view even within such a volume.

At fig. 10 the obtained relations between the drift and the temperature have
been output. The region of strong axis x drift dependency on the temperature
is probably caused by a mounted nearly capacitor. A thermocompensation
admits to reduce the drift uncertainty into limits of 0.4 units (maximum), which
corresponds to the same azimuth error of three arcminutes.

6 Nonlinearity estimation

To estimate the nonlinearity a sampling magnetic field generator was assembled.
It biases the Earth magnetic field by three values. One of these values is zero,
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Figure 10: Bias drift

the other two are strictly equal to each other by their magnitude and similarly
strictly opposite by their direction. If the magnetic sensors are linear, their
readings will deviate by the same value in different directions when the generator
creates non-zero field.

The generator essentially consists of an coil made of non-magnetic materials.
Its size is about two inches, the inductivity is 27 mH, the resistance is 70 Ohm.
Applying to the ends of the immovable coil equal by magnitude and opposite by
sign voltages we get the described effect. The zero field is made when zero volt-
age is applied to the coil. The equality of the voltages applied is controlled with
a digital voltmeter; the voltage magnitude was selected so that the voltmeter
readings contained the most possible number of significant digits.

Electrically the switching was implemented with switches on two double
transistors IRF7317 and two single transistors IRLML2803 controlled with MCU
ATmega8-16PI.

Strictly speaking, moving the coil by the stand, it was possible and due to
estimate mean nonlinearity on a large number of different biases, however we
were sure that the nonlinearity is small enough and it would be seen but at the
ultimately large biases.

Indeed, even the differences of the readings at the biases equivalent to the
Earth magnetic field magnitude have not discovered any nonlinearity.

7 Conclusion

So, the thorough adjustment could provide right now the whole azimuth error
not exceeding six arcminutes (maximum; in a bandwidth of several tens of Hz).
This is true when the horizontal plane is precisely known. Unfortunately, this
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plane is determined with MEMS accelerometers ADXL210, which are evidently
not so accurate. It is probable that in some applications it will be reasonable
to horizont the device via buble levels of comparable precision.

The reliability in the higher temperature region can be considerably in-
creased replacing the power regulator of the digital circuits with a more powerful
one. In order to increase the magnetic sensors precision it is reasonable to move
the sensors IC away from the other parts mounted on the printed circuit board.
However, this will somehow increase the sizes.
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