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Abstract: Using magnetic compass sensors in angle measurements have a wide area of application such as
positioning, robot, landslide, etc. However, one of the most phenomenal that affects to the accuracy of the
magnetic compass sensor is the temperature. This paper presents two thermal stability schemes for improving
performance of a magnetic compass sensor. The first scheme uses the feedforward structure to adjust the angle
output of the compass sensor adapt to the variation of the temperature. The second scheme increases both the
temperature working range and steady error performance of the sensor. In this scheme, we try to keep the
temperature of the sensor is stable at the certain value (e.g. 25°C) by using a PID (proportional-integral-
derivative) controller and a heating/cooling generator. Many experiment scenarios have implemented to confirm
the effectivity of these solutions. Copyright © 2015 IFSA Publishing, S. L.

Keywords: Temperature, Stability, Feedback, Feedforward, Compass Sensor.

1. Introduction

Recently, magnetic compass sensors, along with
several sensors or devices such as a gyroscope,
accelerometer, inertial measurement unit (i.e.
Integration of gyroscopes and accelerometer), Global
Positioning System (GPS)... are must have devices
that any moving objects are being equipped [1-5].
The stability of magnetic compass sensors is better
than other fluxgate ones. Some disadvantages of this
kind of sensor related to magnetic properties can be
eliminated by the careful setting. However, the
temperature effect cannot be neglected [6], especially
in harsh conditions. There are two characteristics of
temperature to consider: the sensitivity of the

temperature coefficient and the offset drift with
temperature. The sensitivity temperature coefficient
will appear as a change in output gain of the sensor
over temperature. The magnetic sensor offset drift
with temperature causes drift. This will have a direct
influence on the attitude and causes appreciable
errors [7]. However, it is still a lack of a radical
solution to overcome this limitation.

In this paper, we firstly investigate the influence
of temperature to the accuracy of magnetic compass
sensor output and the navigation system. Secondly,
several signal processing algorithms are applied to
cancel the sensor temperature offset drift, and the DC
offset voltage as well as the amplifier offset voltage
and its temperature drift. Lastly, two schemes of
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compensation are proposed to correct the angle
provided by the compass sensor under the change of
temperature. The first scheme adjusts the angle
output due to the variance of the temperature and the
second scheme tries to keep the temperature of the
sensor is stable at the certain value (e.g. 25°C). The
approach in the scheme 1 is closed to most of
conventional methods proposed to solve the
temperature stability. The approach in the scheme 2
is novel and potential to apply in real applications.
Many experiment scenarios have implemented to
evaluate these solutions.

2. Working principles

2.1. Heading determination using the Earth's
magnetic field

Rotation axis

Geographic =
f\ S
/q\,\ V17 //"\

S A .‘-,’ ‘ B
|
viagnenc
south pole / Nw‘
south p() c

Fig. 1. Illustration of the Earth’s magnetic field.

The Earth’s magnetic field intensity is about 0.5
to 0.6 Gauss, and can be approximated to the dipole
model. The magnetic poles do not coincide with the
geographical poles, which are defined by the Earth’s
axis of rotation. The angle between the magnetic and
the rotation axis is about 11.5° [8]. As we can see in
Figure 1, the magnetic field lines do not exactly point
to geographic or the “true” north. Although the
Earth's magnetic field is not perfectly uniform, the
entire surface of the Earth is covered by a magnetic
field which is suitable and sufficient enough to
determine the direction.

The Earth’s magnetic field in a Cartesian
coordinates system is shown in Figure 2 [9]. In this
figure, He, is the horizontal field component. The
angle between the true north and the magnetic north
is the declination A. The angle between the magnetic
field H, and the horizontal plane is the inclination &.
The angle between the magnetic north and the x-axis
of the compass sensor is the azimuth (or the heading)
a.

The azimuth a can be calculated by

arctan(H,, /H,, ), H,, #0
a=4712, (Hy>0H,=0) . (1)
~712, (Hy <0,H, =0)
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Fig. 2. Earth’s magnetic field vector 0

2.2 Magnetic Compass Sensor

Up to now, the magnetic field sensors have been

still a primary means of navigation systems.
Anisotropic Magnetoresistive (AMR) sensors have a
simple fabrication process regarding the number of
layers and materials used. Compared to other
magnetometers, AMR sensors are also the most
stable magnetoresistive sensor in term of bias and
sensitivity. With the advancement of MEMS
technology, triple axes of this type of sensor are
available in a tiny package. Therefore, AMR sensors
are still mostly used for low-cost inertial navigation
systems [10].
The ARM effect was discovered in 1857 by William
Thomson. In the AMR effect, the resistance of
ferromagnetic alloys (alloy of Fe and Ni) is a function of
the angle ¢, between the magnetization and current
(Figure 3) [11]:

R =R, +ARcos® ¢, )
where Ry =R,;,, and AR=R_, —R;,. The linearity
of the equation and corresponding sensitivity is
maximum if ¢ =45°.

L.

agnetization

urrent

Fig. 3. Formation of ¢ in AMR sensor

To compensate for the non-linear characteristics,
“barber pole” structures have been introduced. The
permalloy strip is covered with aluminum stripes
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oriented at 45° to the long axis of the strip (Figure 4).
The effect of the barber pole is to rotate the current
direction by 45°, effectively changing the angle
between the magnetization and the electrical current
from a to (a-45°). The dependence of resistance now
is linear around the null point.

sensitive
direction

Current
Barber pole (Al)

H
Y1+

—_—
Magnetization (flip direction) Permalloy
Fig. 4. Barber poles
After linearization, R is shown
Hy
R=R, % ARH—, ©))

0
where H, is measured magnetic field, and H, is the

total anisotropy magnetic field.

AMR sensors are usually used in a Wheatstone
Bridge configuration with diagonally opposite
sensors having barber pole orientations of £45°. This
arrangement helps reduce the temperature drift and
increase the sensitivity of the sensor.

2.3 Temperature Stability for Magnetic
Compass Sensor

The temperature effect is one of the important factors
that greatly influence on the accuracy of the magnetic
sensor. Thus, the temperature stability is a very
important issue. Two basic temperature parameters are
usually concerned: temperature dependence of
sensitivity and the drift of the offset. Temperature
dependence of sensitivity usually has simple sources
such as temperature changes in permeability,
resistivity, coil and core dimensions. There are many
methods to compensate for temperature effect of
AMR sensors. For example, a method to compensate
for the drift of the offset is to use the flipping
technique (Figure 5). This technique cancels the drift
of the offset, and the DC offset voltage as well as the
amplifier offset voltage and its temperature drift. In
the following section, the schemes are proposed to
reduce the temperature dependence of sensitivity.

V

Sensor M

Fig. 5. The AMR sensor output after flipping of both
polarities

3. Design and Implementation the
Temperature Compensation System

3.1 Feed-forward compensation

The principle of this method is that a feed-
forward structure is applied to compensate the error
values of compass system (Figure 6). A
microcontroller is used to get the output values of
both the compass and temperature sensors, and then it
correct the output values of the compass sensor due
to the variance of the temperature. In detail, from the
experimental investigation, the compass sensor offers
the highest accuracy at the room temperature (i.e.
25°C). Thus, at an instance, the microprocessor
computes the variance of instance temperature with
25°C. This variance is then used to compute the
compensated of the angle acquired from the compass
sensor. This procedure is shown in Figure 7.

Output of
Compass System I
Microcontroller
Output of
Temperature

Fig. 6. Block diagram of the software compensated
compass system

The correct data
(Processing data)

The compass system used in this research is a
CMPS03 compass sensor [13]. In the concerned
temperature range from 18°C to 53°C, CMPS03
sensor is assumed to offer a linear relationship
between the temperature variance and the sensor's
sensitivity. According to the experiment, the
sensitivity factor is 0.105 degrees per 1° Celsius.
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Input of
Temperature

Temp >25

No

comp = (25-temp)*0.105
value = novalue - comp

comp = (temp - 25)*0.105
value = novalue + comp

h 4
Output

Fig. 7. Algorithm scheme of feed-forward compensation

3.2 Feed-back compensation

In order to overcome the limitation of the
assumption of linearity, the feedback structure is
proposed in this section (see Figure 8). In this
scheme, we try to keep the working temperature of the
compass sensor is around 25°C. Firstly, the
microcontroller is used to get the instance temperature
Tk The variance of Ty and the desired temperature (i.e.
25°C) would be brought to the input of a PID
(proportional-integral-derivative) controller. By using
a PID algorithm, the microcontroller controlled a
heat/cooling generator to provide a desired
temperature of the compass sensor. Note that this
heat/cooling generator works based on the Peltier
effect [12], and it is attached to the sensor.

Output of
Temperature
Output of Compass Microcontroller The correct data
System (Processing data)

Temperature
Compensate System

Fig. 8. Block diagram of the closed compensated compass
system

3.3 Hardware components

The CMPS03 Digital Compass using Philips
KMZ51 magnetic field sensor to determine the
magnetic field of the earth, the data are processed by
a microcontroller on the board (Figure 9). This sensor
is always a good choice for land or underwater
navigation applications [13-14].
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Fig. 9. The compass sensor CMPS03

The temperature sensor and compass are mounted
on Peltier simultaneously. This is shown in Figure
10.

Fig. 10. The photo of the integrated system

4. Results

4.1 The compass system is fixed at a position.

4.1.1. The temperature is fixed at 25°C

In this test, the compass sensor is fixed in a
certain position of 180.3° The data are acquired in a
period of 7 minutes in order to analyze the stability of
the system. The temperature is measured at 25°C
Figure 11 shows that the sensor provides very stable
values in this condition.

190
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182

1g( TSt —

Angle

178

176

174

172

170
0

100 200 300 400 500 600 700 800 900
Number of sample

Fig. 11. Values of angle provide by the compass at the
room temperature (25°C)
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4.1.2. Increasing temperature from 18°C to 53°C

After that, the temperature of the chamber is
changed from 18°C to 53°C. Figure 12.b shows the
variety of the angle values that depends on the
change of the temperature (Figure 12.3). It is
obvious that even the sensor is fixed, but the angle is
changed. Thus, some solutions will be proposed in
this paper to eliminate this kind of error.

Temperature

i ]
50 M
£ v
N
g
g /f
£ 30 P
" ol
20 g

0 100 200 300 400 500 600 700 800 900
Number of sample
Angle

Angle
o
o)
o

S

0 100 200 300 400 500 600 700 800 900
Number of sample

Fig. 12. Value of compass in 18-53°C of temperature range

For the first scheme that utilizing the feed-
forward compensation, the uncompensated and feed-
forward angles are in Figure 13. It is easy to see that
the feed-forward method is a good solution, even that
the variation is not quite as small.

183
*  Uncompensated value
®  Compensated value
182
181
=,
Q@ 0 -
2 180%%
< %=
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177
0 100 200 300 400 500 600 700 800 900

Number of sample

Fig. 13. Uncompensated vs. feed-forward compensated
values of angles

4.1.3. Decreasing temperature from 53°C to
18°C

In this test, the temperature of the chamber is
changed from 53°C to 18°C. Figure 14 shows the
comparison of the uncompensated and compensated
angle outputs using feed-back structure. It can be
seen that, the compensated angle output overcome
the results without compensation. The variation
obtained by the feed-back structure is also smaller
than the variation obtained by the feed-forward
structure (see Figure 13). However, the rate of

response of the scheme 2 (i.e. feed-back structure) is
slower the scheme 1 (i.e. feed-forward structure).
This is quite natural for control systems.

164
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Fig. 14. Uncompensated vs. feedback compensated angles
4.1.4. Fluctuation of the temperature

In this test, the temperature of the chamber is
fluctuated in the range of 15°C to 25°C as shown by
the red curve in the Figure 15.a. By using the
compensated solution, the temperature is pushed back
to the stable as shown by the blue curve in the Figure
15.a. Figure 15.b presents the resulted angle which
offer a very good stability around 180.3°.
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Hurber of ssrle

Fig. 15. Uncompensated vs. feedback compensated angles
when the input temperature is fluctuating.

4.1.5. Comparison between two schemes

In this test, the initial temperature of the sensor is
16°C and it should reach to the designed temperature
of 25°C. Figure 16 shows the slow response of the
adjust temperature using the feed-forward structure.
It takes 5 minutes to increase temperature from 16°C
to 25°C.
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ki)

30

Temperature

i H i i H
0 100 200 300 400 500 600
Number of sample

Fig. 16. Observation of temperature convergence using
feed-forward compensation.

In case of the feedback structure, the temperature
output responses are shown in Figure 17 with four
different values of the propagation factor K. In this
system, K, = 2 offer the best response.

0 : . a0

25 25

Temp
Temp

20 20

100 200 300 400 o 100 200 300 400
Kp=0.8 Kp=1

Temp
Temp

100 200 300 400 0 100 200 300 400
Kp=15 Kp=2

Fig. 17. The dependences of compensated outputs on the
values of K.

Figure 18 shows the temperature output responses
with four different values of the factor K; when we
keep K,=2 as a good choice from previous
experiment (see Figure 17). It can be seen that, K; =
0.8 provides the best response. Thus, the couples of
parameter K,=2, K;=0.8 would be chosen for our
system.

a0 . a0

251

Temp
Temp

20

o 40

BITI|

] 200 400 ] 200 400
Kp=2,Ki=08 Fp=2 Ki=1

Fig. 18. The dependences of compensated outputs on the
values of Kp, Ki

4.2 The compass system is placed on a
turntable.

4.2.1. The temperature is fixed at 25°C

In this test, the temperature is fixed at 25°C, the
sensor is placed on a turntable. The turntable is
rotated at speed of 0.1 rad/s. This means that it will
take 7 minutes for completing one loop. It can be
seen that with a stable condition of temperature, the
sensor offers the angle output that very closed to the
true values (see Figure 19).
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Fig. 19 The angle output of the compass sensor vs. the true
angle while it was placed on a turntable at room
temperature (i.e. 25°C)

4.2.2. Fluctuation of the temperature:
comparison between two schemes
Similar to the scenario in Sec. Ill.LA.4, the

temperature of the chamber is fluctuated in the range
of 15°C to 25°C. Figure 20 shows the compensated
angle values obtained by using the feedforward and
the feedback structures when the compass is placed
on the turntable. As a result, the feedback structure
offer a better response than the feedforward does.

o dfonward
350 k| v Feedhack

il i i i i 1 i
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Fig. 20. The forward vs. feedback structures in
compensating the angle values of the compass when it is
placed on a turntable
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5. Conclusions

Accuracy of the magnetic compass sensor greatly
depends on the working temperature. This paper has
proposed two schemes to improve the thermal
stability of a specific magnetic compass sensor.
These methods can be easily applied to various kinds
of compass sensors. The feed-forward compensation
is simple and efficient in the linear range of
temperature. To extend the temperature working
range of the sensor and to reduce the steady error, the
feedback structure which utilizing the PID controller
and the heat/cooling generator. From the
experimental results, we can see that the accuracy of
the magnetic compass sensor is enhanced. Obviously,
this system can be applied in real applications.
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