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Abstract
The sensors, such as accelerometer, gyroscopes, and magnetometers, based on the MEMS (Micro-Electro-Mechanical
System) technology are widely used in various engineering areas and applications. The main advantages of these
sensors are its size, price and power consumption; however, measurements of the sensors are not entirely accurate. They
are influenced by sensor errors (scale factor, and bias), manufacturing errors (misalignment), and environmental errors
(magnetic deviations). Therefore, the error reduction using calibration is a crucial and actual problem. In this research
paper, we have presented a calibration method using differential evolution to determine the correction parameters. The
performance of this method was tested on 9DOF (degree of freedom) IMU STEVAL-MKI124V1 which consists of
three axis accelerometer and three axis magnetometer (LSM303DLHC) and gyroscope (L3GD20).
Keywords: accelerometer; calibration; differential evolution; gyroscope; magnetometer

1. Introduction
Recently, the Micro-Electro-Mechanical System (MEMS) technology has an impact in many engineering areas and
applications. These technologies are widely used in various areas such as information technology [1][2], automotive
industry, military defence [3][4], and inertial localization and navigation systems [5][6].
These low-cost sensors (accelerometers, gyroscopes, and magnetometers) are small, cheap, and have low power
consumption. On the other hand, the precision is affected by systematic errors (scale factor, bias, misalignment angles,
temperature, etc.). Therefore, the proper calibration must be provided to reduce error to improve the accuracy of sensor
measurements. Calibration is a technique or procedure of measuring of known information and then estimating the
calibration parameters to correct sensor readings. Many sensors are factory calibrated even though this calibration is
insufficient.
In this research paper, we proposed a calibration method for 9DOF (degree of freedom) IMU (inertial measurement
unit) which consists of three axis accelerometer, three axis gyroscope, and three axis magnetometer. This method uses
differential evolution which is described in [7].
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In present, many researchers deal with the calibration of low-cost inertial sensors based on MEMS technology. The
traditional methods for calibration of the IMU are to calibrate each sensor separately. In [8], Frosio et al. presented onfield calibration for three axis accelerometer which does not require any special equipment. This procedure minimizes
the bias, scale factor and cross axis errors. For magnetometers, Guo et al. [9] and Crassidis et al. [10] used Kalman
filters to compensate magnetic interferences and sensor errors.
On the other hand, Ammann et al. [11] presented the calibration method for three axis accelerometer and
magnetometer based on least square method. Olsson et al. [12] used maximum likelihood on accelerometer and
gyroscope. In [13], Thang et al. calibrated 9DOF IMU using rotation platform. This method not only compensates the
scale factor and bias, but also covers the correction of angle correlations between sensors. The reminder of this paper is
organized as follows. The sources of error are briefly described in section 2. We have focused on the sensor error model
in section 3 and finally, the IMU calibration and its details are mentioned in section 4.
2. Sources of Error
The MEMS sensors are influenced by many sources of errors such as sensor errors (scale factor, zero deviation),
installation errors (misalignment), and environmental errors (magnetic interferences).
2.1. Scale Factor Error
Scale factor error or sensitivity error is a proportional relation between the output error (deviation from the straight
line) and input. The scale factor can be modelled as:
𝑺 = 𝑑𝑖𝑎𝑔(𝑠𝑋

𝑠𝑌

𝑠𝑍 )

(1)

2.2. Misalignment Error
The misalignment error is caused by the imperfection during the installation of the sensors on the PCB (printed
circuit board). This error is defined as the angles between the sensor axis and the device body axis, and it is represented
as:
1
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2.3. Zero Deviation
Even when the sensor is not exposed to any movement or magnetic field, the output is non-zero value. This is
caused by the small voltage in the sensor. This error can be expressed as:
𝑶 = [𝑜𝑋

𝑜𝑌

𝑜𝑍 ]𝑇

(3)

2.4. Magnetic Interferences
The magnetic interferences can be divided up into two groups: soft-iron and hard-iron interference. The hard-iron
interference is caused by the presence of magnets or materials generating fixed or slightly time-varying magnetic field.
𝑠𝑖𝑋𝑋
𝑺𝑰 = [𝑠𝑖𝑌𝑋
𝑠𝑖𝑍𝑋

𝑠𝑖𝑋𝑌
𝑠𝑖𝑌𝑌
𝑠𝑖𝑍𝑌

𝑠𝑖𝑋𝑍
𝑠𝑖𝑌𝑍 ]
𝑠𝑖𝑍𝑍

(4)

The second type, soft-iron interference, occurs when a ferromagnetic material is in the vicinity of the sensor or it can
be even generated by the device itself.
𝑯 = [ℎ𝑋

ℎ𝑌

ℎ𝑍 ]𝑇

(5)

3. Sensor Error Model
3.1. Accelerometer
The accelerometers measure the constant gravity in static position or acceleration/vibration of an object. However,
these measurements are influenced by axis misalignment, scale factor errors, zero deviation, and wide-band noise.
These errors in accelerations lead to continual grow of the error in velocity and distance, due to integration.
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The mathematical model, which describes the accelerometer readings, is expressed by
⃗⃗⃗ + 𝑶 + 𝒏)
𝑎⃗ = 𝑴𝒎 ∙ 𝑺 ∙ (𝑀

(6)

where the variables 𝑴𝒎 , and 𝑺 are 3x3 matrices which interpret misalignment errors, and scale factors, respectively. 𝑶
and 𝒏 are vectors representing zero deviation and wide-band noise (Gaussian noise) which influences the acceleration
⃗⃗⃗ in the local reference system.
vector 𝑀
3.2. Gyroscope
The gyroscopes measure angular velocity (rotations in general) around each sensitive axis. For these measurements
⃗⃗⃗, the model is similar to accelerometer error model. It includes misalignment error 𝑴𝒎 , scale factor error 𝑺, zero
𝑀
deviation 𝑶, and wide-band noise 𝒏.
Mathematical model, that describes the measurements of the gyroscope, is expressed
⃗⃗⃗ + 𝑶 + 𝒏)
𝑔⃗ = 𝑴𝒎 ∙ 𝑺 ∙ (𝑀

(7)

3.3. Magnetometer
The strength and direction of the local magnetic field is measured by the magnetometers. The measured magnetic
field is a combination of the Earth’s magnetic field and a magnetic noise which is generated by nearby objects or even
the device itself. The magnetic noise is called soft iron 𝑺𝑰 and hard iron 𝑯.
The magnetometer error model is represented as,
⃗⃗⃗ + 𝑯 + 𝒏)
𝑚
⃗⃗⃗ = 𝑴𝒎 ∙ 𝑺 ∙ 𝑺𝑰 ∙ (𝑀

(8)

In this model, the variables 𝑴𝒎 , 𝑺 and 𝑺𝑰 are 3x3 matrices which represent misalignment errors, scale factors and
soft-iron, respectively. 𝑯 and 𝒏 are vectors representing hard-iron biases and wideband noise which distorts the true
⃗⃗⃗.
magnetic field measurements 𝑀
4. Calibration
For the purpose of estimation of calibration parameters, the differential evolution was used due to its optimization
technique. The fitness function was different for each sensor. This modelled fitness functions depend on the number of
unknown parameters and attributes of the sensor. However, the goal was the same; finding the smallest value of the
error.
4.1. Three Axis Accelerometer
For the calibration of three axis accelerometer, measurements in several different static positions for the
determination of scale factor, misalignment angles and offset is required. The measured dataset consists of 12 different
positions for each sensitive axis. The readings were provided for 30° until the full circle is covered. The sum of squared
errors has been used as the fitness function where the error is the difference between the calculated output from current
parameters and the true value. Therefore, the fitness function of the DE algorithm is modelled as
𝟐

𝐹 = ∑𝒏𝒊=𝟏(√𝑋 2 + 𝑌 2 + 𝑍 2 − 1)

(9)

where 𝑋, 𝑌, and 𝑍 are calibrated values and value 1 is the gravitation field given in g-force acceleration (1g=9.809228
m∙s-2).
The calibrated values account for bias offset (𝑜𝑋 , 𝑜𝑌 , 𝑜𝑍 ), scale factor (𝑠𝑋 , 𝑠𝑌 , 𝑠𝑍 ), and misalignment error ((𝛼, 𝛽, 𝛾 )).
The measured values are 𝑟𝑋 , 𝑟𝑌 and 𝑟𝑍 . The equations for calculations of such errors are showed in (10), (11), (12).
𝑋 = (𝑟𝑋 − 𝑜𝑋 ) ∙ 𝑠𝑋

(10)

𝑌 = (𝑟𝑋 − 𝑜𝑋 ) ∙ 𝛼 + (𝑟𝑌 − 𝑜𝑌 ) ∙ 𝑠𝑌

(11)

𝑍 = (𝑟𝑋 − 𝑜𝑋 ) ∙ 𝛽 + (𝑟𝑌 − 𝑜𝑌 ) ∙ 𝛾 + (𝑟𝑍 − 𝑜𝑍 ) ∙ 𝑠𝑍

(12)
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4.2. Three Axis Gyroscope
To reduce the errors, especially systematic errors (scale factor, bias), several measurements are needed in known
conditions. In our case, we had used simple turntable and measure angular velocity in each sensitive axis. The fitness
function is based on the sum of the squared errors where the error is the difference between the calculated output from
current parameters and the true value. The fitness function is modelled as
𝐹 = ∑𝒏𝒊=𝟏(𝑋 + 𝑌 + 𝑍 − 𝛺)𝟐

(13)

where 𝑋, 𝑌, and 𝑍 are calibrated values and 𝛺 is the known angular velocity (198 dps). The 𝑋, 𝑌, and 𝑍 are similar to
accelerometer (10), (11), (12).
4.3. Three Axis Magnetometer
In order to determine the calibration parameters of the magnetometer, sufficient number of samples is needed in
different directions to cover the sphere. Therefore the data were measured while rotating the sensor around each
sensitive axis and also in arbitrary rotations. Duplicate readings were deleted from the dataset to avoid influencing
calculation of parameters. Again, the fitness function is the sum of squared errors where the error is the difference
between the calculated output from current parameters and the true value. The fitness function is represented as
𝐹 = ∑𝒏𝒊=𝟏(√𝑋 2 + 𝑌 2 + 𝑍 2 − 𝑅)

𝟐

(14)

where 𝑋, 𝑌, and 𝑍 are calibrated values in each axis and 𝑅 is the true scalar value of geomagnetic field intensity taken
from IGRF [14] due to the absence of proton magnetometer.
The equations for the calculation of the fitness function are
𝑋 = (𝑟𝑋 − 𝑜𝑋 ) ∙ 𝑠𝑋 + (𝑟𝑌 − 𝑜𝑌 ) ∙ 𝑠𝑖𝑋𝑌 ∙ 𝑠𝑋 + (𝑟𝑍 − 𝑜𝑍 ) ∙ 𝑠𝑖𝑋𝑍 ∙ 𝑠𝑋

(15)

𝑌 = (𝑟𝑋 − 𝑜𝑋 ) ∙ (𝛼 ∙ 𝑠𝑋 + 𝑠𝑖𝑌𝑋 ∙ 𝑠𝑌 ) + (𝑟𝑌 − 𝑜𝑌 ) ∙ (𝛼 ∙ 𝑠𝑖𝑋𝑌 ∙ 𝑠𝑋 + 𝑠𝑌 ) + (𝑟𝑍 − 𝑜𝑍 ) ∙ (𝛼 ∙ 𝑠𝑖𝑋𝑍 ∙ 𝑠𝑋 + 𝑠𝑖𝑌𝑍 ∙ 𝑠𝑌 )

(16)

𝑍 = (𝑟𝑋 − 𝑜𝑋 ) ∙ (𝛽 ∙ 𝑠𝑋 + 𝛾 ∙ 𝑠𝑖𝑌𝑋 ∙ 𝑠𝑌 + 𝑠𝑖𝑍𝑋 ∙ 𝑠𝑍 ) + (𝑟𝑌 − 𝑜𝑌 ) ∙ (𝛽 ∙ 𝑠𝑖𝑋𝑌 ∙ 𝑠𝑋 + 𝛾 ∙ 𝑠𝑌 + 𝑠𝑖𝑍𝑌 ∙ 𝑠𝑍 )
+ (𝑟𝑍 − 𝑜𝑍 ) ∙ (𝛽 ∙ 𝑠𝑖𝑋𝑍 ∙ 𝑠𝑋 + 𝛾 ∙ 𝑠𝑖𝑌𝑍 ∙ 𝑠𝑌 + 𝑠𝑍 )

(17)

4.4. Evaluation of Calibration Method
For the evaluation of the calibration technique, data was analyzed. We used RMSE (root mean square error) as a
performance criterion. This criterion indicates how accurate the calibration method is; therefore, the lower the RMSE
value is the more precise are measurements. These values for each sensor are depicted in Table 1.

Accelerometer
Gyroscope
Magnetometer

RMSE raw
0.0304
1.2437
128.6846

RMSE calibrated
0.0082
0.2886
8.2388

Table 1. Comparison of RMSE of each sensor before and after calibration
From results of RMSE analysis, it is clear that differential evolution is suitable as a 9DOF IMU calibration tool.
This method significantly increases the precision of the magnetometer in particular, in which the measurement error
was caused by the metal housing of the measuring unit. This housing caused an offset (hard-iron interference). As
second analysis, we used descriptive statistics (see Table 2). This statistical analysis showed that there was a reduction
in standard deviation (SD) which increases the precision of each sensor.

AccRaw
AccDE
GyroRaw
GyroDE
MagRaw
MagDE

Mean
1
1
198.81
198.01
487.02
490.27

SD
0.03
0.01
0.94
0.29
128.66
8.23

Median
1
1
198.81
198.01
532.95
491.53

Min
0.89
0.95
195.25
196.29
189.84
463.91

Max
1.07
1.03
202.28
199.29
707.43
511.44

Table 2. Descriptive statistics of raw and calibrated measurements
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4.5. Setup of Differential Evolution
The set-up of differential evolution is shown in Table 3. The parameter NP is set to the highest value of the
limitation suggested by [15]. That means 10∙D where D represents the dimension of the problem (the number of
unknown calibration parameters). The number of generations is given by the experiment that showed the optimal value
around 400 (slow convergence rate to minimum – see Fig. 1. The parameters F and CR were also determined
empirically.

Fig. 1. Fitness function evolution
Parameters
NP
Generations
F
CR

Value
90
400
0.4
0.6

Table 3. Set-up of differential evolution
5. Conclusion
In this research paper, we presented a calibration method for 9DOF inertial measurement unit. This calibration
method uses differential evolution as a optimization technique for determination of calibration parameters. This method
compensates misalignment, scale factor, bias and magnetic deviations. The accuracy of calibration depends on the
amount of measured data. The calibration was tested on accelerometer and magnetometer (LSM303DLHC), and
gyroscope (L3GD20) from STMicroelectronics. The experiment showed a significant improvement of measurements.
For the future work, we are going to focus on sensor fusion using Kalman filters, in which we also try to use
differential evolution or another optimization algorithm.
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