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Abstract

This paper proposes a sensor fusion algorithm by complementary filter technique for attitude
estimation of quadrotor UAV using low-cost MEMS IMU. Angular rate from gyroscope tend to drift over a
time while accelerometer data is commonly effected with environmental noise. Therefore, high frequency
gyroscope signal and low frequency accelerometer signal is fused using complementary filter algorithm.
The complementary filter scaling factor K;=0.98 and K,=0.02 are used to merge both gyro and
accelerometer. The results show that the smooth roll, pitch and yaw attitude angle can be obtained from
the low cost IMU by using proposed sensor fusion algorithm.
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1. Introduction

Nowadays, advanced in technology innovates to combine mechanical and electrical
components into micro-scale object calls as Microelectromechanical systems (MEMS) [1], [2].
With MEMS technology component being inexpensive, small size, low power consumption,
therefore products are redesigned to include such as an inertial measurement unit (IMU) sensor
onto telecommunication, automotive industries and medical application [3-6]. In robotics, MEMS
technology are the main of attitude and heading reference system (AHRS) to determine rotation,
motion, location and direction (generally called attitude estimation) of mobile robots for
automated navigation, autonomous underwater vehicle (AUV) for global localization systems
and unmanned aerial vehicle (UAV) in aviation [1], [6-9].

However, MEMS sensor performance is commonly effected by biases and noises which
tend to drift over time and reduce the accuracy of measurement. Therefore, most researcher
applied sensor fusion algorithms technigues to overcome the measurement errors and obtaining
accurate reading [1], [6], [7], [10].

In present-day, nonlinear filter techniques for instance extended kalman filter (EKF) [1],
[11-13], unscented kalman filter (UKF) [14-17] and complementary filter (CF) [18-21] have been
developed, reformed and integrated to obtain the optimal fusion of sensors or in other term
called multi fusion integration (MFI) [22]-[23].

This paper focused on low cost IMU fusion using complementary filter for attitude
estimation of quadrotor UAV. The system utilizes APM2.6’s built in sensor (MPU6000) and
external HMC5833L. Data from both sensors are converted to angles before fusion using
complementary filter algorithm. The magnetic force vector from HMC5833L is used to determine
yaw angle. This complementary filter is used to overcome drift on gyroscope and reduce
environmental noise effect on accelerometer, and a smooth signal for attitude roll (¢) and pitch
(6) estimator is expected.

This paper organized as follows. Section 1 briefly described quadrotor UAV
applications, mechanical architecture and dynamics movement, which in this research a X-
configuration quadrotor is used. Section 2 explained in general regarding sensors used in IMU
such as gyroscope, accelerometer, magnetometer and mention a sensor fusion algorithm
technique based on complementary filter used in this research. Section 3 explained the
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experiments arrangement and present the outcomes, and finally, Section 4 concludes the paper
by summarizing the findings.

1.1. Quadrotor UAV

Quadrotor is an aerial vehicle that has capabilities in vertical take-off and landing
(VTOL), omni-directional flying, and easy hovering performances in limited spaces. Compare to
terrain mobile robot, quadrotor can cover mission at most range due to capable of mobilizing in
environment with many obstacles. Furthermore, advances in MEMS technology [24-28] and
rapid prototyping technology makes quadrotor has a simplest electronics and mechanical
structures design. Therefore, quadrotor always being considered in research with wide
applications and various tasks such as civii commercial, calamity and meteorological
observation, agricultural and military purpose such as surveillances, reconnaissance and
communication [29-31] also educational purposes [32].

Quadrotor is a helicopter kind that can be controlled by varying the rotor speeds. It is an
under-actuated, dynamic vehicle with four input forces and six output coordinates. To eliminate
the anti-torque during manuaver, quadrotor configuration is setup as follows; 1) two diagonal
motors (1 and 2) are running in the same direction, 2) the others set of motors (3 and 4) in the
other direction [33-35].

1.2. Quadrotor Dynamics Movement

On varying the rotor speeds altogether with the same rate, the forces will enable VTOL
in altitude z of the quadrotor either hovering (by increasing speeds) as Figure la or landing (by
decreasing speeds) as Figure 1b. Manipulate roll angle, ¢ allows the quadrotor to move toward
y direction as shown in Figure 1c and 1d. Manipulate pitch angle, 6 allows the quadrotor to
move toward x direction as shown in Figure 1e and 1f. To able the quadrotor to rotate in yaw
angle y direction, the diagonal motors need to be speed up/slow down depending on desired
direction as shown in Figure 1g and 1h [31], [34], [33].

N - 7
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(b) Vertical down (d) Moving left (f) Moving backward (h) Rotate left

Figure 1. Quadrotor dynamics manoeuvres

2. Research Method

With advanced in MEMS, combination of 3-axis gyroscopes and a 3-axis accelerometer
in one chip able to provide a full 6 degree-of-freedom (DOF) motion tracking system for many
applications [36]. With 3-axis digital compass additional of 3-DOF can assist on a heading for a
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system for correct orientation during locomotion. Figure 2 shows 6-DOF MPU6000 comprise of
gyro and accelerometer. 3-axis compass can be attached as auxiliary sensor for attitude
estimator system such used in APM2.6.

MPU-8000 [ N
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Figure 2. A 6-DOF-Gyro/Accelerometer

2.1. Accelerometer

An accelerometer sensor as shown in Figure 3 is a dynamic MEMS sensor used to
measure acceleration forces up to three orthogonal axes. Measurement unit of accelerometer
typically in gravitational motion (g) where 1g is equivalent to 9.8m/s2 which is acceleration
cause of earth gravity. However, for linear displacement measurement, recorded data need to
be integrated two times which tend to drift over a time and very sensitive to environmental
noise [5],[18].

Figure 3. A 3-Axis accelerometer sensor (source: Adafruit Industries, 2017)

In other way, from an accelerometer, a tilt angle can be sensed and estimated as
described on Freescale Semiconductor Application Note used by [37]. Figure 4a shows
technique using two axes from an accelerometer to measure tilt angle. As shown in Figure 4b, a
basic trigonometry can be applied to determine tilt angle (6) as:

— -1 (Ax
6 = tan (Ay) 0}
Where magnitude of acceleration is always 1g can be determined by:

A= JAZ+AZ=1g @)
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a) Tilt Angle Sensing (b) Rotate about y-axis

Figure 5. Three axes tilt sensing for (a) roll angle and (b)
pitch angle
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2.2. Gyroscope

A gyroscope is a device typically used for navigation by measurement of angular
velocity and estimated changing in orientation [38]. However, for a long term, gyroscope reading
tends to drift from static condition. Gyroscopes can measure rotational velocity up to three
directions. In IMU, a gyroscope or gyros sensor as shown in Figure 6 is used to detect rotation
speed to measure angular velocity or in other term called angular rate with measurement unit
degree per second (°/s) or revolution per second (RPS).

Figure 6. A 3-axis gyro sensor (Source: Adafruit Industries, 2017)

By integrating the angular rate (reading from sensor) of each axis, the roll angle (¢), the pitch
angle (6), and the yaw angle (y) can be obtained using Equation 5:

y = [ w,dt
Oy = [ w, dt
y:fwzdt %)

Standard control range of angle in aviation system is between -180 to 180 degrees. Therefore,
result from Equation 5 need to be adjusted within this range.

2.3. Magnetometer

A magnetometer as shown in Figure 7 can sense where the strongest magnetic force is
coming from, generally used to detect magnetic north. Therefore, as for digital compass,
magnetometer sensor is used to provide heading information where the heading system
calculation depending to magnetic data (my, my, m,) therefore the compass orientation can be
mathematically rotated to horizontal plane as shown in Figure 8. Based on this figure, m,, my,
and m, from magnetic sensor reading can be transformed to the horizontal plane (X, Y,) by
applying the rotation as Equation 6 and Equation 7 with aided from tilt sensing roll (¢) and pitch
(6) from an accelerometer sensor. As such it is useful to determine absolute orientation in the
north-east-west-south (NEWS) plane of any systems during navigation [37].

V\hlt SeNsor /

local horizontal plane V gravity

vector

Figure 7. A 3-Axis magnetometer sensor Figure 8. Tilt sensing angle in local horizontal

(source: adafruit industries, 2017) plane defined by gravity (caruso, 2000)
Xh = my COS(¢acc) + rny Sin(¢acc) —my, Cos(eacc) Sin(¢acc) (6)
Y, = my, c05(0cc) + m,sin(Byec) (7)
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From Equation 6 and Equation 7 then, the heading information can be calculated as:
Heading =y, = tan‘l(;—:‘l) (8)

2.4. Sensor Fusion Algorithm

There are two ways to generate attitude estimation for quadrotor; from gyroscopes by
integrating it values or from accelerometer vector and magnetometer vector. Attitude estimation
using gyroscope provides a good dynamics performance. While fusion using accelerometer
vector and magnetometer vector give better steady-state performances [18].

In this attitude estimation, a fusion by high frequency gyroscope signal and low
frequency accelerometer signal and magnetometer signal is used. This technique called
complementary filter (CF) used by most researcher in [18], [20], [21]. This fusion provides
reliable roll (¢) and pitch (6) reading from gyroscope and accelerometer. While fusion tilt sensing
roll (¢) and pitch (6) from accelerometer with magnetic vector, (mx, my, mz) provide yaw (y)
which is heading direction of the system [20]. Figure 9 shows a block diagram to illustrate
proposed CF technique used in this attitude estimation.

~ &6, ) ,‘p,af’\ ' TN
Gyroscope Eq. (8) e > K1 7 >
! 3 e 0
K2
AL AL A, oo Bacer Oace
Accalerometes X ::_} :;: . T
m,,mg,m, Eq (6) ¥
Magneatometer > Eq. (7) &
Eq. (8)

Figure 9. Complementary filter for attitude estimation

In complementary filter system, the angles will be updated with new gyroscope
measurement by integral (summing) over a time and tilt sensing from accelerometer
measurement with scaling factor K. The mathematic expressions to represent complementary
filter used in this study

bcr = Ki(¢per + d)gy) + Ky bacc 9
Ocr = Ki(6cr + 0gy) + Kz04cc (10)
Ki+K,=1 (11)

3. Results and Analysis

Gyroscope, accelerometer, and magnetometer data from APM2.6 System is recorded
and captured by serial oscilloscope. The system is program to record sensors data with
sampling period of 50Hz for gyroscope and accelerometer while 10Hz for magnetometer. Figure
10 shows the measurement of accelerometer and gyroscope after scaling but before filtering.
Plotted angle of gyroscope shows a tend to drift over a time, while accelerometer angle very
sensitive to noise. In static condition both angles supposed to be at zero angle. Hence, a
complementary filter is utilized to overcome the interference.
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Figure 10. Gyroscope and accelerometer data converted to angle

Figure 11a and 11b show comparisons for roll angle (¢) and pitch angle (6) respectively
between gyroscope, accelerometer and after complementary filter is implemented. For Figure
11a, the spikes at time 4s and 8.4s are roll angle recorded when the systems are manually
rotate for positive roll angle and negative roll angle as expected the quadrotor will move to the
right and left (refer to Figure 1c and 1d respectively). While in Figure 11b, spike at 6.8s and 9.2s
are pitch angle during quadrotor move forward and backward (refer to Figure le and 1f
respectively). All rotation angles follow right hand rule orientation.

et Aagie Smc Angge +

(a) roll (¢) angle (b) pitch (8) angle

Figure 11. Real-time roll (¢) angle measurement and pitch (6) angle measurement

From both graphs, gyro roll (¢) and pitch (8) signal drift over a time and not return to
zero in static condition due to integral (summation) calculated from gyroscope angle reading.
Accelerator roll (¢) and pitch (8) signal from both graphs consist of noise as can be seen in
Figure 10 since low cost MEMS sensor sensitive to environment. The complementary filter
signal for both graph which is the estimated roll and pitch angle are the combine of gyro and
accelerometer with scaling factor K; = 0.98 and K, = 0.02.

4. Conclusion

In this work, a complementary filter was implemented with low cost IMU to obtain
attitude estimation for quadrotor system. 3-axis gyroscope and 3-axis accelerometer in
MPUG000 of APM2.6 is recorded for angular rate by integrating gyros data and tilt sensing from
accelerometer. Angular rate from gyros tend to drift over a time due to summing function
(integral) while accelerometer is commonly effected to environmental noise. Hence a
complementary filter algorithm is applied to update attitude roll (¢) and pitch (8) by merging
angular rate and tilt sensing data with appropriate scaling factor. Experiment result shows
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complementary filter technique can overcome drift problem by gyroscope which is easy to
implement for quadrotor attitude estimation of low cost IMU.
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