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Abstract

Applying Micro Electromechanical Systems (MEMS) inertial sensors for the Guidance, Navigation
and Control (GNC) of an autonomous Unmanned Aerial Vehicle (UAV) is an extremely challenging
area. This paper presents a practical approach of applying an Inertial Navigation System (INS) using
MEMS inertial sensors, Global Positioning System (GPS) receiver, Magnetometer and Barometer
for the GNC. The focus of this paper is the design of a 250-g Micro-GNC for autonomous UAV. The
INS/GPS/Mag/Baro integrated navigation loop provides continuous and reliable navigation solutions
to the guidance and flight control loop. The guidance loop computes the guidance demands from the
current UAV states to satisfy mission requirements. The flight control loop generates actuator
control signals to transports the UAV to the desired location. The whole GNC algorithm was
implemented within an embedded flight control computer. The real-time flight test results show that
the UAV can perform the autonomous flight reliably.

Keyword: IMU, INS, GPS, UAV, MEMS, Navigation, Integrated System.

|. Introduction

Over the recent years, Unmanned Aerial Vehicle (UAV) has been designed for applications as fire
monitoring, agriculture, mining, search and rescue. In order to become successful, the cost of these
systems has to be affordable. Thus researching on the Guidance, Navigation and Control (GNC) of a
UAV using Micro Electromechanical Systems (MEMS) sensors is important. However, when
applying MEMS inertial sensors, the stability of the Inertial Navigation System (INS) will be
degraded by the MEMS inertial sensor drifts. The quality and integrity of aiding sensors becomes
more crucial for the integrated system!Y.

The Global Positioning System (GPS) can provide long-term stability with high accuracy and
worldwide coverage. Since the performance of the low cost micro GPS receiver can be easily
degraded in high maneuvering environments, fusing the navigation data with other sensors such as a
magnetometer or barometer is necessary.
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So far, there are a broad of research on the design, fabrication and testing of MEMS inertial
sensorst>*#*% the integration and alignment of MEMS sensor-based inertial measurements unit
(MUY the algorithm of MEMS sensor-based inertial navigation system (INS), the integration
and algorithm of GPS/INS integrated system!®'%* and the GPS/INS/Mega integrated system™.

This paper present a MEMS sensor-based micro GNC system which is successfully applied to a
UAV, as shown in fig. 1. The physical UAV system comprises of the flight platform, onboard
systems, communication links, and ground station. The UAV states are downlinked to the ground
station for UAV state monitoring. There are two flight control modes. In remote operation mode, the
pilot on the ground sends the control signals to the actuator via wireless uplink channel. In
autonomous mode, the navigation output is fed into the guidance and control loop and the onboard
Flight Mode Switch redirects the computed control outputs to the actuators. The whole GNC
algorithm was implemented within an embedded flight control computer ARM9. The UAV s a fixed
wing platform with a pusher prop configuration. It carries an extra CMOS vision sensor. The real-
time flight tests show that the navigation system can provide accurate and reliable 3D navigation
solutions as well as to perform the guidance and control task reliable.
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Fig. 1. The structure of MEMS sensor based micro GNC

Il. Aircraft System

To meet the need of remote distance flight mission, the flight platform is designed as a delta fixed
wing platform with an electromotor pusher prop configuration, as shown in fig. 2. It is capable of
flying at 21m/s and up to 500m. The platform can carry up to 2kg of additional mission payload.
Table 1 shows the specifications for the flight platform. The aerofoil is S7055. In this case, the
lift/drag ratio has the maximum of 70. The lift coefficient is limited to 1.1 based on the aerofoil data.
The minimum velocity can be written as
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Vo= [~ 1omis (1)
pSCLmaX

Where S is the wing area and Cimax IS the maximum lift coefficient.

i\ Table 1. Flight platform specifications

\ Wingspan 2.8m

\ Wind area 0.87m’
Wing loading 103g/dm*
Max. takeoff weight 9kg
Payload 2kg
Flight time 30min
Max. speed 25m/s

Fig. 2. The flight platform structure Min. speed 12m/s

Fig. 3 shows the wind tunnel test, where the flight platform model is reduced to 1/5 in size. Fig. 4
shows the lift coefficient, drag coefficient and lift/drag versus the platform angle of attack
respectively.
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Fig. 4. Lift coefficient, drag coefficient and lift/drag versus the platform angle of attack respectively

The onboard systems consist of a GNC system, vision system and a 900MHz wireless data link. The
vision system is mission payload for target tracking, target registration and decentralized data fusion.
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The air-to-ground communication links are used for the UAV monitoring, remote control operation,
and telemetry data. The ground station is a monitoring computer.

I11. Sensors

MEMS inertial sensors are of utmost important in the GNC system. Processed by using Silicon-On-
Insulator (SOI) techniques, The MEMS inertial sensors structure has the advantages of low stress
and high aspect-ratio. Fig. 5 shows the MEMS gyros and its microstructure. Fig. 6 shows the
measured output signal versus input angular rate. The output voltage is proportional to the input
angular rate and changed linearly in the range -500 to 500°/s. The gyro bias repeatability is 0.01°/s.

Fig. 7 shows the accelerometer and its microstructure. The accelerometer has a bias repeatability
within 1 mg. The MEMS Inertial Measurement Unit (IMU) is a six-degree of freedom inertial
measurement unit consisting of three orthogonal MEMS accelerometers and gyros. The
accelerometers and gyros are mounted in body coordinates and are not mechanically moved. These
sensors, coupled with the proper mathematical background, are capable of detecting accelerations
and angular velocities and then transforming those into the current position and orientation of the
system. A software solution is used to keep track of the orientation of the vehicle and rotate the
measurements from the body frame to the navigational frame. Being fully compensated, the IMU is
well suited for low accuracy and high dynamic environments, where small size, lightweight and low
power consumption demanded. The IMU can provide inertial data up to 400Hz.
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Fig. 5. MEMS gyro and its microstructure Fig. 6. Gyros response to angular rate

The GPS receiver used in this work is the Fastrax’s iTrax02 GPS. The iTrax02 receivers are small
size, light weight, ultra low power consumption that have the accuracy less than 6m 95%. They have
a navigation sensitivity as low as -150dBm making them applicable even for extremely demanding
applications and environments.
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compensated compass that uses a two-axis accelerometer for enhanced performance up to a +60° tilt
range. At level status, the heading accuracy is 1.0 deg, the roll and pitch accuracy are 0.4 deg.

The barometers used in this work are MEMS barometers developed by our group. Fig. 8 shows the
structure of the MEMS barometer. It has an accuracy repeatability with 0.1%FS.

V. Guidance, Navigation and Control loop Introduction

The navigation loop plays a key role in the GNC system. Its navigation outputs are used in guidance
and control and affect the performance of the UAV. The core of the navigation loop is the strap-
down INS using MEMS inertial sensors and the Kalman filter. The strap-down INS provides reliable
position, velocity and attitude with sufficiently high rates. The Kalman filter estimates the navigation
errors by blending the GPS observation, baro-altimeter or magnetometer data running as a
background task™*4!,

The guidance loop forms an outer control loop in autonomous mode. It computes the guidance
demands from the current UAV states and the next way-point information to force the vehicle to
follow the desired way-point. The flight control loop forms the inner control loop and it generates
the actual control signals to follow the guidance objectives as well as to stabilize the UAV attitude
and rate.

A. Strap-down Inertial Navigation System

Fig. 9 shows a block diagram of how a strap-down inertial navigation work™. The inertial
navigation system is the heart of the navigation sensor system of the UAV. In the last decade,
inertial navigation systems using MEMS sensors have been a subject of great interest. The
development of MEMS has permitted mass production of devices, though reducing the cost of
previously expensive sensors. A strap-down inertial navigation system uses three orthogonal
accelerometers and gyros triads mounted to the vehicle to sense the linear and angular motion of the
vehicle. The angular motion of the system is continuously measured using the rate sensors. The
accelerometers do not remain stable in space, but follow the motion of the vehicle. In this equipment,
Navigation is accomplished by a computer using gyro information to resolve the accelerations that
are sensed along the carrier axes. This integration of the raw measurements to obtain position and
attitude can be done in different coordinate systems. Common are the mechanization in a local level
and in a geocentric earth fixed Cartesian coordinate frame.
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Fig. 9. Flow chart of a strap-down INS

The INS provides high relative accuracy but the absolute accuracy deteriorates with time if the
system is running in stand-alone mode and no external update measurements are available. As the
INS uses integration techniques to obtain the actual position and attitude, the positioning and attitude
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errors grow with time. Most of the error sources that corrupt the navigation solution are sensor errors
or random disturbances. The MEMS inertial sensors errors like bias error, scale factor error and
random walk noise dominate the INS error growth. These INS errors are typically low dynamics and
its models have been well developed™ ™. Utilizing appropriate external position or velocity update
measurements (e.g. provided by GPS observations) the systematic error effects can be mostly
eliminated and improved accuracies within the one second interval are theoretically possible. This
topic is discussed in the next section of the paper.

B. Fusion Kalman Filter

The Kalman filter is an alternative way of formulating the minimum mean square error filtering
problem using state space methods. The fusion Kalman filter is the central part of the integrated
navigation system, where the components that are usually used in integration are the INS, GPS,
magnetometer and the baro-altimeter. The INS alone has an unavoidable error that grows unbounded
as time lapse. The GPS and magnetometer provides the position estimate at relatively slower rate. A
Kalman filter was developed to estimate the errors of the system and then update the navigational
solution. The purpose of combining navigation subsystems into an integrated system is to take
advantage of complementary strengths of the subsystems. Thus the integrated navigation system
offers very attractive feature!*81%20211:

(1) The integrated navigation system accuracy improves considerably than that of individual
subsystem.

(2) The integrated navigation system has a higher fault-tolerant property because each individual
subsystem can still provide (part of) the navigation solution while others are temporarily unavailable
because of jamming, GPS signal blockage, or any other reason.

(3) GPS, magnetometer and baro-altimeter may be used for the initialization process of the INS and
even for calibration.

Fig. 10 shows the block diagram of the complementary INS/GPS/Baro/Mega Kalman filter that deals
with the INS error state instead of the total vehicle states using the INS error model.
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Fig. 10. The structure of INS/GPS/Baro/Mag Kalman filter
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C. Guidance

The guidance loop computes the guidance demands from the current UAV states and the next
waypoint to satisfy mission requirements. The guidance demands are desired UAV airspeed, height
and bank angle. In autonomous mode, it selects the appropriate next waypoint depending upon the
guidance state. Then it decides if the waypoint has been intercepted or missed. If it is not intercepted,
it determines the Line Of Sight (LOS) angles and LOS rates to the next waypoint. Based on this
information it computes the lateral acceleration required to intercept the next waypoint and converts
this acceleration to the desired bank angle with a set of additional guidance demands: airspeed and
height. The guidance loop updates guidance demands every 30Hz.

D. Flight Control

The flight control generates servomotor signals for the rudder, elevator, aileron and engine throttle.
Using the guidance outputs and measured vehicle states, the flight control performs speed control,
height and height rate control, bank angle control, heading control, turn compensation and elevation
control. It controls the UAV’s attitude, attitude rates and the airspeed. It generates the control signals
every 20ms which is limited by the bandwidth of the servomotor. The control loop is the most time
critical task in autonomous flight mode. A servomotor is a compact electromechanical device
consisting of a DC motor with a built-in feedback circuit. These servomotors accept pulse-width
modtjzlz?tion (PWM) signals as the reference input. Fig. 11 shows the block diagram of the control
loop*~.
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Fig. 11. The control structure

1. Real-Time Results

Due to the limitation of payload capacity of UAV, it is difficult to evaluate the performance of the
GNC by adopting a more precise reference system. Instead, the covariance and innovation data from
the fusion filter were used to evaluate the performance and the filter consistency. A 30min flight test
was performed to verify the real-time autonomous flight with desired waypoint scenario. The desired
flight height in autonomous mode was set to 300m above the ground, and the desired air speed was
set to 16m/s. Fig. 12 (a), (b), (c) shows the three-axes measured acceleration of the x, y, z-axes
accelerometers, respectively. Fig. 13 (a), (b), (c) shows the three-axes measured angular rate of the X,
y, Z-axes gyroscopes, respectively. Fig. 14 shows the trajectory of the UAV during the activation of
autonomous mode. The mean and the maximum of the course-line deviation between GNC
estimated position and GPS indicated position are 1.21 and 2.47 meter, respectively.
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Fig. 12. (a) The output of x-axes accelerometer; (b) The output of y-axes accelerometer; (c) The output of z-
axes accelerometer.
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V1. Conclusions
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Fig. 14. The trajectory of GNC estimated position.

This paper presents the guidance, navigation, and control of a UAV using MEMS sensors. The
MEMS inertial sensors are used for strap-down inertial navigation. A GPS, MEMS baro-altimeter
and a magnetometer is uses to estimate and correct the MEMS INS error. The benefits of this
integrated system for accurate position, velocity and attitude determination were shown. The air data
system provides air pressures. The airspeed can be computed according to the air data. The whole
GNC algorithm was implemented in an embedded computer ARMS9. The reliable and accurate
performances of the GNC are high enough for real-time autonomous flight of UAV.
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