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Abstract. A distributed, low-order and highly efficient strapdown navigation algorithm is
developed to estimate the real flight parameters for flight control system. Firstly, the attitude
estimation Kalman filter is designed according to the relationship between angular and angular
rate. Then, the measured angular rate is compensated by solving the drift noise of gyro.
Furthermore, the accuracy of attitude is improved by compensating the accelerometer of the
rigid body from differential velocity of GPS. Secondly, the improved attitude is used as an input
into the filter algorithms of velocity and position by using the concept of distributed Kalman
filter, which reducing the order of Kalman filter effectively. The velocity and position filter
algorithms, which provide smooth feedback parameters for control system, are developed based
on the rigid body dynamic equations and GPS parameters. Finally, the numerical simulation
indicates that the attitude provided by attitude Kalman filter is of high accuracy in flight
condition, and the performance of the attitude velocity and position algorithms are verified by
flight tests of a small unmanned tiltrotor.

Keywords: unmanned aerial vehicle, strapdown inertial navigation system, Kalman filter, flight
parameters estimation.

1. Introduction

Flight control system and strapdown inertial navigation system are the key technologies of
unmanned aerial vehicle (UAV). A properly designed flight control law and control structure
can improve the stability and flight qualities of UAV. Because of that solving control law is
based on the flight parameters from the onboard strapdown inertial navigation system, so the
algorithm of strapdown inertial navigation is taken into consideration increasingly. The
traditional platform-style inertial navigation system is difficult to be applied in UAV system due
to the complex structure and cost-expensive, while the MEMS-based strapdown inertial
navigation system with small-size, light-weight and low-cost improve the accuracy of flight
control parameters by designing multi-sensors fusion algorithms [1-5]. Literature [6] described a
linear Kalman filter by using differential equation of orientation cosine matrix with the state
vector constructed by the measurements of tri-axial magnetometers and tri-axial accelerometers,
which improved the computation cost effectively. Kim et al. [7] presented a real-time
quaternion-based attitude estimation system, of which the state equation was developed
according to the relationship between quaternion and attitude angular. The measurement models
of those algorithms were derived from the onboard accelerometers, which lead to high deviation
of attitude in accelerated flight condition. Bijker [8] proposed two low-order extended Kalman
filters for estimating the attitude by using MEMS gyro, accelerometer and magnetometer,
meanwhile, the velocity and position estimation algorithms were given by using a loosely
integrated GPS receiver. The nonlinear algorithms were deduced by the quaternion kinematics
equation, which should be linearized to get attitude with large computational expense, and the
rounding error would be introduced in the process of linearization. In this paper, a distributed
and low-order GPS/SINS algorithm for UAV flight control system is designed. The attitude
estimation Kalman filter is developed according to angular rate integration. The drift noise of
gyro is solved and compensated by state matrix in real time, and the integrated error of gyro is
eliminated effectively in recursion. The differential velocity from GPS is used to improve
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attitude accuracy in flight condition. On the basis of attitude estimation, a cascaded concept is
utilized in designing velocity and position algorithms to reduce the filter order effectively. The
reliability and practicability of presented algorithms are verified by flight tests of a small UAV.

2. GPS/SINS algorithm structure

The series-connected structure of the algorithm is shown in Fig. 1. The original analog
datum, collected from the MEMS gyro and accelerometer, are filtered through the onboard
active low-pass filter to reduce the high frequency noise. The digital signals from the A/D are
again filtered by FIR before entering the attitude Kalman filter. The body high-frequency
vibration and noise in the circuit are reduced greatly. The differential velocity from GPS is used
to compensate the continuous acceleration in order to improve the accuracy of the measured
attitude. With the attitude angle as an input, the velocity estimation algorithm is developed
according to the rigid body dynamics equations, and the position algorithm is also deduced by
the relations between velocity and position.
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Fig. 1. GPS/SINS algorithm architecture
3. Algorithm of attitude determination

Attitude determination system is a core technology of the strapdown inertial navigation
system for UAV. In this paper, a low-order Kalman filter is used for solving attitude which is
derived from the integration of the angular rate and the drift characteristics of the rate gyro is
estimated in each iteration in real time.

3.1. Measurement model of attitude

The measured attitude can be obtained from onboard accelerometer and magnetometer, so
the measured noise of the measurement system depends on the features of accelerometer and
magnetometer. Since the accelerometer simultaneously measures the gravity and the rigid body
acceleration, the slight difference between the measured attitude from accelerometer and the
actual flight attitude comes up under speed-up flight conditions. The differential velocity from
GPS compensates the signal from accelerometer and improves the accuracy of measured attitude
in flight condition, so the compensated specific force can be given as:

fn fnb fng
fe| = |fer| = Ch |feq |, (1)
fd fdb fdg
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where fo.q, feg: fag are the differential velocities from GPS in earth frame, fy, fep, fap represent
the measured specific force from body accelerations, and f,, f-, f4 are the compensated specific
force, C} is the attitude transformation matrix from earth to body frame as follows:

cosycosy cosysiny —sind
i = |singsindcosy — cos@siny  singsindsiny + cos@cosy  singcosd |, 2
cos@sindcosy + singsiny  cos@sindsiny — singcosy cos@cosd

where ¢, 9, y stand for roll, pitch and yaw angles of the UAV respectively. The measured
attitude of roll and pitch angles with the compensated specific force in the body frame are
obtained as:

= arean(7)
@, = arctan(—|),
fa
fi ®)
e )
o = —arctan | ——|.
fé+fi
The Earth’s magnetic field H, is defined according to its orientation relative to the

geographic frame, which known as the angle of magnetic declination y and dip angle 4 relative
to horizontal [9], as indicates in Fig. 2.

5

Fig. 2. Distribution of Earth’s magnetic field

The magnetic field H, is mapped into the horizontal component (H,cosA) and vertical
component (H,sinA), and then the magnetic measurements in body sensitive axis are:

m) cosv 0 —sind HycosAcosy,,
m2|[ = |singsind cosg  singcosd —Hocos/lsimpml, (@)
mb cospsind —sing cospcosy H,sind
where 1,, is the magnetic heading angle. Defining:
H, = HycosAcosy,,, ®)
H, = —HycosAsinyy,.
Therefore, the measured magnetic heading angle is constructed as:
H mbcosp, — m4sin
Y, = arctan (— —y) = arctan| — . Pa —4 Qia. ) (6)
H, mbcosd, + mbsing,sing + mjsind,cosg,
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where m2,m2, mb are the components of body frame magnetic filed, which measured by tri-
axial magnetometers, respectively. Then the measured yaw angle ¢, as below:

Vg =Yy + 1. (7)
3.2. Process model of attitude

The measured errors of tri-axial angular rate gyros usually contain determinate error and
uncertain error. The determinate error can be compensated by sensors calibration. According to
the statistical probability, the uncertain error model of MEMS gyro mainly contains random
constant, first order Markov process and white noise. In order to reduce the order of the Kalman
filter, the drift feature of rate gyro consists of the random constant and white noise, and the error
model is given by:

S=£b+€g,
éb=0,

(8)

where ¢, is random constant, w, is white noise. The measurement equations of the tri-axial
angular rate gyros are expressed as:

b =Dt + Epx + ngt
q=q: + gby + Wgy, (9)
r=1+¢&,+ Wyz,

where p, q,r are the measured signals from gyros, p;, q., 1 are the angular rates of the UAV.
The state equations are obtained in continuous domain:

¢=¢0+J. (p_gbx_ng)dt:

0

9 =19, + f (q — ey — wyy) dt, (10)
0

b=vo+ [ G-t
0

in which, @, 9, are process attitudes, ¢@,,9,,1, are initial attitudes. Defining At as the system
sample time, the discretized form of Eq. (10) yields:
X(k + 1) = &, X(k) + B, U(k) + I, W(k), (11)

where state vector X(k), state transition matrix @, control matrix By, control input vector
U(k), noise matrix I, and process noise vector W (k) are defined as:

F P(k) 7
9(k
zf»ik; P o
X(k) = , U(k) = |q|, W(k) = [Way]|, (12)
be(k) r Wgz
gby(k)
»Ebz(k)—
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100 =4t 0 0 100
|[010 0 —At 0]| I[ 1 ]|
001 0 0 -4t 0 1
<I)"=|0 00 1 0 0 | By = “| 0 0| Ty = =By (13)
000 0o 1 0] 000
000 0 0 0 000

According to the relationship between the measured attitude and process attitude, the output
equation of the attitude Kalman filter is:

Z(k) = HiX(k) + V(k), (14)

where V(k) is the Gaussian white noise series, and the output matrix Hy is:

Hk:

1 0 0 0 0 O
010 0 0 of (15)
0 01 00O
4. Algorithms for estimation of velocity and position
4.1. Algorithm design for velocity

At present, accelerometer, GPS and differential pressure sensor are usually used to measure
velocity of the UAV. In this paper, the accelerometer and GPS are used for designing velocity

Kalman filter, and the process equations in terms of the rigid dynamic equations are expressed
as:

. Fy
u=—-(wq—vr)+—,
"

v (ur —wp) + 71?’ (16)
- _ _ Z
w=—(vp—uq) + —

where u, v,w are body velocities, m is mass, F,, F,, F, are the forces acting on the UAV. The
gravity and external forces produce acceleration, which is measured by onboard accelerometer.
The pseudo-acceleration caused by attitude should be compensated in the process equations of
velocity estimation, so, the measurement equations can be written as:

Fe :
Ay = e gsint + V., +wg,,
F,
Amy = _Ey — gcostsing + V., + wg,, 7)

E,
a,, = _ZZ + gcoscos@ + V., + wy,,

where V.., V., V., are first order Markov processes of tri-axial accelerometers, wyy, Wqy, W, are
Gaussian white noise. Substituting Eg. (17) into Eq. (16), the state equations can be given by:
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0 r -q 1 0 0
= 0 p 0 1 0
[“T |q -p O 0 0 1%y — Ay — gSingd Wq
v 1 | V| |—amy + gcosdsing [Way
ol o 0 0 =7 0 O [|w] |-a,, + gcosdcos [ Waz |
v.|= Tax A | mz T 9 ¢ I + ,  (18)
.rx 1 rX 0
Wl o 0 0 0 - 0 [Ty [ 0 J [Tlay
Vrz @ 1 Vrz 0 Naz
0 0 0 0 0 -
T,

az-
Where 74y, May,Na, are the driver noise of first order Markov process, Ty, Toy, Tq, are the
autocorrelation coefficients. The velocities from GPS are in the earth frame, which should
convert to the body frame by using attitude matrix. Then the output equation of the velocity
estimation is given:

u
v
1.0 00 0 O]y Wyn
=0 1.0 0 0 0f|p, |+]|Wel (19)
0010 0 olfp’| Iwu
.,

where w,,,,, Wy, W,,q are measured velocity noise of GPS.
4.2. Algorithm design for position

According to the cascade filter designing concept, the attitude and velocity are used as
control input of the position estimation system. The filtered velocity in body frame transforms
into the earth frame as follows:

V, = CpV,, (20)
where CP! is the transpose of CI!, Vi, = [u v w]T is the estimated velocity vector in the body
frame, and V,, = [Vi,  Vie Vaa]T is the velocity vector in earth frame. The former equation
discretizes as:

Sk + 1) = S(k) + V,,(k + 1)At, (21)

whereS =[X Y Z]T. By expanding Eq. (21) in matrix form as:

X(k+1) 1 0 01[X®)| 14t 0 071[Van
Y(k+1) =[0 1 ol|lY)|+[0 4t 0|Vl (22)
Z(k +1) 0 0 1|z 0 0 acllvy,

where X, Y, Z are the Cartesian coordinate components in earth frame which have to turn into the
more commonly used geodetic-mapping coordinate [10]. As a consequence, the output equation
of the position estimation is obtained as:

100 Wpn
Z=1|0 1 O0||A]|+ |Wpe] (23)
0 0 1lln Wpa
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where L, A, h are latitude, longitude and vertical position, and wy,,, wy,, w,,q are measured
position noise of GPS.

5. Numerical simulation of attitude estimation

Attitude estimation system could measure tri-axial angular rates, attitudes and heading
parameters in real time, which corresponding to damping control loop and attitude control loop
of flight control system for the UAV respectively. The accuracy of attitude estimation affects the
stability of flight control system, and as the inner loop of the cascaded Kalman filter, it also
influences the accuracy of velocity and position estimation. Therefore, the performance of the
attitude estimation is verified in numerical simulation. The control plant is described by using
six-degree rigid body equations of motion. In this simulation, the update rate of the attitude
estimation system is 20 Hz, the measured noise covariance of MEMS gyro is 0.05 /s, the
measured noise of accelerometer is about 10 mg, and the GPS update rate is 4 Hz. Figure 3
shows the differences between the actual attitudes and the filter outputs, with roll and pitch
moments apply on the control plant. The designed algorithm is satisfied to track the target
movement in real time. When the controlled plant is applied on continuous nose-down torque,
and two 25 s continuous longitudinal forces, as shown in Fig. 4, the simulation results indicate
that the pitch angle of controlled plant decreases gradually. At 100 s, the onboard accelerometer
measures the rigid body motion and the gravity component simultaneously, which results in a
constant deviation pitch angle without GPS compensation. After the on-line acceleration
compensation, the output from filter has a good accuracy of pitch angle in the flight condition.

6. Low-cost GPS/SINS hardware design

To demonstrate the effectiveness of the proposed algorithms, the onboard avionics of the
GPS/SINS is developed and the prototype system is designed according to payload and
performance requirements of the small tiltrotor. Figure 5 shows the block diagram of onboard
GPS/SINS, which contains power supplier, micro-inertial measurement unit (MIMU) and
navigation unit.
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The main consideration in the power suppler design is to meet the whole experimental
requirements and total system safety. Based on the detail power consumptions of the onboard
avionics, the lithium—polymer battery with 2200 mAh capacity, 25 C discharge rate, 185 ¢
weight and 11.1 V output voltage is selected, and the voltage is converted to 5 V by a DC/DC
model.

The MIMU plays an important role in collecting signals from MEMS sensors, which include
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angular rate, acceleration and magnetic filed. The collecting process is complemented on an
8-bit Atmel ATmegal6 micro-controller which utilizes six AD channels to acquire the analog
digitals from gyro and accelerometer, also collects digital signal from magnetometer via
standard SPI interface. In real environment, the outputs of MIMU often suffer from large sensor
noise. In order to reduce the initial noise, the collected signals are preprocessed by low-pass
filter, packaged and sent to the navigation unit via a standard RS232 serial port.

ARM2440 is used to collect datum from MIMU and GPS, execute attitude velocity and
position algorithms, carry out control laws and drive actuators. It clocks at 533 MHz and
supports various peripherals.

The specific hardware components in the airborne prototype are shown in Fig. 6. A properly
sized aluminum box is designed to contain the onboard hardware components and protect them
from being contaminated.

| BT R D
MIMU
¥ ¥
ADXL202 CRS03 Magnetometers
: Accelerometers Gyros 3
DC/DC : 2 3
Module
5vDC Y Y Y
- o R ——
T : U AVR MEGA 16 l_l
: com1
Power :
+11.1V : FIR Filter
; RS232
3
Attitude Estimation comz2
* Velocity & Position ARMO 2440 [* LR
: Estimation 480MHz
GPS comM1
Receiver USB cPU

Fig. 6. The onboard prototype of the GPS/SINS

The onboard avionics must be small, light and cost-effective enough for installing into the
small tiltrotor aircraft. Table 1 lists the specifications of the MEMS sensors.
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Table 1. Sensors specifications

Item Rate gyros Accelerometers Magnetometers
Range + 100 deg/sec +2g +550 uT
Bias initial error + 60 mv - -
No linear <05% <0.2% <1%
Scale factor 20 mv/deg/sec 312 mv/g -
Resolution 0.05 deg/sec 5mg 0.0055 uT
Bandwidth > 10 Hz 500 Hz 175 KHz
Power consumption (4.75-5.25 VV)/50 mA | (3-5.25 V)/0.6 mA (2.2-5.25 V)/0.6 mA
Weigh 259 09g¢ 0.3g

7. Flight validation

Experiments are performed on a small unmanned tiltrotor to validate the stability of the
proposed algorithms. The attitude filter update rate is 100 Hz and GPS update rate is 4 Hz. Fig. 7
shows the small unmanned tiltrotor in flight tests, which consists of rotorcraft, wing, fuselage,
engine nacelle, horizontal and vertical tails, driving mechanism, flight control system, strapdown
inertial navigation system and landing gear et al.

Fig. 7. Unmanned tiltrotor airaft in the flight tests
7.1. Hover tests

The hover flight is the major flight mode of the small unmanned tiltrotor. The results are
shown in Figs. 8-11. Fig. 8 shows the measured outputs of three-axis attitudes. It can be seen
that the changing range in roll angle is within 6°, and the mean value is 2.86°. It indicates that
the tiltrotor has a right constant deviation angle in trim flight condition. The range in pitch angle
is from -4° to 4°, which indicates that the longitudinal axis of the tiltrotor is in horizon in trim
condition. Due to the disturbance of wind, the range in yaw angle is larger than roll and pitch
angles. Fig. 9 shows the three-axis velocities in hover. Fig. 10 and Fig. 11 show the horizontal
position in north and east, in which the dotted lines represent the raw data from GPS, the solid
lines represent the outputs from Kalman filter. It can be seen that the problem of position
jumping and discontinuous is weakened, and the filter outputs are smoother than original data
from GPS.

7.2. Full envelop flight tests
The small unmanned tiltrotor has three modes: helicopter, tilting and airplane flights. The
airspeed varies dramatically during the tilting mode. The designed strapdown navigation system

can measure flight parameters in the speed-up flight condition in real time. Fig. 12 shows the
feature of the pitch angle in the full flight envelop. The pitch angle varies smoothly in the
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helicopter and airplane flight modes, while varying drastically in the tilting flight mode due to
complex flight condition and the center of gravity shifting with tilting nacelle angle. Fig. 13
shows the characteristics of the forward velocity. The small tiltrotor speed up from the
helicopter to tilting mode, the airspeed increases fastly with the nacelle tilting. After 10 seconds,
the tiltrotor enters into the airplane mode, and continues speed up until 44 m/s. Then, the nacelle
starts tilting from horizon to vertical position and the speed slows down into hover flight of
helicopter mode finally. The flight tests results show that the attitude changes severely during
the tilting mode in that the designed control law in helicopter mode is not quite robust in tilting

mode for the flight environment changes significantly.
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8. Conclusions

In this work, a whole set of navigation algorithm is developed for a small unmanned tiltrotor.
The hardware of the onboard navigation system is designed and implemented successfully. A
series of actual flight tests are conducted and the following conclusions could be given:

(1) The linear attitude estimation algorithm is designed on the basis of the integration of
angular rate. The drift noise of gyro is solved in real time and compensated simultaneously, and
the GPS is introduced to modify the accuracy of attitude estimation. The numerical simulation
indicates a good performance of the measured attitude.

(2) The algorithms of the attitude, velocity and position for UAV adopt the cascaded linear
Kalman filter, which fully use the output parameters from the former. The order of the full-state
filter is reduced, and the computational expense is saved effectively.

(3) The onboard flight control law of the unmanned tiltrotor is implemented by utilizing the
filtered data from strapdown inertial navigation system. The reliability of the proposed
algorithms are verified under full flight envelop.
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