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Nowadays, unmanned aerial vehicles are widely used for various applications, with their sizes progressively decreasing as avionics

are miniaturized. The development of microelectromechanical system (MEMS) technology has enabled miniaturization of avionics via

application of the MEMS inertial measurement unit (IMU) to navigation sensors such as the attitude heading reference system

(AHRS). However, perturbation or acceleration is known to cause low accuracy in the MEMS AHRS, which incorporates a critical

sensor. Thus, in this paper, a method is proposed to improve the dynamic accuracy of a MEMS AHRS when an aircraft accelerates.

The attitude calculations implement a quaternion method. The attitude correction of the AHRS algorithm entails the use of a Kalman

filter, which is modified to improve the dynamic accuracy of the AHRS by adjusting the measurement noise covariance of the filter

to change according to the maneuvering condition. The performance of the proposed algorithm was evaluated via simulation. For

the simulation, actual flight data were acquired via a storage device that synchronizes the output of the reference sensor — a GPS-

aided AHRS — and the IMU. Simulation of the proposed algorithm demonstrates that the proposed attitude estimation method yields

results that are similar to the output of the reference sensor.
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1. Introduction

Unmanned aerial vehicles (UAVs) are aircrafts which perform

missions either remotely or autonomous with no onboard pilot. In order

to smoothly accomplish a given mission, specific navigation

information, such as position, speed, and attitude are required. Accurate

attitude information is particularly critical for aircraft control, because

many types of aircraft use attitude regulation to modify their flight path

and position. Most UAVs are relatively small in size; thus, they require

small and lightweight attitude sensors to facilitate the efficiency of

devices with minimal space and payload.1

The strapdown navigation system is smaller and lighter than the

gimbal navigation system; these features make it suitable for small

UAVs with small payloads for mission equipment. Because of recent

developments in computing and microelectromechanical system

(MEMS) technology, sensors have decreased in size and their dynamic

range has widened;2-5 consequently, the development of miniature

strapdown navigation sensors was realized. However, because the

accuracy of the MEMS gyro is less than that of the gimbal gyro, the

MEMS inertial measurement unit (IMU)-equipped attitude heading

reference system (AHRS) is strongly influenced by the measurement

values of the accelerometer and magnetometer.6 Thus, although the

attitude of the MEMS AHRS may be comparable to the actual attitude

for instantaneous acceleration of the aircraft, the attitude error tends to

increase when the aircraft accelerates for more than a few seconds.6

The aim of this study is to improve the dynamic accuracy of the

AHRS during aircraft acceleration. The attitude calculations for the

proposed AHRS implement a quaternion-based-method that avoids

singularities and facilitates preservation of orthogonality.7,8 Specific

force and earth magnetic field measurements were used to compensate

for the accumulated errors in attitude calculations. Additionally, the

Kalman filter was modified for use as an attitude compensation

algorithm. By designing the measurement noise covariance of the

Kalman filter to vary according to the measured acceleration, the

dynamic accuracy of the AHRS was found to have improved as

compared to the accuracy resulting from the conventional method of

implementing a constant measurement noise covariance.

The performance of the designed algorithm was evaluated by

comparing the outputs of the reference sensor (a GPS-aided AHRS),

the proposed algorithm, and the algorithm with constant measurement
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noise covariance. The attitude output of the GPS-aided AHRS is more

accurate than that of the MEMS-AHRS because it performs better

attitude correction based on the information obtained from the

integrated GPS. However, the simulation results show that the

proposed method yields better performance than that resulting from

implementation of the Kalman filter with constant measurement noise

covariance. Moreover, the results of implementing the proposed

dynamic accuracy improvement method are comparable to the

corresponding results observed via the attitude output of the reference

sensor.

2. Attitude Calculation

2.1 Initial attitude determination

Initial attitude determination is the process of calculating the initial

rotation angle by transforming the navigation coordinates to body

coordinates. Because the platform attitude is calculated by integrating

the angular velocity, an initial attitude determination is necessary. In

this study, the gravitational and magnetic field were used to determine

the initial attitude via the triad algorithm.9-13 triad algorithm is one of

the simplest solutions to the wahba’s problem. Wahba’s problem is

analytical method to find rotation matrix between two coordinate

system from a set of vectors.12-15 the ned coordinate system was used;

additionally, because the system model can be simplified via

calculation and correction of the attitude, magnetic north was selected

as the n axis instead of true north. The triad algorithm determines

attitude as based on the relationship between two non-parallel vectors.

Triad algorithm is below.9,10,12,13

, (1)

, (2)

Where  is the transformation matrix from the body coordinate

system to the navigation coordinate system, g is gravitational

acceleration, and m is the magnetic field of the earth. Subscript n refers

to the navigation coordinate system, and subscript b refers to the body

coordinate system.

When the UAV is in non-accelerated state, specific force fb and

gravitational acceleration gb are equal:
16

, (3)

The following equations describe the process of calculating an

orthonormal matrix from geomagnetic and specific forces affecting the

body coordinates:

, (4)

, (5)

, (6)

Where r1, r2, and r3 are orthonormal bases vectors. The specific

force fb and geomagnetic field mb in the body coordinate system are

used to obtain r1, r2, and r3.

Similarly, orthonormal bases vectors s1, s2, and s3 are obtained via

the gravitational acceleration and geomagnetism in the navigation

coordinate system:

, (7)

, (8)

, (9)

Where

, (10)

And mref and mmea are defined as

, (11)

, (12)

Then,

, (13)

Because mref and mmea are both orthonormal matrices,

, (14)

Where

, (15)

The initial value of the quaternion can be obtained via the rotation

transformation matrix:17

, (16)

, (17)

, (18)

, (19)

Where q0 is scalar, and q1, q2, and q3 are vectors.

2.2 Attitude calculation

The direction cosine matrix (DCM) algorithm, Euler angle

algorithm, and quaternion algorithm are the most commonly used

attitude calculation algorithms. The Euler angle algorithm is the

simplest of these three algorithms. However, it introduces singularities

at certain attitudes and requires a relatively large amount of CPU

b

n

bn
gCg =

b

n

bn
mCm =

C
b

n

bb
fg =

b

b

f

f
r =
1

bb

bb

mf

mf
r

×

×

=
2

213
rrr ×=

n

n

g

g
s =
1

nn

nn

mg

mg
s

×

×

=
2

213
sss ×=

( )3,2,1       == irCs
i

n

bi

[ ]
321
sssM

ref
=

[ ]
321
rrrM

mea
=

mea
n
bref MCM =

T
mearef

n
b MMC =

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

=

333231

232221

131211

CCC

CCC

CCC

C
n

b

3322110
1

2

1
CCCq +++=

( )
2332

0

1
4

1
CC

q
q +=

( )
3113

0

2
4

1
CC

q
q +=

( )
3113

0

3
4

1
CC

q
q +=



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 19, No. 10 OCTOBER 2018 / 1459

resources to solve the nonlinear differential equation involving

trigonometric functions. Although the DCM algorithm has no

singularities, it is relatively time expensive because nine differential

equations must be solved. Furthermore, the orthogonality of the

transformation matrix may be lost as a result of an accumulation of

errors in the solution of the differential equations.7,8,17-20

In this paper, a quaternion-based attitude calculation method is used

because it has no singularities and requires few calculations, as only

four differential equations are solved; this method also facilitates the

preservation of orthogonality. To obtain the attitude using a quaternion,

the differential equation below must be solved.17,18 The relationship

between the quaternion at the previous time step k-1 and the quaternion

at the current time step k is17,18,21

, (20)

where

, (21)

and σ represents the rotation angle for a time step; σ and Σ, are

respectively obtained as follows:

, (22)

. (23)

3. Extended Kalman Filter Design

Because AHRSs calculate the attitude by integrating the angular

velocity obtained via the gyro to compensate for the accumulation of

errors, many types of filters have been proposed and used in AHRSs

using gyros and other types of sensors. In this paper, a Kalman filter,

which is widely used in engineering, is selected for implementation as

an attitude compensation algorithm.7,14,19,22-32

3.1 System model

The Kalman filter state variable is designed to be used as a

quaternion; the process function for predicting the state is 

, (24)

where

. (25)

The measurement z is used to normalize the horizontal component

of the geomagnetic field  and the specific force :

, (26)

where

. (27)

Because the geomagnetic field is not parallel to the ground,  can

be calculated from the geomagnetic measurement and estimated

gravitational acceleration. The process of calculating  is as follows.

First, the predicted gravitational acceleration vector is normalized to

obtain

, (28)

where  is the predicted gravitational acceleration in the body

coordinate system. Next, the unit vector t2 is calculated as follows:

. (29)

This unit vector is both perpendicular to  and mb, and parallel to

the ground. Thus, the vector  is obtained via the cross product of

t1 and t2, where  is parallel to the magnetic north:

. (30)

The measurement function  predicts the gravitational

acceleration and geomagnetism in the body coordinate system, and 

is obtained from the predicted quaternion via the time update of the

Kalman filter:

, (31)

where  and  are the normalized vectors of the predicted gravity

and geomagnetic field, respectively, for the body coordinates, which

are given by

, (32)

. (33)

The rotation transformation matrix can be represented as a

quaternion as follows:12,14,17,24

. (34)

Then, the measurement function  can be represented in matrix

form as follows:

, (35)

where

.

(36)
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In Eq. (36), gN, gE, and gD are defined as the components of the

normalized gravity vector in the navigation coordinate system:

. (37)

Magnetic north is defined as north with respect to the navigation

coordinate system. Then, the normalized vector of the geomagnetic

field vector is given as 

. (38)

Substituting Eqs. (37) and (38) into Eq. (36) simplifies the

measurement matrix Hk into

. (39)

3.2 Variable measurement noise covariance of kalman filter

The Kalman filter-based system model assumes that the aircraft

does not accelerate, and the gravitational acceleration and measured

acceleration are equivalent. However, the aircraft accelerates during

flight because flight mission profiles include climbing, turning, and

descending. This induces a discrepancy between the measured

acceleration and gravitational acceleration. Consequently, the error in

the attitude estimation model output increases. Dynamic accuracy

improvement is expected when the weight of the Kalman filter is

adjusted according to information from the acceleration vector.

Because the magnitude of the acceleration acting on a UAV is

significantly smaller than that of gravitational acceleration, it is difficult

to use it to modify the weight of the algorithm to counterbalance the

magnitude of gravitational acceleration. Moreover, the angle between

the measured specific force and the predicted gravitational acceleration

vector is very sensitive to aircraft acceleration. Therefore, in this paper,

a method is proposed to reduce the influence of the UAV's acceleration

by designing the Kalman filter to change the measurement noise

covariance according to the angle between these two vectors.

Measurement noise covariance R is based on the analysis of noise.

However, there are limitations in the analytical determination of R

because of the complexity generated by various errors. To overcome

this problem, we have empirically determined the measurement noise

covariance.34,35 The simplified measurement noise covariance matrix is

, (40)

where Ra is the measured noise covariance of the acceleration, and Rm

refers to the measurement noise covariance of the geomagnetic sensor.

When the geomagnetic sensor is well calibrated, Rm is kept constant, as

it does not significantly affect the attitude calculation.

The measurement noise covariance of the acceleration Ra is

designed to vary according to the magnitude of the angle between the

predicted gravitational acceleration and the measured acceleration:

, (41)

, (42)

where Ra0 is a constant that is adjusted to yield satisfactory performance

when the acceleration is low, and KR is the weight of angle α.

Specifically, α represents the angle between the estimated gravitational

acceleration and measured specific force vector. If α is large, then there

is a high probability that the aircraft is accelerating; this acceleration

generates error in the attitude computation model. Therefore, if the

attitude is corrected by fb when the angle α is large, the attitude error

is larger than when there is no acceleration. For this reason, the proposed

Ra is designed to reduce the weight of the acceleration measurement

value as angle α increases.

Fig. 1 shows the designed algorithm, which is designed to vary the

measurement noise covariance Ra of the Kalman filter to improve

dynamic accuracy. In Fig. 1, the next quaternion is predicted using ωb

and the previous state value in the attitude calculate block of the time

update process. The variable measurement noise covariance block

calculates the direction of the gravitational acceleration vector using the

predicted quaternion, obtains the acceleration vector at the measured

acceleration. And calculates the angle α between the two vectors. Ra
increases as the angle alpha increases. The Kalman gain K decreases as

Ra increases in the Compute Kalman gain block.

In the Attitude Estimation block, if the Kalman gain K is small, the

correction value calculated based on the measured value z is reduced.

In this algorithm, assuming acceleration as a disturbance, the weight of

the acceleration sensor input is reduced when the aircraft accelerates.

So the influence of the disturbance is reduced, consequently, the

attitude calculation result is improved.

4. Data Acquisition and Simulation Results

The acquisition data from the flight test was used in the simulation

to mimic actual flight conditions. The performance of the proposed

algorithm was evaluated by comparing the attitude output of the

proposed method to that measured by the reference sensor.

4.1 Data acquisition

The IMU output obtained via the actual flight test was used as input

to the simulation to mimic the noise, vibration, and acceleration of the

flight conditions of an actual small UAV. The data stored via the data

acquisition device are the attitude of the reference sensor and the values

of the acceleration, angular velocity, and geomagnetic field measured

by the MEMS IMU. Fig. 2 shows the data acquisition device design as

a block diagram. The reference sensor used to acquire the data was an

NAV-420 (Crossbow Technology, Inc.; Milpitas, CA) as kind of GPS-
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aided AHRS, for which performance has been proven on various

platforms. The NAV-420 utilizes its integrated GPS receiver to provide

more accurate attitude calculation results than the MEMS-AHRS; the

ADIS16405 (Analog Devices, Inc.; Livonia, MI) was implemented in

the IMU.

The flight test platform was an electric radio-controlled (RC) single-

rotor helicopter (Fig. 3), and the skid of the helicopter was modified for

installation of a data acquisition device that included an IMU and a

reference sensor. The flight scenario entails horizontal acceleration with

roll, pitch, and yaw rotation; hovering, was included in the scenario.

4.2 Simulation and results

The data, which includes various maneuvers, comprised 600

seconds of continuous recording during the flight test. These data were

subsequently used as input to the simulation. Fig. 4 shows the speed

obtained during the flight test via the reference sensor. Each maneuver

corresponds to a specific time period in the data, as follows: aircraft

take-off at 80 s, hovering from 80 s to ~110 s and 380 s to 525 s, rapid

maneuvering from 110 s to 380 s, and landing at 525 s.

The angle α between the predicted gravitational acceleration vector

 and the measured specific force vector fb was used to adjust the

weight of the Kalman filter and calculated as was described via Eq.

(42). The results of this calculation are illustrated in Fig. 5. The

measurement noise covariance was varied via the obtained angle α.

The constants Ra0 and KR were selected to yield satisfactory performance

in static and dynamic conditions, respectively. The calculated

measurement noise covariance Ra is illustrated in Fig. 6, where Ra0 is

1, and KR is 7. Figs. 7 and 8 show the attitude angles measured by the

reference sensor, and the Euler angles calculated by the proposed

algorithm. In these Figs., the solid blue line is the output of the reference

sensor, the dashed red line is the output obtained consequent to varying

Ra according to the value of α, and the solid yellow line is the output

when Ra is kept constant.

Typically, helicopters implement roll and pitch angle regulation to

control horizontal acceleration. Fig. 7 shows the results of the simulated

roll angle and the output angle of the reference sensor. The period from

310 s to 370 s in the upper graph is enlarged in the lower graph. During

this time, the aircraft often maintains a roll angle of over 10° for several

seconds and has a high probability of accelerating, as it was found to

accelerate relative to the aircraft speed (Fig. 6). In Fig. 7, each time

period enclosed within a red dotted circle indicates that the simulation

results of the proposed algorithm implementing a variable Ra is more

comparable to the reference sensor output than the results of

implementing a constant Ra.

The pitch angle results are similarly illustrated in Fig. 8; the time

period from 220 s to 280 s in the upper graph is enlarged in the lower

graph. The pitch angle results of the proposed algorithm best match the

g̃
b

Fig. 1 Block diagram of proposed algorithm

Fig. 2 Block diagram of data acquisition device

Fig. 3 Single rotor helicopter with data acquisition device
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reference sensor output during the period of acceleration. This trend is

also seen in Figs. 9 and 10, which respectively illustrate the deviation

of the roll and pitch attitude angle of the simulated results from those

of the reference output. In Figs. 9 and 10, the periods of rapid

maneuvering are enclosed within the rounded red boxes; compared to

the results of implementing a constant Ra (the yellow line), the variable

Ra results (the blue line) remain closer to 0° during rapid maneuvering

in the cases of the roll and pitch angles. This means that varying Ra
yields results that better mimic the output of the reference sensor.

The standard deviations of the differences between the constant Ra
algorithm results and the output of the reference sensor are 0.9° and

0.7° for the roll axis and pitch axis, respectively. In comparison, the

standard deviations of the difference between the reference sensor

output and the results obtained by using KRα to vary Ra according to

the acceleration of the aircraft are 0.7° and 0.6° for the roll axis and

pitch axis, respectively. These results demonstrate that the simulated

results obtained by using a variable Ra are more accurate than those

obtained by implementing a constant Ra.

Fig. 11 shows the yaw angle output. The proposed algorithm

calculates the yaw angle as based on magnetic north, and the reference

sensor outputs the angle as based on true north. Thus, there is a

difference of approximately 6° to 7° between the results calculated via

the algorithm and the reference sensor output. With respect to the yaw

axis, the standard deviation of the difference between the reference

sensor output and the algorithm output is 1.2° regardless of whether the

Ra is variable or constant. Furthermore, the standard deviation with

respect to the yaw axis is larger than that with respect to the other axes

because the magnetometer measuring the geomagnetic field is sensitive

to disturbances. It should be noted that the magnetic disturbance

generated by the electric motor of the RC helicopter seems to have

influence on the magnetometer of each sensor.

5. Conclusions

In recent years, small, lightweight MEMS strapdown AHRSs have

been widely used to ensure compatibility with most UAVs, which are

relatively small in size. However, since the accuracy of MEMS gyros

are generally low, the attitude calculations of MEMS-AHRSs are

strongly influenced by the output of accelerometers and magnetometers

Fig. 4 Velocity

Fig. 5 α angle between two vectors  and fbg̃
b

Fig. 6 Calculated measurement noise covariance Ra
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as compared to other types of AHRSs. More specifically, if the

acceleration weight generated by the algorithm is large, the attitude

error increases when the vehicle accelerates. In this paper, an algorithm

was proposed to improve the attitude estimation accuracy under

accelerating conditions of an AHRS, and a simulation was performed

to verify its performance.

To achieve the aim of improving attitude estimation accuracy, a

quaternion-based attitude calculation method was implemented in the

Fig. 7 Roll angle results

Fig. 8 Pitch angle results
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proposed AHRS algorithm. The proposed algorithm offers the

advantages of no singularities and relatively simple calculations. An

extended Kalman filter was used to derive the algorithm for attitude

compensation. In order to improve the dynamic accuracy of the

MEMS-AHRS, the measurement noise covariance Ra of the Kalman

filter was modified such that Ra varies according to the magnitude of

the angle between the gravitational vector and the specific force vector.

In order to mimic actual flight conditions, the output of the IMU

obtained from the flight test was used as the input to the algorithm. The

output of the IMU and reference sensor (a GPS-aided AHRS) were

synchronized and recorded; the performance of the algorithm was

evaluated by comparing the results calculated by the proposed

algorithm to the output of the reference sensor. The standard deviation

of the difference between the angle output of the reference sensor and

that of the corresponding simulated result was used as the performance

index. A constant Ra yielded a performance index of 0.9° and 0.7° for

the roll axis and pitch axis, respectively. Alternatively, varying Ra
yielded a performance index of 0.7° and 0.6° for the roll axis and pitch

axis, respectively. This means that varying Ra produced a more

desirable result for the roll and pitch axes. However, the yaw axis result

appeared to be unaffected by the measurement noise covariance of

acceleration, as the standard deviation was 1.2° regardless of whether

Ra was varied or kept constant.

The results of applying the proposed algorithm to the MEMS IMU-

equipped strapdown AHRS are comparable to the output of the

reference sensor. In particular, the performance of the proposed

algorithm was found to be improved under accelerating conditions. For

future research, the proposed algorithm will be implemented in real-

time-hardware, and flight testing will be performed to validate the

suitability of the proposed AHRS algorithm for actual systems.
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