I% EE 26th INTERNATIONAL CONGRESS OF THE AERONAUTICAL SCIENCES

ATTITUDE ACCURACY IMPROVEMENT OF ULTRA
LOW-GRADE MEMS INS USING ALIGNMENT OF GPS
ANTENNA

Masaru Naruoka
The University of Tokyo

Keywords: INS/GPS Integration, MEMS, Sensor Fusion, Kalman Filtering, Low Cost Navigation

Abstract yses of covariance matrices are performed to fur-
ther investigate the effectiveness of the proposed

method.
This paper proposes a method to improve the

accuracy of attitude estimation of an ultra low- 1 ntroduction

grade inertial navigation system (INS) by integra-

tion of a global position system (GPS) receiver The trend for navigation instruments which out-
and smart placement of the GPS antenna. This put the basic state values such as position, veloc-
study is motivated by a previous work [2], which ity, and attitude, is to become smaller, lighter and
showed that integration by means of Kalman fil- more cost-effective. This corresponds to today’s
tering of an inertial measurement unit (IMU) demands, for example, to transfer aerospace nav-
composed of low accuracy components, such as igation technology to consumer products such as
micro-electro-mechanical system (MEMS) gy- car navigation and to guide unconventional vehi-
ros, and a GPS receiver, does not effectively cles such as small UAVs (Unmanned Aerial Ve-
have good accuracy of the attitude, especially hicles) [1]. Since there is a trade-off between
the heading. This is mainly because of the low accuracy and other specifications — mainly size,
observability of the attitude, which can neither weight, and cost — smart solutions are needed to
be correctly estimated by such a low-grade IMU maintain accuracy under those limitations.

nor can measurement values be directly obtained  Against this background, a prototype naviga-
from the GPS receiver. In order to enhance the tion system was built, which is small, light and
attitude observability, the effect originating from inexpensive enough to use for controlling small
the difference in the locations where the IMU and UAVs in the previous work [2]. It consisted of
the GPS antenna are fixed, which is called “lever ultra low accuracy MEMS inertial sensors and a
arm effect”, is utilized. The advantage of this civil-use GPS receiver. The applied algorithm,
proposed method is shown experimentally. In the which utilized quaternions to represent terrestrial
experiment a comparison was made between aposition and relative attitude, estimated the er-
prototype of the proposed system, which consists ror covariance precisely even when the state was
of MEMS inertial sensors and a civil-use GPS close to the singular points.

receiver, and GAIA, an ultra-precise INS/GPS The accuracy of the prototype system was ob-
instrument developed by Japan Aerospace Ex- tained by comparison with GAIA [3], which is a
ploration Agency (JAXA) using an experimen- reliable navigation device and has about 1 me-
tal aircraft, MuPALea. The result shows that ter absolute accuracy in position. Table 1 shows
the proposed method improves the attitude accu- a summary of the result. The accuracy in posi-
racy, and especially the heading. Moreover, anal- tion and velocity is enough for controlling a small



UAV. However, the accuracy in attitude, espe-
cially heading, is not good enough for control-
ling small UAVs more precisely. In addition, the
estimation of drift bias of inertial sensors which
was introduced after the previous work did not
improve the accuracy in heading sufficiently.

Table 1. Accuracy of Previous Study

Mean gég{;?gg Worst
Horizontal [m] 6.44 297 170
Altitude [m] 0.85 210 6.90
North speed [nyis] 0.00 012 125
East speed [ifs] 0.00 012 -1.13
Down speed [nis] —0.08 010 -0.67
Roll [deg] 0.00 026 —-1.19
Pitch [deq] —0.67 121 -390
Heading [deg] 4.17 968 239

Therefore, in order to improve the accuracy
of the attitude, an augmentation method which
originates from the difference in the locations
where the IMU and the GPS antenna are fixed
Is proposed, and its performance is evaluated in
an experiment. In this paper, firstly, the previous
algorithm for integrating INS and GPS is sum-
marized and the new augmentation method is ex-
plained. Then, a new prototype system for the
experiment is described and the experimental re-
sults are shown. Furthermore, an analysis of co-
variance matrices of Kalman filtering which is a
fundamental algorithm of the prototype system is
performed. Finally, all findings are summarized
and ways to further improve the attitude accuracy
are discussed.

2 Previous INS/GPS Algorithm

In this section, the previous algorithm of the

INS/GPS integration is described. The algorithm
uses a loosely-coupled configuration, which uti-
lizes most processed information of the GPS re-
ceiver, i.e., position and velocity. It is based on
extended Kalman filtering (EKF), and it is de-

scribed by the two steps of EKF, time update and
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measurement update, which are elaborated in the
following subsections. In the following, X and

g represent a general column vector, a general
three-dimensional vector, and a general quater-
nion, respectively.

2.1 Time Update

The time update is performed as time passes, and
the estimated state valugare updated with

% =%+ [ 1(%0). @
At

whereu are the observed inputs, because the re-
lation between the true state valueand the true
inputsu is

d__
ax:f@@% (2)

In the INS/GPS algorithmx contains 16 state
variables: the velocity, terrestrial position (i.e.,
latitude, longitude, and azimuth anglg), alti-
tudeh, attitudeq’ﬁ, and sensor biasbsu contains

15 state variables and corresponds to acceleration
a°, angular speed)g/i, gravity @, and bias drifts

8b. That is

ab

ol =b
x=|h|, u= Qﬁ? ©)

& g

b b

a and ﬁ)g/i are obtained from inertial sensors,
that is, 3-axes accelerometers and 3-axes gyros
respectively. Sensor biaseare 6 values because
they are derived from the accelerometers and the
gyros. They are modeled depending on the first-
order Gauss Markov process:

4y _Botw,

dt— )

whereB is a diagonal matrix ang is white noise.
Simultaneously, the system covariance up-
date is performed according to

Ri1=OROT+ QT (5)
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whereP andQ are the system error covariance

and the input error covariance of the EKF respec-

tively, i.e,
P=E [A>_<(A>_<)T} , Q=E [Au (AQ)T} . (6)

The symbolA represents the difference value be-

whereR is the observation error covariance, i.e.,
R=E[v(v)]. (17)

3 Augmentation Method

tween the es“mated Va'ue and the true Va'ue’ and In th|S Section, the reasons Why the att'tUde COUld

matrices®, " are derived from Eq. (2). Heréx
contains 14 state variables, becai§as defined
with a small vector elemert in the multiplica-
tive form as in the previous study,

8= { -6 @
in order to keep unity of a quaternion. Therefore,
AXxis _
[
Ue
Ax=A|h|,
o
b

and the system covariance mathxs 14 by 14.

(8)

2.2 Measurement Update

not be estimated accurately in the previous study
is discussed and the augmentation method is ex-
plained.

3.1 Reasons for Low Attitude Accuracy

The degraded attitude accuracy mainly results
from the low accuracy of the MEMS gyros. It
is noticed that the accuracy of heading is much
worse than roll and pitch. This is because roll
and pitch can be corrected easily using the direc-
tion of the gravity vector which is large enough
to be sensed even with such low-accuracy ac-
celerometers. However absolute heading cannot
be augmented by the gravitation, but only by the
Earth’s rotation rate, which is very small and can
be measured only with high-grade gyros, for ex-
ample, ring laser gyros (RLG) or fiber optic gyros

The measurement update is performed when the (FOG). Thus, the precision of heading is most re-

GPS receiver outputs its observed valges

(9)
GPS

The relation betweer andzis called the obser-
vation equation:

z=h(x)+V, (10)
and it is deformed using the notatidn
z—h(X) = —Halx+V, (11)
whereH, is defined according to
HalAx = h(X) —h(x), (12)

andyv is the error of the observed valaeThen,X
andP are renewed by the following equations:

Ki =RHA (HaRHL +R)™ (13)
R — (I = KiHat)R (14)

A% = Kt (z — HatX) (15)

R — % — D%, (16)

flected in the gyrd s performance, and it is con-
cluded that the poor performance of the MEMS
gyros deteriorates the heading accuracy in partic-
ular.

Furthermore, the low observability of the at-
titude is another reason for the degraded attitude
accuracy. In the previous work, the difference be-
tween the locations of the IMU and the antenna
of the GPS receiver was not considered. In other
words, an INS and a GPS were located at nearly
the same position, and the observation equation
(10) was

_ )

n | 000 0 |q

@ =|o1 00 o0 |h|+v. (18)
~b

hGPSOOIOO(z;]

This equation shows that there is no hint related
to attitude, because the elements in the forth col-
umn of the matrix on the right hand-side are ze-



ros. This drawback is also especially influenc-
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Finally, Fig. 2 summarizes the algorithm of

ing the accuracy of the heading, because there isthe previous study and this augmenting method.

no other support for heading, unlike for roll and
pitch, which can be compensated using the grav-
ity vector.

3.2 Lever Arm Effect

Based on the discussion in the previous subsec-
tion, to improve the attitude accuracy without
changing the gyros, augmentation of the observ-
ability of the attitude should be effective. Sup-
pose that the GPS antenna is fixed at a location
different from the INS. In that case, the velocity
ra and positiorgg, h obtained by the GPS receiver
are also functions of the attitudg, the offset of
the antenneﬁ(lever arm), and angular speéy;,
(see Fig. 1). The observation equation (10) then
becomes

| )
e I 00 0 P| |G
@ =]01 0 p 0| |h|+v. (19
hGP500|;aoqbg

where 0 indicates a non-zero value. This equa-
tion shows that the outputs of a GPS receiver in-
clude clues of the attitude, and the coupling be-
tween attitude and other state values are tight-
ened. The author calls this phenomenon “lever
arm effect”.

rotational
part

GPS Antenna
i E)b/n

.#@

Velocity

-#‘

Position

Fig. 1. Due to the "Lever Arm Effect", the output
of the GPS receiver is not equal to that of INS.

As shown in the figure, the augmentation method
is performed in the measurement update.
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Fig. 2. INS/GPS Algorithm

4 Experiment

To show the effectiveness of the proposed
method, a prototype INS/GPS system was made,
and experiments were performed. In this section,
the prototype system for the experiment is de-
scribed firstly. Then, the experimental environ-

ment is detailed. Finally, the result is shown.

4.1 Prototype

The prototype mainly consists of MEMS inertial
sensors, which has 6 degree of freedom (DOF), a
L1-frequency GPS receiver, and a DSP processor.
Figures 3, 4, and Table 2 show a photograph, the
functional diagram, and the main components of
the prototype respectively. The size of the proto-
type are about 5@ 50 x 50mm its weight is less
than 100g, which is small and light enough for
installation into small UAVs. The prototype has
not only the function of ING/GPS navigation, but
also that of an autopilot system for small UAVs.
It is functionally divided into four parts: sensor,
recorder, calculation, and interface, which will be
discussed consecutively.
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Fig. 3. Prototype (without interface part)
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Fig. 4. Functional Diagram of Prototype

4.1.1 Sensor part

Table 2. Main Components of Prototype

ltem Description

Accelerometer STMicroelectronicd IS3L02AS4

(3 axes / package, MEMS)
Gyro Analog DevicesADXRS150

(1 axis / package * 3, MEMS)
GPS receiver u-blox TIM-4T
(L1-frequency, 4 Hz output)
Texas Instrument§MS320C6713B
(Main) (200 MHz Floating-Point DSP)
Processor 2  Silicon Laboratorie€€8051F340
(Sub) (48 MHz 8-bit Micro computer)
Glue logic Xilinx XC3S200

(FPGA, 2M gates)

Processor 1

angular speed and tri-axes acceleration outputs
which are measured by MEMS inertial sensors,
i.e., MEMS gyros, and a MEMS accelerometer
respectively, are converted into digital values by
a 24-bit Analog / Digital converter (ADC) at 100
Hz. A GPS receiver solves the current position
and velocity by the tracking C/A-code at 4 Hz. A
temperature sensor located in the sub-processor
is used for thermal correction of the inertial sen-
sors. A barometric sensor for measuring relative
altitude, and a gauge sensor for measuring rela-
tive speed against air are also available, but not
used in this study.

4.1.2 Recorder part

This part logs all data, for example, the raw sen-
sors outputs and the state values which are pro-
cessed by the INS/GPS algorithm. A SD card
hosted by the sub processor is used to store these
data, and has a capacity to log for several hours.
A USB interface provides connectivity to a PC
and supports to read the data stored in the SD
card.

4.1.3 Calculation part

This part performs computational operations of

This part includes all sensors whose outputs are the INS/GPS navigation with the main processor,
inputs of the INS/GPS algorithm. The tri-axes a floating-point DSP. When the prototype system
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serves as an autopilot system for small UAVs, 15
it also provides the functionality of performing

the guidance, and the control. The calculation
performance of the DSP is 1600 MIPS / 1200 w0l
MFLOPS, which is powerful enough for per-
forming the INS/GPS algorithm at several tens
hertz.

Antenna #1

Front [m]
(4]

X Prototype #1, #2 ,] T

4.1.4 Interface part

|
\ x /anten na #2

This part manages the connection between the . \ L
prototype and external devices, such as a wire- \ITT
less communication unit, and servos which actu- ﬂt | ]
ate control surfaces of small UAVs. This function
is provided by a flexible programming gate array 55 * . : T
(FPGA), which reconfigures the internal circuit Right [m]

by software corresponding to the connected de-

vices.

5

—

Fig. 5. Fixed Location

4.2 Experimental Environment

_ . date of the case (C) is performed with applying
In the experiments, two units of the prototype gq (19) twice; once to the data derived from each
system are used, because two GPS antennas argyienna. Every case is compared to the output of
used for the experiment. The experiments are gaa with the consideration of the difference of

performed in a flight of the experimental air-  eir fixed positions to obtain the statistical per-
craft MuPAL-a into which the prototype units

) , formance.
and GAIA, an ultra-precise INS/GPS instrument,
are installed. All inertial sensors of the prototype  Antenna#1 Antenna #1 Antenna #1 Antenna #2
system are calibrated with the temperature and @ @\ @\ C/@
misalignment compensation. Figure 5 shows the 'NEEZ?ZTL‘?@ @ @
locations where the prototype units, the GPS an- o s s
tennas which are connected to the prototype sys- Case (A) Case (B) Case (C)

tems, and GAIA are fixed. This configuration is
the same as in the previous study, except for the
positioning of the GPS antennas. Fig. 6. Experimental Cases

After the about two-hour flight, the data gath-
ered by the prototypes is post-processed with the
proposed INS/GPS algorithm ona PC. Thisisfor 4 3 Result
ease, even though the prototype system has com-
putational power enough to process them in real In any cases, the outputs of the prototype system
time. In order to clarify the effectiveness of the are not diverged and are nearly equal to ones of
proposed method, three cases are performed asGAIA. Figures 7-10 show a comparison of the
shown in Fig. 6. The case (A) is the same as time history of the horizontal, vertical position,
the previous study, that is, Eqg. (18) is used in the velocity, and the attitude between the case
the measurement update. Both the case (B) and(C) of the prototype and GAIA, respectively. It
(C) are performed with the proposed method, i.e., is noted that the offsets in attitude result from
using Eq. (19). However they use one and two different tilt of the surfaces where the prototype
antennas respectively, and the measurement up-and GAIA are fixed, and they are not corrected
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in the following quantitative results because the o4 A T
_ o ‘
true values of them could not be measured. g
=
['4
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Fig. 7. Horizontal Position History Fig. 10. Attitude History

because the standard deviations of the attitude in
case (B) and (C) are smaller than in case (A).

3000
2500
2000
1500
1000

500

i Prototype -
e LA la)

Altitude [m]

R Table 3. Case (A) Statistical Performance
3.63 3.64 3.65 3.66 3.67 3.68 3.69 3.70 371
GPS Time [x10° msec]

Mean C‘T’é@g‘t‘%ﬁ Worst
Fig. 8. Vertical Position History Ho.rlzontal [m] 3.51 137 101
Altitude [m] —2.97 305 -129
North speed [m/s] —0.01 021 —2.90
v CT— East speed [m/s] .01 025 267
i Down speed [m/s] —0.03 022 170
Far! WAL U QUIW Y N Rolling [deg] —351 064 —109
s sw e e S Sa s s on Pitching [deg]  —2.73 068  —5.80
— Heading [deg] 0.37 460 318
LR | S LT LS i AL S In case (C), two GPS antennas are used and
oPTime g med using the baseline made by them seems to solve
£ Bl P — ] the heading independently. However, this is not
E STy o bt ) st et right, because the baseline has only 5 DOF and
s+ cannot determine the state values of a rigid bodly,
S which requires 6 DOF, that is, 3 DOF for the

position and 3 DOF for the attitude. In other
words, three antennas are required to solve the
Fig. 9. Velocity History attitude, which is called a GPS compass. More-
over, the outputs of the GPS receiver is not accu-
Tables 3-5 show statistical summaries of the rate enough to intend for the attitude determina-
result. The attitude accuracy, especially in head- tion. Figures 11 and 12 show the histories of the
ing, is improved by using the proposed method, relative horizontal position which are calculated
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Table 4. Case (B) Statistical Performance
Mean gg&?gﬁ Worst N
Horizontal [m] 2.39 193 121
Altitude [m] —-155 303 -—-115
North speed [m/s] —0.01 024 —2.80 T
East speed [m/s] .01 027 299 § °
Down speed [m/s] —0.03 021 173
Rolling [deg] —-3.50 065 —-111
Pitching [deg] —2.83 053 —5.85 0
Heading [deg] 0.72 372 312
10 5 0 5 10
Table 5. Case (C) Statistical Performance Right [m]
Mean gé?,%?%rr? Worst Fig. 11. GPS Position Solution (Antenna #1)
Horizontal [m] 241 183 122
Altitude [m] —1.70 305 108 1

North speed [m/s] —0.01 018 -—-213
East speed [m/s] .01 021 -213

Down speed [m/s] —0.02 016 129 o}

Rolling [deg] —3.53 054 —9.49

Pitching [deg] —2.66 052 -534 x Anfenna #1
Heading [deg] 294 299 251 E | i oo

from the outputs of the prototype’s GPS receivers 0
connected to the antenna #1 and #2, respectively.
The major axis of the standard deviationd)-

ellipsoid of them is 3.6 m. This value is a far . .
larger error than 5mm of the carrier-phase mea- 10 ® 0 ° 10

Right [m]
surement, which is used for the attitude determi- ’
nation in Chapter 19. of a reference book [4] and
is not available for the low-cost system. Fig. 12. GPS Position Solution (Antenna #2)
4.4 Covariance Analysis elements defined with mathematically as

The system error covariance matRxdefined in _ . b b\ T

Eq. (6) represents how much an error seems to diag [PAUR} = diagk {Aﬂn <Aﬂn> } , (20)

be included in the estimated state values when

Kalman filtering performs the optimal estima- which are correlated to the attitude accuracy. In
tion. Therefore, if the proposed method is effec- case (C), these values are the smallest of all cases,
tive, the matrix should be different for each case. which supports the fact that the statistical sum-
Figure 13 shows the histories of some diagonal maries of the attitude accuracy of case (C) are
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the best results. However, there is little difference where
between cases (A) and (B).

0.0001

_ X=X - X],A= . (22)
case (A) 6 (uy)

case (B) o (uy ) O )\
case (C) 0 (uy ) === .

Here, the elements of the eigen vector whose
principal component corresponds to the attitude
error AU show how much of the attitude error
originates from other error sources, that is, the
position and velocity error. If the realtion with
other error sources is larger, there are more pos-
sibility to correct the attitude error by correct-
R ing the position and velocity error. Figure 14

1e-05 |

1e-06 [ {f

I I I
3.63 3.64 3.65 3.66 3.67 3.68 3.69 3.70 371

6PS Time 00" msec) shows the dependency of the attitude error in an-
e el gles, where the values®°@nd 4% mean no and

1le-07 L L L

strongest relation to other error sources respec-
tively. This result also supports the fact that case
(C) is most effective. The difference between
cases (A) and (B) is also small.

1e-05 |

o j Case (A) dep(uy) i
Case (B) dep(uy)
s Case (C) dep(uy) -+ ]

Dependency [deg]

1le-07

1 1 1 1 1 1 1 1 1
3.63 3.64 3.65 3.66 3.67 3.68 3.69 3.70 371 N N L L L L L L L

GPS Time [><108 msec] 3.63 3.64 3.65 3.66 3.67 3.68 3.69 3.70 371
GPS Time [><1OB msec]

0.001

case (A) o (uz) !
case (B) 0 (u
case {C} a Eu;% ........ 45

j Case ()A) dep(uy) i |
Case (B) dep(uy)
s Case (C) dep(uy) -+ ]

0.0001 F|

Dependency [deg]

1 1 1 1 1 1 1 1 1
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| : Case (B) dep(uz)
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GPS Time [x10” msec] 3.63 3.64 3.65 3.66 3.67 3.68 3.69 3.70 3.71

GPS Time [x10° msec]

Fig. 13. Attitude Error Variance
Fig. 14. Attitude Error Dependency

Furthermore, a principal component analysis
of the system error covariande is conducted.
This analysis decompos@sinto the eigen value

5 Discussion

matrix A and the eigen vector matrix as It is concluded that the proposed method is ef-
fective, because the attitude accuracy, especially
P=XAX"1, (21) in the heading, is improved in the experiments.
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In addition, it is worth to stress that even though error covariance matrix is smaller by using the
the outputs of the GPS receiver are not accurate method with two GPS antennas. It also reveals
enough for the attitude determination, the stan- that the poor performance of the MEMS gyro de-
dard deviation of the attitude error is settled to grade the effectiveness of the proposed method.
only 3 by using the proposed method with two
GPS antennas.

The covariance analysis supports the fact the
two GPS antennas with the proposed method is The authors confirm that they, and/or their company or
most effective. However, it cannot explain the institution, hold copyright on all of the original mate-
effectiveness of the method with one GPS an- fial included in their paper. They also confirm they
tenna clearly. It is thought that using one GPS have obtained permission, from the copyright holder
antenna might decrease the error covariance of of any third party material included in their paper, to
the attitude and to increase the dependency of the publish it as part of their paper. The authors grant full
attitude error on other error sources, compared permission for the publication and distribution of their
to the result without the proposed method. This Paper as part of the ICAS2008 proceedings or as indi-
would be due to the poor accuracy of the MEMS Vidual off-prints from the proceedings.
gyros, because the fundamental equation of the
proposed method is Eq. (19), and it implicitly in-
cludes angular speed, , sensed by the MEMS
gyros. On the other hand, in the two antenna
version, that disadvantage is recovered by their
5 DOF, which is larger than the 3 of the one an-
tenna version, and a good result is gained in the
covariance analysis.

To overcome the problem without changing
the MEMS gyros, one approach is to use a longer
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