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Abgtract: This article discusses usage of the inertial retiog combined with one or multiple odometers foegise
navigation of the autonomous ground vehicle. Suphgation does not require any kind of externahalgtherefore it
is resistant against external disturbance and nfightised in harsh industrial environment. Using-¢tost MEMS
gyroscope and accelerometer provide only attitudd heading reference; the odometers are respongible
measurement of the dislocation and the vehicleéedp

1 Introduction 2 Low-Cost Inertial Navigation

Current development in industry encounters charfige o According to the kinematic theory it is possible to
focus from static robotics (automated manipulattwshe estimate the velocity vector of the object by time
mobile robotics. Mobile robot is capable to provide integration of its acceleration regarding objectttitude
services in almost unlimited working range but dones (lateral inclination called roll, longitudinal irichtion
offer such precision of the movement control. TFaeit called pitch and horizontal direction called hegglinrhe
is very suitable for basic manipulation with compte dislocation could be then estimated by time integnaof
components and their transportation inside thime obtained velocity. This approach requires denel
manufacturing facility. For such purpose the autoos precision of the used accelerometers or speciedjiative
ground vehicles (AGVs) utilizing some form of wheel accelerometers like Pendulous Integrating Gyroscopi
are being widely used due to their power efficiemeyl Accelerometer (PIGA) which are complex and expensiv
simplified construction. In order to control the vement or does not provide required precision [4]. Otheenany
of such vehicle it is required to have precisenestion of error of the accelerometer’s reading will be int¢gd into
its location in 2D space including its orientationvelocity and dislocation vector. In case of senbias
(heading). Widely used satellite navigation systé@BS, (non-zero output at zero acceleration) the resultan
GLONASS) cannot be used inside buildings oposition error will increase with square of the-time. In
underground, which restricts their usage in thetroead case of an accelerometer with the digital outpet libst
industrial environment [1]. These satellite navigat achievable bias varies around 1 LSB. The positioor és
systems also do not provide enough accuracy aihen:
sampling rate for real-time navigation in their ikiv a t2
versions. Available extensions are licensed, wiietkes i () = zNiz 1)
them quite expensive. Development of the MEMS
technology recently allowed manufacturing of preasd . o
relatively low-cost inertial  sensors (gyroscopes‘,"’here dyi () - error of the position estimation in one
accelerometers) [3][4]. These sensors are the basikis [m], a.- full-scale of the accelerometer [f}s
component of any inertial navigation system. N - resolution of accelerometer’s the digital outfhits],

t - run-time of the integration since last reset [s].
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On the other hand, inertial sensors can be used fexpressing current attitude of the vehicle [3x3],
very precise measurement of the attitude. Attitude- geographical latitude.

(rotation of the object in 3D space) defines thatronal Our research has shown that after compensatidreof t
transformation between the static global coordinatearth's rotation the heading error is not critioaly if the
system (in our case it is bound with the floor diesi AGV is not moving continuously longer than few mies:
facility) and local coordinate system (bound withet (jepending on precision of the used gyroscope). For
Vehicle). It can be Computed in real time from Ilhlﬁal example’ the gyroscope with 16-bit Signed resofua'nd
attitude and readings of 3-axial gyroscope (measurgynamic measurement range + 250°/s which theotetica
angular velocity in local system), see [7]. Sinte t precision is 1 LSB drifts in heading estimationapprox.
reading of the gyroscope is integrated only oneeetiior . 5° per minute in the worst case. In order to ielate

of the attitude estimation caused by gyroscope biggis error it is possible to measure and resehézeling of
increases only linearly. If the floor were perfggtlanar  the AGV while passing a gate or door. Since the IBS

(not necessarily horizontal), the single-axis g9op®  jncremental the next attitude changes will be addetie
mounted on the vehicle in vertical direction (Wispect precisely reset attitude.

to the vehicle’s local coordinate system) would be
sufficient for estimation of the heading. If thedt is not
planar the 3-axial gyroscope or 3 pieces of
perpendicularly oriented single-axis gyroscopes are
necessary to be used for reliable and complexudit
estimation in 3D space. Note that without knowihg t
initial heading it is impossible to determine attua
absolute heading.

Available MEMS motion sensors sometimes
incorporate 3-axis accelerometer and 3-axis gypEsco
inside one integrated module. Accelerometer ismeznt
to be used for position estimation. Since it measuhe
sum of the gravitational acceleration vector (canstn
global coordinate system, defines vertical diregtiand
the system’s own acceleration (can be arbitrary itsut
mean value in long terms is zero) it can be use@ as

secondary sensor for compensation of the errorsecau . : . : . "
by gyroscope bias in horizontal axes. In order to Precisely estimated attitude itself is not sufficiéor

compensate errors of the gyroscope’s vertical antto ga\élgatlon mst;deﬂ;the fz?]c_n;ty. Tlth.'s necessaryrr:qazas;;ﬁ
provide absolute heading reference (with respedhéo IStance ran by the venicle. This can be achieye

magnetic North) one can use a magnetic compas;ssePIeOdo.meter bound W'th any of t_hg veh|<;le s_ﬂxed whee
note that the magnetometer is not an inertial gesinoe (which rolls along axis ). Position estimation aighm

it does not measure kinematic variable. AvaiIabI§hOUId run in discrete time and its one step can be

magnetometers can be used for mentioned purpose 98§cr|bed by following formula:

they are very sensitive to the presence of an maiter

magnetic field or larger metal objects. In the isidial

harsh environment both mentioned disturbance ssurce ) ) ) ,

will be typically present. whereAd is a _dlslocatlon vector ran by the AGV during
Rotation of the Earth around its axis causes systiem One step and is equal to:

error of the attitude estimation (orbital movementhe

Earth around the Sun is negligible). This rotation Ad =R'[As 0 O] (4)

influences all axes of the gyroscope (see Fig.ut)i®

well defined. Therefore it can be easily comperdate

Figure 1 Influence of the Earth’s rotation in sfdeclocation

d — d+Ad ©)

where: d - position vector [3x m],R™ - inverse rotation
o matrix expressing attitude of the object with rese the
Ocomp = Oraw ~ Rk,q[-cosp 0 singl (2) global frame of reference [dimension 3x&s- change
of the distance measured by odometer [m].
angular velocity vector obtained from  The equation (4) does not consider position of the
gyroscope [3x deg%, ®omp- COMpensated angular wheel with_odometer with respect to the Qrigin _bét
. . ) local coordinate system. In case of a vehicle watte

velocity vector in local frame of reference [3x dém steerable and one fixed axle it appears to be coeneto
W angular rate of the Earth’s axial rotationpjace the origin to the centre of the fixed axlairibg
(approximately 0.0042 deg)s R - rotational matrix turns the outer wheel runs greater distance thevintner

where: o, -
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wheel which will corrupt the overall position esétion.
Equation (4) should be then modified:
xr)At]

Ad =R s 0 0] - (e, )

where:r - dislocation vector of the wheel with odomete

in local coordinate system [3x mj\t - sampling period
of the algorithm [s].

Second term expresses false velocity contribution

caused by rotation of the vehicle. Equation (5ya#id
only if the odometer is mounted on the fixed whigein-
steerable). Otherwise the equation has to be neodifi
considering the steering angle:

Ad=R™ EﬁAS[COSl// sing 0] —(wcompxr)At] (6)
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some heavy components may cause rapid degraddtion o
the road’s surface.

3 Navigation by Waypoints
Control system of the autonomous vehicle has to

affect the steering and propulsion of the vehioleider

to run along the pre-set trajectory consideringsiobs
deviations while maintaining safe distance from hbot
tatic and moving obstacles. The moving obstactes a
usually unpredictable and the vehicle has to inocaie
non-tactile sensors (e.g. laser scanners) to détesit
presence. This article discusses only navigatiorthim
static map. The trajectory can be defined as a&seai
waypoints in 2D space and the vehicle has to reach
waypoint (or its close neighborhood) in given order
given speed. Proposed inertial navigation to thgpwants
is different from commonly used navigation alonge th

where: ¢ - steering angle of the wheel on which thdrajectory which is determined physically by magner

odometer is mounted [rad].

optic tapes (path following). Path follower doeg need

Equations (4), (5) and (6) consider that both dlobd® know the_z map of the environment Which makes its
and local coordinate system are Cartesian in NEEPntroller simpler. On the other hand, this apphoac

convention X — North or forward,y — East or right,
z — down).
odometers, it is possible to improve the precisibrihe

depends on the leading tape which requires maintena

If multiple wheels are equipped withand lacks flexibility.

Waypoints have to be placed considering the phlysica

position estimate by performing fusion between affonstraints of the AGV (its dimensions and minimal
odometers’ readings. The differences among odometé#ning radius). In order to optimize the trajegtdby

readings are usually caused by sliding of the vehdels
more likely that the driven wheels slide more thmam-
driven; therefore the fusion weight) of the driven

wheels is lower. The equation (6) has to be appli

separately to each measured wheel and the result

dislocation vector is then equal to the weighteerage of

all wheels:
Z”iAdi

—_i=1

Adfusion -
Z”i
i=1

()

Velocity vector of the vehicle in the global coardie
system is then equal to:

Ad

fusion

At

V=

(8)

Sliding of the wheels (skid) is necessary if thebite
platform does not have any steerable or omnideeti
wheels. Such chassis is controlled by differenation
between right and left wheels (or tracks) and isabie
for off-road terrain. We can assume that the distesiid
by wheels on one side of the chassis is oppositigo
distance slid by the wheels on the other side. rAtte
fusion according to the formula (7) the resultanmore
caused by sliding is compensated. Also note thageisf
skid-controlled mobile platforms for transportatiaf

maximizing the turning radius) the waypoint miglefide
not just its coordinates (x, y) but also the recanded
turning radius to the next waypoint. Greater tugmadius
alJlows higher speed with the stability maintainddhe
Iﬁition between steering (dimensionless number from

0 1), vehicle’s horizontal speggand the heading rate
dy/dt:
dy
—=kv,S 9
kY% (©)

wherek, is constant steering gain in [rad*jrand depends
on the dimensions and construction of the vehifléhe
vehicle is running backward the steering gain igatige.
The relation (9) can be used for detection of theeal
skid since the heading rate is also obtained by INS

Now we can design the steering controller. If weela
the current position of the vehicle as X % ] and the
next waypoint as W =x{y, yw], then the heading to the
waypoint is:

6 =atany,, — Y, Xy ~X) (7)

Regulation errowerr is an angular difference between
actual headingy of the vehicle and heading to the
waypoint 6. A proportional regulator appears to be the
simplest solution. Simplified schema of the syst&m
shown in Fig. 2. In order to avoid saturation of th
steering control near the waypoint we have to @efin
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tolerance for reaching the waypoint. If the vehigdaches
the circular area around the waypoint with givedius,
next waypoint has to be activated.

1 1
1 1
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Figure 2 Simplified simulation schema of the vehiotd the
controller

In order to verify proposed navigation scheme we

have constructed small 4-wheeled mobile platforiseta
on the chassis taken from R/C car. The platform
equipped with IMU unit MPU-3050 manufactured b
InvenSense. Platform

Y.
itself handles only wirelesgObot
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All dimensions in Fig. 3 are in meters and werdesta
according to the scale of the mobile platform. Mmebi
platform successfully reached all targets. Minimghing
radius of the platform waR,, = 3.5m. Note that the
difference between real trajectory of the vehiahel ghe
ideal trajectory is caused by errors of the gyrpsc@ll
errors were reset in the initial position.

4 Conclusion

Low-cost inertial navigation combined with one or
multiple odometers can be used as a replacemertihdor
industrial navigation of the mobile wheeled velscle
along some physically defined line (usually by metgm
or optical tape) inside the manufacture or storage
facilities. According to the principle of the proyal
navigation it does not require any external siguad is
partially resistant to the wheel skid. In order a&woid
increasing integrative error it is necessary tcetrabe
error of the position and heading estimation astl@athe
initial location and destination. If some dynamixstacles
(persons, other unknown vehicles) might be preseit,
necessary to deploy additional exteroceptive sensmr
detect and avoid the collisions.
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