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The measurement of the motion of a small scale wave energy
device during wave tank tests is important for the evaluation
of its response to waves and the assessment of power pro-
duction. Usually, the motion of a small scale wave energy
converter is measured using an optical motion tracking sys-
tem with high precision and sampling rate. However, the
cost for an optical motion tracking system can be consider-
ably high and, therefore, the overall cost for tank testing is
increased. This paper proposes a low-cost capture system
composed of an inertial measurement unit and ultrasound
sensors. The measurements from the ultrasound sensors are
combined optimally with the measurements from the inertial
measurement unit through an extended Kalman filter in or-
der to obtain an accurate estimation of the motion of a wave
energy converter.

1 Introduction
Wave tank tests are fundamental for the evaluation of

the performance of a Wave Energy Converter (WEC). Usu-
ally, wave tank tests are carried out on a small WEC proto-
type, and the results are then scaled for the full scale device.
The measurement of the motion of the small scale device,
together with measurement of the wave conditions, is im-
portant in order to evaluate the response of the device to the
action of the waves and assess the mechanical power produc-
tion.

Usually, the motion of a small scale wave energy con-
verter is tracked using an optical motion capture system
which is composed of several cameras positioned around
the device [1]. The optical motion capture system can mea-

sure the 6 degrees of freedom of a body in a 3D space, i.e.
surge, sway, heave, roll, pitch and yaw. Reflective markers
are mounted at different points on the body, and the cam-
eras track their motion with high-precision and high sam-
pling rate. In [2], a tank test facility with an optical motion
capture system with a position accuracy of 0.9 mm at 480 Hz
sample rate is presented. In [3], tank tests are carried out with
the Qualisys Motion Capture System [4], which is a popular
system for motion capture in wave tanks.

The principal drawback of optical motion capture sys-
tems is their cost, which can be considerable high and, there-
fore, the overall cost for wave tank testing is increased. In
this paper, a low-cost motion capture system, based on an
optimal combination of an Inertial Navigation System (INS)
with ultrasound sensors, is proposed. The INS is based on an
Inertial Measurement Unit (IMU) which is mounted on the
device and measures the accelerations and angular velocities
of the device [5]. Given the initial values on position, veloc-
ity and orientation of the body with respect to the fixed refer-
ence frame, the accelerations and angular velocities provided
by the IMU can be integrated in order to determine position,
velocity and orientation at any time instant [6]. However, due
to low-frequency noise and bias in the IMU, the integration
process can lead to drift in the position and orientation with
an unbounded error that grows with time [7], [8].

The ultrasonic measurement system is composed of a set
of receivers placed around the device and a transmitter which
is mounted on the same point of the device where the IMU
is placed. The ultrasound sensors measure the absolute po-
sition of the device with respect to a fixed reference frame.
For the study in this paper, the ultrasound sensor provides
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measurements at lower sampling rates than the IMU. On the
other hand, the position provided by the ultrasound sensor is
characterized by long-term stability, as opposed to the posi-
tion obtained through the integration of the IMU outputs.

Therefore, the INS and ultrasound sensor have comple-
mentary strengths, which make the integration of the two
system desirable [9]. In [10], a motion capture system based
on an INS, aided by ultrasound sensors, for an augmented
reality system is presented. For vehicle applications, the INS
is usually aided by radio sensors [11], the Global Position
System (GPS) [12], [13] or ground-based radar [14].

In the available literature, several approaches have been
developed for aiding the INS by an external global measure-
ment system: uncoupled, loosely coupled, tightly coupled
and ultra-tightly coupled systems [14], [15], [16]. In this pa-
per, a loosely coupled ultrasound sensor aided INS with an
Extended Kalman Filter (EKF) is proposed [17]. In a loosely
coupled method, the difference between the estimated posi-
tion given by the INS and ultrasound sensors is used to drive
an EKF, whose model represents the propagation of the er-
rors of the INS with time. Then, the estimated errors, com-
puted by the EKF, are used to correct the position, velocity
and orientation provided by the INS.

The remainder of the paper is organized as follows: in
Section 2, the wave tank and the motion sensors are pre-
sented while, in Section 3, a fusion algorithm, based on the
EKF, is designed in order to optimally combine the data pro-
vided by the INS and ultrasound sensors while, in Section 4,
the protocol and results on the validation of the fusion algo-
rithm is presented. Finally, overall conclusions are drawn in
Section 5.

2 Proposed wave tank and sensor suite
The wave tank test system is composed of a wave tank,

wave makers, wave gauges and a motion capture system. The
wave tank considered in this paper is produced by OMEY
labs [18], and is shown in Figure 1. The wave tank is 10
m long, 2.5 m wide and 1.3 m deep, and is equipped with a
bottom-hinged paddle wave maker which can create planar
regular and irregular waves, and a parabolic passive beach,
for the absorption of the waves. The periods of the regular
waves that can be created by the wave maker range from 0.5
s to 3 s.

The motion capture system of the WEC, which is the
focus of this paper, is composed of an inertial measurement
unit (IMU) and an ultrasound measurement system from
Hexamite [19]. The sampling frequency of the ultrasound
system is 15 Hz. The ultrasound system is composed of 4
ultrasound receivers positioned around the device and one
ultrasound transmitter which is attached to the top of the
WEC, as shown in Figure 2. The weight of the ultrasound
transmitter is just 24 g, and is 45 mm wide, 45 mm long and
18 mm high. The weight and dimensions of the transmitter
are therefore negligible compared to the weight and size of a
small scale WEC, which can weigh up to 10 kg and be more
than 0.5 m in length and width. As shown in Figure 2, the
receivers are positioned on a plane 2.5 m wide and 2 m long

at 2.0 m above the equilibrium free surface elevation. While
the width of the plane of the receivers is determined by the
width of the wave tank, it was found experimentally that the
distance from the free surface elevation has to be above 1.5
m so that each receiver can detect the sound wave emitted
by the transmitter. The length of the plane was appropriately
chosen in order to cover the range of motion of the WEC.

The ultrasound measures the absolute position of the
WEC with respect to a fixed reference frame Xg,Yg,Zg lo-
cated at the position of one of the receivers. Given the speed
of sound, the distance of the WEC from each receiver is ob-
tained by measuring the travel time needed by the ultrasonic
signal emitted by the transmitter to reach each receiver. As
shown in Figure 3, the global coordinates xg

T ,y
g
T ,z

g
T of the

WEC can be computed, through trilateration, as follows:

xg
T =

r2
1− r2

2 +d2

2d
(1)

yg
T =

r2
1− r2

3 +B2 +C2

2C
− B

C
xg (2)

zg
T =±

√
r2

1− (xg)2− (yg)2 (3)

where r1, r2 and r3 are the distances of the WEC from
receivers R1, R2 and R3, respectively. The parameter d is
the distance of receiver R2 from receiver R1 along the Xg
axis, while the parameters B and C are the coordinates of
receiver R3 along the Xg and Yg axis, respectively. As shown
in Equations (1)-(3), only 3 receivers are needed to calculate
the global position of the WEC, with the 4th receiver used for
redundancy, in case of failure of one of the other receivers.

The IMU is a LSM6DS0 from STMicroelectronics [20]
which is composed of 3 accelerometers and 3 gyroscopes.
As shown in Figure 2, the IMU is placed at the same point
as the ultrasound transmitter. The accelerometer measures
the acceleration along the 3 axis of translation Xb, Yb and Zb,
while the gyroscope measures the angular velocities around
the same axes. The sampling frequency of the IMU is 30 Hz.

Fig. 1. OMEY labs wave tank with ultrasound receivers placed
above the middle section of the tank
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Fig. 2. Set-up ultrasound measurement system and IMU for mea-
surement of the WEC motion
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Fig. 3. Intersection of the spheres centered at the location of the
receivers R1,R2,R3 at the plane Zg = 0

3 Sensor processing and optimal combination
In this section, the measurements from the ultrasound

sensors are combined optimally with the measurements from
the IMU through an EKF in order to obtain an accurate es-
timation of the position, velocity and orientation of a WEC.
For the position, the EKF estimates are updated using the
measurements provided by the ultrasound sensors. Further-
more, since the accelerometer provides a measure of the
gravity force vector, the static orientation of the IMU can
be detected [21], while the transient orientation of the IMU
is provided by the gyroscope. Therefore, the EKF computes
the correct position, velocity and orientation from the fusion
of the static measurements provided by the ultrasound sen-
sors with the dynamic measurements provided by the IMU.

The INS is described by the inertial navigation equa-
tions, which are a set of nonlinear differential equations de-

scribing the relationship between the position, velocity and
orientation of the WEC, and the outputs from the IMU,
which are the accelerations and the angular velocities. The
EKF is based on the navigation error equations, which repre-
sent a linearized model of the inertial navigation equations.
The navigation error equations describe how the errors on the
position, velocity and orientation of the WEC relate to the er-
rors on the measured accelerations and angular velocities.

In the reminder of this section, the continuous-time in-
ertial navigation and navigation error equations are obtained.
Then, both navigation and navigation error equations are dis-
cretized with a zero order hold for the inputs. The discrete-
time error navigation equations are suitable for the imple-
mentation of the EKF with the sampled measurements from
both the ultrasound sensors and the IMU. A possible al-
ternative to the discrete-time EKF is a continuous-discrete
EKF, based on the continuous-time navigation and naviga-
tion error equations, which takes as inputs the measure-
ments provided by the ultrasound sensors and IMU at dis-
crete time instants. However, the software implementation
of a continuous-discrete EKF requires an integration scheme,
in the time domain, which calculates positions, velocities and
orientation at a time instant tk given their values at the time
instant tk−1. Therefore, the discrete-time EKF is preferred
in this paper, since it provides a framework that is suitable
for propagating the state variables between discrete time in-
stants, without resorting to an integration scheme in the time
domain.

Finally, the EKF is introduced in order to integrate the
measurements provided by the ultrasound system with the
positions, velocities and orientation computed by the INS.

3.1 Continuous-time inertial navigation equations
The continuous-time inertial navigation equations are

given as follows [9]:

ṗg = vg (4a)

v̇g = Rg
b(Θ)sb +gg (4b)

Ṙg
b = Rg

b(Θ)Ωb
gb (4c)

where pg and vg are the global position and velocity
vector of the WEC, respectively. The vector gg represents
the gravitational force per unit mass, i.e. gravitational ac-
celeration, while sb represents the inertial force per unit
mass, expressed in the body frame, i.e. inertial accelera-
tion. Note that Equations (4a)-(4c) represent a kinematic
model, with no forces or torques involved. The matrix Ω

b
gb

is the skew-symmetric matrix of the angular velocities vec-
tor ωb = [ωb

gbx
ωb

gby
ωb

gbz
]T . The matrix Rg

b(Θ), used for
the transformation of coordinates from the body coordinate
frame to the global coordinate frame, is a function of the
vector of Euler angles Θ = [φ θ ψ]T . The state space form of
equations (4a)-(4b) can be expressed as:
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ẋ = Ad+Bn (5)

where:

x = [pg,T vg,T ]T (6a)

n = Rg
b(Θ)sb +gg (6b)

A =

[
03 I3
03 03

]
(6c)

B =

[
03
I3

]
(6d)

3.2 Continuous-time navigation error equations

The continuous-time navigation error equations are ob-
tained through linearization of the navigation equations
around the estimated positions, velocities and orientation
computed by the INS. The estimated position, velocity and
orientation are given as [9]:

˙̂pg = v̂g (7a)
˙̂vg = R̂g

b(Θ)s̃b + ĝg (7b)
˙̂Rg

b = R̂g
b(Θ)Ω̃

b
gb (7c)

where the notation (·̂) and (·̃) represent estimated and
measured quantities, respectively. The estimated rotation
matrix R̂g

b(Θ) is given as follows:

R̂g
b(Θ) = (I−Ωε)R

g
b (8)

where Ωε is the skew-symmetric matrix of the elements
of the orientation angles error vector ε = [ε1 ε2 ε3]

T . Defin-
ing the following errors:

δpg = pg− p̂g (9)
δvg = vg− v̂g (10)

δsb = sb− s̃b (11)

δω
b
gb = ω

b
gb− ω̃

b
gb (12)

It is demonstrated in [9] that the continuous-time navi-
gation error equations are given as follows:

δṗg = δvg (13a)

δv̇g =−Sg
ε+Rg

bδsb (13b)

ε̇ = Rg
bδω

b
gb (13c)

where Sg is the skew-symmetric matrix of the elements
of the inertial force per unit mass vector sg = [sg

x sg
y sg

z ]T and
is given as follows:

Sg =

 0 −sg
z sg

y
sg

z 0 −sg
x

−sg
y sg

x 0

 (14)

The system of equations in (13) describes how the er-
rors on the positions, velocities and orientations are related
to the errors on the measured accelerations δsb and angular
velocities δωb

gb. If the errors δsb and angular velocities δωb
gb

are modelled as biases, the state space form of the system of
equations in (13) is as follows:

δẋ = Fδx+Gu (15)

where:

δx = [δpg,T
δvg,T

ε
T

δsb,T
δω

b,T
gb ]T (16a)

u = [wT
acc wT

gyro]
T (16b)

F =


03 I3 03 03 03
03 03 −Sg Rg

b 03
03 03 03 03 Rg

b
03 03 03 03 03
03 03 03 03 03

 (16c)

G =


03 03
Rg

b 03
03 Rg

b
03 03
03 03

 (16d)

(16e)

with wacc and wgyro denoting the accelerometer noise
and gyroscope noise, respectively. The noises wacc and wgyro
are assumed to be white, with variances σ2

acc and σ2
gyro, re-

spectively. Therefore, the covariance matrix of the measure-
ment noise u is as follows:

Q =

[
σ2

accI3 03
03 σ2

gyroI3

]
(17)

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Dynamic Systems, Measurement and Control. Received February 07, 2018; 
Accepted manuscript posted October 02, 2018. doi:10.1115/1.4041608 
Copyright (c) 2018 by ASME

Downloaded From: http://dynamicsystems.asmedigitalcollection.asme.org/ on 10/02/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



3.3 Discrete time inertial navigation equations
The continuous-time inertial navigation equations in (5)

are discretised to make them suitable for the implementation
of the EKF with the sampled measurements from both the
ultrasound sensors and IMU. Assuming that the input n in
(5) is constant over a sampling period, the zero-order-hold
sampling of the state space in (5) becomes [9]:

xk+1 =

[
03 TsI3
03 03

]
xk +Tsnk (18)

where Ts is the sampling period. For the discretisation
of the orientation equation in (4c), if the measured angular
velocity Ω

b
gb is constant over a sampling period, the discrete

orientation equation is as follows:

Rg
b,k+1 = Rg

b,k(2I3 +Ω
b
gb,kTs)(2I3−Ω

b
gb,kTs)

−1 (19)

The vector of Euler angles Θk, used to represent the ori-
entation of the body coordinate frame, can be computed from
Rb,k [22].

3.4 Discrete time navigation error equations
The discrete-time inertial navigation error equations are

derived from the continuous-time inertial navigation errors
equations in (15). If the matrix F is constant over a sampling
period, the discrete-time inertial navigation errors equations
are given as follows [9]:

δxk+1 = ( I+F(kTs)Ts) δxk +uk (20)

with the covariance matrix of the discrete-time process
noise uk is given as [8]:

Qk = G(kTs)QG(kTs)
T Ts =


03 03 03 06
03 σ2

accI3 03 06
03 03 σ2

gyroI3 06
06 06 06 06

 (21)

3.5 Extended Kalman Filter
The EKF integrates the measurements provided by the

ultrasounds system with the position, velocities and orienta-
tion computed by the INS. Equations (18) and (19) can be
written as:

zk+1 = c(zk,ak) (22)

where zk = [xk Θk]
T and ak = [sb

k ωb
k ]

T . If the measure-

ments from the ultrasound system are available, the estimates
of the positions, velocities and orientation are given as [9]:

ẑk+1 = ẑ−k+1 +δẑk+1 (23a)

âk+1 = ãk+1 +δâk+1 (23b)

ẑ−k+1 = c(ẑk, âk) (23c)

δẑk+1 = [δx̂k+1]1,..,9 (23d)
δâk+1 = [δx̂k+1]10,..,15 (23e)

δx̂k+1 = δx̂−k+1 +Kk+1( yk+1− ( Hz,kẑ−k+1 +Hx,kδx̂−k+1) )

(23f)

Kk+1 = P−k+1HT
x,k(Hx,kP−k+1HT

x,k +Rk)
−1 (23g)

P−k+1 = ( I+F(kTs)Ts)Pk( I+F(kTs)Ts)
T +Qk (23h)

Pk+1 = P−k+1−Kk+1Hx,kP−k+1 (23i)

δx̂−k+1 = ( I+F(kTs)Ts)δx̂k (23j)

where yk+1 is the vector of positions provided by the
ultrasound system and static orientation measured by the ac-
celerometer, and the matrix Rk is the covariance matrix of
the noise on position and static orientation. The matrix Rk is
given as follows:

Rk =

[
σ2

posI3 03
03 σ2

rotI3

]
(24)

where σ2
pos and σ2

rot are the variance of the white noises
acting on the position and static rotation measurement, re-
spectively. As shown in Equation (23e), in addition to the es-
timation of the errors on positions, velocities and orientation
angles, the EKF provides an estimate of the biases that af-
fect the measurement of accelerations and angular velocities
given by the IMU. The measurement matrixes Hx,k ∈ R6,15

Hz,k ∈ R6,9 in Equation (23f) are given as follows:

Hx,k =

[
I3,3 03,3 03,3 03,6
03,3 03,3 I3,3 03,6

]
(25)

Hz,k =

[
I3,3 03,3 03,3
03,3 03,3 I3,3

]
(26)

4 Validation of the sensor system
In order to validate the motion capture system proposed

in Section 2 and the sensor fusion algorithm in Section 3, a
series of experimental tests were carried out with a servo con-
trolled six-axis robot arm at the Mobile and Marine Robotics
Research Centre at the University of Limerick. The robot is
a Stäubli TX Series 60 [23] which has a position repeatabil-
ity at constant temperature of ± 0.02 mm, while the angular
resolution for the wrist joint is 0.172 ◦.
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4.1 Validation protocol
The setup of the sensors illustrated in Figure 2 was repli-

cated by mounting the ultrasound receivers on a wall along
a square of 2.3 m by 2.3 m, while the IMU, along with the
ultrasound transmitter, was mounted on the end effector of
the robot which is facing the ultrasound receivers. In Figure
4, the setup of the IMU and the global coordinate frame of
the ultrasound sensors for the tests with the robot is shown.
In order to test the static and dynamic performance of the
motion capture system, the tests in Table 1 are proposed.

Fig. 4. Set-up of the IMU and ultrasound coordinate frame
Xg,Yg,Zg for the tests with the Stäubli robot

4.2 Validation results

4.2.1 Static tests
In this section, the results from the experimental tests

with the robot are presented. The measured displacement
and errors for x-position, y-position and z-position from the
ultrasound sensors for the test SPx, SPy and SPz are shown
in Figure 5, 6 and 7, respectively. In order to calibrate the ul-
trasound sensors along the x-axis, y-axis and z-axis, the mea-
surements are interpolated with a polynomial. The degree of
the polynomial is chosen as 5, as it provides a good trade-
off between complexity and interpolation error. As shown
in Figure 5, 6 and 7, the interpolant polynomial provides
a significantly lower position error than the measurements.
The maximum error on x-position, y-position and z-position
given by the interpolant polynomial is approximately 0.005
m, which is considerably worse that the accuracy of 0.001 m
stated by the Hexamite company. It is important to highlight
that, the EKF does not show any significant improvement of
the position accuracy with respect to the ultrasound sensors,
since the acceleration measurements provided by the IMU
are affected by a considerable bias and, therefore, the posi-
tion measurement computed by the inertial navigation equa-
tions quickly diverges over time.

In order to statically calibrate the accelerometer of the
IMU along the x,y and z direction, the tests SRX and SRZ

are used. In fact, as the IMU rotates around the x-axis and
z-axis, the components of the gravity vector along the x-axis,
y-axis and z-axis of the accelerometer change accordingly.
Given a set of different rotations, a calibration procedure for
the accelerometers based on the minimization of the squared
errors between the applied gravity forces and a model for the
accelerometer is proposed in [24]. The cost function to be
minimized is as follows:

min
θ

N

∑
k=1

(‖ûk‖2−‖h(ŷk,θ‖2)2 (27)

where N is the number of rotation performed, ûk is the
applied gravity force vector and ŷk is the output of the ac-
celerometer. The function h(ŷk,θ) is given as follows:

h(ŷk,θ) = TK−1(ŷk−b) (28)

and:

T =

1 −αyz αzy
0 1 −αzx
0 0 1

 (29)

K = diag(kx,ky,kz) (30)

b = [βx βy βz]
T (31)

where ki,βi, with i = x,y,z, are the unknown scaling and
bias parameters of the accelerometer along the i direction.
The misalignment angles αi, j, with i = y,z and j = x,y,z,
represents the rotation of the i-th accelerometer sensitivity
axis around the j-th axis of the orthogonal frame.

Regarding the calibration of the gyroscope, the same
calibration procedure applied to the accelerometer can be
used. The gyroscope sensitivity axes x, y and z are calibrated
by using tests SWX, SWY and SWZ, respectively. The cost
function to be minimized is shown in equation (27), where N
is the number of the constant angular velocities performed.
In Table 2, the scale factors and biases of the accelerometer
and gyroscope sensitivity axis are shown while, in Table 3,
the misalignment angles of the accelerometer and gyroscope
sensitivity axes are shown.

For the measurement of the static rotations of the IMU
around the x-axis, y-axis and z-axis, two different approaches
are considered: integration of the angular velocities provided
by the gyroscope and measurement of the applied gravity
vector given by the calibrated accelerometer. Note that the
integration of the angular velocity diverges over time, since
the gyroscope is affected by drift. However, for measure-
ment of the static rotations of the IMU around the y-axis, the
accelerometer cannot be used, since the gravity vector acts
along the y-axis and, therefore, no change in the components
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Table 1. Static and dynamic tests of the motion capture system performed with a servo controlled six-axis robot arm

Static Tests Dynamic Tests

Displacement along Xg, Yg and Zg SPx, SPy, SPz : range from -0.4 m
to 0.4 m, with an increment of 0.01
m.

DPx, DPy, DPz: sinusoidal motion
with a peak to peak amplitude of 0.2
m and a range of periods from 1.25
s to 3 s.

Rotation around Xb, Yb and Zb SRx, SRy, SRz: range from -40◦ to
40◦, with an increment of 2◦.

DRx, DRy, DRz: sinusoidal rota-
tions with amplitude of 20◦, with a
range of periods from 1.25 s to 3 s.SWx, SWy, SWz: constant rota-

tional velocities with a range from
-229◦/s to 229◦/s, with an incre-
ment of 10◦/s.

Table 2. Scale factors and biases for accelerometers and gyro-
scope sensitivity axis

Accelerometer Gyroscope

Scale Factor Bias Scale Factor Bias

X 16.55 -4.28 0.1039 7.4 ×10−3

Y 16.65 1.35 0.1068 2.74 ×10−4

Z 16.47 -8.06 0.1152 -3.94 ×10−4

Table 3. Misalignment angles of accelerometer and gyroscope sen-
sitivity axis

Angle Accelerometer Gyroscope

αyz 0.0039 -0.0344

αzy -0.024 -0.0192

αzx 0.0128 -0.0204

of the gravity vector is detected along the x-axis and z-axis
of the accelerometers.

The measured rotations and errors around the x-axis and
z-axis from the accelerometer and gyroscope for the test SRx
and SRz are shown in Figure 8 and 10, respectively. The
maximum error on the rotation around the x-axis is 2◦ and
0.9◦ for the gyroscope and accelerometer, respectively. The
maximum error on the rotation around the z-axis is 4◦ and 1◦

for the gyroscope and accelerometer, respectively.
The measured rotations and errors around the y-axis,

from the gyroscope θmeas for the test SRy, are shown in Fig-
ure 9. The maximum error on the rotation around the y-axis
is 4◦. Despite the poor accuracy of the measurement of the
rotation angle around the y-axis, for a wave tank that only
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Fig. 5. Measurement of the x positions of the ultrasound transmitter
or the test SPx
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Fig. 6. Measurement of the y positions of the ultrasound transmitter
for the test SPy
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Fig. 7. Measurement of the z positions of the ultrasound transmitter
for the test SPz

generates plane waves, the rotation of the device around the
axis where the gravity vector is acting upon is negligible.
Note that the accuracy of the rotation around the axis along
gravity can be improved by using an IMU equipped with a
magnetometer, with a small additional cost [21].

In conclusion, for static rotation around the x and z axes,
the accelerometer provides a bounded error of 1◦, while the
gyroscope is affected by a considerable bias, which provides
an error of 4◦. It is important to highlight that, the EKF
does not show any significant improvement of the static ro-
tation accuracy given by accelerometer, since the gyroscope
is affected by a considerable bias and, therefore, the rotation
measurement computed by the inertial navigation equations
quickly diverges over time.
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Fig. 8. Measurement of the angle φ around the x-axis of the IMU
for the test SRx
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Fig. 9. Measurement of the angle θ around the y-axis of the IMU
for the test SRy
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Fig. 10. Measurement of the angle ψ around the z-axis of the IMU
for the test SRz

4.2.2 Dynamic tests
In Table 4 the measured amplitudes and errors for the

x, y and z position from the ultrasound transmitter for the
tests DPx, DPy and DPz are shown for different periods of
sinusoidal trajectories with a reference peak amplitude of 0.2
m. Overall, the accuracy on the x-position, y-position and z-
position is 0.002 m, 0.005 m and 0.005 m, respectively. Note
that, the accuracy along the x-axis is better than the accu-
racies along the y- and z-axes across the complete range of
tested periods.

In conclusion, for dynamic position measurements, the
ultrasound sensors provide an accuracy of 0.005 m along the
x,y and z direction which is the same as the accuracy pro-
vided by the static position tests. The EKF does not show
any significant improvement of the position accuracy given
by the ultrasound sensors. In Table 5 the measured peak-to-
peak amplitudes and errors of the angle φ around the x-axis
and ψ around the z-axis from the EKF for the test DRx and
DRz are shown for different periods of sinusoidal trajecto-
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Table 4. Measured amplitudes and errors for the x, y and z position
from the ultrasound transmitter for the tests DPx, DPy and DPz

T
X Y Z

Ameas
[m]

emeas
[m]

Ameas
[m]

emeas
[m]

Ameas
[m]

emeas
[m]

0.8 0.195 0.005 0.2019 0.0019 0.201 0.001

0.9 0.1951 0.0048 0.1931 0.0069 0.1995 0.0005

1.25 0.1934 0.0066 0.1975 0.0025 0.203 0.003

1.6 0.197 0.0028 0.1953 0.0047 0.2039 0.0038

2 0.2001 0.0001 0.1965 0.0035 0.1991 0.0009

2.3 0.2004 0.0004 0.2024 0.0024 0.2042 0.0042

2.65 0.2006 0.0006 0.2018 0.0017 0.2053 0.0053

3 0.2001 0.0001 0.2042 0.0042 0.2061 0.006

ries with a reference peak-to-peak amplitude of 40◦. Note
that, for the experimental set-up used in this study, informa-
tion on the phase was not available, but the tested frequencies
are relatively low and no lagging error was observed. Also,
at periods lower than 1 s, the translation and rotation of the
robot arm is not smooth and, therefore, the uncertainty on the
amplitude errors increases. Note that, for both translational
and rotational motion, the robot arm can not follow a sinu-
soidal reference (with a good degree of fidelity) with period
less than 0.8 seconds.

As a way of example, in Figure 11, the comparison be-
tween the angle φ computed with the EKF, accelerometers
and gyroscope is shown for a sinusoidal angular motion of
amplitude A=20◦ and period T =3.0 s. As Figure 11 shows,
for the measurement of the dynamic rotations of the IMU
around the x-axis, the EKF provides a more accurate esti-
mation of the angles than the angles obtained from the ac-
celerometer or from the integration of the gyroscope angular
velocities. Similar considerations can be drawn for the dy-
namic rotation of the IMU around the z-axis shown in Figure
12.

In conclusion, for dynamic rotation measurements, the
EKF provides a bounded error of 2◦. The gyroscope is af-
fected by a considerable bias and, therefore, the error grows
with time. On the other hand, the rotation measurement pro-
vided by the accelerometer is not affected by bias but it is
noisy.

5 Conclusions
This paper proposes a low-cost motion capture system

for wave tank tests. The motion capture system is based on
two different sensors: ultrasound sensors, which provide po-
sition measurements with a low sampling rate but bounded

Table 5. Measured amplitudes and errors of the angle φ around the
x-axis and ψ around the y-axis of the IMU for the test DRx and DRz

T
φ ψ

Ameas
[◦]

emeas
[◦]

Ameas
[◦]

emeas
[◦]

0.8 45.11 5.11 39.63 0.36

0.9 43.5 3.5 40.14 0.14

1.25 44.07 4.07 40.16 0.1619

1.6 41.15 1.147 39.57 0.4274

2 39.4 0.6042 40.53 0.5345

2.3 39.74 0.2601 41.86 1.86

2.65 41.41 1.412 40.71 0.7064

3 41.43 1.427 41.1 1.105
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Fig. 11. Comparison between the angle φ around the x-axis of the
IMU between computed with the EKF, accelerometer and gyroscope
for a period T = 3.0 and amplitude A = 20◦

errors, and an IMU, which provides accelerations and angu-
lar velocities with a high sampling rate, but characterized by
biases which induces drifts in the integration process used to
obtain positions and orientations. Given the complementary
strength of the two sensor modalities, a natural choice for the
fusion of the information from the two sensors is represented
by EKF which estimates positions, velocities and orientation
more accurately than the two sensors alone.

The tests performed in this paper show that the ultra-
sound sensors have a position accuracy of 5 mm along the
x, y and z axes, depending on the range of the position. The
position accuracy of the ultrasound sensors is considerably
worse than the accuracy stated by the Hexamite company of
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Fig. 12. Comparison between the angle ψ around the z-axis of the
IMU between computed with the EKF, accelerometer and gyroscope
for a period T = 3.0 and amplitude A = 20◦

1 mm. The EFK does not show any significant improvement
of the position accuracy with respect to the ultrasound sen-
sors. An alternative to the ultrasound sensors is a high ac-
curacy optical capture system, which gives an accuracy than
is less than 1 mm but at a more expensive cost [25]. In fact,
while the ultrasound measurement system used for the study
in this paper costs arounde 1.5k, the cost for a high accuracy
optical capture system can range frome 4k toe 10k. A valid
low-cost solution for position measurement, with a cost that
is comparable to the motion capture system presented in this
paper, is the combination of an IMU with 2 High-Definition
(HD) webcams. In [26], 2 HD webcams are used to measure
the distance of an object from a reference frame, and the re-
sults show that the accuracy is less than 2 mm for the whole
range of measurements.

On the other hand, for rotation measurements, the over-
all accuracy provided by the EKF is good, with bounded er-
rors of 2◦ around the x and y axis, depending on the range of
the rotation. The rotation computed by the integration of the
angular velocity provided by the gyroscope is characterized
by an error that grows over time. The accelerometer provides
an accurate and stable measure of the static rotation, but the
dynamic accuracy is affected by the level of noise in the mea-
surements. The EKF optimally combines the strengths of the
gyroscope and accelerometer to compute an accurate and sta-
ble rotation both in the static and dynamic scenario.
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