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Abstract: This paper deals with the control of a manipulator robot mounted on a moving
platform. It is supposed that the moving platform is independently controlled, therefore sensor
and control signals for the platform are not available. As the motion of the platform produces
perturbations on the robot motion, it is the purpose of the proposed controllers to compensate
for those effects on the end-effector. A 9-axis inertial measurement unit (IMU) mounted on
the top of the moving platform is used to recover the orientation, velocity and acceleration of
the platform joints, which are required for the implementation of the proposed control laws.
The modeling of the IMU to recover the platform motion signals is based on the platform
Jacobian and the proposed controllers are based on the computed torque controller. The IMU
signal processing and the controllers are implemented using the Robot Operating System and
the ros control framework, making it possible to run the controller in real-time. Simulated
results using the Gazebo simulator shows the effectiveness of the proposed controller. The
performance improvements with respect to a computed torque controller without compensation
for the platform motion were evaluated by using the RMS error of the joints as a metric.
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Information and sensor fusion, Vibration control

1. INTRODUCTION

Robotic manipulators mounted on non-inertial bases such
as ships, offshore platforms or vehicles moving on un-
even terrain present interactions between the dynamics of
the manipulator and the base (Sadraei and Moghaddam,
2015). The efforts generated on the manipulator due to
the base motion may compromise the robot performance.

To control a manipulator mounted on a moving base, the
controller should take into account the base motion and
compute a control output that compensates for the base
induced disturbances on the manipulator end-effector.
Assuming that the information about the platform motion
is not available, a sensor could be used to estimate the
platform state. Dunnigan and Wronka (2011) presents a
comparison of modeling and control techniques using an
accelerometer to compensate partially for modeled base
motion. An inertial measurement unit (IMU) is capable
of providing angular rates, accelerations and by using
data fusion procedures (Lages and Henriques, 2019), the
orientation of a body. Hence, in this paper the IMU data is
used by the controller to compensate for the effects of the
modeled platform motion on the manipulator end-effector.

The subsequent sections of this paper deal with the control
of a robotic manipulator mounted on a non-inertial base.
It will be assumed that the motion of the robotic arm
do not affect the motion of the platform. The objective
is to stabilize the robot while moving its end-effector to a

target pose with respect to the platform. It is assumed that
the robot links are rigid enough so that the end-effector
position can be determined from the joint positions. The
controller is implemented in the Robot Operating System
(ROS) (Quigley et al., 2009) and results are obtained using
the the Gazebo simulator (Koenig and Howard, 2004).
The robot used is the 7 degrees of freedom (DoF) Barrett
WAM robotic arm (Barrett, 2011) and the IMU is a Bosch
BNO055 (Bosch Sensortec, 2016).

2. MODEL OF A ROBOT MANIPULATOR
MOUNTED ON A NON-INERTIAL BASE

For a manipulator on a moving platform, Wronka (2010)
obtained the robot dynamic model using the Lagrange-
Euler approach by supposing that the manipulator motion
has no influence on the platform, which would be the case
when the base is much heavier than the manipulator. This
model can be expressed as:

τ = M(q)q̈ + V (q, q̇) +Gp(q, qp) + Fp(qp, q̇p, q̈p)

+ Vp(qp, q̇p)q̇ (1)

where τ is the n × 1 vector of joint torques, q, q̇, q̈ are
the n × 1 joint position, velocity and acceleration vectors
respectively, M(q) is the n × n inertia matrix, V (q, q̇) is
the n×1 vector of Coriolis and centrifugal forces, qp is the
vector of platform generalized coordinates, Gp(q, qp) is the
gravity vector with platform influence, Fp(qp, q̇p, q̈p) are
the inertial, Coriolis and centrifugal forces vector induced
on the manipulator by platform motion and Vp(qp, q̇p) are
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the Coriolis and centrifugal forces vector generated by the
platform and manipulator motion. Note that M(q) and
V (q, q̇) depend only on the robot motion an do not depend
on the platform motion.

3. COMPUTED TORQUE CONTROLLER FOR A
ROBOT ON A PLATFORM

The main interest here is to control the joint positions.
In principle, a simple position controller with high gains
could solve the issue. However, high gains generally imply
higher control signal which are not desirable. Furthermore,
a manipulator is a highly nonlinear system, which makes it
difficult to design proper gains for the whole workspace of
the robot. Furthermore, for many years, some manufactur-
ers of industrial robots have introduced manipulators that
can be torque controlled (Barrett, 2011; KUKA Roboter,
2011). Thus, control laws based on the computed torque
method are a feasible way to improve the performance of
those robots.

The model (1) can be used to obtain a version of the
computed torque control law for a manipulator mounted
on a non-inertial platform given by:

τ = Mn(q)ν + Vn(q, q̇) +Gpn(q, qp) + Fpn(qp, q̇p, q̈p)

+ Vpn(qp, q̇p)q̇ (2)

where virtual acceleration ν can be computed as:

ν = q̈r +Kp(qr − q) +Kd(q̇r − q̇) (3)

Thus, producing an error dynamics given by:

ë+Kdė+Kpe = 0 (4)

A 9-axis IMU is supposed. This type of device provides
acceleration, angular velocity and magnetic field measure-
ments. Some of them include a microprocessor as well and
execute a data fusion procedure to estimate the device
orientation and its linear acceleration (which differs from
the accelerometer measurement due to gravity). Usually
an extended Kalman filter (EKF) is used to obtain such
estimates (Lages and Henriques, 2019).

In an IMU sensor, acceleration, angular velocity measure-
ments and magnetic field measurements are taken with
respect to the inertial frame and represented in the body
frame of the sensor (Kok et al., 2017). The estimated
orientation is estimated with respect to a frame with axis
aligned with the vertical and magnetic north and also
represented is this frame. Here, it is assumed the ENU
convention as it is the conversion used by ROS (Foote and
Purvis, 2010). That is, the X axis points to the East, the Y
axis points to the (magnetic) North and the Z axis points
upwards.

The platform has two coincident rotational joints, that

is qp = [qp1 qp2]
T
, which produce roll and pitch motion.

Figure 1 show the frames used in the development that
follows. The angle around Zp is qp1 and the angle around
Zp1 is qp2.

As qp should be obtained from the IMU orientation estima-
tion, it is necessary to consider the orientation of the fixed
base of the platform with respect to the inertial frame 0Rp,
the orientation of the top of the platform with respect to
its base pRt(qp), the orientation of the IMU with respect

Fig. 1. Platform frame assignment.

to the top of the platform tRimu, the orientation of the
IMU with respect to the ENU frame enuRimu and the
orientation of the ENU frame with respect to the inertial
frame 0Renu. Therefore:

pRt(qp) =
enuRT

p
enuRimu

tRT
imu (5)

Note that enuRp and tRimu are constants and that
enuRimu is the orientation estimation obtained from the
IMU. Once pRt(qp) is computed from (5), the joint angles
of the platform can be obtained from:

qp =

[

atan2(r13,−r23)
atan2(r31, r32)

]

(6)

where rij is the element of the i-th line and j-th column of
pRt.

The joint velocities for the platform can be obtained from
the angular velocities measured by the IMU, imuωimu.
However, the measurements of the IMU are represented in
its own frame (Kok et al., 2017) and can be transformed
to the platform frame by:

pωt =
pRt(qp)

tRimu
imuωimu

where pωt is the angular velocity of the platform top
represented in the platform base frame.

On the other hand, the angular velocity of the top of
the platform can be computed from the velocities of the
platform joints by:

pωt = Jω(qp)q̇p

where Jω(qp) is the Jacobian relating the platform joint
velocities with the angular velocity of the platform top.

Therefore, by using the pseudo-inverse of Jω(qp), the
platform joint velocities can be computed from the angular
velocity measured by the IMU as:
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q̇p = J†
ω(qp)

pRt(qp)
tRimu

imuωimu

=

[

cos qp2 0 sin qp2
0 1 0

]

imuωimu (7)

Similarly, the platform joint accelerations can be computed
from the acceleration measured by the IMU, imuaimu. It
is important to note that the acceleration measured by
the IMU includes the gravity, which should be removed to
compute the linear acceleration of the top of the platform:

paimu = pRt(qp)
tRimu

(

imuaimu −
0RT

imug
)

(8)

where paimu is the acceleration of the IMU mounting point
on the top of the platform represented in the platform base

frame and g = [0 0 9.81]
T
is the gravity vector.

The linear velocity of the IMU mounting point can be
computed from the platform joint velocities as:

pvimu = Jv(qp)q̇p (9)

where Jv(qp) is the Jacobian relating the platform joint
velocities with the linear velocity of the IMU mounting
point. Hence (Fu et al., 1987):

Jv1(qp) =
pẐp ×

(

pR1

(

1Pt +
1Rt

tPimu

))

Jv2(qp) =
pR1

(

1Ẑ1 ×

(

1Pt +
1Rt

tPimu

)

)

where the origin of the frame at the top of the platform
relative to the frame at the platform base is given by pPt

and the origin of the IMU frame with respect to the frame
at the top of the platform is given by tPimu.

By differentiating (9) with respect to time, the linear
acceleration of the IMU mounting point is:

paimu =
d

dt
(pvimu) = J̇v(qp, q̇p)q̇p + Jv(qp)q̈p (10)

with (Fu et al., 1987):

J̇v1(qp) =
(

pẐp ×

(

pẐp ×

(

pR1

(

1Pt +
1Rt

tPimu

))

))

q̇p1

J̇v2(qp) =
pR1

(

1Ẑ1 ×

(

1Ẑ1 ×

(

1Pt +
1Rt

tPimu

)

))

q̇p2

Thus, from (8) and (10) it is possible to compute the
platform joint acceleration from the IMU accelerometer
measurements as:

q̈p = J†
v(qp)

(

pRt(qp)
tRimu

(

imuaimu −
0RT

imug
)

(11)

−J̇v(qp, q̇p)q̇p

)

(12)

Hence, by using the sensors on the joints of the ma-
nipulator and the platform joint positions, velocities and
accelerations obtained from (6), (7) and (12), it is possible
to compute the control laws defined by (2) and (3).

The controllers proposed in section 3 were implemented in
ROS. Since ROS nodes do not have real-time capabilities,
the ros_control framework (Chitta et al., 2017) provides
the capability to implement real-time controllers.

4. SIMULATION RESULTS

To evaluate the performance of the controller under the
effects of the base motion the system was tested on the
simulation environment Gazebo. A step on the reference
of joint position was applied to each joint. The following
controllers are implemented:

CTCNC: Classical computed torque controller without
compensation for the base motion described in (Fu et al.,
1987).

CTCPD: Computed torque controller with compensa-
tion for the effects of the base motion on the manipulator
end-effector.

For the base motion, a sinusoidal signal was applied to
each of the platform joints as in Wronka and Dunnigan
(2011). That is:

qp(t) =





aroll sin
(

2π
Troll

t+ φroll

)

apitch sin
(

2π
Tpitch

t+ φpitch

)



 (13)

with aroll = apitch = 0.219 rad, Troll = 4.5 s, Tpitch =
2.25 s, φroll = π/2 rad and φpitch = 0.

The controller gains for the PD controller were calculated
to obtain a step response without overshoot. For the
system (4), with Ki = 0, the PD diagonal matrices of
gains are chosen with kp = ω2

n and ki = 2ξωn. With ξ = 1
and ωn ≈

4

ξTs
, where Ts is the settling time for a tolerance

of 2%. The gains forboth controllers were Kp = 25 and
Kd = 10.

The controllers were evaluated with a reference step of
0.5 rad applied to each joint of the manipulator. Figure
2 presents the system response for the CTCNC. The
reference tracking is severely compromised. As can be seen
on Table 1 the total RMS error is 1.2348 rad. The controller
does not reject properly the disturbances generated by the
base motion.

Fig. 2. Step response of the system with CTCNC.

The results for the CTCPD can be visualized in Figure 3.
A considerable improvement on performance can be noted.
See Table 1, where the RMS error of the manipulator joints
is shown..

Fig. 3. Step response of the system with CTCPD.

Figures 4 and 5 present the torques for CTCNC and
CTCPD, respectively. It can be noted that the controller
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Table 1. RMS error for joint position [rad].

Joint CTCNC CTCPD

1 0.0955 0.0435

2 0.0973 0.0444

3 0.2246 0.0424

4 0.1362 0.0439

5 0.2782 0.0432

6 0.2880 0.0430

7 0.1150 0.0447

Total 1.2348 0.3051

with compensation for effects of base movement applies
smaller torques to the joints..

Fig. 4. CTCNC efforts.

Fig. 5. CTCPD efforts.

The performance of the controllers were evaluated by using
and objective metric through the

5. CONCLUSION

In this paper, the implementation of a controller for a
robotic manipulator on a non-inertial base was presented.
A controller without compensation for base movement
showed a poor performance and motivates the implemen-
tation of a more specific solution to the control problem.
The controller with compensation for the effects of base
motion on the manipulator end-effector using an IMU
sensor presented a lower RMS error, offering a signifi-
cant improvement in system performance when compared
to CTCNC. Future works consider the integration of he
controllers implemented in this paper in the real Barrett
WAM robot and a Stewart platform in order to consider
platform perturbations in 6D.
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