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1. Introduction

Industrial robots are used across many applications, inclu-
ding machining operations. The integration of robotics in this
field presents numerous advantages, such as portability, adapta-
bility among the different operations and to different machining
geometries. Generally, trajectories required for machining are
generated to achieve the desired accuracy and geometries of the
parts, while also compensating for deflection due to the inhe-
rent flexibility of the robot [1, 2]. In these previous works, the
optimisation was made from an operational point of view only,
to reduce robot vibrations and deviations, which cause inaccu-
racies in machined parts.

Over the last few years, the industrial world, including both
manufacturers and users, has developed a special concern for
energy consumption (EC) in the various processes used, with
methods that have sometimes been tried and tested for decades.

It is also necessary to pay close attention to this consideration
in machining industry, so it is important to develop methods for
measuring and controlling the EC in machining activities with
industrial robots.

Building upon previous research on robot flexibility [1, 2]
and in order to pursue trajectory optimisation, the incorpora-
tion of robot EC considerations will be explored to optimise
machining articular trajectories for the same tool path.

EC monitoring for robots is already a highly investigated
topic. Firstly, some studies are looking at the parameters that in-
fluence EC. Garcia et al. [3] identify these parameters at stand-
still, in motion and how joint friction is affected by some para-
meters as load, speed or temperature. Guerra-Zubiaga et al. [4]
study the influence of speed, acceleration, load and temperature
through experiments and conclude that nearly 95 % of EC for
the robot studied is due to linear speed and acceleration. Liu et
al. [5] work on the EC modelling by using software-simulated
power data to perform parameter identification, since some pa-
rameters, such as inertia or friction, of industrial robots are un-
known to users.
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Nomenclature

F⃗ Vector gathering the contribution of external forces
h⃗ Vector gathering the centrifugal and Coriolis contri-

butions
im,i Current for motor at joint i [A]
ki Gear ratio at joint i (> 1)
Kt,i Torque constant for motor at joint i [(N · m) /A ]
Kv,i Back electromotive force constant for motor at i [V ·s]
M Mass matrix
Pm,i Electrical power of motor i [W]
q⃗m Vector of degrees of freedom representing the instan-

taneous position of the motor shaft seen from the mo-
tor side

q⃗ j Vector of degrees of freedom representing the instan-
taneous position of the motor shaft seen from the joint
side

Ra,i Armature resistance for motor at i [Ω]
um,i Voltage for motor at joint i [V]
τ⃗m Vector of actuator torques

Other works seek to develop optimisation methods. For ex-
ample, Gadaleta et al. [6] develop a simulation tool, with res-
pect to the current robot offline programming tools, to com-
pute energy-optimal parameters (based on velocity and accel-
eration limits) settable by the robot control codes. Matlab soft-
ware is also used to produce configurations that reduce EC. For
each task, Mohammed et al. [7] solve the inverse kinematics
of the robot to obtain a set of potential joint configurations,
compute EC for each of these configurations and optimise by
selecting the configuration with the lowest consumption. Pellic-
ciari et al. [8] use time scaling of pre-defined joint trajectories
and preserve technological constraints, where EC is modeled
as a function of a fifth-order polynomial equation to minimise.
To optimise EC, Li et al. [9] focus on the trajectory optimisa-
tion problem and implement the sequential quadratic program-
ming (SQP) method to solve it and obtain smooth movement.
Some research uses neural network to predict and optimise EC
[10, 11].

The estimation of EC will also depend on the way the robot
is modelled and how precise this modelling is. The Matlab
Robotics toolbox is regularly used to build robot model [9, 12],
while Mohammed et al. [7] implement their developed modules
in Matlab software. Othman et al. [13] use SolidWorks soft-
ware to perform a geometrical model, which is modified into a
Simulink model to perform simulation. Paryanto et al. [14] use
CATIA Systems Dynamic Behavior Modeling, based on open
source Modelica language, to create their digital model.

The aim of this article is to propose a sufficiently accurate
digital shadow of the Stäubli TX200 industrial robot. It enables
simulations on different types of trajectory used in machining
operations in order to predict the EC of the robotic arm during
these operations.

This work is based on recent research [1, 15], that have re-
sulted in the development of the static and dynamic trajectory

compensation method, divided as: compensation of the robot
structural deflections induced by gravity and compensation for
deviations caused by cutting forces.

This paper is organized as follows: in Section 2, the multi-
body modelling of the robot Stäubli TX200, used as an example
in this study, will be presented. Consideration will be given to
the flexibility of the robot, as well as the modelling of motors
and the calculation of power consumption. In order to validate
this model, an initial simple trajectory will be simulated in Sec-
tion 3. Other more complex trajectories will be simulated and
their results discussed in Section 4. The final comments and
outlook are addressed in the Conclusions and perspectives sec-
tion.

2. Flexible multibody dynamic model

A complete model of the 6-axis industrial robot studied in
this paper has been developed [2, 15] and improved [1] to al-
low numerical simulations. The graphical representation of the
robot can be seen in Figure 1. The generalised equations (1) of
the robot are symbolically written, where M(q⃗) contains inertial
terms, h⃗(q⃗, ˙⃗q) contains centrifugal and Coriolis terms, F⃗(q⃗, ˙⃗q, t)
contains external forces:

M(q⃗) · ¨⃗q + h⃗(q⃗, ˙⃗q) = F⃗(q⃗, ˙⃗q, t) (1)

Fig. 1: Global representation of Stäubli TX200 [1]
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Indeed, this robot model is described by 40 degrees of free-
dom, including the 6 actuated degrees q⃗a of the axes and 34 un-
actuated degrees q⃗u added to model some specific behaviours.

First of all, inherent robot flexibility exists and is mainly lo-
cated at:

• Articulations level [2]: modelling approach based on
tri-axial flexibility, such that spring-damper pairs are
considered in each direction of the joint local frame
(3 × 6 q⃗u)
• Structural level: on arm and forearm, and their flexibility

are modelled with the corotational formulation in mini-
mal coordinates, which means that the robot body can be
approximated as flexible beams with nodes placed at the
extremities, whose motion allows to represent the motion
of the flexible body (6 × 2 q⃗u)

Three q⃗u are added between the steel slab and the robot base
to model the clamping of the base on the steel slab, which is a
source of flexibility. A Dynamic Vibration Absorber (DVA) al-
lows to limit the effect of a natural frequency of the robot (1 q⃗u).

Motion and forces are modelled and computed thanks to spe-
cific in-house developed simulators as EasyDyn [16] for flexi-
ble multibody dynamics. The developments presented in this
paper can be coupled with cutting dynamics and efforts mod-
elling with Dystamill [17], with 3D cutting extension [18], to
add this element to the consumption estimate. In the case of
these simulations, no machining is implemented.

2.1. Trajectory generation

In this part, the way to generate the desired trajectories to
apply to the robot, developed in [1], is briefly presented.

Firstly, as depicted in Figure 2, the path is discretised as a
point cloud based on the G-code commands. Then, for complex
motion, the G-code consists of a series of lines. A file is gen-
erated containing information on the point i such as the curvi-
linear abscissa si and its derivatives, time ti, position e⃗i and its
derivatives, tangent to the path de⃗i

ds , quaternion for spindle ori-
entation and rotational speed ω⃗i. To perform the interpolation,
the normalized curvilinear abscissa u is used, and it is obtained
from s by a root finding method. Among the n points in the list,
an adequate number nnodes is selected to perform the interpola-
tion between them and reproduce the desired path, as depicted
on the right plot of Figure 2. The nodes distribution along the
path is a studied factor [1], and an optimisation is made on their
number such that parameters ds

du and d2 s
du2 are best suited to the

desired path. The selected method to interpolate between nodes
is Hermite splines of 5th order, to locate nodes on the path and
to generate a trajectory with continuity class C1 on acceleration
[1].

The speed profile associated with the path is also consid-
ered. Linear segments with parabolic blending (lspb) allow to
smooth trajectory variations. In this case, a Hermite spline ap-
proximation is preferred to obtain smoother velocity variations
[1].

The generated trajectory can then be applied to the robot
model to perform the simulation. In the previous work [1], the
deviations due to robot flexibility and cutting forces are com-
pensated by updating the path.

Fig. 2: Interpolation nodes obtained from G-code [1]

2.2. Actuator modelling

The actuators still need to be modelled for each joint and
allow them to move so that the robot achieves the desired tra-
jectory. The actuators of the studied robot are electric servomo-
tors. As a first approximation, they are modelled as brushless
DC motors (Figure 3).

Fig. 3: Model of a DC motor [19]

For each joint i (i = 1, ..., 6), the relation (2) between the
torque generated by the motor i and the current is:

τm,i = Kt,i · im,i (2)

With the second Kirchhoff’s law applied to the DC motor
and the assumption that inductance effects can be neglected due
to the faster rate of electrical phenomena compared to mechani-
cal effects, motor torque equation (3) is such that:

τm,i =
Kt,i

Ra,i
(um,i − Kv,iq̇m,i) (3)

In reality, the robot’s electric actuators are AC permanent
magnet synchronous motors. Both share the same architecture,
the advantage of making this modification lies in the fact that
the control strategy to be implemented in the model is less com-
plex [19]. Indeed, large robot movements are being tested here,
so the time constant for electrical phenomena is relatively small
compared with those for mechanical effects. The hypothesis is
therefore that the influence of these electrical phenomena is
limited, which makes it possible to simplify the motor archi-
tecture.
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Fig. 4: Machining trajectories x, y2x and y2x2y

For the control, the assumption of centralised inverse dy-
namic control is made, based on the equations of the rigid robot
because no sensors are measuring robot deflection [1].

2.3. Energy consumption calculation

The various equations implemented will be used to calculate
energy consumption and the parameter selected for this is elec-
trical power. Therefore, it is necessary to have the voltage and
current equations (4). Note that the degrees of freedom mana-
ged during the simulation are those seen from the joint side q⃗ j,
and they are linked with q⃗m by the gear ratio ki (for the i-th
joint).

um,i = Ra,i · im,i + Kv,i · q̇m,i

im,i =
τm,i

Kt,i
Pm,i = um,i · im,i

(4)

3. Case of a simple trajectory

In order to test the model of the robot created, an initial sim-
ple simulation will be carried out. It allows to compute EC in
a simple case to verify whether the order of magnitude of the
values obtained is consistent. The selected machining trajectory
for this test corresponds to a straight line trajectory along the x
axis (Figure 4, where the workpiece is represented to facilitate
understanding trajectories, but there is no actual machining in
the simulations). The aim here is to quantify the consumption
of the robot just for the positioning task.

The evolution of the power of the Stäubli motors can be seen
in Figure 5. It can be seen that the power rating of the first and
sixth motors is almost zero. Indeed, the first motor and the sixth
motor correspond respectively to the base/shoulder motor and
to the wrist/flange (Figure 1). These two axes are hardly used
at all in the movement performed, as it can be seen from the
position of the robot in relation to the workpiece in Figure 6.

The motor with the highest power is the second motor, cor-
responding to the shoulder. This power starts around 2000 W,
increases to stabilise around 2600 W. It corresponds to the
way this joint works. The robot shoulder holds the significant
overhang, and this overhang increases during the machining
trajectory.

Fig. 5: Power consumption of the Stäubli motors during x trajectory

Fig. 6: Robot configuration for simulated machining paths [1]

The power level of the fifth motor (at wrist) is almost con-
stant at 500 W while the power level of the third motor (at el-
bow) remains between 400 and 500 W. This is explained by the
role of these two axes in the movement. They allow the spin-
dle to be straightened and reoriented downwards (to guarantee
the correct orientation of the end-effector) as the arm moves
away from the base (along the x axis) with the evolution of
the shoulder axis. The spindle is straightened constantly during
movement, since everything is done at a constant speed, which
explains why the power consumed is also more or less con-
stant, the change in power associated with the movement seems
slight.
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The power of the fourth motor (at forearm) is also almost
zero. This axis is active when there is a change from the x di-
rection to the y direction, given the orientation of the robot with
respect to the workpiece (Figure 6). It is not the case in this
simulated trajectory.

The developed model can be used to deduce values and gives
coherent developments, but validation on an energy point of
view (with measures on robot) is planned in further work.

4. Simulation tests and results

Once the model is tested with the simple trajectory accord-
ing to x, other trajectories can be tested. Two trajectories are se-
lected: a trajectory along the y axis and then x axis, called y2x
(Figure 4), and a trajectory along y, x and then y axis, called
y2x2y (Figure 4).

For each of these trajectories, two cases are considered. To
link the two or three linear paths, a rounded corner is included.
The radius of this corner can be modified, to make the change
of direction smoother. Two radius values are tested: r = 8 mm
and r = 12 mm.

The evolution of the power of the Stäubli robot motors for
these four trajectories can be viewed in Figure 7. For the rea-
sons explained in the previous Section 3, the powers of the first
and sixth motors are not shown so as not to overload the graph.
It can be seen that the power of the motor at the base (in blue
on the graphics) has a development similar to that already de-
scribed in Section 3. Indeed, for y2x path, the consumption is
initially constant, which corresponds to movement along the y
axis, which is parallel to the shoulder axis, so the range does not
vary significantly. Then power increases, which corresponds to
the movement described along the x axis in Section 3. For y2x2y
path, after the two developments described above, there is still a
constant power level, which corresponds to the end of the path
along the y axis. For the third and fifth motors, the evolution
is still the same than for Section 3, to maintain correct spindle
orientation. Finally, the power consumed by the fourth motor
remains zero except during the change of direction between x
and y, since this joint is mobilised.

EC can be deduced from power by calculating the integral
of the latter as a function of time. The results are presented
in the Table 1, for each trajectory and each motor. It can be
observed that the EC of the first and sixth motors are null for the
five performed trajectories. Two main observations can be made
from these data. Firstly, for the same trajectory, a larger corner
radius r reduces the EC of each joint. This is to be expected,
as it makes the change of trajectory smoother. Secondly, for
the trajectories tested, the robot’s EC is mainly due to the first
three joints of the robot, i.e. the structural joints: base, shoulder
and elbow (see the first series in the Table 1). The other three
joints (forearm, wrist and flange) consume less energy. The EC
of the first three joints is 85.09 %, 84.35 %, 84.41 %, 84.36 %
and 84.45 %, respectively for the five trajectories tested. EC is
therefore due to the placement of the forearm rather than the
orientation of the tool.

Fig. 7: Power consumption of the Stäubli motors during four machining
trajectories

Table 1: Energy consumed by motors for the five different simulated trajectories

Trajectory Motor 1 [J] Motor 2 [J] Motor 3 [J]

x 0.00 6363.75 1228.06
y2x (r = 8 mm) 1.93 12773.04 2271.35
y2x (r = 12 mm) 1.67 12659.49 2251.31
y2x2y (r = 8 mm) 3.39 15801.13 2723.71
y2x2y (r = 12 mm) 2.85 15544.40 2681.25

Trajectory Motor 4 [J] Motor 5 [J] Motor 6 [J]

x 0.61 1329.97 0.03
y2x (r = 8 mm) 103.06 2689.52 0.10
y2x (r = 12 mm) 90.16 2663.20 0.10
y2x2y (r = 8 mm) 183.20 3251.40 0.08
y2x2y (r = 12 mm) 157.39 3198.79 0.08

Trajectory Total [J] Total/trajectory [J/mm]

x 8922.42 63.73
y2x (r = 8 mm) 17839.00 101.03
y2x (r = 12 mm) 17665.93 101.03
y2x2y (r = 8 mm) 21962.91 103.05
y2x2y (r = 12 mm) 21584.76 102.93
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5. Conclusions and perspectives

In this paper, a robot multibody model is presented to per-
form machining trajectories simulation in order to predict EC.
First, a brief review of the scientific literature is conducted. It
mainly shows that the robot’s power consumption is due to the
speed and acceleration setpoints. It also presents techniques to
optimise the EC of robots and shows that the use of commercial
software to build the robot model is widespread.

The 6-axis industrial robot model takes into account flexi-
bility at different levels thanks to unactuated degrees, added to
the actuated degrees located at the joints. Trajectories are per-
formed by interpolation between nodes with Hermite splines
of 5th order, and smooth trajectory variations are considered.
To allow the robot to move, brushless DC motors are modelled
and their electric equations used to calculate power and energy
consumption during the path simulations.

A first simple simulation, representing a motion along x axis,
is performed to validate the built model. The evolution of power
for each joint is consistent with their use for this path. Trajec-
tories along x and y axes are then tested, for different values
of radius corner between linear paths. They confirm the initial
observations, as well as demonstrating the benefits of a larger
radius when changing direction, and the preponderance of EC
by the robot’s three joints (around 85 % of total energy con-
sumed). Other types of trajectory, with different parameter val-
ues or for more complex movements, will be tested in further
research. The change in the radius of curvature of the trajectory
has an influence on accelerations imposed on the end-effector,
that are linked to the robot EC.

Subsequent perspectives for continuing the study have al-
ready been identified. EC experimental measurements are to
be taken on the Stäubli TX200 robot, in order to identify po-
tential differences between the results of the simulated model
and those of the real model, enabling the digital shadow to be
improved, in order to establish a predictive model of the in-
dustrial robot EC. These measurements under real conditions
would also make it possible to compare the power consumption
of the robot and that of the spindle for machining operations
and to see the relative importance of these consumptions. With
the same purpose, the comparison with the total consumption
of the electrical cabinet over a day (including idle time) will be
performed. In the established model, an acceptable simplifying
assumption has been made concerning the modelling of the mo-
tors. In the future, it will be interesting to adapt this model to
match the motor architecture as closely as possible.
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