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Abstract—In today’s manufacturing industry, higher produc-
tivity and sustainability should go hand-in-hand. This practice
is induced by governmental regulations as well as customers’
awareness. For the current time, an inexpensive solution is
motion planning for an improved energy consumption. This
paper introduces a general approach that is valid for testing
and optimising energy consumption of a certain motion profile.
Being commonly used, s-curve motion profile is reconstructed
and optimised for a better energy consumption. The Particle
Swarm Optimisation method (PSO) is used because of its
mathematical simplicity and quick convergence. The results
show potential energy reduction and better positioning for the
system configured according to the optimised s-curve.

I. INTRODUCTION

Energy consumption in industry has always been an area
of intensive research, and is getting more attention with the
increased concern of resources saving, high energy prices,
customers’ interaction and environmental regulations. In Eu-
rope, manufacturing is considered as a major contributor
to the electrical energy consumption and oil intake [1].
Similarly, the energy consumption of China’s manufacturing
industry accounted for 57.4% of the total energy consumption
in 2014 [2]. A recent observation of the energy consumption
in UK revealed that industry consumes 17% of the total
energy [3].

At the shop floor level, automated reconfigurable equipment
such as robots and CNC machines occupies a huge proportion
of the total machinery and contributes remarkably to the total
energy consumption. For example, 70% of the electricity
consumed in German industry is used in operating electric
drives [4]. Currently, the ultimate solution of minimising
the amount of energy such equipment consumes is by using
motion design techniques. In this context, motion planning is
regarded as an inexpensive and effective method that doesn’t
require modifying or redesigning the physical system [5] .

Many motion profiles were introduced using the mathe-
matical continuity as a measure of their smoothness. In
parallel, different optimisation techniques were used for the
purpose of limiting the jerk or the maximum acceleration.
However, the selection of the motion profile is strongly linked
to the controller and actuator specifications especially the
actuator’s maximum speed and maximum acceleration. As
a result, trapezoidal velocity and s-curve motion profiles
are still popular choices in industrial practice. Additionally,
making use of the maximum velocity and acceleration limits

can shorten the cycle time and enhance productivity. This
might be satisfy the producer but it is questionable how
economically viable the chosen motion profile is in terms of
energy consumption. From a technical point of view, energy
criteria based trajectory planning enhances the accuracy of
tracking and decreases the stress on the machine’s mechanical
structure [6].

Extensive work has been done in the field of motion planning
for the purpose of energy consumption reduction applied
to robotics and CNC machines. An approach of linking
minimum jerk and energy consumption was introduced in [7].
For balancing energy consumption with the cycle, the authors
in [8] formulated a weighted cost function to be solved by
means of the Environment-Gene evolutionary Immune Clonal
Algorithm (EGICA). The real-coded genetic algorithm was
used in [9] to generate a point-to-point PTP trajectory of high
degree polynomials for optimal energy consumption. In [10],
[11], convex optimisation techniques were used for tuning
the trapezoidal velocity profile parameters so that it achieves
the minimum energy consumption. Recently, it has been
confirmed by [12] that energy consumption in robotics can be
reduced by using polynomials instead of trapezoidal velocity
profiles. According to [13], the commonly used optimisation
criteria can be:

o The productivity expressed in minimum cycle time.
o The quality and accuracy in terms of minimum jerk.
e The minimum energy consumption.

o Hybrid criteria, e.g. minimum time and energy.

However, a general approach of testing motion profile energy
performance is still needed. In this paper, a mathematical
model is used to assess the potential of energy consumption
reduction of the desired motion profile in the point-to-point
(PTP) motion. Due to its popularity, s-curve will be used for
motion planning. For a good trade-off between productiv-
ity and sustainability, an optimisation process, whose cost
function is the energy consumed, is performed under the
constraints of maximum velocity, maximum acceleration and
maximum cycle time.

The remainder of this paper is as follows: section II discusses
the physical and mathematical modelling of a mechanical
system; in section III, an overview of the Particle Swarm
Optimisation and its implementation is presented; the results
and discussion are provided in section IV; and finally section
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V concludes the paper.

II. MODELLING
A. The physical modelling

According to Biagiotti and Melchiorri [14], a single degree
of freedom system composed of a mass m, a spring with
stiffness coefficient k£ and a damper ¢ can be represented as
illustrated in Fig.1.

k LLfLLLILLL L1 1
Actuator m
c PR
}—y' }T'

Fig. 1. Linear model with one degree of freedom [14]

Considering y the motion input (the reference trajectory) that
is the s-curve as mentioned earlier, and x the motion output,
it will clarified how to design the input and obtain the output
in order to find the energy consumed and minimise it later.

B. The input design (reference trajectory)

The trajectory is composed of seven time segments as
illustrated in Fig.2.

Position

Velocity
=~

Acceleration

Jerk

Time

Fig. 2. The s-curve trajectory

With ¢ referring to time and considering the initial time %,
and initial position sg zero, the equation of the acceleration
a(t) is written as follows:

mit+by te [O, tl]
Az t € [ty,t2]
mat+bs t€ [t27 tg]
a(t) =<0 te [t37t4] @))
mst+bs t€ [t4, t5]
_Amax te [t57 t6]
mrt+by te€ [t6, t7]

where m,, stands for the straight line slope in the time
interval n , and b,, is the initial value of the acceleration in
the time interval n. The velocity and position equations are
found by integration and adding the constants that preserve
the mathematical continuity. By integrating twice to get the
velocity v(t) and the position s(¢) we observe:

B2+ byt 4 ey tE[0,8]
Amagjt + Coyp te [tl, tg}
Wat? 4 byt + 3yt € [to, 13
v(t) = q Ca t € [ts, td] )
W42 + bst + +csp  tE [ta, ts)]
_Amaact + +cCev te [t5, tﬁ}
Bt 4 brt 4 ¢yt E [tg, t7]
%t‘g + %tz + 1ot + €15 t € [0,t4]
Amazt? 4 eyt + Cag t € [t1,to]
mapd 4 Y42 4 et o3, tE [t L]

s(t) =  cavt + cus tets,ts] (3
Mot 5542 4 tesot + st E [t t)
—Amary? | feg,t+ st € [ts, tg)
mgd 4 M2ttt ors tE [te, tr]

cny represents the velocity integration constant in the time
interval n, and ¢, is the position integration constant in the
time interval n.
By defining:
T1:T3:T5:T7:OAT;
Ty =T = BT;
Ty =T — (4aT + 258T);

a €)0,0.25]  (4)
B €l0,05 (5
da+28<1 (6)

The calculation of the constants’ values yields:

bl == 0

by = Apaz (B + 2a)/c

bs = —Amaz(8+2a— 1)/

by = _Amax/a

Cly = 0

Coy = _CZ—‘fqm,a:ca/2

3o = =T Az (8% + 208 + 2a2) /(2a)

Cav = TApmax (a + ﬁ)

sy = =T Az (8% + 208 — 2B + 202 — da + 1) /(2a)
cor = —T Apmaz(a —2)/2

Cry = TAmax/(Qa)

Cls = 0

Cos = T2Amaxa2/6

c3s = T? Aoz (B + 3028 + 38%a + 20%) / (6)

Cas = —T? Az (8% + 3af +202) /2

css = —T?Apnae (B3 +9ap% — 382 + 21028 — 12a8 + 38 +
14a® — 1202 + 6o — 1) /(6cv)

Cos = —T? Apnaz (682 + 1808 — 68 + 1202 — 9 + 3) /6
crs = —T? Az (6a8% + 18a28 — 6 + 1202 — 602 +
1)/(6a)

It can be found that the reference final position Sy, the
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maximum acceleration A,,4,, the maximum velocity V.
and the maximum jerk J,,,, are:

Sp=T?Apaz(a+ B)(1 - 20— B) (7
_ Sy
e = 30 50— 20— ) ®
_ Sy
Vmam - m (9)
Jmar =aT (10)

Therefore, the reference final position can be expressed in
terms of the maximum values of velocity, acceleration and
jerk:

Vtmax (Jmax TAmax - A2

max

Amam Jmaz

- Jma:c Vtmaw)

Sy = (11)

C. The output
The dynamics of the system in Fig.1. is described as:
ma + ct + kx = cy + ky
&+ 26wnd + kx = 26w,y + Wiy

(12)
13)

where ¢ and w,, are the natural frequency and the damping
ratio respectively.

[k
Wn = ) 5 = <
m 2mwy,

An abstract algebraic solution is not easy to find with an
input that is not sinusoidal (i.e. the right sides of equations
(12 &13) are not harmonic). One solution is to replace them
by their Fourier series expansions. Then the equation (13)
becomes:

o0
i+ 2wni + kz = %0 + 3" ajcos(jwt) + bysin(jwt) (14)
j=1
where ag, a; and b; are Fourier coefficients and j = 1,2, 3...
The last equation has a particular solution x, that is the
summation of three particular solutions x1,, Z2, and sy:
ag
)= — 15
xlp( ) 20-1,,% ( )

oo

cos(jwt — 6)

Tap(t) = Z 2/ (1 —72r2)2 + (2¢&5r)?

j=1%n
(16)
— b; o
T3p(t) = ; 2 =T (%jr)zsm(wt —®5)
A7)
where: 2% "
¢j = tan (1*7]272)7 T

According to [15], the few first four or five harmonics of the
series are sufficient for good solution accuracy.

Another solution is to use Matlab/Simulink mathematical
model that is equivalent to the physical model (Fig.3.). It
provides a quick and practical solution in Matlab environment
that is popular among engineers.

Wiy + 28w,y +H n x n .

Fig. 3. Simulink mathematical model of the physical system

D. The energy consumption

For the proposed system, when the mass moves from the
initial position xg to the final position x ; the equations of the
kinetic energy (K E) and the potential energy (PE) stored
in the spring and the energy dissipated by the damper (DE)
are respectively as follows:

KE = 2 (a5” - i?) (18)
k

PE = 5(33? —23) (19)
e [T

DE = f/ dt (20)
2 Ji,

Then the total consumed energy E becomes:
EF=KFE+ PE+ DE 2n

III. OPTIMISATION

The Particle Swarm Optimisation (PSO) is a biologically
inspired algorithm that was introduced by Kennedy and
Eberhart in 1995 [16]. It depends on a population of particles
each of which has its own position x and its personal best
(zbest). At the same time, each particle moves towards the
global best (zgbest) in a specific velocity (Fig.4.). Based on
this, the equations that rule particles movement are [17]:

xlbestf

xg(+1

Fig. 4. A schematic movement of a particle [17]

k+1 k+1 k k kL k
vij = vI,J; +ciry(wbest; ; — 7 ;) + cara(zgbest; — x7 ;)
(22)
k+1 _ k k+1
Ty =Tt (23)
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Note that the velocity and position of the particles are
different from the motion velocity and position. Similarly,
the symbols ¢, j and k in this section are related only to the
particles.

xk+1 Uk

i; » U, are the jth component of the ith particle position
and velocity vector, respectively, in the kth iteration. rq, 7y
are two random numbers in the range [0,1] obtained using the
Normal Distribution. c¢q, co represent the particle’s personal
cognition and its social behaviour respectively. An inertia
term w was added to equation (22) to balance the local and

global search tendencies of the particles.

vk+1 = wv1+ +ciry (J:best

i xﬁj)—l—(:grg(mgbestf—xf}j)

(24
Later on, PSO was modified by Clerc [18] by adding the
constriction coefficient which improves the convergence of
the PSO, and thus the velocity vector formula becomes:

bt = X[wvlflerclrl (zbestﬁj )+62T2(Igb€5t *If])}

(25)

2y}

Cl+62,¢>4

le—e- \/¢2 T

A. Problem Formulation

The Particle Swarm Optimisation (PSO) was chosen for
optimising the energy consumption due to the following
reasons [19] [20]:

« The ability of being used in multi-dimension, discontin-
uous and nonlinear problems.
o Low computational cost.
« Its underlying concepts are simple and easy to code.
o The number of parameters to adjust is fewer compared
to other methods.
o It remembers the good solutions resulting from previous
iterations.
o The fast convergence of the objective function.
o The final solution is not highly affected by the initial
population.
For the proposed problem of minimising the energy consump-
tion by designing the proper s-curve trajectory, each particle
of the population is assigned a position that is a horizontal
vector of [«, B, T)]. The interaction of the vector components
generates corresponding values of the constraints and the
cost function (minimum energy). After that the particles’
movement towards the cost function is ruled by the equations
(23, 25) introduced above. The problem is formulated as
follows:

Minimise E =KFE + DE + PE
subjected to : T < Tiim
Amaz < Alim
Vinaz < Viim
where T'> 0, Amaz > 0, Vinaz >0

(26)

T}im is the maximum allowed cycle time, and A;;,,,, Viim, are
the motor’s motion constraints.

IV. RESULTS AND DISCUSSION

For the proof of the proposed concept, some simula-
tion examples are introduced. The design data include the
maximum allowed cycle time (7};,), the reference final
position (Sy) and the actuator limits (maximum velocity
(Viim = 0.2 m/sec) and maximum acceleration (A;;,, =
3m/ sec?)). In the simulations, a mechanical flexible system
whose natural frequency w, = 60 rad/sec and dumping
coefficient £ = 0.1 is considered. The followed approach
is illustrated in Fig.5., and is valid for any motion profile.
When applying the constraints as they are in equation (26),

Define the mechanical system
{m, k ¢} = (o, §}

Design the motion input

.3}

l

PS50 algorithm

Change the initial population

Optimal gbest
obtained?

Calculate the positioning error

{e}

l

Fig. 5. The approach of finding optimal energy consumption

a remarkable residual vibration is produced (Fig.6.). To limit
such an effect, another constraint, the jerk limit J;;,,, has to
be added.

0 < Jmaz < Jlim; Jlim, = 40 m/sec3

Position

Fig. 6. The residual vibration before and after limiting the jerk
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The results are shown in Table I. The energy values in the
column labelled E,,; refer to the optimised energy values.
FEr.ve refers to the energy consumed using the trapezoidal
velocity motion profile under the same conditions optimal
energy values calculated at. Ty, is the optimal cycle time
corresponding to F,,;. It can be noted that there is a potential
of reducing the energy using the proposed approach. Further
reduction can be achieved without limiting the jerk, but in
this case more residual vibrations are induced.

TABLE 1
THE ENERGY CONSUMPTION FOR MANY TASKS
Task Sf (m) Tim (sec) Erryve(J) Topt(sec) Eopt )
1 0.1 0.75 16.9827 0.7237 16.5226
3 0.12 1 24.6752 0.9295 24.1166
2 0.15 1.1 38.9828 1.0548 38.2938
4 0.2 1.4 70.0368 1.2266 69.1669
5 0.24 1.8 101.2292 1.6291 100.1615

The issue of accurate positioning is of high importance in
many applications. Therefore, the positioning error € was
calculated for each task and presented in Table II.

€ = Sf —Xf
TABLE 11
THE POSITIONING ERROR FOR MANY TASKS
Task | Sy(m) | Tim(sec) € (m)
1 0.1 0.75 1.66e-04
3 0.12 1 9.25e-05
2 0.15 1.1 1.31e-04
4 0.2 1.4 1.83e-04
5 0.24 1.8 1.44e-04

In fact, the residual vibrations affect remarkably the accurate
positioning and at the same time a minimum energy con-
sumption helps eliminate the positioning error. For example,
in [11], having potential and kinetic energies that are equal
to zero at the end of motion was considered a condition of
having zero residual vibration.

Despite its simplicity compared to other optimisation algo-
rithms, PSO parameters such as the constriction coefficient,
the particle’s personal cognition and its social behaviour need
’tuning’ depending on the systems parameters. Fig.7. and
Fig.8. describe the evolution of the conversion of the cost
function (energy) and its constraints respectively for Task
No.4.

In relation to this, [20] indicates that the swarm size must
be increased for multidimensional problems. Moreover, the
initialisation technique and the maximum velocity of the
particles movement affect remarkably the final solution.
For the proposed problem, a multi-pooling technique mixed
with using variable maximum speeds of the particles was
employed in order to increase the availability of random
solutions. Nevertheless, a special concern should be given
to the other parameters.

69.32 -

69.28 -

69.26

Best Cost - energy

69.24 -

69.22 -

69.18 -

0 5 10 15 20 25
Iteration

Fig. 7. The conversion of the PSO

®

08

BT

06

04

02F

0 5 10 15 20 25
Iteration

Fig. 8. The evolution of PSO parameters

V. CONCLUSION

In this paper, a general approach of estimating the energy
consumption when actuating a mechanical system with a
predefined trajectory is introduced. The proposed approach
targets optimising the input (the reference trajectory) to
obtain an output that is satisfactory from the perspectives
of productivity and sustainability and can be extended to
eliminate the residual vibrations. To prove its efficiency, the
approach was applied on s-curve after being reformulated.
Future work includes developing the approach by tuning
the optimisation parameters or using another optimisation
algorithm, supporting the simulation with experimental re-
sults and testing other motion profiles with different initial
conditions.

Preprint submitted to 14th IEEE International Conference on Automation
Science and Engineering. Received March 15, 2018.



CONFIDENTIAL. Limited circulation. For review only.

REFERENCES

[1] M. Garetti and M. Taisch, ”Sustainable manufacturing: trends and
research challenges,” Production Planning & Control, vol. 23, no. 2-3,
pp. 83-104, 2012.

[2] X. Chen and Z. Gong, "DEA Efficiency of Energy Consumption in
Chinas Manufacturing Sectors with Environmental Regulation Policy
Constraints,” Sustainability, vol. 9, no. 2, p. 210, 2017.

[3] L. Waters, "ENERGY CONSUMPTION IN THE UK, https:
/Iwww.gov.uk/government/uploads/system/uploads/attachment_data/
file/633503/ECUK_2017.pdf2017, vol.Julyupdate.

[4] T. Javied, T. Rackow, R. Stankalla, C. Sterk, and J. Franke, ”A study
on electric energy consumption of manufacturing companies in the
German industry with the focus on electric drives,” Procedia CIRP,
vol. 41, pp. 318-322, 2016.

[5] D. Richiedei and A. Trevisani, ”Analytical computation of the energy-
efficient optimal planning in rest-to-rest motion of constant inertia
systems,” Mechatronics, vol. 39, pp. 147-159, 2016/11/01/ 2016.

[6] A. Gasparetto, P. Boscariol, A. Lanzutti, and R. Vidoni, "Path Planning
and Trajectory Planning Algorithms: A General Overview,” in Motion
and Operation Planning of Robotic Systems: Background and Practical
Approaches, G. Carbone and F. Gomez-Bravo, Eds. Cham: Springer
International Publishing, 2015, pp. 3-27.

[7]1 T. Veeraklaew, P. Piromsopa, K. Chirungsarpsook, and C. Pattar-
avarangkur, ”A study on the comparison between minimum jerk and
minimum energy of dynamic systems,” in Computational Intelligence
for Modelling, Control and Automation, 2005 and International Confer-
ence on Intelligent Agents, Web Technologies and Internet Commerce,
International Conference on, 2005, vol. 1, pp. 523-528: IEEE.

[8] H.Xu,J. Zhuang, S. a. Wang, and Z. Zhu, "Global time-energy optimal
planning of robot trajectories,” in Mechatronics and Automation, 2009.
ICMA 2009. International Conference on, 2009, pp. 4034-4039: IEEE.

[9] M. S. Huang, Y. L. Hsu, and R. F. Fung, "Minimum-energy point-to-
point trajectory planning of a simple mechatronic system,” in 2011 8th
Asian Control Conference (ASCC), 2011, pp. 647-652.

[10] Z. Yu, C. Han, and M. Haihua, A novel approach of tuning trapezoidal
velocity profile for energy saving in servomotor systems,” in Control
Conference (CCC), 2015 34th Chinese, 2015, pp. 4412-4417: IEEE.

[11] H. Chen, H. Mu, and Y. Zhu, “Globally minimum-energy-vibration
trajectory planning for servomotor systems with state constraints,” in
Control Conference (CCC), 2016 35th Chinese, 2016, pp. 4765-4770:
IEEE.

[12] S. Riazi, K. Bengtsson, and B. Lennartson, ”From trapezoid to polyno-
mial: Next-generation energy-efficient robot trajectories,” in 2017 13th
IEEE Conference on Automation Science and Engineering (CASE),
2017, pp. 1191-1195.

[13] F. Rubio, C. Llopis-Albert, F. Valero, and J. L. Suer, “Industrial robot
efficient trajectory generation without collision through the evolution
of the optimal trajectory,” Robotics and Autonomous Systems, vol. 86,
pp. 106-112, 2016/12/01/ 2016.

[14] L. Biagiotti and C. Melchiorri, Trajectory planning for automatic
machines and robots. Springer Science & Business Media, 2008.

[15] Y. Altintas, "Metal cutting mechanics, machine tool vibrations, and
cnc design: manufacturing automation,” ed: New York: Cambridge
university press, 2000.

[16] R. Eberhart and J. Kennedy, A new optimizer using particle swarm
theory,” in Micro Machine and Human Science, 1995. MHS’95.,
Proceedings of the Sixth International Symposium on, 1995, pp. 39-43:
IEEE.

[17] A. Kaveh, Advances in metaheuristic algorithms for optimal design of
structures. Springer, 2016.

[18] M. Clerc, "The swarm and the queen: towards a deterministic and
adaptive particle swarm optimization,” in Evolutionary Computation,
1999. CEC 99. Proceedings of the 1999 Congress on, 1999, vol. 3, pp.
1951-1957: 1IEEE.

[19] S. Kucuk, ”Optimal trajectory generation algorithm for serial and
parallel manipulators,” (in English), Robotics and Computer-Integrated
Manufacturing, Article vol. 48, pp. 219-232, 2017.

[20] A. Rezaee Jordehi and J. Jasni, “Parameter selection in particle
swarm optimisation: a survey,” Journal of Experimental & Theoretical
Artificial Intelligence, vol. 25, no. 4, pp. 527-542, 2013.

Preprint submitted to 14th IEEE International Conference on Automation
Science and Engineering. Received March 15, 2018.



