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Abstract:

Applications of the Model Based Predictive Conttethnique
(MPC) to the different fields of industry found r@@t success. However,
application of MPC to robot manipulators still lited, because of their
fast Non-linear dynamics and probably, due to poli¢ manufacturers.
This paper is one of series of papers studying fhai@tion of non-
linear MPC strategy to an industrial robot maniptdaof two degrees of
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freedom (2-DOF). The study sustains advantages df IdfPategy and
includes comparison with the most used conventioaatrol technique.
The robot manipulator under investigation is dirdctven (DDA) which
means has a non-linear model and high joint cowplin

Introduction:

Generally, the used control strategy has a sigmfienpact on the
performance of the robot manipulators. Whereasmbehanical design,
has an influence on the required type of the corstirategy. Also, the
technological improvements in robot manipulatorswafacturing and the
appearance of powerful computers make possible icapphs of
advanced control schemes. Most of the manipulatengch are in use,
are considered as MEMO (Multi-Input Multi-Outputhowever, they
applying conventional SISO (Single-Input Single-Outmattrol systems
like PI, PD, PID, or probably, CTC-PD controller. Moveo, robot
manipulators are characterized by their non-lingariHowever,
application of gears drastically reduces the noadrity [1, 2]. During
the last decades, an intensive study was devot#dtketapplication of the
promised control technique family known by ModelsBd Predictive
Control technology (MPC) [3, 4]. The linear MPC predk capability to
governing the motion of industrial manipulator [®]. A very
encouragement results have been achieved from siegplications of
MPC, particularly in petroleum and chemical indwsri[7]. What
distinguishes MPC technique among the other teclesigare its explicit
use of the process model and involving plant outmutstraints [3, 4].
This feature provides high degree of economy afetysaApplying non-
linear control techniques for sure leads to momh®sticated results. An
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experimental study proves precise trajectory tragkand robustness in
controlling of speed of Permanent Magnet Synchrondator PMSM
(considered as one DOF), works under Improved MPC T8gre are
many different applicable MPC control strategiesthiis paper the MPC-
Nonlinear with Successive Linearization (MPC-NSL) &gy will be
used. This strategy is based on a successive ikadan of the
manipulator's model, about the calculated posi@ignTaylor's expansion
series method is applied as a linearization tectenid.0]. Furthermore,
the joint angle positions are part of the statespariable vector and the
disturbances and modeling errors are taken in derstion [4]. The
simulation results show the superiority achieved C to the
conventional control system, further, ISE criteridi], used to sustain
this result.

MPC strategy;

The philosophy of operation of the predictive cohtalgorithm is
based on that, at each sampling instant calculatirtbe optimum input
through minimizing a cost function (performance drgd The first

calculated sequence is applied to the plant overdrol horizorV. At
the next sampling instant, the calculation proasseepeated over the

prediction horizoA'» where¥e 2 NuandNPmight be infinite.

Robot manipulator's Dynamic model and parameter vales

The general form of the manipulator forward dynasgaation (1),
in joint space form, is driven from Euler-Lagrangequation:

7 =M (q)§+N(q,4) +F(a,q) +G(a) (1)
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where; & danddare n x 1 vectors of the joint angle, joint velgcit
and joint acceleration respectively, in which nthe number of joints

(also equal to DOFY, is the n x 1 actuator's applied torque vect$?

IS N X n positive definite symmetric inertia matr¥(@9 is the Coriolis
and Centrifugal torque vectdF (a9 s the linear and non-linear friction
torque vector an#(9is the gravity torque vector [3].

The dynamic model of the 2-DOF robot manipulatoufey (1) is
given by the general compact form equation (2)}:[12

Theinertiamatrix M (q) = [ P +2p;Cos@,) P, + P COSQZ)}

P, +P; COSQZ) P
—P; Sin(qz)qz —P; Sin(qz)(ch + CI2:| (2)
p;sin(@.)q, O

fu O Ja] [fa O ;
Thefrictionterm F(q,q) = { o1 }{ql} J{ s }{sqn(q%) }
0 fy] 6] [0 fg | sign(g,)

Thecentandcoril matrix; N(q, §) ={

Figure: 1 the 2-DOF robot

The nominal values of the manipulator parametezs(ite inertial
parameters have been regrouped into parameiesandp, and the mass

distribution is not given):
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p, =3473kgnt; p,=0.193kgnfandp, =0.242kgn? whereas the
friction constants as:f, =13/, f,=088N; f ,=1519Nm/s, and
f, =0.932Nnvs.

Notice that the gravity vect§9 equals to zero (robot has
horizontal motion only).

Desired trajectories:

Industrial manipulator tasks are either pick aratel(e g material
handling) or following a smooth trajectory (e gmiag). In general, two
types of joint trajectories are suggested. The ssimal waveform
represents a continuous and smooth trajectory wehestep function
represents abrupt change mimic the motion of tdasgtrial robot. In this
study we will apply a unit step. Accordingly; thant desired trajectories
take the form (3):

10t>0,i=12

_ , whereq? isthedesiredrajectoryof thei joint (3)
0Ut<01 =12

CIid t) = {

Control Algorithm:

For the purpose of study, performance of the Modeddsl
Predictive Non-linear Control technique is comparedth the
performance of the most known and widely applieanemipulators, PI-
controller.

Pl-control technique

The general form of the control law is (4):

T =Ky (& () + K, [y () 4)
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Where; ‘iis the torque of the jointand e, (k) =q?(k)-q, (k) is the
joint j angle position errorg? (k)is the jointj desired (reference) angle
position at the instark, wherea& ,,andK; are the proportional gain,

and reciprocal of integral time respectively. Nishonethod has been
used to get ultimate values of the controller patans. Moreover, the
system may further tune using try and error rulent the technical
specifications, the minimum and maximum allowalpleut torque forces
are (5):

T =—[225.4, 362]/+[2254, 36.2]Nm [12]. 5)

min/ max

MPC algorithm;

Applying a non-linear cost function is quite pos$sjlbut it leads to
high computational burden (time consuming). As #utgm to this
problem, MPC-NSL approach is proposed as practictrraltive.
Taylor's series expansion method about the cujoanmts position and
velocity is used. The current joint's position aredocity are calculated
from applying the state-space model. In this atbarithe used model is
the model resulting from the linearization proce$the manipulator's
non-linear model at each sampling instant.

x(k +1) = Ax(k) + Bu(k) } (6)

q(k +1) = C.x(k)

University Bulletin — ISSUE No.21- Vol. (4) — June 2019.




Dr. Ali Benniran

a9 -0, +aU o

“AU_. <AU(K)<AU,_ (7)
subjecttosU ., ~U(k-1)<J.AU(k)<U,  —-U(k-1)
e = 0° (K) < 80(K) < G, ~0°(K)

min{
AU (K)

Where (6) represents the discrete state spaceiiedamodel, in
which x is the state vector, A system matrix, Bunmatrix and C is the
output matrix. Whereas (7) is the cost funcm,UxDD”'Nu,Uxfrom
equation (5) andwu, is the maximum /minimum optimized increments
N, is the control interval.q,, q°, AgQ O gre the maximum /

minimum admissible predicted joint angles specifidy the
manufacturer, free output joint angle and the fdraetput joint angle.

Simulation results:

Simulation under Un-constrained controllers:
1- Un-constrained PIl-controller:

In this simulation, the goal is to achieve trajegtracking with
minimum input torque and acceptable overshoots. Toatroller
parameters are determined from applying Nicolag tonrethod. Get the
full oscillation ultimate gainK,, with K;=0, the proportional constants
K= 0.4%,, and integral reseKi=1/1.2T, where T, is the oscillation
period.

Figure 2 shows the tune results for determitdggndT,.
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Figure: 2 joint angle oscillation and correspondingequired torques

20800

The tunedk, {
0 4077

}, and from the figure, {gﬂ.

9360
Therefore, the controller parameters ar&:p:{o 184}and

0.167
T =
' {0.167}
The simulation result with these parameter valgbswn in figure
3), shows high overshoot (>40%) and relatively lsetiling time which
IS not recommended. It is noticed also that thdiegpnput torques are

quite high for first joint and as high as the upl@rtation for the second
joint. A proper tune is required

University Bulletin — ISSUE No.21- Vol. (4) — June 2019.




Dr. Ali Benniran
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Figure: 3 joint positions and corresponding requirel torques, under PI-
controller

Figure 4 shows the ISE criterion application for taegular
position errors in the two joints.
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Figure: 4 joint squared position error under Pl-cortroller
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2- Simulation under Un-constrained MPC controller

The same simulation criterion is applied, i.e. ectpry tracking
with minimum input torque and acceptable overshodtse controller
parameters were tune to achieve the goal. The atrmoaolresult shown in
figure 5.
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Figure: 5 joint positions and corresponding requiral torques under MPC

Figure 6 shows application of ISE criterion to anguasitions
under Un-constrained MPC controller.
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Figure: 6 joint squared position error under MPC

However, the magnitude of the ISE of the first jasxtemarkably
bigger in case of MPC, it is noticed that in gehén@ un-constrained
MPC performance is much better than counterpart oRtroller,
particularly from required input torque and remdnlkashort settling time
point of view.

Simulation results under constrained controllers:
1- Constrained Pl-controller;

The same model used in the Un-constrained casgeer$ with the
restriction that the inputs of either joint obeyse ttechnical input
requirements.
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Figure: 7 joint positions and corresponding requirel torques under constrained PI

The application of the ISE criterion for the posittierrors under
constrained Pl-controller is shown in figure 8.
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Figure: 8 joint squared error under constrained Pl-controller
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2- Simulation under constrained MPC-controller

Keep in mind that the target of simulation and tuntroller
parameters unchanged. Apply the input torque teahrspecifications.
Figure 9 shows the results of simulation, positiamacking and
corresponding required inputs.
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Figure 9 joint positions and corresponding requiredtorques under constrained
MPC
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Figure 10 joint squared error under constrained MPC

Figure 10 shows the result of the application of BE criterion
for the position errors under constrained MPC. Nmificance changes
in comparison with un-constrained controller excémt second joint
which has much less accumulated error, this exgedaoteause of small
input requirements.

Conclusion:

The classical Pl-controller operates as SISO straaagyhence it is
not insensitive to the coupling exists betweenjti@ (dynamics) of the
robot; however its performance is good in trajectoacking. The MPC-
controller is characterized by MIMO capability gferation and hence is
insensitive to the coupling of the robot joints.eThimulation results
sustain the advantage of MPC technique to convealdti®h This is quite
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expected, because of the philosophy of operatioeawh of the two
control schemes applied to high coupling (high hoearity) inherited
the direct driven manipulator.
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