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Chapter

Guidance and Control of a Planar
Robot Manipulator Used in an
Assembly Line

Biilent Ozkan

Abstract

In order to achieve higher productivity and lower cost requirements, robot
manipulators have been enrolled in assembling processes in last decades as well as
other implementation areas such as transportation, welding, mounting, and quality
control. As a new application of this field, the control of the synchronous move-
ments of a planar robot manipulator and moving belt is dealt with in this study.
Here, the mentioned synchronization is tried to be maintained in accordance with a
guidance law which leads the robot manipulator to put selected components onto
the specific slots on the moving belt without interrupting the assembling process. In
this scheme, the control of the manipulator is carried out by considering the PI
(proportional plus integral) control law. Having performed the relevant computer
simulations based on the engagement geometry between the robot manipulator and
moving belt, it is verified that the mentioned pick-and-place task can be success-
fully accomplished under different operating conditions.

Keywords: Guidance and control, robot manipulator, linear homing guidance law,
assembly line, automation

1. Introduction

Robot manipulators have been utilized in many application areas since 1960’s
[1, 2]. In addition to their implementations in harsh and unusual environments
involving tedious, hard, and hazardous tasks, the productivity, cost reduction, and
time effectiveness considerations have put forward the use of the manipulators in
the production and assembly applications [3-5].

Regarding the pick-and-place operations in which certain components are
placed onto specific slots on a moving belt by means of the end effector of the robot
manipulator that constitute the hand of the manipulator, the most common method
is to make the placement of the component to the slot once they coincide. This
attitude has been chosen by some famous vehicle manufacturers [6]. Since it is
required to halt the moving belt at coincidences of the end effector of the robot and
slot in this scheme, a discrete motion strategy is developed for this purpose. Even
though this approach works well when relatively light components are under con-
sideration, the increment in the component mass leads to higher acceleration
requirements to speed up the belt right after the placement. In such a scheme with a
robot manipulator, the belt should be halted at specific points in order to allow the
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manipulator to put the component on the slot. In fact, this means using powerful
actuators which are big and expensive in practice and hence it violates the cheap-
ness demand.

As a remedy to the preceding method, it seems reasonable to the motion of the
belt even during placement. This results in diminishing the power need in operation
and allows to use smaller and cheaper actuators, or motors [7]. On the other hand, it
may not possible to coincide the end effector of the robot manipulator grasping the
components and belt all the time due to uncertain factors such as nonlinear friction
effects on the belt dynamics when larger and heavier parts are considered as in
automotive industry. In order to compensate this weakness of conventional motion
planning strategies based on making the placements upon the pre-calculated coin-
cidence positions ignoring the probable uncertainties, “guidance” approach can be
utilized in continuous-time engagements.

In addition to optimization-based motion planning schemes based on the mini-
mum time and/or minimum energy expenditure criteria, a hybrid target point
interception algorithm is proposed as schematized in Figure 1 where the abbrevia-
tion AIPNG stands for the “augmented ideal proportional navigation guidance” for
target catching [8-12]. In the mentioned studies in which the position information
is often acquired by visual sensors, the engagement models including planar
manipulators having two or three degrees of freedom, or two or three links, in
general are validated through computer simulations [13, 14].

Guidance laws developed originally for the munitions against specific targets can
be adapted to the motion planning of the robot manipulators that can be thought as
“very short-range missiles” regarding their connections to the ground [15]. As an
advantage over the munitions which have generally no thrust support during their
guidance phase, the robot manipulators can be accelerated along their longitudinal
axis [13]. In early applications, the robotic arms were tried to be guided by means of
certain sensors placed on the end effectors such as optical sensors operating along
with laser beams and visual sensors, i.e. cameras [16, 17]. As a distinguished imple-
mentation of guided robot manipulators, the guidance of micromanipulators uti-
lized in microsurgery is accomplished by the visual guidance of the operator, i.e.
surgeon [18]. The vision-based guidance approach is proposed for tele-robotic
systems as well [2]. Moreover, the guidance of mobile robots is dealt with in swarm
arrangements [19]. In another robotic application, the proportional navigation

Tracking method\

in control

Target's trajectory

f\\ Switching
- - point
AIPNG
in control
Direction of motion
Target

Figure 1.
Hybrid target interception scheme [8].
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guidance (PNG) law which is very popular in aerial systems is considered with
different navigation constants under the absence and presence of obstacles on the
collision trajectory between the manipulator and target object and relative com-
puter simulations are performed [20].

In order to synchronize the movements of the robot manipulator and moving
belt in a continuous operation, it is a viable way to make them compatible in speed
sense. This solution reduces to order of the robot manipulator dynamics two to one
and thus most of the overshoots in the transient motion phase of the manipulator
can be prevented [21].

The control strategy is very significant for the realization of commands
generated by the considered guidance law. For this purpose, certain control
methods are encountered in the literature for the robot manipulators such as H,/H,,
norm-based robust control scheme supplemented by a Takagi-Sugeno type
fuzzy control such that parameter uncertainties and nonlinear effects are accounted
[22]. Similar to this work, the control of a prosthetic leg is handled regarding a
stable robust adaptive impedance control [23]. The adaptive control of robot
manipulators has become one of the most popular research areas for last decades.
The control schemes based on classical laws such as PD (proportional plus
derivative) law are proposed against parameter uncertainties and unmodeled
disturbances. The effectiveness of the suggested approaches is then tried to be
demonstrated by well-designed computer simulations and experimental studies
[24, 25].

In this study, a guidance-based motion planning approach utilizing the linear
homing guidance (LHG) law is proposed for the engagement problem between a
planar two-link robot manipulator shown in Figure 2 with an origin point O and
moving belt in a continuous manner [20]. Although the LHG law generates the
guidance commands in terms of the linear velocity components of the tip point of
the manipulator, it is more reasonable to control the manipulator through the
corresponding joint variables because the actuators are connected to the joints.
Therefore, an indirect adaptive control system based on the computer torque
method is designed by continuously updating the controller gains during the
operation after transforming the guidance commands to the joint space [13, 26]. As
per the data acquired from the computer simulations conducted in the MATLAB®

joint1

Figure 2.
Two-link robot manipulator [9].
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SIMULINK® environment, it is decided that the present approach can be applied
on mounting lines to attain affordable and cheaper processes.

2. System Definition

Taking the component as a two degrees of freedom spherical mass whose posi-
tion is fully defined by the horizontal and lateral linear position components of a
point on it, i.e. point P, at any time with no orientation, it suffices to have a robot
manipulator with two degrees of freedom to move the component to any point on
the horizontal plane within its kinematic limits. The schematic view of the system
involving the two-link robot manipulator and moving belt is submitted in Figure 3
along with the corresponding definitions listed below.

x and y: horizontal and lateral axes of the inertial frame represented by Fy,.

(0 (0 ) .
ug ) and ug ): unit vectors denoting the x and y axes of F.

O and A: joints of the robot manipulator.

a7 and ay: lengths of the first and second links of the robot manipulator.

0; and 6,: relative rotation angles of the first and second joints of the robot
manipulator.

P: point taken on the end effector of the robot manipulator.

xp and yp: horizontal and lateral position components of point P.

S: mid-point of the slot on the moving belt.

S;: changing points of the shape of the moving belt (i = 1, 2, 3, and 4).

vs: speed of the slot on the moving belt.

xs and yg: horizontal and lateral position components of point S.

p: turn radius of the moving belt.

y: rotation angles of the moving belt on its circular tip portions.

L: total length of the moving belt.

d: perpendicular distance between the connection point of the robot manipulator
to the ground and the center line of the portion of the moving belt in the closest
position to that point.

g: gravity vector (g = 9.81 m/s?).

,....?:_‘_} X ﬁ((])

Figure 3.
System of the robot manipulator and moving belt.
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3. Robot Manipulator Kinematics

In order to transform the guidance commands to the linear velocity components
of the manipulator tip point into the angular speed variables of the joints, the
kinematic relationships among those variables are considered.

Thus, the column vector of the position components of point P on the end
effector (¥p) can be written in terms of ¢; and@ , in the next manner:

7p:a1€j91—|—6l2€j912 (1)

<

where 7p = [xp yp] Tand 012 = 61 + 6, with j = v/—1 while the letter “¢” stands
for the “exponential” operation.

Resolving Eq. (1) into its components, the equations given below come into the
picture:

Xp = ay cos (61) + a, cos (612) (2)
Yp = a1 sin (61) + a; sin (612) (3)

In velocity level, the following matrix expression is found by taking the time
derivative of Eq. (1) with @ = [6; 6,]":

7o =Jp0 (4)
In Eq. (4), the Jacobian matrix of the manipulator tip point is defined as follows:

jP _ —aq sin (91) — a; sin (912) —a, sin (012) (5)

a1 cos (01) +ay cos (012)  ap cos (612)

From Eq. (4), the angular velocities of the manipulator links can be obtained as
given below:

0=Jp 7p (6)

The “elbow-up” configuration of the manipulator in which the joint indicated by
letter A in Figure 3 becomes in the upper position is taken into account in the
inverse kinematic calculation above.

Eventually, the linear acceleration equations come into the picture by taking the
time derivative of Eq. (6):

=7, (%p “Jp 9) )

In Eq. (7), the time derivative of the tip point Jacobian matrix are determined in
the forthcoming fashion with 01y = 01 + 0y:

(8)

P:

3 —a10; cos (01) — ay0p cos (01) —az61 cos (012)
—aq 91 sin (91) —ap 912 sin (912) —a) 912 sin (012)

4. Dynamic Modeling of the Robot Manipulator

The governing differential equations of motion of the robot manipulator sche-
matized in Figure 3 can be derived using the well-known virtual work method [9].
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Neglecting the gravity vector (§) for the present engagement described on the
horizontal plane, the equations of motion of the manipulator can be derived in the
matrix form as follows:

— A = =

T =m(0)6+H(0,0)0 9)

InEq. (9),T=[T1 T, ]T stands for the torque column matrix with T; and T,
which denote the control torques applied to the first and second joints of the robot
manipulator, respectively. Here, the superscript “T” indicates the “transpose”

operation. Also, the inertia and compound friction and Coriolis matrices [M () and

H (5, 5)] are introduced in the following manner:

mi My

~ L — hi1 hi
H(0,0) = 11
< ) [hn hzz] (1)

where m;, my, 1.4, and I, correspond to the masses of the first and second links
of the manipulator, and the moments of inertia of these links with respect to their
mass centers indicated by C; and C,, respectively. Moreover, b; and b, are used to
show the viscous friction coefficients at the first and second joints. With the defi-
nitions of d; = |0 Cy| and d, = |A C,| as additional length parameters, the following
symbols are used in Egs. (10) and (11).

my = mld% +m, [{1% + d% +2a1d, cos (92)} + 14+ 10,mp
= ledz [dz + a1 COS (92)] + Icz,mZz = led% + Ic2ah11
= 191 — 27}12a1d2 92 sin (62),]112 = bz — leﬂldz 92 sin (92),h21
= le&lldz 91 sin (02), and h22 = 192.

Substituting Egs. (10) and (11) into Eq. (9), the following expressions are
determined for T, and T, respectively:

T = [Wl1d% +my (ﬂ% + d% +2a1d, cos (05)) + L1 + 12| 64
—|-[74’l2 d (dz + a1 cos (92)) + Icz] éz + b4 91 + by 92 (12)

—myardr <291 92 + 9;) sin (92)
T, = [ledz (dz + a1 cos (92)) + Icz] é1 + (W’de% + Icz) éz 13)
13
+by 92 +moardy 95 sin (92)

5. Robot manipulator control system

In order to keep the synchronization between the robot manipulator and moving
belt during their engagement, it is more viable to make the control of the manipu-
lator by considering its speed. That is, the components of the linear velocity vector
of point P on the end effector of the manipulator in the horizontal plane become the
parameters which should actually be controlled in a manner compatible with the
command signals of the LHG law that are in the form of speed variables. On the
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other hand, it is easier and more practical to measure the joint speeds (01 and 6,)
than the linear velocity components of point P. For this reason, an indirect control
scheme is designed in the present study such that the joint speeds are selected as
control variables. In this situation, it is required to express the linear velocity
components of point P in terms of the joint speeds. Here, the linear position and
velocity components of point P can be calculated from Egs. (2) through (4) using
the measured joint angles and their rates.

Introducing 01, and 0, to demonstrate the desired, or reference, joint speeds

. = . . 1T .
with the column matrix 6; = [#;; 0,;] , the error column matrix between the
desired and actual joint speeds (¢) can be introduced as follows:

6—0,-0 (14)

In order to make the steady state errors zero, the following control law including
an integral action is designating upon the torque input of the manipulator as per the
computed torque method [27-29]:

~ A

T=M d+Hé+Kpé+kiJadt (15)

where M = M (5) and H=H (9, 5) are defined. Also, kp and K; stand for the

proportional and integral gain matrices, respectively, and M and H matrices are
assumed to be accurately calculated. As can be seen, the proposed control system is
based on the PI (proportional plus integral) control law [14, 30].

Inserting Eq. (15) into Eq. (9) and making the arrangements regarding Eq. (14),
the error dynamics of the control system is obtained in the following manner:

M <A>I+Ii'p)é+M_1I%ié:6 (16)

: . 2 1
where M = —myad, 0, sin (0,) [1 O]'

.. . . ~—1 . .
For a finite solution, the existence of M = must be guaranteed by the invertible
matrix M. That is, the determinant of M must be nonzero. Here, the determinant of
M , L.e. |M

, is obtained from Eq. (10) as follows:
}M| =1 (mld% + led% + 152) -+ mza% [mng sinz(Qz) + Icz} + Wlﬂ’ﬂzd%d% (17)

M| never becomes zero unless any of the mass and inertia parame-

As noticed,
ters of the links of the manipulators disappears. Because this is not possible in

physical sense, M is invertible in all conditions and hence M ! exists.

For a second-order two-degree-of-freedom ideal system, the error dynamics can
be defined using the forthcoming expression as w,; and ¢, correspond to the band-
width and damping parameters of the " link (i = 1 and 2), respectively [27]:

A~

¢+De+We=0 (18)

., 20, w, 0 . 20
where D = ber @t } and W = D1 )
0 ZCCZ @¢2 O
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Finally, equating Eqs. (16) and (18) to each other, I%p and K; appear as follows:
K, =MD — M (19)
K =MW (20)

In order to maintain the stability of the manipulator control systems throughout
the engagement, the components of the matrices IAQ, and K; which may be diagonal
or off-diagonal are updated at certain instants.

6. Moving belt kinematics

The horizontal and lateral position components of point S (xs and ys) showing
the slot on the moving as shown in Figure 3 are described at the changing points
symbolized by S; (i = 1, 2, 3, and 4) by taking vg to be constant in the next manner:

X0,Yq + s (t —to) , X <xs<x1
x1+plcos(y) +1,y, +psin(y) , x1<xs5<x
(xs,y5) = (21)
X2,Y, — Vs (t — 1) , X2 <xs<x3
x3+plcos(w) —1],y; +psin(y) , x3<x5<x0

In Eq. (21), the position variables of point S at the S; location quantities are
found by considering the following terms with the corresponding rotation angle at
these points (y;) (7 = 3.14):

xo=d,y,=p— (L/2),yy =rnrad;x; =d,y, = (L/2) — p,y; = wrad; x;
:d+2P,y2 = (L/2> —PYor = 0;96'3 :d+2p3y3 =p— (L/Z),al‘ldl//3 =0.

where x;, ¥;, and t; denote the horizontal and lateral position variables of point S
at the S, location, and time parameter, respectively.

In Eq. (21),y can be determined from the following expression as a function of
time (t) fort1 =10 + (|y; —yo|/vs)> 22 = t1 + (zp/vs), and t3 = 12 + (|y, — y5|/vs)
with a specified t0 value:

T , X0 <X <X1
T— st —t , X125x,<x
4 c s (& —t1)/p] 1 2 (rad) 22)
0 y Xy <x;<X3
2 — [Us(t—t3)/p] , X325x: <X

7. Engagement geometry

The engagement geometry between point P on the end effector of the robot
manipulator and point S carried by the moving belt can be schematized on the
horizontal plane as given in Figure 4.

Introducing vp, ¥, s/p> 7, and A as the magnitude of the resulting velocity
vector of point P, orientation angle of vp from the horizontal axis, relative position
of point S with respect to point P, orientation angle of vg from the horizontal axis,
and angle between rs/p and horizontal axis in Figure 4, respectively, vp, 5, and 4
can be calculated using the equations below:

vp = \/Xp + I3 (23)
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Vs

Figure 4.
Engagement geometry between the tip point of the manipulator and slot on the belt.
7/2 , X0 <x5<Xx1
w—(7/2) , x1<x5<x
Y = (rad) (24)
—71'/2 y X2 <Xxs<X3
w—(7/2) , x3<x5<Xp
= atan [(ys —yp)/(xs — xp)] (25)

8. Guidance law

In the LHG law, it is intended to keep the end effector of the manipulator always
on the collision triangle that is formed by the end effector, slot, and predicted
intercept point. For this purpose, the most convenient approach is to orient the
velocity vector of point P on the end effector (¥ pyerq;) towards the predicted
intercept point (I) at which the collision between the end effector and slot is going
to be happen after a while as depicted in Figure 5 withv's and v pjz., which denote
the velocity of point S and the ideal velocity of point P [26].

In this law, in order for point P to catch point S, the guidance command (y5,) is
derived as follows [4, 26]:

Ym = 4+ asin|[(vs/vp) sin (y, — 1) (26)

Here, using the measurements of vs by means of the appropriate sensors on the
belt rollers, the position variables xg, ys, and y are obtained.
In the application, the following column matrix including the reference values of

the linear velocity components of point P (¥p;) are formed using v :

rps =vp [ cos (v4,) sin (¥5,) ]T (27)

In order to overcome the algebraic loop which occurs because the values of vp
and 7, are dependent on each other, a nonzero value which is compatible with the
current component-picking motion of the manipulator is assigned to vp at the
initiation of the engagement.

The guidance commands can be expressed in terms of the angular speeds by
means of the next expression regarding Egs. (6) and (27):

- e
Qd :]P pd (28)
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Figure 5.
Linear homing guidance law geometry.

9. Computer simulations

The numerical values considered in the computer simulations are submitted in
Table 1 along with the engagement block diagram in Figure 6.

The unit step responses at the first and second joints of the manipulator are
submitted in Figures 7 and 8 in which the discrete and continuous lines show the
desired, or reference, and actual values of the joint angles, respectively. As shown,
the desired joint speeds can be caught within the assigned bandwidth.

Parameter Value Parameter Value Parameter Value
a;and a, 1.25m b;and b, 0.001 N-m-s/rad L 2m
d;and d, 0.625 m w1 and w,» 62.832 rad/s (=10 Hz) P 0.5m
my and my 10 kg {pand & 0.707 d 15m
I;and I, 1.302 kg-m2
Table 1.
Numerical values used in the computer simulations.
Moving Belt Engagement Guidance Robot Manipulator
. . — —»
Kinem atics Geometry Law Control System

Robot Manipulator

Kinematics

Figure 6.
Block diagram for the robot manipulator-moving belt.
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Figure 7.
Unit step response of the control system at the first joint.
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Figure 8.
Unit step response of the control system at the second joint.

In the designated engagement scenarios, it is assumed that the slot on the
moving belt stands at point Sy with xgo = 1.5 and yso = —0.5 m at the instant when
the robot manipulator is at rest. Furthermore, ramp-type angular speed inputs are
applied to the manipulator joints in order for point P to attain its initial engagement
velocity (vp,) at the end of 0.1 s. Here, the maximum angular speeds of the direct
current (DC) electric motors connected to the joints are taken as 20 rad/s. The
disturbance due to the nonlinear friction and noise on the sensors on the joints are

11
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Conf. Robot manipulator Moving belt
No. . . . . T velocity (vg)
Initial pos.ltlon of the tip Velocity at the beginning of the (m/s)
point (m) engagement (vp.) (m/s)
Xpo Yro
1 -0.5 -0.5 50 %103 0.5
2 -0.5 -0.5 50 %103 1.0
3 —-0.5 —0.5 0.5 1.0
4 -1.0 —0.5 0.5 1.0
5 -1.0 -0.5 5x107° 2.5
Table 2.

Simulation configurations considered.

randomly varied in the ranges of £10 N-m and + 1 x 103 rad, respectively. The
solver is selected to be the ODES (Dormand-Prince)-type solver with a fixed time
step of 1 x 10~* 5. The simulation configurations are designated as in Table 2 along
with the numerical values of the related parameters.

Having performed the computer simulations performed in the MATLAB®
SIMULINK® environment, the results given in Table 3 are attained. As samples, the
engagement geometry for the configuration number 1 is given in Figure 9 along with
the plots for the changes of the velocity of point P, joint angles, joint speeds, and joint
accelerations are submitted in Figures 10-13, respectively. Moreover, the engage-
ment geometries for the sample configurations are plotted in Figures 14
and 15.

10. Discussion

As given in Figures 9, 14, and 15 which belong to the designated simulation
configurations at belt speeds from 0.5 to 2.5 m/s, it is observed that the tip point of
the manipulator can catch the slot on the moving belt even at higher speeds. In the
present work, the slot is caught by the manipulator near the left side of the belt.
Actually, this placement strategy is desired in order to diminish the power con-
sumption of the robot manipulator by keeping the motion distance short compared
to the distance to the right side of the belt. Looking at the simulation data which are
presented in the forms of relevant kinematic parameters of the manipulator in
Figures 10-13, it can be verified that the angular speed values required at the joints
of the manipulator can be attained even with industrial DC electric motors as well as
the angular excursion demands.

11. Conclusion

Motion planning constitutes one of the significant issues in the development
of autonomous system. In this context, guidance concept has been applied on
munition developed to satisfy precise hitting requirements for recent years. Both
theoretical studies and field implementations have revealed that the guidance algo-
rithms have led the relevant munition to the desired target points successfully. Of
course, the performance of the designated guidance scheme is directly related to the
control systems whose primary function is to obey the commands generated by the

12
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Conf. No. Engagement time (s) Maximum tip Point velocity (vp,,.) (m/s) Joint angles (°) Joint speeds (rad/s)
0, 02 6 0,

Min. Max. Min. Max. Min. Max. Min. Max.
1 0.299 31.339 —61.769 44.093 —159.876 —104.421 —6.127 20.161 —6.651 20.085
2 0.308 30.082 —62.451 52.147 —162.918 —106.102 —6.573 20.288 —8.469 20.202
3 0.267 30.654 —61.429 50.059 —161.766 —105.679 —6.268 21.158 —8.972 20.602
4 0.327 29.050 —90.000 54.134 —164.874  —106.239 —6.979 20.189  —17.313  20.106
5 0.745 25.000 —90.000  180.000  —164.369 —46.956 —20.146 0.000 —9.915 20.091

Table 3.

Results attained from the considered simulation configurations.

v90L6 uadoyragui/c/LS or/3uo 10p xpy:dny :JOQ
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——Slot on the Moving Belt o
0360 s Manipulator Tip Point e |
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Figure 9.
Engagement geometry for the initial position components of the tip point of Xpo = —0.5 m and ypo = —0.5 m
with a moving belt velocity of 0.5 m/s.
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Figure 10.
Change of the velocity of point P in time for the initial position components of the tip point of Xp, = —0.5 m and
Vpo = —0.5 m with a moving belt velocity of 0.5 m/s.

guidance law. For this purpose, several guidance and control approaches are pro-
posed depending on the kind of the planned mission as can be encountered in the
related literature.

Regarding the fact that robot manipulators are designed to achieve certain tasks
which are usually specified before the execution, it can be a viable way to apply the
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Figure 11.
Change of the joint angles in time for the initial position components of the tip point of Xp, = —0.5 m and
Vpo = —0.5 m with a moving belt velocity of 0.5 m/s.
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Figure 12.
Change of the joint speeds in time for the initial position components of the tip point of Xp, = —0.5 m and
Vpo = —0.5 m with a moving belt velocity of 0.5 m/s.

similar approach in munition for the motion planning tasks of the manipulators. As
a result of the present work, it can be deduced that the guidance-based approach
leads to a successful placement for the components onto the intended slots in
continuous engagement operations. This can be done even under considerable
disturbing effects and undesirable changing speed conditions of the belt with lower
power consumption levels.
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Change of the joint accelerations in time for the initial position components of the tip point of xp, = —0.5 m and
Vpo = —0.5 m with a moving belt velocity of 0.5 m/s.
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Engagement geometry for the initial position components of the tip point of xp, = —0.5 m and ypo = —0.5 m
with a moving belt velocity of 1.0 m/s.

Although the applicability of the guidance and control approach on the robot
manipulators is demonstrated by means of relevant computer simulations, there is
not seen any serious difficulty to adapt the suggested concept into practice. This
way, some of the robotic operations can be performed in an efficient manner.
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