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Abstract - The mechanisms of parallel structure are the subject
of many publications due to specific functional properties of these
objects, such as load capacity and accuracy This paper offers a
solution for the determination of the position and planar parallel
two degrees mechanism control. Two problems are solved: the
problem of the position of the mechanism and the problem of
transition by the executive link of the mechanism through a
special position and calculated the motor forces to pass through
a special position. There was a proposed and tested control
algorithm that offered an example of controlling. The solution
for the accuracy position determination for a planar parallel
mechanism with two degrees of freedom was offered.
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1. Introduction

Currently, in machine-building production,
installations for welding, cutting, and processing sheet
materials  (steels, non-ferrous alloys, non-metallic
materials) are widely used. There are various process flow
diagrams: Material transfer plants, tool transfer plants, and
hybrid plants. The main differences between these types
are related to the movement of the cut material and the
cutting head. High-accuracy mechanisms are required to
move the XY table with fixed material and to move the
cutting head. One of these types of mechanisms is
mechanisms of a parallel structure, which are widely used
as executive bodies of machines, equipment, automatic
machines, and machine tools [1-7]. Installations with these
mechanisms allow the accurate cutting of flat objects with
high productivity and reliability.

The important functional part of an industrial
manipulator is its control system. The main tasks of the
control system are:

- Implementation of the movement of the executive
body along a given trajectory determined by equations.

- Ensuring the given laws of coordinates change in time.

The executive system must meet technical
requirements and be stable, transient processes must meet
the specified quality indicators. There has been significant
development of the controlling drives - techniques,
methods, and algorithms for their design have been
developed. Actuators are servo systems and have feedback
for output coordinates, speed, acceleration, or force.
Control problems are solved using the methods of the
theory of automatic control. In this case, only the
mechanisms of robots of a sequential structure were

considered. Along with this, difficulties are caused by the
problems of controlling the mechanisms of a parallel
structure with changing moments of inertia, the
nonlinearity of the equations of constraints, the interaction
between the degrees of freedom, and a variable gear ratio
between the input (generalized) and output (absolute)
coordinates of the output link (working body).

The control algorithm based on minimizing the
position, velocity, and acceleration errors, uses the solution
to the inverse problem of dynamics. This algorithm is
associated with the calculation of forces for a given motion.
The method of inverse problems of dynamics allows you
to build control algorithms based on mathematical models
of controlled processes.

However, in the process of operation, the links of the
mechanisms of the parallel structure may fall into special
positions within the working area. The degree of freedom
is lost in them, or there is a loss of control. In addition,
the load capacity of parallel manipulators is reduced in
the vicinity of special positions. To get out of the special
positions, additional actuators can be provided, which are
activated when approaching the special positions. After
exiting the area of special positions, additional drives are
disabled, and the main drives are enabled again. Thus, the
problem of developing a control algorithm for a
mechanism to get it out of a special situation is of
practical interest. One of the drawbacks of the parallel
structure mechanisms is the presence of singularity.
Often, when synthesizing mechanisms at the design stage,
they try to avoid the singularity. However, the simple
mechanism considered in the article has the property of
singularity and it is necessary to provide solutions that
allow the mechanism to be taken out of the singularity
point more efficiently than high-accuracy technological
operations.

2. Kinematic problem decision

The considered flat mechanism has two degrees of
freedom. This mechanism is provided as a device for
welding and cutting, where the beam is deflected by a
system of two mirrors (Figure 1) [8 — 12].

In the mechanism, the input links BD and CE (length
L1) are connected to the drives installed on the base, and
two other links AB and AE (length L2), hinged together,
move the chain coupled to the laser. These links move the
AF kinematic chain, which is coupled with a laser mounted
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on the base. This kinematic chain includes a translational
pair. The optical axis of the laser is located along the axis
of the rotational pair F. The beam is deflected by two
mirrors located at points A, and F. Thus, the considered
mechanism consists of three kinematic chains.

Figure 1. Scheme of a mechanism with two degrees of freedom
for laser welding and cutting
The control of parallel mechanisms is complex. In this
case, there is a nonlinearity of the equations of constraints,
the mutual influence between the degrees of freedom, and
the inconstancy of the gear ratios between the input
(generalized) and output (absolute) coordinates of the
output link (working body). Any movement of the output
link requires a coordinated movement of the drives. In
addition, it is necessary to ensure that the motion error is
minimized according to the prescribed law.

This mechanism is widely used in various tap
mechanisms such as laser installations, relative
manipulation devices, medical robotics. This explains
such an interest in the study of control, dynamic and
kinematic positioning accuracy of robotic devices using
this mechanism. The positioning error is determined by
several geometric errors: deviations from the nominal
dimensions of the links, gaps in the hinges, loosening in
fasteners, temperature fluctuations, and dynamic errors
(inaccuracy of the control system, robot vibrations caused
by adjacent equipment, residual vibrations). These
objectives have not previously been addressed in the
comprehensive assessment.

The mechanism must overcome a possible special
position - a singularity, in which controllability is lost, and
the forces in the drives have an unacceptably large value.
Exceeding the specified maximum by the generalized force
is considered a dynamic criterion of proximity to the
singularity. In this case, control must be transferred to the
auxiliary drives, and the main motors must be turned off.
After overcoming the singularity, the main drives are
switched on again.

3. Manipulator control decision

In robotics, there are different approaches to solving the
control problem, while in most publications only
mechanisms of robots of a sequential structure were
considered [13]. When controlling the mechanism under
consideration, we use the compensation control algorithm
[14 -19].

The control problem is formulated in such a way that it
is required to find the moments in the drives at which the
actuator moves according to a given law, which minimizes
the error:

Ai= qi(t) — gui(t),
Ai = q. (t) - qpi(t) !
Where, qi(t), g, (t). ¢, (t): Real values of coordinates,

velocities, and accelerations of the input link (generalized
coordinates), d, () G, () o, (t): Specified values of

Ai =qi(t)_qpi(t)’
i=1,2.

coordinates, velocities, and accelerations of the input link.

To assess the speed of attenuation and the magnitude of
the deviation, we use the quadratic integral estimate of the
transient process:

3= [(A +Kk, - A +k,, -A%)dt

J - To assess the speed of damping and the magnitude
of the deviation, we use the quadratic integral estimate of
the transient process

Where kii, Koi: are constant coefficients, the value of
this integral must take a minimum value.

The minimum functionality is implemented under the
condition:

Ai+Y1i'Ai+YOi'Ai:O @)
where, v1, yoi are constant coefficients.

To ensure control, it is necessary to fulfill the condition
that errors in the transient process are a solution to equation
(1). To define the constant coefficients in equation (1), we
represent this expression in the form corresponding to the
vibrational link:

TA, +2¢1, - A, +A,=0
1 _
' 20T, =h’
Yoi yoi
where: ¢, time constants, ¢; damping coefficient of

2_
T, =

natural vibrations.
It is known that the most preferable is the mode with

the damping coefficient of the natural oscillations QZQ.
2

In this case, the overshoot value ¢ = 5%, the duration of

- . 3.
the transition process is t~>"s, and constant Yo, Y1 are

1 2
YO = 2 Y1 = [11] .
T T

Using the principle of possible displacements, we can
write the ratios:

equal:
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mx X 50, -+ my--5q, + 36,50, + M,5q, = 0
aq, aq, )
., OX . .
mequ + my%ng +J4,69, +M,8q, =0
Where J: a moment of inertia of the input links,
. . oxX oy . -
m: output link weight, — ,—— : variable coefficients,

] I
Mi, M2: moments in drives.

In the calculations, the moments of inertia of links AB
and AE are not considered, because their mass is not
commensurate with the mass of the output link. Therefore,
in the calculations, the masses of the AB and AE links can
be neglected.

The constraint equations can be represented by a
system of equations in general form:

R =L —(x,+L,-cos(q,) - x)" = (y, +L, sin(a,) - y) =0

Fz = Lzz _(XD + L1 'COS(Q1)_X)2 _(yD + L1 'Sin(q1)_y)2 =0

Where: (Xc, Yc), (Xo, Yp): Coordinates of points D, C,

in which the drives are located. L1, L2: The length of the

links. g1, q2: Generalized coordinates (angles of rotation in
drives). (X, y): Output link coordinates.

Special provisions can be determined by studying the
properties of matrixes composed of constraint equations.
We write the equation of velocities in the form:

(A)-(V)=-(B)- () (4)
Where: V: output link speed, (] : speed of input links.

3)

oF R oF  oR )
oh oi &R}y

A= 6)( ay ) B= aql an 1 q:[.l)
oF, o, oF, o, 9
ox oy éq, 0q,

In special positions, the determinant of one of the
matrixes (A) or (B) is equal to zero (Figure. 2). Consider a
special position in which the links of the mechanism line
up and the determinant of the matrix (A) is equal to zero.

A 8 A F
/\ 4 A
ﬂ [
0 4 “
(a) (b)

Figure 2. (a, b): Special positions of the mechanism

The relationship between the distances of the OC drives
and the lengths of the links affects the appearance of
singularities.

For numerical simulation, we set the damping
coefficient. g=£ and transient time; t =0,05 s. In this

2

case, the time constant will be equal to T ~ 0,011s, and the
feedback coefficients will be yo = 7200, y1 = 120. In this
case, the mass of the output link is considered.

Based on the presented algorithm, you can find a
generalized acceleration:

qi = qpi +7y (q| _Qpi) *Yoi (q| _qpi) =12 (5)
Moments Mi can be found by substituting accelerations
g i from equations (5) to equations of motion (2):

M; =J; (qpi +73(4 —4,) + 700 (a; _qp;))"'my%‘Fnﬁ%

Acceleration ¥,y of the output link is determined from

the equations obtained by differentiating the velocity
equation (4)

Let us set the law of motion in which the output link
crosses the point of the special position, y =0, 7.sin(t); x=0;
the mass of the output link is m = 7 kg, the lengths of the
links are L1 = L2 = 0.5 m, the coordinates of points D, C
are respectively (-0.4 m; 0), (0.4 m; 0).

As a result of the numerical simulation of the
movement of the mechanism according to a given law, the
values of the moments in the drives are obtained.

When approaching the special position, there is a sharp
increase in the torque (Nm) in the actuator (Figure. 3). To
reduce the load in the main drives, it is necessary to provide
for a redistribution of the load considering the additional
drive.

We place additional drives at points B, E. In this case,
the position problem can be written as follows:

R = (L + L -2LLcosd )~ (x—% ) ~(y=vs)' ()
F = (L + L2 - 2L,Lc08, )~ (x—x, ) ~(y -y )

Figure 3. Graph of changes in the torques (Nm) of
the main drives

Figure 3 shows that from 0.48 to 0.49 seconds when
crossing the singularity, peak loads occur in the drives.

Let us express ., ¢, from equations (6) of the
position problem:
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¢, = 2arccos

Lzl"'l-zz_yz_(X_XD)2
2L, L,
¢, = 2arccos L+l =y - (x-x)°
2 2-1,-L,

Using the principle of possible movements (turning
actuators on corners d¢,,0¢,) Let's compose the
equations of motion:

oy a
8 my —— ¢, — J 6 M5
5¢1 b, + ya(l)l b, —Jd, —= 20, b, + b, =

OX oy aq,
mX — 08¢, + my —— 3¢, — J¢ d +M o, =0
84)2 d)z y 6(1)2 ¢2 q2 ¢2 (I)Z (I)Z

Where: m: output link weight;

X : variable coefficients;
of;

M;, M, : moments in additional drives, Nm.
We write the equation of velocities in the form:
(A)-(V)=—(B") ()
Where, Vi: output link speed; mi: speed of input links.

ail* ﬁ aFl* a|:1* i
. ox oy |, _[Xj, . % (@) = (1]
A)= M= . < _| 90 2 | (@
Wl w | WO o e
ox oy 5T>1 57)2
8x, % are determined from the

velocity equation.

In the example under consideration, when approaching
a special position at the time t = 0.48 sec, there is a sharp
increase in the torque in the main drive and at t = 0.49 sec
there is a sharp decrease in torque to the permissible value.
During this time interval, the main drive is turned off and
the additional one is turned on. The torque values in the
auxiliary drive are shown in Figure. 4.

5.0

Figure 4. Torque curve of the auxiliary drive

Thus, additional drives M1*, and M2* are switched on
when the output link is in a special position (singularity).
To get out of the special position, a sharp increase in force
occurs in the main drives. To get out of the special position,
it is enough to create small forces in additional drives M1

~ INm, M2 *~ 3Nm (Figure 4), which eliminates the
overloadlng of forces in the main drives.

4. Positioning accuracy determination

One of the characteristics of assessing the quality of
functioning of robotic systems is the positioning accuracy
of the working body. The task of ensuring accuracy should
be solved at the design stage of machinery and equipment
[18, 20, 21].

Pasitioning can appear because of:

- Systematic errors (inaccuracy of the control system,
deviations from the nominal size of the links);

- Random component errors (gaps in hinges, loosening
of fastenings, temperature fluctuations, robot vibrations
caused by adjacent equipment, residual vibrations, fatigue
deformations of links).

Systematic errors can be partially compensated for.
Reducing random errors should be considered in design
and operation.

The article shows the calculation of the systematic
component -and ?? the inaccuracy of manufacturing the
links of the mechanism.

Solving the problem of finding the deviation of
the output link from the design scheme when the size of
the links of the mechanism deviates, we have a system of
two linearly independent equations. The system of
equations solution below allows us to determine the
positioning error.

In general, the position problem is specified in the form
of implicit functions:

I:1 =(X, Y, L1’ L2! Qs> c12)
Fz :(X’ Y, Ll’ |—2, ;> c12)

The full differential of the function can be written as:
oF, oF, oF oF, oF, oF,

Tigx+ oy + 15|_ SLsL, + 226, +—25q, =0
Xy oL, 20, 00t 7, %
s Foy s aF2 Fog Foy P Fosn o
x ey o d oL, ag, "t ag,

accept drive increments equal to zero 6g: = 802 = 0. The
implicit function equations can be written as follows:

Fox+Fgy- | Fg  Fg
x oy 6, o0,

P swr Py - [an oL, + 51 j
6X 6y 6612 6611

From the obtained equations it is possible to obtain the
values of the positioning deviation of the executive body
3%, Oy:

FKE o, -h Ry KKy KKy
Y 0 e, oy T oy e, o oy
OF, OF, _oR oF,
ox oy oy ox
ok O, 8L, — ok .@.&_1 oF Ok, 3L, — ok .%.&_2
sy OX 00, 20, oOx ox 0, 20, ox
Y= oF oOF, _oF o,
ox oy oy OX

Calculation justification of accuracy is one of the main
tasks arising in the design of mechanisms. The presented
solution to the problem of determining the deviation of the
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robot's actuator takes and considers inaccuracies in the
manufacture of the mechanism, in particular the lengths of
the links.

The obtained dependencies make it possible to
determine the deviations of the output link using the
accuracy theory. This considers the non-linear nature, since
the mechanisms of the parallel structure are multi-links,
with the mutual influence of the drives. This complicates
the solution to the problem associated with assessing the
accuracy of robots functioning.

The deviation of the output link can be determined at
any point in the working area, and constructive solutions
for its compensation can be proposed. This approach to
determining the positioning error makes it possible to
calculate the output link deviations for similar parallel
structure mechanisms.

5. Conclusion

The paper shows that when the mechanism approaches
the special position, there is a sharp increase in the load in
the main drive. In this case, turning off two main drives and
switching on two additional ones is necessary. After the
mechanism moves through a special position, the additional
drives should be turned off and switched to the main ones.
This solution avoids main drive motor overloads and
eliminates loss of control. The permissible torque in the
drives can be used as one of the singularity criteria.

The presented estimate of the kinematic accuracy of the
mechanism allows compensation for the positioning error
at the synthesis stage.
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