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The results of kinematic and force 
analysis of the new six-link convert-
ing mechanism of the sucker rod pumper  
drive (SRPD) are presented in this 
paper and the advantages of the alter-
native design are substantiated. Using 
a straight-line generating mechanism 
allows reducing essentially converting 
mechanism dimensions and metal con-
sumption as compared with traditionally 
used SRPD with swinging balancer and 
crank-based counterweight, first of all, 
due to eliminating the complicated arc 
head (so-called «horse-head») of the 
existing units. However, in order to make 
sure the working capacities of non-bal-
ancer mechanism, kinematic and force 
characteristics have to be studied. The 
results of mathematical modeling of the 
six-link mechanism confirm the quali-
tative advantages of the straight-line  
generator. As a result of the study of 
the rectilinear-guiding mechanism as 
a transforming mechanism for the drive 
of sucker rod pumping units, the laws of 
motion of the links, position, speed and 
acceleration of all points were deter-
mined. To solve the problem of kinema
tic analysis, the method of closed vector 
contours was used, which makes it pos
sible to determine the functions of the 
position of links and analogs of speeds 
and accelerations. When solving the 
problem of strength analysis, the equi-
librium of each link was considered. As  
a result of force analysis, jointly solving 
the equilibrium equations of the links of the 
six-link hinge-lever mechanism, the reac-
tions of the hinges of the mechanism are 
determined. A computer model for study-
ing the kinematics and kinetostatics of the 
converting mechanism of the sucker rod 
pumping unit drive has been developed
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1. Introduction

In the context of drop in world prices for petroleum 
products, the issue of reducing the cost of oil production is 
of particular relevance. The improvement of mechanisms 
and machines for the oil and gas industry is associated with 
the search for alternative approaches to traditional methods, 

with the study of new functional capabilities of mechanisms 
in modern technology using modern methods for mathema
tical modeling and optimal design.

The main purpose of the executive mechanism of the 
rocking machine is to convert the uniform rotation of the 
crank into the reciprocating movement of the plunger [1–5]. 
The most common type of drive for sucker rod pumping units  
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all over the world is mechanical drives balanced individually. 
The alternative design based on a straight-line generating 
mechanism is proposed, which allows eliminating the arc 
head (so-called «horse-head») of the existing devices, having 
a complex structure, and additional flexible links, leading 
to a simplified design. However, in order to make sure the 
working capacities, kinematic and force characteristics of the 
mechanism have to be studied. 

Thus, the works devoted to the study of the possibility  
of using a rectilinear guide mechanism as a converting 
mechanism for the drive of sucker rod pumping units are of 
scientific importance.

2. Literature review and problem statement

In [1], the results of research are given, a mathematical 
dynamic model of a real sucker rod pump is developed based 
on the identification of methods using measurements of 
input-output data. Tests were carried out in a real plant to 
check the validation and robustness of the controller algo-
rithm used. The results are also compared with a conven-
tional PID controller. We also applied modeling and identi-
fication tools as well as a robust adaptive controller (called 
IVS-MRAC) to an oil well sucker rod system. It should be 
noted that one of the main problems that has been repea
tedly discovered is the verification of models (mainly using 
material balance, energy, etc.) for these systems. Because the 
pumping components such as the rod string and the down-
hole pump are located deep within and without easy access, 
the system is fully instrumented and the bottom is accessible 
and visible. The results also show that the adaptive controller 
can satisfactorily manage the fluid level in the annular well 
despite the presence of model uncertainties, variation para
meter and disturbance. Moreover, the results show that the 
management method can increase productivity and reduce 
maintenance costs.

However, in [1], only the dynamic model of a real rod 
pump is considered and the load on the links of the convert-
ing mechanism of rod pumping units and the load at the links 
point of the rod column are not taken into account.

In [2], a method for solving a one-dimensional wave 
equation is considered, which describes the longitudinal vi-
brations of a sucker rod string. Depending on the boundary 
conditions, the application of the equation includes diagnos-
tic analysis to calculate pump displacements and forces based 
on surface measurements and prediction, analysis to calculate 
surface forces based on polished surface of rod movement and 
pump force. Experimental verification of the model is also 
performed.

However, the effect of longitudinal vibrations of the 
pump rod column on the movement of the links point of the 
rod column is not considered here. The suspension point of 
the column of the rods of the converting mechanism of rod 
pumping units should make a straight line movement that 
approaches the ideal straight line.

The work [3] proposes a design of an oil pumping unit 
that has an original structure and provides the following ad-
vantages over other types of oil production equipment:

– it consumes about 1.5–1.7 times less electricity than 
conventional sucker rod pumps;

– increases the service life of the gearbox due to the ab-
sence of negative torque on the output shaft;

– does not require a solid and high foundation.

In the proposed design of the oil pumping unit in [3], 
flexible links are used that are sensitive to vibrations of the 
elements of the pumping unit.

In [4], a dynamic analysis of the pumping system mecha-
nism used for deep oil production is proposed. Dynamic ana
lysis includes the determination of kinematic and dynamic 
parameters that characterize the vibrations of the pumping 
mechanism elements of the unit. The law of variation of the 
generalized coordinate of the mechanism has an experimen-
tally defined form. Kinematic models were developed for lon-
gitudinal and transverse vibrations of the links, which were 
processed by a computer and led to the laws of time variation 
of longitudinal and transverse vibrational displacements, 
respectively, speed and acceleration, which determine the 
system of vibrational motion. These laws have been tested 
and confirmed by experimental research.

In [5], a model of the «Horse Head» sucker rod was deve
loped. This model is 88 cm long, 52 cm wide and 56.5 cm high.

This practical model has the following limitations:
– apart from the analog counter, there was no computer 

or electronic monitoring system for recording experimental 
data, since the main goal of the authors was to create an in-
expensive experimental model;

– in the second phase of the experiment, water produc-
tion was relatively high compared to oil production. One limi
tation of the model that may have contributed to this is that 
the casing model was perforated very close to the base of the 
reservoir model, i. e. the water-bearing zone. Uniform casing 
perforation within the pay zone will increase oil production.

A complete kinematic and force analysis was not per-
formed for the developed practical model. The design is jus-
tified by experimental approximate calculations.

In [6], the tasks of the research are the development of  
a telescopic sliding structure of the balancer with an electric 
motor and an automatic remote control system, the deve
lopment of an improved design of the ladder of the ground 
drive of the sucker rod pumping unit. The technical result of 
improving the design of the sucker rod pumping unit balan
cer drive is to automate the process of preparing the sucker 
rod pumping unit drive for planned and overhaul repairs, as 
well as reducing the time spent on preparatory work for well 
workover due to the use of the balancer arm in the design of 
the device, made in the form of a telescopic structure with the 
possibility of longitudinal movement equipped with an elec-
tric motor. An additional result is an increase in the safety of 
repair and installation work by eliminating the need for ma
nual partial maintenance and dismantling the balancer head.

In [7], a recurrent neural network is considered, which 
can assume a malfunction of the rod pumping system by 
predicting future model parameters of the mathematical for-
mulation of the dynamometer card. In this example, a guess 
can be made 16.7 hours before the problem occurs.

In [8], exemplary embodiments of systems and methods 
for controlling the stroke of a sucker rod pump unit for con-
trolling the flow of fluid are given. Here the scope of the in-
vention relates generally to the control of rod pumping units, 
and more particularly to methods and system for controlling 
the rod pumping unit for increasing the fluid flow induced by 
the rod pumping unit.

Another drawback is related to increased gearbox wear, 
due to the periodical impact loads in the gearbox axe [9]. 
Optimal balancing of the traditional converting mechanisms 
with two-arm balancer and rotary balancing is carried out in 
the latter publication, a methodology and software package  



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 6/7 ( 108 ) 2020

8

of applied programs for kinematic and force analysis were 
created. The developed technique and programs were applied 
to calculate rocking machines sucker rod pumping units 
of type SRPD 6-2.5-3500 and SRPD 8-3-4500 of AZTM 
factory (Almaty, Kazakhstan) with maximum loads in the 
wellhead gland of 6 t and 8 t [10], static load values by going 
up and down are: PU = 80 kN, PD = 53 kN.

The main reason for the mentioned drawbacks is poor 
balancing of the device, resulting in big loads on the crank 
finger and alternating sign of this load (tangential component 
of crank reaction). Increased wear of the elements and fre-
quent damage of the gearbox are the reason for applying ex-
pensive Novikov-type gearboxes. While desiring to increase 
the rod stroke by increasing the crank length, the mecha-
nism operates in unfavorable modes of force transmission:  
poor angles of motion and force transmission lead to big 
joint reactions.

For instance, Watt mechanisms are not suitable because 
the straight-line segment of the coupler curve lies between 
two fixed joints on the frame-axes. Thus, the mechanism 
does not allow access to the outfall of the well, while in 
the existing rocking machine the access to the outfall is 
provided simply by the lateral tilt of the arc-head. For the 
same reason, the mechanisms of Robert and Grashof are 
found to be unsuitable as well. Chebyshev straight-line 
mechanism is found to have large relative dimensions in 
comparison with the length of the straight-line segment of 
the coupler curve, while the mechanisms of Hart and Peau-
cellier-Lipkin are too complicated and have a large number 
of links and moveable joints. The result of a preliminary 
analysis of the functionality of the existing straight-line 
generators shows that the most appropriate scheme is the 
four-bar mechanism of Evans. With the additional input 
dyad group (two links with one internal and two external 
rotary joints), the six-link linkage is able to transform the 
rotary motion of the crank to straight-line and recipro-
cating motion of the end-effector, where the rods column  
will be hanged. 

At the same time, these qualitative advantages have 
never been confirmed by numerical data, which is the aim of 
this study.

3. The aim and objectives  
of the study

The aim of the work is to inves-
tigate the possibility of using a six-
link rectilinear guide mechanism as 
a converting mechanism for the drive 
of  sucker rod pumping units and to 
create a mathematical model for calcu-
lating parameters.

To achieve the aim, the following 
objectives were set:

– to derive basic equations for the 
kinematic analysis of the six-link me
chanism and determine the laws of mo-
tion of all moveable links, to carry out 
position, speed and acceleration analy-
sis of all mechanism joints;

– to determine reactions in the me
chanism joints as a result of force ana
lysis.

4. Methods and data

To achieve the research goal, we used methods for solving 
problems in theoretical mechanics, the theory of machine 
mechanisms, and numerical methods. In solving the problem 
of kinematic analysis, we use the vector closed loop method.

The converting mechanism of the rocking machine shown 
in Fig. 1 is a mechanism of the II class, which consists of 
a crank (1), a double-drive group (2, 3) FCO, also attached 
double-drive group (4, 5) ABC. The working point is the 
point D of the rod string.

The purpose of the kinematic analysis is to determine 
the trajectories of the point D of the rod string suspension at 
uniform rotations of the crank GF, as well as to determine the 
speeds and acceleration of this point.

It is considered that the law of change in the angular po-
sition of the crank 1 is given according to the law j = j0+ωt, 
where ω = const is the constant angular velocity of crank 
rotation. For the analysis of the positions, it is assumed that 
N of the finitely distant angular positions of the crank ji is 
given by the formula, where i = 1,.., N,

j πi

i
N

=
−
−

2
1
1

. 	 (1)

With these laws of change in the angular positions of the 
crank, it is necessary to determine the angular positions of all 
links by means of sequential kinematic analysis of class II two-
flood groups. First, consider the vector contour GFO (Fig. 2).

Let us compose the equation of closedness of the vector 
contour:

l S lOG1

�� �� � ���
+ = . 	 (2)

We project the vectors of equation (2) on the coordinate 
axis and have:

l S lS OG1 1 2cos cos cos ,j π j γ− −( ) = − 	 (3)

l S lS OG1 1 2sin sin sin .j π j γ+ −( ) = 	 (4)

 
Fig. 1. Scheme of the six-link mechanism of the SRPU drive
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Fig. 2. To the kinematic analysis of the 	
OCF two-runner group γ

 

Considering cos(2π–js) = cosjs and sin(2π–js) = –sinjs 
from equations (3) and (4) we obtain:

tgj
j γ
j γS

OG

OG

l l
l l

=
−
+

1 1

1 1

cos cos
sin cos

. 	 (5)

The quarter of the trigonometric circle, in which the  
angle S is located, is completely determined by the sign of 
the numerator and denominator of expression (5). Further, 
from equation (3) we determine the modulus of the vector S:

S
l lOG

S

��
=

−1 1cos cos
cos

.
j γ

j
	 (6)

Next, we consider (Fig. 2) the OCF triangle. The angles  
of inclination of the vectors l2 and l3 to the vector S are de-
noted by jS2 and jS3, respectively.

We then have the following two equations:

l l S l S S2
2

3
2 2

3 32= + − cos ,j 	 (7)

l l S l S S3
2

2
2 2

222= + + cos .j 	 (8)

From equations (7) and (8), we determine the angles:

jS

l S l
l S3

3
2 2

2
2

32
=

+ −
arccos , 	 (9)

jS

l S l
l S2

3
2 2

2
2

22
=

−−
arccos . 	 (10)

Next, we find the angles, that is, the functions of the po-
sitions of links 2 and 3:

j j j2 2= +S S ,

j j j3 3= +S S . 	 (11)

Next, we compose the vector equation of the closed-form 
of the AGFC contour (Fig. 1). We have:

  


l l l SGA + + =1 2 1. 	 (12)

The equations of the projections of the vectors of this 
equation on the Ox and Oy axes will be:

− + − ′ = − ′

+ + ′ =

l l l S

l l l S
GA
x

S

GA
y

1 1 2 2 1 1

1 1 2 2 1

cos cos cos ,

sin sin

j j j

j j ssin .′





 jS1

	 (13)

From (Fig. 2) determine the angles:

′ = −j π j2 2,

′ = −j π jS S1 12 , 	 (14)

then, given (14), the expression (13) will take the follow-
ing  form:

− + + = −

+ + = −

l l l S

l l l S
GA
x

S

GA
y

1 1 2 2 1 1

1 1 2 2 1

cos cos cos ,

sin sin si

j j j

j j nn .jS1






	 (15)

From where we find:

j
j j

j jS
GA
y

GA
x

l l l
l l l1

1 1 2 2

1 1 2 2

=
− − −

− +






arctg
sin sin

cos cos
	 (16)

and

S
l l lGA

x

S
1

1 1 2 2

1

=
− −cos cos

cos
.

j j
j

	 (17)

Now we consider the triangle АСВ and get:

l l S l S S4
2

5
2

1
2

5 1 152= + − ( )cos ,j 	 (18)

l l S l S5
2

4
2

1
2

4 1 142= + − ( )cos .j 	 (19)

Then from equations (18), (19) we find expressions for 
the angles:

jS

l S l
l S15

5
2

1
2

4
2

5 12
=

+ −





arccos , 	 (20)

jS

l S l
l S14

5
2

1
2

4
2

4 12
=

+ −





arccos . 	 (21)

Next, we find the angles:

j j j5 1 15= +S S , 	 (22)

j j j4 1 14= +S S . 	 (23)

The Maple system was used for mathematical modeling of 
kinematic calculations.

After determining the angular positions of the links of the 
conversion mechanism of the rocking machine, we can deter-
mine the absolute coordinates of all points of all links. Using 
the found absolute coordinates of all hinges and the operating 
point D, it is possible to construct an animation of the move-
ment of the SRPU drive converter mechanism (Fig. 3, a, b).
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a

 
b

Fig. 3. Movement of the SRPU drive converter mechanism: 	
a – upper mechanism position; b – lower mechanism position

Further, to determine the speeds and accelerations of the 
links of the mechanism, we compose the vector equation of 
the closed-form of the GFCO contour (Fig. 1).

   

l l l lOG + + =3 2 1. 	 (24)

Projecting this equation on the Ох and Оу axes, we obtain:

− + − =l l l lOG
x

3 3 2 2 1 1cos cos cos ,j j j 	 (25)

l l l lOG
y + − =3 3 2 2 1 1sin sin sin .j j j 	 (26)

To determine the analogs of the angular velocities ω2 and 
ω3 of links 2 and 3, we differentiate equations (25) and (26) 
with respect to the generalized coordinate j1. Let us intro-
duce the notation d d Uj j3 1 31= ;  d d Uj j2 1 21= .

Then:

− + = −U l U l l31 3 3 21 2 2 1 1sin sin sin ,j j j 	 (27)

U l U l l31 3 3 21 2 2 1 1cos cos cos .j j j+ = − 	 (28)

From the angles included in equation (27), we subtract 
the total angle j3, which corresponds to the rotation of the 
coordinate axes хОу (Fig. 1) by the total angle j3. We have:

U l l21 2 2 3 1 1 3sin sin .j j j j−( ) = − −( ) 	 (29)

Whence we get the expression for the analogue U21 of the 
angular velocity ω2:

U
l

l21
1 1 3

2 2 3

= −
−( )
−( )

sin

sin
.

j j
j j

	 (30)

After a similar transformation of the same equation by 
rotating the coordinate axes by an angle j2, we obtain an 
expression for the analogue U31 of the angular velocity ω2:

U
l

l31
1 1 2

3 3 2

= −
−( )
−( )

sin

sin
.

j j
j j

	 (31)

Now we consider the vector contour AGFCB. Let us 
compose the equation of closedness of the vector contour:

    

l l l l lAG + + = +1 2 4 5. 	 (32)

We project the vectors of equation (32) on the coordinate 
axis and have:

− + + = +l l l l lAG
x

1 1 2 2 4 4 5 5cos cos cos cos ,j j j j 	 (33)

l l l l lAG
y + + = +1 1 2 2 4 4 5 5sin sin sin sin .j j j j 	 (34)

To determine the analogs of the angular velocities ω4 and 
ω5 of links 4 and 5, we differentiate equations (33) and (34) 
with respect to the generalized coordinate j1. Let us intro-
duce the notation:

d
d

U
j
j

2

1
21= ,  

d
d

U
j
j

4

1
41= ,  

d
d

U
j
j

5

1
51= .

Then:

− − = − −l U l U l U l1 1 21 2 2 41 4 4 51 5 5sin sin sin sin ,j j j j 	 (35)

l U l U l U l1 1 21 2 2 41 4 4 51 5 5cos cos cos cos .j j j j+ = + 	 (36)

Let us write equation (36) in vector form:

   

l U l U l U l1 21 2 41 4 51 5+ = + . 	 (37)

Equation (37) multiplying by the rotation matrix, that is, 
turning all vectors by a common angle j5 we have:

l U l U l1 1 5 21 2 2 5 41 4 4 5sin sin sin .j j j j j j−( ) − −( ) = −( ) 	 (38)

Whence we get the expression for the analogue U41 of the 
angular velocity ω4:

U
l U l

l41
1 1 5 21 2 2 5

4 4 5

= −
−( )+ −( )

−( )
sin sin

sin
.

j j j j
j j

	 (39)

After a similar transformation of the same equation by 
rotating the coordinate axes by an angle j4, we obtain an 
expression for the analogue U51 of the angular velocity ω5:

U
l U l

l51
1 1 4 21 2 2 4

5 5 4

= −
−( )+ −( )

−( )
sin sin

sin
.

j j j j
j j

	 (40)
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We also find analogs of the velocities U21 and U31, U41 
and U51 of the angular velocities ω2 and ω3, ω4 and ω5. Then 
we determine the linear velocities of all points of the SRPU 
drive mechanism.

We determine the angular velocities ω2 and ω3, ω4 and ω5:

ω ω2 1 21= ⋅U ,

ω ω3 1 31= ⋅U ,

ω ω4 1 41= ⋅U ,

ω ω5 1 51= ⋅U . 	 (41)

Then the values of the velocity projections on the coor-
dinate axes of the point D of the suspension of the column of 
rods are determined as follows:

V V l l

V V l l
D
x

A
x

D
y

A
y

= − −

= − −




4 4 4 5 5 5

4 4 4 5 5 5

ω j ω j

ω j ω j

sin sin ,

cos cos .




	 (42)

The acceleration points D of the suspension of the column 
of rods of the considered SRPU drive mechanism are also 
determined in the same way.

On the basis of the obtained expressions, a computer model  
of the kinematic analysis of the six-link rectilinear-guiding 
converting mechanism of the SRPU drive was developed.

Next, we will conduct a kinetostatic analysis of the six-
link mechanism of the SRPU drive. The mechanism is affec
ted by the load in the wellhead gland and gravity of the links 
and weights (Fig. 4). We do not take into account friction 
forces in the joints and inertia forces, since the values of these 
forces are insignificant.

 
Fig. 4. Force analysis of the six-link hinge-lever converting 

mechanism of rocking machines

We consider the balance of each link. The crank is acted  
upon at point S1 in the center of mass of the crank F1 =  
= G1–m1aS1, the force and engine torque MD also at point F 
the reaction R21 and at point G the reaction R01, where aS1 is 
acceleration in the center of mass link GF. We compose the 
equilibrium equations for the 1st link:

R Rx x
01 21 0+ = ,

− + + =F R Ry y
1 01 21 0,

F X X R X X R Y Y MS A
y

F G
x

F G D1 1 21 21 0−( ) + −( ) + −( ) + = . 	 (43)

Now we consider the balance of the 2nd link, the connect-
ing rod. The connecting rod is acted upon in the center of 
mass of the connecting rod F2 = G2–m2aS2 – the force and the 
reaction forces R21, R32, R54, R52, where aS2 is acceleration in 
the center of mass link FC.

Let us compose the equilibrium equations of the connect-
ing rod – 2nd link:

− + + =R R Rx x x
21 32 52 0,

− − + + =F R R Ry y y
2 21 32 52 0,

F X X R X X

R X X R Y Y

S F
y

C F

y
C F

x
F C

2 2 32

52 52 0

−( )+ −( ) +

+ −( ) + −( ) = . 	 (44)

Now let us consider the equilibrium of the 3rd link. The 
third link is acted upon at the point S3 by the force, F3 = 
= G3–m3aS3 – the force, at the point L by the force GCW – the 
weight of the counterweight and reaction forces R03, R32, 
where aS3 is acceleration in the center of mass 3rd link.

Then for the 3rd link:

R Rx x
04 32 0− = ,

− + − − =F R R Gy y
CW3 03 32 0,

F X X R X X

R Y Y G X X

S O
y

C O

x
O C CW CW O

3 3 32

32 0

−( )+ −( ) +

+ −( ) + −( ) = . 	 (45)

Consider the balance of the 4th link, the connecting rod. 
The connecting rod is acted upon in the center of mass of the 
connecting rod, F4 = G4–m4aS4 – the force and the reaction 
forces R04, R54, where aS3 is acceleration in the center of  
mass 4th link. Then we compose the equilibrium equations  
of the connecting rod – the 4th link:

R Rx x
04 54 0+ = ,

− + + =F R Ry y
4 04 54 0,

F X X R X X R Y YS A
y

B A
x

A B4 4 54 54 0−( ) + −( ) + −( ) = . 	 (46)

The 5th link is acted upon in the center of F5 = G5–m5aS5 –  
the force of the fifth link, at the suspension point of the rod 
string P – the weight of the liquid, the reactive forces R54, 
R52, where aS3 is acceleration in the center of mass 5th link. 
Then the equilibrium equations of the 5th link:

− − =R Rx x
54 52 0,

− + + − =G R R Py y
5 54 52 0,

G X X R X X

R Y Y P X X

S B
y

C B

x
B C D B

5 5 52

52 0

−( ) + −( ) +

+ −( ) + −( ) = . 	 (47)

In total, we get a system of 15 equations with 15 un-
knowns. To solve the equation, a numerical method of Gauss 
was used in the kinetostatic analysis, and, using the Maple 
system, a mathematical model of the solution was created.
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5. Results

5. 1. Results of the kinematic analysis
As a result of the kinematic analysis, the functions of the 

positions of the 2, 3, 4 and 5 links were obtained as follows:

j
j γ
j2

3
2 2

2
2

1 1

1 122
=

−
+

−
+

−
arccos

cos cos
sin sin

l S l
l S

l l
l l

OG

OG

arctg
γγ







, 	 (48)

j
j γ
j3

3
2 2

2
2

1 1

1 132
=

−
+

−
+

+
arccos

cos cos
sin sin

l S l
l S

l l
l l

OG

OG

arctg
γγ







, 	 (49)

j

j j

4

2
1
2 2

1

1 1 2 2

5 4

42
=

−
+

+
− − −

−

−
arccos

sin sin

l S l
l S

l l l
l

GA
y

GA
xarctg

ll l1 1 2 2cos cos
,

j j+






	 (50)

j

j j

5

2
1
2 2

1

1 1 2 2

5 4

52
=

−
+

+
− − −

−

+
arccos

sin sin

l S l
l S

l l l
l

GA
y

GA
xarctg

ll l1 1 2 2cos cos
.

j j+






	 (51)

Then the absolute coordinates of six-link linkage joints 
are determined as follows:

X X lF G= + 1 1cos ,j  Y Y lF G= + 1 1sin ,j 	 (52)

X X l lC G= + +1 1 2 2cos cos ,j j

Y Y l lC G= + +1 1 2 2sin sin ,j j 	 (53)

X X lB A= − 4 4cos ,j  Y Y lB A= + 4 4sin ,j 	 (54)

X X l lD A= − −4 4 5 5cos cos ,j j

Y Y l lD A= + +4 4 5 5sin sin ,j j 	 (55)

where XG, YG, XA, YA are constant specified coordinates of the 
six-link mechanism racks.

The analogs of angular velocities are also defined, which 
make it possible to determine the linear velocities of the 
joints of the six-link mechanism.

From the movement of the suspension point D, it can be 
seen that it is approximately drawing a straight line (Fig. 5).

 -1000

-500

0

500

1000

1500

-1500-1000 -500 0

YD

Fig. 5. Suspension point movement

5. 2. Results of the force analysis
As a result of the force analysis, jointly solving the equi-

librium equations of the links of the six-link hinge-lever 
mechanism, the reactions of the hinges of the mechanism 
were determined (Fig. 4).

Fig. 6 shows the behavior of reactions in the joints of the 
mechanism С and В, that is, the behavior of the component 
reactions in the hinge С–RCx, RCy, RCtau, RCnorm, as well as 
in the hinge В–RBx, RBy, RBtau, RBnorm.
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Fig. 6. Behavior of reactions in the joints 	

of the mechanism

6. Discussion of experimental results

The results of the kinematic analysis showed that the 
connecting rod point D performs an approximately recti-
linear movement (Fig. 5), which makes it possible to use 
this six-link mechanism as a converting mechanism for  
the SRPD.

Thus, it is possible to eliminate the arc head of the ba
lancer, which leads to a decrease in the metal consumption 
of the structure.

Also, according to the formulas for determining the 
angular velocities (41), similarly to (42), we determine the 
velocities of all hinges and centers of mass of the links of the 
mechanism, which we will later use to determine the balanc-
ing moment according to the d’Alembert principle.

Based on the results of the kinetostatic analysis, graphs 
of the behavior of the reaction forces in the joints were ob-
tained.

Fig. 6 shows that the tangential components of the reac-
tion forces have alternating signs, which negatively affects 
the wear of parts elements. This requires further solution of 
the problem of dynamic synthesis.

Also, to achieve more accurate reproduction of the 
straight point of suspension of the rod column, we will solve 
the problem of synthesizing a six-link linkage mechanism to 
reproduce a vertical straight line.
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7. Conclusions

1. A kinematic analysis has been carried out and a  
mathematical model has been developed for the ki-
nematic analysis of a six-link mechanism in the Maple  
environment in order to test the performance of the  
new design.

The obtained numerical results confirm that the sus
pension point of the rod string makes an approximate recti-
linear motion.

2. The reactions in the joints of the six-link mechanism as 
a converting mechanism were determined. Tangential com-
ponents of the reactions in the joints were defined.
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