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INTRODUCTION

Nowadays, robotic manipulators are commonly used in industry due to their
ability to reach long distances inside the workspaces where they are operated using
various positions and orientation configurations (Liu, 2020). They have been imple-
mented in broad industrial fields such as welding, machining of mechanical parts, as-
sembly lines, load transport, among others, thanks to their unique characteristics
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(Chandan et al., 2021; Grau et al., 2017). Robotic manipulators have become popular
due to their wide uses, but also because researchers find it challenging develop and
implement control strategies for such complex nonlinear systems.

There are many control strategies used for robotic manipulators: simple con-
trollers such as PID (Li & Yu, 2011) and MPD (Huang et al., 2021), advanced systems
such as the GPI controller (Becedas et al., 2009), the H,, controller (Guo et al., 2015),
the Adaptive sliding mode control (ASMC) (Eltayeb et al., 2019) and the Super Twisting
Algorithm (Cruz et al., 2018). The last two face the problem of chattering in traditional
sliding mode control (SMC). However, all the control strategies mentioned above ad-
mit a certain level of uncertainty within the dynamic model of the system. Such un-
certainty must be kept at a minimum to avoid the degradation of the control loops
(Becedas et al., 2009).

Consequently, in order to reduce the model’s uncertainty, researchers have
implemented identification strategies, such as the least squares technique (Hashemi
& Werner, 2014), orthogonal functions (Ghanbari & Abbasi, 2017), algorithms based
on frequency response function (Ferreira & de Oliveira Serra, 2012), the grey-box
identification (Coral-Enriquez et al., 2021) and the algebraic identification method
(Sira-Ramirez et al., 2014).

This article focuses on estimating the parameters and the payload of a 2-DOF
robotic manipulator using the algebraic identification method. The main contributions
of this work are:

e  Proposing a step-by-step parameter estimation methodology based
on algebraic identification for a 2-DOF robotic manipulator.

e  Proposing a step-by-step payload estimation methodology using al-
gebraic identification for a 2-DOF robotic manipulator.

e Developing a state observer capable of estimating the angular ve-
locity of the links that are part of the manipulator without prior
knowledge of the manipulator’s mathematical model.

The rest of the document is organized as follows: Section Il presents the 2-
DOF manipulator model. Section Il presents illustrates the formulation of the meth-
odology for identification. Section IV is devoted to the results of the simulation. Fi-
nally, conclusions and future research are presented in section V.

Vol. 13 (2) julio - diciembre del 2023
MUTIS | Revista electrénica editada por la Facultad de Ciencias Naturales e Ingenieria de UTADEO
2



Paez-Garcia, J., Vargas-Tenjo, L.C., Charry-Belén, R. A., y Coral-Enriquez, H. (2023). https://doi.org/10.21789/22561498.1978

DYNAMIC MODEL OF A 2-DOF ROBOTIC MANIPULATOR

Figure 1. Robotic system scheme.
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Source: own elaboration.

This paper presents the way in which the algebraic identification method was
used to estimate the parameters and the payload of a robotic manipulator (see figure
1). The dynamic equation of the manipulator is given by (Lin, 2007):

e e o+ [l o]+ ] = 2 2

in which

Myy =1 4+ I + mylZ + myl? + myl2, + 2mylyl,c05(0,) + myl}
+ myl3 + 2myl,1,c05(6,),
My, = I, + mylZ, + mylylpc0s(6;) + myls + mylylycos(6,),
My = I + mylZ, + mylyle,c05(0,) + myls + mylilycos(6,),
My, = I, + mylZ, + myl2,
Vv, =—mylil, (291 + Hz)ézsin(ﬂz) - mplllz(Zél + Gz)ézsin(ﬁz),
Vy = mali6;” Lgsin(0, + my L6, Lsin(6,),
U, = b1g1:
U, = b292,
W, = myglcos(0,) + mygllicos(6,) + l,cos(0; + 65)]
+ my,g[licos(6,) + l,cos(6, + 6,)],
W, = mygleycos(0; + 6,) + myglycos(6; + 6,),

(2)

in which I; and I, denote the links’ moments of inertia, m; and m, are the masses of
link 1 and 2, [, and [, refer to the length from the pivot axis of the respective links
to their center of gravity, [; and [, express the lengths of the links, while b; and b,
represent the viscosities, m, denotes the payload, 6; and 8, are the positions of the

links, and 7; and 1, express the torques.
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FORMULATION OF THE IDENTIFICATION METHODOLOGY

The algebraic identification method was conducted in two stages. First, the
parameters of the manipulator were estimated. Then, in accordance with the identi-
fied parameters, the payload of the manipulator was identified.

The following assumptions were considered for the algebraic identification:
a) the known torque input, b) the position of links 8; and 6,, which are the only meas-
ured output variables, and c) the estimated link velocities for both stages mentioned
above.

Parameter identification

Table 1 shows replacements of parameter sets by constants, considering ma-
nipulator equations without load (m,, = 0). They are useful to facilitate the handling
of the equations.

Table 1. Replacement of parameters by constants for the first stage.

Constant Parameters
ky - mylile,
k, - m,9le,
ks - I + myl,
ks - mygle + mygly
ks - I + myl3 + m,l?
ke - by
k; - b,

Source: own elaboration.

Considering equation (1), it is convenient to include an identifier for each
equation in order to estimate all the parameters of the manipulator.

By formulating the first equation (1), it is obtained that
Ty = My, 01 + M0, +V, + Uy + Wy,
Tl = [ks + k3 + Zklcos(GZ)]é.l + [k3 + k1COS(92)]9"2

+ [_kl(zgl + 92)gzsln(92)] + k69.1 + k4_COS(91)
+ k,cos(0, + 6,),

- klézzsin(GZ) + kﬁg.l + k4COS(61) + szOS(Hl + 62),

therefore, multiplying by t? to eliminate the initial conditions and then integrating
twice (see the step-by-step process here),
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(2) (2)
J- tZT]_ = (ks + k3)t291 - 4(k5 + k3) f tel + Z(ks + k3)J‘ 91
. (2) .
+ 2k1 J‘ tZCOS(ez)el - 4’k1 f eltCOS(ez) + k3t292
(3)

2
- 4’k3 J‘ tez + 2k3 J‘ 92 + kl J‘ tZCOS(ez)ez
@ @
- 2k1f ethOS(ez) + k6 f tzel - 2k6J. tel
(2) (2)
+ k4f t?cos(0;) + sz t2cos(0; + 6,).

Since there are six terms to be estimated (ks + k3, k4, k3, k¢, k4, k), the
last equation is integrated five times in order to obtain a 6 X 6 linear system. There-
fore, the linear equation is expressed as P, (t, 0,,0,,6,, 62) X, = q, (t,74), in which
P. (t, 0,,0,,0, 6'2), q. (t,71) and x,. are given by:

[pu P12 P13 DPia DPis P16] [CI11] [ks + k3]
P21 D22 D23 P24 P25 D26 | 421 ky |
p = P31 D32 D33 P34 P35 Dze _ | v = ks |
" T |Pa1 Paz Pazs Pas Pas Pas|' T T |qan | ke |

|

|

|
Ps1 Psz2 Ps3 Psa DPss Pse qs1 k
| ] lge, ) |

Pe1 Pe2 DPe3 DPea Pos DPes q61

but, due to the length of each element that belongs to the matrices (p;1, ..., Pes and
q11, - » Gec), the elements are defined in detail here.

Finally, the estimation was made by using x,, = [P.]™! * g, . The estimates
take the following values due to the singularity that occurs in the matrices B. att = 0:

{arbitrary for tE€ [ty ty+e€)
Xy =

bei = 0.2s.
[Pr]_l'CIr for t 2t te emng ¢ N

On the other hand, to estimate the last missing constant (k-), the manipula-
tor equations without load are considered again. Taking the constant k; as the only
unknown term

T, = M219"1 + Mzzeuz + VZ + UZ + Wz,
T, = [k3 + klcos(ez)]é.l + k392 + klélzsin(GZ) + k79.2 + k2C05(91 + 92),

the expression is multiplied by t2, and then integrated twice,
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()] ) .
J‘ t2T2 = k3t291 - 4’k3 J‘ tgl + 2k3J‘ 91 + kl f tZCOS(ez)Hl

@ @ .
- 2k1 f gltCOS(GZ) + li. eltzsin(gz)gz

()
+ k3t292 - 4’k3 f t02 + 2k3f 92 (4)

@ @
+ klf t291 Sln(GZ) + k7 J. t202 - 2k7f tgz

(2)
+ sz t2cos(8, + 8,).
Finally, the constant k, was estimated by solving equation 4 (4) for the sin-
gle unknown term after having elapsed t, + €, where € = 0.2s, resulting as follows:

1
k, =
’ f t292 - Zf(Z) tez

©) ()
" |:f tZTZ - kz f tz COS(91 + 92) - k3t291 + 4’k3 f t@l

@ . @
— 2k, 0, —ky f t2cos(6,)0, + 2k, 01tcos(6;)

) )
- k1 J gltzsin(ez)gz - k3t292 + 4k3 J tgz - 2k3 f 92

@
- k]_ J‘ t291 Sin(ez)].

Payload identification

Equation (2) was also used to estimate the payload mass with the same iden-
tification process as in the first identifier. However, it is necessary to consider here
that the parameters that are shown in Table 1 have already been identified, so the
only unknown parameter is the tip-payload. A table of substitution of parameters by
constants is proposed again considering the payload as the only unknown term (see
Table 2).
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Table 2. Replacement of parameters by constants for the second stage.

Constant Parameters
Z1 - mp lf
2
Z, - myls
Zy - mpgly
Zs - mpglz

Source: own elaboration.

Equation 2(2) also reveals that that either of the two equations that comprise
it allowed us to estimate the constants that are shown in Table 2. Thus,

T = Mllg'l + M129"2 + Vl + Ul + Wl!

T, = (ks + k3 + A + 22)9"1 + 2(k1 + Z3)C05(92)9“1 + (k3 + 22)9"2
+ (kl + Z3)COS(92)92 - Z(k]_ + Z3)9102$in(02)
- (kl + Z3)9‘225in(92) + kﬁgl + (k4_ + Z4_)COS(91)
+ (ky + z5)cos(6; + 6,),

multiplying the last expression by t? and then integrating twice,
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@)
f t2T1 = (ks + k3 + Zy + Zz)tzgl - 4(k5 + k3 + Zy + Zz) f t@l
@
+2(ks + k3 + 2, +z2)f 0,
+ 2(ky + 23) f t2cos(6,)6;
@
- 4’(k1 + Z3)f gltCOS(GZ) + (k3 + Zz)tzez
@
- 4(k3 + Zz) f tez + 2(k3 + Zz) 02
+ (ky + 23) J t%cos(6,)6,

@)
—2(ky + 23) 6,tcos(6,)

(2)
+ (k4 + z4)f t2 cos(6,)

@)
+ (k, + zs)f t2cos(0; + 0,) + kg f t26,
@
- 2k6] t91.

Considering that the tip-payload is the only unknown term, a 5 X 5 linear
system is proposed by performing the integration of (5) four times, and the matrices
Pm(t, 04,0,,6,, 6'2), qm(t, 74, 0;,) and x,, are given by:

pm11 pm12 pm13 pm14 pm15 an [kS + k3+Zl + ZZ]
Pmy1 Pmyy; Pmyz Pmygy pmzs] [qm21] | ky + 25 |
Pm = Ipm31 pm32 pm33 pm34, pm35|,qm = |Qm31|,xm = k3 +Z2 )
Ipm41 pm42 pm43 pm44, pm4,5 I qm41 | | k4_ +z, |
|.pm51 pm52 pm53 pm54, pmSSJ lQm51J l k2 =+ Zs J
due to the length of the matrices (p11, .-, Pss and qq1, ---, gs1), see here, and the
estimates take the following values:
arbitrar or tE|ty,ty+e
Xp = { 1 y I [to, to + &) being € = 0.2s.
Bt qn for t >ty +e
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Finally, the payload value was obtained as an independent parameter through some
algebraic operations. Therefore, after the constants k4, ..., k; were identified in the
first stage, the mathematical operations continued as follows:

ZZ = xm[g‘ll - k3 ) Z4 = xm[4‘1] - k4,

Z1 = Xm0~ ks — ks — 2y,

thus,

2
z;  mylf zi L
g - 1

Z4 B mygly Zy 9

219
Z4
having the value of the estimate of z;, the estimate of the payload was obtained,

in which g is known and it denotes the gravity, therefore, [; = . Knowing [, and

2 2
z; =myli - mp=l—2.
1

Derivative Observer

Applying algebraic identification requires that 61 and 92 are known. Because
they cannot be measured, they must be estimated. Therefore, two equations were
proposed to represent an approximated internal model of the signals 6, and 0,, after
the equations were defined as 91 =0and 92 = 0. Considering this approximation, an
augmented matrix was proposed, and the state-space representation was outlined:

x = Ax, (6)
y = Cx,

in which x is the states vector and it is given by x = [91, 0,,6,,0,,6,, é'z]T, and aug-
mented matrices A y C are given by:

010000
[001000]
4-l0 0000 0f, 100000}
0000 1o looo 1o of
[000001J
000000

Consider the model (6), a conventional Luenberger observer was proposed
to estimate the velocities of the links (6; and 6,), as follows:

£=AR+Lly—-9), §=C%
£=(A-LO)%+ Ly,

In which L is the gain vector that determines the observer dynamics for state estima-
tion and is defined to place the eigenvalues of the matrix A,,s at
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[—80,—390,—391, —392, —393, —394]; on the other hand, the matrices of the ob-
server were determined by:

Agps = [A—LC], B,ps = [L],
g]’ Dops = [g 8 ,
in which C,, is defined by the states to be estimated (5; and 5;).
NUMERICAL RESULTS AND DISCUSSION
In order to validate the algebraic identifiers, two different cases of identifica-

tion are considered, table 3 shows the selected values for each case:

Table 3. 2-DOF robotic manipulator parameters for cases 1 and 2.

Parameter Case 1 Case 2 Unit
my 0.3674 0.4274 Kg
m, 0.0814 0.1077 Kg
I 0.0813 0.1213 m
., 0.0616 0.0857 m
l 0.1626 0.1925 m
l, 0.1232 0.1433 m
L 0.0009 0.0011 Kgm?
I, 0.0018 0.0022 Kgm?
by 0.1360 0.1570 Nm/(rad/s)
b, 0.3072 0.3392 Nm/(rad/s)
g 9.81 9.81 m/s?
m, 0.3515 0.6315 Kg

Source: own elaboration.

Both cases were simulated using the MATLAB-Simulink software and the
Runge-Kutta solver to guarantee a good sampling of the signals obtained in the simu-
lations. A sampling time of 0.001s was selected. Figure 2 shows the results of the
parameter convergence.

In order to achieve the convergence of the parameters that were estimated

in both identification stages, both 91 and 92 were obtained as a requirement for (3),
(4) and (5). Therefore, it was necessary to implement the derivative observer shown
in section Ill.

Finally, the convergence was evaluated from the errors obtained between
the real values and the estimated values for each of the cases in which the identifiers
were tested. The errors are expressed in the following table:
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Table 4. Estimation error (%) of 2-DOF robotic manipulator parameters for cases 1 and 2.

Parameter Case 1 (%) Case 2 (%)
ks + ks 0.02323 0.04004
k1 0.2449 0.2693
ks 0.6826 0.5094
ke 0.008668 0.01314
k, 0.005106 0.01237
k, 0.0517 0.06103
ks +ks+2z,+2, 0.07454 0.0805
ki +z3 0.0405 0.1169
ks + z, 0.0455 0.02502
ky+z, 0.02889 0.03759
ky, + z5 0.05145 0.02384
m, 0.4106 0.0457

Source: own elaboration.
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Figure 2. Convergence of some parameters estimated in cases 1 and 2.

%1073 Casel %1073 Case2
10 18
— k543 est
= = = k543
0.2 03
—3est | |
- - - k3
1 1
0 01 0.2 03 0 01 0.2 03
N 044 N 0.8 k4 est
$0.42'( r\g \ et el
07—
o k4 est o
% 4 ~
04 R
0.38 0.6
0 01 0.2 03 0 01 0.2 03
0.68
0.66
4
. 064 _ __ _
Poxsp-== Doe
- —npest 0.6 —npest
: . 1) 058 ki 11
0.25 0.56
0 1 0.2 03 0 01 2 0.3
Time(s) Time(s)

Source: own elaboration.

CONCLUSIONS

This paper proposes the two stages of algebraic identification to develop two
algebraic identifiers. Those two identifiers were used to estimate the parameters and
the payload of a 2-DOF manipulator. The numerical implementation was developed in
an open-loop without applying any control scheme, assuming that the torque input was
known and considering the position of each link. An observer was proposed to provide
estimations of the velocities of each link. Two different simulation cases show that the
proposed algorithms converge close to the real parameters, with an error less than
0.6826% in less than 1s.

REFERENCES

Becedas, J., Trapero, J. R., Feliu, V., & Sira-Ramirez, H. (2009). Adaptive
controller for single-link flexible manipulators based on algebraic identification
and generalized proportional integral control. IEEE Transactions on Systems, Man,
and Cybernetics, Part B: Cybernetics, 39(3).
https://doi.org/10.1109/TSMCB.2008.2008905

Vol. 13 (2) julio - diciembre del 2023

MU TIS |Revista electronica editada por la Facultad de Ciencias Naturales e Ingenieria de UTADEO
12



Paez-Garcia, J., Vargas-Tenjo, L.C., Charry-Belén, R. A., y Coral-Enriquez, H. (2023). https://doi.org/10.21789/22561498.1978

Chandan, S., Shah, J., Singh, T. P., Shaw, R. N., & Ghosh, A. (2021). Inverse
kinematics analysis of 7-degree of freedom welding and drilling robot using arti-
ficial intelligence techniques. In Artificial Intelligence for Future Generation Ro-
botics. https://doi.org/10.1016/B978-0-323-85498-6.00004-6

Coral-Enriquez, H., Medina-Camacho, S., & Caballero-Mateus, S. (2021).
Modeling and Identification of a 5-DOF Robotic Manipulator Autonomous Bicycles
View project Active Disturbance Rejection Control to Stabilize a Bicycle Using a
Single-gimbal Control Moment Gyroscope View project. https://www.re-
searchgate.net/publication/353206863

Cruz, G. L., Alazki, H., & Hernandez, R. G. (2018). Super Twisting Control
For Thermo’s Catalyst-5 Robotic Arm. 51(13).
https://doi.org/10.1016/].ifacol.2018.07.295

Eltayeb, A., Rahmat, M. F., Mohammed Eltoum, M. A., Sanhoury, |. M.
H., & Basri, M. A. M. (2019). Adaptive sliding mode control design for the 2-DOF
robot arm manipulators. Proceedings of the International Conference on Com-
puter, Control, Electrical, and Electronics Engineering 2019, ICCCEEE 2019.
https://doi.org/10.1109/ICCCEEE46830.2019.9071314

Ferreira, C. C. T., & de Oliveira Serra, G. L. (2012). An approach for fuzzy
frequency response estimation of flexible robot arm from experimental data.
2012 IEEE International Conference on Industrial Technology, ICIT 2012, Proceed-
ings. https://doi.org/10.1109/1CIT.2012.6209932

Ghanbari, M., & Abbasi, M. (2017). Identification Of Flexible Robot Arm
System Using Extended Volterra Series By Kautz Orthogonal Functions.

Grau, A., Indri, M., lo Bello, L., & Sauter, T. (2017). Industrial robotics in
factory automation: From the early stage to the Internet of Things. Proceedings
IECON 2017 - 43rd Annual Conference of the IEEE Industrial Electronics Society,
2017-January. https://doi.org/10.1109/IECON.2017.8217070

Guo, Q., Yu, T., & Jiang, D. (2015). Robust H positional control of 2-DOF
robotic arm driven by electro-hydraulic servo system. ISA Transactions, 59.
https://doi.org/10.1016/].isatra.2015.09.014

Hashemi, S. M., & Werner, H. (2014). Parameter identification of a robot
arm using separable least squares technique. 2009 European Control Conference,
ECC 2009. https://doi.org/10.23919/ecc.2009.7074731

Huang, K., Xian, Y., Zhen, S., & Sun, H. (2021). Robust control design for
a planar humanoid robot arm with high strength composite gear and experi-
mental validation. Mechanical Systems and Signal Processing, 155.
https://doi.org/10.1016/j.ymssp.2020.107442

Li, X., & Yu, W. (2011). A systematic tunning method of PID controller for
robot manipulators. IEEE International Conference on Control and Automation,
ICCA. https://doi.org/10.1109/ICCA.2011.6138081

Vol. 13 (2) julio - diciembre del 2023
MUTIS | Revista electrénica editada por la Facultad de Ciencias Naturales e Ingenieria de UTADEO
13



Paez-Garcia, J., Vargas-Tenjo, L.C., Charry-Belén, R. A., y Coral-Enriquez, H. (2023). https://doi.org/10.21789/22561498.1978

Lin, F. (2007). Robust Control Design: An Optimal Control Approach. In
Robust Control Design: An Optimal Control Approach.
https://doi.org/10.1002/9780470059579

Liu, H. (2020). Robot Systems for Rail Transit Applications. In Robot Sys-
tems for Rail Transit Applications. https://doi.org/10.1016/B978-0-12-822968-
2.01001-9

Sira-Ramirez, H., Garcia-Rodriguez, C., Cortés-Romero, J., & Luviano-Jua-
rez, A. (2014). Algebraic Identification and Estimation Methods in Feedback Con-
trol Systems. In Algebraic Identification and Estimation Methods in Feedback
Control Systems (Vol. 9781118730607). https://doi.org/10.1002/9781118730591

Vol. 13 (2) julio - diciembre del 2023
MUTIS | Revista electrénica editada por la Facultad de Ciencias Naturales e Ingenieria de UTADEO
14



