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Abstract: The mathematical model of robot that is used to design control algorithms is mostly reused in numerical
simulations as a virtual plant. The use of same model for both control design and simulation tasks makes the outcome
idealized. Consequently, the effectiveness and feasibility of designed control methodologies when applied in practice
seem to be questionable. The paper presents the quasi-physical modeling of a 6-DOF robot using MATLAB/Simscape
Multibody for dynamic and control simulation. The bodies of the robot are assembled into a physical network with
connections that represent physical domains. The dynamical manners of the quasi-physical model are close to that of
real robot manipulators. This model can be exploited to verify the accuracy of mathematical models. After designing
process, the control laws are validated with this model instead of an ideal mathematical model or an actual expensive
prototype. The efficiency of the proposed modeling approach is demonstrated through the dynamic and control simulation
of robot IRB 120.
Key words: Dynamic model, quasi-physical modeling, robot manipulator, Simscape Multibody

1. Introduction
For robot dynamics modeling, many well-known techniques based on the Euler-Lagrange equations are published
[1–6]. Control algorithms are mostly designed based on mathematical models. The use of the same mathematical
model, in control design as an object and in simulation as a plant, idealizes the system. Hence, the control
performance is far away from reality. Additionally, it is not easy to add original friction, actuator dynamics,
and other nonlinearities to mathematical models. These drawbacks can be overcome in quasi-physical models
generated and simulated by Simscape Multibody. This is an effective approach for representing multibody
systems because of its compliance with real physical plants. Based on this model, the system responses can be
evaluated assisting control adjustment. Simscape-based physical modeling has been used successfully in many
different fields: PV generators in microgrid scenario [7], graphene based nano-electronic systems [8], power
PIN diodes [9], wind turbine gearboxs [10], DC motors [11], 3-wheeled electric vehicles [12], and so on. For
robot manipulators, several researches using this approach are presented, e.g., Furuta pendulums [13], hexapod
robots [14], 3-RPS parallel robotics [15], 2-DOF robots [16], 5-DOF robotic manipulators [17], and successfully
simulating a complicated mechanical system [18]. In [19], the paper deals with a system identification problem
of Staubli RX-60 robot supported by least squares and particle swarm optimization methods through various
measured data of the actual robot that are not always available in practice. In contrast, we look at proposing
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a quasi-model that can replace the actual robot in control designing phase. Our study deals with the quasi-
physical model of robot IRB 120 reconstructed from its CAD model combined with Simscape Multibody for
simulation and verification. The parameters of the Simscape model are obtained from a professional CAD
software based robot part models. In this paper, firstly, the mathematical dynamic model of robot IRB 120 is
built based on Euler-Lagrange equations (Section 2). Secondly, we build the quasi-physical model of the robot
step-by-step from designing body geometry to completing the whole model (Section 3). Thirdly, the comparison
between the behaviors of the mathematical model and the quasi-physical model in term of dynamic and control
simulation is given (Section 4). Finally, some important conclusions are discussed in Section 5.

2. Mathematical dynamic modeling

2.1. Dynamic modeling based on Euler-Lagrange equations, briefly

The general dynamic model of a n -link robot manipulator is as follows (without considering friction):

τ = Mq̈+Cq̇+ g, (1)

where τ ∈ Rn is the applied force/torque vector; q ∈ Rn is the vector of joint variables; M ∈ Rn×n is the
generalized inertia matrix; C ∈ Rn×n is the Coriolis/centrifugal matrix; and g ∈ Rn is the gravity vector term.
The generalized inertia matrix [20–25] and the vectors of Coriolis/centrifugal, gravity terms [26, 27] are given
by

M =

n∑
i=1

(
mi(J

0
Ti
)
T
J0
Ti

+ JT
Ri
IiJRi

)
(2)

C =
1

2

[
∂M

∂q
(1n ⊗ q̇) +

∂M

∂q
(q̇⊗ 1n)−

(
∂M

∂q
(q̇⊗ 1n)

)T
]
, g =

(
∂P

∂q

)T

(3)

where mi is the mass of link i ; Ii ∈ R3×3 is the link inertia tensor with respect to the frame attached at the
link centroid and parallel to the corresponding attached frame; 1n ∈ Rn×n is the identity matrix; ⊗ denotes
Kronecker product operator defined in [28–30]; P is the total potential energy, JRi

, and J0
Ti

∈ R3×n are the
rotational and translational Jacobian matrices calculated as

P = −
n∑

i=1

mi(g
0)Tp0

Ci
, JRi =

∂ωi

∂q̇
, J0

Ti
=

∂v0
i

∂q̇
=

∂p0
Ci

∂q
(4)

where every vector variable expressed in the base frame is denoted by superscript “0”, and in the corresponding
attached frame has no superscript; g0 = [0, 0,−g]T is the gravitational acceleration vector, g = 9.807 m/s2 ;
ωi ∈ R3 is the link angular velocity; v0

i ∈ R3 is the link linear velocity; and p0
Ci

∈ R3 is the position of link
centroid.

2.2. Mathematical dynamic modeling of robot IRB 120

Robot IRB 120, which is one type of 6-DOF industrial robots produced by ABB corporation, has 6 revolute
joints. The robot configuration with attached frames and the D-H parameters are described in Figure 1. The
homogeneous transformation matrices between 2 consecutive frames, Ti−1

i , are derived from Figure 1 as
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Figure 1. The attached frames and D-H parameters of robot IRB 120.

T0
1 =


c1 0 −s1 0
s1 0 c1 0
0 −1 0 d1
0 0 0 1

 T1
2 =


s2 c2 0 a2s2
−c2 s2 0 −a2c2
0 0 1 0
0 0 0 1

 T2
3 =


c3 0 −s3 a3c3
s3 0 c3 a3s3
0 −1 0 0
0 0 0 1



T3
4 =


c4 0 s4 0
s4 0 −c4 0
0 1 0 d4
0 0 0 1

 T4
5 =


c5 0 −s5 0
s5 0 c5 0
0 −1 0 0
0 0 0 1

 T5
6 =


c6 −s6 0 0
s6 c6 0 0
0 0 1 d6
0 0 0 1

 (5)

where si , ci , sij , and cij represent sin(qi) , cos(qi) , sin(qi + qj) , and cos(qi + qj) , respectively, (i, j = 1, ..., 6).
From (5), 6 homogeneous transformation matrices T0

1 ,..., T0
6 can be developed. In order to demonstrate the

results and due to space limitation, only matrix T0
6 is displayed as follows:

T 0
6 (1, 1) = c1 (c4c5c6 − s4s6) s23 + s5c23c1c6 + s1 (c5c6s4 + c4s6)

T 0
6 (2, 1) = s1 (c4c5c6 − s4s6) s23 + s1s5c23c6 − c1 (c5c6s4 + c4s6)

T 0
6 (3, 1) = c4c5c6c23 − c6s5s23 − c23s4s6

T 0
6 (1, 2) = −c1 (c4c5s6 + c6s4) s23 − s5c23c1s6 − s1 (c5s4s6 − c4c6)

T 0
6 (2, 2) = −s1 (c4c5s6 + c6s4) s23 − s1s5c23s6 + c1 (c5s4s6 − c4c6)

T 0
6 (3, 2) = −c4c5c23s6 − c6c23s4 + s5s6s23

T 0
6 (1, 3) = −c1c4s5s23 + c1c5c23 − s1s4s5

T 0
6 (2, 3) = −c4s1s5s23 + c1s4s5 + c5c23s1

T 0
6 (3, 3) = −c4c23s5 − c5s23
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T 0
6 (1, 4) = c1 (c5d6 + d4) c23 − c1 (c4d6s5 − a3) s23 − s1s4s5d6 + c1a2s2

T 0
6 (2, 4) = s1 (c5d6 + d4) c23 − s1 (c4d6s5 − a3) s23 + s4s5c1d6 + s1a2s2

T 0
6 (3, 4) = (−c4d6s5 + a3) c23 − (c5d6 + d4) s23 + a2c2 + d1 (6)

The rotational Jacobian matrices are obtained as

JR1
=

∂ω1

∂q̇
=

 0 0 0 0 0 0
−1 0 0 0 0 0
0 0 0 0 0 0

 , JR2
=

∂ω2

∂q̇
=

 c2 0 0 0 0 0
−s2 0 0 0 0 0
0 1 0 0 0 0


JR3

=
∂ω3

∂q̇
=

 c23 0 0 0 0 0
0 −1 −1 0 0 0

−s23 0 0 0 0 0

 , JR4
=

∂ω4

∂q̇
=

c23c4 −s4 −s4 0 0 0
−s23 0 0 1 0 0
c23s4 c4 c4 0 0 0


JR5

=
∂ω5

∂q̇
=

 c5c4c23 − s5s23 −c5s4 −c5s4 s5 0 0
−c23s4 −c4 −c4 0 −1 0

−s5c4c23 − c5s23 s5s4 s5s4 c5 0 0

 (7)

and JR6
with its elements represented as

JR6(1, 1) = (c6c4c5 − s4s6) c23 − s5s23c6 JR6(1, 4) = s5c6

JR6(2, 1) = − (s6c4c5 + c6s4) c23 + s5s23s6 JR6(2, 4) = −s5s6

JR6(3, 1) = −s5c4c23 − c5s23 JR6(3, 4) = c5

JR6(1, 2) = −c6s4c5 − s6c4 JR6(1, 5) = −s6

JR6(2, 2) = s4s6c5 − c6c4 JR6(2, 5) = −c6

JR6(3, 2) = s5s4 JR6(3, 5) = 0

JR6(1, 3) = −c6s4c5 − s6c4 JR6(1, 6) = 0

JR6(2, 3) = s4s6c5 − c6c4 JR6(2, 6) = 0

JR6
(3, 3) = s5s4 JR6

(3, 6) = 1 (8)

Let us denote the link centroid with respect to the corresponding attached frame by rCi
= [xCi, yCi, zCi]

T . The

link centroid with respect to the base frame is computed from rCi
by [(p0

Ci
)T , 1]T = T0

i

[
rTCi

, 1
]T as

p0
C1

=

c1xC1 − s1zC1

c1zC1 + s1xC1

−yC1 + d1

 , p0
C2

=

((a2 + xC2) s2 + yC2c2) c1 − s1zC2

((a2 + xC2) s2 + yC2c2) s1 + c1zC2

−s2yC2 + (a2 + xC2) c2 + d1


p0
C3

=

c1 (a3 + xC3) s23 + a2c1s2 + c1c23zC3 + s1yC3

s1 (a3 + xC3) s23 + a2s1s2 + s1c23zC3 − c1yC3

(a3 + xC3) c23 + a2c2 − s23zC3 + d1

 (9)

and vectors p0
C4

, p0
C5

, p0
C6

with their elements are as follows:
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p0C4
(1, 1) = c1 (c4xC4 + s4zC4 + a3) s23 + c1 (d4 + yC4) c23 + c1a2s2 − s1 (c4zC4 − s4xC4)

p0C4
(2, 1) = s1 (c4xC4 + s4zC4 + a3) s23 + s1 (d4 + yC4) c23 + s1a2s2 + c1 (c4zC4 − s4xC4)

p0C4
(3, 1) = (c4xC4 + s4zC4 + a3) c23 − (d4 + yC4) s23 + a2c2 + d1 (10)

p0C5
(1, 1) = ((c5xC5 − s5zC5) c4 − s4yC5 + a3) c1s23 + c1 (c5zC5 + s5xC5 + d4) c23 + c1a2s2

+ (c4yC5 + s4 (c5xC5 − s5zC5)) s1

p0C5
(2, 1) = s1 ((c5xC5 − s5zC5) c4 − s4yC5 + a3) s23 + s1 (c5zC5 + s5xC5 + d4) c23 + s1a2s2

− (c4yC5 + s4 (c5xC5 − s5zC5)) c1

p0C5
(3, 1) = ((c5xC5 − s5zC5) c4 − s4yC5 + a3) c23 − (c5zC5 + s5xC5 + d4) s23 + a2c2 + d1 (11)

p0C6
(1, 1) = c1 (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − (c6yC6 + s6xC6) s4 + a3) s23

+ ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) c1c23 + c1a2s2

+ s1 ((c6yC6 + s6xC6) c4 + s4 ((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)))

p0C6
(2, 1) = s1 (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − (c6yC6 + s6xC6) s4 + a3) s23

+ s1 ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) c23 + s1a2s20

− ((c6yC6 + s6xC6) c4 + s4 ((c6xC6 − s6yC6) c5 − s5 (d6 + zC6))) c1

p0C6
(3, 1) = (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − c6s4yC6 − s4s6xC6 + a3) c23

− ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) s23 + a2c2 + d1 (12)

Substituting (9)-(12) into (4) yields 6 translational Jacobian matrices J0
T1

…J0
T6

; and for simplification,
only J0

T6
is presented to demonstrate the results:

J0
T6
(1, 1) = −s1 (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − (c6yC6 + s6xC6) s4 + a3) s23

− s1 ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) c23 − s1a2s2

+ ((c6yC6 + s6xC6) c4 + s4 ((c6xC6 − s6yC6) c5 − s5 (d6 + zC6))) c1

J0
T6
(2, 1) = c1 (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − (c6yC6 + s6xC6) s4 + a3) s23

+ ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) c1c23 + c1a2s2

+ s1 ((c6yC6 + s6xC6) c4 + s4 ((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)))

J0
T6
(3, 1) = 0

J0
T6
(1, 2) = (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − c6s4yC6 − s4s6xC6 + a3) c1c23

− ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) c1s23 + a2c1c2

J0
T6
(2, 2) = (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − c6s4yC6 − s4s6xC6 + a3) s1c23

− ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) s1s23 + a2s1c2
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J0
T6
(3, 2) = (((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) c4 + c6s4yC6 + s4s6xC6 − a3) s23

− ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) c23 − a2s2

J0
T6
(1, 3) = (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − c6s4yC6 − s4s6xC6 + a3) c1c23

− ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) c1s23

J0
T6
(2, 3) = (((c6xC6 − s6yC6) c5 − s5 (d6 + zC6)) c4 − c6s4yC6 − s4s6xC6 + a3) s1c23

− ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) s1s23

J0
T6
(3, 3) = (((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) c4 + c6s4yC6 + s4s6xC6 − a3) s23

− ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5 + d4) c23

J0
T6
(1, 4) = c1 ((−c6yC6 − s6xC6) c4 + ((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) s4) s23

− (((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) c4 + (c6yC6 + s6xC6) s4) s1

J0
T6
(2, 4) = s1 ((−c6yC6 − s6xC6) c4 + ((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) s4) s23

+ (((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) c4 + (c6yC6 + s6xC6) s4) c1

J0
T6
(3, 4) = c23 (((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) s4 − (c6yC6 + s6xC6) c4)

J0
T6
(1, 5) = −c1 ((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) c23

− (c1c4s23 + s1s4) ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5)

J0
T6
(2, 5) = −s1 ((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6)) c23

+ ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5) (−c4s1s23 + c1s4)

J0
T6
(3, 5) = − ((d6 + zC6) c5 + (c6xC6 − s6yC6) s5) c4c23

+ s23 ((−c6xC6 + s6yC6) c5 + s5 (d6 + zC6))

J0
T6
(1, 6) = −c1 ((c4c5yC6 + s4xC6) c6 + s6 (c4c5xC6 − s4yC6)) s23

− s5c1 (c6yC6 + s6xC6) c23 − (c5s4yC6 − c4xC6) s1c6

− s1s6 (c5s4xC6 + c4yC6)

J0
T6
(2, 6) = −s1 ((c4c5yC6 + s4xC6) c6 + s6 (c4c5xC6 − s4yC6)) s23

− s1s5 (c6yC6 + s6xC6) c23 + (c5s4yC6 − c4xC6) c1c6

+ c1s6 (c5s4xC6 + c4yC6)

J0
T6
(3, 6) = ((−c4c5yC6 − s4xC6) c6 + s6 (−c4c5xC6 + s4yC6)) c23

+ (c6yC6 + s6xC6) s5s23 (13)

The generalized inertia matrix and the Coriolis/centrifugal matrix are obtained by applying the above
necessary results to (2) and (3):
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M =

6∑
i=1

(
mi(J

0
Ti
)
T
J0
Ti

+ JT
Ri
IiJRi

)
(14)

C =
1

2

[
∂M

∂q
(16 ⊗ q̇) +

∂M

∂q
(q̇⊗ 16)−

(
∂M

∂q
(q̇⊗ 16)

)T
]

(15)

The vector of gravity term is obtained via (3) with its 6 elements below:

g1 = 0 (16)

g2 = −{[(xC6c6m6 − yC6s6m6 +m5xC5) c5 − ((d6 + zC6)m6 + zC5m5) s5] c4

+ xC4m4c4 + (m4zC4 − yC6m6c6 − xC6s6m6 −m5yC5) s4

+ a3m6 + a3m5 + a3m4 +m3 (a3 + xC3)} gs23

− {[(d6 + zC6)m6 + zC5m5] c5 + s5 (xC6c6m6 − yC6s6m6 +m5xC5)

+ d4m6 + d4m5 + (d4 + yC4)m4 + zC3m3} gc23

− (a2m6 + a2m5 + a2m4 + (m2 +m3) a2 + xC2m2) gs2 − c2m2gyC2

g3 = −{[(xC6c6m6 − yC6s6m6 +m5xC5) c5 − ((d6 + zC6)m6 + zC5m5) s5] c4

+ xC4m4c4 + (m4zC4 − c6m6yC6 −m6s6xC6 −m5yC5) s4

+ a3m6 + a3m5 + a3m4 +m3 (a3 + xC3)} gs23

− {[(d6 + zC6)m6 + zC5m5] c5 + s5 (c6m6xC6 − yC6s6m6 +m5xC5)

+ d4m6 + d4m5 + (d4 + yC4)m4 + zC3m3} gc23

g4 = −{(c6m6xC6 − yC6s6m6 +m5xC5) c5 − ((d6 + zC6)m6 + zC5m5) s5 + xC4m4} gc23s4

− (c6m6yC6 +m6s6xC6 −m4zC4 +m5yC5) gc23c4

g5 = −{[(d6 + zC6)m6 + zC5m5] c5 + s5 (c6m6xC6 − yC6s6m6 +m5xC5)} gc23c4

− {(c6m6xC6 − yC6s6m6 +m5xC5) c5 − ((d6 + zC6)m6 + zC5m5) s5} gs23

g6 = −{(c4c5yC6 + s4xC6) c6 + s6 (c4c5xC6 − s4yC6)}m6gc23 + (c6yC6 + s6xC6)m6gs23s5 (17)

3. Quasi-physical modeling of robot IRB 120 using Simscape Multibody

3.1. 3D CAD models of links

For a real robot manipulator, it is too difficult to get the precise information about the link centroids and inertia
tensors of links. Hence, we exploit Autodesk Inventor which is a professional 3D mechanical design software to
build the 3D CAD models of robot IRB 120 links for exploring those parameters (Figure 2). Based on the shape,
structure, and material components of robot IRB 120 links, the approximated values of mass, link centroids,
and inertia tensors can be achieved by performing the physics analysis method of Autodesk Inventor as follows:
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Base: m0 = 8.659

Link 1: m1 = 4.248, rC1 =

 0
0.054
0

 , I1 =

19.699 0 0
0 14.484 0
0 0 19.952

 10−3

Link 2: m2 = 5.412, rC2 =

−0.169
0
0

 , I2 =

35.942 0 0
0 83.522 0
0 0 57.569

 10−3

Link 3: m3 = 4.077, rC3 =

−0.012
0

0.023

 , I3 =

17.562 0 −1.993
0 23.140 0

−1.993 0 11.589

 10−3

Link 4: m4 = 1.832, rC4
=

 0
−0.007

0

 , I4 =

7.247 0 0
0 3.919 0
0 0 5.551

 10−3

Link 5: m5 = 0.755, rC5
=

00
0

 , I5 =

1.120 0 0
0 1.227 0
0 0 0.559

 10−3

Link 6: m6 = 0.019, rC6
=

 0
0

−0.007

 , I6 =

2.347 0 0
0 2.347 0
0 0 4.123

 10−6 (18)

where the units of mass, length, inertia tensor are kg, m, and kgm2 , respectively.

Figure 2. Links of robot IRB 120 designed by Autodesk Inventor.

3.2. Quasi-physical modeling of robot IRB 120
Based on the 3D CAD models containing mass, inertias, joints, and constraints; the quasi-physical modeling of
the robot can be built by using Simscape Multibody. For multibody mechanical systems, Simscape Multibody
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provides a simulation environment which enables all bodies to be assembled into a physical network with
connections that represent physical domains instead of using a signal-based approach. Simscape physical
elements are simulated by their essential equations with original effects and actual characteristics. The trajectory
of systems is numerically solved and generated by fundamental equations of motion at each sampling time. The
quasi-physical model and visualization of robot IRB 120 using Simscape Multibody are depicted in Figure 3.

Figure 3. Quasi-physical model (a) and visualization (b) of robot IRB 120 generated by Simscape Multibody.

4. Dynamic and control simulation

4.1. Dynamic simulation

The effectiveness of the quasi-physical model is illustrated through the comparison between the dynamic
responses of this model and the mathematical model for robot IRB 120. The dynamic diagram (Figure 4a) is
simulated with the sampling time 0.001 s and the input torque generated by the inverse dynamics as

τ = M(qr)q̈r +C(qr, q̇r)q̇r + g(qr) (19)

where matrices M , C , and g are previously obtained; qr = [q1r, ..., q6r]
T is the given joint trajectory. In order

to track the references, the initial condition of joints must satisfy qr(0) = q(0) and q̇r(0) = q̇(0) . Hence, qr

is chosen as follows:

q1r = 1− cos(2πt) q2r = 0.75(1− cos(2πt)) q3r = 0.5(1− cos(2πt))

q4r = 1.25(1− cos(2πt)) q5r = 1− cos(2πt) q6r = 1.5(1− cos(2πt)) (20)
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Under the act of the same input torque, Figure 4b shows that the responses of 2 models are closely matched
with slight tracking errors. This result confirms that the quasi-physical model is equivalent to the mathematical
model in term of dynamics without friction. Therefore, the quasi-physical model can be used reliably instead
of the mathematical model for simulating robot IRB 120.

Figure 4. Dynamic simulation diagram for comparison (a) and output errors between 2 models (b).

Next, rotational friction (21) described in Figure 5a can be added to every joint of the quasi-physical
model to make the virtual robot closer to the real robot. Friction torque τFi which is a function of joint velocity
ωi is approximated in the following equation as the sum of Stribeck τSi , Coulomb τCi , and viscous friction τV i

[31]:

τFi =
√
2e(τbrki − τCi) exp

(
−
(

ωi

ωSi

)2
)

ωi

ωSi
+ τCi tanh

(
ωi

ωCLi

)
+ τV i, (21)

where τbrki = τSi(0) + τCi is the breakaway friction torque, τSi(0) is the Stribeck friction torque at the vicinity

of zero velocity, τV i = kviωi , kvi is the viscous friction coefficient, ωSi = ωbrki

√
2 and ωCLi = ωbrki/10 are the

Stribeck and Coulomb velocity thresholds, ωbrki is the breakaway friction velocity at which the Stribeck friction
is at its peak: τSi(0) . The Simscape-based quasi-physical model including all revolute joints with rotational
friction (Figure 5b) and their parameters (Figure 5c) for robot IRB 120 is constructed.

The dynamic responses of the mathematical model and the quasi-physical model including joint friction
are different despite under the same torque (19) (Figure 6). The Simscape-based simulation indicates that the
joints cannot track the references after a few cycles caused by friction effects. This result gives the advantage
of using Simscape-based quasi-physical model in the presence of friction.
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Figure 5. Rotational friction torque (a), Simscape revolute joint with friction (b), and friction parameters (c).

4.2. Control simulation
To illustrate the behaviour of robot IRB 120 under the act of a controller through simulation by using the
quasi-physical model, we use a simple control law which depends on the fidelity of parameters of mathematical
models is computed-torque control with PD outer-loop as [32]:

τ = M(q) (q̈d +Kdė+Kpe) +C(q, q̇)q̇+ g(q), (22)

where qd = [q1d, , q6d]
T is the desired trajectory of joints, e = qd − q is the tracking error; PD parameters

Kd = diag(kdi) and Kp = diag(kpi) are the positive gain diagonal matrices to guarantee the stability of the
system. The dynamics of closed-loop error implying asymptotic stability of the system are

ë+Kdė+Kpe = 0. (23)

For having no overshoot, the PD gains are chosen as kdi = 2ωni and kpi = ω2
ni where ωni is the

natural frequency of joint error i . The larger ωni , the faster response. In the paper, we have selected
[ωn1, ..., ωn6]

T = [15, 15, 15, 25, 25, 30]T for the desired performances at the end of the manipulator faster than
near the base.

The control simulation schematic diagrams are shown in Figure 7 for 2 kinds of representing robot IRB
120 by using the quasi-physical model and the mathematical model. The desired trajectories are given as

q1d = 2 sin(2πt), q2d = 1.5 sin(2πt), q3d = sin(2πt)

q4d = 2.5 sin(2πt), q5d = 2 sin(2πt), q6d = 3 sin(2πt) (24)

Without joint friction and assuming all other parameters are known, Figure 8 shows that the performances
of 2 models are similar and all the joints of both models completely follow the desired trajectories after about
0.5 s (Figure 9). The result indicates that the behaviours of the quasi-physical model and the mathematical
model are matched if the mathematical model is identified accurately and the quasi-physical model is constructed
correctly. In order to express clearly the efficiency of Simscape-based approach, in next simulation, the rotational
friction (Figure 5) will be added to the Simscape-based model. The tracking errors depicted in Figure 10 make
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Figure 6. Response comparison between the mathematical model (MM) and the quasi-physical model (PM) including
joint friction under the same torque.

Figure 7. Simulation schematic diagrams with the same control law for robot IRB 120.

the difference between the behaviours of 2 models obviously visible. The joints of the quasi-physical model track
the desired trajectories with an oscillation because the feedforward controller (22) cannot compensate perfectly
the effects of uncertainty parameters existing in the model.

1960



TRUC and LAM/Turk J Elec Eng & Comp Sci

Figure 8. Desired trajectories and responses of the mathematical model (MM) and the quasi-physical model (PM)
without friction.

Figure 9. Tracking errors of MM and PM without friction.
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Figure 10. Tracking errors of MM and PM including friction.

5. Conclusions
The dynamic simulation of robot manipulators is conventionally executed with the mathematical model, which
is tedious to include complicated terms such as friction and itself cannot guarantee the accuracy of identified
parameters and model structure. By using Simscape-based quasi-physical models, the reliability of the dynamic
modeling and simulation results are enhanced. Nonlinear components can be added to the model conveniently.
The outcomes in this paper show the effectiveness of quasi-physical modeling for robot manipulators using
MATLAB/Simscape Multibody. The propriety of a mathematical model can be adjusted and verified by
comparing the dynamic response of the model with that of Simscape-based quasi-physical model. Moreover,
possible failures in the early design process can be detected by integrating the quasi-physical model with control
algorithms before any experiment. This practice-oriented simulation can significantly reduce both time and cost
of research and development. In the paper, joint friction is added to compare the effectiveness of Simscape-based
modeling and mathematical modeling approaches. In the next investigation, other practical nonlinear issues
will be considered.
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