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Abstract—In this paper, a distributable control approach for
reconfigurable robotic systems is presented. The approach is
based on the dynamic programming technique to solve the inverse
kinematics problem in a distributed way. This algorithm is
extended by an additional control input to reduce the orthogonal
error to the desired Cartesian trajectory and to ensure smooth
joint angles and velocities. The required torques to track the
desired Cartesian trajectory are then computed by application of
the well-known recursive Newton-Euler algorithm. Furthermore,
the entire algorithm is implemented according to the international
standard IEC 61499 and encapsulated into several reusable func-
tion blocks for controlling a single joint. This reduces the effort for
implementing the control algorithm as well as the computational
time, since they can be transferred to the corresponding joint
control device. The evaluation of the algorithm is carried out on
a simulation of a manipulator with four degrees of freedom.

I. INTRODUCTION

The increasing demand for individual products leads to smaller
lot sizes and away from conventional mass production [1]. This
paradigm shift requires fast reconfigurable manufacturing sys-
tems (RMS) in order to increase the flexibility of the manufac-
turing system. Fast and easy reconfiguration of the underlying
subsystems of a manufacturing system would therefore enable
the ability to efficiently produce customized products while
limiting the costs for the manufacturers. Here, modularization
is considered as the basis to enable highly flexible RMS [2].
The aim of modularization is to divide the rigid structure of
current manufacturing systems into smaller independent sub-
systems which can then be combined in order to assemble the
manufacturing system for producing the desired product.

Robotic cells are usually considered as one monolithic sub-
system for flexible manufacturing systems. However, such cells
provide only a limited amount of manufacturing capabilities,
since they are mostly designed and also programmed for spe-
cific tasks. One possibility to decrease the reconfiguration time
of present robotic cells is to modularize the trajectory planning
process. Thus, joint-specific control policies are defined, also
denoted as dynamic movement primitives [3], which enable
a very fast online (re-)planning of the manipulator trajectory
while still supporting complex and also optimal end-effector
trajectories [4]. However, the fixed structure of the manipulator
itself still limits the manufacturing capabilities of the robotic
cell. Therefore, the modularization of the entire robotic system
for industrial manufacturing became a major research topic [5].

The goal of modular design in robotics is to break the barrier
of fixed kinematics by assembling desired handling systems
out of mass-produced modules as well as replacing proprietary
control hardware and vendor-specific programming languages.
This can enable the faster (re-)configuration on changing task
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requirements and could lower the costs for the robotic system
[6]. The mechatronic design of such modules should therefore
consider properties like mechanical and computational compati-
bility of the individual modules to guarantee interchangeability
and a fast assembly and reconfiguration of the system [7].

In order to further increase the flexibility of modular han-
dling systems, several approaches have been developed to
additionally modularize the control algorithms. Therefore, clas-
sical software engineering paradigms like object-orientation
or component-based engineering [8] are applied to control
software design for robotic systems. For instance, Stewart and
Khosla [9] describe the development of different software com-
ponents in order to compute the forward and inverse kinematics.
However, the underlying robotic system is still considered as
a fixed kinematic chain executing several predefined tasks.

A totally distributed approach, where the robotic system is
composed out of several modules that are equipped with their
own controller and local control program, additionally requires
the distributed computation of the kinematics. Here, the cyclic
coordinate descent (CCD) method [10] represents one possible
solution. The main idea is to vary only one single joint variable
per optimization cycle to minimize the corresponding objective
function, which is in this case the error between the actual and
desired pose. Due to the heuristic nature of the CCD algorithm,
however, a smooth movement of the robot is not guaranteed.

This paper presents a modular approach for computing the in-
verse kinematics and the required joint torques in a distributed
way. The proposed approach extends the algorithm based on
Dynamic Programming (DP) to solve the inverse kinematic on
different control devices as described in [11]. Smooth joint
angle trajectories are ensured by additionally considering the
orthogonal error vector from the actual manipulator pose to the
desired Cartesian trajectory in the reference input signal, which
enables the exact tracking even of linear Cartesian trajectories.
The solution of the inverse kinematic problem is then fed to
an implementation of the Newton-Euler algorithm to compute
the desired joint torques. The combination of both algorithms
enables the possibility to distribute the entire control software
for a robotic system over different devices and requires only
the trajectory planning to be executed in a centralized way.

The remainder of the paper is organized as follows. In
Sec. II, the modular kinematic control concept proposed by
Casalino and Turetta [11] and its extension are described. The
computation of the desired torques based on the extended kine-
matic control is described in Sec. III. Section IV presents the
implementation of the entire modular control approach accord-
ing to the international standard IEC 61499 [12]. Simulation
results of the proposed method applied to a SCARA (Selective
Compliance Assembly Robot Arm) manipulator are shown and
discussed in Sec. V, and Sec. VI concludes the paper.

Regular Paper 1

Post-print version (generated on 17.12.2021)
This and other publications are available at:
http://www.acin.tuwien.ac.at/publikationen/ams/

Post-print version of the article: Michael Steinegger, Nikolaus Plaschka, Martin Melik-Merkumians, and Georg Schitter,
“Vision-based probabilistic absolute position sensor,”2016 IEEE International Conference on Industrial Technology (ICIT),
2016. DOI: 10.1109/ICIT.2016.7474862
© 2016 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works.

http://www.acin.tuwien.ac.at/en/publikationen/ams/
https://doi.org/10.1109/ICIT.2016.7474862


joint jointi-1 i joint i+1

link i-1 link i

x

z

i-1

i-1
αi

x

z

i

i

θi

ai
di

y

y

i

i-1

Oi-1

Fig. 1. Description of a kinematic chain based on the Denavit-Hartenberg
convention with translational (di, ai) and rotational parameters (θi, αi).

II. MODULAR KINEMATIC CONTROL

In order to increase the flexibility of present handling systems
in industrial manufacturing plants, the modularization into
small mechatronic units that are equipped with their own
control software has attracted a lot of attention in research
and engineering. Splitting the kinematic chain, as depicted in
Fig. 1, into several joint / link pairs (e.g, ith joint and ith link)
enables the description of the transformation 0Tn between the
frame F0 attached to the manipulator base and the last frame
Fn of the kinematic chain as a series of matrix multiplications

0Tn =0 T 1
1 T2 . . .

n−1 Tn (1)

with individual homogeneous transformation matrices i−1Ti
and n representing the number of manipulator joints [13]. A
single transformation matrix can be parametrized with the
Denavit-Hartenberg (DH) parameters [14] which only requires
four parameters to describe a transformation in Cartesian space.
Applying the short notation sin(·) = s(·) and cos(·) = c(·), one
transformation from frame Fi−1 to Fi can be written as

i−1Ti =

[
i−1Ri γi

0 1

]
=




cθi -sθicαi sθisαi acθi
sθi cθicαi -cθisαi asθi
0 sαi cαi di
0 0 0 1


 , (2)

where R ∈ R3×3 is the rotation matrix, γ ∈ R3×1 is the
translation vector, 0 ∈ R1×3 is the null vector, and θ, d, a, α
are the DH parameters. Depending on the joint type, either the
angular parameter θ (for revolute joints) or the displacement d
(for prismatic joints) is variable. These variables are combined
in the generalized joint variable qi ∈ (θi, di) for the ith joint.

Since trajectories for robots and handling systems in general
are often planned in Cartesian space, the corresponding joint
variable series has to be computed for each joint in order to
follow the planned trajectory precisely. This problem is known
as inverse kinematics and is highly non-linear, which can be
directly seen by considering the forward kinematics based on
homogeneous transformations as in Eq. (1). Therefore, the
inverse kinematics problem is often solved differentially in
terms of Jacobian methods, linking the joint velocities to the
Cartesian velocities by a locally linear equation [13]. The
computation of the desired joint velocities can be written as

q̇des = J+ (q) ẋdes , (3)

where J+ (·) is the pseudo-inverse of the Jacobian matrix J ∈
R6×n and q̇des ∈ Rn×1 the computed joint velocity vector to
reach the desired pose xdes ∈ R6×1 of the end-effector with a
given velocity ẋdes ∈ R6×1 in Cartesian space.

A modular and distributed approach to compute the inverse
kinematics based on Jacobian methods is described by Casalino

and Turetta [11]. The idea is to split the computation of the
inverse kinematics into n sub-problems. Therefore, each pair
(joint / link) is equipped with its own controller that computes
the possible participation of the corresponding joint to the
desired entire manipulator movement. The algorithm and the
proposed extensions are described in the following subsection,
since it enables the modularization of the inverse kinematics
into software components and represents the basis for the entire
distribution approach described in this paper.

A. Modular Inverse Kinematics Approach

The algorithm presented in [11] applies a dual-step DP ap-
proach to solve the inverse kinematics problem iteratively and
in a distributed way. First, the Jacobian matrix J is split into
its column vectors hi ∈ R6×1, i ∈ {1, . . . , n}, which describe
the contribution of the ith joint to the movement of the end-
effector [11]. The forward kinematic relation for the Cartesian
velocities given by ẋ = Jq̇ can then be written as

ẋi = ẋi−1 + hiq̇i , (4)

with ẋ0 = 0T. By introducing the Cartesian velocity error
vector ε̇i = ẋref − ẋi, the recursive form (4) can be written as

ε̇i = ε̇i−1 − hiq̇i , (5)

with ε̇0 = ẋref initially. It can be shown, that the optimization
problem assigned to (5) can be solved with a dual-step DP
approach (cf. [11] for details). Here, the goal of the optimiza-
tion is to minimize the error ε̇ = ẋdes − ẋact between the
actual Cartesian velocity ẋact and the desired velocity ẋdes by
computing the contribution of each joint / link pair locally and
then propagating the remaining error to the next joint controller.
Thus, an optimal solution is guaranteed as long as the desired
position is reachable. The applied DP algorithm consists of a
backward and a forward phase as depicted in Fig. 2.

1) Backward Phase: In the backward phase, the ith joint
controller computes the actual transformation matrix i−1Ti

according to (2) with the locally stored DH parameters and
multiplies it with iTn. The resulting homogeneous transforma-
tion matrix is then propagated to the previous link controller.
Thus, the controller of the first joint can compute the actual
Cartesian position xact of the nth link (or the end-effector).
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Fig. 2. Schematic overview of the modular torque computation concept.
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The second step of the backward phase for the ith controller
consists of computing the matrix Vi ∈ R6×6 according to

Vi = Vi+1 (I − hiζi) with Vn+1 = I , (6)

where I ∈ R6×6 is the identity matrix. Here, the symmetric
and positive semi-definite matrix Vi can be considered as
orthogonal projection matrix. The corresponding projection
vector ζi ∈ R1×6 for the ith column vector of the Jacobian
matrix can then be computed as

ζi =
(
pi + hT

iV
T
i+1Vi+1hi

)−1
hT
iV

T
i+1Vi+1 . (7)

Therein, pi represents a damping function which can be defined
individually for each joint. This bell-shaped damping function
is required in order to limit the joint velocities since they
would increase unacceptable high near singular configurations
of the manipulator. The choice of pi significantly influences the
accuracy of the trajectory tracking since the damping results in
an offset to the desired Cartesian trajectory (see also Siciliano
and Khatib [15, page 253]). Thus, the damping function should
be defined in such a way that it only restricts the joint velocities
in the direct neighborhood of singular configurations of the
manipulator in order to avoid the mentioned tracking errors in
the other regions of the manipulator workspace.

2) Forward Phase: During the forward phase, marked as 2
in Fig. 2, the error according to (5) is computed by each joint
controller. In the initial iteration, the controller of the first joint
takes the reference input ẋref as the error. It has been shown
in [11], that the reference velocity input computed by

ẋref = ẋdes + ψε (8)

drives the manipulator controlled by the modular DP algorithm
to the desired final position xdes in a quasi-optimal way. Here,
ε ∈ R6×1 is the Cartesian pose (position and orientation)
error and ψ is the weighting factor for the pose error. The
possible contribution of the first joint / link pair to the desired
movement in Cartesian space is computed and the remaining
error is propagated to the next controller. Since the last error ε̇n
typically is not equal to zero after the first iteration, additional
iteration cycles are required. After the initial iteration, the first
controller receives ε̇n and starts another iteration cycle.

The inverse kinematics algorithm terminates when the re-
maining error computed by the nth controller is equal to zero
or a fixed number of iterations is reached. However, if specific
sampling intervals have to be considered, the definition of a
fixed number of iterations is absolutely necessary.

Finally, the joint velocity setpoints sent to the corresponding
joint controller have to be computed. By setting Vi+1 = I in
Eq. (7), it can be seen that ζi represents the pseudo-inverse
column vector for the ith joint of the Jacobian J . Thus, together
with (5), the joint velocities can be computed as

q̇i =

M∑

k=1

ζiε̇i−1,k with ε̇0,k =

{
ẋref if k = 1

ε̇n,k−1 if k > 1
, (9)

where M represents the number of iterations.
Due to the overall modular structure of the described algo-

rithm, each joint controller can compute its own contribution
to the entire movement of the manipulator locally. Only the
kinematic parameters have to be communicated between the
individual controllers. Thus, the computational time to itera-
tively solve the inverse kinematics problem can be reduced
since it is computed on different processors (joint controllers).
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Fig. 3. End-effector movement when tracking a linear trajectory in Cartesian
space with (a) and without (b) taking the orthogonal error ǫ⊥ into account.

B. Extension of the Algorithm for Tracking Linear Trajectories

If the manipulator is required to track a continuous path with
N sampling points, the reference input ẋref

j , j ∈ {1, . . . , N}
at the jth sampling point is computed according to (8). The
series of reference inputs ẋref can, for example, be calculated
by trajectory planning algorithms based on motion primitives
to further reduce the computational effort [4]. However, if the
task requires exact tracking of a linear trajectory in Cartesian
space, the sole application of the reference input (8) would lead
to non-smooth motions of the end-effector which can also be
seen in e.g. [16, Figure 23]. To guarantee a smooth motion,
the orthogonal error ǫ⊥j,k from the actual computed Cartesian
pose and velocity to the desired values is computed in each
iteration cycle k and added to the error input for the first joint
controller. The resulting input ε̇⊥i,j,k is then defined as

ε̇⊥0,j,k = ε̇0,j,k + νǫ⊥j,k with ε̇0,j,1 = ẋref
j , (10)

where ν represents the weighting factor for the orthogonal error.
An exemplary Cartesian end-effector movement of a SCARA
manipulator with and without considering the orthogonal error
is depicted in Fig. 3. It can be seen, that with ν > 0 the
manipulator is forced to follow the desired linear trajectory pre-
cisely. Thus, the resulting joint angle velocities, as computed
via Eq. (9), can be directly applied to compute the required
torques in the next step.

III. MODULAR TORQUE CONTROL

Precise control of modular handling systems requires to ad-
ditionally consider the dynamics of the entire system based
on torque control methods. It has been shown in the previous
section that the modularization of the kinematic control can
provide sufficiently smooth joint velocity trajectories, which
can be applied as input for modular torque control based on
the recursive Newton-Euler (RNE) algorithm (cf. Featherstone
and Orin [17]). The algorithm is applied to compute the
joint torques τ = {τ1, . . . , τn} that are based on the joint
angles q and their time derivatives (velocity q̇ and acceleration
q̈) in an iterative way. According to Vuskovic et al. [18],
the distributable version of the RNE algorithm consists of a
backward and a forward recursion.

A. Recursive Newton-Euler Algorithm: Forward Recursion

In the forward recursion, the velocities of the link correspond-
ing to a revolute joint i are computed as

ωi =
i−1Ri

(
ωi−1 + θ̇iez

)
, (11)

vi = ωi × γi +
i−1Rivi−1 , (12)

3

Post-print version (generated on 17.12.2021)
This and other publications are available at:
http://www.acin.tuwien.ac.at/publikationen/ams/

Post-print version of the article: Michael Steinegger, Nikolaus Plaschka, Martin Melik-Merkumians, and Georg Schitter,
“Vision-based probabilistic absolute position sensor,”2016 IEEE International Conference on Industrial Technology (ICIT),
2016. DOI: 10.1109/ICIT.2016.7474862
© 2016 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works.

http://www.acin.tuwien.ac.at/en/publikationen/ams/
https://doi.org/10.1109/ICIT.2016.7474862


Modules for controlling Joint / Link Pairs
Termination /
Flow Control

Trajectory Planning /
Vel. Profile Generation

SIFB: get
actual joint
angle value

>>set

SetTorque

INITOINIT

>>init

Dynamics

>>set

>>dyn

dyn>>

set>>

Transmission of the
kinematic parameters

via adapters

Initialize

INITOINIT

theta

d

init>>

a

alpha

isRevolute

mass

com

inertia

>>init

Kinematics

>>kin

getAngles>>

kin>>

init>>

set>>

>>get

GetAngle

INITOINIT

Joint 2

>>set

SetTorque

INITOINIT

>>init

Dynamics

>>set

>>dyn

dyn>>

set>>

Initialize

INITOINIT

theta

d

init>>

a

alpha

isRevolute

mass

com

inertia

>>init

Kinematics

>>kin

getAngles>>

kin>>

init>>

set>>

>>get

GetAngle

INITOINIT

Joint 1

>>set

SetTorque

INITOINIT

>>init

Dynamics

>>set

>>dyn

dyn>>

set>>

Initialize

INITOINIT

theta

d

init>>

a

alpha

isRevolute

mass

com

inertia

>>init

Kinematics

>>kin

getAngles>>

kin>>

init>>

set>>

>>get

GetAngle

INITOINIT

Joint 3

Transmission of the
dynamic parameters

via adapters

>>set

SetTorque

INITOINIT

>>init

Dynamics

>>set

>>dyn

dyn>>

set>>

Initialize

INITOINIT

theta

d

init>>

a

alpha

isRevolute

mass

com

inertia

>>init

Kinematics

>>kin

getAngles>>

kin>>

init>>

set>>

>>get

GetAngle

INITOINIT

Joint 4

SIFB: torque
setpoint to

joint controller

LastLink

DynBW

HTtool

f_ext

iterate>>

n_ext

>>kin

>>dyn

DynFW

KinFW

KinBW

INIT

DynFWO

KinFWO

KinWBO

INITO

PathPlanning

REQ

pose

INIT INITO

CNF

velocity

ErrorEval

REQ

EEVG>>

INIT INITO

CNF

pose

velocity

FirstLink

INITOINIT

iterations

omega0

kin>>

domega0

v0

a0

>>EEVG

>>iterate

dyn>>

Fig. 4. Implementation example of the modular and distributed control of the SCARA robot with four degrees of freedom as described in Sec. V.

where ωi ∈ R3×1 is the angular velocity, vi ∈ R3×1 represents
the linear velocity, and ez = [0 0 1]

T is the unit vector in z-
direction. For prismatic joints, the following equations apply

ωi =
i−1Riωi−1 , (13)

vi =
i−1Ri

(
ḋiez + vi−1

)
+ ωi × γi . (14)

The difference of these equations compared to those proposed
in [18] is that, for example, in Eq. (11) the rotation axis of the
considered ith joint is always zi−1 according to the applied
DH convention (see also frames in Fig. 1). Thus, the angular
velocity ωi−1 of the previous link is added to the contribution
of the actual considered link given by Θiez . The sum of both
is then projected into the frame Fi of the following link by
multiplying it with the rotation matrix i−1Ri.

Based on (11)–(14), the accelerations for revolute joints

ω̇i =
i−1Ri

(
ω̇i−1 + ωi−1 × θ̇iez + θ̈iez

)
, (15)

v̇i =
i−iRiv̇i−1 + ω̇i × γi + ωi × (ωi × γi) , (16)

and for prismatic joints

ω̇i =
i−1Riω̇i−1 , (17)

v̇i =
i−1Ri

(
d̈iez + v̇i−1

)
+ ω̇i × γi

+ 2ωi ×
(
i−1Riḋiez

)
+ ωi × (ωi × γ∗

i ) ,
(18)

can be computed, where γ∗
i is the translation vector of the

inverted homogeneous transformation matrix i−1Ti. The ac-
celeration at the center of mass of the ith link is given by

v̇com
i = v̇i + ω̇i × rcom

i + ωi × (ωi × rcom
i ) , (19)

where rcom
i is the Cartesian position vector of the center of

mass, and is applied to compute the inertial force

Fi = miv̇
com
i , (20)

with the mass mi of the ith link. The last step of the forward
recursion is the computation of the inertial torques given as

Ni = Ξiω̇i + ωi × (Ξiωi) , (21)

where Ξi is the inertia matrix of the ith link.

The forward recursion is marked as 3 in Fig. 2. It can be
seen that only the results of Eq. (11)–(19) have to be transmit-
ted between the individual joint controllers. The computation
of the forces (20) and torques (21) can be computed locally and
are then used as input for the subsequent backward recursion.

B. Backward Recursion

In Fig. 2, the backward recursion is marked with 4 and
represents the last step of the entire modular and distributable
control algorithm. During the backward recursion the inter-
linked forces given as

fi =
i+1Rifi+1 + Fi (22)

and the interlinked torques

ni = Ni
i+1Rini+1+ rcom

i ×Fi+γ∗
i ×

(
i+1Rifi+1

)
(23)

are computed. Finally, the joint torques can be computed as

τi = nT
i ez (24)

which can be directly transmitted as setpoint to the controller
corresponding to the ith joint / link pair.

IV. IMPLEMENTATION

The distributable torque control algorithm described in the
previous sections is implemented according to the international
standard IEC 61499 in the 4DIAC (Framework for Distributed
Industrial Automation and Control) integrated development
environment (IDE) [19]. Since the standard IEC 61499 utilizes
the function block (FB) concept, which is well-suited for
modularization, and enables the distribution of individual sub-
parts of an entire IEC 61499 program, the 4DIAC framework
is the preferred implementation environment.

A. Modularization

Both, the kinematic and the dynamic control algorithm, are im-
plemented as composite function blocks (CFBs) and represent
the core building blocks of a single joint control (cf. Fig. 4).
These CFBs represent logically grouped and encapsulated FB
sub-networks with individual FBs for computing, for example,
the Jacobian matrix or the transformation matrices according
to (1). Here, all mathematical computation methods contained
in the Kinematics and Dynamics CFBs are implemented in C++
based on the linear algebra library Armadillo [20].
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Fig. 5. Simulation of the SCARA robot (a) with density plot corresponding
to the damping factors pi in the workspace and Cartesian trajectory (b).

In Fig. 4, the implementation of the modular and distributed
control for a SCARA manipulator is depicted, which is applied
for evaluation as described in Sec. V. It can be seen that each
joint control network contains one Initialize FB which requires
the DH parameters Θi, di, ai, αi of the individual joint / link
pair as well as the dynamic parameters (mi, r

com
i ,Ξi) as input.

Furthermore, the data input isRevolute specifies which equa-
tions (11)–(18) are applied for computing the velocities ωi,vi

and the accelerations depending on the type of joint (prismatic
or revolute). The specific parameters are then communicated
to the Kinematics and Dynamics FBs via bidirectional adapter
connections. Adapters are used to reduce the amount of connec-
tions in a FB network since they combine different event and
data connections into a single common interface between FBs.
This significantly increases the readability of control programs
implemented according to the standard IEC 61499.

As shown in Fig. 4, the first and last joint control networks
(joint 1 and joint 4) additionally require delimiter FBs for the
coordination of the individual phases of the kinematic and
dynamic control as described in the previous sections. These
FBs are denoted as FirstLink and LastLink in Fig. 4. The
FirstLink FB receives the pose and velocities error which is
computed by the ErrorVal FB as the error between the actual
Cartesian pose and velocity and the path way-points (pose and
velocity) transmitted from the superior path planning FB.

The LastLink incorporates the control of the program flow
and triggers an iteration when events are received at the input
KinBW. This starts the backward propagation of the solutions
of (1) and (6) to the Kinematics CFBs. The signal is then
reflected at the FirstLink block and the forward propagation of
(5) is started. After a predefined number of iterations, specified
at the input iterations of the FirstLink FB, the joint angle
velocities are computed according to (9) and propagated to
the Dynamics CFBs. Then, the forward and the backward
recursion for computing the desired joint torques is started by
the LastLink FB and the torque setpoints are finally transmitted
to the underlying joint controller via the SetTorque FBs. After
setting the torques, the computation process is triggered with
the new way-point received from the trajectory planning FB.

B. Distribution

The implemented FBs can be mapped to different resources
(also on different devices like the joint controllers) as it can
be seen in Fig. 4 (different coloring of the FBs). Therefore, the
direct connections between FBs which should be mapped to dif-
ferent joint controllers has to be replaced by standard commu-
nication blocks. This can be achieved with publish/subscribe or
client/server FBs which are neglected in Fig. 4 for readability
reasons. These communication FBs can also be directly im-

plemented in the resource model such that they do not show
up in the application model (for a detailed overview on the
IEC 61499 models it is referred to [21]). Furthermore, the joint-
specific control modules were implemented with the 4DIAC-
IDE since the underlying IEC 61499 distribution model enables
the distribution of a control application across different joint
controllers running the 4DIAC runtime environment (FORTE).

V. SIMULATION RESULTS

In order to evaluate the proposed modular and distributable
torque control method it is applied to a simulation of a SCARA
manipulator which is depicted in Fig. 5.

A. Description of the Setup

The SCARA robot consists in total of four joints, where three
are revolute (q1, q2, q3) and one is a prismatic joint (q4). For
evaluation, the simulation environment V-REP (Virtual Robot
Experimentation Platform) of the vendor Coppelia Robotics is
used and interfaced by implemented service interface function
blocks (SIFBs) in 4DIAC. These SIFBs enable the transmission
between the implementation and the simulation environment of
all required sensor values and the torque setpoints computed
by the proposed modular control algorithm. Therefore, the
dynamics engine BULLET of the V-REP simulator is applied
and switched to torque/force input mode in order to control the
SCARA robot with torque setpoints. Kinematic and dynamic
parameters of the manipulator are specified as standardized
COLLADA (COLLAborative Design Activity) model and di-
rectly imported by the simulation environment.

The SIFBs representing the simulator interface are named
with GetAngle and SetTorque in Fig. 4. This blocks have
to be replaced with SIFBs interfacing the underlying system
I/Os when applying the control algorithm to a real robotic
system. An additional simulator control SIFB enables the
synchronization between 4DIAC and the V-REP simulator in
order to ensure the desired execution and sampling time.

B. Results and Discussion

For evaluation, the manipulator is requested to follow a lin-
ear trajectory in Cartesian space as depicted in Fig. 5. The
Cartesian positions were defined as xact = (738, 307, 160)mm
and xdes = (−338,−728, 160)mm. The number of iterations
for computing the joint velocities according to (9) is set to
M = 20. The simulation is carried out on an Intel Core i5-
4300M processor with 2.6GHz and 8 GB RAM.

The resulting joint angle velocities are depicted in Fig. 6. It
can be seen that the Cartesian trajectory of the manipulator end-
effector starts near a singular configuration and the final pose
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Fig. 6. Joint velocities in undamped and damped regions (red regions) while
tracking a straight line in Cartesian space with the SCARA manipulator.
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also represents a singular configuration. The initial position
was assumed as an intermediate position where the desired
velocities are unequal to zero. Near singular configurations,
the damping function limits the joint angle velocities as, for
example, seen for q2 between t = 0 s to 0.2 s. When approach-
ing the final singular pose, the joint angle velocities are also
damped and the joint angles converge towards the desired
values. However, the convergence rate decreases drastically the
more the manipulator reaches the singular configuration which
is caused by the damping function and can be directly observed
in Fig. 6 after t > 0.75 s. If, however, the manipulator does not
approach a singular configuration but reaches one of the joint
angle limits, the controllers of the remaining joints would try
to compensate for this restriction. In general, the limitations
of joint angles can be compensated as long as the remaining
number of joints is equal or greater than the number of degrees
of freedom in Cartesian space (kinematic redundancy). When
the remaining joints cannot compensate the limitations, the
joints are controlled by the proposed algorithm such that the
end-effector follows the desired trajectory as close as possible.

The computation of the desired torques for a single point-to-
point movement takes in average 5ms for M = 100 iterations.
With the mentioned number of iterations, the desired Cartesian
pose is reached with an accuracy in the sub-millimeter range in
undamped regions. In damped regions, the achievable accuracy
strongly depends on the distance to the singular configuration
and the choice of the damping function. However, the presented
framework shows good results and represents an important step
towards an entirely modularized robotic system.

VI. CONCLUSION AND OUTLOOK

This paper presents a modular and distributable approach for
kinematic and dynamic control of serial handling systems. The
approach proposed by Casalino and Turetta [11] is extended in
terms of an additional control input ǫ⊥ to guarantee a smooth
joint angle and velocity series even for linear Cartesian trajec-
tory tracking. Based on the extended modular kinematic control
the dynamic control is achieved with the well-known recursive
Newton-Euler algorithm. The entire control algorithm for com-
puting the torques to precisely follow a desired trajectory in
Cartesian space is implemented according to the international
standard IEC 61499. The kinematic and dynamic control of a
single joint has been implemented in two different FBs which
can be mapped to the according joint controller. This enables
the distribution of the entire torque control algorithm over
different devices and could reduce the computational time.

For each joint / link pair the corresponding FBs are instanti-
ated and parametrized with the Denavit-Hartenberg parameters
and all parameters for dynamic control like mass, center of
gravity etc. Therefore, the proposed modular and distributable
approach enables the fast and easy reconfiguration of the
underlying handling system in terms of the control software.

The future work is concerned with automatically generating
the entire control algorithm based on a formalized model of
the applied handling system. Since most of the robotic system
vendors provide the description of their systems as COLLADA
files, such formal models can be used as input for a knowledge-
based code generation approach as presented by Steinegger
and Zoitl [22] in order to automatically instantiate, configure,
parametrize, and also interconnect the different required FBs
for controlling the entire modular robotic system.
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