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Abstract: Conceptual design approach for mechatronic systems (MS) with dynamic interaction with technologi-
cal environment (TE) has been presented in this paper. It is based on the exploitation of impedance control method with
its 3 known approaches to perform the reference task function. By analyzing the dynamic interaction of MS with TE
ideas and design approach are generated to design either some subsystems— drive, mechanic, sensor, control and in-
formation or the whole MS. This allows the desired quality parameters and functionality to be achieved. Applying this
approach some MS have been designed, such as positioning robot for feeding operations, MS for monomolecular films
deposition, Robot for micro & nano manipulations, etc. Experimental results obtained from those typical examples il-
lustrate the effectiveness of the proposed conceptual design approach for MS dynamically interacting with TE.
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1. INTRODUCTION

Application of mechatronic and robot systems into
new technologies fields such as control measuring opera-
tions, deburing and assembly operations, surgical as-
sisted operations, genetic and cell manipulations in biol-
ogy and medicine etc. put new requirements to provide
new functional and qualitative characteristics. Mainly
they are high kinematic and dynamic accuracy, wide
range of output link velocity while the unevenness is
guaranteed, high sensitivity for micro and nano motion
realization, etc. Most of the cases mechatronic systems
(MS) are performing contact tasks or they are character-
ized with dynamic interaction with the technological en-
vironment (TE). In the case of telemanipulation control
the interaction between the MS and the operator has to
guarantee successful performance of the teleoperation
task in a minute operation. The design process generally
consists of iterative procedures between reference task
function analysis, conceptual design, embodiment design
and details design. In this paper the first two stages of the
design process for MS functionally interacting with the
TE are considered. Here, the impedance control approach
is used as a means to accommodate or to control the dy-
namic behaviour of MS while it is interacting with the
TE in order to improve the quality of the technological
process or to improve the system functionality. In imped-
ance control the contact force is regulated by controlling
the position and its relationship with the force, i.e. me-
chanical impedance. For most of technological processes
MS end-effectors are not obligatory to be in contact
while they perform the reference tasks. In this paper the
case study is MS functionally dynamic interacting with
their TE.

The impedance control is realized by three ap-
proaches [1]. A lot of works developed the first approach
for impedance control by impedance controller use one
of the known eight approaches [2]: constant PD control,
model based computed torque control, adaptive control,
robust saturation-based control, model based computed
torque control, sliding mode-based impedance control

[3], learning impedance control [4] or quaternion-based
impedance controller [5]. They are characterized with the
different shortcomings such as: the desired impedance
cannot be maintained because of changes in the robot
configuration and velocity; model-based computed
torque control is too sensitive too uncertainties in the
dynamic model of the robot; the measurement noise de-
creases the accuracy of the estimation of the dynamic
parameters; requirement of extensive computation and
high gains etc.

The second approach for impedance control, i.e. by
redundancy of joints, is reduced for one joint into the
third approach for impedance control realized by redun-
dancy of drives for each robot joint. Many researchers
developed the third approach for impedance control used
antagonistically driven robot joints by two actuators via
tendons [6, 7]. Antagonistic stiffness, for which the mod-
eling procedure for a completely general kinematic sys-
tem along with a stiffness formulation technique was
developed [8], seems to be very unique and promising to
design a control of future robot manipulators and mecha-
tronic peripheral devices with high precision require-
ments under various operational impacts and distur-
bances. The shortcomings here are consisted of redun-
dancy of drives, complicated servo mechanisms, in-
creased energy consumption etc.

All these shortcomings of the known approaches for
impedance control realization specify the specter of prac-
tical applications defining in this way the approach for
their design. By analyzing the dynamic interaction of MS
with TE ideas and design approach are generated for
some subsystems— drive, mechanic, sensor, control and
information as well as the whole mechatronic system.
This could allow the desired quality parameters and func-
tionality to be achieved.

The aim of this paper is to develop an approach for
conceptual design of MS, where through analyzing the
dynamic interaction of MS with TE, ideas are generating
and design impedance control approach could be applied
as for the separate MS subsystems - drive, mechanical,



sensor, control, information and data acquisition, and for
the MS as whole, in order to achieve the desired system
parameters or new functional features.

2. IMPEDANCE APPROACH FOR
CONCEPTUAL DESIGN OF MS

To achieve the desirable accuracy and functionality of
the MS is the main goal of the design engineer. It is em-
phasised that the system design implies not only an intui-
tive act of simple creation, but also the use of obtained
results by means of analysis, optimisation, and interpreta-
tion except the individual experience. The high strategies
that are involved in the achievement of a CAD system
improve the design process and ensure a higher quality of
the end product - MS interacting with the remain TE. The
consecution of design process for development of such
MS based on the impedance control approach is shown in
the Fig. 1.

2.1. Task formulation (branch oriented task
modeling).

The task formulation is one of the most important
stages of the development of a certain system. The refer-
ence task function, which has to be achieved by the
micromanipulation systems to be designed, is considered
in dimensional, energetic and working spaces. Since the
subject of this paper is mechatronic systems dynamically
interacting with the technological environment the ap-
propriate control approach has to be chosen. As it was
mentioned here the impedance control is used for that
purpose. The mechanical impedance consists of two
components - knot and non-knot components. The knot
mechanical impedance Z; is determined by the stiffness
K and damping B. The non-knot component Z; reflects
the inertia properties of the mechanical system.

So, the definition of the dynamic interaction is to de-
termine the targeted actuator knot or not-knot mechanical
impedance expressed by a given external impact T; act-
ing on mechatronic system end-effector and the desired
reaction on the system (reference parameters of motion),
where @, @, are actual and reference parameters:

Ap =0, —04(T;),

A(b:(i)r_(i)a(-ri), (D

K((Pr _q)a)+ B((wbr _¢a) =T;.

2.2. Dynamic interaction definition.

Torque of interaction T; between the mechatronic sys-
tem output link and technological equipment can be ex-
pressed by the equation, where T(p,9) is knot compo-

nent of the MS impedance:

49 (2)
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The dynamics of the end-effector of the technological
equipment, when it is on ideal rigid body, is expressed by
the equation, where Jy is inertia tensor of the TE end-

effector; T, - unknown torques and impacts:

da

Iy =Te+T, (3)
The motion equation of the system "mechatronic sys-

tem actuator joint shaft - technological equipment" is:

. dg . . dq
Ti=T(0:0) =37 = K(0r = 04) + Bor = pg) =I5 (4)
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Fig.1. Design Process Algorithm for MS dynamic interacting with TE.



For the feeding operation is most important to assure
smooth motion, i.e.: d¢/dt ~ 0. The equation (2) will be:

dg . dg
(Js +J)(T(tp=K(<pr —0,)+B(®, — )+ T, —J(T(tp' ®)

The equation (5) means that by variation of the actua-
tor knot mechanical impedance Z, to reject the distur-

bances at some impacts. The desired actuator shaft re-
sponse @,(t) and ¢, to the reference motion ¢, and

¢, and the external torques T; is defined by (1).

2.3. Choice of the Impedance control approach.
To control the mechanical impedance is necessary to
set up two control sets [1]:

{S¢}=Vo(0). (6)

{S2}:Zy(Fint, Q) - @)

The first one Sy is the flow source. It defines the re-
quirements to the output link motion. The second control
set {S,} express the mechanical impedance of the actua-
tor Z. It defines the desired dynamic parameters of the
MS actuators.The possibilities to set these two control
sets for any MS joint define which one of the 3 imped-
ance control approaches will be used further for the MS
design.

2.3.1. 1°* Approach - by Impedance Controller using

Feedback.

Control strategy applying for MS design using the
first approach of impedance control is based on the ac-
commodation impedance control scheme for adjusting
the targeted MS mechanical impedance expressed by an
expected external impact acting on MS end-effector and
the desired dynamic reaction on the system [9]. This
scheme consists into 2 parts (Fig. 2). First one is a feed
forward controller, constructed off-line using the ob-
tained dynamic model [10]. The open-loop impedance
control involves off-line planning of the targeted actuator
mechanical impedance for the desired output link veloc-
ity @, (t), smoothness of motion A@(t) and expected

impacts and disturbances T;, determining the actuator
control sets {S;} and {S,}. This allows open loop dis-

turbances and impacts rejection. The second part is a
feedback controller used to compensate on-line small
perturbation of the expected impacts and non modelled
dynamics.

2.3.2. 2" Approach - by Redundancy of MS joints

The second approach for impedance control is real-
ized by redundancy of joints. To apply this approach first
is necessary to determine the number of redundant joints
for the reference set of manipulating tasks. The second
one is how to distribute the control of joints in regarding
of the kinematic [11] and dynamic sensibility [12] and
the task complexity to be performed [13, 14]. Let's con-
sider how can be realise reference task function for de-
burring by the second approach for impedance control in
a simple case of a plane trajectory motion with desired

dynamic interaction in one direction only. For that case a
robot with minimum one DOF more than the task func-
tion is necessary. Planar structure RLTLT is taken here as
an example [15].

Each degree of freedom can be taken as redundant
one in arbitrary case. The sensibility analysis shows the
following results for corresponding sensibility coeffi-
cients A;, (i = 1,..,3) and directions X, (i = 1,..,3), where
hi, p; are geometrical parameters.

Ay =1403 +(h + p; +03)%,

:
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The second coefficient that is zero assures non sensi-
bility on the direction collinear to X® during the end-
effector motion. On the remaining two orthogonal direc-
tions the sensibility is fixed or variable respectively and
following the third one the sensibility depends on the
robot configuration. It can be realized separately by one
generalised coordinate or by both of them simultane-
ously.

For example the robot deburring task is considered.
The end-effector moves on the surface to be deburred.
Hence, the non-sensibility direction coincides with the
surface normal vector. For the remaining directions the
robot has some sensibility according to the executing
trajectory. In our example the reference deburring trajec-
tories having these characteristics are arbitrary. If that
additional requirement appears, the problem of obtaining
the desired sensibility arises which could be solved using
structures with redundancy DOF. The sensibility ellip-
soid is visualised (Fig. 3.) for the considered structure in
a limited region of variation of the generalised coordi-
nates.

T
X 3 :{_(hl+p3+q3)2+q§ _h+ps+a; 1}

2.3.3. 3" Approach - by Redundancy of Drives for
desired MS joint

The actuators with drive redundancy are a simplified
model of the antagonistic drive in the living nature. Ac-
tuation and kinematic redundancy are the means by
which living species control the dynamic response and
modulate their end-effector stiffness.

The synthesis of actuators with drive redundancy is
based on the motion transition method [17]. It consists of
two-zone dynamic controlled gearing on the actuator
output link through the introduction of an antagonistic
drive unit that is identical to the existing one. This
method also allows eliminating or reducing the influence
of uncertainties on the kinematic chain of the mecha-
tronic drive due to closed loop structures with the addi-
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Fig. 2. General Accommodation Impedance Control Scheme ([1] - feedforward controller, [2] - feedback controller).
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Fig. 3. Sensibility ellipsoid for the considered structure
RLTLT.

b i
Fig. 4. Rotary table for feeding operations
with double worm gearing.

tional drive torque. Redundancy actuation causes internal
force/torque in the transfer mechanism. This torque does
not perform any effective work to the external world. But
the actuator joint stiffness and damping depend on this
internal torque [18, 19].

In such way the knot mechanical impedance Z, (K, B)
[1] can be controlled. E.g., the damping and the stiffness
of a double worm gearing in the rotating table for feeding
operations (Fig. 4) are:

B, =B, + 2H-fT (a) |:1+ 3_'”(0‘1 —P1—Po)COSP, }Ta - )
doLdy sin(au; +py +p,)COSpg
=B, +B,(T,),
6
K = 0,8184.10 N,y Ta ) (10)
COSA mg Yy d W (a)cosa

So, controlling the internal torque T, the knot me-
chanical impedance can be control according to (3 & 4)
since the output link motion of the transfer mechanism
can be performed at different levels of the motor acti-
vaon.

2.4. Multilayer Design Approach comprising both
theoretical and experimental investigation

The cycles comprising both theoretical and experi-
mental investigation, which a mechanical system has to
go through after the task formulation and choice of the
impedance control approach to be used for control of
dynamic interaction and before it could be launched on
the market, is shown in the upper side of the Fig. 5. The
first step of the cycle is represented by the Predesign.
The initial project is designed with a dedicated design
program such as AutoCAD, ProEngineer, CADDSS,
EUCLID, etc. One obtains the first basis for simulation
and computation with solid bodies procedures.

The simulation model is obtained by means of inter-
face data transfer. A good accuracy of model description
may be directly obtained by using the own constructor &
design modules of the simulation programs (such as
ADAMS, SDS, etc.). The finite elements (FE) analysis is
achieved on the partially improved SDS-model. Usual
software tools, such as ANSYS, NASTRAN, etc. are
involved. They compute deformations, eigen values, and
distributions of strength and perform modal analysis of
the studied system. The process will be normally re-
peated several times (S1, S2, S3) until an optimized solu-
tion is achieved. Several variants of (pre)projects (P1-P3)
were developed from optimization stages on SDS or
ANSYS. Additionally, results of simulation built a data
set to improve the control. The synthesized regulators
could be implemented in MATLAB/SIMULINK, or di-
rectly in SDS. The prototype, obtained as design after all
these operations, has to be practically achieved and ex-
perimentally tested (for example with LMS/CADAX). In
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case of unsatisfactory results, further optimization activi-
ties by multiple loop procedure should be resumed. The
final solution is the MS with an optimized structure
achieved by repeating the design and optimization cycle.

3. MS EXAMPLES BASED ON THE IMPEDANCE
APPROACH FOR CONCEPTUAL DESIGN

The following typical examples of MS realized by
developed impedance approach for conceptual design
are:

Positioning robot for feeding operations with drive
redundancy following the 3™ approach for impedance
control [19, 20]. Here the reference task are characterized
with the following main requirements:

- High dynamic accuracy regardless dynamic interac-
tion between its output link and technological equipment;

- High resolution for micro rotation;

- Large ratio max-to-min velocity, especially low ve-
locities without stick-sleep effects.

MS for monomolecular films deposition applying the
1°* and 3™ approaches for impedance control [21, 22].
The reference task requirements to the barrier drive are: -
Low compression speed due to the barrier below 1mm/s
which are especially useful when fusion of domains starts
and for smooth precise control of surface pressure. At the
same time large velocities about 10 000 mm/s are re-
quired for cleaning the through and controlling the sur-
face pressure when fast deposition on large substrata
takes place. This is a speed ratio of 10 000. Smooth mo-
tion. i.e. motion with guaranteed desired unevenness to
keep the surface layer; - High resolution for micro transi-
tion, e.g. 1 um, for precise control of surface pressure.
The surface pressure sensor, which main function is to
measure and to feed back the surface pressure to the con-
trol system of a Langmuir trough during a monolayer
film deposition process is designed using the control of
the force of interaction between Wilhelmy plate and the
liquid through electromagnetic coil current. In this way
the sensor measures directly the force required to sus-
pend a plate at a liquid surface. With the tare compensa-
tion a measuring range of £100mN/m with resolution of
10 mN/m is achieved.

- Robot for micro and nano manipulations with hy-
brid approach for teleoperation control with impedance
scaling applying the 1** approach for impedance control
[23, 24]. The main problem here is that human operator
has no perception about the robot end-effector dynamics
and space size (micro or nano dimensions) in which it
manipulates. Hence, in the case of cell micro and nano
manipulations a MS has to provide the operator with the
feeling that he knows the dynamics of the objects to be
manipulated. This is realized by introducing a virtual
mechanical impedance characterization, which is nonlin-
ear scaling with corresponding constant. It is also called
impedance scaling. In this way the teleoperation control
can realize a proper physical coupling between the macro
and nano world appropriate for the different operator
perception.

- Flywheel energy storage battery applying 1% ap-
proach for impedance control [25]. The main problem
here is to control the interaction between the TE and fly-
wheel in order to accumulate or to generate the energy.

4. CONCLUSIONS

Conceptual design approach for MS with dynamic in-
teraction with technological environment has been devel-
oped. It is based on the exploitation of impedance control
method with its 3 known approaches to perform the ref-
erence task function. By analyzing the dynamic interac-
tion of MS with TE ideas and design approach are gener-
ated to design either some subsystems— drive, mechanic,
sensor, control and information or the whole MS. This
allows the desired quality parameters and functionality to
be achieved.

The obtained features of MS designed following this
approach consist into:

- controlled modification of the MS impedance to
control the dynamic interaction between MS and TE;

- micro motions of the barrier - particularly
0.001mm, at a range of motion (350 mm) and a big range
of loading of the output link;

- smooth motion in a wide technological max-to-min
velocity ratio (1:10000) regardless of the force interac-



tion at adjusting the actuator impedance with the techno-
logical equipment impedance;

- Effective manipulation in micro and nano space in
a minute operation;

- Effective control of discharge and charge processes
in flywheel storage battery while it dynamically interacts
with the TE.

Experimental results obtained from typical examples
of MS illustrate the effectiveness of the proposed concep-
tual design approach for MS dynamically interacting
with TE.

ACKNOWLEDGEMENTS:

The author gratefully acknowledge the partially sup-
port by the National Science Fund to Ministry of Educa-
tion and Science by the BY-TH-201/2006 Project enti-
tled “Research of a Modular Architecture for the Control
of Mechatronic Elastic Multi-Link Devices”.

REFERENCES:

[1] Hogan, N., (1985), Impedance control: An approach to
manipulation, Trans. ASME Jour. DSMS, vol.1, pp.1-23.

[2] Lu, Z. and Goldenberg A. (1995). Robust Impedance Con-
trol and Force Regulation: Theory and Experiments, The
Int. J. Of Robotics Research, Vol.14, No.3, pp.225-254.

[3] Lu, Z., Kawamura, S. and Goldenberg, A. (1995). An Ap-
proach to Sliding Mode-Based Impedance Control, IEEE
Transactions on Robotics & Automation, vol.11, No.5,
pp-754-759.

[4] Cheah, C.-C. and Wang, D. (1998) Learning Impedance
Control for Robotic Manipulators, IEEE Trans. on Robot-
ics and Automation, Vol.14, No.3, pp. 452-465.

[5] Caccavale, F., Natale, C., Sicoliano, B. and Villani, L.
(1999). Six-DOF Impedance Control Based on Angle/Axis
Representation, IEEE Trans. on Robotics and Automation,
Vol.15, No.2, pp. 289-300.

[6] Jacobsen, S.C., Ko, H., Iversen, E.K. and Davis, C.C.
(1989). Antagonistic Control of a Tendon Driven Manipu-
lator, in Proc. of the IEEE Int. Conf. on "Robotics and
Automation”, Scottsdale, Arizona, USA, pp. 1334-1339.

[71 Mittal, S., Tasch, U. and Wang, Y. (1993). A Redundant
Actuation Scheme for Independent Modulations of Stiff-
ness and Position of a Robotic Joint: Design, Implementa-
tion and Experimental Evaluation, DSC-Vol.49, Advances
in Robotics, Mechatronics, and Haptic Interfaces, ASME,
pp. 247-256.

[8] Chakarov D. (1999). A study of Antagonsitic Stiffnes of
Parallel Manipulators, in "44. Internationales Wissen-
schaftliches Kolloquium-Band 2: Mechatronik, Robotik
und Automatisierungstechnik, Mikrosystem-technik und
Nanomaschinen", Herausgeber: W. Gens, pp. 294-299.

[9] Kostadinov K.Gr. (1993). Accommodation control in the
drive dynamic accuracy for positioning robot, 38 Interna-
tionales wissenschaftliches kolloquium, Tagungs-band,
pp- 100-108, Ilmenau.

10 Kostadinov K., Boiadjiev, G. (1997). Dynamic modelling
of impedance controlled drives for positioning robots,
“Solid mechanics and its applications” - Series Editor
G.M.L. Gladwell vol.52, Kluwer Academic Publishers,
pp. 183-190.

[11] Boiadjiev, G. (1996). Kinematic Sensible Directions of
Manipulating Systems, Proc. of the 6 Int. Symposium on
Measurement and Control in Robotics, Brussels, pp.77-82.

[12] Boiadjiev, G. and Kostadinov, K. (1997). Coefficients and
Directions of the Dynamic Sensibility of Robot Manipula-
tors, in Proc. of the 5ht Int. Workshop on Advanced Ro-
botics & Intelligent Machines, Ed. J. Gray & D. Caldwell,
P.7, Manchester, UK.

[13] Boiadjiev G., Vassileva, D. (2002). Redundancy Influence
on Mechatronic System Sensibility, Proc. of the First Int.
Symposium on Mechatronics, p. 425-434, Chemnitz.

[14] Vassileva D., Boiadjiev G., Ionescu F. (2001). Homomor-
phisms in the case of orientation of manipulative robots.
Analysis of the Redundancy Influence on the Kernel Di-
mension, Edition of Scientific Machine Union, Vol. 5, pp.
1.65-1.70, Drjanovo.

[15] Kostadinov K., Boiadjiev, G. (1998). Impedance Control
Method of robots and Mechatronic Systems, in Gabbert,
U. (Ed.), Modelling and Control of Adaptive Mechanical
Structures, Fortschr.-Ber. VDI Reihe 11 Nr.268, VDI Ver-
lag, pp.257-266, Duesseldorf.

[16] Kostadinov, K.Gr. and Parushev, P.R, Method of motion
transition, Bulg. Patent No.44365, 30.06.1987.

[17] Tadokoro S. (1994). Control of parallel mechanisms, J.
Advanced Robotics, Vol. 8, No. 6, pp. 559-571.

[18] Kostadinov K. G. (1994), Synthesis and investigation of
the electromechanical drives for positioning robots, Ph.D.
Thesis, Institute of Mechanics and Biomechanics, Sofia
(in Bulgarian).

[19] Kostadinov K.,Gr. (1996). Impedance Controlled Actua-
tors for Positioning Robots, Proc. of the 5" UK Mecha-
tronics Forum Int. Conf. with 3™ International Conference
on Mechatronics and Machine Vision in Practice, Septem-
ber, 18-20, Guimaraes-Portugal, vol.2, pp.243-248.

[20] Kostadinov K.Gr., Vassillev, B.V., Ranchev, S.N. (1996)
Motion control study of harmonic actuator with imped-
ance control at some impacts, Proc. of the 6™ Int. Sympo-
sium on Measurement and Control in Robotics, pp.177-
182.

[21] Vassillev, B., Kostadinov K., G., J., Petkov, 1., Yovchev
(1996). Intelligent Sensor for Surface Pressure Control,
Proc. of 5™ UK Mechatronics Forum Int. Conf. with 3™
Int. Conf. on Mechatronics and Machine Vision in Prac-
tice, vol.2, pp.271-274, Guimaraes.

[22] Kostadinov K. (1996), Analysis of some possibilities of
impedance controlled mechatronic actuators, “Mehanika
na mashinite, no. 14, pp.126-132.

[23] Ionescu Fl., Kostadinov K., Hradynarski R., Vuchkov, L.
(2003). Teleoperated control for robot with 6 DOF for mi-
cro and nano manipulations, in "Intelligente technische
Systeme und Prozesse", [Hrsg.: R. Kasper...] - Logos Ver-
lag, pp.127-132, Berlin.

[24] Kostadinov K. (2006). Impedance Scalling Approach For
Teleoperation Robot Control, Proceedings of the 15th In-
ternational Conference on Manufacturing Systems —
ICMaS, Edit. Academiei Romane, Bucharest, Romania.

[25] Hradynarski R., Baldjiyski, At., Tiankov, T., Ionescu, FI.,
Kostadinov, K. (2005). Experimental setup of unconven-
tional electromechanical energy storage battery for ad-
vanced nonpolluting power applications, Int. Conf. on
Non-conventional technologies, 3-4.11.2005, Bucharest.

Authors:

PhD, Kostadin KOSTADINOV, Assoc. Prof., Institute of
Mechanics, Sofia, Bulgaria,
E-mail: kostadinov@imbm._bas.bg



