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This paper outlines an alternative modeling scheme for mechatronic systems, as a basis for their concur-
rent design. The approach divides a mechatronic system into three generic subsystems, namely general-
ized executive, sensory and control, and links them together utilizing a combination of bond graphs and
block diagrams. It considers the underlying principles of a multidisciplinary system, and studies the flow
of energy and information throughout its different constituents. The first and second laws of thermody-
namics are reformulated for mechatronic systems, and as a result three holistic design criteria, namely
energy, entropy and agility, are defined. These criteria are formulated using the bond graph representation
of a mechatronic system. As a case study, the three criteria are employed separately for concurrent design
of a five degree-of-freedom industrial robot manipulator.
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1. Introduction

Mechatronics is a synergistic approach to the design,
development and manufacturing of multidisciplinary engineering
systems, where the emphasis is on the physical integration and
information communication amongst various subsystems in a
holistic fashion [1]. The synergy must be rooted into how such sys-
tems are viewed as a unified physical entity, instead of a collection
of several subsystems. Consequently, the criteria based on which
mechatronic systems are designed and evaluated must refer to uni-
versal characteristics, in addition to specific performance indexes.
In the traditional design approaches different modeling schemes
are employed for the subsystems separately, and a collection of
objectives are defined to be optimized given the constraints that
are enforced by each individual subsystem. These approaches often
undermine the interconnection between the subsystems, which
can play a significant role in the overall performance of a multidis-
ciplinary system. The necessity of collaboration and information
communication amongst the subsystems of a mechatronic system
highlights the importance of a holistic approach to its modeling,
which is capable of viewing all the subsystems with different phys-
ical domains from a unified perspective.

In this paper a generic interpretation of mechatronic systems is
introduced based on the notion of information and energy flow
throughout the system. Accordingly, a combination of bond graphs
and block diagrams is used to represent mechatronic systems. The
analogy between mechatronic and thermodynamic systems is
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formalized, and the laws of thermodynamics are reformulated
for defining some global design criteria that deem the system as
a whole.

Several attempts have been launched to unify the dynamic
equations of mechatronic systems that consist of strongly-coupled
mechanical, electrical, and control components. For instance, linear
graph theory has been utilized for modeling various physical
systems since the mid 1960s. It was originally employed in model-
ing of electrical networks [2], but gradually extended to multi-
body systems [3], and eventually mechatronic systems [4]. This
approach tries to graphically connect the topological representa-
tion of a system to the physical characteristics of engineering com-
ponents. The intention is to reduce the complexity of the governing
equations in a formal way. Physical variables, namely through (e.g.
force or current) and across (e.g. displacement or voltage), on each
edge are defined based on their methods of measurement [5]. The
terminal relations between the variables and the system topology
are used to extract a system of mixed differential and algebraic
equations in a matrix form [6].

Alternatively, in the early 60s the concept of energy and energy
exchange was realized as a common notion to all components of a
system with different physical disciplines [7]. Later, the concept of
port in electrical circuits was generalized to power port, labeled as
power bond, in an arbitrary physical domain [8]. The resulting
modeling scheme, called bond graphs, is a domain-independent
graphical description of dynamical behaviour of multidisciplinary
systems. Similar to the graph theoretic approach, it emphasizes
that the analogy between different domains is more than the pure
mathematical equations, and the actual physical concepts are anal-
ogous. Therefore, in bond graphs components of a system are rec-
ognized by the energy they supply or absorb, store or dissipate, and
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reversibly or irreversibly transform [9]. This technique was
extended to complex mechanical systems in three-dimensional
space by introducing multibond (vector bond) graphs [10,11], and
it has recently been applied for modeling and design of mechatron-
ic systems [12-15]. In [16,17], mechatronic systems have been
modeled by bond graphs, and the multi-objective design problem
is solved using genetic algorithms. In this paper bond graphs are
utilized to introduce an energy-based method of modeling for a
generic subsystem of any mechatronic system, called generalized
executive subsystem. This method is helpful to the synergy of
the model in two ways: (a) by unifying the definition of system
constituents in various physical domains, and (b) by considering
the interconnections between different subsystems in the form of
energy transmission. As a result, the system can be deemed as a
whole in a design process.

The following section gives a quick review of the bond graphs
that are extensively used in the coming sections. In Section 3,
mechatronic systems are formally defined, and a suitable modeling
scheme for their concurrent design is suggested. In Section 4, the
first and second laws of thermodynamics are formulated for a
mechatronic system using bond graph notations. Section 5 defines
three holistic design criteria, namely energy, entropy and agility,
based on the laws of thermodynamics for mechatronics. Section
6 presents a case study, where the developed criteria are used sep-
arately for the concurrent synthesis of a five degree-of-freedom
(d.o.f.) industrial robot manipulator, and the three different
designs are compared. Some concluding remarks are made in
Section 7.

2. Bond graph modeling: an overview

A bond graph model represents the entire dynamics of a system
by considering the power exchange between its different compo-
nents or subsystems. This method unifies the system components
modeling by categorizing the system variables, such as velocity,
force, current and voltage into two major groups called flow and ef-
fort. These two generalized variables can be multiplied at each in-
stant to identify the amount of power transmitted between the
components of the system. The resulting simulation scheme, at
the computational level, uses the dynamic equations of the system
components and initial and boundary conditions to determine the
system variables according to the principle of conservation of
energy. The mathematical model deduced through this technique
is equivalent to the complete dynamic model of the system,
including non-linear terms. For example, for the mechanical
subsystem of the manipulator studied in Section 6, this model is
a graphical representation of the recursive Newton-Euler equations
of motion [15].

2.1. Basic elements

Bond graphs are graphical representation of a system as a com-
bination of its components (or subsystems) and their relationship
in terms of power transactions. The system constituents are shown
by letters, and the transaction of power between each pair is
shown by a directed line, indicating the reference direction of the
power flow. (A half-arrow is used for the direction of power flow
to distinguish it from a signal flow in a block diagram representa-
tion.) The directed lines are called (power) bonds. Each power bond
connects two system constituents through their gates, called
(power) ports. Each component or subsystem can have multiple
ports. Fig. 1 illustrates a basic bond graph. The amount of power
(P) transmitted at each instant (t) can be determined by the prod-
uct of two power variables (or power conjugates), namely flow (f)
and effort (e) [15]. Flow and effort can be scalars or vectors,

Power Bond

(a)A\ ;/B

Power Ports
\ / ; \
= B
Fig. 1. (a) Power bond and, (b) vector power bond connecting power ports of

(b) a4
elements A and B.

Causal Strokes

7

Vector Power Bond

depending on the system constituents. In case of vectors, the bond
is shown by a double-line (half) arrow, and the power is the scalar
product of flow and effort vectors:

P(t) = &(t) - f(0). 1)

Table 1 lists the analogies used for effort and flow in various
physical domains [9]. Although power conjugates can be different
physical entities in different domains, their product always repre-
sents the power as a scalar quantity. In a bond graph system mod-
el, physical components are mapped onto conceptual elements
that can capture their full dynamic behaviour [8]. These elements
are divided into three main categories: (a) single-port, (b) dou-
ble-port and (c) multi-port elements.

2.1.1. Single-port elements

Single-port elements consist of three generic types: source (sink)
elements (S), storage elements (I, C), and dissipative elements (R)
[12]. The S element is an ideal source (sink) of either flow (Sy) or ef-
fort (S.). This element contains a power port, and the bond is either
coming out of the element (for a source) or going toward it (for a
sink). The flow or effort that a source (sink) provides (drains) can
vary in time. In this case, the source (sink) is identified by MS; or
MS,, standing for modulated source (sink). A modulated source
(sink) has an additional port, called signal port, to identify the
amount of flow or effort at each time.

Storage elements accumulate energy and release it back into the
system. Depending on whether p = [é(t)dt (generalized momen-
tum)org= | f(t)dt (generalized displacement) is conserved, storage
elements are divided into two categories: C and I. In type C, e.g., a
capacitor or spring, the generalized displacement is conserved,
whereas in type I, e.g., an inductor or mass, the generalized momen-
tum is conserved. Both types of storage elements transform the en-
ergy reversibly. The irreversible transformation of energy that is
pumped to the environment, as heat, noise, etc., is often modeled
as loss or waste of energy, shown by a dissipative (R) element.
Table 1 presents the element analogies in various energy domains.
The corresponding constitutive equations of I, C, and R elements,
respectively, are:

) =140, 2a)
et = ¢l (2b)
é(t) = Rf: (20)

where T and C are the resistance of the I and C elements against the
change of flow and effort, respectively, and R is the resistance of the
R element against the flow transmission.



168 R. Chhabra, M. Reza Emami/Mechatronics 21 (2011) 166-175

Table 1
Bond graph elements in various energy domains.
Energy domain Effort (e) Flow (f) Generalized Generalized C I R
momentum (p) displacement (q)
Translational Force Velocity Momentum Displacement Spring Inertia Damper
mechanics
Rotational Torque Angular velocity ~ Angular Angle Rotational Moment of Rotational
mechanics momentum spring inertia damper
Electronics Voltage Current Linkage flux Charge Capacitor Inductor Resistance
Magnetics Magnetomotive Magnetic flux - Magnetic flux Magnetic - Reluctance
Force rate capacitor
Hydraulics Total pressure Volume flow rate  Pressure Volume Reservoir Fluid inertia Flow resistance
momentum
Thermodynamics Temperature Entropy flow rate - Entropy Heat capacitor - Heat resistance
Chemical Chemical Molar flow - Molar mass - - -
potential

2.1.2. Double-port elements

It can be shown that independent of energy domains only two
types of ideal double-port elements can exist [8]. The first type is
transformer (TF), which relates effort at one port to effort at the
other port by a (matrix) parameter called transformer ratio (N),

energy consewatlonf:2 (t) _ Nf] (t) (3)

€1(t) = Né,(t) —

If N is a function of time, the element should have a signal port
in addition to the power ports. This kind of transformer is called
modulated transformer and represented by MTF. Transformers are
utilized either in the same energy domain, e.g., gearboxes and pul-
leys, or between different domains, such as electromotors and
winches.

The second type is gyrator (GY), which relates the flow at one
port to the effort at the other port by a (matrix) parameter called
gyrator ratio (H),

() = Hiz(0) ™™ "8, (0) = Hy (1), (4)
A gyrator is called modulated gyrator (MGY) when H is variable

in time. Gyrators are mostly transducers representing domain

transformation such as DC-motors, pumps and turbines.

2.1.3. Multi-port elements

In order to disseminate power between the subsystems distrib-
uting elements are required. These elements are denoted as junc-
tions [9]. For a physical system, interchanging ports must have
no influence on the constitutive equations of junctions. The port
symmetry and power continuity properties result in two kinds of
junctions, called 0- (zero) and 1- (one) junctions [15]. In O-junction
the amount of effort remains constant in all ports. Thus, the power
continuity equation turns into:

() =& (t) = ... = &(0),
Fi®) + f2(t) + ...+ falt) = 0;

where n is the number of ports. An example of O-junction is parallel
connection in electrical circuits.

On the other hand, 1-junction maintains flow the same at all
ports. Series connection in electrical circuits is an example of
1-junction. Considering power continuity in an 1-junction, the
constraint equation can be derived as:

()

fi =f) = ... =fuo), )
é é ..+ E(t)=0.

_
=
—
=
+
o
)
=
—
+

2.2. Causality

In the bond graph representation, for each element, either of
power conjugates can be considered as incoming or outgoing sig-

nals. However, at the computational level one of the power vari-
ables must be chosen as the input and the other one as the
output of a port. The output signal is computed based on the con-
stitutive equations. The decision of assigning causality is denoted
by the causal stroke in the bond graph notation. Causal stroke is a
perpendicular line at one end of the power bond that indicates
the direction of the effort signal as whether it comes toward or goes
from the element. The resultant graph is called causal bond graphs
that can be interpreted as block diagrams with bi-directional signal
flows between different pairs of its elements. However, causality
assignment to each element cannot be completely arbitrary.
Depending on the element’s constitutive equation, the element
ports can impose constraints on the connected bonds. There are
four different constraints that should be treated in the causality
analysis of the bond graphs [9].

2.2.1. Fixed causality

Fixed causality occurs when the equations only allow one of the
power variables to be the outgoing or incoming signal. For in-
stance, for flow sources (sinks) the output (input) is the known
flow signal.

2.2.2. Constrained causality

At TF (or MTF), GY (or MGY), O-junction, and 1-junction there
exist equations between power variables of different ports. There-
fore, the causality of a particular port imposes the causality of the
other ports. In a transformer element one of the ports has effort-
out causality, and the other port should have effort-in causality.
On the other hand, at a gyrator element both ports have either ef-
fort-out or effort-in causality. At a O-junction element, where all
the efforts are the same, one port must bring in the effort and all
other ports must bring in the flow. At a 1-junction element one
port should bring in the flow and the rest should bring in the effort.

2.2.3. Preferred causality

At the storage elements, the causality indicates whether the
integration or differentiation of the input signal should be oper-
ated, with respect to time, to calculate the output signal. The inte-
gration is always preferred because of less computational errors.

2.2.4. Indifferent causality

For all other bond graph elements, e.g., an R element, no con-
straint can be considered in assigning the causality. Hence, the
direction of the input-output signals can be assigned arbitrarily,
unless other elements impose a preferred direction.
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3. Mechatronic system modeling

A mechatronic system is a complex combination of several sub-
systems. Generally, the subsystems can be divided into three cate-
gories, namely: Generalized Executive, Sensory and Control. Flow of
energy or information links these three generic subsystems to each
other [18]. Fig. 2 shows the graphical representation of mechatron-
ic subsystems.

The generalized executive subsystem is the integration between
actuator elements and executive mechanisms. The inputs of the
actuators are various forms of energy, and the outputs are various
types of motion that match with the attached mechanisms. The
mechanisms receive the corresponding motion, and create another
form of motion. Depending on the type of the actuators, the flow of
various sorts of energy can be traced throughout a generalized exec-
utive subsystem. Although in the generalized executive subsystem
there exist several types of elements and subsystems from different
physical domains, the universal concept of power and power ex-
change is common to all of them. Consequently, an energy-based
model can deem all the subsystems together with their interconnec-
tions, and introduce generic criteria suitable for mechatronic system
design. As it was discussed in Section 2, bond graphs are able to offer
such a universal model of mechatronic systems.

A sensory subsystem consists of sensors and signal processing
units that perceive flow or effort in a bond graph model, and pro-
cess them to send out the required feedback signals for controlling
flow or effort of the generalized executive subsystem, such as veloc-
ity, force and temperature. It also attempts to make the system
aware of its surrounding by measuring the environmental proper-
ties. The measured state parameters are transmitted to the control
subsystem to generate control signals. Therefore, the input to the
sensory subsystem is typically in the form of energy, and the out-
put is the signals that carry the amount of power variables.

The control subsystem is composed of microprocessors (micro-
controllers) and drivers. The information sent by sensory subsystem
is received and processed based on the utilized control laws. The
processed information flows to the driver, where this information
is translated to the amount of energy that should be provided to
the actuators of the generalized executive subsystem by the energy
sources. Therefore, the input to this subsystem is a set of measured
power variables and the output is the energy that is required for con-
trolling flow or effort of the generalized executive subsystem.

This subsystem also plays a significant role in mechatronics.
The drivers can be represented by simple MTF elements in bond
graphs, which receive the control signal from the controller, and
distribute the supplied energy accordingly. In the computational
stage, bond graphs are converted into block diagrams that are
commonly used to simulate control systems [15]. Hence, a block
diagram representation of a control subsystem can be merged

with the bond graph model of the generalized executive subsys-
tem. However, to complete the loop and attach a control subsys-
tem to bond graphs, transition elements, i.e. elements of sensory
subsystem, are required. The ideal sensors, which are used in
the proposed modeling scheme, can be simply represented by sig-
nal flows going out of the bond graphs. They carry the value of ef-
fort or flow, and enter the block diagrams. Therefore, the
combination of bond graphs and block diagrams as two powerful
tools of simulation will result in an alternative modeling scheme
for mechatronic systems in the concurrent design process. Details
of creating such a model are illustrated in Section 6, where a five
d.o.f. robot is simulated.

4. Thermodynamics of mechatronic systems

From a thermodynamic perspective, a mechatronic system can
be considered as a control mass that can exchange energy with
its environment. This control mass together with the environment
form an isolated system (Fig. 3). The first law of thermodynamics,
which is another expression of the universal physical law of the
conservation of energy, can be restated in terms of bond graph no-
tions as: “the increase in the energy of a system (E) is equal to the
change of input energy provided to the system (E;;,) by a supplier
and through the source elements, minus the change of the effective
work done by the system on its surrounding (W) at the sink ele-
ments and minus the change of heat dissipation (Q;) of the dissi-
pative elements.” In differential form this law can be formulated
as:

dE = dE;, — dW — dQ,,. (7)

The Effective work is any useful type of energy that is ex-
changed between a mechatronic system and its environment.

The energy of the system can be in a form of either introversive
or extroversive.

Definition 1. Introversive system energy: For a mechatronic
system, introversive energy (iE) is the sum of all types of energy,
including internal dynamic or potential energy, stored in the
storage elements of a system due to the interconnection of the
system elements.

Definition 2. Introversive dynamic energy: For a mechatronic sys-
tem, introversive dynamic energy (idE) is the total energy stored in
the I storage elements that conserve the generalized momentum.

Definition 3. Introversive potential energy: For a mechatronic sys-
tem, introversive potential energy (ipE) is the total energy stored in
the C storage elements that conserve the generalized displacement.

Control Subsystem

Generalized Executive Subsystem

Control Laws Information Drivers Energy Actuators [ _Ener. Mechanisms Effective Work
¥ V
5
g s
- <
=

| Sensory Subsystem

Fig. 2. Graphical representation of generic mechatronic subsystems.
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Isolated System

dE,, aw

Mechatronic System

ds

Thermodynamic

Subsystem
ao,,
dQ,,,

Environment, (7,,,)

Fig. 3. Energy representation of a mechatronic system.

Based on the above definitions:
d(iE) = d(idE) + d(ipE). (8)

Definition 4. Extroversive system energy: For a mechatronic
system, extroversive energy (eE) is the sum of all forms of energy
that are transacted between the environment and the system as a
whole because of the physical constraints or external fields. This
transaction is shown in the bond graph model of the system
through source or sink elements, in addition to E;;, and W.

Based on the above definitions, (7) can be rewritten as:

d(idE) + d(ipE) + dQy, = dEin — d(eE) — dW, 9)

where the change of energy state of the system elements on the left
hand side is calculated from the total energy transaction between
the system and environment at the sink and source elements on
the right hand side of the equation.

Furthermore, the second law of thermodynamics that is basi-
cally the universal law of increasing entropy can be restated as:
“the total entropy of an isolated system, i.e. the mechatronic sys-
tem and its environment, which is not at equilibrium, tends to in-
crease, and it approaches its maximum value at equilibrium.”
Therefore,

ASgen = dS + dSeny = 0, (10)

where s and s, are the entropy of system and environment,
respectively, and s, is the entropy generation of the isolated sys-
tem. One can view the environment surrounding a mechatronic sys-
tem as an infinite heat reservoir, isolated from the outside world,
with temperature T, that is assumed to be equal to the tempera-
ture of the boundary of the system.

The input energy to the system can be divided into heat (Qyey),
as the only form of energy that can alter the entropy, and the
remaining other forms of input energy (E;,):

dE, = dE,, + dQ,,. (11)

Accordingly, for every mechatronic system one can define a
subsystem, namely thermodynamic subsystem, which merely ex-
changes heat and can be considered separately from the other
parts of the system. The heat exchange process is assumed revers-
ible, and any irreversibility effect can be modeled by a thermal dis-
sipative element. Based on the definition of entropy in
thermodynamics,

erev
Tem/ '

In the same manner, the entropy change of the environment can
be represented as:

dQ
Tenu ’

ds = (12)

dSeny = -

(13)

where dQ is the total heat transferred to the system; hence,

erev _ dQ _ inrr
TEHV Tenu N TEHZ}

Subsequently, by substituting (7) in (14),

dSgen = > 0. (14)

AW < d(Tenys — E+ Ep) = dWina, (15)

which implies that the change of effective work of the system is less
than a maximum value (dWh.x) during the transient phase of the
system, and it reaches its maximum at equilibrium when dsg,, = 0.
Therefore, the work loss of the system, W, can be defined as:

AWioss = AW nax — dW = dsgenTenz/- (16)

Equilibrium occurs once the entropy generation reaches its
maximum value, which according to (14) is equivalent to dQ;, = 0.

5. Holistic design criteria

This section attempts to define a number of criteria that signify
the performance of a mechatronic system independently of indi-
vidual subsystems, and based on the laws of thermodynamics
using a bond graph system representation.

5.1. Energy criterion

Any mechatronic system is designed to perform a certain
amount of effective work on its environment using the supplied in-
put energy. Based on (9) the input energy (E;,) does not completely
convert into the effective work (W), since portions of this energy
are either stored (iE) or dissipated (Q;,) in the system by its com-
ponents or transacted with the environment through physical con-
straints or external fields (eE). The cost energy, defined as the sum
of the energy of the system and the dissipated energy, cE = E + Q;;,
is the overhead energy for performing an effective work using the
supplies. The lower the cost energy, the higher the efficiency of
system is. Therefore, as a design criterion cE(W(t);t, X) should be
minimized with respect to the design variables, X, for a desired to-
tal effective work within a time span of [0, t;] (w, = [/ W(t)dt).
From the first law of thermodynamics,

CE(t,X) = Ein(t,X) — W(Ein; t,X). (17)
Therefore, the best design (X) in the set of design availabilities

(A) can be achieved by

CE(t;; X*) = min CE(t; X). (18)
In the bond graph system model the supplied energy is the in-

put energy that is provided to the system at the source elements.

As explained in Section 2, source elements are divided into flow

(S5) and effort (Se). The supplied power at the ith source element
(Si), Eing is

Eini(t,X) = &(t:X) - fs:(£:X); (19)

where és; and fs,,- are the effort and flow in S;, respectively. The cost
energy for the period of [0, ;] can be calculated as:

CE(ts; X) /Em,tht-f—Z/ Eni(t; X)dt —w,
_2951/f51tht+Zf51 / eSltX)dtfwr

+Zf51 Psx tf7 ) Wr;

~Gsi(tr; X)

Il
'Mz |

Il
—_

(20a-c)
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where N, and Ny are the number of effort and flow source elements,
respectively, and ¢s; and ps; are the generalized displacement and
momentum of S;, respectively.

5.2. Entropy criterion

Based on the second law of thermodynamics, after a change in
supplied energy, a mechatronic system reaches its equilibrium
state once Sge, approaches its maximum. Eq. (16) shows that while
reaching the equilibrium state the system capacity for doing work
reduces continuously. Thus, the less the work loss, the higher the
system aptitude is to perform effective work on the environment.
Therefore, as an alternative design criterion W,ss(Ein(t); X) should
be minimized with respect to X. Referring to (16), this is equivalent
to minimizing Sgen(t; X) or Qi(t; X), and accordingly it is called en-
tropy criterion. Given a unit step change of supplied energy, the
equilibrium time, denoted by t.4(X), is the time instant after which
the rate of change of heat dissipation remains below a small
threshold, ¢,

teq(X) = Inf{to : ¥t > toQirr (£, X) < &}. (21)

Consequently, the best design is attained in the set of design
availabilities by

Qi (Leq(X"): X") = N Qi (Eeq (X): X). (22)

In bond graphs the power wasted in the ith dissipative element
(Ri), Qirri(t;X), is calculated as:

Qirri(£,X) = Eri(t; X) Fri (£ X); (23)

where &; and fr; are effort and flow in R; respectively. Subse-
quently, the total heat dissipation is

Ne  pteg(X) |
Qurlteg@X) =3 [ @ittt

o pla®) X
~S°R / [Era(t: X)|Pdt; (24)
0

i=1

where N is the number of dissipative elements, || e || denotes the
norm of a vector, and R; is the resistance of R; in its constitutive
equation.

5.3. Agility criterion

For systems whose response time is a crucial factor the rate of
energy transmission through the system, or agility, can be a proper
measure of design. Thus, the design criterion can be defined such
that after a unit step change of some or all input parameters the
time that the system needs to reach a steady state is minimized.
A system reaches the steady state when the rate of its internal dy-
namic energy, idE, becomes zero.

In the bond graph notation, idE is the total energy that is stored
in I elements, and its time derivative is calculated as:

. Ny rd
idE(t;X) = > 8ui(t: X) f1i(t: X)
i=1
N1 t N -
= >0 E(tX). [ AN =y L E (X (EX)
i—1 1i . i=1 i

(25a,b)

where N; is the total number of I elements and p;; and 71- are the gen-
eralized momentum and the resistance against the flow change of [;,
respectively.

Therefore, given a unit step change of input parameters, the re-
sponse time, denoted by T(X), is the time instant after which the
rate of change of idE remains below a small threshold, J,

T(X) = Inf{to : Vt > toidE(t,X) < 5}. (26)

As a design criterion, when the response time reaches its mini-
mum value with respect to the design variables in the set of design
availabilities the best design is attained:

T(X') = minT(X). (27)

6. Case study

In this section kinematic, dynamic and control parameters of an
industrial five d.o.f. serial-link manipulator, CRS CataLyst-5, are
concurrently re-designed based on the three criteria proposed in
the previous section. The kinematic characteristics are defined
based on the standard Denavit-Hartenberg (D-H) convention
[19]. Length (), offset (d;) and twist (o;) of the ith link are deemed
as the kinematic design variables. Each link is modeled as an
L-shaped circular cylinder along link length and offset, with the
cylinder radius (r;). Thus, assuming a constant density for the ith
link, r;, [; and d; can be utilized to calculate the link dynamic param-
eters, i.e., mass, moment of inertia and location of the centre of
mass. Fig. 4 depicts the robot manipulator and the link coordinate
frames and definition of their D-H parameters. A servo controller
(PI) with velocity feedback and feedforward is modeled to control
the displacement of each manipulator joint. The control design
parameters for the ith joint include proportional (P;), integral (Int;),
velocity feedback (Kvg,;) and velocity feedforward (Kvg;) gains.
Therefore, the design problem deals with eight design parameters
for each link, i.e., three D-H parameters, link cross-section radius
and four control gains, and consequently, 40 variables in total.

The design problem is defined as: find the best values for the
above-mentioned design variables, from their design availabilities,
such that the design criterion, i.e., energy, entropy, or agility, be-
comes minimum, given the constraint that the end-effector (EE)
overall position error determined for a set of desired trajectories re-
mains lower than a certain amount. The average of the EE position
error over the set of desired trajectories is a time-varying function,
Eqy(t).

N

Eao(©) = 3 /0600 xas(0) + 04(0) — s + (2(0) ~ 2as(0))
i=1

(28)

where (x4(t), yai(t), zqi(t)) are the coordinates of a point of the ith
desired trajectory at the time instant t, (x,(t), yi(t), z{(t)) are the coor-
dinates of the EE point following the ith desired trajectory at the
same time. The number of desired trajectories is N.

The time average of E,,(t) can be considered as the EE overall
position error, denoted by E;,, and it is formulated as:

1 &
Etor = E ZEav(ti)(ti - ti—1)§ (29)
i=1

where {tjli=0,...,n:,to=0,t, =t} is a sequence of instants in
which the desired trajectories are given. The initial configuration
for the design problem is that of the existing industrial manipulator.

A bond graph model of a generic serial-link n d.o.f. robot manip-
ulator including joint modules and controllers is illustrated in
Fig. 5. In this figure, the flows and efforts are distinguished based
on their location at the corresponding power bond. The symbol
on the right-hand-side (at the bottom) of a vertical (horizontal)
power bond is effort and the one on the left-hand-side (at the
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I;= The length of common normal between Z; ; and Z; along X;
a; = The angel between Z; ; and Z; measured about X;

d; = The distance from X; ; to X; measured along Z; ;
0; = The angel between X, ; and X; measured about Z;

Fig. 4. The CRS CataLyst-5 manipulator, its schematic and link coordinate frames and D-H parameters.

top) of a vertical (horizontal) power bond is flow. This model does
not take into account the uncertainty of the design parameters. The
generalized executive subsystem consists of the electric motors
and the mechanical bodies connected at the joints. The sensory
subsystem contains a number of flow sensors mounted at the
joints, and the control subsystem is composed of n position con-
trollers represented by block diagrams.

The bond graph model of the mechanical subsystem of the ro-
bot manipulator is derived based on the exchange of power and
movement between the constituents of the physical system, which
results in an alternative representation of system dynamics to the
Newton-Euler formulation for a generic serial-link manipulator
expressed in (30a-c) and (31a,b). The boundary conditions are zero
angular and linear velocities (flow) at the base and constant force
and zero moment (effort) at the end-effector. These equations can
be extracted by converting the bond graph model of the system
to the block diagrams and tracking the appropriate signals in the
model [15].

iw; =R (T +71z40); (30a)
e, = Ria vy — (T + ) i (30b)
=R o - o (30¢)

where ‘w; is the angular velocity of link i expressed in frame i, and
iUC,» and 'z; are the linear velocities of the centre of mass and frame
origin of link i expressed in frame i, respectively. 'R;_; is the rotation
matrix between framesiand i — 1, 'z_,0; is the angle between link
i— 1 and i about the joint axis (joint angle), ir; is the distance be-
tween the origins of frames i and i — 1, 'r¢, is the position of centre
of mass of link i, both measured and expressed in frame i. This set of
equations shows the flow propagation throughout the mechanical
subsystem. And,

. o 4

et =R (s - mig + ge(mive) ) (31

i1 it (i in i d (i in Qs i

iZ1Tiio1 ="Rizy ([ iTivai — 'Te,ifinii ""a(lciwi) + (Fi+ )i 1fiio1 )
(31b)

where i“1f;; 1 and {-1T;;_; are the force and moment acting from link
ionlink (i — 1) at the origin of frame (i — 1) and expressed in frame

(i — 1), m; is the mass of link i, and ‘I, is the moment of inertia of
link i about its centre of mass and ig is the gravitational accelera-
tion, both expressed in frame i. The skew-symmetric matrices f;
and 7, are built from ‘r; and 'r¢, such that

X1 0 —X3 X
X=|X%|=2x=| x3 0 —x;
X3 —X2 X1 0

Egs. (31a) and (31b) reflect flow of effort in the bond graph mod-
el of the serial-link manipulator.

The bond graph representation of the electric motors consists of
two physical domains, i.e., electrical and mechanical. A gyrator ele-
ment, using the torque coefficient of the motor (Ky,) as the gyrator
ratio, relates these two domains. The electrical part includes a volt-
age supply, a motor driver that is modeled by an amplification
gain, and a simple RL circuit. Using Kirchhoff’s circuit law, for each
joint i one can write
dC,' 1

= (uai — I'mCi —

dar - E Kmi9m1)2 (32)

where ¢;, Ug, Om,, I, and 1, are the motor armature current, voltage
output of the motor driver, angular displacement of the motor shaft,
armature inductance, and total resistance of the armature winding,
respectively.

The mechanical domain consists of the motor shaft moment of
inertia j,,, viscous friction at the bearings, and transmission system
with ratio #;. Therefore, the dynamic equation becomes:

do; _m ) _ 14:0; .
Ei].:i <KmIC, —;Ti —n—i), (33)

where 0;, 1; and 1; are the angular displacement of the joint, friction
coefficient, and the reaction torque on the ith joint module, respec-
tively. The actuators parameters of the CRS CataLyst-5 have been
used in this simulation, as listed in Table 2.

The bond graph model of the robot manipulator was pro-
grammed in MATLAB® Simulink and a gradient-based, constrained
non-linear optimization algorithm, called fmincon, was employed
to optimize the design criteria, separately. In each optimization
loop, the design variables are changed in the simulation and a de-
sign criterion is determined by calculating the power transmission
at the corresponding constituents of the system. The cost energy is
evaluated based on (20a-c) by calculating E;, (t) at all effort sources
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Fig. 5. Bond graph representation of (a) a serial-link manipulator, (b) an electric
motor, and (c) the controller block diagram.

Table 2
Motor parameters used in the simulation (CRS CataLyst-5).
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in the electric motors and W(t) at the effort sink in the EE. Entropy
criterion is calculated by (24) where Q. is equal to the sum of the
power transmission at all R elements in Fig. 5 and t,, = t; for all con-
figurations. In the case of agility criterion, all desired angles for
joint controllers are given a unit step at t=0. Based on (25a,b)
and (26), idE(t) and accordingly T are computed by determining
power transmission at all I elements of the system. The three sep-
arate designs based on energy, entropy and agility criterion are
shown in Table 3. The initial kinematic, dynamic and control de-
sign variables were according to the existing configuration of the
CRS CataLyst-5 that was designed through the traditional parti-
tioned approach. In this case study, the intention is to minimize
each of the holistic design criteria separately and maintain E,, de-
fined in (29), below a threshold of 10 mm. It is worth mentioning
that having a threshold for E,,, results in upper bounds for the final
position error and the maximal error of each considered trajectory.
These two errors are equally significant in the design of a robot
manipulator. In addition, fmincon attempts to minimize the con-
straint, as well as the design criterion. Thus, convergence of the
optimization algorithm leads to the convergence of the final posi-
tion error and the maximal error of each trajectory.

According to Table 3, the design based on the energy criterion
results in the reduction of the radius of the first and second links
by 16.8% and 6.8%, respectively, and increase of that of the last
three links by 31.5%, 122% and 195%, respectively, with respect
to the initial configuration. Regarding the kinematic design vari-
ables, the length of links 1-5 has changed by +95, —9.1, +3.3,
+121.7, +45.6 mm, respectively. Furthermore, the offset for links
1-5 has changed by —65.4 mm, +32.7 mm, +18.4 mm, +37.3 mm
and +78.6 mm, respectively. The only significant change in the link
twist has happened for link 4 by 36.2%. These modifications result
in the change of the mass of first three links for —22.6%,
—5.4%,+87.8%, respectively, and the last two links have become
3.9 and 17.5 times heavier, respectively. As a result, the total mass
of the robot has been decreased by 1%, which is one reason for
reducing the energy consumption at the joints. From the control
point of view, the proportional gain of links 2 and 4 has increased
by 10% and 13%, respectively. The integral gain of the first, second
and fifth links has also increased by 17%, 48% and 62%, respectively.
Moreover, the velocity feedback gain of joint 2, 3 and 5 has chan-
ged by 14.8%, 18.2% and 25%, respectively. All other control gains
have been modified slightly by less than 10% to improve the perfor-
mance and accuracy of the manipulator. All of the above men-
tioned changes are in the direction of reducing the overall mass
of the robot and increasing the precision and smoothness of the
system behaviour to minimize the cost energy. This energy-based
design leads to 20.1% reduction in the cost energy, but entropy
and agility criteria increase in this design by 7% and 35.9%,
respectively.

For the design based on the entropy criterion, the radius of the
first three links has changed by +5.5%, —6.5% and —8.3%, respec-
tively. The length of links 1, 4 and 5 has increased by 39.8, 21.1
23.2 mm, respectively, and that of the second and third links has
reduced by 26.7 mm. In addition, the twist of links 1, 2 and 4 has
changed by 18.9, 8.1 and 8.3 degrees, respectively. These modifica-
tions lead to +26.3%, —21.3%, —24.8%, +7.4% and +67.5% change of

Vi (V) T'm; (Ohm) Im, (MH) Km, (N.m/A) Jm, (g.cm?) 1i i (N.m.sfrad)
Link 1 4 33 3 0.2587 68 1/72 0.0001
Link 2 3.6 1.8 2.5 0.4414 300 1/72 0.0001
Link 3 3.6 1.8 2.5 0.4414 300 1/72 0.0001
Link 4 4 33 3 0.2587 68 1/19.6 0.0001
Link 5 4 33 3 0.2587 68 1/9.8 0.0001
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Table 3
Design results.
ri (mm) I; (mm) d; (mm)
Joint 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Initial 65.6 27.7 241 10.0 100 00 2540 2540 00 0.0 2540 0.0 0.0 0.0 0.0
Final (Energy) 54.6 258 317 222 295 950 2449 2573 1217 456 188.6 327 18.4 37.3 78.6
Final (Entropy)  69.2 259 221 97 103 3938 2273 2273 211 23.2 2482 22 0.0 0.0 18.7
Final (Agility) 62.3 359 275 107 165 576 2283 2234 167 29.0 2495 574 74.9 234 335
oi(°) P; Int;
Joint 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Initial -900 00 0.0 -900 00 2048 2226 1300 1200 1005 0100 0100 0150  0.200 0.100
Final (Energy) -886 26 7.77  -574 173 2017 2451 1273 1358  9.53 0117 0148 0156 0212 0.162
Final (Entropy)  -71.1 83 -1.5 -819 -02 2079 2392 1334 1389 1201 0095 0095 0139 0.184 0.098
Final (Agility) -837 59 139 770 03 20.14 2153 1474 1456 1078 0.103 0101 0140 0.173 0.093
Kvp,i Kvyi Criterion EE overall error
Joint 1 2 3 4 5 1 2 3 4 5 cE(J) QirJ) T(s) Etol(mm)
Initial 411 39.7 241 23.6 224 4438 4825 3329 2500 2300 2195 6.39 434 183
Final (Energy) 39.3 456 285 221 28.0 4408 5038 3219 2662 2501 1753 6.84 5.90 45
Final (Entropy)  41.7 404 252 246 234 4650 4500 31.00 2800 2700 1932  4.90 0.55 8.0
Final (Agility) 40.6 415 277 242 264 4530 4502  36.00 2627 2425 2223 564 0.41 9.2
the mass of the 5 links, respectively. Considering the control 40
parameters, a notable increase in the proportional gain of the last _ o
two links can be observed for 15.7% and 19.5%, respectively. The B :E”::Ly ST
integral gain of the third and forth links has decreased by 7.3% s0l| © Entropy A
and 8%, respectively. The feedforward gain of the last four joints - Agility N

has also changed by —6.7%, —6.9%, +12% and +17.4%, respectively.
All other design parameters have been modified by less than 5%
in order to minimize the design criterion and keep E,,; below the
threshold. In this design, the irreversible heat exchange has been
reduced by 23.3%, and energy and agility criteria have also been
enhanced with respect to the initial configuration by 12% and
87%, respectively.

Considering the design solution based on the agility criterion,
except for the first link whose radius has decreased by 5%, the ra-
dius of the other four links has increased by 29.6%, 14.1%, 7% and
65%, respectively. The length of links 1-5 has changed by
57.6 mm, —25.7 mm, —30.6 mm, 16.7 mm and 29 mm, respec-
tively. Table 3 also shows an increase in the offset of the last four
links by 57.4, 74.9, 23.4 and 33.5 mm, respectively. Furthermore,
the twist of the first four links has been modified by 6.3, —5.9,
13.9 and 13 degrees, respectively. Overall, these modifications re-
sult in +9.3%, +88.1%, +52.8% and +17.3% change in the mass of
the first four links, respectively, and the last link has become
3.6 times heavier. Regarding to the control design, the proportional
gain of the last three links has increased by 13.4%, 21.3% and 7.3%,
respectively. The feedback gain of the third and fifth link has also
increased by 14.9% and 17.8%, respectively. Besides, the integral
gain of the last three links has decreased by 6.7%, 13.5% and 7%,
respectively. In terms of the feedforward gain, links 2 and 3 show
a change of —6.7% and +8.1%, respectively. The rest of the design
parameters have been modified by maximum 5%. As a result, for
step input trajectories the manipulator response is almost 10 times
faster and the energy and entropy criteria have changed by +1.3%
and —11.7%, respectively.

Fig. 6 depicts the average of the EE position error, formulated in
(28), for a set of desired trajectories considered in the design,
including step, ramp, pick-and-place, and periodic. For all of the
design solutions the error variation for almost the entire operation
time remains below the error curve for the initial configuration.
The EE overall error, E,,, for the initial and alternative designs is
calculated from (29) and listed in Table 3. For the design based
on energy, entropy and agility criteria E;,; has decreased by 75%,
56.4% and 49.5%, respectively. Note that the end-effector error
for the initial configuration is 18.0 mm, which is more than the

Error (mm)

Time (s)

Fig. 6. The average of end-effector position error for a set of desired trajectories
based on different criteria.

10 mm threshold set in the design. An interesting observation is
the way that each design criterion affects the error variation. The
agility criterion seems to result in relatively high error variations,
due to the fact that it attempts to speed-up the system response,
while by finding a proper combination of control gains and kine-
matic and dynamic parameters it tries to maintain the overall error
below the threshold. In case of energy criterion, the system re-
sponse begins by a slightly larger error but tends to rather smooth
out the error variation, because energy criterion does not favour
drastic control commands at the joints to save energy. The entropy
criterion attempts to reduce the wasted irreversible energy, in the
form of heat generated by friction and electric resistance. This is re-
flected in the end-effector error response as a relatively constant
curve with local oscillations to ensure that the equilibrium time
remains as short as possible.

From Table 3, all three design solutions result in notable
changes in kinematic, dynamic, and control parameters compared
to those of the existing design of the CRS CataLyst-5 manipulator.
Each solution improves the corresponding criterion as well as the
EE overall error. Nonetheless, the entropy-based design seems to
enhance all three design criteria simultaneously, and hence it
could present a reasonable compromise for all three criteria and
the EE overall error.
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7. Conclusions

In this paper, mechatronic systems were deemed as energy sys-
tems, and first and second laws of thermodynamics were reformu-
lated for defining several design criteria using bond graph notation.
This holistic system modeling approach is suitable for concurrent
design of mechatronic systems. Three design criteria, namely
energy, entropy and agility, were introduced. The choice of the
criterion for a design problem is up to the designer, and it also
depends on the critical performance measures. For instance, for
designing many systems that are used in the space industry where
power efficiency is important, energy criterion can be employed,
whereas for thermodynamic systems entropy criterion is usually
appropriate, and for systems that are designed to operate fast,
agility criterion can be optimized. As a case study, the bond graph
model of a five d.o.f. industrial serial-link manipulator was
developed, and its kinematic, dynamic, and control parameters
were re-designed concurrently through optimizing each of the
developed holistic design criteria separately. The resulting designs
show superior performance compared to the existing manipulator
configuration, which highlights the significance of synergy in the
design of mechatronic systems through proper means.
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