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The field of mechatronics primarily concerns the integration of mechanics and electronics.
(e.g., mechanical, fluid, thermal and electrical/electronic systems)

Control
Systems

They can serve functions of

» Structural support % Electronics
» Load beating

> MOblhty \(9/' Electronic

Systems

» Transmission of motion and energy Q”‘l\

Mechanical Electro-

> Actuation W& mechanics
» Manipulation L

. Mechanical
> Sensmg Systems

» Control

https://en.wikipedia.org/wiki/Mechatronics
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An electromechanical system / mechatronic system
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A &SQF/\/
Electrical > Load
Subsystem (fixed
K\ \_/
Source > Mechanical

ﬁxed)> /ﬁk) Subsystem

“* Energy (or Power)

“* Bandwidth (e.g., Speed and Time Constant)
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Required and needed in this course:

» Mechanical Components
» FElectrical Elements
Should understand:

>T,he/rn\m1£ﬂws\
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Across Variable: Varies Across Element (e. g oL, T@mpem’m‘f‘e Pressure)
\/\/\/\/\-’\/
/ V‘ ulz U= Ui+ U=
P !
M - Vy 2V
O % ' ‘
Through Variable: Remains Unchanged Through Element (e. %E@t Heat
Transfer Rate, Fluid Flow Rate) ;, L
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Sources: Velocity and force/torque
NN NN~

Variables: Velocity (across variable) and force (through variable)
SN N
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-
Mass (Inertia) Element (A-Type Element) " //C%v li(;z;glcle v
¢V 7
Constitutive Equation (Newton’s 279 Law): ¥ g ? mo
dv Z M
where 7 = mass(inertia) V=)V ax
Power = fv = rate of change of energy =» SPJ{ = f M A V- Loc/ci‘?
E — = V‘@ ‘\/Z
E—J dt—j o dt—j d =
= | fvdt = m—ovdt = | mvdy [41‘(‘@{-"\057\@“‘7:11
_ l 2 . . \A -
=> Energy E = S mv* (Kinetic Energy) =» EW@M waké /| nert
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Observations: Mass (Inertia) Page 9 of 33

: .. L 2
» An inertia is an energy storage element (kinetic energy). £ :‘!z‘ w /-

» Velocity (across variable) represents the state of an inertia element =2 “A-Type

ement”
Note: 1. Velocity at any #is completely determined from initial velocity and the applied force; 2. Energy of
inertia element 1s represented by » along. 4§ Lot - QPﬂw m >

. be vouwokl,
» Hence, » is a natural output (or response) vatiable for an inertia element, which can
represent its dynamic state (1.e., state variable), and fis a natural input variable for an

inertia element.

> Velocity across an inertia element cannot change instantaneously unless an infinite force

is applied to it.
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B
Spreng (Stiffuness) Element (‘'I-1Type Element) Q'/ AL .
YK 7 S
(\r = K & f/’ >
Constitutive Equation (Hooke’s Law): é J\/X\/‘ —> f=hx
Z
7

where £=stiffness

Note: Differentiated version of familia ' aw 1n order to use
velocity (as for inertia j}ement) 1 9 2
2 = F
1 o
9Energy E=-=— (E astic potential energy) ,Cerce & Thre Vﬂ% v

=> Energy storage element ,(\I

Gy -
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» A spring (stiffness element) is an energy storage element (elastic potential energy).
NN N~ —~——— N

> E})\rse\_(t/hgugh variable) represents state of spring element =2 “T-Type Element”.

Note: 1. Spring force of a spring at time #1s completely determined from initial force and applied velocity; 2.

SReipe cncrgy is represcnted by falone. (. Gtote Vool

» Force fis a natural output (response) variable, and » is a natural input variable for a
stiffness element.

» Force through a stiffness element cannot change instantaneously unless an infinite
velocity is applied to it.
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Dampeng (Dissipation) Element (D-Type Element
ping ( \/z/\_/i/ (-

~
‘ <
NN

Constitutive Equation: f = bv
where b=damping constamping coetficient); for viscous damping

The power dissipated depending on the velocity »:

P = bv?



Observations: Damping (Dissipation)

» Mechanical damper is an energy dissipating element (D-Type Element).

> FEither force for velocity » may represent its state.

Page 13 of 33
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Rotational Mass:

Torsional Spring:

Rotary Damper:
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Ve
Capacitor A v >V Inductor Resistor
P A
PEEHED i
- S o oW —o
. - V y M e— ;ova -

l
Sources: \Lcalt\%g: and current J7 < 4\\\‘

NN— \W» X7

Variables: Voltage (across variable) and C:}lt/egt (through wvariable)
NS -
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Variables: Voltage (across variable) and the current (through variable)

Capacitor Element (A- Type Element) (a) .C
\/_\M v o—>— | o

Constitutive Equation: C 3o g - «—

where C = capacitance QQ v 2

f\/ g~ /IL/O ll’\)) Volf&""‘:‘"
Power = v =2 Energy E= [ivdt = [ C—vdt = [ Cvdv > ‘ .
&

e\./\_,../""

Energv|E = —C V2 electrostatic ene =» Eneroy storage element
gy 1 L\\g;gw gy storage clement

NN cros
Qmﬂ(;& LAl Jolede — Auw*”ue
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» Voltage (across variable) is state vatiable for a capacitor =» “A-Type Element”.

> Voltage 1s a natural output variable and current is a natural input variable for a capacitot.

W*’L L'W NOM V. gtote vovalL-

» Voltage across a capacitor cannot change instantaneously unless an infinite current is

applied.
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Inductor Element ('T-Type Element)

y J (b) i L
Constitutive Equation: L a_ v V /( o> (VYL 4
dt \y- -
where . = inductance B )
M v
ot
ot W
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» Current (through variable) is state variable for an indgctor => “T-Type Element”.
o A

> Current is a natural output variable and voltage is a natural input variable for an

inductor.

» Current through an inductor cannot change instantaneously unless an infinite voltage is

applied.
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Resistor Element (D-Type Element)

() ; R

Constitutive Equation: v = Ri (Ohm’s law) 09—/\/\/\/\/—0 N"d
where R = resistance -— ,y/j

\4 w (/ ﬂﬁfj’
Observations: A~ i) l/‘/e‘/
1. 'This is an energy dissipating element (D-Type Element) 2 [‘\ % ﬂ\ I

gl
2. Either 7 or » may represent the state M\(WW' % P(QPWS
€
!

3. No new state variable 1s defined by this element. . e O A 4 e
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Components | Constitutive Energy Stored or
Equation Power Dissipated
Capacitor - dv E — 1 C 2
—  dt :
Inductor di E = 1 Li2
VUV =L— 2
dt
. ny ;
Resistor v =1IR P = % or P = I?R

Note:
" Voltage is a natural output variable and current is a natural input variable for a capacitot.

= Current 1s a natural output variable; voltage 1s a natural input variable and voltage is a
natural state variable for an inductot.
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System Type < WM | Q [’wtl
System-Variables:

Q L Through-Variables Force f Current / A /{
CXVQN 5 Across- Variables  Velocity » Voltage »
g System Z C
wa\ Parameters £ 1/1.
b 1/R

vC
wW
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Variables: Across variable temperature (1) and through variable heat transfer rate (Q).

Thermal Capacitor (A-Type Element)

Consider control volume I of fluid with, density p, and specific heat «.
dT

Constitutive Equation: Net heat transfer rate into the control volume ¢=#V¢ 7 4

dT

CZ 7 Hea emperature
dt ) Trau:sfer ! ]l])‘ t
C, = prc = thermal capacitance of control volume e T e

Observations:
Temperature T is state variable for thermal capacitor (from usual argument) =
“A-Type Element”

Heat transfer rate () 1s natural input and temperature T is natural output for this element
This 1s a storage element (stores thermal energy)

Note: There 1s no thermal “inductor” like storage element with state variable (.
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Thermal Resistance (D-Type Element)
Three basic processes of heat transfer = three different types of thermal resistance

Constitutive Relations
, A
Conduction: 9= ET
k£ = conductivity; A = area of cross section of the heat conduction element; Ax = length of heat
conduction that has a temperature drop of T.
Ax

=» Conductive resistance R = 0
Convection: Q= hcAT

h, = convection heat transfer coefficient; 4 = area of heat convection surface with temperature drop

T

1
=>» Conductive resistance Rc = A

c

Radiation: Q=oF,F,A(T! -T,}) =» a nonlinear thermal resistor

O = Stefan-Boltzman constant

F,, = effective emmisivity of the radiation source (of temperature T))
F , = shape factor of the radiation receiver (of temperature 1)

A = effective surface area of the recetver.
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Variables: Pressure (across variable) P and volume flow rate (through variable) 0

Fluid Capacitor (A-Type Element) (a)

dP P (b) X0 — » X
Constitutive Equation: ¢, = —
I i i P, P, P
Note 1: Stores potential energy (a “fluid spring”) 0 I o | o
Note 2: Pressure (across variable) 1s state variable —» . VA 0
: : ) .
for fluid capacitor =» “A-Type Element” | v I
P=P-P

Three Types: Fluid compression; Flexible container; Gravity head

la. For liquid control volume 1 of bulk modulus f: G =%

1b. For 1sothermal (constant temperature, slow-process) gas of volume I and pressure:

v
Ccomp =5

P y (c)
1. For adiabatic (zero heat transfer, fast-process) gas:  Ceomp = P
k=2 = odi -

=, = ratio of specific heats at constant pressure and constant volume
AZ

2. For incompressible fluid in a flexible vessel of area .4 and stiffness £: Cotastic = o

Note: PFor a fluid with bulk modulus, the equivalent capacitance = G + Coagiic .

3. For incompressible fluid column of area of cross-section A4 and density p: Cow =—
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Fluid Inertor (T-Type Element) P P
do ! .
Constitutive Equation: / P i : '
,— 0
Note 1: Volume flow rate Q (through variable) is state variable for fluid inertor =» i
“T-type Element” ‘ '
Note 2: It stores kinetic energy, unlike the mechanical 7-type element (spring), which d0
stores potential energy. P=1I a_;

With uniform velocity distribution across 4 over length segment 4x:

Ax

Fluid inertance I, = P

For a non-uniform velocity distribution:
° ° Ax .
Fluid inertance /; =a—- (correction factor )

For a pipe of circular cross-section with a parabolic velocity distribution, @ = 2.0
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Fluid Resistor (D-Type Element) P, P,

Constitutive Equation (Linear): P=R,0
P=R;0Q
Constitutive Equation (Nonlinear): £ = Kz0Q !
(K and 7 are parameters of nonlinearity)

For Viscous Flow Through a Uniform Pipe:
. . . . Ax
(a) With circular cross-section of diameter 4 £ =128 Ty

: : : : Ax
(b) With rectangular cross-section of height / << width »: £/ = 12MW

Note: u = absolute viscosity (or, dynamic viscosity); U = kinematic viscosity
with u=vp
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Constitutive Relation for
Sy stem Typ e Energy Storage Elements Energy Dissipating Elements
A-Type T-Type D-Type
(Across) Element | (Through) Element (Dissipative) Element
Translatory- Mass Spring Viscous Damper
Mechanical (Newton’s 20d | (Hooke’s Law) b = damping constant
v = velocity Law) k = stiffness
f = force 77 = mass
Electrical Capacitor Inductor Resistor
v = voltage C = capacitance | L = inductance R = resistance
/ = current
Thermal Thermal Capacitor | None Thermal Resistor
T = temperature C, = thermal R, = thermal resistance
difference |capacitance
O = heat transfer rate
Fluid Fluid Capacitor | Fluid Inertor Fluid Resistor
P = pressure Cr = fluid | I;= inertance R;= fluid resistance
difference capacitance
O = volume flow rate
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System Type Through Variable Across Variable

Hydraulic/Pneumatic JlQ)valtele Pressure

Electrical Current Voltage

Mechanical Force Velocity

Thermal Heat Transfer Temperature
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Suspension of a car

Kw
Road surface

1

tr(t)
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Electrical Circuit

+ K,
R B R,
Do(A)
| F—
n R C, v+\
C, —— L 01(V)
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DC Motor (will discuss it in detail in later chapter)

Qutput
la(t) Ra La Wm (T
——AW—"W 9:8»»;
ea(t) eb(r)‘ 3 )
Input Tin () b7777| Bm
A\ A J
Y Y

Armature circuit Mechanical load



dhe End!!



