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Lecture - 27
Electrical System Model

I welcome you all to this NPTEL online certification course on Mechatronics. Today, we
are going to discuss the Electrical System Models. First, we will be looking at the various
building blocks for modeling any electrical system, and then, we will see the various
combinations of these building blocks in modeling of an electrical system, and then, we
will take up an example of an electrical system such as a motor, and we will see how can
we model either the armature control motor or the field control motor. So, this is what |

have planned for you in this lecture.

The basic building blocks of the electrical system are the inductor, capacitor, and resistor.

So, first of all, let us look at the inductor.

(Refer Slide Time: 01:53)

Introduction
* The basic building blocks of electrical systems ,
are inductors, capacitors and resistors. -
* Inductor,” —m/—
* Potential difference V across it at any instant L
depends on the rate of change of current o —
through it s

e U= LZ—i(Here Lis inductance )

e l=%J‘VLdt/

We see that this is the symbol for an inductor. So, the potential difference V, across it at

any instant depends on the rate of change of current through it. So,

di

V, =L—
L dt
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where L is inductance, or | can write it in terms of current as,
1
i=—)Vdt

(Refer Slide Time: 02:26)

* Capacitor” v

Potential difference across it depends on i

the charge g on the capacitor plates at the _'4| ’7
instant - —

(d & D/ C
. q 1. &
* For capacitor V. =~ = -f idt Capacitance
v C C i
v =gy

dt
The next building block is the capacitor over here. So, see, there is a capacitor of
capacitance C; the current through is i, and the /. is the voltage across the plates over here.

So, the potential difference across it depends on the charge on the capacitor plates at that

instant. So, for here,

q 1.
E—Cfldt

| can write,
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(Refer Slide Time: 03:13)

* Resistor”’ v
R
* The potential difference across it at

any instant depends on the current VVYV

through it. R

Resistor

Ve = iR

The next building block is the resistor which comes from the definition of the ohm, the
definition for the resistor given by ohm’s law. So, here the voltage drop across the ends of

the resistor,
VR - lR
where i is the current through the resistor and R is the resistance of the resistor.

(Refer Slide Time: 03:41)

I
Electrical System Building Blocks

V g
l R L VL i
W— = T
R . C
Resistor Inductance Capacitance
. di 1
Va = iR - = I
g
1 dv,
C v, dt |=C=
! L[ g =l
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So, here are the three basic electrical system building blocks resistor, inductance, and

capacitance.

(Refer Slide Time: 04:18)

ENERGY/POWER
* Both inductor and capacitor store i Vi
energy YL
* Aresistor dissipates energy L
* Energy stored by an inductor when Inductance
there is a current j
1,
Ezzu

0

Now, what about energy and power? So, both the inductor and capacitor store energy, and

a resistor dissipates energy. So, energy is stored by an inductor when there is a current I,
1
E==Li?
> l

(Refer Slide Time: 04:38)

* Energy stored by a capacitor when there

v,
i
is a potential difference V across it _’—’ }—
1
c

E= Ecvf/
o ) Capacitance
* Power dissipated by a resistor when
there is a potential difference Vacrossit Ve ~
) ol i)
V —_—
poyi=k A —
,\ R —
R
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And energy stored in a capacitor,

E—lCVZ
2

I am not going into the derivation of this because you must have studied these things in
your earlier classes. And the power is dissipated by a resistor, and when there is a potential

drop V across it here,

(Refer Slide Time: 05:13)

I
Building up a Model for an Electrical System

* The equation describing how the .
electrical blocks can be combined [ ]
are Kirchoff's laws ' R, R,
* lawl: Applied } |
* The total current flowing towards Voltage
ajunction is equal to the total
current flowing from that junction
i.e. algebraic sum of currents ata

junctionis zero,

Now, building up a model for an electrical system; so, after defining these three basic

E1=i2+i3
V=V, ¥V, V
w_Ya Y
Ry Ry Ry

elements, we can build up a model for the electrical system using Kirchhoff’s current law
and Kirchhoff’s voltage law. | have discussed talked about these two Kirchhoff laws in
my very introductory lecture in the first week of it. | am going to refer to those laws here

again, which will help us in preparing the model for an electrical system.
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I @ 000
Building up a Model for an Electrical System

R . d
* The equation describing how the | f’" L
electrical blocks can be combined b T |
are Kirchoff’s laws ’ R, R,
* lawl Applied ] |
* The total current flowing towards Voltage : ol
ajunction is equal to the total B, B '
current flowing from that junction T W ¥
i.e. algebraic sum of currents at a > A= R—A+R—” B
junction is zero. yo

So, the equation describing how the electrical blocks can be combined is Kirchhoff’s law,
the combination of these blocks. So, the 1st law is the total current flowing towards a
junction is equal to the total current flowing from that junction. So, the current in has to
be equal to current out at a junction, or what we can is that the algebraic sum of current as

it at a junction is 0.

So, if I look at this electrical circuit over here, so if | take this junction here, so here you

can see the current in is i; and current out is i, and i5. So,
il = iz + i3
| can write as if this voltage is V, and here,

V-Vy Vi Vy

Ri Ry Rs
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R

L A
* Inaclosed circuit or loop, the ’ i \ R, ]\ Ry~
algebraic sum of the potential Cgl‘:'a'gg . ;JU“|
differences across each part of the

circuit is equal to applied emf.
V—11R1+RZ l] lz

* Orsum of the voltages around a s KVU
closed loop or path is 0. 0= lzR + Ryl - i)

—"

Then, there is the 2nd law by Kirchhoff, and it states that in a closed circuit or a loop, the

algebraic sum of potential difference across each part of the circuit is equal to the applied
emf or what we can that some of the voltages across a closed-loop or path is going to be
0. So, this law can be explained with the help of this very example over here.

So, it is the same figure which | have shown you in the previous slide. So, here suppose, |
assume a current direction in this direction current i; and in this direction current i,. Then,
if I look at there are two loops; this is your loop 1, and this is your loop 2, so, if | write the

expression for loop 1, its applied voltage is V.
So, this is Kirchhoff’s voltage law for the first loop.
V=10R + Ry (i1 — i3)

Likewise, | can apply it for the second loop. So, for the second loop, there is no source

over here.
0=1iR; + Rz(iz - i1)

So, this way, | can write Kirchhoff’s voltage law for the two loops.
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—G‘

xample: Resistor-Capacitor System (L/ /
e
i R P
V = VR + V(:
. For resistor Vg =LR_
@ For capacitor V, = ; = %f@
. _ & ‘
ST
This is relationship between output V. and V=iR+V
input V CR%WC)\
As seen it is a first order differential df//
equation.

So, these are the building blocks for us if we want to model an electrical system. So, we

have seen a resistor, we have seen a capacitor, we have seen an inductor. So, now, | am

going to take the various combinations of these which exist in a circuit. So, here suppose

| have a combination of resistor and capacitor.

So, there is a circuit, and you have an applied voltage source, a resistor, and a capacitor is

there. So, this is my input and output, and | want to take across the capacitor that is V .

So, | can apply Kirchhoff’s voltage law. So, this,

V=Vs+V,

That is the voltage across the resistor and voltage across the capacitor. For,

So, | get,

VR=lR

q .
VC:E:Efldt

v

TR
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Now, | can substitute here. So, this,
V=iR+V,

This i can substitute over here. So, this is,

V—CRdVC+V
- dt ¢

So, as | said, my aim is what is my input here? Input is this voltage, and what output am |
looking for? The output I am looking for is V. So, the forcing function here is the voltage
supplied and the right-hand side. You can see that it is a differential equation of the first
order. So, this way, | can derive the system equation for this system which consists of a

resistor and a capacitor.

(Refer Slide Time: 11:24)

Example: Resistor-inductor System gff)’

/
R V=Vt (KVL>

'S } 6) LFor resistorVp = IR

v L - i 7 Wit by

v For inductor
/Applied i
Voltage L /@ V= Lﬂ
dt

s V,d

+ Thisis relationship between output = ZJ : }
V, andinputV

Next, let us take the example of the resistor and inductor. We have seen resistor, capacitor,
and inductor. So, in the last slide, | have shown you the example of resistor and capacitor.
Next, let us see an example of having the combination of resistor and inductor. So, you
have a resistor, and you have an inductor over here. So, again my input is applied voltage
V and output suppose | want to take across the two terminals of the inductor that is my
output.
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So, again | can apply Kirchhoff’s voltage law over here. So,

V=Vg+V,
Ve = iR
So, for V,,
n=12
dt
Or,
i = %f Vv, dt

Why am | writing it in this way? Because | want things to be expressed in terms of the

output parameter that is V;.

So, my expression V is,
R
V=n+ffnm

So, this is my equation. So, now, here also you can see that this is my left-hand side here,
so this is my forcing function which is the input voltage, and on the right-hand side, | have

got the 1, as the parameter, so, this is the voltage across the inductor.
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I @
Example: Resistor-inductor-capacitor System Q\'C:X’ '

v
% Y VetV +Ve (KVL)
‘\/‘ ] For resistor Vg = iR
W - 4 el
v 3 R For inductor
’ di
S Q e A 1=
Applied ) . di
Voltage V=‘R+Ld_+@
t
* This is relationship between output V. and i:C%/ / oo
in o = wll e e
putV. A P
* Asseenitisasecond order differential =@ CR—4 LC—; .
equation./ ;it 7‘“

Now, next example, let us take where we have a combination of R C and I. So, | have got
a resistor, | have got a capacitor, and | have got an inductor, and suppose my output, | am
interested in seeing across the capacitor. So, this is my applied voltage or the voltage
source, and here i is the current through the circuit.

So, what is my intention? My intention is to develop a relationship between V. and V, and
| have seen it is a second-order differential equation. So, this is how it looks like; but how

it comes, let us see that. So, if | apply Kirchhoff’s voltage law over here, so

V=VR+VL+VC
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So, this is what | get. So, we see this V. is already there, this i in this one, and if I substitute
for i here, then | get this one.
dVe d?v;

= R L
V=V:+C dt+ Cdtz

So, it is a left-hand side, and you can see the forcing function is the voltage supplied, and
on the right-hand side, we have got the V. . So, it is a second-order differential equation

for the RLC circuit.

(Refer Slide Time: 15:18)

I
Example: Resistor-inductor-capacitor System

Using nodal analysis node B is
taken as reference node and

A node A to be taken at potential
. V, relative to B
; v
I1 1] . ll=l2+l;l/LKCL>
v : 1 -
: V-V
L 7 C Ve iy = A~
. » . R
Applied v e . v,
Voltage J i, =(C—=
" L
1
13 = Z VAdt\/

R
V_RCE+VC+ZIVCdt/ Ve=Vy o

If we have a resistor inductor capacitor system here; in the previous case, all these R, L,
and C, were in series and suppose here, they are in a parallel rest inductor and capacitor
are in parallel, then, in this case, we can make a nodal analysis using Kirchhoff’s current

law. So, | will be getting this equation,
v=rce yv + Ry ae
I R A

(Refer Slide Time: 16:32)
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Analogous Systems R L

Force due to spring / v T ey
«— Z Vv c

; Applied —

Voltage
Rl flectical | Mechanical
Force due to damper Current (i) v Force (F) ©~
P Potential diff (V) Velocity v)*~
For resistance i=V/R and

formr F@#\} Inductance v/ Spring

Capacitance . Mass v

So, this way, using KCL and KVL, we can write the equation of the system. So, you see
often there is an analogy which is made between the electrical system and a mechanical
system. So, we have seen the mechanical system in the previous lecture, so where you
have a mass, you have a spring, and you have a damper over here, and its analogous
electrical system is an RLC circuit consisting of a resistor, inductor, and the capacitor.

So, see for resistance from ohm’s law, we get i = V R for the electrical system and for a
mechanical system, for a damper F = cv; where c is the damping coefficient, v is the
velocity of the damper and velocity of the piston inside the damper and F is the resistive
force which is going to act. So, if | make a comparison of that, you see that this C is
analogous to your 1 by R over here. So, damping constant C is analogous to 1/R in the
electrical system, and your force in the mechanical is analogous to current in the electrical.
So, force in mechanical is analogous to current in electrical, and velocity in mechanical is
analogous to the voltage in electrical; velocity in mechanical is analogous to voltage or
potential difference in electrical, and inductance is analogous to spring, and capacitance is
analogous to mass. So, this way, we can make an analogy between the electrical and

mechanical systems.

(Refer Slide Time: 18:34)
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Electromechanical Systems

* These devices such as potentiometers, motors and generators, transform
electrical signals to rotational motions or vice versa.
* Potentiometer"”
~ Ithas input of a rotation/linear motion and output of a potential
difference. v -
* AnElectric Motor
- Ithas input of a potential difference and an output of rotation of a
shaft. o
* Agenerator -
- Ithas input of rotation of a shaft and an output of a potential
difference, o '

Next, before we take an example of a further example of a motor, let us look at the little
basics of the electromechanical system. These devices, such as a potentiometer, motor,
and generator, transform the electrical signal to the rotational motion or vice versa. So,
what does a potentiometer does? It has the input of a rotation or linear motion and the
output of a potential difference. And electrical motor has the input of potential difference
and output of rotation of the motion of the shaft. In a generator, it has the input of rotation

of the shaft and output of the potential difference.

(Refer Slide Time: 19:31)

[ A
D.C. Motor

* In mechatronic systems electric I
motors are often used as actuators.

* They are mostly used in position

and/or speed control systems. Length L

* The basic principle of operation of a
motor can be explained with the help
of Figure

0

So, these are the three examples of the electromechanical system. So, now let us look at a
little concept of the D.C. motor, and then, we will see how we can use the basic building
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blocks in deriving the system equation for the motor. That is the armature excited as well

as the field excited motor. We will see both cases.

Now, in the mechatronic system, electrical motors are often used as actuators. We have
seen that, and they are mostly used for in the position or speed control system, and the
basic principle operation of a motor can be explained with the help of this figure. So, here

is that if a current-carrying conductor is placed in a magnetic field, it experiences a force.

(Refer Slide Time: 20:28)

I Aforce is exerted on a current carrying
conductor placed in a magnetic field /
(Lorentz’s law)”

* This force, called Lorentz force is given as

s F= BifL v

Length L

&y

* where B is the magnetic field strength, i,
is current through conductor and L is
length of conductor.

So, that is the basic principle. So, a force is exerted on the current-carrying conductor
placed in the magnetic field. This is Lorentz law, and this force called Lorentz force is
given by,

F = Bi,L

where B is the strength of the magnetic field, i, is the current through a conductor, and L

is the length of the conductor.

(Refer Slide Time: 20:48)
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2 When a conductor moves in a magnetic field then an electromotive
force (emf)is induced across it. The induced emf is equal to the rate
at which the magnetic flux swept through by the conductor

.
dt

* The negative sign is because the emf is in such a direction as to

changes (Faraday’s law); e =

oppose the change producing it (Lenz’s Law), i.e. direction of
induced emf is such that it produces the current.

* This current sets up magnetic fields which tends to neutralize the
change in magnetic flux linked by the coil and which was
responsible for the emf. The induced potential is called as back emf.

And then, the second law is Faraday’s law that is when a conductor moves in a magnetic
field, then an electromagnet emf is induced across it, and the induced emf is equal to the
rate at which the magnetic field magnetic flux swept through it by the conductor changes

or very popularly known as,

d¢
dt

So, that is the negative sign because the emf is in such a direction as to oppose the change
producing it and which we call Lenz’s law. So, that is, the direction of induced emf is such
that it produces the current. Now, these current sets of a magnetic field tend to neutralize
the change in the magnetic flux linked by the coil and which was responsible for this emf,

and that is why this potential is often called the back emf.

(Refer Slide Time: 22:18)
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* From Lorentz’s law the force, with N wires is given as F =
NBi,L i

* The force on armature coil wire results in a Vto/rqudelig,
where b is the width of the coil. Thus T = %by

* The torque is thus proportional tother parameters

being constant.

Now, from. So, from Lorentz’s law, the force, with N wires can be given as,
F = NBi,L

so, the torque if this is having a width b, then you are going to have the,

torque as F .b and,
T = NBi,Lb

So, here this N is constant field strength is constant, L is constant, b is constant. So, your
torque produced is proportional to the current through the armature, other parameters being

constant.
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(Refer Slide Time: 22:58)

* Thus T = NBi,Lb

1= k{Biy

The back emf (V,) is proportional to the rate of rotation of the
armature (w) and the flux linked to the coil (B).

Thus Vj =K;Bw
* Where K, isa constant.

So, here suppose, if | am taking that B is also not constant, then we can take that the torque

is proportional to B i, . So, this is my equation,
T = K,Bi,

and you see that this back emf is proportional to the rate of rotation of the armature and
the flux linked to the coil. So, this,

Vb = Ksz

and this K 2 is constant.
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DC Motor with Armature and Field Coil Separately
Excited

Armature
conductors Field pole

So, we will be using that concept further. So, here let us see the dc motor with armature
and field coil separately excited. So, here this indicates the schematic of the D.C. motor.
So, you have the armature conductor over here, and you have the field coils over here, and
this is your armature. If you model it, we have the armature circuit, which is modeled as
an inductor-resistor. This is the back emf, and you have a load over here, and this is the

field circuit model as the Ry and Ly and this is the field voltage.

(Refer Slide Time: 24:27)

Armature Controlled Motors

* Inthis type of motor field
curren@s held constant

* Motor is controlled by adjusting
armature voltage V/,
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So, first, we will be looking at the armature control motor, and then, 1 will be talking about
the field control motors. So, in the armature control motor, this type of motor field current
is held constant because we are controlling it through the armature, and the motor is

controlled by adjusting the armature voltage V;, this one. So, a constant iy means the
constant B. As | said that we are taking iy constant; so, a constant field current means a

constant B. So,
Vb = KzB(l) = K3(,U
B is constant. So, | can take these two together constant. So, this is K5 times omega.

(Refer Slide Time: 25:14)

* Using Kirchoff's law -~
* V-V = LG+

¢ h-Ko=1, dt +i.R,

dig
* Current i, in the armature generates
torque T. Since for an armature
controlled motor B s constant so T =

K,Bi, = @L
* This torque is input to load system.

So, then I can apply Kirchhoff’s voltage law. So, the net voltage,

di, .
Va - Vb = LaE‘F LaRa

And then, | substitute for V, by K;w over here.

di, .
Va — ng = LaE‘F laRa

So, this is the equation that | get. So, the current through armature generates the torque,

and since armature is since for an armature control, motor b is constant. So,
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T = KlBia = K4_ia

This K, | can call it the constant, the torque constant of the motor, and this torque is the

input for the load system.

(Refer Slide Time: 26:12)

* If we neglect the torsional effect of the shaft

* If Ry is bearing resistance then™

* Net torque acting on the load = T — R, = MM

* This net torque will be responsible for the angular
acceleration of the load so,

dw
« 12 =K,i, - Ryw
dt
b=

And if we neglect the torsional effect of the shaft and R,, is the bearing resistance, then net

torque acting on the load is,
The torque acting on the load = T — Ryw = K,4i, — Rpw

and there is a torque T, and the resistance in the bearing will be R;, omega over here. So,
we have this, and this net torque is going to be responsible for the angular acceleration of
the load. So, this is,

dw )
IE = K4la - Rba)

(Refer Slide Time: 26:54)
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* Thus the relation for an armature controlled motor are

dig . .
Vo= Ky =Ly g + ioRo ]

d .
. 1d—‘:: Kyl = Ryo|

* We can substitute for i, in second equation from first in
order to get the relation between inpund outpu@

So, in the case of the armature control motor, we have got two relationships. This
relationship which we have applied the Kirchhoff’s voltage law for the armature and we

have got and this relationship, we have applied for the load. So, this we have got.

So, here we can substitute for i, in the second equation from the first in order to get the
relationship between the input voltage V, and the output w. So, these two equations we
can use to get the relationship between our forcing function, which is the input voltage V,,

and the output w of the motor.

(Refer Slide Time: 27:44)

I @00
Field Controlled Motor

* Inthis type of motors armature
current is held constant.

* Motor is controlled by varying the

field voltage.

* For field circuit e

‘ _ di/ 4 Uﬁ- L :
Vf—lfRf+sz[//‘4M . 7
>

v
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Next, let us take the field control motor. So, in the case of the field control motor, we are
going to change the field over here. So, in this type of motor, armature current is held
constant. So, the motor is controlled by varying the field voltage. So, for the field circuit
here, | can write this equation that is,

_ di
Vf = LfRf + Lf%

So, this is for the field, field winding rather.

(Refer Slide Time: 28:25)

* The field current leads to production of a magnetic field thus a torque acts
on the coil.

+ The torque is given by

* T=KBi,”

+ 7= (Kfiy)B

o T= &B (Since i, is constant)

. T:Kgﬂﬁmegﬁbx/ r

* So neglecting the torsional effect in shaft, net torque =T = Ryw”

ity
dw

o |—=T-Rw=Kcir—Rw

So, the field current leads to the production of a magnetic field. Thus, a torque at on the

coil and this torque is given by,
T = K,Bi,

Now, here as | said K;i,, i, | am keeping constant; armature current, I am not changing.

So, this is together, and | can take it as a constant. So, this is,
T = KB

K is a constant. So
T = Ksif

So, if I neglect the torsional effect in the shaft, net torque =T — R, w
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And this is the factor that is responsible for the acceleration of the shaft. So, | equate it to,
dw .
IE:T_wa =K5lf—Rba)

(Refer Slide Time: 29:29)

¢ Thus behaviour of field current motor can be described as
'@ lfRf + Lf it
15 = kg - Rb@/ looX

The output is W and input is
* Onecan ellmlnate the@from the above two equations and

get a relation between-out ut{wband mput@

So, this is what | get. This is my load equation. So, I 2 s Ksir — Rpw, and this is my

relationship which | have got for from the field wmdmg. So, the output is w here, and our
input is V. So, this is my output, and input is my V f. So, we can eliminate if . So, if is
common in these two equations, so | can eliminate ir from the above two equations and

get a relationship between the output, which is my w, and the input, which is my V; .
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So, you see that here, we have used the basic building blocks to model both the field control
D.C. motor as well as the armature control D.C. motor. So, in this lecture, we have seen
the basic building blocks for the electrical system, and then, we have used the combination
of blocks to analyze a system, and then, we have used the same concept of combination of

the block to analyze the armature control and the field control D.C. motor.
So, these are the references. If you want to read it further, please go through them.

Thank you.
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