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Circuit Definitions

* Node — any point where 2 or more circuit
elements are connected together
— Wires usually have negligible resistance
— Each node has one voltage (w.r.t. ground)

e Branch — a circuit element between two nodes

* Loop — a collection of branches that form a
closed path returning to the same node
without going through any other nodes or
branches twice



Example

* How many nodes, branches & loops?

SRR




* Three nodes

Example

O =

<







Example

* Three Loops, if starting at node A

A B




v'voltage
v Current
v Power

v Charge
v Work

Basic definitions



Circuit Elements




Active vs. Passive Elements

e Active elements can generate energy
— Voltage and current sources
— Batteries
* Passive elements cannot generate energy

— Resistors
— Capacitors and Inductors (but CAN store energy)



The 5 Basic Circuit Elements

There are 5 basic circuit elements:

1. Voltage sources
2. Current sources
3. Resistors

4. Inductors

5.

Capacitors




Voltage Sources

* A voltage source is a two-terminal circuit
element that maintains a voltage across
its terminals.

* The value of the voltage is the defining
characteristic of a voltage source.

* Any value of the current can go through
the voltage source, in any direction. The
current can also be zero. The voltage
source does not “care about” current. It
“cares” only about voltage.




Voltage Sources —
ldeal and Practical

* Avoltage source maintains a voltage across its terminals
no matter what you connect to those terminals.

 We often think of a battery as being a voltage source. For
many situations, this is fine. Other times it is not a good
model. A real battery will have different voltages across
its terminals in some cases, such as when it is supplying a
large amount of current. As we have said, a voltage
source should not change its voltage as the current
changes.

*  We sometimes use the term ideal voltage source for our
circuit elements, and the term practical voltage source
for things like batteries. We will find that a more
accurate model for a battery is an ideal voltage source in
series with a resistor. More on that later.




Voltage Sources — 2 kinds

There are 2 kinds of voltage sources:
1. Independent voltage sources

2. Dependent voltage sources, of which there
are 2 forms:

i. Voltage-dependent voltage sources
ii. Current-dependent voltage sources



Voltage Sources — Schematic Symbol for
Independent Sources

The schematic symbol

that we use for Independent
independent voltage -y voltage
source

sources is shown here.

This is intended to indicate that the schematic symbol can be
labeled either with a variable, like vg, or a value, with some
number, and units. An example might be 1.5[V]. It could also

be labeled with both.




Voltage Sources — Schematic
Symbols for Dependent Voltage Sources

The schematic symbols that we
use for dependent voltage
sources are shown here, of

i. Voltage-dependent

which there are 2 forms:

voltage sources

ii. Current-dependent
voltage sources

Voltage-
V= i dependent
HVy voltage
y source
Current-
. + dependent
g voltage

- source




Notes on Schematic

Symbols for Dependent Vo

The symbol p is the coefficient of the
voltage vy. Itis dimensionless. For

example, it might be 4.3 vy. The vy is a
voltage somewhere in the circuit.

The schematic symbols that we use for
dependent voltage sources are shown
here, of which there are 2 forms:

. Voltage-dependent voltage sources
ii.  Current-dependent voltage sources

The symbol p is the coefficient of the current iy.

It has dimensions of [voltage/current]. For
example, it might be 4.3[V/A] iy. Theiyis a
current somewhere in the circuit.

tage Sources

Voltage-
T dependent
voltage
source

Current-

n dependent
voltage

- source




Current Sources

e A current source is a two-terminal circuit
element that maintains a current through its
terminals.

* The value of the current is the defining
characteristic of the current source.

* Any voltage can be across the current source,
in either polarity. It can also be zero. The
current source does not “care about” voltage.
It “cares” only about current.




Current Sources - Ideal

e A current source maintains a current
through its terminals no matter what you
connect to those terminals.

* While there will be devices that reasonably
model current sources, these devices are
not as familiar as batteries.

* We sometimes use the term ideal current
source for our circuit elements, and the
term practical current source for actual
devices. We will find that a good model
for these devices is an ideal current source
in parallel with a resistor. More on that
later.




Current Sources — 2 kinds

There are 2 kinds of current sources:
1. Independent current sources

2. Dependent current sources, of which there
are 2 forms:

i. Voltage-dependent current sources
ii. Current-dependent current sources



Current Sources — Schematic Symbol for
Independent Sources

The schematic symbols that
we use for current

Independent
sources are shown - P
#fA] current
here. source

This is intended to indicate that the schematic symbol can be labeled either
with a variable, like ig, or a value, with some number, and units. An example
might be 0.2[A]. It could also be labeled with both.




Current Sources — Schematic

Symbols for Dependent Current Sources

The schematic symbols that we
use for dependent current
sources are shown here, of
which there are 2 forms:

i. Voltage-dependent /
current sources

ii. Current-dependent
current sources

Voltage-
dependent
current
source

Current-
dependent
current
source




Notes on Schematic
Symbols for Dependent Current Sources

The symbol g is the coefficient of
the voltage vy. It has dimensions

of [current/voltage]. For example,
it might be 16[A/V] vy. The vy, is a
voltage somewhere in the circuit.

The schematic symbols that we use for

dependent current sources are shown
here, of which there are 2 forms:

Voltage-dependent current
sources

Current-dependent current
sources

The symbol § is the coefficient of the

current iy. It is dimensionless. For
example, it might be 53.7 iy. Theiyis a
current somewhere in the circuit.

NG

Voltage-
dependent
current
source

Current-
dependent
current
source




Kirchhoff’s Laws




Overview of this Part

In this part of the module, we will cover the
following topics:

e Kirchhoff’s Current Law (KCL)
e Kirchhoff’s Voltage Law (KVL)




Kirchhoff’s Current Law (KCL)

 With these definitions, we are
prepared to state Kirchhoff’s
Current Law:

The algebraic (or signed)
summation of currents
through a closed surface
must equal zero.




Kirchhoff’s Current Law
(KCL) — Some notes.

The algebraic (or signed)
summation of currents through

any closed surface must equal
zero.

This definition essentially means that charge does not build up at a
connection point, and that charge is conserved.

This definition is often stated as applying to nodes. It applies to any closed

surface. For any closed surface, the charge that enters must leave
somewhere else. A node is just a small closed surface. A node is the
closed surface that we use most often. But, we can use any closed

surface, and sometimes it is really necessary to use closed surfaces that
are not nodes.




Kirchhoff’s Current Law (KCL)
— a Systematic Approach

The algebraic (or sighed) summation of currents
through any closed surface must equal zero.

For most students, it is a good idea to choose one way to write KCL
equations, and just do it that way every time. The idea is this: If you
always do it the same way, you are less likely to get confused about
which way you were doing it in a certain equation.

For this set of material, we will always assign a positive sign to a
term that refers to a reference current that leaves a closed surface,
and a negative sign to a term that refers to a reference current that
enters a closed surface.




Kirchhoff’s Voltage Law (KVL)

 Now, we are prepared to state
Kirchhoff’s Voltage Law:

The algebraic (or
sighed) summation of
voltages around a
closed loop must equal
Zero.




Kirchhoff’s Voltage Law
(KVL) — Some notes.

The algebraic (or signed)
summation of voltages around a
closed loop must equal zero.

This definition essentially means that energy is conserved. If we
move around, wherever we move, if we end up in the place we
started, we cannot have changed the potential at that point.

This applies to all closed loops. While we usually write equations for
closed loops that follow components, we do not need to. The only
thing that we need to do is end up where we started.




Kirchhoff’s Voltage Law
(KVL) — a Systematic Approach

The algebraic (or signed) summation of voltages
around a closed loop must equal zero.

For most students, it is a good idea to choose one way to write KVL

equations, and just do it that way every time. The idea is this: If you
always do it the same way, you are less likely to get confused about
which way you were doing it in a certain equation.

For this set of material, we will always go around loops . We will
assign a positive sign to a term that refers to a reference voltage drop,

and a negative sign to a term that refers to a reference voltage rise.




I=V/R

= Current (Amperes) (amps)
= Voltage (Volts)

= Resistance (ohms)

Georg Simon (1787-1854)



Kirchhoff’s Laws



Kirchhoff laws

* Present Kirchhoff’s Current and Voltage Laws.

e Demonstrate how these laws can be used to
find currents and voltages in a circuit.

* Explain how these laws can be used in
conjunction with Ohm’s Law.



Kirchhoff’s Current Law

e Or KCL for short

— Based upon conservation of charge — the algebraic
sum of the charge within a system can not change.

N
E : I . O Where N is the total number of

n branches connected to a node.

n=1



Kirchoff’s Current Law (KCL)

* The algebraic sum of currents entering a node
IS zero

— Add each branch current entering the node and
subtract each branch current leaving the node

e > currentsin-2currentsout=0
* Or 2 currents in =2 currents out



Example

e Kirchoff’s Current Law at B

B

I
o i e

Assign current variables and directions
Add currents in, subtract currents out: |, — 1, —I;+1s=0




Circuit Analysis

10 A

By KVL: -1,-8Q+1,-40=0
Solving: ,=2-1,
By KCL: 10A =1, +1,
Substituting:  10A=1,+2-1,=3 -1,
Sol;, =3.33A and |, =6.67 A
And V,; = 26.33 volts



Circuit Analysis

A

10 A 2.667Q Vag

B

By Ohm’s Law: V,; =10A-2.667 Q
So V,; = 26.67 volts

Replacing two parallel resistors (8 and 4 Q)
by one equivalent one produces the same
result from the viewpoint of the rest of the
circuit.



Example 1

Determine |, the current flowing out of the
voltage source.
® Use KCL
® 1J9MA+0.5mA+1are

entering the node. R2 § /l\SmA

® 3 mA is leaving the node.
1.9 mA

1.9mA+0.5mA+ | =3mA - _0SmA R

| =3mA— (1.9mA+0.5mA) A“ﬁs ! WA
| =0.6mA TI

V1 is generating power. 3V ——




Example 2

Suppose the current through R2 was entering the node
and the current through R3 was leaving the node.
® Use KCL
® 3SmMA+0.5mA+1are

entering the node.
® 1.9 mA is leaving the node.

|
3mA+0.5mA+ | =1.9mA ~ § WA
| =1.9mA—-(3mA+0.5mA) 19 mA
= 0.5mA R1
| =—1.6mA =
_AAN, . AAN—
V1 is dissipating power. R3 ?I
V=" v1




Example 3

 |f voltage drops are given instead of currents,
you need to apply Ohm’s Law to determine
the current flowing through each of the
resistors before you can find the cuvent

_I_

flowing out of the voltage supply, g .

2 kQ

+ 1.75V - R1 7kQ
—Wy ¢ A~
5k R3 /I\ + 2V -

I
N




Example 3 (con’t)

For power dissipating
components such as
resistors, passive sign
convention means that
current flows into the
resistor at the terminal
has the + sign on the
voltage drop and leaves
out the terminal that
has the — sign.




Example 3 (con’t)

|, =2V / 7kQ = 0.286mA
|, =4V / 2kQ = 2mA
|, =1.75V /5kQ = 0.35mA

.
R2 § 4V\L I
I 2 kQ -
—

+ 1.75V - R1 7kQ
—W : A —
5kQ R3 /I\ + 2V -

+ : —
Vo —" v




Example 3 (con’t)

* |1is leaving the node.
* |2 is entering the node.
* |3 is entering the node.

* |is entering the node.

-
4v | Ip
+ 1.75V - R1 7kQ
L, +1,+1 =1, — VW ' AN—
5kQ R3 + 2V -
2ZMA+0.35mA+ | =0.286mA . /rl =
| =0.286mA-2.35mA = —2.06mA NV — v



Example 4

* Find the voltage across R1. Note that the
polarity of the voltage has been assighed in
the circuit schematic.

— First, define a loop that include R1.

- Vri +
AVAYAY .
N R1 1.8k ¥ +
3V
5V V1 R2 I

4 7k 0.2mA i




Kirchhoft’s Voltage Law

e Or KVL for short

— Based upon conservation of energy — the algebraic
sum of voltages dropped across components
aroundﬁ| loop is zero.

_ O Where M is the total number of branches
V — in the loop.
=1

Z Vdrops = Z v r1ses



Example 4 (con’t)

 There are three possible loops in this circuit —
only two include R1.

— Either loop may be used to determine V,.

- Ve +

ARy
K ;
SENIGS
4.7k
— //




Example 4 (con’t)

 |f the outer loop is used:

— Follow the loop clockwise.

- Vet
AVAYAY
i R1 1.8k
5V V1 R2
4.7K




Example 4 (con’t)

Follow the loop in a clockwise direction.

The 5V drop across V1 is a voltage rise.

V. should be treated as a voltage rise.

The loop enters R2 on the positive side of the voltage drop and exits out the
negative side. This is a voltage drop as the voltage becomes less positive as

you move through the component.

- Vri +
=AW\
R1 1.8k
_I_
5V V1 R2
4.7k




Example 4 (con’t)

* By convention, voltage drops are added and
voltage rises are subtracted in KVL.

-9V -V, +3V =0
Ve =2V - Vi +
— AN,
- R1 1.8k
5V V1 R2

4.7k




Example 4 (con’t)

* Suppose you chose the blue loop instead.

— Since R2 is in parallel with 11, the voltage drop
across R2 is also 3V.

- Vri +
AVAYAY .
1
N R1-4.8k ¥ +
3V
5V V1 R2 1

4 7k 0.2mA i




Example 4 (con’t)

The 5V drop across V1 is a voltage rise.

Vg, should be treated as a voltage rise.

The loop enters R2 on the positive side of the voltage drop and exits out the
negative side. This is a voltage drop as the voltage becomes less positive as
you move through the component.

- Vri +
AVAYAY

1
i R1+1.8k n 11 +
3V
3V 7

5V V1 R2 ]
4 7 0.2mA




Example 4 (con’t)
* As should happen, the answer is the same.

-9V -V, +3V =0

V.. =2V
< - Vri +

VWV

4
n Rl 18k 4 |1 C‘
3V 7

S5V \/1 R2

4 7k ) 0.2mA




Example 5

* Find the voltage across R2 and the current
flowing through it.

— First, draw a loop that includes R2.

+ 2.4V - R3 1.1k
AVAVAY AVAVAY
n R1 + +

;
1

11.5V V1 R2 < Ve () 8V
AN

4.7k ] Tm




Example 5 (con’t)

* There are two loops that include R2.

— The one on the left can be used to solve for Vg,
immediately.




Example 5 (con’t)

* Following the loop in a clockwise direction.

— The 11.5V drop associated with V1 is a voltage rise.
— The 2.4V associated with R1 is a voltage drop.
— Vg, is treated as a voltage drop.

+ 2.4V - R3 1.1k
AVAYAY

T +

Vs 1 () gV
A

m




Example 5 (con’t)

~11.5V + 2.4V +V,, =0
V., =9.1V




Example 5 (con’t)

* |f you used the right-hand loop, the voltage
drop across R3 must be calculated using
Ohm’s Law.

+ 2.4V - R3 1.1k
AVAYAY AVAYAY
+ R1 + +

+
11
11.5V V1 R2 Vrb () 8V
A

4.7k _ m




Example 5 (con’t)

Since R3 is a resistor, passive convention means that
the positive sign of the voltage drop will be assigned
to the end of R3 where current enters the resistor.

As 11 is in series with R3, the direction of current
through R3 is determined by the direction of current
flowing out of the current source.

Because |1 and R3 are in series, the magnitude of the
current flowing out of I1 must be equal to the
magnitude of the current flowing out of R3.



Example 5 (con’t)

* Use Ohm’s Law to find V..

V., =1mA(1.1kQ) =1.1V

+ 2.4V - R3 1.1k

AN AVAYAY
N R1 N + Vg3 -
11.5V V1 R2 V

4.7K




Example 5 (con’t)

* Moving clockwise around the loop:

— Vg3 is a voltage drop.
— The voltage associated with I1 is a voltage drop.
— Vg, is a voltage rise.

TmA
+ 2.4V - R3 1.1k
AVAYAY AVAYAY
—I_ R3 T
+ R1 + v +

+
|1
11.5V V1 R2 \% () 8V
mA

4.7K _




Example 5 (con’t)

* Again, the same answer is found.

1.1V +8V -V, =0

V., =9.1V A
+ 2.4V - R3 1.1k
AVAYAY AVAYAY
N R1 N + Vg3 -
11.5V V1 R2 < V

4.7K _

|1<+
mA

) sv




Example 5 (con’t)

— Once the voltage across R2 is known, Ohm’s Law is
applied to determine the current.

* The direction of positive current flow, based upon
passive sign convention is shown in red.

TmA
+ 2.4V - R3 1.1k
AVAYAY AVAYAY

R1 IRzl N + Vrs - N

+
11
11.5V V1 R2 Vr: () sV
A

4.7K _ Tm




Example 5 (con’t)

., =9.1V [ 4.7kQ

|, =1.94mA
TmA
+ 24V - R3 1.1k
AVAYAY AVAYAY

R1 IRZl N + Vrs - N

+
|1
11.5V V1 R2 \%:* () 8V
TMA 7

4.7K _




Kirchoff’s Voltage Law (KVL)

* The algebraic sum of voltages around each
loop is zero

— Beginning with one node, add voltages across
each branch in the loop (if you encounter a + sign
first) and subtract voltages (if you encounter a —
sign first)

e > voltage drops - 2 voltage rises =0
 Or 2 voltage drops = 2 voltage rises



Example

e Kirchoff’s Voltage Law around 15t Loop

A L, + LRy - B
C -

Assign current variables and directions

Use Ohm’s law to assign voltages and polarities consistent with
passive devices (current enters at the + side)




Example

e Kirchoff’s Voltage Law around 15t Loop

Starting at node A, add the 15t voltage drop: + ||R;



Example

e Kirchoff’s Voltage Law around 15t Loop

A , + LR, - B
I Is
” * + VO

C

Add the voltage drop from B to C through R,: + I,R; + LR,



Example

e Kirchoff’s Voltage Law around 15t Loop

A L, + LRy - B
C -

Subtract the voltage rise from C to A through Vs: + I|R; + LR, —Vs =0
Notice that the sign of each term matches the polarity encountered 1st




Circuit Analysis

 When given a circuit with sources and
resistors having fixed values, you can use
Kirchoff’s two laws and Ohm’s law to

determine all branch voltages and currents

+ Vpp -
A |

70 B Y
+

3Q
Vac




Circuit Analysis

By Ohm’s law: V,; = |-7Q and V. = |-3Q
By KVL: V,g+Vpc—12v=0
Substituting: I-'7Q+1-:3Q-12v=0
Solving: | =1.2A

A

+

VAB B

7Q)

B|lV

3Q




Circuit Analysis

* Since V,; = |-7Q and V;. = 1:3Q
* And I =1.2A
* SoV,;=8.4vand V,.=3.6V

+ Vpg -
A |
70 B Y




Note:

* |f you use KCL and Ohm’s Law, you could find
out what the value of R1 is in Example 5.



* The currents at a node can be calculated using
Kirchhoff’s Current Law (KCL).

* The voltage dropped across components can
be calculated using Kirchhoff’s Voltage Law
(KVL).

e Ohm’s Law is used to find some of the needed
currents and voltages to solve the problems.



Chapter 2 Resistive Circuits

2.1 Series and parallel Resistances
2.1.1 Series Resistances

i R, [
— —
0 Wy o—
- v oo - +
N R
r U R = E eq =
- ? 2 R, +R,+ Ry
—_ ”3 +
o——AM o—H
Ry
(a) Three resistances (b) Equivalent
In series resistance

KVL :v=Vv, +V, +V,(+---4V_ )
=R, 1+ R, + R,i(+---+R_1)
=Rl

=Ry =R+ R, + Ry (+--R,)

-r



Chapter 2 Resistive Circuits

2.1.2 Parallel Resistances

(a) Three resistances in parallel
KCL:i=10,+1,+i(+--+1,)

v

Rl RZ R3
v
Ry

+—+—(+--+

l
“I7 VR, + /Ry + 1R,

(b) Equivalent resistance

---7



Chapter 2 Resistive Circuits

=
I
S
@

R2§2OQ §

RIZIOQ R3ZSQ

0 AW
R2§20£2 R4§15Q
O @
(a) Original network
oM
§Req2:lOQ

O

(b) Network after replacing R; and
R, by their equivalent resistance

D

O

(c) Network after replacing R, and  eeep  (d) Combining R; and R, in series yields

Reql

by their equivalent

the equivalent resistance of the entire
network

chl =
20 Q

78



Chapter 2 Resistive Circuits

R =20
o AN * *
Rzz R3: R4:
6 Q2 3Q 2Q
o ® °
1
R = =BQ
“ R‘+1/Rz+1/23 +1/R,
R, =100Q
MWy
o—e *
R;\z/\gﬁ §R3= Ry=
75 Q 25 Q
o °
R =t 1 _5210 L ~15kQ
1/R +1/R, 1/R, +1/R, '

Rey = 1/R, +1/(R +R,)



Chapter 2 Resistive Circuits

1Q 182
O WV

Py
NATAVAY

]
220

e

AN

< 54
<.

Find Ry, [or the circuit shown in Fig, 2.34,

Ry =4Q+24Q+8Q=144Q

260 230
8L = <
O——"A0 ] I
Figure 234 For Example 2.9,
40
o AN J
< S0 )
T [ %60
862 s 20
o——wn—L
{a)
40
O '-.-"ﬁ'\r""\.-_}
R, pes
. < 240
8 Q) ‘
O A._.-"\,-"’\-‘,
(h)

oN



Chapter 2 Resistive Circuits

e . 1Q 40 1e
a o—"WWy AMAN AW
6Q
R ;.117/’ < <
i 103 Z40 250
g Ix b6
h o J
1 12 x 4
0 . 182 4 129”4'&_2:—-—:
U O——"VWWVY A 2 +4
< 210 3
_-;;252 {_El gﬁ&l
h o . . .
2 %3
1 29|§3Q:2+%=1.29
e -
1 O— AN
) Ry =104+1.2=11.2¢
220 230
h o

o1



Series and Parallel Circuits

* Series Circuits
— only one end of each component is connected
— e.g. Christmas tree lights

e Parallel Circuits
— both ends of a component are connected
— e.g. household lighting



Inductors in Series

L2 L3 L4




L., for Inductors in Series

V. =V, +V, +V, +V,

vV, = ﬂ VZ:LZg

dt_ | dt_
v3=L3% v4=L4%
V., = Li%+ L2%+ L3%+ L4%
V., = Leq%

L, =L+L +L;+L,



Inductors in Parallel




Leq for Inductors in Parallel

=i i, +i; +1,

t ty

ilzét{vdt i2=Li2tjvdt
IB:%det Ii4:i4;[vdt

1 :1 t t ty
|m:—J'vdt+—jvdt+—j'vdt+—j'vdt

I—1t0 2 t 3t 4 t

1
L, = Leq{[th

L., =[1/L)+@/L,)+ @/ L)+ /L)



General Equations for L,

Series Combination Parallel Combination
e IfSinductors arein series, * If Pinductors are in parallel,
then then:

Leq :ZLS L., = Zpli
Lp_

s=1 p=1




Inductors are energy storage devices.

An ideal inductor act like a short circuit at steady
state when a DC voltage or current has been
applied.

The current through an inductor must be a

continuous function; the voltage across an
inductor can be discontinuous.

The equation for equivalent inductance for
inductors in series inductors in parallel

wm

|—
e
|l
Mn
I_‘H

I
O

1
[]
J




Combinations of
Capacitors



Capacitors in Parallel

 Three capacitors (C;,
C,, and C;) are
connected in parallel
to a battery B.

* All the capacitor
plates connected to
the positive battery
terminal are positive.

« All the capacitor
plates connected to
the negative battery

terminal are negative.

({—Terminal
L L T2 T
B==V iv iV
l —(13|(;3 ~|lc, -
K—Terminal
(a)
Q
|
B==1V |
l —q Ceq

Cy



Capacitors in Parallel

When the capacitors are first connected in the circuit,
electrons are transferred through the battery from the
plate that becomes positively charged to the plate that
becomes negatively charged.

The energy needed to do this comes from the battery.

The flow of charge stops when the voltage across the
capacitor plates is equal to that of the battery.

The capacitors reach their maximum charge when the
flow of charge stops.



Capacitors in Parallel

* In the parallel circuit, the Vo . .
voltage (joules/coulomb) is a
constant. . ) FTR
Voo = V1=V, = Vs T = ™
* The total charge storedon Vi~ ! ) .
the capacitor plates is equal B, S G, Ey

to the charge on each plate.
Q= Ql + Qz + Q3




Capacitors in Parallel

* |In order to make problem
solving easier, we replace
the three capacitors with a
single capacitor that has the
same effect on the circuit as
the three single capacitors.

* |n parallel:
Ceq =C1 +C +C5 + .

((—Terminal
" g T2 il
B V N v
—q3 Cg =2 CQ —{q1
K—Terminal
(a)
&
+ g
B==V
—q ch

G



Capacitors in Parallel

* C.q will be equal to the total capacitance of
the circuit C;.

* Increasing the number of capacitors
increases the capacitance.
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Capacitors in Parallel

* Problem solving involves reducing the circuit
components to one total charge, one total voltage,
and one total capacitance: Q

_ T

Cr v

* |In parallel circuits, you will probably find the voltage
first and then use this to determine the charge found
on each capacitor.
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Capacitors in Series
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* Three capacitors (C;, C,, and BV Vop-Er
C;) are connected in series to a e
battery B. .
. . q
* When the capacitors are first | —
connected in the circuit, ~1)Cs
electrons are transferred T
through the battery from the Lermii
plate of C; that becomes (a)
positively charged to the plate .
of C; that becomes negatively . +q
charged. BeEV
~9|Ceq




Capacitors in Se

* As the negative charge increases on
the negatively charged plate of Cj,
an equal amount of negative charge
is forced off the plate of C; that
becomes positive onto the plate of
C, that becomes negative.

« The same amount of negative

charge is also moved between C,
and C;.

 The energy needed to do this comes
from the battery.
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Capacitors in Se

* In the figure shown, all of the
upper capacitor plates will
have a charge of +Q and all of
the lower capacitor plates will
have a charge of —Q.

 For capacitors in series, the
amount of charge on each
plate is the same:

Qr=0:=0Q,=0Q3=...
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Capacitors in Se .
%®___7
9 G |
| |
; +al |
* In order to make problem solving B=V V2¢L:q‘ (‘f
easier, we replace the three 1
capacitors with a single capacitor +q
that has the same effect on the ) :
circuit as the three single )G
capacitors. L
* In series, the reciprocal of the total (a)
capacitance is the sum of the .
reciprocals of the separate o
capacitors: 1 1 1 1 B3_L-_- Vv
— =t —+—+... ~4|C.q
C CH (:2 (:3 &
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Capacitors in Se y
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« It is easier to use the BV qu‘(‘;;
reciprocal key (x! or 1/x) on
your calculator: V] *a
Ceq = (Cy1+ Cyl + Cyt + )2 | el
* In series, the total voltage is N —
equal to the combined voltage (a)
of each capacitor: ®
Vie=V, +V,+Vy+ ... gLl

1| Ceq




Capacitors in Series

* C.q will be equal to the total capacitance of
the circuit C;.

* Increasing the number of capacitors
decreases the capacitance.
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Capacitors in Series

* Problem solving involves reducing the circuit
components to one total charge, one total voltage,
and one total capacitance: B QT

A

* |n series circuits, you will probably find the charge first
and then use this to determine the voltage across

each capacitor.

Q Q

V, = < V, = <
e T C,



Capacitors In Parallel and In Series

* A circuit as shown on
the left when both S1
and S2 are closed is
actually 2 sets of
capacitors in parallel
with the 2 parallel
combinations arranged
In series.




Delta-Star Network

Three branches in an electrical network can be
connected in numbers of forms but most
common among them is either star or delta form.

In delta connection three branches are so
connected that they form a closed loop that is
they are mesh connected. As these three
branches are connected nose to tail they forms
an triangular closed loop, this configuration is
referred as delta connection.



On the other hand when either terminal of
three branches are connected to a common
point to form a Y like pattern is known as star
connection.

But these star and delta connections can be
transformed from one form to other. For
simplifying complex network, it is often
required delta to star or star to delta
transformation.



Delta - Star Transformation

The replacement of delta or mesh by equivalent
star connection is known as delta - star
transformation.

The two connections are equivalent or identical
to each other if the impedance is measured
between any pair of lines.

That means the value of impedance will be same
if it is measured between any pair of lines
irrespective of whether the delta is connected
between the lines or its equivalent star is
connected between that lines.



Derivation (A-Y)

* To convert a delta network to an equivalent
star network we need to derive a
transformation formula for equating the
various resistors to each other between the
various terminals. Consider the circuit below.


http://en.wikipedia.org/wiki/Y-%CE%94_transform
http://en.wikipedia.org/wiki/Y-%CE%94_transform
http://en.wikipedia.org/wiki/Y-%CE%94_transform

DELTA AND STAR CONNECTED RESISTORS
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Consider a delta system whose three corner points are A, B
and C as shown in the figure. Electrical resistance of the
branch between points A& B,B& Cand C& A are R;, R, and
R; respectively. The resistance between the points A & B will
be

Ry{Rz2+R3)
R1+RE+F:3

Rag=Rq1ll{R2+R3) =

Now, one star system is connected to these points A, B, and C
as shown in the figure. Three arms R,, Rg and R of the star
system are connected with A, B and C respectively. Now if we
measure the electrical resistance value between points A and
B, we will get

R.. =R, + R,



Since the two systems are identical, resistance measured between
terminals A and B in both systems must be equal.

Ri(R,+R
Ry + Ry = 1.{ R + R3)

Similarly resistance between points B and C being equal in the two
system

Rs{Ra+Rq)
Rg +Re = 2t v (1
R1+RE+R3

And resistance between points C and A being equal in the two system

R3(Rqy+Rj)

Re+Ra =
. A H1+RE+R3




Adding equations (1), (I1) and (1) we get,

(R4 Rs+ R R+ Ra R

2(Ra+ R + Re) = (R4.Ra + Ra.R3 + R3.Rq)
H1+HE+R3
R1-H2 + HE-HH + Hg-RﬂI

Hﬁ+HE+RC: R.+R.+R
1 2 3

Subtracting equations (1), (I1) and (lll) from equation (IV) we get,

Ry =2 v
A F{1 + HE + R3 ------------ I:: }
R+R;
Rg=——m— . Vi
5 R +R, + R (V1)
Ro.R;
Re=—m5— VI
C R *R, + R (Vi)




The relation of delta - star transformation can be expressed as
follows

The equivalent star resistance connected to a given terminal
is equal to the product of the two delta resistances connected
to the same terminal divided by the sum of the delta
connected resistances.

If the delta connected system has same resistance R at its
three sides then equivalent star resistance r will be:




Example (A-Y)

Q).Convert the following Delta Resistive
Network into an equivalent Star Network.

AC  _ 20x80

Q= ~12.310
A+B+C 130

bo AB  _20x30_, .
A+B+C 130

R=_ B¢ _30%80_ 0460

A+B+C 130


http://en.wikipedia.org/wiki/Y-%CE%94_transform
http://en.wikipedia.org/wiki/Y-%CE%94_transform
http://en.wikipedia.org/wiki/Y-%CE%94_transform

Star-Delta Network
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Star - Delta Transformation

For star - delta transformation we just multiply equations (v), (VI)
& (VI), (V1) & (VII),(V) that is by doing (v)X(VI) + (VI)X(VII) + (VII)X(V)
we get

R1-REE-R3 + R1-RE-R32 + R1E-REE-R3

RaRg *RpRe + ReRp =
(Rq+ Ry + Ry)?

R1RzR3(R1+Rz +R3)
 (Ry+Ry+Ryf
R Ry R;




Now dividing equation (VIIl) by equations (V), (VI) and equations (VII)
separately we get,

_RaRp +RgR¢ + ReRp
_ -
_RaRp +RpR¢ + RcRy
. -
_RaRp +RgR¢ + RcRp
_ >

R3

R4

Ro




ADVANTAGES



Advantages of Star Delta Connection

The primary side is star connected. Hence fewer numbers of
turns are required. This makes the connection economical for
large high voltage step down power transformers.

The neutral available on the primary can be earthed to avoid
distortion.

The neutral point allows both types of loads (single phase or
three phases) to be met.

Large unbalanced loads can be handled satisfactory.

The Y-D connection has no problem with third harmonic
components due to circulating currents inD. It is also more
stable to unbalanced loads since the D partially redistributes
any imbalance that occurs.



The delta connected winding carries third harmonic current due to
which potential of neutral point is stabilized. Some saving in cost of
insulation is achieved if HV side is star connected. But in practice
the HV side is normally connected in delta so that the three phase
loads like motors and single phase loads like lighting loads can be
supplied by LV side using three phase four wire system.

As Grounding Transformer: In Power System Mostly grounded Y- A
transformer is used for no other purpose than to provide a good
ground source in ungrounded Delta system. Take, for example, a
distribution system supplied by A connected (i.e., ungrounded)
power source.



DISADVANTAGES



Disadvantages of Star-Delta Connection

In this type of connection, the secondary voltage is not in phase
with the primary. Hence it is not possible to operate this
connection in parallel with star-star or delta-delta connected
transformer.

One problem associated with this connection is that the secondary
voltage is shifted by 30°with respect to the primary voltage. This
can cause problems when paralleling 3-phase transformers since
transformers secondary voltages must be in-phase to be paralleled.
Therefore, we must pay attention to these shifts.

If secondary of this transformer should be paralleled with
secondary of another transformer without phase shift, there would
be a problem



Superposition

* The superposition principle states that the
voltage across (or current through) an
element in a linear circuit is the algebraic sum
of the voltages across (or currents through)

that element due to each independent source
acting alone.

* Turn off, killed, inactive source:

— independent voltage source: 0V (short circuit)
— independent current source: 0 A (open circuit)

* Dependent sources are left intact.



Superposition

e Steps to apply superposition principle:

1. Turn off all independent sources except one
source. Find the output (voltage or current) due
to that active source using nodal or mesh
analysis.

2. Repeat step 1 for each of the other independent
sources.

3. Find the total contribution by adding
algebraically all the contributions due to the
independent sources.



How to turn off independent sources

* Turn off voltages sources = short voltage
sources; make it equal to zero voltage

e Turn off current sources = open current
sources; make it equal to zero current



Superposition

e Superposition involves more work but simpler
circuits.

e Superposition is not applicable to the effect
on power.



Example

e Use the superposition theorem to find in the
circuit in Fig.

8 Q

AYAVAVAY

6Vﬂi> 40 2 v 3A

126



Example

. 8 Q
Since \}h:e{ﬁ ir\?ztwo sources,

Iet 6V @ 4 Q _'1-/1
Voltage division tg get B

Current division, to get il @
: 8 :
i.=—— (3)=2A N

Hence  —4i,=8v

(b)
And we find V=V, +Vv,=2+8=10V

127



Thevenin’s Theorem

* Thevenin’s theorem states that a linear two-
terminal circuit can be replaced by an
equivalent circuit consisting of a voltage
source V7, in series with a resistor R;,, where
V5, is the open circuit voltage at the terminals
and R, is the input or equivalent resistance at
the terminals when the independent source
are turn off.



Thevenin’s Theorem

[ -
Linear -
two-terminal V [Load
circuit —
b
(a)
Ry, '
_—
AAVAYAY
[Load

=

@

@
SOl < 08

(b)

129



How to Find Thevenin’s Voltage

e Equivalent circuit: same voltage-current

relation at the terminals.

oc- Open circuit voltageat a—b

[ inear
two-terminal
circuit

O d
3

Z}()('

O b

vTh = Uy

(

(a)



How to Find Thevenin’s Resistance
RTh — Rin :

Input — resistance of thedeadcircuitata —b.

ea—b open circuited
e Turnoff all independent sources

; y : y O a
Linear circuit with
all independent R
sources set equal _—
to zero o b

Rtp = Ry,

(b)
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Thevenin’s Theorem

CASE 1
* |f the network has no dependent sources:

— Turn off all independent source.

— R.,,: can be obtained via simplification of either
parallel or series connection seen from a-b



Simplified circuit

| — VTh
L
I:aTh_I_FaL
R
Ve=RI=p R
Th L

Voltage divider

Fig. 4.26

VTh

Linear
circuit

(a)

(@R

(b)

ool &
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Example

* Find the Thevenin’s equivalent circuit of the
circuit shown in Fig to the left of the terminals
a-b. Then find the current through R, =

6,16,and 36 Q).
%/RL

4 1 Q
b

ORN

—A\V VWY VVW\

32v () 129% A) 24
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Find Ry,

R., : 32V voltage source —short

2A current source —open
4x12
R, =4|12+1= +1=4Q
16
40 1 O 4Q Vi 1 Q

— NWW——WW——0 a —VWW MW—0 a
129§ & onv (@) @ 129§ @ M2a v,
o b o b

(a) (b)
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Find Vy,
(VN
(1) Mesh analysis
-32+41,+12(1,—1,) =0, 1, =-2A
-1, =0.5A
V.. =12(i, —1,) =12(0.5+2.0) =30V
(2) Alternatively, Nodal Analysis
32—V, )/4+2=V_ [12
-V, =30V



32—V,
A

+2 =

Example
(3) Alternatively, source transform

VT H

12

063V, +24=V. =V, =30V

30V

4 Q)

a
O

S O

s

Ry
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Example

Togetl, :

qL
QL
?L

. V., 30

| = —

" R, +R 4+R
6— 1, =30/10=3A
16—1, =30/20=1.5A
36—, =30/40=0.75A




Maximum Power Transfer

Ry

O <

el

139




Fig.

* Maximum power is transferred to the load
when the load resistance equals the Thevenin
resistance as seen the load (R, = Ry,).

P A
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Maximum Power Transfer

0=(Ry +R -2R ) =(Ryy —R,)

dp V.2 _(RTH T RL)2 _2RL(RTH T RL)

(R + RL)4

(RTH T RL)3

_(RTH T RL - 2RL)_

=0




Example

* Find the value of R, for maximum power
transfer in the circuit of Fig.. Find the
maximum powetr.

O

6 Q) 3 &2 2:52
NV NVWV
12 ¥ 12 Q 2A

O
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Example

6x12

Ry =2+3+612=5+ . 90

143



Example
~12+18i, —12i,, i, =—2A

-12+61.1+31,+2(0)+V,, =0=V,, =22V
R, =R, =9Q

2 2
Prax = Vi = 22 =13.44W
4R, 4x9
6O 30 20

12V<i> @ %129 @ (DM Vi

(b)
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UNIT-II
AC QUANTITIES



Introduction to Alternating Quantities



Objectives

|ldentify a sinusoidal waveform and measure its
characteristics

Describe how sine waves are generated

Determine the various voltage and current values of
sine waves

Describe angular relationships of sine waves
Mathematically analyze a sinusoidal waveform
Apply the basic circuit laws to ac resistive circuits



Objectives

* Determine total voltages that have both ac and dc
components

* |dentify the characteristics of basic non-sinusoidal
waveforms



Sine Wave

* The sine wave is a common type of alternating
current (ac) and alternating voltage

or
current (+/)

— Voltage (V)
or
current (=/)

+ Voltage (+V) 1

Positive maximum

/

y

v » Time (1)

Negative maximum



Period of a Sine Wave

* The time required for a sine wave to complete
one full cycle is called the period (T)

— A cycle consists of one complete positive, and one
complete negative alternation

— The period of a sine wave can be measured
between any two corresponding points on the
waveform



Frequency of a Sine Wave

* Frequency ( f) is the number of cycles that a
sine wave completes in one second

— The more cycles completed in one second, the
higher the frequency

— Frequency is measured in hertz (Hz)
* Relationship between frequency ( f) and
period (T) is:

f=1/T



AC Generator

* The ac generator has slip rings that pick up the
induced voltage through a complete rotation cycle

 The induced voltage is related to the number of lines
of flux being cut. When the loop is moving parallel
with the lines of flux, no voltage is induced. When
the loop is moving perpendicular to the lines of flux,
the maximum voltage is induced



Multi-pole ac Generator

* By increasing the number of poles, the number of
cycles per revolution can be increased

\/SJ ,
m




Instantaneous Values of Sine Waves

* The instantaneous values of a sine wave

voltage (or current) are different at different

points along the curve, having negative and
positive values

* Instantaneous values are represented as:

v and i



Peak Values of Sine Waves

* The peak value of a sine wave is the value of

voltage or current at the positive or negative
maximum with respect to zero

* Peak values are represented as:
V,and |,



Peak-to-Peak Values

* The peak-to-peak value of a sine wave is the
voltage or current from the positive peak to
the negative peak

* The peak-to-peak values are represented as:

Vpp and IMD

where: Vpp = 2Vp and IMD = 2|

p



RMS Value of a Sine Wave

 The rms (root mean square) value, or effective
value, of a sinusoidal voltage is equal to the dc
voltage that produces the same amount of
heat in a resistance as does the sinusoidal
voltage

Vis = 0.707V,
loms = 0.7071,



Average Value of a Sine Wave

 The average value is the total area under the
half-cycle curve divided by the distance in
radians of the curve along the horizontal axis

V,., = 0.637V,
lavg = 06371



Form factor

e Form factor is defined as ratio of



Angular Measurement of a Sine Wave

* A degreeis an angular measurement
corresponding to 1/360 of a circle or a
complete revolution

* Aradian (rad) is the angular measure along
the circumference of a circle that is equal to
the radius of the circle

 There are 2r radians or 360° in one complete
cycle of a sine wave



Phase of a Sine Wave

The phase of a sine wave is an angular measurement that
specifies the position of a sine wave relative to a reference

When a sine wave is shifted left or right with respect to
this reference, there is a phase shift

(a) Degrees

(b) Radians



Sine Wave Formula

The general expression for a sine wave is:

y=Asin 8

Where: vy =an instantaneous value (v or i)

A = amplitude (maximum value)
0= angle along the horizontal axis



Expressions for Shifted Sine Waves

When a sine wave is shifted to the right of the reference
by an angle ¢, it is termed lagging

When a sine wave is shifted to the left of the reference by
an angle ¢, it is termed leading

> @ 0 / > 0
—»| @ | —»| O |=—
0 0

(a)y=Asin (6 - @) (b)y=Assin (@ + @)




Ohms’s Law and Kirchhoff’s Laws in AC
Circuits

 When time-varying ac voltages such as a
sinusoidal voltage are applied to a circuit, the
circuit laws that were studied earlier still apply

* Ohm’s law and Kirchhoff’s laws apply to ac
circuits in the same way that they apply to dc
circuits



Superimposed dc and ac Voltages

 DC and ac voltages will add algebraically, to
produce an ac voltage “riding” on a dc level

A

VD(‘ C ‘//, -

(@) Vpc > V,. The sine wave never goes (b) Vpc <V, The sine wave reverses
negative. polarity during a portion of its cycle.




Sinusoids

A sinusoid is a signal that has the form of
the sine or cosine function.

X(t) = X, sin wt X(t) = X,, cos ot

period T =27/w singzl cosgzo



Sinusoids

In general:

a.

X(t) = X, sin(at +¢)
X(t) = X, cos(at+¢)

-1

Note trig identities:

IR

aF

0

sin (@t +¢) =sin ot cos ¢+ cos wt sin ¢

cos( wt £ ¢) = cos wt Cos g Fsin wtsin ¢



Complex Plane

-1

Com

plex Numbers

What is the solution of

X2 = -1

=

Note:

X =4-1==]

imaginary

real

-
N




Complex Numbers
A=X+]y

imag Complex
Plane

A= Acosp+ JASIN@

y=Asing
A= \/ X° + Y’
Q= ’[an_l X real
X .
Euler's equation: X=AC0s¢
eko = COS @ + J Sin @ ¢ measured positive

counter-clockwise

A = Ael?

Note: ej(¢+9) — ejgoejé’ = COS(§0+ 9)"’ jSin (CD_I_ 9)



Sinusoidal Functions and Phasors

NP
.

el = cos wt + jsin wt

http://www.kineticbooks.com/physics/trialpse/33 Alterna
ting%20Current%20Circuits/13/sp.html



http://www.kineticbooks.com/physics/trialpse/33_Alternating Current Circuits/13/sp.html
http://www.kineticbooks.com/physics/trialpse/33_Alternating Current Circuits/13/sp.html

Relationship between sin and cos

Im

. cos(wt + @)

- ~ ~ ~
7 AN 7 N
7/ N 7 AN
I
I
I

/ \ 4 \
/ \ / \
/ \ / \
/ \ /
| |

~— —

>

g

Phasor projection
on the real axis

I — Note that
0

t=0 | |
\ | 7\ \
\\\ ¥ COS \\ - >\r‘/sm(a)t+¢)
N A N
: / sin —TY
| >
I
|

sin(a)t+¢):cos(a)t+¢—gj




Relationship between sin and cos

7

cos(awt + @)

/

Im

\1 Re

/('
\

A ‘/5|n(a)t+¢)

/

Phasor projection
on the real axis

/

t

Sin (a)t igj =+ COS wt
sin (a)t iﬂ') = —sin ot

cos(a)t J_r%j = FSin wt

cos(wt + 77) = —cos wt

Sin (@t + @) =sin wt cos ¢ +cos wtsin ¢

cos(wt + ¢) = €os et Cos ¢ Fsin et sin ¢



Comparing Sinusoids

sin ot cos(wt £ 7)=—cos et
////—A—\\ N @ -
/ ‘\ sin(wt +77) = —sin ot
/ \
-coSs wt ! \l Re _ T
\ Icos ot SN a)ti—jZiCOSa)t
\ // 2
\\ ,
\\\¥// T\ _ .
sin wt COS C()tiE = +SIn ot

Note: positive angles are counter-clockwise

SN cosat leads sinat by 90°
. = cosat lags -sin et by 90°

)

<« —45 _
Ysin ot

cos(wt+45") leads coswt by 45° and leads sinat by 135°

S sin(et-45) = cos et 135')



KVL

i© -
. di(t)
V,, coswt = Ri(t)+ L—=
V,, cos wt dt
v AC@ V, L Thisis a differential equation we must solve
§ ) for i(t).
How? Guess a solution and try it!

Note that Re[VMej‘”t} =Re|V,, cosat + jV,, sinat]=V,, cos wt

It turns out to be easier to use as tpe @j'rféing function rather than and
then take the rgal part of the solution.
¥, PROS et

deja)t

dt

This is because _ jwejwt

which will allow us to convert the differential equation to an algebraic equation.
Let's see how.



Solve the differential equation for i(t).

i(t)
V., cosat = Ri(t) + L d;(tt)

V,, cos ait; @ ”

Instead, solve

vV, el = R|(t)+Ld|d(:) (1)

and take the real part of the solution

Guess that |(t) — | a’t+¢) and substitute in (1)
Vet =Rl e 1 oLl e =) Rl e + joll,e" |

Divide by ejwt

V,, =Rl e + jolLl,e"



Solve the differential equation for i(t).
Y di(t)

vV, el =Rit)+L—2< (1)
V,, cos wt
M @ v,

dt
I(t) _ |Mej(wt+¢) (2)

V,, =Rl ¥ + jolLl, " B

Rearrange (3) | eld — Vi (4)
v R+ jolL
Recall that R+ jolL = \/RZ _'_a)ZLzejtanl(F)

Therefore (4) can be written as

_ vV j| —tan”t oLk
|Mej¢ _ \/Rz _|_l\/la)2|_2 e { ( R ﬂ (5)




Solve the differential equation for i(t).

[ . di(t)
_ Vet =Ri(t)+L——= ~ (1)
V,, cos wt
M AC@ v, i(t) = IMej(a)t+¢) (2)
. _1( oL
| el = Vu e’{ta“ (%) )

JR? + @2

Therefore, from (5) ||v| — ZV'V' — ¢ — _tan—l (CO_L) (6)
JRZ + @ R

Substituting (6) in (2) and taking the real part

i(t) = Vi cos| wt —tan~ 1oL
2
JR? + L. R




Phasors

A phasor is a complex number that represents the amplitude and phase of a
sinusoid.

X, =X,ZLp=X

Recall that when we substituted |(t) — | y ej(a’t+¢)

in the differential equations, the ej“’t cancelled out.

We are therefore left with just the phasors



V,, cos wt

Solve the differential equation for i(t) using phasors.

i(t) _
Vel =R+ LIy
” dt

Y g (1) =1,/ = jeit @)

V=V, /O (3)
Substitute (2) and (3) in (1)
Vel™ =Rle!* + jolle! (4)
Divide by ed‘éﬁsolve for |
| = v =1, Zo= Vi 4[—tanla)—|‘}
R+ joL JR? + @’
i(t) = M cos(a)t tant < ] (5)
JR? + 0?1



By using phasors we have transformed the problem from solving a set of
differential equations in the time domain to solving a set of algebraic equations in

the frequency domain.
The phasor solutions are then transformed back to the time domain.

Acos(awt£0)«—>AL£0

Asin (ot +60)«—> AZ(+6-90")



Impedance 7

V,, cos az(t: @

Impedance

_ 'V _ phasor voltage

1 phasor current

R - V
R+ joL

Units = ohms

i(t)

] Z=¥:R+ja)L:ZA92

Z =R+ jX
Z =\JR? + &L R = resistance
0 —tant @k X = reactance

Note that impedance is a complex number containing a real, or resistive component,
and an imaginary, or reactive, component.



Admittance

_ 1 _ 1 phasor current
Z Vv ~ phasor voltage

Admittance Units = siemens

[ — V
V,, cos ot R+ ol
AC@
v=l__ 1 _Gijs- I_‘;_JC‘ZLZ
V R+ jwlL R°+w L
conductance G _ R susceptance B . _C()L

- R?2+ 0% - R?+ 0%



Capacitor Circuit

(0 S 1 ¢.
ERamAVAVAV V, el :Rl(t)+—j|(t)dt (1)
+ Ve 7 C
+
V,, cosat e . .
Y Ve it) =1,/ =gt @)
V=V, L0 (3)
Substitute (2) and (3) in (1)
Vel =R|eja’t+_i|eiwt (4)
JaC
Divide by ed‘éﬁsolve for |
| = Vl =1, ZLo= Vi L[tanl—}
N o
J w°C*
(5)
i(t) = Vi COS (a)’[ +tan™ Lj
\/ , 1 wRC
R +—
wC



Impedance

Impedance 7 _ V _ phasor voltage
|  phasor current
: R
i© A A | vV
+ VvV, - B 1
V,, cosawt -+ ) v R+——
AC@ V. T C Ja)C
Z=¥:R+—_ 1 =R—ji=246’Z
I JaC wC
zz\/R2+ = Z=R+ )X
w°C? _
R = resistance
0 = _tan‘1i X = reactance

‘ ®RC
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Expressing Kirchoff’s Laws in the Frequency Domain

KVL: Let v,, v,,...v, be the v?}tag_eﬁ/aroundvclo_s_ealoop
KVL tells us that:
Assuming the circuit is operating in sinusoidal steady-state at frequency @ we have:

V. COS (@t +6,)+V,,, cos(at +6, ) +...+V,,, cos(at +6,) =0

" Re[VMlejgle"”t]+Re[VMZe"QZe"”t]+...+Re[VMnejenej”t]:O
Phasor V=V, e% Rel (V,+V,+..+V,)e! |=0
e e 0 V,+V, +..+V =0

Which demonstrates that KVL holds for phasor voltages.




KCL: Following the same approach as for KVL, we can show that

L+, +...+1 =0

Where 1, is the phasor associated with the k™ current entering a closed surface in the
circuit.

Thus, both KVL and KCL hold when working with phasors in circuits operating
in sinusoidal steady-state. This implies that all of the circuit analysis methods
(mesh and nodal analysis, source transformations, voltage & current division,
Thevenin equivalent, combining elements, etc,) work in the same way we
found for resistive circuits. The only difference is that we must work with

phasor currents & voltages and the impedances &/or admittances of the
elements.




\

N
-

N

Find Z,,

v

Zin

Z +2,+2Z, ~Z, l,
-Z, Z3+Z4_ l,

(Z,+Z,+Z)1,-Z,1, =V

~Z,l,+(Z,+2,)1,=0




(Z,+Z,+Z ), =2, =V el e

v
~Z,l,+(Z;,+2,)1,=0 0

ZB
|, = l,
Z,+2Z,

Z,

(Zl+ZZ+ZS)I1_zs+z4 l,

]
<

(Z,+2,+2,)(Z,+2,)-Z;
Z,+Z, '
V z.Z,

L =—=2L+2Z,+
I Z,+Z,

=V




\
N

ZinZZl+ZZ+ ZBZ4 v Q % @ “
Z,+2Z,

Zin

We see that if we replace Z by R the impedances add like resistances.

Impedances in series add like resistors in series

Impedances in parallel add like resistors in parallel



Voltage Division

Therefore

s V
+ V | =
' - Z +Z,
DC V V
Q - _2 But
V, =271
V, =271
V, 4y V, = Z: vy



Resistive circuits

* Ina pure resistor the current and voltage are in phase

POWER IN A RESISTOR

| Multi part graph. |

/\ /\ 5 CURRENT




Inductive circuits

In a pure inductor the current lags the voltage by 90 degrees. The same situation as a
capacitor applies here. The power is zero as shown by the graph below

POWER IN AN INDUCTOR

I | I I I | I I |
/\ s /\ | yoLTace
\/

/ \/ N
/\/\/\f\mm
\/\/\/\/




Capacitive circuits

* Ina pureinductor the current leads the voltage by 90 degrees.

POWER IN A CAPACITOR




UNIT-III
TRANSFORMERS



Transformers




Introduction

A transformer is a device that changes ac electric power at
one voltage level to ac electric power at another voltage
level through the action of a magnetic field.

There are two or more stationary electric circuits that are
coupled magnetically.

It involves interchange of electric energy between two or
more electric systems

Transformers provide much needed capability of changing
the voltage and current levels easily.

— They are used to step-up generator voltage to an appropriate
voltage level for power transfer.

— Stepping down the transmission voltage at various levels for
distribution and power utilization.



Transformer Classification

* Interms of number of windings
— Conventional transformer: two windings
— Autotransformer: one winding
— Others: more than two windings

* Interms of number of phases
— Single-phase transformer
— Three-phase transformer

» Depending on the voltage level at which the winding is operated
— Step-up transformer: primary winding is a low voltage (LV)
winding
— Step-down transformer : primary winding is a high voltage (HV)
winding



Primary and Secondary Windings

A two-winding transformer consists of two windings interlinked
by a mutual magnetic field.

— Primary winding — energized by connecting it to an input
source

— Secondary winding — winding to which an electrical load is
connected and from which output energy is drawn.

\.

C—O——O
v, ——2 )

i

|

Primary winding Secondary winding



ldeal Transformers

An ideal transformer is a lossless device with an input winding
and an output winding. It has the following properties:

« No iron and copper losses
* No leakage fluxes

« Acore of infinite magnetic permeability and of infinite
electrical resistivity

« Fluxis confined to the core and winding resistances are
negligible



Ideal Transformers

An ideal transformer is a lossless device with an input winding
and an output winding.

>
(7 = »
° .'( (I)M \ o
o L o +
f c_._g g 15 \
[ d_ A—=p
c_’_*) q s |
v, (1) c_'_j) N T e 4 v, (1)
\ (. - p SR [ '
\ c_%% 1+ 1 b /
o 9 0
<

(a)

The relationships between the input voltage and the output voltage,
and between the input current and the output current, are given by the
following equations.

: - pa) 'sa)
In instantaneous quant|t|e> =
Vs (t) p(t)




Ideal Transformers

vp(t) i) Np—a 3”%

vs(t) - ip(t)— Ng -

I
In rms quantiti& P_s_3
Vs 1y

N,: Number of turns on the primary winding
N.: Number of turns on the secondary winding
v(t): voltage applied to the primary side

v,(1): voltage at the secondary side

a: turns ratio

I,(t): current flowing into the primary side
I(t): current flowing into the secondary side



Derivation of the Relationship

Dividing (1) by (2>
From Ampere’s 12}

Equating (3) and @

d2 o (t) do (t
IO(t)_ p Np‘i’('\j/'t() ................. (1)
dAc(t d t
vy(t)= dst()=NS ¢c|\ﬂ() ................. )
Vp(t)=NP= ................................... 3)
vs(t) N

N pip(t)= Ngis(t)

is(t) _ N
ip(t)= Nz_a .................................. (4)
vp(®)_is(t) Ny Za e (5)

vs(t) B ip(t)— Ng B



Power in an ldeal Transformer

Real power P supplied to the transformer by the primary circuit

Pn =Vpl,c0os6,

6,=06,=6
Real power coming out of the secondary circuit
Vp
Pyt =Vl C0SO, =| — (al p)cose =Vl cosb=Fh,
a

Thus, the output power of an ideal transformer is equal to its input power.

The same relationship applies to reactive Q and apparent power S:

: | :
Qin =V, sin0=(aV; )(Zsj cos8 =Vl sinB=Q,,

Sin :Vpl p =Vsls =Sout



Impedance Transformation through a Transformer

Impedance of the load:
Z, = VI f é é \
I |

The impedance of the primary circuit:

Z' =Vl
= (aVy)/(l,/a)
= a2 (V. /L)
=a’Z,




Example 1

A 100-kVA, 2400/240-V, 60-Hz step-down transformer
(ideal) iIs used between a transmission line and a
distribution system.

a) Determine turns ratio.

b) What secondary load impedance will cause the
transformer to be fully loaded, and what is the
corresponding primary current?

c) Find the load impedance referred to the primary.



b)

Solution to Example 1

Turns ratio, a = 2400/ 240 = 10

|.=100,000/240 = 416.67 A

l,=1/a=416.67/10=41.67 A

Magnitude of the load impedance
=V//I,=240/416.7 = 0.576 ohm

Load impedance referred to the primary
= a**0.576 = 57.6 ohm



Theory of Operation of Single-Phase Real Transformers
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Leakage flux: flux that goes through one of the transformer windings
but not the other one
Mutual flux: flux that remains in the core and links both windings




Theory of Operation of Single-Phase Real Transformers
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Maagnetization Current

il
T
i

When an ac power source Is connected to a transformer, a current flows
In Its primary circuit, even when the secondary circuit is open circuited.
This current is the current required to produce flux in the ferromagnetic
core and is called excitation current. It consists of two components:

1. The magnetization current I, which is the current required to
produce the flux in the transformer core

2. The core-loss current I, ., which is the current required to make up
for hysteresis and eddy current losses



The Magnetization Current in a Real Transformer

When an ac power source is connected to the primary of a transformer, a
current flows in its primary circuit, even when there is no current in the
secondary. The transformer is said to be on no-load. If the secondary current is
zero, the primary current should be zero too. However, when the transformer
IS on no-load, excitation current flows in the primary because of the core
losses and the finite permeability of the core.

Yo

> E1
Excitation current, I, 0,

— Magnetization current |,

(current required to produce flux |
in the core) M

— Core-loss current I, ., ¢

(current required to make up for i )
hysteresis and eddy current losses) l\, Is proportional to the flux ¢

|, =1, = Core loss/E,



The Equivalent Circuit of a Transformer

The losses that occur in transformers have to be accounted for in any
accurate model of transformer behavior.

1. Copper (I°R) losses. Copper losses are the resistive heating losses in the
primary and secondary windings of the transformer. They are proportional
to the square of the current in the windings.

2. Eddy current losses. Eddy current losses are resistive heating losses in
the core of the transformer. They are proportional to the square of the
voltage applied to the transformer.

3. Hysteresis losses. Hysteresis losses are associated with the rearrangement
of the magnetic domains in the core during each half-cycle. They are a
complex, nonlinear function of the voltage applied to the transformer.

4. Leakage flux. The fluxes which escape the core and pass through only
one of the transformer windings are leakage fluxes. These escaped fluxes
produce a self-inductance in the primary and secondary coils, and the
effects of this inductance must be accounted for.



The Exact Equivalent Circuit of a Transformer

Modeling the copper losses: resistive losses in the primary and secondary
windings of the core, represented in the equivalent circuit by Ry and R.

Modeling the leakage fluxes: primary leakage flux is proportional to the
primary current I, and secondary leakage flux is proportional to the
secondary current Ig, represented in the equivalent circuit by Xy (=¢,p/15) and
Xs (= ls)-

Modeling the core excitation: I is proportional to the voltage applied to the
core and lags the applied voltage by 90°. It is modeled by X,.

Modeling the core loss current: 1, is proportional to the voltage applied to
the core and in phase with the applied voltage. It is modeled by Rc..

T O— e
Ideal

transformer



The Exact Equivalent Circuit of a Transformer

Although the previous equivalent circuit is an accurate model of a transformer,

It is not a very useful one. To analyze practical circuits containing transformers,
It is normally necessary to convert the entire circuit to an equivalent circuit at a
single voltage level. Therefore, the equivalent circuit must be referred either to

Its primary side or to its secondary side in problem solutions.

I, .. o @

—_— Ry iXp a°R, ja= X, —_—

Figure (a) Is the equivalent
e L v circuit of the transformer
| ? " referred to its primary side.

o AN — e AN+ Figure (b) is the equivalent

| circuit referred to its secondary
. ; F v, side.




Approximate Equivalent Circuits of a Transformer
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Approximate transformer models. (a) Referred to the primary side; (b) referred to the secondary
side; (€) with no excitation branch, referred to the primary side: (d) with no excitation branch,

referred w the secondary side,



Determining the Values of Components in the Transformer Model

It is possible to experimentally determine the parameters of the
approximate the equivalent circuit. An adequate approximation of
these values can be obtained with only two tests....

* open-circuit test

e short-circuit test



Circult Parameters: Open-Circuit Test

Wattmeter -6

'S @"M'*"‘l‘

©6 | |

Transformer

Transformer's secondary winding is open-circuited

Primary winding is connected to a full-rated line voltage. All the
Input current must be flowing through the excitation branch of the
transformer.

The series elements R and X are too small in comparison to R and
X, to cause a significant voltage drop, so essentially all the input
voltage is dropped across the excitation branch.

Input voltage, input current, and input power to the transformer are
measured.



Circuilt Parameters: Open-Circuit Test

The magnitude of the excitation admittance:

|
YE=£
VE| Ve,

The open-circuit power factor and power factor angle:

4 P
PF =cos@=_ %  or,@=cos™}| oc
OCIOC VOCIOC

The power factor is always lagging for a transformer, so the current will
lag the voltage by the angle 6. Therefore, the admittance Y is:

Yg = Lt =|°C4—cos_1(PF)

RC X M Voc




Circuit Parameters: Short-Circuit Test

Wattmeter i (0 i (1)

—_—— .-

©0 | |l

I'ransformer

Transformer's secondary winding is short-circuited
Primary winding is connected to a fairly low-voltage source.

The input voltage is adjusted until the current in the short-circuited
windings is equal to its rated value.

Input voltage, input current, and input power to the transformer are
measured.

Excitation current is negligible, since the input voltage is very low.
Thus, the voltage drop in the excitation branch can be ignored. All the
voltage drop can be attributed to the series elements in the circuit.



Circuit Parameters: Short-Circuit Test

The magnitude of the series impedance:

V
ZSE=|SC
SC

The short-circuit power factor and power factor angle:

PF =cosB=_ 5 or,@=cos '
SCISC SCISC

Therefore the series impedance is:
Zsg = Req + 1Xeq

= (Rp +a2RS)+ j(X . +a2XS)=\I/:::34003‘1(PF)
It is possible to determine the total series impedance, but there is no easy
way to split the series impedance into the primary and secondary

components. These tests were performed on the primary side, so, the
circuit impedances are referred to the primary side.



Example 2 (Example 2-2, page 92 of your text)

The equivalent circuit impedances of a 20-kVA, 8000/240-V, 60-Hz
transformer are to be determined. The open-circuit test and the short-
circuit test were performed on the primary side of the transformer, and
the following data were taken:

Open-circuit test Short-circuit test
(on primary) (on primary)

V.. = 8000 V V, =489V
l,.=0.214 A . =25A

P,.= 400 W P,.=240 W

Find the impedances of the approximate equivalent circuit referred to
the primary side, and sketch the circuit.



Answer to Example 2

3 I
I Req HXeq a
+ 0 WV—M B
I 38410 J1920)
lh+rl llm
X
v § R. J2m aV.
P 2 4k :
9k 3 8




Transformer VVoltage Requlation

Because a real transformer has series impedance within it, the output voltage
of a transformer varies with the load even if the input voltage remains
constant. The voltage regulation of a transformer is the change in the
magnitude of the secondary terminal voltage from no-load to full-load.

V¢[no —load]-V,[ full —load]

x100
V[ full —load]

%Voltage Re gulation =

zvp[no— load ]V [ full — load]
V[ full - load]

x100

Referred to the primary side



Transformer Efficiency

_ Power Output
n= Power Input
_ Power Input— Losses
- Power Input
Losses
~ Power Input

I:)copper loss + I:)core loss

I:)copperloss + Peore loss T Vsl €C0SO

=1—

Usually the efficiency for a power transformer is between 0.9 to 0.99.
The higher the rating of a transformer, the greater is its efficiency.



Example 3

A single-phase, 100-kVA, 1000:100-V, 60-Hz transformer has the
following test results:

Open-circuit test (HV side open): 100V, 6 A, 400 W
Short-circuit test (LV side shorted): 50 V, 100 A, 1800 W

Draw the equivalent circuit of the transformer referred to the high-
voltage side. Label impedances numerically in ohms and in per unit.

Determine the voltage regulation at rated secondary current with 0.6

power factor lagging. Assume the primary is supplied with rated
voltage

Determine the efficiency of the transformer when the secondary current
IS 75% of its rated value and the power factor at the load is 0.8 lagging
with a secondary voltage of 98 V across the load



PU System

Per unit system, a system of dimensionless parameters, is used for
computational convenience and for readily comparing the performance
of a set of transformers or a set of electrical machines.

Actual Quantity

PUValue = :
Base Quantity

Where ‘actual quantity’ is a value in volts, amperes, ohms, etc.
[VA]pace @Nd [V, are chosen first.

| _ [VA]base
pase [V ]base
I:)base = Qbase = |Sbase| = [VA]base = [V ]base [I ]base I“[ ]‘ JI = I“[ ]I JI
_ _ _ [V]base _ [V]gase _ [V]gase
Rbase B Xbase —|Zbase| B [I ]base B Sbase B [VA]base |[|[ ]l ]| _
% _ [I ]base ]‘ -
pase [V ]base

2]
7 _ ohm
| |PU |Zbase|



Example 4 (Problem No. 2-2, page 144 of your text)

A 20-kVA, 8000:480-V distribution transformer has the following
resistances and reactances:

Rp =32 ohm Ry =0.05 ohm
Xp =45 ohm X = 0.06 ohm
R. = 250,000 ohm Xy = 30,000 ohm

The excitation branch impedances are referred to the high-voltage side.

Find the equivalent circuit of the transformer referred to the high-
voltage side.

Find the per unit equivalent circuit of this transformer.

Assume that the transformer is supplying rated load at 480 V and 0.8
power factor lagging. What is this transformer’s input voltage? What 1s
Its voltage regulation?

What is this transformer’s efficiency under the conditions of part (¢)?



UNIT-IV
DC MACHINES



DC MACHINES




DC Generator

Mechanical energy is converted to electrical
energy

Three requirements are essential
1. Conductors

2. Magnetic field

3. Mechanical energy




Working principle

»A generator works on the principles of
Faraday’s law of electromagnetic induction

»Whenever a conductor is moved in the
magnetic field , an emf is induced and the
magnitude of the induced emf is directly
proportional to the rate of change of flux
linkage.

» This emf causes a current flow if the
conductor circuit is closed .



Fleming’s Right hand rule

motion or force F

-~
magnetic field 8 — \
'?‘
induced cument | L
e L_+

T ————




Fleming’s Right hand rule

»_Used to determine the direction of emf induced
in a conductor for DC Generators

» The middle finger , the fore finger and thumb of
the left hand are kept at right angles to one another.

»The fore finger represent the direction
of magnetic field

»The thumb represent the direction of
motion of the conductor

»The middle finger will indicate the
direction of the inducted emf .
This rule is used in DC Generators



DC Machine

Armature Core
Field Winding

m]



Sectional view of a DC machine




Construction of DC Generator

. Field system
. Armature core

» Armature
winding

conductors i
In slots

commutator

. Commutator

. Brushes



Field winding




Rotor and rotor winding




Armature winding

There are 2 types of winding
Lap and Wave winding

Lap winding Wave winding

» A=P » A=2

» The armature » Itisused in low
windings are current output
divided into and high voltage.
no. of sections
equal to the no » 2 brushes

of poles



Field system

»It is for uniform magnetic field within
which the armature rotates.

»Electromagnets are preferred in
comparison with permanent magnets

» They are cheap , smaller in size,
produce greater magnetic effect and

»Field strength can be varied



Field system consists of the
following parts

»Yoke
»Pole cores
»Pole shoes

»Field coils



Armature core

» The armature core is cylindrical

»High permeability silicon steel
stampings

»Impregnated

»Lamination is to reduce the eddy
current loss



Commutator

+ Connect with external circuit

# Converts ac into unidirectional current
# Cylindrical in shape

+ Made of wedge shaped copper segments
# Segments are insulated from each other

# Each commutator segment is connected to
armature conductors by means of a cu strip called
riser.

4 No of segments equal to no of coils



Carbon brush

# Carbon brushes are used in DC machines
because they are soft materials

# It does not generate spikes when they contact
commutator

#To deliver the current thro armature

+ Carbon is used for brushes because it has
negative temperature coefficient of resistance

# Self lubricating , takes its shape , improving
area of contact



Brush rock and holder




Carbon brush
»Brush leads (pig tails)

»Brush rocker ( brush gear )
»EFront end cover

»Rear end cover

»Cooling fan

»Bearing

» Terminal box



EMF equation

Let,

»)= flux per pol

e in weber

»7. = Total num|

ber of conductor

»P = Number of poles

»A = Number of parallel paths

»N =armature speed in rpm

»Eg = emf generated in any on of the

parallel path



EMF equation

Flux cut by 1 conductor

in 1 revolution =P*¢
Flux cut by 1 conductor in

60 sec =P ¢d N /60
Avg emf generated in 1

conductor = PpN/60
Number of conductors in

each parallel path =7 /A

Fg = PHNZ/60A



Types of DC Generator

»Separately excited DC generator

»Self excited D C generator



Types of DC Machines

Both the armature and field circuits carry direct current in the case
of a DC machine.

Types:

Self-excited DC machine: when a machine supplies its own
excitation of the field windings. In this machine, residual
magnetism must be present in the ferromagnetic circuit of the
machine in order to start the self-excitation process.

Separately-excited DC machine: The field windings may be
separately excited from an eternal DC source.

Shunt Machine: armature and field circuits are connected in
parallel. Shunt generator can be separately-excited or self-excited.

Series Machine: armature and field circuits are connected In series.



Separately-Excited and Self-Excited DC Generators

Separately-Excited

L
5
|

Self-Excited



Further classification of DC Generator

» Series wounc

» Shunt wouno

generator
generator

» Compound wound generator
@ Short shunt & Long shunt
@ Cumulatively compound

&

Differentially compound



Applications

Shunt Generators:

a. in electro plating
b. for battery recharging
c. as exciters for AC generators.

Series Generators :
A. As boosters
B. As lighting arc lamps




DC Motors

Converts Electrical energy into Mechanical
energy

Construction : Same for Generator and
motor

Working principle : Whenever a current
carrying conductor is placed in the
magnetic field , a force is set up on the

conductor.




Working principle of DC motor

When electric current
passes through a coil in
a magnetic field, the
magnetic force
produces a torque
which turns the
DC motor

Magnetic force

~=ILB

acts perpendicular
to both wire and
magnetic field

Electric

current supplied [
externally through

a commutator




Working principle of DC motor




Force in DC motor




Fleming’s left hand rule

=20
-

Magnetic

Left Hand Rule

cUrrem leeCﬂOﬂ -—
of Force

Direction
of Current



Fleming’s left hand rule

. Used to determine the direction of force acting
on a current carrying conductor placed in a
magnetic field .

. The middle finger, the fore finger and thumb of
the left hand are kept at right angles to one

another .
» The middle finger represent the direction
of current

» The fore finger represent the direction of
magnetic field

» The thumb will indicate the direction of
force acting on the conductor .

This rule is used in motors.



Back emf

The induced emf in the rotating armature
conductors always acts in the opposite
direction of the supply voltage .

According to the Lenz’s law, the direction of the
induced emf is always so as to oppose the
cause producing it .

In a DC motor, the supply voltage is the cause
and hence this induced emf opposes the
supply voltage.



Len’s Law

The direction of induced emf is given by
Lenz’s law .

According to this law, the induced emf will
be acting in such a way so as to oppose the
very cause of production of it .

. e = -N (d@/dt) volts



Classification of DC motors

DC motors are mainly classified into
three types as listed below:

Shunt motor
Series motor

Compound motor

Differential compound
Cumulative compound



Torque

The turning or twisting force about an
axis is called torque .

»P=T 271N/ 60
»Ebla=Ta* 2 1IN/ 60
pl opla

» Ja oo ]2a



Characteristic of DC motors

T/ Ia characteristic

N/ Ia characteristic

N/T characteristic



Starters for DC motors

Needed to limit the starting current .
1. [wo point starter
2. Three point starter

3. Four point starter



Testing of DC machines

determine the efficiency of as DC motor, the output and
input should be known.

There are two methods.

» The load test or The direct method

» The indirect method

Direct method: In this method , the efficiency is determined
by knowing the input and output power of the motor.

Indirect method: Swinburne’s test is an indirect method of
testing DC shunt machines to predetermine the effficency,
as a motor and asa Generator. In this method, efficiency is

calculated by determining the losses .




Applications:

Blowers and fans

Centrifugal and reciprocating pumps
Lathe machines

Machine tools

Milling machines

& & & & & &

Drilling machines



Applications:

& Cranes

& Hoists , Elevators

@ Trolleys

& Conveyors

@l Electric locomotives



Applications:

& Rolling mills
& Punches

@i Shears

& Heavy planers
&l Elevators



Three-phase induction motor

* Three-phase induction motors are the most common
and frequently encountered machines in industry
— simple design, rugged, low-price, easy maintenance
— wide range of power ratings: fractional horsepower to 10
MW
— run essentially as constant speed from no-load to full load

— Its speed depends on the frequency of the power source
* not easy to have variable speed control

* requires a variable-frequency power-electronic drive for optimal
speed control



Construction

* An induction motor has two main parts

— a stationary stator

e consisting of a steel frame that supports a hollow,
cylindrical core

* core, construct
having a numbe
space for the st

Stator of IM



Construction

— arevolving rotor

« composed of punched laminations, stacked to create a series of rotor
slots, providing space for the rotor winding

* one of two types of rotor windings

» conventional 3-phase windings made of insulated wire (wound-rotor) »
similar to the winding on the stator

e aluminum bus bars shorted together at the ends by two aluminum rings,
forming a squirrel-cage shaped circuit (squirrel-cage)

 Two basic design types depending on the rotor design

— squirrel-cage: conducting bars laid into slots and shorted at both
ends by shorting rings.

— wound-rotor: complete set of three-phase windings exactly as the
stator. Usually Y-connected, the ends of the three rotor wires are
connected to 3 slip rings on the rotor shaft. In this way, the rotor
circuit is accessible.



Construction

Squirrel cage rotor

Wound rotor

Notice the
slip rings



Construction

‘ - Slip rings

Cutaway in a
typical wound-
rotor IM.
Notice the
brushes and
the slip rings




Rotating Magnetic Field

* Balanced three phase windings, i.e.
mechanically displaced 120 degrees
form each other, fed by balanced three
phase source

* A rotating magnetic field with constant
magnitude is produced, rotating with a

speed
120,
Asyne

Where f, is the supply frequency and

P is the no. of poles and n, . is called the

synchronous speed in rom (revolutions
per minute)




Rotating Magnetic Field




Rotating Magnetic Field




Rotating Magnetic Field

B () = B, (t) + B, (t) + B (1)
= B,, sin(wt) £0°+ B,, sin(awt —120°) £120° + B,, sin(wt —240) £240°

= B,, sin(wt)X

J3

-[0.5B,, sin(at ~120°)}% [~ B, sin(at ~120°)}y

J3

-[0.5B,, sin(at - 240°)]K + [~ By, sin(at - 240°)]y




Rotating Magnetic Field
\3 1 3

B_(t)=[B, sin(et) +% By sinot) + % By, cos(@) + 5 By sin(t) - B, cos(at)Ix

J3 3 J3

+[—T B,, Sin(at) 2 B,, cos(at) + " B,, Sin(at) —% B,, cos(wt)]y

=[1.5B,, sin(at)]X—[1.5B,, cos(wt)]y



Rotating Magnetic Field




Principle of operation

* This rotating magnetic field cuts the rotor windings and
produces an induced voltage in the rotor windings

* Due to the fact that the rotor windings are short circuited, for
both squirrel cage and wound-rotor, and induced current
flows in the rotor windings

* The rotor current produces another magnetic field

 Atorqueis produced as a result of the interaction of those
two magnetic fields

, =kB, xB

Where 7, ,is the mduced torque and B, and B, are the magnetic
flux densities of the rotor and the stator respectlvely



Induction motor speed

* So, the IM will always run at a speed lower than
the synchronous speed

* The difference between the motor speed and the
synchronous speed is called the Slip

N, =N, —Nn_

slip sync

Where ng, = slip speed
n., = speed of the magnetic field

sync
n.. = mechanical shaft speed of the motor

m



The Slip

S'_

Myyne — My
Piyae

Where s is the slip

Notice that : if the rotor runs at synchronous speed
s=0
if the rotor is stationary
s=1

Slip may be expressed as a percentage by multiplying the above
eq. by 100, notice that the slip is a ratio and doesn’t have units



Induction Motors and Transformers

Both IM and transformer works on the principle of
induced voltage

— Transformer: voltage applied to the primary windings
produce an induced voltage in the secondary windings

— Induction motor: voltage applied to the stator windings
produce an induced voltage in the rotor windings

— The difference is that, in the case of the induction motor,
the secondary windings can

— Due to the rotation of the rotor (the secondary winding of
the IM), the induced voltage in it does not have the same
frequency of the stator (the primary) voltage



Frequency

* The frequency of the voltage induced in the

rotor is given by

f_Pxn

" 120
Where f, = the rotor frequency (Hz)

P = number of stator poles

n = slip SpefdP(SPJr?)— n)

S

r 120

_ Pxsn, _of

120 i




Frequency

 What would be the frequency of the rotor’s
induced voltage at any speed n,?

f=s .

 When the rotor is blocked (s=1) , the frequency
of the induced voltage is equal to the supply
frequency

* On the other hand, if the rotor runs at
synchronous speed (s = 0), the frequency will be
Zero




Torque

* While the input to the induction motor is electrical
power, its output is mechanical power and for that
we should know some terms and quantities
related to mechanical power

* Any mechanical load applied to the motor shaft
will introduce a Torqgue on the motor shaft. This
torque is related to the motor output power and
the rotor speed

Fou 270,
—= N.m —  pad/s
@, and @ 60

Cioad =




UNIT-V
MEASURING INSTRUMENTS



MEASURING INSTRUMENTS



MEASURING INSTRUMENTS

“The device used for comparing the unknown quantity with
the unit of measurement or standard quantity is called a
Measuring Instrument.”

OR

“An instrument may be defined as a machine or system
which is designed to maintain functional relationship
between prescribed properties of physical variables &

could include means of communication to human
observer.”



CLASSIFICATION OF INSTRUMENTS

Electrical instruments may be divided into two categories, that
are;

Absolute instruments,
2. Secondary instruments.

- Absolute instruments gives the quantity to be measured in
term of instrument constant & its deflection.

- In Secondary instruments the deflection gives the
magnitude of electrical quantity to be measured directly.
These instruments are required to be calibrated by
comparing with another standard instrument before
putting into use.




CLASSIFICATION OF INSTRUMENTS

e &




CLASSIFICATION OF INSTRUMENTS

Electrical measuring instruments may also be classified according
to the kind of quantity, kind of current, principle of operation
of moving system.

CLASSIFICATION OF SECONDARY INSTRUMENTS

. Secondary instruments can be classified into three
types;
I. Indicating instruments;

ii. Recording instruments;

lil. Integrating instruments.



CLASSIFICATION OF SECONDARY INSTRUMENTS

Indicating Instruments:

It indicate the magnitude of an electrical
quantity at the time when it is being measured. The
indications are given by a pointer moving over a graduated
dial.




CLASSIFICATION OF SECONDARY INSTRUMENTS

Recording Instruments:

The instruments which keep a
continuous record of the variations of the magnitude of an
electrical quantity to be observed over a defined period of

time.




CLASSIFICATION OF SECONDARY INSTRUMENTS

- Integrating Instruments:

The instruments which measure the total
amount of either quantity of electricity or electrical energy
supplied over a period of time. For example energy meters.




ESSENTIALS OF INDICATING INSTRUMENTS

A defined above, indicating instruments are those which
indicate the value of quantity that is being measured at the
time at which it is measured. Such instruments consist
essentially of a pointer which moves over a calibrated scale
& which is attached to a moving system pivoted in bearing.
The moving system is subjected to the following three
torques:

1. A deflecting ( or operating) torque;
2. A controlling ( or restoring) torque;
3. A damping torque.



DEFLECTING TORQUE

- The deflecting torque is produced by making one of the
magnetic, heating, chemical, electrostatic and
electromagnetic induction effect of current or voltage and
cause the moving system of the instrument to move from

its zero position.

- The method of producing this torque depends upon the

type of instrument.



CONTROLLING TORQUE

The magnitude of the moving system would be some what
indefinite under the influence of deflecting torque, unless

the controlling torque existed to oppose the deflecting
torque.

It increases with increase in deflection of moving system.

Under the influence of controlling torque the pointer will
return to its zero position on removing the source
producing the deflecting torque.

Without controlling torque the pointer will swing at its
maximum position & will not return to zero after removing
the source.



- Controlling torque is produced either by spring or gravity

control.

Spring Control:

 When the pointer is deflected
one spring unwinds itself while
the other is twisted. This twist in
the spring produces restoring
(controlling) torque, which is
proportional to the angle of

deflection of the moving systems.

Control
Spring



Spring Control
T .o 8
T.=K.0

T, o< [

T, = K.I



Gravity Control

In gravity controlled instruments, a small adjustable weight is
attached to the spindle of the moving system such that the
deflecting torque produced by the instrument has to act against
the action of gravity.

Thus a controlling torque is obtained. This weight is called the
control weight. Another adjustable weight is also attached is the
moving system for zero adjustment and balancing purpose. This

weight is called Balance weight.
Scale Pointer

= Zero adjusting and
= balancing weight

Spindle

W LHJJ Control weight



DAMPING TORQUE

We have already seen that the moving system of the
instrument will tend to move under the action of the
deflecting torque.

But on account of the control torque, it will try to occupy a
position of rest when the two torques are equal and opposite.

However, due to inertia of the moving system, the pointer will
not come to rest immediately but oscillate about its final
deflected position as shown in figure and takes appreciable
time to come to steady state.

To overcome this difficulty a damping torque is to be
developed by using a damping device attached to the moving
system.



DAMPING TORQUE

« The damping torque is proportional to the speed of rotation
of the moving system, that is

' A Under damped
do
e :
| S Overdamped
where & = damping torque constant =
2
—"E Critically damped
— = speed of rotation of the moving system iz,
t
0 el
Time

* Depending upon the degree of damping introduced in the
moving system, the instrument may have any one of the



DAMPING TORQUE

1. Under damped condition:
The response is oscillatory
2. Over damped condition:

The response is sluggish and it rises very slowly from its
zero position to final position.

3. Critically damped condition:

When the response settles quickly without any
oscillation, the system is said to be critically damped.

The damping torque is produced by the following methods:
1.Air Friction Damping 2.Fluid Friction Damping
3.Eddy Current Damping 4.Electromagnetic



Moving-Coil instrument

There are two types of moving coil

instruments namely, permanent magnet

moving coil type which can only be used for

direct current, voltage measurements.

The dynamometer type which can be used
on either direct or alternating current,

voltage measurements.



PERMANENT MAGNET MOVING COIL

“The principle operatinn
of PMMC is based
upon the principle

of current carrying
conductor is placed
in @ magnetic field it

is acted upon by force
which tends to move
it.”




Moving-iron instrument

An attraction type of moving-iron instrument is
shown diagrammatically in Figure. When current
flows in the solenoid, a pivoted soft-iron disc is
attracted towards the solenoid and the movement
causes a pointer to move across a scale.



Moving-iron instrument

Polmef\‘

' Pivot and control i
vot and contro
sping » Pivot aggncnognuot
‘ Air-piston damping Fixed piece of iron
Solt iron
Solenoid dis:c Moveable plece of iron

a) ATTRACTION TYPE () REPULSION TYPE



