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_ A
Electrical Equipment - Course Pl 30.2
IMPEDANCE

OBJECTIVES
On completion of this module the student will be able to:

1. In a few words, define
a) Capacitive and inductive reactance
b) Impedance

2. State, in writing, that:
a) Eor a capacitor fed from an ac source the current leads the voitage
y 90°
b) For an inductor fed from an ac source the current lags the voitage
by 90°*

3. Explain, in writing, how a circuit can be:
a) Inductive
b) Capacitive

4. Given the circuit component values and the type of connection, identify
the circuit behaviour as inductive or capacitive.

5. Define in one sentence the term "Power Factor Angie”.

January 1990 1 ITP0.0I
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INTRODUCTION

This module introduces the student to the concept
of:

(a) impedance.

(b) inductive and capacitive behaviour of an ac
circuit, '

{c} power factor angle.

RESISTANCE, REACTANCE AND IMPEDANCE

Resistance and the reactance contribute to the
impedance. It is therefore necessary to have an
understanding of the behaviour of these components when
an ac voltage is applied to a circuit containing
resistance and reactance,

Resistance

When a resistor is supplied with an ac voltage the
current flowing through it will be a sine wave whose
maximum value depends on the resistance R. Resistance
is independent of frequency. Response of the resistance
to the increase in voltage across it is the rise of
current simultaneocusly. When the voltage decreases the
current will also decrease at the same time. This
phenomenon in technical terms is stated as follows:

The Voltage drop across a resistor is in
phase with the current flowing through
it. : )

This is also shown diagramatically in Figure 1,

Vi

Vmax

Imax

Voltage and Current Relationship in a Resistor

Figure 1
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Reactance

Reactance in the circuit is contributed by the two
reactive components, ie, inductance and capacitance.
Inductive and capacitive reactances are calculated by

the following expressions as discussed in PI 26.32-1 and
33“"'10

Xy, = 2nfL

Xp = 1
C TrEC

The opposition offered by the inductor or a
capacitor is called reactance because the inductor
reacts to the change in cutrent and the capacitor reacts
to the change in voltage, Current and voltage
relationships in a capacitance and an inductance are
shown in Figures 2(a) and (b).

Inductor: Current Lags the Voltage by 90°.

Figure 2{a)

“I Vmax

| max !

itk e e
- A

Capacitor: Current Leads the Voltage by 90°.

Figure 2(b)
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Examining the expressions for Xy and Xc, it is
also apparent that the increase in frequency will
increase Xy, while Xc will decrease, and a decrease
in frequency will cause X to decrease but Xc will
increase. This indicates that the two reactances
effectively function in opposition to each other., The
opposing characteristics of X;, and X¢ as well as the
voltage and current relationships. can be displayed by
the use of vectors. {(See Appendix.) '

Impedance

A combined opposition effect to current flow of RL,
RC or RLC is called impedance. Impedance is
represented by Z and its unit is the ohm. It is
calculated by using the following expression.

Z =JR2 + (X[=X¢)2

RC Circuit RL Circuit

Figure 3(a) Fiqgure 3(b)
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A RL, RC or RLC circuit can be connected in series
or in parallel, see Figure 4.

Series Circult Parallel Circuit
RL Clrouit
= AMA
IT-—P
Inl lLl
RC Circult
< A _
IT —_—
RLC Circuit
e AAA
IT-——P
'Rl ILl Icl—-
2 Y | T
1 .

Series and Parallel Circuits

Figure 4



CIRCUIT BEHAVIOQUR

Overall behaviour of a circuit can be inductive or
capacitive depending on the folldéwing two factors.

(a) . Reldtive 'magfitudes of Xi and Xc.

(b) Series or parallel connection,

Inductive Behaviour

An ac circuit under the following conditions will
behave inductively, ie, total current in the circuit
will lag the applied voltage by an angle #.

(a) A series circuit composed of resistance and
inductance.

(b) A serieg circuit composed of R, L and C but

XI > XC»

. {¢) A parallel circuit composed of R, L.

(d) A parallel circuit composed of R, L and C but
X1, < Xg»

The angle of lag between the source voltage and the
total current will depend on the relative magnitudes of
reactance and resistance as given below,

Do not memorize the following expressions.

X
4 = Arc tan _E for series RL circuit.

R

XL.-Xc

# = Arc tan for series R, L & C circuit,

R

# = Arc tan % for parallel RL circuit.

R(Xp=-X1,})
@ = Arc tan —_____ for parallel R, L & C circuit.
Xe W XL

This angle # between the source voltage and the
total current is given the name power factor angle. Its
importance will be discussed in the lesson PI 26.36-2.
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Capacitive Behaviour

An ac circuit under the following conditions will
behave capactive, ie, the total current will lead the
applied voltage by an angle f.

(a) A series circuit composed of resistance and
capacitance.

(b) A series circuit composed of R, L and C but
Xc > XL,
(c¢) A parallel circuit composed of R and C.

(d) A parallel circuit composed of R, L and C but
Xg < Xp-

The angle of lead between the total current and the
source voltage will depend on the relative magnitudes of
reactance and resistance as given below.

Do not memorize the following expressions.

X
@ = Arc tan _E' for series RC circuit,
R

# = Arc tan R for parallel RC circuit,
Xc

Xo—-XL, , , .
8 = Arc tan for series R, L and C ¢ircuit,
R .
R( XC-XL)
# = Are tan .———  for parallel R, L and C circuit,
X X1,

Again the angle # is referred to as power factor
angle and will be discussed in the lesson PI 26.36-2.
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ASSIGNMENT

Define the téerm "impedance". Indicate how it is

represented in the formula and what is its unit.
{Section 2.3)

What is meant by the inductive behaviour or the
capacitive behaviour of a circuit in terms of voltage
and current relationships. (Section 3.1, 3.2)

Identify an inductive or capacitive circuit in the
following cases. (Section 3.1, 3.2) See answers, Page
12. )

10 @, X, = 20 @,

(a) A series circuit R
Xc = 10 Q.

(b) A parallel circuit R = 10 @, X, = 20 @,
Xc = 10 Q. '

(¢) A series circuit R =5 Q, X, = 1 Q.
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(d) A series circuit R 200, X = 209,

(e) A parallel circuit R
Xg = 24 9.

(£) A parallel circuit R 100 2, X = 50 Q.

(g) A parallel circuit R 75 @, X1, = 100 Q.

4. What is power factor angle?

NOTE: Additional assignments are available on computer. If-
you wish further practice, ask the Course Manager for
the mini disk package "Single-Phase Circuit
Simulation” (3 disks).

S. Rizvi
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APPENDIX

VECTORIAL NOTATION

The reactive phenomenon of L and C, their opposing
characteristics and the voltage and current relationships can
be represented conveniently by the use of vector diagrams
shown in Figure 1. 1In all cases resistance or the voltage
across it or the current through it is taken as the

reference., Counter-clock rotation of vector is considered as
positive direction.

xl_ ) VL . lc

X! - (Ve I

Resistance and
Reactances Voltages Currents

(a) ' , (b) {c)

Vectorial Representation

Figure 1

Examine Figure 1{a)., Horizontal axis is assigned to the
resistance and used as the reference.

opposing

Positive vertical axis is assigned to Xp
characteristics

Negative wvertical axis is assigned to X¢

Examine Figure l(b) used in series circuits. Current
being same in the series circuit it is used as reference.

Horizontal axis is assigned to the voltage across the
resigtance.

Positive vertical axis is assigned to the voltage across
the inductance because the voltage across the inductance
leads by 90° as compared to the current,

Negative vertical axis is assigned to the V¢ because
the voltage across a capacitor laags by 909 as compared to the
current. This representation is useful in series circuits

since the current in a series circuit is the same through
each component, )

- 10 =-

R VR —--lRer IR ——=VRet



Examine Figure 1l{(c) used in parallel circuits. Voltage
being the same in parallel circuit, it is used as reference.

Horizontal axis is assigned to the current through the
resistance.

Positive vertical axis is assigned to the current through the
capacitance. This indicates that the current in a capacitor
leads the voltage across it by 90°.

Megative vertical axis is assigned to the current through the

inductor. This indicates the fact that the current in an
inductor lags the voltage across it by 90°.

Imgedance

Impedance can be determined vectorically by adding the
resistance and the reactance vectors as shown in Figure 2.

R
|
[
Z |
‘.
Xc -——— '
R, L Circuit R, C Circuit
{a) (b)
XL XL

"' )
X
Xc L
R, L, € Circuit Xy >Xc R, L, € Circuit Xc>XI,

(c) (d)
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Answers For Assignment Question 3

(a)
(o,
(CJ
(4)
(e}
(£)
(g}

X1, > X¢ in a series ci
Xc . < XL'in a pargllel .
Series R, L circuit;
Series R, C circuit:
X1, < ¥¢ in a parallel
R, C parallel circuit:

R, L parallel circuit:

rcuit: circuit is inductive,

circuits: cirmuic is: capacitiwve.

¢ircuit 1s 1nductive.

circuit is capacitive.

circuit: circuit is inductive,
circuit is capacitive.

circuit is inductive.
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Electrical Equipment - Course PI 30.2
THREE PHASE SYSTEMS

QBJECTIVES

On completion of this module the student will be able to:

1. In a few sentences explain how three phase voltages are produced in a
generator.

2. Briefly explain in writing the term "phase sequence”.
3. List the two most commonly used connections in a three phase system.

4. State in a sentence the connection configuration used in Ontario
Hydro generators.

5. Explain in a few sentences why the neutral point of a star connected
generator is grounded via a high impedance.

6. List two possible arrangements of a Y connection and give one application
of each.

7. State in writing the line and phase voltage and current relationships
in a:
a) Y configuration;
b) A configuration.

8. Given a three phase transformer connection indicate using standard
symbols, how the information is expressed schematically.

9. List, in writing, four reasons why three phase is preferred over more
than three phases or single phase generation.

10. For synchronization of a generator to the grid, list, in writing:
a) four points to be considered;
b) how they are checked; and
¢) how they are adjusted.

January 1990 1 1TPO.01
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INTRODUCTION

This module introduces the student to the:

(a) concept of three phase generation and its
advantages.

(b} three phase connections.

(c) synchronizing of a generator to the grid.

THREE PHASE GENERATION

Consider a bar magnet placed in an iron ring as
shown in Figure 1, The magnetic lines of force start
from the north pole of the bar magnet and pass through
the iron ring, since iron is a low reluctance path as
compared to the air, and return to the south pole of the
bar magnet thus completing the magnetic circuit.

)
({i

RN

X BAR MAGNET

gt / IRON RING

TN

A Magnetic Field Established in the Iron Ring

Figure 1
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Due to the fact that the magnetic lines of force
from the bar magnhet are passing through the iron ring we
can say that a magnetic field is established in the iron
ring, Now consider that the bar magnet is mounted on a
shaft passing through its centre and the shaft at each
end is mounted on bearings. (See Figure 2.)

RMF DIRECTION
VOF ROTATION

ROTOR DIRECTION
OF ROTATION

A Cross-Section of the Shaft, The Magnet and the Iron Ring

Figure 2

If the shaft is rotated by some means the bar
magnet mounted on the shaft will rotate with it hence
the magnetic field associated with the bar magnet will
also rotate with it., This sets up a rotating magnetic
field (RMF) in the iron ring.

A coil is now placed on the iron ring as shown in
Figure 3. As a result there is:

- magnetic field
- a c¢onductor

- relative motion between the conductor and the magnetic
field.

All the requirements for electromagnetic induction
are met and a voltage will be induced in the coil.
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o>

VOLTAGE INDUCED IN THE COIL

]
'
i

RMF DIRECTION
OF ROTATION

A Coil Placed in the Rotating Magnetic Field

Figure 3

Induced voltage in the coil will be maximum when
the magnet is facing the coil as shown in Figure 3,
Waveform of induced voltage is shown in Figure 4.

Induced Voltage in the Coil

Figure 4
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This is a single phase generator since there is
only one coil in the magnetic field and only one sine
wave output as shown in Figure 4. If three coils, 120°
apart are placed on the iron ring as shown in Figure 5,
then a sine wave of voltage will be induced in each of
the coils., Now there are essentially three single phase
generators built into one. It is referred to as a three
phase generator. Ontario Hydro gives each coil a name
thus:

Red Phase represented by R.
White Phase represented by W.
Blue Phase represented by B.

The voltage induced in the Red phase will be
maximum when the magnet is facing the Red coil as shown
in Figure 5, Similarly the voltage induced in the White
coil will be maximum when the magnet has rotated and is
facing the White coil, and the voltage induced in the
Blue coil will be maximum when the magnet has rotated
again and is facing the Blue coil.

Since Red, White and Blue coils are 120° apart
their maximum induced voltages will also be 120° apart
as shown in Figure 6.

Three Phase Generator

Figure 5
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In power plants the generators use the same
principle. The magnetic field is provided by an
electromagnet mounted on a shaft. The magnitude of
current flowing through the electromagnet determines the
strength of the magnetic field.

The shaft on which the electromagnet is mounted is
coupled to the turbine. Rotation of the turbine
therefore rotates the magnetic field of the -’
electromagnet thus providing the relative motion.

Coils are placed in slots in the stationary part
{stator) of the generator as conductors. An iron core
takes the place of the iron ring and provides a magnetic
path.

The result is a three phase induced voltage in the
three sets of coils.

Phase Sequence

Phase sequence is the order in which the voltage
peaks occur in a three phase generator.

In Ontario Hydro, Red-White-Blue is the standard
phase sequence, 1In Figure 6, the Red peak is occurring
first then the White then the Blue. Phase seguence
therefore is Red-White-Blue,

°R Ow L] B

time

120° 1200 1209

RWB Phase Sequence

Figure 6
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THREE PHASE CONNECTIONS

Looking at Figure 7 it is evident that if the
induced voltage from each coil is to be transmitted to
the load, it will require two lines per phase and a
total of 6 lines. This becomes inconvenient and
expensive.

To overcome this problem three phase supplies and
loads are connected in one of two possible
configurations as follows:

(i) Star Connection.
(ii) Delta Connection.

| R
120° ((
o
Q

Three Coils Not Interconnected in Any Configuratioh

Figure 7
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Star or Wye Connection

One terminal of each coil, all of which will have
instantaneously the same polarity, is connected together
as shown in Figure 8. The junction point is called the
"Neutral". Three wires, one from each of the Red, White
and Blue phases, are brought out as supply terminals,
The neutral point may be connected to ground (earth) via
a high impedance. Current in the neutral is the
vectorial sum of the three phase currents. Under normal
balanced conditions it is zero.

Iy = Igjo° + Iw|=120° * Ip{120° (DO NOT

MEMORIZE)

Red

NEUTRAL

‘White
Blue

Ground Star or Wye Connection

Figure 8

If there is a fault on one of the phases then the
current magnitude through that phase will be much higher
than the other two phases, Neutral current in this
condition will not be zero but a finite value which
could be very large. This is why the neutral of the
generator is connected to ground via a high impedance
and reduces the fault current to a reasonable value
(<5A). Current through the neutral is also used to
operate the relays for protection of the generator or
transformer.

Three phase transformers can also be connected in
star configuration but their neutral point may or may
not be connected to ground via an impedance.



PI 26.35-1

Three Wire Star Configuration

1f only three wires from the three phases are
brought out with no neutral wire then the system is
referred to as three phase three wire star connection.
This arrangement is used when it is certain that the
load on each phase will be equal in magnitude. This
makes the neutral current zero and eliminates the need
for an added neutral conductor. (See Figure 9.) An
example of such a load is a three phase ac motor.

Three Phase, Three Phase,
3-Wire Star, with 3-Wire Star,

Ungrounded Neutral. Balanced Load.

Three Phase, Three Wire, Y Connected System

Figure 9
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3.3 Four Wire Star Configuration

It is not always possible to guarantee a balanced
load on each phase, eg, lighting or heating loads. It
is possible that more lights or heaters connected to the
Red phase are on compared to the Blue or White phase.
This creates an unbalance of phase currents and the
neutral. current will no longer be zero regquiring an
additional conductor from the neutral of the supply to
the neutral of the loads, as shown in Figure 10.

Red
Red
1st floor
lighting
NEUTRAL
) 2nd floor
lighting
3rd i
White floor White
lighting
Blue Biue
Three Phase, Grounded Unbalanced Three
Neutral Supply from Phase Y Connected
Transformer. : Load.

Three Phase Four Wire Y Connected System.

Figure 10

- 10 -
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3.4 voltages and Currents in Y Configuration

Consider a transformer connected in Y-configuration
as shown in Figure 11l.

IL
— Rod

Esr

N Neutral

i '} ?

Esow

¥ White

E
Blue 1 L Y

Phase and Line Voltages in a ¥Y-Configuration.

Figure 11

3.5 Phase Voltage

If a voltmeter is placed between the:

Red phase and the neutral a voltage EgR will be
measured.

White phase and the neutral a voltage E¢W will be
measured.

Blue phase and the neutral a voltage E4B will be
measutred.

E¢R, E¢W amd EyB are the voltages between one phase and

the neutral and they are referred to as the phase
voltages.

- 11 -
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Line voltage

If a voltmeter is connected between any two lines
then it will measure the line voltage Ep., This is
shown in Figure 11 between the White and Blue phases.

In Y configuration a relationship between the line
voltage and the phase voltage exists as given in the
expression below.

EL = Y3 E4

Proof of the above expression is beyond the scope

of these notes.

Line and Phase Currents

Refer to Figure 12,

ILr
— Red

LOAD

low

huw
White —_——

ILs
Blue ——

Line and Phase Current in Y Configuration.

Figure 12

I4R is the phase current flowing through the red
phase. Ipp is the line current flowing through the
red line going to the load.

Similar relationships can be established between
the other phase and line currents.

- 12 -
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It can be seen that the red phase current Igp
comes out of the generator or transformer as the case
may be and flows in to the Red line. Therefore in a ¥
configuration:

Phase Current = Line Current

or

I¢=IL

DELTA (A) CONFIGURATION

A three phase system can be connected in A
configuration as shown in Figure 13.

Red

Phase

White

Blue

A Configuration

Figure 13

In Ontario Hydro, generators are never connected in
A, Transformer primary is connected in A, eg, main
transformer at the stations.

From Figure 13 it is apparent that the A
configuration does not have a neutral hence it should
not be used to supply unbalanced loads or single phase
loads. This is why the secondary of such transformers
is connected in Y with neutral grounded.

- 13 -
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Phase and Line Voltages in A Configuration

If a voltmeter is connected across the Red phase
coil it is essentially connected between the Red and
White lines. It was seen (Section 3.6) that the voltage
from one line to another line is called line voltage
Er, In A connection therefore:

E, = E
¢ L

Phase and Line Currents

In Figure 14 apply Kirchhoff's current law at
point R.

=+ W White

Blue

Line and Phase Currents in A Configuration

Figure 14

Iwr = IL + IRB (vectorial addition)

or

L, = IwrR ~ IRB

From this the following important relationship
between the line and phase currents in a A configuration
is derived. (The proof is of no concern at this point.)

IL=1/3-I¢

ie, in a A connection line current is v3 times the phase
current.

- 14 -
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5.0 METHOD OF REPRESENTATION

When a transformer is connected in a three phase
gsystem, its primary and secondary may be connected in A
or Y. On a diagram the connection configquration used is
shown as follows.

(a) s Y=

Primary 84 and Secondary Y Grounded

Figure 15{a)

(b) Y= &

Primary Y Grounded, Secondary A

Figure 15(b)

- X

Primary A Secondary A

Figure 15(c)

it

Primary Y Grounded, Secondary Y Grounded

(d)

Figure 15(d)

- 15 -
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6.0 WHY THREE PHASE SYSTEMS?

7.0

{a) The number of phases that can be generated is only
limited by the number of individual sets of coils
spaced appropriately in the generator, However,
for example, a ten phase generator will reguire ten
conductors for the transmission. Ontario Hydro
maintains over 50 000 km of transmission lines.

Ten conductors per transmission line can not be
justified due to economic reasons, It is found
that three phase generation, transmission and
distribution is the most economical system.

{b) Three phase motors for a given horsepower are
smaller in physical size compared to single phase.

(¢) 8Smaller conductors are required to carry the same
amount of power compared to single phase.

(d) Three phase motors are self-starting while single
Phase motorgs require an auxiliary start winding.

SYNCHRONIZING

Ontario Hydro customers require about 18 000 mega
watts of power at the peak consumption., This power is
provided by a number of generators (hydraulic, thermal
and nuclear)., :

The number of generators operating at any time will
depend on the customer demand. As a result, if the
demand drops then oneé or more generators are removed
from service. Similarly when the demand is increased .
one or more generators will be brought into service.

The act of bring a generator into service is
referred to as synchronizing. Before a generator is
synchronized to the Ontario Hydro grid the operator must
check the following conditions. (See Figure 16.)

o ONTARIO HYDRO GRID Load
T -
GENERATOR
° MAIN
TRANSFORMER

A Generator Feeding the Grid

Figure 16

- 16 -
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(b)

{¢)

(4}
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Generator must be generating enough wvoltage such
that the secondary voltage of the main transformer
is the same as the grld voltage.. This is checked
by voltmeters mounted in the control panel..
Adjustments. are made.by the excitation control.

Frequency of the generated voltage must match the
grid frequency. This is done by an instrument
called a synchroscope mounted in the control
panel, Adjustments are made by controlling the
turbine speed.

Phase sequence of the generator being synchronized
must be the same phase sequence as the grid. Phase
sequence is checked by a phase rotation meter.
Phase sequence is fixed at the commissioning stage
and not changed unless the terminal connections are
disturbed during maintenance.

Phase angle between the grid and the main
transformer must be zero. This is checked by a
synchroscope.

Ask the Course Manager to give you a demonstration of the
synchronizing procedure.

- 17 -
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ASSIGNMENT

1. Briefly explain how three phase voltages are 1nduced in
a, generator. (Section 2.0)

2. What is meant by the term "phase sequence"? What is the
phase sequence used by Ontario Hydro? (Section 2.1)°
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3. What are the two possible connections of a three phase
generator? (Section 3.0)

4, What is the connection configuration used for the
generators in Ontario Hydro?

5. Why do the generators have their neutral point grounded
via a high impedance? (Section 3.1)

6. What are the two possible arrangements of a Y
connection? Give one application of each arrangement.
{Sections 3.2, 3.3)

- 19 -
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11.

What is the line and phase voltage relationship in a Y
configuration?_ {(Section 3.4)

What is the line and phase current relationship in a ¥
connection? (Section 3.7)

What is the line and phase voltage relationship in a A
configuration? (Section 4.1)

What is the line and phase current relationship in a A
configuration?

Show how the following transformer arrangements will be
identified on a schematic diagram. (Section 5.0)

(a) Primary delta, secondary wye grounded.

{b} Primary wye grounded, secondary delta.



12.

13.
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List four arguments why the three phase system is the
most feasible. {Section 6.0}

What points must be observed before a generator is
synchronized to the grid? (Section 7.0)

S. Rizvi
F. McKenzie

- 21 -
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Electrical Equipment - Course PI 30.2
POWER AND POWER FACTOR

QBJECTIVES
On completion of this module the student will be able to:

I. In a few sentences explain the following terms:
a active power;
b) reactive power;
c) apparent power.

2. Draw a power triangle to represent a specific single phase Toad.
3. Briefly in writing define "power factor", and show the relationship
betweeg }he apparent power and active power at:
p-
pf=0.

4. Given the information as related to the active, reactive, apparent
power and power factor, calculate the indicated quantity.

5. State in writing two common methods of improving the power factor.

January 1990 1 1TPO.01
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INTRODUCTION

This lesson introduces the student to the concept
of:

{a) active, reactive and apparent power.
(b) power factor.

{¢) methods of power factor correction.

POWER
Power is the rate at which enerqgy is consumed in a

circuit, resulting in useful work being done by lights,
heaters, motors, etc. :

Power in a Resistor

When an alternating current flows through a
resistor, energy is dissipated as heat, The rate of
energy consumption is termed the active power, P, and is
calculated as P = V x Ig where V is the mms voltage
across the resistor and IR is the rms current through
it,

——Tg =V

V-1 In a Resistor

Figure ]

V and Ig are in-phase with each other, see Figure 1
and the resultant active power, P, has units of watts
(or kW or MW).

Power in an Inductor or Capacitor

Inductors store energy in their magnetic field and
capacitors store energy in their electric field. Thus
when these elements are fed from an ac source they do
not consume energy but simply store it and retuvrn it to
the system during successive half-cycles. The current
flowing from the supply to perform this function is
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termed reactive current and so we say that inductors and
capacitors take reactive power, Q, calculated as:

0 vV x I

where Ip, and Ic are the currents in the inductor and
capacitor respectively.

— Ic

>V

(a) Inductor N (b) Capacitor

V-1 Relationships

Figure 2

Since Q is due to reactive current and is a product
of Volts x Amps, the units used are Reactive Volt
Amperes. (VAR or kVAR or MVAR).

N.B,: No Active Power is consumed in a pure inductor or
capacitor.
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ACTIVE POWER, APPARENT POWER, REACTIVE POWER

Mechanical Analogy

Consider a horse pulling the loaded mine cart on
the tracks in Figure 3. In pulling the cart from point
A to point B on the tracks, as shown, the horse must
provide power to overcome:

(a) the gravitational force on the loaded cart.

(b) the friction between the cart wheels and the
tracks, and bearing friction.

, Active Power ‘P’ produced by horse

Figure 3

Mechanical Analogy of Active Power P

All the power supplied by the horse results in true
work, ie, moving the cart from point A to point B.

Now consider a new untrained horse is brought in
which, instead of pulling the cart along the tracks,
pulls it at an angle # as shown in Figure 4., It is the
same cart on the same tracks, loaded to the same level,
pulled at the same speed and to the same distance.
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A True Work Active Power ‘P’ IB

| Reactive
t r
} 'QJ

Horse Pulling the Cart at an Angle

Figure 4

The horse has done a true work equal to the length
of the line AB. But it appears that he has done the
work equal to the line AC, Line AC is referred to as
"apparent work". Apparent work in this case appears to
be more than true work.

Where does this difference between the true work
and apparent comes from? What is it that the horse is
doing differently? To answer this, examine Figure 4
again.,

Horse is pulling the cart at an angle &, The
length of the line BC is directly proportional to the
angle #, The amount of work which seem to have been
done by the line BC does no good to increase or decrease
the true work of moving the cart from A to B, This work
is called reactive work because it is in reaction to the
angle . Reactive work combined vectorially with the
true work gives the apparent work.

Power Triangle

In a circuit containing both R and L or R and C the
total current, Igp, will be at some angle & relative to
the voltage, but this can obviously be split into two
components, one of which is in-phase with the voltage
and one displaced from the voltage by 90°, Comparing
this with the case of the horse pulling the mine car, we
can see that the component of current which is in-phase
with the voltage will produce active power, whilst the
reactivecomponent of current, at 90° to the voltage,
produces reactive power.
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If we take a circuit consisting of R and L in
parallel, Figure 5 (a), the vector diagram of currents
will be as shown in Figure 5 (b}. IR is in phase with
the voltage and I, lags the voltage by $%0°,

Ip = T + I, (Vector Addition)

-V

(a) Parallel RL Circuit. (b) Vectorial Representation.

Figure 5

If we multiply each component of the current
triangle by V (a constant), a new triangle is formed,
Figure 6.

vxlg=P

Y

VxI =Q

Power Triangle

Figure 6

This is called the power triangle and the
hypotenuse, U = V x Ip, is called the apparent power
of the circuit. The units are voltamperes (VA or KVA or
MVA).
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FPOWER FACTOR

Power Factor (pf) is Defined as Follows:

Active Power

pf = Apparent Power

and has a minimum value of zero and a maximum of 1.

From Figure 6, pf = g = cos §

Hence the power factor is also equal to the cosine of
the phase angle between voltage and current in the
circuit. This angle is called the power factor angle.
(See Lesson PI 26,34-1; 3.1 and 3.2,)

It should now be clear that for a resistor, pf =
{(#=0) whereas for an inductor or capacitor, pf = 0
(8 = 90°), see Figure 7.

U=p . Ref
Q=0
{a) Resistor-Unity pf. 8 = Q°.,
» Rof
P=0
U=QL
(b) Inductor-Zerc pf. 8 = 90°,
U=Qeq
P=0
» Raf
(¢} Capacitor-Zero pf. § = 90°,
Figure 7

1,
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4.2 Leading and Lagging Power Factors

Ideally, supply utilities would prefer to supply
power to consumers at unity power factor since this
would result in active power and apparent power being
the same, and the current would be minimum.

The corresponding I2R losses in the transmission
lines would thus be minimized. However, most industrial
loads take inductive reactive VAR's to provide magnetic
fields in motors, and since inductive circuits take a
lagging current from the supply, the reactive power is
designated as lagging VAR's. The power factor under
these circumstances is thus said to be a lagging power
factor. (See Figure 8.)

P {watts)

| ing VA
U (VA) Q (lagging VARs)

Lagging pf Load

Figure 8

The converse is true for a capacitive load where
the capacitive reactive VAR's set up electric fields.
These are called leading VAR's since capacitors take a
leading current from the supply. See Figure 9.

u{va)

Q (isading VARS)
e
P (watts)

Leading pf Load

Figure 9
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Calculations

Applying the trigonometry to the power triangle,
the following relationships can be established.

Power Triangle

Figure 10
u2=p2+Q2
u::\’PZ-{-QZ
P =10 cos ¥

Q = U sin @

Example

A transformer is supplying a 10 MW load at 0.85
power factor lagging.

{a) What is the apparent power (VA) supplied by the
transformer?

P u cos f

Cos & = 0.85

P _ 10 MW _

(s}
1

(b) What is the minimum MVA rating of the transformer?

Since the transformer must deliver 11.76 MVA
this must be the minimum VA rating of the
transformer for it to do the job without
overheating. The manufacturer, however, does not
make an off-the-shelf transformer of 11.76 MVA.
Hence the next higher standard available MVA rating
must be used (ie, 15 MVA).
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(c)

4.84
MVARs

Power Triangles For Example Part (c)

Pigure 11

Existing load conditions are shown at point A in
Figure 1ll. -

Original péwer factor angle = Arc Cos {(0.85) = 31.,8°.
Original MVAR required = 11.76 sin 31.8° = 6.2 MVAR.

If the existing load power factor is now improved
to 0.9.

. « New power factor angle = Arc cos 0.9 = 25,8°.

New MVAR supplied = 10 tan 25.8° = 4.84 MVAR. New
load conditions are shown at point B of Figure 11.

New MVA required = lg—gﬂ = 11,11 MVA

- 10 -
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(d) Comparison of new and original MVA reguired
indicates that we can now place additional lecad onh
the transformer, and still stay within the original
rating of 11,76 MVA,

Load conditions with the additional locad on
the transformer are shown at point C in Figure 12,
assuming the additional load P, is at unity power

factor.
10MW P
> ~=
(
Uy =111 MVA | MVAR
B C
Figure 12

The total active power is now (10 + P)MW and the
total reactive power remains constant at 4.84 MVAr.

The apparent power, u3z = 11,76 MVA, the original
rating of the transformer.

U32 = (10 + P)2 + Q2

.. (10 + P) =\IU32 - Q2

= 4(11.76)2 - (4.84)2 = 10,718 MW

« « Additional load, P = 0.718 MW = 718 kW

- 11 -
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Power in Three-Phase Systems

_In a balanced 3-phase load, the power in each phase
will be identical, so the total power dissipated will be
three times the .power dissipated per. phase..

Consider a star-connected system, with phase
voltage V¢, phase current Ig¢, operating at a power
factor given by cos 4. .

The apparent power per phase = Vglg

For the three phases, total apparent power, U, is
thus 3 Vplg.

It should be remembered that, in a‘j:phase,

star-connected system, I, = I and VI, = 4J3 Vg hence
VL
U= 3 .J—-— 1L = \,3 Vi, Ig,
3
Similarly P =‘ﬂ3 Vp.Ip cos 6 = u cos ¢
and Q =-J§i vy Ip, sin ¢ = u sin ¢

Identical relationships exist if the load is delta
connected.

Power Factor Correction

On Ontario Hydro power system, the '‘consumer load is
inductive in nature due to the many motors and other
equipment used by the customer. As a result a larqge
value of reactive power must be supplied by the
generator or other egquipment. It can be done by one or
both of those given below.

{a) use static capacitors.
(b) use synchronous motors.

In motors and transformers, the use of static
capacitors is common,

The principle used in power factor correction is
that the inductive load consumes lagging VAR's as shown
in Pigure 13{a).



