EEEB344 Electromechanical Devices
Chapter 5

CHAPTER 5—-SYNCHRONOUS GENERATOR

Summary:

1

2.

Synchronous Generator Construction

The Speed of Rotation of a Synchronous Gener ator
TheInternal Generated Voltage of a Synchronous Generator
The Equivalent Circuit of a Synchronous Gener ator

The Phasor Diagram of a Synchronous Gener ator

Power and Torquein Synchronous Gener ator

Measuring Synchronous Generator Model Parameters

The Synchronous Generator Operating Alone
- The Effect of Load Changes on a Synchronous Generator Operating Alone.

Parallel operation of AC Generators

- The conditions required for paralleling

- The general procedure for paralleling generators

- Frequency-power and Voltage-Reactive Power characteristics of a
synchronous generator.

- Operation of generatorsin parallel with large power systems

- Operation of generators in parallel with other generators of the same size.

10.Synchronous Generator Ratings

- TheVoltage, Speed and Frequency Ratings
- Apparent Power and Power-Factor Ratings
- Synchronous Generator Capability Curve



EEEB344 Electromechanical Devices
Chapter 5

1. Synchronous Generator Construction

A DC current is applied to the rotor winding, which then produces a rotor magnetic field. The rotor is
then turned by a prime mover (eg. Steam, water etc.) producing arotating magnetic field. This rotating
magnetic field induces a 3-phase set of voltages within the stator windings of the generator.

“Field windings’ applies to the windings that produce the main magnetic field in a machine, and
“armature windings” applies to the windings where the main voltage is induced. For synchronous
machines, the field windings are on the rotor, so the terms “rotor windings’ and “field windings’ are used
interchangeably.

Generally a synchronous generator must have at least 2 components:

a) Rotor Windings or Field Windings
a. Sdlient Pole
b. Non Sdlient Pole
b) Stator Windings or Armature Windings

The rotor of a synchronous generator is alarge el ectromagnet and the magnetic poles on the rotor can
either be salient or non salient construction. Non-salient pole rotors are normally used for rotors with 2
or 4 polesrotor, while salient pole rotors are used for 4 or more poles rotor.

Non-salient rotor for a
Side View synchronous machine

Salient rotor

A dc current must be supplied to the field circuit on the rotor. Since the rotor is rotating, a specia
arrangement is required to get the dc power to its field windings. The common ways are:

a) supply the dc power from an external dc source to the rotor by means of slip rings and brushes.
b) Supply the dc power from a specia dc power source mounted directly on the shaft of the
synchronous generator.
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Slip rings are metal rings completely encircling the shaft of a machine but insulated fromit. One end of
the dc rotor winding istied to each of the 2 dip rings on the shaft of the synchronous machine, and a
stationary brush rides on each slip ring.

A “brush” isablock of graphitelike carbon compound that conducts el ectricity freely but has very low
friction, hence it doesn’t wear down the slip ring. If the positive end of a dc voltage source is connected
to one brush and the negative end is connected to the other, then the same dc voltage will be applied to
the field winding at all times regardless of the angular position or speed of the rotor.

Some problems with dlip rings and brushes:
- They increase the amount of maintenance required on the machine, since the brushes must be
checked for wear regularly.

- Brush voltage drop can be the cause of significant power losses on machines with larger field
currents.

Small synchronous machines — use slip rings and brushes.
Larger machines — brushless exciters are used to supply the dc field current.

A brushless exciter isasmall ac generator with itsfield circuit mounted on the stator and its armature
circuit mounted on the rotor shaft. The 3-phase output of the exciter generator is rectified to direct
current by a 3-phase rectifier circuit also mounted on the shaft of the generator, and is then fed to the
main dc field circuit. By controlling the small dc field current of the exciter generator (located on the
stator), we can adjust the field current on the main machine without slip rings and brushes. Since no
mechanical contacts occur between the rotor and stator, a brushless exciter requires less maintenance.
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To make the excitation of a generator completely independent of any external power sources, a small
pilot exciter can be used.

A pilot exciter isasmall ac generator with permanent magnets mounted on the rotor shaft and a 3-phase
winding on the stator. It produces the power for the field circuit of the exciter, which in turn controls the

field circuit of the main machine. If apilot exciter isincluded on the generator shaft, then no externa
electric power isrequired.
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Even though machines with brushless exciters do not need dlip rings and brushes, they still include the
dlip rings and brushes so that an auxiliary source of dc field current is available in emergencies.

2. The Speed of Rotation of a Synchronous Gener ator

Synchronous generators are by definition synchronous, meaning that the electrical frequency produced is
locked in or synchronized with the mechanical rate of rotation of the generator. A synchronous
generator’ s rotor consists of an electromagnet to which direct current is supplied. The rotor’s magnetic
field pointsin the direction the rotor is turned. Hence, the rate of rotation of the magnetic field in the
machine isrelated to the stator electrical frequency by:

; _n.P
¢ 120

3. Thelnternal Generated Voltage of a Synchronous Gener ator

Voltageinduced is dependent upon flux and speed of rotation, hence from what we have learnt so far, the
induced voltage can be found asfollows:

E,=vV27N ¢ f
For simplicity, it may be simplified to asfollows:

E, = Kodw

K= I\Icp(if windectrical rads/s) K= NCP(if o in mechanical rads/ s)

V2 2.2
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4. TheEquivalent Circuit of a Synchronous Gener ator

The voltage E, isthe internal generated voltage produced in one phase of a synchronous generator. If the
machine is not connected to aload (no armature current flowing), the terminal voltage will be equivalent
to the voltage induced at the stator coils. Thisis dueto the fact that there are no current flow in the stator
coils hence no losses. When there is aload connected to the generator, there will be differences between
Ea and V,,. These differences are due to:

a) Distortion of the air gap magnetic field by the current flowing in the stator called armature
reaction.

b) Self inductance of the armature coil

¢) Resistance of the armature coils

d) Theeffect of salient pole rotor shapes.

We will explore factors a, b, and ¢ and derive a machine model from them. The effect of salient pole
rotor shape will be ignored, and all machinesin this chapter are assumed to have nonsalient or cylindrical
rotors.

Armature Reaction

When the rotor is spun, avoltage E, isinduced in the stator windings. If aload is attached to the
terminals of the generator, a current flows. But a 3-phase stator current flow will produce a magnetic
field of itsown. This stator magnetic field will distortsthe original rotor magnetic field, changing the
resulting phase voltage. This effect is called armature reaction because the armature (stator) current
affects the magnetic field, which produced it in the first place.

Refer to the diagrams below, showing a two-pole rotor spinning inside a 3-phase stator.

i
EA,max 1 I
i /L4, max
/

() A rotating magnetic field
produces the internal generated
voltage Ea.

(b) The resulting voltage produces
alagging current flow when
connected to alagging load.
The stator current producesits
own magnetic field Bs which
producesits own Eg4 in the
stator windings.

Thefield Bsaddsto By
distorting itinto Bpe. The
voltage Eg4 addsto E,,
producing V, at the output of
the phase.
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(@) Thereisno load connected to the stator. The rotor magnetic field Bg produces an internal
generated voltage E, whose peak coincides with direction of Bg. With no load, thereisno
armature current and E, will be equal to the phase voltage V.

(b) When alagging load is connected, the peak current will occur at an angle behind the peak
voltage.

(c) The current flowing in the stator windings produces a magnetic field of itsown. This stator
magnetic field Bs and its direction are given by the right-hand rule. The stator field produces a
voltage of itsown called Egx.

(d) With 2 voltages and 2 magnetic fields present in the stator windings, the total voltage and the net
magnetic field are:

V,=E, +Egy
B, =Bg + B
How can the effects of armature reaction on the phase voltage be modeled?

- Thevoltage Eg4 lies at an angle of 90° behind the plane of 1 .
- Thevoltage Eg4 is directly proportional to the current I 4.

If X isaconstant of proportionality, then the armature reaction voltage can be expressed as:

. p Ly
Estat:_JXIA X T
Therefore:
V,=E,— X, . .
]
. ,

Thus, the armature reaction voltage can be modeled as an inductor in series with the internal generated
voltage.
Sdlf-inductance and Resistance of the Armature Coils

If the stator self-inductanceis called L, (reactance is X,) while the stator resistanceis called Ry, then the
total difference between Exand V, is:

V¢:EA_ XUy = Xl 4 = Rul 4
=E,— X, —Ril4

WhereXs:X + Xa
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The full equivalent circuit is shown below:

Ry
V¢ |
.
Ly
MY o+
Ry
A\ZY)
.
Las
M o+
Ry
Vo3
s

A dc power source is supplying the rotor field circuit, whis is modeled by the coil’ s inductance and
resistancein series. In serieswith Re is an adjustable resistor Ry which controls the flow of thefield
current. Therest of the equivalent circuit consists of the models for each phase. Each phase has an
internal generated voltage with a series inductance Xs (consisting of the sum of the armature reactance
and the coil’ s self-inductance) and a series resistance Ra.

If the 3 phases are connected in Y or A, the terminal voltage may be found as follows:

V; = \/_3\/¢ (for Y connection)
V; =V,  (for A connection)

Ideally, the terminal voltage for all 3 phases should be identical since we assume that the load connected
isbalanced. If it is not balanced, a more in-depth technique is required.

The per-phase equivalent circuit:
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5. Phasor Diagram of a Synchronous Gener ator

Similar concept as applied in Chapter 2 (Transformers). The phasor diagrams are as follows:

Unity power factor

Lagging power factor

(a)

EA
Leading power factor

(b)

For agiven phase voltage and armature current, alarger internal voltage E, is needed for lagging loads
than for leading loads. Thus, alarger field current is needed to get the same terminal voltage because
Ex= k¢ because @ must be kept constant to keep constant frequency.

Alternatively, for agiven field current and magnitude of load current, the terminal voltageis lower for
lagging loads and higher for leading loads.

6. Power and Torgquein Synchronous Gener ators

A generator converts mechanica energy into electrical energy, hence the input power will be a
mechanical prime mover, e.g. diesel engine, steam turbine, water turbine or anything similar. Regardless
of the type of prime mover, the rotor velocity must remain constant to maintain a stable system

frequency.

The power-flow diagram for a synchronous generator is shown:

D
1«)11[ B

= \/E Vi 1 cost

app ®m

. I°R losses
Fricti Core (copper losses)
Fricti
Stray N Josses bp
and
losses .
windage
losses
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Input: F?n = Tapp®Pm

L osses: Stray losses, friction and windage losses, core loss
Converted power: F?:onv = Tind®@m = 3EAI A COSy
Where v is the angle between Exand | 4,

Losses: Copper losses

Output:
P :\/_SVTILcos@ or P =3Vl ,cos6

Q, =+/3%I, sno or Ry =3/1,9n6
Simplifying the phasor diagram, an assumption may be made whereby the armature resistance Ra is

considered to be negligible and assuming that load connected to it is lagging in nature. Thisgivesa
phasor diagram as shown:

E,sind
=Xsi,co88

Based upon the simplified phasor diagram:
| ,cos@

Which gives another form of output power expression (since R assumed to be zero):

o_ ME,sing
X

S

From the above eguation, it can be seen that power is dependent upon:
e Theanglebetween V, and E, which isé.
¢ S isknown asthe torque angle of the machine.
e maximum torque may be found when sin & is 1 which gives the maximum power (ak.a. static
stability limit) to be:

o _E,
max x

S
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The basic torque equation:
., =kB, x B, =kB, x B, =kB.B_sins

An alternative expression can be derived from the power expression since Pyy=Pgn When R, assumed to
be zero. Because Py =Tind®m, the induced voltage is:

_ V,E, sino

T
ind
wmxs

7. Measuring Synchronous Generator Model Parameters

There are basically 3 types of relationship which needs to be found for a synchronous generator:

a) Field current and flux relationship (and thus between the field current and E,)
b) Synchronous reactance
¢) Armatureresistance

Open Circuit test

1) Generator isrotated at the rated speed.

2) Noload isconnected at the terminals.

3) Field current isincreased from 0 to maximum.

4) Record vaues of the terminal voltage and field current value.

With the terminals open, 1,=0, so Ex = V. Itisthus possible to construct aplot of E, or V1 vs e graph.
Thisplot is called open-circuit characteristic (OCC) of agenerator. With this characteristic, it is possible
to find the internal generated voltage of the generator for any given field current.

Air-gap line

L f Open-circuit characteristic
/ (QCC)

Open-circuit characteristic (OCC) of
agenerator

I A
(a) !

At first the curve is amost perfectly linear, until some saturation is observed at high field currents. The
unsaturated iron in the frame of the synchronous machine has a reluctance several thousand times lower
than the air-gap reluctance, so at first ailmost all the mmf is across the air-gap, and the resulting flux
increase islinear. When the iron finally saturates, the reluctance of the iron increases dramatically, and
the flux increases much more slowly with an increasein mmf. The linear portion of an OCC is called the
air-gap line of the characteristic.

10
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Short circuit test

Steps:
1) Generator isrotated at rated speed.
2) Adjust field current to O.
3) Short circuit the terminals.
4) Measure armature current or line current as the field current isincreased.

Notes: During the short circuit analysis, the net magnetic field is very small, hence the coreis not
saturated, hence the reason why the relationship is linear.

I, A 1

Short-circuit characteristic
(SCC)

I A
(b) ¥

SCC isessentially astraight line. To understand why this characteristic is a straight line, look at the
equivalent circuit below when the terminals are short circuited.

JXs Ry

i V,=0V

(a)

When the terminals are short circuited, the armature current 1, is: E,
|

*T R+ Xs

And its magnitudeis: | = Ex

The resulting phasor diagram and the corresponding magnetic fields are shown below:

i
VW =0V EA M P - ‘
\IA _____________ e -~ a5
\% B B
()

LR,

)

11
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Since Bsalmost cancels Bg, the net magnetic field B, is very small (corresponding to internal resistive
and inductive drops only). Since the net magnetic field is small, the machine is unsaturated and the SCC
islinear.

From both tests, here we can find the internal machine impedance (Ea from OCC, I, fom SCC):

zo= R+ i -2

A
Since X5 >> Ry, the equation reduces to:

x_~Ea Voo
IA

s
l A

Therefore we may be able to find the synchronous reactances.

Therefore, an approximate method for determining the synchronous reactance Xs at agiven field current
is:

1. Get theinternal generated voltage E, from the OCC at that field current.
2. Get the short circuited current flow 14 sc at that field current from the SCC.
3. Find Xs by applying the equation above.

Problem with this method:

E, istaken from the OCC whereby the core would be partially saturated for large field currents while |
is taken from the SCC where the core is not saturated at all field currents. Therefore E, value taken
during the OCC may not be the same E, value in the SCC test. Hence the value of Xsisonly an
approximate.

Hence to gain better accuracy, the test should be done at low field currents which looks at the linear
region of the OCC test.

To find out on the resistive element of the machine, it can simply be found by applying a DC voltage to
the machine terminals with the rotor stationary. Value obtained in thistest (Ra) may increase the Xs
accuracy.

Short Circuit Ratio

Definition:
Ratio of the field current required for the rated voltage at open circuit to the field current required for
rated armature current at short circuit.

Example 5-1

A 200kV A, 480V, 50Hz, Y -connected synchronous generator with arated field current of 5A was tested,
and the following data were taken:

1. Vi attherated I was measured to be 540V

2. |I_sc a therated I was found to be 300A.

3. When adc voltage of 10V was applied to two of the terminals, a current of 25A was measured.

Find the values of the armature resistance and the approximate synchronous reactance in ohms that would
be used in the generator model at the rated conditions.

12
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8. Thesynchronous gener ator oper ating alone

The behaviour of a synchronous generator under load varies greatly depending on the power factor of the
load and on whether the generator is operating alone or in paralel with other synchronous generator. The
next discussion, we shall disregard R, and rotor flux is assumed to be constant unlessit is stated that the
field current is changed. Also, the speed of the generator will be assumed constant, and all terminal
characteristics are drawn assuming constant speed.

The Effect of L oad Changeson a Synchronous Generator Operating Alone

Assume a generator is connected to aload.

L oad increase:
Anincrease of load is an increasein real and reactive power drawn from the generator. Such aload
increase increases the load current drawn from the generator.

Assumptions:
o Field resistor has not been changed, field current is kept constant, hence flux is constant.
e Generator rotor speed is maintained constant.
e Therefore E, is constant.

If Eais constant, what actually varies with a changing load??

Initially lagging load:
e Loadisincreased with the lagging power factor maintained.
e Magnitude of 1, will increase but will maintain the same angle with reference to V,. (dueto
power factor is maintained lagging)
o Xgla will @soincrease and will maintain the same angle. Since

E =V, + X4

J Xsla must strecth between V, at an angle of 0° and E,, which isconstrained to be of the same
magnitude as before the load increase.

¢ Notethat E5 hasto remain constant (refer to the assumption stated earlier)
e Hence the only element which would change to compensate would be V. This change may be
seen in the phasor diagram.

The effect of anincreasein
generator loads at constant
power factor upon its terminal
voltage — lagging power factor.

13
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Initially unity load:

Load isincreased with the unity power factor maintained.

Magnitude of 1, will increase but will maintain the same angle with reference to V,,. (due to
power factor is maintained unity)

Xsla will aso increase and will maintain the same angle. Since
E =V, + jX,

Note that E5 has to remain constant (refer to the assumption stated earlier)

Hence the only element which would change to compensate would be V,,. This change may be
seen in the phasor diagram.

The effect of anincreasein
generator loads at constant
power factor upon itstermina
voltage — unity power factor.

{(b)

Changesin V, would be decreasing but it would be less significant as compared to when the load
islagging.

Initially leading load:

Load isincreased with the leading power factor maintained.

Magnitude of |, will increase but will maintain the same angle with reference to V,,. (dueto
power factor is maintained leading)

Xdla Will @so increase and will maintain the same angle. Since

E.=V, + X4

Note that E, has to remain constant (refer to the assumption stated earlier)

Hence the only element which would change to compensate would be V. This change may be
seen in the phasor diagram.

The effect of anincreasein
generator loads at constant
power factor upon its terminal
voltage — leading power factor.

14
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An alternative way to explain thisis viathe voltage regulation formulae.

e For lagging loads, VR would be very positive.

e For leading loads, VR would be very negative.

e For unity loads, VR would be positive.
However, in practical it is best to keep the output voltage of a generator to be constant, hence E4 has
to be controlled which can be done by controlling the field current I, Varying I will vary thefluxin
the core which then will vary E, accordingly (refer OCC).
How must a generator’ s field current be adjusted to keep Vr constant as the load changes?
Example 5-2

A 480V, 60Hz, A-connected, 4-pole synchronous generator has the OCC as shown below. This generator
has a synchronous reactance of 0.1Q and an armature resistance of 0.015 Q. At full load, the machine
supplies 1200A at 0.8 PF lagging. Under full-load conditions, the friction and windage losses are 40kW,
and the core losses aree 30kW. Ignore any field circuit losses.

600 ——
] .

v

7

500 /
400 - : /

300 / =
0 /

100 — — —_

Open-circuit terminal voltage, vV

0.0 1.0 2.0 3.0 4.0 30 6.0 7.0 8.0 9.0 i)
Field current, A

(a) hat isthe speed of rotation of this generator?

(b) How much field current must be supplied to the generator to make the terminalvoltage 480V at
no load?

(c) If the generator is now connected to aload and the load draws 1200A at 0.8 PF lagging, how
much field current will be required to keep the terminal voltage equal to 480V ?

(d) How much power isthe gen now supplying? How much power is supplied to the generator by the
prime mover? What is this machine’ s overall efficiency?

(e) If the generator’s load were suddenly disconnected from the line, what would happen to its
terminal voltage?

(f) Finally, suppose that the generator is connected to a load drawing 1200A at 0.8 PF leading. How
much field current would be required to keep V1 at 480V?

15
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Example 5-3

A 480V, 50Hz, Y -connected, 6-pole synchronous generator has a per-phase synchronous reactance of

1Q. Its full-load armature current is 60A at 0.8PF lagging. This generator has friction and windage losses
of 1.5kW and core losses of 1 kW at 60Hz at full load. Since the armature resistance is being ignored,
assume that the IR losses are negligible. Thefield current has been adjusted so that the terminal voltage
is480V at no load.

(d) What isthe speed of rotation of this generator?
(b) What isthe terminal voltage of this generator if the following are true?
1. Itisloaded with the rated current at 0.8 PF lagging.
2. Itisloaded with the rated current at 1.0 PF.
3. Itisloaded with the rated current at 0.8 PF leading.
(c) What isthe efficieny of this generator (ignoring the unknown electrical 1osses) when itis
operating at the rated current and 0.8 PF lagging?
(d) How much shaft torque must applied by the prime mover at full load? How largeis the induced
countertorque?
(e) What isthe voltage regulation of this generator at 0.8 PF lagging? At 1.0 PF? At 0.8 PF leading?

9. Parallel Operation of AC Generators

Reasons for operating in parallel:

a) Handling larger loads.

b) Maintenance can be done without power disruption.
¢) Increasing system reliability.

d) Increased efficiency.

Conditionsrequired for Paralleling

The figure below shows a synchronous generator G1 supplying power to aload, with another generator
G2 about to be paralleled with G1 by closing switch S1. What conditions must be met before the switch
can be closed and the 2 generators connected?

If the switch is closed arbitrarily at some moment, the generators are liable to be severely damaged, and
the load may lose power.

If the voltages are not exactly the same in each conductor being tied together, there will be avery large
current flow when the switchis closed. To avoid this problem, each of the three phases must have
exactly the same voltage magnitude and phase angle as the conductor to which it is connected.

Thus, paralleling 2 or more generators must be done carefully as to avoid generator or other system
component damage. Conditions are as follows:

a) RMSline voltages must be equal.

b) The generatorsto be paralleled must have the same phase sequence. If the phase sequenceis
different (as shown here), then even though one pair of voltages (the a phase) isin phase, the
other 2 pairs of voltages are 120° out of phase. If the generators were connected in this manner,
there would be no problem with phase a, but huge currents would flow in phases b and c,
damaging both machines.

16
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vy Ve
abe phase sequence ach phase sequence

(a)

¢) Generator output phase angles must be the same.

d) Theoncoming generator (the new generator) must have a slightly higher operating frequency as
compared to the system frequency. Thisis done so that the phase angles of the incoming
machine will change slowly with respect to the phase angles of the running system.

General Procedurefor Paralleling Generators

Suppose that generator G2 is to be connected to the running system as shown below:

Generator 1 T g Load

e

Generator 2

e

Switch §,
(b}

1. Using Voltmeters, thefield current of the oncoming generator should be adjusted until its
terminal voltageisegual to the line voltage of the running system.

2. Check and verify phase sequence to be identical to the system phase sequence. There are 2
methods to do this:

Alternately connect a small induction motor to the terminals of each of the 2 generators. If
the motor rotates in the same direction each time, then the phase sequence is the same for
both generators. If the motor rotates in opposite directions, then the phase sequences differ,
and 2 of the conductors on the incoming generator must be reversed.

Another way is using the 3 light bulb method, where the bulbs are stretched across the
open terminals of the switch connecting the generator to the system (as shown in the figure
above). Asthe phase changes between the 2 systems, the light bulbs first get bright (large
phase difference) and then get dim (small phase difference). If al 3 bulbs get bright and
dark together, then the systems have the same phase sequence. If the bulbs brighten in
succession, then the systems have the opposite phase sequence, and one of the sequences
must be reversed.

17
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iii.  Using a Synchroscope — a meter that measures the difference in phase angles (it does not
check phase sequences only phase angles).

3. Check and verify generator frequency to be slightly higher than the system frequency. Thisis
done by watching a frequency meter until the frequencies are close and then by observing
changes in phase between the systems.

4. Oncethe frequencies are nearly equal, the voltages in the 2 systems will change phase with

respect to each other very slowly. The phase changes are observed, and when the phase angles
are equal, the switch connecting the 2 systemsis shut.

Frequency-Power and Voltage-Reactive Power Char acteristics of a Synchronous Gener ator

All generators are driven by a prime mover, which is the generator’ s source of mechanical power. All
prime movers tend to behave in a similar fashion — as the power drawn from them increases, the speed at
which they turn decreases. The decrease in speed isin general non linear, but some form of governor
mechanism is usually included to make the decrease in speed linear with an increase in power demand.

Whatever governor mechanism is present on a prime mover, it will always be adjusted to provide a slight
drooping characteristic with increasing load. The speed droop (SD) of a prime mover is defined as:

Ny — Ny
D=—"——x100%
Ny

Where n, isthe no-load prime mover speed and ny isthe full-load prime mover speed.

Typica values of SD are 2% — 4%. Most governors have some type of set point adjustment to allow the
no-load speed of the turbine to be varied. A typical speed vs. power plot is as shown below.

Since mechanica speed isrelated to the electrical frequency and electrical frequency is related with the
output power, hence we will obtain the following equation:

P=s,(f, - f)
Where P = output power
fn = no-load frequency of the generator
fss = Operating frequency of system
s = slope of curvein kW/Hz or MW/Hz

If welook in terms of reactive power output and its relation to the terminal voltage we shall see asimilar
shape of curve as shown in the frequency power curve.

18
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In conclusion, for asingle generator:

a) For any given real power, the governor set points control the generator operating frequency

b) For any given reactive power, the field current controls the generator’ s terminal voltage.

¢) Real and reactive power supplied will be the amount demanded by the |oad attached to the
generator — the P and Q supplied cannot be controlled by the generator’ s controls.

Example 5-5

Figure below shows a generator supplying aload. A second load isto be connected in parallel with the
first one. The generator has ano-load frequency of 61.0 Hz and aslope s, of 1 MW/Hz. Load 1
consumes areal power of 1000kW at 0.8 PF lagging, while load 2 consumes a real power of 800kW at
0.707 PF lagging.

(a) Beforethe switch is closed, what is the operating frequency of the system?

(b) After load 2 is connected, what is the operating frequency of the system?

(c) After load 2 is connected, what action could an operator take to restore the system frequency to
60HZz?

Operation of Generatorsin Parallel with L arge Power Systems

Changes in one generator in large power systems may not have any effect on the system.

A large power system may be represented as an infinite bus system. Aninfinite busis a power system
so large that its voltage and frequency do not vary regardless of how much real and reactive power is
drawn from or supplied to it. The power-frequency characteristic and the reactive power-voltage
characteristic are shown below:
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Now consider a generator connected to an infinite bus system feeding into aload. We shall consider the
action or changes done to the generator and its effect to the system. Assume that the generator’s prime
mover has a governor mechanism, but that the field is controlled manually by aresistor.

When a generator is connected in parallel with another generator or alarge system, the frequency and
terminal voltage of al the machines must be the same, since their output conductors are tied together.
Thus, their real power-frequency and reactive power-voltage characteristics can be plotted back to back,
with acommon vertical axis. Such a sketch is called a house diagram, as shown below:

Infinite bus Loads
I

A synchronous generator operating
in paralel with an infinite bus

Generator }

(a)

Je

Jul

The frequency-power diagram
(house diagram) for a synchronous
generator in paralel with an
infinite bus.

T 1
I |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

Pinfhu53 kw Pml' bus P(_; PG> kW

e e o o
P load

(b)
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Assume that the generator has just been paralleled with the infinite bus according to the procedure
described previously. Thus, the generator will be “floating” on the line, supplying a small amount of real
power and little or no reactive power. Thisis shown here:

f.. Hz

\

.

% Po P kW

PKW
Suppose the generator had been paralleled to the line but instead of being at a slightly higher frequency
than the running system, it was at a slightly lower frequency. In this case, when paralleling is completed,

the resulting situation is as shown here: o
. Hz

T~

P kW Po<0
{consuming}

Notice that here the no-load frequency of the generator is less than the system’s frequency. At this
frequency, the power supplied by the generator is actudly negative. In other words, when the generator’s
no-load frequency is less than the system’ s operating frequency, the generator actually consumes electric
power and runs asamotor. |t isto ensure that a generator comes on line supplying power instead of
consuming in that the oncoming machine’s frequency is adjusted higher than the running system’s
frequency.

Assume that the generator is already connected, what effects of governor control and field current control
has to the generator?

Governor Control Effects:

In theory, if the governor set pointsisincreased, the no load frequency will also increase (the droop
graph will shift up). Since in an infinite bus system frequency does not change, the overall effect isto
increase the generator output power (another way to explain that it would look asif the generator is
loaded up further). Hence the output current will increase.

—
o~

i The effect of increasing the

governor’s set point on the
house diagram

T T
I |
| 1 I |
[ 1 ! I
| | | |
| | | |
| | | |
| | 1 |
I | | |
1 [ I |
I | | 1
[ I [ 1
| I | I

' Py Pp P Pei Por Poy P kW
_—
Pjuq = constant = Pp+Pg
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The effect of increasing the
governor’s set point on the
phasor diagram

Notice that in the phasor diagram that E, sin 6 (which is proportional to the power supplied as long as V1
is constant) hasincreased, while the magnitude of E4 (=K¢®) remains constant, since both the field
current I and the speed of rotation o isunchanged. As the governor set points are further increased the
no-load frequency increases and the power supplied by the generator increases. Asthe power output
increases, Ex remains at constant magnitude while E, sin 6 is further increased.

If the governor is set as such that it exceeds the load requirement, the excess power will flow back to the
infinite bus system. The infinite bus, by definition, can supply or consume any amount of power without
achange in frequency, so the extra power is consumed.

Field Current Control Effects:

Increasing the governor set point will increase power but will cause the generator to absorb some reactive
power. The question is now, how do we supply reactive power Q into the system instead of absorbing it?
This can be done by adjusting the field current of the generator.

Constraints: Power into the generator must remain constant when I is changed so that power out of the
generator must also remain constant. The power into a generator is given by the equation P, =tingom .
Now, the prime mover of a synchronous generator has a fixed-torque speed characteristic for any given
governor setting. This curve changes only when the governor set points are changed. Since the generator
istied to aninfinite bus, its speed cannot change. If the generator’s speed does not change and the
governor set points have not been changed, the power supplied by the generator must remain constant.

If the power supplied is constant as the field current is changed, then the distances proportional to the
power in the phasor diagram (1, cos 6 and E, sin 8) cannot change. When the field current is increased,
the flux ¢ increases, and therefore Ex (=K ¢1 ) increases. If E, increases, but E, sin 6 must remain
constant, then the phasor E5 must “slide” aong the line of constant power, as shown below.

E, By E{

=P

The effect of increasing the generator’ s field current on the phasor diagram of the machine.
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Since V, is constant, the angle of jXsl, changes as shown, and therefore the angle and magnitude of |4
change. Notice that as a result the distance proportional to Q (1,sin6) increases.

In other words, increasing the field current in a synchronous generator operating in parallel with an
infinite bus increases the reactive power output of the generator.

Hence, for a generator operating in parallel with an infinite bus:
a) Frequency and terminal voltage of generator is controlled by the connected system.
b) Changesin Governor set pointswill control real power to be supplied.
¢) Changesin Field Current will control the amount of reactive power to be supplied.

Note that these effects are only applicable for generatorsin a large systemonly.

Operation of Generatorsin Parallel with Other Generator s of the Same Size

When a single generator operated alone, the real and reactive powers supplied by the generators are
fixed, constrained to be equal to the power demanded by the load, and the frequency and terminal voltage
were varied by the governor set points and the field current.

When a generator is operating in parallel with an infinite bus, the frequency and terminal voltage were
constrained to be constant by the infinite bys, and the real and reactive powers were varied by the
governor set points and the field current.

What happens when a synchronous generator is connected in parallel not with an infinite bus, but rather
with another generator of the same size?
What will be the effect of changing governor set points and field currents?

The system is as shown here:

Generator 1 )——%7——’ Loads

(a)

In this system, the basic constraint is that the sum of the real and reactive powers supplied by the two
generators must equal the P and Q demanded by the load. The system frequency is not constrained to be
constant, and neither is the power of a given generator constrained to be constant.

The power-frequency diagram for such a system immediately after G, has been paralleled to the lineis
shown below:

I

60 Hz
W i S
| |

' The house diagram at the moment G, is
paralleled with the system

5 Ps Pen Pay
G o
Proag =Po1 + Pz
(b)
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The total power Py (Which isegual to Pea) and reactive power respectively are given by:
Piot = Pioad = Po1 + Pa2
Qtot = Qioad = Qa1 + Qa2
What happens if the governor set points of G, are increased?
As areault, the power-frequency curve of G, shifts upward as shown here:
Generator | Le Generator 2
e i L |
:‘ I; d N The effect of increasing G,' s governor
‘: g 1 l} set points on the operation of the system.
o L

kW Po P Per Pg kW

Thetotal power supplied to the load must not change. At the original frequency f;, the power supplied by
G; and G, will now be larger than the load demand, so the system cannot continue to operate at the same
frequency as before. In fact, thereis only one frequency at which the sum of the powers out of the two
generatorsisequal to P,y That frequency f, is higher than the original system operating frequency. At
that frequency, G, supplies more power than before, and G, supplies less power than before.

Thus, when 2 generators are operating together, an increase in governor set points on one of them
1. increasesthe system frequency.
2. increases the power supplied by that generator, while reducing the power supplied by the other
one.

What happensif the field current of G, isincreased?

The resulting behaviour is analogous to the real-power situation as shown below:

Generator 1 Vi Vi Generator 2

The effect of increasing G,'sfield
current on the operating of the
system.

-

kVAR Qa1 da Ue2 U2 KVAR

Qlui

_

Qkﬂ
(d)
When 2 generators are operating together and the field current of G, isincreased,

1. Thesystem termina voltageisincreased.

2. Thereactive power Q supplied by that generator is increased, while the reactive power supplied
by the other generator is decreased.
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If the slopes and no-load frequencies of the generator’ s speed droop (frequency-power) curves are
known, then the powers supplied by each generator and the resulting system frequency can be determined
quantitatively. Example 5-6 shows how this can be done.

Example 5-6

)—’%’4 7 G; has ano-load frequency of 61.5 Hz and a slope sp; of IMW/Hz.
e : G, has a no-load frequency of 61Hz and a slope s, of IMW/Hz.

The 2 generators are supplying areal load totalling 2.5 MW at 0.8
PF lagging. The resulting system power-frequency or house
diagram is shown below.

(a)

Generator 1 Generator 2

Slope = | MW/Hz

Slope = 1| MW/Hz

I
I
F
|
|
|
|
|
| |
W \P]:I.SMW \PE:LUMW kW

(d) At what frequency isthis system operating, and how much power is supplied by each of the 2
generators?

(b) Suppose an additional 1-MW load were attached to this power system. What would the new
system frequency be, and how much power would G; and G, supply now?

(c) With the systemin the configuration described in part b, what will the system frequency and
generator powers be of the governor set points on G, are increased by 0.5 Hz?

When 2 generators of similar size are operating in parallel, a change in the governor set points of one of
them changes both the system freq and the power sharing between them.

How can the power sharing of the power system be adjusted independently of the system frequency, and
vice versa?
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Anincreasein governor set points on one generator increases that machine' s power and increases the
system frequency. A decrease in governor set points on the other generator decreases that machine' s
power and decreases the system frequency. Therefore, to adjust power sharing without changing the
system frequency, increase the governor set points of one generator and simultaneously decrease the
governor set points of the other generator. (and same goes when adjusting the system frequency). Thisis

shown below:

S He

Generator |

kW Py 2
(b)

Shifting power sharing without affecting Shifting system frequency without affecting
system frequency power sharing

Reactive power and terminal voltage adjustment work in an analogous fashion. To shift the reactive
power sharing without changing V+, simultaneously increase the field current on one generator and
decrease the field current on the other. (and same goes when adjusting the termina voltage). Thisis

shown below:

Vy
Vl
Generator | Generator 2 Generator 1 Generator 2
m\ |
; \‘1 old |
| |
- -— ——— ; — —— | —
kVAR Q) (eh 0, 0 kVAR kVAR Q 0, kVAR
© S (d)
Shifting reactive power sharing without Shifting terminal voltage without affecting
affecting termina voltage reactive power sharing

Itisvery important that any synchronous generator intended to operate in parallel with other machines

have a drooping frequency-power characteristic. If two generators have flat or nearly flat characteristics,

then the power sharing between them can vary widely with only the tiniest changes in no-load speed.
This problem isillustrated below:
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Notice that even very tiny changesin f, in one of the generators would cause wild shiftsin power
sharing. To ensure good control of power sharing between generators, they should have speed droopsin
the range of 2-5%.

10. Synchronous Generator Ratings

The Voltage, Speed and Frequency Ratings

Frequency Ratings. Rated frequency will depend upon the system at which the generator is connected.

Voltage Ratings: Generated voltage is dependent upon flux, speed of rotation and mechanical constants.
However, thereisaceiling limit of flux level since it is dependent upon the generator material. Hence
voltage ratings may give arough idea on its maximum flux level possible and aso maximum voltage to
before the winding insulation breaks down.

Apparent Power and Power Factor Ratings

Constraints for electrical machines generally dependent upon mechanical strength (mechanical torque on
the shaft of the machine) and aso its winding insulation limits (heating of its windings). For a generator,
there are 2 different windings that has to be protected which are:

a) Armature winding
b) Field Winding

Hence the maximum armature current flow can be found from the maximum apparent power, S.

S=3v,l,

If the rated voltage is known, we may find the maximum |, alowed.

The heating effect of the stator copper lossesis given by:
— 2

The field copper losses:
2
PRCL =1 F RF

Maximum field current will set the maximum E, permissible. And since we can find the maximum field
current and the maximum E, possible, we may be able to determine the lowest PF changes possible for
the generator to operate at rated apparent power. Figure below shows the phasor diagram of a
synchronous generator with the rated voltage and armature current. The current can assume many
different angles as shown.
\\\/ |E, [ max
\

\
Ep 0

A

. \
Ey ~~. ) gy (rated)

7 Iy (rated) |
’/T Ly I

‘1/\ ‘ max
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Theinternal generated voltage E, isthe sum of V¢ and jXsla. Notice that for some possible current
anglesthe required E, exceeds Ea mx. If the generator were operated at the rated armature current and
these power factors, the field winding would burn up.

The angle of |, that requires the max possible E, while V¢ remains at the rated value gives the rated
power factor of the generator. It is possible to operate the generator at alower (more lagging) power
factor than the rated value, but only by cutting back on the kVA supplied by the generator.

Synchronous Generator Capability Curves.

Based upon these limits, there is a need to plot the capability of the synchronous generator. Thisis so that
it can be shown graphically the limits of the generator.

A capability diagram isaplot of complex power S=P+jQ. The capability curve can be derived back
from the voltage phasor of the synchronous generator. Assume that a voltage phasor as shown, operating
at lagging power factor and its rated value:

Note that the capability curve of the must represent power limits of the generator, hence thereis aneed to
convert the voltage phasor into power phasor.

The powers are given by:

P=3V¢lscosO

Q=3Vdplasinb

S=3Vdla
Thus,

The conversion factor to change the scale of the axesfrom V to VA is3 V¢/Xs.
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On the voltage axes, the origin of the phasor diagramisat -V¢ on the horizontal axis, so the origin on the
power diagramis at:

Vo (v )N
Q=5v)=-3!

Thefield current is proportional to the machine’ s flux, and the flux is proportional to Ex = K¢w. The
length corresponding to E, on the power diagramis:

3B,
-

E

The armature current |, is proportional to Xsl , and the length corresponding to Xsl 4 on the power
diagram is3Vola.

Thefinal capability curve is shown below:

Stator Current limit ‘

Q, Reactive power

Field Current limit
Or
Maximum Ea limit

| Prime mover limit |

P, real power

Itisaplot of PvsQ. Linesof constant armature current 1, appear aslinesof constant S = 3V¢l,, which
are concentric circles around the origin. Lines of constant field current correspond to lines of constant
Ea, which are shown as circles of magnitude 3E,V ¢/Xs centered on the point

3V,

Q--3°
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The armature current limit appears as the circle corresponding to the rated |, or rated KVA, and the field
current limit appears as a circle corresponding to the rated |- or Ex. Any point that lies within both
circlesis a safe operating point for the generator.

Example 5-8

A 480V, 50 Hz, Y -connected, 6-pole, synchronous generator is rated at 50kV A at 0.8 PF lagging. It has
a synchronous reactance of 1 ohm per phase. Assume that this generator is connected to a steam turbine
capable of supplying up to 45kW. The friction and windage losses are 1.5 kW, and the core losses are
1.0kW.

(a) Sketch the capability curvefor this generator, including the prime mover power limit.

(b) Can thisgenerator supply aline current of 56A at 0.7 PF lagging? Why or why not?

() What isthe max amount of reactive power this generator can produce?

(d) If the generator supplies 30kW of real power, what is the maximum amount of reactive power
that can be simultaneously supplied?

30



Chapter 6: Synchronous M otor

In general, a synchronous motor isvery similar to a synchronous generator with a
difference of function only.

Steady State Operations
A synchronous motor are usually applied to instances where the load would require a
constant speed. Hence for a synchronous motor, its torque speed characteristic is constant

speed as the induced torque increases. Hence SR = 0%.

Since,

7.4 = KBgB ,SnNd

_ V,E,sino

a)mxs

z-i nd

Maximum torque (pullout torque) is achieved when sin 6 = 1. If load exceeds the pullout
torque, the rotor will slow down. Due to the interaction between the stator and rotor
magnetic field, there would be a torque surge produced as such there would be a loss of
synchronism which is known as slipping poles.

Also based upon the above equation, maximum induced torque can be achieved by
increasing E; hence increasing the field current.

Effect of load changes
Assumption:

A synchronous generator operating with a load connected to it. The field current
setting are unchanged.

Varying load would in fact slow the machine down abit hence increasing the torque
angle. Due to an increase to the torque angle, more torque is induced hence spinning the
synchronous machine to synchronous speed again.

The overall effect isthat the synchronous motor phasor diagram would have a bigger
torque angle 3. In terms of the term E,, since It is set not to change, hence the magnitude
of E, should not change as shown in the phasor diagram (fig.6-6). Since the angle of d
changes, the armature current magnitude and angle would a so change to compensate to
the increase of power as shown in the phasor diagram (fig. 6-6).



Effect of field current changes on a synchronous motor
Assumption:

The synchronous generator is rotating at synchronous speed with a load
connected to it. The load remains unchanged.

Asthefield current isincreased, E, should increase. Unfortunately, there are constraints
set to the machine as such that the power requirement is unchanged. Thereforesince Pis
hasto remain constant, it imposes alimit at which |, and j Xl as such that E, tends to
dlide across a horizontal limit as shown in figure 6-8. 1, will react to the changesin E, as
such that its angle changes from aleading power factor to alagging power factor or vice
versa

This gives apossibility to utilise the synchronous motor as a power factor correction tool
since varying magnetic field would change the motor from leading to lagging or vice
versa

This characteristic can also be represented in the V curves as shown in figure 6-10.
Synchronous motor as a power factor correction

Varying the field current would change to amount of reactive power injected or absorbed
by the motor. Hence if a synchronous motor isincorporated nearby aload which require

reactive power, the synchronous motor may be operated to inject reactive power hence
maintaining stability and lowering high current flow in the transmission line.



Starting SynchronousMotors

Problem with starting a synchronous motor isthe initial production of torque which
would vary as the stator magnetic field sweeps the rotor. As aresult, the motor will
vibrate and could overhest (refer to figure 6-16 for diagram explanations).

There are 3 different starting methods available:
a) Reduced speed of stator magnetic field —the aim is to reduce it ow enough as
such that the stator will have timeto follow the stator magnetic field.
b) Externa prime mover to accelerate the synchronous motor.
¢) Damper windings or amortisseur windings.

Stator magnetic field speed reduction

Theideaisto let the stator magnetic field to rotate slow enough as such that the rotor has
time to lock on to the stator magnetic field. This method used to be impractical dueto
problems in reducing stator magnetic field.

Now, due to power electronics technology, frequency reduction is possible hence makes
it amore viable solution.

Using a prime mover
Thisisavery straightforward method.
Motor Starting using Amortisseur windings

Thisisthe most popular way to start an induction motor. Amortisseur windings are a
specia kind of windings which is shorted at each ends. Its concept is near similar to an
induction motor hence in depth explanation can be obtained in the text book (page 345-
348).

Thefina effect of this starting method is that the rotor will spin at near synchronous
speed. Note that the rotor will never reach synchronous speed unless during that time, the
field windings are switched on hence will enable the rotor to lock on to the stator
magnetic field.

Effect of Amortisseur windings

The advantage of this starting method is that it acts as a damper as such that during
transient cases at which the system frequency would vary significantly (varying
frequency would affect the synchronous speed) hence the amortisseur windings may act
as adampening effect to dow down afast machines and to speed up slow machines,



