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1 Synchronous machines

A synchronous machine has in essence a 3 phase distributed winding generally on the stator and a
field winding on the rotor as shown in the figure 1. The field winding is excited from d.c supply
to produce rotor poles while energisation of the stator three phase winding produces a rotating
magnetic field the speed ( called the synchronous speed)of which is decided by the supply frequency
and the number of poles of the machine. Obviously steady electromagnetic torque will be developed
only when rotor too will move at synchronous speed. In other words, a synchronous machine will
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either run at synchronous speed or not run at all in steady state. This means rotor speed is always
synchronous, hence the name synchronous machine. This is precisely the reason why a synchronous
motor has no inherent starting torque.
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Figure 1: Representation of a 3- ongMs machine

There are two types of synchronous mach round rotor or uniform air gap or

non-salient pole synchronous machine and

these two types is mainly in the rotor whi ’c field winding as shown in figure 2

We shall first study non-salient polgitigg ous machine whose air gap is uniform. Anal-
ysis of salient synchronous machine g @ involved and we shall discuss about it later.

Let us suppose that we want o nchronous machine as a motor by giving supply to the
rotor from a d.c source and to the & winding from 3 phase source. The poles created by the

rotor excitation will remai respect to stationary observer while the field created
ous speed wrt stationery observer. This means the angle
between the stator and rotor fitlhis time varying and as told earlier, average torque under this
condition is zero hence machine will fail to start as a motor. however once the rotor is brought
to speed by some auxiliary means ( as we shall see later in the section starting of synchronous
motor) then machine may produce steady motoring torque. The crux of the matter is, I repeat once
again, the speed of a synchronous machine connected to the supply bus is essentially constant at
synchronous speed. When a synchronous machine acts as a generator then the machine is said to
be operating as a synchronous generator or as an alternator. It should be noted d.c field winding
can be placed in the stator while the 3 phase winding can be placed on the rotor without any loss
of generality. However, practical considerations depending on the size of the machine, dictates the
choice.
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(a) Non—salient pole synchronous machine (b) Salient pole synchronous machine

2 Synchronous generator

A synchronous generator generates a.c pow® whigh is theil transmitted and distributed using trans-
¢ genev@gor primarily two things namely the frequency
¢ are of greatest importance. In the following sections
and the magnitude of the generated emf depend.

f and the magnitude of the generatg

mission line and network. When we taJ4#®
we shall see on factors does the f; ﬁ

2.1 Frequency

Like any other generator the rotoM@f a synchronous generator is to be driven by a prime mover.Now
a days, electric power is generated using 3-phase generators. In a thermal generating station, prime
mover is a steam turbine while in a hydel power station it is a water turbine which drives the
generator. The frequency of the generated emf across the armature terminals depends upon the
speed of the generator and its number of poles in fact it is given by f = & Hz, where n is the
speed of the machine in rps. In our country the standard and stipulated a.c supply frequency is 50
Hz. The number of poles for a steam turbine driven alternator is 2. Hence the rotor speed must
be 50 rps or 3000 rpm to generate 50 Hz a.c voltage. Alternators having number of poles 4, 6 and
8 should be driven 1500 rpm, 1000rpm and 750 rpm respectively in order to generate 50 Hz. the
speed of water turbine being low, large number of poles are used. In such cases 16,24 poles are
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quite common.

2.2 Magnitude of the induced emf

The expression for the rms value of the generated emf per phase is given by

pn
Ef = \/§7T7¢fNeffeCtjve = 4-44f¢fNeffective
Where,

n = speed of the generator in rps.
¢ = flux per pole, produced by iy

N,

e actual number of turns multiplied by the winding factors. (1)

In a given generator, number of poles and the numb
the induced emf can be changed either by changin
field current. But as we know the speed of the

voltage. Hence induced voltage can be varie ly by

aregixed. Therefore, magnitude of

anging flux per pole ¢, i.e., the
ed by the frequency of the induced
the d.c field current.

2.3 Phasor diagram of sy ous@enerator

With reference to figure 1, we seg t
coils changes with time. A phas
leading C phase voltage by

e rotor rotates, flux linkages with A, B and C phase
leading B phase voltage by 120° and B phase voltage
lt&nator is operating under no-load condition means that
A, B and C terminals are le a particular phase, say A phase, induced voltage will be
maximum when flux linkage is imum i.e., when the position of ¢ is at quadrature with the axis
of the A phase and will be zero wi¥n the the position of ¢ will be along the axis of the A phase.
The space vector ¢ will lead the time phasor of the induced emf by 90°. In figure 3 the no load
and load phasor diagrams has been shown. Suppose the alternator is now loaded at some lagging
power factor. So armature carries now a current I, as shown. The balanced three phase currents
produces as we know, a constant magnitude rotating magnetic field M,. When a particular phase
caries maximum current, M, will be directed in space along that phase axis. Therefore it is correct
to show the the armature mmf M, along the direction of the current. Unlike no load condition, the
net air gap field is no longer M, but the resultant of M and M, i.e., M,. The induced voltage
in the winding should now be decided by M, and obviously not by M. The induced voltage per
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phase becomes,
pn
ET - \/§7T7¢7‘Neffective = 4‘44f¢rNeﬁleCtive

Also we note that E, will be lagging M, by 90° and If saturation is neglected then 1\% = A}Z—:
B ~ C
f Ef
(o (o %7
w ) E_ A _
v I
_ B K/I a
A
[ A
M M 0]
My My

The AOAB and the AOCD are similar beca
CD will be at quadrature with the AB. In other t angle with the current phasor

machine is loaded can therefore be

alternator therefore comes out to b
leakage reactance and the a;

Ao + JTar = To + J(Ta + Tor) = T4 + jxs. The sum of
ion reactance is called x4, the synchronous reactance of the
machine. Terminal voltage th&@fore can be obtained by subtracting the leakage impedance drop
from E,. We are now in a positiong draw the complete phasor diagram when the generator supplies
a lagging or leading power factor loads as shown in the following phasor diagrams 4 and 5. It may
be noted that in case of generator, E; phasor will be always above E;. Since the leakage impedance
drop is quite small compared to the armature reaction reactance drop, 6 ~ df.. The amount of
torque produced we already know has a direct bearing with the angle ¢4, or approximately with 4.
It is because of this reason the knowledge of ¢, called the load angle, is so important.
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Figure 4: Phasor diagram : lagging load Figure 5: Phasor diagram : leading load

2.4 Phasor diagrams neglecting r,

reactance x, is generally many times higher than the armature resistance r,. The ratio between
these two may have values between 5 to 10. Therefore, a great deal of simplicity can be achieved
in drawing phasor diagrams and more importantly, in understanding performance characteristics
of the generator quickly and efficiently when r, is neglected. Following figures 6 and 7 show the
simplified phasor diagram assuming armature resistanc to be vanishingly small.

Figure 6: Phasor diagram : lagging load Figure 7: Phasor diagram : leading load

3 Normal, over and under excitation

When a synchronous generator is connected to the infinite bus, the terminal voltage E; gets fixed
and remains constant no matter to what level of excitation the machine has been subjected to. This



Tapas K Bhattacharya Synchronous machines 8

means, E, ~ E; = a constant. The resultant air gap mmf M, thus practically remains constant.
By , we mean My produced by the field current i;. When the order M; is same as the order of
M,., we say the motor is normally excited. on the other hand , depending upon whether M; > M,
or My < M, the machine is said to be over excited or under excited respectively. Looking at the
phasor diagrams 4 and 5 we can easily see that for a synchronous generator to supply a lagging
power factor load must be over excited while it must be under excited to supply a leading power
factor load.

4 Power expression for synchronous generator.

To obtain expression for power output from the generator, let us refer to the equivalent circuit per
phase of the generator as shown in the figure 8. Let us define the variables as follows:

E, = E,Z0 Terminal voltage per phase.
Ef = FE,/§ excitation or internal emf e generator per phase.
I, = I,/0 per phase armature c
Z, = Z,/B synchronous imped phas
P = total real power outp (2)

Power output of the generator can be_calcula®@d now in the following way:

P, output + j Qoutput =

3E,E; 3E?
- L(B—06) =2ty
RAEDEE
L [EE E? L[EE; E?
= 3 7 cos(f — 9) 7 cos 3| + 53 7 sin(f — 9) 7. sinf| (3)

The input power can be obtained by adding the armature copper loss to the output power i.e.,
Piput = Powtput + 3[3%- As a special case when the armature resistance r, is neglected then a
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simplified but useful expression shown below, for power can be obtained by putting g = 90° in the
above expression for power.

E:E
Poutput =3 I 7 ging = Pae SN0 (4)
Ts

The power-angle or P — § characteristic of a synchronous generator is shown in figure 9.

Stable zone | Unstable zone |
I, P ! .y
— max |~ P=P__sin3,
| max !
VA VAVANE T 1o) Jau—
+ Ty Xg Pl ffffffff
E[
5
-] l_ © & 8=90
Figure 8: Per phase equivalent circuit. Figure 9: Power-angle characteristic of syn-
chronous generator.
The P — ¢ characteristic in figure 9 shows how o ith level of power change. The

r nd is changed to P1 level the
ynt, is available if the power demand
is Ppe: with 0 = 90°. The aspect of

corresponding steady state ¢ will become 1.
is made greater than P,,,,. Hence steady st
stability limit will be taken up in detail ind#&te

5 Synchronous mac Generator and Motor operation

he@finite bus, can run either as a generator or as a motor.
to run at a constant speed n, called synchronous speed
dy electromagnetic torque.

A synchronous machine connected
No matter in which mode i
in order that it can develop a

5.1 Generator mode

With the help of a prime mowver, the generator is driven close to the synchronous speed and by
adjusting the excitation current the terminal voltage is made equal to the existing bus voltage. The
machine is now synchronized with the bus by a suitable method and said to be floating with the
bus. if prime mover input is increased, the machine will start acting as a synchronous generator
injecting power into the bus. More input to the prime mover means more injected power into the
bus and increased value of §. the generator will loose synchronism however when the value 9 is close
to 90°
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5.2 Motor mode

Immediately after synchronization with the bus, as told earlier the machine will be floating with the
bus i.e., it will neither act as a generator nor act as a motor. Now if the prime mover is removed,
the machine will continue to run and definitely it runs as a motor. If mechanical load is placed on
the shaft of the machine, the rotor will fall back creating an appropriate §. in this way machine
can be loaded to the extent that ¢ is not more than about 90°. Synchronism with the bus will be
lost if the 0 goes beyond this limit.

The floating, generating and motoring actions can be best understood by referring to figures
10,11 and 12. When the machine is just synchronized and floating with the bus, load angle ¢ ~ 0.
The stator and the resultant field act along the same line producing no torque. The situation is
depicted in the figurel0. However, if the prime mover input is increased rotor moves ahead of
the stator field creating a positive load angle 6. the direction of the electromagnetic torque, T,
acts in the opposite direction of rotation as shown in the figure 11. On the other hand, if after
synchronization, prime mover is removed and mechanical load torque is demanded, then the rotor
will fall back creating a negative § and producing 7, in the direction of rotation as shown in the
figure 12.

Figure 10: Floating cond@ion Figure 11: Generating mode

Physical pictures about what is happening inside a synchronous machine have been shown in
the figures 10,11 and 12. One should not be under the impression, after going through this section,
that only way of starting a synchronous motor, is to run it first as a generator, then synchronize
and finally put on the mechanical load on the shaft. On the contrary, the above method is seldom
used to make a synchronous machine run as a motor. In fact there are quite a number of different
but easier methods of starting synchronous motor which will be discussed in later section.
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Figure 12: Motoring mode.

5.3 Phasor diagram of synchronous motor

The phasor diagram of synchronous motor can be developed by referring to its equivalent circuit
shown in figure 13 and KVL equation. The KVL equatjo the armature circuit is given by

Figure 13: Equivalent circuit of a synchronous motor

The phasor diagram of a synchronous machine operating as a motor and drawing lagging and
leading power factor currents are shown in figures 14 and 15. It can be easily concluded from the
phasor diagram that over excitation causes leading power factor operation while under excitation
makes the motor to operate at lagging power factor.
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Figure 14: Motor mode : lagging power factor Figure 15: Motor mode : leading power factor.

6 Power expression for motor mode

The expression for the input power for a synchronous motor can be obtained in the same line as
adopted for a generator in the previous section.

The complex output power power t of the generator S, can be calculated now in the following
way:

S, = 3[BT,

= 3 [—t co s(B + 5)} + 73 [E sin 3 — Bk sin(f8 + ) (5)

i
A Z,
7 Effect of variation of excitation

We shall discuss here the effect of variation of excitation on the performance of a synchronous
machines operating in parallel with the infinite bus and under the condition that the shaft load
remains constant. In case of alternator this means prime mowver input remains constant while in
case of motor it means that the mechanical load is constant. it will be seen that excitation variation
causes operating power factor of the machine to change. Alternator power factor changes from
leading to lagging as excitation is increased. Where as motor power factor changes from lagging to
leading with more and more excitation. To summaries, effect of excitation variation are:
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e An under excited alternator operates at leading power factor.
e An overexcited alternator operates at lagging power factor.
e An under excited motor operates at lagging power factor.

e An overexcited motor operates at leading power factor.

7.1 Effect of excitation control:Explanation

Now we shall explain why synchronous machine behaves in a manner listed above when excitation
is varied under constant power condition. First we explain this considering armature resistance r,
to be vanishingly small and the machine is acting as a generator connected to the bus. The power
equation is then simply P = @ sind. For a constant P, F;sind has to remain constant as E;, the
bus voltage, is constant. Also constant power demands that I, cosf remains constant no matter
what is excitation. The phasor diagram is shown in figure 16.

[, cosB® = constant V

vs]

E¢sin 0
constant

Figure 16: Phasor diagram showing the effect of excitation in an alternator.

Suppose the initial operating point of the alternator is such that it delivers a lagging current
I, at a power factor angle of 6. The corresponding excitation emf is £y;. Under constant power
condition if excitation i.e., the magnitude of E; is varied, then both I, cos@ and Eysind have to
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remain constant. Therefore through the tip of I,; phasor a line CD is drawn at right angle to the
E, phasor. Whatever be the level of excitation the tip of the I, phasor has to lie on CD. Similarly
the tip of the E; has to lie on the line AB as excitation is varied where AB is drawn through the tip
of the Ef; phasor and parallel to the E; phasor as shown in the figure 16. If excitation is decreased
from Ej to Epg, then Efy phasor gets fixed and the difference between the E, and E; fixes the
drop in the synchronous reactance (= Tagfs). Hence the current phasor I, can be fixed and new
operating power factor can be ascertained. In this case excitation Ey, is such that, I, is in phase
with the F, indicating unity power factor operation. With respect to the initial armature current
1,1, the magnitude of the new armature current I,5 has reduced as excitation is decreased. In the
same way if excitation is further decreased, new current will become [,3 and operating power factor
will be lagging in nature. The magnitude of the armature current I,3 is obviously more than the
armature current at unity power factor operation.

I,c0s6
= constant

S
° s
e N1
v g
— O
mO
I
,,,,,,,,,,,,,,, B

Figure 17: Phasor diagram showing the effect of excitation in synchronous motor.

Similarly referring to the phasor diagram shown in figure 17, one can understand the effects of
excitation variation for a synchronous motor. In this case it will be observed that lower excitation
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causes the machine to operate at lagging power factor while higher excitation means leading power
factor operation at a constant level of power. A synchronous motor can therefore be utilized for
correction of power factor and when it is used for such purpose it is called a synchronous condenser.
If a synchronous motor is to be used solely for the purpose of power factor improvement, its shaft
can be thinner. For improving power factor of a factory, an over excited synchronous motor is
connected at the incoming supply lines of the factory. Sometimes a synchronous motor is used for
both improving the power factor as well as for supplying mechanical load. Synchronous condenser
has advantage over capacitor for power factor improvement in the sense that capacitance values are
to be changed in steps as the load of the factory undergo changes both in magnitude and quality;
installing a synchronous condenser in place of capacitor will be handy as step less control of the
leading current can be done by varying the field current smoothly.

The variation of the magnitude of the armature current as a function field current for no load
and different power levels are shown in figures 18 and 19. As because the shape of the curves look
like V, these are called V-curves. These curves clearly depict that for an alternator lower excitation
corresponds to leading current and higher excitation corresponds to lagging current. For the motor
operation, it is just opposite namely, lower excitation megns lagging current and higher excitation
means leading current. In both the cases however, ming rmature current corresponds to unity
power factor operation.

It should be remembered that the derivation of other general conclusions drawn
about the effect of excitation variation in sy es were based on rather simplified
phasor diagrams where the effect of armat i totally neglected. In the next section
we shall include the effect of armature resi shaping the V-curves.

S - motor

8 Starting of sync

As pointed out earlier, a 3- no®s motor has no running torque, however it has a steady

running torque at synchrono

8.1 Starting by damper bars

A scheme for starting a synchronous motor using damper bars is shown in figure 20. Damper bars
are located on the pole face of the rotor and shorted at both ends in the same way as the Cage bars
of induction motor are closed by end rings. Obviously here the cage will not be present continuously
along the air gap. The following steps are followed for starting.

1. Field winding of the motor is connected across a suitable resistance.
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Generator operation Motor operation
Locus of upf points P Locus of upf points
< . < ’
= =
) )
= =
= =
o o
g g
2 2
< <
E E
< <
Field current Field current I ¢
Leading p.f T Laggin, Lagging p.f T Leading p.f
upf upf
Figure 18: V curves of generators. re 194V curves of motors.
2. Balanced 3-phase supply is gradually increg®e zerosing an autotransformer and applied
to the 3-phase armature of the synchr moto motor picks up speed like a induction

motor.

3. When speed becomes close to g
resistance and excited fromd.

@M ous speed, the field winding is disconnected from the

4. the motor will be pulled into c
now become inactive.

gism and run as synchronous motor. Damper bars will

8.2 Starting using pony motor

Synchronous motor can be started with the help of an auziliary motor called pony motor. Pony
motor is nothing but a small induction motor (preferably having 2-poles less than the synchronous
motor) coupled to the synchronous motor. Pony motor is first started and is allowed to speed up
beyond the synchronous speed of the synchronous motor. Now pony motor is disconnected from
the supply and when the speed of the set comes close to synchronous speed, armature and the field
windings of the synchronous motors are excited and the the motor is pulled into synchronism. This
method is adopted for situation where the synchronous motor has to be started under no load.
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3—phase armature
of synchronous motor

3—phase supply
From Autotransformer

Syn. motor
Field coil

D.C supply

Figure 20: Starting of synchronous motor using damper bars.

8.3 Starting by using variable frequency source

In this scheme supply to the armature is obtained from tH@output of a variable frequency inverter.
Initially field is excited and armature is supplied fro e, variable frequency source
keeping % ratio constant for keeping flux at rated the rotor will be able to follow
the slowly moving stator field as the initial su quite small. Motor speed can be
lly Upton the rated value.

9 Phasor diagrams o hro®ous machines under typical

conditions
To draw phasor diagram c oMmynMronous machines operating as generator or motor; at
lagging or leading power factOuo steps may be adopted.

1. Is the phasor diagram to be Wrawn for generator or motor mode?

2. If it is generator mode, then E; will be ahead of V.

3. Draw V and I, first. Position of I, wrt to V is decided by power factor angle 6.

4. For generator start from V and use the relation Ef = barV + I,r, + jl,x, to obtain Ef.
5. If it is motor mode, then E; will be behind of V.

6. Draw E; and I, first. Position of I, wrt to E; is decided by internal power factor angle 1.



Tapas K Bhattacharya Synchronous machines 18

7. For motor mode, start from Ef and use the relation V = Ef + Iry + jl,x4 to obtain V.

8. Remember Over excited synchronous generator means lagging power factor and under excited
synchronous generator means leading power factor.

9. Remember Over excited synchronous motor means leading power factor and under excited
synchronous motor means lagging power factor.

Eg
Eg
j Ia S
Iy
T
I,7a
(a) Non—salient pole syn. generator (b) Generator at maxinum power condition (c) Motor at maxinum power condition
. e 0 .
Under short corcuit condition =90 Leading power factor 5 =90 o Lagging power factor

S.Cmeans v =0

Figure 21: Phasor diagram underg®meS@gpical gdnditions.
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1 Salient pole synchronous machine

Because of the saliency presence in the rotor structure, ai
along the axis of the pole which is called the d-axis
be maximum along the line perpendicular to the d
varying along any arbitrary direction.

ap is non-uniform: air-gap is minimum
i re 1. Maximum air-gap will
ed as g-axis. Air-gap will be

gq—ax
along this line
is maximum

Figure 1: d and q axes

As we know armature mmf M, produces armature flux ¢, and this added with the rotor flux
¢y gives the resultant flux ¢,. However, position of M, in space is decided by the power factor
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at which the machine is operating. Therefore, it looks like to get ¢,, we have to divide this M,
by reluctance of that position. As air-gap varies, reluctance too will change as the position of M,
changes. Our aim is to get a simplified model of the salient pole machine. Bondel suggested that
this problem of variation of reluctance can be avoided if we do the following;:

1. Resolve the armature mmf along d and g-axis as M,q and M,,.

2. It should be noted that M,y is created by I; & M,, is created by I, Wheire Id, and {q are
respectively the components of actual armature current /,. In other words [, = I; + jI,

3. Reluctance along d and g-axes are constant. So divide M,q and M,, by reluctances R,q and
R, respectively to obtain direct and quadrature axes fluxes ¢,q4 and ¢q,.

4. Once you know ¢,q and ¢4, you can get emf generated in the coil due to armature fluxes..
5. There should now be two armature reaction reactances namely zq,q and 2g.q.

6. If leakage reactance z, is added to both the arm
chronous reactances xq = grq + 4 and z, = x,
direct and quadrature axis reactances of a salj

re reaction reactances we get two syn-
x4 andx, are respectively called the
nous machine.

7. Therefore to draw the phasor diagram o nchronous motor we should know

the values of r,, 4 and z,.

8. Also note that x4 > z, since d-axjgmgluctan®is much less than quadrature axis reluctance.

It is suggested that for draWgng phaSOr diagram in generator mode, start with V and I, phasor
and then add I,r, and jl,zs dro
In case of motor mode:

Ef = V—-1Ir,— jfaxs
or, vV o= Ef + Irg + jl_axs
Since addition of vectors are much more convenient to carry out, to draw the phasor diagram

in motor mode start with Ef and I, phasor and then add to Ef, the drops I,r, and jI,x, drops to
get V.
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Now basic voltage equations in salient pole generator will be:

Ef =V 4+ Ir, + jfdxd + ijxq

The voltage equation in motor mode will be :

Ey =V — Iy, — jlyzg — jlz,

Above equation can also be written as

2

2.1

= V = Ef + I_ara —I—jI_dZL'd +j[_ql’q

Phasor diagram of salient pole synchronous machine

Synchronous generator

Suppose a synchronous generator is delivering lagging power factor current to the bus (or to the
load). power factor angle being . Following steps are fol d to complete the phasor diagram.

1.

7.
8.

. First draw V and I, phasor as show

. Note angle between E; and

Basic equation is:

by angle 6.

d-axis then can be dr

o 18 ¥ =04 0. 1 is called the internal power factor angle.
Now I, can be decomposed into its d and q components as I; = I, sin¢ and I, = I, cos

Now we can add the vectors V', I,r, , jlszq and jl,z, to get E; as shown in figure 2(a).

If armature resistance is neglected i.e., r, = 0, the governing voltage equation will be:

Ef = ‘7 —|—jjdﬂ7d +jjq$q

The simplified phasor diagram will be as shown in figure 2(b).
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d-axis d-axis

(a) Salient pole syn. generator (b) Salient pole syn. generator
supplying lagging p.f load supplying lagging p.f load
with 1y with &y =0

Figure 2: Generator mode: lagging p.f.

2.2 Important: how to get 6 from V, I, and 0 ?

Generally we shall be knowing terminal voltage V', armature current I, and power factor angle 6 of
the load. The question is how angle delta can be obtained. Unless the value of § is known, g-axis
can not be drawn. Consider once again generator mode ating at lagging power and its phasor
diagram is shown in figure 3

> Qrasmw

Iyt

v/ QL

d—axis

Getting load angle & for generator

supplying lagging p.f load

with 1,

Figure 3: To get expression for §

From the phasor diagram we can write the following equations.
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Iy = I,siny = 1,sin(d+0)
I, = I,cos¢ =1I,cos(d+0)
Also, Vsing = Iz, — Lrosineg = Lz, cos(d + 0) — L, sin(d + 0)
or, Vsind = I,z cos0cosd — [,x,sinf0sind — I,r,sinfcosd — I,r, cosfsind
or, (V + Iz,sinf + I,r,cosf)sind = (l,x,cos0 — I,r,sinb) cosd

(Iyzycosl — 1,1, sin0)

. tand =
a (V + Lyxgsinb + 1,1, cos0)
I,x,cosf
If r, i lected, tand = ag
rq is neglected, tan (V + Loz, sin0)

Thus we see from the knowledge of terminal voltage V', armature current I, and power factor
angle 6, load angle § can be determined from the above ression. Hence g-axis can be precisely
determined.

2.3 Expression for power

Consider generator mode operating at laggi ower and armature resistance r, = 0. For

this refer to the phasor diagram shown ig figuré@ Power delivered per phase by the generator is
given by: S =V I*.

S
but, V
and, I,
so, I,”
thus,S (Va+jVo)(La — j1g) = (Vala + Voly) + 5 (Vola — Valy)
Real power, P = (Vyla+ V,I,)
now, V; = Vsind
Vg = Vecosd
Also, [, = E; —Vcosd
Tq
and, [, — V'sin

Lq
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Putting these in the expression for P, we get after simplification

2
P = Efvsin5+v— (i — i) sin 26
Tq 2 \z; @4

The second term of P i.e., V; (wi — i) sin 26 does not depend on field current (no Ey term is
q

present ), however it depends on x;—z, or degree of saliency and termed as reluctance power/torque
due to reluctance variation in the air-gap. To get total power you have to multiply P by 3. For
uniform air-gap (or cylindrical rotor) machine x, = x, = x;. So expression for power for non-salient
pole machine will be P = ng—v sind which is as expected. Remember a salient pole synchronous
machine can produce steady %orque or power even without any field current. P versus ¢ curve of
salient pole synchronous machine is shown in figure 4

P

EfV .

Figure 4: rve of salient pole machine.

The phasor diagrams of galient e chronous generator operating at leading power factor
are shown in figure. From t ram one can deduce the expressions for power and tan 4.
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2.4 Synchronous motor
Assume the motor is drawing a lagging power factor current from the bus.
1. Basic equation is:
Ef = V—1I,yr,— jlyzg— ija:q
or, vV = Ef + I,r, —I—jl_dxd — j[_qa:q

I prefer to use the second equation for drawing the phasor diagram since addition of phasors
will yield V.

2. First draw E; and I, phasor as shown in figure 2(a).Recall E; is the excitation voltage and
I, lags it by angle ¢ (this is not the load power factor angle 6.

3. The g-axis is along Ef. So d-axis at right angles to it.
4. Now I, can be decomposed into its d and q componpgnts as I; = I, sint and I, = I, cos )
5. Angle between E; and V is 4 is shown.

6. Note angle between E; and I, is ¢ = 0 — led ghe internal power factor angle.

7. Now we can add the vectors Ey, Ir  and W, to get V as shown in figure 5(a).

q—axis Iy ) > v Ef g% q-axis
=1 asinlJJ L I,

Ig= I cosy

la L8 >llJ Ey
= Iasm'~|»' Iy Ty

Iq = Ia cosy

(b) Salient pole syn. motor
drawing lagging p.f current dréwing lagging p.f current
with T, 7J=0 with 5, =0

d—axis

(a) Salient pole syn. motor

d—axis

Figure 5: Motor mode.
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2.5 How to get 0 from V, [, and 6 for motor mode ?

Generally we shall be knowing terminal voltage V', armature current I, and power factor angle 6 of
the load. The question is how angle delta can be obtained. Unless the value of § is known, g-axis
can not be drawn. Consider once again motor mode operating at lagging power and its phasor
diagram is shown in figure 5.

From the phasor diagram shown in figure 5 we can write the following equations.

Iy = I siny = I,sin(0 — 9)
I, = I,cost¢ = 1I,cos(f—9)
Also, Vsind = Ix, — Lrgsineg = [,x,cos(0 — &) — I,r,sin(f — 9)

or, Vsind = I,x,cos0cosd + I,z 8in0sind — I,r,sinfcosd + I,r, cossind
or, (V —Ixysinf — I,r,cos0)sind = (I,x,cos0 — I,r,sinf)cosd
- tand — (Lyz,cosl — sin 0)

cos g

If r, is neglected, tand =

, armature current [, and power factor
e expression. Hence g-axis can be determined

Thus we see from the knowledge of te
angle 6, load angle § can be determine the a
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2.6 Expression for power

Consider motor mode operating at lagging power factor and armature resistance r, = 0. For this
refer to the phasor diagram shown in figure 6.

_ : _ Vsind .
Iz, = Vsind or, Iq_:c—q Iy = I,sin(f — 9)
— _ Vcosdo—Ef
lqxg =V cosd — Ey or, Iy = —— I, = I, cos(0 — &)
g%y
quXq
\/T i
la /8 >LIJ Ey g%y
= IasmllJ L L,
Iq = Ia cosY
(a) Salient pole syn. mot,
drawing lagging p,
with T, =0

d—axis

Figure 6: Finding®powesgexpression when r, = 0.

Mor is given by: S = VI*.

<! Wy

but,

and, I,

so, I," =

thus,S = (Va+jVy)(la— jly) = (Vala + Voly) + j(Vola = Val,)
Real power, P = (Vyla+ V,I,)

—Vsind + jV cos o

now, V; = —Vsind
Vg = Vcosd
Also, I, = M
Zq
ind
and, [, — V sin

Lq
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Putting these the in expression for P, we get after simplification,

FE 2 1
P = fV81n5+V—(———)sin25
Ty 2 \zry 24

The expression for power when r,=0, is same for motor and generator mode as expected.

The second term of P ie., 2 (i - i) sin 29 does not depend on field current (no Ey term is

2 Tq Tq
present), however it depends on x;—z, or degree of saliency and termed as reluctance power/torque
due to reluctance variation in the air-gap. To get total power you have to multiply P by 3. For
uniform air-gap (or cylindrical rotor) machine x, = x, = x;. So expression for power for non-salient
pole machine will be P = Ef Y ¢ind which is as expected. Remember a salient pole synchronous
machine can produce steady torque or power even without any field current. P versus ¢ curve of

salient pole synchronous machine is shown in figure 4

2.7 Typical Phasor diagrams under typical cases

Short circuited salient pole synchronous generato

which E; will lie). Then d-axis is known. n be drawn. Now getE; from the

equation

Ef =0 Ef =0
q-axis qaxis [ ox, dmaxis
j Iqx q V, Jq"q
E¢ \% g%y
Lx
4% L [ 5 a
9% N
Iy 1 \6 9 I
1, a I q [ a
q .
d—axis T d—axis ;
. SLX
Iy d-axis Iy j Iq q Iy
(b) Salient pole syn. generator
Under short corcuit condition (a) Ger?eralor: under excitation (b) Motor: under excitation
S.Cmeans V =0 with field current =0 with field current =0

leading power factor lagging power factor

Figure 7: Phasor diagrams under typical cases
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Salient pole synchronous generator with zero excitation

In this case field current is zero which means E; = 0. So the generator is under excited and must
operate leading power factor. Once again, first draw g-axis as shown in figure 7(b) which also fixes
the position of d-axis. It is along the q-axis line E; should lie. In this case since E; = 0, the length
of this phasor collapses to zero. Since the generator is operating at leading power factor I, is drawn
ahead of q-axis. Since the machine is operating as generator V must be behind q-axis. Now I; and
I, can be drawn and the drops across z4 and z, can be added to V' to give you E; = 0.

Salient pole synchronous motor with zero excitation

In this case field current is zero which means E; = 0. So the motor is under excited and must
operate lagging power factor. Once again, first draw g-axis as shown in figure 7(c) which also fixes
the position of d-axis. It is along the q-axis line F ¢ should lie. In this case since Ey = 0, the length
of this phasor collapses to zero. Since the motor is operating at lagging power factor I, is drawn
behind of g-axis. Since the machine is operating as motor V' must be ahead g-axis. Now I and I,
can be drawn and the drops across x4 and z, can be ad to Ef = 0, to give you V.
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1 Circle diagrams of synchronous machines

With the help of the circle diagram, one can not only figd out the performance of a synchronous

the minimum and maximum excitation possible.
can be easily identified. As will be shown that t

gging power factor load to the bus as shown in the phasor
diagram 1. From the the basic KV nFEy=FE + 1,7, we get,
- E;—F
I,=—-{_"—"

Zs

In other words to the phasor —% if we add the phasor %, we get the I, phasor. Since the machine
is connected to the bus % is constant as Z, is assumed to be constant of the machine. Therefore
tip of the current phasor I, has to lie on the circle with radius g—f and center at O for a given
excitation. For fixing up the unique operating point, we require another information such as the
power level or say the load angle at which the machine is operating. The usual practice is to specify

the level of excitation and the power level at which the machine is operating in order to pin point
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the operating point. In fact, on the same diagram we can superimpose circles representing different
power levels.

The question is how to draw power circles? Power circles are developed corresponding to constant
shaft power input Pk of the alternator. We know, per phase shaft power input is given by

P, = E,cos0 + ]fra

Now assigning y-axis along the direction of Ej, the coordinates of the tip of the current phasor I,
are x = I,sinf and y = [,cosfl. Therefore dividing both sides of the above equation by r, and
rearranging the terms we get.

B2
z® + (y+ —t)
2r,

cle becomes Et

To construct the circle diagr the exmtatlon and the power circles shown in figure 1

following steps are adopted:
e Draw a line OA, repre

e The line OD is drawn repreS@gting the current phasor at an angle #. Point D is the tip of the

current phasor.

e Draw line OB such that ZAOB = . This happens to be the direction of % and the line OC

represents —%. The length OC remains constant since the machine is connected to the bus.

e Obviously CD represents = Ey , hence excitation level.

e With center at C, and radius 2 Z , draw a circle which corresponds to excitation £y. A family
of excitation circles can be drawn with C as center.
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Stable A/‘ y

Figure 1: Phasor dia, howiM@excitation and power circles.

e To locate the center of the go es, the line AO is extended to OF such that OF = f—;
Mid point of OF is G, the ce e power circles.

e The circle with center
shown to pass through the
increasing level of powers ca

ius GO represents zero power. This circle can be easily
int C. Several other circles with larger diameters and representing
ow be constructed with G as common centers.

e If we now know the excitation level and the power level at which the machine is operating,
the operating point can be fixed. In fact the points of intersections of a power circle and
the excitation circle gives rise to two operating points, one of which however gives the stable
operation while the other corresponds to unstable operation. For example if the alternator
is operating under no load condition i.e., P=0 and the excitation level is £y then we get D
and L as points of intersections of which D represents the stable point of operation. In fact
any operating point falling above the line GC corresponds to stable operating point while
operating points below the line GC represents unstable operating points.
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1.2 Circle diagrams for synchronous motor

In the same line as adopted in case of generator mode, one can develop the excitation and power
circle diagrams of a synchronous motor. From the KVL equation we get,

- _E-E
Z,

In other words to the phasor t if we add the phasor —%, we get the I, phasor. Since the machine

is connected to the bus 7—’5 is constant as 7, is assumed to be constant of the machine. Therefore

tip of the current phasor I, has to lie on the circle with radius g— and center at O for a given
excitation. For fixing up the unique operating point, we require another information such as the
power level or say the load angle at which the machine is operating. The usual practice is to specify
the level of excitation and the power level at which the machine is operating in order to pin point
the operating point. In fact, on the same diagram we can superimpose circles representing different
power levels. Power circles are developed corresponding tQ constant shaft power output Psh of the

motor. We know, per phase shaft power input is given by

Now assigning y-axis along the direction of
are x = I,sinf and y = [,cosf. Therefo el sides of the above equation by r, and
rearranging the terms we get.

2
E\® P
2 t sh
_ =7 — _t) _ 2
v 2r, ((Qra) ra> (2)

Thus we see that the tip of the current phasor will lie on a circle the center of which is located

2
t <O, f—:) and the radius is \/ ((2%) — P;—:) for a constant shaft power Py,. If the machine runs

at no load with Py, = 0, the radius of the circle becomes E’f

To construct the circle diagrams namely the eX01tat10n and the power circles in motor mode
shown in figure 2 following steps are adopted:

e Draw a line OA, representing the direction of E,.
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A
Unstable zone? Y
/ Et
F

Stable zon, P=0

P=p2
7 pP=P
Gy,
L
1o 2
] ’ 1
e Ep
Ia
/ £
/ 5 8 8
o c

Figure 2: Phasor diagram showing excitation and power circles for motor operation.

e The line OD is drawn representing the current SO an apgle 6. Point D is the tip of the

current phasor.

e Draw line OB such that ZAOB = 3. Thi

is cut out such that OC :%. This le i stant since the machine is connected to
the bus.

Ey
Zs'

e Obviously CD represents

e With center at C, and radius
of excitation circles ¢

a circle which corresponds to excitation Fy. A family
ith C as center.

e To locate the center of the
of the power circles.

wer circles, such that OF = f—: Mid point of OF is G, the center

e The circle with center at G and radius GO represents zero power. This circle can be easily
shown to pass through the point C. Several other circles with smaller diameters and repre-
senting increasing level of powers can now be constructed with G as common centers.
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1.3 Circle diagram for synchronous generator

Let us assume a generator is supplying a lagging power factor load to the bus as shown in the phasor
diagram 1. From the the basic KVL equation Ey = F; 4 1,2, we get,

_.  E,—FE
Ia:fvat
Zs

In other words to the phasor —% if we add the phasor %, we get the I, phasor. Since the machine
is connected to the bus % is constant as Z, is assumed to be constant of the machine. Therefore

tip of the current phasor I, has to lie on the circle with radius g—f and center at O for a given
excitation. For fixing up the unique operating point, we require another information such as the
power level or say the load angle at which the machine is operating. The usual practice is to specify
the level of excitation and the power level at which the machine is operating in order to pin point
the operating point. In fact, on the same diagram we can superimpose circles representing different
power levels. The question is how to draw power circles? Rower circles are developed corresponding

se shaft power input is given

by
Py, = E,I

Now assigning y-axis along the direction of the ¢ indles of the tip of the current phasor I,
are x = I,sinf and y = [,cosf). Therefod dimgling bo® sides of the above equation by r, and
rearranging the terms we get.

E
= Lyt a? 4y
q Tq
E, \? E,\?
_ 2 et 20 T et 2
= o <y+ 27’a) (27’a)
2
E,\? P E,\?
2 t sh t
t — _- 3
v (y+27’a) (ru + (2%) ) ( )

Thus we see that the tip of the current phasor will lie on a circle the center of which is located

2
at <O, f—:) and the radius is \/ (Ij,—ah + (%) ) for a constant shaft power Py,. If the machine runs

E,

at no load with P, = 0, the radius of the circle becomes oL
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2 Stability of synchronous machines

2.1 Steady state stability limit

We have seen that if the shaft torque or power is slowly increased, then maximum power at which
the the machine may be operated corresponds to d = 90°. The machine will loose synchronism with
the bus if any attempt is made to exceed shaft power limit P,,,, = . This limit of maximum
power that the machine can be loaded is known as Steady State Stabzlzty Lzmzt

2.2 Transient stability limit

With respect to an steady initial operating point at 6 = Jy , how much maximum power can be
imposed on the shaft of the machine, such that machine will not loose synchronism with the bus
and would finally settle to new steady operating point, is in fact a measure of Transient Stability
Limit of the machine with respect an initial operating point.

Although determination of the steady state stability limit is rather simple, estimation of the
the transient stability limit is rather involved. One has t&@grite down the dynamic torque balance
equation of the machine in order to ascertain the iy limit. Let us consider the
generator mode of operation and the generator is y at load angle § = ¢, steadily
denly increased to Ps,. Rotor will
start accelerating as Py, > P, and the powe il rease. The operating point moves up
along AB and the rotor runs at super sy At point B although power balance is
reached the speed is super synchronous

remains super synchronous. Suppgse t.C the speed becomes synchronous but the machine is
still in a decelerating mood as Py, after reaching point B, the speed starts falling becomes
sub synchronous. Naturally. nd the operating point starts retracing its path in the
down wards direction from : can continue with the above argument further and will
come to the conclusion that a sullen increase in the shaft power will cause the rotor oscillate about
the final operating point B with e®reme operating points being A and C. However in a practical
machine there will be enough damping (contributed by damper bars) to reduce the amplitude of
oscillation progressively and finally bringing the rotor to a steady operating point at B.

2.3 Swing Equation

Swing equation describes the dynamics for a synchronous machine trying to seek a new steady state
operating point following a sudden change in the shaft load. If shaft power is increased suddenly,
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C P = r'?maxsmé
Papatt |
shatft B !
o AL

O

Figure 3: Locus of operating point under transient condition.

rotor will accelerate and start moving ahead of the Itant WRld 4 shown in the figure 4. All the
angles shown in the figure are measured in electridg@il unj

5= 0+5," Wt

Resultant fi

ﬁ‘ Rotor field ﬁ‘

Figure 4: Developing swing equation.

After the imposition of the shaft load, resultant field moves by wt and let rotor moves by an
angle # in time t. if we neglect damping torques, the equation of motion can be written as:
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Now, Rotor position in mechanical degree = -6
p
2J d*0
equation of motion, Ty, — 1, =
p di?
but, § = §—dp+ wt
d*0 d%5
SO — = ——
dt? dt?
2J d%5
Therefore, Ty, — T, = e
)

: _ 2 _
defining, M = < we get, T, — T, = Mﬁ

The above equation neglecting damping is known as swing equation.

2.4 Equal Area Criteria

Equal area criteria helps us to determine Whethe e in the shaft load will pull the
machine out of synchronism or not. The ma to settle down to new operating
point provided 9, reaches its maximum swi dden change in Py,) on or before the
point D in figure 3. With reference to t e find that during the onward journey
from A to B to C, § is increasing, hengg
speed is synchronous and thereafte @ decreasing making the reverse journey possible along
C to B with Z—‘z negative. Thus Lam M lzero at point C. With this logic in mind, the criteria is
developed. Let us multiply both s oM@he swing equation with 2‘;—;5 and simplify as follows:

d?5 d§ 2 do
2—— = — (T, —T.)—
di? dt a7 Tn =T g,
d di., 2 do
Bl Gutd = 2 (Ty, —T.)—
a'ar 2 Tn =T g,
dé 2
al(a)2 = Tep —Te)do
ds 52 2
integrating and taking square root o = —T.)dd

fd6

The value o will indeed help us to determine the transient stability.
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A
c P= rI?mxsmzs
D B
Pshatt 77 € Bu
; ! F = Transient stability
Pl limit
o l l l
8 8, B 5
Figure 5: Within transient limit. Figure 6: Critically stable.

Obviously Z—f = 0 will be possible if
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