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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-phase synchronous machine

There are two types of synchronous machines: namely (1) round rotor or uniform air gap or
non-salient pole synchronous machine and (2) salient pole synchronous machine. The difference in
these two types is mainly in the rotor which houses the d.c field winding as shown in figure 2

We shall first study non-salient pole type synchronous machine whose air gap is uniform. Anal-
ysis of salient synchronous machine is slightly involved and we shall discuss about it later.

Let us suppose that we want to run a synchronous machine as a motor by giving supply to the
rotor from a d.c source and to the 3 phase winding from 3 phase source. The poles created by the
rotor excitation will remain stationary with respect to stationary observer while the field created
by the stator winding rotates at synchronous speed wrt stationery observer. This means the angle
between the stator and rotor field is 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

Figure 2: Types of synchronous machines

2 Synchronous generator

A synchronous generator generates a.c power which is then transmitted and distributed using trans-
mission line and network. When we talk of a.c generator primarily two things namely the frequency
f and the magnitude of the generated emf Ef are of greatest importance. In the following sections
we shall see on factors does the frequency and the magnitude of the generated emf depend.

2.1 Frequency

Like any other generator the rotor of 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 = pn

2
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



TA
PA
S

Tapas K Bhattacharya Synchronous machines 5

quite common.

2.2 Magnitude of the induced emf

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

Ef =
√
2π
pn

2
φfNeffective = 4.44fφfNeffective

Where,

n = speed of the generator in rps.

φ = flux per pole, produced by if

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

In a given generator, number of poles and the number of turns are fixed. Therefore, magnitude of
the induced emf can be changed either by changing speed n or by changing flux per pole φ, i.e., the
field current. But as we know the speed of the alternator gets fixed by the frequency of the induced
voltage. Hence induced voltage can be varied only by varying the d.c field current.

2.3 Phasor diagram of synchronous generator

With reference to figure 1, we see that as the rotor rotates, flux linkages with A, B and C phase
coils changes with time. A phase voltage leading B phase voltage by 120o and B phase voltage
leading C phase voltage by 120o. The alternator is operating under no-load condition means that
A, B and C terminals are left opened. In a particular phase, say A phase, induced voltage will be
maximum when flux linkage is minimum i.e., when the position of φ is at quadrature with the axis
of the A phase and will be zero when the the position of φ will be along the axis of the A phase.
The space vector φ will lead the time phasor of the induced emf by 90o. 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 Ia as shown. The balanced three phase currents
produces as we know, a constant magnitude rotating magnetic field Ma. When a particular phase
caries maximum current, Ma will be directed in space along that phase axis. Therefore it is correct
to show the the armature mmf Ma along the direction of the current. Unlike no load condition, the
net air gap field is no longer M f but the resultant of Mf and Ma i.e., M r. The induced voltage
in the winding should now be decided by M r and obviously not by M f . The induced voltage per
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phase becomes,

Er =
√
2π
pn

2
φrNeffective = 4.44fφrNeffective

Also we note that Er will be lagging M r by 90o and If saturation is neglected then
Ef
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Figure 3: Phasor diagram of a 3-phase synchronous generator under no load and load conditions.

The △OAB and the △OCD are similar because OA
OC

= OB
OD

and ∠AOB = ∠COD. Therefor
CD will be at quadrature with the AB. In other words it is at right angle with the current phasor
Ia. the change in the induced voltage from Ef to Er when the machine is loaded can therefore be
attributed to fictitious reactance voltage drop= jIaxar. Which means that to analyze the machine
under loaded condition, we can assume the induced voltage remains at Ef but the armature has
got a series armature reaction reactance connected. However, armature winding has got its per
phase resistance ra and leakage reactance xal. For a well designed machine the leakage impedance
drop is much less than the armature reaction reactance drop. Per phase internal impedance of the
alternator therefore comes out to be ra + jxal + jxar = ra + j(xal + xar) = ra + jxs. The sum of
leakage reactance and the armature reaction reactance is called xs, the synchronous reactance of the
machine. Terminal voltage therefore can be obtained by subtracting the leakage impedance drop
from Er. We are now in a position to 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, Ef phasor will be always above Et. Since the leakage impedance
drop is quite small compared to the armature reaction reactance drop, δ ≈ δfr. The amount of
torque produced we already know has a direct bearing with the angle δfr or approximately with δ.
It is because of this reason the knowledge of δ, called the load angle, is so important.
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Figure 4: Phasor diagram : lagging load
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Figure 5: Phasor diagram : leading load

2.4 Phasor diagrams neglecting ra

reactance xs is generally many times higher than the armature resistance ra. 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 ra is neglected. Following figures 6 and 7 show the
simplified phasor diagram assuming armature resistance drop to be vanishingly small.
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Figure 6: Phasor diagram : lagging load
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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 Et gets fixed
and remains constant no matter to what level of excitation the machine has been subjected to. This
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means, Er ≈ Et = a constant. The resultant air gap mmf Mr thus practically remains constant.
By , we mean Mf produced by the field current if . When the order Mf is same as the order of
Mr, we say the motor is normally excited. on the other hand , depending upon whether Mf > Mr

or Mf < Mr 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:

Et = Et∠0 Terminal voltage per phase.

Ef = Et∠δ excitation or internal emf of the generator per phase.

Ia = Ia∠θ per phase armature current.

Zs = Zs∠β synchronous impedance per phase

P = total real power output per phase. (2)

Power output of the generator can be calculated now in the following way:

Poutput + jQoutput = 3
[

EtI
⋆

a

]

= 3Et

[

Ef −Et

Zs

]⋆

= Et∠0

[

Ef∠− δ −Et∠0

Zs∠− β

]

=
3EtEf

Zs

∠(β − δ)− 3E2

t

Zs

∠β

= 3

[

EtEf

Zs

cos(β − δ)− E2

t

Zs

cos β

]

+ j3

[

EtEf

Zs

sin(β − δ)− E2

t

Zs

sin β

]

(3)

The input power can be obtained by adding the armature copper loss to the output power i.e.,
Pinput = Poutput + 3I2ara. As a special case when the armature resistance ra is neglected then a
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simplified but useful expression shown below, for power can be obtained by putting β = 90o in the
above expression for power.

Poutput = 3
Ef Et

xs
sin δ = Pmax sin δ (4)

The power-angle or P − δ characteristic of a synchronous generator is shown in figure 9.
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Figure 8: Per phase equivalent circuit.
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Figure 9: Power-angle characteristic of syn-
chronous generator.

The P − δ characteristic in figure 9 shows how δ changes with the level of power change. The
no load operating point is given by the point O. If power demand is changed to P1 level the
corresponding steady state δ will become δ1. No operating point is available if the power demand
is made greater than Pmax. Hence steady state stability limit is Pmax with δ = 90o. The aspect of
stability limit will be taken up in detail in later section.

5 Synchronous machine : Generator and Motor operation

A synchronous machine connected to the infinite bus, can run either as a generator or as a motor.
No matter in which mode it works, it has to run at a constant speed ns called synchronous speed
in order that it can develop a steady electromagnetic torque.

5.1 Generator mode

With the help of a prime mover, 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 δ. the generator will loose synchronism however when the value δ is close
to 90o
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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 δ. in this way machine
can be loaded to the extent that δ is not more than about 90o. Synchronism with the bus will be
lost if the δ 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 δ ≈ 0.
The stator and the resultant field act along the same line producing no torque. The situation is
depicted in the figure10. However, if the prime mover input is increased rotor moves ahead of
the stator field creating a positive load angle δ. the direction of the electromagnetic torque, Te
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 δ and producing Te in the direction of rotation as shown in the
figure 12.

n s

n s

Te

Snet

Nnet

Nr

Sr

= 0
δ = 0

Figure 10: Floating condition

n s

n s

Te

Snet

Nnet

Nr

Sr

δ

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 equation in the armature circuit is given by

Et − IaZs = Ef

Et

Ia

x
ra

s
+

−

+

−

f−E

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 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 Sg can be calculated now in the following
way:

Sg = 3
[

EtI
⋆

a

]

= 3Et

[

Et − Ef

Zs

]⋆

= Et∠0
o

[

Et∠0
o − Ef∠δ

Zs∠− β

]

=
3E2

t

Zs

∠β − 3EtEf

Zs

∠(β + δ)

= 3

[

E2

t

Zs

cos β − EtEf

Zs

cos(β + δ)

]

+ j3

[

E2

t

Zs

sin β − EtEf

Zs

sin(β + δ)

]

(5)

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 mover 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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• An under excited alternator operates at leading power factor.

• An overexcited alternator operates at lagging power factor.

• An under excited motor operates at lagging power factor.

• 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 ra
to be vanishingly small and the machine is acting as a generator connected to the bus. The power
equation is then simply P =

EfEt

xs
sin δ. For a constant P , Ef sin δ has to remain constant as Et, the

bus voltage, is constant. Also constant power demands that Ia cos θ remains constant no matter
what is excitation. The phasor diagram is shown in figure 16.
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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
Ia1 at a power factor angle of θ1. The corresponding excitation emf is Ef1. Under constant power
condition if excitation i.e., the magnitude of Ef is varied, then both Ia cos θ and Ef sin δ have to



TA
PA
S

Tapas K Bhattacharya Synchronous machines 14

remain constant. Therefore through the tip of Ia1 phasor a line CD is drawn at right angle to the
Et phasor. Whatever be the level of excitation the tip of the Ia phasor has to lie on CD. Similarly
the tip of the Ef has to lie on the line AB as excitation is varied where AB is drawn through the tip
of the Ef1 phasor and parallel to the Et phasor as shown in the figure 16. If excitation is decreased
from Ef1 to Ef2, then Ef2 phasor gets fixed and the difference between the Ef2 and Et fixes the
drop in the synchronous reactance (= Ia2xs). Hence the current phasor Ia2 can be fixed and new
operating power factor can be ascertained. In this case excitation Ef2 is such that, Ia2 is in phase
with the Et indicating unity power factor operation. With respect to the initial armature current
Ia1, the magnitude of the new armature current Ia2 has reduced as excitation is decreased. In the
same way if excitation is further decreased, new current will become Ia3 and operating power factor
will be lagging in nature. The magnitude of the armature current Ia3 is obviously more than the
armature current at unity power factor operation.
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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 means lagging current and higher excitation
means leading current. In both the cases however, minimum armature current corresponds to unity

power factor operation.
It should be remembered that the derivation of V-curves and the other general conclusions drawn

about the effect of excitation variation in synchronous machines were based on rather simplified
phasor diagrams where the effect of armature resistance was totally neglected. In the next section
we shall include the effect of armature resistance in shaping the V-curves.

8 Starting of synchronous motor

As pointed out earlier, a 3-phase synchronous motor has no running torque, however it has a steady
running torque at synchronous speed.

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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2. Balanced 3-phase supply is gradually increased from zero using an autotransformer and applied
to the 3-phase armature of the synchronous motor. The motor picks up speed like a induction
motor.

3. When speed becomes close to synchronous speed, the field winding is disconnected from the
resistance and excited from d.c source.

4. the motor will be pulled into synchronism and run as synchronous motor. Damper bars will
now become inactive.

8.2 Starting using pony motor

Synchronous motor can be started with the help of an auxiliary 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.



TA
PA
S

Tapas K Bhattacharya Synchronous machines 17

+

−D
.C

 s
u
p
p
ly

3
−

p
h
as

e 
su

p
p
ly

F
ro

m
 A

u
to

tr
an

sf
o
rm

er

3−phase armature
of synchronous motor

Syn. motor

Field coil

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 the output of a variable frequency inverter.
Initially field is excited and armature is supplied from variable voltage, variable frequency source
keeping v

f
ratio constant for keeping flux at rated value. In this case the rotor will be able to follow

the slowly moving stator field as the initial supply frequency is quite small. Motor speed can be
smoothly increased by increasing the supply frequency gradually Upton the rated value.

9 Phasor diagrams of synchronous machines under typical

conditions

To draw phasor diagram correctly of synchronous machines operating as generator or motor; at
lagging or leading power factor following steps may be adopted.

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

2. If it is generator mode, then Ēf will be ahead of V̄ .

3. Draw V̄ and Īa first. Position of Īa wrt to V̄ is decided by power factor angle θ.

4. For generator start from V̄ and use the relation Ēf = barV + Īara + jĪaxs to obtain Ēf .

5. If it is motor mode, then Ēf will be behind of V̄ .

6. Draw Ēf and Īa first. Position of Īa wrt to Ēf is decided by internal power factor angle ψ.
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7. For motor mode, start from Ēf and use the relation V̄ = Ēf + Īara + jĪaxs to obtain V̄ .

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.

fE
Ia

Ia
x
sj

= 90
o

δ

δ θ

Leading power factor

V

(b) Generator at maxinum power condition

fE

Ia
x
s

Ia
ra

= 0V

Ia

j

S.C means

Under short corcuit condition

(a) Non−salient pole syn. generator

fE Ia

Ia
x
sj

= 90
o

δ

δ
θ

Lagging power factor

V

(c) Motor at maxinum power condition

Figure 21: Phasor diagram under some typical conditions.
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1 Salient pole synchronous machine

Because of the saliency presence in the rotor structure, air gap is non-uniform: air-gap is minimum
along the axis of the pole which is called the d-axis as shown in figure 1. Maximum air-gap will
be maximum along the line perpendicular to the d-axis which is named as q-axis. Air-gap will be
varying along any arbitrary direction.

Three winding

phase 

S
al

ie
n

t 
p

o
le

ro
to

r

q−axis

d−axis
along this line air−gap

is minimum

along this line air−gap
is maximum

Figure 1: d and q axes

As we know armature mmf Ma produces armature flux φa and this added with the rotor flux
φf gives the resultant flux φr. However, position of Ma in space is decided by the power factor
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at which the machine is operating. Therefore, it looks like to get φa, we have to divide this Ma

by reluctance of that position. As air-gap varies, reluctance too will change as the position of Ma

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 q-axis as Mad and Maq.

2. It should be noted that Mad is created by Id & Maq is created by Iq where Id and Iq are
respectively the components of actual armature current Ia. In other words Īa = Īd + jĪq

3. Reluctance along d and q-axes are constant. So divide Mad and Maq by reluctances Rad and
Raq respectively to obtain direct and quadrature axes fluxes φad and φaq.

4. Once you know φad and φaq, you can get emf generated in the coil due to armature fluxes..

5. There should now be two armature reaction reactances namely xard and xarq.

6. If leakage reactance xal is added to both the armature reaction reactances we get two syn-
chronous reactances xd = xard + xal and xq = xarq + xal. xd and xq are respectively called the
direct and quadrature axis reactances of a salient pole synchronous machine.

7. Therefore to draw the phasor diagram of a salient pole synchronous motor we should know
the values of ra, xd and xq.

8. Also note that xd > xq since d-axis reluctance is much less than quadrature axis reluctance.

Recall the KVL equations in generator mode

Ēf = V̄ + Īara + jĪaxs

It is suggested that for drawing phasor diagram in generator mode, start with V̄ and Īa phasor
and then add Īara and jĪaxs drops to get Ēf

In case of motor mode:

Ēf = V̄ − Īara − jĪaxs

or, V̄ = Ēf + Īara + jĪaxs

Since addition of vectors are much more convenient to carry out, to draw the phasor diagram
in motor mode start with Ēf and Īa phasor and then add to Ēf , the drops Īara and jĪaxs drops to
get V̄ .
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Now basic voltage equations in salient pole generator will be:

Ēf = V̄ + Īara + jĪdxd + jĪqxq

The voltage equation in motor mode will be :

Ēf = V̄ − Īara − jĪdxd − jĪqxq

Above equation can also be written as

= V̄ = Ēf + Īara + jĪdxd + jĪqxq

2 Phasor diagram of salient pole synchronous machine

2.1 Synchronous generator

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

1. Basic equation is:
Ēf = V̄ + Īara + jĪdxd + jĪqxq

2. First draw V̄ and Īa phasor as shown in figure 2(a).Recall V̄ is the bus voltage and Īa lags it
by angle θ.

3. Where is q-axis? In terms of voltage, it must be along Ēf and for generator mode it must be
above V̄ . Suppose the correct direction of Ēf is known and labeled as q-axis in the figure.

4. d-axis then can be drawn 90◦ lagging.

5. Angle between Ēf and V̄ is δ is shown.

6. Note angle between Ēf and Īa is ψ = θ + δ. ψ is called the internal power factor angle.

7. Now Īa can be decomposed into its d and q components as Id = Īa sinψ and Iq = Īa cosψ

8. Now we can add the vectors V̄ , Īara , jĪdxd and jĪqxq to get Ēf as shown in figure 2(a).

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

Ēf = V̄ + jĪdxd + jĪqxq

The simplified phasor diagram will be as shown in figure 2(b).
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Ia

qIId
Ia

Ia

ra

fE

Ia qx

x
dIaj

Iara

x
d

Ia qx

Ia

Ia

qIId
Ia

Ia

fE

ra

q−axis

d−axis

θ

δ
ψ V

ψ

= sinψ
= cosψ

supplying lagging p.f load

with = 0

j

(b) Salient pole syn. generator

q−axis

d−axis

θ

δ
ψ V

ψ

= sinψ
= cosψ

j

j

θ

(a) Salient pole syn. generator
supplying lagging p.f load

with 

Figure 2: Generator mode: lagging p.f.

2.2 Important: how to get δ from V , Ia and θ ?

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

Iara
Ia

qIId
Ia

Ia

fE

ra
Ia ψsin

V δsincos δV

ra

qxIq

qxIq

x
dj Id

q−axis

d−axis

θ

δ
ψ

ψ

= sinψ
= cosψ

θ
ψ

V

supplying lagging p.f load
with 

δ Getting load angle  for generator 

j

Figure 3: To get expression for δ

From the phasor diagram we can write the following equations.
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Id = Ia sinψ = Ia sin(δ + θ)

Iq = Ia cosψ = Ia cos(δ + θ)

Also, V sin δ = Iqxq − Iara sinψ = Iaxq cos(δ + θ)− Iara sin(δ + θ)

or, V sin δ = Iaxq cos θ cos δ − Iaxq sin θ sin δ − Iara sin θ cos δ − Iara cos θ sin δ

or, (V + Iaxq sin θ + Iara cos θ) sin δ = (Iaxq cos θ − Iara sin θ) cos δ

∴ tan δ =
(Iaxq cos θ − Iara sin θ)

(V + Iaxq sin θ + Iara cos θ)

If ra is neglected, tan δ =
Iaxq cos θ

(V + Iaxq sin θ)

Thus we see from the knowledge of terminal voltage V , armature current Ia and power factor
angle θ, load angle δ can be determined from the above expression. Hence q-axis can be precisely
determined.

2.3 Expression for power

Consider generator mode operating at lagging power factor and armature resistance ra = 0. For
this refer to the phasor diagram shown in figure 3 Power delivered per phase by the generator is
given by: S = V̄ Ī⋆.

S̄ = V̄ Ī⋆

but, V̄ = Vd + jVq

and, Īa = Id + jIq

so, Īa
⋆

= Id − jIq

thus,S̄ = (Vd + jVq)(Id − jIq) = (VdId + VqIq) + j(VqId − VdIq)

Real power, P = (VdId + VqIq)

now, Vd = V sin δ

, Vq = V cos δ

Also, Id =
Ef − V cos δ

xd

and, Iq =
V sin δ

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

P =
EfV

xd
sin δ +

V 2

2

(

1

xq
−

1

xd

)

sin 2δ

The second term of P i.e., V 2

2

(

1

xq
−

1

xd

)

sin 2δ does not depend on field current (no Ef term is

present), however it depends on xd−xq 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 xd = xq = xs. So expression for power for non-salient

pole machine will be P =
EfV

xs
sin δ which is as expected. Remember a salient pole synchronous

machine can produce steady torque or power even without any field current. P versus δ curve of
salient pole synchronous machine is shown in figure 4

P

δ

0
π

π/2

EfV

xd
sin δ

V 2

2
( 1

xq
−

1

xd
) sin 2δ

EfV

xd
sin δ + V 2

2
( 1

xq
−

1

xd
) sin 2δ

Figure 4: P Vs δ curve of salient pole machine.

The phasor diagrams of salient pole synchronous generator operating at leading power factor
are shown in figure. From the phasor diagram one can deduce the expressions for power and tan δ.
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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:

Ēf = V̄ − Īara − jĪdxd − jĪqxq

or, V̄ = Ēf + Īara + jĪdxd − jĪqxq

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

2. First draw Ēf and Īa phasor as shown in figure 2(a).Recall Ēf is the excitation voltage and
Īa lags it by angle ψ (this is not the load power factor angle θ.

3. The q-axis is along Ēf . So d-axis at right angles to it.

4. Now Īa can be decomposed into its d and q components as Id = Īa sinψ and Iq = Īa cosψ

5. Angle between Ēf and V̄ is δ is shown.

6. Note angle between Ēf and Īa is ψ = θ − δ. ψ is called the internal power factor angle.

7. Now we can add the vectors Ēf , Īara , jĪdxd and jĪqxq to get V̄ as shown in figure 5(a).

ra

Id
Ia= sinψ

qI Ia= cosψ

fE

qxj Iq

x
dj Id

Ia

ra

x
dj Id

ra

Id
Ia= sinψ

qI Ia= cosψ

Iara

fE
x
dj Id

qxj Iq

x
dj Id

Ia

ra

V

δ
q−axis

d−axis

θ ψ

drawing lagging p.f current

with 

(b) Salient pole syn. motor

= 0

V

δ
q−axis

d−axis

θ ψ

(a) Salient pole syn. motor

drawing lagging p.f current

with = 0

Figure 5: Motor mode.
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2.5 How to get δ from V , Ia and θ for motor mode ?

Generally we shall be knowing terminal voltage V , armature current Ia and power factor angle θ of
the load. The question is how angle delta can be obtained. Unless the value of δ is known, q-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.

Id = Ia sinψ = Ia sin(θ − δ)

Iq = Ia cosψ = Ia cos(θ − δ)

Also, V sin δ = Iqxq − Iara sinψ = Iaxq cos(θ − δ)− Iara sin(θ − δ)

or, V sin δ = Iaxq cos θ cos δ + Iaxq sin θ sin δ − Iara sin θ cos δ + Iara cos θ sin δ

or, (V − Iaxq sin θ − Iara cos θ) sin δ = (Iaxq cos θ − Iara sin θ) cos δ

∴ tan δ =
(Iaxq cos θ − Iara sin θ)

(V − Iaxq sin θ − Iara cos θ)

If ra is neglected, tan δ =
Iaxq cos θ

(V − Iaxq sin θ)

Thus we see from the knowledge of terminal voltage V , armature current Ia and power factor
angle θ, load angle δ can be determined from the above expression. Hence q-axis can be determined
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2.6 Expression for power

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

ra

Id
Ia= sinψ

qI Ia= cosψ

fE

x
dj Id

Ia

ra

qxj Iq

x
dj Id

V

δ
q−axis

d−axis

θ ψ

(a) Salient pole syn. motor

drawing lagging p.f current

with = 0

Iqxq = V sin δ or, Iq =
V sin δ
xq

Idxd = V cos δ − Ef or, Id = V cos δ−Ef
xd

Id = Ia sin(θ − δ)

Iq = Ia cos(θ − δ)

Figure 6: Finding power expression when ra = 0.

Power delivered per phase by the generator is given by: S = V̄ Ī⋆.

S̄ = V̄ Ī⋆

but, V̄ = Vd + jVq = −V sin δ + jV cos δ

and, Īa = Id + jIq

so, Īa
⋆

= Id − jIq

thus,S̄ = (Vd + jVq)(Id − jIq) = (VdId + VqIq) + j(VqId − VdIq)

Real power, P = (VdId + VqIq)

now, Vd = −V sin δ

Vq = V cos δ

Also, Id =
V cos δ − Ef

xd

and, Iq =
V sin δ

xq
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Putting these the in expression forP , we get after simplification,

P =
EfV

xd
sin δ +

V 2

2

(

1

xq
−

1

xd

)

sin 2δ

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

The second term of P i.e., V 2

2

(

1

xq
−

1

xd

)

sin 2δ does not depend on field current (no Ef term is

present), however it depends on xd−xq 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 xd = xq = xs. So expression for power for non-salient

pole machine will be P =
EfV

xs
sin δ which is as expected. Remember a salient pole synchronous

machine can produce steady torque or power even without any field current. P versus δ curve of
salient pole synchronous machine is shown in figure 4

2.7 Typical Phasor diagrams under typical cases

Short circuited salient pole synchronous generator

In figure 7(a), Phasor diagram of a synchronous generator with its terminals short circuited is
shown. Since V = 0, the generated is overexcited. So Ia will be lagging. First draw q axis (along
which Ēf will lie). Then d-axis is known. Hence Id & Iq can be drawn. Now getĒf from the
equation

Ēf = 0 + Īara + jĪdxd + jĪqxq since V̄ = 0

Ia

x
dj Id

qxj Iq

Id

Iq
Ia

ra

fE

= 0V

d−axis

q−axis

Under short corcuit condition

S.C means

(b) Salient pole syn. generator

Ia
x
dj Id

qxj IqId

Iq

fE = 0

Ia

fE = 0

Id

Iq

x
dj Id

qxj Iq

θ

δ

q−axis

d−axis

with field current =0
lagging power factor

V

(b)  Motor: under excitation

V

δ

θ

q−axis

d−axis

(a)  Generator: under excitation

with field current =0

leading 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 Ef = 0. So the generator is under excited and must
operate leading power factor. Once again, first draw q-axis as shown in figure 7(b) which also fixes
the position of d-axis. It is along the q-axis line Ēf should lie. In this case since Ef = 0, the length
of this phasor collapses to zero. Since the generator is operating at leading power factor Īa is drawn
ahead of q-axis. Since the machine is operating as generator V̄ must be behind q-axis. Now Īd and
Īq can be drawn and the drops across xd and xq can be added to V̄ to give you Ef = 0.

Salient pole synchronous motor with zero excitation

In this case field current is zero which means Ef = 0. So the motor is under excited and must
operate lagging power factor. Once again, first draw q-axis as shown in figure 7(c) which also fixes
the position of d-axis. It is along the q-axis line Ēf should lie. In this case since Ef = 0, the length
of this phasor collapses to zero. Since the motor is operating at lagging power factor Īa is drawn
behind of q-axis. Since the machine is operating as motor V̄ must be ahead q-axis. Now Īd and Īq
can be drawn and the drops across xd and xq can be added to Ef = 0, to give you V̄ .
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1 Circle diagrams of synchronous machines

With the help of the circle diagram, one can not only find out the performance of a synchronous
machine at a steady operating point at given levels of excitation and power but also can find out
the minimum and maximum excitation possible. The stable and unstable zones of operation too,
can be easily identified. As will be shown that the operating point can be fixed by the intersection
of the excitation circle and the power circle. in the following sections circle diagrams are developed
first for synchronous generator and then for synchronous motor.

1.1 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 Ef = Et + IaZs we get,

Ia =
Ef − Et

Zs

In other words to the phasor −Et

Zs
if we add the phasor

Ef

Zs
, we get the Ia phasor. Since the machine

is connected to the bus Et

Zs
is constant as Zs is assumed to be constant of the machine. Therefore

tip of the current phasor Ia has to lie on the circle with radius
Ef

Zs
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 Psh of the alternator. We know, per phase shaft power input is given by

Psh = EtIacosθ + I2ara

Now assigning y-axis along the direction of Et, the coordinates of the tip of the current phasor Ia
are x = Iasinθ and y = Iacosθ. Therefore dividing both sides of the above equation by ra and
rearranging the terms we get.

Psh

ra
=

Et

ra
y + x2 + y2

= x2 +

(

y +
Et

2ra

)2

−

(

Et

2ra

)2

x2 +

(

y +
Et

2ra

)2

=







√

√

√

√

(

Psh

ra
+

(

Et

2ra

)2
)







2

(1)

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

at
(

0, Et

ra

)

and the radius is

√

(

Psh

ra
+
(

Et

2ra

)2
)

for a constant shaft power Psh. If the machine runs

at no load with Psh = 0, the radius of the circle becomes Et

2ra
.

To construct the circle diagrams namely the excitation and the power circles shown in figure 1
following steps are adopted:

• Draw a line OA, representing the direction of Et.

• The line OD is drawn representing the current phasor at an angle θ. Point D is the tip of the
current phasor.

• Draw line OB such that ∠AOB = β. This happens to be the direction of Et

Zs
and the line OC

represents −Et

Zs
. The length OC remains constant since the machine is connected to the bus.

• Obviously CD represents
Ef

Zs
, hence excitation level.

• With center at C, and radius
Ef

Zs
, draw a circle which corresponds to excitation Ef . A family

of excitation circles can be drawn with C as center.
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Et
ra

Et

Ef
Z s

Ia

Ε τ
Ζ σ

β

P=0

O

x

θ

β

δ

P1

P2

y
A

B

D

C

G

F

L

Stable

Unstable

Figure 1: Phasor diagram showing excitation and power circles.

• To locate the center of the power circles, the line AO is extended to OF such that OF = Et

ra
.

Mid point of OF is G, the center of the power circles.

• 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 larger diameters and representing
increasing level of powers can now be constructed with G as common centers.

• 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 Ef 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,

Ia =
Et − Ef

Zs

In other words to the phasor Et

Zs
if we add the phasor −

Ef

Zs
, we get the Ia phasor. Since the machine

is connected to the bus Et

Zs
is constant as Zs is assumed to be constant of the machine. Therefore

tip of the current phasor Ia has to lie on the circle with radius
Ef

Zs
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 to constant shaft power output Psh of the
motor. We know, per phase shaft power input is given by

Psh = EtIacosθ − I2ara

Now assigning y-axis along the direction of Et, the coordinates of the tip of the current phasor Ia
are x = Iasinθ and y = Iacosθ. Therefore dividing both sides of the above equation by ra and
rearranging the terms we get.

Psh

ra
=

Et

ra
y − x2

− y2

x2 +

(

y −
Et

2ra

)2

=







√

√

√

√

(

(

Et

2ra

)2

−

Psh

ra

)







2

(2)

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

at
(

0, Et

ra

)

and the radius is

√

(

(

Et

2ra

)

2

−
Psh

ra

)

for a constant shaft power Psh. If the machine runs

at no load with Psh = 0, the radius of the circle becomes Et

2ra
.

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

• Draw a line OA, representing the direction of Et.
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fE 1

fE 2

fE 3

Et

Ia

Ia

δ

θ

Stable zone

Unstable zone

P=P1

P= 0

P = P2

O C

D

G

A y

B

F

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

• The line OD is drawn representing the current phasor at an angle θ. Point D is the tip of the
current phasor.

• Draw line OB such that ∠AOB = β. This happens to be the direction of Et

Zs
.The length OC

is cut out such that OC =Et

Zs
. This length remains constant since the machine is connected to

the bus.

• Obviously CD represents
Ef

Zs
, hence excitation level.

• With center at C, and radius
Ef

Zs
, draw a circle which corresponds to excitation Ef . A family

of excitation circles can be drawn with C as center.

• To locate the center of the power circles, such that OF = Et

ra
. Mid point of OF is G, the center

of the power circles.

• 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 Ef = Et + IaZs we get,

Ia =
Ef − Et

Zs

In other words to the phasor −Et

Zs
if we add the phasor

Ef

Zs
, we get the Ia phasor. Since the machine

is connected to the bus Et

Zs
is constant as Zs is assumed to be constant of the machine. Therefore

tip of the current phasor Ia has to lie on the circle with radius
Ef

Zs
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? Power circles are developed corresponding
to constant shaft power input Psh of the alternator. We know, per phase shaft power input is given
by

Psh = EtIacosθ + I2ara

Now assigning y-axis along the direction of Et, the coordinates of the tip of the current phasor Ia
are x = Iasinθ and y = Iacosθ. Therefore dividing both sides of the above equation by ra and
rearranging the terms we get.

Psh

ra
=

Et

ra
y + x2 + y2

= x2 +

(

y +
Et

2ra

)2

−

(

Et

2ra

)2

x2 +

(

y +
Et

2ra

)2

=







√

√

√

√

(

Psh

ra
+

(

Et

2ra

)2
)







2

(3)

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

at
(

0, Et

ra

)

and the radius is

√

(

Psh

ra
+
(

Et

2ra

)2
)

for a constant shaft power Psh. If the machine runs

at no load with Psh = 0, the radius of the circle becomes Et

2ra
.
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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 δ = 90o. The machine will loose synchronism with
the bus if any attempt is made to exceed shaft power limit Pmax =

EfEt

xs
. This limit of maximum

power that the machine can be loaded is known as Steady State Stability Limit.

2.2 Transient stability limit

With respect to an steady initial operating point at δ = δ0 , 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 to write down the dynamic torque balance
equation of the machine in order to ascertain the transient stability limit. Let us consider the
generator mode of operation and the generator is operating steadily at load angle δ = δo steadily
initially as shown in the figure 3. Now the steam input is suddenly increased to Psh. Rotor will
start accelerating as Psh > Pe and the power angle δ will increase. The operating point moves up
along AB and the rotor runs at super synchronous speed. At point B although power balance is
reached the speed is super synchronous, hence δ further increases. Decelerating torque appears the
moment operating point crosses the point B as Psh < Pe. Nonetheless δ increases so long the speed
remains super synchronous. Suppose at point C the speed becomes synchronous but the machine is
still in a decelerating mood as Psh < Pe. So after reaching point B, the speed starts falling becomes
sub synchronous. Naturally δ starts falling and the operating point starts retracing its path in the
down wards direction from C to B. One can continue with the above argument further and will
come to the conclusion that a sudden increase in the shaft power will cause the rotor oscillate about
the final operating point B with extreme 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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P = Pmaxsinδ

δO δ0

P
0

Pshaft

Α

C

Β

δ δ1 2

Figure 3: Locus of operating point under transient condition.

rotor will accelerate and start moving ahead of the resultant field as shown in the figure 4. All the
angles shown in the figure are measured in electrical unit.

δ

θδ

tω

o

δ θ= + δo− ωt

Resultant field

Rotor field

Figure 4: Developing swing equation.

After the imposition of the shaft load, resultant field moves by ωt and let rotor moves by an
angle θ 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 =
2

p
θ

equation of motion, Tsh − Te =
2J

p

d2θ

dt2

but, θ = δ − δ0 + ωt

so
d2θ

dt2
=

d2δ

dt2

Therefore, Tsh − Te =
2J

p

d2δ

dt2

defining, M = 2J
p

we get, Tsh − Te = M
d2δ

dt2

The above equation neglecting damping is known as swing equation.

2.4 Equal Area Criteria

Equal area criteria helps us to determine whether a sudden change in the shaft load will pull the
machine out of synchronism or not. The machine will be able to settle down to new operating
point provided δ, reaches its maximum swing (following a sudden change in Psh) on or before the
point D in figure 3. With reference to the same figure we find that during the onward journey
from A to B to C, δ is increasing, hence dδ

dt
must be positive. But as explained earlier, at point C,

speed is synchronous and thereafter δ starts decreasing making the reverse journey possible along
C to B with dδ

dt
negative. Thus dδ

dt
must be zero at point C. With this logic in mind, the criteria is

developed. Let us multiply both sides of the swing equation with 2dδ
dt

and simplify as follows:

2
d2δ

dt2
dδ

dt
=

2

M
(Tsh − Te)

dδ

dt
d

dt
(
dδ

dt
)2 =

2

M
(Tsh − Te)

dδ

dt

d(
dδ

dt
)2 =

2

M
(Tsh − Te)dδ

integrating and taking square root
dδ

dt
=

√

∫ δ2

δ0

2

M
(Tsh − Te)dδ

The value of dδ
dt

will indeed help us to determine the transient stability.
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P = Pmaxsinδ

δO δ0

P
0

Pshaft

δ δ1 2

ΒD

C

E F

Α

Figure 5: Within transient limit.

P = Pmaxsinδ

δO

Α
C

D

Β

P
shaft

= Transient stability 
limit

Figure 6: Critically stable.

Obviously dδ
dt

= 0 will be possible if

∫ δ1

δ0

2

M
(Tsh − Te)dδ =

∫ δ2

δ1

2

M
(Te − Tsh)dδ

This means the area ABDA and area BECB should be same. In other words stability will be ensured
if the area BEFCB is greater than or equal to area ABDA.


