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 A given synchronous machine may be used, as an alternator, when
driven mechanically or as a motor, when driven electrically.

 Some characteristic features of synchronous motor are”;

1. It runs either at synchronous speed or not at all i.e. while running it
maintains a constant speed. The only way to change its speed is to
vary the supply frequency (because Ns = 120f / P).

Synchronous Motor
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2. It is not inherently self-starting. It has to be run upto synchronous
(or near synchronous) speed by some means, before it can be
synchronized to the supply.

3. It is capable of being operated under a wide range of power factors,
both lagging and leading. Hence, it can be used for power
correction purposes, in addition to supplying torque to drive loads.



 Suppose the stator poles are at a particular instant situated at points
A and B.

 The two similar poles, N (of rotor) and NS (of stator) as well as S
and SS will repel each other, with the result that the rotor tends to
rotate in the anticlockwise direction.

Operating Principle of Synchronous Motor

 Suppose the stator poles are at a particular instant
situated at points A and B.

 The two similar poles, N (of rotor) and NS (of
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 The two similar poles, N (of rotor) and NS (of
stator) as well as S and SS will repel each other,
with the result that the rotor tends to rotate in the
anticlockwise direction.

 But half a period later, stator poles, having rotated
around, interchange their positions i.e. NS is at
point B and SS at point A.

 Under these conditions, NS attracts S and SS

attracts N. Hence, rotor tends to rotate clockwise
(which is just the reverse of the first direction).



 Due to continuous and rapid rotation of stator poles, the rotor is
subjected to a torque which is rapidly reversing i.e., in quick
succession, the rotor is subjected to torque which tends to move it
first in one direction and then in the opposite direction.

 Owing to its large inertia, the rotor cannot instantaneously respond
to such quickly-reversing torque, with the result that it remains
stationary.

 Synchronous motor is not self starting.

Operating Principle of Synchronous Motor
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 Synchronous motor is not self starting.
 Assume that the stator and rotor poles are attracting each other.
 Suppose that the rotor is not stationary, but is rotating clockwise,

with such a speed that it turns through one pole-pitch by the time
the stator poles interchange their positions.

 Here, again the stator and rotor poles attract each other. It means
that if the rotor poles also shift their positions along with the stator
poles, then they will continuously experience a unidirectional
torque i.e., clockwise torque.



Operating Principle of Synchronous Motor
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Mechanical analogies:
the rotor and stator are connected by a magnetic spring.
The rotor has a magnetic field (like a simple bar magnet) 
the stator has a magnetic field from the currents flowing in the 
windings
If the machine is operating as a motor, the spring is stretched, and the 
stator magnet is pulling to rotor magnet toward it and around



Starting of Synchronous Motor
 Three-phase supply is fed to stator.
 The rotor (which is as yet unexcited) is speeded up to synchronous
 / near synchronous speed by some arrangement and then excited by

the d.c. source.
 The moment this (near) synchronously rotating rotor is excited, it is

magnetically locked into position with the stator i.e., the rotor poles
are engaged with the stator poles and both run synchronously in the
same direction.
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same direction.
 It is because of this interlocking of stator and rotor poles that the

motor has either to run synchronously or not at all.
 The synchronous speed is given by the usual relation NS=120 f / P.
 However, it is important to understand that the arrangement

between the stator and rotor poles is not an absolutely rigid one.
 As the load on the motor is increased, the rotor progressively tends

to fall back in phase (but not in speed) by some angle but it still
continues to run synchronously.



Starting of Synchronous Motor
 The value of this load angle or coupling angle depends on the

amount of load to be met by the motor.
 In other words, the torque developed by the motor depends on this

angle.
 When motor is loaded, it’s rotor slightly falls behind, the load angle

being a measure of the torque transmitted.
 It is clear that unless motor is so heavily loaded as to break the
 coupling, both stator poles and rotor must run at exactly the same
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 coupling, both stator poles and rotor must run at exactly the same
speed.



Torque Angle of Synchronous Motor
 Torque angle δ is the angle between Rotor flux and Stator fluxes,

both are rotating at synchronous speed.
 It is noted that for synchronous motors the rotor flux axis lags the

stator flux axis by the angle δ
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Phasor Diagram of Synchronous Motor

Figure 1: Per-phase equivalent circuit for a synchronous motor.
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Vt=Ea+jIXs => Ea=Vt−jIXs

Phasor Diagram for Lagging current

Ea cosδ < Vt

The motor is operating in an 
under-excited condition, 
drawing reactive power from 
the infinite bus



Phasor Diagram for Leading current

The motor is accepting leading current, it is acting like a capacitive load
The generated voltage still lags the terminal voltage by the power angle, 
but the magnitude of the generated voltage is now greater than the 
terminal voltage: Ea cos δ > Vt

The motor is overexcited and 
provides reactive power to the 
infinite bus
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 When the synchronous motor operates at lagging current, it is in an
under excited state.

 This means that the field excitation is lower than the required value,
resulting in a lagging power factor.

 The motor absorbs reactive power from the system, which can
decrease the overall power factor.

 At leading current, the synchronous motor operates in an overexcited
state.

 Motor’s field excitation is higher than the required value, resulting in
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 Motor’s field excitation is higher than the required value, resulting in
a leading power factor.

 The motor can supply reactive power to the system and improve the
overall power factor.

 A leading power factor signifies good power factor correction and the
ability to supply reactive power to the system.

 On the other hand, a lagging power factor indicates a need for reactive
power compensation.

 The power factor influences the motor’s efficiency, voltage regulation,
and overall system stability.



Power Angle Characteristics (P vs δ ): Non-salient Pole

 Fig. above shows the circuit diagrams and phasor diagrams of a

MOD =φ
MOP =δ
ODM =900

D
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 Fig. above shows the circuit diagrams and phasor diagrams of a
synchronous machine in motoring mode

 The machine is connected to infinite bus-bars of voltage Vt.
 It is easily observed from the phasor diagrams that in motoring mode, the

excitation emf Ef lags Vt by angle δ.
 OMP=180-(90+φ)= 90- φ
 From the phasor triangle OMP: OP/(sin OMP)= MP/(sin MOP)



Power Angle Characteristics (P vs δ ): Non-salient Pole
 Multiplying both sides by Vt :

1
3

19-Mar-24

Pe = Vt Ia cos φ = electrical power exchanged with the bus-bars
 δ = Angle between Ef and Vt and is called the power angle 
 The relationship of Pe vs δ is known as the power-angle 
characteristic of the machine and is plotted for given Vt and Ef.



Power Angle Characteristics (P vs δ ): Salient Pole

 The resistance Ra of the armature can be neglected since it has negligible effect on
the relationship between the power output of a synchronous machine and its torque

OD = Vb

MD = OD-OM = AC
AC = IdXd

OM = Ef cos δ
MA = Ef sin δ = DC
DC = IqXq
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the relationship between the power output of a synchronous machine and its torque
angle δ.

 The phasor diagram at lagging power factor for a salient pole synchronous machine,
neglecting Ra is shown above.

 Power = VI cos φ= IVcos φ= Current x Component of voltage in phase with current

 Pe = IdMA+Iq OM=Id Ef sin δ+Iq Ef cos δ

 IdXd=AC=MD=OD-OM=Vb-Ef cos δ =>

 IqXq=DC=MA= Ef sin δ =>
d
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Power Angle Characteristics (P vs δ ): Salient Pole

The second term in above 
Eq. is known as the 
reluctance power. 
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reluctance power. 
The reluctance power 
varies as sin 2 δ with a 
maximum value at δ = 45°.
This term is independent 
of field excitation and would 
be present even if the field is 
unexcited



A synchronous motor is drawing 50 A from 400 V, three-phase supply
at unity pf with a field current of 0.9 A. The synchronous reactance of
the motor is 1.3 Ω. (a) Find the power angle. (b) With the mechanical
load remaining constant, find the value of the field current which
would result in 0.8 leading power factor. Assume linear
magnetization.
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 A synchronous motor is said to have normal excitation if Ef = V.
 If field excitation is such that Ef < V, the motor is said to be under-

excited.
 In both these conditions, it has a lagging power factor i.e I lags V
 If d.c. field excitation is such that Ef > V, then motor is said to be

over-excited and draws a leading current
 There will be some value of excitation for which armature current

will be in phase with V, so that power factor will become unity.

Effect of Change in Excitation
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will be in phase with V, so that power factor will become unity.
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Ef < V
Ia lags V
p.f. is lagging
Consumes Q
Ia is more 

Ef = V
Ia & V In phase
p.f. is unity (max)
Q = 0
Ia is minimum

Ef > V
Ia leadss V
p.f. is leading
Supplies Q
Ia is more 



 The graphs plotted between armature current (Ia) and field current
(If) for different constant loads are known as the V curves of the
synchronous motor.

 The power factor of a synchronous motor can be controlled by
changing the field excitation, i.e., by variation of field current (If).

 Also, the armature current (Ia) changes with the change in the
excitation or field current (If).

V Curve of Synchronous Motor
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excitation or field current (If).
 Now, let us assume that the synchronous motor is operating at no-

load.
 If the field current (If) is increased from a small value, the armature

current (Ia) decreases until Ia becomes minimum.
 The power factor of the motor corresponding to this minimum

armature current is unity.
 Up to the point of minimum armature current, the motor was

operating at lagging power factor.



 If a graph is plotted between armature current (Ia) and field current
(If) at noload, the lowest curve in Figure-1 is obtained.

 In order to obtain a family of curves as shown in Figure-1, the
above procedure is to be repeated for various increased loads.

V Curve of Synchronous Motor

2
1

19-Mar-24



 Inverted V curves of a synchronous motor are defined as the graphs
plotted between power factor and field current (If) of the motor.

 The peak point on each of these curves indicates unity power factor.
 From the curves, it can be seen that the field current (If) for unity

power factor at full-load is greater than the field current (If) for unity
power factor at no-load.

Inverted V Curve of Synchronous Motor
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 Most of the industrial loads such as induction motors are inductive in
nature and hence have low lagging power factor.

 Around 60% of the utility load consists of motors and hence the
overall power factor of the power system is low.

 The low power factor is highly undesirable as it causes an increase
in current, resulting in additional losses of active power in all the
elements of power system from power station generator down to the

Power Factor Correction Applications
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elements of power system from power station generator down to the
utilization devices.

 The power factor can be improved by connecting the synchronous
motor operated in an overexcited mode in parallel with the industrial
loads operating at lagging power factor.

 Synchronous motors takes a leading current which partly neutralizes
the lagging reactive component of the load.



Application of synchronous motor as compensation
equipment in a system has the following effects:

(1) Improvement in power factor of the system
(2)Reduction in reactive component of line current.
(3)Maintenance of voltage profile within limit.
(4)Reduction of I2R losses in the line and other equipment

due to reduction in current.
(5)Reduction in investment in the system per kW of load
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(5)Reduction in investment in the system per kW of load
supplied.

(6)Decrease in kVA loading of generators, transformers and
other equipments. This decrease in kVA loading may
relieve an over load conditions or release capacity of load
growth.

(7)Reduction in kVA demand charges for large consumers.
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 When a synchronous machine is operating at steady load indicated
by point (P0, δ0) on the P – δ characteristic.

 Certain disturbances are bound to occur on electrical and
mechanical parts of the machine.

Hunting in Synchronous Machines

 These disturbances are: 
 Sudden Change in Load 

(electrical and 
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(electrical and 
mechanical)

 Sudden Change in Field 
Current

 Presence of Harmonic 
variations in load and 
prime mover torque



 A change in rotor angle Δδ caused by a disturbance produces
synchronizing power (and associated synchronizing torque) which is
proportional to Δδ

 The synchronizing torque acts on the drive machine or machine-
mechanical load inertia to counter the change Δδ

 The system is set into oscillations of δ and Pe about (P0, δ0)
 The δ-variations are reflected in the speed variations i.e. the rotor

oscillates following a disturbance
 As the system friction is quite small these oscillations are slow to
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 As the system friction is quite small these oscillations are slow to
decay out.

 This Oscillatory behaviour of the synchronous machine about the
operating point known as hunting which is highly undesirable as it
causes shaft fatigue.

 These oscillations must be damped out fast.
 A small amount of damping, contributed by system losses (both

mechanical and electrical), is always present in the machine but this
is insufficient to kill hunting.

 Additional damping must therefore be introduced in the machine.



 Additional damping is provided in the salient pole synchronous
machine by means of damper bars located in the main poles of the
machine and short-circuited through round rings at both ends.

 As the rotor oscillates, the damper bars have a relative movement
with respect to the air-gap flux which causes induction of emfs and
flow of currents in these damper bars.

 The torque created by the damper bar currents as per Lenz’s law
always opposes the relative motion.

Damper Winding
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always opposes the relative motion.
 Oscillatory motion of the rotor about the operating point is

considerably reduced in amplitude and the rotor quickly returns to
the steady position.

 These short-circuited bars are known as damper winding or
ammortisseur winding.

 They also provide a starting torque for the synchronous motors
which is not self-starting.

 Therefore, the damper winding serves the dual purpose



 Majority of faults/disturbences occurring in practice on
synchronous machines are unsymmetrical between phases.

 Symmetrical faults are although rarer, it is more severe but easy to
analyse.

 Short-circuit test: (all three terminals of an unloaded synchronous
generator are short-circuited simultaneously) is a well established
method of checking its transient characteristics.

 If speed is not constant during the transient: A step by step method

Sudden Short Circuit in Synchronous Machines
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 If speed is not constant during the transient: A step by step method
is required to solve the non-linear equations.

 If speed is assumed constant during the transient: The non-linear
equations are linearized and solved by means of superposition and
Laplace transform

 Superposition: The voltages and currents after the short-circuit are
equal to the sum of the original values and the changes resulting
from the short-circuit.



 Unloaded synchronous generator:

 Original Voltages are no load (open circuit) voltages and changes

to zero in short-circuit.

 Original Currents are zero (no load) and changes short-circuit

current.

Sudden Short Circuit in Synchronous Machines
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 During normal steady a.c. operation, speed of the machine is

constant at synchronous speed.

 The field voltages and currents are constant.

 The damper currents are zero.

 The armature phase voltages and currents are balanced three phase

quantities.



Constant Flux Linkage Theorem
• The behaviour of a synchronous machine just after short circuit can be

understood by the use of constant linkages theorem.

• Flux linking with an inductive circuit having zero resistance cannot

change, whatever may occur in other mutually coupled circuits.

• If a closed circuit with resistance R and inductance L is considered without

a source then the equation obtained using KVL will be Ri + L (di/dt) = 0.

• If R is very very small then L (di/dt) = 0 or d/dt (Li) = 0

• This shows that the flux linkages Li remain constant.

• In generator also the effective inductance of stator and rotor windings is

large compared to the resistance which can be neglected for first few cycles.

• The rotor circuit is closed through exciter while stator is closed by short

circuit.

• Thus the flux linking with either winding must remain constant.
7



• If a generator having negligible resistance, excited and running on no load

is suddenly undergoing short-circuit at its terminals, the short-circuit

armature currents tend to reduce the air gap flux (and hence the flux

linkage) due to the demagnetizing effect of armature reaction. Short-circuit

armature currents lags by almost 900 as X >> R i.e. ZPF lag condition.

• In order to keep the total flux linkage constant, additional currents are

induced in the stator windings as well as field and damper windings.

• These additional currents contain AC and DC components.• These additional currents contain AC and DC components.

• Under the presence of winding resistance, the DC components of will decay

exponentially to zero with a time constant T = L/R of that winding.

• The damper winding resistance is much larger than that of the field

winding. The damper winding comprising a few thick bars has a much

lower time-constant

• First the damper winding current will decay and then the field wing current

will decay to zero.
8
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Oscillograms of the short-circuit armature current
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Quadrature-axis reactance
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• Xd= direct-axis reactance

• Xd’= direct-axis transient reactance

• Xd’’= direct-axis sub-transient reactance

Direct axis and Quadrature axis Reactances
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• Xq= quadrature-axis reactance

• Xqo’’= quadrature-axis sub-transient reactance
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