








































































































































































Autotransformer 6 7 

FIGURE 2.16 Autotransformer. 

If the secondary tapping is replaced by a slider, the output voltage can be 
varied over the range 0 < V2 < V,. 

The ampere-turns provided by the upper half (i.e., by turns between points 
a and b) are 

The ampere-turns provided by the lower half (i.e., by turns between points 
b and c) are 

For ampere-turn balance, from Eqs. 2.36 and 2.37, 

Equations 2.35 and 2.38 indicate that, viewed from the terminals of the 
autotransformer, the voltages and currents are related by the same turns 
ratio as in a two-winding transformer. 

The advantages of an autotransformer connection are lower leakage re- 
actances, lower losses, lower exciting current, increased kVA rating (see 
Example 2.6), and variable output voltage when a sliding contact is used 
for the secondary. The disadvantage is the direct connection between the 
primary and secondary sides. 

EXAMPLE 2.6 

A I+, 100 kVA, 20001200 V two-winding transformer is connected as an 
autotransformer as shown in Fig. E2.6 such that more than 2000 V is ob- 
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68 chapter 2 Transformers 

1 - 
C 

0 FIGURE E2.6 

tained at the secondary. The portion ab is the 200 V winding, and the portion 
bc is the 2000 V winding. Compute the kVA rating as an autotransformer. 

Solution 

The current ratings of the windings are 

Therefore, for full-load operation of the autotransformer, the terminal cur- 
rents are 

IH = 500 A 

IL = 500 + 50 = 550A 

Now, VL = 2000 V and 

VH = 2000 + 200 = 2200 V 

Therefore, 

A single-phase, 100 kVA, two-winding transformer when connected as an 
autotransformer can deliver 1100 kVA. Note that this higher rating of an 
autotransformer results from the conductive connection. Not all of the 1 100 
kVA is transformed by electromagnetic induction. Also note that the 200 
volt winding must have sufficient insulation to withstand a voltage of 2200 
V to ground. 
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134 chapter 4 DC Machines 

The distance between the centers of two adjacent poles is known as pole 
pitch or pole span. Obviously, 

360°md 
One pole pitch = 180°ed = - 

P 

The two sides of a coil are placed in two slots on the rotor surface. The 
distance between the two sides of a coil is called the coil pitch. If the coil 
pitch is one pole pitch, it is called a fill-pitch coil. If the coil pitch is less 
than one pole pitch, the coil is known as a short-pitch (or fractional-pitch) 
coil. Short-pitch coils are desirable in ac machines for various reasons (see 

FIGURE 4.17 Lap winding. ( a )  Unrolled winding. (b) Equivalent coil represen- 
tation. 
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222 chapter 5 Induction (Asynchronous) Machines 

Stator terminals PI 
36 Dower 

C 
terminals 

FIGURE 5.11 

WRlM 

Inverted wound-rotor in- 

n n n 
1 1  1 1  1 1  1 

Rotor 

subply duction machine. 

The three modes of operation and the typical torque profile of the induc- 
tion machine in the various speed ranges are illustrated in Fig. 5.10e. 

5.6 INVERTED INDUCTION MACHINE 
In a wound-rotor induction machine the three-phase supply can be con- 
nected to the rotor windings through the slip rings and the stator terminals 
can be shorted, as shown in Fig. 5.1 1. A rotor-fed induction machine is also 
known as an inverted induction machine. The three-phase rotor current will 
produce a rotating field in the air gap, which will rotate at the synchronous 
speed with respect to the rotor. If the rotor is held stationary, this rotating 
field will also rotate in the air gap at the synchronous speed. Voltage and 
current will be induced in the stator windings and a torque will be developed. 
If the rotor is allowed to move, it will rotate, according to Lenz's law, opposite 
to the rotation of the rotating field so that the induced voltage in the stator 
winding is decreased. At a particular speed, therefore, the frequency of the 
stator circuit will correspond to the slip rpm. 

5.7 EQUIVALENT CIRCUIT MODEL 
The preceding sections have provided an appreciation of the physical behav- 
ior of the induction machine. We now proceed to develop an equivalent 
circuit model that can be used to study and predict the performance of the 
induction machine with reasonable accuracy. In this section a steady-state 
per-phase equivalent circuit will be derived. 

For convenience, consider a three-phase wound-rotor induction machine 
as shown in Fig. 5.12. In the case of a squirrel-cage rotor, the rotor circuit 
can be represented by an equivalent three-phase rotor winding. If currents 
flow in both stator and rotor windings, rotating magnetic fields will be 

Stator Air Rotor 
FIGURE 5.12 Three-phase wound- 

gap rotor induction motor. 
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chapter nine 

TRANSIENTS AND 
DYNAMICS 

In earlier chapters the steady-state operation and performance of dc and ac 
machines have been discussed. However, when a disturbance is applied, the 
machine behavior can be quite different. A transient period of readjustment 
occurs between the initial and final steady-state operating conditions. In 
many applications it is necessary to know the behavior of the machine (i.e., 
its response to the disturbance) during this transient period. In this chapter 
both the electrical transient behavior and the mechanical transient behavior 
(the dynamics) of dc and ac machines are studied. The study of transients 
and of dynamic behavior is quite complex and simplifying assumptions are 
frequently made. 

9.1 DC MACHINES 
DC machines can be controlled with ease and are used in applications 
requiring control of speed over a wide range or applications requiring precise 
control of other variables such as position in servo drives. The following 
assumptions are made to reduce the complexity of the analysis when the 
dc machine is used as a system component. 

1. Magnetic saturation is neglected. This assumption implies that induc- 
tances are independent of currents. 

2. The field mmf is assumed to act along the d-axis and the armature mmf 
to act along the q-axis. Consequently, there is no mutual inductance 
between the field circuit and the armature circuit. A further consequence 
is that there is no demagnetizing effect due to armature reaction. 

We first study electrical transients in a dc generator. Following this analy- 
sis we study the dynamic behavior of a dc motor. For this purpose the 
machine behavior is described by equations, and transfer functions relating 
the output variables to the input variables are derived to obtain the response 
of the system resulting from a sudden input change. 

9.1.1 SEPARATELY EXCITED DC GENERATOR 

A schematic representation of a separately excited dc generator is shown , in Fig. 9.1. The armature inductance is represented by the q-axis inductance 
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456 chapter 9 Transients and Dynamics 

FIGURE 9.1 Schematic representation of 
a separately excited dc generator. 

La,, because the armature mmf acts along the q-axis. The basic equations 
for the dc machine are 

e, = Ka@wm (9.1) 

T = Ka@ia (9.2) 

If magnetic linearity is assumed, 

e, = Kfifo, 

T = Kfifia 

1. Field circuit transient. Let us first consider the electrical transients in a 
separately excited dc generator resulting from changes in the excitation 
(i.e., in the field circuit voltage). The armature circuit is open-circuited 
and the generator is assumed to be running at a constant speed om. 
From Fig. 9.1, the voltage equation for the field circuit, after the switch 
SW is closed, is 

The Laplace transform of Eq. 9.5 with zero initial conditions is 

Vf(s) = RfIf(s) + LfsIf(s) = If(s)(Rf + sLf) (9.6) 

The transfer function relating the field current to the field voltage is 

where rf = LfIRf is the time constant of the field circuit. 
The generated voltage in the armature circuit, from Eq. 9.3, is 
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DC Machines 45 7 

(a) ( b )  

FIGURE 9.2 Field circuit transients. (a) Block diagram. (b) Response. 

where Kg = (Kfwm) is the slope of the linear portion of the magnetization 
curve, at speed o m ,  representing e, plotted against i f .  The Laplace trans- 
form of Eq. 9.8 is 

E,(s) = Kglf(s> (9.9) 

From Eqs. 9.7 and 9.9 the transfer function relating the armature (gener- 
ated) voltage to the field circuit voltage is 

Equations 9.7, 9.9, and 9.10 are represented in block diagram form in 
Fig. 9.2. The time domain response corresponding to the transfer func- 
tion of Eq. 9.10 (for a step change of V [ )  is 

where E, = e,(w) = KgVfIRf = KgIf is the steady-state generated voltage 

I [  = VtIRf is the steady-state field current 

The response is shown in Fig. 9.2b. It is a first-order response with time 
constant rf. The field circuit time constant rr is quite large and varies in 
the range 0.1 to 2 seconds. 

Armature circuit transient. Let us now consider an electrical transient 
in the armature circuit. In Fig. 9 . 3 ~  the load, consisting of resistance 
RL and inductance L L ,  is connected to the armature terminal by closing 
the switch SW at t = 0.  It is assumed that the armature rotates at 
constant speed and that the field current also stays constant. After the 
switch is closed, 

di, di, 
E,  = R,i, + La,- + RLi, + LL-  

d t d t  

di, 
E,  = (R ,  + RL)i ,  + (L,, + L,) - 

dt 
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458 chapter 9 Transients and Dynamics 

'a - - 9 
SW 

'a, 

' a  

Ea 

I f  Rfn (0 )  

FIGURE 9.3 Armature circuit transient. 
gram. (c )  Response. 

0 
(c) 

Schematic circuit. (b) Block dia- 

where Rat = R ,  + R, is the total resistance in the armature circuit 

La, = La, + L,  is the total inductance in the armature circuit 

The Laplace transform of Eq. 9.15 is 

The transfer function is 

where .r,, = L,,IRa, is the armature circuit time constant. 
A block diagram representation of the transfer function of Eq. 9.17 

is shown in Fig. 9.3b. The time domain response is 

E, ia(t) = - ( 1 - e ' " 8 1 )  

Rat 

The response is shown in Fig. 9 .3~ .  This is also a first-order response with 
time constant rat. Normally, rat is low and therefore armature current i, 
builds up quickly. 

From Eqs. 9.10 and 9.17 the total transfer function relating the arma- 
ture current to the field circuit voltage is 
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(a) ( b )  

FIGURE 9.4 Field and armature circuit transient. (a )  Block diagram. (b) Re- 
sponse. 

The corresponding block diagram representation is shown in Fig. 9 .4~ .  
For a step change of voltage in the field circuit 

From Eqs. 9.19 and 9.20, 

where A = KgVflRfRat~f~at 

where A l  = = AT~T,~ 
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The time domain response of ia is 

Note that A,  represents the steady-state value of the armature current, 
that is, A,  = ia(m) = (KgVf)l(RfRat)  = KgIdRa, = E,IRa,. Figure 9.4b shows 
the response of armature current ia for a step change in the field circuit 
voltage. 

EXAMPLE 9.1 

A separately excited dc generator has the following parameters: 

R f  = 100 fl, L f  = 25 H 

R,  = 0.25 fl, La, = 0.02 H 

Kg = 100 V per field ampere at rated speed 

(a) The generator is driven at rated speed and a field circuit voltage V f  = 

200 V is suddenly applied to the field winding. 

(i) Determine the armature generated voltage as a function of time. 

(ii) Determine the steady-state armature voltage. 

(iii) Determine the time required for the armature voltage to rise to 
90 percent of its steady-state value. 

(b) The generator is driven at rated speed and a load consisting of RL = 

1 fl and LL = 0.15 H in series is connected to the armature terminals. 
A field circuit voltage V f  = 200 V is suddenly applied to the field winding. 
Determine the armature current as a function of time. 

Solution 

(a) Field circuit time constant rf = 251100 = 0.25 sec. 

(i) From Eq. 9.1 1, 

(ii) 

(iii) 0.9 x 200 = 200(1 - e-4') 

t = 0.575 sec 

rf = 0.25 sec 
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From Eq. 9.22, 

where A ,  = 
4705.88 I = 160 

( s  + 4)(s  + 7.35) s=o 

A  - = -351 

= 191 

From Eq. 9.25, 

i,(t) = 160 - 3 5 W 4 '  + 191e-7.35t 

9.1.2 DC MOTOR DYNAMICS 

DC motors are extensively used in applications where precise control of 
speed and torque is required over a wide range. A common method of control 
is the use of a separately excited dc motor with constant field excitation. 
The speed is controlled by changing the voltage applied to the motor termi- 
nals. We now investigate how the speed of the motor responds to changes in 
the terminal voltage. The study involves electrical transients in the armature 
circuit and mechanical transients in the mechanical system driven by the 
motor. 

A separately excited dc motor system is shown in Fig. 9 . 5 ~ .  Assuming 
magnetic linearity, the basic motor equations are 

where Km = Kfif is a constant, which is also the ratio e,/w,, e, being the 
generated voltage corresponding to the field current if at the speed w,. 

The Laplace transforms of Eqs. 9.26 and 9.27 are 

T ( s )  = KmZa(s) (9.28) 

Ea(s) = Kmwm(s) (9.29) 
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FIGURE 9.5 Separately excited dc motor. (a )  Schematic diagram. (b) Block dia- 
gram representation. (c)  Response. 

In Fig. 9 . 5 ~  let the switch SW be closed at t = 0.  After the switch is closed, 

di, 
V t  = e, + R,i, + La, - 

dt 
(9.30) 

From Eqs. 9.27 and 9.30 

di, 
V ,  = Kmwm + R,i, + Laq - 

dt 
(9.31) 

The Laplace transform of Eq. 9.31 for zero initial conditions is 

Vt(s> = Kmwrn(s) + RaIa(s) + LaqsIa(s) (9.32) 

or 

Vt(s) = Kmwm(s) + Ia(s)Ra(l + ST,) (9.33) 

where T, = La,IR, is the electrical time constant of the armature. 
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The dynamic equation for the mechanical system is 

where J is the combined polar moment of inertia of the load and the rotor 
of the motor, B is the equivalent viscous friction constant of the load and 
motor, and TL is the mechanical load torque. The term B o ,  represents the 
rotational loss torque of the system. 

The Laplace transform of Eq. 9.34 is 

From Eqs. 9.35 and 9.28, 

T ( s )  - TL(s) - Krnla(s) - TL(s)  
om(s) = ~ ( 1  + J I B )  - B ( l  + ST,,,) 

where T,  = J /B  is the mechanical time constant of the system. From Eqs. 
9.29 and 9.33, 

A block diagram representation of Eqs. 9.36 and 9.37 is shown in Fig. 9.5b. 
Let us consider a few special cases: 

1. Load torque proportional to  speed. 

TL  Oc om 

= BLom (9.38) 

Let the total inertia of the system be 

J = Jmotor + Jload (9.38a) 

Equation 9.35 can be written as 

K,Z,(s) = Jso,(s) + B,o,(s) + BLw,(s) (9.39) 

= Jso,(s) + (B ,  + BL)o,,,(s) (9.39a) 

= Jso,(s) + Bw,(s) (9.39b) 

The load therefore increases the viscous friction of the mechanical sys- 
tem. From Eqs. 9.33 and 9.39b, 
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The speed response due to a step change in the terminal voltage V, is a 
second-order response because of the two time constants T, and T,. The 
response can be underdamped or overdamped depending on the values 
of these time constants and the other parameters Km, B, and R,. Two 
typical responses are shown in Fig. 9 .5~ .  

2. La, = 0. If the armature circuit inductance is neglected, the electrical 
time constant T, is zero. From Eq. 9.40a, the transfer function becomes 

where 

3. B = 0, inertia load. If the viscous friction is zero, Eq. 9.39b becomes 

KmIa(s) = Jswm(s) (9.44) 

From Eqs. 9.33 and 9.44, 

4. Supply disconnected. Let us now investigate what happens if the supply 
is suddenly disconnected, that is, the switch SW in Fig. 9 . 5 ~  is opened 
at t = 0. The dynamic equation for the mechanical system is 

d ~ m  Bo, = -J- 
dt 

The Laplace transform of Eq. 9.47 is 

Bom(s) = -J[so,(s) - o,o] (9.48) 
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where wmo is the initial speed. From Eq. 9.48, 

Jwmo - Orno 
w,(s) = - - 

B + sJ ( s  + B I J )  

The time domain response of speed is 

w,(t) = wrnoe-"m 

The speed decreases exponentially with time constant T,. The decelera- 
tion of speed is shown in Fig. 9.6. The intersection of the initial slope 
on the time axis represents the mechanical time constant T, (= J IB) .  

EXAMPLE 9.2 

A separately excited dc motor has the following parameters: 

The motor generates an open-circuit armature voltage of 220 V at 2000 rpm 
and with a field current of 1.0 ampere. 

The motor drives a constant load torque TL = 25 N . m. The combined 
inertia of motor and load is J = 2.5 kg . m2. With field current If = 1.0 A, 
the armature terminals are connected to a 220 V dc source. 

(a) Derive expressions for speed (w,) and armature current (i,) as a func- 
tion of time. 

(b) Determine the steady-state values of the speed and armature current. 
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Solution 

(a) Ea = Kmwm 

From the last two equations, 

(b) Steady-state speed is wm(m) = 198.2 radlsec. 
Steady-state current is I ,  = i,(m) = 23.8 A. w 
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9.2 SYNCHRONOUS MACHINES 
Synchronous machines are used primarily as generators, either supplying 
power to an individual load or connected to an infinite bus. A disturbance 
may occur in a synchronous machine in various ways. An accidental short 
circuit may occur between line and ground, between line and line, or between 
all three lines. A disturbance may also be caused by the sudden application 
of a load to the machine. Any kind of disturbance will cause electrical and 
mechanical transients. The machine may even lose synchronism because of a 
disturbance. Transient phenomena in a synchronous machine are inherently 
very complex. The study of synchronous machine transients and dynamics 
has been a formidable challenge to power system engineers for many years. 
The general subject is so broad and complicated that many books have been 
written and many courses offered on this topic. 

In this section we provide only a basic understanding of transient phenom- 
ena in a synchronous machine. We consider two particular cases: (1) a 
sudden three-phase short circuit at the stator terminals and (2) mechanical 
transients caused by a sudden load change. The development of an under- 
standing will be based primarily on physical or semi-intuitive reasoning. A 
rigorous analysis of this complex subject matter is beyond the scope of this 
book. 

9.2.1 THREE-PHASE SHORT CIRCUIT 

Short Circuit on an Open-Circuited Synchronous Generator 
Figure 9.7 shows a schematic representation of a three-phase synchronous 
machine. The rotor is rotating at some speed om and the field current If 
generates an open-circuit voltage Ef in each phase. If the stator terminals 
are now shorted, a large transient current will flow through them. However, 
when the transient dies down, the steady-state short-circuit current is 

E 
I,, = f xs 

If El = 1 pu and X, = 1 pu (typically) the steady-state short-circuit current 
is 1 pu. This is a good feature of the synchronous machine. If the short 
circuit is sustained, it will not damage the machine. However, at the instant 
the short is applied, the armature current can be very high-as high as 5 
to 10 pu. To determine the circuit breaker rating or relay setting of the 

Synchronous 
generator 

FIGURE 9.7 Schematic diagram of a synchro- 
Short nous generator with short on stator terminals. 
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No resistance 

With resistance 

FIGURE 9.8 Flux linkage in a conductive loop. 

protective system, a prior knowledge of the armature current during the 
transient period is essential. 

Before the short is applied, the flux linkages of the field winding and 
damper (or amortisseur) winding are constant. No current is present in the 
damper winding because it rotates at the same speed as the field winding. 
The only current present is the dc current in the field winding. However, 
when the short is applied, armature current flows whose mmf directly op- 
poses the mmf of the field winding. The flux linkages of both field winding 
and damper winding are affected. To maintain the component fluxes con- 
stant at their initial values, induced components of current will flow in both 
field winding and damper winding. This phenomenon can be explained 
as follows. Consider a ring of conductor, as shown in Fig. 9.8, having an 
inductance L. If a magnetic field is suddenly applied, the loop resists change 
in the flux linkage. Consequently, a current i is induced in the loop, 

where @ is the applied flux on the loop. If the loop has no resistance, the 
current is sustained, thereby maintaining the initial zero flux linkage. If the 
loop has resistance, the current decays, thereby allowing the flux linkage to 
change. 

The induced currents in the field winding and damper winding decay 
because of the resistances in these circuits. The change in the field current 
resulting from an armature short circuit is shown in Fig. 9.9. These induced 
currents are equivalent to an increase of the field excitation, and therefore 
a large current will flow in the armature circuit immediately after the short 
circuit is applied. 

FIGURE 9.9 Change in field cur- 
rent following armature short 

t circuit. 
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In a salient pole machine the damper winding is placed in the rotor 
pole faces. Solid cylindrical rotor machines do not generally have damper 
windings. However, during transient periods, currents that are induced di- 
rectly in the rotor body produce essentially the same effects as the damper 
currents in a salient pole machine. 

Figure 9 .10~ shows the trace of short-circuit current in a stator phase 
resulting from a three-phase short suddenly applied at the stator terminals. 
This symmetrical trace can be obtained oscillographically if the short is 
applied at the instant when the preshort flux linkage of the phase is zero. 
The envelope of the wave is shown in Fig. 9. lob. The envelope shows three 
distinct periods: the subtransient period, lasting only the first few cycles, 
during which current decreases very rapidly; the transient period, lasting a 
relatively longer time, during which the current decrease is more moderate; 
and finally the steady-state period, during which the current is determined 
by Eq. 9.5 1. The three successive periods merge through nearly exponential 
decays. In Fig. 9.10b the current difference Air is the difference between 
the transient envelope and the steady-state amplitude. Similarly, Ai" is the 
difference between the subtransient envelope and an extrapolation of the 
transient envelope. When these quantities (Air, Ai") are plotted on semilog 
coordinates, they decay linearly, as shown in Fig. 9.10c, indicating that they 
are exponential decays. 

During the subtransient period, because of the demagnetizing effect of 
armature current (the mmf of armature current opposes the mmf of the field 
winding), currents are induced in both damper winding and field winding to 
maintain the flux constancy of the prefault condition. This, in effect, is 
similar to a large increase in rotor excitation, and therefore a large armature 
current flows during the subtransient period. The damper current decays 
rapidly because of the small time constant of the damper circuit. The behav- 
ior of the stator current during this period is determined primarily by the 
damper current. 

During the transient period, the damper current has decayed to zero. The 
behavior of the armature current during this period is determined by the 
field winding current, which decays with a larger time constant. 

Short-Circuit Current 
The armature current can be determined for the various periods by using 
appropriate reactances and time constants. During short circuit, mmf's act 
along the d-axis. The equivalent circuits during the various periods of short 
circuit are shown in Fig. 9.1 1. The d-axis synchronous reactances for the 
various periods can be determined from Figs. 9. lob and 9.1 1 as follows: 

Cf 
Xd = ~ -, steady-state d-axis reactance 

Oa 
(9.53) 

E f X i  = fi -, d-axis transient reactance 
Ob 

(9.54) 
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Subtransient 

c 

FIGURE 9.10 Armature short circuit. ( a )  Symmetrical armature 
current. (b) Envelope of current. (c) Decay of current difference. 
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(a) (b )  (c )  

FIGURE 9.11 Equivalent circuits for calculation of fault current during various 
periods of armature short circuit (open-circuited generator). (a) Steady-state short 
circuit. (b) Transient period (I, decays). (c) Subtransient period (I, decays). 

E f 
X = - d-axis subtransient reactance 

oc 

The short-circuit current of an armature phase is 

is, = [varying amplitude] sin wt 

= [Oa + (Ob - 0 0 ) e " ~ ~ o  + (OC - ~b)e - "~ :o]  sin wt (9.56) 

where TAo is the time constant during the transient period and is so defined 
that it determines the decay of the transient envelope bde 

Tio is the time constant during the subtransient period and is so 
defined that it determines the decay of the subtransient envelope 
cd 

DC Component 
The symmetrical wave of Fig. 9.100 is a special case rather than a general 
case. The more usual short-circuit currents are shown in Fig. 9.12. These 
currents are not symmetrical about the zero-current axis and definitely show 
the dc components responsible for the offset waves. A symmetrical wave, 
as shown in Fig. 9.100, can be obtained by replotting the offset wave with 
the dc component subtracted from it. 

The dc component in the short-circuit armature current is due to the flux 
linkage of a phase at the instant the short is applied. If the flux linkage of 
a phase is zero at the instant the short circuit is applied, no dc component 
is required to maintain the flux linkage at that zero value and the short- 
circuit current wave for that phase is symmetrical. On the other hand, if 
the flux linkage of a phase is nonzero at the instant the short circuit is 
applied, the dc component must appear in the current of that phase to keep 
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FIGURE 9.12 Three-phase short-circuit currents of a synchronous generator. 

the flux linkage constant. The dc component decays with the armature time 
constant. 

where T,  is the armature time constant and is so defined that it determines 
the decay of the dc component. 

Note that in a three-line system the sum of the dc components in the 
three phases at any instant is zero. The short-circuit armature current with 
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