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(a) Signals u;, u» and u3, and transformation matrices 7 and Ty are specified
below. For each of the signals u;, u, and u;3, state whether the signal contains
positive, negative or zero sequence components. Describe the expected form
of transformed signals when the matrices T and Tk are applied.

(6]

U, cos(a)t+%)
u, =| U, cos(wt—%”%—%)
U, Cos(a)t+%”—+%

Uy +U, cos(wt)
u, =|Uy+U, cos(a)t—%’l)

Uy+U, cos(a)t+27”)

U, cos(a)t)
u, =| U, cos(wt +27”)
U, cos(wt —2=)

I cos(wt) sin(wt) 0O

[ 4
r=310 R P Te=|-sin@n cos@n 0
A 1L _L 0 0 1
V22 2
(b) (1) Write a set of voltage and current equations to describe the circuit in
Figure 1.1 and transform them to dq form. [8]

A Vi

. |
\(%_Ni Eg@t - /V.l

C R C R C

Figure 1.1

(i1) From the transformed equations find an expression for the power
associated with each component and describe the type of power
concerned. [6]
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(a)

(b)

(c)

Describe how it is possible that a universal motor can produce useful torque
on both a DC and an AC supply. Sketch the graph of torque against speed for
such a motor. Describe how the speed of a universal motor may be controlled
where the available supply system is AC. [6]

Explain why a single-phase induction machine commonly incorporates an
auxiliary winding in addition to its main winding in order to produce starting
torque. Outline the connection arrangement of such a winding in a "capacitor
start” machine. [6]

Figure 2.1 shows the equivalent circuit of the main winding of a single-phase
induction machine in which s is the slip with respect to the forward field. The
parameters of the machine are:

supply frequency = 50Hz,

number of pole-pairs = 1,

stator resistance, Rg= 2 Q,

stator leakage reactance, X5 = 10 €2,

magnetising reactance, Xy = 100 €2,

referred rotor leakage reactance, Xg'= 10 €2,

referred rotor resistance, Rg’= 3 €.

For a certain operating condition, it is found that the stator current is 2 A and
the speed is 2950 rev./min. Calculate the mechanical power developed in the
forward and backward rotating branches of the circuit. [8]

Is Rs jXs

Vs

Figure 2.1
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The voltage equation for a dg model of an induction machine with the rotor
leakage inductance referred to the stator side and the rotor short-circuited is:

o= R it b 6 Mo+ 1 -

where
Vsp Lsp
, v iso
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Continued over leaf.
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3. Continued

(i)

(111)

The rotor leakage inductance in the referred model is defined by
'k =L’% - M’. Show that this is zero under the referral given here. 2]

Multiply the voltage equation by the transpose of the current vector to
obtain an equation for power. Identify the term that expresses the
energy converted to mechanical form and from this show that the
torque produced is equivalent to that calculated from the un-referred
model:

T =PMlisgirp —ispirg) 8]

Figure 3.1 shows an equivalent circuit of the referred equation using
flux linkages such as Wrp=M’ (isp +ikp). Re-draw the equivalent
circuit of Figure 3.1 for a case where orientation at ¥’zp = 0 has been
achieved and the stator is supplied from a current source not a voltage
source. Explain the significance of orienting the model such that

Wro = 0 in terms of the torque equation, the equivalent circuit. and the
dynamics governing the relationships between stator current, flux and
torque. [10]

d-axis circuit

OW'so Poip Wro
RS } L’IS 4 R’R
vsp
[RUCH Wrp
M 8
isp i’rD
g-axis circuit o - ’
Ry YLy [T VRD R
VsQ "
Viso
iSQ
Figure 3.1
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(a) Outline the steps necessary to converter a 6-coil, stationary-reference-frame
model of an induction machine into a form suitable for field orientation. [8]

(b) Figure 4.1 shows a form of field orientation controller.

(1) Explain the difference between a direct and an indirect controller and
state which is represented in figure 4.1. (4]

(i1) Given the equations for the d- and g-axis rotor voltages (below), justify
the form of the slip calculator shown in Figure 4.1.

d-axis

d . + .
O: R’R i’RD+Ma (lSDd lRD)
4

g-axis

0=R; i'pgtP0,;,M ,(iSD + i’RD)

[4]

(iti)  The machine is shown as current fed. Describe what extra control
elements are necessary if a voltage source inverter is to be used. (4]

Field Oriented Controller Induction Machine Model
(Field Oriented Form)

1 isp”

'ng -

v

Mechanical
<
System {

Slip Calculator

Figure 4.1
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(a)

(b)

For a three-phase 6/4-pole variable reluctance motor:

(1)

(i)
(iii)

(iv)

sketch the shapes of the laminations for both stator and rotor and mark
where the windings lie for each pole for a series connection. [5]

determine the step angle for the motor. [3]

mark the three phase-windings in the sketch produced for (i) with the
letters A, B and C. Sketch the shape of the current waveforms required
for phases A, B and C so that the rotor in your sketch rotates in the
anti-clockwise direction. [4]

draw a diagram of a circuit suitable for supplying a three-phase
machine. [3]

Describe the main advantages and disadvantages of a switched reluctance
motor in comparison to an induction machine. Your comments should include
(but need not be restricted to) reliability, machine manufacturing costs, total
cost of the drive and the instantaneous torque. [5]
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(a)

(b)

(©)

Justify the following statements through brief explanation.

(1)

(i1)

(111)
(iv)

It is necessary to have many poles in synchronous machines driven by
hydro-turbines. [2]

The rotor of a cylindrical-pole machine is made of solid iron whereas
the stator is made of laminated steel. [2]

A synchronous machine develops torque only at synchronous speed.  [2]

A salient-pole synchronous machine continues to produce power even
when its excitation is lost. [2]

A cylindrical-rotor synchronous machine is connected to an infinite bus of
VZ0 volts through a resistance of R, and synchronous reactance X;. The
excitation voltage is EZ0. Develop an expression for real and reactive power
delivered by the machine. [6]

A 3-phase, 2-pole, Y-connected cylindrical-pole synchronous generator is
connected to a 50 Hz grid system. The rated apparent power of the machine is
247 MVA; the rated voltage is 15.75 kV (line-line) and the per phase

synchronous reactance is 1.0 Q.

0

(i)

Determine the excitation voltage and the power angle when the
machine is delivering rated MV A at a power factor of 0.85 lagging. [3]

The excitation is held constant at the value obtained in part (i) while
the prime mover power is slowly increased. Determine the steady-state
stability limit and the corresponding values of stator current and power
factor under the maximum power transfer condition. [3]
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1) (a) For each of the signals u;, u; and u;, state whether they contain positive,
negative or zero sequence components. Describe the expected form of
transformed signals when the matrices T and T are applied.

[6]

U, cos(a)t+%)
u, =|U, cos(a)t—~23l+

IR RN

)
)

U, cos(a)t+27”+

Uy+U, cos{wt)
u, =|Uy+U, cos(a)t—zT”)
LUo +U, cos(cot-k%”)
[ U, cos(wt)
u, =| U, cos(w? +—2=)
U, cos(wt — )

=

1 _ 1

) cos(wt) sin(wt) 0O
_ |2, A i
T = 0 5 3 Ty =|—sin(wt) cos(wt) 0O
oL L 0 0o 1
V2o 2 2

ul is a positive sequence set at an angle of /4.
When transformed by T, two orthogonal components will result with the third term equal to
zero.

When transformed by Ty, the time variation is removed leaving

Up = \/gul COS(%) M]Q = \/%l/ll Sln(%) ul}/ =0

u2 is a sum of a DC zero sequence set and positive sequence set at an angle of 0.
When transformed by T, two orthogonal components will result with the third term equal to
the zero sequence component.

When transformed by Tg, the time variation is removed and because the positive sequence set
is at an angle of zero the quadrature term is equal to zero.

Urp :\/%Mz typ =0 uy, =3ug

u3 is a negative sequence set at an angle of 0.

When transformed by T, two orthogonal components with negative sequence will result and
the third term will be equal to zero.

When transformed by T, the time variation is not removed. In fact the rotation of the set is

doubled because the transform matrix rotates in the same direction as a negative sequence
set.

usp = \/_%‘Lg cos(2mt) Uzn = \/%Lg sin(2amt) up, =0
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(b) (i) Write a set of current equations to describe the circuit in figure 1 and
transform them to dqg form.
[8]

A VA
AVB
VcL
-+ 27 s O
1A ip ic
R C R C R C
Figure |

The total input current for each phase is governed by an equation such as:

| dv
i =—v, +CA 4
A dt A

IA_R

Overall we have:

. dv .
=Y, v+C i
dt
%" 0 0 c 0 0
Y,={0 )% 0| C=0 C O
0 0 Y% 0 0 C
To transform first to an ffy-frame we multiply through by T and insert T T! pairs:
g, = Ti; =TV, T~ TCT™ i
dt
dv
=Ygy T C— 4y,

where diagonal matrices are unchanged by the transform and T is time-invariant and can be

moved through derivative operators.
To transform to a dqgy-frame we multiply through by Ty and insert T Tx" pairs. Because Ty is
time varying, it must be included in the derivative operation.
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+TRCi

-1 . .
ulqy =Tl lraﬁy TRYRTR TR vaﬂy dt lL(xﬂy + TRlaﬁy
d (.. .
= YRV(/(,y + TRC'—(TR Ilquy)"' Ligy
ad
= YRvdqy + T C ( )ﬂlqy TR dt thy + ll[q}/
0 —-wC O 4
=Y Wiy T +| wC 0 0 Vi T C Evd"y + idW
0 0 0

(i) From the transformed equations find an expression for the power
associated with each component and describe the type of power concerned.
[6]

Power is found by multiplying through by the transpose of the voltage vector:

0 -wC O
d
N T T T a T .
P =Vigy lidt/}’ - qu}’YRVdW + vdq}’ wC 0 0 Vagy + vdfﬂc dt vdln’ + quyldw
0 0 0

The first term is the VZ/R term expected of a resistor.

T

v([quRvdqy

= +v +v7)

The second term is the reactive power exchanged with the capacitors and sums 10 zero.

0 -woC O
v;qy oC 0 O, =-vaCy,+v,0Cv,=0
0 0 O

The third term is the change in stored energy in the capacitors during transient operation
and will be zero in steady state.

The fourth term is the exchange of real power with the current sink.
T

vr/qy dqy

=Vl V0, TV,0
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2) (a) Describe how it is possible that a universal motor can produce useful torque
on both a DC and an AC supply. Sketch the torque against speed graph of
such a motor. Describe how the speed of a universal motor may be controlled
where the available supply system is AC.

[6]

In a universal motor the field flux is set up by the same current that flows in the armature
(because these windings are connected in series). Therefore, when the armature current
reverses, between one half-cycle and another of AC, the field also reverses and the direction
of the torque is unchanged. When connected to an AC supply the torque produced pulsates at
twice line frequency but remains in one direction.

The torque-speed curve of a universal motor is the same shape as a DC series motor.

T
i

Increasing
Voltage

The speed, for a given torque, can be increased by increasing the applied voltage. For low
power application (typical of the universal motor), the average voltage can be varied by
phase-angle control using a Triac or pair of thyristors.

RF Lr

Field Winding

ainjewy

(b) Explain why a single-phase induction machine frequently incorporates an
auxiliary winding in addition to its main winding in order to produce starting
torque. Outline the connection arrangement of such a winding in a "capacitor
start” machine.

[6)

A single winding supplied with AC produces a pulsating magnetic field, not a rotating field.
This can be viewed as the sum of two counter rotating fields. However, at standstill, these
counter rotating fields will produce no net torque on the rotor and the machine will not start.
An auxiliary winding 90° physically displaced from the main winding and supplied at a
suitable phase difference can be used to increase, say, the forward field at the expense of the
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backwards field. The ideal phase difference is 90° but a reasonable approximation can be
achieved with a large valued capacitor. If the capacitor is only needed for starting it can be
switched out with a centrifugal switch.

"Centrifugal"
Switch
7l
— —
Vs VM
Main Auxiliary

Winding Winding

(c) Figure 2 shows the equivalent circuit of the main winding of a single-phase
induction machine in which sr is the slip with respect to the forward field. The
parameters of the machine are:

supply frequency = 50Hz,

number of pole-pairs = 1,

stator resistance, RS =2 €,

stator leakage reactance, XS = 10 €2,
magnetising reactance, XM = 100 €,
referred rotor leakage reactance, XR’= 10 Q,
referred rotor resistance, RR’ =3 Q.

For a certain operating condition, it is found that the stator current is 2 A and
the speed is 2950 rev./min. Calculate the mechanical power developed in the
forward and backward rotating branches of the circuit.

(8]

ls Rs jXs
— e AN —
A |
Vs
Figure 2

The rotor branch impedances are calculated first, then the portion of current flowing in the
rotor and then the converted power.
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Forward branch:

R
Zer :[—M_,XR J=1.80+j10.00 Q

S[,
y4
Ipp =Ts—2——=0948 A
ZM +ZRF
1—
Sp
P
Ty :izﬂzo.SISNm
wr 309

Reverse branch:

g

R
ZRB:_jXM//(z R +jXR]:1.51+j10.00 Q
F

z
Tpg =15 M -182 A

ZM +ZRB

, -
Pp =1Ipp” Ry
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3) The voltage equation for a dg model of an induction machine with the rotor
leakage inductance referred to the stator side and the rotor short circuit is:

A ST G IO M AR AT

where:
Vsp Isp
) Vs . )
[V DQ]: OQ [lDQ]Z Frp
0 'ro
R¢ O 0 0
0 Rg O 0
R'po =
0 0 Ry’
0 —-wLg 0 -oM’
ol 0 oM’ 0
[G’DQ]= ’ , )
0 - Pogy,, M 0 Py, L'p
Pa)slip

(1) The rotor leakage inductance is defined as Lz = L’x - M’. Show that
this is zero under the referral given here.
[2]
M 2 M 2
Lr=— M’=—— L;p=0
Lg Ly
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(i1) Multiply the equation by the transpose of the current vector to obtain
an equation for power. Identify the term that expresses the energy converted
to mechanical form and from this show that the torque produced is equivalent
to that calculated from the un-referred model, that is,

T =P M isg i'rp=ispi’rg)
[8]
. T,
P=1tpo VDo

.y T b b ]

=1'pp" R'pg'pg
] T 9 )
+1 DO G DO l DO

dv
o T DQ
+1 DO LDQ dl—

The power involving G includes both convertion to mechanical form and reactive power. The
reactive terms will sum to zero.

—_ TG, a1
PeEm =t Do DOt DO
—WLgigy —0OM'i'pg
+@Lgign +@M’Ugp

= lisp isop UrD i’RQ]

—Pag;, M’igy — P@y;, L'g Upg

+ Py, M’igp + Py, L' Urp
=wLgl-igp isp +isg isp)

+ oM (~isp i'rg+isg kD)

+Paoy, M’(—i’RD isp ¥1'rg i’SD)

+Pay;, L'y (“ Urp Vot Ro ’RD)

= (a) - Pay,, )M ’(iSQ Urp—ispl RQ )

— P
LEM - 0= Po. )M’(iSQ I'rp—ispi'ro)
g ®
(; - a)slip )
:PM’(iSQ i’RD—iSDi’RQ)

T =

Applying the referral yields:

M .. Ly . Lg
T=PM|— |i¢l — |—igpl —
LR j{ SO RD(M j SD RQ(M jj

=PMigpirp —iSDiRQ)

(iii)  Figure 3 shows an equivalent circuit of the referred equation using flux
linkages such as Wrp =M’ (isp + i rp). Re-draw the equivalent circuit of figure
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3 for a case where orientation at Yo = 0 has been achieved and the stator is
supplied from a current source not a voltage source. Explain the significance
of orienting the model such that ¥’ = 0 in terms of the torque equation, the
equivalent circuit. and the dynamics governing the relationships between

stator current, flux and torque.
[10]

d-axis circuit )\ Pap W'ra

Vsp
Wrp
M’ /
g-axis circuit o .
Ry W sp L'y Wyip W RD Ry
Vs ’ )
Viso % M [¥'re
. | .
iso o
Figure 3

Orienting so that Wro =0

e sets to zero the rotational voltage from the rotor of the d-axis circuit

o sets to zero the current through the magnetising inductance in the g-axis circuit (i.e.
makes it open circuit)

Supplying the stator from a current source removes the need to model the stator impedance
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Isp

The d-axis is now a simple R L current divider and it and the d-axis flux has first order
dynamics. The time constant of the circuit is long since it involves the magnetising inductance
which is large.

R’ _ 1

Iyp =isp - =lsp ———
RR+SM 1+STR

The g-axis has no dynamics and the rotor current responds instantly to changes in stator
current. Thus, if the d-axis current, and hence the flux magnitude, is regulated to be constant,
the torque will respond instantly to changes in g-axis stator current.
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4) (a) Outline the steps necessary to converter a 6-coil, stationary-reference-frame
model of an induction machine into a form suitable for field orientation.

[8]
Form voltage equations: Kirchoff's law is applied to each of the six coils and the equations
assembled into a 6-element vector equation. Each coil has an induced voltage due to flux
linkage with flux produced by every other coil and itself. That is, the mutual inductance
matrix is a fully populated 6x6 matrix. Half of the terms in the mutual inductance matrix are
time-varying because of rotation of the rotor. The electrical and mechanical cycles are
related through the number of pole pairs. The mutual inductances are sinusoidal functions of

Part

= (R T b Ly i 1+ g T )

el =[R2 )

Separation of zero sequence term: apply Clark transform to create two orthogonal phases
and zero-sequence term. This also diagonalises the stator and rotor self inductance sub
matrices. No zero sequence current in a 3-wire system so model reduces to 4-element vector
equation.

1
9 2 2
=710 & -%
3_1_ _I_ 1

v 2 2

[" Sa/sy] = [Rerﬁy][iS{xﬁy ] + [LSaﬁy ]% [iSaﬁy ] + % ([mSRaﬁy][iRaﬂy D

[VR():/};/] = [RR(x,By][iRaﬁy ] + g; ([mRSaﬂy ][iSaﬁy ]) + [LRaﬁy ]% [ikaﬂy]

Removal of rotation: a Park transform can be applied to remove the time variance of the
inductance matrix and sinusoidal variations in voltage and current. The rotation of the Park
transform should be of supply frequency.

For the stator:

[VSDQ ] = [TR (a) )][RSrtﬁy][TR (a) )]-l [TR (w)] [iSaﬂy]

[T @)Ly, I )] [T (@)1l

dt
t+ [TR (a) )]% ([mSR by ] [iRaﬁy ])

= [RSDQ;/ ][iSDQy ] + [LSDQy][TR (w )]% [is(xﬁy] + [TR (w )]% ([mSRaﬁy][iRaﬂy ])

Transform and Inverse Pairs need to be inserted as for any circuit but for the mutual
inductance terms the rotations should be (supply-slip) frequency for the stator voltage

equations and slip frequency for the rotor. The stator variables are at a frequency of @ and
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rotor variables at a frequency of Pax. These pairs achieve stationary rotor currents and
non-time-varying mutual inductances between stator and rotor.

[VSDQ ] = [RSDQ}/ ][iSDQy ] + [GSDQ;/ (a) )][iSDQy ] + [LSDQy ]% [iSDQy]

+ [TR (w)]”;l_t ([mSRa,By ][TR (a) - Pw, )]_] [TR (a) -Pa, )] [iRaﬂy ])

[TR (a) )]% ([ SRaBy ][iR(xﬁy ]) = [GSRDQ (a) )] [iRDQy ] + [M SRDQ ]‘5; [iRDQy ]

(b) Figure 4 shows a form of field orientation controller.

(i) Explain the difference between a direct and an indirect controller and state
which is represented in figure 4.

[4]

There are two methods of determining the angular position of the rotor flux in order to orient
the controller model.

1. Direct orientation: determine the rotor flux vector and calculate its angle.

2. Indirect orientation: determine the rotor position and the speed with which the rotor flux
advances with respect to the rotor (the slip speed).

Although direct orientation may appear to be the natural choice, it is in fact the less
attractive alternative. It is not possible to measure the flux linked with the rotor and even
measurement of the total flux in the air-gap is difficult. Estimating the flux position is
possible but prone to errors.

The indirect method requires the slip speed to be integrated to give the slip angle. The
integration introduces an unknown constant of integration (the starting position of the flux).
The indirect method relies on the system being self-correcting. If the initial determination of
the flux position is in error then the imposed stator current is at the wrong angle with respect
to the real rotor flux. The system adjusts over time to bring the assumed flux position and the
real flux position into alignment.

The presence of the slip calculator in Figure 4 identifies this control as an indirect controller.
(it) Given the equations for the d- and g-axis rotor voltages (below), justify
the form of the slip calculator.

d-axis

d . P
OZR,R i,RD+M’ (lSDd lRD)
t
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g-axis
0=R'y i'py+P0,;,,M ’(iSD + i’RD)

(4]
From the g-axis equation, and by indroducing the d-axis flux linkage, we obtain the slip:
R’ i’ R, l"
Pa)xlip == of » - R?, == ! , =
M (lSD 1 RD) Yo

We need to work with stator side variables. There is no g-axis magnetising current because of
the orientation of the model to the d-axis flux therefore i'rp = isp
R

b *y
rlso

v

P a).\'[ ip =

This accounts for the division operation and scaling by R’g

’

AW’ wp
dt

The d-axis flux linkage can be found from the d-axis voltage equation: 0= R’ i’ +

Note that 1" jp= WRD/M" iSDf
b d b
0:R7R(V/D_l-SD\J+ l//D

M’ dt
) R’ M’
Vi ) Ko
lSD ‘-&-f-s l+TRS
M:

Thus a first order transfer function is applied to the d-axis stator current to find the d-axis
flux magnetude.

(iti) The machine is shown as current fed. Describe what extra control
elements are necessary if a voltage source inverter is to be used.

(4]
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Field Oriented Controller Induction Machine Model
(Field Oriented Form)

- P i
Ve Yoog . !
D Weo 1+s “Tp T Isp 1o Isp M’ Yrp !
i ™’ i ! g 141, T !
i A L . ™M
L . »(n —> !
L [ i !
i R !
' ! i !
! ! i !
i ! i !
. o d T b wm e mm s s ww s W N mm S B Y Mm e mm on w4 W em s omm w4t ommromm o omm o
Mechanical
System

Slip Calculator

Figure 4

Closed loop control of the stator current can be achieved in the dg-frame. Stator currents
are transformed from abc to dq using standard trasforms. The error is pplied to a PI control
which, working with stationary variables, will produce zero steay-state error. During a
transient there is coupling between the d- and g-axes. This can be removed by feed-forward
of the coupling terms calculated from the applied frequency and the stator self-inductance.

+
D > emw{ N PID + E
— \Workspaced
isref Demmt Sumi FID S+ 7 - i
ontroller2 um Viimit Mux »DQ :
sipha,beta (T )
(2 —p{alpha beta — T + Muxa angle s
iSab DQ F—wpemu PID >+
angle _ 1 DQ o alpha
- Damud Sumd D Sums8  iimitt
alphato Cantrofler3
3
angle
> S ol < e
frequency Product Feed Demux2
2 forward
15DQ VWorkspaced
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5) (a) For a three-phase 6/4-pole variable reluctance motor:

(i) Sketch the shapes of the laminations for both stator and rotor and mark
where the windings lie for each pole for a series connection.

(5]

Back Iron

Stator Tooth

(i) Determine the step angle for the motor.

(3]

IBStep = ﬂRotor - :BStator = [

=90° - 60° = 30°

360°  360°
NR NS

(iii) Mark the three phase-windings in the sketch produced for (i) with the
letters A, B and C. Sketch the shape of the current waveforms required for
phases A, B and C so that the rotor in your sketch rotates in the anti-clockwise
direction.

[4]

1.
1
1
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(iv) Draw a diagram of a circuit suitable for supplying a three-phase machine.
(3]
+V

-

TFT

T,

-

TF T

r,

}_.
Phase-A On . "

T,

L1
TFT
L
TFT
L
TFT

oV

(b) Describe the main advantages and disadvantages of a variable reluctance
motor in comparison to an induction machine. Your comments should include
(but need not be restricted to) reliability, machine manufacturing costs, total
cost of the drive and the instantaneous torque.

[5]

A variable reluctance machine has a simple, unexcited rotor. It is therefore cheap to
construct and robust. The stator has simple concentrated windings which are relatively easy
to wind and cheap to install. The drive electronics does not have a shoot through path and
has an inherent slow rise of fault current. The circuit shown above has as many low- and
high-side transistors as a 3-phase inverter but simpler, cheaper circuits (with performance
compromises) exist.
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6) (a) Justify the following statements through brief explanation.

(i) Tt is necessary to have many poles in synchronous machines driven by
hydro-turbines.

12]

The speed at which the water wheels rotate are very low (of the order few hundred rpm). In

order for the generator connected to hydro turbine to get connected to the grid of frequency

‘£ the following relation has to be satisfied | = %where ‘P’ is number of poles, N is the

speed in rpm. At low speed large number of poles are necessary to achieve a fixed grid
frequency.

(ii) The rotor of a cylindrical-pole machine is made of solid iron whereas the
stator is made of laminated steel.
[2]
The rotor is excited from a DC source. This does not induce current on rotor body. The EMF
generated on the stator winding is AC (usually of 50/60 Hz) and so the stator body is
subjected eddy currents circulation causing heating of the stator body. The lamination on
stator is to minimise eddy currents circulation and hence keeping temperature under control.
Solid rotor body also produces damping action when subjected to oscillations.

(iii) A synchronous machine develops torque only at synchronous speed.

(2]
The unidirectional torque results from the interaction of two magnetic fields having fixed
angular separation amongst them with time. MMF produced by stator current in the gap
rotates at synchronous speed. The interaction with rotor magnetic field will only result
unidirectional torque if the rotor field rotates at that speed. The rotor excitation, being DC in
nature, can only rotate with the same speed of the stator field when the rotor rotates at the
synchronous speed.

(iv) A salient-pole synchronous machine continues to produce power even
when its excitation is lost.
(2]
The expression for power developed by a salient pole synchronous machine is:
EV, . vii1 1.
Lsind +— - sin20
X, 21X X,

P=

where various symbols have their usual meaning.
The second term is free from excitation E. Hence when X ; # X g » Which is the case with

salient-pole machines, power is developed.

(b) A cylindrical-rotor synchronous machine is connected to an infinite bus of
V0 volts through a resistance of R, and synchronous reactance X,. The
excitation voltage is E£8. Develop an expression for real and reactive power
delivered by the machine.

[6]
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, P+Q

O , |
) v
E Rs iXs

Induced voltage E_ =FE/0O ,

Terminal voltage or infinite bus voltage: Vt = VIZ 0

Stator impedance: ZS =R +jX ZZSZHS

The complex power delivered to infinite bus:

S=VI’
1 = E-V, =—E—49v —5—Lzes
l ZS ZS A ZS
2
S= LY, £6, — 5—10084@
N A ZS
S=P+jQ
EV v’
P=—=*co0s@,—5)——+-cosB, watt/phase
ZS ZS
EV v?
Q= Z’sm@ —é}—ZLsmHs VAR/phase

(©) A 3-phase, 2-pole, Y-connected cylindrical-pole synchronous generator is
connected to a 50 Hz grid system. The rated apparent power of the machine is
247 MVA; the rated voltage is 15.75 kV (line-line) and the per phase
synchronous reactance is 1.0 €.

(i) Determine the excitation voltage and the power angle when the machine is
delivering rated MV A at a power factor of 0.85 lagging.

[3]
Per phase line voltage 15.75/V3= 9.093 kV

Line current can be computed from the relation
V3V, I, =247(kA) 1= 9.054 kA,
Phase angle of the current —cos™ 0.85 = -31.78 degree (1 mark)

Calculate EZ O from the expression:
EZLO =V, + jIX s
E = 15.85 kV per phase or 27.46 kV line to line, power angle & =29 degree (2 mark)

(i1) The excitation is held constant at the value obtained in part (1) while the
prime mover power is slowly increased. Determine the steady-state stability
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limit and the corresponding values of stator current and power factor under the
maximum power transfer condition?
[3]
At maximum power transfer condition 6 =90 (I mark)
Pmax = 3*15.854%9.093/1 = 432 MW

Solve for current from the expression

EZ90-V.Z0

JjXs
I=18276 KA, pf 0.86 leading. (2 marks)

I =
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