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CHAPTER

Basics of Electromechanical Energy Conversion

Introduction

The Main advantage of electric energy over other forms of energy is the relative ease and high efficiency
with which it can be transmitted over long distances. Its main use is in the form of a transmitting link for transporting
other forms of energy. e.g. mechanical, sound, light, etc. from one physical location to another. Electric energy is
seldom available naturally and is rarely directly utilized. Obviously two kinds of energy conversion devices are
needed: (1) To convert any available form of energy into electrical energy, (2) To convert electrical energy into
desired form of energy.

Electromechanical devices convert mechanical energy into electrical energy or vice-versa. One category
of electromechanical devices are transducers, which are used for converting, processing and transporting low
energy. Second category of such devices is meant for production of limited force and torque resulting into limited
motion, called force producing devices. Third category of these devices are continuous energy conversion devices
like motor or generator —which are used for bulk energy conversion and utilization.

Electromechanical energy conversion takes place via the medium of a magnetic or electric field-the
magnetic field being most suited for practical conversion devices. Because of the inertia associated with
mechanically moving members, the fields must necessarily be slowly varying, i.e. quasistatic in nature. The
conversion process is basically a reversible one though practical devices may be designed and constructed to
particularly suit one mode of conversion or the other.

1.1 Principle of Energy Conversion

When energy is converted from one form into another, the principle of conservation of energy can be
invoked. According to this principle, energy can neither be created nor destroyed, it can merely be converted
from one form into another.

In an energy conversion device, out of the total input energy, some energy is converted into the required
form, some energy is stored and the rest is dissipated. In view of this, the energy balance equation must include
these four energy terms and for a motor, it can be written as

Total electrical Mechanical . Total energy . Total energy
energy input ) ~ {energy output stored dissipated

(1)
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The principle of energy conversion is based on energy balance equation (1.1). It should be noted that
equation (1.1) is written for motor action where electrical energy input and mechanical energy output are treated
as positive terms. For generator action,

(Total mechanical energy input) = (Electrical energy output) + (Total energy stored) + (Total energy
dissipated)

The various forms of energies involved in equation (1.1) for an electromechanical energy conversion
device, are now described below :

(i) Total electrical energy input from the supply mains is W,,..

(i) The mechanical energy outputis W,_ .

(iiiy ~ Total energy stored in any device = Energy stored in magnetic field, W,,4s + Energy stored in

mechanical system, W__.

(iv)  Total energy dissipated = Energy dissipated in electric circuit as ohmic losses + Energy dissipated
as magnetic core loss (hysteresis and eddy-current losses) + Energy dissipated in mechanical
system (friction and windage losses etc.)

Thus the energy balance equation (1.1) can be written in more specific terms as

W, = W_,+ (W + W_,)+ (Ohmic energy losses
+ Coupling field energy losses) + (Energy losses in mechanical system)

The subscripts e, m, mgi, s and o stand for electrical, mechanical, magnetic input, stored and output
respectively. For example, subscripts ei denotes electrical input (energy), subscript ms denotes mechanical
stored (energy).

If the appropriate terms are grouped together, then the energy balance equation becomes,

(W,,— Ohmic energy losses) = (W,  + W__+ Mechanical energy losses)

+ (W, 4s + Coupling field energy losses) .(1.2a)
o, Welec = Wmech + Wf ...(1.2 b)

Equation (1.2) leads to the electromechanical energy conversion model of Fig. 1.1. The various losses,
i.e. I°Rlosses, coupling field losses and the friction and windage losses are irresversible, and these are therefore
dissipated as heat.

The energy stored in the mechanical system W__, is the kinetic energy % (mass) u? for a linear-motor

;
system or EJOf for a rotary-motion system. Here, uis the linear velocity in m/sec and o, is the angular velocity

in radians per second. Note that the coupling field is associated with emf e and current i on the electrical side and
torque T (or force F) and speed o, (or u) on the mechanical side.

Heat due to
2 Heat due to Heat due t
i‘rlosses  coupling field eat due 1o
losses .fI'ICtIOI’\ and
windage losses
r !
AAAA
Electrical pr = Coupling Mechanical
ectrica ;
System “i foe Field I system
{- §- T, o,
orF,u

Fig. 1.1: General representation of electromechanical energy conversion device

In equation (1.2b), W, is the net electrical energy input to the coupling field. W,__ . is the total energy

converted to mechanical form and it is equal to the sum of useful mechanical energy W, , mechanical energy
stored W, _and mechanical energy losses. W, is the total energy absorbed by the coupling field and it is equal

to the sum of both the stored field energy ngs and the coupling field energy losses.
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NOTE When energy is coupled from one circuit to another, the field through which it is
accomplished, known as coupling field. For example, capacitive coupling uses electrical
field, thus in capacitive coupling, coupling field is electric field.

It is evident from above that electrical losses (ohmic) and coupling-field losses as well as mechanical
losses (friction and windage losses), though always present, play no basic role in the energy conversion process.
For the lossless conversion system of Fig. (1.2 a), equation (1.2) can be written in differential form as

dWeIec = dWrnech + de
where, d W, = differential electrical energy input to coupling field ..(1.3)
d W, = differential change in energy stored in the coupling field.
dW_.., = differential change in total mechanical energy (output mechanical energy
+ stored mechanical energy)
+ o—l»— + o—i—
Lossless| T, o, Lossless | T, o,
e Coupling ———9 e Coupling ——=——o0
Field |OorFu Field | orFu
—0— [ — 00— Y
! - Mechanical ! - Mechanical
' Ideal conversion  tarminals ! Ideal conversion  tarminals
Electrical Region Electrical Region
terminals terminals

(a) (b)

Fig. 1.2: Representation of lossless electromechanical energy conversion device
(a) motoring mode and (b) generating mode.
From Fig. 1.1, the differential electrical energy input in time dtis
daw, = v,idt
Ohmic loss in resistance rin time dt, is i r dt.
.. Differential electrical energy input to the coupling field,

aw,, = dW,—ohmic loss
= (v,—inidt=eidt .(1.4)
Equation (1.3) now becomes,
eidt=dW_ . +dW, ..(1.5)
Energy balance equation (1.5) is obtained by applying the principle of conservation of energy to the
dy

motoring mode. This equation along with Faraday’s law of induced e.m.f. e = g forms the fundamental basis

for the analysis of energy-conversion devices.

1.2 Coupling-field reaction

Coupling field is the link between electrical and mechanical systems. In order that a moving member can
rotate, or move, with respect to stationary member, an air gap exist between the stator and rotor. These air gaps
have magnetic field set up in them, thus store energy in the form of magnetic field. This energy stored in the
coupling field must produce action and reaction on the electrical and mechanical systems for the conversion of
energy from electrical to mechanical (motoring mode) or from mechanical to electrical (generating mode).

If the output is mechanical, as in a motor, the coupling field must react with the electrical system in order
to absorb electrical energy from it. In a motor, this reaction is back emf of counter emf. If the output is electrical,
as in a generator, the coupling field must react with the mechanical system so as to absorb mechanical energy
from it. In a generator, this reaction is counter torque, opposite to the applied mechanical torque.
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1.3 Energy in Magnetic System

Consider, for example the magnetic system of an attracted armature relay of Fig. 1.3. The resistance of
the coil is shown by a series lumping outside the coil which then is regarded as an ideal loss-less coil. The coil
current causes magnetic flux to be established in the magnetic circuit. It is assumed that all the flux ¢ is confined
to the iron core and therefore links all the N turns creating the coail flux linkages of

A= No ...(1.6)
The flux linkage causes a reaction emf of
air
e = ar (1.7)

to appear at the coil terminals with polarity (as per Lenz’s law) shown in the Fig. 1.3. The associated
circuit equation is

v=iR+e
aa
= iR+— (1.8
i (1.8)
Core Flux, ¢ X |
- /4
o
JV‘V‘V‘V
. + T i Armature
S
v eq . >N
— < 1
— TP Hinge

Fig. 1.3: Attracted armaturerelay

The electric energy input into the ideal coil due to the flow of current i in time dtis
aw, = eidt
Assuming for the time being that the armature is held fixed at position x, all the input energy is stored in
the magnetic field. Thus,
aw, = ei dt=dW, ..(1.9)
Where dW, is the change in field energy in time dt. When the expression for e in equation (1.7) is
substituted in equation (1.9) we have,
aw, = idk = Fdp = dW, ..(1.10)
Where, F = Ni, the magneto motive force (mmf)
The relationship i-A or F-A is a functional one corresponding to the magnetic circuit which in general is
nonlinear (and is also history-dependent, i.e. it exhibits hysteresis). The energy absorbed by the field for finite
change in flux linkages for flux, is obtained from equation (1.10) as

Ao o2
AW, = [iMdr = [ F(o)do L(1.171)
M o
The energy absorbed by the magnetic system to establish flux ¢(or flux linkages A) from initial zero flux is
A o
w, = [id)ah = [F(o)do .(1.12)
0 0

Then this is the energy of the magnetic field with given mechanical configuration when its state corresponds
to flux ¢ (or flux linkage A)
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The i - A relationship is indeed the magnetization curve which varies with the configuration variable x
(Fig. 1.4). The air-gap between the armature and core varies with position x of the armature. The total reluctance
of the magnetic path decreases as x increases) relationship can be expressed as

A
X4
X2
X3
X1 > Xp > X3
0 i

Fig. 1.4: i-Arelationship with variable x

i =i(\x) ..(1.13)
If Ais the independent variable or as

A= A x) ..(1.14)
If i is the independent variable.
Therefore, the field energy is in general a function of two variables,
ie. W, = WX, x) ..(1.15)
or, W, = W@, x) ..(1.16)
As per equation (1.12) the field energy is the area between the A-axis and i-A curve as shown in Fig. 1.4.

A new term, co-energy is now defined as

WY (i, x) = ih— W, (A x) L(1.17)
wherein by expressing A as A(i, x), the independent variables of W/ become i and x. The co-energy of

Fig. 1.5 is shown to be complementary area of the i-A curve. It easily follows from Fig. 1.5 that
W = _[xdi
0

A-axis
W; = field energy

A
% i-A curve for fixed x

1 W = coenergy

0 i i

Fig. 1.5: Field energy and coenergy

1.3.1 Linear Case

Electromechanical energy conversion devices are built with air-gaps in the magnetic circuit which separate
the stationary and moving members. As a result, the i - A relationship of the magnetic circuit is almost linear.
Assuming linearity, it follows

1. 1 1a..0
= — :—F = -
W, = Sit=5Fo=2%0 .(1.18)
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where, as it is known, R = F/¢ = reluctance of the magnetic circuit. Since the coil inductance,

L = & hence the field energy can be expressed as,
l
122
W, = —— ..(1.19
2L (119)

In the linear case the inductance L is independent of i but is a function of configuration x. Thus the field
energy is a special function of two independent variables A and x, i.e.
S
21(x)

The field energy is distributed throughout the space occupied by the field. Assuming no losses and
constant permeability, the energy density of the field is

W, x) = ..(1.20)

B
1 18?2 | 3
= |HdB=-HB=—-—J/m (1
0z gd 5 qu/ (1.21)
Where, H = magnetic field intensity (AT/m)
B = magnetic flux density (T)

The energy density expression of equation (1.21) is important from the point of view of design wherein
the capability of the material is to be fully utilized in arriving at the gross dimensions of the device.
For the linear case it easily follows from equation (1.21) that coenergy is numerically equal to energy, i.e.

, 1, 1 1_.5
W, = Wf=§7u=§F¢=§PF ..(1.22)
where, P = o/F = permeance of the magnetic circuit
Also in terms of the coil inductance,
W = j(x:u)di:lu2 ..(1.23)
0 2
oringeneral, W/ (ix) = %L(x)i2 ..(1.24)
The expression for coenergy density is,
H
W, = [BaH ..(1.25)
0
which for the linear case becomes,
2
W = lMHZ‘ _1B5 Jm? ...(1.26)
2 2 U
A solenoid of height h and radius r has N turns. For a solenoid current i,

calculate
(a) the energy stored inside the solenoid.
(b) the radial magnetic force tending to burst out the solenoid.
(c) the radial pressure on the sides of solenoid.
(d) the solenoid inductance.
Assume no flux outside the solenoid.



NEXT IAS Basics of Electromechanical Energy Conversion 7

BIG LEARNINGS MADE EASY

Solution:
(a) Forthe direction of current i shown in figure, the magnetic field inside the solenoid is directed axially
upward.
. Magnetic field intensity inside the solenoid, . /4%
. 1
- %AT/m T Bl T
M
iN b_/
Flux density, B = poH = o=~ Wb/m?2. = .
Field energy density inside the solenoid, Nrtums
187 1 (iNY o i |
Wﬂd:2u0—2uo h e

Field energy stored inside the solenoid,
W,y = w,yx volume of solenoid

1 N 2 1 AND
EHO(%) anthEMO (l/;/) xmr? J

(b) Radial magnetic force,

¢ OWglin) 1 g (iN)?

e
ar 2
(c) Radial pressure on the sides of solenoid

A\ 2
X T(2r) = Y, %nr(Newton)

f

— e
Surface area of solenoid

(iNY? 11 (ﬂvf >

= LIS EAS BN
Ho™p x5 = pHo( Ty ) /M
P AR 0

(d) Solenoid inductance, L= %:L '“f(;'“r H

1.4 Field Energy and Mechanical Force

Consider once again the attracted armature relay excited by an electric source as in Fig. 1.6. The field
produces a mechanical force F;in the direction indicated which drives the mechanical system (which may be
composed of passive and active mechanical elements). The mechanical work done by the field when the armature
moves a distance dx in positive direction is

aw,, = F, dx
X
Fe Mechanical
R i system
—AAAA
yvvy
+
» 14|
Electric e P N Armature
source \ l D
- b
o

Fig. 1.6: Production of mechanical force

This energy is drawn from the field by virtue of change dx in field configuration. As per the principle of
energy conservation.
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Mechanical energy output = electrical energy input — increase in field energy

or in symbolic form F,ax = idk - dW, ..(1.27)
It may be seen that F,dx is the gross mechanical output, a part of which will be lost in mechanical friction.
From equation (1.17),

W, = ik -W/ (i,x) ...(1.28)
Then, aw, = d(ir)—dW(i,x)
= jdA+Adi— oW, -di+an dx ..(1.29)
di ox

Substituting for dW, from equation 1.29 in equation 1.27, we have

Fedx = idl —|id\ + Adi - an di+%dx ..(1.30)
di ox
or Fav = [ |gie 2% gy (1.31)
di ox

Because the incremental changes di are not present on the left-hand side of equation (1.31), di’s
coefficients should be zero on the left side i.e.,

oWy
2% % =0
di
A= Wy ..(1.32)
di

It then follows from equation 1.31,

A (133)

ox

The expression for mechanical force developed above applies when i is an independent variable, i.e. it
is a current excited system.
If (A, x) are taken as independent variables,

W, = W(A, x)
oW, oW,
aw, = =1 i & ..(1.34
f I al + I dx ( )
Substituting equations 1.34 in equation 1.27
. oW, oW,
Fiax = id\ 7 ai . dx
oW, . oW
or Feax = —yd)w(z—ﬁ)dk ...(1.35)
Since dA, the independent differential, is not present on the left hand side of this equation,
W,
AL/ S
)
or i = W ..(1.36)
oA
Hence, Fe = —M .(1.37)

ox
In this form of expression for the mechanical force of field origin, A is the independent variable, i.eitis a
voltage-controlled system as voltage is derivative of A.
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The electromagnetic torque T, can be obtained as,

Fo_ _OW(8) _ aW(9.6) ..(1.38)

e 20 0

1.4.1 Determination of Mechanical Force

Nonlinear Case

It was seen above that the mechanical force is given by the partial derivatives of coenergy or energy as
per equations 1.33 and equation 1.37. In the general nonlinear case, the derivative must be determined numerically
or graphically by assuming a small increment Ax. Thus,

AW/
Fo= —L ..(1.392)
Ax i=constant
AW,
or Fi= ——— ...(1.39Db)
Ax A=constant

These two expressions will give slightly different numerical values of F,because of finite Ax. Obviously F;
is the same in each case as Ax — 0. Calculation of £, by equation is illustrated.

Linear Case
From equation (1.24),

W (i,x) = > L(x)i

Fo= W 1,0 .(1.40)
ox 2 ox
From equation, it is obvious that the force acts in a direction to increase the inductance of the exciting
coil, a statement already made.

Alternatively, from equation (1.20),

2
W, x) = %%
F. = WA A L) (1.41)
f ox 2| L(x) ] ox T

It may be seen that equation 1.41 and equation 1.40 are equivalent as i = A/L.

Also from equation 1.18,  W,(f, x) %St(x)qf

F - _%:_lq)g OR(x)

ox 2 ox
It must be remembered here that there is no difference between A as independent variable or ¢ as
independent variable as these are related by a constant (A = No). It follows from equation that the force acts in a
direction to reduce reluctance of the magnetic system, a statement that has been made already. Another expression

for F,can be derived as below:

..(1.42)

From equation (1.18), Wi (A, x) %M (x)

oW, 1 Mi(x)
Fo= 2L ..(1.43
f ox 2 ox ( )
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Example-1.2 The electromagnetic relay of figure below is excited from a voltage source

V= 2Vsinot
Assuming the reluctance of the iron path of the magnetic circuit to be constant, find the expression
for the average force on the armature, when the armature is held fixed at distance x.

Solution:
Reluctance of the iron path = a(say)
1 kA Armature
Reluctance of air gap, R= — WW
uA y
5 %
Thus, Reluctance of the air path = —2 = bx -
0
Total reluctance of the magnetic path, L |
R=a+ bx o
W0,%) = SR (Note that = o)
BW(d),x) 1 2 R 1 2
! ox 2 ¢ ox 2 0
1 50N 1,5 .
2% % T 2™ M

Notice that, %—ER = b is positive, so that F,is negative, i.e. it acts in a direction to reduce x (which means
X

in a direction to reduce reluctance R).
Now i and v are related by the circuit equation,

di
= iR+L—
V=1 pm
whose steady-state solution is,
7 = _v Z—tan 2L
R* +o’l?
Then, i= Lsin ot —tan~' 2L
VR? + o?L? il
2.
LoV A=l No=Lim o Ny
R R R
Ni
Then, = —
¢ R
N . L oN?
= sin| ot —tan
JRR? + (N2w)? A%
Substituting ¢ in equation (i),
= _stir@ ol — ’[an_1N_2(D
T (RR)P + (NP A%
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Fla —_[Ffdt 7_@ { jsm (wt tan‘1N29?] d(t) = %

1 bV
2 (RR) + (NPw)?

For the magnetic circuit of figure below, length of iron path = 120 cms.,
g = 0.5 cm, area of cross-section of iron =5 x 5 cm?, p, = 1500, 7 = 2 A, N = 1000 turns.

Iron core

£
N

[JJ1]

Calculate and compare the field-energy stored and field-energy density in iron as well as in
airgap. Neglect fringing and leakage flux.

Solution:
Total reluctance = Length of iron path N Gap length
Uolt, X Area Lo X Area
_ 120x 1072 . 0.5x107°
4 x107" x1500x 25 x 107 4nx 107" x25x107*
9
_ 107 1120 051 1.8462 x 108 A/Wb
A x 251500 1
Flux, o= NL__1000x2 s 4 0833 mwb

R 1.8462x10°

Field energy stored iniron = %q)z x reluctance offered by iron path
-2
= 1110833 %10 x 12010 - =0.14942
2 4t x 107" x1500 x 25 x 10™
Field energy stored in Air gap = %¢2 Rairgap)
-2
= l(1 .0833x1072)? x 0'5;(10 - =0.93387 J
2 4x107" x25%10~
Entry density in iron core = Energy Stored. niron _ 0.14942 =49.81Jm>
Volume of iron 120x 10 x25x 107
Energy density of air gap = Energy stored in air gap _ 0.93387 =74709.6 J/m°

Volume of airgap  0.5x102x25x 107
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Energy storedinairgap ~ 0.93387

Energy stored iniron ~ 0.14942

Energy density in air gap _ 74709.6 _ 1499.98 = 1500

Energy density in iron 49.807
This example demonstrates that most of the field energy is stored in the air gap.

6.25

Multiple-Excited Magnetic Field Systems

Electromechanical transducers have the special requirement of producing an electrical signal proportional

to forces or velocities or producing force proportional to electrical signal (current or voltage). Such transducers
require two excitations - one excitation establishes a magnetic field of specified strength while the other excitation
produces the desired signal (electrical or mechanical).

Fig. 1.7 shows a magnetic field system with two electrical excitation - one on stator and the other on rotor.

The system can be described in either of the two sets of three independent variables; (A, A,, 8) or (i, i,, 8).

In terms of the first set,

Wi (A, 1,,6)
Ty = 26

H 6/
Stator /
..(1.44) . —L_j‘\

M Ao Z
Wiy 2, 8) = [ighy+ [ ipdh, ..(1.45)
0 0

91,92

where the field energy is given by,

TTT]

Analogous to equation 1.36,

L W(hh,.0)
11 = — =
oA, Ap.0
i = oW (Aq,5,0)
A, A0
Assuming linearity,
Moo= Lyig+ Ly, ..(1.46 a)
A o= Lyjig+ Lyyiy;  (Lyy=Lyy) ...(1.46b)
Solving for i, and i, in terms of A,, A, and substituting in equation 1.45 gives upon integration®
1 1
Wi(Ay,Ay,0) = 55117‘12 + By + 5[3227% ..(1.47)
where, By = %
(Lyilop = L52)
L
B, = — 1
ik - L)
-L
B12 = B21 = 12

2
(Lyilop = I5)
The self and mutual - inductance of the two exciting coils are functions of angle 6.
If currents are used to describe the system state
AW (i1,1,,0)

= (1.4
f 0 (1.48)

inip
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Where the coenergy is given by

11 i2
WY Giniz ) = [y + [ 2p0i ..(1.49a)
0 0
In the linear case,
W, (iy,ir,0) = %L11i12+L12i1i2+%L22i22 ..(1.49b)

Where inductances are function of angle 6.

Two coupled coils have self and mutual-inductance of
1
2x
over a certain range of linear displacement x. The first coil is excited by a constant current of
20 A and the second by a constant current of —10 A. Find:
(a) Mechanical work done if x changes from 0.5 to 1 m.
(b) Energy supplied by each electrical source in part (a).
(c) Change in field energy in part (a).
Hence verify that the energy supplied by the sources is equal to the increase in the field energy
plus the mechanical work done.

y
L,=2+—; Lo=1+—; L, =L
11 5y 22 2 12 21 =

Solution:
Since it is the case of current excitations, the expressmn of co-energy will be used.
Here, i, =20A, =-10A
Wity ip,x) = —L1 it + Ligiyip JF—L221'22
2 2
= 2+i)><200+l><(—200)+(1+i x50 = 450+§
2x 2x 2x x
oW/ 25
a F=—=-=—"
( ) f ax x2
1 1 25
AW, = [Fax=[-S5adr =25
05 ¥
A(x=1)
(b) AW, = | idky=ih(x=1)=Ay(x=05)]
A(x=0.5)
M= Lygiy + Ligi,
_ (2+i)x20+i><(—10) _ 4042
2x 2x x
A(x=05)=50A, (x=1)=45
AW, = 20(45 -50) = -100 J
Similarly, AW, = i[A(x=1)— A, (x = 0.5)]

= Lyl + Lopiy
A, = i><20+(1+i)><(—10)= ~104+2
2x 2x X
A(x=0.5) = 0, A(x = 1) = -5
AW, = ~10(-5) = 50 J
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Net electrical energy input,
AW, = AW, + AW,
=-100 + 50 =-50J
(c) For calculating the change in the field energy, B’s have to be obtained.

L 2
Bii = %? D= Ly - 15

2x +1
4x +3
4x +1
© 4x+3
1
T 4x+3

! l322

Similarly,

=
)
N

|

y
Bio="%

]
Bio = 7

N o w

Atx = 0.5; B, =

(€]

At x =1 Bii= 7By =

The values of A have already been calculated atx = 0.5, 1 m
As per equation, the field energy is given by

1 1
W= 28,03 +Biho + 1ahd

The field energy atx = 0.5 m and x = 1 m is then calculated as
1.2

W, (x =0.5) = E><§><(50)2 =500 J {* A, (x=0) =0}
W(x=1) = %x%x(45)2—;x45><(—5)+%><§><(—5)2 =475
Hence, AW, = Wi (x =1) - W, (x = 0.5)

= 475-500=-25J
AW, + AW _ = -25 - 25 = -50 = AW, (verified)
Note: In the linear case with constant current excitation

AW, = AW/
AW, can be easily calculated from part (a) without the need of calculating B’s. Thus
W/, = 450 + 25

f X
AW/ = W/(x = 1) - W/(x = 0.5)
= 475-500 = 25 J
So, AW, = 25

A doubly-excited magnetic field system has coil self and mutual inductance of
Liy=Ly=2
Li,=L, =cos®6
where 0 is the angle between the axes of the coils.
(a) The coils are connected in parallel to a voltage source v = V,_ sin ot. Derive an expression
for the instantaneous torque as a function of the angular position 6. Find therefrom the
time-average torque. Evaluate for 8 = 30°, v = 100 sin 314t.
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(b) If coil 2 is shorted while coil 1 carries a current of i, = I sin ot, derive expression for the
instantaneous and time-average torques. Compute the value of the time-average torque
when 0 = 45° and i, = V2sin314t.

(c) In part (b) if the rotor is allowed to move, at what value of angle will it come to rest?

Solution:

oW, (iy,i,,0)
a T = f A2
(a) f o
1(aL,). aL,).. 1[0l ).
R ) O
Substituting the value of inductances,
T, = ~(sin 8)i,i, . &
Using KVL in given circuit,
1%
G e B
V_sinot= 2=+ (cosB)—=
mSinof = 27 +(cosb) 5,
vV, sin ot = (cose)% + 2%
at at
di di V., sinot
Solving these we get, —F = —2 = M=
ving wed dt dt  (2+cose)
Integrating, i = i _ “Ymcosal
o(2 +Ccos0)
2 2
Substituting in T,, r= - YmCOSTOl g,
o (2 + cos0)
2 .
T(av) = — Vmsm92 ,
2(2 + cos0)
Given: 6 = 30°,
v = 100 sin314t
2 i o
T(av) = ~(190) S;”SO 5 =-3.087 x 10 Nm
2(2 +c0s30°)° x(314)
(b) From circuit equations, 0= (COSG)%+ 2%
at at
di, 1 di
—= = ——(cos@)—t
o gt = 2080
. 1 .
or i, = —E(cose)z1
Given, i, =1_sinot
i, = —%Im(cose)sinmt

Substituting in T, T, = (s,ine)x%I,ﬁ(cose)sin2 ot = %I,i(sine)(cose)sin2 ot
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