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1.Alternator    2.  Power transformer 3.Transmission lines  

4. Substation transformer     5.Distribution transformer   6.Loads
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Power systems and network
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Electrical power transmission
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- AC of 50 Hz produced by generator
- Resistance losses are smallest at high voltages and low currents
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FEATURES OF GENEARATION- SOURCES OF ENERGY, NEEDS AND 
ELECTRICAL 

Sources : Wood, charcoal, solar, hydropower, nuclear etc… 
Here in zambia, electrical power system is mainly based on hydroelectric 

power (i.e., from water )
� The power associated is: 

where ρ: water density=  103kg/m3;
g = 9.81m/s2  ;

Q: water flow rate [m3/s],  and
H: height [m] .

Needs/Utilisation: Heating, mechanical power, communication,lights,
Electrical network components: Electricity supply systems have to deliver 

p = ρ g Q H
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Electrical network components: Electricity supply systems have to deliver 
power to many types of load.

� The greater the power supplied, for a given voltage, the greater the 
current.



GENERATION OF THREE PHASE E.M.F

Fig.1: Generation of three-phase
e.m.f.s 

Fig.2: Loop RR1 at instant of 

maximum e.m.f. 
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In Fig. 4-3.1, RR1, YY1 and BB1 represent three similar loops fixed to one 
another at angles of 1200, each loop terminating in a pair of slip-rings carried 
on the shaft in Fig.4-3.2. 
We shall refer to the slip-rings connected to sides R, Y and B as the 

‘finishes’ of the respective phases and those connected to R1, Y1 and B1 as 
the ‘starts’.

e.m.f.s maximum e.m.f. 



The letters R, Y and B are abbreviations of ‘red’, ‘yellow’ and ‘blue’, namely 
the colors used to identify the three phases. 
Also, ‘red-yellow-blue’ is the sequence that is universally adopted to denote 

that the e.m.f. in the yellow phase lags that in the red phase by a third of a 
cycle (1200), and the e.m.f. in the blue phase lags that in the yellow phase by 
another third of a cycle. 
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Fig1: Generation of three-phase
e.m.f.s 

Fig.3: Waveforms of three phase e.m.f.s 

Hence the e.m.f.s generated in loops RR1, YY1 and BB1 are represented by 
the three equally spaced curves of Fig. 3, the e.m.f.s being assumed positive 
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the three equally spaced curves of Fig. 3, the e.m.f.s being assumed positive 
when their directions round the loops are from ‘start’ to ‘finish’ of their 
respective loops. 
If the instantaneous value of the e.m.f. generated in phase RR1 is 

represented by 

R mR mR mR m
e = E s i ne = E s i ne = E s i ne = E s i n θθθθ

then instantaneous e.m.f. in YY1 is 

and instantaneous e.m.f. in BB1 is 

( )
0000

Y mY mY mY m
e = E s i ne = E s i ne = E s i ne = E s i n θ - 1 2 0θ - 1 2 0θ - 1 2 0θ - 1 2 0

( )
0000

B mB mB mB m
e = E s i ne = E s i ne = E s i ne = E s i n θ - 2 4 0θ - 2 4 0θ - 2 4 0θ - 2 4 0



SINGLE LINE DIAGRAM

It is a diagrammatic representation of a power system in which the 

components are represented by their symbols.  
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MODELLING OF GENERATOR AND SYNCHRONOUS MOTOR
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1Φ equivalent circuit of generator 1Φ equivalent circuit of synchronous motor



MODELLING OF TRANSMISSION LINE
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Π type
T type



MODELLING OF TRANSFORMER
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MODELLING OF INDUCTION MOTOR
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=Resistance representing load

=Equivalent resistance referred to 
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=Equivalent reactance referred to stator



Transmission Line Representation

Short Line Model

� < 80 km in length

� Shunt effects are neglected.

Medium Line Model

� Range from 80–240  km in length

� Shunt capacitances are lumped at a few predetermined points along the 
line.

© SICHGROUP ENERGY

© SICHGROUP ENERGY

line.

Long Line Model

� >240 km in length.

� Uniformly distributed parameters.

� Shunt branch consists of both capacitance and conductance.



Short Line
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Medium Line – Nominal π Circuit
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�Shunt capacitor is considered.
�½ of shunt capacitor considered 
to be lumped at each end of the 
line – π circuit

( )

length line

kmper  econductanc line

kmper  ecapacitanc neutral  toline

:where

=
=
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Total shunt admittance, Y



Medium Line Model
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Using KCL and KVL, the sending–end voltage is: 
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Using KCL to obtain equation for sending–end current:
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Complex Power 

� Sending end power

� Receiving end power
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� Receiving end power
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Transmission Line Efficiency

Total Full–Load Line Losses

Transmission Line Efficiency

( ) ( ) ( )φφφ 333 RSL SSS −=
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Transmission Line Efficiency

� Note that only Real Power are taken into account!
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Example

A 220-kV, three-phase transmission line is 40 km long. The resistance per 
phase is 0.15 Ω/km and the inductance per phase is 1.5915 mH/km. The 
shunt capacitance is negligible. 

Use the  line model to find the voltage and power at the sending end and 
efficiency when the line is supplying a three-phase load of

a) 381 MVA at 0.8 pf lagging at 220 kV
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Solution

Given

R = 0.15 Ω/km , L = 1.5915 mH/km

S =381 MVA with pf 0.8 lag

VR(line)=220 kV
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DELTA CONNECTION OF THREE-PHASE WINDINGS.
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Fig.4-4.1: Three-phase windings

with six lines conductors

The three phases can, for convenience, be represented as in Fig. 4-4.4 

where the phases are shown isolated from one another; L1, L2, and L3

represent loads connected across the respective phases. 

Fig.4-4.2: Resultant  e.m.f.  in a delta-

connected winding



Fig.4-4.3 Fig.4-4.4

© SICHGROUP ENERGY

© SICHGROUP ENERGY

Since the e.m.f.s are assumed acting from ‘start’ to ‘finish’, they can be 

represented by the arrows eR, eY and eB in Fig. 4-4.3. 

This arrangement being cumbersome and expensive, let us consider how it 

may be simplified.

� For instance, let us join R1 and Y together as in Fig. 4-4.4, thereby enabling 

conductors 2 and 3 of Fig. 4-4.4 to be replaced by a single conductor. 

� Similarly, let us join Y1 and B together so that conductors 4 and 5 may be 

replaced by another single conductor. 



Fig.4-4.3

Fig.4-4.4
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�If we join ‘start’ B1 to ‘finish’ R, there will be three e.m.f.s chasing each 

other around the loop and these would produce a circulating current in 

that loop.

� However, we can next show that the resultant e.m.f. between these two 

points is zero and that there is therefore no circulating current when 

these points are connected together. 

� Instantaneous value of total e.m.f. acting from B1 to R is:
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Fig.4-4.5

� Since this condition holds for every instant, it follows that R and B1 can be 

joined together, as in Fig.4-4.5, without any circulating current being set up 

around the circuit. 

Fig.4-4.6: Conventional representation of a delta or mesh-connected winding.
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Fig.4-4.5 Fig.4-4.6

By visual inspection,  the algebraic sum of the e.m.f.s round the closed 

circuit formed by the three windings is zero at any instant.

It should be noted that the directions of the arrows in Fig. 4-4.6 represent 

the directions of the e.m.f. at a particular instant, whereas arrows placed 

alongside symbole, as in Fig.4-4.5, represent the positive directions of the 

e.m.f.s. 



STAR  CONNECTION OF THREE-PHASE WINDINGS.
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Fig.4-5.1: Star connection of three-phase winding Fig.4-5.2: Four-wire star-connected system

Let us go back to Fig. 4-3.4 and join together the three ‘starts’, R1, Y1 and B1

at N, as in Fig. 4-5.1, so that the three conductors 2, 4 and 6 of Fig.4-4.3 can be

replaced by the single conductor NM of Fig.4-5.1.

Since the generated e.m.f. has been assumed positive when acting from 

‘start’ to ‘finish, the current in each phase must also be regarded as positive 

when flowing in that direction, as represented by the arrows in Fig. 4-5.1. 



Fig.4-5.1
Fig.4-5.2

If iR, iY and iB are the instantaneous values of the currents in the three phases, 

the instantaneous value of the current in the common wire MN is (iR + iY + iB),
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the instantaneous value of the current in the common wire MN is (iR + iY + iB),

having its positive direction from M to N.

This arrangement is referred to as a four-wire star-connected system and is 

more conveniently represented as in Fig.4-5.2, and junction N is referred to as the 

star or neutral point. 

Three-phase motors arc connected to the line conductors R, Y and B, whereas 

lamps, heaters, etc. are usually connected between the line and neutral 

conductors, as indicated by L1, L2 and L3, total load being distributed as equally as 

possible between the three lines.



If these three loads are exactly alike, the phase currents have the same 

peak value, ‘m and differ in phase by 1200.

Hence if the instantaneous value of the current in load L1 is 

represented by: 
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Hence instantaneous value of the resultant current in neutral 

conductor MN is: 



Fig.4-5.3:Three-wire star- connected system 

with balanced load 
Fig.4-5.4: Waveforms of current in a balanced 

3-φ system

i.e. with a balanced load the resultant current in the neutral conductor is zero at 

every instant; hence this conductor can be dispensed with, thereby giving us the 
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When we are considering the distribution of current in a three-wire, three-

phase system it is helpful to bear in mind: 

�That arrows such as those of Fig.4-5.1, placed alongside symbols,

indicate the direction of the current when it is assumed to be positive and 

not the direction at a particular instant. 

�That the current flowing outwards in one or two conductors is equal to 

that flowing back in the remaining conductor or conductors ( see Fig.4-5.4) 

every instant; hence this conductor can be dispensed with, thereby giving us the 

three-wire star-connected system shown in Fig.4-5.3



Fig.4-6.2:

Phasor diagram

Let us again assume the e.m.f. in each phase to be positive when acting from 

VOLATGES AND CURRENTS IN STAR  CONNECTED SYSTEM.

Fig.4-6.1: Star-connected generator 

© SICHGROUP ENERGY

© SICHGROUP ENERGY

Let us again assume the e.m.f. in each phase to be positive when acting from 

the neutral point outwards, so that the r.m.s. values of the e.m.f.s generated in 

the three phases can be represented by ENR, ENY and ENB in Figs.4-6.1 and 4-6.2. 

When the relationships between line and phase quantities are being derived 

for either the star- or the delta—connected system, it is essential to relate the 

phasor diagram to a circuit diagram and to indicate on each phase the direction 

in which the voltage or current is assumed to be positive. A phasor diagram by 

itself is meaningless. 



Here ERNB is obtained by subtracting ENR from ENB, and EBNY is obtained by 

subtracting ENB from ENY, as shown in Fig.4-6.2. 

Fig.4-6.2

Fig.4-6.1.
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subtracting ENB from ENY, as shown in Fig.4-6.2. 

From the symmetry of this diagram it is evident that the line voltages are equal 

and are spaced 1200 apart.

Further, since the sides of all the parallelograms are of equal length, the 

diagonals bisect one another at right angles. Also, they bisect the angles of their 

respective parallelograms; and, since the angle between ENR and EYN is 60°



From Fig.4-6.1 it is obvious that in a star-connected system the current in a 

Fig.4-6.1.

Fig.4-6.2
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From Fig.4-6.1 it is obvious that in a star-connected system the current in a 

line conductor is the same as that in the phase to which that line conductor is 

connected.



and if IL and Ip are line and phase currents respectively, then for a star-

connected system 

L p p
V = 3 V = 1 . 7 3 V

L P
I =   I

In practice, it is the voltage between two line conductors or between a 

line conductor and the neutral point that is measured. 

Owing to the internal impedance drop in the windings, this p.d. is 

different from the corresponding e.m.f. generated in the winding, except 

when the generator is on open circuit; hence, in general, it is preferable to 
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when the generator is on open circuit; hence, in general, it is preferable to 

work with the potential difference, V, rather than with the e.m.f., E.

The voltage given for a three-phase system is always the line voltage

unless it is stated otherwise. 



VOLATGES AND CURRENTS IN DELTA COONECTED SYSTEM.
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Fig.4-7.1: Delta-connected system with balanced load

In Fig. 4-7.1, the load is assumed to be balanced, hence these currents 

are equal in magnitude and differ in phase by 120°, as shown in Fig.4-7.2.

From Fig.4-7.1 it will he seen that I1 , when positive, flows away from line 

conductor R, whereas I3, when positive, flows towards it. 
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Consequently, IR is obtained by subtracting I3 from I1 , as in Fig.4-15. 

Similarly, IY is the phasor difference of I2 and I1, and IB is the phasor 

difference of I3 and I2.

From Fig.4-15, it is evident that the line currents are equal in magnitude and 

differ in phase by 120°.



Also  

i.e. L p PL p PL p PL p P
I = 3 I = 1 . 7 3 II = 3 I = 1 . 7 3 II = 3 I = 1 . 7 3 II = 3 I = 1 . 7 3 I

Fig.4-7.1
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Fig.4-7.2

From Fig.4.1.4 it can be seen that in a delta-connected 

system, the line and the phase voltages are the same, i.e. 

L pL pL pL p
V = VV = VV = VV = V



If Ip is the r.m.s. value of the current in each phase and V the r.m.s. value of 

the p.d. across each phase,

p Pp Pp Pp P
P = 3 I V c o sP = 3 I V c o sP = 3 I V c o sP = 3 I V c o s φφφφ

POWER IN A THREE-PHASE SYSTEM WITH A BALANCED LOAD.
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Substituting for Ip and Vp, we get 



POWER IN A 3-φ SYSTEM WITH A BALANCED LOAD-Cntd.
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L LL LL LL L
P = 3  I V c o sP = 3  I V c o sP = 3  I V c o sP = 3  I V c o s φφφφ



MEASUREMENT OF ACTIVE POWER IN A THREE-PHASE  THREE WIRES SYSTEM.

STAR-CONNECTED BALANCED LOAD,WITH NEUTRAL POINT ACCESSIBLE

© SICHGROUP ENERGY

© SICHGROUP ENERGY

Fig.4-9.1:Measurement of active power in a star-connected balanced load

If a wattmeter W is connectcd with its current coil in one line and the voltage 

circuit between that line and the neutral point, as shown

in Fig.4-9.1, the reading on the wattmeter gives the power per phase: 



Fig.4-9.2: Measurement of power by two 

Suppose the three loads L1, L2 and L3 are 

connected in star, as in Fig.4-9.2.

The current coils of the two wattmeters 

are connected in any two lines, say the ‘red’

and ‘blue’ lines, and the voltage circuits are 

connected between these lines and the 

third line.

Suppose vRN, vYN and vBN are the 

instantancous values of the p.d.s across

4.9.2 BALANCED OR UNBALANCED LOAD, STAR-OR DELTA-CONNECTED,

THE TWO-WATTMETER METHOD.
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Fig.4-9.2: Measurement of power by two 

wattmeters

instantancous values of the p.d.s across

Also, suppose, IR, IY and IB are the corresponding instantaneous values of the 

line (and phase) currents. 

Therefore instantancous power in load L1 = iRvRN, instantaneous power in 

load in L2 = iYvYN, and instantancous power in load L3 = iBvBN. 

the loads, these p.d.s being assumed positive when the respective line 

conductors are positive in relation to the neutral point.



Fig.4-9.2

Therefore, total instantaneous power is  

power = iRvRN + iYvYN + iBvBN

From Fig.4-9.2 it is seen that 

instantaneous current through current coil 

of W1 is iR and instantaneous p.d. across 

voltage circuit of W1 is: vRN – vYN. Therefore,

instantaneous power measured by W1is:        

W1 = iR(vRN – vYN)
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Similarly, instantaneous current through current coil of W2 is iB and 

instantaneous p.d. across voltage circuit of W2 is: vBN-vYN.

Note that this pd. is not vYN - vBN. This is due to the fact that a wattmeter reads 

positively when the currents  in the current and voltage coils are both flowing 

from the junction of these coils or both towards that junction; and since the 

positive direction of the current in the current coil of W2 has already been taken 

as that of the arrowhead alongside iB in Fig. 4-9.2 it follows that the current in 

the voltage circuit of W2 is positive when flowing from the ‘blue’ to the ‘yellow’ 

line. 



Fig.4-9.2

The instantaneous measured by 

W2 = iB(vBN – vYN)

Hence the sum of the instantaneous 

powers of W1 and W2 is
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Fig.4-9.2

From KCL’s law, the algebraic sum of the instantancous currents at N is zero, 

i.e. 

so that sum of instantancous powers measured bv W1 and W2 is



Fig.4-9.3: Measurement of active power and 

POWER FACTOR MEASUREMENT BY MEANS OF  THE TWO-WATTMETERS
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Fig.4-9.3: Measurement of active power and 

power factor by two wattmeters 

Suppose L in Fig.4-9.3 to represent three similar loads connected in star, and 

suppose VRN and VBN to be the r.m.s. values of the phase voltages and 

IR, IY and IB be the r.m.s. values of the currents. 

Since these voltages and currents are assumed sinusoidal, they can be

represented by phasors, as in Fig. 4-9.3, the currents being assumed to lag the 

corresponding phase voltages by an angle Φ.

Fig.4-9.4: Phasor diagram 



Fig.4-9.2
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Fig.4-9.2

Current through current coil of W1 is IR. Potential difference across voltage 

circuit of W1 is

Fig.4-9.3
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Fig.4-9.3.



This is an alternative method of proving that the sum of the two wattmeter 

readings gives the total active power, but it should be noted that this proof 

assurred a balanced load and sinusoidal voltages and currents.

By division of P1/P2, gives: 

© SICHGROUP ENERGY

© SICHGROUP ENERGY



Fig.4-9.4: Reationship between 
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A more convenient method is to draw a 

graph of the power factor for various ratios 

of P1/P2 and in order that  these ratios may 

lie between +1 and -1,  it is always the 

practice to take P1 as the smaller of the two 

readings. 

Fig.4-9.4: Reationship between 

power factor and ratio of 

wattmeter readings 

By adopting this practice, it is possible to derive reasonably accurate values 

of the power factor from the graph. 



When the power factor of the load is 0.5 lagging, Φ is 60; and the reading on 

W1 = ILVLcos 90° = 0. 

When the power factor is less than 0.5 lagging, Φ is greater than 60° and (300

+Φ ) is therefore greater than 90°. Hence the reading on W1 is negative. 

To measure this active power it is necessary to reverse the connections to 

either the currcnt or the voltage coil, but the reading thus obtaincd must be

taken as negative when the total active power and the ratio of the wattmeter

readings are being calculated.
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readings are being calculated.

An alternative method of deriving the power factor is as follows: 



ASSIGNMENT ON POWER MEASUREMENT

Explain in details the three  wattmeter  power measurement  method,

Its advantage and disadivantages.

© SICHGROUP ENERGY



ELECTROMECHANICAL ENERGY

CONVERSION 
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1.   it can be transmitted easily for long distance, at high

efficiency and reasonable cost.

Electrical energy is the most popular form of energy, 
because:

2.   It can be converted easily to other forms of energy such as2.   It can be converted easily to other forms of energy such as

sound, light, heat or mechanical energy.

© SICHGROUP ENERGY



Hidro power station, kariba

Power consumers, 
lusaka
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Electrical energy

Electrical energy

Sound energy

Loud speaker

Light energy

Electrical energy

Lamp

Kettle
Heat energy
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converts electrical energy into mechanical energy or      
converts mechanical energy into electrical energy.

Electromechanical energy conversion device:

There are various electromechanical conversion devices may categorized as 
under:

© SICHGROUP ENERGY

a. Small motion

- telephone receivers, loud speakers, microphones

under:

b. Limited mechanical motion

- electromagnets, relays, moving-iron instruments,

moving-coil instruments, actuators

c. Continuous energy conversion

- motors, generators



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

Principle of Energy Conversion

The total energy in a system is therefore constant.
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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.

Energy conversion in electromechanical system

It is possible to write an equation describing energy It is possible to write an equation describing energy 
conversion in electromechanical system:

Electrical 

energy 
from 
source

=
Mechanical 

energy to 
load

+ Increase of 

field 
energy

+
Energy 

converted 
to heat

(losses)

3.1
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The last term on the right-hand side of Eq. 3.1 (the losses) 
may be divided into three parts:

Electrical 

energy 
from 
source

=
Mechanical 

energy to 
load

+ Increase of 

field 
energy

+
Energy 

converted 
to heat

(losses)

3.1

Energy 

converted 
to heat

(losses)

= Resistance 

losses

+ Friction and 

windage 
losses 

Field losses+ 3.2

Then substitution from Eq. 3.2 in Eq. 3.1 yields
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Electrical 

energy from 
source minus 
resistance 
losses

=
Mechanical 

energy to 
load plus 
friction and 
windage
losses

+
Increase of 

magnetic 
coupling field 
energy plus 
core losses

3.3

Now consider an electromechanical system (actuator) illustrated in Fig. 3.1.
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dt

d
e

λ=

At any instant, the emf e induced in the coil by the change in 
the flux linkage λ is

Consider now a differential time interval dt, during which the 
current in the coil is changing and the armature is moving.

volt 3.4

69

current in the coil is changing and the armature is moving.
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Therefore, the differential energy transferred in time dt from 
the electric source to the coupling field is given by the energy 
output of the source minus the resistance loss:

dtRividtdWe
2−=

idtRiv )( −=

70

idtRiv )( −=

eidt=

eidtdW e =⇒ Joule 3.5
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The coupling field forms an energy storage to which energy 
supplied by the electric system. At the same time, energy is 
released from the coupling field to the mechanical system.

The rate of release energy is not necessarily equal at any 
instant to the rate of supply of energy to the field, so that 
the amount of energy stored in the coupling field may vary.
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It’s like a pipe system in our house.

The water out from the tap will make water flow into the 
storage tank from the supply.

Water tank
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It’s like a pipe system in our house.

The water out from the tap will make water flow into the storage tank from the 
supply.

Water tank
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In time dt, let dWf be the energy supplied to the field and 
either stored or dissipated. Let dWm be the energy converted 
to mechanical form, useful or as loss, in the same time, dt.

Then, by the principle of conservation of energy, the 
following equation may be written for the field:

fme dWdWdW += 3.6

Field Energy

© SICHGROUP ENERGY

Field Energy
To obtain an expression for for dWf of Eq. 3.6 in terms of the system 
variables, it is first necessary to find an expression for the energy stored 
in the magnetic field for any position of the armature. The armature will 
therefore be clamped at some value of air-gap length g so that no 
mechanical output can be produced.

dWm = 0 3.6



Field Energy (continue…..)

If switch SW in Fig. 3.1 is now closed, the current will rise to 
a value V/R, and the flux will be established in the magnetic 
system. Let the relationship between coil flux linkage λ and 
the current i for the chosen air-gap length be that shown in 
Fig. 3.2

λλ

i

dW f

λ2

λ1

i1 i2

Fig. 3.2
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Since core loss is being neglected, 
this will be a single-valued curve 
passing through the origin. In the 
absence of any mechanical output 
energy, all of the electric input 
energy must be stored in the 
magnetic field:

Field Energy (continue…..)

λ

i

dW f

λ2

λ1

i1 i2magnetic field:

3.8dWe = dWf

Substitution from Eqs. 3.4 and 3.8 in Eq. 3.5 yields

dWf = dWe = i.edt = idλ J 3.9
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If now v is changed, resulting in a change in current 
from i1 to i2, there will be a corresponding change in 
flux linkage from λ1 to λ2 .

Field Energy (continue…..)

The increase in energy stored during the transition 
between these two states is 

∫= 2

  
λ

λiddW J  3.10

λ
λ2

The area is shown in Fig 3.2. When the flux 
linkage is increased from zero to λ, the total 
energy stored in the field is

∫= 2

1

  
λ

λiddW f J  3.10
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i

dW f

λ2

λ1

i1 i2

Fig 3.2. 

3.11λ
λ

idW f ∫=
0 J  



Field Energy (continue…..)

This integral represents the area between the λ–i characteristic 
and the λ–axis, the entire shaded area of Fig. 3.2. 

If it is assumed that there is no leakage flux, so that all flux 
Φ in the magnetic system links all N turns of the coil, then

λ = NΦ Wb 3.12

From Eqs. 3.9 and 3.12,

dW = idλ = NidΦ = F dΦ J

© SICHGROUP ENERGY

dWf = idλ = NidΦ = F dΦ J 3.13

where F = Ni A 3.14
F is mmf (magneto-motive force)

The characteristic of Fig. 3.3 can also represent the 
relationship between Φ and F .

Fig. 3.3 



If the reluctance of the air gap forms a large part of 
the total reluctance of the magnetic system, then 
that of the steel may be neglected and the λ–i
characteristic becomes the straight line through the 
origin  shown in Fig. 3.3. For this system,

Field Energy (continue…..)

λ = Li Wb 3.15

3.16

Where L is the inductance of the coil. 
Substitution in Eq. 3.11 gives the energy 
Wf in several useful forms:

222

22

0

λλλλλ iLi

L
d

L
W f ==== ∫ J
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Fig. 3.3



If the reluctance of the magnetic system (that is, of 
the air gap) as seen from the coil is S, then F = S Φ, 
and from Eq. 3.13,

3.17

Field Energy (continue…..)

S

S
dW f 22

22

0

FFFF
FFFF === ∫

φλ
φ

J

If A is the cross-section area of the core and l = 2g
is the total length of air gap in a flux path, then 
from Eq. 3.16,

HBlA
Fi

W f 2
1

22
=== φλ J 3.18
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Where B is the flux density in the air gaps. Since 
B/H=µ0 and lA is the total gap volume, it follows 
from Eq. 3.18 that the energy density in the air gaps 
is

3.19

Field Energy (continue…..)

J/m3
2

2
0 2

1
2
1

2
1

µ
µ B

HBH
lA

W
w f

f ==== 3.19J/m
0

0 222 µlAf

Equations 3.16, 3.17 and 3.19 represent three 
different ways of expressing the field energy.
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Example 3.1 The core and armature dimensions of the 
actuator of Fig. 3.1 are shown in Fig. 3.4. Both parts are 
made of  mild steel, whose magnetization curve is given in 
Fig. 3.5. Given la = 160 mm, lb = 80 mm. The coil has 2000 
turns. Leakage flux and fringing may be neglected. The 
armature is fixed, so that the length of the air gas, lu= 9 
mm, and a direct current is passed through the coil, 
producing a flux density of 0.8 T in the air gap.producing a flux density of 0.8 T in the air gap.

a) Determine the required coil current.

b) Determine the energy stored in the air gap.

c) Determine the energy stored in the steel.

d) Determine the total field energy.
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20 mm

la

ketebalan = 20 mmThe thickness

lu

20 mmlb

ketebalan = 20 mm

angker

Fig. 3.4 

The thickness

The armature
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1.0

1.2

1.4

1.6

1.8

2.0

B (Tesla)

Keluli tuang

Keluli kepingSheet steel

mild steel

500 1000 1500 2000 2500 30000

0.2

0.4

0.6

0.8

H (AT/m)

Besi tuang

Fig. 3.5

cast iron
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Solution

(a)  Area, A = (20 × 10-3)(20 × 10-3) = 4 × 10-4 m2.

Ni = Htlt + Hulu 

lt = 160 + 80 = 240 mm = 240 × 10-3 m
lu = 2 × 9 mm = 18 mm = 18 × 10-3 m

Given Bu = 0.8 T
Bu = Bt = 0.8 T

From Fig. 3.6, magnetic field intensity in the steel is,
Ht = 450 A/m
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3
7

1062.636
104

8.0 ×=
×

== −πµo

u
u

B
H

2000

)1018)(1062.636()10240)(450( 333 −− ××+×=i

For the air gaps

A/m

78.5
2000

16.11567 =

3
7

2

1065.254
)104(2

×=
×

= −π
B

w fu

=

(b)    Energy density in the air gaps  is

J/m3

A
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Volume of air gaps = length of air gaps × area of air gaps
= 0.018× 0.02 × 0.02
= 7.2× 10-6 m3

Energy stored in the air gaps,
Wfu = the volume of air gaps× wfu

= (7.2× 10-6) × 254.65 × 103

= 1.834 Joule.

(c) Energy density in the steel,

∫=
8.0

0
  HdBw ft
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Energy density in the steel is given by the area enclosed
between the characteristic and the B axis in Fig. 3.6 up to
value of 0.8 T.

wft ≅ ½ × 0.8 × 450 = 180 J/m3 (straight-line approximation)

Volume of steel= length of steel× area of steel
= (240× 10-3) × (0.02 × 0.02)
= 9.6 × 10-5 m3= 9.6 × 10 m

∴Energy stored in the steel,

Wft = 9.6 × 10-5 × 180 = 0.01728 Joule

(d) Total field energy,
Wf =  Wft +  Wfu

=  0.01728  +  1.834
=  1.851  Joule.
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The proportion of field energy stored in the steel is, 
therefore, seen to be negligibly.
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Coenergy, Wf’ is the area enclosed between the λ-i
characteristic and the i axis of Fig.3.2. 

W f

λ

Coenergy

W f '

i

Fig. 3.6 Field energy and coenergy

For linear λ-i characteristic, Wf’ = Wf.
For nonlinear λ-i characteristic, Wf’ > Wf.
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Mechanical Energy in a Linear System

It will be assumed that the armature of the actuator in 
Fig. 3.1 may move from position x1 to position x2, as a 
result, the length of air gaps is reduced. The λ–i
characteristics  for the two extreme positions of the 
armature may be assumed to be the two straight lines 
(linear).

© SICHGROUP ENERGY

i

λ

x1

x2



Consider a very slow armature displacement. It may 
assumed that it takes place at essentially constant 
current as illustrated in Fig. 3.7 (as dλ/dt is negligible). 
The operational point has changed from a to b.

Mechanical Energy in a Linear System

At the moment of armature movement,

3.20)(  12

2

1

λλλ
λ

λ
−===∆ ∫ ∫ oe iideidtW

92

)( 122
1 λλ −= oi

The change of field energy,

3.21

12
1λ∫ ∫ oe

12
1

22
1 λλ oof iiW −=∆
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λ
λ2

λ1

c

d

b

a

io

x = x2

x = x1

ioFig. 3.7 Current is fixed



From Eq. (3.6),

∴

Mechanical Energy in a Linear System

fme WWW ∆+∆=∆

fem WWW ∆−∆=∆
)()( 122

1
12 λλλλ −−−= oo ii

93

12212 oo

)( 122
1 λλ −= oi

= ∆Wf

= ∆Wf’   = the change of coenergy
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∴

Mechanical Energy in a Linear System

where
dWm = Fmdx

⇒ Fmdx = dWf’ 3.21

For small change of x or dx,

dWm = dWf’

94

Fm = mechanical force on moving part (armature)

© SICHGROUP ENERGY

),( xi
x

W
F f

m ∂

′∂
=

Eq. 3.21 can be written as,

N

i = constant

3.22

Eq. 3.22 is partial differential since Wf is function of more than one variable.



Consider now a very rapid differential armature 
displacement dx. It may be assumed that it takes place at 
essentially constant flux linkage λo, as illustrated in Fig. 
3.8. At the instant, the current is changed from i1 to i2 , 
where i1 > i2. 

Mechanical Energy in a Linear System

λ

95

λ0

io i2 i1

dWf

Fig. 3.8 Flux linkage is fixed
© SICHGROUP ENERGY

Fig. 3.8



fme dWdWdW +=

)( 122
1 iidxF om −=− λ

∴-Fmdx = dWf

Mechanical Energy in a Linear System

3.25

3.26⇒

= the change of field energy

96

),( x
x

W
F f

m λ
∂

∂
−=

Eq. 3.26 can be written as,

λ = constant
3.27

Since the electrical input energy is zero, the mechanical output 
energy has been supplied entirely by the coupling field.
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Mechanical Energy in a Linear System

For a linear electromagnetic system,
λ = L(x) i

where
L(x) = the inductance of the coil which dependent on length of
the air gaps.

FromEqs. 3.11and3.28,

3.28

97

)(2)(

2

00 xL
d

xL
idW f

λλλλ
λλ

=== ∫∫

2
2
1

22

)(
)(2

)(
ixL

xL

ixL ==

2
2
1 )( ixLWW ff =′=

FromEqs. 3.11and3.28,

3.29

3.30

3.31

© SICHGROUP ENERGY



Mechanical Energy in a Linear System

From Eqs. 3.22 and 3.31,

),( xi
x

W
F f

m ∂

′∂
=

))(( 2
2
1 ixL

x∂
∂=

i = constant
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))(( 2 ixL
x∂

=

dx

xdL
i

)(

2

1 2=

dx

xdL
iFm

)(

2

1 2=⇒

i = constant

3.32

3.33
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Mechanical Energy in a Linear System

From Fig. 3.1 (for linear system),

gHNi u 2=

g
B

o

u 2
µ

=

From Eq. 3.18

3.34

99

o

uB

µ2

2

×

o

u
u

B
gA

µ2
2

2

×=

Wf = volume of air gaps

where Au = cross section area of air gap

3.35
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Mechanical Energy in a Linear System

From Fig. 3.1, it is seen that a positive displacement 
dx will correspond to a reduction dg in the air gap 
length. Thus,

dx = − dg m 3.36

From Eqs. 3.27, 3.35 and 3.36 yield,

100











×

∂
∂=

o

u
um

B
gA

g
F

µ2
2

2

o

u
u

B
A

µ2
2

2

=

From Eqs. 3.27, 3.35 and 3.36 yield,

⇒ Fm

where
2Au = The total cross-section area of air gaps

3.37
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Mechanical Energy in a Linear System

o

u
m

B
f

µ2

2

=

∴ The force per unit area of air gaps, fm is

N/m2 3.38

101
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Example 3.2
An electromagnet system is shown in Fig. 3.9.

luN

i

102

Given that N = 600, i = 3 A, cross section area of air gap
is 5 cm2 and air gap length is 1.5 mm. By neglecting core
reluctance, leakage flux and fringing effects, find:
(a) Force between the electromagnetic surfaces.
(b) Energy stored in the air gap.

Fig. 3.9: linear system
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B
AF

µ2

2

=

Solution

(a) The total cross-section area of air gap = Au, Eq. 3.37
becomes,

3.39

103

oµ2

o

uu
uu

lB
lHNi

µ
==

For linear system,

u

o
u l

Ni
B

µ
=⇒    3.40
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2

22

2
     

u

ou
m

l

iNA
F

µ
=∴

23

2274

)105.1(2

)3()600)(104)(105(
−

−−

×
××= π

Substitution from Eq. 3.40 in Eq. 3.39 yields

104

= 452.39 N

(b) Since the system is linear, the entire field energy is
stored in the air gap,
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=  lu × Fm

o

u
f

B
W

µ2
 gapair  of  volume

2

×=

o

u
uu

B
Al

µ2

2

××=

105

=  lu × Fm
=  (1.5 × 10-3) × 452.39 Nm
=  0.6789  Nm
=  0.6789 Joule
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ASSIGNMENT ON ELECTRO-MECH ENERGY CONVERSION

Electromagnet system in Fig. 3.10 has cross-section area 25 cm2. 
The coil has 350 turns and 5 ohm resistance. Magnetic core 
reluctance, fringing effects and leakage flux can be neglected. If the 
length of air gap is 4 mm and a 110 V DC supply is connected to the 
coil, find 

(a) Stored field energy
(b) Lifting force

106
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.Direct-Current MachineDirect-Current Machine

107
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

Electric Machine
� Electric machines can be used as motors and 

generators

� Electric motor and generators are rotating energy-
transfer electromechanical motion devices

Electric motors convert electrical energy to 

108

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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� Electric motors convert electrical energy to 
mechanical energy

� Generators convert mechanical energy to electrical 
energy



Electric Machine

Electric machines can be divided into 2 types: 
� AC machines 
� DC machines

Several types DC machines 
� Separately excited 

109
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� Separately excited 
� Shunt connected
� Series connected
� Compound connected
� Permanent magnet



Electric Machine
All Electric machines have: 

� Stationary members (stator) 

� rotating members (rotor)

� Air gap which is separating stator and rotor 

110
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The rotor and stator are coupled magnetically

StatorStator

RotorRotor+

VVff

-

If
If

If

NN

ΦΦΦΦΦΦΦΦff
22

SS



Electric Machine
The armature winding is placed in the rotor 
slot and connected to rotating commutator
which rectifies the induced voltage

The brushes which are connected to the 
armature winding, ride on commutator

111
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armature winding, ride on commutator



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

Electric Machine
The armature winding consists of identical coils carried in 
slots that are uniformly distributed around the periphery of the 
rotor
Conventional DC machines are excited by direct current, in 
particular if a voltage-fed converter is used a dc voltage is 
supplied to the stationary field winding
Hence the excitation magnetic field is produced by the field 
coils
Due to the commutator, armature and field windings produce 

112

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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Due to the commutator, armature and field windings produce 
stationary magnetomotive forces that are displaced by 90 
electrical degrees  



Magnetic Flux in DC machines

rotor
I

NN

+

ΦΦΦΦa

F
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The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The current is induced in the Rotor Rotor 
WindingWinding (i.e. the Armature Armature 
WindingWinding) since it is placed in the field 
(Flux Lines) of the Field Winding.

DC Machines 

114
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(Flux Lines) of the Field Winding.

ΦΦΦΦΦΦΦΦff

F



mmf produced by the armature and mmf
produced by the field winding are 
orthogonal.

Orthogonality of Magnetic Fields in DC Machines

IL F( )oILBL 90sin=×= BIF
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B

IL F( )oILBL 90sin=×= BIF

Magnetic field due to 
field winding

Magnetic field due to 
armature winding

90o



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

The force acting on the rotor, is 
expressed as

DC Machines 

� �

Field the
  toDue

Armature the
  toDue

   BLIf ×=
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The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

The Field winding is placed on the stator and the 
current (voltage) is induced in the rotor winding 
which is referred also as the armature winding.

In DC Machines, themmfmmf produced by the field 
winding and the mmfmmf produced by the armature 
winding are at right-angle with respect to each 
other.

DC Machines 
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The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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other.

The torque is produced from the interaction of these 
two fields.



Types of DC Machines 
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The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.
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The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

120

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

121

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.
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The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.
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The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

124

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

125

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

126

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

127

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

128

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

129

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

130

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

131

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

132

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

133

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

134

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

135

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

136

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

137

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

138

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

139

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

140

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

141

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

142

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

143

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

144

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

145

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.

© SICHGROUP ENERGY



The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

146

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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The coupling field forms an energy 
storage to which energy supplied by the 
electric system. At the same time, 
energy is released from the coupling 
field to the mechanical system.

147

The rate of release energy is not 
necessarily equal at any instant to the 
rate of supply of energy to the field, so 
that the amount of energy stored in the 
coupling field may vary.
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