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8.1.1. Operating principle of a transformer

Transformers are stationary electrical machines which
transmit energy from systems with certain current and
voltage values into systems with generally different current
and voltage values but with identical frequency.

Two separate windings are on the same iron core.

Following connection to alternating voltage U4 there is a standstill
current Ig. The magnetomotive force ® = Ig ¢« N1 generates a
magnetic alternating flow (®1) in the iron core.

The input and output winding of an alternating voltage are induced
in accordance with the induction law. A self-induction voltage U1

arises in the input winding. It is counter-positioned in accordance
with Lenz’s law on applied voltage. During idling operation -
because of mutual induction - there arises the output voltage Upqg

which is simultaneously the terminal voltage U»>.

Ui~n - Ign - 00~ - @1~ = U220~

D:/cd3wddvd/NoExe/.../meister10.htm 15/345



21/10/2011 Electrical Machines - Basic vocational k...
The value of the induced voltage is derived from the following

equation:
U, =4.44.f-N-B-A_,

B max. flow density
AFe limb cross-section
Up induction voltage

f  frequency
N number of turns

The induction voltage increases along with the number of
turns, the magnetic flow density in the iron core, the iron
cross-section and the frequency.

Example:

Which maximum flow density occurs in an iron core of 16 cm?2
cross-section when a voltage of 380 V (50 Hz) is applied to the
primary coil with 980 turns?

D:/cd3wddvd/NoExe/.../meister10.htm 16/345



21/10/2011 Electrical Machines - Basic vocational k...

Given: Ape = 16 cm2; N1 = 980; U7 = 380 V; f = 50 Hz
Sought: B
Solution:

W =444-f-N-d

d=B-A,

B=___ Y
244.T-N, A,

- 380V
4.44.50s'-980-16-10“m?

-

Bz1.09VoSom-2
B~1.09T

The iron core evidences a maximum flow density of 1.09 T.
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8.1.2. Voltage transformation

A few field lines already close before reaching the output coil
(Figure 125) so that flow ®1 can be divided into a maximum flow

®K which saturates both coils and a leakage flow ¢s.

The leakage flow may be ignhored in regard to the unloaded
transformer (idling). Therefore the following applies:

b, =, =
According to the transformer equation

U, =444-N, -

and

If we relate both equation then
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U.”j, _ 4,44' N1 * 'I"
UZD 444 - N2 - (-D'

Shortening gives us

U1D _ Ni

UZB NZ

During idling no current flows into the output winding, thus there is
no voltage decrease. Consequently the induced voltage U>g equal to

the terminal voltage Uy (Cp Figure 125):
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Figure 125 - Transformer principle

1 Input winding/upper voltage winding/primary winding, 2
Output winding/under voltage winding/secondary winding

Uzo = U2

In the event of minimal idling current I voltage decrease in the
input winding is negligibly minimal. We therefore have

Ujo = U1
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which results in

L

U, N,
The voltages behave like the numbers of turns.

The interrelationship of the numbers of turns is known as the
transformation ratio . We have:

YU

U=
Uz,

The rated voltages U1 and Upp are indicated on the rating plate of
the transformer.
Example:

What secondary terminal voltage arises in a transformer where 380
V is applied to the primary winding of 980 turns and the secondary
winding has 594 turns?
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Given: U1 = 380 V; N7 = 980; N = 594

Sought: Uy

Solution:

Lo

U, = 224 3g0v

980
U~ 230V
8.1.3. Current transformation

Load behaviour of the transformer

If the transformer is output-loaded, current I flows into coil N»>.
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Current I generates the magnetic flow ®2K. According to Lenz’s

Law this magnetic flow is counter-positioned to the cause (®1K).

iﬁ'|1‘( @21‘{
/ /
I e ey I
Pl =y LN N
I IVHEIR s ~ I}
|| ;‘TtL_' l 'r ! : | b .!:U 7
0, 01| oy Vs Bast eiri] Va0, | ] %
,“___JI : '.‘__,/' pouui N B
(R T NSNS -

Figure 126 - Loaded transformer

In this manner the magnet flow ® 1K is weakened and induction
voltage U1 decreases. Given uniform rated voltage, the difference
increases between the two voltages U1g and Uj.

Consequently, a greater input current I1 flows whereby the
magnetic flow ® 1K is increased. The magnetic flow @ in the iron
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core thus remains virtually constant:

® = ®1K - P2K = constant
This also applies to the output voltage of the transformer.

The input current I1 increases as the load current I
becomes greater.

Transformation ratio

Without heeded the losses of the transformer, the following applies
according to the energy conservation law:

$1 =S2
U1011=U2012

If we arrange the equation so that the voltage and current values
appears on respective sides, then
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h_U
l, U,

The following relationships may be cited for current ratio:

b N, 1

, N, U

=

Conversely the currents are proportional to the voltages or
numbers of turns. A transformer converts high currents into
low ones or low currents into higher ones.

Example:

A welding transformer takes up 220 (current being 10A). The
output voltage is 20V. How great is the welding current?

Solution:

4
l

YU,
U,
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U 220V
l, =1~ =10A==—
27y, 20V
I> ~ 110A

8.2. Operational behaviour of a transformer
8.2.1. Idling behaviour Idling features

A transformer idles where mains voltage U1 remains applied to the
primary side whilst no consumer is connected to the secondary side

(Z23) (Figures 125/126).
Primary circuit Uq applies

Ig flows (idling current)
Secondary circuitZy = «©

Ip=0

U2 =U20

Idling current
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The applied voltage U drives the idling current Ig. This is needed to

establish the magnetic field Ip. This lags behind the voltage U1.

Figure 127 - Indicator image for idling operation

1 Iron loss current Ife

The phase position of the idling current Ig to voltage U1 can be
determined according to the circuitry of Figure 128.
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o
Figure 128 - Circuitry to determine idling losses

1 Rated voltage

activepower R,
apparentpower U, |,

COS(, =

The value of idling current Ig is between 2 and 5 per cent of idling

current in big transformers and up to 15 per cent in smaller
transformers.

No-load curve

The idling curve I = f (U41) in Figure 129 indicates that no-load
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current Ig increases proportionally to the input voltage U31. No-load

current increases markedly over and beyond the input rated speed
U1in- It can, moreover, even attain values greater than the rated

current.

— — — —

Inn _______ |

I -
Uin U
Figure 129 - Idling curve of a transformer Ig = f (U1)

Transformers shall not be driven by voltages greater than
the rated voltage.
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Idling losses (iron losses)

The active power derived from the circuit in Figure 128 can only be
transformed into heat in the input winding and iron core as no
current flows into the secondary winding during idling. The active
power Pg, which is converted into heat in the iron core, is made up

of eddy current and hyteresis loss.

The following example shows that the iron losses almost always
arise during idling.

Example:
The following idling values were measured in a transformer:
Uin=220V;Ig=0.5A; Pg =40 W; R1 = 3.
What percentage of winding losses are contained in idling power?
Solution:
Po = PvFe + Pvw
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P =12 R, =05 A%.30

Pvw = 0.75 W

Py 0.75W
W 100% = =2V 100% ~ 1.9%
P, T TY ° °

PvFe =Po-Pyw =40W -0.75W = 39.25 W
Thus, the power loss determined during idling is an iron loss.

Iron losses are determined during no-load operation and are
independent of load.

8.2.2. Short-circuit behaviour

Short-circuit curves

Secondary current I increases if load resistance is decreased.
Where Z,5 = 0 the transformer has been short-circuited.

Primarv circuit U1 is appblied
D:/cd3wddvd/NoExe/.../meister10.htm
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Ik flows
Secondary circuitZgz = 0
Uy =0

Short-circuit voltage

The short-circuited transformer can be replaced by resistor Z1
which corresponds to the transformer internal resistor.

A, A,

U1 a3 U1 Zi

Figure 130 - Short-circuited transformer

1 Short-circuit current Ik

Figure 131 depicts the commensurate duplicate circuit diagram.
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Zi /3
AT ’ R /‘] Xs é
il 1 N‘V“(
o——1+ 1} 0
UR Us i
Uk l
b4 3

Figure 131 - Duplicate circuit diagram for short circuit run

1 Ohmic winding resistance, 2 Scattered reactance (is made
up of the scatter flow of the input and output coils), 3 Inner
resistance of the transformer (impedance)

During a short-circuit attempt (Figure 132) the input voltage given
a short-circuited output winding is increased until primary and
secondary nominal currents flow. The voltage applied to the input
side is then the short-circuit voltage Ug.
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Uk Tn Pk
™ ]
. @ @ Sk
— 1 T 2
1 Uk
.‘_
e

Figure 132 - Circuitry to determine short-circuit losses
1 Short circuit voltage

The short-circuit voltage is the overall voltage decrease of a
transformer during rated loading.

The relative short-circuit voltage Uk in % is determined by the
following equation:

Uy =S—K1oo°.«a

n
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The relative short-circuit voltage is, on average, 2 to 10% of input
rated voltage (U1p) in mains transformers.

Short-circuit losses (winding losses)

In the short-circuit experiment (Figure 132) a power meter
indicates short-circuit losses as the primary and secondary rated
currents generate winding losses. The iron core is only slightly
magnetised by the applied short-circuit voltage (Uk <Z Ug).

The winding losses can be metered during the short-circuit
experiment. They are dependent on the load current (Pyw =

I R).
8.2.3. Loaded voltage behaviour

In contrast to operational idling, during loading the secondary
circuit is closed through an external resistance Z; (Figure 126).

Secondary current I flows. According to the energy conservation
law the transformer must also take up commensurate primary
power, thus a primary current I1 also flows.
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Primary circuit Uq is applied
I1 > 1Ip

Secondary circuitZy < «
I >0
Uz = Upq

Voltage curve Up = f (I3)

As the curve in Figure 133 shows, terminal voltage Uy decreases
during loading.
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'.
I2n i,
Figure 133 - Voltage behaviour during loaded operation Uy = f (I)>

1 Uk small, 2 Uk big

Figure 134 depicts the duplicate circuit diagram for the loaded
transformer.
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Zj
i Rj X I
5 n ] S =2n
QQ. Us
Uk -
U U2 Za~
0 o

Figure 134 - Duplicate circuit for the loaded transformer with a
transformation ratio = 1:1

The duplicate circuit diagram corresponds to a transformer with a

1
transformation ratio =~ 1
0 Uy )
U:U_ _}UEH :Uln 'U_>U2n :U1n

n

w |
— "I —_ "n —
U—I—ﬁ'lzn _ﬁ_>|2n _I1r'||
2n
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As rated current flows the short-circuit voltage Uk decreases at the

internal transformer resistance Zj as a result of which the terminal
voltage Up declines by the power decrease of the short-circuit

voltage Uk.

Transformers with considerable short-circuit voltage Uk

have powerful internal resistors, that is to say pronounced
voltage changes as load alters.

Uk = 2...10% minimal voltage losses

voltage-rigid behaviour
Uk = 20...50% considerable voltage losses

voltage-flexible behaviour

Example:

A 220/42 V transformer has a short-circuit voltage of 10%.

How great is the voltage change between idling and rated current
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loading?

Solution:

U U U _ 42V-10%
100%  100%

=42V

Output voltages at differing loads

Given differing loads with ohmic, inductive or capacitive external
resistance gives rise to the dependence of output voltage on load
current as shown in Figure 135.
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1 /J 17

Figure 135 - Secondary terminal voltage depending on the degree
and nature of loading

1 Idling, 2 Rated load

Given capacitive load, the output voltage may even be greater than
no-load voltage.

The output voltage of a transformer depends on the

- degree of load current I

- the magnitude of relative short-circuit voltage
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- the nature of the load (ohmic, inductive or capacitive).

8.2.4. Efficiency

Efficiency represents the ratio of power output to power input.

_ " out
T-'I__

Efficiency is determined by the separate loss indication.
Pin = Pout + PvFe + Pvw

Pout rated power of the transformer given

cos ¢ = 1 (resistive load)
Pyw metered winding losses in short-circuit trial

PVvFe metered iron losses in no-load trial

P

out

Pout T Pure + Puw

‘["I:

D:/cd3wddvd/NoExe/.../meister10.htm 42/345



21/10/2011 Electrical Machines - Basic vocational k...
The following equation applies for determining efficiency for
partially inductive or capacitive load:

n= S, - cosp
Sy -cosp +P e + Py

Example:
Given:

Sn = 100 kVA
PVFe = 570 W
Pvw = 2.1 kW

cos ¢ = 0.85
Sought:
Solution:
10°VA.-0.85

= = 09?
1= 10°VA. 085+ 267-10°W
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8.3. Three-phase transformer

8.3.1. Three-phase transformation with single-phase transformers

For economical reasons the transmission of electric power these
days is not undertaken by single-phase systems but by three-phase
systems. Thereby, three-phase alternating voltage has to be
transformed into another, like frequency and number of phases. The
transformation is possible by means of three identical single-phase
transformers.

The resultant voltages must not only possess the same value but
shall also evidence a mutual phase displacement of 120 degrees.

Consequently, the mains connection of the single-phase
transformers must ensure a delta or star circuit despite the
spatially separate installation of electric primary and secondary
winding connections.

D:/cd3wddvd/NoExe/.../meister10.htm 44/345



21/10/2011 Electrical Machines - Basic vocational k...
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v

Figure 136 - Transformation through three single-phase
transformers

In view of their size, big transformers of this kind come as so-called
three-phase (transformer) bank. They are generally added by a
fourth single-phase transformer. This latter unit constitutes the
reserve and can be switched on if another transformer fails.

Material and space requirements are usually too great for medium
and small power units for this kind of transformation. The
constructional fusion into a unit leads to substantial material
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economies.

8.3.2. Three-phase transformers

Core transformers are most frequently constructed.

An input and an output coil each have been positioned on the
common limb. Following three-phase mains connection the three
input coils along with three-phase consumers, can be linked up into
a star (Y) or delta (A) connection.
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Figure 137 - Three-phase transformer in Yy circuitry

1 Upper voltage winding
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2 Under voltage winding

8.3.3. Vector groups

Circuitry of windings

- The primary and secondary circuits of the three-phase transformer
each consist of three strands. These three strands can form a delta
connection if the terminals x, y and z are connected to v, w and u.

Il U

ISfrl

X y z

Figure 138 - Delta connection
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In the delta connection the conductor voltage U equals the phase
voltage U. Strand current is made up thus:

- Sth

|5[r JE

- Where the terminals x, y and z are interconnected we obtain a star
circuit.

Ustr

X ¥ i
Figure 139 - Star connection
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e Y
As opposed to the delta circuit, phase voltage is S J3 phase and
conductor current values are identical.

- A special kind of star connection is the zigzag connection which,
however, is only very rarely employed.

Phase position of upper and undervoltages

- The delta and star connection of the upper and under voltages
yields the following combinations:

Yy Yd
Dy Dd

The designation Yy indicates that the upper and undervoltage

windings have been star-connected. Yd denotes uppervoltage
winding as star and undervoltage winding as delta.

Figure 140 indicates that these designations are not final.
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Figure 140 - Connection options of a star-star circuit

(1) Upper voltage windings, (2) Undervoltage windings

Circuits 1 and 2 and 3 and 4 are identical; however, both groups
differ as regards the phase position of under to upper voltage. The
upper and undervoltage windings of circuits 1 and 2 feature
opposing winding senses. As a result, in line with the transformer
principle, there is no phase displacement between upper and lower

voltage.
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Figure 141 - Voltage indicator for the voltages 1 and 2 of Figure 140

The windings of circuits 3 and 4 possess the same winding sense.
For this reason there is a phase displacement of 180 degrees
between upper and undervoltage, that is to say the voltages are
counter-directed to each other.
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.HU

I
I
W t v
Figure 142 - Voltage indicator for circuits 3 and 4 of Figure 40

Consequently any comprehensive vector group designation must
not only indicate winding circuits but also data pertaining to the
phase position of the voltages.

The example of the star delta connection shows how to determine
the phase position from the circuit diagram.
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U V W

11 21 13

u v W
Figure 143 - Star-delta connection

The circuit diagram is added by the phase voltages (I, 11, I1I, 1, 2,
3) whose indicators are always directed towards the terminals. The
uppervoltage indicators (I, II, III) are inserted into a twelve-
segment circle which serves as construction aid (Figure 144). The
position of the indicator can be varied ad lib; however, amongst

themselves they should heed a mutual phase displacement of 120
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degrees and the winding circuit (star). The position of the under
voltage indicator is determined by the uppervoltage indicator. The
circuit diagram shows that the undervoltage indicators are counter-
directed to the uppervoltage indicators (indicator 1 counter to
indicator 1 etc.). Where the indicators 1, 2 and 3 are inscribed into
the twelve-segment circle heeding the (delta) undervoltage winding
circuit, the position of the undervoltage terminals u, v and w are
stipulated. The phase position of like-named conductor voltages, for
example between the upper-voltage terminals U, V and the
undervoltage terminals u and v can now be derived from the
indicator figure. In our example the undervoltage lags behind the
upper voltage by 150 degrees.
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U
Figure 144 - Indicator of a star-delta connection

A phase displacement of the undervoltage against the upper voltage
of 30 degrees in each case, from zero; 30; 60 etc. up to 360 (0)
degrees can be attained through varying linkage of the delta and
star connections. However, in practice, one sticks to those
connections where the displacement is 0; 150; 180 and 330
degrees. Thereby angle indication does not ensue directly but by
means of a so-called index. This is derived from the division of the
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phase angle by 30 degrees.

Vector group designation

Vector group = circuit + index

Example:
YyO Y star connection of the uppervoltage winding OS

y star connection of the undervoltage winding US
0 30 degrees =0 degrees phase displacement

Dy5 D delta connection OS
y star connection US
5 30 degrees = 150 degrees phase displacement

The index indicates by how many times of 30 degrees the
undervoltage lags behind the upper voltage

Standardized vector groups

Survey 21 focuses attention on the most common of the 12 vector
groups.
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Survey 21 - Standardized vector groups of three-phase
transformers
Vector group Circuit Indicator Transformation
circuit diagram image ratio
Dy5 T v U _ N
[/} {5 .
W
; 5 ; W
U o
u v w
Yds SN 2T U 3N,
7 : , N,
W )
U x\h W
u v i
Yz5 U, 2N,
U, 3N,
Yy 'l
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8.3.4. Application of three-phase transformers in power supply
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2 000 kVA

17 7110kV 110KV/380KV  380kV/30kV

O—@—m@—@— o

Yd5 Yy0 Yy0 :
1 2 3 GD—

Dy

30/0,4kV

100k VA
5

Figure 145 - Utilisation of transformer vector groups in power
supplies

1 Power station generator, 2 Machine transformer, 3
Network transformer, 4 Distribution transformer, 5
Substation transformer

Block and machine transformers

- Block transformers along with a generator make up one unit. They
establish the connection between the generator and the high-
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voltage side.

- Machine transformers operate in the same manner as block
transformers whereby, initially, several generators work together
on a bus bar.

- Preferred vector group for both transformers is Yd5.

Mains transformers

- Mains transformers function as a link between transmission
networks of differing voltage planes, e.g. between the 380 kV and
220 kV mains.

- Network transformers are preferred in the YyO0 vector group.

Distribution and urban network transformers

- Distribution transformers link the transmission network to the
consumer system.

- Urban network transformers are transformers whose undervoltage
is less than 1 kV. Particular significance accrues to supplying the
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asymmetrically loaded urban network.

- The vector group Dy5 is suitable for urban network and
distribution transformers.

8.3.5. Parallel operation of transformers

Basic information on parallel operation

The extension of existing electrotechnical installations makes it
necessary to parallel connect further transformers to the existing
ones.

Excessive transmission ratings may also necessitate multiple
operation of several transformers.

Parallel operation signifies the upper and undervoltage
inter-switching of several transformers.

Conditions for parallel operation

In order to prevent the transformers being preloaded or subject to
unequal load distribution amongst themselves because of
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compensating currents, the following conditions must prevail:

- the vector group must have the same index figure
- same transformation ratio

- same short circuit voltages U. They shall not deviate by
more than 10 per cent from one another

- rated power ratios should not be greater than 3 : 1.

8.3.6. Technical data of customary transformers

The surveys 22 and 23 feature the index figures of several mains

and distribution transformers.

Survey 22 - Characteristic values of distribution transformers

(three-phase oil transformer)
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raﬁge

Rated kV| (0.231; 0.4; (0.4; 0.525) (0.4; 0.525;

undervoltage 0.525) 6.3)

Idling losses W | 380 550 700 || 1000 | 1450 | 2200 | 3200
(740) ((1050)((1550)((2400)((3400)

Short circuit W || 2200 | 2900 | 4400 | 5900 | 7800 ||[11000(16000

losses (2300)((3200)

Short circuit % 3.8 6 6 6 6 6

voltage (4)

Dimensions mm| 1110 | 1260 | 1810 | 1980 | 2110 || 2300 | 2650

length a 1 (1870)|(2040)|((2170)/(2350)((2800)

width b mm| 640 800 800 || 1100 || 1100 | 1000 | 1000
(880)

height h1 mm| 1420 | 1590 || 1870 | 1950 | 2215 | 2490 | 2700
(1900)|/(2000)|((2255)/((2600)((2775)

Oil filling kg| 215 300 470 620 755 | 1150 || 1550
(570) | (700) || (860) ((1250)|(1750)

total weight kg| 790 1070 || 1520 | 2020 | 2620 | 4000 | 5750

(800) [[(1080)||(1680)((2200)((2850)/(4250)|((5950)
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(YyO; Yz5) |

(Yy0O; Dy5)

|Vector group | - |

| (YyO; Dy5) |

Survey 23 - Characteristic values of dry-type transformers

Rated power

kVa

63

100 160

250

400

630

1000

Rated upper-voltage| kV (2; 3; 5; 6; 10;) (2; 3;5; 6; 10; )

rated under-voltage | kV (0,231; 0,4; 0,525) (0,4; 0,525)

Rated frequency Hz (50) (50)

Idling losses W | 580 | 750 900 (1200(1750|2500| 2900

Short-circuit losses | W 1330/ 1700 || 2570 ||3200|5250(6500/10400
(1780)|((2750)

Short-circuit voltage| % (3, 8(4)) (6)

Figure 146 serves as an example of the dimensional size of a three-
phase oil transformer.
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Figure 146 - Oil transformer for the 250 - 16000 kVA range

1 Oil level, 2 Thermo-pockets, 3 Oil removal device, 4
Converter, 5 Eye bolt, 6 Earthing screw, 7, 8 Oil opening, 9
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Buchholz relay, 10 Stop valves (from 1000 kVA onwards), 11
Shoulder hooks, 12 Hoisting points, 13 Variable dimensions

Questions for revision and control

1. Describe the basic construction and range of a transformer.

2. How can iron and winding losses be determined in a
transformer?

3. How can short-circuit voltage be determined?

4. Which factors cause a voltage drop in a transformer?

5. What is the significance of the index figure in vector group data?
Which index figures are cited?

6. Which are the most common vector groups and for which
purposes are they used?

7. Name the parallel switching conditions.

Wt B

Home

11} Electrical Machines - Basic vocational
knowledge (Institut fr Berufliche
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Basic Vocational Knowledge

Electrical Machines

[T

Introduction

Electrical Machines - Basic vocational k...
Entwicklung, 144 p.)

| (introduction...)
Introduction

' 1. General information about electrical
machines

D 2. Basic principles

0 3. Execution of rotating electrical
machines

D 4, Ssynchronous machines
O 5. Asynchronous motors
D 6. Direct current machines

D) 7. Single-phase alternating current motors

L) 8. Transformer

This textbook has been prepared on the basis of extensive

vocational training experience in the GDR and serves the needs of
electrical engineering trainees. It relates to the basic vocational

knowledge of electrical machines.
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Its clear-cut presentation encompasses all necessary knowledge for
this field of electrical engineering.

Drawing upon only essential natural scientific basic findings, this
work features a great many illustrative presentations and
commensurate surveys in conjunction with a vividly set out and
easily understood text section.

Commensurately, the trainees can quickly comprehend the
problems in point.

Moreover, as the implicit interrelation of theory and practice has
been rigorously heeded, this textbook serves the trainees as a
working basis in both theoretical and practical vocational training.

Tasks and questions for repetition and control feature at the end of
each chapter and are geared to essential educational contents
whilst, simultaneously, enabling the trainees to test their acquired
knowledge.

wdB B e

Home"" """"> ar.cn.de.en.es.fr.id.it.ph.po.ru.sw
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1L} Electrical Machines - Basic vocational
L knowledge (Institut fr Berufliche
Entwicklung, 144 p.)

0 1. General information about electrical
machines

4 1.1. Definition of terms
11 1.2. Types of electrical machines
1 1.3. Operations of electrical machines

1 1.4. System of rotating electrical
machines (generators, motors,
converters)

] 1.5. System of stationary electrical
machines (transformers)

Basic Vocational Knowledge

Electrical Machines

7

Electrical Machines - Basic vocational knowledge (Institut fr
Berufliche Entwicklung, 144 p.)

1. General information about electrical machines

1.1. Definition of terms
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An electrical machine converts energy from one category into
another. Thereby at least one energy category features as electric
power.

Survey 1 - Energy transformation of electrical machines

Mechanical system — Generator — Electrical system
(prime mover) (mains)

Mechanical system <« Motor <« Electrical system
(mains)

Electrical system (mains) — Rotating converter and  — Electrical system
transformer (mains)

Irrespective of manifold features, for instance the external shapes
of the electrical machines, they all comprise two electric circuits
which have been coupled through a magnetic circuit.

An electrical machine is an energy converter in which two
electric circuits have been coupled by means of a magnetic
circuit.

1.2. Types of electrical machines
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The components, namely the bearers of both electric circuits are
rigid to one another in stationary electrical machines. Conversely,
the bearers of the electric circuits are mobile to one another in
rotating electrical machines. This explains the system of electrical

machines.

Electrical machines

Bearers of electric cirquits ta ona apother

riéid

stationary electrical
machinas

transformars

fla%ible

rotating electrical
machines

generators

motors conveartars

Survey 2 - System of electrical machines

1.3. Operations of electrical machines

The operation of electrical machines results from their
incorporation into the process of energy conversion in the
generation, transmission and consumption of electric power.
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Thus, for example, in a power station the combustion heat of coal,
natural gas, etc. is employed in boilers for steam generation. The
energy flow of the steam drives the turbine which is coupled to a
turbine generator that converts the flow energy into electric
energy. The efficient transmission and distribution of electric
energy is ensured through the high voltages generated by the
transformers. Thereby, the high voltages are switched to consumer
voltage and directed to a motor whose mechanical energy drives
machines in industry, the home and traffic.
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chemical steam mechanical mech. electr.
—eeeipr —— L I
engrgy gena- anergy turbing energy gene- | power
ration| flow rotation |rator
- f
trans- | transmission and distribution | trans=| electr.
e o e
former| of electric anergy former| energy
overhead lines/cable
-t} ol
metor maechanical |work machine tools,
I .
anergy "machlne transpoartation machines,

pumps, compressors,
paper machlinas
printing machines

Survey 3 - Tasks of electrical machines in power flow

1.4. System of rotating electrical machines (generators, motors,
converters)

Since the energy direction of an electrical machine is reversible, the
rotating electrical machine can operate, without constructional
changes, as a motor or generator and transform the stationary
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electrical machine upwards or downwards. For this reason rotating
electrical machines are generally systematized in accordance with

their operating principles.

|R0tat1ng electrical machinasl

synchronous machinas asynchrenous cemmutater machings
machines
direct current single=phase threa-~phase
mechines commutator machinag commutator
machines

Survey 4 - System of rotating electrical machines

1.5. System of stationary electrical machines (transformers)

Stationary electrical machines (transformers) can be differentiated
through manifold features, for example according to design,
coolant, mode of operation, special purpose, etc. Survey 5 features
by way of example the system of small transformers.
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Survey 5 - System of small transformers

Differentiated Types
according to
Protective Protective transformers; Isolating transformer
function
bell toy transformer thawing | hand lamp
transformer transformer|transformer
Special mains control ignition leak generator
purposes contact |transformer|transformer|transformer| protective
transformer transformer
t [
Home"" """"> ar.cn.de.en.es.fr.id.it.ph.po.ru.sw
L] Electrical Machines - Basic vocational
knowledge (Institut fr Berufliche
Entwicklung, 144 p.)
0 2, Basic principles
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O 2 1. The magnetic field

1] 2.1.1. Definition and presentation of
the magnetic field

1 2.1.2. Magnets Magnetic field

1 2.1.3. Magnetic field of a current-
carrying conductor

] 2.1.4. Magnetic field of a current-
carrying coil

] 2.1.5. Magnetic fields in electrical

machines

[0 2.2, Measurable variables of the
magnetic field

] 2.2.1. Magnetomotive force

1 2.2.2. Magnetic flow

] 2.2.3. Magnetic flow density

0 2.3. Force action of the magnetic field

-] 2.3.1. Force action on cur rent-
carrying conductors

1 2.3.2. Force action on current-
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O 2. £y tag QAL RatAT ioGHHe)
induction
] 2.4.1. General law of induction
1 2.4.2. Stationary induction
(transformer principle)
1 2.4.3. Motional induction (generator
principle)

Electrical Machines - Basic vocational knowledge (Institut fr
Berufliche Entwicklung, 144 p.)

2. Basic principles
2.1. The magnetic field
2.1.1. Definition and presentation of the magnetic field

The area within which magnetic actions arise is called the
magnetic field.

Field lines are employed to display graphically magnetic fields.
Figure 1 shows a current-carrying conductor. Iron powder
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scattered at the level of this arrangement falls into concentric
circles. This leads to a model presentation of field lines.

Figure 1 - Magnetic field and field line sequence made visible by
iron powder

2.1.2. Magnets Magnetic field

Bodies of ferromagnetic materials (e.g. iron, nickel, cobalt, etc.)
have a magnetic field in their vicinity.
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Figure 2 - Magnetic field of a permanent magnet

Direction of field lines

As indicated in Figure 2 the field lines emerge from the north pole
and enter the south pole. Inside the magnet the field lines run from
the south to the north pole.

Magnetic poles always arise pairwise.

Magnetic force action law - magnets interact with each other.
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Figure 3 - Force actions between magnets (attraction)

) (4

S N N S

) (—

ﬂ—r 7

1 1

Figure 4 - Force actions between magnets (repulsion).
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1 Force action

Opposite poles attract each other, similar poles repel each
other.

2.1.3. Magnetic field of a current-carrying conductor

Presentation of the magnetic field

Figure 5 presents the magnetic field of a current-carrying
conductor.
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Figure 5 - Magnetic field of a current-carrying conductor.
1 Current flow direction

Stipulations for current presentation

- Where the current flows away from the viewer, that is to say into
the paper plane, a cross is indicated in the conductor cross-section.
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- Where the current flows towards the viewer, that is to say out of
the paper plane, a dot is entered into the conductor cross-section.
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Figure 6 - Current direction designation in the plane of field lines

Direction of field lines

As Figure 6 indicates the direction of the magnetic field lines
depends on the current direction. If one views the conductor cross-
section in current direction, then the field lines appear clockwise.

If one clamps such a current-carrying conductor with one’s
fist so that the projecting thumb points in current direction,
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then the bent fingers indicate the direction of the field lines.

2.1.4. Magnetic field of a current-carrying coil

Magnetic poles

A coil comprises several conductor loops. The overall magnetic field
is derived from the magnetic fields of the individual conductors.

A current-carrying coil has both a north and south pole.
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Figure 7 - Magnetic field of a current-carrying coil

(1) Magnetic field of a conductor loop
(2) Magnetic field of a coil

1 Slant image

2 Top view as seen from above
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Field direction

The magnetic field lines emerge from the north pole and enter the
south pole.

If one clamps such a current-carrying coil with one’s right
fist so that the bent fingers point in current direction, then
the projecting thumb points towards the north pole.
(clockhand principle)

-
——
b T R——

Figure 8 - Magnetic field of a coil and clockhand principle

(1) Coil
(2) Clockhand principle
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2.1.5. Magnetic fields in electrical machines

Field types

Every rotating machine consists of a stationary section (stand) and
a rotating section (rotor).

Stands and rotors are made up of magnetic materials and windings
and generate magnetic fields in the air gap.

We differentiate between the following magnetic fields:

- constant field
- alternating field
- rotating field

Constant field

A constant field results from a permanent magnet or through a coil
saturated by direct current.
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Figure 9 - Constant field

(1) Rotor excitation through current flow
(2) Stator excitation through current flow
1 Field winding, 2 Rotor, 3 Magnetic flow, 4 Stator

A constant field denotes a temporally constant magnetic
field in an air gap.
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Alternating field

An alternating field is generated as alternating current passes
through a winding.

A magnetic field which changes its size and direction
according to the frequency is called an alternating field.

Figure 10 - Magnetic alternating field

1 Alternating current, 2 Induction and current, 3 Induction
sequence, 4 Current sequence

Rotating field
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Definition of term:

A rotating field may be compared to the magnetic field of a rotating,
permanent magnet.

Figure 11 - Emergence of a rotating field through rotation of a
permanent magnet

A rotating field denotes a rotating magnetic field within a
specific space.

Generating a rotating field:
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As Figure 12 indicates, the simplest stator of a rotating machine
features three spatially positioned coils at 120 degrees. These coils
are saturated by three temporally displaced three-phase currents at
120 degrees.

Figure 12 - Emergence of a rotating field in the stator of a rotating
electrical machine

(1) Stator with three spatially displaced windings
(2) Commensurate temporally shifted currents, ty; ty; t3

Instantaneous times
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The current directions are arbitrarily indicated thus:

®
-0

Figure 13 indicates each coil with a winding and in its veritable
spatial position. A clear-cut picture of current distribution for the
moments t1, ty and t3 emerges once the current directions in the

individual conductors are entered into a line diagram.

+
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Figure 13 - Explanation for the emergence of a rotating field, ty; tp;
t3 Instantaneous times

Figure 13 indicates clearly that a single magnetic field emerges with
a north and south pole following the spatial displacement of the
coils (motionless in the area) coupled with a temporal displacement
of the currents.

Speed of the rotating field:

A stator winding where the three coils have been so switched as to

only yield one north pole and one south pole is called a two pole

machine or a machine with a pole pair (p = 1). A four pole machine
D:/cd3wddvd/NoExe/.../meister10.htm 94/345



21/10/2011 Electrical Machines - Basic vocational k...
thus has two pole pairs etc.

Figure 14 - Four-pole machine

Given a two pole machine the rotating field runs once through for
every period of the alternating current. Following a period the pole
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pairs only undertake a half rotation.

The speed of the rotating field depends on the frequency of
the alternating current and the pole pair:

_ 60f/Hz
pm P

A maximum speed of 3000 rpm can be attained given a frequency of
f = 50 Hz.

2.2. Measurable variables of the magnetic field
2.2.1. Magnetomotive force
Magnetic fields are caused by electric currents.

Magnetomotive force signifies the existence of a magnetic
field if the current flows through a conductor loop.
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Figure 15 - Stationary induction

(1) Current-carrying conductor loop
(2) Current-carrying coil
1 Current flow direction

The current "magnetomotives” the enclosed magnetic field lines.
The magnetomotive force can be increased if the same current is
conducted several times through the field lines (Cp. Fig. 15). This
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applies for a current-carrying coil with a number of turns equalling
N:

®=IeN

Formula sign @
Unit: (Theta)
[6] = 1A

2.2.2. Magnetic flow

Magnetic flow denotes the total number of field lines of a
current-carrying coil or a magnet.

Formula sign o
Unit: weber
® =Ves =1 volt-second

2.2.3. Magnetic flow density

Magnetic flow density denotes the magnetic flow which
permeates a certain surface in a vertical direction.
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ﬂ

Figure 16 - Definition of magnetic flow density

/
1

1 Surface element, e.g. 1 cm?2

A uniform magnetic field is:
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D
B-—
A

Formula sign B
Unit: tesla

1Vs 1Wb
B)=—s;= =1T
©) 1t 1P
2.3. Force action of the magnetic field
2.3.1. Force action on cur rent-carrying conductors

Operating principle

A current-carrying conductor is enclosed by a magnetic field. If this
conductor is entered into a magnetic field, the individual fields are
superimposed.
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Figure 17 - Force actions of current-carrying co