Electrical Machines and Drives Tutorials WS 2009/10

Tutorial 1 (EMD)
Rotary field winding

The unchorded two-layer three-phase winding of a
small synchronous fan drive for a computer has the
following parameters:

e number of slots per pole and phase q = 1,

number of phases m = 3,

number of turns per coil N = 100,

number of parallel paths a = 1,

number of poles 2p = 2,

airgap o=1 mm.

1) Draw the current distribution for a three-phase
current system

with the r.m.s.-value of the current | = 2.5 A and for
a) wt=0,
b) wt = n/2.

2) Draw directly underneath the current distribution the radial component of the air gap flux
density Bs (x). Neglect the influence of the slot openings on the shape of the air gap field.
The iron can be treated as if it has an infinite permeability (ure — ).

3) Draw the winding diagram for one pole pair showing the arrangement of the coils. Draw
the upper layer conductors using full lines, whereas the lower layer shall be represented
by dashed lines. The three-phase winding shall be star-connected. Label the winding ends
U-X, V-Y and W-Z.

Solutions:

1a) i,(0)=T, ()=—|/2 [ ()=—|/2

1b) iy (7/2)=0, i, (z/2)=(\3/2)- T, i, (z/2) = (31 2)-T,
2a) B, ”5\/ B, =0.89T,

2b) B, =0.77T.
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Tutorial 2 (EMD)
Voltage induction into a three-phase

winding

A two-layer winding of a standard induction motor,
which is used as a motor drive in a Japanese lumber
mill, has the following characteristics:

number of slots per pole and phase g =2,
number of phases m = 3,

number of turns per coil N = 6,

number of parallel paths a = 1,

number of poles 2p = 4,

short-pitching W /7, =5/6.

The laminated stator iron core has the following dimensions:
e stator bore diameter dsi = 200 mm,
e active iron length lge = 250 mm,

Specifications of the induction machine:

Pn =55 kW,

Uy=460 VY,

f; = 60 Hz.

According to the design sheet the fundamental of the air gap flux density is B;, =0.9T.

1) Draw the winding belt of phase U.

2) Calculate the flux @ per pole.

3) Calculate the r.m.s.-value of the induced voltage per coil Uj.

4) Calculate the induced voltage of a coil group Uig. Sketch the voltage phasors of a coil
group.

5) How big is the induced voltage in one phase Ujpn ?

6) How big is the induced line-to-line voltage Ui ? Was the flux density given in the design
sheet calculated correctly?

Solutions:

2) @=0.0225 Wh,

3) Uic =34.76 V,

4) Ujgr =67.15V,

5) Uiph =268.6 V,

6) Ui L =465.2 V. The flux density given in the design sheet is too big, as the induced line-to-
line voltage is bigger than the actual grid voltage. In fact, the induced voltage of induction
machines in motor operation is always a little bit smaller than the grid voltage.
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Tutorial 3 (EMD)

Slip-ring rotor induction machine as rotary transformer

A four-pole slipring rotor induction machine shall be converted into a rotary transformer to be
used in a test laboratory.

Machine data:

e Py =600kW,
e Uy=63kVY,
e f;=50Hz.

Stator/rotor winding specifications:

e two-layer winding in stator and rotor,

slots per pole and phase gs = 2, qr = 3,
number of phases ms=m, = 3,

number of turns per coil N¢s =14, N¢r =2,
number of parallel paths as = a, =1,

short pitching W, /z, =5/6, W, /7, =719,

stator bore diameter ds; = 500 mm,

iron length 1 = 600 mm,

air gap o= 2.5 mm,

ohmic stator phase resistance R; =1 Q,
stator phase leakage inductance Ls,=0.02 H

Both stator and rotor winding are Y-connected. Neglect the influence of the slot openings in
the following calculations. The iron can be assumed to be unsaturated, and therefore it has an
infinite permeability ze.

1) Calculate the number of turns per phase of both stator and rotor winding N, N, and the
winding factors for the fundamental wave ks and ky, .

2) Determine the three-phase self-inductance of the stator winding Lgp.

3) Determine the three-phase mutual inductance M.

4) Determine the three-phase self-inductance of the rotor winding L. Show, that introducing

s " Pws

a transformation ratio 0= will reduce the T equivalent circuit of the induction

r " Nwr
machine, neglecting all resistances and leakage fluxes, to only one inductance, namely the
magnetising inductance Ly, — which represents the influence of Lsn, Mg and L p.
5) The so-called locked-rotor voltage can be measured between the rotor sliprings, if the rotor
is locked and the stator winding is connected to the grid. Calculate the locked-rotor voltage
UroLL.
6) Sketch the wiring of stator and rotor windings for rotary transformer operation.

Solutions:

1) Ng = 112, Ny = 24, Ky s = 0.933, Ky = 0.9019,
2) Lep = 0.3932 H,

3) My = 0.0814 H,

4) Lyp = 16.87 mH, Ly = 0.3932 H,

5) UrouL = 1242 V.
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Tutorial 4 (EMD)

Grid-operated induction machine

A centrifugal pump in a ground water pump
station in the Rhine Valley shall be equipped
with an induction machine. The project
engineer has determined the following drive
specifications:

57.2 kW, four-pole machine, 50 Hz, rated slip ™%
3%. A 400V grid is available. He chose a &=
motor from a catalogue that is as close as
possible to the specifications he determined.
This motor has been designed to operate on a
230V D /400 V'Y grid. He contacts the motor
manufacturer to ask for the no-load current, the
rated current and the maximum torque. Assume, you were the motor manufacturer and your
motor design software determined the following equivalent circuit parameters per phase:

e Phase resistances: Rs = 0.06 Q, R, = 0.07 Q,
e Leakage reactances Xs, =0.17 Q, X;,"'=0.4Q,
e Magnetising reactance X, =8.65 Q,

1) Draw the equivalent circuit per phase. How big is the applied phase voltage?

2) Calculate the no-load speed no, the rated speed ny and the rated torque My of this motor.

3) Calculate the absolute value of the rated current Isn and the real and imaginary current
components, if the voltage phasor is assumed to be in phase with the real axis.

4) Calculate the no-load current I in the same way.

5) Draw the phasor diagram for both current and voltage according to 3) and 4) with the
following scale factors: sy = 25 V/iem, g4 = 10 Alcm.

6) Calculate the breakdown torque in generator and motor mode and compare it to the
approximated value for R = 0. What is the breakdown torque given by KLOSS' formula for
this simplification? Draw a simplified M(n) curve using the KLOSS' formula in a slip range of
0...1.5 ngyn.

Solutions:

1) Uspnh =230V,

2) N = Ngyn = 1500 /min, ny = 1455 /min, My = 375.5 Nm,

3) Isn=99.2 A, Isn = 88.05 A —j45.63 A,

4) lsp =26.08 A = 26.3 % of the rated current, Iso = 0.18 A —j26.08 A,
5) cosgn = 0.887, cosgp = 0.0069.

6) sp, = +0.1228, for Rs =0 s, =+ 0.1236, M, = + 819.1 Nm.
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Tutorial 5 (EMD)

Current circle diagram of the induction machine

A slipring induction machine is inves-
tigated in the manufacturer test bay. It has
the following characteristics:

Pn =55 kW,

Uy=400VY,

fs = 50 Hz,

four poles.

The following measured values are
available:

Po:s=0, 15 =26.0 A, cosg =0, Po: no-load point
Pn:s=sn, Isw =96.0 A, cosen =0.89, Pn: rated load point
Pi:s=1, 13 =404.0 A, cosg, =0.218, P;: locked rotor

Hysteresis and eddy-current losses: Pre = 870 W,
Friction losses: Pr = 250 W.

At s = 1 the resistive stator and rotor losses are identical:
Pcus = Pcur (S = 1)-

1) What is the simplified OSSANNA-circle ?

2) Construct the OSSANNA-circle using the three measured points Py, Py and P;. Use of the
following scale factors: wy = 25 V/cm, 14 = 15 A/cm. Label the real and the imaginary axis
according to the text book.

3) Add the torque and the power line and label the slip using the slip line. How big are rated
and breakdown slip for motor operation?

4) Plot the M(n)-curve, using s = 1, 0.6, 0.4, 0.2, s, 0.1, sy, O, -sn, -0.1, -sp, -0.2, -0.4 as
sampling points.

Supplementary question: When using the current locus diagram according to 2), hysteresis
and eddy-current losses are not considered. Those losses can be approximately included into
the diagram by simulating them as resistive losses per phase, described by a resistor in
parallel to the input of the T equivalent circuit. This will lead to an additional real component
of the current, which will shift the centre of the circle diagram in vertical direction. How big
is this displacement and in which direction does the circle diagram need to be shifted?

Solutions:

1) For the simplified OSSANNA-circle the centre of the diagram is put to the x-axis, while
the point representing s = oo remains above the x-axis.

3) sn =0.03, s, = 0.13,

4) My = 766 Nm (motor operation),

5) additional active current 1.62 A/phase.

As these losses are incorporated in the measured data, but not included in the OSSANNA-
diagram, the additional active current needs to be subtracted from the measured data.
Therefore, the whole circle diagram needs to be shifted to the negative real axis by the value
of this additional active current.

TU Darmstadt Institute of Electrical Energy Conversion



Electrical Machines and Drives Tutorials WS 2009/10

Tutorial 6 (EMD)

Squirrel-cage induction machine with deep-bar rotor

A four-pole induction machine with round rotor
bars is specified by the following data:

//////5'”!0@@ =

Pn =55 kW, | :_“““ ‘1““ \\: ———
Uv=230VA/400VY, =o = \E
s =50 Hz

Rated slip sy =3 %

Phase resistance Ry ~ 0, R, = 0.07 Q,

Leakage reactance Xs, =0.17 Q, X;,'=0.4Q,
Magnetising reactance X, =8.65 Q

The motor drives a fan in a sugar factory. As sugar factories are not operating between
January and October, the bearings got so filthy that they blocked the rotor and the motor
starting torque was not able to start the motor anymore. Therefore, the rotor shall be replaced
by a deep-bar rotor to increase the starting torque. The deep-bar slot has the following
dimensions:

e Dbar width 10 mm,
e Dbar height 40 mm.
o the leakage reactance in the slot area amounts to 60 % of the total rotor leakage reactance.

1) Calculate the absolute value, the real and the imaginary part of the stator current I, of the
round-bar rotor for starting conditions (s = 1), assuming the phase voltage to be in phase with
the real axis.

2) How big is the corresponding starting torque M; and the ratio Mi/My ?

3) Determine the current displacement factors kg and k. for the deep-bar for slip s = 1
(kcu(20°) = 57*10° S/m). How do the parameters of the equivalent circuit change?

4) Calculate the absolute value, the real and the imaginary part of the stator current I, of the
deep-bar rotor for starting conditions (s = 1), assuming the phase voltage to be in phase with
the real axis. How big is the corresponding starting torque M;?

5) Supplementary question: Usually, the big main reactance can be neglected when
calculating the starting currents. Why? Calculate the starting currents of 1) and 4) again using
this simplification. Is this simplification permitted?

Solution:

1) Is1 =413.3 A, Is1 =47.46 A—j410.6 A,
2) M1 =208 Nm = 58 % of the rated torque,
3) ke =4.24, k. =0.354,
4) I =4574 A, Is1 =254.1 A—j380.7 A, M; = 1116.2 Nm = 309 % of the rated torque,
5) round bar: Is; =48.8 A—j397.5 A,
deep bar: Is; = 262.0 A—j367.3 A.

TU Darmstadt Institute of Electrical Energy Conversion



Electrical Machines and Drives Tutorials WS 2009/10

Tutorial 7 (EMD)

Starting of an induction machine

A squirrel-cage induction machine with a shaft height
of AH = 560 mm is employed to propel a sugar
centrifuge. Motor data:

e Uy=400VA/60VY,
IN=540AA/310AY,

Pn =280 kW,

coson = 0.82,

fs = 50 Hz,

Ny = 740 /min,

starting torque: My/My =1,

e Dbreakdown torque: Mp/My = 2,
e starting current: I1/ly = 5.

1) The moment of inertia of the motor Jy = 245 |
kgm? is considerably smaller than the one of the
sugar centrifuge J; = 1800 kgm2. Why? How big is
the acceleration time from 0 to ny, if the average |
torque Mgy IS estimated to be 0.5¢(M; + My)?

2) How big is the total energy that is converted into
heat inside the rotor during start-up?

3) Give an estimation about how much the rotor
losses during start-up will be bigger than during rated operation (Assumption: rotor losses =
s-Ps=~s- P|n)

4) How big is the starting current drawn from the grid, if the motor is operated in A-
connection at 400 V?

5) Star-Delta starting at a 400 V grid: How big is the starting current 1; which is drawn from
the grid and the acceleration time t;? Do the rotor losses change?

Solutions:

1) The outer diameter of the sugar centrifuge is much bigger than the outer diameter of the
induction machine rotor. Due to centrifugal forces all the sugar concentrates at the outer
circumference. Therefore, the moment of inertia of the centrifuge is much bigger than the one
of the machine rotor.

ta= 265,
2) Winherma = Wy = 5.48 MJ,
3) P.,, =210.7kW, P, /P, =517,

4) 1, =2700 A,
5)1; =900 A, t,=78s.
The thermal energy consumed inside the rotor during start-up does not change.
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Tutorial 8 (EMD)

Inverter-fed induction machine

TN | S

In tutorial 7 a mains-operated squirrel-cage induction
machine was deployed to operate a sugar centrifuge: :

e Uy=690VY, e Iy=310AY, i
o Pyn=280kW, e cosoy =0.82, i
o fs=50Hz, e ny =740 /min,

e starting torque: My/My = 1,

e breakdown torque: Mp/My = 2,

e Dbreakdown slip s, = 0.27,

e motor moment of inertia: Jy = 24.5 kgm?,

e centrifuge moment of inertia: J; = 1800 kgm?.

Because of the high starting current due to the high
inertia starting, the system shall be equipped with an
inverter. The stator resistance Rs can be neglected in
the following considerations.

1) A voltage-source inverter with a dc link voltage of 690 V is used in order to be able to
operate the machine in Y-connection. Why is it beneficial to operate an inverter-fed machine
in Y-connection?

2) The sugar centrifuge is operated at three times its rated speed, which we assume is
possible. Why is an increase of rotational speed advantageous for the operation of a
centrifuge? How big is the maximum output frequency the inverter has to provide to the
motor? What does the U/f-characteristic look like (sketch!)? Which areas of operation can be
distinguished?

3) Sketch the M(n)-characteristics for the following stator frequencies using KLOSS'
formula: fs = 25, 50, 150 Hz.

4) How big must the stator frequency be to ensure motor starting with rated torque? How big
is the starting time t, from O to rated speed ny?

5) The inverter has a line-side B6 diode rectifier, ensuring that current and voltage on the
grid side are in phase. As an approximation, you can assume the input current to be
sinusoidal. How big is the current drawn from the grid during starting? Sketch the r.m.s. value
of the grid current lyiq between 0 and ny.

Solutions:

1) Y-connection is advantageous as voltage harmonics with ordinal numbers 3k (k =1,2,3,...)
do not cause current harmonics.
2) Increasing the speed will increase the centrifugal forces with n2,
fsmax = 150 Hz
0...50 Hz: base speed operation with rated flux,
50...150 Hz: field weakening range, flux reduced proportional to 1/fs.

3) 25 Hz 50 Hz 150 Hz
690/2V =345V 690 V 690 V
Mb/MN =2 Mb/MN =2 Mb/MN =2/9=0.22
Ngyn = 375 /min | ngyn =750 /min |  ngn = 2250 /min

4)fs=0.67 Hz, t,=39.1s
5) lgrig rises (almost) linear from 0 to 135 A with increasing the speed from 0 to ny.
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Tutorial 9 (EMD)

Synchronous machine in motor and generator operation

The pump-storage power station in
Grimsel (Switzerland) is equipped with
motor-generators (salient-pole synchro-
nous machines). For simplification we
consider the machines as round-rotor
machines. In generator operation each
machine is propelled by a Francis turbine,
whereas in motor operation a shaft-
coupled single-stage pump is used to
pump water into the reservoir.

e Un=135kVY,
e f;=50Hz,

o efficiency n~1,
e ny=750/min,

e Xg=12p.u,

e generator operation at rated current: 100 MVA, cosg = 0.75, overexcited,
e motor operation at rated current: 90 MW, cos¢ = 0.9, overexcited,

Use the load reference arrow system.

1) How big is the number of poles of the machines? How big is the rated current and the
synchronous reactance Xq in Q ?

2) Draw the phasor diagram of the voltages and the stator current for motor and generator
operation and read off the load angle 4, the phase angle ¢ and the synchronous generated
voltage (back e.m.f.) U, (Scales: x4y =800 V/cm, 14 = 800 A/cm).

3) Determine the rated torque and the pull-out torque as well as the corresponding active
power for generator operation.

4) Illustrate the characteristic P(9) for generator operation in a range of 0...180° and specify
the rated and pull-out points.

Solutions:
1) 2p = 8, Iy = 4277 A, Xq = 2.187 Q.

2) generator motor
Up=15641V | Uy = 14552V
3 =266° 3 =-354°
p=-1386° | @=-258°
3) generator load angle 4 torque M active power P
rated operation 26.6 ° -953.3 kKNm -75 MW
pull-out point 90 ° -2129.1 KNm -167.2 MW
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Tutorial 10 (EMD)

Salient-pole synchronous machine

An electrically  excited salient-pole
synchronous motor is used as a fan drive in
a furnace.

Motor data:

e Pyn=510kwW,

e Uy=400VY,

o fs=50Hz,

e cose =0.85, overexcited,

o 2p=38.

From the manufacturer test certificate we know:

Open circuit characteristic (line-to-line values):
Upg/Uy |02/04/06(08|10(11 (12|13 |14
le/ A 11 | 23 | 36 |51 | 70 | 82 | 97 | 114 | 135

Short circuit characteristic (line-to-line values):
/Iy [03]07] 11
lt/A | 30 | 70 | 110

o Xy/Xq=1/0.6,
* Xso =0.26 p.u.
e The influence of the stator resistance can be neglected.

1) Draw the characteristics Uo/Un = u(lf) and I /lIx = i(lf) into one diagram. Determine the
short-circuit ratio kg, the synchronous direct-axis reactance xq (in p.u.), the corresponding
value Xq4 in Q as well as the value of the stator leakage reactance X;, in Q.

2) Draw the phasor diagram for rated operation (scales: xy = 50 V/cm, 4 = 200 A/cm) and
read off the phase angle ¢, the load angle 9, the magnitude of the internal voltage Uy, the
synchronous generated voltage (back e.m.f.) U, as well as the d- and g-components of the
stator current.

3) The open circuit characteristic Us is the characteristic of the induced voltage U; (= internal
voltage Up). Add the value of the internal voltage derived in 2) to the open circuit diagram
and determine the level of saturation (= deviation from linearity, reference value is the tangent
to the open circuit curve in the origin).

4) Calculate both rated torque My and pull-out torque My of the involved synchronous and
reluctance torque. Sketch the characteristics of the load angle in a range of -180° ... 0° and
determine the resultant characteristic of the motor torque. Assign the rated operating point.

Solutions:

1) ke = 0.7, Xg = 1.43 p.u., X4 = 0.38 Q, Xsc =0.07 Q,

2) p=-31.8° 9=27° Uy=2625V, U, =485V, g4 =-720 A, | = 480 A,

3) Level of saturation: 1.44,

4) My = 6494 Nm, pull-out torque components:  synchronous torque 11261 Nm (¢ = -90°),
reluctance torque 1788 Nm (9 = -45°).
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Tutorial 11 (EMD)

Permanent magnet motor

In a tooling machine a six pole permanent
magnet motor is used to move the tool slide.
Motor data:

Uy=400VY,
PN =22 kW,
nn = 6000 /min,

number of windings per phase Ns = 20,
winding factor k,, = 0.966,

stator bore diameter ds; = 100 mm,

e iron length | = 150 mm.

Permanent magnets made from neodymium iron boron are glued to the rotor surface and are
mechanically fixed by a carbon fibre bandage. The magnetically active air gap o consists of
the mechanical air gap 0.8 mm and the thickness of the bandage 0.4 mm.

Magnet data at 20°C:

e remanence flux density Bk =1.2 T,

e coercive field strength Hcg = 900 kA/m.

e The material characteristic By(Hw) is linear in the 2™ quadrant and can therefore be
expressed by the following linear equation: By = Bg + Hy « Br/Hcs -

The pole pitch of the magnets is 100%. The iron can be assumed to have an infinite

permeability. The influence of the slot openings on the air gap flux density distribution can be

neglected.

1) How does the air gap flux density distribution (radial component) of the machine under

no-load conditions look like?

2) How big do we have to choose the magnet height hy to obtain a fundamental wave of the

air gap flux density of 0.9 T at 20°C under no-load conditions?

3) How big is the stator frequency fs at rated speed? How big is the induced no-load voltage

per phase Uso (r.m.s.-value), which can be measured between the open terminals, if the motor

is driven by a second machine in the manufacturer’s test laboratory?

4) How big is the torque in field oriented operation (I4 = 0, Is = I4 = In)? Draw a sketch of the

voltage phasors for motor operation with consideration of Rs. What is the relation of the

absolute values of phase angle and load angle?

5) Prove, that in field oriented operation the torque only depends on the stator current and is

directly proportional to it ("brushless dc drive"). How big is the rated stator current? Plot the

M(l)-characteristic for 0 < | < I.

Solutions:

1) The air gap flux density distribution has a rectangular shape.
2) hy =1.83 mm,

3) fsn =300 Hz , Usp = 1158V,

4) My = 35 Nm, |9 =g,

'
5) M =3-p-—2.1 ., Isn =63.3A.
J2 o
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Tutorial 12 (EMD)

Shunt-wound dc machine

A four-pole shunt-wound dc machine with
interpole and compensation windings and a
wave winding inside the armature shall be used
in a wire drawing machine. Motor data: '

e Un=500V,
e Pn=40KW,
o IN=874A

e variable speed operation: n = 0..3000 /min with rated torque,

n = 3000...4500 /min with rated power.
The machine is operated with open terminals at n = 1000 /min in the manufacturer's test bay.
The field current I; is varied and the open-circuit voltage Ugp is measured.

Up/V 5 50 100 150 | 162.5 | 175 188 200 208
s/ A 0 0.28 0.6 1 125 | 1.75 2.7 3.9 4.6

1) In the test bay, the motor is operated by a rotary converter with a dc generator (rated
voltage 500 V). Sketch the connection circuit of the motor including starting resistor in the
armature circuit and field resistor Ry in the field circuit. Make use of standardised terminal
markings for the different winding parts.

2) How big is the rated motor torque?

3) Which components of resistance comprise to the total armature resistance R,? How big is
the armature resistance R,? How big is the efficiency 7 of the motor without consideration of
field winding losses? (Neglect all losses, e.g. iron and friction losses, except for the resistive
losses in the armature winding.)

4) Plot the generator open-circuit characteristic Ug(l) to scale at rated speed ny = 3000 / min.
How big is the rated field current Isn? How big is therefore the total field circuit resistance
Rf + Ry?

5) Using field weakening, the speed shall be increased to n = 4500 /min at rated current and
500 V armature voltage. To which value does the field current I+ need to be adjusted?

6) What are the corresponding no-load speeds ng to the field currents I; in 4) and 5)? Plot the
associated n(M) characteristics for 0 < I, < Iy. Label the current limit I, = Iy in the diagram.
Information: “power hyperbola” = constant power: P=27-n-M =U ,-1, =constant

Solutions:

2) My =127.3 Nm,

3) Components of the armature resistance: armature winding, interpole winding,
compensation winding, brush contact resistance; R, = 0.484 Q, n=91.5 %,

4) Ity =1.05 A, R+ Ry = 476.2 Q,

5)1f =0.61A,

6) no(lsn) = 3277 /min, no(ls) = 4916 /min.

The slope of the n(M) - characteristic increases in the field weakening region.
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Tutorial 13 (EMD)

Large rolling-mill motor

In a steel factory in Linz/Austria a large,
separately excited, variable speed dc motor is
used to drive the 2,7 m long roll stand via a
gearbox. The motor is supplied with a dc voltage
of max. 1300 V by a controlled thyristor bridge.

e Motor data:

P/ kwW 684 | 6840 | 6840
n/min* 5 50 100
u/v 130 | 1300 | 1300
e 7(ny =50 /min) = 95 %,

e excitation losses 2 kW/Pole.

The motor is compensated.

e winding data: e geometry:
o simplex lap winding, stator bore diameter ds; = 4.45 m,
¢ 1 winding/cail, length of iron core | = 930 mm,
e coil sides per slot and layer u = 3, number of poles 2p = 18,
e slot number Q = 477, equivalent pole coverage ratio «, = 0.7.
e maximum air gap flux density at ny
Bsmax =1.05T.

1) Calculate the torque M for the given speeds. How big is the corresponding motor current
1,? Determine the flux per pole @ at rated operation.

2) Draw the quantities Pp, U,, 13, M, @ as a function of the speed n both for the base speed
(n = 5...50 min™") and for the field weakening region (n = 50...100 min™®), (Ry ~ 0, M = M).

3) How big is the induced voltage U; at rated speed?

4) How big is the total armature resistance?

5) Sketch the M(n) — characteristic for rated voltage and rated excitation in the range of
M =0 ... M. How big is the no-load speed ng (neglect the voltage drop across the brushes)?
6) How big are the resistive losses Pcy a and the sum of the iron, friction and additional losses
I:)R+Fe+z?

7) How big is the average voltage between two segments Us,, at rated speed? Is it in the
permissible range (give the limit value)?

Solutions:
1) |[n/min™ 5 50 100
M/ KNm 1306.3 | 1306.3 | 653.15
/A 5511 5511 5511
@/ Wb 0.53 0.53 0.265
3) Ui=1264V, 6) Pcua = 198.3 KW, Pripe+z = 125.7 kKW,
4) R, =6.53 mQ, 7) Usay =16.35V <18..20 V
5) no =51.4 /min, (segment voltage is sufficiently small).
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Tutorial 14 (EMD)

Single-phase series-wound commutator machine

Four single-phase series-wound commutator

motors (per wheel set one motor with Py = 1 e
MW, nn/Nimax = 1000/1490/min, Uay = 465 V, lay

= 2400 A (r,s-values at 16.7 Hz), cosgy = 0.985, : -

are the drlve_ motors_ of a 80 ton heavy electric R S N
loco for freight trains. Motor geometry: Bore _ _
diameter d; = 896 mm, stack length Iz = 330 Electrical locomotive

mm, pole count 14, commutator diameter dc =

690 mm, brush width b, = 12.5 mm. The motors are equipped with a simplex lap winding
with N¢ = 1 turns per coil, Lc = 7.5 pH coil inductance, an armature slot number Q = 175 and
u = 3 coil sides per slot and layer. The rated air gap flux density beneath the pole centre is
0.75 T, and the pole coverage ratio . = 0.7.

1) Determine the rated motor torque My and the rated motor efficiency!

2) The motors are fed via the loco transformer and the step-down switch with a variable AC
armature voltage amplitude at 16.7 Hz. Draw the torque-speed-characteristic n(M) for Uy =
465V and 300 V in the range of 0 <M < My, 0 < n < npay for cose ~ 1 at assumed constant
iron saturation (flux per pole @ =L"-1,).

3) The loco wheel diameters are 1.1 m and the loco maximum velocity 150 km/h. Calculate
the transmission ratio of the single stage gear between motor shaft and loco wheel set axle!

4) Is it possible for the locomotive to accelerate a train load of 520 tons at a track inclination
of 2% and dry tracks (friction coefficient x = 0.4 between wheel and track) without exceeding
the rated armature current? Is this acceleration also possible at wet tracks (friction coefficient
u=0.15)?

5) Determine the voltage Ur,, which is induced at rated current operation at stand-still (v = 0)
into the commutating armature coil via the AC main flux! Note that this coil is short circuited
via the brushes! Compare the voltage value with the admissible limit (Ut jim = 3V, rms)!

6) Calculate at rated speed and current the back EMF U;, the average torque value My, the
torque AC amplitude M- and its frequency fu! Give a sketch of M(t) to scale!

7) Determine the reactance voltage of commutation Ug (rms) at rated operation! Compare this
value with the admissible voltage limit!

Solutions:
1) My = 9550 Nm, 7y = 91.1%

2) 27k L' =UZ /(M -n?) = 0.08151(Vs)?/Nm, M(1490/min, 465V) = 4302Nm, M(1490/min, 300V)

=1790 Nm

3)i=2.06

4) M(n = 0) = 7857 Nm < My. The loco can accelerate with I, < Iy, also at wet tracks, but the friction
force is at its limits!

5) Ur,=2.58 V (admissible max. 3 V)

6) Ui =431V, M. = M,, = 9869 Nm, fy = 33.4 Hz

T)Ur=74V <10V
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