Overview Electrical Machines and
Drives

» 7-9 1: Introduction, Maxwell’s equations, magnetic circuits
* 11-9 1.2-3: Magnetic circuits, Principles

* 14-9 3-4.2: Principles, DC machines

» 18-9 4.3-4.7: DC machines and drives

» 21-9 5.2-5.6: IM introduction, IM principles

e 25-9 Guest lecture Emile Brink

» 28-9 5.8-5.10: IM equivalent circuits and characteristics
e 2-10 5.13-6.3: IM drives, SM

* 5-10 6.4-6.13: SM, PMACM

* 12-10 6.14-8.3: PMACM, other machines

» 19-10: rest, questions

* 9-11: exam
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Induction machines

e Introduction (5.1)
» Rotating magnetic field (5.2, also for SM)
* Why does an induction machine rotate?
» Induced voltage (5.3, also for SM)
» Definitions (5.4, 5.5)
» Equivalent circuits and voltage equations (5.7)
» Parameter identification (5.8)
» Performance characteristics (5.9)
» Torque-speed characteristic
« Stator current
» Efficiency / Power flow in three modes of operation (5.10)
» Speed control (5.13)

* Linear induction motors (5.16)
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Parameter identification (5.8)

» resistance measurement (dc current) - which resistance?
» no-load test - which parameters?
» blocked-rotor test - which parameters?

LS R'R/ S
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Performance characteristics (5.9)

dw,
dt

Power balance: P =P TPt
- neglect iron losses

- field energy constant

The power crossing the air gap per phase is

P —RRI'Z RRIIZ SRIIQII;Z
S

Py = P2 +P Ry Lo

From this analysis:

P, =sbk, L,
=(1-9)R,

P P Py =s:(1-9):1

1

:IR'R/ S
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Torque-speed characteristic per phase
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Torque speed characteristic

Brake

(Plugging) Motor Generator
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Torque-speed characteristic per phase

At low values of the slip At >>

S
2 /
Tmech = 2p 2V1 RR = 22) Sr Vl2
w ! S
SORCE; A
> Torque is proportional to the slip
At high values of the slip F\;R <<al,
T h = P V12 R'; ~ P V12 R';
2w RY s 2wl VP s
S s at,)’ o)

> Torque is inversely proportional to the slip
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Maximum torque

d_T:O S:ii
ds al
2
Tmech == p Vl
4w al,
f

R,
increasing

I l

proportional to Ry

independent of R,

FIGURE 5.18 Torque-speed
n  characteristics for varying R,.
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Induction machines

e Introduction (5.1)
» Rotating magnetic field (5.2, also for SM)
* Why does an induction machine rotate?
» Induced voltage (5.3, also for SM)
» Definitions (5.4, 5.5)
» Equivalent circuits and voltage equations (5.7)
» Parameter identification (5.8)
» Performance characteristics (5.9)
» Torque-speed characteristic
« Stator current
» Efficiency / Power flow in three modes of operation (5.10)
» Speed control (5.13)

* Linear induction motors (5.16)
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Stator current

assuming R =0

Ry Lo
L_J U 3 Y Y Y
==t
jads Feyioy L, [JR's
S

- Calculate the current phasor for s=0
- Calculate the current phasor for s=co
- What is form of the trajectory of the stator current phasor?
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Stator current: Heyland circle

| = —+ RI':{ = Im
J a)Ls + J a)LJ H» Re
S 1
S::O ~
l S::(X)
= T
-ng
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Power factor

» What is the power factor?

PF
A
08—
05—
| - FIGURE 5.20 Power factor as a function of
0 ng speed.
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Induction machines

e Introduction (5.1)
» Rotating magnetic field (5.2, also for SM)
* Why does an induction machine rotate?
» Induced voltage (5.3, also for SM)
» Definitions (5.4, 5.5)
» Equivalent circuits and voltage equations (5.7)
» Parameter identification (5.8)
» Performance characteristics (5.9)
» Torque-speed characteristic
« Stator current
» Efficiency / Power flow in three modes of operation (5.10)
» Speed control (5.13)

* Linear induction motors (5.16)
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Efficiency: power flow ,

rot
I)EEC P
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e
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Efficiency

£t Ideal: P, = Pag
A PZ = SI:)ag
1 | ,
|deal / P =P __=(1-95P
efficiency, / out mech ag
1 —s Ny
Actual P
efficiency  igea = ——+ =1—S
0.5 Rn
0 n, 3= n
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Induction machines

e Introduction (5.1)

» Rotating magnetic field (5.2, also for SM)

* Why does an induction machine rotate?

» Induced voltage (5.3, also for SM)

» Definitions (5.4, 5.5)

» Equivalent circuits and voltage equations (5.7)
» Parameter identification (5.8)

» Performance characteristics (5.9)

» Power flow in three modes of operation (5.10)
» Speed control (5.13)

* Linear induction motors (5.16)
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Speed control

» How can the speed of an
induction machine be

controlled? /
Ny

3rake

ugging) Generator

R,
increasing

| | |
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Speed control

* Old:
* pole changing
« line voltage control
» rotor resistance control
» State-of-the-art:
« line frequency control
« rotor slip energy recovery

» Realized by means of

« Voltage source inverter (VSI)

 Current source inverter (CSI) not discussed
» Replaces dc motor drives
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Line voltage control / soft starter

o
Vi t t f ' 1 1
Induction .-
Set Firing
o_(wvvJYWV\_ i speed circuit
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Line frequency control
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Line frequency control
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Voltage as a function of frequency

1%
A
E =+/2k, N |
| Loy Can be realized with
0 50 100 >controlled rectifier
>PWM
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Principle of voltage source converter

% L gT“iSl pbt Phase leg of
v, Lo 2 - Voltage Source Converter
Xj —_— 1 V, =
o 97“;82 ANp2 7 Basic building block of
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Field weakening above base speed
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Closed loop speed control

' Tach
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Speed control

* Old:
* pole changing
« line voltage control
* rotor resistance control
» State-of-the-art:
« line frequency control
e rotor slip energy recovery

» Realized by means of

« Voltage source inverter (VSI)

 Current source inverter (CSI) not discussed
» Replaces dc motor drives
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Rotor resistance control
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Slip energy recovery

. T
. o A
Vl V]
o~ Id
WEN o o o W
+ +
vy |4
1“ > 1
{a) (b)
9-—
[ .
I
Tach ‘.._....._IY‘Y\___d
+ +
* % 1’ *

%
TUDelft Challenge the future 28




Doubly fed induction generator
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]
Large wind turbines A

Leistungssteigerung der Windkraftanlagen | |

'-_|

Retord urchme:se

il

e

{

MNabanhohe

o r'.—

Nennleistung (in kW) 30 B0 2580 600 1.500 3.000 7.500
Rotordurchmesser (in m) 15 20 30 4h T ag 126
Uberstrichene Rotorfliche (in m_) 177 314 oy 1.662 3BLE 6.362 12,469
Nabenhdhe (in m) 30 40 &0 7B 100 1045 134
Jahmesenemieertrag (in MWh) ih a5 400 1.250 3.500 6900 ca. 20.000

el Sumbeas, BT
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Example large
wind turbine

REpower

o5 MW

12 rpm

¢126 m rotor diameter
100 m tower

Source: REpower Systems AG, photo: Jan Oelker.
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Copyright: DONG Energy A/S
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Horns Rev constructio

Copyright: DONG Energy A/S
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spinner \O

rotor hub

Generator system
Wlth gea]f' main bearing

main axle

gear box

rotar blade

:

- & P ' yaw ntrol
o - gear/motor
generator ' disc brake

maintenance crane

tower

Source: Bundesverband WindEnergie
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DFIG system

Works as a generator both below and above synchronous speed.
What is the direction of the energy flow in generator operation

- Above synchronous speed?

- Below synchronous speed?

P, =sbk,
Pecn = (A9 P,
cotor doubly-fed
induction PE
gearbox generator  convertor grid
avn

U
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Induction machines

e Introduction (5.1)

» Rotating magnetic field (5.2, also for SM)

* Why does an induction machine rotate?

» Induced voltage (5.3, also for SM)

» Definitions (5.4, 5.5)

» Equivalent circuits and voltage equations (5.7)
» Parameter identification (5.8)

» Performance characteristics (5.9)

» Power flow in three modes of operation (5.10)
» Speed control (5.13)

* Linear induction motors (5.16)
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Linear induction machines

Stator

v
o Secondary E >
3¢ winding , S —

Aluminum sheet
(conductor)

{a) (b)

FIGURE 5.45 Induction motors. (a) Rotary induction motor. (b) Linear induc-
tion motor (LIM).
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Linear induction machines

Secondary QQOOQOOOOQOQOO\

Primary
CTOOO00000000000]__~  FIGURE 547 Double-sided LIM
| (DLIM).

Short Alumlnum
primary / sheet

I Long secondary

FIGURE 5.48 LIM lor a vchicle.
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Traction application LIM
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Overview Electrical Machines and
Drives

» 7-9 1: Introduction, Maxwell’s equations, magnetic circuits
* 11-9 1.2-3: Magnetic circuits, Principles

* 14-9 3-4.2: Principles, DC machines

» 18-9 4.3-4.7: DC machines and drives

» 21-9 5.2-5.6: IM introduction, IM principles

e 25-9 Guest lecture Emile Brink

» 28-9 5.8-5.10: IM equivalent circuits and characteristics
e 2-10 5.13-6.3: IM drives, SM

* 5-10 6.4-6.13: SM, PMACM

* 12-10 6.14-8.3: PMACM, other machines

» 19-10: rest, questions

* 9-11: exam
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