Large Generators and High Power Drives

1. Manufacturing of Large Electrical Machines
2. Heating and cooling of electrical machines

3. Eddy current losses in winding systems

4. Excitation of synchronous machines
5. Design of large synchronous machines
6. Wind generators and high power drives

7. Forces in big synchronous machines
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6. Wind generators and high power drives

6.1 Silicon controlled excitation

6.2 Wind turbine generators

6.3 Inverter-fed high power AC motors

6.4 Synchronous converters for synchronous motors

6.5 Cyclo-converter driven synchronous motors

Source: Vestas,

6.6 Harmonic effects in inverter-fed synchronous machines Denmark
6.7 Synchronous generators with high voltage DC link

6.8 Applications with big doubly-fed induction machines
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6. Wind generators and high power drives

6.1 Silicon controlled excitation

Zener diodes .
rotating part
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synchronous machine .
exciting generatol

Converter excitation Brushless excitation

® Converter excitation: Controlled six-pulse rectifier bridge (B6C) generates from AC grid voltage a
variable DC field voltage U;, depending on thyristor ignition angle « = via 2 slip rings DC current flows
to the rotor winding.

® Brushless excitation: Exciter generator is coupled to main synchronous machine rotor, being itself
an outer rotor synchronous machine: Stator = "DC excited” magnetic field. Rotor: Three-phase AC
winding, in which voltage U is induced. Rotating six-pulse B6-diode bridge rectifies U to DC field
voltage U;, being applied to rotor without any brushes or slip rings. By variable stator DC field current
the rotor field voltage is varied.
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6. Wind generators and high power drives

High-speed excitation and de-excitation
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High speed excitation De-excitation: a) external resistance b) field current

- ~ DARMSTADT 6/4 Energiewandlung * FB 18

High speed excitation: Quick rotor field build-up: Applying of "ceiling voltage" U ., : Filed current
rises in minimum time t,, from starting value I, to set-point value I;,. At stator no-load condition rotor
electrical time constant T is Rotor open-circuit time constant T; = L{/R;.

Quick de-excitation: Quick de-magnetization of rotor field: Applying an external field resistor R,
(switch is in position 2) to reduce rotor winding time constant Tf

T, *=L, /(R, +R )= T/(1+ AT

Example: At R,= 9R; time-constant T is reduced to T¢* = T{/10, e g. from 3 s to 0.3 s. After about 3
T+ = 1 s rotor field has decayed to zero.
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Large Generators and High Power Drives

Summary:
Silicon controlled excitation

- Converter excitation: DC field voltage is generated by a controlled six-pulse
rectifier bridge = two slip rings necessary

- Brushless excitation: Outer rotor exciter generator feeds rotating diode bridge
rectifier, which generates the DC field voltage = no slip rings required

- High speed excitation:
Fast rotor field build-up by applying “ceiling voltage”
Voltage build-up ruled by rotor open circuit time constant T,
- Quick de-excitation: Rotor time constant is reduced by external field resistor

s
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6. Wind generators and high power drives

6.1 Silicon controlled excitation
6.2 Wind turbine generators
6.3 Inverter-fed high power AC motors

6.4 Synchronous converters for synchronous motors

6.5 Cyclo-converter driven synchronous motors

Source: Vestas,

6.6 Harmonic effects in inverter-fed synchronous machines Denmark

6.7 Synchronous generators with high voltage DC link
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6. Wind generators and high power drives

6.2 Wind turbine generators

- Fixed speed drives: super-synchronous speed ng,, = (1-s)f./p,s ~-0.5 ... -1 %
Cage induction generators, directly grid operated, super-synchronous speed
geared wind turbines n; = ng,/i (i: gear ratio, typically 50 ... 100)
stall turbine power control

Rated unit power up to 1 MW

- Variable speed drives: speed varies typically n 50% ... 100%
a) Geared doubly fed induction generators
b) Gearless electrically or permanent excited synchronous generators
c) Geared synchronous generators

pitch turbine power control

Rated unit power 1 ... 5 MW
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6. Wind generators and high power drives

6.2 Wind turbine generators
6.2.1 Fixed speed wind energy conversion

6.2.2 Variable speed wind turbines:
Doubly-fed induction machines

6.2.3 Gearless wind generators

6.2.4 “Multibrid” - PM wind generator
— dual stage gear

6.2.5 ,Small Hydro Power*
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6. Wind generators and high power drives

6.2.1 Fixed speed wind energy conversion

- Generator speed: super-synchronous speed ng,, = (1-s)f/p,s ~-0.5...-1 %
Small load dependent slip s, so speed is almost constant.

- As wind speed v varies, power varies, too: P ~ v3

- Coarse and cheap adjusting of wind turbine speed by pole changing wind
generator:
Small 6-pole winding: 2p = 6: ny,, = f/p = 1000/min at 50 Hz
Big 4-pole winding: 2p = 4: ny,, = f/p = 1500/min at 50 Hz

- Power variation: 4 poles: 100%, 6 poles: 30 %

- Two independent three phase windings in slots of stator, switched via

mechanical pole changing power switch.

s
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6. Wind generators and high power drives
Pole changing cage induction generator

Rated power: 1.3 MW
4-pole winding:
1500/min at 50 Hz
1800/min at 60 Hz

Water jacket cooling stator
housing allows closed
generator operation for
outdoor use

Shaft end Housing feet terminal box Power terminal box Source:

, : L . Wineray. G
Bearing with lubrication opening inergy, Germany
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6. Wind generators and high power drives
Principle of planetary gear

- First stage of a two- or three-stage gear is a planetary gear

- Input and output shaft are aligned, transmissioni < 8 ... 9: M, = M, /i, n,; =1y,

_.’\\

P Input: Big
0 N torque, low
-/ speed
Output; Low .
torque, big

speed

= Fixed outer wheel
Planet wheels
Assembly ' Components Sun wheel

Source: GE Wind, Germany
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6. Wind generators and high power drives
Principle of 3 stage gear with planetary gear as 15! stage

Output: high speed, low torque
Helical gear as 3" stage

Helical gear as 2" stage

Planetary gear as 15t stage

Big torque,

low speed Source: GE Wind, Germany
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6. Wind generators and high power drives
Planetary gear with two helical stages = 3 stage gear, 1 = 100

Second stage First stage:

= helical gear | Planetary
Third stage: gear: Input
helical gear at at low
high speed e.qg. speed ,
1500/min, low e.g. 15/min
torque
Cut-view
demonstration
object
Source:
GE Wwind,
Germany

2, TECHNISCHE
2.7 UNIVERSITAT
" DARMSTADT

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
6/13 Energiewandlung * FB 18

Eunw’



6. Wind generators and high power drives

Finishing work on rotor blades of
wind converter with fixed speed
Induction generator

Source:

Vestas, Denmark
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Large Generators and High Power Drives

Summary:

Fixed speed wind energy conversion
- Directly grid operated cage induction generators (super-synchronous operation)
- Speed is almost constant (small load depending slip)
- Stall control
- Multi-stage gear necessary, gear ratioi = 50 ...100
- first stage: planetary gear
- second (and third) stage: helical gear
- Rated unit power up to 1 MW
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6. Wind generators and high power drives

6.2 Wind turbine generators
6.2.1 Fixed speed wind energy conversion

6.2.2 Variable speed wind turbines:
Doubly-fed induction machines

6.2.3 Gearless wind generators

6.2.4 “Multibrid” - PM wind generator
— dual stage gear

6.2.5 ,Small Hydro Power*
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6. Wind generators and high power drives

6.2.2 Variable speed wind turbines:
Doubly induction fed machines

- Fixed speed drives:

- Speed variation only by slip: nge, = (1-s)fJ/p, s ~-0.5 ... -1 %

- Cage induction generators: Big variation of torque with slip (Kloss function)

- Wind power depends on speed: P ~ n3

- Local wind speed fluctuation leads turbine speed fluctuation, which causes
big power fluctuation, when wind turbine blade is shadowing centre pole

- Frequency of power fluctuation: f = zn (z = 3: number of blades of wind rotor)

- Advantage of variable speed drives:

- “Stiff” Kloss function is replaced by speed controlled drive via inverter feeding.
- No big power fluctuations with 3-times turbine speed
- Turbine blades may be operated for optimum air flow angle, getting maximum

turbine efficiency below rated speed

s
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Doubly-fed asynchronous machine

« Aim: Speed-variable operation with limited speed range, but corresponding smaller

inverter of small power: S;, < S, (less cost!)

Neyn . 2

1
e.g..Aan= T —- N
J 3 3

4

gn —AN<N<ng, +An=§-nsyn < Siny =§~SmOt

« Solution: Slip-ring induction machine with grid-fed stator winding and rotor winding fed
by an inverter = DOUBLY FED asynchronous machine: ng,, = fy.,/p

syn =N

fGrid = Is 22 UN’ IN’ COS (EN Grid

. ¢
Rated inverter power: S;, , |
77 UN.IN,COS®N  Machine
inverter d
¢ Rated apparent machine power:
r v Smot > Sinv
Stator: Winding is grid-
Rotor: Winding is inverter-fed with operated, three-phase
slip-frequent rotor voltage U, sinusoidal system

s
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6. Wind generators and high power drives

Wind generators — Power data

- Pitch controlled rotor blades for adjustment of power at
variable wind speed

P=15MW P=20MW P=27MW P =3.0MW P=3.6 MW P=5.0MW
D=77m D=80m D=84m D=90m P=45MW D=125m
D=104 m
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6. Wind generators and high power drives

Pitch controlled variable speed wind energy converters up to
5 MW for on- and off-shore application

| P/ MW || Dr/m || ng /min* || Company || Generator ||vaaX/km/h || V vy /m/s || Gear i I
1.5 70 10...19 Repower DS-ASM 251 No data No data
77 9..17 Sudwind DS-ASM 247 3..20,11.1 104
2.0 80 9...19 Vestas DS-ASM 287 4...25, 15 No data
Optispeed
90 7.4..14.8 Made Syn-G RG 251 3..25 101
2.7 84 6.5...18 GE Wind DS-ASM 285 4.5..25 No data
2.75 92 gy = 15.6 JI NEG Micon | DS-ASM 4...25, 14 70.65
| 3.0 || 90 || 10...20 || Scan Wind || PM-Syn || 339 || No data || gearless I
| 3.6 || 104 || 8.5...15.3 || GE Wind || DS-ASM || 300 || 3.5..25, 14 || No data I

| 4.5 || 104 || No data || Enercon || Syn-G SL || No data || No data || gearless I
| 5.0 || 125 || 7..13 || Repower || DS-ASM || 306 || 4...30, 12 || 98.3 I

DS-ASM: Doubly-fed wind generator, PM-Syn: Permanent magnet synchronous generator

Syn-G RG: Electrically excited synchronous generator with rotating diode rectifier

Syn-G SL: Electrically excited synchronous generator with slip rings
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6. Wind generators and high power drives

Typical variable speed wind turbine data for off-shore

| Rated power || 3 MW || 5 MW |

I Wind turbine rotor diameter §  104m | 126m |

| Speed range 1/min || 8.5... 13 (Rated) ... || 11 (Rated) |
| Wind velocity m/s || 35..25 || |

Cut-in wind speed: typically 3 m/s Cut-off wind speed: typically 25 m/s

Dominating electrical system: Geared doubly-fed induction generator

System components:

- Induction generator with wound rotor and slip rings, voltage < 1000 V (e.g. 690 V/ 50 Hz)

- Rotor side IGBT inverter (Insulated gate bipolar transistor)

- Inverter PWM control on rotor and grid side (Pulse width modulation)

- Three stage gear unit (transfer ratio per stage < 8): i =70 ... 100 from low turbine speed
to high generator speed

- Transformer (e.g. 690 V / 20 kV) for grid connection

‘s
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6. Wind generators and high power drives

Masses of variable speed wind energy converters (1)

Generator system: Nacelle Wind rotor +
Doubly fed Nacelle
induction gen.

1.5 MW Sudwind ‘ Dr=77m,561t per‘ Gear: i =104 Total nacelle mass: ‘ Total mass: 84 t

‘ Rated power ‘ 3-blade wind rotor

blade, in total with 14 t (300 | Oil) 61t
! seider: 34t Generator: 7 t
5 MW Repower Dr=125m, 19t Gear:1=98.3 Total nacelle mass: jJ| Total mass: 350 t
per blade, in total 65 t 240 t
with spider: 110 t Shaft + Bearing: Length x Height:
351 23 mxX6m

‘Ut
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6. Wind generators and high power drives

Masses of variable speed wind energy converters (2)

Rated power 3-blade-wind rotor jJ| Generator system: Nacelle Wind rotor +
synchronous gen. Nacelle

4.5 MW Enercon Dr =104 m gearless, No data Total mass: 500 t
Rotor diameter high pole count,
electrically excited
synchronous
generator +
inverter

|

5 MW Multibrid In total with Gear:i1=ca.l4 Total nacelle mass: J| Total mass: 230 t
spider: 100 t PM-Synchronous 130t
generator

w TECHNISCHE  prot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
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6. Wind generators and high power drives

Overview on different variable speed wind generator concepts

« Conventional : 15 RPM - 1:100 gearbox — 1500 RPM gen.
 Hybrid: 15 RPM - 1:6 gearbox — 90 RPM gen.
« Multi-pole: 15 RPM direct drive

EE W
Rotor

Nacelle

Source:
DTU, Denmark
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6. Wind generators and high power drives

Off-shore wind park near
Denmark

Variable speed wind turbines

Pitch control

Doubly-fed induction generators

Yaw control to align wind direction

Source:
Winergy, Germany
Tl . . . . .. .
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6. Wind generators and high power drives

Components of variable
speed wind converter
systems

Wind rotor:

Blade / P
Spider —
Turbine shaft

Generator three-
phase cable

Nacelle:
Induction generator
Generator shaft + coupling

Three-stage gear

Transformer low-
voltage three phase
cable

Rotor side inverter

Centre pole

Source:

Winergy, Germany
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6. Wind generators and high power drives

Inserting the form-wound two-layer winding in induction
generator stator

| W Stator iron

stack

Winding
overhang

coll ends

Source:
Winergy

Germany
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6. Wind generators and high power drives

Stator three phase two-layer
winding of induction generator

Source:
Winergy

Germany
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6. Wind generators and high power drives

Rotor three phase two-
layer winding of slip ring
Induction generator

Source:
Winergy

Germany
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6. Wind generators and high power drives

Wound rotor of slip ring induction machine

wo-layer three-phase
rotor winding

Y connected

3 slip rings of the three
phases

shaft end

Source:
GE Wind, Germany
gop TECHNISCHE — prot A Binder : Large Generators & High Power Drives
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6. Wind generators and high power drives
Connecting rotor winding t

Rt S v
T AR AN e AR

o slip rings

" X

N {? \

v Ao | 4
e T e o

Non-drive end
shield

bearing seat

slip rings
with spiral
slot to avoid
aerodynamic
levitation of
brushes

Source:
&  \Winergy
L . . .
s TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives
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6. Wind generators and high power drives

Carbon slip rings instead of steel slip rings shall
enhance brush life

Source: Winergy, Germany
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6. Wind generators and high power drives

Components of doubly-fed induction generator system
2 MW

......

Three-stage planetary  generator coupling slip-ring induction rotor side inverter
gear generator

Source:

Winergy, Germany
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6. Wind generators and high power drives

Principle of doubly fed induction machine (1)

Aim: Speed variable operation with small inverter:
inverter rating less than motor rating S;,, < S,

Solution: Line-fed slip-ring induction machine, fed by small inverter in the rotor
via slip rings

but: Speed range Nyin <Ngyn <Ny small. If we want n;,, = 0, we get S, = S

Inverter feeds with rotor frequency an additional rotor voltage U’, into
rotor winding.

- Via variable amplitude of U, the speed is changed,
- Via phase shift of U, the reactive component of stator current_, is changed

g) TECHNISCHE  pro¢ A Binder : Large Generators & High Power Drives  Institut fur Elektrische
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6. Wind generators and high power drives

Principle of doubly fed induction machine (2)

Machine Nmin < nsyn < Nax

Ig jXrO', Rr’/S us = th(ls _I_'r) — jxhlSO
U’y = (R} + J8X [ )1y +5U.

Iy

Grid |Us Uy'| Inverter
~ /
Xh S U,
us _
— ° Rotor current: |/, =— S
. . . . . r - 4
Simplified T-equivalent circuit per 4 XL,
phase: = S
R, =0,L,_=0
Rotor voltage of inverter:
U’ .
~r r
f U’ =U,-(w—Jb)
wU
~j-bU,
£ ) TECHNISCHE  prot A Binder Large Generators & High Power Drives  Institut fur Elektrische 11 E
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6. Wind generators and high power drives

Simplified torque-speed curve of doubly fed machine (1)

« Electromagnetic torque M, : Approximation for small slip s << 1.:

I’ = S,Lls._u,r zSQs—'lLr:Q,s (s—w+ jb) s<<1
Rr+JSXra Rr Rr
. U2 P mU?
P=P.=m.RelJ.-I'(=m.—=(s—-W) =M, =—2=—5"5 (s—w
in o S {JS r} S R;( ) e stn stnR;( )

By real part of additional rotor voltage w the M_-n-curves are shifted in parallel !
« Torque is ZERO at no-load slip s, = w.

- If no-load slip s, is positive (SUB-synchronous no-load points) < Active
component of additional rotor voltage IN PHASE with stator voltage

- If s is negative (SUPER-synchronous no-load points) < Active com-
ponent of additional rotor voltage is in PHASE OPPOSITION with stator
voltage

'

M,=0 = s—-w=0 = sl_:wzrl’JLt'Ve
S

* Inverter rating: S),, =3U I,
*  Atng, (& S ) both U, and S, are at maximum, defining inverter rating.

& -» TECHNISCHE
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6. Wind generators and high power drives
Simplified torque-speed curve of doubly fed machine (2)

- Elektromagnetic torque M, simplified expression for small slip s << 1.

2
c= o= s (s w)
stn stnRr

* Viathe ,active” component of the inverter-output rotor voltage w the M_-n-curves
are shifted in parallel.

M,=0 = s-w=0 =

!
r,active
Us

‘s
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6. Wind generators and high power drives

Simplified torque-speed curve of doubly fed machine (3)

Torque is zero at no-load slip s, = w.
- slip s is positive (SUB-synchronous no-load operation point) <
active component of inverter-output rotor voltage is IN PHASE with stator phase
voltage: w >0

- slip s, is negative (SUPER-synchronous no-load operation point) <
active component of inverter-output rotor voltage is IN OPPOSITE PHASE to stator
phase voltage: w < 0

UNIVERSITAT 6/38 Energiewandlung  FB 18
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6. Wind generators and high power drives

Inverter rated power

« Inverter power: Sinv:wrlr:w;l;ZB'SLUs”

, — —_— N/
Ir,max - ‘lsN lm‘ ~ IsN

— ' ~/ ° _
Sinv,max _B'SL,maxUslr,max ~ SL,max 3USN ISN _SL,maxSN

Sinv,max — SL,maxSN

«  Example: Ny, = 0.7ngyn! S| max = 0.3 Sjpymax = 0-3: Sy

P.n=1.5MW, cosg = 0.8, Sy =1.5/0.8 =1.875 MVA

S = 0.31.875 = 0.56 MVA = 560 kVA

inv,max

s
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6. Wind generators and high power drives

Example: Ny, = 0.7Ngyn S| max = 0-3! Sjpymax = 0.3-Sy; Peny = 1.5 MW = P;;, cosgy = 0.8,
fy =50 Hz, Sy = 1.5/0.8 = 1.875 MVA, S, nax = 0.3-:1.875 = 560 kVA
Machine: 2p = 4, ng,, = 1500/min sy =1%:ny = (1—sy )Ny, =1485/min

P
P.out = (L—Sy)Ps =1485kW My = 2’“*’“‘ =9549Nm P, , = Sy Ps =15kW
, Ny ,

5. =0.3,s=5, +sy =0.31:npip = (L—9)ngy, =1035/min R, o = (1—5)Ps =1035kW
P
My =% = 9549Nm P, =sP; =465kW Ry = P, — Py = 465—15=450kW

27N,
min Machine inverter
Pen = 1.5 MW Pl = 450 kW
A
Me l Motor operation

SL =0.3 Luftspalt
e . P SUB-SYNCHRONOUS
| Sy r
! Losses:
N

only P, considered
(in the SANKEY-diagram (left)

W neglected)

v A
)
=
el

m,out

Phow=15-0.465=1.035 MW
- ), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische 5
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6. Wind generators and high power drives

Doubly fed induction machine as wind generator

Wind turbine with variable speed allows to extract maximum possible wind power at
each wind velocity v .

3
I:)Wind -V = I:)Turbine ~ N
Doubly fed induction machine used as variable speed generator, operating at grid

with constant grid frequency !

Additional rotor voltage with rotor frequency generated by 4-quadrant PWM inverter via
slip ring fed into rotor winding.

Example: Wind velocity varies between 0.54v, ., and v,,,,:
Generator and gear to turbine are designed hence for speed range n

+30% (s = +0.3):

syn —

Wind velocity Generator speed add. voltage

P = 100%
1= 0.7 = 05000 o= o

Rated power of inverter at steady state operation and rated torque:
Pinverter = SPs = SPy =0.3Py

Here inverter rating is only 30% of generator rating, thus it is a very cheap solution,
which is used nowadays widely at big wind turbines 1.5 ... 8 MW.

P =0.15=0.54°

o TEIC\I/—lENR'gﬁ"E Prof. A. Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
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6. Wind generators and high power drives
Doubly-fed induction generator with heat exchanger

Doubly-fed
induction
generator

4 poles

2000 kW at
1800/min, 50 Hz
and slip -20%

Rotor frequency
10 Hz

Source:
Winergy

Germany

Air-inlet fan Feet Power terminal box Slip ring terminal box

Air-air heat exchanger above

fm}f‘ TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
72 UNIVERSITAT
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6. Wind generators and hlgh power drives

Doubly-fed
Induction generator

1500 kW at 1800/min

Air-air heat
exchanger

Air inlet fan Generator terminal

box

Mounting of air-air heat
exchanger on slip ring
Induction generator

Source:
Winergy

Germany

"unw’
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6. Wind generators and high power drives

Example: Rating for doubly-fed generators

Wind power rating || 3 MW I

Generator cooling / Thermal class || Air-Air heat exchanger / Class F I
Generator rating || 3.3kV /616 A /50 Hz I
Apparent power / power factor || 3.5 MVA /0.88 inductive load I

Real power / Generator mass | 3.1MW /146t I
range / Rotor voltage at stand still | +/-30%/ 2443 V at 50 Hz I
Rotor: rated current / aeearent Eower || 748 A / 950 kVA I

Generator frame size / dimensions LxBxH I 630 mm / 3.8x2.6x1.7 m°

Full load efficiency || 97.1 % I

Turbine speed/ Gear transmission ratio _|| 11.9/min /990/11.9 = 83.2 ||

‘s
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6. Wind generators and high power drives

Fan
units

Filter
chokes

Air-cooled power electronic circuit for a 1.5 MW-wind
converter has a rating of about 450 kVA
< g

) ; Source:
Grid side: 690 V Winergy
Rotor side: Rated rotor current Germany

), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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6. Wind generators and high power drives

Inverter rating for doubly-fed generators

| Rated power of wind converter I 3 MW I
| Rated voltage / Current / Frequency I 732V /748 A/ <15 Hz; 50 Hz I
| Rated apparent power I 950 kVA I
| Inverter unit / full-load efficiency I 800 kW /820 A /97 % I
| Dimensions LxBxH / Mass I 0.9x0.6x2.45 = 1.3 m* / 1045 kg

| Crowbar: I ca.1.3m> ca. 1t I
| Control unit for grid voltage break down 15 % I ca.1.3m" ca. 1t I

Crow bar: Thyristor switch short-circuits rotor side inverter in case of stator side winding
fault. Otherwise transient rotor over-voltage and big rotor short circuit current would destroy
rotor side power electronics.

Control unit for voltage break down: Is necessary to fulfil demand of TSO (transmission
system operators), that wind converters have to stay at the grid even in case of voltage

break down 15% of rated voltage.

‘s
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6. Wind generators and high power drives

15% voltage break-down during 0.7 s

Generator terminal voltage Generator transient currents

100(% | 5% | | 100%

j
|
|

s LRI

R R R R S T R LS SR

0.1 s/div. Measured voltage break-down response in test lab
TSO-demand (transmission system operators) (“E.ON”-demand): S‘_)“fcei
Wind converters have to stay at the grid even in case of voltage break """
down 15% of rated voltage, in order to help stabilizing the grid. cermany
» TECHNISCHE
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6. Wind generators and high power drives

Electric drive system assembly with doubly fed induction

generator 1.5 MW variable speed
Three-stage gear unit

Air-air heat exchanger

turbine shaft turbine flange for wind rotor
spider
Induction
generator
L
\'.\&'t
Brake
syste
:\\‘\\..' A
. . 1 - - . | Cog wheel
Inverter-fed { = =~ A £ tioni
induction - positioning
motorsfor e Source:
yaw . . |
positionin

Winergy, Germany

TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
"2 UNIVERSITAT
Ux 6/48
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6. Wind generators and hlgh power drives
Wind converter,

assembly Blades
Brake Gear
Wind speed &
direction _
sensors Spider
Water-jacket
cooled
induction
generator Nacelle
Water pump
system
Source:
Pole Winergy
Germany
TECHNISCHE
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6. Wind generators and high power drives

Mounting of drive as

sembly in nacelle
Blade
Spider

Turbine shaft

Gear

Source:

i

S
&\@*’ A
6/

O
L &

o B

TS AN

TECHNISCHE — prof A Binder : Large Generators & High Power Drives
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Totally enclosed

induction generator with
shaft mounted fan

6. Wind generators and high power drives
Installation of
monitoring
system for

~generator unit

Generator coupling

Gear

Source:
. Winergy
Germany
L . . .
) TECHNISCHE = prof A Binder : Large Generators & High Power Drives
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Large Generators and High Power Drives

Summary:

Variable speed wind turbines: Doubly-fed induction machines

- Maximum possible wind power extraction at each wind velocity v: P ~ v3
- Speed control via inverter feeding, but with small inverter rating

- Pitch control of rotor blades

- Geared doubly-fed wound rotor induction generator with rotor side IGBT inverter
and three slip rings
- Inverter feeds an additional rotor voltage into rotor winding
= In-phase voltage component gives parallel shift of M-n-curves
- For wind speed variation £30 % a slip shift s = +30 % and hence only a small

iInverter power is required: P, cner = S Py

4 ), TECHNISCHE  piot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
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6. Wind generators and high power drives

6.2 Wind turbine generators
6.2.1 Fixed speed wind energy conversion

6.2.2 Variable speed wind turbines:
Doubly-fed induction machines

6.2.3 Gearless wind generators

6.2.4 “Multibrid” - PM wind generator
— dual stage gear

6.2.5 ,Small Hydro Power*

Prof. A. Binder : Large Generators & High Power Drives
6/53

' UNIVERSITAT
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6. Wind generators and high power drives
6.2.3 Gearless wind generators

- Gearless: Turbine speed = generator speed: High pole count and low frequency are needed !

- An induction generator with small pole pitch and relatively big air gap needs a big magnetizing current.
So power factor is poor (below 0.6), leading to lower efficiency !

- Synchronous generators with electrical or permanent magnet excitation are used !

Integer-slot g = 1 stator winding,  Rqor: Electrical excitation, rotor pole
rotor electrical excitation

shoes skewed to reduce cogging. Double-
skew avoids axial force

layer stator 3-phase winding manufacturing Source: Enercon, Aurich, Germany

ﬁm s, TECHNISCHE
UNIVERSITAT
- DARMSTADT
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6. Wind generators and high power drives

Gearless wind turbines with PM synchronous generators

- Synchronous generators with permanent magnet excitation do not need rotor
exciter slip-rings and don not need any rotor excitation power!

Permanent magnet synchronous wind
generator: 3 MW, 606 V, 3360 A, f = 13.6 Hz
(via inverter feeding)

cos phi = 0.85 under-excited, speed 17 / min,
efficiency 95.5%, rated torque: 1685 k Nm (!)

Outer diameter of generators: ca. 5.8 m, axial
length: ca. 2.3 m

Mass ca. 85 t, high pole count: typically 90 ...
100 poles

Source: Siemens AG, Germany

) TECHNISCHE = bt A Binder : Large Generators & High Power Drives Institut fur Elektrische
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6. Wind generators and high power drives
Gearless permanent magnet wind generator
Scanwind / Norway 3 MW, 17/min

1 8 . f
A ...g‘";_ " "“:’ %

Wind rotor diameter 90 m

Three-blade rotor

Pitch control

Variable speed operation

10 ... 20/min

Gearless drive

IGBT inverter 690 V
Source:

Siemens AG

Germany

) TECHNISCHE = bt A Binder : Large Generators & High Power Drives Institut fur Elektrische
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6. Wind generators and high power drives

LT

Gearless permanent magnet wind generator

& - High pole count
' synchronous generators
have a small flux per pole.

- - So height of magnetic
- iron back in stator and
rotor may be small = thin
ring shape of generator.

- Good possibility to
iIntegrate generator with
turbine

- HV stator winding to save
transformer

Source: ABB, Sweden Magnet rotor high voltage stator with winding

» TECHNISCHE
UNIVERSITAT
- DARMSTADT

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
6/57 Energiewandlung * FB 18 7 ¥

Elmw’



6. Wind generators and high power drives

E {} J} {} Stator feeding via IGBT inverter
Vi N
DC- _ ‘

B bh = — ') N . .
! DC link voltage source inverter with switching
ﬁ} ﬂ} ﬁ} transistors and free-wheeling diodes
R, neglected:

N 0. U

= Gate Drives

.~ L, -di, /dt

p,L

ansict Us 1L, is A a) Equivalent svyitching
T, s pslL scheme of DC link voltage
L NN source inverter, connected to
Hell > BAERZARK the two phases with
Ug | = hfrele- A % . _ P .
wheeling l .. Ton| | switching transistor and free-
» Wheeling diode,
- t
1/tp=T b) Current ripple and
a) b) chopped inverter voltage

‘s
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6. Wind generators and high power drives

Gearless high pole count wind generator

Comparison to electrically excited
synchronous generator with high pole count:
Small ! & =
- Permanent magnets avoid excitation

= losses: efficiency increases, temperature

|

" level decreases, exciter feeding converter
et \‘J S not needed, so in spite of expensive
INAN permanent magnets (ca. 40 Euro / kg) still
_ \ -_7 an interesting alternative.
=5 s

e BUT: Danger of de-magnetization due to
stator magnetic field at overload. This must

Numerically evaluated total magnetic field per be avoided by deliberate generator design

ole pitch at rated data: . :
EszopA 690 V, cose = 0.85 (e.g. at sudden short circuit).

1.5 MW-wind generator:

‘s
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. Wind generators and high power drives

— g Permanent magnet wind
generator: inner stator

Design for direct coupling to wind turbine
without gear

21 / min rated speed
1.2 MW

690 V rated voltage
Grid side IGBT-Inverter

Generator side: Diode rectifier and step-up
converter

Source:
Innowind, Germany

Goldwind, Urumgqi, Xinjiang, China

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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6. Wind generators and high power drives

Transportation of 1.2 MW permanent magnet wind generator
to plant site

Outer PM rotor to
increase torque by
increased bore
diameter

Inner stator with 3-
phase winding,
operated by
inverter

Source:
Innowind, Germany
Goldwind, Urumaqi
Xinjiang, China

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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6. Wind generators and high power drives

Mounting of permanent magnet
wind generator onto nacelle

Centre pole height 69 m
Steel pole mass 96 t
Wind rotor diameter 62 m
Speed 21 /min

Source:
Innowind, Germany
Goldwind, Urumgqi
Xinjiang, China

‘s

UNIVERSITAT 6/62 Energiewandlung  FB 18

4 ), TECHNISCHE  piot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
“* DARMSTADT >



6. Wind generators and high power drives

PM wind generator: Mounting of 3 blade wind rotor
1.2 MW turbine

wind rotor
diameter 62 m

pole height 69 m
speed 21/min
pitch control

electrical pitch
drives

Nacelle and
rotor mass: 81t

Source:
Innowind, Germany
Goldwind, Urumqi
Xinjiang, China

~ TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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6. Wind generators and high power drives

1.2 MW gearless permanent magnet
wind generator in operation

1.2 MW turbine

wind rotor diameter 62 m
pole height 69 m

speed 21/min

pitch control

electrical pitch drives PM generator

Nacelle and rotor mass: 81 t
Source:

Goldwind, Urumgqi, Xinjiang, China

-» TECHNISCHE
E UNIVERSITAT
- DARMSTADT
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6. Wind generators and high power drives

Gearless wind turbine Zephyros Z72 with
Inner rotor permanent magnet wind generator (ABB)

PM generator

Source:

J. Salo, ABB Technik 2/2009
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6. Wind generators and high power drives

6 MW Gearless wind turbine “Advanced High Density”
permanent magnet wind generator (Converteam & Alstom)

PM generator

Source:
Alstom Power, now GE

- Large wind turbine 6 MW (2012): here: gearless PM high-pole count synchronous
generators with grid-side inverter, planned for off-shore near Zeebrugge (Belgium)

=7, TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives
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6. Wind generators and high power drives

Gearless wind turbine “Siemens Wind

2.3 MW-type Turbine SWT” with permanent magnet
SWT 2.3-113 synchronous generator (Siemens)
y PM generator

N
Ratings:

PM generator Turbine
Rotor diameter

2.3 MW 113 m

3.0 MW 101 m

6.0 MW 120 m

7.0 MW 154 m
N 3.0 MW-type
Source: Siemens AG SWT 3.0-101

» TECHNISCHE
UNIVERSITAT
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6. Wi

nd generators and high power drives

Gearless “Siemens Wind Turbine SWT”
with PM synchronous generator

Mounting of the PM generator SWT-6.0-120

Ratings:

PM generator 6.0 MW

Mass of nacelle and rotor: 350 t
Turbine rotor diameter: 120 m

Single casted rotor blades

Source: Siemens AG

‘s
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6. Wind generators and high power drives

Gearless modular outer rotor PM synchronous generator with
distributed 3-phase winding q =1

« One pole-pair .- Single layer integer-slot winding
PM outer rotor - Asymmetric arrangement of winding overhang of
N S 3rd phase W

- One pole-pair can be wound as a modular
pre-fabricated segment

- Large generator diameters can be realized,
which are necessary for huge rated torque in
gearless applications, as the generator is
assembled from modular segments on-site

- No transportation problems due to generator
outer diameters or more than 3.5 m!

Inner stator with 3-

phase winding - Outer rotor design increases the air gap diameter and
for a given Lorentz force the electromagnetic torque!

- Centrifugal forces press magnets to rotor construction!

Source: Siemens AG, registered patent

s
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6. Wind generators and high power drives
Gearless modular outer rotor PM synchronous generator with
distributed 3-phase winding q =1

One
generator
module

Source: Siemens AG, published in:
antriebstechnik 2012, no.11

TECHNISCHE = prof. A. Binder : Large Generators & High Power Drives
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6. Wind generators and high power drives

12 MW wind turbine gearless generator Haliade-X 12 MW (GE)

AIZ MW capacity
220-meter rotor
107-meter long blades
260 meters high

67 GWh gross AEP
63% capacity factor
38,000 m? swep! area

——

Wind Class IEC: IB

Generates double the energy
as previous GE Haliade model

Generates almost 45%
more energy than most
powerful wind turbine
available on the market today

Will generate enough clean
power for up to 16,000
European households per
turbine, and up to 1 million
Sina

750 MW configuration windfarm

Source: GE

TECHNISCHE Prof. A. Binder

* UNIVERSITAT

GE Renewable Energy is developing Haliade-X
12 MW, the biggest offshore wind turbinein the
world, with 220-meter rotor, 107-meter
blade, leading capacity factor (639%), and
digital capabilities, that will help our

customers find success in an increasingly

competitive environment

M

Planned to start at 2021

Eiffel Tower Haliade-X 12 MW Chrysler
Building

. Large Generators & High Power Drives

Institut fur Elektrische
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6. Wind generators and high power drives

Reductlon of cogglng torgque in PM synchronous generators

L Pator

- The unbalanced tangential rotor
magnet force shifts the rotor into a
balanced position.

- Hence a “cogging” occurs, which
deviates from the aimed smooth
torque production.

- It may excited disturbing torsion
vibrations in the shatft.

- An integer-slot winding (e. g. q = 1) causes a
considerable cogging torque, which with fractional slot

.t windings can be considerably reduced.

- But fractional slot windings cause additional harmonic
field waves, which generate additional eddy-current losses
in the rotor magnets and the rotor iron back

- The cogging can be reduced by
a) skewing the rotor magnets or the stator slots

b) by staggering the magnet rows in axial direction. By that
a skewing is approximated.

) by shifting the rotor magnet poles e. g. per pole pair the
N- and S-pole are shifted each towards each other by a
guarter of a stator slot pitch
See: Literature: Richter, R.: Ankerwicklungen fir Gleich- und

Wechselstrommaschinen, Springer, Berlin, 1922

: TECHNISCHE
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Large Generators and High Power Drives

Summary:

Gearless wind generators

- Generator speed identical with turbine speed

- High pole count, low stator frequency = stator feeding via IGBT inverter

- Small flux per pole = small iron back = ring shaped generator

- Due to poor power factor of induction machines with relatively big air gap,
only synchronous generators with electrical or PM excitation are used

- PM generators do not need any excitation power or slip rings,
but: de-magnetization at overload must be avoided

- Reduction of cogging torque by skewing, staggering of magnets, and use of
fractional slot stator winding

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische

UNIVERSITAT 6/73 Energiewandlung  FB 18

“* DARMSTADT

i,, >

am



6. Wind generators and high power drives

6.2 Wind turbine generators
6.2.1 Fixed speed wind energy conversion

6.2.2 Variable speed wind turbines:
Doubly-fed induction machines

6.2.3 Gearless wind generators

6.2.4 “Multibrid” - PM wind generator
— dual stage gear

6.2.5 ,Small Hydro Power*

47 TECHNISCHE  prot A Binder : Large Generators & High Power Drives
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6. Wind generators and high power drives

6.2.4 “Multibrid” - PM wind generator — dual stage gear

- Only dual stage gear: Medium generator speed ca. 150/min reduces generator size in
comparison to gearless generator systems

- Special planetary gear with second stage reduces gear size and avoids high speed stage

- Overall mass reduction in comparison to the gearless system due to smaller generator,
which outweighs the increased mass due to the gear

Source: Multibrid, Germany

» TECHNISCHE
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6. Wind generators and high power drives

“Multibrid” - Dual stage gear, 5.5 MW, transfer ratio 1:10

Hohirad
Generator
4 Stufen- 147 1/min
Planeten e
Antrieb _ .
5590 kW
14,8 1/min Sonnen-
ritzel
Source:
Rotoriager l—‘———========jl Multibrid, Germany
elastische Abstlitzung
‘,‘ TECHNISCHE = prof A Binder : Large Generators & High Power Drives  Institut fiir Elektrische 3
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6. Wind generators and high power drives

“Multibrid” - permanent magnet wind generator — dual stage gear

Source:

Multibrid,
Germany

TECHNISCHE
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6. Wind generators and high power drives

Inverter topology for the 5§ MW “Multibrid”
PM wind generator system

ABB 6000 Inverter: Four-quadrant inverter, 100% real or reactive power on grid side possible

@
I‘;L y Y A
-: *- 7 T"— ‘;, 7.y 7
f © TIH‘ LHE/_ T [ ATATAS "ﬂ.\
¢S f : 4 g | \ L NN
G —X -_..tl..... LA t e ® /\/‘/\_’..__?L__.\L\/—'/r_,( il
B B \lelw w—a h
) 33 e {8 L
PM synchr. Filts Filter Transformer
generator , |
4 and power
ower switch g . . o 555 switch
P o 3-Level-IGCT- EC:.mk with Grid IS|cCI;eC3- g
du/dt-Filter  Inverter raking . Level-lGCT-
o chopper unit Inverter
] . Source:
IGCT: Integrated Gate-Commutated Thyristor M. Nyfeler, A. Moglestue, ABB Technik 3/2010
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6. Wind generators and high power drives
Inverter topology for the 5 MW “Multibrid”

Arrangement of the inverter for the 5 MW “Multibrid” - permanent magnet wind
generator system inside the mast on a single platform

Source:
M. Nyfeler, A. Moglestue,
— ABB Technik 3/2010
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6. Wind generators and high power drives
“Multibrid” - permanent magnet wind generator systems

a) Companies: “The Switch” (PM generator), Moventas (gear), tested at DeWind
two-stage gear: Wind turbine:15/min to Generator: 400/min, i = 26.7, 3 MW
Gear: Length: 3 m, Diameter: 2.3 m, Mass 35 tons, Generator integrated into gear
Rated power 7 MW under development!
b) Company Winergy: “Hybrid Drive” as Multibrid-concept
with overall maximum efficiency 94% at 3 MW, mass 31 tons

Modular PM generator concept

s
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i s, | / 3 6. Wind generators and

Horns Rev 2 _—— = . .
in dar Deutschen Bucht 205 MW & L - ““ h I g h p OW er d r IVeS
Windparks Horns Rev\l' (_)Esbjerg £\
Inbetnechnatme bis 2014 \\\.‘ 180 MW \ _ . .(
in Betriat Wi ! :

w—— Enrergiekabel S

o
Dan Tysk = O

258 MW S~

Butendiek =~ =
288 MW >

"t Danish & German off-
/'~ " shore wind parks in the

RN\
é%&‘iﬁlt‘é‘ifgn},_; | North Sea

0 1 20 30 4o SPKkm
-

Stand: Dezembor 2011

DEUTSCHE BUCHT S~
~ = : Global Tech | f-_-f b
\ﬁ‘\,d ”m‘/ y Nordsee Ost .-,_:;( 7/'. State Of Sept 2015
\\ 295 MW ) (e
N 205 R * In operation:
\\‘ Borkum West Il 200 MW He‘lzb and Olisids ; Denmark:
P w8 e.g. Horns Rev 1+2 and others
‘ \ Borkum > ‘\
RO 520 = L Germany:
- - Cuxhaven® Bru"%.\ e.g. Alpha Ventus,HelWin1+2,
\ s buttel\ ) :
.‘ \& BorWin 1+2, SylWin 1
o™ < « \
- = = 2 /.\f_\‘ ( @ ( O Bremerhaven SR
X = ( 15" Wilhélm\s%ve‘ Hamburg
ﬁ‘.\ 2 ‘l\ }
A ] X¥obe Source:
s J)Diele N\ Windenergie Agentur Bremerhaven
=y WAB, BWK 64, 2012, p.42
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6. Wind generators and high power drives

“First” German off-shore wind park ALPHA VENTUS, 60 MW
45 km north of Borkum island in the North Sea

Nordsee
Alpha Ventus
.\\
=
{
" Seekabel
=
\
Borkum ®

<

Deutschland

Helgoland

Joint project of E.on, EWE,
Vattenfall: 60 MW,

4200 full-load hours = 252
GWh/a

- 12 wind turbines with
5 MW each

- Six Multi-brid PM
synchr. generators

- Six doubly fed induction
generators of Repower
(now: Senvion)

- 800 m distance between

Niederlande turbines
? I o0 ;‘m Source: M. Nyfeler, A. Moglestue,
ABB Technik 3/2010
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Kolner Dom 157 m

B e e 6. Wind generators and high
eopspyramide 148 m ]
power drives
Rotordurchmesser 116 m ; ‘ Off-ShOI‘e W| nd power p|ant 5 MW Of
ALPHA VENTUS with doubly-fed induction
Nabe 90'm ----—- R gen el’atOI’

Sacré-Ceeur 84 m ]
- Nacelle elevation 90 m above sea level

- Sea depth 30 m
- Rotor max. height 148 m
- 1000 t per complete turbine plant

- Rotor diameter 116 m, blade tip speed
324 km/h, rotational speed 14.8 /min

Source: M. Nyfeler, A. Moglestue, ABB
Technik 3/2010
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6. Wind generators and
high power drives

Mounting of the rotor of
an off-shore wind mill
at Alpha Ventus

The mounting of the 5 MW-wind mill
rotor is the last step of erecting the
plant

A huge crane on a floating platform
IS needed.

Erecting wind mills off-shore is
much more expensive than on-
shore, especially in deep water.

Source:
Alpha Ventus, BWK 64, 2012, p.42
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Large Generators and High Power Drives

Summary:

“Multibrid” - PM wind generator — dual stage gear

- Medium size generator and gear, medium speed

- Overall mass reduction in comparison to gearless system

- Special planetary gear, transfer ratio1 = 10

- Four quadrant inverter with Integrated Gate-Commutated Thyristors (IGCT)

» TECHNISCHE
UNIVERSITAT
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6. Wind generators and high power drives

6.2 Wind turbine generators
6.2.1 Fixed speed wind energy conversion

6.2.2 Variable speed wind turbines:
Doubly-fed induction machines

6.2.3 Gearless wind generators

6.2.4 “Multibrid” - PM wind generator
— dual stage gear

6.2.5 ,,Small Hydro Power*

4 TECHNISCHE  prot A Binder : Large Generators & High Power Drives
") UNIVERSITAT 6/36
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6. Wind generators and high power drives

6.2.5 ,,Small Hydro Power*

— Asynchrono 5 =

F—
—, e

- = - generators _—
== dlrectly atthe grid = |
Freudenau/Danube, Vienna Austria Djebel Aulia/Nile, Sudan

Matrix turbine: Use of rest water flow over river barrages via several smaller
turbines in matrix arrangement

Propeller turbine with fixed blade position: Good integration within the river barrage

Source:
Power per turbine unit: ca. 200 ... 500 kW Andritz Hydro, Austria

), TECHNISCHE © prot A Binder : Large Generators & High Power Drives  Institut fiir Elektrische
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6. Wind generators and high power drives
yomall Hydro Power* matrix Turbines with PM generators

Matrix turbine project Ashta, Albania, river Drin:
Ashta I: 24 MW, 3.3 kV, 50 Hz, head 5 m, turbine speed: 300/min
Matrix array of 45 “20-pole PM generators” 530 kW each,

turbine runner diameter 1320 mm

Ashta Il: 45 MW, 3.3 kV, 50 Hz, head 7.5 m,

turbine speed: 375/min
16-pole PM generators, turbine runner diameter 1320 mm

I,v, PR R f‘,:z.',. N & ,I Gk
Ashta | building site

Source: Andritz Hydro, Austria The bulb generators are manufactured by Gamesa, Spain.

), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische

"2 UNIVERSITAT .
~ DARMSTADT 6/88 Energiewandlung * FB 18 7 ¥

%j'lmw’




6. Wind generators and high power drives

Front PM generator vs. straight flow rim generator
L > <

L]

A

I_
7
#
¢
v

N

Turbine

Reduction of length L

Bulb type front

~_PM Synchronous
PM generator

Generator
Straight
flow
generator

Source:

Andritz Hydro, Austria
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6. Wind generators and high power drives

Straight flow PM rim generator for ,,Small Hydro Power*

. | Stator core
Straight flow Turbine

with PM-rotor at outside

Stator
of blade runner : '
acs | winding
Cylindrical tube is
sealing stator bore
N | a Permanent
-rotor is running in magn et

water without any
sealing

Application in matrix
turbines

Source:

Andritz Hydro, Austria

Turbine blade
Generator operates at the grid, copper cylinder as damper cage necessary

‘s

UNIVERSITAT 6/90 Energiewandlung * FB 18

s ), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische ﬁ
“* DARMSTADT A




6. Wind generators and high power drives

Straight flow rim PM generator prototype 700 kVA, 14 poles, 50 Hz

The test rig of a StrafloMatrix™ unit at the Agonitz plant, Austria

Source: Andritz Hydro, Austria

-» TECHNISCHE
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6. Wind generators and high power drives

StrafloMatrix™ prototype, Agonitz power plant, Austria
" V Type Synchronous

Apparent power 700 kVA

Head 8.5m
Source:
Andritz Hydro, ~ Speed 428.6 rpm
Austria

Runner diameter 1120 mm

Stator line-to-line voltage 3.3kV

Installation of the StrafloMatrix™
turbine-generator unit in Agonitz,
Austria (March, 2004)
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6. Wind generators and high power drives
Sub-sea tidal hydro turbines

- Like a sub-sea wind turbine system with
geared generators

- 10...20 /min depending on tidal flow

- At the same power much smaller than wind
turbines due to the 1000-times bigger mass
density of water with respect to air”

- Expected future: “Tidal farms” with 40
turbines

- Optimistic estimate: Tidal and wave power
plants will supply 10...15% of England’s

electrical power

Source: Marine Current Turbines, Bristol, UK
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6. Wind generators and high power drives

Strangford Lough pilot project
- Pitched 600 kW-Propeller, 16 m diameter

- Coast of Northern Ireland (Strangford
Lough) pilot project with 2 turbines

Source:

Marine Current Turbines, Bristol, UK

UNIVERSITAT
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6. Wind generators and high power drives

Strangford Lough (Northern Ireland) tidal power pilot project

- Since Nov. 2008: Two 600 kW propeller turbines, 16 m diameter, supply 1500 households

- ,SeaGen“ gearless permanent magnet synchronous generators,
manufactured by Siemens AG

o

\

Source:

Siemens AG, Germany

-2 TECHNISCHE
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6. Wind generators and high power drives

Sub-sea tidal hydro turbines

- Prototype of a fixed-blade
sub-sea tidal turbine with a
gearless PM synchronous
generators directly coupled
Inside

- The generator is connected

via a cable to the inverter on-
shore

- The turbine rating is ca.

1 MW. The mass of the total
construction ca. 1000 t to be
put only by weight on the
sea level (ca. 1 kW/ton)

Source: Voith Hydro, Heidenheim, Germany

- Sea depth ca. 30 m, tidal velocity ca. 3 .. 5 m/s,
e.g. near Channel island Guernsey (project status)

ﬁm s, TECHNISCHE
UNIVERSITAT
- DARMSTADT
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6. Wind generators and high power drives

Three-blade tidal turbine

Successful installation and
commissioning of the HS1000, a
1 MW tidal turbine with pitched
blades, in the waters of the
European Marine Energy Centre
(EMEC), Orkney Islands

Source: Andritz Hydro, Austria

), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
UNIVERSITAT

. ~ DARMSTADT 6/97 Energiewandlung  FB 18




Large Generators and High Power Drives

Summary:

y,omall Hydro Power”

- Matrix turbine: Several smaller turbines in matrix arrangement
- Generators operated directly at the grid

- Reduction of axial length by using straight flow rim generator

- Sub-sea tidal stream hydro turbine with variable speed and inverter
- For same power rating as a wind turbine much smaller dimensions due to
higher mass and thus power density of water

» TECHNISCHE
UNIVERSITAT
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6. Wind generators and high power drives

6.1 Silicon controlled excitation
6.2 Wind turbine generators
6.3 Inverter-fed high power AC motors

6.4 Synchronous converters for synchronous motors

6.5 Cyclo-converter driven synchronous motors

Source: Vestas,

6.6 Harmonic effects in inverter-fed synchronous machines Denmark
6.7 Synchronous generators with high voltage DC link

6.8 Applications with big doubly-fed induction machines

-» TECHNISCHE
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6. Wind generators and high power drives

6.3 Inverter-fed high power AC motors

Power limits of motors:

- DC machines: 10 ... 15 MW at about 100 /min as first motor unit in cold strip
mills

- AC induction machines: 30 ... 40 MW as doubly-fed slip ring induction
machines in rotary frequency converters from 3-phase, 50 Hz to single
phase, 16.7 Hz for railways, e.g. German railways, Ulm; biggest cage
Induction machines are usually smaller in power (e.g. 10 ... 15 MW)

- AC synchronous machines: 100 MW as inverter-fed variable speed drives for
blowers in big wind tunnels (e.g. NASA research centre, Langley, USA)

- AC induction motor-generators: 340 MW, as doubly-fed slip ring induction
machines in pump storage power plants, with cyclo-converter as rotor
feeding inverter unit, e.g. Japan, Germany (Goldisthal, Thuringia)

s

UNIVERSITAT 6/100 Energiewandlung * FB 18

r 2, TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
“* DARMSTADT >




-» TECHNISCHE

“* DARMSTADT

6. Wind generators and high power drives
PM synchronous machine with IGBT voltage source inverter

supply
First Permanent Magnet Motor built in1987

Nominal Power: 1.100 kW
Nominal Speed: 230/ min

- Converter integrated into the upper motor
housing.

- Motor built as drive for submarine.
- Surface mounted magnets.
- Oil cooled sleeve bearings.

- Top mounted heat exchanger.

Source: Siemens AG, Germany

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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6. Wind generators and high power drives

Permanent magnet synchronous machines for submarine
propulsion

L-Permasyn” Permanent Magnet Motor for Class 212 of fuel cell powered
submarines of HDW ship yard/Germany for German and Italian Navy

PM Motor/Generator in
backside of submarine

Source:

Siemens AG, Germany
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6. Wind generators and high power drives

Fuel cell powered submarine at HDW ship yard/Germany

- P

Source:
HDW, Germany
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6. Wind generators and high power drives

Permasyn-PM-synchronous
polyphase motor for Class 212
for German and Italian Navy

Source: Siemens AG, Germany
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6. Wind generators and high power drives

Design of permanent magnet synchronous motor

Heat exchanger Inverter module to be inserted within bell

Tr shaped rotor construction

r ': ] !

[ o) /
x »y //
| ' ,ﬂ/ J

- _ m [ ’J
‘ .‘ ; ' ’1_ I; s

Stator winding with redundant circuits*)

Mater cooler

Rotor permanent magnets

*) Poly-phase winding e.g. m =9

Source: Siemens AG, Germany
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6. Wind generators and high power drives

Integrated converte
stator core s "

e v L
stator windine Tz ' 4 =
s " et
"/‘ \

By |
bell-shaped rotor B 7

with permanent magi

end shield

sleeve bearino\

Shaft stator housing

CAD of components of a
poly-phase PM synchronous motor

Source:

Siemens AG, Germany
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6. Wind generators and high power drives

& -» TECHNISCHE
o UNIVERSITAT
- DARMSTADT

Rotor of the first built

PM Synchronous Motor for

Submarine propulsion

Skewed rotor magnets to
reduce cogging torque

Cooling fins to dissipate rotor
magnet eddy current losses
and to enhance internal air flow

High pole count (32 poles) for
slow speed operation

Source:

Siemens AG, Germany
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6. Wind generators and high power drives

Inverter-fed induction machines with field-oriented control

Voltage source inverter
with “high-voltage” DC

link
(e.g. DC 3 kV)

a) HV IGBT with 6.5 kV Cage

blocking voltage induction

or motor

b) IGCT (Integrated Gate

Commutated Thyristor) Source:
Siemens AG
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6. Wind generators and high power drives

Variable speed operation of induction machine

(a) voltage source inverter

grid motor
Ug
R o— N -L — —o U
S o— _ TC l % —o V
T o— : —o W
dc—1link
rectifier inverter

(b) current source inverter

grid Iq motor
Ro— —-— _ —o U
S 00— L % —oV
To— — —o W
dc—-link
rectifier inverter

| DC link capacitor C || DC link inductor (choke) L I

| Ug: DC link voltage || l4: DC link current I

|control|ed AC current, variable frequency I

| motor winding Eart of motor-side inverter I
each motor needs a seéarate inverter I

motor break down slip:

Sy =T =01..02,
o - Xy

Motor can operate without control within
sliprange O ... sy

motor break down slip:

s, =T =0.005...0.02
Xr

Motor operating in unstable slip range > s,
Control is needed for stable performance.

» TECHNISCHE
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6. Wind generators and high power drives
Comparison of voltage and current source inverters

Voltage source inverter || Current source inverter I

Stator voltage is pulse width modulated
voltage pattern

Stator voltage: sinusoidal due to induction
by machine flux (excited by impressed
currents

Stator current nearly sinusoidal with ripple
due to voltage switchin

Stator current consists of 120° blocks (six
step current mode).

Grid side: diode rectifier - no power flow to

grid ! For electric braking chopped DC link
brake resistor is needed (Costly
alternative: grid side PWM converter)

Grid side: controlled thyristor bridge for
variable rectified voltage Uy for adjusting
positive 13> 0. At Us< 0, o> 90°

regenerative brake power flowUdlg <0

to grid is possible.

IGBT-power switches: power range 0.1 kW
... 3 MW, low voltage 1000 V. Bigger
power rating with IGCT- or GTO-power
switches up to 30 ... 50 MW with medium
voltage e.g. 6300 V.

Thyristor power switched: big induction
and synchronous motors (1 ... 100 MW)
World-wide biggest motor: 100 MW in
NASA centre /Langley/USA, super wind
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6. Wind generators and high power drives

DC link current source inverter

- For cage induction machines:

The motor side converter has to be self-commutated. That means, the current hand-over
e.g. from phase U to phase V is done by the power electronics itself, independently if the
load is a motor or a passive element (three-phase R-L-combination etc.)

Self-commutating elements are power transistors (usually IGBTs) and gate turn-off
thyristors (GTOs or IGCTSs).

For biggest power conventional thyristors must be used for their big current /voltage
capability. They are NOT self-commutating, so an additional RLC-series resonance circuit
with auxiliary thyristor is needed to switch off the thyristor.

- For synchronous machines (“synchronous” converter):

The over-excited synchronous machines gives such a phase shift between voltage and
current, that motor side converter EVEN with thyristors may commutate without auxiliary
resonance circuit; like the line -commutation.

Hence the converter is very simple, called synchronous converter, being used as standard
for big variable speed synchronous machines.

TTTTIC

~
d
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6. Wind generators and high power drives

Inverter-fed synchronous machines

Unfi Synchronous converter Feeding Cyclo-converter

&t
TR0
i)

““

i
f

a Line-commutated converter

&
*

l
i

b DC current link: choke for reduction of current
ripple

114+
¢

P Cc

Machine-commutated converter Uz 12

B
i<
? U,sf,  Line voltage & frequency

u2 ) f'z Machine voltage & frequency §

B8C 767307

Uz, f2

Source: Neidhofer, G.; BBC, Switzerland

s

A:;w’. TECHNISCHE  prof A Binder : Large Generators & High Power Drives  Institut fr Elektrische ﬁ
s

> UNIVERSITAT .
" DARMSTADT 6/112 Energiewandlung * FB 18

~
d



Large Generators and High Power Drives

Summary:

Inverter-fed high power AC motors
- PM synchronous motors for ships e.g. submarines, cruise-ships
- Fed by IGBT voltage source inverter or cyclo-converters

- Large variable speed AC machines for pump storage plants (e. g. Goldisthal,
Germany)

- Energy extraction from grid for storage is increased with variable speed pumping
- Synchronous and doubly fed induction motor-generators used

- Variable speed operation of induction machines:
- Voltage source inverter (IGBT-, IGCT- or GTO-power switches: pulsed
stator voltage, nearly sinusoidal current
- Current source inverter (Thyristor power switches): sinusoidal stator
voltage, block current, regenerative power flow inherently possible

TTTTIC

~
N
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6. Wind generators and high power drives

6.1 Silicon controlled excitation
6.2 Wind turbine generators
6.3 Inverter-fed high power AC motors

6.4 Synchronous converters for synchronous motors

6.5 Cyclo-converter driven synchronous motors

Source: Vestas,

6.6 Harmonic effects in inverter-fed synchronous machines Denmark
6.7 Synchronous generators with high voltage DC link

6.8 Applications with big doubly-fed induction machines
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6. Wind generators and high power drives

6.4 Synchronous converters for synchronous motors

Line-side converter DC link choke machine-side converter synchronous machine

” Unerz rorad Rotor
= olrad = "
ezt erz sensor
Firing : Electrical excitatign
Gitterst.
angle satz i
control
Frequency-
speed
converter
Current
controller nrsr

Speed
controller

n Source: Kleinrath, H.; Springer-Verlag

‘Ut
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6. Wind generators and high power drives

Motor-side voltage and current with synchronous
converter feeding (six-pulse bridges B6C)”

% Unee  Grid = “Netz” X Machine phase voltage

Line-side converter =
rectifier (G)

Udg AL mot
L I Udw DC current link

Machine-side converter
= inverter (W)

Csés;slz

! Three-phase stator i f .
UC winding Gt v A20° 1y, @4((4;{)

Rotor excitation

Source: Kleinrath, H.; Springer-Verlag Machine phase current 1’

0° 120°} JAS0° i
wt
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6. Wind generators and high power drives

Machine-side converter operation - rotor position control

Source: Kleinrath, H.; Springer-Verlag

Depending on rotor position, the stator winding
Is fed with three-phase current system so, that
stator field has always a fixed relative
position to rotor field. Measurement of rotor
position with e. g. incremental encoder or
resolver. Rotor cannot be pulled out of
synchronism, as stator field is always adjusted
to rotor position.

E.g. stator current is fed as pure g-current:

6/117

‘s

Energiewandlung * FB 18

I\
de&* q Iszlsqilsd:O
S YW A Result: Stator field axis B, is perpendicular to
ERE B rotor field axis B,
R B : :
| :'—:“ {')Bp e ° Torque for a given stator current I is
e By maximum, because at Ly =L, only I, will
4§ SAGA U produce torgue with rotor field.
I\/Ie:ms'up'lsq/Qs,yn or with Up:a)sﬁ”p/«/?: Me:p-mS-SUp-ISq/\E
, TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut fur Elektrische %
UNIVERSITAT , .
'-:ln‘\\

“* DARMSTADT



6. Wind generators and high power drives

Speed and torque control of synchronous converter machines
- Line-side converter rectifies three-phase line voltage: firing angle ag: Uyg = UyyC0S(ag)

Ugo =Ugriq V2 (3/7)

- The current | is smoothed via the big choke L, so it is nearly a DC current: “DC current
source inverter”

- The machine-side converter “chops” the DC current into AC blocks of 120° with 60° pause in
between. The machine-side line-to-line voltage Uy is transformed into DC voltage of DC link
with firing angle o, according to Uyg =Ugy = -Ugwo€0os(eyy) With U gwo =Us -vV2-(3/7) .

- Motor operation ¢, > 90°,
- Generator operation ¢, < 90°.

- Motor voltage Uy is directly proportional to speed, if R, is neglected: US ~ Ui ~ N Th
Us~U;=j-2z-p-n-Lg-14+U

Rotor position encoder allows control of phase angle between machine voltage and current,

so that current may be e.g. in phase with U, giving directly torque: U | 7

|
2m J2 °

4 ), TECHNISCHE  piot A Binder : Large Generators & High Power Drives Institut fur Elektrische %
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6. Wind generators and high power drives

Power flow in synchronous converter machines

- Phase shift between machine voltage and current equals machine-side converter firing
angle: cos¢ = - COSq,.
- FOURIER-fundamental of machine phase block current: | = ﬁ 4
T

- Power balance:
P=Ugala =Uaw!ld =Uqwo cos(a)lg =-Us2-(3/ 7)coslay )¢ =

=US\/§-(3/7Z)COS¢- l4
P=+/3U (v/6/7)l4cosp=~/3U I cosp
P =+/3U,l, cosp~+/3U;l,cosp ~U; ~n¥,

- Speed control is done with line-side converter: UdG ~N

- Four quadrant operation (n>0,n<0atM >0, M <0) possible with synchronous

converter !

‘ 7, TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut fur Elektrische %
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6. Wind generators an

d high power drives

Comparison: Synchronous converter motor with DC motor

Synchronous converter motor

| Separately excited DC motor |

Line-commutated converter

Line-commutated converter |

DC link, machine-side converter, rotor
position encoder

Commutator, brushes I

Electrically excited static magnetic field
(rotating)

Electrically excited static magnetic field
(in stator)

Rectified voltage Ugs
Induced AC machine voltage U;
DC link current Ig4

| Rectified voltage U, I
Induced DC machine voltage U; |
DC armature current I, |

Voltage drop at Rs and machine
inductance Ly

Voltage drop at R, \

Rotor field current I

-» TECHNISCHE
E UNIVERSITAT
- DARMSTADT

Prof. A. Binder : Large Generators &
6/120

| Stator field current I I
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6. Wind generators and high power drives

Appllcatlon Strlp mill motor (15t stage)

Old

Nowadays
concept

DC machine: Twin drive 2x12 = 24 MW  Synchronous converter machine:

12 poles, cylindrical rotor, 1.78 MNm,
Source: Siemens AG, Germany 109 MW, 585 1125/mm

), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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6. Wind generators and high power drives

Sub-transient inductance L, during commutation
d q d

- - Damper cage = short
'y e

) tator ~ f circuit
i winding

2 ;- ;
"//J"'////// (S L LL AN L

fo

- Field winding: Nearly
short circuit via low
iInner resistance of DC

° ~
/@/ @/@ 7@/ /®/ @ Damper \ D exciter voltage source
‘ .. ol Tz - cage
/ i ~&
; | j I o —l ' Resulting stator
’v V/O @;‘ Field ) Xdo Xpg inductance Ly is
/ @ winding x4 - < about stator
o vl dh Xtg leakage
° : inductance
e/
Lanltolpo

Changing stator current causes flux linkage change with Lg =L

rotor winding = “three winding transformer”

Lanlts + Lanbps + Lislps

. ) TECHNISCHE  prot A Binder : Large Generators & High Power Drives  Institut fiir Elektrische %
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6. Wind generators and high power drives

Machine current commutation e.g. from Vto W

During commutation from V to W: Both thyristors conducting

Idﬁ
M y =1g W —Uy =0
Bt 77T anging current causes changing flux linkage with rotor field

L winding: Resulting stator side inductance is reduced to L,
4"" [ | " " d
Lo dt dt dt
My
[ diy diy diy
M u” _u” +L” _Lll — :> 2LII :u” _u” :u”
J 1 W TR TR TG T T d7q¢ ~ W T Tk
Commutation voltage u,”” causes current i,, to decrease to zero !
Voltage : A
Current T

Generator reference At begin of commutation: i,,,(0) = O, at end after time t,: iy,(t,) = I4
system A

iW(t)=2U|1_ (cosayy —cos(at+ayy))  O<t<t,

U4
Source: Kleinrath, H.; Springer-Verlag w d

) TECHNISCHE bt A Binder : Large Generators & High Power Drives Institut fur Elektrische
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6. Wind generators and high power drives

- During commutation: Voltage dip: W =Uw =

S

N

o
-

\

I

c.
-
-
4
V

e | e [ — e e

Yecee |
£
Pz

/Nt

|

3
I (TS U —; . ...
[

Voltage dip *

Source: Kleinrath, H.; Springer-Verlag

-~
\\\\\

wt

Current and voltage during commutation (1)

- ]
s \\U,‘

Uy + Uy
2

- At the end of commutation: Current in phase W

) U
iy () =14 = Za)ls_” (cosayy —cos(aty +ayy )
d

- Commutation duration t, expressed asjangle: U = @t

- Condition for maximum duration: gy +Uygy =7

. 20L] |
Urrax = @ty max = arccos(l— %)
S

Current is lagging to voltage in generator arrow system
= current has to be capacitive. Otherwise commutation
IS not possible, because voltage u,”” has then wrong
direction. It then does not help decreasing current iy, !

Capacitive current needs over-excited synchronous
machine; with induction machine NOT possible !

» TECHNISCHE
UNIVERSITAT
- DARMSTADT
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m 6. Wind generators and high power drives
|
w;t Current and voltage during

| (N commutation (2)

Y A P - Current curve during commutation is co-sine
T function, so current is not ideally block-shaped !

- During commutation machine voltage dips !

(B) during (C) after commutation

), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische £
UNIVERSITAT |
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6. Wind generators and high power drives

Phase current and voltage in 6-pulse synchronous
converter machines

TU

- Induced phase
170V

je Tell voltage
T 7 - Voltage sag (dip)
- ' during current
}2 %S,IA commutation
|IIHII
b) t=5msjeTeil, f=25Hz Source: Siemens AG

1500/min, 25 Hz, 2-pole machine

M&. TECHNISCHE
273 UNIVERSITAT
" DARMSTADT
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6. Wind generators and high power drives

Features of machine-side current commutation

. 20L] |
Urrax = @ty max = arccos(l— %)
S

- Current curve during commutation is co-sine function, so current is not ideally block-
shaped !

- During commutation machine voltage dips !
- At operation with big firing angle «,, > 7 the commutation duration U must be short !
- This needs high machine voltage U, ~ n, so works better at high speed !

- Further small L, is needed, which demands machines WITH damper cage and
SMALL stator leakage !

TTTTIC

~
N
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6. Wind generators and high power drives

Starting the synchronous converter machine

- At low speed n ( ca. below 10% rated speed) the machine voltage U, ~ n is so small, that

commutation does not work !
- An alternative method for starting the converter from zero speed is needed !

g WR
VAV VeV aVaVaVa Ve VA VaVa VsV GR T v
BTN =TT Tur 1 Hem
G
““0‘0‘0““““““‘ Souce: T % ¥ ¥ l 2 %
VA S;rlirr]lrgaér-’Ve.r’lag “w¥w
f\,fi - Example: Commute current from V to W:
b VI’I b V3 - Commutation is done with line-side converter,
| —t } - which at zero speed has to operate at firing angle
0e2%0°  olp=4k0° olg=0°  ofm50° ag = 90°.

- By shortly operating the line-side converter with g = 150°, the DC link voltage U5 = U yC0s(¢) gets
negative, forcing e.g. current in thyristor V1 (phase V) to zero.

-Then after a short pause (time t,) line-side converter is operated with 5 = 0°, giving maximum
positive voltage. Thyristor V3 is fired, so current in phase W begins to flow !

. TECHNI;C;"E Prof. A. Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
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6. Wind generators and high power drives

Starting by line-side switching motor commutation Currents In 6_pUIse

machines
DC-link current

}
VBB 18 B B e 03 Y e AR I “— Phase W current
[ Vi e L R G L o
o bl T i s | | WM i
0ls
Zwischenkreis- N Maschinen- 4 Source: Siemens AG
taktung 7 flihrung 7

L
- TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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6. Wind generators and high power drives

Typical ratings of converter-fed synchronous motors with solid

Power Output (kW)

» TECHNISCHE
UNIVERSITAT
- DARMSTADT

turbo-type rotor (2p = 2)

Converter-Fed Synchronous Motors with Solid Turbo-Type Rotor

100,000 [—— S REIRNE s (YIDLOfS WITH | . | :
DL PR e e S N R G LR R ST SR ___________________________
g BB TR TR B RS £ R SR %
| O TN AR R . e ___________________
v e R A AR G e e e ___________________________ i
U R R N ORI o Ve OB T e e W |
i 1[0 S F Pt S 'PTA. Kl, 2F == D y .
i e i e K T R e
5500 3.000 3500 4,000 4500 5000 5500 6,000 6500 7,000 7,500

Maximum Speed (1/min)

Source: Siemens AG & IEEE Ind. Appl. Magazine, Vol. 20/6, 2014

Prof. A. Binder : Large Generators & High Power Drives
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6. Wind generators and high power drives

Two-pole high speed converter-fed synchronous motor

15 MW, 5100/min, brushless excitation, massive steel rotor, two poles

or

K Synchronmotor e Erregermasching ——— -
K 6210 mm
| I Gesamtgewicht: 49600 kg
A-Seite | | B-Seite Exci
1 | 1T
E 2
£ ;
ol 10 e L et
o 3 e L A R R N N N 7 R ooy L
L M i
. Al ”f'"f‘“f“_f—f‘ﬂﬁﬁ'"”_',_li"' 5
=5]
S /..,-.—JL_—.—_,‘é}/_f rRaa
L o o
~~~~~ S 5000

L

| Source: Siemens AG

o

———e
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6. Wind generators and high power drives

Massive steel rotor of two-pole high speed converter-fed
synchronous motor (compressor drive)

Highest mechanical stress

Conducting rotor slot wedges as damper bars Milled rotor slots prior to mounting of
rotor winding

17 MW, 6100/min Source: Siemens AG

/ TECI:\'/"ENR';CT';ET Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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“* DARMSTADT

5'lmw’




6. Wind generators and high power drives

High voltage synchronous 6-pulse converter
Three-

phase six-
pulse
converter

Phase U

Liquid cooled 6-pulse thyristor converter

Source: Siemens AG

), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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6. Wind generators and high power drives

High voltage synchronous 6-pulse converter

Opto-electronical
gate ignition

Thyristors: Blocking voltage 5.2 kV
Series connection of n+1 thyristors per

rated current 1.5 kA

rm.s. 2.6 kA
phase for high voltage

Source: Siemens AG

/) TECHNISCHE - pof A Binder : Large Generators & High Power Drives
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6. Wind generators and high power drives

Air-cooled

synchronous high
o | speed motor
Alr- 0 . = g : /
water L s
COOler\]F . 2,20 [ < -‘: 17 MW
motor |l < i = :_3}___:—%1 Brushless Compressor drive

Lz

o i exciter 4000 ... 6060/min

12-pulse operation
2x 7200V, 101 Hz

—— ) s

= RS, et T g —

Source: Siemens AG

» TECHNISCHE
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6. Wind generators and high power drives

Air-cooled synchronous high speed motor under test

and machine = — Feeding 12-
with mounted § "e | =2 Shme TS S pulse
cooler hood 4§ 4 <~ converters
3?..‘-‘- = . e ¥ == 2 DClink
DC link choke & ;,‘fk. = , < [  Cchoke of
of load ~ S N : -' x| » Ioa(_j
machine 5 machine
17 MW
Compressor e Tested
drive e motor
with dis-
4000 ... mounted
..4850/min cooler
s , hood
2 X 7200V, . . . .
80.8 Hz Back-to-back testing of two identical machines Source: Siemens AG

), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische ﬁ,&
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6. Wind generators and high power drives

e

17 MW compressor drive

Two-pole synchronous motor and
mounted cooler

Compressor for refrigeration in oil
refinement process (petrol
production)

17 MW, Compressor drive

4000 ... 4850/min

12-pulse operation
2 x 7200V, 80.8 Hz

Source: Siemens AG

,A TECHNISCHE  prof A Binder : Large Generators & High Power Drives Institut fur Elektrische
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6. Wind generators and high power drives

Synchronous converter motor application (1)

i

Source: Siemens AG
W | T ;

Feeder pump motors for thermal power  Natural gas pipeline: Gas compressor 18 MW at
plant boiler 15.1 MW at 5100/min 5200/min, explosion proof ,pressurized” EEx p

), TECHNISCHE = prot AL Binder Large Generators & High Power Drives  Institut fur Elektrische *
UNIVERSITAT §
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6. Wind generators and high power drives

Synchronous converter motor appllcatlon (2)

Extrusion drive 2 MW at 120 ... 1500/min at Main (dlrsltv :t;);eS gfr:]m“%gfpig?ezg)'p m|II
protection IP54 and explosion proof EEx e

10.9 MW at 58.5 ... 112.5/min, peak 26.5 MW

Source: Siemens AG

), TECHNISCHE — prot A Binder Large Generators & High Power Drives  Institut fur Elektrische *
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6. Wind generators and high power drives

RN

Synchronous converter motor application (3)

PO i) ik )

TP PN AR D PR

Thermal power plant: Feeding water pump for the boiler and two-pole synchronous motor

with massive cylindrical rotor, 10 MW, 5222/min, speed-variable drive
Left: Prof. Neidhofer, honorary professor of TU Darmstadt
L

Source: Alstom Power, Birr, Switzerland, former BBC
), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives
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6. Wind generators and high power drives

Synchronous converter motor application (4)

1L i

65 MW, 3600/min, 60 Hz, two-pole with rotating exciter machine, for liquefaction of natural
gas. Two such motors are installed at Hammerfest, Norway.

Source: Siemens AG, Germany

» TECHNISCHE
UNIVERSITAT
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|
1]

Three-winding
transformer: Two
secondary
windings, time
phase shifted by
30°

=

6. Wind generators and high power drives

NSR1 T- Y MSR1
/ SllZ 7N ZIS 7N
7 o
XY BAD| |
SM |
- -
- ||
| ||
N AN TN IR ; ES |
' |
VVY¥Y A N ZF
NSR 2 . 1 |MSR2

T Stromrichtertransformator

MSR Maschinenseitige Stromrichter

NSR Netzseitige Stromrichter
SM  Synchronmotor

12-pulse synchronous
converter machine

-Two three-phase winding systems
are put into the slots

- Phase sequence:

North pole: 0...180°

+Ul +U2 -W1 -W2 +V1 +V2
South pole: 180°...360°
-U1-U2 +W1+W2-v1-v2

- Space phase shift between
System 1 and 2: 30°

-Acts like being fed from 12-
pulse bridge converter !

Source: Siemens AG
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6. Wind generators and high power drives

12-pulse synchronous converter machines

Maschinennahe Steuerung und Regelung

Anlagenspezilische

Leistungskreis
" Steuerung

-Two six-pulse bridge
converters operated in

Netz
—s Stromricht- i I 1
> E Toomecn- 3o, parallel with a six.phase

1 Synchr-Spg.

. "‘i‘“ Soder  machine (2x3 phases !)
Gleich- eich- b
richter 2 richier 2 I 1 ,
ggh':;:n Drelrexzahl' c'_sl?‘ich-1 Flﬁi::h.‘ m
L ?jgr?g Sieuersa | 37 | 1 - Phase shift between the
7K ’ 2 systems by 30° with a
Ein/Aus © Rommar: #Oresseh - special transformer with 2
ProzeBnahe Aus.[Antriebs- Komman- Impuls- wechse  secondary windings, one
t?géﬁg‘n:::r. sleuerung dostule 1 verteilung . t in delt
bare Steuverung ] ' . In star, 0_ne :n ella
Stas T | e connection !
SAREA
Komman- Span .
gostule f{:ﬂ?’% ggnrségggser
rrequng - .
Erreger- motor - Result is 12-pulse
W r——j Steller - .
Sgraoon Fomper ] [Ereoe Eroge Eroger. Lectlflca.tlon_ : S[C; éelt_jukced
Uuna Zu o - - -
oorn it Ankerriick 77K7) regler satz Erreger- armonics in In
ozeB wirkung transformator occur!
T ' —(0) Hiltsnetz
Synchronisisrspannung

Source: Siemens AG
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Three winding transformer
M for 12-pulse motor operation

18 MVA, oil-cooled, for cold strip mill
Three phase operation at grid frequency:

Upper transformer:

Primary star winding 1,
secondary star winding

Inter-yoke to decouple both secondary
windings

Lower transformer:

2 m’;;;;g'- By J Primary star winding 2,
. secondary delta winding

Primary windings 1 and 2 are connected
in parallel

Source: Siemens AG
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6. Wind generators and high power drives

12-pulse synchronous converter operation of a salient pole
synchronous motor (1)

NAS/ NASA Langley

TN, VIACIA P Research Center,
Hampton, Virginia, USA

Synchronous 12-pole
motor as wind tunnel
drive

100 MW, two thyristor
current source inverters
in parallel: 2 x 12.5 kV
= 12-pulse operation

36 ... 60 Hz
360 ... 600/min
| ABB / Raytheon .A _ Source: ABB, Switzerland

AN MNOWHAOVEN  BENOINETHRS S CoMSiNuCIons

» TECHNISCHE
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6. Wind generators and high power drives

12-pulse synchronous converter operation of a salient pole
synchronous motor (2)

NASA Langley Research Center - National Transonic Facility - Drive System

NASA 12-pole synchronous salient pole motor

1x 100 MW, 2 x 12.5 kV Neynmax = fsmax/P = 60/6 = 10/s = 600/min

360 .. 600 rpm

Drive Motor for a Wind Tunnel
Fan

Test Section:

Length : 7.6m
Area : 2.5x
2.5m
Total Length
Windtunnel : 150 m
ABB Power Generation Ltd. I‘l\==== Source: ABB, Switzerland

KWHT HYDRO 1/ 9809 16/D8S
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6. Wind generators and high power drives

12-pulse synchronous converter operation of a salient
pole synchronous motor (3)

Stator of the 12-pole synchronous
salient pole motor

Under construction

Source: ABB, Switzerland

s

v,
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6. Wind generators and high power drives

Rotor of the “Langley” 12-pole synchronous salient pole motor -
under construction

» TECHNISCHE
UNIVERSITAT
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Large Generators and High Power Drives

Summary:

Synchronous converters for synchronous motors

- DC link current source inverter

- Self commutating even with thyristors due to phase shift in over-excited
operation, four guadrant operation possible

- Used for big variable speed synchronous machines

- Small sub-transient inductance L," is needed for fast current commutation

= machine with damper cage and small stator leakage inductance necessary

- For low speed the machine voltage (U, ~ n) is too low, no motor-side current
commutation possible = start-up by line-side switching

- Reduced DC link harmonics with 12-pulse operation = two inverters fed by two
30° phase shifted winding systems from a three-winding transformer (“Yyd”)
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6. Wind generators and high power drives

6.1 Silicon controlled excitation
6.2 Wind turbine generators
6.3 Inverter-fed high power AC motors

6.4 Synchronous converters for synchronous motors

6.5 Cyclo-converter driven synchronous motors

Source: Vestas,

6.6 Harmonic effects in inverter-fed synchronous machines Denmark
6.7 Synchronous generators with high voltage DC link

6.8 Applications with big doubly-fed induction machines
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6. Wind generators and high power drives

6.5 Cyclo-converter driven synchronous motors

- . .
Unetz Six-pulse bridges B6C
Source: Kleinrath, H.; Springer-Verlag _ Transformer

— - with 3
m m "I’l secondary
windings
2 anti- llel B6C
41 i ZHET % zE#T J’JF& JSET br%rSeSTor:r ghase:
l*k +E Lﬁf{ I ‘Jm (22 S

Teil - SR1 Teil-SR2 Teil- 5R1 Teil-SR2 Teil -SR1 Teil - SR2

3-phase stator winding
of synchronous
machine

N DC excited rotor
Rotor position sensor -

winding with rotor
controls B6C-bridges Polrad - -!NY
lagegeber position sensor
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6. Wind generators and high power drives

Principle of cyclo-converter

Grid side, grid "} Unetz
frequency 50 Hz m Four-winding transformer for

— feeding the converter

mm

l# ¥ H‘T ¥ ﬁiT ¥ ﬁﬁr Thyristor controlled

anti-parallel rectifier

/lﬁz [EFE ‘L%z _FEF lw R ] bridges B6C

Teil - SR1 / Teil-SR2  Teil- SR1 Teil-SR2  Teil-SR1 Teil - SR2

A: positive | B: negative y Vi

current current

_ Source: Kleinrath, H.; Springer-Verlag
uy ~ S W
G——
Output frequency f,; < 50% of input grid frequency, so well suited for low frequency

operation
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6. Wind generators and high power drives

Current and voltage waveform of cyclo-converter operated

synchronous machine
3: Fourier fundamental voltage 1: line voltage, bold line: rectified voltage
” I3 n/3

n ’Jﬂ_’ 2: Average voltage per half grid cycle

) m MMM&

)

.

W ‘ v‘ ‘i'b ‘ o

& AN “

u-= l ' : : Source:

i+ : ' P Klei.nrath, H.;
N ' 1 Phase current, smoothed by ' 1| Springer-Verlag
'l A + + machine inductance '
SN — Z i 2w fir
' £ B (3 f!
Pause between SR1

and SR2 operation

Trapezoidal changé of firing angles ag, oy
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6. Wind generators and high power drives

Sinusoidal control of firing angle

1: line voltage, bold line: rectified voltage

2 Average voltage per half grid cycle

i ;e:e’*'gt o ggg

"'1’&‘0""

Phase current, smoothed by

' A ' l
: machine inductance '_M
j R \ —— Zii2n fit
P £ B E
. Pause between SR1
= and SR2 operation Sinusoidal change of firing angles ag, o,

Source: Kleinrath, H.; Springer-Verlag

Pl *
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6. Wind generators and high power drives

Function of cyclo-converter

- Per phase: Two anti-parallel B6C bridges SR1 and SR2

- SR1 = G: converter rectifies three-phase line voltage: firing angle o : Uy = Uy €0s(e) and conducts
positive half wave of phase current !

By continuous variation of ag between og . = 90° to ag min (€.9. = 0°) and back to 90° the voltage
varies sinusoidal between zero and maximum voltage and back to zero, thus generating a more or less
positive half wave of a new AC voltage ! (OPERATION “A”)

- SR2 = W: converter rectifies three-phase line voltage: firing angle ¢, : Uy, = UgoC0S(,y) and conducts
negative half wave of phase current !

By continuous variation of o, between oy . = 90° to oy min (€.9. = 0°) and back to 90° the voltage
varies sinusoidal between zero and negative maximum voltage and back to zero, thus generating a
more or less negative half wave of a new AC voltage ! (OPERATION “B”)

- During SR1-operation the anti-parallel bridge SR2 is locked and vice versa. Between positive and
negative half wave there is a pause ¢, where both SR1 and SR2 are locked !

- This operation is phase shifted by 120° in phase V and by 240° in phase W; thus a new voltage
system with variable frequency is generated ! By varying ag min, & min the amplitude of voltage is
varied, so U ~ f. is possible !

» TECHNISCHE
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6. Wind generators and high power drives

Control of firing angles

- Trapezoidal change of firing angle leads to nearly trapezoidal phase voltage.
- Sinusoidal change of firing angle leads to nearly sinusoidal phase voltage.

- Trapezoidal control gives a 15% higher fundamental voltage amplitude than sinusoidal
one.

- Grid side frequency f, is a multiple of machine side frequency f,.
Smallest multiple is f, = 2 f,, if a changing of firing angle shall be possible.
So maximum output frequency has to stay below 50% of input frequency !

- Cyclo-converter synchronous machines are used for low speed operation: n = f,/p
- Typical applications: Mills, grinders, rotating ovens, ship propeller drives, rotor side
converters for big slip-ring induction generators:

=0.2 ... 0.3: e.g. Goldisthal power plant, f__..=5 Hz

max
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6. Wind generators and high power drives

Currents and voltages of cyclo-converter

Motor voltage Line\viltage

% X Ausgangsspannung Us. einesNeilstromrichters
N Line current Motor current
h ({J\W\W DBy
\ 1 !1 f il | 1 k s \ v qu | .
,{‘x,/)ifj/” ;‘\ f \I\"\\\; ‘ \ ’ 2 ’i/"\i t—> I (Soll- und Istwert f=10 Hz)
i /H/ / \ \, (, \ ¥ X ] /L ; ) — ' o o
JIN \/ i M,/ Vv W | | 1 0 i /
Eingangsspannung u eines Teilstromrichters . #/ L 7 L\ y . > 1 ’ ﬂ;’
x J 1 f \ f \ ; \ {‘
: \IL/N LL_J N ht

Motor currents

Motorstrome
a1 L1

is i a) Berechnung des Motorstroms /v und des Netzstroms iy
/ / bei sechspulsiger Ausflihrung

6-pulse operation, f = 10 Hz

Source: Siemens AG
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6. Wind generators and high power drives

All electric ship - Twin electric POD drive

Yawing nacelles with
Integrated synchronous
propeller-motors take over the
function of the steering unit,
being at the same time the
~__ propulsion unit (POD drive)

Direct drive gearless propeller
motors with cyclo-converter
feeding

\«a ¥ Variable speed drive

v‘\t’&m ,;- Cruising passenger ship ,Elation®:
i = = 2 x14 MW,0...150/min
e Source: ABB, Finland

Synchronous motors inside
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6. Wind generators and high power drives

Schottel POD drive with PM synchronous motor

- Double propeller arrangement with front and rear
propeller

- Front and rear propeller different to be adjusted to the
water flow

- Between the two propellers is the PM synchronous motor
arranged:
with PM inner rotor and PM beneath iron pole shoes

» TECHNISCHE
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6. Wind generators and high power drives

Cyclo-converter driven synchronous motor for elevator
‘ol

Rope drum

Coal mine main elevator

High-pole count
synchronous motor

2.65 MW at 47/min

Rated torque: 538.4 KNm

Peak torque: 550%:
2.96 MNm !

Speed control: Redundant
tachometer in front visible

Source: Siemens AG

TECHNISCHE — prof A Binder : Large Generators & High Power Drives
UNIVERSITAT 6/160
DARMSTADT

Institut fur Elektrische
Energiewandlung * FB 18

st



6. Wind generators and high power drives

Cyclo-converter driven
synchronous ring motor

- Extreme low speed drive for:
Coal mill, ore mill, oven for
S bR | cement production

- High-pole count synchronous
motor: e.g. 60 poles at 5 Hz:
n=5/min!

-Rotor directly mounted on outer

contour of mill or oven = “direct
drive”

- Typical data: 12 MW, 11 m
diameter (!), 8 ... 10 /min

Source: Siemens AG
il 1 . -
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Large Generators and High Power Drives

Summary:

Cyclo-converter driven synchronous motors
- Two antiparallel B6C thyristor bridges for each phase of the 3-phase winding
- Output frequency limited to half of grid frequency = low frequency converter
- Voltage variation by variation of the firing angle a:

- Sinusoidal change: sinusoidal stator voltage

- Trapezoidal change: trapezoidal stator voltage, 15 % higher fundamental

amplitude

- Typical applications:
a) High torque machines: mills, grinders, rotating ovens, ship propeller drives;
b) Rotor side converter for large doubly-fed induction machines
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6. Wind generators and high power drives

6.1 Silicon controlled excitation
6.2 Wind turbine generators
6.3 Inverter-fed high power AC motors

6.4 Synchronous converters for synchronous motors

6.5 Cyclo-converter driven synchronous motors

Source: Vestas,

6.6 Harmonic effects in inverter-fed synchronous machines Denmark
6.7 Synchronous generators with high voltage DC link

6.8 Applications with big doubly-fed induction machines
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6. Wind generators and high power drives

6.6 Harmonic effects in inverter-fed synchronous machines

Line side harmonics in synchronous converter drives:

Stromrichter ]  Glaitungs-  Stromrichter ¥

Firing angle o causes line side power factor . drasse Mg f5
COS@g,iq = COSag, SO at low speed (= low DC link irill l | @ Lo
voltage Uy = low cosag ) and full torque ( = big current) = — ~ -
. . N . = =l
reactive power Q is big, but real power P is low: =g or=ctw
Gitlerst. Gitterst.
= = = . . . atzi =
P=2z-n-M =Uqly =3Ugigl grig COS@grig “'z? Isr o
. wandier
= 3Urig larig SIN Oy in
Q Grid "Grid ¢Gr|d Source: Kleinrath, H.; Strom = Y + | orenzan- +
Springer-Verlag regler T regler e

- Grid current is block shaped AC current: It contains current harmonics | yq k-1
Harmonic frequencies: 5fg,q, 7fgig --- = €.9. 250 Hz, 350 Hz, ...
Harmonics cause distortion of line voltage due to non-linear voltage drop at reactances!

- Machine side AC current is not ideally smoothed in DC link, as DC link choke is not
infinitely large. So also on line side small current and voltage harmonics with multiples of
machine side frequency occur( “Inter-narmonics”).
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6. Wind generators and high power drives

Machine side harmonics in synchronous converter drives

- Only fundamental of voltage and current deliver constant torque, thus being responsible for

energy conversion form electric into mechanical system !

Xw
. L : : M
- Current harmonics produce parasitic effects in the machine: f | Ay { Ly
- additional losses, Vol I \ \
- pulsating torque components, mot Sl VA \ \
- magnetically excited acoustic noise, 0F—x—/ 7 ——
- radial pulsating forces, causing vibrations ! / / / wt
/ % / /
- By proper design these effects MUST be minimized ! ,
’ ‘ Ky =T-¢ 'LU((J-,_{)
- FOURIER-analysis of block shaped current of ot by /20 N ver @)
six-pulse B6C bridge (P = 6): Ordinal numbers: Y ra—— 6}\ —T'
° v (02,

k=1+P. g :1+6g g=0,£1,+2,43,...

K=+1-5+47,-11113-17,419,..| |15 =—-sin

K

|

Source: Kleinrath, H.;
k - 7[} | Springer-Verlag
— |- 14

positive / negative k: phase sequence is U, V, W or U, W, V (inverse fields)
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6. Wind generators and high power drives

Inverse air gap fields

Fundamentallk| = 1: iy = I; cos(@t),
i, = I, cos(wt —120°), iy, = I, cos(wt — 240°)
Harmonic k| = 5: iy =I5 cosGayt),
iy = Iz cos(Gwt —5-120°) = I cosGa,t — 240°)
iy, = |5 CosGat —5-240°) = I cosGat —120°)
Field wave of v™" order of current harmonic k : év:l,kzl cos(@ —Kka,t)

T

p

Ordinal number v of wave harmonic, determined by winding arrangement
(phase number m = 3): v=1+2mg =1-5+7/,...

Ho ,\/E'm'Ns'ka'ls,k

K- . 2
Amplitude of wave: B, ;. =
vop P v=Lk=1 S TPV

Positive or negative speed is determined by sign of v and k .

Speed of wave: 2, =
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6. Wind generators and high power drives

Calculated speed of field harmonics £ , (100% = fundamental)

]

13

-17 I‘ 19 I
I

-20%

|
+14.3%|

+7.71%

-5.9% I‘ +5.3% I

+100%

-71.4% I

-38.5%

29.4% I‘ -26.3% I

-140%

+100% I

53.8%

-41.2% || +36.8%|

| -11 m-110096|

+220%

-157% I

-84.6%

+64.7% || -57.9% I

|

L |

|

EEEEL T

1 |

Calculated current harmonic amplitudes Ig, (1.0 = fundamental)

L I 5 ]
10 ] oz ]
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6. Wind generators and high power drives

Magnitude of current and field harmonics

- Amplitude of field harmonics B ,, decrease with k,./v < 1/v due to winding
distribution.

- Amplitude of field harmonics B, Is proportional I, so they decrease with 1/k.

Result: 1
Field amplitudes decrease with |Byk ~ VoK

- Usually consideration of winding m.m.f. fundamentals v =1 is sufficient !
- First (and second) pair of current harmonics has to be considered !

- In P = 12 pulse bridge converters the 5" and 7" current harmonic are

eliminated: Kk =1+P-g=1+12g

k=+1-11+4+13-23+25....

s
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6. Wind generators and high power drives
Eddy current losses in stator winding due to current harmonics

- Increased r.m.s. value of current is only small effect in loss increase: | =

- Stator frequencies: f,, kf, : Small current harmonic amplitudes, but big frequencies, so
Increased current displacement effect, causing additional losses P_ in stator winding.

- Counter-measures:
- Reduced conductor height and reduced height of strands
- Reduction of ESSON’"s number = reduced utilization by about 5% ... 10%.

Example:

- Current loading A ~ I, reduced by 5%, flux density B reduced by 5%.

- ESSON’s number C ~ A-B; reduced by 10% = reduced motor power by 10%

- Reduced fundamental copper losses P, ~ 1> by 10% and iron losses Pg, ~ B;;? by 10%.

- Reduced losses P, + P, at 90% power balance for increased current displacement
losses P_, , SO winding temperature rise is the same as at sinus operation, 100% power.

UNIVERSITAT 6/169 Energiewandlung  FB 18
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6. Wind generators and high power drives

Additional rotor losses due to field harmonics

- Current harmonics generate air gap fields (v = 1) with amplitude B ,_; ,

- Positive sequence fields: k =7, 13, ..., inverse fields: k =-5, -11, ...
Field wave velocity relative to rotor velocity:
ko _ws (kK
-Qrel—v D stn_ D (V j — y=1 QreI/stn :k—l

H|I—‘
i©

— 1

]

Waves induce massive rotor surface with frequencies for k = 1+6g: 6f,, 12f_, 18f, ...,
causing big eddy current losses. *) fundamental does not induce rotor

Counter-measures:

- Strong damper winding to be induced by field waves, causing counter fields by damper
currents, which nearly eliminate stator harmonic fields. Massive iron is not induced,
losses in high conductive damper bars are low.

- Laminated rotor pole shoes or body (if possible due to low centrifugal forces !)
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6. Wind generators and high power drives
Pulsating torque components in synchronous converter drives

- Block shaped stator current I causes six step movement of stator field B, and stator
current loading A..

- Continuously rotating rotor flux B, (sinusoidal distributed) generates with stator current
loading A, a constant torque M, and a small loading pulsating torque M,., which
oscillates with mainly 6f, 12f_, 18f, ...

Typical torque AC amplitudes: 6f.: |\7| | M N = 0.15
12f: M /My =0.05

- Counter-measures:

a) 12 pulse bridges eliminate 6f., 18f,, 30f, ...

b) Try to put torsion natural frequencies f; of drive B odd g :
train out of the speed range, where the frequencies L4 YW A By
6f., 18f,, 30f,, ... = 6n-p, 12n-p, 18n-p, ... do not hit Lol Y (: 'E)B By
the natural frequencies = AVOID RESONANCES ! i i i = 4
B
Source: Kleinrath, H.; Springer-Verlag 4* 52;&6§ U <

‘s
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6. Wind generators and high power drives

12-pulse synchronous converter machine

NSR {*—r
Y
| Star-delta-winding

_i i i i /L‘ transformer:

Time phase of secondary
N shifted by 30°

ji - :Ulverszwlz\/é m

o U verk U, N,
Three-winding

transformer: Two In the machine: 2 x 3 phases, shifted by z,/6 = 30°l :
wiiz(i:rsgsatﬁlne +U1 +U2 =W1 -W2 +V1 +V2 =U1 -U2 +W1 +W2 =V1 -V2
phase shifted by V ¥ ¥ e | o | X[ x| o|leo|[x]|x]|eo|eo|x]x

30° NSR 2 | | | |
Y Stromrichtertransformator

MSR Maschinenseitige Stromrichter Source: Siemens AG, Germany

Y,
‘s
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6. Wind generators and high power drives

2 X B6C bridges feeding = 12-pulse operation

- Elimination of magnetic air gap fields due to -5, 7th, -17t, 19t .. current harmonics

- Example: Fundamental field of 5% current harmonic:

1st 3-phase system: Bv:l,k=—5 (X,t) = B5,1’_5 . COS(Xﬂ'/Tp + 50)51:)
2" 3-phase system: Space shift by 27,/12 = 7, /6, time shift by T/12
B, 4 k-5(X,t)=Bs1 _5-C0S((x—7,/6)-7/7, +5aw)5(t —T /12))
B, k-s5(Xt1)=Bs; _5-cos(X-7/7, —7/6+5wst —57/6)
B, 3 k-s5(X1)=Bs; _5-cos(x-z/z, +dat — )
B, 3 k=5(X,1)=—Bs; _5-Cc0S(X- 7 /7, +3am;t)

Sum of fundamental of 1st and 2"d 3-phase system yields ZERO !

s
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6. Wind generators and high power drives

Harmonic effects in cyclo-converter drives

- Low speed drives, so stator frequency f, = n.p and so additional losses are
low.

Example: Eddy currents in stator winding

Cyclo-converter: Sinus operation: 60 Hz

a) f, = 5.5 Hz: 100% current

b) 5f, & 7f, = 6f, = 33 Hz: 20% current

c) 11f, & 13f,= 12f, = 66 Hz: 10% current 60 Hz: 100 % current

- Effect is much smaller than for 50/60 Hz machines !
So ESSON’s number may be increased !

- Often no damper cage, as rotor frequencies 6f,, 12f_, ..= 33 Hz, 66 Hz, ... are low.
Missing damper cage:
Instead of subtransient inductance L”, the transient inductance L", > L”; acts during
commutation, hence smoothing the current = reduces the current harmonics !
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6. Wind generators and high power drives

12 pulse bridges 2xB6C for cyclo-converter
Grid —H— '
z

V High voltage switch

W/
o ¢ Transformer with 6 secondary
Excitation of rotor .
S + B (/ windings. Each phase: Y and D
% § AN | secondary, so 30° phase shift
g o IS ° between the to series 2xB6C
____f — - bridges, giving 12 pulse operation !
- D-
Wl iy "™ v whs ¥ | 12 pulse cyclo-converter to
& e | ﬁ"“ . g reduce voltage and current
re MM Al ol ot N 1IN e | harmonics
| o §}~ Briled | | Holto-torte | | i
[ Bt B oAl Ly Hht
i x G .
i— - - ————— -.}---—._-l —————— " Source:
| 4 9k 0 k2 O k3 Siemens AG
i ?:(om e L2 B s
S;uerung i
—sJuna RegemngE sy @n)- Synchronous
Soliwen istwerl machine

iy bis iy Motorstrome Ly bis w3 Motorspannungen
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6. Wind generators and high power drives

Source: Siemens AG

/@ Transformer with 6 secondary windings
for 12-pulse cyclo-converter

21 MW, Drive for wind tunnel

Upper transformer:

Primary star winding 1,
Two secondary windings: a) star, b) delta

nter-yoke to decouple the three converter phases
Middle transformer:

Primary star winding 27,
Two secondary windings: a) star, b) delta

Inter-yoke to decouple the three converter phases
Lower transformer:

Primary star winding 3,
Two secondary windings: a) star, b) delta

Primary windings 1, 2, 3 are parallel connected
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Large Generators and High Power Drives

Summary:

Harmonic effects in inverter-fed synchronous machines
- Grid current harmonics due to block shaped AC current
- Inter-harmonics of machine side current due to finite size of DC link choke
- Parasitic effects in the machine: additional losses, pulsating torque components,
magnetically excited acoustic noise, radial pulsating forces
- 12-pulse converters: 5" and 7t current harmonic are eliminated
- Due to harmonic frequencies = increased current displacement effect
= Reduction of conductor height or of machine utilization necessary
- Additional rotor losses due to eddy currents, induced by field harmonics
= Counter-measures: strong damper to eliminate stator harmonic field
waves; laminated rotor pole shoes if possible
- Cyclo-converter drives: Low stator frequencies = low additional losses;
utilization may be increased; often no damper cage necessary
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6. Wind generators and high power drives

6.1 Silicon controlled excitation
6.2 Wind turbine generators
6.3 Inverter-fed high power AC motors

6.4 Synchronous converters for synchronous motors

6.5 Cyclo-converter driven synchronous motors

Source: Vestas,

6.6 Harmonic effects in inverter-fed synchronous machines Denmark
6.7 Synchronous generators with high voltage DC link

6.8 Applications with big doubly-fed induction machines
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6. Wind generators and high power drives

6.7 Synchronous generators with high voltage DC link

vty AC Grid e.g.
Johannesburg

g Inverter station

B
* ,» Highvoltage DC
L

overhead line (HV
DC) e.g. 1400 km

¥ Rectifier station at
Cabora Bassa

° v Synchronous
hydro generators

Source: Neidhofer, G.; BBC, Switzerland

- HV DC transmission:

Only real power is transmitted, NO reactive power !

- Current harmonics in generators are basically the same as
in synchronous converter systems, BUT rectifier and
inverter are of high pulse count, so harmonic current
content is very low !

Examples:

a) Cabora Bassa

5 x 415 MW,

HV DC via 1400 km to Johannesburg, South Africa

b) Itaipu

9 x 700 MW,

HV DC via 800 km from Brazilian border (river Parana) to
coast !

» TECHNISCHE
UNIVERSITAT
- DARMSTADT

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische %
s

s

6/179 Energiewandlung * FB 18



Large Generators and High Power Drives

Summary:

Synchronous generators with high voltage DC link

- DC: Only real power transmission

- Very low harmonic current content due to high pulse count of rectifier and
iInverter
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6. Wind generators and high power drives

6.1 Silicon controlled excitation
6.2 Wind turbine generators
6.3 Inverter-fed high power AC motors

6.4 Synchronous converters for synchronous motors

6.5 Cyclo-converter driven synchronous motors

Source: Vestas,

6.6 Harmonic effects in inverter-fed synchronous machines Denmark
6.7 Synchronous generators with high voltage DC link

6.8 Applications with big doubly-fed induction machines
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6. Wind generators and high power drives

Variable speed pump storage plants
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6. Wind generators and high power drives

Variable speed pump storage power plant

- Feeding water into the upper basin (elevation h above lower basin) needs
to overcome the static pressure Ap=p-g-h=Ap,

- Pump characteristic at rated speed ny:
Ap: generated pressure, V : actual volume flow

Ap,: no-load pressure, V, : short-circuit volume flow
Ap _, V2
—=1-—
, Ap, Vo
-As Ap ~nZandV ~ n, we get the pump characteristic at variable speed n:
Ap n* V?
Ap, ng voz
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6. Wind generators and high power drives

~ixed and variable speed pump characteristic

/)
L5 - Example: Apy/Ap, = 0.64, V, /V, = 0.6
" Npin = 0.9ny<n <n., = 1.1ng
B Ap V 2
Ad 1 -
Ap, Vo
10
i Ap n® V?
0S- T2 \j2
| | Ap, Ny Vg
| I
| |
| I
0 | — | —\ -
0 05 1%{:0& 4,0 V/V;)
Vo

s
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6. Wind generators and high power drives

Fixed and variable speed pumping

In case of a fixed speed pump at rated speed only rated power can be pumped, as
the pressure to overcome is fixed as the rated pressure Apy.

A \V? A V2 .
—p:]'_‘—z Py :1_'—2 P =P, =Apy -V
Ap, Vo APy, Vo

“* DARMSTADT

In case of a variable speed pump even at fixed rated pressure Ap, the volume flow
can be varied with speed, so the pump can be operated at variable power.

2 2 / 2 .
Ap _n —V. \(:\/HZ _ApN P=Ap, -V(n)
Ap, Ny Vg Vo

nN ApO

Example: Ap,/Ap, = 0.64, \/N /\/°0 =0.6 Npin = 0.9ny <N <n.. =1.1n

The power P = Ap, V ranges between P, = 0.69P <P <P, = 1.26n,

s
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6. Wind generators and high power
drives

i Pumping power at variable
j,'f‘ speed pumping
R . _ o
1,26 —— Example:  V /V,=0.6

App/Apy = 0.64,

Npin = 0.9ny <N <n. = 1.1ny

max
The power P = Ap, .V  ranges
between:

P =0.69P <P <P

= 1.26P,,

max

P = ApN V(n)

| — — L
V(n) _ an _Apy

05+ /

/ Vo nli Apo
0 + i | n

0

0:5 O(lg ot% ’lr.o 4:4 nN

s
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More excess power from the grid can be stored

Example:

Nin/Ngyn= 0.885, N/
Pmin = 0.69P <P <P« = 1.26P,

=1.08

max nsyn

Instead of 100% we can

store at the given load

profile P(t) 180% of energy!

P4
R
P(t) Wonasisite . 18 [ W= [Pt
W n =",”
12 b1 - ':'T'; -4 -:\::: -
R 4
1.0 < A N N \<¢:\‘\‘ OSSN
NE) N R
‘| \E .' \ll § .E\
N AN ¥
: R ‘9\ - k!
— : s — [ B
o4 i1 N by N S: l
" N B .
By ~ b i t: NA
- ~ ‘.; " . q‘.
S 3 ) : .
i N @ N NJ
3 N v
5 NI N N
? N 9 oA 3 :: ::2
i N 8, M J
- ~ - > N NH
o Ny “ A S
Ton J S N Y
0 St W/ P 1 p
y g y i »
T on
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Advantages of variable speed pump storage operation

a) Fixed speed pumping: The pump always operates at rated speed and
hence with constant rated volume flow V at constant pressure head »gh
of the upper basin (at elevation h). So it can only stored energy at rated
power 100%.

b) Variable speed pumping: The pump operates at e.g. 90 ... 105% of rated
speed and therefore has a varying volume flow, operating against the
pressure head ygh. Hence storage occurs at varying power (ca. 73% ...
116% of P,):

V =V, -(0.9...1.05) n=ny -(0.9...1.05)
P~ Py -(n/ny)® =Py -(0.9%..1.05%)= R -(0.73...1.16)
P. ~073-Py P =116-P

s
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Pump storage plant

breaker

motor-generator: : I resker
J e o Goldisthal / Thuringia
2 variants: Line
Cyclo- transformer
a.) n=n n = COnSt Line Converter co_nverter Excitation
S h Sy transformer transformer B transformer
ync .rOHOUS comverer [~ 4@_\\_@
m ach ine breaker —
(‘) —
b) Varlable n: — ¥ Generator
circuit breaker
doubly-fed Concrator @ %
circuit breaker — AC DC Synchronous
asynqh ronous ~- == - Motor/Generator H
maChlne Stator short
Asynchronous circuit switch

Stator short
circuit switch

Motor/Generator

a)

b) Variable speed doubly-fed %rg;rr]c;nous
asynchronous machine for Source:

pumping (motor) and
generating (generator)

Andritz Hydro

Austria
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6. Wind generators and high power drives

Pump storage power plant Goldisthal/Thuringia, Germany

a) Grid operated synchronous
Motor/Generator:

Data:

331 MVA, 333.3/min, 18 poles, 50 Hz

b) Doubly fed induction motor-generator:
Data:

340 MVA, 300 ... 346/min, 18 poles, 50 Hz
Rotor side converter:

Cyclo-converter for low frequency

Rotor slip:

+10% ... 5% slip, so the max. frequency in the
rotor is 0.1:50 = 5 Hz

Pump-turbine
Source: Andritz Hydro/Austria

-» TECHNISCHE
E UNIVERSITAT
- DARMSTADT

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
6/190 Energiewandlung * FB 18

g'lmw’



Variable speed induction machines for pump storage

plants

3
I:)Pump =N

Pump storage plant Goldisthal/Thuringia, Germany:

a) 2 directly at the grid operating synchronous motor/generator-units: n = ng,, = const.
331 MVA, 333.3/min, 18 Pole, 50 Hz, ny, = 333.3/min = f/p = 50/9 = 5.56/s

b) 2 doubly-fed slip-ring induction motor/generator-units: variable n

340 MVA, 300 ... 346/min, 18 Pole, 50 Hz, ngy,, = 333.3/min
Rotor-feeding inverter is a thyristor cyclo-converter for low frequencies f, <5 Hz
slip s = +10% ... -5% = max. rotor frequency 5 Hz (sf, = 0.1-:50 = 5 Hz)

AN = Spay Ny =0.1-333.3=33.3/mMin = Ny, =Ngyy — AN =333.3-33.3=300/min
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Pump storage power plant Goldisthal / Thuringia

Source: energiewirtschaft 104 (2005), no. 17-18, p. 67 Source: Andritz Hydro/Austria

Asynchronous

motor-generator
1

o

f —
I e,
- nm——lf

Rotor for 340 MVA, 300 ... 346/min, 18 poles, v o
50 Hz, at high voltage test 19 kV (r.m.s.), W M .
gn J ( ) - Pump turbine
>0z fort min = o
), TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische 3 _=_
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Motor/Generator

» TECHNISCHE
- UNIVERSITAT
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6. Wind generators and high power
drives

Variable speed pump
storage power plant

Goldisthal/Germany:

pump storage power plant

Slip-ring induction motor/generator
- six slip-rings
- 2 X 3 phases in the rotor

Source: Andritz Hydro/Austria

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
6/193 Energiewandlung* FB 18 %

g‘lmw’



6. Wind generators and high power drives

Rotors of the asynchronous generator 340.5 MVA/300 MW for the
pump storage power plant Goldisthal/Thuringia, Germany

Doubly fed induction motor-generator:
340 MVA, 300 ... 346/min, 18 poles, 50 Hz
Rotor voltage at stand still: 9 kV

Left: Rotor iron core

Right: Completed rotor with six-phase winding and =
steel rings for winding overhang fixation

High voltage testing during manufacturing: {5
Test voltage 19 kV r.m.s. (2U + 1 kV), 50 Hz, 1min §

Rotor winding capacitance 5.1 mF per phase

Source: energiewirtschaft 104 (2005),
no. 17-18, p. 67
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6. Wind generators and high power drives

Power plant Linthal for variable speed pump storage power plants

Pump storage power plant Linthal/Glarus, Switzerland: in operation since 2016

Four doubly fed induction motor-generators with rotor-side voltage source inverters:
4 x 250 MW, driving pump-turbines, Head: 700 m

Rotor-side three-phase system = three slip rings

Already existing pump storage power plant gets INCREASED power at the SAME
energy storage. Existing lakes Muttsee and Limmernsee are used.

Already existing installed power (1957-1968): 450 MW (synchronous generators !)
Produced electrical energy per year: 460 GWh

New total installed power: 1450 MW
Increased storage capacity (Muttsee increased): 350000 m3 — 560000 m3
Grid voltage must be increased from 220 kV to 380 kV

s
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6. Wind generators and high power drives

New prOJect Llnthal for_varlable speed pump storage power plant

Py By

Source: NOK
Newsletter,
Switzerland

é )si* F
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6. Wind generators and high power drives

Alternative to variable speed pumping: “hydraulic short circuit®

Q=V flow rate * PNetz =100 MW from grid - If turbine and pump are

to storage separated; the pump power
Seei 100 MW | G/M Motor/Generator: operates as motor  ~3n be held at 100%, whereas

) “ the grid input power varies
Q fr 50 MW Qflr 50 MW QTurit0 MW petween 0 ... 100%.
Q for
100 MW - The power difference is

supplied by the turbine, which
is operated by water in “short
circuit flow”, driven by the

pump.
Source: Vorarlberger lllkraftwerke,
150 MW Austria

: Turbine

Pump

Example: Kopswerk Il Pump storage plant: 50 Hz, head 800 m, 3 x 150 MW
Rated power of pump, Pelton turbine, 12-pole synchr. generator: 150 MW

Grid input power only 100 MW, pump operates at rated 150 MW, feeds turbine with 50 MW
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6. Wind generators and high power drives

Sub-synchronous converter cascade
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Power flow: SPs; —Fg,

Sub-synchronous converter cascade

Lower cost alternative to the doubly-fed induction machine:
Instead of 4-Q-inverter only a diode rectifier bridge GR is used at the rotor winding:
Power flow only from the rotor via the converter to the grid is possible.

>0

hence we need s > 0 : so only sub-synchronous motor operation (s > 0) possible

Y ’Y
l Ig s+P I
- M )umot Id - (—Pcur) i‘iTr'afo
GRAZIS > WR N
(1-s)+P Udw Utrafo
U
bk

R |u
S¢ Net:

Id :O:Udr +UdW:0
Id >O:Udr >_UdW
|4 <0 not possible

Current flow I, in the rotor winding only possible, if Uy > -U,- Current flows as |
via choke L (smoothes the current ripple) and via the transformer as | back to the grid.

With controlled converter WR with U, the slip s, is controlled:
»No-load slip” s,: |, =

O Udr

-U,,,: FOr s > s, current may flow = torque is generated
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f, =sf,

Operating at the no-load slip s

 Induced rotor voltages u,, (t),u,, (t),u,, (t) increase with increasing rotor frequency

. They rise with decreasing speed n=(1-s)n, .

 Viarectification of the rotor voltages we ge the DC voltageu,, (t) with a ripple.

The average DC voltage U, is maximum atn =0: U,,,and U, =0 atn

Udr :UdrO ©S

syn

Via WR (= fed from the transformer) the fixed
transformer voltage u, . (t) (with fixed amplitude
L]Trafo and frequency f\..,) IS rectified.

Its average valueU,, can be changed by the
firing angle « of the thyristors.

—wa(a)———\@ Uryato - COSa >0, if a >90°

s1L<b\,,No -load slip s “: Uy = -Uy,
‘SL = 33 -Urag - €0s /(U gy -72)\ 90° < o < ayax
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Application: Sub-synchronous converter cascade as
pump drive

Example:

12 MW-Water feeder pump drive unit in a thermal
power plant (P =12 MW), variable speed for
adjusting the water flow to the steam generator:

Mo, ~ N2 transformer voltage: Uryapo /U gro = 7 /(3/3)

Me A M(n)-curves at different firing
angle «

Pump

Operation range:
a=90°:€0590° =0 Npay =Ny = (L= Sy )Ny = Ngyy
up to
a=114°:cosa =-0.4,s =0.4:ny;, =(1—5)ngn =0.6ngy,

Speed Volume flow No-load slip s Power Feed-back
power
Nmax (100%) 100% 0 12 MW 0 MW
Nmin (60%) 60% 0.4 2.6 MW 1.73 MW

Min. pump power: P, =(n/ng,)* Py =(1-5)°Py = (1-5)Ps = (1-0.4)°-12 = 2.59 MW
Min. air-gap power: Ps=(1— S)2 Py = (:l.—0.4)2 12=4.32MW
Feed-back power: Pr ~ SP5 = S(l— 8)2 PN =04-432=1.73MW = (432—259) MW
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6. Wind generators and high power drives

Rotary frequency converters
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Doobly fed slip-ring induction machine as rotary
frequency-changing transformer

- Coupling of two asynchronous grids: Grid 1: f,, Grid 2: f,

Grid 1

P, f

S? 'S

—
Consumer

ref. frame

Driving machine l
P, N, Mg

- Active power flow between Grid 1 and Grid 2:

Grid 2 fr =S fs’nsyn: fs/p,1—3=n/nsyn—)fs= fr+n- P

P,

Generator
ref. frame

Example:
f, = 60.1 Hz, f, = 60.0 Hz, six-pole winding: 2p = 6
Rotor speed: n = (f; — f,)/p = (60.1 — 60.0)/3 = 0.033/s = 2/min
Speed n VERY small (,nearly” zero!)
Slip s = f/f, = 60/60.1 = 0.998 nearly 1, and here POSITIVE!
P,=Ps=@Q-S)-Ps+s-Ps=R,+F

Me =Ps-plas =F - pla

Torque M,>0—> P,>0, P, =sP, =P, > 0: active power flow from Grid 1 to Grid 2

Torque M, <0 —->P,<0,P,=sP,=P,<0: active power flow from Grid 2 to Grid 1
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Example: Active power flow (2p = 6)
P. P,=sP,

— ) —

Via the torque of the driving machine
we can influence the active power

flow between the two grids
l I:)m = (1'5)'Ps

I:)m = Zn(fs - fr)'Me/p

f_=60.1 Hz, f. = 60.0 Hz, s = f/f, = 60/60.1 = 0.9983 < 1, n = 2.04/min POSITIVE:

P;=100 MW P,=99.83 MW P.=100 MW P,=99.83 MW
P.,=0.17 MW l M, = 811.7 kNm P.=0.17 MW ‘ M, = -811.7 kNm
Generator operation Motor operation

f, =60.0 Hz, f, = 60.1 Hz, s = f /f, = 60.1/60.0 = 1.0017 > 1, n = -2.04/min NEGATIVE:

—p — — —

P.= 100 MW | P.=100.17 MW Ps=100 MW | P,=100.17 MW

P, =0.17 MW ‘ M, = 811.7 kNm P,=0.17 MW l M, =-811.7 KNm
Motor operation Generator operation

‘s

UNIVERSITAT 6/204 Energiewandlung  FB 18

o TECHNISCHE  prof A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
=% DARMSTADT ~aft>



Rotary frequency converter Langlois, Canada (1)

Coupling of eastern grids in Canada and USA at the station Langlois near Montreal /Quebec,
Canada

- Converter-fed DC motor 2.6 MW
Conventional Conventional for variable speed
- Switched capacitors for reactive
power compensation
- three-leg transformers for
120 kV adjusting the voltage from 120 kV
to 17 kV

80/107/133 MVA
Transformer

80/107/133 MVA
Transformer

120 kV

| Conventional

Motor and | ! Switched
Drive System | | Capacitor Banks
2.6MW (3.750 HP) | | 3x25Mvan

- DC motor: relatively low power 2.6 MW << 100 MW,
because speed is very low = long bearing and brush life

- Opposite to power electronics frequency converters no
current or voltage harmonics are generated

Source: Larsen, E.; Piwko, R.; McLaren, D.: Variable frequency transformers for
asynchronous power transfer, energize magazine, June 2009, 34-38
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Operation example: Rotary frequency converter Langlois

100 ¥ L = .

_/-./—J _ Operation of the frequency
§ 0| ST Active power of ..

‘ converter first with positive,
requency converter . . .

l i : : : , then with negative active

0 10 2 0 4D <0 &0 70 power ﬂOW

£05 -

frequency in the state New York/USA . .
- _reduenty g s Coupling of the eastern grids

N

- of US state New York/USA
. 0 © » © © P » and of the province
s T r T 4

Quebec/Canada in Langlois

—

0 10 2 » 40 ' Nearby generator ™
: fault in Quebec

Time (minutes)

Source: Larsen, E.; Piwko, R.; McLaren, D.: Variable frequency transformers for asynchronous power transfer, energize
magazine, June 2009, 34-38
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Rotary frequency converter set-up

Coupling of eastern grids in Canada and USA at the station Langlois near Montreal /Quebec, Canada

—
A
A Y5
Slip rings
u,v,w

Slip rings

machine

: /'.’
-

Rotary
transformer

transformer

r

Cut-view of the vertical shaft arrangement

—

100 MW-rotary frequency converter, Langlois
Source: Larsen, E.; Piwko, R.; McLaren, D.: Variable frequency transformers for asynchronous power transfer, energize magazine, June
2009, 34-38

L

Institut fur Elektrische 3
Energiewandlung « FB 18 y

) TECHNISCHE *prot A Binder : Large Generators & High Power Drives
") UNIVERSITAT 6/207
~ DARMSTADT



Rotor components of the rotary frequency converter

Rotary frequency converter for coupling of eastern grids in Canada and USA at the station
Langlois near Montreal /Quebec, Canada

ettt

. . : ‘ -
_ :
4~ - .

o —

Manufacturing of slip rings Rotor with three-phase star-connected

Source: GE Company, Atlanta, Georgia, USA distributed winding in rotor slots
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Langlois near Montreal,
Canada

Rotating slip-ring system, three
phases = three slip rings

DC machine for driving/braking

Rotary frequency transformer

Source: GE Company, Atlanta, Georgia, USA
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Large Generators and High Power Drives

Summary:

Applications with big doubly-fed induction machines

- Doubly-fed machines: For pump storage plants a small speed variation is
sufficient, so the rotor-side inverter is small = lower cost than full-size stator-side
inverter

- But: Slip-ring system with big current flow over brushes demands increased
maintenance

- Sub-synchronous converter cascade:
Only a diode rectifier bridge on the rotor side = very robust and cheap, but
only sub-synchronous motor operation

- For pumping units with limited speed range very often sufficient

- Nowadays: Replaced by rotor side voltage-source inverters for 4Q-operation

- Rotary frequency transformers for grid-coupling operate at low speed
- Frequency adjustment via slip (= nearly unity)
- Some applications in northern America
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