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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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1.1 LITERATURE REVIEW
OBJECTIVES: Determine Current State-of-the-Art in the Following Areas:

o Doubty-Fed ujctgine
- Analysis _
o Power Electronics;Rotor Circuit Control
- Stability
- Analysis
e Applications
- Wind-Vertical Axis
- Wind-Horizontal Axis
- Hydro
. Other



BOUBLY-FED MACNINE BASEL INE CONF IGURAT ION
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GENERATOR SYSTEMS STUDIES

- CONCEPTUAL STUDIES OF VARIABLE SPEED GENERATION SYSTEMS

'RESPONSIBLE - TARGET - FAVORED
ORGANIZATION - APPLICATIONS . CONFIGURATION : , _COMMENTS
BuRec of Reclamation Hydro DFM/Cycloconverter 0.5 hp demo 197_-
- ~ | | 30 hn demo 1982
Westinghouse for DOE  Wind/Hydro  DFM/Cycloconverter 500 hp demo 1983
NASA LeRC for DOE Wind DFM/Cycloconverter 300 kW demo 1982 = - .
Bogue for NASA Wind ~ DFM/Proprietary Status Uncertain
~T.A. Lipo - Purdue Wind DFM/Cycloconverter - Study Only
for DOE | - [
Jayadev/Ramakumar - ¥ind Field Modulated Study Only »
Oklchoma State Univ, Generator/Rect/Inverter Reauires triple tandem mochine
for DOE A - | . | .
Hian Lauw Hydro DFM/ Study only
Oregon State Unlv, Schwarz Converter Complex 10 khz link in AC-DC.
for BPA | A Conversion '
Siemens ~ Wind DFM/Cycloconverter 3 MW Growlan I application
for FRG | Cycloconverter .
PTI o - Wind - - Key benefit for wind turbines found
| - - - - to be dynamic isolation.-of turbine/

electrical -network interface
BPA | Hydro - Underway



PROJECT -

- ACTIVE LARGE VARIABLE'SPEED‘WIND TURBINE PROJECTS

GENERATOR SYSTEMS STUDIES -

FIRST OP.  RESP. ORG. _SIZE  RATING TYPE COMMENTS
SWT-3 ~Schachle/ - 165 ft 3 MW Hydraulic/ - Now beina converted to sincle
1980 Bendix ~ Synchronous speed - poor hydraulics relibtl- -
| ity performance
Growlon 11 MBB (FRG)  48m ~ 350 KW Synchronous/  Sinale bladed turbine
1981 145m 5 MY Full Conversion - B
19857
Growian I  MAN (FRG)  100m 3 MW DFM/ Variable speed for aust
1982 - Cycloconverter absorption, allow slow speed
: full spon poitch control
Orkney : _ _
~1982 WEG (UK) 20m 250 k¥ Synchronous/ 2:1 oneratino speed ratio on
~1985 60m 3 MW Full Conversion prototype
MOD-0. NASA(LeRC) 125 ft 300 kW DFM/ 3.1 operational speed ratio
1983 Cycloconverter
MOD-5B  Boelng 420 ft 7.2 MW DFM/ 1.67:1 operatina speed ratio
1984 T - - Cycloconverter ‘ S s



°?

GENERATOR SYSTEMS STUDIES

- MAJOR FACTORS CITED IN SELECTION OF
VARIABLE SPEED GENERATION FOR LARGE WIND TURBINES

Dynomic smoothina of “np” torque pulsations

Dynamic absorption and smoothina of wind oust transients .

Relief of requirements for hioh speed/orecise pitch control

‘Reduction in transient toroue marcin for costly drive train

components
Enables consideration of sinale bladed rotor

Enables consideration of reduction or elimination of octive,
blade 1ift/draa control ' '

Improved eneray capture over @ ranage of wind speeds



2.1 faAoeorr EVALUATION

OBJECTIVE Compare DFM based system with actual constant speed
system in followmg respects
1. Energy Capture )
2. Electrical and Drive Train Efficiency
o 3. Operstional Comnsiderations
4. Performance
5

. Cost

R



21 TRADE-OFF EVALUATION

NERGY CAPTURE
e Wind Systems
- Velocity Duration Curves
- Aesrodynamic Efficiency
- MHorizontal Axis.

- _Venig:al Axis Darrigus

e HYDRO SYSTEMS
- Flow Duration Curvcs
- System Head/Fiow Characteristics
- Hydrodynamic Efficiency
-- Propelior type turbine
- Full Francis turbine
- Fixed vane turbine

- Peiton whee!
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'AN_NUAL ENERGY CAP;TURE FOR FIXED AND VARIXBLE SPEED HYDRb

Fixed Speed, Fixed Pitch

Flow ratio = 22> = 1.307

Ave power = b4 x 2600 = 1360 kW
hrs = (.277 - .210) x 8760 = 686.9 hrs

1350 x 586.9 = 792,340 hrs
st rated or above = 3,725,190
517,530
Variable Speed
FLOW RATIO
Range X Tome Hous P KW Hrs
At ra:ted or sbove
1.4 . 21 1,839.6 .81 x 2500 3,725,190
1410 1.2 4 350.4 81 x 2500 709,560
1.2 t0 1.0 5 438.0 A7 x 2500 514,650
. 1.0t0 038 6 625.6 23 x 3500 302,220
0.8 to 0.63 7 613.2 .11 x 2500 168,630
, S ‘
Total Output :3— ;’:03&6

1.2 x fixed speed



2.1 TRADE-OFF EVALUATION

3. OPERATIONAL CONSIDERATIONS '

Consideration : Doﬁblly- Fed Machine
. o Characteristic
Moiorizdd' Start Good-ex ternel ruistor(

or veriable frequency

Synchronization and operational

mechanical speed/torque | A.u:ommodate “rough’’ control.

- control needed
Drive train perturbation - Excelient
'lbsor_ption
' Complaxity and Raliability Slip rings and power

slectronics edd complexity

. Maintenawce _ ,'Mpr.e but acceptabie

Fixed Speed Machine 5
Characteristic

e
4

Poor-smortiseur winding

!

i

Requires precise control

None-mechanical
Damping requirsd

Normal electrical gear.

Minimal



2.1 TRADE-OFF EVALUATION

‘4. PERFORMANCE

TVPE ‘ | MOD-OA. MOD-X MOD-2 PROPELL" R HYDRO
SIZE (Diameter-Ft) | 126’ 126' 300 : 5.76
FIXED SPEED OPERATION : ' o

Speed 40 40 176 131.5 (specific) @ 90%

Rating 200 500 : 2500 2500

. Enorgy Capture » 83 1.3 9 4.5
VARIABLE SPEED OPERATION : - )

Speed 28-40 4 1028 60-130-

Ratio : : 1.43 : 2.8 o 2.26

Rsting 500 4 ' . 3800 2600

Energy Capture 1.49 10.8 6.4
VARIABLE /FIXED ENERGY RATIO | -

o T 116 | 1.2 : 1.2

CONCLUS‘ON: Variable speed ratios from 1:15 to 1:2.6 yield _
eneryy capture improvements et from 10 to 20% relative to fixed speed operation.

e -



2. TRADE-OFF EVALUAT'ON
5. PRODUCTION HARDWARE COST ESTIMATES 1981 §'s

Lo '
Variabie Single Mar ginal
Speed - Spesd Cost s
System Syswem % of

Power  Speed Cost/ Cost $1-3I WKW
Rating  Rangs $/kW $/kW System Cost
500 151 294 ~130  18-6%
2.3:1 -~ 400 1 289.7%
500 1.5:1 108 —~50 5.61.9%
2.3:1 300 S0 2583%
7200 1.5:1 production 73 ~50 2.3-0.8%
B prototyps - 120 50 7-2.3%
2.3:1 101 50 56.1-.7%
CONCLUSIONS:

e Preliminary benefit/cost ratio’s indicate good potential
application of doubly fed machines

e  Larger sizes show better benefit/cost than smaller sizes

Bencfit/

Cost
E xpec tad Ratio
Performance $1.3 k/kW
Benafnt System Cost
10% 0.56-1.6
20% 06521
10% 1.853
0% 0824
10% 43128
10% 1.5-4.3
% 1.95¢

e ' At 7200 kW, even a prototype installation couid bs cost

cost oﬂoctive {not considering design costs)

e These fugura are preliminary only, cspoclally for hydre
applications

&



CONCEPTUAL -DESIGN/TRADE STUDY UPDATE

NON CIRCULATING CURRENT

¢ Chosen for NASA (LeRC) and Bureau of Reclamation studies
for 300 k¥ and 30 hp investigations resnectively

® Minimizes passive components but @ 12 pulse (72 thyristor) ]
confiauration required to achieve #50% speed variction ?

® To preclude current circulation from forward to reverse ,
~ bridaes, controls must enforce a time delay between cormuta-
tions, increasino output distortion

(] No,dembnstrotion is known of aonlication to larne doubly féd
machines which could require smooth dc oneration '

CIRCULATING CURRENT
® Chosen by Westinahouse for laroe scale applications

o Prov1des tolerance to control vorlotlon, smooth transition
thru dc durina phase reversals, and increased orotectlon
for thyristors

® A recent naper by Tamura, Tanaka, and Tadakuma at the 1982

~ IEEE/IAS International Semiconductor Power Converter Conference
quantified some comparisons in an application of a cyclocon-
verter to a 10 k¥ synchronous motor drive; they claim circu-
lation current can be controlled to achieve the followina:

-~ operation of 6 pulse (36 thyristor) cycloconverters
beyond #50% frequency with distortion and toraque
ripple eaual to or less than non-circulatino current
12 pulse confiqurations

- 1morovement in cyclo- converter power factor to neor
unity,

o If confirmed these additional circulating current benefits
- would further strenathen trode studv conclusions favoring
- DFM’s in variable speed applications
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2.1 TRADE-OFF EVALUATION

3. OPERATIONAL CONSIDERATIONS .

Consideration

Motorized Start

Synchronization and operational
" mechanical spsed/torque

contro! needed

Drive train perturbation
absorption

Complexity and Raliability

Maintenance

Doubly Fed Machine
Characteristic

Good-external resistor

.vqrvtiwkhmlcy

Accommodate “rough’’ control

Excellent

Slip rings and power

electronics add complexity

More but acceptabie

Fixed Speed Machine
Characteristic '

Poor-smortiseur winding
Requires precise control
None-mechanical
Damping required

Normal electrical gear

Minimal

|

i



2.1 TRADE-OFF EVALUATION

4. PERFORMANCE

TYPE - MOD-OA. ’ MOD-X MOD-2
SIZE (Diameter-Ft) , 126’ ' 126’ - 300
FIXED SPEED OPERATION ‘ , :
Speed 40 40 . 176
Rating 200 500 2500
Energy Capture = . 83 1.3 . |
VARIABLE SPEED OPERATION
Speed A ‘ 28-40 . 1028
Ratio 1.43 : . 2.8
Rating 600 . 3800
Energy Capture 149 ' : . . 10.8

VARIABLE /FIXED ENERGY RATIO , : '
' . 1.8 1.16 ' 1.2

CONCLUSION: Variable speed utiot' from 1:16 to 1:2.6 vieid
sneryy capture improvements a1 from 10 to 20% relative to fixed spesd operstion.

L

PROPELLR HYDRO

6.76

131.6 (specific) @ 90%
2500
4.6

60-130 a .-
2.26

2600
6.4

1.2



CONCEPTUAL DESIGN/TRADE STUDY UPDATE

NON-CIRCULATING CURRENT

e Chosen for NASA (LeRC) and Bureau of Reclamation studies
for 300 kW and 30 hp investigations respectively

e Minimizes passive components but a 12 pulse (72 thyristor)
confiouration required to achieve #50% speed variation 4

e To preclude current circulation from forward to reverse
bridaes, controls must enforce a time delay between commuta-
tions, increasino output distortion

e No demonstration is known of aonlication to larce doubly fed
machines which could reauire smooth dc oneration

CIRCULATING CURRENT
e Chosen by Westinahouse for larae scale apnlications

o Provides tolerance to control vokiotion, smooth transition
thru dc durina phase reversals, and increased protection
for thyristors

® A recent naper by Tamura, Tanaka, and Tadokuma at the 1932
IEEE/IAS International Semiconductor Power Converter Conference
quantified some comparisons in an application of a cyclocon-
verter to a 10 k¥ synchronous motor drive; they claim circu-
lation current can be controlled to achieve the followina:

- operation of 6 pulse (36 thyristor) cycloconverters
beyond £50% freauency with distortion and toraue :
ripple equal to or less than non-circulatina current
12 pulse confiaurations

o improyement.in cyclo-converter power factor to near

e If confirmed these odditional circulating current benefits -
- would further strenathen trode study conclusions favoring
DFM’s in variable speed applications



GEMERATOR SVSTEMS STUDIES
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HYBRID COMPUTER SIMULATION OF GENERATOR DYNAMICS AND CONTROL
SIMPLIFIED BLOCK DIAGRAM
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VIND TURSULENCE. NEU JR & KLSS, 82/06/20
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© HARDWARE CHANGES T0 EXISTING TEST CONFIGURAT ION

‘Disconnect rectifier/inverter from the rotor circuit.

- Connect cycloconverter and transformer to the rotor éircui;ki

Provide speed reference to the adjustable frequency drive.
Provide passive load.
Provide current and potential transformers.

EXISTING HARDWARE UTILIZED
Adjustable frequency drive 0 to 69 Hz design range,

Synchronous machine as a motor in accordance with design
load/speed limits. o

Wound rotor induction machine.
Synchronizing, .isolating and main contactors.



ADDITIONAL TEST HARDWARE REQUIRED

Generator system supervisory controller (GSSC) .
Cycloconvertér gate drive contfols.
CRT Terminal-and disk drive.
Cycloconverter power circuit,
Potential transformers.

Current transformers.

KW tfonsducers.. |

KVAR transducer.

Passive load.

Tachometer.

Harmonic analyzer.

o



WOUND ROTOR MACHINE CHARACTERISTICS

‘o 500 HP, 1182 RPM

460V, 601A STATOR . 5 ~ - -

468V, 47BA ROTOR  © S | :”lé

- Class B'iﬁsuldtion, 105°C, Temperature rise by resistance QOOC.
3 Phase, 60 Hz, Service Factor 1.0

WYE éohnected sfotor, Wye connected rdtbr.

Bose_KVA;,3}3‘ |

Xm; 1,9639 p.u.

©X1; 0.0678 p.u,

X2; 0.0997 p.u.

R1; 0.0109 p.u.

R2; 0.0123 p.u.



TEST TRAIN, NORMALLY CONFIGURED, OPERATING AT ROTOR CURRENT LIMIT OF 478A

255 KW -2

— o)

d
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© Speed

t.u.g KN ? 2.6 KN

e

16.8 Ki
"
o o |
J 27.5 KW ——o

56.7 KVARS<—-~

127 -
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210.7 KHW—"
" =125.1 KVARS—t=
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382.& —'4’230.7 KN —=
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TEST TRAIN, INSIDE OUT CONFIGURATION, OPERATING AT STATOR LIMIT OF -601A

21,7 KN
357 KW -\ |
TEC HHP
_ . | il
1.15 Per Unit T
Speed — 296 K
| o o o | | 157 KVAR
" , ——— -9 .
\ e | : 1 325.8 KN —=
| | | ] 2 KVARS —=
1 3,2 KW
55.1 KVARS =— | 155 w-—' -

KVARS  ErFrcIENCY = 91.2%
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TYPICAL TEST SEQUENCE

Check Synchronizing contactor open.
Close{high voltage contactor to adjustable freduency drive.
Close input contactors to both converter sections,

. Close main contactor on 480V distribution system.

Close isolating contactor in rotor circuit.

Close output contactor in both inverter sections.

Soft start the synchronous machine.

At 80‘percent speed activate cycloconverter controls.
Adjust cycloconverter controls to permit synchronization.
Close synchronizing contactor at zero power.

Increase synchronous drive speed demand to 115 Dercent
of synchronous speed.

Return to 80 percent speed.

Superimpose 2 per revolution torque perturbations on the
drive shaft, through synchronous drive speed demand.

Rerun speed excursion,

"Return to 80 percent speed.

Open synchronizing contactor at zero power,
Deactivate cycloconverter controls.

Decrease adjustable frequency drive to full stop.
Open output contactor in both inverter sections.
Opcn isolating contractor in rotor circuit,

Open main contactor on 480V distribution system.
Open input contactors to both converter sections.
Open high voltage contactor to adjustable frequency drive,



ADDITIONAL TESTS |

Cosine crossing versus intearal control.

Circulating current versus noncirculating current.

VAR control, | | | | | |
Simulate anticipated wind gusts at ‘-2 percent speed per secbnd.
Cycloconverter copoblllties in 50 to 80 percent speed ronoe. ‘
Power ‘quality. |
Hormonlcs.

Soft starting wound rotor -machine us a motor by shorting the
stator and utilizing the cycloconverter to excite the rotor..

Generation into passive load.

OPTIONAL ADDITIONAL TEST

Simulate wind -and hvdroturbine drive train dynamics ut11121ng
analog 31mu10t10n circuits as input to adjustable frequency drive
control



2! TRADE-OFF EVALUATION
5. PRODUCTION HARDWARE COST ESTIMATES 1981 &

Lexn
Variable Single Mar ginal Benefit/’
Speed Speed Cost s Cost
_ Systom Systeam % of E xpectad Ratio
Power  Speed Cost/ Cost $1-3 kAW  Performancs $1-3 k/kW
Rating Rangs $/kW $/ kW Systam Cost  Benefit System Cost
500 151 294 ~170 18-6% 10% 0.56-1.6
2.3:1 -~ 400 10 299.7% 20% 06521
200 151 108 ~50 6.61.9% 10% 1853
N .
2.3:1 300 50 258.3% 20% 0.524
7200 1.5:1 production 73 ~50 2.3-0.8% 10% 43128
prototype 120 50 7-2.3% 10% 1.54.3
2.3:% . 101 50 511.7% 20% 1.959
' CONCLUSIONS:

e Preliminary benefit/cost ratio’s indicate good potential

application of doubly fed machines

@  Larger sizes show better benefit/cost than smaller sizes

® At 7200 kW, even a prototype installation could be cost
cost effective (not considering design costs) :

e These figures are preliminary only, especially for hydreo
applications





