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1.1 LITER~TU~E REVIEW 

OBJECTIVES: Dnr""ft ~rTent Stlte-of-Ule-An in lhe Fe>flowini Area~: 

• Doubly-Fed ~~ine 

-~ 
Analysi~. 

• Po-tf Ekctronics;Rotor Circuit Control 

. Da9'· 
Stlbil•ty 

• AM!ysis 

• Applic..tions 

• Wind·Venical Axis 

• Wind·HOf'i.zontal Axis 

Hydro 

. 01ner 
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BuRec of Reclamation 
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GENERATOR SYSTEMS STUDIES 

.CONCEPTUAL STUDIES OF VARIABLE SPEED GENERATI'ON SYSTEMS 

TARGET 
APPLICATIONS 

Hydro 

Wind/Hydro 

Wind 
~II nd 
Wind 

~rt nd 

Hydro 

Wind 

· Wtnd 

........ ~' ... ,....,....... 

Hydro 

FAVORED 
CONFIGURATION 

DFM/Cycloconverter 

DFM/Cycloconverter 
DFM/Cycloconverter 
DFM/Proorietory 

DFM/Cycloconverter 

COMMENTS 
0. 5 hp demo 197 _· 
30 ho demo 1982 
500 hn demo 1983 
300 k~l demo 1982 
Status Uncertain 
Study Only 

Field Modulated Study OnlY 
Generotor/Rect/Inverter Requires triPle tandem Mochtnes 

.... 

• 

DFM/ 
Schwarz Converter 

DFM/Cycloconverter 
CYcloconverter 

Study onlY 
Comolex 10 khz ltnk tn AC-DC· 
.Conversion 
3 M~r Growl on I ooo ll cot I on 

Key benefit for wind turbines found 
to be dynamic isolotlon.of turbine/ 
elecrrlca·I .. n~~work Interface 

Underway 
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GENERATOR SYSTEMS. STUDIES 

ACTIVE LARGE VARIABLESPEED HIND TURBINE PROJECTS 

PROJECT 
FIRST OP. 

SWT-3 
1980 

RESP· I ORG ;. 
Schochle/ 
Bendix 

SIZE 
165 ft 

Growian II MBB <FRG> 48m 
1981 145m 
1985? 

Growion I MAN <FRG> lOOm 
1982. 

Orkne\' 
"'1982 
"'1985 

WEG <UK> 20m 
60m 

RATING TYPE 
3 MW Hydraulic/ 

Synchronous 

C0~1MENTS 

Now bein~ converted to stn~le 
speed - poor hydraulics rellbll­
ltY performance 

350 KW Synchronous/ Stnole bladed turbine 
-

5 MW Full Conversion 

3 MW DFM/ Variable speed for gust 
Cycloconverter absorption~ allow slow soeed 

full soan oltch control 

250 kW Synchr6nous/ 2:1 ooeratln" speed ratio on 
3 MW Full Conversion prototype 

MOD-O 
1983 

NASA<LeRC> 125ft· 300 kW DFM/ 3:1 onerattonal speed ratio 

MOD-5B 
1984 

Boeing 

Cyc1oconverter 

420 ft 7.2 MW DFM/ 1.67:1 operattna soeed ratio -·- Cycloconverter 
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GENER~TOR SYSTEMS $TUDIES 

• 

MAJOR FACTORS CITED IN SELECTION OF 
VARIABLE SPEED GENERATION FOR LARGE ~'IND TURBINES 

1. Dynamic s~oothing of "np" torque pulsations 

2. Dynamic absorption and s~oothin~ of wind 9ust transients 

3. Relief of requirements for hirJh speed/orecise Pitch control 

4. R~duction in transieht toroue mar~in for costlY drive train 
components 

5. Enables consideration of sin0le bladed rotor 

... 6. Enables consideration of reduction or elirr.ination of active. 
blade Jift/dra~ control . 

... 
7~ Improyed ener~y capture over a ran~e of wind speeds 

-
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2.1 TRADE-OFF EVALUATION 

• OBJECTIVE: Compare DFM based system witti Ktual constant speed 
system in following respects 

• 1 . Energy CIPture 

• 2 . Electrical end Drive T,.in Efficiency 

• 3 . Operational COnuderations 

• 4 . Performance 

• 5 . Cost 

l~~ 
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2.1 TRADE-OFF EVALUATION 

1. ENERGY CAPTURE 

• W1nd Systems 

· v•ocity Duration Curws 

· Aerodynamic E ffteiency 

· Horizontal Axis 

· Vertical Axis Dwrieus 

e HYDRO SYSTEMS 

· Flow Duration Curws 

· System Head/Flow OwiracOir'tstics 

· HydrodyMmic Eff~ 

• · Propellor type turbine 

· Full Francis 1Urbine 

Fixed vane turbine 

· · 'litton wheel 

'I 
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ANNUAL ENERGY CAPTURE FOR FIXED AND VARIABLE SPEED HYDRO 

f~OW RATIO 

Range %TiMe 

fixed Speed, Fixed Pitdl 

flow ratio • :·
5 

• 1.307 

Ave power ... 64 x 2600 • 1360 kW 
hn "" (.277 - .210) x 1760 • 686.9 hrs 

1350 x 586.9 = 792,340 hrs 
M r11ted or above = 3,725,190 ----

4517,530 

Hours p --- ----
At rated or~ 
1.4 21 1,839.6 .11 J( 2500 

1.4 to 1.2 4 350.4 .11 X 2500 

1.2 to 1.0 5 UB.O A7 x 2500 

1.0 .to 0.8 I 625.6 ~23. 2500 

0.8 to 0.63 7 613.2 .11 • 2500 

Total Output ·c 

kW Hrs ----

3,725,190 

709,560 

614,650 

302,220 

168,630 

------
6,420,250 

' 
f 

,,2 x fixed 'Peed 
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2.1 TRADE-OFF EVALUATION 

3. OPERATIONAL CONSIDERATIONS . 

Consideration 

Motorized Stan 

Synchronization and operational 
mechanical Speed/torque 
·control~ 

Drive train~ 
at.orption 

Compfaxity ..,a Rai.ablity 

Mei ;1 te:-.a.-.ce 

Doubly Fed M.chine 
Characteristie 

Goockxtamal rwistor 
or. nriab6e frequency 

( 

Accoml'nOdde "routf\" control. 

Excellent 

Slip rings n ~ 
etec tronics lpd c:arnp6exity 

More but ~Uible 

Fixed SpOed Moc:hine ~ 
Char.ctaristic 

PO)C)r·amoni"'our windi:'lg 
( 

l 

RequiiW pn.cise control 

Non&-mec:h.,ical. 
D-'lping required 

Normal electra! ·gear. 

Minimal 

j 
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. 2.1 TRADE-OFF EVALUATION 

4. PERFORMANCE 

TYPE 
SIZE (Dtameter-ft) 

FIXED SPEED OPERATION 
Speed 
Rating 
Energy C11nure 

VARIABLE SPEED OPERATION 
Speed 
Ratio 
Ratint 
Enerw Capture 

MOD·OA 
126' 

40 
200 
.83 

VAAIAILE /FIXED ENE~GY RATIO 
1.1 

28-40 
1.43 
600 
1.49 

CONCLUSION: Variable speed ratios from 1:15 to 1:2.6 yield 

MOD-X 
126' 

40 
500 
1.3 

1.16 

MOD-2 
300 

17.6 
2500 

8 

10.28 
2.8 
3800 
10.8 

1.2 

eneryy (.apture improvemenu at from 10 to 20% relative to fixed apeed operition. 

--

PROPELL:jR HYDRO 
6.71 

--

131.6 (apecific) • ""' 
2500 

4;6 

80-130· 
2.26 

2600 
6.4 

1.2 

. . ... 
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2.'1 TRADE-OFF EVALUAT~ON 

s. PRODUCTION HARDWARE COST ESTIMATES 1ta1 1"1 

l. .. 
Variable St. ......... 
Speed Spe..s ec.t• 
SysW'ft Sysw. ~of. 

Power 5peed Cost/ eo.t $1-3 k/kW 
Rating RM9 S/kW SrkW Sys~ Cost 

soo 1.5; 1 2916 _,,0 18-R 

2.3:1 -400 110 ~9.7% 

2500 1.5:1 105 -60 5.6-1.9% 

2.3:1 300 50 25-8.3% 

'7200 1.5:1 product at n -so 2.3-0.8% 
prototype · 12'0 50 7-2.3% 

2.3:1 101 50 5.1-1.7% 

CONCLUSIONS: 

• Preliminary benefit/cOlt ratjo's indicate good potentill 
application of doubly fed mld\ines 

• Larger sizes show beturr benefit/cost ttlan smaller liz. 

• At 7200 kW, even a prototype installation could be c.­
cost effective (not considering de~ign costs) 

• These figures .,. preliminary only, especially for ~ 
applications 

Benefit/ 
Cos1 

Expec:md Ratio 
Perfomtance $1-3 k/kW 
Benefit System Cost 

1'"' 0.&6-l.G 

20% 0.66-2.1 

1~ 1.1-5.3 

20% o.a-2.4 

10% 4.3-12.5 
10% l.i--4.3 
20% 1.!~·5.1 



.. 

... 

-

-

"-

CONCEPTUAL ·DES I GN/TR/).DE STUDY UPDATE 

NON-{IRCULATING CURRENT 

1 Chosen for NASA <LeR~) and Bureau of Reclamation studies 
for 300 kW and ~0 hp Investigations resDecttvely 

• Minimizes passive components but a 12 oulse <72 thYristor) 
confi9urotion required to. 9chieve {50% speed variation 

1 To preclude current ·circulation fr6m forward to reverse 
brid~es, controls r.1ust enforce a time delay between comuto­
tions, increasin0 outPut distortion 

1 No demonstration is known of aoDlication to larne doublY fed 
machines which could require smooth de o9erntion 

CIRCULATING CURRENT 
1 Chosen by Westin9house for lar~e scale OPDlications 
1 Provides tolerance to control variation, smooth transition 

thrJ de durin0 phase reversals, and increased protection 
for thYristors 

I 

l 

1 A recent paper by Tamura, Tanaka, and Tadok~a at the 1932 
IEEE/IAS International Semiconductor Power Converter Conference 
quantified some cor.1parisons in an application of a cyclocon­
verter to a 10 k~' synchronous motor drive; theY clain circu­
lation current can be controlled to achieve the followin9: 
- operation of 6 pulse <36 thYristor) cycloconverters 

beyond {50% frequency with distortion and torque 
ripple equal to or less than non-c1rculat1nn current 
12 pulse confi~urritions 

- improvement in ~yclo-converter power factor to near 
unitY. 

• If confirmed these additional circulating current benefits 
would further stren0then trade studv conclusions favoring 
DFM's in variable speed aooltcations 
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2.1 TRADE-OFF EVALUATION 

1 OPERATIONAL CONSIDERATIONS 

Consider11tion 

Motorized Start 

Synchronization and operational 
mechanical speed/torque 
control~ 

Drive train~ 
absorption 

Complax ity lnCi Rai.abil ity 

i 
Doubly Fed Machine 
CharKteristic 

Accommoct.ee "~"control 

Excellent 

Slip rings .-.d power 
electrontcs ~ CGmp~Mxity 

More bu.t ecceptabM 

Fixed Speed Machine 
Characteristic 

P.;)()r-amorti~r winding 

Requires preciie control 

None-mech.,ical 
D~mping ,..quired . 

Normal electrical gear 

Minimal 

' 

I 



4. PERFORMANCE 

TYPE. 
SIZE (Oiameter-ft) 

FIXED SPEED OPERATION 
Speed 
Rating 
E'*IY C.ture 

VARIABLE SPEED OPERATION 
Speed 
Rati·o 
Rating 
Enerw Capture 

MOO-OA-
126' 

40 
200 
.83 

VAAIAILE /FIXED ~NERGV RATIO 
1.8 

t. 

2.1 TRADE-OFF EVALUATION 

28-40 
1.43 
600 
1.49 

MOO-X 
126' 

40 
500 
1.3 

1.16 

CONCLUSION: Variable speed ratios from 1:1fi· to 1:2.6 yield 

M00-2 
300 

17.6 
2500 

9 

1(}28 
. 2.8 

3800 
10.8 

1.2 . 

energy capture improvements at from 10 to 20% relative to fixed •PMCI operation. 

L 

·- ... 

PROPELL:_jR HYDRO 
6.71 

131.6 (specific) 0 1m' 
2500. 
. .t.6 

8().130 
2.26 

2600. 
6.-t 

1.2 
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CONCEPTUAL DESIGN/TRADE STUDY UPDATE 

NON-CIRCULATING CURRENT 
1 Chosen for NASA <LeRC> and Bureau of Reclamation studies 

for 300 kW and 30 hP investigations respectiv~lY 
e Minimizes passive components but a 12 pulse <72 thYristor> 

confi9uration required to achieve t50% speed variation 
1 To preclude current circulation from forward to reverse 

bridrJes, controls r.1ust enforce a time delay between comuta­
tions, increasin0 outout distortion 

1 No demonstration is known of aoplication to lar~e doublY fed 
machines which could require smooth de o~erntion 

CIRCULATING CURRENT 
1 Chosen by Westinghouse for larpe scale aPPlications 
1 Provides tolerance to· control variation, smooth transition 

thru de durin~ phase reversals, and increased protection 
for thYristors 

• A recent paper by Tamura, Tanaka.~ and Tadakuma at the 1932 
IEEE/IAS International Semiconductor Power Converter Conference 
quantified some cor.1oarisons in an aPPlication of a cyclocon­
verter to a 10 k~ synchronous motor drive; theY clain circu­
lation current can be controlled to achieve the followin9.: 
- operation of 6 pulse <36 thYristor> cycloconverters 

beyond [50% frequency with distortion and torque 
riDDle equal to or less than non-circulatino current 
12 pulse confi~urations 

- · improvement in cyclo-converter power factor to near 
unitY. 

1 If confirmed these additional circulating current benefits 
wo~ld further stren0then trade study conclusions favoring 
DFM's in variable speed aPPlications 
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HYBRID COMPUTER SIMULATION OF GENERATOR DY~ICS AND CONTROL 
SIMPLIFIED BLOCK DIAGRAM 

T..,, Wind Toroue 

2-P 
Perturbation 

Tw + 2p 

Wind 
To roue 

f~..,. Wind SDeed 
1-.--------4.._-----t Speed Llml t & 

---------------4 Pitch Control Cp. Blade Efficiency 
Wa. Blade Speed 

Drive 
Train 

... 
l 

Power 
Control 

Va X 

, .,""' Toroue 
j Gen. 

ilg•speed 
~ RL ~L Electrical TE 

' Bus Vs, Stator _ _.. __ ...... ......,. 
H Vor 

Control 

Q Demond 

Voltogel Network 
1 

Volt: Generator := 
~1 Rotor 

R'Voltoge ..._ 
l Cyclotonverter 

. Vs 

VR Comlond ~ 
IR• ..._ Rotor Current 

Rotor ·:urrent Control 

Control 
Logic 

Voltage J 
Control 

Current 
Control 

IR Demond 

!--Control 
Type 

Vs Deloond 

Is Deloond 

706360-lA 

.. 
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HARDWARE CHANGES TO EXISTING TEST CONFIGURATION 

1 Disconnect rectifier/inverter from the rotor circuit. 
G Connect CYCloconverter and transformer to the rotor ci rcui f. ·. 
e Provide speed reference to the adJustable frequency drive. 

~ . 't 

1 Provide passive load. 
• Provide current and potential transformers. 

EXISTING HARDWARE UTILIZED 

1 AdJustable frequency drive 0 to 69 Hz design range. 
1 Synchronous machine as a motor in accordance with design 

load/speed limits. 

• Wound rotor induction machine. 
• Synchronizing~ isolatina and main contactors. 

. \! 



ADDITIONAL T,EST HARD\~ARE REQUIRED 

1 Generator system supervisory controller <GSSC>. 
1 Cycloconverter gate drive controls. 

• CRT Terminal-and disk drive.· 
• Cycloconverter power circuit. 
1 Potential transformers. 
• Current transformers. 
• KW transducers. 
• KVAR transducer. 
• Passive load. 
• Tachometer. 
• Harmonic analyzer. 

J 

J 

I 

. D 

J 

0 
l 
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WOUND ROTOR MACHINE CHARACTERISTICS 

' . 
1 500 HP~ 1182 RPM 0 

1 460V~ 601A STATOR 

1 468V~ 478A ROTOR 
I 
t 
v 

i 

• · Class B Insulation~ 105°C~ Temperature rise by resistance 40°C. 

1 3 Phase~ 60 Hz~ Service Factor 1.0 

1 WYE connected stator~ Wye connected rotor. 

1 Base KVA; .373 

1 Xm; 1.9639 p,u. 

• X1; 0.0678 p,u. 

1 X2; 0.0997 p,u. 

• Rl; 0.0109 p,u. 

1 R2; 0.0123 p,u. 
J 

u 



TEST TRAIN1 NORNALLY CONFlGUREDI OPERATING AT ROTOR CURRENT LIMIT OF 478A 

t 16.8 KW 
·. 

255 KW ... 
1. 15 , Per Un 1 t 

SPeed. '------..... 

o o o 1~ 

t 2. 6 K\~ 

27.5 KW • .20 ... 
KW 

56.7 KVARs .... ~.- 127 ...,._ 
KVARS 

: 

" ... 

210.7 KW ... 
~ . ""T25 I 1 KVARS ... EFFICIENCY.= 90.5L.--

230.7 KW .. 
1.9 KVARS.,. 
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TEST TRAIN., INSIDE OUT CONFIGURATION., OPERATING AT STATOR-LIMIT OF 601A 

·. 

357 KW 

1.15 Per Unit 
Speed 

t 21.7 KW 

_I 

I o .o o-l 

3 9· KW - • 
'65.1 KVARS-

296 Kv! 
157 KVAR 

t 3.2 1<11 

"29.8---... 
.KW . . . 

155 .--· 
KVARS 

· 325.8 KW • 
. 2 KVARS • 

EFFICIENCY = 91.2% 
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TYPICAL TEST SEQUENCE 

1 Check Synchronizing contactor open. 
1 Close high voltage contactor to adJustable frequency drive. 
1 Close input contactors to both converter sections . 

. o. Close main contactor on 480V distribution system. 
1 Close isolating cohtactor in rotor circuit. 
1 Close outPut contactor· in both inverter sections. 
1 Soft start the synchronous machine. 
1 At 80 percent speed activate cycloconverter controls. 
1 AdJust cycloconverter controls to permit synchronization. 
1 Close synchronizing contactor at zero power. 
1 Increase synchronous drive speed demand to 115 percent 

of synchronous speed. 
• Return to 80 percent speed. 
1 · Supeiimpose 2 per revolution torque perturbations on the 

drive shaft~ through synchronous drive speed demand. 
1 Rerun speed excursion. 
1 ·Return to 80 percent speed. 
1 Open synchronizing contactor at zero power . 
1 Deactivate cycloconverter controls. 
1 · Decrease adJustable frequency drive to full stop, 
1 Open- outPUt·contactor in both inverter sections. 
1 Open i!Jolating contractor in rotor cirCIJit. 
1 Open main contactor on 480V distribution system . 

. 1 Open input contactors to both co~verter sections. 
1 Open high voltage contactor to adJustable frequency ·drive. 

\ 
'.\· . 



• 
ADDITIONAL TESTS 

• Cosine crossing versus integrbl control. 
• Circulating current versus nonc1rculat1ng current. 
1 VAR control. 
1 Simulate anticiPated wind gusts at L 2 percent speed per second. 
1 Cycloconverter capabilities in 50 to 80 percent speed range. 
• Power qualitY. 
• Harmonics. 
• Soft starting wound rotor machine os a motor bY shorting the .· 

stator and utilizing the cycloconverter to excite the rotor .. 
,, Generation into passive load. 

OPTIONAL ADDITIONAL TEST 

1 Simulate wind·and hYdroturbine drive train dynamics utilizing 
analog simulation circuits as input to adJustable frequenc~ drive 
control. 
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2.1 TRADE-OFF EVALUAT~ON 

5. PRODUCTION HARDWARE COST ESTIMATES ,_., 1"1 

l.-
Variable se• a....,.. 
Speed Speed Coca. 
Systwn ~ ~of 

Power ~ Cost/ Colt S1-3 k/kW 
Rating R-. S/kW SrkW Syswn Cost 

500 1.5.; 1 ~ -110 18-R 

2.3:1 -400 110 29-9.7% 

2500 1.5:1 101 -50 6.6-1.9% ,, 
2.3:1 300 50 2S-8.3% 

7200 1.5:i product ton 73 -so 2.3-0.8% 
prototype 120 50 7-2.3% 

2.3:1. 101 50 6.1-1.7% 

CONCLUSIONS: 

• Preliminary benefit/cost ratio's indicate good potential 
application of doubly fed m-=hina 

• Larger sizes show better benefi1Jcost than smaller sial 

• At 7200 kW, even 1 prototype installation could be c..­
cost effective (not considering design costs) 

• These figures are preliminary only, especially for tt~ 
applications 

.. 

Benefit/" 
Cost 

Expec18d Ratio 
Perform~ S1-3 k/kW 
Benefit System Cost 

1"" O.&S-1.G 

~ 0.66-2.1 

1~ 1.1-5.3 

~ o.a-2.• 

1~ •. 3--12.5 
10% 1.~.3 
20% 1.S.S.t 




