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Abstract 

Studies have shown that the integration of wind turbines into an autonomous diesel- 

electric system (i.e., wind-diesel) can be economically viable, and that the potentid market 

for wind-diesel is considerable. High-penemtion, no-storage windaiesel (HPNSWD) is 

considered to be the most economical approach to implementing wind-diesel. A Hphcswo 

system requires a fast-acting dump load controller to maintain the system fiequency stability 

and quality, and, under some applications, additional voltage control is needed to maintain 

the voltage quality. 

In this thesis a detailed comprehensive dynamic model of a HPNSWD system is 

presented. The model is implemented in the software packages MATLAB and SIMULMK, and 

is based on the wind-diesel test-bed at the Atlantic Wind Test Site (AWTS) in PEI, Canada. 

Simulations using 1st. 2nd and 3rd-order electric machine models are compared with 

simulations using the Ml-order elec t ic  machine models. Wherever possible, components 

of the model are vaiidated with available measurements fiom the AWTS system. 

Three different fiequency tramducers (one phase detector and two frequency 

detectors) are modelled and uicorporated into the design of a PID dump load frequency 

controller. The fast fkquency detector (360 Hz pulse rate) outperforms the phase detector 

of the same speed. The slow frequency detector (3 6 Hz pulse rate) is unable to sufficiently 

dampen the swing of the system against the wind turbine's rotor. 

The simulated voltage transients that result fkom the discomection of the wind 

turbine are found to be well above the specified limit When a capacitor bank is added to the 

. . 
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wind turbine these voltage transien& are reduced but the susceptibility of the system to 

tlicker ernissions due to wind turbulence rernains hi& and unc hanged. 

In this thesis, a static VAR compensator (SVC) is uniquely applied to the wind-diesel 

system to improve its voltage stability. With the SVC configured to compensate the reactive 

power of the wind turbine, the wind turbine disconnections yield similar responses as with 

the capacitor bank, but the flicker emissions due to wind turbulence are vimially eliminated. 

Adding a novel voltage control loop to the SVC reduces the voltage transients fiom the wind 

turbine disconnections to well withlli the specifications. In addition, the voltage stability of 

the entire system is improved. 



Acknowledgments 

The author is deeply indebted to his supe~sors: Dr. John Quaicoe, Dr. Ray Gosine, 

and Dr. Michael Hinchey. In p d c d a r ,  the author would like to thank them for their support, 

guidance and patience, without which this thesis would not be possible. In addition, the 

author is gratefbl to Dr. Neil Bose for his many consultations. Dr. Bose's knowledge of wind 

turbines has proven invaluable. 

The author sincerely appreciates the fiaancial support provided by the Natural 

Sciences and Engineering Research Council of Canada and the School of Graduate Stuclies, 

Mernorial University of Newfoundland. Appreciation is also due the Centre for Cold Ocean 

Resources Engineering for the use of their facilities. 

Mr. Car1 Brothers at the Atlantic Wind Test Site has k e n  very helpful. He has 

provided much insight into these shidies. The author would also like to thank Mr. Réal Reid 

and Mr. Bemard Saulnier at Hydro-Québec for their consultations. Mr. David Lombardi at 

Atlantic Ment Canada Inc-, Mr. Don Levy at Westinghouse Canada Inc., Mr. Allen 

Windhom at Kato Engineering, Mr. Pascal Rembraud at Henry & Fils Ltd., and Mr. Joel 

Dewall at Barber Colman Company have graciously provided technical information for this 

thesis. 

Much gratitude is due Ms. Cuiyan Ma for her support and encouragement during 

different phases of this research, and for her editoriai assistance in writing this thesis. 



Table of Contents 
.. Abs-ct .......................................................... ii 

Acknowledgments ..................................................... iv 

... ListofTables ...................................................... v i l s  

Glossary of Abbreviations and Symbols .................................. xii 
1 Abbreviations. ................................................ xii ... 2 Symbols ................... ... ...... ,.. . . . . . . . . . . . . . . . . .  xi11 

1 Introduction ........................................................ 1 
1.1 The Potential for Wind-Diesel Systems ............................. 1 
1.2 Overview of Wind-Diesel Systems ................................. 3 
1.3 Hi&-Penetration, No-Storage Wind-Diesel .......................... 9 
1 -4 Statement of the Problem ....................................... 12 
1.5 Objectives ................................................... 14 
1.6 Thesis Outline ...................... ,.. .. ,... . . . . . . . . .  16 

2 Review of Wind-Diesel Modefling ...................................... 18 
2.1 Wmd-Diesel Logistics ......................................... 19 
2.2 Wind-Diesel Dynamics ........................................ - 2 2  

2.2.1 Current Dynamic Wind-Diesel Models ...................... 25 

3 HigbPenetration. No-Storage Wind-Diesel Modelling ..................... 33 
3.1 Overview .................................................... 33 

3.1.1 Nonnalization ......................................... - 3 6  
3.2 Diesel Generator Mode1 - Mechanical ............................. 36 

3.2.1 Diesel Engine, Clutch and Inertia .......................... 38 
3.2.2 Diesel Speed Govemor ................................. -42  
3.2.3 Diesel Generator Nonnalization ........................... 44 

3.3 Wind Turbine Mode1 - Mechanical ................................ 45 
3.3.1 Wind Turbine Rotor Aerodynamics ........................ - 4 5  

3.3.1.1 Quasi-Steady Aerodynamics .......................... 46 
............................ 3.3.1.2 Unsteady Aerodynamics - 4 9  

3.3.1.3 Effective Windspeed ................................ 51 
3.3.2 Wind Turbine Drive Train ................................ 51 
3.3.3 Wind Turbine Nonnalization ............................ - 5 4  

3.4 Electric Machine Models ....................................... 55 



........................... 3.4.1 Synchronous Generator Models - 56  
3.4.1.1 Synchronous Generator Fd-Order Mode1 .............. - 56  
3.4.1.2 Synchronous Generator Third-Order Reduced Model ..... -61 
3.4.1.3 Synchronous Generator First-Order Reduced Mode1 ...... -65  
3.4.1.4 Synchronous Generator Second-Order Reduced Mode1 ..... 66 

.................. 3.4.1.5 Synchronous Generator Normalization 68 
.............................. 3.4.2 Induction Generator Models - 69  

3.4.2.1 Induction Generator Full-Oder Mode1 .................. 69 
3.4.2.2 Induction Generator Second-Order Reduced Model ........ 72 

..................... 3 .4.2.3 Induction Generator Normalization 75 
......................... 3.5 Synchronous Generator Excitation System 76 

......................... 3.5.1 Excitation System Nomalization -77  
................................. 3.6 Wid-Diesel Electricai Network -77  

.......................................... 3.6.1 Village Load - 7 8  
............................................ 3.6.2 Dump Load 78 

....................... 3 .6.3 One-Bus Network Irnpedance Mode1 - 7 9  
...................... 3.6.4 Muiti-Bus Network Admittance Mode1 80 

3.6.4.1 Three-Bus Network Admittance Mode1 ................. 85 
3.6.5 System Normdization ................................... 85 

.................................................... 4 ModetValidation 87 
.................... 4.1 Diesel Generator Mechanicd Mode1 Validation -88  

....................... 4.2 Wind Turbine Mechanicd Mode1 Validation - 9 1  
..................................... 4.3 Electrical Mode1 Validation 92 

............................ 4.3.1 Synchronous Generator Models 93 
4.3.1.1 Load Step Change Response - Theoretical Validation ...... 93 

........................ 4.3.1.2 Excitation System Validation 106 
................ 4.3.1.3 Electrical Effects of Rotor Speed on SG 109 

.................. 4.3.1.4 Voltage Control System Performance 112 
.................... 4.3.1.5 Synchronous Generator Parameters 115 

.............................. 4.3 -2 Induction Generator Models 121 

............................... 5 HPNSWD Frequency and Voltage Control 127 
........................................... 5.1 FrequencyControl 128 

.............................. 5.1.1 Frequency Control Strategy 129 
........................... 5.1.2 AUowable Frequency Variation 132 

................................. 5.1.3 Frequency Tramduces 134 
.................................... 5.1.3.1 PhaseDetector 135 

................................ 5.1.3.2 Frequency Detector 136 
............................ 5.1.4 Dump Load Controller Design 137 

....................... 5.1.5 Dump Load Controller Performance 140 
.............................................. 5.2 Voltage Control 145 

............................. 5.2.1 AUowable Voltage Variation 146 



5.2.2 Voltage Quaiity from the Synchronous Generator ............. 147 
5.2.3 Voltage Quality with an Added Capacitor Bank .............. 151 
5.2.4 Static VAR Compensator ................................ 153 

5.2.4.1 SVC as a Reactive Power Compensator ................ 157 
5.2.4.2 SVC as a R d v e  Power Compensator plus Voltage Stabilizer 

.......................................... 158 

6 ConcIusions ........................................................ 161 
6.1 Summary of Conclusions ...................................... 161 
6.2 Recommendations for Further Study ............................. 167 

References ........................................................... 169 

AppendïxA S I M U L I N K M O ~ ~ ~ S  .......................................... 177 
A . 1 HPNSWD System Model ....................................... 177 

A . 1.1 Wmd-Diesel Subsystern . Reduced-Order Model ............. 178 
A . 1.1.1 Grid+DL Subsystem for the Reduced-Order Wind-Diesel 

Modei ....................................... 178 
A . 1.1.2 SG Subsy stems for the Reduced-Order Wind-Diesel Model 1 79 
A . 1.1.3 IG Subsystem for the Reduced-Order Wind-Diesel Model 

............................................ 182 
A . 1.2 Wind-Diesel Subsystem - Full-Order Mode1 ................ 183 

A . 1.2.1 SG Subsystem for the Full-Order Wind-Diesel Model 
.......................................... . 184 

A . 1.2.2 IG Subsystem for the Full-Order Wind-Diesel Modei 
........................................... 185 

A . 1 -3 Subsystems Common to the Wind-Diesel Models ............ 186 
A . 1.3.1 DIESEL Subsystem for the Wind-Diesel Models ......... 186 
A . 1 .3.2 TURBINE Subsystem for the Wind-Diesel Models . . . . . . .  187 
A . 1.3.3 A VR Subsystem for the Wind-Diesel Models ............ 188 

............................... A.2 HPNSWD System Mode1 with SVC 189 
A.2.1 Wind-Diesel Subsystern with SVC Connection .............. 190 

A.Z. 1.1 Grid+DL Subsystem with SVC Connection ............ 190 
....................................... A 2 2  SVC Subsystem 191 

............................................. Appendu B MATW Files 192 
.................... B . 1 p - wdsys . m . Wind-Diesel Model Parameters 192 
.................... B.2 dump . res . m . Dump Load M A ~ A B  Function 196 

B.3 yb . svc . m . Admittance MahVr Calculation (with SVC) ............ 197 

Appendk C Bode Plots for Dump Load Frequency Control ................. 199 

Appendix D Per-Phase Wind Turbine Disconneetion ....................... ZW 

vii 



List of Tables 
Table 4.1 Governor Parametm .......................................... - 8 9  

......................................... Table 4.2 Iniàal System Loading -94 
Table 5.1 Ziegler-Nichols Timing Rules (Second Method) ..................... 138 
Table 5.2 D m p  Load Contmller Parameters ................................ 139 



List of Figures 
...................................... Figure 1.1 G e n d  wind-diesel system - 5  

Figure 1.2 Typical diesel generator fuel consumption ............................ 7 
Figure 1.3 Spectnnn of horizontal windspeed at Brookhave n. NY ................. - 8  
Figure 3.1 Block diagram of the HPNSWD mode1 .............................. 34 
Figure 3.2 General mechanical mode1 of the diesel generato r. ................... 37 
Figure 3.3 Diesel engine dynamic mode1 ..................................... 38 
Figure 3.4 Mode1 of the clutch and diesel generator inertias ...................... 41 
Figure 3.5 Functional diagram of the Barber-Cohan governor system . . . . . . . . . . . .  - 4 3  
Figure 3.6 Speed governor mode1 (droop mode) .............................. - 4 4  
Figure 3.7 Power coefficient c w e  . CJA) ................................... - 4 7  

...................................... Figure 3 -8 Wind turbine power curve - 4 7  
Figure 3.9 Complete aerodynamic mode1 of the wind turbine ..................... 50 
Figure 3.10 Wind turbine drive train mode1 .................................. 53 

...................... Figure 3.1 1 Generator open circuit voltage vs . field current 61 
.................................... Figure 3.12 Generator saturation function 61 

.......................... Figure 3.13 Synchronous generator phasor diagram- - 6 6  
......................... Figure 3.14 IEEE Type ACSA excitation system mode1 77 

........................................ Figure 3.1 5 Awrs electrical network 81 
Figure4.1 SpeedofDiesel A for aM.64 pu loadstep .......................... 89 
Figure 4.2 Speed of Diesel A for a -0.32 pu load step ........................... 89 

........................ Figure 4.3 Diesels A&B speed for a +0.08 pu load sep -90  
.......................... Figure 4.4 Diesels A&B speed for a .0.32 pu load step 91 

...................... Figure 4.5 SG voltage response to WT disconnect, Case #1 94 
............................... Figure 4.6 Wï discomect with KR'S ,  Case #1 95 

............................ Figure 4.7 SG torque for WT discomecf Case #1 -97  
Figure 4.8 Effect of saturation on SG transients . Case # 1 ....................... 97 

..................... Figure 4.9 SG voltage response to WT disconnec t. Case $2 -99 
Figure 4.1 0 SG voltage response to WT disconuect, Case #3 ..................... 99 
Figure 4.1 1 ETMSP 3rd & 1st-order unsaturatecl response to a 0.4+jO.3 pu to 0.96+j0.0 pu 

loadstep ....................................................... 101 
................. Figure 4.12 SG 3rd-order unsaturated, load: (.4+j -3 )+(.96) pu. 102 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Figure 4.1 3 l stdrder SG . load: (A+j .3+ (.96) pu 102 
................... Figure 4.14 SG 3rdsrder . saturateci load: (.4+j -3) -+ (-96) pu 103 

Figure 4.15 ETMSP 3rd-order saturated response to a (O.&jO.3) 4 (0.96+j0.0) pu load 
step ........................................................... 104 

.................................... . Figure 4.16 SG 3rd-order SG 105 
.......................................... Figure4.17 V step,KF=D.005 106 

Figure 4.18 Vo "7 tage, Diesel A . load: 0.35 4 0.03 pu ( K f l . 0 2 ) .  ................ 108 
.......................... Figure4.19 Voltage, Diesel A, load: 0.05 0.64 pu 108 

...................... . Figure 4.20 SG + exciter open circuit voltage constant VR 110 



............................. Figure 4.21 SG response to rotor speed variation 1 1 1 
............................... Figure4.22 SGvoltage, w/& wlo speed terms 111 

........................... Figure 4.23 SG response to speed proportional field 112 
..................... Figure 4.24 SG + exciter voltage. WT disconnect, Case #I 113 

............... Figure 4.25 SG + exciter Bode plot, reactive power to voltage gain 113 
......................... Figure 4.26 Voltage response: increasing or transients 114 

............................. Figure 4.27 Voltage. Diesel A +0.64pu load step 117 
................ Figure 4.28 Voltage, Diesel A, load: 0.35 + 0.03~11, Yqo = 35ms 119 

Figure 4.29 Voltage, Diesel A, load 0.05 -+ 0 . 6 4 ~ ~  YqO = 3 m s  ................. 119 
.......................... Figure 4-30 SG + exciter, Go = 35ms, +0.64pu load 120 

..................................... Figure 4.3 1 IG steady-state P-Q curve 122 
........................ Figure4.32 V-Q curves for 0,O.S & 1 puactivepower 122 
......................... Figure 4.33 IG current response to a +5% voltage step 123 

.......................... Figure 4.34 IG stator current, +0.4 pu load, HPNSWD 124 
....................... Figure 4.35 HPNSWD voltage response, +0.4 pu load step 125 

...................................... Figure 5.1 Frequency control strategy 130 
........................... Figure 5.2 Diesel speed response to a full load step 133 

.......................................... Figure 5.3 Phase detector model 136 
........................ Figure 5.4 36Hz frequency-to-voltage converter model 137 

.............................. Figure 5.5 Dump load controller block diagram 138 
............... Figure 5.6 Bode diagram of phase detector dump load control loop 140 

................. Figure 5.7 Bode diagram of 360Hz N C  dump load control loop 141 
.................. Figure 5.8 Bode diagram of 36Hz FVC dump load control loop 141 

. . . . . . . . . . . . . .  Figure 5.9 Wind-only frequency response to a (diesel) full load step 142 
.............. Figure 5.10 Wind-plu-diesel response to a WT disconnect at 2 5 d s  143 

........................... Figure 5.1 1 Wind-only WT swing with 360Hz FVC 144 
. . . . . . . . . . . . . . . . . . . . . . . . .  Figure 5.12 Wind-only WT swing with phase detector 144 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Figure 5.13 Wind-only WT swing with 36Hz FVC 145 
.................... Figure 5.14 Visual response to flicker and IEC Flicker Limit 147 

................. Figure 5.15 Wind turbine disconnect with synch . generator only 148 
........................... Figure 5.16 Windspeed used for voltage flicker test 150 
. . . . . . . . . . . . . . . . . . . . . . . . . .  Figure 5.17 Flicker with synchronous generator only 150 

. . . . . . . . . . . . . . . . . . . . . .  Figure 5.18 Wind turbine disconnect with capacitor bank 151 
................ Figure 5.19 WT disconnect with capacitor bank, full-order model 152 

............................... Figure 5.20 Flicker with added capacitor bank 153 
.................................... Figure 5.21 Dynamic modelofthe SVC 155 

. . . . . . . . . . . . . . . . . . . . . . . .  Figure 5.22 Wind turbine disconnect with SVC (K$) 157 
...................................... Figure 5.23 Flicker with SVC (K,,=O) 158 

....................... Figure 5.24 Wind turbine disconnect with SVC (K,=lO) 159 
.............................. Figure 5.25 Network voltages with SVC (Kv=O) 159 
............................. Figure 5 -26 Network voltages with SVC (&=I 0) 160 

............... Figure A . 1 HPNSWD system with phase detector dump load control 177 
....................... Figure A.2 Reduced-order wind-diesel subsystem model 178 



..................................... Figue A.3 Nehvork admittance mode1 1 78 
Figure A.4 SG3: 3rdader  synchronous generator mode1 ...................... 179 
Figure A S  SG2: 2nd-order synchronous generator mode1 ...................... 180 

....................... Figure A.6 SG 1 : 1 st-order synchronous generator mode1 181 
....................... Figure A.7(a) IG2: 2nd-order induction generator mode1 182 

............................ Figure A.7(b) Saturation subsystern of IG2 mode1 182 
........................... Figure A.8 Full-order winddiesel subsystem mode1 183 

...................... Figure A.9 SGS: full-order synchronous generator mode1 184 
...................... Figure A . 1 O(a) IG4: fullsrder induction generator mode1 185 

........................... Figure A . lO(b) Suturation subsystem of IG4 model 185 
............................ . Figure A 1 l (a) Diesel generator mechanical model 186 

Figure A . 1 1 (b) SwinggCZutch subsy stem of diesel generator mode1 ............... 186 
Figure A . 1 1 (c) Diesel+Gov subsystem of diesel generator mode1 ................ 187 

................................ Figure A . 12 Wind turbine mechanical mode1 187 
...................................... . Figure A 13 Excitation system mode1 188 

.................................... Figure A . 14 HPNSWD system with SVC 189 
Figure A . 15 Reduced-order wind-diesel subsystem with SVC connection .......... 190 

.................. Figure A . 16 Network admittance mode1 with SVC connection 190 
................................ . Figure A i 7 Static VAR compensator mode1 191 

Figure C . 1 Bode diagram of the plant configurations at Uw=25m/s . . . . . . . . . . . . . .  199 
.................... Figure C.2 Bode diagram of wind-pus-diesel configuration - 2 0 0  

.......................... Figure (2.3 Bode diagram of wind-only configuration 200 
......................... Figure C.4 Bode diagram of diesel-on& configuration 201 

...................... Figure C S  Frequency response of the fkequency detectors 201 
....................... Figure Ch Bode plot of the plant plus the phase detector 202 

.................... Figure C.7 Bode diagram of the plant plus the 360Hz FVC -202  
...................... FigureC.8 Bodediagramoftheplantplusthe 36HzFVC 203 

.................... Figure C.9 Phase control with Ziegler-Nichols PI parameters 203 
............................ Figure D . 1 Per-phase elecûîcal wind-diesel mode1 206 

.................................. Figure D.2 Zero -crossing relay subsystem 207 

.................................. Figure D.3 Park tramformation subsystem 207 
............................ Figure DA Inverse Park transformation subsystem 207 



Glossary of Abbreviations and Symbols 

1 Abbreviations 

AVR 
AWTS 
CDN 
CSA 
EMTP 
ETMSP 

W C  
HPNSWD 
IEC 
IG 
IG2f 
IG2v 
IG4f 
IG4v 
PD 
PI 
PID 
SG 
SGls 
SGlu 
SG2s 
SG2u 
SG3s 
SG3u 
SGSs 
SGSu 
svc 
TSR 
us 
VAR 
WT 
ZCR 

- automatic voltage regulator (used with synchronous generator) 
- Atlantic Whd Test Site, PEI, Canada 
- Canadian (cmncy)  
- Canadian Standards Association 
- Electromagnetic Transients Program (power system simulation) 
- Extended Transient-Midterm Stability Program (power system 
simulation) 
- fkquency to voltage converter 
- high-penetration, no-storage wind-diesel 
- International Electrotechnical Commission 
- induction generator 
- Znd-order induction generator model with fixed saturation 
- 2nd-order induction generator model with variable saturation 
- 4th-order induction generator model with fixed saturation 
- 4thsrder induction generator model with variable saturation 
- proportionai-plus-derivative (control) 
- proportional-plus-integral (control) 
- proportional-plus-inteprai-plus-denvative (control) 
- sync hronous generator 
- 1 st-order synchronous generator model with saniration 
- 1 st-order synchronous generator model without saturation 
- Znd-order synchronous generator model with saturation 
- Znd-order synchronous generator model without saturation 
- 3rd-order synchronous generator model with saturation 
- 3rd-order synchronous generator model without saturation 
- Sth-order synchronous generator model with saturation 
- 5thsrder synchronous generator model without saturation 
- static VAR compensator 
- tip speed ratio (wind turbine) 
- United States of America (currency) 
- reactive volt-amperes (power) 
- wind turbine 
- zero-crossing relay 

xii 



2 Symbols 

nep Bef - effective windspeed spacial filter parameters 
A ,  Ba - exciter saturation function parameters 
AG BG - generator magnetic saturation function parameters 
B - electrical susceptance (pu) 

cP - wind turbine power coefficient (pu) 
D - damping constant (pu) 
do, d,, d2, d3 - diesel engine's polynomial torque fit coefficients 

Dd - diesel engine damping constant (pu) 

Dig - induction generator and gearbox damping constant (pu) 
Ds - "nd turbine low-speed shafl torsional damping constant (pu) 

% - synchronous generator damping constant (pu) 
E - generator electromotive force (EMF) (pu) 

Efd - synchronous generator field voltage (pu) 

E - synchronous generator's effective field voltage (pu) 
E ' ,  Er,  - d and q axis voltage behind transient reactance (pu) 
Eld, E ", - d and q axis voltage behind subtransient reactance (sec) 

Lat - generator magnetic saturation fiulction 
G - electncai conductance (pu) 
H - inertia constant (sec) 

H, - diesel engine inertia constant (sec) 

fCg - induction generator and gearbox inertia constant (sec) 

% - synchronous generator inertia constant (sec) 
4 - wind turbine's rotor inertia constant (sec) 
I - current (pu) 
IB - base cunent (A) 
j - square root of -1 
J - moment of inertia (kg&) 
K,-,, KLS8. Kdrg - synchmno~s generator 3rd-order mode1 parameters 
K, - AVR amplifier gain 
KC - clutch friction coefficient 
K, K, - constant of CD@) fit equation 

- - -  

- ~ i e ~ l e r - ~ i c h d s  critical controller gain 
- PID controller's derivative gain 
- govemor droop constant 
- exciter constant 
- AVR stabilizer gain 
- diesel govemor gain 
- P D  controller's integral gain 
- wind turbine induction lag gain 
- P D  controller's proportionai gain 
- wind turbine's low-speed shaft tonional spring constant (sec-') 



4 - SVC voltage control gain 
rnf - diesel engine fbelling rate (pu) 
n - number of diesel engine cylinders 
N - diesel engine rotational speed (rpm) 

Ng - wind turbine's gearbox ratio 
NT - number of wind turbines 
P - active power (W) 

Pm - wind turbine's induction generator power rating (W) 
P,, - Ziegler-Nichols oscillation period at critical gain 
PDemnd - demand load power (logistic model) 
PD,,, - diesel generator power (logistic model) 
pownp - durnp load power (logistic model) 

- number of induction generator pole pairs 
- power lost in storage system (logistic model) 
- diesel engine base power (W) 
-wind turbine's rotor power (pu) 
- number of synchronous generator pole pairs 
- wind turbine base power (W) 
- wind turbine generator power (logistic model) 
- reactive power (VAR) 
- electrical resistance (pu) 
- radius of the wind turbine's rotor (m) 
- apparent power (VA) 
- 3-phase base volt-amperes (VA) 
- synchronous generator 3-phase volt-ampere rating (VA) 
- exciter saturation fimction 
- generator magnetic saturation function 
- engine constant: 2 or 4 for a two-snoke or a four-stroke engine, respectively 
- base torque (Nem) 
- diesel engine undelayed torque (pu) 
- induction generator electromagnetic torque (pu) 
- wind turbine high-speed shaft base torque Wrn) 
- diesel engine torque (pu) 
- diesel engine base torque (Nom) 
- wind turbine rotor torque with induction lag (pu) 
- wind turbine low-speed shaft torque (pu) 
- synchronous generator electrornagnetic torque (pu) 
- wind turbine low-speed shaft base torque (Nom) 
- wind turbine rotor quasi-steady aerodynamic torque (pu) 
- effective windspeed over the wind turbine's swept area (m/s) 
- undisturbed (mean) windspeed (rn/s) 
- point windspeed (m/s) 
- voltage (pu) 



Vs - base voltage (V) 

v~~ - synchronous generator open circuit terminai voltage (pu) 
V' - AVR output voltage (pu) 
VAJ - AVR reference voltage (pu) 
V',,,,,,, VRmm - AVR minimum and maximum output (pu) 
5 - spchronous generator terminal voltage (pu) 
W&,,, - energy content of the storage system (logistic model) 
X - electircal reactance (pu) 
Xd, Xq - generator d and q axis synchronous reactance (pu) 

Tg - induction generator open circuit reactance (pu) 
X', - induction generator magnetinng reactance (pu) 
Xnrd. Xv - generator d and q axis rnagnetizing reactance (pu) 
X,,, - unsaturated value of X, (pu) 
X, - synchronous generator 3rd-order mode1 parameter 
rd, Yq  - generator d and q axis subtransient reactance (pu) 
X ,  X ,  - generator d and q axis transient reactance (pu) 

xig - induction generator open circuit transient reactance (pu) 
Y - electrical admittance (pu) 
Z - electrical irnpedance (pu) 
ZB - base impedance (ohms) 
P - blade pitch of the wind turbine (deg) 
A - wind turbine's tip speed ratio 
Ao - tip speed ratio where C'(l,,O) = O 
P - air density (kg/rn3) 
T,,, rd2, 143 - AVR amplifier t h e  constants (sec) 
% - diesel fuel actuator time constant (sec) 

=D - diesel engine dead-time (sec) 
=DL - dump load time constant (sec) 
T, - diesel govemor load share module droop time constant (sec) 
=E - exciter t h e  constant (sec) 
r,, T ~ ,  'tF3 - AVR stabilizer t h e  constants (sec) 

=L - wind turbine induction lag time constant (sec) 
r,,, T,~ - diesel governor transfer function ples (sec) 
=R - AVR input filter t h e  constant (sec) 

- SVC thne constant (sec) 

T V  - SVC's voltage transducer tirne constant (sec) 
-L~, r., -- - diesel govemor transfer function zeros (sec) 
t', - induction generator opencircuit transient Ume constant (sec) 
rfdo, trqo - generator d and q axis open-circuit transient time constants (sec) 
s", - generator d and q axis open-circuit subtransient time constants (sec) 
'# - generator flux linkage per second (pu) 
Jrs - generator's base flux linkage per second (V) 
O - reference frame angular velocity (pu) 



- rated grid freguency (electrical rads) 
- base fkquency (electrical rads) 
- diesel engine angular velocity (pu) 
- diesel govemor reference speed (pu) 
- induction generator rotor angular velocity (pu) 
- wind turbine high-speed shaft and IG base anguiar velocity (mechanical rad/s) 
- diesel engine and SG rotor base angular velocity (mechanical rad/s) 
- synchronous generator rotor angular velocity (pu) 
- angular velocity of the wind turbine's rotor (pu) 
- wind turbine low-speed shaft base angular velocity (mechanical rack) 

superscripts 
- indicates that the variable is expressed in the rotor reference f h n e  

S - indicates that the variable is expressed in the stator reference fiame 
- matnx transpose operation 

- dump load quantity 
- generator direct and quadrature axis stator windings 
- generator direct and quadrature axis rotor windings 
- equivdent admittance quantity 
- generator field winding (direct axis) 
- induction generator quantity 
- generator leakage component 
- generator magnetizing component 
- equivalent Ioad quantity 
- village load quantity 
- generator direct and quadrature axis rotor darnper windings 
- generator rotor qusultity 
- generator stator quanti@ 
- synchronous generator quantity 
- transmission line quantity 
- transformer quantity 



Chapter 

1 Introduction 

Systems 

~here.  due to immense distances. 

1.1 The Potential for Wind-Diesel 

There are nearly 400 communities in Canada 

L 

1 

connection to a major electrical utility grid is impractical [l]. Of these. approximately 170 

communities, with a total population of 90.000. lie in regions with good wind remmes (>6 

m/s average annuai windspeed). In industridked nations such as Canada most remote 

communities have their own well established reliable. autonornous electrical power 

generation system. The v a t  majority of these small autonomous grids are supplied by diesel- 

electric g e n e r a ~ g  plants (diesel generatoa). Worldwide there are many more such systems. 

King and Johnson [2] estimated the existing worldwide diesel generating capacity to be 15 

GW in regions with at least 6 m/s average annual windspeeds. Furthemore. with the 

electrification of developing countries such as Chuia, where approximately one third of the 

population has no electricity supply [3], the number of autonomous, diesel powered grids 

will increase substantidly. The estimated worldwide growth potential through village 



electrification in good wind resource areas is greater than 26 GW [2]. 

Even though diesel generators are reliable and relatively efficient owing to theù 

remoteness and lack of econornies of scale. the cost of supplying electricity with diesel 

generaton to isolated communities is usually very high. In 1992. Hydro-Québec reported 

an operating deficit of $65.7 million (CDN) to supply electricity to their remote networks (92 

MW of installed capacity) [4]. During 1991, it coa 60.41 $/kWh to supply electricity to the 

14 Ungava Bay and Hudson Bay commlmities ($12 million deficit), with the cost of diesel 

fuel alone king 17.1 1 $/kWh. In 1 993, the fuel costs for these same 14 villages ranged from 

1 1 -9 to 16.9#/kWh [SI. Similarly, Newfomdand and Labrador Hydro reported that 1993's 

marginal fuel costs ranged fiom 5.85 to 14.32$/kWh for 3 1 of their isolated systems [6]. 

Because of the high generation costs and the volatility in the price of diesel fuel. alternative 

sources of electricity are of great interest to remote communities. especially sources that do 

not rely upon the expensive transportation of fuel over long distances. Since many remote 

communities are located in coastal regions with excellent wïnd resounies. wind energy is of 

primary interest. 

The oil crisis of the 1970s has renewed interest in the generation of electriciq fiom 

the wind As a result of this interest wind energy technology has ma& substantiaily. The 

cost of wind generated electricity fiom commercial scale wind turbines has dropped fiom 

44#/kWh (US) in 198 1, to approximately 8tIkWh (US) in 1996 [7]. Over the same period 

wind turbine availability' has improved From 60% to 97-99% [7]. and projected operational 

l Availability refers to the percentage of time that the turbine is available. Le. not shut 
down for maintenance or repairs. 



Iifetimes have increased to 20-25 years. 

The aforementioned costs refer &y to grid connected wind famis. Wmd turbines 

and small wind farms in remote locations incur higher coustruction and maintenance costs 

due to their diminished accessibility. and higher per unit costs because of their d l e r  scale. 

Even with these higher costs. Hydro-Québec's economic madies [4.5.8] have indicated that 

sites with a good wind resource can be ecowmÏcaUy viable when operateci in conjunction 

with diesel genefation The esrimated cost of wind generated elecaici- for a northem 

Québec village with an average wind speed of 7.5 m/s was 9.27e/kWh (CDN) [4]. This is 

subnantiaily less than the corresponding l7dkWh diesel fuel con Hy-dro-québec based 

these calculations oniy on direct costs. but in one of their midies [j] they aiso caiculated the 

social cons based on the conml costs of atmospherïc emissions. Including the r e m  from 

diminished social costs. their fiscd savings over the life of the project would incxase fiom 

$2.1 &on to $3.7 million As a result of the recent moto convention on greenhouse gas 

reductions [9], which also ïncludes the potentiai for emissions nading, considemble financial 

rewwds for reduced diesel emissions are imminent 

1.2 Overview of Wind-Diesel Systems 

Given the signifcant economic (and environmental) incentives to add wiad energy 

to remote diesel generator systems. the technical aspects must also be addressecl, 

The peak demand loads of remote communities in Canada typicaily nm from 45 k W  

to 6.7 MW [5.6]. The installeci capacity in the generation plant. typically comprishg three 
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to five diesel generaton. is usually large enough (approximately twice the peak dernand) to 

allow for futine demand load growth, and to accommodate at least one machine king out 

of service. 

in moa modem installations, the sizes of the diesel generator are staggered such that 

the appropriately sized generator(s) can be engaged to most efficiently meet the demand load 

at that the.  Diesel engine manufacturers advise a minimum operating load of approximately 

20 to 40 per cent in order to maintain high fuel efficiency and to avoid excessive fouling and 

Wear. 

Wind is a random and highly variable source of energy. The t h e  scales of wind 

variation range f5om long-tenn seasonal to hourly fluctuation. down to short-lem fluctuation 

in the order of minutes to seconds due to local turbulence (gusts). Long-term wind trends c m  

be for- from weather patterns and disperse monitoring stations. but no dgoriùuns have 

yet k e n  found to reliably predict the short-term trends of the wind. 

Demand loads also exhibit short-term and long-term fiequency trends. but unlike the 

wind they are relatively easy to predict (both in fiequency and amplitude) since they follow 

the community's habits. With the knowledge of the demand pattern throughout the &y, the 

load can be anticipateci, and the appropriate diesel generation capacity can be brought on line 

to provide a d iable  and optimally efficient supply. 

With a signif~cant amount of wind energy in the power mix, it is the short-term 

fluctuation of the wind that is the greatest impediment to wind-diesel integration. Diesel 

generators respond rapidly to load variations in order to keep the system's frequency and 

voltage within an acceptable range. This rnakes them well suited for operation with wind 
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Figure 1.1 General wind-diesel system. 

SG Clutch Engine 

energy while the wind power penetration2 remains low. With higher levels of penetration. 

additional controls will be needed to maintain the stability and power quality of the sy stem. 

A general wind-diesel system is shown in Figure 1.1. The initial diesel system 

comprises the diesel generators supplying the village load. With the addition of the wind 

turbines, a dump load will most likely be needed to absorb the excess energy whenever the 

generated wind power exceeds the dernand. A clutch may be added between the engines and 

the generators of some, or ail, of the diesel generator sets to allow the synchronous 

generatos to operate as synchronous condensers when it is desirable to nin exclusively fiom 

wind power. In this system the synchronous generators regulate the grid voltage and provide 

For the purposes of this thesis, penetration is defined as the ratio of the installed wind 
power capacity to the local peak dernand. 
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the reactive power needed to excite the wind turbines' induction generators. Some form of 

energy storage in the system may also be justified. The advantages and disadvantages of 

storage will be discussed later in this section. 

A low penetration wind-diesel system (up to 10 to 15%) will not likely use any 

storage. As long as the ins*intaneous wind power rem- below the demand load. the wind 

generation will be seen only as a negaiive load. With the use of a dump ioad controlled only 

to absorb excess wind energy, the penetration level for the negarive load scenario can be 

increased to a limit of 30 - 40% [8]. The responsibility of system fiequency control remains 

with the diesel generator(s), with the dump load only responding to ensure that the net 

generation does not exceed the demand. The system can remain within the control range of 

the diesel generator even though the response time of the dump load controller may be 

relatively slow compared to that of the diesel generator, since the diesel generator cm be 

momentarily back-driven up to 30% of rated output [1 O]. Technicaily, the most significant 

problem with low penetration is that the diesel will operate more frequently below its 

minimum load Ievei 11 1 1, which, as mentioned earlier, can itad to increased Wear and 

maintenance of the diesel engine . 

The econornic advantage of low penetration wind-diesel is substantially reduced by 

the poor fuel efficiency of diesel generaton. To demonstrate this, a typical diesel generator 

fuel consumption curve is shown in Figure 1.2 [12]. The no-load fuel consumption is 

generally 25 to 30% of the consumption at rated Ioad. If a minimum load of 40% is imposed 

as a good ninning praaice, only a theoretical maximum of approximately 50% of the fuel 

can be saved while the diesel is nuuiing. For continuous diesel operation, a more realistic 
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Figure 13 Typical diesel generator fuel consumption. 

fuel savings would be in the order of 10% 1111. Even with much higher wind energy 

penetration levels, the fuel savings are only in the range of 15 - 20% for continuous diesel 

operation [1 1,131. 

Due to the high no-load fuel consumption and the recommended minimum loading 

of diesel generatoa, generator fuel consumption can only be greatly decreased by shutting 

down the diesel engines and nirtning solely £iom wind power whenever possible. But, 

because of the stochastic nature of the wind, either some form of storage or very high wind 

energy penetration is required to avoid fiequent start-stops cycles of the diesel generatoe. 

Frequent diesel start-stop cycling can cause an unacceptable increase in engine and starter 

Wear, and increased fuel consumption. In addition, intermittent diesel generator operation can 

also lead to a collapse in system frequency if there is insufficient buffering to allow for the 

diesel's finite start-up time - which can be in excess of 8 seconds. 

Figure 1.3 represents the wind power spectral density measured at Brookhaven, New 



Figure 13 Spectrum of horizontal windspeed at Brookhaven, W. 

York [14]. Note the spectral peaks around 1 minute and 4 days, and the specaal gap between 

approximately 10 minutes and 2 hours. Although this wind spectnun is applicable oniy to 

the location where it was measured, it is widely considered to be representative of the general 

shape and positions of the peaks for the wind spectra of other locations. 

Short-term storage is intended to smooth the wind power fluctuations associated with 

the spectral peak centred at 1 minute. Short-term storage devices such as flywheel storage, 

can be used to bridge sudden wind power short-falls, with periods of excess wind power 

being used to recharge the storage medium. Depending on the duration of the short-fa11 and 

the state of charge of the storage medium, a diesel generator may be brought on line to make 

up for longer terni wind power short-falls, and, if desired, to recharge the storage medium. 

Short-tem storage allows practical intermittent diesel operation by greatly reducing the 

number of required start-stop cycles. For example, one study on fiywheel storage indicated 
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that the addition of 5 minutes of storage could reduce the number of diesel starts fiom over 

30 starts per hour to nearly 1 start per hour [3]. And in agreement with the spectrum of Figure 

1.3, Iittie incremental hprovement was found past 5 minutes of storage capacity. in 

addition. the main effect of the fuel savings were achieved with the fim 30 seconds of 

storage. 

Long-terni storage is intended to serve as a reservoir for surplus wind energy. This 

stored energy can then be used during pends of low wind to offset diesel operation. Long- 

term storage devices such as battery storage, generaily have slow energy transfer rates (in the 

range of 1 to 1 0 hrs for a complete charge or discharge cycle), whereas muc h of the energy 

of concem in wind turbulence lies in the 1 second to 5 minute range. This means that large 

amounts of long-terni storage are needed to meet the short-term energy transfer rates required 

by the wind-diesel system. Thus, the capital costs of long-tenn storage become very high. 

The econornic advantage of long-term storage quickly fdls with increasing storage times, 

because the cost of buffering wind energy which is not immediately used quickly exceeds the 

value of the 'stored energy ' in the diesel fuel. Even with very high fuel COSIS, storage capacity 

of more than a few hours cannot be economically justified [ 1 31. 

1.3 High-Penetration, No-Storage Wind-Diesel 

The improvements in the operating characteristics of a wind-diesel system made by 

storage devices tend to be more than offset by their cost and complexity Therefore it is 

preferable to avoid their use when possible. An alternative to storage for intermittent diesel 



10 

operation in a wind-diesel system is very hi& wind penetration. This is referred to here as 

high-penetration no-storage winddiesel (HPNSWD). Economic and technical feasibility 

studies by Hydro-Québec have determined HPNSWD to be the most favourable approach to 

Unplernent wind-diesel in Northern Québec [8]. The philosophy behind HPNSWD is that it is 

more economic to ïncrease the wind energy capacity than it is to add storage to the system. 

In addition, the excess energy produced by the wind can be sold. at a reduced cost. to low 

priority loads such as supplementary heating to offset heating fuel. The HPNSWD systerns 

considered by Hydro-Québec have wind energy penetration Ievels of 50 to 300%, with 

penetration levels of 100 to 200% king the most economic [4,5,8]. 

A basic HPNSWD system is the system shown in Figure 1.1 with a clutch installed on 

at least one diesel generator. a fast acting, highly variable dump load, and no storage devices. 

Due to the high wind energy penetration, the system wiii frequently have surplus wind 

energy generation. This surplus wind power king absorbed by the dump load acts a s  a 

spinning reserve to buf5er downward fluctuations in wind power and sudden increases in 

demand. 

It is desirabie to install a n u b e r  of smaller wind turbines instead of one large wind 

turbine. The combination of a hi& number of wind turbines results in lower short-terrn wind 

power fluctuation because localized wind turbulence is smoothed by the spatial dispersion 

of the wind turbines. For well dispersed wind turbines. the standard deviation of short-term 

power fluctuations c m  be reduced by a factor of up ro Fr, where NT is the number of 

turbines [15]. Hydro-Québec has suggested that a minimum of four turbines be used [5] .  

In order to maintain the stability of the system, the dump Load and dump load 
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controller must be able to follow rapid fluctuations in the wind turbines' output power. The 

HP- system will operate in three distinct modes depending on the relative level of wind 

power to the demand load: 

1. The wind power is less than the demand load (negative load scenario). The diesel 

generator(s) regdates the sy stem frequency. 

2. The wind power exceeds the demand load, but the diesel engine(s) is d l  operating. 

The diesel(s) and the durnp load work in parallel to regulate the system frequency 

and to maintain a minimum load on the diesel(s). 

3. The wind power suficiently exceeds the demand load to ailow d l  of the diesel 

engines to be shut down. The dump load is now solely responsible for regulating the 

system frequency . 

The HPNSWD system must be able to smoothly transfer between consecutive modes 

and maintain a power quality that is as least as good a s  the original diesel-only system. 

Power quality is usually determined by the degree of deviation of the fiequency and the 

voltage from theû ideal (nominal) values. An additional fast-acting dynamic dump load 

controller is required to maintain good system fiequency stability under al1 load and wind 

conditions. With the addition of wind energy, the voltage control of the diesel generator(s) 

may not be sdficient to maintain the voltage quality in the system. In this case additional 

voltage control may be needed. 

The supervisory controller determines which diesel generators and wind turbines 

operate according to the demand load and available wind power. The operation of the 



supervisory controller is not covered in this thesis. 

1.4 Statement of the Problem 

The great potential for wind-diesel has been indicated in this chapter, however, as yet 

very little of this potential has been realized. The power industry continues to be reluctant 

to add wind energy to their diesel-electric systems. This is due in part to the fact that the 

projected econornic benefits do not ou~reigh the risks and uncertainty in implementing a 

new, unestablished technology. It is anticipated that M e r  study into the technical and 

practical implementation of wind-diesel will reduce the risks and uncertainty, and thereby 

encourage the industrial implementation of wind-diesel. 

The technical implementation of a low-penetration wind-diesel system is relatively 

simple, but the retum on investment on the wind turbines is low. The retum on investment 

becomes significantly higher with the implementation of high-penetration wuid-diesel, 

especiaily if no energy storage system is used. However. the technical implementation of a 

HPNSWD system is considerably more complex. 

Low-penetration wind-diesel systems are able to buffer large fluctuations in wind 

power due to their small size relative to the rest of the system. With high-penetratioa the 

wind power becomes dominant. HPNSWD systems must rely heavily on their fiequency and 

voltage controllers to mask these wind power fluctuations. 

The technical problerns identined for study in this thesis are more a combination of 

smaller issues rather than one large one. 
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Few wind-diesel studies have examined the practical irnplementation of dump load 

fkquency control in a HPNSWD system. In practice, the dump load may actually be a 

deferrable load located remotely from the diesel generator. n u s .  the dump load controller 

will have to operate independently of the diesel generator's govemor and speed signals. 

Fast frequency detection remote from the diesel generator, and its implementation in 

dump load fiequency control in a HPNSWD system, has not been well addressed. 

No studies have been found that address the response of a HPNSWD systern to large. 

but normal disturbances such as a wind turbine shut d o m  at full power. The fkequency and 

voltage controilers of the HPNSWD system must be able to maintain satisfactory power 

quality during these large disturbances. 

The voltage control ofthe synchronous generator may not be able to adequately cope 

with these large disturbances and the rapid fluctuations in wind power due to wind 

turbulence. A static VAR compensator (SVC) can be used to irnprove the voltage stability. 

This has been suggested [16], but no studies have been found on the implementation of an 

SVC in a winddiesel system. 

Dynamic wind-diesel models tend to concentrate on detailed mechanical modelling 

or detailed electrical modelling, but not both. In addition, the justification for choosing 

particular component models and the modelling parameters are often not given. A more 

comprehensive study of wind-diesel modelling with a complete set of parameters is needed. 

As an extension of this, a wide variety of electric machine models are used in wind- 

diesel modelling. It has been a general practice to apply reduced-order electric machine 

modeis commonly used to represent large machines in interconnected power grids. These 
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simplifications include the omission of the stator transients and the effects of rotor speed 

variation, neglecting the damper windings, and o f t a  neglecting magnetic saturation. 

Because of the highly stable grid fiequency and the large size of the electric machines in 

large power systems, these simplified models are normaily valid. In the case of small electric 

machines (20 kVA to 2 MVA) connected to small autonomous grids. these simplifications 

are not dways valid. 

An extensive study of the different aspects of full-order and reduced-order electric 

machine models for application in a dynamic wind-diesel model should prove useful for 

future studies. 

1.5 Objectives 

Much effort is expended in this research to develop a comprehensive nodinea. 

dynamic model of a HPNSWD system thai inchdes both a detailed mechanical and a derailecl 

eiectrïcal system. It is an objective to clearly identi&, and justi-. which factors of each 

system component to include or neglect. Al1 modelling parameters are also clearly indicated 

for fùture reference. 

Most exisMg detailed dynamic wind-diesel models are proprietary andor are 

developed in simulation packages that are not widely used. Another objective of this study 

is to develop the mode1 in a simulation package which is broadly used in academia and 

industry. and in this way. faciritate M e r  d e s .  

Since one of the main purposes of the model is the development of dynamic control 
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systems, the simulation package chosen should have a wide variety of tools aimed at 

controller design. With these points in min& the numeric computation and visualization 

software package M ~ T L A B ~  [17] and its associated graphics based dynamic system 

simulation software, SIMULMK' [ 1 81, were chosen. 

The dynamic model developed in this thesis is based on an acnial HPNSWD system 

in order to simpliQ the validation of the modei. and to ensure that the modelled system 

reflects a realistic application. 

Different eiectric machine modelling simplifications are implemented in this study 

and compared with achial results to determine what their effects are on the performance of 

the overall system model. 

With the validity of the H~NSWD dynarnic model established, the power quality of 

the system is studied and research into kquency and voltage conml is carried out. The 

fkequency control focusses on the control of the sysem frequency using a remore 

dump/de ferrable load. This ùivo lves modelling various fast electrical fî-equenc y tramducers. 

The voltage control nidies include the existing voltage control system and the 

unique application of a static VAR compensator to improve the voltage stability. 

Rapid windspeed fluctuations and wind turbine disconnections under full and no 

power are used to simuiate the large disturbances a HPNSWD system wodd nomally 

encounter. 

MATLAB and SIMULNK are registered trademarks of The Math Works. Inc. 



1.6 Thesis Outline 

This section provides an outline of the remaining chapters of this thesis. Chapter 2 

comprises a review of the existing wind-diesel models. It begins by distinguishing between 

logistic and dynamic winddiesel modelling. Then a brief overview of logistic modelling is 

presented dong with references to some of the signifiant work in this area. Next. categories 

for dynamic wind-diesel models are defined. followed by an Ui-depth review of the current 

dynamic wind-diesel models. 

Chapter 3 presents the cornprehensive nonlinear dynamic HPNSWD mode1 developed 

for this thesis. The model is based on the windaiesel test-bed at the Atlantic Wiid Test Site 

(AWTS) in PEI, Canada. The mechanical and the electrïcai systems are defmed and then 

modelled in detail. A model for each component is introduced and the justification for 

choosing that model is given. Where applicable. alternative models are considered. In 

addition, the normalization of the component models are defined. The Ml-order electric 

machine modets are first determined and then reduced to a 3rd. 2nd and 1 st-order system for 

the synchronous generator. and a 2nd-order systern for the induction generator. The 

modeiling of magnetic saturation is also presented 

A summary of the model validation is found in Chapter 4. The speed and voltage 

response of the diesel generator model is validated with characterization measurements made 

by Hydro-Québec. This includes validation of the engine. govemor. synchronous generator 

and voltage regulator models. Only the power curve of the mechanical portion of the wind 

turbine is validated since no other characterization measurements were available. For this 
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same reason the validation of the induction generator models is limited to verifying their 

steady-state response with a validated mode1 fiom another study. Validation of the electric 

machine models also includes cornparisons between the full-order and the reduced-order 

models. Furthermore, the 3rd and 1 st-order synchronous generator modeis are validateci with 

a commercial power system simulation package. The effects of magnetic saturation and 

fluctuation in rotor speed are also investigated. 

Chapter 5 covers the frequency and voltage conm>l of the HPNSWD system. The 

frquency control section begins by describing the operating modes of the wind-diesel 

system. The frequency control strategy is then defined. followed by a review of the 

applicable frequency variation specifications. Models for three fast frequency transducer are 

presented (one phase detector and two frequency-to-voltage converten). A PID dump load 

controller is then designeci for each of these transducen. The performance of the dump load 

controllers to load steps and wind turbine disconnections at full output power is illustrated. 

The voltage control section of Chapter 5 begins with a review of the applicable 

voltage variation specifications. The voltage trmsients due to wind turbine discomections 

at full and no output power. and the flicker due to wind turbulence are presented with the 

synchronous generator as the only source of voltage control. The effects of adding a capacitor 

bank to the wind turbine is then illustrated Finally, a &&c mode1 of a =tic VAR 

cornpensator (SVC) is presented and its effectiveness in reducing the voltage transients and 

flicker is demonstrated. This is a unique application of an SVC which has a novel voltage 

control system. Finally, Chapter 6 summarizes the conclusions of the previous chaptea and 

presents recommendations for m e r  study in the windaiesel field 



Chapter 

Wind-diesel models can be categorized into logistic and dynamic models. Logistic 

models are generally concemed with the long-texm operation of the system and assume that 

the short-terni system dynamics are stable. Dynamic models, on the other hand, mainiy 

address the short-term dynarnics of the systern. Although this thesis focuses on the dynamic 

modelling of a HPNSWD system, the logistic modelling of the system is equally important and 

is briefly reviewed here for completeness and in anticipaiion of future snidies. 

The textbook Wind-Diesel Sysremî [IO] provides a good overview of wind-diesel 

modelling techniques. Logistic modelling is well covered but the dynamic modelling of the 

small time constants that are required for power quality is not covered in any detail. Infield 

et al. [19] also provide a good review of the state of significant European logistic and 

dynamic wind-diesel models as of 1990. 



2.1 Wind-Diesel Logistics 

In order IO determine the viability of a wind-diesel system, the logistics of the system 

must be evaluated. A logistic model c m  be used to predict fuel savings and wind energy 

utilization for an economic assessment, and for the purposes of determïning the optimum 

wind energy penetration and supervisory control. In addition. logistic models can be used to 

predict the fiequency of diesel start-stop cycling and the effects of added storage. 

Logistic models of winddiesel systems can be divided into two main categories: 

pro babilistic rnodels; and time-series models. Probabilistic modelling rnakes use of the 

stochastic properties of the wind and the demand load to describe the system in a statistical 

sense. Chapter 6 of Wirzd-Diesel Systems [IO] gives detailed descrîptions of the statistical 

techniques involved in probabilistic winddiesel modelling. Probabilistic modelling is bea 

suited for analysis of long-term performance (2  1 yr.), and as a basis for economic 

assessment. As an advantage, they do not require detailed physicai knowledge of the system 

components and their interaction, nor do they require long tirne-series records of the 

applicable windspeed and demand load. Instead, the model utilizes simplified models that 

describe the mon significant properties of the system components, and the probability 

distributions of the wind and the load for that particular location. 

The-series logistic models simulate the behaviour of wind-diesel sy stems to time 

dependant disturbances. The the-steps are relatively long (ranging fiom 1 minute to 1 hour). 

Energy storage of at l e s t  one the-step is usuaily included so that a power balance over each 

time-step can be assumed. Similar to probabiiistic models, tirne-series logistic models are 
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commonly used for economic assessrnents and for long-term performance evaluation of 

windaiesel configurations in terms of fuel savings, number of diesel start-stop cycles, 

dumped energy, etc. 

Models with long time-steps require little in terms of system dynamics and can be 

categorized as quasi steady-state models. Quasi steady-state models are usually based on a 

simple central power balance equation such as: 

where, WstOrQge - energy content of the storage system 

PDiesd - diesel generator power 

P,, - wind turbine generator power 

PDemOnd - demand load power 

Phmp - dump load power 

PLos - power iost in storage system. 

The VMDEC [20] mode1 developed by the Nonvegian Research Institute of Energy 

Supply uses (2.1) as the basis of their long-term performance the-series model. As in 

similar models, storage must be included in the system, and in this case, the storage must 

be long-tenn storage shce the time-step chosen for the model is 10 minutes. The 10 minute 

the-step corresponds to a standard averaging period used for wind data logging. 

Quasi steady-state models are usehil for esthating long-term power flow. Long-term 

power flow results can be used to determine the optimal wind turbine size, the optimal size 

and number of diesel generators, the optimal storage size, and the best supervisory control 
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strategy. Diesel start-stop frequency can also be predicted, but only if at least one tirne-step 

of storage is included. Shorter the-steps are required if systems with short-tenn storage or 

no storage are to be analysed. 

To make short tirne-step simulations using long the-step data. the recorded time- 

senes of the windspeed (or demand load) can be subdivided into shorter time-steps. The 

wind's (or demand load's) statistical data is then used to generate randorn variation of the 

intervenlng the-steps in a realistic manner [l O]. The University of Massachuset&' UMLTM 

quasi steady-state wind-diesel mode1 [2 11 uses a Markov chain to estimate weekly wind data 

fiom the site's seasonai data 

Simulations of wind-diesel systems with short-term storage or no-storage require 

short time-steps in order to include the effects of local turbulence on the diesel's start-stop 

frequency and the system's control strategy. McFarlane, Veers and Schluter [22] 

demonstrated that a noise source with the appropriate wind spectral density, such as the von 

Karman spectmm, can be used to simulate the high-frequency components of the wind (>2 

cyclesh), which correspond to local turbulence. The simulated turbulence can then be 

superimposed on the recorded (or estimated) mean windspeed for that interval. This results 

in a short time-step wind senes with the same mean, variance, and power spectral density as 

the long the-step wind data. 

In logistic models, an alternative to subdividing the recorded data tirne-steps is to 

perform a the-senes simulation for each long the-step (5 min. to 2 hr. steps) and then 

apply a probabilistic analysis of the variability wiiliin each time-step. This is the approach 

taken by the University of Massachusetts in their Hybridl [23] and Hybrid2 [24] hybrid 
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power systems (wuid-diesel-photovoltaic) logistic simulation software. The use of 

probabilistic analysis within each time step allows the model to be applied to short-term 

storage and no-storage applications since the expected variations within each tirne step cm 

be accounted for. 

Wind-Diesel Dynamics 

For shorter time steps (in the order of seconds) the dynamic effects of the wind-diesel 

system become significant. When assessing the stability, power quality, and component 

sizing of a wind-diesel system, the appropriate system dynamics must be included in the 

model. Dynamic models for wind-diesel systems c m  be categorized into three levels: 

1. General Dynamic Mechanical Model - includes the mechanical equations of motion 

(diesel and wind turbine accelerations) based on power balances, and may include the 

rate of power exchange to and fiom storage . This is an extension of the quasi steady- 

state logistic model. and is used to study the power match between the wind turbines. 

the diesel generators, and the demand load. The slower dynamics of speed goveming 

devices may also be included for a fust indication of the system's frequency stability 

and qitality. The dynamic mechanical model foms the bais for short-term 

performance evaluation. 

2. DetaiZed m m i c  Mechanical, SteadjState EIectrical Model - in addition to the 

mechanical dynamics, the steady-state electrical equations are also included in the 



23 

model. Normally the model includes a more detailed analysis of the diesel engine and 

wind turbine mechanical dynamics, and the speed goveming devices. Gearbox and 

shaft dynamics may also be included in order to identifi any mechanical oscillatory 

modes. Induction generator slip andor synchronous generator rotor angles should 

also be included in the model when looking for mechanical oscillations related to 

generator interaction. RIS0 developed a mechanical wind-diesel model that includes 

the fùndamental generator interaction by comecting two elastic bodies with a damper 

[25]. The elastic bodies represent the generator rotors and the damper represents the 

wind turbine's induction generator slip. 

The defailed àynamic mechmical, sfeady-sfate electrical model does not 

consider the electricai trançients of the system. However, since the mechanical 

transients are generdy slower than the electrical transients. this type of model cm 

treat the electncal portion as a quasi steady-state system and still provide an accurate 

analysis of the system fiequency stability and quality. The quasi steady-state 

electncal model can provide a rough approximation of the voltage quality of the 

system. 

3. Detailed Dynamic Mechanical and Electrical Model - both the mechanical and the 

electrical dynamics are modelled in detail. Electrical dynamic models can be 

subcategorized into full-order models, and transient and subtransieot reduced-order 

models: 

a Transient EZecmical Model - only the transient response of the generaton and 
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other electncal dynamics of that order (50 to 100 milliseconds and greater) 

are modelled. This level of modelling is only adequate for simulating slow 

electrical voltage transients, Le.. >IO0 ms. This level of modelling cm 

identim mechanical oscillations that result fiom the interaction of the fast 

mechanical transients (e-g. shaft and gearbox dynamics) and the slow 

electrical dynamics (e.g. voltage regdation). However, fast transients 

associated with the connection and disconnection of electrical equipment, and 

the response of power electronics, such as power converters and fast acting 

dump loads. cannot be represented at this level. 

b. Subtransient Electrical Model- this mode1 includes the subtransient (damper 

winding) response of the generatos. but neglects the generators' stator 

transient responses and the effects of system frequency fluctuation. Generaily , 

t h e  constants are represented down to approximately 10 m. Transients up 

to the system fiequency can be well represented by this model. However, the 

voltage m i e n s  associated with the rapid fluctuations in system frequency 

that may occur in an autonomous winddiesel system are neglected. Also. for 

small generaton. neglecting stator transients may cause sigmfïcant erros in 

the model's response to fast transients. 

c. Full-Order Electrical Model - full-order generator models are employed. The 

generator models include the subtransients, the stator transients and the 

effects of frequency variation. Network transients are normally included, but 

rnay be neglected for small networks with short transmission lines and for 
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situations where the kquencies of interest are not very hi& Time constants 

can range down to a few microseconds if high speed switching transients 

and/or high frequency hamonics due to power electronics are to be analyseci. 

Detailed dynamic mechanicd and electncal models are of interest in this study since 

the voltage and frequency transients associated with wind turbine disconnections and high 

fiequency wind turbulence are included in the power quality analysis. Al1 three subcategories 

of the electrical mode1 are analysed to iden* which levels of modelling give satisfactory 

resuits. 

2.2.1 Current Dynamic Wind-Diesel Models 

Several dynamic wind-diesel models with varying degrees of detail have been 

developed to assist in the design and evaluation of both real and hypothetical wind-diesel 

systems. The most extensive and modular dynamic modelling package to date is the Joule 

DYnamic MODular MODel (JODYMOD~) [26,27] developed under the Commission of the 

European Cornrnunities Joint Opportunities for Unconventional or Long-term Energy (CEC 

JOULE) programme. The JODYMOD' mode1 is part of the "Engineering Design Tools for 

Wind-Diesel Systems" project, which is a cooperative effort between RIS0 National 

Laboratory, Denmark; Rutherford Appleton Laboratones (RAL), UK; Netherlands's Energy 

Research Foundation (ECN); Nonvegian Elecaic Power Research Institute (EFI); TKK, 

Finland; and ENEA CRE CASSACIA, Itdy. 
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Their approach in developing JODYMOD~ was to apply existing models when 

available. Thus J O D Y M O ~  comprises a merger of the participants' existing models. A 

dynamic model of the user specified wind-diesel system is constmcted using rnodei elements 

nom the component library in a manner sirnilar to a finite element technique. The model's 

composent library includes a variety of electrical. electromechanical. mechanical, sensor. 

controller, signai and input modules. Systems with multiple units of the same type can be 

modelled, but there are limitations on the num bers of each specific component. The operating 

environment chosen was the commercial product CYPROSESIM. CYPROSESIM is a time 

history simulation package with a number of time integration schemes for first order 

differential equations. The project negotiated a licensing agreement with the proprieton of 

CYPROS to cover users in the EC (European Community) and participating EFTA (European 

Free Trade Association) countries. Alternativeiy. JODYMOD~ can be run outside of CYPROS 

if the user prefes to establish their own environment. 

The mechanical components of JODYMOD~ include rotating machinery such as: wind 

turbine aerodynarnics; drive train, diesel engine and generator assemblies; and flywheel 

storage. Mechanical structurai systems with a maximum of ten degrees of hedorn per 

structure are also included. The mechanical modelling portion of JODYMOD' is based on the 

finite element wind-diesel model developed by RIS@. This dynamic model described by 

Luudsager et al. [25] includes extensive mechanical modelling, but omits any electrical 

- models. 

The eleceical portion of the JODYMOD' package is based on the Norwegim (EFI) 

dynamic wind-diesel model named 'VINDI' [28]. The electric machines in VINDI, and thus 



JODYMO~, are modelled as voltage behind transient reactance (Le.. mumient elecîricaI 

model). Magnetic saturation of the synchronous machine is included in the model. Thus. the 

Jo~yMod dynamic wind-diesel modelling package comprises extensive mechanical models. 

but only limited electrical models. 

A later publication on electrical modelling at Norway's ER describes the iramient 

elecnicd models in detail [29]. In this case magnetic saturation of both the synchronous and 

the induction machines is modelled. The papa focuses on the voltage control of winddiesel 

systems and includes models of a compormd voltage reguiator. an automatic voltage 

regulator (AVR), and the development of a nodinear sliding voltage controller. It clairns a 

"satisfactory" agreement between the model simulations and the measurements from the r d  

system was found. The author notes that the magnitudes of the simulated and recorded 

responsw are quite similar, but there appears to be significant differences in the time 

constants. Sunila. electric machine models discussed later in this thesis did not give 

satisfactory results. in the author's opinion. shce the generator subtransients were neglected. 

It is unclear whether these M e r  model developments have been incorporateci into 

JODYMOD'. but the research is supported by the same JOULE projet 

Furthet modelling at EUS0 with emphasis on the electrical machines is summarized 

by Infield et al. [19]. These models are referred to as W l y  dynamic. based on Park's 

equations", this most likely means that they arefiII-oder electriculmodels. The latest model 

was developed in CYPROS. Validation problems incurred with the CYPROS mode1 were 

accredited to difnculties in modelling voltage regdation due to synchronous generator 

saturation and incomplete (and difficulty in measuring) electric machine parameters. No 
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additional information on the models was obtained since the only related publications 

wicovered in the literature search were two theses witten in Danish. 

The Netherlands Energy Research Foundation (ECN) has also developed their own 

dynamic winddiesel modelling software named 'A WID~MOD ' (Autonomous Wind-Diesel 

Systems Modelling). Brief descriptions of AWD~MOO can be found in References 30 and 3 1. 

Two separate types of wind-diesel electrical systems cm be modelled in AWIDIMOD. One 

type has a direct electrical connection between the wind turbine's induction generator and 

the diesel generator's synchronous generator. The other type uses an electrical DC-link to 

interconnect the wind turbine and the diesel generator. where both of which in this case are 

equipped with synchronous generators. AWDIMOD also includes the three modelling Ieveis 

categorized in Section 2.2. 

The mechanical modelling in AWIDIMOD consists of the C, curves of the wind 

turbine's rotor: the rotational inertia of the wind turbine's rotor and generator. and of the 

diesel engine and generator; a fkewheel clutch (unidirectional coupling) between the diesel 

engine and the synchronous generator; a h e  delay in the fuel control of the diesel; a PID 

diesel speed controller; equations for the wind turbine's pitch controller and pitching 

mechanism; and a dynamic model of the f lyheel  and the flywheel' s PI controller. Although 

the model includes the primary mechanical components. there is no mention in the literature 

of any torsional dynamics king included in the model. Torsion of the wind turbine's low 

speed shaft has been found to be an important factor in wind-diesel stability analysis as 

illustrated in the next chapter. 

The third level of modelling in AWIDLMOD includes thefull-order elecnicd model. 
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Elemental tests (constant speed and constant field voltage) were performed to validate the 

fùll-order electrical model [31]. With the exception of the fast switching transients, the 

simulation resdts were favourabie. Ahhough AWIDIMOD is capable of modelling fast 

elecaical transients. Pierik [3 11 argued that it lacks the modularity and flexibility of 

JODY MoD~. 

Tsitsovits and Freris presented a comprehensive dynamic model of a high-peneaation 

wind-diesel system in a IEE paper entitled "Dynamics of an isolated power system wpplied 

from diesel and wind" [32]. Their model falls into the Detailed mnarnic Mechanical und 

Electrical Mode1 category. Magnetic saturation of the synchronous generator is included, 

dthough they ody applied a Iramient mode1 to the eleclrïcd system since they were ody  

concerned with slow electrical transients in their study. The detailed equations for both the 

steady-state and the dynamic model are listed in the appendix of their paper, but none of the 

model's parameters are given. The mechanical model is quite extensive, with the wind 

turbine and diesel generator represented by many rotational inertias comected by tonional 

shah. The papa presents the development of a system fiequency controller that acts jointly 

on the firing angle of a thyristor controlled resistive dump load and the pitch angle of the 

wind turbine. The results of the simulations are given, but since the model is based on a 

hypotheûcal system, the performance of the model was not validated. 

Jefies dso developed a comprehensive wind-diesel system model in his PhD thesis 

entitled "Andysis and Modelling of Wind/DieseI Systems Without Storage" [33]. The model 

is intended to be a generic, non-dimensional model that cm be used to examine both 

component and system sizing. The model was developed using the Advanced Continuow 
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Simulation Language (ACSL) simulation software package. ACSL is a text based (as 

opposed to graphic based) software package with a language similar to FORTRAN. 

Jeffnes' model can also be classifieci by the Detailed Dynamic Mechunical and 

Electrical Model category and the Transient Electrical Model subcategory. The mechanical 

dynamic modelling is fairly complete with a C' cuve  of the rotor and a torsional low-speed 

sh& coupling two lumped rotational inertias to represent the wind turbine dynamics; 

moderate naturally aspirated and turbocharged diesel engine rnodels; and mechanical- 

hydradic and electronic diesel speed govemor models. System frequency control is limited 

to the diesel's governor since no dump load or other power control mechanism is 

incorporated in the model. 

JeffÎies also sought to identify the typical range of normalized values of the dominant 

component parameters for a windiliesel system. Thus, he has provided a good source for 

detennuiing or estimating rnodel parameten which otherwise may not be readily available. 

Stavrakakis and Kariniotakis [34] presented a detailed model of a wind-diesel system 

capable of simulating multiple diesel generators and wind turbines. The model is a Detailed 

Llynamic Mechanical and Electrical Model with the electrical system modelled at the 

subtransient level. Magnetic saturation is omitted from the e l e c ~ c  machine models. 

Mechanical models thai are slightly more detailed than S e s e s '  are proposed in the paper. 

but the actuai models implemented are somewhat simplified - presumably due to a limited 

availability of component parameters. To reduce the number of differential equations, groups 

of wind turbines are represented by equivalent aggregate models. The mode! does not include 

any dump load or dump load controller. It also appears to be limiied to a fmed load for the 
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duration of the simulation, which would exclude the use of a time varying demand and/or 

dump load. It is not known whether the modelling pla$orm would allow this to be easily 

implemented. 

Aithough it was reported to have a high degree of accuracy for "any wind turbine", 

the analytic C, function presented proved to give very poor results when the author of this 

thesis attempted to apply it to the wind turbine used in this thesis. It is also noted that many 

typographical enors appear in their electric machine equations. These sarne equations 

appeared without the errors in an earlier paper in which Stavrakakis and Kariniotakis 

coauthored with Nogaret and Bordier (3 51. Also the model parameters used to represent the 

same physical system Vary dramaticaily between the two papers. 

Ln the paper, the model is applied to the wind-diesel system on the French island of 

Desirade with a good agreement between the two measured and simulated responses (one 

fkeqtïency and one voltage). Wind power penetration levels are kept low (below 

approximately 40%) in the simulations since no dump load is included in the model . Various 

system perturbations are simulated including balanced faults, wind turbine disconnections, 

and wind turbulence. This is the only paper which addresses large wind power disturbances, 

but the penetration levels are low compared to a HPNSWD application. 

Kamwa [36] reported on a detailed linear HPNSWD mode1 developed by Hydro- 

Québec comprising a single diesel generator and a single wind turbine. Although the linear 

mode1 is based on the flow of real power, it includes a voltage sensitivity terrn in the diesel 

generator's power equation; the sensitivity of the system's voltage to frequency; and transfer 
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functions to repre~etlt the A R  the exciter and the synchronous generator's transient voltage 

response. The model was irnplemented in h n ~ a  and used to demonstrate the effectiveness 

of a P D  dump load controller to regulate the system frequency in a H P N S ~ D  system. 

The applicability of the linear model is lunited since it is oniy accurate in the 

neighbourhood of the nominal operating point (linearization point), and many of the mode13 

parameters must be determined by special identification tests on the components. 

Hydro-Québec has extended their HPNSWD modelling with a detailed nonlinear E . w  

model [37l of the wind-diesel test-bed at the Atlantic Wind Test Site (Awrs). EMP 

(ElectroMagnetic Transients Prognim) [38] is a powemil software tool widely used in the 

power system industry to simulate nodinear electrical system and electric machines down 

to the microsecond level. The parameten w d  in EMTP are values commonly provided by 

the component manufacturer. Mechanical components cannot be modelled directly and are 

often converted to their eleceical analogues. By al1 accounts, E~MTP is exceptionally time 

consuming to learn and not very user-fnendly. 

This is the ody midy which includes fast frequency detection remote kom the diesel 

generator. Unfortunately, a detailed study of this aspect is not included. 



Chapter 

3 Aigh-Penetration, No-Storage 
Wind-Diesel Modelling 

When modelling a general High-Penetration, No-Storage Wind-Diesel (HPNSWD) 

system it is convenient to develop a model based on an actual system. A wind-diesel test-bed 

has been established at the Atlantic Wind Test Site (Awrs), in North Cape. PEI, Canada. 

This test site was designed, in part, for the evaluation of HPNSWD implementation and 

control. The AWTS wind-diesel test-bed is representative of the anbcipated application of 

HPNSWD in Canada. Thus. it is a suitable system to model in this study. The A W ~ S  system 

comprises two 50 kW diesel generators, five wind turbines (totailing 280 kW installed 

capacity), a 1 18 kW programmable village loaci, a 190 kW programmable dump load and 

two 62.5 kVA synchronous condensers [39]. 

Provided the power capacity of the wind turbine is comparable to, or larger than, the 

diesel generator capacity, a single diesel, single wind turbine configuration of a HPNSWD can 



34 

be used to emuiate mosf of the operational range of a HPNSWD system. The operation of a 

single diesel, single wind turbine configuration cm range fiom: no wind power-with 

demand load supplied solely by the diesel, to a surplus of wind power (excess power 

dumped)-with the diesel operating as a synchronous condenser. In addition, a single wind 

turbine c m  present a hanher control environment than multiple wind turbines, since multiple 

wind turbines tend to smooth the effects of wuid turbulence. Thus the model can be greatly 

simplified by reducing the number of generators to one diesel generator and one wind turbine 

without significantly reducing the model's appiicability. 

Dhe Train i 
. . 

Dump j 

Figure 3.1 Block diagram of the HPNSWD model. 
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A block diagram of the HPNSWD dynamic mode1 developed in this chapter is show 

in Figure 3.1. The signal flow direction, and the division between the mechanical and 

electricd portions of the model are clearly ïndicated. 

The model of the mechanical systems is intended only to represent the system 

fiequency performance. Thus, rnost tonional dynarnics within the mechanical units are 

neglected since it is assumed bat each stand-alone unit (Le., diesel generator and wind 

nubine) is intemally stable. Full and reduced-order electric machine models are presented 

to evaluate the validity of reduced-order models commonly employed in the simulation of 

the electrical system. 

A linear dynamic system cm be readily implemented in S~MULMK as a linear state- 

space equation or a transfer function (Laplace transform). A nonlinear dynamic system cm 

be Unplemented in S IMULINK by a combination of linear and nonlinear blocks. The full-order 

dynamic modefs of the synchronous and induction generators, presented later in this chapter, 

are good examples of the implementation of noniinear systems in SIMULMK. 

Due to the combination of fast and slow dynarnics in the system ('stiff system), 

Gear S predictor-corrector method [ 1 81 was found to be the superior integration algorithm. 

AIthough Geor S method is generally considered less efficient than the Runge-Kurta third 

and fifth-order methods [18], much larger integration step sizes were possible using Gem S 

method before encomtering hstability in the solutions. 



Electric machine parameters are norrnally quoted as a per unit. or percentage of their 

respective base quantities. where the base quantities are detemiined by the operational rating 

of the machine. Since per unit (pu) quantities are easy to interpret and electric machine 

analysis in engineering units can be numencdly awkward, it is more convenient to describe 

models using normalized equations. 

For simplicity, the electric generator's base quantities have also k e n  used to 

normalize the equations for the rnachinery associated with the generator. For example. the 

diesel engine model is normalized to the synchronous generator base, thus maintaining a 

consistency throughout the entire diesel generator set. Likewise, the wind turbine also has 

its own set of base quantities which are based on the induction generator's rating. 

When dealing with the overall system and intercomecting components (i.e., grid. 

village and dump loads) a separate system base is used This avoids confusion over which 

machine base to use when o p e r a ~ g  at the system level. 

Per unit quantities of time and windspeed are more obscure , therefore these two 

quantities are expressed in their engineering units of seconds and metres per second, 

respectively. Al1 other variables are normalized to a per unit basis. where the base quantities 

required for each component are included with the model description. 

3.2 Diesel Generator Mode1 - Mechanical 

The main components of a diesel generator are the diesel engine, the speed govemor, 



Figure 3.2 General mechanicd model of the diesel generator. 

the synchronous generator. and the excitation system. In the AWTS system each diesel 

generator is also fined with a unidirectional couplhg (overrunning clutch) to disengage the 

engine fiom the generator. This way, the synchronous generator c m  act as a synchronous 

condenser while the system nms solely from wind power. 

The mechanicd portions of the diesel generator include the engine. the govemor. the 

ciutch and the inerrias. Figure 3.2 is a general block diagram of the mechanical portion of the 

diesel generator, where. 

mf - diesel engine's fuelhg rate (pu) 

T' - synchronous generator electromagnetic torque (pu) 

Tm - engine mechanical torque (pu) 

ad - engine angular veiocity bu) 

w, - synchronous generator angular velocity (pu) 

diesel governor's reference speed @u). 

The diesel generator mechanical model has been divided into three sections: the 

engine, the clutch and inertia, and the speed govemor. 



Figure 3 3  Diesel eogine dynamic modeL 

3.2.1 Diesel Engine, Clutch and Inertia 

The diesel engine is the prime mover of the synchronous generator. Diesel engines 

are cornplicated machines ùifiuenced by many factors. Thus models of diesel engines can 

reach high levels of complexity. Each diesel generator in the Awrs test-bed has a six 

cylinder, four stroke, naturaily aspirated diesel engine. The engines are rated at 75 kW. at 

1800 rpm. 

More complex models of nanirally aspirated diesel engines can be found in 

References 28. 34 and 35. These models include such factors as the air supply. the 

combustion efficiency. and the motor chamber pressure. For the purpose of modelling speed 

transients in a relatively constant environment, a more simplified engine model can be 

ernployed. Figure 3.3 represents the simplified diesel engine model used in this midy. The 

engine is modelled by a torque-fit equation and a dead-time (firing delay). 

Diesel engine dynamics are commonly represented by a dead-time which represents 

the delay between the time a change in fuelling is applied (fuel rack movement) and the t h e  

when enough cy linders £ire to achieve the new torque settuig [33.36,40,41.42]. Here. the 

torque is cdctdated on an average basis for the engÏne as a whole. Haddad and Watson [40] 
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stated that the effective dead-time has been found empiricaily to be the t h e  between 

consecutive pistons miving at the injection point, plus one quarter of the crankshaft 

revolution. Thus, 

where, t, - dead-the in seconds 

S, - 2 or 4 for a WO-stroke or a four-stroke engine. respectively 

N - engine speed in rpm 

This equation for engine dead-the is consistent with the delay of two power strokes 

determined by Jefies [33] to be the average value used in diesel models. For the purposes 

of this study, the dead-time is considered constant since its speed dependance has negligible 

effect on the mode1 over the expected speed variation. 

OAen a nonlinear torque to fbelling rate relationship is included in the model. This 

study uses a nomalized third-order polynornial torque-fit equation (3.2). which was 

detexmined by Jefies [33] to be typical of diesel generators of this r a ~ g  (9.6 to 236 kW). 

The coefficients of (3.2) c m  be found in Appendix B. where the values have b e n  

adjusted to correspond to differences in normali7ation methods. The speed dependancy of 

the torque is incorporated in the damping constant of the swing equation (3.4). 

Mathematicaily, the tramfer function of the diesel engine c m  be written as, 



nie engine dynamics also encompass the rotational i n d a s  o f  the engine and the 

synchronous generator. as well as the dynamics of the clutch which couples the two inertias. 

Rotational inertia in power systems are commonly represented by the swing equation. 

where, H - inertia constant (sec-) 

D - damping constant representing windage and speed dependant fiction (pu). 

f i s  equation is commonly referred to as the swing eqwtion becawe in power 

systems it represents the swing in the synchronous generator rotor angle during disturbaiices. 

The inertia constant. H. is the nomaiized moment of inertia of the engine and/or generator. 

thus. 

where. J - moment of inertia (kgam') 

omo - base mechanical anguiar velocity (mechanical rad/s) 

SM - generator 3-phase volt-ampere base (VA). 

In this application the engine and the synchronous generator are comected by a 

unidirectional coupling, or clutch, which only d o w s  power to be transferred fiom the engine 

to the generator. The clutch is approximated by a high fiction coupling, where the torque is 
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Figure 3.4 Model of the clutch and diesel generator inertias. 

limited to zero or greater. 

The ineaias of the engine and the generator are modelIed separate.. It is assurned 

that the sh& coupling the engine and the generator are relatively stiffwhen compared to the 

electrical stifiess of the synchronous generator [43]. The tonional modes of the shah wiil 

have fiequencies above the range of interest, and, by the necessity of stable diesel generator 

operation, will be well damped. Therefore. the torsional dynamics of the shah have k e n  

neglected in this study. The mode1 of the diesel inertias and clutch is presented in Figure 3 -4. 

where. H, - synchonous generator inertia constant (sec.) 

D, - synchronous generator damping constant (pu) 

H, - engùie inertia constant (sec.) 

Dd - engine damping constant (pu) 

K, - clutch fiction coefficient = 10j. 



3.2.2 Diesel Speed Governor 

The diesel speed govemor regulates the speed of the diesel engine and, ultimately, 

the grid frequency since the electricai frequency of a synchronous generator is directiy 

proportional to its speed. This, of course, is tme oniy when the engine and the generator are 

coupled. If the clutch is decoupled, due to a negative generator torque (moto~g) ,  the 

generator speed will exceed the engine speed and the grid kquency will no longer be 

controlled by the govemor. The clutch is rneant to decouple when the diesel engine is shut 

down (synchronous condenser mode). But, it is also feasible that the clutch can decouple 

during conclument operation of the diesel generator and the wind turbine if the wind power 

exceeds the combined village load and dump load power. This aspect of the clutch has 

implications on the dump load controller design and therefore should not be neglected. 

Generator speed governors can usually be configured to operate in either droop or 

isochronous mode. With droop regulation, the steady-state speed decreases in proportion to 

increased load. Droop is usually expressed in percentage drop in fkquency fiom no-load to 

full-load. Full-load frequency droop is commonly set in the range of 3% to 6%. 

The advantages of droop regulation are twofold: the system is inherently more stable. 

and multiple generaton will intrinsically share the load. The disadvantage of droop 

regdation is that the grid frequency does not remain at the desired set point (50 or 60 Hz), 

but varies with the load. Conversely, isochronous regulation maintains the desired steady- 

state grid frequency irrespective of the load (zero fiequency droop), but it is inherently less 

stable, and an extemal contml is needed to force load sharing between multiple generators. 

Speed govemors can be any combination of mechanical, hydraulic and electrical 
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Figure 3.5 Funetional diagram of the Barber-Colman governor system. 

systems. The diesel generators at AWTS are equipped with electronic governors and electro- 

mechanically acnüited fuel racks. In addition, they are equipped with isochronous load 

sharing modules. The govemon are manufactured by the Barber-Coiman Company. A study 

of the govemor schematics and documentation yields the functional diagram in Figure 3.5. 

This is simila. to the electronic govemor system described by Haddad and Watson [40]. The 

main component of the governor is a PID controller, which also includes a proportional 

feedback loop, Kg& to provide fiequency droop according to the actuator position. With an 

isochronous load sharing module installe4 this control loop is disabled (Kgd = O), and the 

fiequency droop, in droop mode, is enforced by the isochronous load sharing module. 

Implementing this mode1 was not possible because none of the govemor's parameters 

or settings were available. Therefore the govemor transfer function has been simplified to 



Figure 3.6 Speed governor model (droop mode). 

the model represented in Figure 3.6 to facilitate parameter estimation. This model is sixnilar 

to the model of a Woodward electronic govemor used by Kamwa [36]. The isochronous load 

sharing module has b e n  represented in droop mode for this application. The parameters for 

this simplified model have been estimated fiom transient response measurements. as 

described in Chapter 4, and can be found in Appendix B. 

3.2.3 Diesel Generator Normalization 

The per unit system of the diesel generator is based on the ratings of the synchronous 

generator. The base power is equal to the three-phase volt-ampere rating of the generator. and 

the base speed is the rated grid frequency divided by the number of generator pole pairs. 

From these two base quantities dl the other base quantities can be determined. Thus. the 

relevant per unit bases are: 

Pm* = SW - diesel engine base power (W) 

o, = Zodp, - diesel's base mechanicd angular velocity (mechanical radk) 

Tm, = Pmdmmo - diesel engine base torque (Nam) 
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Hd and HV - engine and generator inertia constants, determined by (3.5). 

where, sB3sg - synchronous generator 3-phase volt-ampere rating 

o0 - rated grid hquency (electricai r d s )  

psg - number of synchronous generator poles. 

3.3 Wind Turbine Mode1 - Mechanical 

The wind turbine model developed here is based on Atlantic Orient Corporation's 

AOC i 5/50 50kW turbine [44,3 31. niere is one AOC 1 5/50 wind turbine installed al the 

AWTS facilities. It is comparable in size to the diesel generator, and was the wind turbine 

used in a HPNSWD case study by Hydro-Québec [SI. The AOC 15/50 is a horizontal axis, 

constant speed, stail regulated (fimd-pitch) wind turbine. It contains a single 66 kW 

induction generator which connects directl y to the grid. 

The wind turbine is represented by three main components: the rotor aerodynamics: 

the drive train; and the induction generator. The rotor aerodynamics and the drive train 

comprise the mechanical portion of the wind turbine rnodel. 

33.1 Wind Turbine Rotor Aerodynamics 

The rotor of the wind turbine converts the kinetic energy of the wind into mechanical 

energy to drive the induction generator. The wind creates aerodynamic lifi and drag forces 

on the rotor blades which resdt in a net torque on the wind turbine rotor. The interaction of 

the wind with the rotor is cornplex, and is only represented in a simple form in this study. 
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The rotor's aerodynamics is subdivided into quasi-steady and unsteady aerodynamics. 

33.1.1 Quasi-Steady Aerodynamics 

The slow aerodynamic effects of the wind turbine rotor can be attnbuted to the 

performance of the blades to a series of succeeding steady d o w  patterns. The airfiow over 

the airfoi1 of the blade depends on the pitch and velocity of the blade and on the velocity of 

the wind. Thus the rotor's aerodynamic efficiency, depicted by its power coefficient C,, can 

be approxirnated as a function of the rotor tip speed ratio ('T'SR), A, and the blade pitch angle, 

P. nius  C, = f (A$), where, 

and, R, - radius of the turbine rotor (m) 

o, - angular velocity of the turbine rotor (pu) 

mm - base angular velocity of the turbine rotor (mechanical rads) 

LrkV - effective windspeed over the turbine's swept area (mis). 

For a fixed-pitch wind turbine, such as the AOC 15/50, the power coefficient becomes a 

function of the tip speed ratio only. 

The non-dimensional power coefficient, Cp(b), c m  be caiculated theoretically [45] 

or determined experimentally. In this study, the turbine's Cp versus A cuve (Figure 3 -7) has 

been determined fiom the wind turbine's quoted power curve (Figure 3.8) using the static 

formula for rotor power [45], 



Figure 3.7 Power coefficient curve, C',,(A). 
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Figure 3.8 Wind turbine power curve. 



where, p is the air density in kg/m3. 

For the AOC 1 5/50 wind turbine connected to a strong grid (constant grid fiequency), 

the tip speed increases only slightly (approximately 2%) as the output power increases from 

zero to maximum, therefore it can be assumed constant for the purpose of calculating the tip 

speed ratios on the power curve. 

In Figure 3.7 and Figure 3.8 two curves are presented. The solid lines represent the 

curves detemiined directly fiom the manufacturer's data [44], and implernented a s  a look-up 

table in SIMULMK. The dashed lines represent the resdts of the C, curve-fit equation (3.8) 

used by Jeffnes [33]. This is essentially the same equation employed by Wasynczuk et al. 

[46], and Anderson and Bose [47] to represent the M O D -  experimental wind turbine. A 

general version of this equation including blade pitch as a parameter is: 

where, p - blade pitch (deg.), where P = o0 for a fixed-pitch turbine 

K,, K, Kg - constants to be detemüned for best fit 

ho - determined fiom Cp(Ao,O) = O. 

The constants used in Figure 3.7 were: Kcp = 9 1, K, = 0.147 and A. = 13.5. These 

constants were detennined by trial and error with emphasis on low tip speed ratios where the 

wind power is the greatest Yet, as Figure 3.8 illustrates, even small errors in CJL) at low 
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tip speed ratios can lead to large mors when detennining the power and torque of the rotor. 

Considering the poor performance of Equation 3.8, a look-up table was determined to be the 

preferred method for representing Cp(A) in this wind turbine model. 

From (3.6) and ( 3 3 ,  the per unit quasi-steady rotor torque, T , ,  is detemiined by 

where, Psig is the wind turbine's induction generator power rating. 

In this study. the turbine is assumed to be pointed directly into the wind at d l  times. 

Thus the effects of yaw error. and the turbine's response to fluctuations in wind direction anz 

not considered- 

33.1.2 Unsteady Aerodynamics 

Unsteady aerodynamics is attributed to near field and far field phenomena [48]. Near 

field phenomena are unsteady effects with lengths of scale in the order of the blade chord 

length. The most significant near field phenomenon is dynamic stall [45.48]. Andysis of 

dynamic stall is quite involved and beyond the scope of this study, therefore it is not 

considered here. Dynamic stall is aiso not included in any of the wind-diesel models found 

in the literature search. 

Far field unsteady aerodynamic phenomena are effects with lengths of scale in the 

order of a rotor diameter. One far field phenomenon is referred to as dynarnic inflow [48], 

or induction lag [49,50]. In e f f a  the wake of a turbine does not adjust instantaneously to 



Figure 3.9 Complete aeroàynamie model of the wind turbine. 

sudden changes in blade pitch or windspeed. As a result. the induction faclors* of the turbine 

rotor require tirne to reach a new equilibrium. Induction lag has ken found experimentall y 

by me [5 11, and M e r  defineci by Bierbooms [48]. Induction lag is represented by a lead 

tramfer fiinction on the rotor torque [4950.52], thus the resultm rotor output torque. T,. is: 

The induction lag gain. KL, was found experimentaily to be 1.3 7 [49]. and the Ume cons tan^ 

r,, is estimated [48] by 

where. Gy is the undisnirbed (mean) windspeed in metres per second 

The complete aerodynamic model of the wind turbine is shown in Figure 3.9. In this 

model. division by zero at zero windspeed is avoided by cdculating the inverse of the tip 

speed ratio ( IIISR). Thus the power coefficient look-up table is for Cp(l /A) iostead of CF@). 

' The induction factors refer to the relative magnitudes of the axial and tangentid 
velocities induced in the air flow by the rotor [45.48]. 



The effective wimispeed is tbe equivalent wimlspeed over the entire rotor w-ept  ami 

(rotor disk). DiEerent points on the rotor disk wii1 see different instantanmus ~indspeeds 

due to localized tmbulence. Mea~urements and simulations of instantaneous ~Indspeed 

nomally represent point windspeeds. ami thus will differ h m  the effective ~indspeed seen 

by the turbine. The effmive w.indspeea L-lvI is esamated h m  a point w-indspeeb L;,:,, by 

the spatial filter [49], 

where. the nominal parameters are a,{ = 0.5 5 - and 

This swal filter repfesents the averaging ef fm rhe uind turbine rotor has on higher 

frpquency (local) turbulence. For a 15 m diameter w k d  Wine. nich as the AOC 1550. rhe 

effective low-pass corner frequency ranges h m  O. 1 to 0.3 Ht depend& on the undistirrbed 

33.2 Wind Turbine Drive Train 

The wind nubine's drive train is comprised of a gearbox uith a loa speed shah 

comected to the rotor hub. and a hi& speed shafi connected to the generator. Thedrive 

trains of wind turbines are relatively flexible. with the flexïbility extendhg h m  the 
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generator, through the gearbox. and hub, and hto the blades [43]. Strucntral models of wind 

turbines geaerally use a detailed f i t e  element approach for modelling the drive train. 

Alternatively. power system s~idies commonly approxUnate turbine to generator torsional 

dynamics by a small number of iumped rotating mas-spring components [53].  H i ~ c h s e n  

and Nolan [43] claimed that a minimum of two masses should be included in the wind 

turbine mode1 in order to represent the k t  torsional and electrical mode. They also claimed 

that "Addition of the blade mode in horizontal axis turbines by separating hub and blade 

inertia does not generally change the results. due to high damping of this mode'. and 

"Addition of the high-speed shaft mode by separahg generator and transmission iwrtia is 

only required if there is need to evaluate torque levels during electrical faults". It is not an 

objective of this study to analyse fault induced torques. therefore the hi&-speed shafi torsion 

dynamics are not considemi. This is consistent with the diesel generator model implemented 

in this snidy. where the (hi&-speed) shaft tonional dynamics are aiso negiected. 

Srnaller wind turbines. which are suitable for HPNSWD systems. are conimonly 

modelled with two n>tahng masses in the dnve sain [33.49.54.55]. The idea of using two 

masses is fiirther justifieci by Coonick 1551, where his wind-diesel model correctly indicated 

system instabiliûes due to an osdatory mode which included the torsion of the low-speed 

shaft. 

In this study the dnve train is represented by separate swing equations (3.5) for the 

rotor and generator inertia The two masses are coupleci by a flexible low speed shaft which 

is represented by a lightly h p e d  spring. Thus the m f e r  function for the shafi torque is: 



where, T' - low-speed shafl torque (pu) 

Ks - low-speed shaft torsional spnng constant (sec-') 

D, - low-speed shafi torsional damping constant (pu) 

o, - induction generator rotor anguiar velocity (pu). 

Figure 3.10 illustrates the wind turbine drive train model. where. 

H, - wind turbine rotor inertia constant (sec) 

H, - induction generator and gearbox inertia constant (sec) 

D, - induction generator and gearbox dampuig constant (pu) 

T, - induction generator electromagnetic torque (pu). 

Since the drive train model has been nomalized, the torque and velocity 

transfomation in the gearbox is not apparent. However. the gearbox ratio m u t  be considered 

Rotor Swing, , IG Swing 

Low-Speed 
Shaft 

Figure 3.10 Wind turbine drive train model. 
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when determining the base quantities for normalization of the low-speed and high-speed 

sides of the gearbox (Section 3 -3.3). Backiash in the gearbox has been neglected. 

Another factor that is neglected in this mode1 is the effect of tower movement. The 

dominant effect is the fore and af? movement of the turbine due to the turbine thnist bending 

the tower [49]. The turbine's fore-& velocity thus modifies the effective windspeed. It is 

assumed that the effect of tower movement is d l  and will not contribute significantly to 

the wïnd-diesel dynamics 

3.3.3 Wind Turbine Normalization 

The per unit system for the wind turbine is based on the rating of its induction 

generator. The base power is equal to the power rating of the generator. The hi&-speed SM 

base rotationai velocity is the rated grid fkequency divided by the number of generator pole 

pairs. The low-speed shafl base rotational velocity is the hi&-speed shaft base velocity times 

the gearbox ratio. From these three base quantities dl the other base quantities can be 

detennined. Thus the relevant per unit bases are: 

Pd = PR, - wind turbine base power (W) 

ojM = 2 o d p ,  - high-speed shaft base angular velocity (mechanical rad/s) 

T& = Pl&@ - high-speed shaft base torque (Nem) 

oto = ojgo N, - low-speed shaft base angular velocity (mechanical rads) 

T, = Prdoto - low-speed shafl base torque (Nem) 

H' and H, - rotor and generator inertia constants determined by (3.5), 

where, Psig - induction generator power rating (W) 



p, - number of induction generator pole pairs 

N, - gearbox ratio. 

3.4 Electric Machine Models 

The two electric machines in this HPNSWD mode1 are the synchronous generator in 

the diesel generator. and the induction (asynchronous) generator in the wind turbine. 

Elecaical dynamic models of elearic machines vary fiom linear fm-order systems [28], to 

nonlinear systems of seven, or more, differential equations [56]. It is worth noting that the 

mechanical equations of the electric machines have already k e n  included in the mechanical 

model, and thus are not counted in the order of the electric machine models- 

In this study, the full-order electnc machine models are considered to be the fifui- 

order synchronous generator model and the fourth-order induction generator model. The full- 

order models are also reduced to a third, second and fm-order synchronous generator model. 

and a second-order induction generator model for cornparison. In addition, the inclusion of 

magnetic saturation is also presented for cornparison. 

There are many good textbooks that contain detailed derivations of electric machine 

models [57,58,59], therefore there is no attempt made here to show the derivation of these 

models. 



3.4.1 Synchronous Generator Models 

3.4.1.1 Synchronous Generator FuM-Order Mode1 

Synchronous and induction machines are comprised of several magnetic circuits, 

which are elechically seen as inductances. Some of these machine inductances Vary with the 

rotor position. Thus the coefficients of the differentiai equations descnbing the behaviour of 

the machine vary with t h e  (except when the rotor is stalled). By transforming, or refemng, 

the stator variables of the machine to a reference frame fixed in the rotor. Park [60] 

hansfomied the tirne varying coefficients into constants, thus greaîly decreasing the 

complexity of the differentiai equations. This change of variables is commonly referred to 

as Park's transformation. The 3-phase variables of a stationary circuit, such as the stator. 

may be transfonned into a reference frame rotatïng at an arbitrary speed, o. by 
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The a, b and c subscripts stand for the three phases of the stationary circuit. where 

each one is displaced by 120". The d and q subscripts stand for the direct and quadrature axis 

components of the arbitrary reference h e ,  respectively. The O subscnpt stands for the zero- 

sequence component, which is independent of 0(t). The angular displacement between the 

two reference hunes, 0(r), must be continuous. However. the angular velocity, o(t), may be 

constant, varying, or zero (stationary). The inverse transforrn becomes, 

cos e ' 1 

For the synchronous generator the d axis is defined positive in line with the field 

winding's north pole, and the q axis leads the d axis by 90° in the direction of rotation. 

Using Park's transformation, the generator's stator windings can be transformed into 

a direct, a quadrature, and a zero-sequence winding in the rotor reference firame. The zero- 

sequence circuits are neglected in this study since the zero-sequence currents are assumed 

to be zero due to balanced three-phase operation. The resulting synchronous generator 

equivalent circuit expressed in the rotor reference h e ,  comprises a stator, a field and a 

damper winding in the direct mis, and a stator and a damper winding in the quadrature axis. 

Note that this is a salient-pole synchronous generator model, a cylindncal rotor generator 

would have an additional rotor winding on the quadrature axis [57,58,59]. Following the 

derivations in Krause [57], the resulting per unit differential equations describing the 

generator are: 





where. - generator 8 ux linkages per second (pu) 

c.' - generator voltage (pu) 

I - generator cunwit (pu) 

E - generator electromotive force (EMF) (pu) 

R - winding resistance (pu) 

X - winding reactance bu) 

superscript: ' - variable expresseci in rotor reference h m e  

subscripts: qs - direct and quadrature aUs stator windings. respectively 

- field winding (direct axis) 

, ,, - direct and quadrature axis rotor damper ~indings. respectively 

,. , - leakage and magneMg components. respectively 

P S  - rotor and stator quantities, respectively. 

Equations (3 -2 1) through (3 -3 5) describe the fdi-order mode1 ( jth-order) of a salient- 

pole synchronous generator without magnetic sanuation. The model has the 8k.u l a e s  as 
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state variables, voltage and rotor speed as input variables, and current and electromagnetic 

torque as output variables. 

It is assumed that only the rnagnetizing inductances saturate, since the leakage 

inductances include considerable air-gaps [57.58,59]. Further, in a saiient-pole machine. 

magnetic saturation is considerd onty in the direct axis, again, due to the considerable air- 

gap in the quacirature a i s .  Saturation effects are implemented by adjusting the rnagnetizing 

flux linkage in the direct ax is  Jr& [Sq, thus (3.32) is replaced by 

where, LaXqmdsg) is a saturation function that represents the difference between the 

unsaturated and the saturated fl LUC Iinkage curves. These two curves are assumed to be the 

same, in per unit, as the air-gap line, and the open-circuit temiinal voltage vernis field 

current cwe .  V,,(+d), respective- (Figure 3.1 1 ). Thus the saturation cuve is given by 

The synchronous generator saturation characteristics quoted by the manufacturer is 

show in Figure 3.1 1 . The resulting saturation function is show in Figure 3.1 2. The 

saturation function is normally approxirnated by an exponential fimction [5 8,591, Sc. where. 

The coefficients, AG and BG, are determined fiom two points on the saturation curve, usually 

at qmd = I .O pu and Jr,,,, = 1.2 pu. 



Figure 3.1 1 Generator open cucuït voltage vs. field current. 

Figure 3.12 Generator saturation function. 

The Ml-order synchronous generator mode1 implementation in S i w ~ r n r c  can be 

found in Appendix A. 

3.4.1.2 Synchronous Generator Third-Order Reduced Mode1 

Normdy power system stability studies negiect the elecûic transients in the stator 

voltage equations of all  the elecaic machines, and in the voltage equations of the power 

system network (transmission lines, transformers, etc.). This reduces the order of the power 

system mode1 considerably, and since the stator and network m i e n s  contain hi& 
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fkquencies. it also significantly increases the maximum integration step six.  The theory of 

neglectùig stator transients is covered in Refmnces 57.58 and 61. 

Po wer sy stem stability studies are prirnarily interesteci in the electromechanical 

dynamics of the (large) electric machines. Whereas in this study. the machines are much 

smaller. and precise voltage dynamics are also of interest- Krause [jq cautions that 'using 

the reduced-order models for induction and spchronous machines in Iow-power. smail- 

system applications may not be advisable" and '-if the machines are small in horsepower or 

if the machines are operated over a relatively wide frequency range. one should not use the 

reduced-order model without f m  comparing its predications of system response to that of 

the detailed model". With respect to this advice. the full-order and reduced-order elecmc 

machine models have been included in this study for cornparison. 

Stator transient5 are neglected by setting diflerential equations (3.21) and (3.22) to 

zero. as well as neglecting the stator sped terms by setting or = 1 pu in these two equations. 

Both Krause [61] and Kundur [5 81 determined that in order to neglect stator tramients. boùi 

the derivative term and the speed term mwt be neglected in the stator voltage equations. The 

model is reduced to a third-order system by replacing (3.2 1) and (3 -22) with the resulting 

algebraic stator equations. 

V;Jg = + (3 39) 

VA>g = - R ~ ~ ~ I &  - lJ&g (3 -40) 

A more common representation of this reduced-order model is the voltage behind 

sub~anrient reactonce model. where EMFTs are defined as  the state variables. Nomally, 
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manufacturers quote machine parameters in the form of the synchronous. transient and 

subtransient reactances and the transient and subtransient time constants. The conversion of 

this form to the machine winding impedances can be found in References 57,58 and 59. and 

Appendix B. 

The EMF0s, which represent the voltage behind the subûmsient reactance. Iag behind 

the flux Iinkages by 90'. and are defined as: 

where. E'& - d-axis voltage behind subtransient reactance (pu) 

Fq., - q-axis voltage behind subtransient reactance (pu) 

E4.sg - q-axis voltage behind transient reactance (pu) 

rdsP q&.sg - d and q-axis subtransient reactances (pu), respectively 

X,, - d-axis transient reactance (pu) 

Substituting (3.41) into (3.39), and (3.42) Uito (3.40) yields the submient stator 

voltage equations. 

The remaining equations for the third-order synchronous generator model, as 

determined by Anderson [59] (expressed in the d-q axes defined here), are: 



where, 

and. Xdsk 'Yqsg - d and q-axis synchronous reactance bu), respectively 

T * ~ ~ . ~ ~  - d and q-axis open circuit subtramient t h e  constants (sec) 

T ' ~ ~ - ~ ~  - d-axis open circuit transient t h e  constant (sec). 

Saturation of the d axis is approximated by including the saturation fiuiction (3 -3 8), 

in (3.48), thus. 



where, fiom (3.4 1) and (3.27), 

&sg = $Yg - Lg - X&) (3.53) 

The third-order reduced synchronous generator model implementation in SIMULM 

can be found in Appendix A. 

3.4.13 Synchronous Generator First-Order Reduced Mode1 

Generator subtransients are fast transients associated with the rotor damper windings. 

Neglecting these morfisseur effects leads to a voltage behind transient reactance model 

[59], which, in the case of a salient pole machine, is a one-mis model. The model therefore 

reduces to one differential equation, 

where, 

and, the S, terni is omitted to neglect saturation. 

The q-axis stator voltage and electrornagnetic torque equations become: 

Since there is no rotor winding represented in the q axis, the d-axis stator voltage 



must satisfy the quasi-steady equation, 

v2.., + R,, ILdg- x, IL = 0 (3 -58) 

which is detemiined by the generator quasi-steady phasor diagrarn (Figure 3.13). 

The fïrst-order reduced synchronous generator mode1 implementation in SIMULINK 

can be found in Appendix A. 

3.4.1.4 Synchronous Generator Second-Order Reduced Mode1 

Dynamic models of cylindrical rotor machines are simplified by neglecting 

subtrmsients, and assuming that the transient effects are dominated by the rotor circuits 

(stator transients neglected). The dominant rotor circuits in a cylindrical machine are the field 

circuit in the d a i s ,  and an equivalent circuit in the q axis formed by the solid rotor. These 

1 
d-axis 

q-axis 

Figure 3.13 Synchronous generator phasor diagrnm. 



assumptions yield a two-m'S. voltage behind îransient reactmce model [59]. 

Salient-pole machines are norrnally classified as not having a q-axis m i e n t  

reactance circuit, since the q-axis damper winding is normaily ciassified as a subtransient 

circuit [58, 591. In the previous section a 1-axis model was obtained by neglecting the 

damper windings in both axes. but according to saiient-pole machine parameters in Anderson 

and Fouad [59], the q - a i s  subtransient tîme constant can be up to six times larger than the 

respective d 4 s  subtransient t h e  constant. In this case, the q-axis damper winding behaves 

more like a transient circuit than a subtransient circuit. Thus neglecting the q-axis damper 

winding can give erroneous resuits, as demonstrateci in Chapter 4. 

Neglecting the d-axis damper winding and the stator voltage equation transients. but 

including the q-axis damper winding results in a two-axis, secondsrder synchronous 

generator model. ModiQing the two-axis model developed in Anderson and Fouad [59], 

yields the two differential equations, 

the two stator voltage equations, 

! 1 

V A g  = ' h g -  RsJg 'LJg + xpsg ' 1' qssg 



and the electromagnetic torque equation, 

The second-order reduced synchronous generator mode1 implementation in SIMULM 

can be found in Appendix A. 

3.4.1 5 Synchronous Generator Nonnalization 

The synchronous generator per unit base quantities are determined by selecting the 

base power, base voltage and base kequency. Normally these are selected to match the 

machine ratings. Using these three base qumtities, the remaining base quantities can be 

derived, Thus, 

S,,, = synchronous generator 3-phase volt-ampere rating (W) 

V& = peak value of rated phase voltage (V) 

aBSg = rated frequency = oo (electrical radls) 

Sm - peak value of rated phase current (V) - 
'Esg 

Z Bsg = - - base impedance (Q) 
'B, 



2% 
O, = - - base shaft speed (mechanical rack) 

Psg 

- S~3w - synchronous generator base toque (N-rn) G s g  - - 
orno 

- 
h g  - v k g  - base flux linkage per second (V) 

3.4.2 Induction Generator Modeis 

3.4.2.1 Induction Generator FUN-Order Model 

The stator of an induction machine is constmcted in much the same manner as the 

stator of a synchronous machine, but the rotor design is considerably different The majority 

of induction machines have cy lindncal rotors with conductors imbedded in the ferromagnetic 

material in the fashion of a squirrel cage. Squirrel-cage rotor windings can be represented by 

two identical windings, one in the d axis and one in the q axis. Since both the stator and the 

rotor are symmetrical, the machine equations are consistent in any arbitrary rotating reference 

frame. Again, the zero-sequence circuit is neglected in this modet, since the zero-sequence 

c m n t  is assurned to be zero due to balanced 3-phase operation. Following the derivations 

in Krause [57], the resdting per unit differentiai equations describing the induction generator 

are: 





where, Jr - generator flux linkages per second (pu) 

V - generator voltage (pu) 

I - generator current (pu) 

R - wuiding resistance (pu) 

X - winding reactance (pu) 

subscripts: qr - d and q-axis rotor windings, respectively 

qs - d and q-axis stator windings. respectively 

- leakage and magnetizing components. respectively 

P s - rotor and stator quantities, respectively. 

Equations (3.64) through (3.75) describe the full-order (4thsrder) model of an 

induction generator without magnetic saturation. The model uses the flux luikages a s  nate 

variables, has voltage, and rotor and reference firame velocities as input variables. and current 

and electromagnetic torque as output variables. Generally the model is described in an 

arbitmry reference frame. For most applications. it is convenient to mode1 the induction 

generator in the sarne refereuce h e  as the synchronous generator. thus the synchronous 

generator's rotor reference frame is used throughout the system model. This is accomplished 

by setting o = or in the above equations. 

It is assumed that the magnemg inductance. XbLg saturates in both the d and q 

axes, and that the leakage inductances do not saturate since they include considerable air- 

gaps [57]. Saturation effects are implemented by adjusMg the magnetiring flux linkages in 

the d and q axes, qmd, and Jr,,, [ S q ,  thus (3 -72) and (3.73) are replaced by 



where. 

qrn-igZ J ( ~ l t q . i g ) ~  + (qmxi.,g)L (3.78) 

and, S, is a saturation function that represents the difference between the unsaturated flux 

linkage curve and the saturated flux linkage curve. The saturation curve can be determined 

from the terminal voltage vernis no-load stator current. Thus the sahiration iünction is 

determined in the same manner as the saturation function for the synchronous generator 

(Section 3.4.1.1). 

The full-order induction generator mode1 irnplementation in SIMULM can be found 

in Appendix A. 

3.4.2.2 Induction Generator Second-Order Reduced Mode1 

As mentioned in Section 3.4.1.2, it is standard practice in power system stability 

studies to neglect the elecûîc transients in the stator voltage equations of dl the electric 

machines, and in the voltage equations of the power system network (transmission lines, 

transformers, etc). 

Stator transients are negiected by setting Merential equations (3.64) and (3.65) to 

zero, as weU as neglecting the stator speed terms by sening o = 1 pu in these two equations. 
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The second-order reduced mode1 is obtained by replacing (3 -64) and (3 -65) with the redting 

dgebraic stator equations, 

A more common representation of this reduced-order model is the voltage behind 

transient reactance model, where EMF7s are defined as the state variables. Nonnally. 

manufacturen quote induction machine parameters in ternis of the stator. rotor and 

magnetinng winding impedances. The conversion of the machine impedances to the 

synchronous and transient reactance and the transient time constant can be found in Kmdur 

[5 81, and Appendix B. 

The EMF's, which represent the voltage behind transient reactance. lag behind the 

flux linkages by 90°, and are defined as: 

E& -4 i rqS. lg -  qqng ( 3  -82) 

where, ,Yig is the induction generator open circuit transient reactance in per unit. 

Substituthg (3.8 1 ) into (3.79), and (3.82) into (3.80) yields the transient stator 

voltage equations, 

vqs.,=Eq:,-~s,Iq~.,-&g hlg (3.83) 

I*., = Ge - R*., 4 5  lg + 4; IqXIg ( 3  -84) 

The remaining equations for the second-order per unit induction generator model. as 

determined by Kundur [58], are: 



where. Xig - induction generator open circuit reactance (pu) 

T',, - induction generator open circuit transient rime constant (sec). 

Magnetic sanrration is approximated by including the d o n  function S,,. in 

(3.85) and (3.86), thus. 

where. 
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The second-order reduced induction generator mode1 implementation in SIMULINK 

can be found in Appendix A. 

3.4.2.3 Induction Generator Normalization 

As with the synchronous generator. the base power. base voltage and base frequency 

are determineci by the machine rating. The induction generator differs fiom the synchronous 

generator in that the base power is chosen to be the rated shaft power (W)' rather than the 

rated volt-amperes (VA). Thus. 

PBig = induction generator râted shaft power (W) 

YB$ = peak value of raed phase voltage (V) 

osig = rated fiequency = oo (electrical rads) 

ami. 

la@ = ( f - peak value of rami phare current (V) 
VB,  

2 O, 

al@ = - - base shaft speed (mechanid rads) 
p, 

*sig = 'Big - base flux 

generator base torque (Nom) 

linkage per second (V) 



3.5 Synchronous Generator Excitation System 

nie  excitation system of the synchronous generator regulates the voltage of the 

HPNSWD system. The excitation system is comprised of an electronic automatic voltage 

regulator (AVR) and a bnishless exciter. The AVR regulates the tennind voltage of the 

synchronous generator by adjusting the synchronous generator's excitation level. The 

bnishless exciter is a small 'inside out' synchronous generator on the shaft of the 

synchronous generator. The field of the exciter is in the stator. and the armature is the rotor. 

The exciter's armature current is rectified and fed through the synchronous generator's field 

winding. Thus, the exciter transfers the output of the AVR to the synchronous generator's 

field winding without the use of bmhes. 

The AVR's instailed on the diesel generaton at A w s  are Kato Engineering KCR- 

3 60 regdators. The manufacturer has indicated [62] that the KCR-360 cm be modelled by 

the excitation system model type ACSA. of the IEEE Standard 421 5 1 9 9 2  [63]. Refer to 

Figure 3.14 for the model representation of the excitation system. n i e  mode1 includes an 

input filter, a stabilization loop (which feeds back fiom the AVR output. VR), and magnetic 

saturation of the exciter. The exciter is modelled by 

where, SE is the exciter saturation fûnction, 

B E  SE= f(E/,) =Aue EX 



Figure 3.14 LEEE Type ACSA excitation system model. 

Exciter ~_.~__f_________. . .___.__._._ ._ ._____. ._ ._* . . * . .~_._.~_~.~~~~~~~~~~~~*~~~~~~.~.~~~~~.~. .~___.__.__* .__________.__~~~~~~_~_.___*____~.~~~~~~~*~~*~~~~*~~Z 

SE 
1 

The coefficients, Am and Elu, are either given, or can be determined by the method 

described in Anderson and Fouad [59]. 

VRmin, 

" ' rRs+l + +  
i Input Filter +=* 

3.5.1 Excitation System Normalization 

( K ~ T ~ 3 ) S + K ~  

(rAr*T,& ~YTA~+T,&+~ 

The excitation system model is normalized to the synchronous generator. such that 

Amplifier VRrnax 

i Reference 

an output of Efl = 1 pu results in a generator open circuit tenninal voltage of V, = 1 pu when 

"R 

the generator magnetic saturation is neglected (i-e., one per unit on the air-gap line). 

Stabiiizer 
.---------..-..----.----.------------..-*-.**.*..---*~*--*-----*---------.--.-....-.-~.~.---~.-~--~-.~~-------.--------~--..~-..+-*..*.-**.***.--.**.*..-*-* 

3.6 Wind-Diesel Electrical Network 

A wind-diesel electrical network in its simplest form comprises a single electrical 

bus, or node, to which all the generators and loads are connected A more complex wind- 

diesel electrical network comprises a grid of several buses interconnected by f ~ t e  

impedance transmission lines or transformers. 
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For the purposes of this study the village and dump loads have been represented as 

passive components. Thus, the loads can be incorporated into one algebraic mode1 to 

represent the entire electricai network. The algebraic network equations can be solved 

directly, thus an iterative solution to the network voltages and currents. commonfy found in 

other wind-diesel models, is avoided. 

3.6.1 Village Load 

In classical power system analysis, the demand load is represented by a constant, 

passive impedance, hence the village load power is 

where, 

k;= G,+jB, = zL-'= (R,+~x,)- '  (3.96) 

The impedance of the village loaà, ZL, is assumed constant with respect to voltage 

and frequency, thus PL - V' and QL a v2, and both PL and QL are independent of fiequency. 

This assumption is ofien on the pessunistic side [59]. 

3.6.2 Dump Load 

At low levels of imtantaneous windpower pene~at iod  the wind turbine is seen as 

a negative load. At this level the diesel generator maintains the network fiequency under 

' Imtantaneous wind power penetration refers to the ratio of the imtantaneous wind 
power to the instantaneous demand load. 
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fluctuating wind power and demand load. As the instantaneous wind power penetration 

increases, the diesel generator loading will be reduced d o m  to its minimum loading. Ideally, 

beyond this point the dump load, controlled by the dump load controller. begins to dump 

excess power from the system to maintain the system kquency and minimum diesel 

loading. Hence, the dump load must be variable and able to absorb the maximum potential 

surplus power. 

The AWTS system contains a controllable resistive dump load comprised of seven. 

3-phase heating elements arranged in a binary progression of 1 .5,3.6,.. ..48 and 96 kW. Thus 

the dump load can be varied fiom O to 190.5 kW, in 1.5 kW steps. The mode1 representation 

of this is a variable resistive load with d i s c ~ t e  values at 1.5 kW intervals. 

Each 3-phase heating element is comected in a delta configuration with a zero- 

crossing relay in each branch. The zero-crossing relays introduce a delay of one third to one 

half of the period of the system kquency. This can be approximated by a time constant. ~ D L ,  

equal to one half the period in the dump load. 

3.6.3 One-Bus Network Impedance Mode1 

In the AWTS system, the diesel generators, wind turbines, village load and dump load 

are ail within close proximity of each other. The transmission lines of the grid are short, and 

therefore can be negiected. n i e  resulting n e ~ o r k  comprises one voltage bus to which al1 the 

generators and loads connect directly. 

The full-order generator rnodels are equivalent to voltage controiied current sources. 
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Thus the network is more suitably represented in an impedanw form. The one-bus network 

impeQnce cm be reptesented by an equivalent suigle-phase impedance to ground, ZLo, 

where, 

ZLc = Rh +j& = RDL I I  ( RL +jXL) (3.97) 

This stationary impedance remains unchanged (speed temis neglected) when referred 

to an arbitrary reference frame [571, Thus, 

V =  V'+jV' I =  Id+ j I q  (3.98) 

The one-bus impedance network equations, expressed in the synchronous generator's 

rotor reference m e ,  are, 

where. IB, Isrs and Isig are the system, syi.&onous generator and induction generator base 

currents, respectively, and the Ioad impedance, ZLc, is normalized to the system base. 

3.6.4 Multi-Bus Network Admittance Mode1 

Unlike the A w s  system, where dl the components are situated in close proximity 

to one another, a practical application of HPNSWD may have the diesel generators, wind 

turbines, and village and dump loads located several kilometres apart. In this case the effects 



Figure 3.15 AWS electrical network. 

of the transmission lines may be signifcant. To make the model more general and more 

easily adapted to other systems, the transmission grid of the A w s  system, shown in Figure 

3.15, has aIso been modelled. The terms Zn and Z, refer to the transmission line and 

transformer impedances. respectively. 

The reduced-order, voltage behind (sub)transient reactance generator models are 

quivalent to current controlled voltage sources. Thus the network is more suitably 

represented in an admittance form. In power flow d y s i s ,  a network admittance ma& is 

the cornmon form for network equations [58,59]. In addition. the admittance ma& lends 

itself readily to node reduction, which greatiy simplifies the nenvork equations, as illustmted 

in the following andysis. 

The network admittance model includes a fictitious bus intemal to each generator to 

represent the EMF behind the (sub)tmmient reactance (nodes 1 and 2, Figure 3.15). The 

(sub)=ient impedance then becomes part of the network model. In general, for an n-bus 

network, the node equation is, 



where 

where, Ii - current flowing into the network at node I 

Vi - voltage to ground at node I 

Yii - driving point admittance for node I 

Yu - negative of transfer admittance between nodes 1 and j 

G - conductance 

Bd, B, - d and q-axis susceptance, respectively 

- ma& transpose operation. 

For the AWTS network, the currents entenng nodes 3 through 7 are zero. These nodes 

can be algebraicdly eliminated to produce a 2-node, 2-port equivalent admittance ma& 
0 



The network equations for the AWTS -stem using the voltage behind mbtranrient 

reacrance (jrd-order) synchronous generator and the volrage behind mmrrient reacrmice 

(2nd-order) induction generator models can be expressed as. 



When the 2-mis voltage behirtd iramient reactance (2nd-order) synchronous 

SBJsg Y, ,  = - 
Sm 

generator mode1 is use4 (3.1 12) and (3.1 14) become, 

When the 1-mis voltage behind iramient reactance (1st-order) synchronous 

generator mode1 is use& (3.1 1 2) and (3.1 14) become, 

;, 
4 . s g  -xq.sg 

g RS,, - 

- - 1  



3.6.4.1 Three-Bus Neîwork Admittaoce Mode1 

The three-bus network admittance model is the admittance equivalent of the one-bus 

network impedance model. It has three buses, but two of these buses are fictitious buses 

interna1 to the generators. The three-bus network admittance model is used in this study for 

direct cornparisons between the reduced-order and the full-order generator models. The 

three-bus network admittance model is obtained by neglecting the transformer and 

transmission line impedances in the multi-bus network admittance model (Figure 3.15). 

3.6.5 System Norrnalization 

There are three sets of elecaical per unit bases: the synchronous generator base, the 

induction generator base, and the system base. The generator bases were defined in their 

respective sections. The system per unit base c m  either be one of the generator bases, or a 

third separate base. In this study a system base which reflects the system capacity was 

chosen. The instailed diesel generator capacity is 100 kW , and the village load capacity is 
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1 18 kW. hence the system base power was selected to be 100 kVA. The system base applies 

to the interconnecting grid and the village and dump loads. The system per unit base 

quantities are determined in the same m m e r  as the generaior base quantities. thus. 

Sm = system 3-phase volt-ampere base (VA) 

VB = grid's rated peak phase voltage (V) 

oo = rated grid frequency (electrical rads) 

- peak value of rated grid phase current (V) 

V8 - system base irnpedance (9) 2, = - 
43 



Chapter 

4 Mode1 Validation 

To ensure confidence in the AWTS HPNSWD model developed in the previous chapter. 

the performance of the model is compared with the actual performance of the physical 

system. 

The model parameters were obtained fiom various sources, including values quoted 

by the component manufacturers, measurements made by Hydro-Québec [44.39], and 

parameters cited by JefEies [33] for the AOC 15/50 wind turbine. Where parameters were 

not available, estimates were made from parameters for similar equipment. A compiete list 

of the model parameters used in this study can be found in Appendix B. 

It was not practical for the author to make measurements on the A w s  system. 

ïherefore characterization and comparative measurements reported by Hydro-Québec 

[44,39] have been used. A certain amount of uncertainty is introduced this way since 

configurations for the tests are sornetimes vague and mut  be assumed. In addition, at lest  

one year had passed between the fïrst [44] and the last [39] tests, during which tiine 
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adjustments to the system may have been made. Thus cornparisons between the two sets of 

tests may not be valid. 

4.1 Diesel Generator Mechanical Mode1 Validation 

The speed response of the diesel generatoqs) to seps in generator load were reported 

by Saulnier et al. [39]. These were the only tests available for verSying the diesel generator 

mechanical model. No intermediate variables were recorded in these tests to veriS the 

individuai components, such as the governor, therefore, only the performance of the lumped 

components can be validated. Characterization of the govemor response to a step change in 

the fkquency setting was performed by Jean et al. [44], but it was not specified to which 

module of the govemor system this signal was applied. In addition, the circuit information 

available for the govemor is not detailed enough for this test to be usefd in this study. 

Parameters for the govemor were estimated from the results of the +40 kW (0.64 pu - 

SG base) and -20 kW (0.32 pu - SG base) load steps applied to Diesel A [3 91, where the NO 

diesel generators were labelled Diesel A and Diesei B. The parameters for Diesel A (Table 

4.1) provide a good match between the simulated and measured responses to a positive load 

step (Figure 4.1). Conversely, the simulated response to a negaûve load step (Figure 4.2) was 

less promiskg. 

The measurements indicate a higher noniinearity than is included in the model. 

Sources of the nonlinearity may be in the engine andor the fuel system. Jefies [33] noted 



II Table 4.1 Governor Parameters II 

1 2 3 
time (sec) 

Figure 4.1 Speed of Diesel A for a +0.64 pu load step. 

1 2 3 4 
time (sec) 

Figure 4.2 Speed of Diesel A for a -0.32 pu Ioad step. 
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similar discrepancies, which he attributed to a wnlinear relationship between the fuel rack 

position and the actual amount of fuel injected 

Assuming the diesel generaton are identical, are hmed similarly, and share the load 

equaliy, the two diesel generators can be approximated by one diesel generator of twice the 

capacity. This is reflected in the mode1 by using the same per unit parameter values, but twice 

the volt-ampere base. 

Referring to Figures 4.3 and 4.4, it can be seen that the govemor parameters found 

for Diesel A (curve A) do not match the performance measured for both diesels (A&B). The 

most likely explanation for this is that Diesel B is tuned much differently than Diesel A. New 

governor p m e t e r s  were estimated for Diesels A&B, and are listed in Table 4.1. Using the 

A&B governor parameters, the simulated and measured response to a positive load step of 

+10 kW (0.08 pu - 2*SG base) match fairly well (Figure 4.3. curve: A M ) ,  but again, for a 

negative load step of 40 kW (0.32 pu - 2*SG base), the match is poorer (Figure 4.4? curve: 

11 1 2 3 4 
the (sec) 

Figure 4.3 Diesels A&B speed for a +0.08 pu load step. 



time (sec) 

Figure 4.4 Diesels A&B speed for a -032 pu load step. 

A&B). 

The govemor parameters for Diesels A&B were chosen for use with the design and 

analysis of the dump load controller (Chapter j), since they represent a faster response than 

the Diesel A govemor parameters. During parallel operation of the dump load and the diesel 

generator(s), the fast acting dump load contmller will dominate. Therefore the durnp load 

controller is more Iikely to have instability with a fast acting govemor than a slow acting 

governor. In addition, the A&B govemor parameten were assumed to better represent a 

typically tuned diesel generator, since they are nearly the Mme as the parameters given by 

Kamwa [36] for a Woodward EA 1700 electronic governor. 

4.2 Wind Turbine Mechanical Mode1 Validation 

Characterizing the dynamics of a wind turbine is a difficult task. Their large size 
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prevents the user fÏom perfomiing experiments in a controlled environment, such as a wind 

tunnel. Accurately measuring the instantanmus wind speed through the entire swept area of 

the turbine is also a large undertaking. Most aerodynamic models of wind turbines found 

dlrring the literature review were quasi-steady models based on the turbine's published or 

statistically measured power curve. 0ye  [51] charactenzed unsteady aerodynamics by 

applying a step change in the blade pitch to detemiine the induction lag of the turbine. 

WiIkie, Leithead and Anderson [49] verified their wind turbine model, which included 

induction lag, by comparing measured and simufated power spectra. A spatial filter was used 

to estimate the effective windspeed from the measured point windspeed. 

The steady-state performance of the AOC 15/50 wind turbine mode1 matches the 

manufacnirer's published power curve (Figure 3.8)' since the model uses a look-up table 

derived from this curve. At the tirne of writing, there have been no measurements found 

which c m  be used to validate the dynarnic performance of the wind turbine model presented 

here. The drive train parameters were obtained from Jefies 1331, but there were also no 

measurements available to ver@ this portion of the model. 

4.3 Electrical Mode1 Validation 

Full-order electric machine models are seldom employed in winddiesel studies. 

Instead various reduced-order models are utilized, thus omitting certain aspects of the 

machine's behaviour. In this section the performance of the füil-order electrical model is 

validated. The performance of the reduced-order generator models are weighed against the 
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performance of the full-order generator models, and the effects of neglecting the stator speed 

terms and magnetic saturation are evaluated. 

For the simulations in this chapter, the electrical network bas been represented by the 

one-bus impedance model when using the full-order electrk machine models. and the three- 

bus admittance model when using the reduced-order electric machine models. 

4.3.1 Synchronous Generator Models 

43.1.1 Load Step Change Response - Theoretical Validation 

Two of the extremes that a diesel generator in a H~NSWD system would encounter 

during normal operation are the discomection of the wind turbine (WT) while the turbine 

is at zero and full output power. This represents the low wind cut-out and the high wind shut- 

down of the wind turbine, respectively. Wind turbine connection (cut-in) was not included 

here, since a soft-start device has been instailed on the turbine to limit h h  current. A third 

scenario has been included which represents the low wind cut-out of the wind turbine with 

a 30 kVAR capacitor bank connected to the turbine. This case is included because capacitor 

banks are often used with wind turbines. This scenario presents a case where the SG is 

underexcited instead of overexcited, which rounds out the SG testing . Note that the wind 

turbine and capacitor bank are disconnected at the same instant The three cases of system 

Ioacihg immediately before the wind turbine disconnection are Iisted in Table 4.2. 

In order to segregate the synchronous generator responses, the field voltage (EP) and 

rotor speed (a,) are held constant. The dump Ioad is also held constant for the duration of 



the simulation, since the dump Ioad controller wiIl not react instantaneously. The response 

to a high wind WT shut-dom (Case #1) is shown in Figure 4.5. This simulation compares 

the response of the NI-order (5th-order) SG model with the 3rd. 2nd and 1 st-order reduced 

SG models. Magnetic saturation is neglected in this fim simulation. 

The large negative voltage spike (0.52 pu magnitude) of the full-order model response 

Table 4.2 Initial System Loadmg 

unsaturated mode 

O. 1 0.2 0.3 0.4 0.5 
time (sec) 

Dump Load Case 1 SG 

Figure 4.5 SG voltage respoiue to WT disconneet, Case #l. 

Wind Turbine Village Load 
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is the result of the switching aansient of the SG -or wtien dl three phases of the induction 

gewrator (IG) are disconnected simultaneously. In the actual system the IG is comected to 

the grid by a zero-crossing relay (ZCR) in each phase. The ZCR's operate independent of one 

another. and will only open when their respective phase current crosses zero. 

To investigate the efiects of the ZCR's on the simulatioa the Case I I  WT 

disconnection was simulateci on a per phase basis. using the ZCR's and the full-order 

synchronous and induction generator models. The simulation is sornewhar more cornplex 

and can be fomd in Appendix D. The results of the d a t i o n  with the ZCR's included are 

illustrateci in Figure 4.6. In the simulation there are two voltage spikes since phase a 

disconnects at t = 20 m. and both phases b and c disconwct 4 ms later- The 1 s t  two phases 

will always discomect simdtaaeously since the IG has a three wire comection (Le.. no 

ground r e m ) .  With one phase open. the remaining two phase currenrs must be qua1 but 

opposite. 

the (sec) 

Figure 4 6  WT àisconnect with U3R9s, Case #1. 
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From Figure 4.6, the magnitude of the swi tchg  transient is reduced to 0.05 pu, but 

with vimially no change to the SG response outside of the switching interval. ïhese 

switching transients are quite fast and subject to the generator and system high fkquency 

responses which have not been considered. 

R e h d g  to the cornparisons of the reduced-order SG models in Figure 4.5. it can 

be noted that negiecting the stator transients. as in the 3rd order rnodel. allows the stator 

current and the resultant terminal voltage (Y'), to increase instantaneously. Further. 

neglecting the d-axis damper winding, as in the 2nd-order model. allows a slightly larger 

instantaneous stator current increase. After one 60 Hz cycle ( 17ms) the terminal voltages of 

the 2nd and 3rd-order models are nearly equal, but approximately 0.01 pu higher than the 

full-order model. The response of the excitation system must be considered before any 

conclusions can be made about the dissimilarities in these responses past this point. 

The 1 st-order model, on the other hami, gives a completely different voltage response. 

This is because the q-auis damper ~vinding has a large damping action which is neglected in 

the 1 st-order model. 

The electromagnetic torque transient due to the Case #1  WT disconnection (Figure 

4.7) is nearly the same for the Ml. 3rd and 2nd-order models, but, again, the Ist-order mode1 

gives very different results. 

These results show that the use of a 1st-order model to simulate a synchronous 

generator could lead to erroneous results in m o d e b g  the dynamics of both system fkequency 

and voltage. 



O O. 1 0.2 0-3 0.4 0.5 
time (sec) 

Figare 4.7 SG torqne for WT disconneet, Case #1. 

time (sec) 

Figure 1.8 Effcct of saturation on SG transiena, Case #1 
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The effect of magnetic saturation on the SG modeb is illumated in Figure 4.8. The 

high wind WT shutdown (Case If 1) is repeated with magnetic m o n  inciuded in the 

models. The field voltage and the rotor speed are held constam The iniM response remainsi 

vimially unchangeh but the response tends towards a higher nearfy state. The higher steady 

nate is the result of increased magnetic flux. for a connant field voltage. as the genewr 

becurnes l e s  sanirateci- Saturation ha. ody a slight influence during the generaror's 

subtraosient and m i e n t  periods. This is due to the fan that: the subtransient and m i e n t  

reaaama are the pamllel combination of the magnetinng inductance and the rotor leakage 

reactances (Equations 4.1 and 4.2); only the d-axis magne- inductance. .Yd, santrates: 

and Xdsg is an order of magnitude larger than the leakage reactances. 

dy& = -'kJg - ( xdsg I 1 qlïq) ( 4-2) 

Thus. saniraton of -.Ydsg has ody a small effecr on the generator impedance durkg the 

subtransient and transient periods. 

The SG terminal voltage response due a low wind WT cm-out. without a capaciror 

bank (Case $2) and with a capacitor bank comected to the 'WT (Case g3). are presented in 

Figures 4.9 and 4.1 0. respectively . In these simuhiors. saniration is included in the modeis. 

and the field voltage and rotor speed are held constant. The fuli-order. and 3rd and 2nd-order 

reduced SG models continue to give similar results. .W. since the q-auis damper uindkg 

action is much smaller in these cases. the 1 st-order SG mode1 gives results more consistent 

with the other models. 



saturated models 

SG3s:i 3rd-order 
: SG2s:: 2ndader 
: SGls:: 1 st-order 

1 
O O. 1 0.2 0.3 0.4 0.5 

tirne (sec) 

Figure 4.9 SG voltage response to WT disconneet, Case #2. 

saturateci models 

time (sec) 

Figure 4.10 SG voltage response to W disconneet, Case #3. 
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Dynamic models of synchronous generators are comprised of many interacting 

hctions. To confirm that no erroa were made while definhg the synchronous generator 

models in SIMULM, analogous simulations were run in SIM~RINK and the Extended 

Transient-Midterm Stability Program (ETMSP)~ [64]. The synchronous generator was 

subjected to a load step from 0.4+jO.3 pu to 0.96+j0.0 pu (SG base), under a condition of 

constant field voltage, and with saturation neglected. The tenninal voltage and field current 

of the 3rd-order S~MULINK model (Figure 4.12) matched the corresponding ETMSP results 

exactly (Figure 4.1 1, curves: 2-a .  subfr.). 

Note that in ETMSP the field current is given in the exciter base - which has a 

conversion factor of Xmdu, where XmdY is the unsaturated value ofXm& ETMSP is capable of 

sirnulating up to 3 rotor circuits in each axis, but stator transients and speed terms are 

negiected fiom the stator voltage equations. For the ETMSP 2-ais, subtransient (2-m. subn.) 

simulation, ail the SG parameten were entered into ETMSP, Le.. one q-axis and two d-axis 

circuits. Thus, these ETMSP simulations are equivalent to the jrd-order model defhed in this 

study . 

A model with ody one rotor circuit was also implemented in ETMSP by neglecting 

the subtramient parmters.  This one-rotor-circuit ETMSP mode1 (Figure 4.1 1. curve: I -avis 

mode0 corro borated the performance of the 1 st-order SG mode1 (Figure 4.1 3) in S IMULNK. 

ETMSP is a commercial power system transient stability program developed for the 
Electric Power Research Institute (EPRI). 
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Figure 4.12 SC 3rd-order unsaturated, load: (.4+j3)-.(.96) pu. 

unsatu rated mode1 

h 
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Figure 4.13 1st-order SC, load: (.1+j3)+(.96) pu. 

Saturation was then introduced into the models. Cornparison of Figures 4.14 and 4.15 

shows a discrepancy between the 3rd-order SIMULINK and ETMSP models when d-axis 

saturation is included. Solving for the steady-state conditions, where, 
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Figure 4.14 SG 3rd-order, saturated, Ioad: (.4+j.3) 4 (.96) pu. 

yields a steady-state field current, I f ,  of 1.91 pu (exciter base). This agrees with the 

SIMULMK mode1 implemented here, but is slightly less than the 1.95 pu steady-state field 

current determined by ETMSP. In addition. the initial response of the ETMSP mode1 changes 

significantly wiih the addition of the d-axis saturation (compare Figures 4.1 1 and 4.15). This 

contradicts the theory illustrated on page 98 of this thesis which States that saturation has 

only a slight influence on the generator response during the subtransient and transient 

periods. 

Specuiation about the cause of this discrepancy has Ied the author to conclude that 

the ETMSP program computes the saturation factor, SG, h m  the magnitude of the total 

magnetizing flux linkage, iJr,, where, 





iastead of the d-axis magnetizing flux linkage, JTmdr even though only d-axis saturation has 

k e n  specified. 

When modelling salient-pole machines, Krause [57], and Anderson and Fouad [59] 

regarded saturation to be solely in the d axis, with the saturation king a function of qrnd 

only. Kundur [ S I ,  who was the project leader in the development of ETMSP. also stated that 

salient-pole machines saturate solely in the d-axis, but he gave no indication that saturation 

should therefore be determined by *,,,& instead of q,, in this case- The author is not certain 

whether this ïndicates a difference in theory, or whether Kundur implicitly meant that JId 

should therefore be used. Logically, for a salient rotor, only the d component of the 

magnetizing flux should contribute to saturation, since the q cornponent of the magnetizuig 

flux shodd see no saturation in its path. Thus, saturation is assumed to be solely a function 

of Smd in this study. 

time (sec) 

Figure 4.16 SG 3rd-order, SG =f,m(@,). 
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To confimi the theory that the ETMSP model calculates saturation fiom iIr,, even 

though only d-axis saturation is specified, the 3rd-order SIMULM model was altered to 

calculate saturation as a function of Jr, but with saturation solely in the daxis. The response 

of this model (Figure 4.16) was very close to that of the ETMSP mode1 (Figures 4.15). 

43.1.2 Excitation System Validation 

Three different sets of parameters were suggested by the manufacturer for modelling 

the AVR [62]. Having chosen the set of parameters that best matched the characterization 

meanirements reported in Jean et al. [Ml, the results in Figure 4.17 were obtained. where. 

the resuits of the Ml-order SG model with and without saturation are included. The test was 

made by applying a 0.1 pu step increase to the AVR reference voltage, with the synchronous 

generator unioaded and rotor speed held constant. As would be expected, generator saturation 

added slightly more damping to the transient. Neither simulation gave near the amount of 

overshoot measured, even though the stabilizer gain, KF, was set very low (KF = 0.005) in 

1.15 n 

8 & measured i 

time (sec) 
Figure 4.17 VMstep, KF = 0.005. 



the simulations. 

The measured r d t s  were highly nonlinear- with the terminal voltage wavefom 

having a much faster attack than decay. The nonlinearity was more pronounced in the AVKs 

mea~u~ed  output current which resembled a sawtooth wavefom The excitation systern 

mode1 does not replicate this nonlineafity. The sawtooth current wavefom suggests that the 

source of the nonlinearity is the singlequadrant converter in the output of the AVR which 

drives the exciter inductance. The converter could conceivably charge the inductance more 

quickly than the inductor would discharge into the exciter at light loads. With increased 

exciter loading the discharge time would decrease. thus decreasiug the noniinearity. Further 

tests are required to c0nfix-m this. 

The compiete diesel generator model. including the speed temis the in full-order SG 

model, was then verified against the resistive load step measurements reported t?y Saulnier 

et al. [39]. Figure 4.18 shows the voltage response to a resistive load sep tiom 0.3 pu to 

0.03 pu (SG base). A value of KF = 0.02 was found to give the best fit KF is the stabilizer 

gain, which is the external operating adjusment of the AVR. This setting of KF gives a more 

stable response tban the setting used for the previous test (Figure 4.1 7). It is not known which 

diesel was used for the test in Figure 4.17, or if the AVR was adjusted during the t h e  that 

passed between the two tests. A value of 0.02 is assumed to be the proper value for KF, since 

it corresponds with the later measurements, and a better med voltage system. 

The voltage response to a 0.05 to 0.64 pu (SG base) resistive load step are show in 

Figure 4.19. The initial ringing of the simulation does not correlate weil with the 

measurement, but the longer term match is better, and the magnitude of the transients are 



comparable. 

simulation T-- 

O 0.5 1 1.5 

t ime [sec) 
Figure 4.18 Voltage, Diesel A, load: 0.35 0.03 pu (K9.02). 

time (sec) 
Figure 4.19 Voltage, Diesel A, load: 0.05 + 0.64 pu. 



43.13 Electrical Effects of Rotor Speed on SG 

The Iiteiatiire search rwealed that mon synchronous generator models used in wind- 

diesel modelling do not include the eEects of rotor speed variation. This is a common 

simplification in power system studies. since the fiequency variation is generafly s d l  in 

large power systems. In addition the mode1 is greatly simplified by neglecting the electrïcal 

transients of the stator voltage equations. which are fasr and are considered to have linle 

effect on the stability of large power systems. in order to properly neglect the voltage 

tramients of the stator voltage equations. both Krause [57J and Kundur (581 detennined thar 

the speed terms in the stator voltage equations must also be negiected by replacing or with 

w, in the stator voltage equations (3.21) and ( 3 2 2 ) .  T'us. the stator speed r e m  are 

neglected in the reduced-order electric machine models. 

In wind-diesel systems. frequency variation is potentiaily much greater than in iarge 

power systems. Whether the effects of frequency variation on the system voltage in wkd- 

diesel systems cm be safely neglected has not been addressed in any of the literature 

uncovered by the iiterature search. 

Jean et al. [44] applied a rotor speed m i e n t  to the open circuited synchronous 

generator while holding the input voltage to the brushless exciter constant Similar resuits 

were obtained from the full-order SG mode1 (Figure 4.20). by re-creating the speed transient 

and approximating the exciter response by making the effective field voltage, Efde, 

proportional to the rotor speed. Thus. 



time (sec) 
Figure 4.20 SG + exciter open circuit voltage, constant V,  

The brushless exciter is essentially a synchronous generator. and (4.5) is an 

approximation of the exciter's response to speed changes. J e e e s  [33] accounted for rotor 

speed effects in his electrical mode1 by including a field voltage proportional to rotor speed. 

Al1 other wind-diesel dynamic rnodels found in the literanire search neglected rotor speed 

fiom the electncal models. 

S ince the stator currents are zero. the sync hronous generator 's open circuit voltage. 

with a constant Efd, is directly proportional to the rotor speed (Figure 4.2 1 ). ïhe relationship 

becornes more complex when the SG is loaded, as demonstrated in Figure 4.21 for 

overexcited (Cases #2) and underexciteci (Case #3) conditions. 

The resuit of neglecting the speed terms for a large speed transient (M.64 pu load 

step, Diesel A parameters) is illustrated in Figure 422, where the c w e s  are labelled V t / w  

and Vt(w/o oJ to indicate the response of the mode1 with and without the speed ternis. 

respectively. n ie  AVR has ken  included in this simulation, and the results can be compared 
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Figure 421  SC response to rotor speed variation. 

tim (sec) 

Figure 4.22 SG voltage, w/ & w/o speed terms. 

with the acnial system measurements in Figure 4.19. These results demonstrate that for this 

size speed transient ( 1 0%) the voltage transient is nearly doubled by incorporating the effects 

of rotor speed on the synchronous generator and exciter. 

Including a field voltage which is proportional to rotor speed while neglecting the 

stator speed terms in the SG mode1 (Figure 4.23, curve: SG3s: Efd*~,), provides a slight 

improvement over the no speed-term case (Figure 4.23, curve: SG3s: Efd) . With the eEects 



field. 

of rotor speed only included in the exciter, the response 10 the speed transient is slow due to 

the large generator field time constant. The response of the full-order mode1 with speed terms 

(Figure 4.23, curve: SGjs) is also included for cornparison. 

4.3.1.4 Voltage Control System Performance 

The excitation system and the synchronous generator make up the closed loop, 

voltage control system. The addition of the AVR to the synchronous generator creates a high 

gain feedback loop, thus reducing the effects of magnetic saturation and rotor speed. 

Magnetic saturation of the synchronous generator is often neglected in winddiesel 

models, but it is often included in power systern stability studies. Since saturation has little 

impact on the initial, fast tmmsients, it's principal effect will be on the slower voltage control 

loop. Figure 4.24 illustrates this for a high wind WT shut-down (Case #1), where the p d a r y  

effect of saturation is increased damping. This is confirmed by the Bode plots (Figure 4.25) 
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Figure 424 SG + exciter voltage, WT disconnect, Case #1. 
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Figure 4.25 SG + exciter Bode plot, reactive power to voltage gain. 

of the sensitivity of the terminal voltage to changes in reactive load The Bode plots were 

determined by linearizing7 the voltage control system at no-loaà, and Case #1 loading. 

Including saturation in the generator mode1 reduces the gain of the resonance 

7 Models were linearized using the linmod function in SMULMK [ 1 81. 

frequenc y 



3 Hz by approxhately 3 dB, but has Iittle impact at higher and lower fkquencies. 

Magnetic saturation largely affects the synchronous generator rotor angle. which is 

the prirnary focus of power system stability analysis. Hence saturation's importance in 

multiple. synchronous machine, power system stability midies. For a single synchronous 

generator wind-diesel system, rotor angle is not normally a concem. 

The anaiyses in this study indicate that magnetic saturation cm be neglected from the 

synchronous generator model without causuig larger erroa than those due to parameter 

uncertainties and other approximations in the modei. Conversely, includuig generator 

saturation does not increase model complexity and simulation times substantially (solution 

times were not noticeably changed by saturation in this study), therefore there is little reason 

to neglect it. 

The effects of rotor speed transients on the terminai voltage have already been 

identified in the previous section. Figure 4.26 illustrates the voltage control system response 

1.07 1 
SGSs: Sth-oràer SG mo& with scfnauiion 
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time (sec) 

Figure 4.26 Voltage response: increasing or trnnsients. 
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to a 0.64 pu load step on the SG, where the magnitude of the speed transient is varied fkom 

O% to IO%, in 2.5% increments (the 5% speed transient is included in the figure for 

reference). The results of Figure 4.26 indicate that for a sudden change in load, the 

magnitude of the voltage transient is increased by approximately one tenth of the magnitude 

of the speed transient. Unfortunately it would be imprudent to generalize fiom this 

observation. The relationship between the rotor speed and the temiinal voltage is not simple. 

Both the magnitude and the shape of the rotor speed transient have an effect on the terminal 

voltage, with the generator load dso king a factor. Due to this complex relationship, it is 

difficult to identiQ a point below which speed transients can be neglected or above which. 

they shodd be included. 

On the one hand, neglecting the effects of rotor speed on the voltage produces more 

optimistic results, while, on the other han& inciuding speed transients significantly increases 

the complexity of the simulations. As a aade-off. a mie of thumb appiied in this study is: 

if the simulations neglecting speed transients result in marginal voltage performance. and a 

significant speed transient (greater than 0.02 pu) coincides with the large voltage tmnsient. 

then the simulation is repeated using the füil-order models, in which the effects of speed 

transients are included. 

43.1.5 Synchronous Generator Parameten 

The reliability of quoted synchronous generator parameters must be considered, 

especiaiiy for small generators. Some studies have determined significant dserences 

between the manufacturer's quoted parameters and those measured during the midies 
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[42,29]. Tindall et al. [65] have identified some problems with the reliability and utility of 

nomally quoted pararneters for small machines (20 kVA to 2 MVA), and. in particular, with 

the reliabi lity of pararneters determined by standard tests on small brushiess saiient- pole 

machines. One of the problems stated is: mandachirers seldom indicate if the quoted 

pararneters were calculated or measured, and if they were measured. what tests were 

implemented under what conditions. Another problem is the accuracy of standard tests, 

which are suïted for larger machines. when applied to small machines. 

For this study, the reliability of the quoted synchronous generator parameters is 

unknown. One oddity in the quoted data is in the saniraed reactances. The data indicates that 

ail the reactances, except the stator leakage reactance. saturate by approximately 24%. The 

load conditions for this level of saturation are not indicated. How these saturated values were 

determined is also not indicated. Theory and cornmon practice dictate that only the d-axis 

rnagnetiang inductance should saturate significantly in a salient-pole machine [59.57,58]. 

Even in cylindrical rotor machines, where the q-axis magnetizing inductance also satwates 

(usuaily to a different degree), the rotor leakage reactances do not saturate. T'lie author has 

assumed that the saturated reactances were calculated instead of measured, and that they 

were calculated incorrectly . 

All other quoted machine parameters appear to be within normal ranges. but the 

quoted data contains two parametee which could be interpreted as the q-axis subtransient 

t h e  constant. Bot.  a transient and a subtransient tirne constant are given for the q-axis, but, 

for a saiient-pole machine, aq-axis transient thne constant is not applicable [59,58]. A survey 

of salient-pole generator data indicates that typical values for tmqo range fiom one quarter to 
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Figure 4.27 Voltage, Diesel A +0.64pu Ioad step. 
six times the value of 6, The applicability of this range to a smdl generator is Imknow~ 

since most of the data is based on large machines (e-g. 10 to 150 MVA 159.583. 1.2 to 3.1 

MVA [42,46.66], and 3 88 kVA [67l). However. the limited data collected indicates that the 

r',* of smaller machines tend to be near the upper end of the range. 

Originally. the quoted f qo of 4 ms was used since it is near the value of 8 ms given 

for r', The limited effectiveness of the q-axis damper winding. correspondhg to this very 

mal1 t h e  constant. results in a large positive voltage peak for a positive load step simulation 

(Figure 4.27. c w e :  4ms). This does not correspond well with the actuai synem since there 

was no positive peak observed in the characterization measurements (Figure 4.19). 

Using the quoted q-axis transient t h e  constant of 167 ms for the model's tsqo gave 

simulation resuits more in line with the acnial measurements (Figures 4.18 and 4.19). 

Stavrakakis et al. [34] and Kariniotakis et al. [35] appear also to have used the quoted q-a* 

transient tùne constant for s',, in their models. The value of fq0 = 167 ms has been used 

in the simulations up to this point. 
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A q-axis subtransient time constant of 167 ms is well outside the expected range of 

2 to 48 ms, asslmllng fdo is approximately 8 ms. Estimating <,, firom the voltage aansients 

of the measured load step responses in Figures 4.1 8 and 4.1 9, ~ s u l t e d  in a value of 3 5 ms. 

Considenng this r',, value gives slightiy more accurate results (Figures 4.28 and 4-29 versus 

Figures 4.18 and 4.19), and is within the expected range. it is assumed to be the correct value. 

It is dificuit to detemine whether the differences remaining between the measured and 

simulated responses are due to inaccuracies in the generator model or the excitation system 

model. 

In the simulations for fiequency and voltage control in Chapter 5 of this thesis. the 

adjusted value of 35 rns for the q-axis subtransient tirne constant, tffqo , has been used. 

The comparative responses of the voltage control system with full-order. and 

reduced-order synchronous generator models using the adjusted SG parameters are s h o w  

in Figure 4.30. Al1 rotor speed terms have been neglected for the purpose of direct 

cornparison. The responses of the 3rd and Znd-order SG models are nearly the same, but 

slightly less than the response of the full-order SG model. The larger transient of the Ml- 

order SG model is due to the added response of the stator to the fast load transient. 

When applied to this synchronous generator. the commonly used 1 st-order SG model 

gives erroneous, and nearly opposite, responses to fast load transients. For slow transients 

the lst-order model may give satisfactory results, but care m u t  be taken when dealing with 

fast transients. Unless very long time intervals are to be simulated, a Znd-order SG model 

gives vastly improved results for the cost of only one additionai differential equation, and a 



O 0.5 1 1.5 

time (sec) 
Fipre  4.28 Voltage, Diesel A, load: 035 + 0.03~11, fd = 35ms. 
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Figure 4.29 Voltage, Diesel A, load 0.05 4 0.64~11, rNqO = 35ms. 
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Figure 4.30 SG + exciter, fq0 = 35ms, +û.64pu load. 

slightly smdler time step. For these reasons, the author suggests that a minimum of two 

ordea be used to represent the synchronous generator in wind-diesel dynamic models. 

The synchronous generator model validation has #lied on the measurements of only 

two resistive load steps. Further tests are required to detemine if the synchronous generator 

is accurately modelled over a broad range of active and reactive loads. 

In practice, under the conditions of minimal rotor speed variation, the inaccuracies 

attributable to the reduction of the SG model to a 3rd or Znd-urder system are likely less than 

the inaccuracies due to imprecise model parameters. Anderson and Fouad [59] refer to a 

snidy on synchronous machine modelling in stability studies [68] that concluded it i s  more 

important to use accurate machine data than to use more elaborate machine models. 

Considering that there remains Mme uncertainty in the mode13 parameters, the 

principal use of the full-order model is to determine the effects of rotor speed transients on 

the system voltage. 



4.3.2 Induction Generator Models 

The only parameters obtained for the induction generator (IG) used in the AOC 15/50 

wind turbine. were the standard equivalent circuit pararneters provided by the manufacturer 

[69]. No meanirements were obtained to verify the correct operation of the induction 

generator models. therefore only the theoretical operation of the induction generator models 

can be verified, 

From the literature search, validation of induction generator models used in wind- 

diesel dynamic models is seldom carrieci out Where induction generator models are 

validateci, the validation is limited to steady-state meanirements of reactive vernis active 

power [29], or active power versus slip [34]. To c o n f i  that the IG models implemented in 

this study hinctioned properiy in the steady state. the active vernis reactive power (P-Q) 

characteristics were determined using the IG parameters presented by Uhlen et al. [29]. The 

P-Q characteristics using Uhlen's parameters were found to be the same as the P-Q 

characteristics of Uhlen' s validateci model [29]. 

The value of the IG's m a g n e m g  inductance. X,,, quoted by the manufacturer is 

assurned to be the saturated value at nominal voltage and no load. This would be the case if 

its value was determined by the no-load test [VJ, which is a common practice. The amount 

of saturation, at nominal voltage. varies little over the power range. as illustrateci in Figure 

4.3 1. The solid c w e  was generated by using the quoted (saturated) value of& and ornithg 

the saturation function. SG, h m  the model (Le., fixeci saturation). The dashed curve was 

generated by deteminhg the unsaturateci value of X,, and incorporating the saturation 

fùnction, Sc, in the induction generator model (i.e., variable saturation). Since the saturation 
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Figure 4.31 IG steady-state P-Q curve. 

parameters were not available for this generator. they are assumed to be the same as those 

dete-ed for a sirnilarly constructed machine [66]. 

While loading has 1 ittle e f k t  on the saturation level. variation of the terminal voltage 

has a much larger impact. Figure 4.3 2 illustrates the effect voltage has on the reactive power 

demand of the induction generator at three active power Ievels (O. 0.5 and 1 .O p!z>. The dope 

of the reactive power versus voltage (V-Q) curves were approximately doubled by the 

Saturation 
- fixed 

- - vanàble 

O. 9 O. 95 1 7.05 1.7 
terminai voltage (pu) 

Figure 432 V-Q curves for 0,OJ & 1 pu active power. 



inclusion of saturation. 

As with the synchronous generator, saturation of the magnetizing inductance has little 

effect on the induction generator's transient reactance. Thus the initial transient remains 

nearly the same for a step voltage input, but the response tends towards a different steady 

state when variable saturation is included. Figure 4.33 shows the simulated active and 

reactive IG stator currents for a 5% step increase in terminal voltage. The responses of the 

Ml-order (4th-order) model, and the reduced-order (2nd-order) model, are included for both 

fixed and variable saturation. 

The transient current of the full-order IG model includes a 60 Hz component in the 

synchronous reference h e  (Figure 4.3 3). This translates into a direct current offset in the 

stationary reference hme.  This direct current offset is the stator's transient response to 

switching al1 three phases simultaneously [5 7.5 81. In this simulation. the induction generator 

O. 05 0.7 O. 15 O. 2 O. 25 O. 3 
time (sec) 

Fipre  433 IG carrent respoose to a +5% voltage step. 
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was C O M € ! C ~ ~  to an infinite bus, thus the response of the finite synchronous generator was 

neglected. 

Simulating the induction and synchronous generators together as an autonomous 

(HPNSWD) system yielded the results in Figures 4.34 and 4.3 5. The system was initially 

allowed to reach steady state with no loads. and zero torque on the induction generator. Then 

a 0.4 pu (0.64 pu SG base) resistive load was appiied to the grid. The synchronous 

generator's rotor speed was held constant for direct cornparison to the models. 

ï h e  induction generator's stator currents (full-order SG and IG models) in Figure 

4.34 contain a much lower 60 Hz transient in the synchronous reference frame- The 60 Hz 

transient would be reduced M e r ,  or even eliminated, if the 3-phase load were switched at 

zero crossmgs. 

The voltage response of the full and the reduced-order generator models. with both 

k e d  and variable saturation in the IG models. differ by up to 10% at the lowest point of the 

O. 5 7 
time (sec) 

Figure 434 IG stator current, M.4 pu load, HPNSWD. 
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Figure 435 HPNSWD voltage response, M.4 pu load step. 

transient (Figures 4.35). With the transient resulting fiom neglecting variable saturation of 

the induction generator approxùnately 5% larger at this point. This is a result of reduced 

damping when variable saturation is neglected. As with the synchronous generator. variable 

saturation of the induction generator increases the damping in the voltage system. 

The most significant difierence between the response of the full and reducedsrder 

models is the initial transient, which is twice as large for the full-order model. This is due to 

the reaction of the stator transients to the fast load transient. 

The effects of a rotor speed transient would be reduced in this case, simply because 

the large inertia of the wind turbine would reduce the size of the speed aansient. 

As with the synchronous generator model, without more rigorous verification of the 

induction generator model, it is diacuit to determine whether the dserences between the 

full and the reduced-order models are signincantly greater than the inherent errors of 



modelling and the accuracies of the parameters. 

Assuming that the component models and parameters are representative of a wind- 

diesel system of this size, the reducedsrder generator models produce optimistic voltage 

responses to high speed transients. and neglecting generator saturation results in more 

pessimistic voltage responses. 



Chapter 
_I 

3 HPNSWD Frequency and Voltage 
Control 

A fiuidamental requirement of a wind-diesel system is that the addition of wind 

power to the autonomous diesel generator system shodd not degrade the power quality 

(fiequency and voltage perfomance) of the system from that of the diesel generator(s) 

operating alone. This is based on the prernise that the system wss originally an autonomous 

diesel generator system, and that the power quality of the diesel generator(s) is satisfactory. 

The diesel generatoxfs) of the existing system will have been specified to meet the 

requirements of the village load. In a HPNSWD system, the addition of wind power to the 

system can greatly increase the active and reactive power fluctuations in the system. This 

increased variability rnay require that the fiequency and voltage control systems of the diesel 

generator(s) be augmented In addition, to maximize diesel fuel savings, the HPNSWD system 

must be able to operate solely from wind power with the diesel engine(s) shut down. This 

mode of operation requires a fiequency control system independent of the diesel engine. 
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This chapter explores the frequency and voltage control of a HPNSWD system. 

5.1 Frequency Control 

The fiequency of an autonomous power system remains constant as long as the power 

supplied and the power demanded remain balanced. A power imbalance will accelerate or 

decelerate the rotational velocities of the system, causing the system fiequency to increase 

or decrease, respectively. The diesel generator regulates the system fiequency by controlling 

the amount of power developed by the diesel engine. The AOC 15/50 wind hirbine used in 

this study is a fked pitch, constant speed, passive yaw turbine. Therefore there is no control 

mechanism to regdate the power output of the wind turbine. The ody  method to maintain 

a constant frequency in the system is to absorb the surplus power produced by the wind 

turbine. The diesel engine is capable of being back-dnven to absorbing some excess power 

(up to 30% of rated power for short periods [IO]). But the unidirectional coupling between 

the engine and the synchronous generator prevents the diesel engine fiom being used in this 

way. In addition, the significant capacity of the wind turbine. relative to the diesel generator. 

and the sluggish response of the diesel's speed governor make back-drïving the diesel an 

undesirable method for dynamic fiequency control. 

A more desirable approach is to use a fast acting programmable dump load to absorb 

any surplus wind power in the system, thus maintahhg the power balance and a constant 

system fkquency. The controller which controls the dump load and regdates the fkquency 

under conditions of surplus wind power is referred to here as the dump [oad controlter. 
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As stated in Chapter 1, a HPNSWD system has three distinct modes of operation which 

are determined by the relative levels of the wind power and the demand (village) load. 

Refining the list from Chapter 1, these three operational modes are: 

1. The instantaneous demand load minus the instantaneous wind power is greater than 

the diesel's minllnum loading level (wind power seen as a negative load). The diesel 

generator regulates the system frequency. 

2. The instantaneous demand load minus the instantaneous wind power is less than the 

diesel minimum loading level. The diesel engine continues to operate. The diesel 

generator and the dump load controller work in parallel to regulate the system 

frequency and to maintain a minimum load on the diesel. 

3. The wind power exceeds the demand load and the wind conditions are suficient to 

allow the diesel engine to be safely shut-down. The dump load is now solely 

responsible for regulating the system frequency. 

The power quality must be maintained within each mode, as well as during the 

transfer between consecutive modes. This requires that the dump load controller be stable 

when operating with the turbine alone, with the diesel generator and the wind turbine 

operating in parallel, and with the diesel alone. The latter scenario is not a requirement if the 

dump load is autornatically disabled in the diesel ody configuration. 

5.1.1 Frequency Control Strategy 

The proposed control strategy is for the dump load controiler to maintain a constant 
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Figure 5.1 Frequency control strategy. 

fiequency (isochronous regdation) in modes #2 and #3, and to allow the fiequency to droop 

in mode # 1 when the diesel generator controls the fiequency. Operating the diesel generator 

in droop mode simplifies the parallel operation of the dump load controller and the diesel 

generator. If the diesel generator were to operate in isochronous mode. an additional control 

loop would be required to ensure minimum loading of the diesel and to maintain stabiiity 

between the two fiequency controllers. 

The proposed control strategy is illustrated in Figure 5.1. The horizontal axis of the 

graph represents the net power of the wind turbine and the village load where the power of 

the village load is considered negative. The verticai axis of the graph represents per unit 

power and fkequency. 

To the left of point A in Figure 5.1 the diesel generator satisfies the net power 

shortage and the fiequency is drooped according to the diesel generator's output level. In this 



application the diesel's full-load kquency droop is set to 3%. 

As the net WTNillage power increases and the diesel reaches its minimum loading 

level (point A in Figure 5.1) the dump load becomes active and the system inherently 

switches f?om diesel frequency regulation (droop) to dump load frequency regulation 

(isochronous). With the dump load controller's reference frequency set to the nominal system 

nequency (60&), and with the diesel govemor's reference fkquency set such that the diesel 

generates its minimum ioading level at the nominai system fkquency? both the srnooth 

transition between diesel regulation and dump load regulation, and the maintenance of 

minimum diesel loading are intrinsic. Points to the left ofA correspond with diesel frequency 

regdation and the HPNSWD'S operational mode #l. Points to the right of A correspond with 

dump load frequency regulation and the HPNSWD'S operational modes #2 and #3. 

Under certain conditions. determined by the systems supervisory control. where the 

net WTNillage power is consistently large enough. the diesel engine may be shut d w n .  This 

point is arbitrarily indicated by point B in Figure 5.1. The dashed lines for diesel and durnp 

load powea represent the system's operation in mode #3 (diesel engine off). 

While operating solely from wind power the supervisory controller, which is not 

covered in this thesis. must closely monitor the wind turbine and village powers to anticipate 

a power shorûail and start the diesel engine ahead of time to prevent a system frequency 

collapse. According to Mahon [70], diesel generators using conventional electric motor 

starters c m  be up to full speed in 6 to 8 seconds, provided the engine's coolant and 

lubricating oil are kept heated. Referring to the windspeed spectral density in Figure 1.3 it 

can be seen that the spectral density below 8 seconds is low. Therefore a supervisory control 
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algorithm that can identi- an unacceptable N k  of system fiequency collapse. and bring the 

diesel back on-line to prevent the collapse. is conceivable. in addition to preventing 

fiquency collapse. the supervisory controller should m a x h k  the diesel's off Mie *le 

minimizing the diesel's start-stop cycling. The diesel's off time and start-stop cycling are 

determined by the large spectral density in the 3 0 second to 5 minute range of Figure 1 2. 

Although the stan-stop cycling versus çtorage capacity of a wind-diesel -stem with norage 

has ken  studied [3.10.20], the author recommends fiirther research specificall y on optimal 

HPNSWD supervisory control algorithms. 

5.1.2 Allowable Freqnency Variation 

According to Hunter et al. [IO] there are no b i t s  for pemiissible power system 

fkequency deviations stated in current ( 1994) in t edona l  publications. In addition the? 

argued that electrical components and appliances should nomall y tolerate frequenc y 

deviations of at least *3%. A survey of standards fiom the Canadian Standards Association 

(CSA) reveaied no requirements for appliance opetauon at other than the rateci supply 

fkquency. unless a fkquency range is specified by the manufacturer [71]. On the other hand 

CSA specifies that medical equipment must operate over a supply frequency range of + 1 Hz 

h m  nominal [72]. This * 1 Hz limit presents a very tight tolerance for an autonomous - s t e m  

(diesel or wind-diesel) and is likely based on the high frequency nability of large power 

systems (4 % variation [1 O]). If medical equipment is to be used in a small power system 

care should be taken to ensure th& the equipment and the power system are compatible. 
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Another CSA standard specifies the accuracy of AC e1ecaica.i power meters for a 

kquency variation of 15% of the rated frequency [73]. This standard suggests that an 

autonomous power system should normally remain within S% of the rated fiequency. 

The Norwegian Wind Energy Programme's design criteria for a winddiesel project 

specified that fkquency fluctuations should be withinthe Limits of&% [20]. No justification 

is given for these limits. so the author does not know if they are arbitrary or based on 

Norwegian practice. 

An appropnate wind-diesel design criteria for Canada rnay be the CSA Standard 

CAN/CSA-C282-M89. Emergency Elecmkal Power SuppZy for Buildings 174) which 

specifies The  maximum frequency droop between no Io& and full load shatl nor exceed 5% 

of the rated fiequency. The variation o f  fkquency at any constant load shall remain sithin 

a bandwidth of *1%. The kquency dip on the application of full load in one sep at the 

corresponding power factor shall not exceed 10% and shall retum to steady-state conditions 

within 5s." This is the standard adopted in this thesis. The mode1 of the diesel generator 

time (sec) 
Figure 5.2 Diesel speeà response to a fnii load step. 
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operating alone using the Diesels A&B govemor parameters (Figure 5.2, curve: A&B) meets 

the CSATs frequency dip on full load application specification, but fails if the Diesel A 

parameters are used (Figure 5.2. curve: A). 

5.1.3 Freqoency Transducers 

In order to regulate the system fkquency. the instantaneous system frequency must 

be detennined. Speed govemors on diesel generators determine the system fiequency by 

measuring the rotational speed of the engine. The speed transducer of an electronic govemor 

is usually comprised of a magnetic pick-up which is excited by the teeth of the flywheel 

starter ring gear [70]. Due to the high number of teeth on the ring gear the speed transducer's 

response time can be very fast (-4 0 ms). Since the dump load controller must continue to 

operate when the diesel engine has been stoppe4 the speed traosducer on the engine cannot 

be used as the frequency input to the dump load controller. 

The synchronous generator continues to rotate when the diesel engine has been shut 

off, therefore a similar electromagnetic or optical encoder could be fitted to the shaft of the 

synchronous generator for use by the dump load controller. But a fiequency transducer on 

the generator shaft would oniy be practical if the dump load and diesel generator c m  be 

placed in the same location. In practice the dump load will most likely be a deferrable heating 

load located in the village. which may be several kilomeires fiom the diesel generator. 

To determine the system hquency at the site of the dump load the elecvicai 

fiequency of the grid voltage can be measured directly with a fiequency-to-voltage converter, 

or indirectly by comparing the grid's electrical phase to a stable reference fkequency. The 
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susceptibility of these types of fiequency tmnsducers to noise and waveform distortion has 

not k e n  considered in this study. 

5.13.1 Phase Detector 

A dump load controller operating with a phase detector as its fiequency aansducer 

is essentially a phase-locked loop fiequency controiler. Phase control is the control technique 

employed by Hydro-Québec at Awrs [75] and by Consoli et al. [76]. A phase detector is used 

to measure the phase difference between the grid voltage and a stable reference frequency 

generated locally. In both applications the phase detector employed is a digital phase- 

fkequency detector [77]. The output of the detector is the integral of positive pulses for a 

leading phase and negative pulses for a lagging phase. Consoli et al. measure oniy a single 

phase of the three-phase system. therefore the detector's pulse train is only 60Hz for a 60Hz 

system. Hydro-Québec, on the other han& passes al1 three phases through a bridge rectifier 

and measures the phase of the resulting fundamental fiequency which is six tirnes higher than 

the grid frequency. This results in a detector pulse trak of 360H.z for a 60Hz system. 

The model of the phase detector implemented by Hydro-Québec is shown in Figure 

5.3. It was detennined fiom the block diagram of the dump load regulator in Jean et al. [75]. 

The phase detector is approximated in the model by an integral of the fiequency error 

followed by filters to band limit the signal and remove the hdarnental and hannonics of the 

detector pulse train from the DC output signal. 



Figure 53 Phase detector model. 

5.1.3.2 Frequency Detector 

Commercial frequency transducers are generaily intended for supply monitoring. 

Aithough they are quite accurate, they require several frequency cycles to determine the grid 

fkequency. The response tirnes of these types of frequency transducers are usually in the 

range of 150 to 400 ms [78,79], which is too slow for this application. 

A fkequency detector comparable to Hydro-Québec's phase detector is a frequency- 

to-voltage converter (FVC), such as the LM2907 [80], which produces a DC voltage 

proportional to the input frequency. The input to this FVC is the 360Hz fiom the 3-phase 

bridge rectifier. The LM2907 actually has an output pulse rate that is double the input 

frequency. But for àirect cornparison with the phase detector, a hypothetical FVC with an 

output puise rate of 360% is considered here. By using the same filters as the phase detector 

the model of the 360Hz FVC is the same as that of the phase detector illustmted in Figure 

5.3 without the integrator block. 

To demonstrate the rffect the speed of the fiequency transducer has on the systern, 



Figure 5.4 36Hz frequency-to-voltage converter model. 

s +4.55e2s &2.07eS+9.36e7 

s 3+2.27~ ~1.03ees+9.36e7 

an FVC that is one tenth as fast (output pulse rate of 3 6Hz) is also included. Figure 5.4 shows 

the model of the 36Hz FVC. This slower frequency tramducer has a response time of 65 ms. 

which is still significantly less than that of the commercial fiequency transducers. Response 

time is defined here as the time for the step response to reach 90% of its f d  value. 

5.1.4 Dump Load Controller Design 

The dump load controller is a proportional-plus-integral-plus-derivative (PID) 

controller, where the transfer function of the PID controller is: 

72& Notch 6ûHz Low Pass 

From the perspective of the dump load controller, the input to the plant is the dump 

load power sening @wer at n o d  voltage), and the output of the plant is the output of the 

frequency m d u c e r ,  as illustrated in Figure 5.5. The PID controllers were tuned according 

to Ziegler-Nichols second rnethod [81], which is based on the critical gain, K ,  and the 

' F m  -b 
1 

7.43eBs -3e-5s hl -1 &s+l 
b 
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Figure 5.5 Dump load controller block diagram. 

corresponding penod, P,, of the plant. The critical gain is the proportional gain for which 

sustained oscillations occur, and the criticai period is the period of the oscillations. The 

Ziegler-Nichols tuning d e s  for PI (proportional-plus-integrai) and PID controllers are given 

in Table 5.1. 

Il 11 

To determine the criticai gain and period the open-loop frequency response of the 

plant was caiculated by linearizing the wind-diesel system using SIMULMK'S linrnod 

function. As mentioned in Section 5.1, the dump load controller must be designed to operate 

with the three system configurations of: the wind turbine aione (wind-only); the wind turbine 

and the diesel in parallel (wind-plus-diese); and the diesel alone (diesel-only). The Bode 

diagrams for fiequency control of the wind-diesel plant in dl three configurations, and under 

i 

Table 5.1 Ziegier-NichoIs Tuning Rules (Second Method) 

Type of Controller 

PI 

PID 

Ki 

1 YP, 

VPrt 

Kp 
0.45 K, 

0 6  K,, 

Kd - 
O 

O. 125 Pr, 
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different wind and load conditions, are given in AppendVc C. The wind and load conditions 

were found to have an innuence on the fiequency response of the plant. but the effects are 

only in the lower frequencies, which are well away from the critical design fkequencies. 

The dump load controller parameters determined for the three diflerent kquency 

transducen are listed in Table 5 -2. The proportional-plusderivative (PD) parameters for the 

phase detector were f h t  determined fiom the Ziegler-Nichols parameters for a PI controller 

with the 360Hz W C .  This is based on the fact that a phase detector iategrates the frequency 

error. thus a phase detector followed by a PD controller functions the same as a fiequency 

detector followed by a PI controller, Le., 

The Ziegler-Nichols parameters for the phase detector in the wind-plus-diesel 

configuration yields only a 25' phase margin in the wind-only configuration. Therefore the 

parameters were adjusted manually to attain a minimum of a 45" phase rnargin in aii three 

system confïgur;ttions. 

Table 5 3  Dnmp Load Controiler Parameters 
1 I 1 

Frequency Transducer 

Phase Detector 
Kp 
1 44 

Ki ru, 
O 0.1 



5.1.5 Domp Load Controller Performance 

The Bode diagrams of the dump load control Ioop with the phase detector. the 360Hz 

FVC and the 36Hz FVC are shown in Figures 5.6,5.7 and 5.8. respectiveiy. The bandwidth 

of the 360Hz FVC fiequency control loop is approximately 2.5 times larger than that of the 

phase control Ioop even though they operate at the same pdse  rate. This is because the phase 

controller is essentially a PI controller. while the fiequency controller is a PID controller. in 

order to have a PID control response with a phase detector fiequency transducer. the dump 

load controller would have to have a proportional, denvative and second-order derivative 

response. 

10" IO' 
freguency (mcrl/s) &=2hds =O- lpu 

Figure 5.6 Bode diagram of phase detector dump load control loop. 
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Figure 5.7 Bode diagram of 36OHz FVC dump load control loop. 
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Figure 5.8 Bode diagram of 36Hz FVC dump load control loop. 
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As expected, the bandwidth of the 36Hz FVC fkquency control Ioop is 

approximately one tenth that of the 360- FVC fiequency control Ioop. The response of the 

36Hi W C  fiequency controiler is underdamped ( s e  Figures 5.9 and 5.1 O), but satisfactory. 

Referring to Figure 5.8, the wind-only configuration of the 36Hz FVC control loop has a 

1 80° phase shift at 2.5 rads and at 50 radls. If the speed of the frequency transducer were 

slightly slower. the gain of the control loop above 2.5 rad/s would be reduced to the point 

where the system would have an instability at 2.5 rads. Therefore 65ms c m  be considered 

as the approximate lower limit for the frequency transducer speed. 

The dump load controller easily mets  the CSA specification of a maximum 10% 

fkquency dip on full load application (Figure 5.9), where ' full load' is the diesel's rated full 

load, Le., 0 . 6 2 5 ~ ~  at O.8PF lagging. The ripple that rem- ui al1 three responses after the 

transients settle is due to the dump load having a discrete rather than a continuous response. 

A more extreme, non-fault load transient that must not disrupt the operation of the 

- 360Hz FVC 

- - Phase Detector 
.-.-*-*.-. 36Hz FVC 

VL step: 
û-û.625pu @ 0.8PF hg. 

time (sec) 
Figure 5.9 Wind-only freqneney response to a (diesel) f d  load step. 
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Figure 5.10 WInd-ph-diesel response to a WT disconneet at 25m/s. 

wind-diesel system is the disconnection of the wind turbine at fidl output power. This 

corresponds to the high wind wind turbine shut-down discussed in the previous chapter. This 

event is likely to occm fiom t h e  to the. therefore the system should at least meet the full 

load step requirement. The system fiequency tramients with the three fiequency transducers 

is show in Figure 5.10. The village load in this case is O. lpu. which is the sarne as the diesel 

minimum loading level of 2096, therefore. ideally, the diesel should not see any significant 

active power transient This is nearly the case with the fast acting 360Hz FVC frequency 

controller. but with the slower acting controllers it takes longer to tum off the dump load. 

thus requiring the diesel generator to bring the system back up to nominal frequency. As the 

village load increases, the dump load levei before the wind turbine shut-down decreases. 

Therefore there is less impact fiom the delay in tuming off the dump load, and the resulting 

response tends toward the response of the diesel generator to the net load sep. 

Another benefit of a faster acting dump load controller is that it dampens the swing 
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Figure 5.1 1 Wind-onl'y WT swing with 360Hz FVC. 

of the system aga- the wind turbine's rotor. This shodd have a signifiant efféct on fari-pe 

in the ~ i n d  turbine. For cornparison Figures 5.1 1 through 5-13 illumate the swing of the 

induction generator (mi& against the turbine's rotor (o,) for a 0.625pu 0.8PF l a g m  load 

step in the wiBdsnly configurarion. The swing is very srnaii and weil damped uith the 

1 2 3 4 
time (sec) 

VL step: 
04,625pu @ 0.8PF kt& 

Figure 5.12 Wind-only WT swing with phase deteetor. 
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tirne (sec) 
Figure 5.13 WI'nd-onfy WT swing with 36Hz FVC. 

360Hz FVC frequency controller (Figure 5.1 1 ), meanwhile it becomes large and lightly 

damped with the much slower 36Hz W C  fiequency controller (Figure 5.13). 

5.2 Voltage Control 

The voltage of the network is most effectively regulated by controllhg the reactive 

power in the system. The AVR of the diesel generator regulates the n e ~ o r k  voltage by 

controlling the amount of reactive power produced (or absorbed) by the diesel's synchronous 

generator. The synchronous generator remains operational at ail times. When the diesel 

engine is off the synchronous generator functions as a synchronous condenser. 

A village load normaliy consists of many srnail loads. Therefore the synchronous 

generator typicdy sees relatively small reactive and active power fluctuations. The whd 
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turbine, on the other hanci, is an electric machine with a capacity comparable to, if not larger 

than, the capacity of the synchronous generator. The induction generator of the wind turbine 

also requires a large amount of reactive power for excitation. The start-up and shutdown of 

the wind turbine cause sudden changes in the reactive and active power in the system. In 

addition, both the reactive and active power of the turbine can fluctuate widely in turbulent 

wind conditions. These rapid power fluctuations can cause voltage variations that are 

detrimental to the operation of voltage sensitive loads and/or r e d t  in objectionable 

disturbances to lighting levels. 

5.2.1 Allowable Voltage Variation 

Voltage variation cm be divided into slow variations. averaged over a few minutes 

or hours, and rapid fluctuations, or flicker. CSA Standard CAN3-C235-83 [82] sets the slow 

voltage variation Iimits, under normal operating conditions. to +4.2/-8.3% of nominai. The 

International EIectrotechnicd Commission's (IEC) Publication 38 [IO] recommends less 

stringent voltage limits of *IO% of nominal. 

Light fixtures tend to flicker when exposed to rapid voltage fluctuations. Television 

receiver and other sensitive electronic equipment may also be adversely affected. Due to the 

sensitivity characteristics of the human eye, the degree to which light flicker is objectionable 

depends not only on its magnitude but also on its Cequency. Figure 5.14 illustrates the visual 

sensitivity resulting fiom sinusoidal voltage fluctuations on incandescent Iighting [83]. Also 

included in the figure is the IEC Publication 555-3 flicker limit, as presented in Reference 
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Figure 5.14 Visual response to fücker and IEC Flicker Limit. 

84. 

Concerning the comection and disconnection transients of the wind turbine, a utility 

engineer's rule of thurnb, quoted by Brothers, Rong and Mol1 [85],  states that the connection 

of any load shodd not cause more than a 5 volt (4.2%) variation locally. Altematively, the 

connection tlansients could be likened to large motor starts in Miller [83], which are limited 

to 1 -3%, depending on the frequency. This latter limit would likely fdl within the IEC flicker 

5.2.2 Voltage Quality from the Synchronous Generator 

The NPNSWD system was simuiated with the synchronous generator as the only source 

of voltage control. To predict the network voltage transients caused by discomecting the 

wind turbine, both a high wind shut-dom (ll,, = 25 m/s) and a low wind cut-out (U,v = O d s )  

were simulated. The transients due tc the wind turbine connection are not considered because 

a sofi-start device is used and the transients are assumed to be minimal. The frequency with 
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which the wind turbine connections and disconnections occur depends on the wind 

conditions and the wind turbine's start-stop the-outs programmed in the supervisory control. 

It is assumeci that the tirne-outs are set such that the minimum tirne between connections is 

at Ieast 5 minutes. Thus the transients due to the wind turbine disconnection shouid meet the 

voltage fluctuaaon limits set for load connections and large motor starts of 34%. 

The network voltage fluctuations due to the discomection of the wind turbine are 

shown in Figure 5.15. The voltage presented in the figure is the voltage at the village junction 

point (node 4 in Figure 3.15). The magnitudes of the voltage fluctuations are 8% and 12.5% 

for a low wind cut-out and a high wind shut-down, respectively. Both are well above the 

specified limit of 34%. Due to the high gain of the AVR and the low network impedance 

the steady-state voltage error is negligible. 

Because of the randornness of the wind and the frequency dependence of fiicker 

limits, the actuai flicker emission levels that can be expected due to wind turbulence is 

dificult to predict. Thirïnger [84] predicts the voltage fluctuations on different feeder line 

time (sec) 

v L 4 .  lpu 

Figure 5.15 Wind turbine dhcomect with synch. generator oniy. 



149 

impedances due to a two-turbine wind park, but his analyses only include steady-state voltage 

variation resulting from slow windspeed variation, and the measured periodic power 

pulsations of the turbines due to wind shear and tower shadow. No attempt was made to 

predict flicker emission levels due to wind turbulence. 

Sansen  et al. [86] present a method to predict flicker ernission levels for any grid 

and wind condition once aflicker coefficient has k e n  determined for the wind turbine. The 

method is quite involved and beyond the scope of this thesis. 

For the purposes of this study, voltage fluctuations due to sudden changes in the point 

windspeed are simulated in order to determine the susceptibility of the system to turbulence 

induced flicker. The wind turbulence used for deterrnining the flicker ernission is show in 

Figure 5.16. It is based on a nominal windspeed of 8 m/s. The point windspeed, UwPp has a 

step increase to 20 m/s at t = Os, followed by a step decrease to 5 m/s at t = 10s. The 

windspeed then renims to nominai at t = 20s. The effective windspeed LI,, and the torque 

developed by the wind turbine's rotor, TR, are also included in the figure. This turbulence is 

not presented as typical, but only as a test to illustrate the system's response to abrupt 

turbulence. 

The flicker emissions of the wind-diesel system due to this test turbulence are shown 

in Figure 5.17. The diesel engine is operathg and the village load is a constant 0.1 pu active 

power. The amplitude of the largest voltage fluctuabon is 0.9%, with a fundamental 

fkquency of approximately 0.5 H z  According to Figure 5.14, this would place it above the 

threshold of irritation and the IEC flicker limit. With this response, certain wind conditions 

may cause the HPNSWD system to fail the IEC flicker standard and/or generate customer 



O 5 10 15 20 25 
time (sec) 

Figure 5.16 Windspeed used for voltage flicker test. 
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Figure 5.17 Fücker with synehronous generator oniy. 

complaints. Detailed characterkation of the wind at the proposed wind turbine site would be 

required to detennine whether such wind conditions were likely to occur. 



5.23 Voltage Quaiity with an Added Capacitor Bank 

Upon discomection of the wind turbine the network sees a 0.24 to 0.3 1 pu reactive 

power load step. Additional power losses are also incurred in the transmission lines and 

transfomers that cany these high reactive currents between the synchronous generator and 

the induction generator. In many installations a capacitor bank is comected near the wind 

turbine to offset the reactive load of the wind turbine on the grid. In this application the 

capacitor bank is connected to the wind turbine at node 6 of Figure 3.1 5. It is represented as 

a constant reactance in the network admittance model. 

The capacitor bank is nuitched on and off in conjunction with the wind turbine. 

Therefore it reduces the reactive power load step upon discomection of the wind turbine to 

the difference between the reactive power of the capacitor bank and the reactive power of the 

wind turbine- 

Figure 5.18 illustrates the voltage fluctuations due to a wind turbine disconnection 

with a 30 kVAr ( 0 . 3 ~ ~ )  capacitor bank connected to the wind turbine. The magnitudes of the 

Figure 5.18 Wind turbine disconneet with capacitor bank. 
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Figure 5.19 WT dîsconnect with capacitor bank, fullorder model. 

voltage fluctuations are approximately 2% and 3% for a low wind cut-out and a high wind 

shut-down, respectively. 

Because the voltage response is marginal and the frequency dip for the high wind 

shut-down is significant (3%), this scenario is repeated using the fullsrder generator models 

to include the fiequency transient effécts. The response of the fùll-order model in Figure 5.19 

reveals that for a high wind shut-down the fust positive transient is significantly smaller 

(1 -5% instead of 3%), as is the negative transient that follows (2.2% instead of 3%). 

The negative voltage spike imrnediately after the wuid turbine disconnects. which is 

mostly caused by the delayed response of the dump load controller. is substantially larger at 

approximately 8%, instead of the 4% spike predicted by the third-order synchronous 

generator model. It would take a much faster acting voltage contmller than can be achieved 

with the slow response of the synchronous generator to compensate for this voltage spike. 

Because the fiequency transient is negligible for the low wind cut-off, the voltage fluctuation 

remains Whially the same for the reduced-order and full-order simulations. 



n=o. tpu 

time (sec) 
Figure 5.20 Flicker with added capacitor bank 

The flicker emissions due to the test turbulence with the capacitor bank connected is 

shown in Figure 5.20. Because the capacitor bank does not change the magnitude of the 

power fluctuations due to turbulence, the flicker remains virtually unchanged. 

5.2.4 Static VAR Compensator 

The results with f~ved reactive power compensation (Le. a capacitor bank) in the 

previous section indicate that dynamic reactive power compensation is required. Either a 

static VAR compensator (SVC) or a synchronous condenser can provide dynamic reactive 

power compensation. However, because of their hi& capital and operating costs, 

synchronous condensers have been largely superseded by SVC's [58]. In addition, 

synchronous condensers generally have slow control responses compared to SVC's [83]. 

A modern SVC comprises a force-commutated inverter. The hverter operates at the 

high switching fiequencies made possible by employing fast switching devices such as 
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insulatecl-gate bipolar transistors (IGBTs) or gate-turn-off thyristors (GTOs). With these hi@ 

switching fkquencies the SVC's harmonic currents are low and its reqmnse time can be very 

fast. Modem force-commutated SVCs are capable of compensahg the harmonic currents 

generated by other sources up to at least the seventh harmonie [87- SVCs are also capable 

of balancing the phase voltages. and. with sufficient internai energy storage. they can even 

balance the phase active powers. An SVC could be used to regdate the grid voltage while 

the diesel generator is shut down. The SVC would replace the function of the synchronous 

condenser, thus eliminating the need for a clutch on the diesel generator. An AC-DC-AC 

force-cornmutated converter on a variable speed wuid turbine. such as the experimental 

converter on the Lagerwey wind turbine at AWTS, could also be incorporated with SVC 

functionality, thus removing the requirement for a clutch on the diesel generator or a 

dedicated SVC. 

For the purposes of this mdy, only the reactive power compensation and system 

voltage stabilization capabilities of an SVC are investigated. 

A simple model of an SVC used as an imtan~aneour reacfive power compemuror c m  

be found in Akagi. Kanazawa and Nabae [87 .  A variation of that model is presented in 

Figure 5.2 1. The dBerences in the model employed here are: a Ume constant has k e n  added 

to the SVC's output; and an optional voltage control loop has been included. 

The primary function of the SVC is to negate the instantaneous reactive power of the 

wind turbine. This is accomplished by meaçuring the instantaoeous wind turbine currents and 

the instantanmus voltage at node 6 of Figure 3.15. Node 6 is the low voltage side of the 

transformer, where both the wind turbine and the SVC are comected to the network. The 



actuai phase voltages and currents can be transformed into their direct and quadrature 

components using Park's transformation (3.18). Akagi et al. transformed the per phase 

components directly to the stationary reference frame. While. Schauder and Mehta [88] 

employed a vector resolver (Park's transformation) and a vector phase-locked loop to 

aansform the per phase variables into the synchronously rotating reference frame. In the case 

of the SVC modei represented here. the synchronous generator's rotor reference h e  is 

used. The rotor reference kame is the same as the synchronous reference h e  except for 

the offset of the rotor angle. 

The instantaneous reactive power of the wind turbine is: 
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With positive reactive power defined as Iaggin& the output current of the SVC must 

lag its terminai voltage by 90° for a positive output, and lead by 90° for a negative output. 

This is accomplished by determining a vector. Y .  which lags the terminal voltage. CI,, by 

90". The magnitude of I;, is inversely proportional to the magnitude of Vfi since the output 

power is proportional to the voltage. The required output c w e n t  of the SVC. 1, is then just 

the vector Vw tirnes the negative of instantanmus reactive power Qig Thus. 

Ik = - Frm Qg rqm= - Vqw Qs (5.1 1) 

The S V C s  outpur time constant, r, depends on the output filters. w-hich are 

detennined by the switchùig fiequency of the inverter. An arbitrary value of 5 millisffonds 

has k e n  chosen for this study. 

A voltage control loop is included in the SVC to improve its performance. The 

voltage control loop has a proportional gain K, which modifies the SVC's reactive power 

output A wash-out filter was added to the voltage control loop to force the SVC to reqmnd 

only to voltage aansients. The steady-state voltage controi remains with the qnchronous 

generator. The time constant of the voltage transducer. T, represents the necessary voltage 

filtering. A time constant of 5 miliïseconds was chosen since it is typical for AVRs used with 

similarly raîed synchmnous generators. 

The SVC is incorporateci into the wind-diesel mode1 by adding another port to the 



157 

network admittance modei (documented in Appendix B) and by trmsforrning the SVC's 

output current to a Thevenin voltage b e b d  a large resistance (documented in Appendix A). 

The Thevenin resistance is large to reduce the enor it introduces. 

5.2.4.î SVC as a Reactive Power Compensator 

Initially the SVC was configured only to compensate the wind turbine's reactive 

power (&=O). The voltage fluctuations due to a high wind shut-dom of the wind turbine 

with the SVC (Figure 5.22) are similar to those with the capacitor bank (Figure 5.18) since 

the reactive power step seen by the network is zero in both cases. The voltage fluctuations 

due to a low wind cutsff are considerably lower with the SVC than with the capacitor bank. 

since the reactive power step always rernains zero with the SVC. 

The flicker emissions due to wind turbulence are greatly reduced by the SVC. since 

the SVC cancels the reactive power fluctuations produced by the wind turbine. Figure 5.23 

demonstrates that the flicker has become neghgible with the SVC operating as a reactive 

time (sec) 

1.05- I I 
1 1 1 

1 

l I 

I I 
1 I 

t 
r 1 

r 
1 -* 1 

E r 
1 

3 1 

1 -. 
3 1 

9 
1 
t 
t 
1 
t 

---------L----.-.----- 
1 
r 

I 
1 

1 
t 
1 

t 
1 

I a I 

0.95 A 
I I I 

Figure 532  Wind tnrbine disconneet with SVC (K,=O). 
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Fipre 5.23 FIicker with SVC (K,=0). 

power compensator for the wind turbine. 

52.42 SVC as a Reactive Power Compensator plus Voltage Stabiiizer 

With just a s d l  amount of gain in the voltage control loop of the SVC (K,= 10) the 

voltage transients due to the discomection of the wind turbine are sigdcantly reduced. As 

Figure 5.24 illustrates, the SVC responds quickly to the sudden changes in network loading, 

thus dampening the response of the synchronous generator. The voltage feedback loop aiso 

improves the voltage stability of the system. 

Figures 5.25 and 5.26 show the network voltages due to the test wind turbulence for 

K,=û and K'=IO, respectively. The hi& fkequency oscillations in Figure 5.25 are the 

synchronous generator's response to rapid changes in the dump Ioad power. These 

oscillations are greatly reduced in Figure 5.26 by the voltage control of the SVC. The flicker 

at the village junction (V4) is slightly larger with SVC voltage control than without SVC 
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Fipre 5.24 Wind turbine disconneet with SVC (K,=lO). 
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Figure 525 Network voltages with SVC (KV4). 

voltage control since the SVC is attempting to regdate the voltage at the wind turbine 

( V6)instead of the village j unction ( Y,). 

Because of the fast response of the SVC with the voltage control loop, the flicker 

level due to wind turbulence and wind turbine disconnections should lie weil within the IEC 

flicker limits. The voltage spikes caused by the delayed response of the dump load 
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Figure 5.26 Network voltages with SVC (Kv=lO). 

immediately following the wind turbine' s disconnection are also greatiy reduced by the S VC 

with voltage control. 



Chapter 

6.1 Summary of Conclusions 

Studies have shown that the integration of wind turbines hto an autonomous diesel- 

electric system (Le., wind-diesel) can be econornicaily viable. The potential market for wind- 

diesel is considerable. There are approximately 170 remote cornmunities in Canada where 

the wind resource is sufficient to make wind-diesel practicable. Worldwide, the existing 

diesel generating capacity in regions with good wind resources is estimated to be 15 GW, 

with a growth potential in excess of 26 GW. 

Diesel generators have very poor efficiencies at low loads (e.g., no-load fuel 

consumption rates of 2S-3O% of full-load) and should not be operated for extended periods 

of time below a minimum loading level of approximately 30-40% of their rated output. 

Therefore, substantial fuel swings can only be achieved by shutting off the diesel generators 

for prolonged periods. Intermittent diesel operation can be realized with the addition of 

energy storage, or the implementation of high wind power penetration. Due to the high cost 
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and complexity of Nitable storage devices, high-pene~ion,  no-storage wind-diesel 

(HPNs W D )  is considered to be more economicd. 

A HPNSWD system requkes a fast-acting dump load controller to maintain the system 

fiequency stability and quality, and under some applications. additional voltage control is 

needed to maintain the voltage quality. 

In this thesis a comprehensive nodinear dynamic model of a HPNSWD system is 

presented. Unlike other wind-diesel models, this model includes both a detailed mechanicd 

and a detailed electrical system. Significant factors of each system component are clearly 

identified and their irnplementation or omission is justified. 

The mode1 is based on the wind-diesel test-bed at the Atlantic Wind Test Site (Awrs) 

in PEI, Canada, and is implemented in MATLAB and SIMULMK. n e  numeric cornputation 

and visualization software package MATLAB and its associated dynamic system simulation 

software, SIMULMK, are broadly used in academia and industry. A complete list of the 

modelling parameters used in this thesis can be found in Appendix B. 

Wherever possible, components of the model are validated with available 

measurements fiom the A WTS system. The validation of the wind turbine model is limited 

to the steady-state due to the lack of available chamcterization data. 

A single diesel generator and wind turbine of simiiar size are found to be capable of 

representing al1 the significant dynarnics of a HPNSWD system. Aitemate machines cm be 

modelled by adjusring the parameters andor modifying the component models in SIMULMK. 

Additional machines and storage could be added to the model if required for future studies. 

The dynamic model of the d l  regulated wind turbine includes: spatial filtering to 
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convert a point windspeed to an effective windspeed; induction lag; quasi-steady power 

coefficient verjus tip speed ratio; and torsion of the low speed shaft. 

A torque fit equation and dead-tirne are incorporated in the nanirally aspirated diesel 

engine mode1 . The diesel generator model also includes a unidirectionai coup l ing (clutch) 

between the engine and the synchronous generator. Both the commercial diesel govemor and 

the commercial automatic voltage regdator are modelled in detail. 

A wide variety of reduced-order electnc machine models are used in wind-diesel 

rnodelling. While many of these reduced-order models may be valid for large machines on 

intercomected grids, care must be taken when applying them to a small autonomous system 

where the machines are smaller and the frequency less stable. In this study. the electric 

machines are modelled at the following levels to determine their effixt on the overall model 

performance: 

Synchronous Generator: 

First-Order - one-axis voltage behind transient reactance model. 

Second-Order - two-axis voltage behind transient reactance model. where the q-awis 

damper winding is treated as a transient circuit. 

Third-Order - two-axis voltage behind subtmnsient reactance model. 

Full-Order - fifth-order model which includes the stator transients and speed terms. 

Induction Cenerotor: 

Second-Order - two-axis voltage b e b d  transient reactance model. 

Full-Order - fourth-order model which includes the stator aansients and speed 
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The dgebraic portions of the electric machines and the electrical network are 

represented in a form that can be solved directly, therefore an iterative solution to the 

network voltages and currents (commonly found in other wind-diesel models) is avoided. 

Simulations of the reduced-order models are compared with the simulations of the 

full-order models and the acaial system measurements. The fist-order model of the 

synchronous generator, commonly used in winddiesel modelling, gives davourable results. 

except under the condition of slow electrical transients, Le.. > 100 ms. The performance of 

the model is vastly irnproved by increasing the order of the synchronous generator model to 

a second-order system. 

The effects of system IÏequency fluctuation (synchronous generator rotor speed 

transients) can be si gni ficant in an autonomous wind-diesel sy stem. The ml-order electric 

machine models are the only models that include these effects. Since the diesel generator' s 

characterkation measurements contain significant rotor speed transients, the fill-order 

synchronous generator model is required to get a good match between the measured and 

sirnulateci voltage responses. In cases where simulations using a reduced-order mode1 result 

in marginal voltage performance and the correspondhg frequency fluctuation is significant 

(say, greater than 0.02pu), the simulation shodd be repeated with thefu[I-order model. 

Under the condition of constant frequency, the ciifferences between the secondurder, 

third-order and fiII-order models are smaii and most likely less significant than the 

simulation errors due to inaccurate modelling parameters. 

The addition of magnetic saturation in the electric machine models increases the 

damping of the voltage control system slightly, but the net effect is also likely less than the 
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simulation errors due to inaccurate modelling parameters. Magnetic saturation has a 

negligible effect during the subtransient Wod of the electric machine's response. 

With the validity of the HPNSWD dynarnic mode1 estabfished, the allowable fkquency 

and voltage variation are discussed and the system's power qudity is investigated. 

The practical implementation of a dump/deferrable load to control the system 

frequency remote h m  the diesel generator is considered. W i k e  most other winddiesel 

models, the dump load controller operates independently of the diesel's govemor and speed 

signals. This requires fast electrical frequency detection. Three different frequency 

transducers (one phase detector and two fiequency detectors) are modelled and incorporated 

into the design of a PID dump load frequency controller. Al1 three controller designs provide 

good fkquency regdation. Comparing the phase detector with the kquency detector of the 

same speed (360 Hz pulse rate), the controller with the fiequency detector has a superior 

performance since the integral action of the phase detector results in an effective 'PI' 

response from the PID controller. 

The controller with the fast frequency detector (360 Hz pulse rate) effectively 

darnpens the swing of the system against the wind turbine's rotor. The controller with the 

phase detector dampens this mode less effectively, but is d l 1  acceptable. The system 

employing the controller with the slow fkequency detector (36 Hz pulse rate) is only lightly 

damped in this mode, and may not be acceptable due to the increased fatigue of the wind 

turbine. 

Other HPNSWD studies have not investigated the response of the system to large 

disturbances. Rapid windspeed fluctuations and wind turbine disconnections at full output 
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power and no output power are used to simulate the large dimirbances a HPNSWD system 

would normally see. Simulations ofthe voltage control of the synchronous generator indicate 

that the existing system is not able to adequately cope with these large disturbances. 

Due to the large reactive power load steps, the voltage transients that result from the 

disconnection of the wind turbine are well above the specified limit. The addition of a 

capacitor bank at the wind turbine (switched on and off in conjmction with the wind turbine) 

reduces al1 but one of these voltage trmsients to an acceptable level. The wind-diesel system 

with the capacitor bank has an eight percent voltage dip upon a wind turbine high wind shut- 

down. This short duration (< 20 ms) voltage dip corresponds to a load spike caused by the 

delayed response of the dump load controller. 

The susceptibility of the system to flicker emissions fiom wind turbulence are 

vimially the sarne with and without the capacitor bank. Wind conditions may exist that 

would cause the system to exceed the IEC flicker lllnits. 

In this study a static VAR compensator (SVC) is uniquely applied to the wind-diesel 

system to improve its voltage stability. With the SVC configured to compensate the reacùve 

power of the wind turbine, the wind turbine disconnections yield similar responses as with 

the capacitor bank, but the flicker emissions due to wind turbulence are virtually eliminated. 

Adding a novel voltage control loop to the SVC reduces the voltage transients from 

the wind turbine disconnections to well within the specifications. In addition, the voltage 

stability of the entire system is improved. 



6.2 Recommendations for Further Study 

This thesis has not considered the susceptibility of the modelled frequency 

tramducers to noise and waveform distortion. as may be present during the soft-start of the 

wind turbine. More detaiid per phase models of the fkquency transducers. dong with 

portions of the wind-diesel model presented here. couid be used with simuliiten or recorded 

phase voltages to investigate the e f f ~  of noise and waveform distortion on the durnp load 

controller. In addition the per phase winddiesel model documenteci in Appendix C could 

be modified to simulate the ümsients associateci with the direct connection of the wind 

turbine, or extended to mode1 its connection with a soft-start device- 

The practical application of the dumpldeferrable loads in a HPNSWD systern rnay 

corne in many different fonns- The wind-diesel model cm form the basis for studying 

altemative dump/deferrable loads such as: thyristor controlled resistive loads: induction 

rnotor Io& (variable power or incrementaily f ~ e d )  in the form of ice making, water 

desalination or water pumping: or any combination of these. 

The frequency control mategy implemented in this d y  opemes with droop 

regulation during diesel goverring (diesel is in droop mode) and isochronous regulation 

during dump load governing. Many customers on weil established autonomous diesel 

powered grids rely on electric clocks that derive their time from the grid fiequency (such as 

some vide0 cassette recorder modeis). Thus acclrrately set. isochronous diesel operation is 

desirable. For these applications, additional research is requireà to impiement a load share 

contml between the diesel and the dump load for the isochronous operation of the diesel. In 
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this impiementation, an option is foreseen that wodd rnonitor and correct any cumulative 

error in the system fkqueocy. 

Only a single diesel generator and a single wind turbine have ken  rnodelled in this 

thesis. The model can be expandeci to include more machines and/or a storage device. such 

as a flywheei, for M e r  or more specific midies. 

During wind-oni'y operation of the HPNSWD system, the supenisory controller. which 

is not covered in this thesis. must closely monitor the wind turbine and village powers to 

anticipate a power shortfall and start the diesel engine ahead of thne IO prevent a system 

frequency collapse. In addition, the supe~so ry  conwller shouid rnaximUe the diesel's off 

time while minimi;ring the diesel's start-stop cycling. Although the srart-stop cycling vernis 

storage capacity of a winddiesel system with storage has been studied [3.1020]. the author 

recommends M e r  research specifically on optimal HPNSWD s u p e ~ s o v  control 

algorithms. 

A reducedsrder Iinear mode1 of the wind-diesei model presented in this thesis codd 

be determined using MATMB tools. This reduced-order modei is then used to simdate the 

system's response to longer-term data and to develop and a . p e  supenisory control 

algorithms. The author envisions a self-tuning supervisory controller which can optimize its 

performance for the specific conditions of the installation site. M A ~ L A B  and SIMULM are 

well suited for this task since they offer substantial resources for conaoller design. especiaiiy 

funy logic and neural networks-which are likely candidates for this application. 
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Appendix A 

S ~ I N K  Models 

Figure A.1 HPNSWD system with phase detector dump Ioad controL 



A. 1. l Wind-Diesel Subsystem - Rednced-Order Model 

SG 8ase 

DIESEL 

Figure A 2  Reduced-order wind-diesel subsystem model. 

A. 1.1.1 Grid+DL Subsystem for the Reduced-Order Wind-Diesel Model 

Figure A3 Network admittance modeL 



A. 1.1.2 SG Su bsystems for the Reduced-Order Wmd-Diesel Mode1 

Figure A.4 SG3: 3rd-order synchronous generator modeL 



Figure AS SG2: 2nd-order syuchronous generator rnodel 



Figure A.6 SG1: 1st-order synchronous generator model. 



A.1.13 IG Su bsystem for the Redaced-Order Wid-Diesel Mode1 

Figure A.7(a) IG2: 2nd-order induction generator modeL 

Figure A.l(b) Satwdon subsystem of IG2 model. 



A.1.2 Wind-Diesel Subsystem - Full-Order Mode1 

Figure A.8 Fuiborder wind-diesel subsystem modei. 



A.13.1 SG Su bsystem for the FulWrder WÏnd-Diesel Model 

Figure A.9 SG5: fuhrder synchronous generator model. 



k1.2.2 IG Subsystem for the FuWrder Wmd-Diesel Model 

Figure A.IO(a) IG4: fiill-order induction generator model. 

Figure A.lO(b) Saturation subsystem of IG4 modeL 



A. 1.3 Sabsystems Common to the Wind-Diesel Models 

A.1.3.1 DmSEL Subsystem for the Wind-Diesel Modelp 

Figure kl 1 (a) Diesel generator mechanical modeL 

7 
Hsg*2s+Dsg 

7 SG Swing 

Tm -- +J 
wd 

Figure Al l(b) SwingCIWch subsystem of diesel generator model. 



Figure kl l(c) DDie/+Goy subsystem of diesel generator modeL 

A. 13.2 TURBINE Snbsystem for the Wid-Diesel iModels 

Figure A12 Wmd tiubine mechanid modeL 



A133 A KR Snbsystem for the Wind-Diesel Modets 

stabiiiser 

Figure A13 Excitation system modeL 



A.2 HPNSWD System Mode1 with SVC 

Figure A14 BPNSWD system with SVC. 



A.2.1 Wind-Diesel Subsystem with W C  Connection 

Figure A.15 Reduced-order wind-diesel subsystem with SVC connecîion. 

Grid+DL Subsystem with SVC Connection 

Figure A16 Network admittance mode1 with SVC conneetion. 



A.2.2 SVC Siibsystem 

Figure A17 Static VAR compensator model. 



Appendix B 

~MATLAB Files 

B. 1 p - wdsys . m - Wind-Diesel Mode1 Parameters 

{ } - parameter notation used io the body of the thesis 

% General System Paxameters 
w0=2*pi*60; % 60Hz system (rad/s) {a01 

SB3 =100e3 ; % 3-phase VA base (VA) { s ~ 3  1 
SB1=SB3/3; % 1-phase VA base (VA) {SBI 1 
~ ~ = 6 0 0 * s ~ r t  ( 2 / 3 )  ; % voltage base, l-n peak (V) { v~ 1 
IB=SB1*2/VB; % current base, line peak (A) {IB 1 
ZB=VB/IB; % impedance base (ohms (51 

% Synchmnous Generator Paramaters (Kato KAMA0 ~rushless) 
% one diesel two diesels 
~~sg=62,5e3 /3 ; %125e3/3; % l-phase VA base (VA) 
VBsg=VB ; % voltage base, l-n peak (VI 
IBsg=SBsg*2/VBsg; % current base, line peak (A) 
ZBsg=VBsg/lBsg; % impedance base (ohms) 
Hsg=O. 16; % inertia constant (pu) 
Dsg=O. 03 ; % damping constant (pu) 
Rsg=0.0370; % stator resistance 8 125C (pu) 
Xdsg=1.902; % d synch. react. (pu) 
Xqsg=0.805; % q synch. react. (pu) 
Xtdsg=O. 153 ; % d transient react. (pu) 
Xtqsg=0.805; % q transient react. (pu) 
Xstdsg=0,105; % d sub t r .  react. (pu) 
Xstqsg=0.097; % q subtr . react . (pu) 
Xlsg=0.062; % stator le&. react. (pu) 
Ttdo=0.834; % d trans. time const. ( s )  
Ttqo=O. 167 ; % q trans. time const. ( s )  
Tstao=8e-3 ; % d subtr. time const. (s) 
% adi us t ed moted 
Tstqo=3Se-3 ; %4e-3 ; % q subtr. time const. (s )  



% constants for reduced-order models 
Kqsg=Xq~g-Xstq~g; 
Klsg= (Xstdsg-Xlsg) / (Xtdsg-Xlsg) ; 
KZsg=i-Klsg; 
K3sg=Xtdsg-Xlsg; 
Kdsg= (Xdsg-Xtdsg) * (Xtdsg-Xstdsg) / (Xtdsg-~lsg) ^2; 

Xxd= (Xdsg-Xtdsg) * (Xstdsg-Xlsg) / (Xtdsg-Xlsg) ; 

% constants for full-order mode1 
Xmq=Xqsg-Xlsg; 
Xmd=Xdsg-Xlsg; 
Xlkq=Xmq* (Xs tqsg-Xlsg) / (Xqsg-Xstqsg) ; 
xlfd=Xmd* (Xtdsg-Xlsg) / (Xdsg-Xtdçg) ; 
xlkd= (Xtdsg-Xisg) * ( X S ~ ~ S Q - X ~ S ~ )  / (Xtdsg-Xstdsg) ; 
~aq=1/ (1/Xxnq+i/~lsg+l/~lkq) ; 

~ad=i/(i/Xxnd+l/~lsg+1/~1fd+l/Xlkd); 
Rf d= (Xmd+Xlf d) / (wo*Ttdo) ; 
Rkq= (Xmq+Xlkq) / (wo*Tstqo) ; 
Rkd= (~lkd+Xmd*~lfd/ (Xmd+Xlfd) ) / (wo*Tstdo) ; 

% Saturation data 
Ag=O.O333; 
Bg=8.43 ; 

% AVR Parameter (Kato KCR-360/Basler SSR 32-12) 
T R = ~ .  011; % input filter time const. (SI 
KF=O.Ol; % stabilizer gain 
TF1=0-075; % stabilizer time const - (s) 

TF2=0 -5; % stabilizer time const- (s) 

TF3=0; % stabilizer time const. (s) 

KA=870 ; % amplifier gain 

TA1=0.036; % amplifier time const. (s) 

TA2=10; % amplifier time C O ~ S ~ .  (s) 

TA3=0.2; % amplifier tirne const. (s) 

KE=l ; % exciter constant 

TE=O. 03 ; % exciter time const. (SI 
VRmax=7.5; % maximum AVR output (pu) 
VRmin=O ; % minimum AVR output (pu) 

Aex=0.0027; % exciter saturation 

Bex=l. 04 ; % exciter saturation 



% Governor (Barber-Colman DYNA 1 & DYNA 11) & Diesel Bngine 
% (Volvo D70CRC 6 cylinder, 4 stroke, 75kW @ 1800rpm) 
Tac=75e-3; % actuator time constant ( s )  { LC 1 
TD=O -019; % engine dead-tirne (SI { T D ~  

m i n = - O .  5; % minimum torque (pu) 
TDmax=1.2; % maximum torque (pu) 
Hd=O - 5 7 9 ;  % inertia constant (pu) { H d }  

Dd=O. 03 ; % damping constant (pu) { o d }  

Kdr= 0.04; % droop (pu) v a  
Tdr= 1.4; % droop time constant (s) b&drJ 
dO=-O.13;dl=1.17;d2=0.073;d3=-0.109; % torque fit 
wdref=l. 0 ; % governor reference speed hîkf) 

% Diesel A+B Diesel A % governor constants 
Tzl= 0.33; %0.35; % zero (s) { LI } 
Tz2= 0.05; %0.55; % zero (s) {rd 
Tp1= 0.01274; %0.005; % pole (s) { t p ~  1 
T ~ S =  0.01026; %0.02; % pole (s) { 5 2  p2} 
Kg= 18-2; %4.75;  % gain (Kg) 

% Asynchronous Generator Parameters (Westinghouse) 
PBig=66e3 ; % power base (W) { P ~ i g  1 
SBig=PBig/3; % VA base, 1-phase (VA) 
VBig=48O*sqrt (2/3 ) ; % voltage base, 1-n peak (VI { h i g )  

1~ig=SBig*2/V~ig; % current base, line peak (A) { IBg 1 
~~ig=VBig/IBig; % impedance base (ohms) ( z ~ i g  1 

Rsi=0.0092; % stator resistance (pu) { & . i g }  

Rri=O.O17; % rotor resiststnce (pu) { hg) 
Xlsi=0.0459; % stator leakage react. (pu) (X&-ig} 
Xlri=0.0623; % rotor leakage react. (pu) {Xlrig} 
"d unsaturated saturated 
mi= 3.59; %2.657; % mag. react. (pu) { K u i g J  

Xadi=i/ (l/Xmi+~/xlsi+i/Xlri) ; { Xad ig 

% reduced-order mode1 constants 
Xig=Xlsi+Xmi; % open circuit react. (pu) {Kg1 

Xtig=Xlsi+Xmi*Xlri/(Xmi+Xlri) ; % transient react (pu) { r i g }  

Ttoig= (Xlri+Xrni) / (wo*Rri) ; % transient time COnSt. (s) { r'oïg 1 

% saturation data, from Choi & Larkin [65] 
Agi=O.0975; 
Bgi=6.93 ; 



% rotor - Atlantic Orient AOC 15/50 
Uavg=8 ; % average wind speed (m/s) 
Rt=7.5 ; % radius (m) {Rr} 
wt0=6.6; % base speed (rad/sec) h o }  
Ht=2.0; % rotor inertia constant {Hr} 
Ks=576; % low speed shaft spring const- {KSI 
D s = 2 -  9; % low speed shaft damping const- {OS} 
KL=1.37; % induction lag gain {KL} 
TL=4*Rt/Uavg; % induction lag time constant Ird 
Kr=0.5*1.225*pi*~t~3*wt0/~~ig; % torque const-t, p=1.225kg/mA3 

% C p  look-up table: RST=l/TSR 
RST=[-0747 -101 -105 -123 .137 -149 -161 .173 -183 -193 - - -  

-205 .218 -238 -266 .316 -35 - 4  .45 - 5  .53] ; 
CP= [O -303 -328 -407 .441 .456 -451 - 4 3 6  -429 .418 .392 - - - 

-357 .302 -236 -155 .Il1 .O733 .O511 -0366 .0310]; 

% Effective Windspeed - spatial filter 
aef =O. 55 ; 

~ef=l.3*Rt/Uavg; 
Tef l=Bef *sqrt (aef) ; 
Tef 2=Bef /sqrt (aef) ; 

% Dump Load 
mL=O .Ç/  (wo/ (2*pi) ) ; % delay of 1/2 cycle (s) ~ D L }  
DLstep=lSe3/SB3; % 1 S k W  steps @ Vt=l (pu) 
DLmax=190e3/SB3; % 190kW maximum load @ Vt=l (pu) 

% Transmission Line (IkV 4/0  gauge buried cable) 
Rtl=0.191; "ahs/km 

Xtl=0.082; % ohms/km 

SBtl=SBl; % same as system (VA) 
VBtl=600*sqrt (2/3 1 ; % volt base 1-n peak (VI 
I B ~ ~ = s B ~ ~ * s / v B ~ ~ ;  % current base, line peak (A)  

~ ~ t l = v ~ t l / ~ ~ t l ;  % impedance base (ohms) 

% Capacitor Bank 
% no c a ~ .  3 OkVA 
Xcb=-le6 ; %-12; % reactance (ohms) 

% Static VAR Compensatox (SVC) 

Tsvc=4e-3; % tirne constant (s) 



% Village Load 
RL=lO; 

==O ; 

% thevenin resistance (pu) 
% voltage control gain 
% volt transducer tirne const. ( s )  

% series resistance (pu) 
% series reactance (pu) 

B.2 dump - res . m - Durnp Load MATLAB Function 

lhis MAXAB hct ion  is called in SIMULINK (Grid+DL subsystem) to calculate the 

nodal currents fiom the given bus voltages and dump load power setthg for the equivalent 

(reduced) admittance ma&. I f  the dump load setthg has changed since the last function call, 

it also updates the full and equivalent admittance matrices. 

function [Ibus] = dump-res (VbusDL) 
global KMTX LMTX LTMTX MMTX YDL DL0 Yfull 
% Input: port voltages and dump load power setting (PDL) 
% Output: port currents 
% This function calculates the network's output cuxrents from the 
% network's input voltages. If the dump load setting has changed 
% it will update the full and equivalent (reduced) admittance 
% matrices- 
m=size (VbusDL, 1) ; % get size of input vector 

if VbusDL (nn) -=DL0 % only calculate if load has changed 
Gd1 =VbusDL ( m) ; % dump load conductance (pu) = PDL (pu) 
Md1 =MMTX ; % adjust admittance matrix 
Mdl(l,l)=Mdl(l,i)+Gdl; Md1(2,2)=Md1(2,2)+Gdl; 
YDL=KMTX-LMTXf inv (Md1 ) * L m ;  % equivalent admi ttance matrix 
Yfull (nn: (nn+3) ,nn: (nn+3) ) =Mdl; %f u l l  admittance matrix 
DLO=VbusDL (m) ; 3 update last dump load value 
end ; 

Ibus=YDL*VbusDL (1 : (nn- 1) ) ; % return port currents 



B.3 yb - svc . m - Admittance Matrix Calculation (with 
SVC) 

WTWB program to caldate the fidl and equivaient (reduced) admittance maaices. 

This version includes the SVC connection (Le.. 3 port network). The dump load hpedance 

is omitted f?om this calcuiation and added later by the function dump - res . n . 

% AWTS System with SVC 
% Diesel (node#i) - WT (node#2) - Village (r,0de#3 ) - SC (nodefi9 1 

clear KMTX LMTX LTMTX MMTX YDL Yfull 
global KMTX LMTX LTMTX MFITX YDL DL0 Yfull 

% calculate branch admittances 

% diesel (node#l) to village junction (node#4 1 
rl4=Rsg*~B1/SBsg+Rtl*O.O2/ZBt~; 
xdl4=~stdsg*~Bl/~Bsg+Xtl*O.02/Z9tl; 
xql4=~stqsg*~~1/~Bsg+Xtl*O.O2/ZBtl; 
g14=x14/(r14A2+xd14*xq14); 
b14d=-xd14/(r14"2txd14*xq14); 
b14q=-xq14/(r14*2+xd14*xq14); 

% WT (node#2) to WT transformer (nodeii6 1 
r26=Rsi*SBl/SBig; 
x26=Xtig*~~l/SBig; 
g26=r26/ (r26^2+x26^2) ; 
b26=-x26/ (r26^2+x~6^2: ; 

% capaci tor bank (node#6 1 
g6O=O; b60=-1/ (X&/ZB) ; 

% village junction(node#4) to WT transformer(node#6) 
r46=Rtl*O.OS/ZBtl; 
x46=Xt1*0,OS/ZBtl+Xtrag; 
g46=r46/(r46^2+~46^2); 
b46=-x46/ (r46^2+x46^2) ; 

% Village ( #4 )  



% define Yfull (full admittance matrfx) 
Gll=g14; Blld=b14d; ?311q=b14q; G12=0; B12=0; 
G14=-g14; B14d=-b14d; B14q=-b14q; G16=0; B16=0; G19=0; B19=0; 
G22=g26; B22=b26; G24=0; B24=0; G26=-g26; B26=-b26; G29=0; B29=0; 
G99=g69; B99=b69; G49=O;B49=0; G69=-g69; B69=-b69; 
G44=g40+g14+g46; B44d=b40+b14d+b46; B44q=b40+b14c+b46; G46=-g46; 
B46=-b46; 
G66=g60+g26+g46+g69; B66=b60+b26+b46+b69; 

Yfull= [Gll 
Blld 
G12 
B12 
G19 
BI9 
G14 
Bl4d 
G16 
B16 

% define Ybus ( 3  port equivalent admittance matrix) 
KMTX=Yfull(i:6,1:6) ; 
LMTX=YfulI(1:6,7:IO) ; 
LTMTX=Yf~li(7:10,l:6) ; 
MMTX=Yfull(7:10,7:10) ; 

% initial dump load setting to ensure that the dump load gets 
% calculated by the first dump-res.m execution 

DLO=10 ; 



Appendix C 

Bode Plots for Dump Load Frequency 
Control 

The wind-diesel system is considered to be the plant in the dump load frequency 

control loop. The plant's input is the dump load power setting (in per unit), and the plant's 

output is the system fiequency (in per unit). Linear state-space models of the whd-diesel 

system are extracted around the specified operating points using SIMULM'S Iinmod function 

[18]. The Bode plots are generated ushg the bode function in MATLAB'S Confrols Toolbox 
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Figure C.1 Bode diagram of the plant configurations at UW=25ds. 
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Figure C.2 Bode diagram of wind-pllu-diesel configuration. 
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Figure C3 Bode diegram of windenly contiguration. 
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Fipre C.4 Bode diagram of dieirei-only configuration. 
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Figure CS Frequency response of the frequency deteetors. 
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Fipre  C.6 Bode plot of the p l a t  plus the phase detector. 
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Figure C.7 Bode diagram of the plant plus the 360Hz W C .  
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Figure C.8 Bode diagram of the plant plus the 36Hz W C .  
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Figure C.9 Phase control with Ziegler-Nichols PI parameters. 



Appendix D 

Per-Phase Wind Turbine 

Disconnection 

The per-phase electrical mode1 is based on the simulation of opening phase a of a 3- 

phase induction machine described in Krause [5 71. Each phase of the wind turbine's 3-phase 

induction generator is opened by a zero-crossing relay (ZCR) when its respective curent 

crosses zero. The SIMULINK mode1 of the ZCR is shown in Figure D.2. Full-order models of 

both the induction generator and the synchronous generator are used. The induction generator 

is simuiated in the stationary reference fiame (Le., o = O). While the synchrowus generator 

is simulated in its rotor reference m e ,  which is assurned to be rotating at nominal speed 

(Le., or = 1.0). With phase o open-circuited and phases b and c still connected on the 

induction generator, the phase a cment, laigr is zero and the induction generator's phase a 

open circuit voltage is given by b u s e  [56] as 

Since the induction generator is connected by a 3-wire system there can be no zero- 



205 

sequence currents. Therefore the remaining two phase voltages seen by the induction 

generator are 

w here, 

Phases b and c cross zero current and open simultaneously since, with only two wires 

comected the two phase currents must be equal but opposite. 

Refer to Figures D. 1 through D.4 for the SIMULMK implementation of the per-phase 

wind turbine disconnection. 





Figure D.2 Zero -crosshg relay subsystem. 

Figure D3 Park transformation subsystem. 

Figure DA Inverse Park transformation 
subsystem. 
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