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Conclusions:

1. Simulated governor response of The Dalles generators using existing models and data is noticeably faster than the actual responses in first 15 seconds following generation loss in WSCC system.

2. The main reason for the difference between simulated and actual responses is the hydro-turbine model. The Dalles generators (and many other low-head high-flow plants on Columbia River) have Kaplan turbines, in which power is controlled by coordinated adjustment of wicket gates and propeller blades. Existing dynamic models represent only Francis hydraulic turbines and do not recognize blade angle response. Blade angle control is shown to have significant impact on the turbine power response by affecting water discharge through the turbine and the turbine efficiency. 

3. The Dalles turbine-governor model consists of three components: turbine model, speed governor models, and the blade angle controller model.  Section II presents details on the model structure.  

4. Kaplan turbine model is proposed. The model is adequate for representing Kaplan turbines in system studies, however may not appropriate for detailed turbine simulation and analysis. Section IV discusses model development.

5. Speed governor model and data are found fairly adequate.  Section V presents validation studies.

6. A model of the blade angle controller is developed based on the equipment inspection, manuals and block diagrams. The model is tested, and parameters are identified. Section VI describes development and simulation of blade angle controller model.

7. Simulations using the new turbine-governor model had very close agreement with the actual recordings of generator tests and disturbance events. Simulations are described in Section VII. 

8. Complete turbine-governor model was coded and tested in GE PSLF “epcl” user-defined language. The model was run with the data from recorded under-frequency events and demonstrated that the model shows reasonable agreement with the recorded system disturbances as presented in Section VIII. 

9. Plant operational information is very important in reproducing governor responses during disturbance events. 

Recommendations:

1. Perform review of the proposed Kaplan turbine model by industry experts.  BPA and COE will solicit the review, complete by September 1, 2002.   

2. Work with GE and PTI program developers on implementing Kaplan turbine model in WSCC production programs, complete and test by December 1, 2002.

3. Test units with Kaplan turbines and provide dynamic data for system studies.  BPA and COE to test The Dalles and John Day plants by October 1, 2002.

4. Develop a detailed test plan for the Kaplan turbines, continue testing at Bonneville, McNary, mid-Columbia, and lower Snake plants.

I. BACKGROUND

Figure 1-1 shows a one-line diagram of The Dalles powerhouse. Units #5 – 14 are 95 MVA units, and units # 15 – 22 are 105 MVA units.  There are four powerhouse lines connecting generators with Big Eddy 230-kV substation (point of interconnection). The Bonneville Power Administration installed a Phasor Measurement Unit (PMU) at Big Eddy 230-kV bus.  The PMU measures bus frequency, voltage and current phasors in each powerhouse line.  Real and reactive power can be derived from the phasors. The PMU data can be used to monitor performance of The Dalles generators and for the dynamic model validation. 

The Dalles powerhouse was modeled in GE PSLF program as shown in Figure 1-1. The model represents all four powerhouse lines, step-up transformers and all eighteen generators.  A large synchronous machine is attached to the Big Eddy 230-kV bus to represent the equivalent of the WSCC system.  This “infinite bus” machine is modeled with fast-responding excitation and governor systems.  Actual voltage and frequency recordings are input as references for the generator voltage regulator and governor respectively.  Because of the large size of the “system” machine and fast response control systems, simulated Big Eddy 230-kV bus voltage and frequency are forced to follow very closely the actual voltage and frequency recordings.  This set-up is used for validating dynamic models of the Dalles generators and their controls as seen from the point of interconnection. For example, if the turbine-governor model is correct, the simulated power should be very similar to the actual measured power for events including system frequency excursions.  
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Figure 1-1: one-line diagram of The Dalles powerhouse

BPA PMU has been recording powerhouse response to large generation outages in WSCC system.  A large library of disturbance recordings allows elimination of a single event abnormalities. 

Figure 1-2 shows comparison between actual and simulated responses for the 1975 MW Four Corners plant outage on December 25, 1999.  “Hygov4” model was used to represent the turbine-governor. Since the actual frequency was used to drive the model response, the simulated and actual frequencies are nearly identical. However, there is an observable difference between the simulated and actual power pick-up by the generators connected to the powerhouse line #6.  The actual power pickup is much faster in the first 15 seconds following the generation loss. (The power pick-up was measured at Big Eddy 230-kV bus).
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Figure 1-2: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the outage of Four Corners generators on December 25, 1999
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Figure 1-3: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the Northwest RAS generator trip on April 18, 2002

Figure 1-4: comparison of simulated and actual responses of The Dalles generators to system frequency [image: image5.png]The Dalles #21
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excursion caused by the tripping Hoover generators during WSCC test on May 18, 2001
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Figure 1-5: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the generator tripping for PDCI outage on June 6, 2002

Figure 1-3 shows a similar comparison for RAS operation on April 18, 2002, when 1750 MW of generation was tripped in Pacific Northwest.  The Dalles powerhouse line #6 had five units generating. Similarly to Four Corners outage, simulated response was observably faster than the actual in 15 seconds after the outage. 

Figure 1-4 shows a comparison for Hoover trip, a WSCC governor response test on May 18, 2001. The powerhouse line #6 had three units generating, two were lightly loaded and one was normally loaded.  There is a significant difference in amount and speed of governor responses.

Figure 1-5 shows a comparison for RAS operation for a Pacific HVDC Intertie line outage, when about 2500 MW of generation was tripped. The powerhouse line #6 had three units generating and one unit condensing.  Generating units were heavy loaded.  The model completely misrepresents the actual governor response.

US Army Corps of Engineers (USCOE) and Bonneville Power Administration (BPA) initiated a joint effort to determine the cause and to correct these modeling errors.  Governor-turbine tests were conducted at The Dalles unit #22, and generator responses were recorded for under-frequency events.

The Dalles #22 generator ratings:




· generator rated MVA


95.265 MVA

· generator rated power factor

0.95

· generator nominal voltage

13.8 kV

· generator can be continuously operated at 115% of the original MVA rating.

The Dalles #22 turbine ratings:

· turbine rated power


101.456 MW (136,000 hp)

· turbine rated head


73 feet

· turbine type



Kaplan

THE DALLES TURBINE CONTROLS

The Dalles is a low-head high-flow dam, and therefore it has Kaplan turbines.  To maximize turbine efficiency under a variety of the operation conditions, Kapaln turbines adjust pitch angle of the turbine blades as a function of the gate position and turbine head.  Appendix C presents tests showing impact of the blade angle adjustment on the turbine power output.

Existing dynamic models [1,2] represent only Francis hydraulic turbines and do not recognize blade angle impact on the turbine power output. A conceptual block-diagram of Kaplan turbine controls is shown in Figure 2-1 for The Dalles unit #22.  Woodward mechanical-hydraulic governor moves the turbine gates in response to the error between the shaft speed and speed reference.  The blade angle controller adjusts the pitch angle of the turbine blade in response to the gate position.  Both, gate position and blade angle, affect water discharge and turbine efficiency, and ultimately determine the turbine power output.  
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Figure 2-1: conceptual block diagram of Kaplan turbine controls at The Dalles power plant

III.  THE DALLES TEST AND MONITOR SET-UP

A test and measurement system was set up at The Dalles unit #22 to identify model parameters for the governor and blade angle controls. The following points were monitored:

1.  Generator:

· generator 3-phase voltages;

· generator 3-phase currents;

2.  Speed Governor:

· governor speed reference;

· Permanent Magnet Generator (PMG) 3-phase voltage;

· pilot valve position;

· distributing valve position;

· dash-pot position;

· gate position.

3.  Blade angle control:

· blade distributing valve position;

· turbine blade angle.

The generator electrical frequency is computed from generator three-phase voltages.

The generator electrical power is computed based on generator three-phase voltages and currents.

The magnitude of the PMG voltage is proportional to the generator rotor speed.  The signal was found to be very noisy, and therefore electrical frequency was used instead.

The following sequence of tests was performed on the turbine governor:

1) 1% speed reference step up from 70 MW

2) 1% speed reference step down from 90 MW

3) 1% speed reference step up from 95 MW

4) 1% speed reference step down from 67 MW

5) 2% speed reference step up from 60 MW

6) 1% speed reference step down from 110 MW 

7) event of 750 MW generation loss in the system 

8) 40MW and 70 MW load rejection

9) +/– 1% speed reference changes with 10 second period

10) +/– 2% speed reference changes with 10 second period

Efficiency tests were performed by US Army Corps of Engineers on a sister unit #21.  The tests provide steady-state records of gate position, blade angle, water discharge, and generator power, and were used in developing Kapaln turbine model.  Appendix B presents the efficiency curves.

IV.  KAPLAN HYDRO-TURBINE MODEL DEVELOPMENT

When developing a model, it is important to remember the intended use of the model. This model will be used in transient stability studies, and its purpose is to represent turbine-governor response to system frequency deviations and oscillations. The model is not intended to provide detail on the turbine operation.

Assuming that unsteady phenomena within a hydraulic turbine have negligible effect on its response as seen by a generator, the turbine mechanical power can be expressed as [1]:

P =  H Q , 

where

H – effective turbine head,

Q – water flow (discharge),

 – turbine efficiency.

In a Kaplan turbine, both turbine flow Q and turbine efficiency   are functions of the gate and turbine blade positions.  A conceptual model of a Kaplan turbine is shown in Figure 4-1:
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Figure 4-1: a conceptual model of a Kaplan turbine

Implementing this conceptual model requires knowledge of contour curves relating:

(a) turbine efficiency with blade angle, gate position, and turbine head;

(b) water flow (discharge) with blade angle and gate position.   

An attempt to develop a detailed Kaplan turbine model is presented in paper [3].  The model is rather complex and may have problems with implementation and data availability.  

We believe that avoiding unnecessary detail and complexity is a sound approach in dynamic modeling. A simpler model is proposed in Figure 4-2 to capture the effect of the blade angle adjustment on the turbine power output. The IEEE hydro-turbine model [2] is shown in black.  Kaplan turbine model additions are shown in blue. The blade angle is recognized as a term increasing the water flow. 
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Figure 4-2: Kaplan turbine model

Turbine model inputs:

· gate servomotor stroke (pu of full gate opening)

· blade servomotor stroke (blade angle degrees)

Turbine model output:

· turbine power (pu of turbine MW capacity)

The turbine MW capacity is defined at full gate opening at a given head.

Turbine model data:

· Tw – water inertia time constant (sec);

· h0 – steady-state head;

· q0 – no-load turbine flow;

· Bflow – a gain representing blade angle impact on the turbine water flow (pu flow/blade degrees);

· Tg – gate time constant (sec);

· Tb – blade time constant (sec);

· steady-state “Power versus Gate” characteristic

A steady-state “Electrical Power” versus “Gate” curve is measured, Figure 4-3.  At no-load, wicket gates are opened about 18% with the blades flat. The blades remain flat until the gate opens about 55-60 %.  At 45 to 55 % gate opening, turbine power output starts “saturating” as a function of gate. When the gate opens above 60%, the blade angle starts adjusting, increasing turbine power output. In the normal operating range (60-90% of gate opening), the blade angle adjustment allows nearly linear power-gate regulation. The blade angle can be adjusted up to about 15 degrees from flat to steep angle. Typical values for the flat angle are about 18 degrees and for the steep angle are about 33 degrees. Blade angle adjustment stops with the gate opening above 90%, and the turbine power output “saturates” as a function of gate. 
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Figure 4-3: electrical power vs. gate for The Dalles #22

The turbine model is implemented in MATLAB.  Actual gate and blade recording are fed as inputs to the model, and turbine power output was compared with electrical power. Simulations are presented in Appendix D. Since actual gate and blade recordings are input into the model, simulated and actual gate are the same, and simulated and actual blade are the same.  The model mechanical power output is compared with the recorded generator electrical power. Blue lines represent actual generator power recordings and red lines are simulated power. Green lines represent responses according to the power-gate characteristic, as it would be represented with the existing Francis turbine model.  

The proposed Kaplan turbine model represents reasonably well the actual power responses of The Dalles #22 .  The existing Francis turbine is inadequate to represent the actual power responses at The Dalles #22.  

V.  SPEED GOVERNOR 

Figure 5-1 shows the block-diagram of the Woodward mechanical-hydraulic governor and identifies the monitored points. The model is described in references [1-2].
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Figure 5-1: speed governor

Governor model inputs:

· generator shaft speed

· generator speed reference

Governor model output:

· gate servomotor stroke

Governor model parameters:

· Tf – speed measurement time constant, including time constants of PMG and flyball motor (sec);

· Tp – distributing valve time constant (sec);

· Kg – servomotor gain 

· Uop – maximum opening velocity (pu gate/sec) 

· Ucl – maximum closing velocity (pu gate/sec)

· Glim – gate limit (pu gate)

· Rp – permanent droop (pu speed/pu gate)

· Rt – temporary droop (pu speed/pu gate)

· Tr – temporary droop (dashpot) reset time constant (sec)

· Unintentional dead-band is used to represent overlap in servomotor plunger.

VI. BLADE ANGLE CONTROLLER

The blade angle controller model was developed based on inspection of the actual controls and the manufacturer’s manual [4].   The model is shown in Figure 6-1 with the monitoring points identified.
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Figure 6-1: blade angle controller

The blade controller input:

· gate servomotor stroke

The blade controller output:

· blade servomotor stroke

The blade controller parameters:

· Tc – time constant associated with setting the blade angle reference setting

· gbmin – minimum gate position at which blade adjustment impacts the turbine power output

· gbmax – maximum gate position at which blade adjustment impacts the turbine power output

· Tv – blade pilot valve servomotor time constant

· Kb – blade servomotor gain

· bmax – maximum blade angle adjustment

· bmin – minimum blade angle adjustment

· bop – maximum opening velocity of the blade servomotor

· bcl – maximum closing velocity of the blade servomotor

· Unintentional dead-band is used to represent overlap in servomotor plunger

· “Blade versus gate” cam characteristic.

  Figure 6-2 shows a recorded blade versus gate characteristic. 
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Figure 6-2: blade angle adjustment versus gate characteristic measured for The Dalles #22

Blade angle controller and hydraulic turbine were simulated in MATLAB.  The model input is the gate position, and the model outputs are mechanical power and blade angle. Simulation results are presented in Appendix F.

VII. COMPLETE GOVERNOR-BLADE-TURBINE MODEL SIMULATIONS
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The complete governor-turbine model was implemented in MATLAB. Simulations were performed for the recorded tests and disturbances.    

Figure 7-1: The Dalles #22 turbine-governor simulations, 1% speed reference step up
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Figure 7-2: The Dalles #22 turbine-governor simulations, 1% speed reference step down
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Figure 7-3: The Dalles #22 turbine-governor simulations, 2% speed reference step up
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Figure 7-4: Figure 7-2: The Dalles #22 turbine-governor simulations, 1% speed reference steps
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Figure 7-5: The Dalles #22 turbine-governor simulations, 2% speed reference steps

[image: image24.wmf]1 

1 + 

s 

Tc

S

1 

1 + 

s 

Tv

Blade Distributing Valve

BLADE

SERVOMOTOR

BLADE CAM

Gate Servo

1 

s

Bmax

0

Dead

-

Band

b

op

b

cl

Kb

Blade Servo

[image: image25.png]Gate [Percent]

Blade [Degrees]

©
8

@
8

-
3

ey
2

o
2

Gate Position, The Dalles #22

20 30 40 50 60
Blade Angle, The Dalles #22

70 80 90

— Actual
=== Simulated

20 30 40 50 60
Time [sec]



Figure 7-6: The Dalles #2 turbine-governor simulations, FRR test on May 18, 2001

VIII. GENERATION LOSS SIMULATIONS IN GE PSLF USING NEW MODEL 

The Kaplan governor-turbine model was implemented in GE PSDS using user-defined “epcl” language.  The outages described in Section I were simulated with the new Kaplan turbine-governor representation. Simulations and actual recordings are compared in 

· Figure 8-1 for 1975 MW Four Corners plant outage (previous response is in Figure 1-2) 

· Figure 8-2 for 1750 MW Northwest RAS event (previous response is in Figure 1-3) on April 18, 2002

· Figure 8-3 for 750 MW Hoover trip during governor response test (previous response is in Figure 1-4)

· Figure 8-4 for 2500 MW RAS trip for PDCI outage (previous response is in Figure 1-5) on June 6, 2002

· Figure 8-5 for 2350 MW RAS trip on July 15, 2002

· Figure 8-6 for 2590 MW RAS trip on July 16, 2002

· Figure 8-7 for 2380 MW RAS trip on July 16, 2002

During the Four Corners outage (Figure 8-1) and Northwest RAS trip (Figure 8-2), the generators were loaded at 70-80%, so that both gate and blade angle were increased during these disturbances. The power pick-up was significant ion both events.

During Hoover trip (Figure 8-3), one of the units was loaded at 80%, while the other two were lightly loaded below the blade adjustment range. For the lightly loaded units, the blade remained flat, and the governor response was due to gate opening. These units did not pick-up much power.

Table 8-1 shows powerhouse line #6 unit status for disturbance events in 2002:

	Event \ Unit
	#17
	#18
	#19
	#20
	#21
	#22

	April 18, 2002 at 14:10
	ON
	Off
	ON
	ON
	ON
	ON

	June 6, 2002 at 13:49
	ON
	Off
	ON
	CONDS
	off
	ON

	July 15, 2002 at 13:05
	off
	Off
	ON
	CONDS
	off
	ON

	July 16, 2002 at 15:41
	off
	Off
	CONDS
	CONDS
	off
	ON

	July 17, 2002 at 16:35
	ON
	Off
	ON
	CONDS
	off
	ON


Table 8-1: unit status for disturbance events in 2002

Governor droop and response time were measured on units 17, 19, 20.  Droop settings were found larger, about 6%.  Response time was very similar to that of unit #22, except unit #17 which was observably faster. No attempt was made to come up with exact numbers. A particularly good match is recorded for July 16 event when only tested unit #22 was generating.

The new model captures well The Dalles governor responses to system frequency excursions under various operating conditions.  The governor response will depend on the generator loading, primarily on whether the blade angle is in adjustable range. The power pick-up is quite significant when the blade is in controllable range, because both gate opening and blade adjustment increase water flow, and gate-blade coordination maintains higher turbine efficiency.  The power pick-up is significantly lower when the blade remains either flat or steep, because the increase in water discharge due to gate opening is counteracted by reduced efficiency.  
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Figure 8-1: comparison of simulated and actual responses of The Dalles generators to system frequency [image: image27.png]Speed Reference, The Dalles #22
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excursion caused by the outage of Four Corners generators on December 25, 1999

Figure 8-2: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the Northwest RAS generator trip on April 18, 2002
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Figure 8-3: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the tripping Hoover generators during WSCC test on May 18, 2001

Figure 8-4: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the generator tripping for PDCI outage on June 6, 2002[image: image29.png]Power, The Dalles #22
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Figure 8-5: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the AC RAS event on July 15, 2002
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Figure 8-6: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the AC RAS event on July 16, 2002 (only tested unit #22 was generating in powerhouse line #6)
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Figure 8-7: comparison of simulated and actual responses of The Dalles generators to system frequency excursion caused by the AC RAS event on July 17, 2002
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APPENDIX A: GOVERNOR-TURBINE PARAMETERS FOR THE DALLES#22

Speed governor

Tf    = 0.1;               
% speed measurement / flyball motor time constant

Tp    = 0.1;              
% distributing valve time constant

Kg    = 10.0;               
% gate servomotor gain

Uop   = 0.2;               
% maximum opening velocity

Ucl   = -0.2;              
% maximum closing velocity

Glim  = 1.0;               
% maximum gate opening

Rp    = 0.052;             
% permanent droop

Rt    = 0.35;              
% temporary droop

Tr    = 3.2;               
% reset time constant

ParT.Gdb   = 0.00;     
% gate servomotor dead-band (per unit )

% - blade angle controller

Tc    = 0.1;         
% blade cam time constant

Tv    = 0.2;         
 % time constant of blade controller distributing valve 

Kb    = 1/8;               
% blade servomotor gain 

Bmax  = 15.0;           
% maximum blade angle adjustment

Bmin  = 0.0;               
% minimum blade angle 

Bdb   = 0.05;             
% blade servomotor dead-band (deg)

% - turbine

Bflow = 0.0404         
% flow increase due to blade adjustment

Tg    = 0.1;               
% gate time constant

Tb    = 0.3;               
% blade time constant

Tw    = 2.0;     
% water starting time constant

flow0 = 0.1;               
% no-load turbine flow

head0 = 81 / 81;
% steady-state head

% - measured power versus gate versus blade curve at 81 foot head 

ParT.Ggv = [ 18.5   26.5   41.0   53.0   58.5   62.5   85.5    88.7         100   ];

ParT.Pgv = [    0   15.0   39.0   51.0   55.0   59.0   102.5  106.0   109.5  ];

ParT.Bgv = [    0      0      0    0      0.2   1.2    14.0    14.9       15.0    ];

APPENDIX B: THE DALLES#21 EFFICIENCY AND FLOW CURVES
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APPENDIX C: IMPACT OF BLADE ANGLE ON THE GENERATOR POWER

Tests were conducted to observe impacts of the blade angle adjustment on the turbine power.  The first test included governor reference steps with blades controlled and blades locked.  Results are shown in Figure C-1. Although, gate responses are nearly identical in both cases, the generator power change is significantly larger in the case with blades controlled.  This is because flatter blades reduce water flow through the turbine, ultimately reducing the turbine power.  

A second test included blade angle adjustment with the gate locked. The turbine power increased with the blade angle, because steeper blades increase water flow through the turbine, ultimately increasing turbine power, although the turbine efficiency is reduced for significant off-cam deviations. 
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Figure C-1: comparison of generator responses with turbine blades locked and turbine blades controlled.
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Figure C-2: generator response to adjustment in blade angle with gates locked 
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APPENDIX D: KAPLAN TURBINE SIMULATIONS
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Figure D1: The Dalles #22 turbine simulations, 1% speed reference step up
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Figure D2: The Dalles #22 turbine simulations, 1% speed reference step down
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Figure D3: The Dalles #22 turbine simulations, 1% speed reference steps up and down
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Figure D4: The Dalles #22 turbine simulations, 1% speed reference step up with blades initially flat
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Figure D5: The Dalles #22 turbine simulations, 1% speed reference step down with blades initially steep

APPENDIX E: BLADE ANGLE CONTROLLER
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Figure E1: Woodward blade angle controller

The gate movement is translated into rotation of the blade cam by a gate restoring cable.  The cam is non-linear, and has two break points.  If a cam follower between the break points, cam rotation will raise or lower the floating lever. If a cam follower is below the lower or above the upper break point, cam rotation will have negligible effect on the floating lever. The cam follower acts as a blade angle reference setter. The opposite side of the floating lever is attached to the blade restoring cable, acting as a feedback. The floating lever motion is translated into the pilot valve motion.  The pilot valve motion is amplified hydraulically to move the blade servomotor.

APPENDIX F: BLADE ANGLE CONTROLLER SIMULATIONS
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Figure F1: The Dalles 22 blade controller simulations, 1% speed reference step up

Figure F2: The Dalles 22 blade controller simulations, 1% speed reference step down
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Figure F3: The Dalles 22 blade controller simulations, 1% speed reference steps 

Figure F4: The Dalles 22 blade controller simulations, 2% speed reference steps
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