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CONCLUSIONS

1. It was shown that a two-cycle 0.33 Hz square wave, applied to the PDCI pole controls at Celilo, is a safe and effective stimulus of power oscillations during normal operating conditions.  Damping of the north-south PACI mode was clearly identified, and the method will permit the damping to be assessed as safe even when the damping  is too high for accurate numerical identification.

2. The two-cycle 0.33 Hz probing signal provides repeatable and consistent results. 

3. This test procedure is intended to assess the damping of one specific mode.  For this purpose the two-cycle probing signal has several key advantages over brake insertions:

· Probing signal can be constructed to excite just the mode of interest, while the braking resistor excites all the modes;

· Probing signal is of lower impact to the system than braking resistor, yet it stimulates a more definitive response in the frequency range of interest;

· Probing signal can be repeated without switchgear wear.

4. We did not observe any significant change in damping with or without the Fort Rock series capacitors in service.

5. Test results and simulation results showed a low level of system excitation for the two-cycle 0.33 Hz probing signal indicating that it should be safe for routine tests on the system.

6. Oscillatory dynamics are obscured by random inputs to the power system, and some of these inputs alter the dynamics themselves.  . Modal analysis can compute the frequency of power oscillations very accurately,  but the damping estimates can be sensitive to the time window selected for analysis. We suggest to use at least two probing signals separated by one minute. This will allow validation of the results of modal analysis using two independent data sets, as we did in Section IV. 

7. The probing signal equipment used worked as intended.  The next step is to move the Phasor Data Concentrator and DataStreamer monitor to Dittmer and to replace the PPSM at Celilo with a fully functional unit.

FUTURE WORK

Additional testing is being planned for the PDCI probing signal. The next test considered for the August, 1999 time frame will involve additional testing of the two-cycle pulse as well as a low level noise signal if study results are favorable.  Following this, a test will be planned involving on-peak and off-peak insertion of the probing signal over a four week period to began making measurements of PACI mode damping under different operating conditions.  It will be desirable to further improve the monitoring capability for these tests if possible including bringing in PMU data from PG&E.  

Additional reporting will cover further testing and analysis work.  It is highly desirable that this include comparisons against at least one operating case, and that the analysis be extended to include other important modes.

ACKNOWLEGEMENT

We would like to thank everyone who participated in the test preparation and probing signal system development, specifically Don Chase and Loren Anderson at the Celilo DC terminal, Ken Martin and Tim Kelly, who developed the probing signal system, Richard Bunch, who provided consulting services on DC controls, Roger Allen and Dick Field at Chief Joseph Substation. 

We greatly appreciate participation of WSCC utilities in this test who served by observing on-line system response to ensure test security, and by collecting system disturbance data.  We also appreciate the participation of the Pacific Northwest National Laboratories in observing the test, measurements taken, and analysis of data.  

Names of those helping in the data collection and analysis effort are listed below:

Arizona Public Service Co (PMU data)
Doug Selin

Bonneville Power Admin. (PDC and PPSM data)
Jim Burns

ESBI Alberta Ltd. (DSM data)
John Kehler

General Electric Co. (distribution measurements)
John Undrill

Idaho Power Company (PPSM data)
Ron Schellberg

Pacific Gas and Electric Company (PMU)
Dave Rickenback

Pacific Northwest National Laboratories (PPSM data)
John Hauer

Salt River Project (DSM data)
John Hernandez

Southern California Edison Company (PDC data)
Phil Newhouse/Thanh Ninh

US Army Corps of Engineers (Basler PSS-100)
Dan Stolp

US Bureau of Reclamation (Grand Coulee Dam)
Jay Agee

Western Area Power Admin. (PMU and SCADA data) 
Dan Hamai

I. BACKGROUND

Simulation of the actual damping of system modes in transient stability programs represents a challenge for network planners. Model validation studies for the August 10, 1996 WSCC system outage is a good example of this.  Since the transfer capability limits are set based on simulation studies, the damping limits may be misrepresented due to model deficiencies and limitations. As a result, the system could be unknowingly operated close to the conditions where a next contingency would start growing power oscillations. Recognizing the challenges and limitations of study tools in representing modal damping, the BPA has initiated a project to develop a system to evaluate on-line damping of selected modes from on-line operational data.  Using this system the expected damping reduction from contingency studies will be subtracted from the measured damping to determine if adequate margin is present. 

The groundwork for this capability was laid by developing a probing signal capability and testing it on the Pacific HVDC Intertie on April 27, 1999. These tests involved injection of various probing signals into the dc current order and comparing results against those for insertion of the Chief Joseph braking resistor.  Figure 1 illustrates the phasor measurement network that was in place at the time of the test.  Measurements were also taken from Portable Power System Monitors (PPSMs) and Dynamic System Monitors (DSMs).  Figure 2 represents a typical ambient noise frequency spectrum of August 5, 1999 showing clearly presence of the PACI mode.

The test objectives were these:

· Identify damping level of dominant modes under the test conditions, with special attention to the north-south PACI mode near 0.3 Hz.   

· Validate the PDCI probing signal method and associated equipment as a tool for identifying on-line damping of system modes

· Determine if there is incremental improvement in damping with the Fort Rock series capacitor inserted

· Monitor modal response across the WSCC system

All test objectives were achieved successfully.

II. TEST SEQUENCE 

The following Probing Signal test was performed on April 27, 1999  to compare three different probing signals and make a comparison with their effectiveness in estimating damping of selected system modes against application of the Chief Joseph braking resistor.  Times are given in Pacific Advanced Standard Time.
Test B-1 (12:37)
Enable probing signal input in the Celilo BPS controls:

Test B-2 (13:15)
step change of – 125 Amp on the PDCI for 30 seconds

Test B-3 (13:20)
step change of +125 Amp on the PDCI for 30 seconds

Test B-4 (13:25)
125 Amp one-cycle 0.33 Hz square wave

Test B-5 (13:30)
repeat B-4 [125 Amp one-cycle 0.33 Hz square wave]

Test B-6 (13:35)
125 Amp two-cycle 0.33 Hz square wave

Test B-7 (13:40)
Chief Joseph Switchyard brake insertion (0.5 seconds duration)

Test B-8 (13:45)
repeat B-6 [125 Amp two-cycle 0.33 Hz square wave] 

Test C-1 (14:15)
125 Amp two-cycle 0.33 Hz square wave

Test C-2 (14:17)
Insert Fort Rock Caps by SCADA




Grp 1 at 1417:12.47, Grp 2 at 1417:17.5, Grp 3 at 1417:35.18





Test C-3 (14:19)
repeat C-1 [125 Amp two-cycle 0.33 Hz square wave]

Test C-4 (14:27)
125 Amp two-cycle 0.33 Hz square wave

Test C-5 (14:29)
Bypass Fort Rock Caps by SCADA




Grp 1 at 1429:07.12, Grp 2 at 1429:13.46, Grp 3 at 1429:23.24 

Test C-6 (14:31)
repeat C-4 [125 Amp two-cycle 0.33 Hz square wave]

Test C-7 (14:36)
Chief Joseph Switchyard brake insertion (0.5 seconds duration)

Test C-8 (14:40)
Disable probing signal input in the Celilo BPS controls:

Table I shows the major path flows in the Pacific Northwest during the test according to BPA SCADA:

COI-MW
: 

Power flow on California – Oregon Intertie

COI-MW:


Reactive power flow on California – Oregon Intertie

COI+SPP:


Power flow on California-Oregon Intertie and Sierra Power Project


PDCI:


Power flow on pacific HVDC Intertie


NJD:


Power flow in the North of John Day cut-plane


WSL:


West Side load in Pacific Northwest


SmL-M-MW:


Power flow on Summer Lake – Midpoint 500-kV line

SmL-M-MVAR:

Reactive power flow on Summer Lake – Midpoint 500-kV line

COI
COI
COI+SPP
PDCI
NJD
WSL
SmL-M
SmL-M


MW
MVAR
MW
MW
MW
MW
MW
MVAR

B-1 (1237)



















B-1(1310)
2901
-437
3077
2587
5399
9280
-616
294











B-2 (1315:01)
2798
-460
2957
2587
5258
9383
-652
311

on
2919
-460
3081
2464
5331
9335
-634
296

off
2839
-465
3057
2590
5346
9366
-638
311











B-3 (1320:02)
2755
-484
2922
2585
5330
9385
-627
312

on
2655
-500
2817
2707
5328
9399
-630
317

off
2764
-505
2929
2584
5314
9358
-625
308











B-4 (1325:01)
2669
-505
2835
2585
5261
9368
-647
318











B-5 (1330:01)
2740
-500
2922
2585
5292
9373
-634
310











B-6 (1335:01)
2720
-500
2882
2587
5291
9387
-643
315











B-7 (1340:00)
2765
-500
2916
2585
5293
9307
-627
307











B-8 (1345:02)
2736
-503
2920
2587
5306
9303
-610
300











C-1 (1415:01)
2730
-490
2893
2585
5248
9071
-607
305











C-2 (1417:00)
2769
-490
2958
2585
5263
9072
-599
298












SumLk-Griz flow changed from -520 to -330 to -220 to -370 MW


















      (1418:00)
2769
-489
2940
2585
5281
9122
-606
322











C-3 (1419:01)
2759
-490
2930
2585
5284
9118
-606
313











C-4 (1427:01)
2754
-487
2873
2585
5270
9151
-586
323











C-5 (1429:00)
2784
-487
2886
2585
5268
9067
-586
310












SumLk-Griz flow changed from -400 to -550 to -760 to -500 MW


















      (1430:00)
2789
-478
2896
2582
5234
9028
-609
310











C-6 (1431:01)
2738
-477
2870
2582
5232
9021
-589
301











C-7 (1436:00)
2810
-474
2898
2585
5252
9024
-594
300











C-8 (1440:00)
2847
-474
2930
2585
5272
9021
-581
298

Table I: flows on key paths in the Pacific Northwest

III.  TIME RESPONSE (B-SERIES)

The purpose of tests B1 through B7 was to verify suitability of the PDCI probing signal system as a tool for identifying damping of selected power system modes. As we were going through the test steps, the system excitation was progressively increased from a step change to a two cycle 0.33 Hz square wave.  A listing of data collection sources is provided in Appendix 1.  Simulation studies were done in advance of the test for the expected conditions.  A comparison of measured results with simulation studies is included in this report.

The 125 A step change (B2,B3) produced a very small system response with signals at the noise levels. The response was generally not perceptible around WSCC system and not considered being effective for identifying modal damping.

The system response for a one cycle 0.33 Hz square wave is shown in Figure 3-1 (test B5). This signal stimulates the inter-area mode, with an observed voltage deviations of 0.5% at Malin.  Average system frequency is not affected.

The system response for two cycle 0.33 Hz square wave is shown in Figures 3-2 (test B6) and 3-3 (test B8). This signal effectively stimulates the inter-area mode with an observed voltage dip of 0.6% at Malin.  Average system frequency is not affected.

Figure 3-5 shows response of Pacific HVDC Intertie to a two-cycle 0.33 Hz square wave probe. Voltage dip at either Celilo or Sylmar terminal does not exceed 0.8 %. Since the probing signal is added to the Celilo pole current order, the power in the Expansion Terminal (Converter #1 and #2) and Existing Terminal (Converter #3 and #4) follows the probing signal. There are 3-4 Hz dc power oscillations when the probing signal is stepped up. This is because of the control interactions between Celilo and Sylmar converters. The probing the signal is added to the Celilo pole current order only. The increase in dc current eats the current margin at Sylmar Converters #3 and #4, shifting them into the current control. The slow decay in the pulse is because the power controller is attempting to restore the power order.

System response for a Chief Joseph dynamic brake insertion is shown in Figure 3-4. The brake insertion causes larger transients on the California – Oregon ac Intertie and Midway – Vincent 500-kV lines. Voltage oscillations of 1.3% are observed at Malin 500-kV bus and system frequency dips down to 59.94 Hz.

The following table is a comparison of observed voltage dip for the two cycle 0.33 Hz wave and the brake application against pre-test simulation results.  

Location
Observed (pulse)
Simile. (pulse)
Observed (brake)
Simul. (brake)

Malin 500
0.84%
2.03%
1.13-1.52%
3.89%

Marketplace 500

0.38%

0.63%

Navajo 500

0.34%

0.62%

Sylmar 230

1.14%

0.73%

Vincent 500
0.49%
0.50%
0.53%
0.61%

Devers 500

0.52%

0.92%

Adelanto 500

0.54%

0.61%

Mead 500

0.38%

0.67%

Westwing 500
0.46%
0.37%
0.68%
0.72%

Palo Verde 500

0.41%

0.84%

Garrison 500

0.93%
1.65%
1.64%

Custer 500

0.81%
0.95%
1.68%

Tesla 500

1.54%

2.90%

Table Mt 500

1.91%

3.59%

San Onofre 230
0.28%

0.55%


Langdon 500
0.66%

0.2%


Devers 500





Ault 345





Mohave 500
0.31%

0.36%


Table II.  Percent voltage deviations of tests B7 and B8 against simulated results (range if more than one source).

The difference between the simulated and recorded voltage deviations at Malin 500-kV bus can be attributed to the difference in COI power flows during the tests and in the simulations. The COI transfers were 4184 MW in simulations, while only about 2800 MW during the actual test. 

IV. MODAL ANALYSIS B-SERIES

Modal analysis was performed using data from tests B6, B7, B8. We used a parametric approach, whereby an input-output transfer function is fitted to the data. Frequency and damping of the system oscillations are computed based on the poles of the identified transfer function. The Matlab system identification toolbox was used for modal analysis. 

Figures 4-1 through 4-3 show the input-output data records used in modal analysis. For PDCI probing signal tests, the input was the probing signal, and the output was the change in COI power. For brake insertions, the input was the brake power, and the output is the change in COI power. 

First, we identified the model using the input-output data from probe test B6, Figure 4-1. Figure 4-4 and show good correlation of this fit to the data.  Next we compared the result of this fit against the B8 test data as shown in Figure 4-5 which shows good agreement.  The same process was repeated identifying the model from the B8 data showing the fit in Figure 4-6, and the validation against the B6 data in Figure 4-7.  Both validation results (Figure 4-5 and 4-7 give good results.

Finally we identified the model using the input-output data from brake test B7. A comparison of the response with the identified model and test B7 is plotted in Figure 4-8.

The damping and frequencies are computed using the identified model for each test. Table below presents the results:

Test
Mode 1
Mode 2


Frequency

Hz
Damping

Ratio %
Damping

neper/sec
Frequency

Hz
Damping

Ratio %
Damping

neper/sec

B6 – probe
0.303 
10.15 %
0.193
0.416 
9 %
0.235

B7 – brake
0.295 
9.3 %
0.172
0.417
7.9%
0.207

B8 –probe
0.296 
10.02 %
0.186
0.416 
8%
0.209

Table III: computed frequency and percent damping of system modes from probe and brake tests, where (1, (2 = –  neper/sec + j radians/sec.  Mode frequency 2  and mode damping ratio ( (in percent) are the quantities presented in Table I.

Based on the studies, we can make the following conclusions:

1. PDCI probing signal is a good tool in identifying dominant system mode damping levels.

2. PDCI probing signal is consistent and produces repeatable estimates of modal damping.

3. Matlab System Identification toolbox is an effective tool in computing mode frequency and damping using probing signal data.

We had very limited success with using PNNL-developed Power System Identification (PSI) toolbox. Prony ringdown tool worked well for the brake insertion case but not as effectively for the PDCI probing signal cases due to the lower signal/noise ratio. Also, the PSI results were more sensitive to the time window selected for identification. 

V. TIME RESPONSE (C-SERIES)

The purpose of tests C1 through C7 was to determine the incremental damping change due to insertion of Fort Rock series capacitors and to provide additional cases for evaluating the probing signal. 

Figure 5-1 shows the system response for probe test C1, before series capacitors are inserted. Figure 5-2 shows the system response for probe test C3, after series capacitors are inserted.

Figure 5-3 shows the system response for probe test C4, before series capacitors are bypassed. Figure 5-4 shows the system response for probe test C6, after series capacitors are bypassed.

We did not observe any significant damping change with the Fort Rock series capacitors inserted but note an increase in 0.3 Hz  mode frequency, which is indicative of increased synchronizing power.  Figure 5-5 shows recording of the phase angle difference between Grand Coulee and Malin 500-kV buses for tests C1 through C6.  Insertion of Fort Rock series capacitors reduces the angle by about 2 degrees and increased the COI flow by 39 MW (or 1.4 % of initial loading) . 

Figure 5-6 illustrates a comparison of the Malin voltage response for brake applications B7 and C7 indicating good repeatability even though the events were separated by almost one hour.

VI. PROBING SIGNAL FREQUENCY SPECTRUM

As indicated earlier the nature of the probing signal affects the system modes which will be excited.  Figures 6-1 illustrates the frequency spectrum a two cycle 0.3 Hz square wave signal of the type shown in Figure 4-1.  This illustrates the frequency bands at which system modes would be excited by the probing signal. 
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There are numerous related references on this subject that could be included.  For brevity we refer to  a few benchmark reports which references most current papers on this subject.  Reference [1] is available on CD by request to the authors, and reference [2] may become available by this same means.  The CD that contains [1] also contains [3-5] and other related materials.
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[2]
J. F. Hauer, F. J. Hughes, D. J. Trudnowski, G. J. Rogers, J. W. Pierre, L. L. Scharf, and W. H. Litzenberger, A Dynamic Information Manager for Networked Monitoring of Large Power Systems. EPRI Project Final Report, funded under EPRI WO 8813-01(to BPA); October 1998.

[3]
J. F. Hauer, "BPA Experience in the Measurement of Power System Dynamics,"  Inter-Area Oscillations in Power Systems, IEEE Publication 95 TP 101, pp. 158-163.

[4]
J. F. Hauer, W. A. Mittelstadt, D. J. Maratukulam, W. H. Litzenberger, and M. K. Donnelly,  "Information Functions and Architecture for Networked Monitoring of Wide Area Power System Dynamics: Experience with the Evolving Western System Dynamic Information Network." VI Symposium of Specialists in Electric Operational and Expansion Planning (SEPOPE), Salvadore (BA) Brazil, May 24-29, 1998.
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Figure 1.  Phasor measurement unit network at the time of the April 27, 1999 test.  Figure provided by John Hauer of Pacific Northwest National Laboratories.         
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Figure 2.  Ambient noise frequency spectrum at 13:16:24 PAST based on Malin – Round Mt. #1 MW on August 5, 1999 typical of what may have been present during test conditions (provided by John Hauer of PNNL).
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Figure 3-1 A: a one cycle 0.33Hz square wave probe of +/– 125 A amplitude, B5
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Figure 3-1 B: a one cycle 0.33 Hz square wave probe of +/– 125 A amplitude, B5
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Figure 3-2A. a  two-cycle 0.33 Hz square wave probe of +/– 125 A amplitude, B6
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Figure 3-2B. a  two-cycle 0.33 Hz square wave probe of +/– 125 A amplitude, B6
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Figure 3-3A: a two cycle 0.33Hz square wave probe of +/– 125 A amplitude, B8
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 Figure 3-3B: a two cycle 0.33Hz square wave probe of +/– 125 A amplitude, B8
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Figure 3-4A: Chief Joseph Braking Resistor Insertion, B7
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Figure 3-4B: Chief Joseph Braking Resistor Insertion, B7
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Figure 3-5: Pacific HVDC Intertie during the probing signal test B8

Figure 4-1: a two cycle 0.33 Hz probing signal and the COI power response, test B6
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Figure 4-2: a two cycle 0.33 Hz probing signal and the COI power response, test B8
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Figure 4-3: Chief Joseph brake insertion and COI response, test B7

Figure 4-4: comparison of measured (black) and simulated (blue) [image: image23.wmf]0
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Figure 4-5: comparison of measured (black) and simulated (green) power deviations on Malin – Round Mountain #1 and #2 500-kV lines. 

Probing test B6 data is used to determine the model. 

Probing test B8 data is used to validate the model
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Figure 4-6: comparison of measured (black) and simulated (green) power deviations on Malin – Round Mountain #1 and #2 500-kV lines. 

Probing test B8 data is used to determine the model. 

Probing test B8 data is used to validate the model
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Figure 4-7: comparison of measured (black) and simulated (blue) power deviations on Malin – Round Mountain #1 and #2 500-kV lines. 

Probing test B8 data is used to determine the model. 

Probing test B6 data is used to validate the model
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Figure 4-8: comparison of measured (black) and simulated (red) power deviations on Malin – Round Mountain #1 and #2 500-kV lines. 

Brake test B7 data is used to determine the model. 

Brake test B7 data is used to validate the model
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Figure 5-1: probing test C1, Fort Rock series capacitors bypassed
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 Figure 5-2: probing test C3, Fort Rock series capacitors inserted
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Figure 5-3: probing test C4, Fort Rock series capacitors inserted 
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Figure 5-4: probing test C6, Fort Rock series capacitors bypassed
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Figure 5-5: relative phase angle between Grand Coulee and Malin 500-kV buses probing signal during tests C1 through C6.
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Figure 5-6 this figure is a comparison of braking resistor application results for tests B7 and C7 indicating good repeatability even though the tests were separated by almost one hour.  This plot was provided by Dr. John Hauer of PNNL.
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(c) Malin 500-kV Bus Voltage
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Figure 6-1.  Frequency spectrum of a two cycle 0.3 Hz square wave pulse of the type shown in  Figure 4.1. (provided by Dr. John Hauer of PNNL).  Vertical scale is in db.
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Configuration of WSCC PMU

Network for Probing Signal

Tests of April 27, 1999
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