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Appendix A to Chapter 2 

Sideband Production in RMS Calculations

The trigonometric identities
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(1B)

occur repeatedly in the calculation of rms (root mean square) quantities. Consider, for example, an unmodulated synchronous current
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and its square
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Now





(4)

In a physical instrument the mean value will be determined through some kind of averaging process. If this process is not exact then the second harmonic term 

 will not vanish completely, and must be filtered out. A similar result occurs for calculations such as the instantaneous power:





(5)

where 

 is the angle by which 

 lags 

. The mean power 

 is the product of rms voltage 

, rms current 

, and the power factor 

. The not very exact terminology “rms power” should be taken in this context.

Calculations for three phase circuits draw upon the further identity





(6)

This, together with (1), shows that the second harmonic term cancels out for instantaneous total quantities in ideally balanced three phase circuits. This cancellation should not be relied upon under practical conditions, however.

Appendix B to Chapter 2

Basic Phasor Calculations

The relations that govern modulation of one sine wave by another are very simple:




 
(1A)





(1B)

Conventional electronic transducers draw upon the above relationships rather directly. While the implementation details (and the filtering) vary among specific devices, all of these can be regarded as “algebraic” or “point on wave” transducers.

Rms quantities can also be determined by decomposing the 

 and 

 signals into components that can recombined to sharply display the desired information. This usually requires correlation logic that “projects” the signals onto a set of reference waveforms. In a transducer these would generally be developed from: 





(2)

Reference frequency 

 might be the nominal value of the actual frequency 

, or it might be an estimate for 

 that is developed during the measurement process itself. For three-phase calculations 

 and 

 become vectors, as do the reference waveforms. In such case the latter are extended to include sine and cosine waveforms displaced by 

 radians.

The concepts used here are exactly those underlying Fourier analysis and the demodulation of AM radio signals. The basic principles can be demonstrated through single-phase calculations. Define





(3)

Here 

 indicates the projection of one signal onto another, and 

 indicates an averaging process. Both operations are performed with 

 ranging across some window W. This window defines the length of the averaging process, the data to be processed at time t, and the filter weights to be used in forming the average. 

Next consider the case





(4)





(5)

for which





(6)

Suppose too that W produces an exact average across one cycle of S(t) and introduces a scale factor of 2. Then





(7)

Now 

 can be described by the complex variable





(8)

where 

 . In power system applications 

 is usually termed a phasor, or more specifically, a current phasor. The associated voltage phasor 

 can be formed in a similar manner, and combined with 

 to determine other quantities such as real or reactive power.

The example here rather idealized, in that 

 exactly equaled 

 and the averaging process exactly eliminated the double frequency term at 

. A practical instrument must deliver good performance without such exactitude. This requires close attention to signal processing details.

Appendix C to Chapter 2

Laboratory Evaluations of Power System Transducers

Figures 2C-1 through 2C-5 are representative of transducer response tests performed by the US Bureau of Reclamation (USBR) under the Wide-Area Measurement Systems (WAMS) project. All of the transducers examined have analog inputs and outputs. This does not necessarily imply, however, that their internal logic is analog. Signal processing for several of these transducers is primarily digital and, from other points of view, are classified as digital.
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Fig. 2C-1. Measured frequency response of a RIS frequency transducer.
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Fig. 2C-2. Measured frequency response of a PTI frequency transducer.
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Fig. 2C-3. Measured frequency response of an SC voltage transducer.
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Fig. 2C-4. Measured frequency response of an Ohio Semitronics watt transducer.
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Fig. 2C-5. Measured frequency response of a Scientific Columbus watt/var transducer.
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Fig. 2C-6. Macrodyne phasor measurement unit response versus typical analog transducers.

Each figure shows gain as a function of frequency, with a vertical dashed line indicating the -3 dB bandwidth. The bandwidth values range from a low of 0.6 Hz (in Figure 2C-1) to a high of 20 Hz (in Figures 2C-2 and 2C-3). Several of the transducers have anomalous response peaks above the normal bandwidth. Those in Figure 2C-5 are especially strong, and merit close examination.

Figure 2C-6 indicates that the phasor measurement unit (PMU) has a bandwidth near 7 Hz. The 30 samples per second rate of the PMU provides a Nyquist frequency of 30/2 = 15 Hz, which is also the frequency for the first null in the response. Unless the secondary response peaks above the first null (“sidelobes”) are much lower than shown, the PMU may respond to modulating signals above 15 Hz, and alias them into the normal information band.

At present there is not much direct information on PMU protection against such effects. PMU response has been approximated here by that of the uniform four cycle averaging that is done in its final filtering stage. Earlier filters have the effect of reducing the sidelobes as shown, but they too are potential sources of aliasing [2-14]. These issues will be examined more closely in laboratory tests conducted under the WAMS project [2-9–2-10].

Appendix D to Chapter 2

Field Evaluations of Power System Transducers

Several field measurements on transducers at BPA substations have been made [2-15,2-19]. Figure 2D-1 shows typical instrumentation [2-20].
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Fig. 2D-1. Instrumentation for transducer measurements at Slatt substation, 04/24/96 (showing one phase only for transducer inputs).

Spectra characterizing the signal environment are shown in Section 2.2.

Figures 2D-3 through 2D-5 present signal output spectra from an analog watt transducer at Slatt substation, for progressively broader processing bandwidths. These show a great deal of fine structure. Much seems associated with harmonics of the 60 Hz power frequency, or at frequencies above the normal range for known system dynamics. (Figure 2D-2 is an exception.) It’s likely that most of the peaks represent processing artifacts. If so, they contain information about the inner workings of the transducer (hence its quality) and they are useful benchmarks for laboratory or simulation studies.

Figures 2D-6 and 2D-7 shift the focus back to the transducer inputs. They confirm that the recorded voltage inputs, obtained with temporarily installed instruments, are consistent with those recorded there on the permanently installed BEN 5000 digital fault recorder. They also confirm that scaling requirements for DFR current recording will generally preclude use of such data for small-signal analysis.
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Fig. 2D-2. Autospectrum for watt transducer (20 Hz processing).
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Fig. 2D-3. Autospectrum for watt transducer (100 Hz processing).
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Fig. 2D-4. Autospectrum for watt transducer (500 Hz processing).
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Fig. 2D-5. Autospectrum for watt transducer (2000 Hz processing).
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Fig. 2D-6. Comparison against MATLAB processing of DFR voltage data.
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Fig. 2D-7. Comparison against Matlab processing of DFR current data.

Appendix E to Chapter 2

Transducer Modeling and Simulations

This appendix is an expansion of Section 2.5.

Laboratory tests and field examination of transducer performance have been reinforced through the use of computer models. The general approach involves:

· Use of SPICE computer software [2-21,2-22] to examine interface and circuit performance.

· Use of MATLAB computer software [2-23] to examine the generic signal processing

Models were developed for the (analog) PRM megawatt transducer of Figure 2-14, plus digital megawatt transducers of both algebraic and phasor types (Figures 2-15 and 2-16). The MATLAB codes permit direct changes to signal processing parameters, such as filter type and settings, and they support a broad menu of test waveforms.

Figure 2C-1 shows internal waveforms for a PRM transducer simulation.
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Fig. 2E-1. Internal waveforms for PRM transducer model.

The Figure 2E-2 autospectrum is typical of many PRM transducer simulations that were performed under unbalanced conditions. The considerable range of spectra resembles the observed data in Figure 2-28.
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Fig. 2E-2. Typical output autospectrum for PRM transducer model.

Physical considerations, reinforced by examination of signal conditions in the field, argue that a fully represented test case for examining transducer performance should include:

· Unbalanced phases.

· Significant excursions in system frequency.

· One or more additive signals at frequencies characteristic of network resonances (e.g., 35–55 Hz). These should include both voltage and current.

· Modulation of the first harmonic (60 Hz) at frequencies that are characteristic of fast controllers (e.g., 20–25 Hz).

· Modulation of the second harmonic (120 Hz) at frequencies that are characteristic of both mechanical vibrations (e.g., blades) and modulation for all harmonics at a controlled power electronics device (e.g., 20–25 Hz).

· Numerous harmonics above the second. Their modulation is not required except in very special cases.

Figures 2E-3 and 2E-4 show voltage spectra for HarmSigs1B, one of several sets of test signals that have been constructed along the above guidelines. General characteristics of HarmSigs1B are these:

a) Harmonic number 1 (the fundamental) has a frequency of 60 Hz, and a per-unit (pu) weight of 1.0 relative to all other harmonics.

b) Voltages and currents for the first harmonic are amplitude modulated at three frequencies: 1.05 Hz, 1.46 Hz, and 18.2 Hz.

c) There is a total of 7 harmonics, with relative weights defined by the MATLAB statement:

Harmwt = [100 4.0 6.1 1.2 2.5 1.8 4.2]/100


(1)

d) There are 3 modulating terms for each of the first 4 harmonics. Their relative weights for voltage and current are:

Vmmag = [2.2 1.9 1.2; 0.0 3.9 0.0; 1.85 0.0 0.0]/100
(2)


IMmag = [1.8 1.8 1.6; 0.0 2.7 0.0; 0.00 4.8 0.0]/100
(3)

e) A 52 Hz sinusoidal signal is added to voltage and current.

f) A record length of maxBcyc = 560 cycles (9.33 seconds), with refspc = 128 samples per cycle.

Matlab statement (1) defines an array of 7 elements, each of which is divided by 100. Statements (2) and (3) are a bit more complicated, in that each of the semi-colons defines the end of an array row.
Figure 2E-3 shows an autospectrum voltage components in the general vicinity of the 60 Hz fundamental, and Figure 2E-4 shows the entire autospectrum. Both were calculated with fast Fourier transform (FFT) logic applied to a record of 216=65,536 sample points. Ideally both spectra should consist of discrete lines. The fact that the peaks have finite widths instead is characteristic of numerical processing, plus the fact that the signal record does not contain an exact number of cycles for every component.
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Fig. 2E-3. Spectrum detail for voltage VA of test input HarmSigs1B.
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Fig. 2E-4. Full spectrum for voltage VA in HarmSigs1B.

It is a basic and well known fact that, under ideal balanced conditions, the total instantaneous power flowing on a three phase transmission line is constant, with second harmonic terms cancelling (Appendix 2A).

Transducers that exploit this can be very practical, but they require close attention to filtering if they are to be very selective with respect to the physical phenomena that they track. Figures 2E-5 and 2E-6 illustrate this for the single-phase test signals of HarmSigs1B, for which the instantaneous power is 




(4)

The full spectrum for 

 is much more complex than those of v(t) shown in Figure 2E-4, but the detailed spectrum for 

 is fairly similar to fundamental modulation spectrum in Figure 2E-3. (Spectra for i(t) are similar to those of v(t).) The major differences are these:

· The strong peak at 0 Hz represents total power.

· The significant peak at 8 Hz is an image of the 52 Hz additive signal.

· The small feature at 28 Hz is one of the many signal artifacts produced by multiplying the voltage and current signals together, thereby convolving their spectra [2-16–2-18].

The original modulation band can be recovered through low pass filtering, provided that the 8 Hz peak is somehow recognized as an additive rather than a modulating term. It’s unlikely that this can be done without directly examining v(t) and i(t), however.
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Fig. 2E-5. Spectrum for raw instantaneous power signal.
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Fig. 2E-6. Spectrum for raw instantaneous power signal (detail).

There is a more formidable problem with the total power calculation. Every peak that is common to the autospectra for voltage and current contributes a component at 0 Hz, and thereby to the total power calculation. Separating out the fundamental power associated with the 60 Hz carrier calls for prefiltering that must be performed prior to multiplying the instantaneous voltages and currents together.

In an algebraic transducer the prefilter would, ideally, pass no signals that are more than 30 Hz away from the 60 Hz carrier. This can be achieved directly, with bandpass filters [2-18], but it’s probably better to re-center the information band at 0 Hz and then use lowpass filtering. The frequency shift is readily accomplished through multiplication by a 60 Hz sinusoid. Separate multiplication by the corresponding cosine leads to the projection of Figure 2-13, and thereby to a phasor transducer.

Appendix F to Chapter 2

Performance of BPA Analog Communication Channels

HVDC modulation. BPA’s Pacific HVDC Intertie modulation control implemented in 1976 used a remote power (later current) signal from the parallel Pacific AC Intertie [2-32,2-33,2-2]. The all-analog control used wide bandwidth (up to 20 Hz) transducers and microwave communications. The transmitted signal was the derivative of the measured power or current, which is an approximation of the frequency difference between the Pacific Northwest and Pacific Southwest areas.

The necessary protective filters and other filtering/compensation were included. This early wide-area control (remote input signal, real and reactive power outputs at dc terminals 1360 km apart) was successful. The modulation was removed from service in 1989 at the time of the expansion to four terminals by the addition of converter groups at both ends. Reasons for removal included declining need, cost and complexity of an upgraded digital control system for the four terminal link, and unavailability of secondary response signals from the southern end.

Monitor facilities. BPA control center monitor facilities represent evolving compromises among information needs, costs, available technology, and work schedules. The convention of using a 20 sps recording undersamples BPA’s 20 Hz transducers and communication channels—for which 60 sps would be far more appropriate—but it’s more than ample for the transducers and channels with bandwidths below 2 Hz. Protective filters to eliminate out-of-band signal anomalies are desirable. These were not in place for the brake test of September 4, 1997 [2-31]. Therefore special precautions are needed to separate measurement artifacts from actual power system behavior.
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Fig. 2F-1. Record segments used in Fourier analysis of ambient activity, before and after brake insertion #2.

Figure 2F-1 shows the time intervals for the analyses to follow. Figure 2F-2 shows the spectral range to the 30 Hz limit imposed by 60 sps recording. Without further information, the two strong peaks might very well be interpreted as shaft activity or network resonances.
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Fig. 2F-2. Anomalous activity peaks in real and reactive power on Malin–Round Mountain circuit #1, as viewed with 60 sps sampling.

Figures 2F-3 and 2F-4 show a more complex situation on the signal for real power on the MPC-Garrison 500-kV line. The first figure shows many odd peaks, with no obvious relationship among them. The second figure shows the corresponding spectrum for data collection at the standard 20 sps rate. Due to the lack of protective filtering, every peak located at or above 20 Hz in Figure 2F-3 has been “aliased” to a frequency below 10 Hz in Figure 2F-4. Figure 2F-5, based upon the signal for the MPC–Garrison 230-kV line, illustrates the aliasing process for downsampling to 30 sps and 20 sps.

The observations to this point demonstrate that a 60 sps data rate may not be sufficient to establish the true frequencies, and thereby the likely natures, of the anomalous spectral peaks. Figures 2F-6 and 2F-7 are based upon earlier data that were collected at higher rates for precisely this reason. Periodicity and spacing of the peaks in Figure 2F-4 suggest that the peaks are displayed at their true frequencies and represent subcarrier activity. They reappear in Figures 2F-3 and 2F-4 at lower frequencies as a result of aliasing.

Figure 2F-7 shows very different characteristics for a signal associated with the Slatt TCSC. Spectral anomalies vary a lot from one signal to the next, and some signals are entirely free of them. 
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Fig. 2F-3. Anomalous activity peaks in real power on the MPC–Garrison 500-kV line, as viewed with 60 sps sampling.
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Fig. 2F-4. Anomalous activity peaks in real power on the MPC–Garrison 500-kV line, as viewed with 20 sps sampling.

[image: image24.wmf]0

5

15

20

25

30

10

caseID=Dit090497B1    casetime=12/31/97_12:31:52

-60

-40

-20

0

20

40

60

20 sps

60 sps

30 sps

jfh

Data collected on BPA PPSM unit,

Dittmer Control Center, 09/04/97

analysis start time=23H42m35s PDT

Frequency in Hertz

P21:  024 MPC Garrison 230 kV MW


Fig. 2F-5. Aliasing of activity peaks MPC–Garrison 230-kV line through reductions in sampling rate.
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Fig. 2F-6. Anomalous activity peaks in real power on the MPC–Garrison 500-kV line, as viewed on 07/11/95 with 100 sps sampling.
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Fig. 2F-7. Anomalous activity peaks in real power on the TCSC–Buckley 500-kV line, as viewed on 05/07/96 with 400 sps sampling.
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