
DESIRE: A Power Quality Prediction SystemSteven R. Shaw Robert F. Lepard Steven B. Leeb, Member, IEEELaboratory for Electromagnetic and Electronic SystemsMassachusetts Institute of TechnologyCambridge, MA 02139, USAAbstract: This paper describes a system for estimatingthe parameters of a simple model of an electric utility out-let using a transient measurement. Parameters of the util-ity model are estimated using data collected by the proto-type. Nonlinear, frequency dependent e�ects observed inprevious work in this area are accounted for with a phys-ically based model. The performance of the entire systemis demonstrated by comparison of measured and predictedline voltage distortion during current transients created bya laser printer. I. BackgroundFrom a service outlet, the electrical utility can bemodeled as a sinusoidal voltage source in series with aninductor and a resistor. In a commercial or industrial build-ing, impedances seen at the \user interface" arise predom-inantly from an upstream transformer, protection circuitry,and cabling. Harmonic currents generated by loads 
owthrough these impedances, creating voltage drops that res-ult in a distorted voltage waveform at the service outlet.In [1], the authors present an ingenious technique for de-termining the local apparent impedance of the electricalutility service. The impedance is identi�ed by brie
y clos-ing a capacitor across the electrical service at a precisepoint in the line voltage waveform. The shape and decay ofthe transient capacitor current in the resulting RLC circuitcan be used to estimate the line impedance.In this paper, the technique is reformulated in the DE-SIRE (Determination of Electrical Supply Inductance andResistance) system for characterizing a local electrical ser-vice. This new system o�ers several advantages. The hard-ware features a power-level, digitally programmable testcapacitor, a precision switch with a programmable �ringangle, and a data collection interface. The 
exibility of theDESIRE hardware, in particular its digital control, allowsit to collect the data required to accurately characterizethe local electrical service. The software uses methods wedescribe here to estimate the parameters of the local distri-bution service, given the transient test data generated bythe DESIRE hardware. The estimation method is particu-larly attractive because it does not require calibration of theparasitics introduced by the DESIRE hardware. This pa-per also develops a model, motivated by theory, to account

for the measured increase in utility resistance with increas-ing test frequency observed in [1]. The model is used topredict the characteristics of the service impedance over awide range of frequencies, given a limited number of testmeasurements.In [2] and [3], a transient event detector for nonintrusiveload monitoring was introduced, which can determine inreal time the operating schedule of the individual loads at atarget site, strictly from measurements made at the electricutility service entry. With knowledge of the impedances ofthe distribution network in a building, collected by a one-time application of the DESIRE system, the nonintrusiveload monitor could in many cases predict power quality(i.e., the extent of local voltage waveform distortion) usingonly information from the service entry. We conclude witha demonstration of this technique by predicting the localvoltage waveform distortion created by a laser printer.II. Service ModelIn this paper, we examine a single phase, line-to-neutralconnection to the electric utility. Electrical loads are pre-sumed to be connected to the secondary of a single phasetransformer driven at its primary by a sti� AC voltagesource. Figure 1 shows a model for such a connection to theelectric utility [1]. With certain simplifying assumptions,the resistance R and inductance L represent the compositeimpedances of cabling, protection circuitry, and the dom-inant transformer in the service stream. If the transformeris represented by a T -circuit model [4], the circuit in Fig. 1can be developed as a Thevenin equivalent by assuming thatXmag > (Rp + Xp), where Xmag and Rp + Xp representthe re
ected magnetizing and series primary impedances(series resistance and leakage inductance), respectively.For low frequency power quality estimation, we are con-cerned with a frequency range from fundamental (60 Hz)to about 16th harmonic. Over this frequency range, theresistance R in Fig. 1 is a nonlinear, increasing functionof frequency. The inductance in the model arises in partfrom the primary and secondary leakage inductances in thetransformer, and also from stray �elds around the cablingand conduits. The inductance is relatively independent offrequency. We assume that other parasitic components, es-pecially inter- and intra-winding capacitances, have a neg-ligible e�ect at the frequencies of interest, and are therefore
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LR i(t)Figure 1: Utility model.ignored. Extensions of the techniques in this paper to othersituations, including a full three phase service, are possible.III. DESIRE PrototypeTo determine the e�ects of load currents on the voltagewaveform, the parameters R and L of the utility model inFig. 1 must be identi�ed. The DESIRE prototype connectsa capacitive load to the utility service and analyzes the res-ulting transient waveforms to determine these parameters.A circuit model of the system, including the electrical loadcreated by the DESIRE prototype, is shown in Fig. 2.The switch in Fig. 2 is controlled by a timing circuit thatis phase-locked to the AC input voltage waveform. The�ring angle of the switch can be programmed with 10-bitresolution, i.e., a resolution of one part in 1024 parts of aline cycle. Varying the �ring angle allows the magnitudeof the transient current i(t) to be kept within the range ofthe current sensor. The value of the capacitor in Fig. 2 isalso digitally programmable, with a resolution of seven bits.This is accomplished with a parallel array of seven �xedcapacitors whose relative values are powers of two. Theprogrammability of the switch �ring angle and capacitorvalue in the DESIRE hardware permits the automated ex-amination of transient current waveforms for a wide rangeof service power levels. It also facilitates rapid, computer-based data collection at a variety of transient frequencies.As will be shown in the following sections, accurate char-acterization of the frequency dependence of R in Fig. 1depends on the ability to collect data at di�erent transientfrequencies.For accurate power quality prediction, the estimationmethod must determine the impedances of the utility modelindependently of parasitic impedances in the DESIRE hard-ware. As modeled in Fig. 2, the DESIRE programmableswitch contains parasitic resistance and inductance. Theload shown in Fig. 2 is the the programmable capacitor,modeled with an equivalent series resistance. In the DE-SIRE prototype, no extreme e�ort was expended to min-imize these parasitic elements or calibrate the test capa-citances, since the parasitics are likely to depend on time,temperature and other environmental factors. The para-meter estimation scheme described in the next section doesnot depend on any a priori knowledge of this kind.

IV. Parameter Estimation and ExtrapolationIf measurements are made of v(t), vs(t) and i(t), as in-dicated in Fig. 2, the unknown parameters R and L of theutility model can be estimated. Because the parameters Rand L are unknown,the voltage vs(t) can only be measuredwhen i(t) is zero, which precludes direct measurement dur-ing the transient. For practical purposes, we assume thatvs(t) is shift invariant over a small integer multiple n of thefundamental period T , i.e. vs(t) � vs(t + nT ). By collect-ing reference waveforms immediately before performing atransient test, which is easily accomplished with a compu-terized data acquisition system, the shift nT above can bemade quite small. Note that the requirement that i(t) = 0does not imply that the transformer is unloaded. The trans-former load need only be in steady state over the short in-terval required to collect vs(t) and perform the transienttest. Measurement of i(t) and v(t) during the transient isstraightforward.Identi�cation of the parameters R and LAssuming that vs(t) is shift invariant as above, the para-meters R and L constrain the signals v(t), i(t), and vs(t)according to the relationship in Eqn. 1. In the following, prepresents the di�erentiation operator ddt :vs(t)� v(t) = (R+ Lp)i(t): (1)The parameters R and L could be found directly fromEqn. 1 if the continuous time current waveform were avail-able and could be di�erentiated accurately. The measureddata, however, consists of the samples i(nTs), v(nTs), andvs(nTs), where Ts is the sampling period. We eliminate theproblems associated with measuring or approximating thederivatives in Eqn. 1 by introducing the causal, \low-pass"operator �, with � > 0, [5]:� = 11 + p� : (2)Solving Eqn. 2 for p, we obtain the following:p = 1� ��� : (3)Equation 1 can be reformulated by substitution withEqn. 3 to produce a linear least squares tableau that canbe used to estimate R and L:� [��(vs � v)](t)[���i](t) �T � �̂1̂�2� = i(t); (4)where �̂1 and �̂2 are estimates of 1L and RL , respect-ively. The notation [�i](t) indicates the row vector([�i](T ); [�i](2T ):::[�i](NT )), where [�i](t) is the result ofapplying � to i(t) at time t. Although � is a continuoustime operator, we have found that it can be applied o�-line to linear or zero-order hold interpolations of the �nelysampled quantities with little error. It is desirable to ap-ply � to sampled data for reasons of implementation. The
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-Figure 2: DESIRE hardware.time constant � associated with � must be determined bythe user. The time constant should be chosen to preserveinformation content, and also so that the e�ects of noisein the regressors and the errors associated with interpola-tion of the sampled data are minimized. All of the resultspresented here were obtained using � = :002s. In practice,a relatively wide range of values of � produces satisfactoryestimates.Equation 4 is arranged to minimize the bias in the para-meter estimate introduced by disturbances in the measure-ments. In particular, the regressors are picked so that theyare low-pass. Unless disturbances are pathologically low-pass, the error in the �ltered regressors will be substan-tially uncorrelated to the un�ltered right-hand side. If thedisturbances are symmetrically distributed and uncorrel-ated to the regressors, for large N the estimates will beunbiased. A more thorough discussion of the role of noisein this method can be found in [5].Estimating transient frequencyIt is important to associate a frequency f with the para-meter R found by the methods outlined above, as R is afunction of frequency. We account for the parasitic elementsin Fig. 2 by de�ning quantities Rtot = R+Rsw+Rcap andLtot = L + Lsw. The transient frequency f (in Hertz) isgiven by Eqn. 5 in terms of these new parameters.f = 12�s 1LtotC � R2tot4L2tot (5)One approach to �nd the estimate f̂ , therefore, is to �rstdetermine the unknown parameters Rtot, Ltot, and C andthen use Eqn. 5. This technique is preferable to timing zerocrossings, for example, because it is relatively insensitive tonoise at the zero crossings and is independent of the steadystate response.To �nd the estimates R̂tot, ^Ltot, and Ĉ, we employ the�-operator substitution technique to the equation relatingi(t) to vs(t) in Fig. 2:vs(t) = (Rtot + Ltotp+ 1Cp)i(t): (6)

Substitution to eliminate p yields the following equationin terms of the operator � and its parameter � .0@ [� (�� �2)i](t)[�2�2i](t)[� (�2 � �)vs](t)1AT 0@ �̂1̂�2̂�31A = [�i + 2�i � �2i](t) (7)where �̂1, �̂2 and �̂3 are estimates of RtotLtot , LtotC , and 1Ltot ,respectively. Equation 7 is solved in a least-squares senseand the parameter estimates are used to compute the tran-sient frequency f using Eqn. 5.V. Frequency dependence of RIn [1] and in the experiments in our laboratory, the ap-parent resistance R was observed to be an increasing func-tion of the frequency f of the transient. Phenomena thatcould explain this observation include, for example, eddycurrents induced in conductors adjacent to current carryingwires and skin e�ect in the wires themselves.In [6] the change of resistance due to the skinning e�ectin a conductor with cylindrical geometry is given for x� 1(\low" frequencies) as RR0 � 1 + x4192 (8)where x / pf and the constant of proportionality, givenexplicitly in [6], is related to the physical properties andgeometry of the conductor. R0 is the DC resistance.From [6], eddy currents in conductive materials adjacentto current carrying wires produce changes in e�ective res-istance as in Eqn. 9, which is valid for � � 1.R � R0 + 2�fL0 �26 (9)Here, � / pf . Again, the constant of proportionality isgeometry and material dependent, and can be found ana-lytically for certain geometries.Assuming that the constants relating x and � to pf arefavorably scaled, Equations 8 and 9 suggest the following�tting function, with parameters R0 and �.R(f) = R0 + �f2 (10)



Figure 3: Screen interaction with DESIRE prototype.With several estimates R̂(f) made at di�erent frequen-cies, a least-squares solution for the parameters R̂0 and�̂ can be found which satis�es Eqn. 10. Transient tests atdi�erent frequencies can be automatically conducted by theDESIRE system simply by programming a range of valuesfor C. It may be possible, based on the value of �, to de-termine frequencies above which Eqn. 10 becomes invalid.However, this was not investigated in detail here becausethe purpose is to extrapolate the data to lower frequencies,and because the collected data at higher frequencies are wellinterpolated by Eqn. 10.VI. Experimental ResultsThe test setup used to validate the DESIRE hardwareand software consisted of a single phase 1 kVA isolationtransformer connected between phase and neutral of athree-phase 60 Hz, 30 A per phase, electrical service. Arelatively small transformer was chosen so that it could beremoved from service and characterized independently dur-ing development. After the transformer was characterizedusing the DESIRE system, a laser printer with a base platerating of 7.6 A at 115 VAC RMS was connected to thetransformer. Given the laser printer's remarkable currentwaveform, we predict the voltage distortion due to the ser-vice parameters R(f) and L. 0 100 200 300 400 500 600 700 800 900 1000
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, A Figure 5: Sample current transient.Figure 3 shows a screen interaction with the DESIRE sys-tem. DESIRE can be con�gured to conduct eight transientmeasurements on a utility connection automatically. Theuser selects nominal capacitor values which will be connec-ted across the utility. The estimated capacitor values usedduring the tests are shown at the far left hand side of thescreen in Fig. 3. The transient currents during each of theexperiments are plotted on the right hand side of the screenfor four of the eight di�erent capacitor values. The usermay view either the �rst or second set of four transientplots. The estimated values of R and L for the the ser-vice model are displayed to the left of the transient currentplots.Fig. 4 shows estimated resistance R̂ as a function of tran-sient frequency f (Hz). The solid line is the interpolation ofthe data according to the model of Eqn. 10, and the dashedline shows the extrapolation of the model to lower frequen-cies. The estimated inductance L̂ was 1.10 mH.Fig. 5 shows a transient current waveform drawn by theprinter during operation.In Fig. 6, the measured and predicted line voltages aredisplayed. The data points show the measured voltagewaveform, decimated for clarity. The solid line is a linearinterpolation of the simulation results.The predicted data was obtained using the estimate L̂,the extrapolation of Eqn. 10 to 60 Hertz using the data inFig. 4, the measured current i(t), and Eqn. 1.VII. ConclusionsThe DESIRE prototype and analysis software provide a
exible system for characterizing the e�ective impedance ofa utility service connection. This information can be usedfor a variety of applications by utilities, and also commercialand industrial facilities managers. In [2], the nonintrusiveload monitor was demonstrated to have the ability to dis-aggregate the operating schedule of individual loads given
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, VFigure 6: Measured and predicted line voltage distortion.access only to the aggregate current waveforms at the ser-vice entry. With additional knowledge collected during aone-time (or at least infrequent) examination of the detailsof a building's wiring harness, the location of loads on theharness, and the service connection impedances as determ-ined by the DESIRE system, the nonintrusive load mon-itor could provide continuous prediction of the local voltagewaveform at points of interest. We have demonstrated thebasis for this power quality monitoring technique in thispaper.The impedance calculations made by DESIRE could alsobe used, for example, to compute the available fault cur-rents at a service connection. This information would helpto verify the proper rating of protection circuitry in the wir-ing harness. During our experimentation, we have observedthat careful, high sample rate examination of the transientcurrent waveforms collected by DESIRE reveal additional,very high frequency ringing that we suspect can be attrib-uted to neglected elements in the utility model, e.g., inter-and intra-winding capacitances. It is conceivable that addi-tional information about the utility service impedance couldbe determined by DESIRE, which might be useful for de-termining the propagation of high frequency EMI or powerline carrier modem signals.AcknowledgmentsThis research was funded by the O�ce of Research andDevelopment, a CAREER award from the National Sci-ence Foundation, and MIT's Carl Richard Soderberg Ca-reer Development Chair. The authors gratefully acknow-ledge the valuable advice and support of Deron K. Jackson,Professors James L. Kirtley, Jr., George Verghese, BernieLesieutre, and Les Norford and Doctors Craig Searles andDave Charvonia.Essential hardware for this project was made availablethrough a generous donation from the Intel Corporation.Test and measurement equipment were generously suppliedby Tektronix and Hewlett-Packard.
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