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A Power Quality Prediction System

Steven R. ShanStudent Member, IEEEChris R. Laughman, Steven B. Leddember, IEEEand Rob F. Lepard

Abstract—This paper describes two hardware prototypes and
estimation schemes for determining the parameters of a simple,
physically based, point-of-use electric utility model using transient
measurements. Parameters of the utility model are estimated using
data collected by the prototypes. Frequency-dependent effects ob-
served in previous work in this area are modeled. Performance of
the techniques given is demonstrated by comparison of measured
and predicted line voltage distortion during current transients cre-
ated by several loads.

Index Terms—Estimation, power distribution testing, prediction ~ F'9- 1. A distribution-level model of the electric utility.

methods.
We begin with the common utility model and comparison of

the excitation hardware for test methods A and B. The system
identification procedures corresponding to each method are then
ROM A SERVICE outlet, the electrical utility can be ap-discussed in separate sections. Juxtaposition of the methods re-
proximated as a sinusoidal voltage source in series with awmes in Sections VI and VII, which include demonstrations of
inductor and a resistor. In a commercial or industrial buildinghe techniques on measured data and observations regarding ap-
impedances seen at the “user interface” arise predominarlications beyond the laboratory.
from an upstream transformer, protection circuitry, and cabling.
Harmonic currents generated by loads flow through these im- [l. UTILITY MODEL AND MEASUREMENTS
pedances, creating vqltage dropsthat resultin a distorted voltagg; the purpose of point-of-load voltage distortion predic-
waveform a'_( the SErvice outl_et. . tion, we consider a single-phase line-to-neutral connection to
In [1], an interesting technique for determining the local aRpe electric utility, e.g.po in Fig. 1. Electrical loads are con-
parent impedance of the electrical utility service is presentgtheoted to a source, (1) through lumped parametefs and L
The impedance is identified by briefly closing a capacitor aCrog%odeling physical cabling, protection devices, and other im-
the electrical service at a precise point in 'Fhe line voltage WaVsdances. The soureg(t) is stiff with respect to the current
form. The shape and decay of the transient current in the {gz\y from any particular load, but may have distortion re-
sultingRLC circuit can be used to estimate the line impedancgiing from the aggregate load current. Physically, for example,
In this paper, the technique in [1] is reformulated in tWQ - might correspond to the voltage on the bus bars of a breaker
pomt_-o_f-load impedance c_haractenzatlon and voltage distorti@qQpinet. The voltage across these bus bars might be shaped by
prediction systems. The first system (method A) usesRb€ ., yer-factor-correction capacitors, upstream voltage distortion,
transient excitation technlque from [1], but features a d|g|tg| nd the aggregate current drawn by the loads. However, to con-
programmable test capacitor, a phase-programmable swilgh, e the physical example, we assume that the voltage on the
and a data collection interface. The second system (method, 415 s essentially invariant to current perturbations on the

B) consists of a programmable current source, providingqer of the currents drawn by thiedividual loads. A similar
more flexibility in test transients. The two systems, and theifqdel is used in [1] and [2].

associated estimation procedures, share a point-of-load modet,nsider thetth connection to the model shown in Fig. 1.

of the electric utility. This model, motivated by theory, accountﬁssuming measurements(t), v, (t), andix(t) are available,

for the measured increase in resistance as a function of gt harameterg, andL;, of the utility model can be estimated.
transient frequency observed in [1] and [2]. Ultimately, thepe quantity, () is generally inaccessible and difficult to mea-

model and estimated parameters are used to predict voltage, However, following the assumption thatt) is stiff and
distortion from transient currents. if most loads are in steady state
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he W) Lo i(t)fr the problematic load should be disconnected during the test. In
to test principle, provided sufficient excitation can be maintained, in-
v (t) load circuit teracting loads may remain connected if the current measure-

- - ment is modified to includey .
The model Fig. 1 is accurate in the sinusoidal steady state at
Fig. 2. Steady-state currenis in measurement scenario. a particular frequency. Over the frequencies that we considered,
in particular, from the fundamental at 60 Hz to around the 16th
harmonic, skin and proximity effects in the physical system re-
quire the resistorg?;, to be nonlinear, increasing functions of

Lyy Ry + Rmp

+ i) frequency. The two hardware prototypes and their associated
o(t) identification procedures, discussed in the subsequent sections,
c handle this frequency dependence slightly differently.

I1l. PROTOTYPE HARDWARE

Numerical values of the utility model parameters are needed
to predict the effects of currents on the voltage waveform at the

& load. To find parameter values, itis necessary to excite the utility

+ i) at the point of load with some test circuit, measure the response,

v() and determine the parameters. Two excitation circuits, shown in
(o) Fig. 3, were considered for this paper.

. The principle components in Fig. 3(a) are the capacitor and
) the switch. When the switch closes, the capacitor “rings” with
the R andZ of the utility model in Fig. 1, creating the excitation.
Fig. 3. Test circuits used to excite utility for identification. Test cireis a ~ The firing angle of the switch is programmable with a resolution
programmable capacitor connected to the utility by a switch. TestcBdsia  of10 b i.e.. a resolution of one part in 1024 parts ofaline cycle
programmable current source. The voltage) and current(t) are measured o A . . . )
during transient excitation. ' The time reference subdividing each line cycle is obtained from
a phase-locked loop. Similarly, the capacitor value is selectable

] _ . with a resolution of 7 b by selectively engaging a parallel array
The notion of a test during steady-state conditions can Beseven capacitor§’, with Cy11 = 2C;. The programma-

extended to include an unmeasured steady-state load CUrigfi, of the switch firing angle and capacitor value allows rapid
ir(t) = ir(t — nT) if there is a linear operatofl relating  cqjiection of a set of transient frequencies and may be used to
vs(t) — vi(t) to iy (7). Let the quantities(t), v(?) be the actual create tests that draw reasonable currents for a range of source
m_easurem_ents as made b_y the test apparatus shown in Elg. Kges. Also shown in Fig. 3(a) are parasitic inductahge
discussed in the next section. In the absenag pthe equation 5.4 resistanc&s, + Reap, Which may change depending on the
. . configuration of the switch. The choice of measuremet$
Hi(t) = vs(t) — o(1) (3) andi(t) makes the specific values of the parasitics unimportant.

) ] Identification and prediction procedures associated with the cir-
is used to estimate the parameters. If the unmeasured load ¢tz iy Fig. 3(a) will be called “method A.”

rentiy, is introduced at the test nodeso that The test circuit in Fig. 3(b) consists of a MOSFET current
) ) ) sink and ballast resisto®;. The MOSFET is operated linearly
iw(t) = i(t) +ir(t) (4)  and dissipates power during an individual test, but subsequent

tests can be spaced in time to keep the average power dissipation
in the MOSFET within specifications. The noncritical ballast
resistorR; can also be sized to keep power dissipation in the
MOSFET reasonable for a range of nominal source voltages.

Procedures associated with Fig. 3(b) will be collectively called
The effect is to introduce term&+:;, in the right-hand side of “method B." 9. 3(b) y

(3) that cancel ifi(¢) is steady state

as indicated in Fig. 2, then (2) becomes

Us(t) = vp(t —nT), withix(t —nT) =ir(t —nT). (5)

Hi(t) = 0,(t) — v(?) [\V. ESTIMATION AND PREDICTION FORMETHOD A
= (vs(t = nT) — Hig(t — nT)) The procedure for method A is to probe the utility at several
— (vs(t) = H(ir(t) +1i(1))). (6) different frequencies using the test circuit of Fig. 3(a) and esti-

mate values of and L for each frequency. Experimentally, as
A steady-state load curreik(t) = iz (t — nT) therefore has in [1], the estimates are found to depend on frequency. In this
no effect on the problem. In some casést) might be per- section, we extend the model of Fig. 1 with a correction for the
turbed dramatically during the test, for example, if a load coffrequency dependence and show how the aggregate model can
nected to the point of test is essentially a capacitor. In this cabe, used to predict voltage distortion.
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A. Identification of the Parametets and L whereR; = R, + R, L, = L, + L, andL, and R, appear
The parameter® and L form the constraint in Fig. 3(a). One approach to finflis to determine the param-
etersR;, Ly, andC and apply (12). Over short intervals, this
v (t) —v(t) = (R 4+ Lp)i(t). (7) technique is preferable to timing zero crossings because it is

relatively insensitive to noise at the zero crossings and is inde-
wherep is the operatod/dt. The parameter® andL could be pendent of the steady-state response at the line frequency.
found directly from (7) ifpi(¢), i(t), andv, (¢) —v(t) were avail- o find estimates®;, L;, and(’, we apply thex-operator
able. The data, however, consist of samp{ed’; ), v(n1;), and  technique to the equation relatiig) to v, () in Fig. 3
vs(nT%), whereT, is the sampling period ang is the estimate
of the source voltage as in Section II. vs(t) = (Rt T Lp+ L) i(t). (13)
We eliminate problems associated with measuring or approx- Cp

imating the derivatives in (7) via the low-pass operator Substitutings, andp yields

1 R

= (8) (s 4]
L+pr AL =A)i 7Ai (A=1)5) [ an | = (=1 42X = A)i

with 7 > 0 [8]. With some manipulation a3
1= ) (14)
P=7 whered , ¢, andas are estimates ak; /Ly, L;/C, and1/L;,

where ) is anoperator, i.e., \z is the result of applying the respectively. Equation (14) is solved in the least-squares sense
low-pass filter (8) toz. By substituting,(¢) andp and mul- and the parameter estimates are used to compute the transient
. s

tiplying through byAr, (7) becomes frequencyf using (12).

TA(Bs (1) — v(t)) = (RTA + L(1 — A))i(2). (10) C. Frequency Dependence Bf
In [1] and in the experiments in our laboratory, the estimated
There is no derivative in this equation, and the only difficulty igesistances were observed to be an increasing function of the
to compute) applied to measured quantities. Equation (10) cafequencyf of the transient. Phenomena that could explain this

be rewritten to produce a linear least-squares tableau observation include, for example, skin effect in the wires and
5 eddy currents induced in conductors adjacent to the wires.
TA((0s —v) —i) <g1> =(1-A);i (11) In [9], the change of resistance due to the skin effect in a
: conductor with cylindrical geometry is given for< 1 (“low”
whereg,, 3, are estimates of/L, R/L. Quantitiesi, v, and frequencies) as
¥, are columns vectors of samples, so that — v —i) is a R 4
two-column byN matrix, whereN is the number of samples. R ~ 1+ 192 (15)

The operatoi acts on the matrix in (11), hence, the regressors
are low-pass. Unless disturbances are also pathologically lowherez ~ /f and the constant of proportionality, given ex-
pass, for largeV the estimates will be unbiased. A detailed noisplicitly in [9], is related to the physical properties and geometry
model for this method can be found in [8]. of the conductor. The variablg; is the dc resistance.

The time constant associated witth must be determined  From [9], eddy currents in conductive materials adjacent to
by the user. The time constant should be chosen to preservecurrent-carrying wires produce changes in effective resistance
formation content and minimize disturbances. The results p&s in (16), which is valid fof < 1
sented in Section VI-A were obtained with= .002 s; in prac- 92
tice, a relatively wide range of valuesoproduces satisfactory Re Ro+27fLo—. (16)
estimates. Although is a continuous-time operator, we have 6
found that it can be applied offline to linear or zero-order-holtiere,é o« /f. Again, the constant of proportionality is geom-
interpolations of the finely sampled quantities with little erroretry and material dependent, and can be found analytically for
Discrete-time implementation of may be desirable in somecertain geometries.

circumstances. Assuming that the constants relatingndé to \/f are favor-
ably scaled, (15) and (16) suggest the following fitting function,
B. Estimating Transient Frequency with parameters?, andé:

In [1], estimates of? and L at different transient frequencies 9
. = of<.
uncovered a frequency dependenc&iriTo explore and model R(f) = Ro+2f (7)

this frequency dependence, an accurate means of estimating/ih several estimate&(f) made at different frequencies, a

principle transient frequency is required. least-squares solution for the parametéssands can be found
The frequency of th&LCtransient is which satisfies (17). Transient tests at different frequencies can
be automatically conducted by the system simply by program-
f= 1 1 Ry (12) ming a range of values far'. It may be possible, based on the

ox\| L,C m value ofé, to determine frequencies above which (17) becomes
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invalid. However, this was not investigated in detail here be- 12
cause the purpose is to extrapolate the dataterfrequencies, 1.15
and because the collected data at higher frequencies are well 11
interpolated by (17). Equations (15) and (16) apply to the sinu-

soidal steady state. However, for conventional materials, the im-
portant time constants are sufficiently short that the application

of these equations to our test transients is a good approximation.
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0.9
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0.85

D. Power Quality Prediction 08

With estimates’y, Ry, andé, we would like to predict the I
. N 0 100 200 300 400 500 600 700 800 900 1000
distorted voltagei(¢) due to some measured or known current Frequency, f (Hz)

i(t). Fortunately, the nonlinear dependence of the resistance as a

function of transient frequency (17) can be interpreted in terrig. 4. Resistanc® as a function of frequency, for method A. Solid line
of a linear transfer characteristic shows model fit in the region of support of the measurements; dashed line is the
extrapolation to lower frequencies.

Vils) =V(s) _ Ro+ Ls — 652, (18) _ _ _
I(s) v(t) has the effect of capturing the interesting parts of voltage
. : I waveform with more bits.
Equation (B) could also _be used_for identification of the pa- Measurement preprocessing can be done without affecting
rameters using a regression matrix composed of several tr?hné system identification procedure, provided that sufficient ex-

sient measurements. However, it is necessary to ensure IOyc'ftl’?ttion remains in the preprocessed signals and that the system

spection of the data that the approximations inherent n (17) 30 be identified commutes with the preprocessing operator. Or-
valid on a case-by-case basis. It is more straightforward to P i '
Inarily, parameters of the operatir

form this check by performing a “two-step” regression rather
_than_a one-step regression. Using aflnlte-dlff_erence approx- y(t) = Hx(t) (20)
imation of the derivative, (18) can be used to simulate the dis-

torted voltage waveform estimat¢/) given a parameter set andare identified from the input/output signal ), y(t). If H com-
vs(t), i(t). mutes with a preprocessing operatorthen

V. ESTIMATION AND PREDICTION FORMETHOD B Gy(t) = HGx(t) (21)

In addition _to using ex<_:i_tati(_)n hardware_ o!ifferent fromy g preprocessed input/output variablég(t) and Gz(t) can
method A, a different identification and prediction procedurge ,sed for identification in the same way that the original vari-
was explored for method B. There are two principle advantaggsies were used in (20). The parameter&ofi.e., a in (19)
of the method B identification procedure. First, since thge ynimportant as long as the operator preserves the excitation.

current source in Fig. 3(b) can produce a wide variety of ©$he requirement thal andG commute is satisfied if both are
waveforms relative to the possibilities offered by Fig. 3(a)iyear differential operators.

the two-step identification procedure of method A is replaced
with a one-step procedure. With method B, test currents cgn piscrete-Time Model and Identification
have whatever frequency content is useful. Second, the modeJI_h " i del. including the f q
identified by method B is a discrete-time model. While the € c%rg mum:)s- |m_(£:‘tmo €l, Including the frequency depen-
continuous time parameters are interesting, identiﬁcati(?l?nCe O, Can be written
and voltage distortion prediction is done in a sampled data ) —o(t) = (R4 Lo+ 6p2)i(t 29
environment where a discrete-time model facilitates both tasks. vs(t) = v(t) = (R4 Lp+ op7)i(t). (22)
The behavior of (22) can be captured by a discrete-time approx-
imation, for example,

One of the difficulties experienced with method B, partic- . N
ularly when testing with a relatively stiff wall, was quantiza- Pi(27 7 )(vs[k] — vlk]) = Py (=77 )ilk]. (23)
tion error. When measuring the voltage, the undistorted part of 1 N o
the waveform required most of the range of the A/D Converté'rl,_elre'? is a delay and”' (=) is anth-order polynomial in
leaving only a few bits for the distortion due to the test current.  With coefficientscy, e.g.,
To remedy this problem, a high-pass preprocessing filter P2 = ap + ar=" 4 azz2. (24)

A. Measurement Preprocessing

«s

as+1

G(s) = (19)

Equation (23), modified to include a colored noise model,
was used prior to A/D conversion. The preprocessing filter re-p2(.=1)(y,[k] — v[k]) = P2(z~)i[k] + P2z~ )e[k] (25)
duces the magnitude of the 60-Hz component of the voltage

waveform so that itis comparable to the higher frequency distavas fit using preprocessed data with the ARMAX proce-
tion created by the test excitation. Measuririg(?) rather than dure in Matlab.
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Fig. 6. (a) Measured current and (b) measured and predicted voltage for a
Fig.5. (a)Measured currentand (b) measured and predicted voltage for a [¥§&1um cleaner using method A.
printer using method A.
and the dashed line shows the extrapolation of the model to
lower frequencies. The estimated inductadiceras 1.10 mH.
Note that data were not available at lower frequencies because
Voltage distortion prediction using the discrete-time modehe capacitor values and currents needed for low-frequency tests
involves iterating the difference equation (25) with the identifiefoyid be excessive.
coefficient vectors:, b, and the measured or known currént ) \pltage Prediction: Loads used to test the power quality
Preprocessing is not necessary in the prediction step, since gigdiction capabilities of the system included a laser printer
system identified with the preprocessed data is the same asgl@ a vacuum cleaner. The results are shown in Figs. 5 and 6.
system acting on raw data. Figs. 5(a) and 6(a) show measured current. Figs. 5(b) and 6(b)
compare measured voltage (solid lines) and predicted voltage.

C. \oltage Prediction

VI. EXPERIMENTAL RESULTS B. Method B

Method B was tested by connection to a standard single-phase
A. Method A 60-Hz 20-A 120-Vac outlet in the laboratory. No intermediate
) ) ) isolation transformer was used; method B was tested as it might
A single-phase 1-kVA isolation transformer connected 0 [ ysed in the field. The current source was driven with a series
60-Hz 30-A service was us_ed to validate the hardware and sQffwindowed sine waves synthesized by a Sony/Tektronix AWG
ware for method A. A relatively small transformer was chosepnos arbitrary waveform generator. Test signals were specified
so that it could be removed from service and characterizggine AWG 2005 as a series of samples, e.g.,
independently during development. Using the test hardware,
parametersk,, 6, and L were determined. Finally, several i[k] = Awg [k](1 4 sin(kTysw:)) (26)
realistic loads were connected to the transformer, and the
method was tested by comparison of measured and predictdterewy is a Hanning window [4],7; is the sampling pe-
voltage waveform distortion. riod, and A is the amplitude of the test signal. Using this ex-
1) Frequency Dependence Bt Fig. 4 shows estimated re-citation, parameters of the discrete-time model were obtained
sistancd? as a function of transient frequengyHz). The solid as described in Section V, and predicted and measured voltage
line is the interpolation of the data according to the model (1 @istortion were compared for a vacuum cleaner and laser printer



516 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 47, NO. 3, JUNE 2000

Current (A)
Current (A)

T R |
0 004 008 012 016 0.2 008  0.04 0 0.04 0.08
Time (s) Time (s)
(@) (@
200 T T T T T T T T T T 200 T T T T
150 ﬂ ﬁ ﬂ " YERE R 150
100 | BN NN ] 100
S s ;3 | o 50}
o 0 §o of }
f‘f 50 b SRIRIRIRIE | %: 50
S IRIRIRIRIE
> 100 | 1 3 1y i @ ] > -100 -
-150-? @ u b h 1PV N Yy ] 150 |
-200 L L L L : . L L 1 L -200 L L I 1 i L n N n
0 0.04 0.08 0.12 0.16 02 -0.08 -0.04 0 0.04 0.08
Time (s) Time (s)

(b)
Fig. 7. (a) Measured current and (b) measured and predicted voltage fo'?i%‘ 8. (z_i) Measured current and (b) measured and predicted voltage for a laser
vacuum cleaner using method B. printer using method B.
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