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AN ANALYTICAL METHOD FOR QUANTIFYING THE ELECTRICAL
SPACE HEATING COMPONENT OF A COLD LOAD PICK UP

Walter W. Lang
Square D Company
Member IEEE

ABSTRACT

After an extended cold weather outage on
a distribution circuit supplyineg a high
saturation of electrical snace heating, large
transient overcurrents persist for several
hours hecause of .the wundiversified heating
load. In  this naner, the electrical space
heating component of ‘enduring demand is
characterized by a smooth curve. Ixpressions
are derived for the parameters of the curve
in terms of the outage conditions and a
statistical descrintion of the residences. A
me thod is suggested for using this
characterization to determine the effects of
a cold 1load pick un on the distribution
circuit components.

INTRODUCTION

LElectrical distribution conponents such
as cables, transformers and fuses are rated
according to their capacity to transmit
power. For - feeder circuits serving
nredominantly residential loads, selection of
such equinment is often Dbased on the peak
diversified load. Tf nower is not available
to the residential annliances which are
automatically controlled, their tasks
accunulate. As a result, when power is
restored, many of the apnliances will be
energized simultaneously; thus loss of
diversity occurs and the denand may rise
above component ratings. The accompanying
excess currents flowing through the
distribution equipment can cause overheating
and large voltage drops.
after an

Restoring power to a circuit

outage, an old nroblem, is commonly called a
cold load pick un (CLPU). In 1949, Audlin et
al., (3) delineated four time nhases of a
residential circuit CLPU. The first three
phases, lasting about 15 seconds, are
characterized by inrush currents. In the
fourth phase, excess currents are attributed

to an undiversified appliance 1load
persists for several hours,

which

Regarding the first
problem is to design the «circuit to allow
CLPU inrush currents without sacrificing
coordination and fault current nrotection,

three phases, the

81 SM 477-9 A paper recommended and approved by the
IEEE Transmission and Distribution Committee of the
IEEE Power Engineering Society for presentation at
the IEEE PES Summer Meeting, Portland, Oregon, July
26-31, 1981. Manuscript submitted February 2, 1981;
made available for printing May 19, 1981.

Max D. Anderson - David R. Fannin
University of Missouri-Rolla
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Solutions include the wuse of relays with
textremely' inverse characteristics (3),
prover relay settings (5, 6) and proper fuse
selection (7, 8). 0ften the circuit must be
restored one section at a time (9).

Recently, . fourth' phase CLPU problems
have - occured after cold 'weather outages on
feeders ~serving a high saturation of
electrical space heating (10). These
circumstances have received some attention.
Bruning (14) describes the effect on fuse
coordination and design. McDonald et al. (4)
present curves for quantifying the electrical

space heating component - (ESHC) of fourth
phase 1load. Butts (10) corpiles most of the
available cold weather CLPU information

together with case histories. He also
described a simulated CLPU on some Illinois
Power Company feeders in which the McDonald
curves were used to ~determine the fourth
phase 1load.

_ The McDonald curves quantify the ESHC as
a function' of only two variables--outside
temperature and outage duration. No
distinction is made as to types of
construction and heating systems that might
be peculiar to a particular locality. On the
other hand, detailed simulations that account
for many variables require large data bases
and considerable computer effort. The
contribution described in this paper is a
characterization of the ESHC in terms of a
statistical profile of the residences as well
as the outage conditions. However, unlike
the computer simulations, functional
dependence on the variables is defined by
simple analytical expressions.

SCOPE OF THE ANALYSIS

A utility would want to quantify the
excess currents of a CLPU for such purposes
as sizing distribution equipment, predicting
potential restoration problems, evaluating
restoration strategies, or assessing
insulation 1loss of life. The concern is, of
course, overheating of equipment which have
relatively large thermal capacitances.
Apparently, the quantification should be a
worst case prediction accounting for a
minimum number of significant variables.

Overheating is properly a function of
the current passing through a device. For
convenience, however, some distribution
equipment 1s rated according to the load
carried,. Along the same lines, the
quantification in this paver is of load power
rather than load currents. Actually only the
ESI'C  of load power is quantified. The total
fourth phase load can be found by adding the
non-ESHC to the ESIC,

0018-9510/82/0400-0924300.75 © 1982 IEEE
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* Pj represents the demand from electrical space heaters in other residences.

Figure 1.
In the analysis, all dwelilings are
treated as single zones, electrically heated

by forced air furnaces, baseboard or radiant

panels. It is expected that the results are
also applicable to buildings with multiple
heating zones. Heat pumps are not included

high and the
to resistance
temperatures.
variables, only
treated explicitly.

since their incidence is not
most- common versions revert
heating at subfreezing
Regarding environmental
ambient temperature is
No credit is given for solar heating. 1If
required, the approximate effects of other
environmental variables could be included by
adjusting the ambient temperature.

THE MODEL

The analysis in this paper is based on
the residential heating system model shown in
Figure 1. All symbols are defined ‘in the
Appendix. The heated building itself is
represented by a second order model for which
an electrical equivalent is shown in Figure
2.a. A complete description of the model
development is found in Reference (52). A

typical set of parameter values is shown in
Table 1.
THE ANALYTICAL METHOD
The ESHC of  power flow into a
distribution circuit, P¢, serving n

electrically heated households is the sum of
every heat plant demand, Pj.

n
Py = Y P (1)
i=1

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 14,2023 at 19:39:35 UTC from IEEE Xplore. Restrictions apply.

Residential Heating System Block Diagram

Immediately after an extended outage, all of
the heaters operate continuously and the ESHC
is constant. Eventually as the heaters begin
cycling the ESHC becomes very irregular. It
would be impossible to quantify the ESHC per
se and fortunately unnecessary. Since the

heaters do not cycle synchronously, the ESHC
randomness tends to cancel when the
individual demands are summed, and for a

large enough number of residences, the ESHC
approaches  its expected value, P¢.
Furthermore, the cycling is additionally
filtered in the distribution equipment
temperature response to the CLPU
overcurrents., Therefore a very smooth
approximation of Pt is derived in. what
follows. For simplicity, the training
subscript i, which indicates a particular

residence, is omitted in the Figures.

From the residential heating system
model in Figure 1, )
Pj = Dj Mj (2)

where Dj is the total connected load of .a
space heating unit and Mj is the energization
signal to the heater. Dj is a constant and

Mj is a stochastic process. Combining (1)
and (2) yields
_ n
Pe= X Dymny (3
i=1

where nj is the expected value of Mj and is
interpreted as the fractional energization
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time of a space heating unit or the numerical
value of its duty cycle.

The behavior of an n; during a  power
outage and restoration event is illustrated
in Figure 3. Under normal conditions a
residential space heater operates with a
constant duty cycle, and the living space air
temperature oscillates within a controlled
range. During an outage the heater is off,

a. General nj is identically zero and all temperatures
decay toward the outside ambient. When power
is restored, the space heater runs

continuously and ni is identically wunity
until the air temperature returns to the
controlled range. At that time the heater
6. T 6 T enters a transient cycling period that lasts
0 a < s until the lagging structure temperatures,

oL ‘ s
-I- N\ ‘*V\/\/\/‘ with their large thermal capacitances, reach

normal levels also. The practical significance of
) Figure 3 is to determine the power flowing through a
Qd Cas transformer. It is an intermediate step for calculat-
ing the aggregate response of many houses.

In Reference (52), it is shown that the
thermal response of a heated residence can be
modeled by Figure 2.b during the outage and
continuously energized intervals and by
Figure  2.c during the transient cycling
interval. Analytical expressions are derived
for the continuously energized duration, tfl,
and the exponential decay constant,

Then for simplicity, nj is aproximated by tﬁe
rectangular pulse shown in Figure 3.
equivalent CLPU duration for a 51ng1e
residence, teqj, is defined such that the
areas A1 and A; are equal. The result is

b. Outage and Continuous Operation
Intervals

6}-__—T;

- 1- ex t /T
- t . =7T.. 1n Nssi p(- / 11) (4)
I eqi 1li I-n
) where
c. Transient Cycling Interval 1 1
13 7 (Cai*Csi) o7t 5 ) (5)
Figure 2. Heated Buildi i
9 a uilding Equivalent Models Goi(T‘ T )
e T N_o: = —p—p——— (6)
TABLE 1 ssi Kledl
BASE CASE VALUES FOR RESIDENTIAL Note that t, is the length of the outage, T,
- is the oufside ambient temperature and the
HEATING SYSTEM MODEL PARAMETERS rest of the symbols are parameters from the

residential heating system model.

Space Héating Control System

T,=18.330C THp=.142 h According to (3), the nj are multiplied
SD=.4400C Fg=.260 by their respective D; and summed to get a
Kc=1.800C Fga=.740 staircase pattern which is illustrated in
: Figure 4. Each rectangle is teqi long by wj
Heat Plant : high where
D=18.9 kW p .0167 h
Kp=18.2 kW Tdp=-0467 h Wi = Dij(1-ngg;) (7)
Kg=.94 142=.0225 h :
L Since wj is essentially the amount of heating
Heated Building system excess capacity for the specified
Gp=.318 kW/OC Ca=.330 kWh/oC outside ambient, the shortest teqi tend to be
Gs=4.70 kW/°C Cas=3.21 kWh/oC associated with the 1largest wj. In other
Co . words, the staircase drops off the fastest at
Non-Fundamental ' o the start which suggests the exponential
T3=.0658 h Cs=2.88 kiWh/OC approximation which 1is also shown in Figure
=.613 h Ka=.1990C/kW 4. ‘

Four parameters are necessary to specify
the exponential approximation: D¢, the
initial value; Ptgs, the final value; ty, the

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 14,2023 at 19:39:35 UTC from IEEE Xplore. Restrictions apply.
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equivalent continuous operation duration; and Finally it remains to relate ty and 1y
Tr, the exponential decay constant. Dt is through (9) and (10) to a statistical profile
the total connected electrical space heating of the residences connected to the
load and Ptgs is the preoutage average distribution circuit. Let Tyq be the design
electrical space heating load. It is assumed temperature difference for a given 1locality
that the utility has experience in as recommended by ASHRAE (27) for heat loss
determining these values which specify the calculations. Then define three random
magnitude of the ESHC transient. The other variables that describe the residences.
two parameters, ty and Ty, specify the
duration of the transient.
) x(i) = T13 (13)
To determine ty and ty, the set of teqi
is assumed to be a discrete random variable,
8, with a weighting of wj. . L K ini
p(i) = G .T p (14)
8(1) = toqis  171,2,...,m (8) orr
. . . Tri Ty
Then ‘the exponential curve is assumed to be a g(i) = B (15)
continuous distribution of the  teqj. rd
Equating the means and variances of the
discrete and continuous distributions gives i=1,2, ..., n

= By substituting (13) through (15) in (4), the
t. =8 (9) random variable 6 <can be expressed as -a
function of the three residential random
2 2 = =5 variables.

1.7 = 0,% = (82) - (8) (10)

- - A '
- | 6 = F(A,p,6) = N1n 12508XP(-ta/) (1¢)
where the weighted mean, yx, of any discrete
random variable, x, is defined as follows:
Since ty and 1 are the mean and variance of

a function of the three residential random

x (1) X:, i=1,2,...,n (11) variables, they can be expressed in terms of
. the means and variances of the three

& (W.x.) residential random variables by expanding

= 'Zl i%i ) (16) in a second order Taylor Series about
X = = (12) the residential random variable means and
f& Wy determining the mean and variance of the

i= truncated series. In the following formulae,

partial derivatives are represented by

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 14,2023 at 19:39:35 UTC from IEEE Xplore. Restrictions apply.
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Figure 4, 3£ Derivation
F - gF (17) Substituting (17), (18), (21), and (22) into
X (19) and (20) results in

and central moments by

_ ISP T |
b = (007 G- -6 (18)
Then
8 =F(r.p,E) + l/Z(MZOOF)\}\ﬂlOZDFpp
(19)
*uo22Feer iy oFaptZo11Foe* 2101 )
2 . 2 2 2
9" = FyM200*Fp H020%Fe Foo2
(20)
Y2FyFou110%2FFelo11*2F ) Feko1
where all the partial derivatives are
evaluated at the residential variable means.
As defined, X, p and & are logically
uncorrelated; therefore, assume
H110 = Mo11 T Y101 = O (21)
Additionally, the range of thermostat
settings is relatively narrow so further
assume
Hogz = 0 (22)

t.=0=F(X,0,8)+1/2(uy00F a*Ho20F00)  (23)

2

2.2 2
Tr =% “Fa¥200%Fo o020 (z4)
VERIFICATION

The results of the analytical method
were compared to those from a computer
simulation for a seven-house sample located
in Rolla, Missouri (52). Figure 5 shows the
comparison. In the simulation, P; was

smoothed by a low-pass filtering.

DISCUSSION

The analytical method presented here has
several useful features that are worth
emphasizing:

1. Given the proper data base, the
calculation is relatively simple.
Determination of the residential random
variable statistics and numerical evaluation

of the partial derivatives to use in (23) and
(24) can be done without a large computer.

2. Because the parameters t, and 1, are

defined in terms of the statistics of the
residential random variables, it is only
necessary to collect data from a

representative sample of the residences.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 14,2023 at 19:39:35 UTC from IEEE Xplore. Restrictions apply.
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3. If an estimation of ty is
sufficient, the variances of the residential
random variables are unnecessary. For

example, the first term in (23) accounts for
about 90% of t,.

4. For most applications, sufficient
accuracy is obtained if judicious estimates
of the residential random variable statistics
are used rather than making a direct
calculation. Toward this end, the variables
have been defined to have a definite physical

significance. Note, however, that the means
and variances of these variables are
weighted. Fortunately the weighting function

is only slightly correlated with two of the
variables, & and A, so the weighting can be
neglected in their cases.

g€ is called the outage severity ratio.
It 1is simply the ratio of actual temperature
differential between the thermostat setting
and the outside ambient to the ASHRAE
recommended differential for heat loss
calculations. Since thermostat settings fall
into a narrow range and the outside ambient
is specified, the mean of £ can be estimated
easily.

A is the residential, first order, heat transfer
long time constant. The dependence on residential
size tends to cancel in A (52). 1In other words A for
the same type of construction is approximately
independent of size; and A is a function of the type
of construction for the purpose of estimating A's mean
and variance. A is easily determined experimentally
by observing the thermal decay of a residence over a
several hour period. Note also that, of the three
residential random variables, A has the least
influence on ty and T,.

p is the heating system oversize ratio
and is found by dividing the maximum heat
input to the living space when the heater is
running continuously by the heat loss at the
ASHRAE recommended temperature differential.
In general, the weighted mean of p will be
about 10 to 15% higher than a simple average.

To summarize, the residential random
variables are defined as described to
facilitate the estimation of their means and
variances. The best method of establishing
the proper data base needed for a direct
calculation of the statistics will vary with
each wuser. In general, the data from an
energy audit form combined with the
calculation methods found in Reference (52)
could be used. It is estimated that the
parameter values could be determined
experimentally with an initial investment of
$1000 for recorders and about 3 to 4 hours of
effort per residence (48).

To evaluate the results, a sensitivity
analysis was made in which the effect on a
single residence's tggqj due to each model
parameter by itsel% was determined by
simulation. The percent change in teqi
divided by the percent change in each
parameter is tabulated in Table " II. Two
conclusions are drawn:

N The parameters of the residential
heating system model that strongly affect
teqi are represented in a proven manner. All
of the significant parameters can be related
to the heated building model shown in Figure
2.a. Sonderegger (39) has demonstrated that
this model will follow freely floating living
space temperatures. Furthermore, it is
essentially the same model which McDonald (4)

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 14,2023 at 19:39:35 UTC from IEEE Xplore. Restrictions apply.



930
TABLE II

teq SENSITIVITY TO OTHER PARAMETERS

Estimated
At % para- Approximate
€  meter Un- % t Un-
Parameter AParameter certainity cer%ginity

Ty 1.08 5 5

SD +

Kc -0.06 50 3

Th +

Fg +

D -1.25 10 13

Kp -1.25 10 13
Kgtt -2.29 5 11

Tp +

Tdp +

Tdz +

Go 1.16 20 23

Gs +

Ca 0.05 100 5.
Cas 0.45 25 11

to 0.41 0

To -0.57 0

Base Case Parameters To=-10°C t5=10 h
t Less than .02

++ Decreased since upper range is limited

fitted to the residential thermal response to
staged outages.

2. The methods used to derive the
parameter values for the “simulation
verification did not introduce significant
Also tabulated in Table II are the

errors.

estimated uncertainties in the parameter
values which, when multiplied by the
respective sensitivity of teqi to the

parameters, yields a rough estimate of the

uncertainty in teqj attributable to each
parameter value.
CONCLUSIONS
Previous studies have quantified the

ESHC of CLPU demand as a function of outside
temperature and outage duration only. A
method is presented in this paper that

accounts for prevailing construction features
as well, still without the need for large
data bases or extensive computer effort. The

method is generally accurate for outages
longer than one-half hour (52).
Several possibilities for future work

are suggested:

1. Multiple heating zones and changing

ambient temperatures were not included in
this analysis. They could be investigated
using a more sophisticated residential
heating system model. It is expected that

the results will be applicable.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on July 14,2023 at 19:39:35 UTC from IEEE Xplore. Restrictions apply.

2. Because of the social impact of a
severe cold weather outage on a large
distribution circuit, it was not feasible to
stage an actual field test. An interested
utility could record CLPU power flow and
outage conditions when an inadvertant outage
does occur for future comparison.

3. A study of the residential variable
statistics would be wuseful as a basis for
estimating means and variances, Tables for
ty and 1, could be generated for various
construction features and outage conditions.

APPENDIX: NOTATION
NOTE: Symbols applying to a particular
residence are subscripted with an i in the
text.
OPERATORS:
Y expected value of any stochastic

process Y; removes randomness caused by
space heater cycling

weighted mean of any discrete
variable x

Zy 9Z2/3x for any differentiable Z(¥)

random

> i

SYMBOLS:

B lov-nass filter

Cq responsive thermal mass associated with

- ? living snace air termmerature; kWh/oC

as (Ca*TsY5 ecauivalent thermal rass of a
Puildine; kih/oc
Cg equivalent tlernal nass of a buildina's
» structure; XkWh/OC '

n connected load £ '
“onnecte ad. o 2 space ati
smected pace heating

D¢ total connected 1load of all the snace

heating plants; kW

r ¢rror simmal sent to a thernostat
relay; O

F 8="(1,p0,¢)

Ty fraction of air termerature scen by a
thermnstat sensor

Fg fraction of wall termerature scen by a
therrostat sensor

Gg lummed  thermal conductance between a
livine snace and the exterier arbient;
11700

Cs lurned  therrmal  conductance hetween a
livina snace and its buildine structure
therral nass; LW/0C

i rcsidongia] index

Ya (GO+GS) s O0/kw

e gain 0of a therrostat anticivator; OF

rd rain of a heat distribution systen

Cp cain of a2 snmace heating umit  with
resnect to its heat outnut; W

I line nowe~ availalility sienal; off-on

N innnt control signal to a  heat nlant;
off-on

n the nurher nf residences with
clectricel snace heaters

ML nonlinenar relay in therrostat

r instantanconus electrical nower derand
0of n snace heater; IV

Py instantaneons e¢lectrical nower demand
nf all the snace heatoars; 117

Ttss Aaverage value o€ the nrecutage

nlectrical nower derand of all the
snace heaterssy 17V

rd total heat injected
smaca; kW

inte a livipg
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s Laplace transform variable; h-l IEEE Transactions on Power Apparatus and
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