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"HYBRID CONPUTER SINULATION
~OF A MODEL FOR EE
ELECTRIC LOAD SHORT-TERM FORECASTING -

i

by
NICHOLAS C. STAVROULAKIS

AE'ST'RACT’

Y

) Thﬁs,sfugy"presentS'a hybrid cdﬁputer simulation of an elec-
tric load model fon shoftfterm forecasting. Chapter 1 summarizes the

_accomplished work in the form of an introduction. The necessary mater-

ial for introducing the reader to the sdbject is included in Chapter

2. In the Four sections of this chapter, Yoad forecasting, a histor-

1ca1 review, load behaviour and parameters affecting short-term load
behaviour are-discussed. Chapter 3 presents the discrete load model
used and its systém.identification. The structure of the model is
considered in section 3.1 where fhe two components (periodic, residual)
constituting the load are presented. Section 3 2 summarizes the iden-
tification algorithm used, the resu1t1ng parameters and the performance
of the discrete model. Chapter 4 tontains the results of the hybrid
simulation of the model. Ip Section 4.1, the transformation of the
discréte model to an ana1ogrmode1 is preséhtéd. The- hybrid model imple-
mentation is.discussed in Section 4.2, where the anaTog, digital and

» time control are cons1dered separate]y In Section 4.3, the model per-

formancé is descr1bed ahd its accuracy ‘is discussed. The results -show
that the per1oq1c part of the load needs.to be described by more than
the f1rst 6 harmonics of the Fourier series, while_the residual part (\
can be made more accurate by using a h§5her order system. Finally,
Chapter 5 presents the conc]usions of this study, by summarizing the
“advantages and d1sadvantages of the mode1, its performance, gﬁvyell as
" some suggest1ons for 1mprovgments and future.work.
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O CCHAPTERI .. T
- .. _INTRODUCTION® . ..

-~ " . ' »

“The objective of this study is the simulation of a médel to -

be‘used for short-term foreéasffng~of elecyrical power load. The start-

'ing point .of this study .is a model propose .by Ga]iéna‘ and whose bara- _

meters were 1dent1f1ed by Koutchodk 2 Th1s mo 1 consists of a. differ—
A}

ence equat10n whose solut1on is added to a pel od1c functlon fhe

scope of this study is (i) transformat1on of the mode] into a form

/

: suitabie “for s1mu1at1on on the hybrid computer, (11) the actual simula-

I N

/t1on of the model,.and {(iii) comparison of the mode]‘s,pErformapce with -

-

3
"

r

Coa ) Chapter 2 prev1des the reader with’ background material 1n the -

" field of load foreqast1ng‘wh1ch is necessary for understanding thlS,

-~

- work. Section 2.1 summarizes the various categories of load forecasting

./ : .
and their applications, and the accuracy needed in a forecast. Section

-2.2 presents a hiéforical survey on load forecasting In section 2. 3 the

load behav1our is d1scussedy’and typ1ca1 records of daily, weekly, sea-

sona] and annual Toad curves are presented Finally, in section 2.4,

o

'5theivarlous-parameters.affect1ng short-term load behaviour are,discusseq.

Chapter 3 presents the load moaeﬁ-structure, and its system

) : A C »
. identification. . Irj,section 3.1, the use of periodic and residual compo-

-

nerts in the model js jusfified. The periodié component accounts for ,

“ . .
\\ a ix . . \
s N - -
. R v

.,
i

N,



). . - - - e ¢
" the aggredate customer requirements, and the residual component combines

1
the effects of' temperature together with an uncertainty term and a term
. - A o ' . 5 -
reflecting the system dynamics. The system identification is discussed

in section 3.2.. The computationgl method used is outlined and the

’
AN

| resulting system parameters are tabuléled. In addition, performance of
S the discrete model is p?esentgd in tﬁe form of cqmputer outpﬁi-p]ots.
‘ Chabter 4 deals With the hybrid simulation of the 1oad model. It
I~ begins. by Just1fy1ng the use of hybrid cemputing fac111ty from the )
f point of view of accura@y and repeatab111ty provided by the d1g1ta1 compu~

ter, as well as the‘speed.and realistic performance provided by the

- Lo 'ana1og comput%y. Section 4.1 presents the transformation of the discrete

- model to an analog model In section 4.2, the hybrid model 1mp1ementa-
d'tmn is described, considering separately the analog, d1g1ta1 and the
‘ interface units of the hybrid system. Amp11tudg and time scaling, as
well as memory storage féﬁuirements; are consideréd. Sectioﬁ 4.3 pres-
ents the results 6btained from the $imulation in the form’of'aqalog
B computer plots. Thesg graphs include input variables (tempéraﬁurey
noise), fn;ermediate components (periodic; }ésidua1), and the output
(simu1ated’1oad). In addition, }he difffreﬁce between simulated, load
and’aéyua1'10ad data is p]otted to provide an idea of the atcuraéy of
the model. The results are discqsséd and poss%b]e sources of'er}ors are
identified. ’ '
Finally, Chapter 5 concludes this study by presenting an

- . evaluation of the model, performance, possible improvemehts and sugges-

tions for future work.
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K ~ - BACKGROURD-
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2:&. . Loap ForecasTiNG 7 u )
- ' N

In ogger to ach1eve a satisfactory management of a power u€11-

:«» 1ty, the generated output of the pawer plant must closely follow the’

! power demand. However? power demand varies W1de1y wjth time as well as
'spatia11y. Sincéqgeneraxing units must be'activated several hours be%ore

. they can produce any powe}, }t is iﬁportant to have accurate forecasts
of future load demands, in order for the power capacity to c]ose]y fol-

&

low the demand — \ ' . " St

¢
’ s

- g There are many app]ﬁcatiqps'of Toad fbrecastind in the power
industry. > The main Spb1ica§ion is to load dispaEéhiné. By kﬁowing the
'fugufe ioad requirements in various areas, the power capacigies of the

varjous benerafing units can be adjusted to result in minimum operating-~
cost. Also detection of déngerous opefating conditjons, and analysis

- "of system cont&gencies, are easily handled when load flows. in the immed-

\ jate future can be achrate]y forecast.: Prepéraiion of maintenance sched-

' u]es. se]ect1on of peack1ng capac1ty, geograph1c 1ocat1on of new power -

p]an s, and pred1ct1on of needs f;i main transm1ss1on 11nks between gen-

EL)

_erating plants and supply points, are all tasks wh1ch are easily handled

. with the help of accurate load forecasting .
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(fj Short-term furecasts 'j - . - . | ©
(2) Medium-term forecasts.

(3) Long-térm forecasts . Lo

: i . e

| ' A forecast is cuhsidered to, bekshort-term.if its forecast period

extends from a few m1nutes to a week, med1um-term 1f the period 'is from
a»week to a season, and long<term when the’ per1od is 1onger than a sea-

son. Short-term forecasts are app11cab1e in ‘load d1spatch1ng operations '

and system secur1ty problems, med1um-term forecasts are needed for main-

tenance schedu]es wh11e Tong- term forecasts find app]icat1ons when new

generating plants are requ1ced, or more general]y when new investrent in

* the power utility is under investigation.

Operational 1mp1ementat1on of a foreca§;1ng procedure shou]d
sat1sfy two ba51c requ1rements First, the computatibna] methods should
be s1mp1g and semi- automat1c, because s1mp11C1ty of computationa] methods
reduces the cumputer storage and CPU time,'wh11e_human interaction in the
forecasting procedure usually provides hféher accuracy in the forecast. .

Second]y, the accuracy'of,the forecast-throughout the lead time period, . -

L}

shou]d meet prespecified requ1rements The. accuracy needed in a fore-

cast, varies according to the different forecasting categories. Thus, a .
- q '
short-term forecast.requires greater accuracy than a mejﬁum-term fore-

cast. In short-term forecasting the moést important quantities are the -

daily maxima and minima. A daily peak‘errpr of between 1 and 3, percent

| . o,

on, the total system load is considered to be satisfactory in short-term )

for%castlng & ' .
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9.2+ N HiSTORICAL SURVEY SR

)

/‘ . It is considered worthwhile to present some remarks regarding

the historical development of the fieldxof load forecastiny. However,

.

it should be emphasized that the fo]loming remarks are not intended to
v Aa . .

constitute a complete review of the extensive work in thiga%athér.

’

the intention is to prowide the reader with a historical perspective,

‘ / which would give éom! feeling-about the evo]uhﬂ'on of load. fore'ca‘sting

\

; - . Systematic 1oad d1spatch1ng had its . or1g1ns in the Umted States o

in the early 1930%. A few years~.later the methods deve1oped in the Umted

S Statee‘mre introduced, first in England and France, and “then in other

-

European countries. Since load dispatching ‘wperations require an accur-

»\ ate predi!;on of the future powér demand, the problem.of load foregast- .

ing soon became'important . ‘ A

v ¥ L)

One of the primary prob7lems assoma%ed with load forecastmg
is the’ effect of weather on the p“ower demand In 1944, Henry Dryar,? a
chief load d1spatcher 1n Philadelphia E1ectr1c Company, pub‘hshed the

first t}ntegrated drticle’ on the effects .of weather on a system 10ad

o

S‘mce then, most of the people cogcerned with load forecastmg attempted
- to emperically establish mathematical relationdhips between weather and

powen demand. This type of work was first introduced in the Hterature
) )

by M. Davies* in 1%5£§ A s1mﬂar attempt by“h Hememann et. al s1’cﬂ'lowed

IR T¢ 1966, where they used regressmn analys1s to demve a relatwnsh\p
~ ?—9‘ ’ Ty
between weather and pover demand dumng summer months Application of

L4

these relationships®to load forecastmg was found to 'introduce mathema-

tical complications. To simplify the mathematics involved, some people ™

¢

v




neglecte® the effects of weqtﬁer completely while others considered only

©

the effects of temperature on system load. This latter approach offered

' - sa&is?qcto?y"resq]ts.' Particul%f]y inA1971, Galiana® used a method based

ol
>0
. J,.'Ar

-

e

partly on Dryar's work to acgount for only(tempefature variations. This .
method of Galiana i§ used in our study, and'it is shown to be not only
méihematically manageable, but also to‘simulate the temperature éffects
to an acceptable degree of accuracy. /
A major breaktﬁrodgh in the research on load fonecgs%ing came
when probabi]is%ic methods were used to takle the probiems of uncertginty. - ‘
Latham et. al.? pioneered fkis method in 1966. Subsequent researchers 4

used techniques of state estimation, stochasti¢ approximation, pattern

recognftion, Markov processes, separation algorithms and spectral analysis

L]

.in order to develop forecasting procedures and models mainly for short-

term foreca;ting; In-1968 Matthewman et. al.® considered the electricity
deﬁand as a,time series, and the& a?ﬁempted to use only past load data
through spectral expahsion. ;In addition they used some pattern recogni- -
tion techniqﬁes, which did not give very satisfactory results. At the
same ;ime Farmér and Potton® published anothe}‘antic1e in which the load

was analysed through spectral expansion and Markov. processes. Iﬁ 1969 A/

‘ Inoue and Toyodal® were the first to use’Kalman filtering techniques and v o

sepgration a}gorithhs for system and observation nois® Three interes-

ting pub]izat1ons appeared.in the literature in 1970, Schweppe and Ni1§e5,1¥
Toyoda t. al.12 and Larson,'3 considered different prob]ems in state ¢
estimation by using sequential f11ter, and constructed an algorithm

to derive the parameters of system and abservation noise, by using ob-

served data series.
€




In 1971 Christiaanse’* used exponential smdothing to develop

an adaptive forecasting system, based on observed va]ues\ofehourly’de-

_mand. At the same time Ga'h'ana16 wrote Q Ph.D. thesis on load fore-
casting and system 1dent1f1cat1on, in wh\fh he proposed a load mode]
structure, which can be used for a11 types “of forecasts. Subsequent]y.
Koutchouk and Panuska16 introduced a stochastlc approximation algor-
ithm of the recurs1ve-least -squares type for the parameter 1dent1f1ca-
tton'of Galiana's mode]

In 1973 two 1nterest1ng .papers dealing w1th long- term fore-
casts appeared in the literature by Davey et. al.'?, and by Corpen1ng
et. al-*® Both papers re#}ect the interest ‘developing in load fore-
cast1ng in the Electr1c Power Industr1es Long -term forecaats seem-to

attract part1cular attention since they aYe expected 8o offer economic

advantages in system plann1ng.

9 » M ’ »
2.3 LOAD BEHAVIOUR . . /

A study of load behaV1ourzts the first step towards Ioad fore-

casting Load behav1our is usually class1f1ed aJd studied in the follow-

;1ng time periods: o ,
a . " v

1) hourly

(]

P ) daily
‘ 3) weekly
S 4 seaeonaj

5) annual -,

Consideration of iigms (1);‘(2), and (3) should be taken when

one is dealing with éhortjterm forecasts. Items (4) and (5) are usually

-~

’

«
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N

e §

:ning generation. - During this time the only information provided about o

tinduish two cgmponents,,(17'the-mean value of the,ﬁoad,'and\(z) some._.

amount of uncertainty about the mean value which ref]ecf% the "tempera-
. . . . Q '

considered for medium fof‘ecqsts, while anything longer comes into long'-\

term forecasts. Hourly %Toad behaviour is of no“greai importance in

’
D

load forecasting, when forecasts are used .to reserve and allocate spin-

the load is the small random variations around an average trajectory.
Since these variations cannot be fo]]owed by the spinning generapion,
they are only important in system %ecyrﬁty problems. |

* -The gaily Toad behaviour exhibits the most regular eagtern
of any load behaviour. Figuee é.l shows .a typical daily load curve. \ '
This Tload cur;e’clearly repre§ents the dffferent levels qf.aepiQity o *
during the day. ;\\

The typica] weekly load curVe is shown 14 F1gure 2.2 - This pat- )

‘tern repeats itself in a reqular manner prov1ded all conditions are the

- same from week to week. Load curves from successive weeks tend. th be e

S1m11ar, but this s1m1lar1ﬂ& is greatly reduced 1f the load time periods
. are more than three weeks apart The load pattern over a’ week]y period .
shows a d1fference ﬁn load magnitudes between weekdays and the weekend.
This fact is obviously due to large changes in the activity 1evels and
patterns of the popuTat1on during weekends.

A typ1ca1 seasonal load curve is shown in Figure 2:3. The - g
load'1eve1'at any given time is partially uncorrefated from fhe Jaﬁt.

Considering for example the Toad curve shown in Figure 2.3, one can dis-
N

ture changes. . ) - , -

- -~
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. , . ' ‘ Aneual Toad behaviour is considefedﬂwhen forecasting is used. AN
\\‘ fo.plan maiﬁf@nénce schedules or the coﬁstruction of new generating -
units.” The main characteristic of this pattern is a decrease in demand
,7{§ .. during the summeg\Tgffps and an increase during the w1nter months., A
| typdcal annual load record is shown in F1gure 2 4. The load 1s largely
determined by’ weather cond1t1ons, changes in consumer requirements,
and specific events such as p011t1ca1 military, and social deve1opmentg
in the area. ) “
The load curve over the spaﬁ of a few years reflects the econ-
omic growth of the area under cons;deration. A typical relationshie bet-
. Ween time‘and demand is shown 15 Fiqure 2.5. The periodic part accounts
for the annual load variations, which is §uper1mposed over an exponen-

tially increasing load, representing the increase in average power demand

over the years. . R
- @ \

2.4 - ParRaMETERS AFFECTING SHORT-TERM LoAD BEHAVIOUR

\
F The 1ead is a time varying process, the prediction of which
‘§1wa;s‘inv01ves some uncertainty. The demand at any particular ;ime
is directly determined by the consumer actions which are influenced
by various conditions, su¢h as weather, social and economic status,
industrial development, as wéll as living patte;ns associated wijﬁ:thg

use of p]ectricity.
Short-term load behaviour is mostly influenced by the living

,

. ' patterns of the consumers and weather conditions. The effects of socio-
economic’ status and industrial development 'do not come in to the picture,
since their change during the period. over which the load behaviour is

,cdnsidered, {s almost unnoticeable. - The 1iving patterns of the consu-

N1




.variatfons charactefized by a time delay varying from 4 to 8 hours.
. Ty . .

1) ' . ) -

&

mers assocja%ed with the dse of e1ectnicity.a}e\ca]1ed the‘aggregate
ustomer'requirements These reouirements are directly ref]ected~in the
load in the form of hour1y f]uctuations The da11y load pattern 1s

an example of these fluctuations over a per1od of one day., Weather

conditions @re-reflected in -the. Joad behaviour, in the form of S)ow

]

.~ 24,1 AosREGATE CUSTOMER REQUIREMENT§ S e

s

e . - A
AY

In order to study the .effects of, aggregate customer require-
ments on the system load, it is conven1ent to consider the pub11c require-

ments séparately from the industrial and commercial requivements.

-

" (a) PUBLIC REQUiREMENTS:\“Dai1y load behaviour is-an example of the

effect of agoregate public requirements on the total power demand. This

‘behaviour is basically periodic‘Withba 24 hour period, and represents

{

the consumer habits of work, sleep, rest, eating, eté¢. However, public
consumer habits change according to the nature of the weekdgy. Thus, in
the weekly 1oad behaviour, a weekday's load demand differs greatly from
the demand during we%kends. A s{milar kind of différence in power demand
occurs during ho}iday periods.. In particular, during these non-workioo
periods, sleeping hours are jncreased in the morning and reduced at
night, breakfast, dinner and supper hours do not follow the regular pat-
tern, whtle subway-fransportation is reduced. ‘Thie accounts for a mag-
nitude reduction in the load, as well as a shifting in time. Finally,

it should be noted that radio and T.V. broadcasts of special intefest

increase the Toad considerably. <



2'4,2 EFFECTS OF WEATHER

\ v,

(h) INDUSTRIAL AND COMMERCIAL REQUIREMENTS: This category of Cbnsumer

requ1rements is easily ana]yzed for short-term 1oad behaviour In fact, -

~ industry - has an a1most constant demand for every working day, whi]e dur-

ing holiday periods the demand either drops to-zero orwmaintains a well-

rd

known behaviour. Thuss- forecasttsg this component of the total load

is a simp]e matter if weekly. 1oadf$ecords are available.

N
N
™~

e

Weather fluctuations around’normal meather conditions-jntro-
\

-

‘duce variations in the power demand. These variations can range from a

few MW to 1000 MW depending on the magnitude of the weather f?uctuations.
Among the d%fferent weather elements whose variations affect”1oad behav-.

8

jour, the major ones are:
“ 1) Temperature .
2) Light intensity
3) Humidity
4) Wind speed

L4

- 5) Precipitation
’ N |
The effect of temperature on the load is the most s1gnif1cant
s1nce 1t s mainly ithe temperature that controls the heating "and cooling
demands 1n a residential area. Light intensity is rated second 1n sig-

nificance, and determines the extent of art1f1c1a1 1wght1ng, which is™

a component of the total power demand Humidity, wind speed and pre-

_cip1tation affect load 1nd1rect1y, by changing the effective.temperature.

For example, atmospheric humidity above nqrmal increases cooling demand,
M D B

- while wind speed and precipitation increase heating.demand. Since the

effect of temperature on Toad behaviour is much larger;than the other

on, | ¢ a“A~./




effects, in thisqgtudy ye consider only the effects of temperature in ’

mode111ng the,weather effects on system load Furthermore, neglecting P
the'effects of the other weather,qﬂements s1mp11fies the mathematical | .
‘ fOrmulations ‘and the model structure. To account for temperature ' -4
1 . - '1%ffects~on 1oad behaviour, 5 basic demand is defined at 659 F. As |
| ” ‘temperature 1ncreases. the demand for electrice power increases indica-
? S ting the .use ‘of cooling devices, and a similar increase in demand is
|

noticed as the temperature decreases, indicating the use of heating

devices. An extensive work on the effect 5f weather on system load :©
is presented by Dryarl® and Davies.Z2° -/ *
« L °~,_{~
IR |
\ )
v g
3 ‘ ; . - 3
Y ) - - ]
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\ ' CHAPTER 3 « SURRC
_ LOAD MODEL & SYSTEM IDENTIFICATION

' i |
' . .

3.1 Loap MoDEL STRUCTURE

The structure of the load model employed in this study is the
TN t .
one first developed by Galiana®' with some minor modifications intro-

p duced by Kaayégouk and Panuska.?? ‘In order to provide the reader yith
. / 4

& a clear picture of the model, a.description of its structure is presen- ]
ted. i . o e

¥ - , > e

\ The 1oad.modeT is intended to be u§ed for short-term load

-forecastingli In‘partiku]ar it is desired that the predictions of the .
) \ .

mode] differ by no:more than 3%fﬁt;m the actual load behavior, during ) |

. \ 5 .
regular weekdays. 'The i{nputs to the model are the temperature variations

over the residential arda, and a-noisy signal representing the uncer-

LS

tainty in the §ystem. Jgure 3.1 shows a schemg%é: diagram of the
“ model. The model consists of two subsystems A and\B. The function of’
‘k < supsystem\A‘is to geherate a periodic function Yp(t), which represents .
~ the determindstic compenent of the total 1oad. The inputs to subsy;-
lfem B are a noisé input representing the uncertaintieg;in the system,
;nd a temperature dependent function, while its output is the residual . '

' . load component Y.(t), which represents the fluctuations of the 1oad.

about the periodic componeﬁt‘Yp(t)z

18 - ot
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The output of the model, représehfing‘the simulated load is.

\ given by N C | L
AU T 2 O B OO I A O B @y

[

3.1.1 Periopic COMPONENT

“9

*

fh the typical weekly load curve, the load rises,add'falls o

at approximate]y the same time each day. Thus, the“daily load curve

‘repeats itself in a regu]ar manner, wh1ch Just1f1es the incTus on of a

b ]
perlodic pomponent, with a period of. 24 hours, as a component of\ the

-

total load. The peridodic component Yp(t) can be expréésed as Fourier

;serfes in time with a period T = 24 hours, as follows:

p L.
< 2 T N
Yp(t) =dg +X [d sin . (2‘”) t+ d,,p,(1 cos (T—";— t ] .'(3.2)
CoL i o
b fini zﬁh - -
efining. w= 272 0.2617 rad/hour. - , R

P

t"

*

équation (3.2) can be written as,

L

- ’ P i :'." ’ . : N
Yp(t)= do +§: &H sin f”if + dﬂp+i cos wit ] T (3.4)
. i=1 - . o . .
' A M . o Q\

The number and the values .of the Fourier coefficientsqarg'determined
using system identification pioceduresﬁ
f ' -~

3,12 - ResipuaL CoMPONENT S . C e

“This component is included in the load to account for the’ ) \

k] . - ' ——— |

uncértainty_of the process, and the temperature effects. SiﬂCé-hipOWer\ o

" plant never experiences "normal" conditions, it is important to include




L)

4

this cohponéﬁt in the total simulated load, in order for the model to

-

-accurately reflect observed load behav}our. On the other hand, temper-
ature influences the load level over the period of forscastiﬁg. _There-
fore, including a temperature dependent function is the best way to _-—

simulate the slow-load variations due to temperature changes.

- A possible description of the residual component is given by

8

Covelt) met)+h (00e) o (w(t) T (e

l“\\ 3.

where the functionsfy aﬁd f, are linear, e(t) is a term representing the
uncertainty in the system,-and U(t)‘i§ a temperature dependen§~function.
By studying in detail the physibs of the process, the nature of’ the

variou¥ functions appearing in eduation (3.5) can be determined.

b i Shoe * ‘

(1) TEMPERATURE
To account for the effect of temperature on the simulated load,
the method of weights as first suggested by Dryar?® can be used. How- -

ever, in this siudy,:wq«follow a more realistic and simpler approach
and shown by him £0aprovide a good approxima- .

tion to the temperdture effect on the system 1oad;

developed by Galiana,>*

According to Galiana, in order to generate the temperature

aependentbfunction U(t), a normal daily temperature curve , ?, is first
‘defined._,This curve is obt?ined by averaging d{i1y temperatures at
hourly in;ervals for‘every month;‘and over a period of 10 years or more.
A typical éhabe'of this curve is §Fown in Figure 3.9. It is apprdxim-
ately periodic with éqheriod/Lf 24 hours. The periodicity of this
.curve makes'this method ppwerful, since its shape contains the fact

" that temperature drops during the night-time and it increases during the ,

“
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in temperature between day and night, a

in T from T will jﬁcrease the load, indicating the use of heating devices.
In order to separate these two regions, a. zone between 60%F and 70°F is |

“assumed to exist in which most people feel comfortable.. As seen from

/ .

’.
'

daytime. . Therefore the p;ripdic nature|of the load, due td large changes
le included in the periodiQ’qom- ’ :
ponent tp(t). The temperature fluctuations about the normal daif& ;emp:
erature result in relatively smalT load variations, which justifies the
hse of a linear relationship between Yr(t) and U(t). . L : ' -
The difference betweeﬁ actual houriy‘tempe;ature, T, énd nor-
ma1\da11f.températdre;at th;t ﬁour, ?, gives the va]ue'ofythe‘functionq
U(t). 'In Figure 3.3 the cartesian-d%ﬁgrah as presented by Galiana?®®
défine§ the temperature dependent funq{iop u(t). This diagram is based .

on the fact that if the normal temperature, T, is high, positive deviations .-

Fig. 3.3, temperatures in region A have no effect on the Joad, Region

B is a purely cooling rggion in‘which positive U's incre;se the 1load,
while ih.tpe heating region C, negative U's increase the load. In regions
D and G the normal temperature lies in the comfortable. zone and only @ev-
iations of the actual temperature from fhjs zone Have effect on Y. In
regions E and F the actual temperature lies in the comfortable zone and
therefore only deviatioﬁsqu thé normal\témperature are consjdered;

In regions.H dnd J the cooling and heating demand is mixed. These situ%- A

tions occur in f511 and spring‘Qnge tpe actual temper%tureATies far

from the daily’ndrmal temperature. ) |
The relation between U(t) and Yr(t) is postulated on the basis

of two assumptions: First that their relation is linear, and secondly o .

that the effect of U(t) on the .load does not occur instantaneously but

2
INTSTRTNEN ) .
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»
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. b
is spread out over several hours. Therefore, the term f1 (p(t)) can be
taken to be of the form .
fx(U(t)) ibj u(t-3) . - (3.6)
. o J=1 ' e
where bJ (i =1, C m) are constant coefficients. The numbey m

and the .values of b s are determined via the identification process‘”

\

[ . \
(11) UNCERTAINTY @

There are many uncerta1nties in the Toad behav1our The
effects of weather elements other tnan temperature, uncertainties in
the benaviour of the consumer, and imperfections in the model, to mention
only a few, justify.the inclusion of the'term'e(t) 1n1the residual -
component. ST

The uncertainty term e(t) has zero mean and 1t is correlated

with.itself only up to some time d1fference, Té.

This can be expressed
-as - ¢ ‘
E{e(t)} = 0 Vit L (3.7)

SR {e(t) : e('c)} - R () (3.8)

Ro(t -T) = 0. wherever It-f‘ >Te

For the sake of ease of identification, it is further assumed thaf‘e(f)

consists of a linear combination of whjte noise terms, i.e.

) i 0 _ .
wa elt) = W(t) + ) cf W(t- 1) (3.9)
=1

where , ’ , ; )
E { Wt)y = g (3.10)

E { H(t) - n(r)’} = s(t-1) (3.11) -

¢ s

(=]



in equation (i\\). This term models the autocorrelation of the load.

(ii1) SYSTEM DYNAMICS

v, The dynamics of the system dictate the form of tﬁe third term

i

bl

,' Since\the system load 'is causal, a simple way to account for

the system dynamics is to define,

fz(Yr(t)) Z a Yrlt-Kk) (3.72)
& " .

For the forecasting period, the'coefficients ak (k L 1,2, . . n ) are '

assumed to be constant, and ‘their identification is discussed in the

fo]]ow1ng sect1on . . o S o
- J .
In summary, the residual .component of the load can now be '

written analytically as,

-

] . m n s . [

Ye(t) = W(t)+z ciM(t - 1)+ Z bU(t - §)+ Z ap¥p(t-k) (3.13)-
T Toi=1 J=1 © k=1

3.2 SYSTEM IDENTIFICATION

In order to 1dent1fy the Fourier coeff1c1ents in equat1on (3.4)

and the parameters in equat fon (3 13), Koutchouk- and Panuska26 used a

stochastic approximatxon algorithm of the recurs15§-1east-squares type.

The identification process is carried out in two steps: First, the
periodic component is eliminated from the loéd data, and the algorithm -

is applied to identify the parameters of the residual componenf; second-

1y, by expressing the periodic comggpent in terms of load data and its

residual component, the same algoritbm'is applied to identify the coe-
fficients of the Fourier series, equation (3.4). ' .

The identificatign was performed on Hydi'o Quebec datg:~cdn-

~



-

~onds.

sisting of the load: and temperature, measured'every'hour dur1ng"a period

of three weeks in January of 1972 from Tuesday through Friday. Thus a
total of 288 s@%s of measurements were obtained.
The sgfzwar@rwas written in FORTRAN on a CDC6200 and the com-
/’._

puter’§f6}age requirements were varied from 12K to 16K words. .The CPU

time_required for load data identification (23 parameters), was 35 sec-

¢

3.2.1 MopeL PARAMETERS AND ITs PERFoéMANCE . -

In tahle 3.1, the parameter values for both the per1od1c and .

- residual components are displayed. The parameters of the per1od1c com-

ponent show that six harmonics awe used in the Fouriey series (3.4). The

darameters of the residu:lrjgnponent show that: (i) subsystem B is

of second order, since there are two coefficients a; and az; (ii) the

- effect of the temperature function U(t) on the load is spread out over

7 hours, through the by to b7 coefficients, and (iii) the colored noise
e(t) affecting the system is correlated with itself for a period of two
hours;’fhrough the c¢3 and cz coefficients. Once the coefficients are )
substituted into equations ¢3.4) and (3.13), the description of the model
is complete, and one can evaluate the performance of the discrete model.

This was done by Koutchouk and Panuska.?” For completeness, some of |
their results are included in this section, in the form of computer out-
puts. - *

) Figure 3»4 shows the Hydro Quebec data used. The femﬁerature
function U(t) is shown in Fig: 3.4a and the measured load data in Flg 3.4b.

The load is measured in Mw,'at hourly intervals during the 12 days,
. ‘ 4 i

\
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v ) .
{ "while U(t) is given in degrees Farhenhite: The residual compohent of

Y

. the load data 15 ‘shown in Figur;e 3.5,-&« This cu};ve is the _residug§‘
Jtoad-after the periodic part of the Toad data has been removed., The L
< simulated residual load component is shown in Figure 3.5,b, while the

/error resulting from the simulation of the residual component is shown

.
|ol"“"P

« in Figure 3.5, c. The performance of the model is shown in Figure
3.6. e?" Figures 3.6, a and b the actual lcad data and the simula-
" ted load aré shown ?es’pect%ve]y. Figure @.é, c shows the discrepancies ™

of the.model from .the aCtual process.
- ) } M ! “"l" 4

The error is sufficiently small
. .at all times, exée;\lﬁt* at the load peaks where its magnitﬁde reaches

.
.

about 3% to 4% of the total*load. A typical daily load ‘ei pérfohrl- _

£ ance is shown in Figure 3.7. It is for the first day of plediction and.

-

. . \
.. ~in general the same kind of errors are observeds throughout the forecast-

'1ng period. ' ) . ’ .-
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- CHAPTER .4 .
o ' SIMULATION ,

- . In this study, we choose to use-a hybrid computer forsimula-
‘ 4
) ting the load model, for the following rg{sons. ' "o

~

1) To utilize analog components whose dynamics resemble those
of real systems. ‘
2) To-combine the speed of‘the'ana1bg computer wit;;the

B accuracy of the digital computer.
!

. ' 3) To permwtfprbqessing of 1ncom1ng data which are partially
discrete and partially. cont1nuous “

4) To increase the flexibility of analog computation by using

/

; P digxta? memory” and confre?. : - . . .
5) The load peaks are the most interesting parts in any fore- ‘
. , ‘ \ |
- \f FER

<; cdst, hence the model must follow the load peaks accurately
|
|
|

/enough during the whole peak period. Simulation of the

k4

model in discrete time does not allow us to evaluate the

. T
model's performance at the load'peaks, while hybrid simula-

N tion does. ‘
A\ o ' )

' N
AN

4.1 \IRAqngRMATION FROM DI1sCRETE To ANALOG MODEL ;

\ ' ' \\QP hybrid-simulation,.the analog compdcer is used'to simulate
| B Athe'model dynamics, while\the digital computer ﬁrovideslprecision and
repeatability of the simu]ation. Sjnce the analog cbmputep simulates
'quantities continuous]x in time, it is necessary for the model'being

simulated to be described by equations that are alse continuous in time.'vﬁb

. 34
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.

. which Yp(tﬁ is a??umer series and is hence described continuou!Iy in e

35 .

The simulated load consists of two components Y (t) and Y (t), of

time.’Therefore, only the descrjipt1on of the resic[uq1 co;nponent Y‘r(t)
needs to’ be transformed from discrete-time to continuous-time.
The component Yr(t) is described by a difference equation,
which is to be transformed into a differential equation. Thisﬂﬂs achieved
in three steps: ) g
-('1) Transformation of differenpe equai\:ion to z-domain trans-
fer functions. . ‘ ]
"(i1) Transformation of transfer functions from z-domain to s-
) domain, and ' o : |
(ii"iv) Transformation from §-domain transfer-f)unctihori’s tﬁo contin-

uous-time differential equation.
- ,

(1) TRANSFORMATION OF DIFFERENCE EQUATION TO z-DOMAIN TRANSFER FUNQTIONS , a
The residual component Yr(t) is governed by ,
i
Yo(nT)= 1.45 Y. (nT-T) - 0.55 Yp(nT-T) + 3.27 U(nT-6T) + A

U(nT-7T) +W(nT) - 0.82 W(nT-T) + 0.15 W(nT-2T) .
g .
7 | o
'Taking-i‘-transforms‘of both sides of (4.1) gives -
Ye(z) = 1. 452 "1 Y(z) -0. 552 2\f,.((m\ +'3.272750(z) + 2.05277U(z) (4.2)

+ w(z) - 0.827 1w(z) +0.152 2N(z)

‘or, rearranging terms,
‘f 14

T - T.5271 552720V, (2) = (3.27 - 2.0527)27U(2) +  (4.3)
(1.- .82z '+ .152;2)’@(2) _' ' . \



R . .
’
- - ' '
L

s Solving for Vr(z), we obtai;' ' veoo ) L
Ye(z) ={3:27 - 2.0527)2°% Gy, 1 - 8227 #1622 o ‘
U1 TNz 55272 1 - 1.z 5522 (4.4)
or " )
Vo(z)s 3:272%e2.052)2°0 Gy, 2. 822415 Gy (45)
- o 2 1.4524 .55 2% - 1.45z + .55 , K
1
Defining:
- 4 -~ - P - o
| v . Fl(Z) - 3.27z° - 2.05z . | (4.6)
. - 2% - 1.45z + .55
» . .
~ 2 - 2 ! \ . [y
Fo(z) = 2.--822%15 &)
© z% - 1.45z2°+ .55
V(z) = 278 U(z) ‘ ‘ (4.8)
i - . \+ -
’ ‘ : ) Ne.can write . ) .
- | 5 ‘ ~ | SR
1 ! : ~ - Ul - o .
j . o C o Ye(z) = Fy(2) o V(2) + Faplz) e.W(2)" . (‘_‘-9) .
\ y .
| . - . : ' - “w }
[ S The block diagram of Figure 4.1 shows the modelling of the residual
} / .« . _component, in ‘terms of z-domain tra,%sfer functions, as given by (4.9).
| o _
‘l v . :
] e \
’ .,

o~ P
'
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(i1) TRANSFORMATION OF TRANSFER FUNCTIONS FROM z-DOMAIN TO.s-DOMAIN
' - .’ - = .

38

3

RGN

Next, we transform°the z-domain transfer functions to s--

| Y
domain trans%er functions, which consist of a zero-order hold followed
by another transfer function. This situation is depicted in Fig.
4.2, The transfer fqnétion of‘the zero-order hold network fn,the S- ' ;gf
- domain 1s given by ' \ . . . ) .
- st :
’ 1 - es
G (s) = . . -
zoh'™! s : ’\ ", (4.10)
The following symbols are now adopted in order to simplify
the analysis.
L, _{'H(s) } denotes the z-transform equiva]én;.u
ﬁ(;), and ,
i‘s i{H(z) } "' denotes the s-transform equivalent of
ﬁ(Z)-

. l J\
From the block diagram of figure 4.2, the'followiﬁg relation-

- v\

" ship can be readily written:

(a.11) |

‘ ?x(S) ) - -
V*(s)




o Taking the z-transform of both sides of (4.11) gives ;
T o

IO LT =l

~

Ve -~

- . ~ - =st - "
L A AR Ly { ] s? v G (s)}

4
13

r

where - F, (z) is. defined in (4.6).

-

Substituting zZ - &St in equation (4.13) &1e1ds

_ . E1(2)? (1 - Z-l)'Lz ; G;és).{}
l - c Y
R or ‘

t
L]

3, | b '{ GlﬁS) } : ~El(z)‘ T |

An equivalent form of (4.15) is

~

g_li.s_L = LS {jl(z)' -Z.

| L S w 2-1 [
| ' . *
//////////// Substituting for ?l(z) frow (4.6), we obtain

o Vo Gals) . Lo J 3212 =205 . 2
", . s . 22 - 7.452 + .55  2z-]

(4L121

(4.13)



- and |

To find -the desired s-domain equivalent, we expand the, expression in the

brackets of equation (4.17) into partial fractions. This gives

N (3.272

\

2 . 2.052)z e 12.372

9.12%+ 6172

(22 -N.85z + 55)(z - 1) z -

*

therefore

s -~

. Since,

“and

ILS

2% - 1.45z2 + .55

3 1

i .
. - 7 2
Glg(S! - = LS 12.37 zf _ 9'-' z° - .7252
' -~ 22 - 1.452 + .55

o

2 -aT

Z° - Ze = CcOoSWel . S +a

.

2? - Zie"aTcosonv+ e 28t

we have from equation (4.19)

‘CoswgT = 0.9776 =>y,T = 12.18° =

°, -

1(s)

S

@)

(s+a)*+ wy?

S
¥

el = 07416 => aT’= 0.3

’

(s+8)2+ w,?

- 12$7% g1 —S*a

0.2119 rad. -

40 -

(4.18) ~ !,

| (4.20)

(4.21)

(4.22)

2 s
S G
&

Bl .

3

T

[}
[¢]

e

L& a0

£ 9,

&



o

e . : — W(s)
‘ s2 + 16.666 x 10°5s + 10@; 1710 X
> . Loy

The sampling period is one hour, i.e. 3600 sec. Hence,

. 23 = -s -1
a~ 350 ° 8.333 x 19 sec 2\,1 ) /’
. . Co
and A
.5 'wo‘: 052659 = 5.386 X 10‘f. rad/sec
- \-
Substitution of the above values into eqdétfon (4.22) yields, A
Gifs) . 3.27 s? +130.328 x 1075 + 1207.494 x 1070 g 2 |
S * _ s(s*+16.666 x 107°s + 104.082-x 107*°) ‘
therefore,
- 2 ' =5 =10
By (s) = 3:2s°+130.328 x 107 + 1287.494 x 10 (4.24)
s?2+16.666 x 10 °s + 104,082 x 10°1°
Similarly, the transfer fupction éz(S) can be found to be
. l , 2.
=y . $2+35.832 x 1075s + 343.470 x 107}° v 0 (4.25)
GZ(S) - - - .

"'sz¥‘16.666 x 10" %s + 104.082 x 10°}°

“i1i1) TRANSFORMATION FROM s-DOMAIN TRANSFER FUNCTIONS TO CONTINUOUS TIME
DIFFERENTIAL EQUATION >

-

The residual component Y (s)‘is related to U(s) aﬁd N(s) by

v 2 5 10 -~
Yo(s) = 3.27s° +130.328 x 10 s + 1287 494 x 10 U(s) +

v 8% +16.666 x 10 s + 104,082 x 107 !¢ (4.2gf

s2_+ 35.832 x 10”5s + 341.470 x 10719




}/" 4,2,1 ANALOG IMPLEMENTATION

Cor (524 16.666 x 107% + 104.082 x 10730 (s) = -

* (3.275% +130.328 x 10755 + 1287.494 x 1071%) V(s) +
‘ S o / (4.27) .
(s? +35.832 x 107%s +.343.470 x-1071°) W(s) - | '

L]
P

’ - ~ . 3
In the time domain, (4.27) is equivalent to the sought differential equa-

\ : tion

e ™ _&H‘ . '-.

. Ye(t) +16.666 x 107°¥,.(t) + 104.082 x 10710 (t) = . . .
) ’ . ‘ ~ (4.28)
| ©3.27 V(t) +130.328 x 107°V(t) + 1287.494 x 107} (t) + . °

W(t) + 35.832 x 107%N(t) + 343.4h§,x 1071 0(t)

-

4,2 Hyskip CoMPUTER’IMPLEMENTATION ~

» gv;:> The hybrid computing facility used in this simulation is a . a
“tru

hybrid" system, the EAI 690. The 690 system~consisté of an EAI
- 640 digltal computer, 1nterfaced to an EAI 680 analog computer by an
EAI 693 hybrid interface unit. N [/

N ox

4

-

The 1mp1ementat1on on the analog computer includes the pro-

. gramming of- the two components of ‘the model, p(t) and Yp(t), and their -

e

NS 4 sum, which gives the simulated Toad. The two-steps preceeding the' an-
' B .
\Ql:g implementation are: (i) time scaling, which is-needed to speed
‘ p

upMthe simulation, and (11) amplitude,scaling, which is neeeed in order.

to avoid overloading of the analgg computer” components.

n

4 .
‘ LS



» (1{ TIME SCALING -

‘ «
| It is desired to speed up the performance of the mode] SO
that its simulation is achieved in seconds, instead of 12 days which
is the beriod of the actual process. .We choose to supply the hourly
 data to the model every 2 sec. Therefore, the length of the simulation
becomes 288 x 2 = 576 sec, instead of 288 hburs or 1036800 sec.' This‘i'
_ choice defines the time scale factor a, as y '
e T f
’ _ 576 . er - | .
o« = jo3eEge” - 9555 x0T . o (a2)
L. :
A further speed up of the-simulation by a factor of 10 fis
done via.the t1me scale controls available on thg analég console. The
choice of "F SEC" (Fast Seconds}-achieves this speed up, thus avoid- .
ing the use of a large time-scale factor.
After time sqalinq the fundépental fﬁequgnqy‘m of the Four-
1ef series (3.4) de%ining the periodic component Yp(t) becomes
- ' N - i "
wg = e A " = 0.1308 (4 30
*24 x 3600 x o 86400 x 55.55 x 10 °. rad/sec -
-
Therefore the-higer—Harmonies of the Fourier series are . *
"2 wg = 0.2617 rad/sec o
B ws =0.3925 rad/sec . _ . |
4 ws = 0.5233 rad/sec : ] o
5uwg = 08542 rad/sec T

6 wg = 0.7850 rad/sec g -

e ~ ‘ : - (4.31) |



| ~ . ' - ) . < . 44

In order to time scale the residual component Yr(t), we make the trans-

formation

f@ S fo R i)

in the equation (4.28), which after the necessary glgébra takest the form

fa ,

-~

-~
-

Yr(t)“ =

e ) -5 ; -1.0
V (t) +16:666 x 107° § (1) , 104.082 x 10
4 a r o?

v Y -10
3.27 V(t) + 130.328 % 10 1287.494 X.JO

V(t) + V(t) +
- a o

‘ ‘ , , (4.33)

o ' . A -5 . \ ) ~10
W(t) + 351832 x 10 W(t) + 343.4{0 x 10
a i \ a )

W(t)
- v / . ‘

/[ , 4

-Substituting for o, we obtain the‘time«scéﬁed differential equation for

the residual componentb// S

Y.(t) + 0.3000 Y {t) + 0.0337 Vy(t) =

3.27 V(t) + 2.3860 V(t) + 0.417) V(t) +

L ‘

- W(t) +0.6450 W(t) + 0.1112 W(t) C (aae)

I L 4 ’ . . v ¢ \

(1) AMPLITUDE SCALING

The components of the EAI 680 analog compdter can operate in -

~the range 1 unit without being overloaded.~ This dictate§ an amplitude

)"



scale factor B , which reduces the amplitude of the signals accord-
A N

1 d

ingly. In: our case we choose

’ ' ) ) I.
\ . . B = 9)480 . \ (4.35)
. e . \
L , The periodic component, Yp(t), contains a ccnstank term
N rdg = 7726 which does not provide any important 1nformat1on._ This term

| Is subtracted from the periodic component . Yp(t), which aftér\time and

amp1itude sca11ng becomes (
Jng be ;
] 'S < [} . |
) . , xp(t):u Yp(t) - 7366 - (4-36)4
r or . . — N . . T
~ %p(t) = -0.100 sinust - 0.0413 sin2ust + 0,0105 sip 3ust .
_ -0. 0052 Just - 0.9018 sin Swst - 0.0027 gin 6&5% 37)
" -0.0287 coswst + 0.0209 cos stt - 0.b191 cos §m5t
. ] ve ’
+0.0210 cos dwst + 0.0118 cos.5w5t‘-'07009] cos bwgt A
B . ' 4 . —
- - - : v, . -
\° w . : . . . ]
: : "Toﬁamglwtude scale the residual componentYp(t), we first de- .
. 6:'!: ! ' " * N
fine L
ey = Ye(t)
ket = X | (4.38)
8 .
) ,
| S = (4.39) ,
L , - ~f
“and - , .
‘ ~ e 8 (4,40)
A 4

~



. s {'
and amplitude scaled differential equation for the residual component:

%r(t) + 0.3000 Xp(t) + 0.0337 Xp(t) = . .  °
R(t) + 0.9240 R(t) +°0.1275 R(t) + . | '
$(t) +0.6450 S(t) & 0.1112 S(t) - K

The programming of the Foﬁr1er series (4 37) 1?\ba§éd on the

solution of the differential equation,

'),Z(t2“+ wix(t) =0 e (4.42)
TUWMtchosgiven by I
. o x(t)::a‘bﬁs wt - b sinwt - . ' ' .(4.43)

/
Therefore the basic circuit for generating a sinusoidal wave-

form is the analog 1mp1eneﬁtat10n of (4.42). Figure 4.3 shows this

_ implementation. The values of the potentiometers pg correspond to the

generated frequency w, while thé values of p;land P2 supply fhe coeffi-'
.cient values a and b respéctively The overail progrynning of (4.37)

 generates: the period1C‘cOmponeﬁt Xp(t), as shown in Figure 4.4. Program-

<,
ming of the differential equation. (4.41) results in the residual com- '

ponént Xp(t). This is shown in Figure 4.5, Summation of tife periodic

and residual components as shown in Figure 4.6, results in 'the generated

“normalized load Q(t), which is given by

Q(t) = xp(t) + k}(t) o E (4.45)

, .
" . .
v t . &

N
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. F16, 4.4 - ANALOG PROGRAMMING OF ‘PERIODIC' COMPONENT Xp(t)™
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TAéLE 4,1

7" . POTENTIOMETERS AND THEIR VALUES .
B | . POTENTIOMETER'  VALUE “ NO.  POTENTIOMETER  VALUE
| 1 000 0.0105% 18 036 0.65k2
2 oo 0.1112 9 037 0.0018
: 13 002 0.6450 ” 20 038 ° 0.0118
4 003 - 1.0000 21 042 0.65k2
5 004 0.1275 e 22 045 075D27
6 . 005 1.0000 " * Y 062. 0.2617 -
7 006 0.0924 " ‘ 24 064 0.2617
. 8 007 0.3000 25 065 . 0.0413 °
9 ' 008 g 0.0337 26 066 0.3925 ,
o 10 010 0.0091 27 067 '0.0105
‘ 1 015 0.7850 * 28 068 0.0191
12 016 0.7850 29 070 0.3925
13 031 0.0210 30 09] ' 0.1308
14 032 0.5233 31 094 0.0287
15 033 0.5233 , 32 095 "0.1308
16 034 0.1000 ° 3B 096 0.0209
' 7 035 ° 0.0052 | -
* The vglue of fhée potentiometer 000.15‘
< . = 0.0105 . e
9480 980 :

4
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Fi, 4.6 - GENERATION OF NormAL1zEB-L0AD Q(t)
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or . ( ’ Q(t) _ Yp(t) +QYy~(t) - 7366 o
: = 9480 S (4.46)

The potentiometers used and their corresponding values are.shown in

Table 4.1.

4:2,2 Di1GITAL IMPLEMENTATION

The hybrid orignted software which is designed\to perform
tasks necessary for the hyérid simutation, constitutes. the digith\/im-
plenentation. The software, shown in Appendix A, includes two p;ograms:
(i) POTSET, which is used to set the potentiometers,.and (ii) HYBSIM,
which performs the_simulation. By emp]bying'thjs scheme for the soft-
ware, we ;void unnecessary répetition‘pf the potentiometer settings,

" thus reducing the computer time used. F0v£hermore, this scheme provides
greater computer ;terage for the main program HYBSIM. Figqures 4.7 and
4.8 show the structure of the POTSET and HYBSIM programs respéctive]y,
in the form of flowcharts. As soon as the simulation of the model is
performéd and simulated load values are stored in-memory, the HYB$IM

calculates the Ave;agg Absolute Error, defined by

» 88 .
- Average Absolute Error = iéﬁ' :ii ‘ X(i) - Z(4)

(4.47)
o i=1
» /// M
// where Z(i) is the actual load data, and
. , o
IE

x(i) = 9480'Q(i) + 7366 S - (4.48)

N

/

This error is considered an overall measure of the model's performance.
' !

The values of U(t), Z(t), X(t) and E(t) = X(t) - Z(t) obtained from

the simulation are shown in APPENDIX B.

S




_ .‘ ’ Read Input oo ' :
R ‘ ‘k\ Data Z, U ,/7 1 | !

. Initialize

Set Control
Line #0 True

Is ,ng
Sense Line

#0
true? | > No

| ) - . Yes
Feed Input U to .

|
|
l
I
I
|
|
I
|
I
I
!
analog o
I
l
|
l
|
I
l
!
|
l
|
|

Get Q from analog

Calculate X°®

end
of simulation

N




. o

s
@
4 v

| ‘ Set Control
| : Line #0 true

Is
Sense Line

#0 ‘
true? No

Yes

. o | Calculate the Norm-
;% T alized: E and
[
!
-

— send it to
Analog

Calculate the morm-
. ) ‘ alized Q .and send
to ‘ I Jit to Analog

Reinitialize

|
l
l
|
| |
) ' “"—""—'-——-—'—1—-—
‘ ' | '
I
l
|
4
|
|
l
|

Print Hour, U, Z,
X and E

Calculate average
absolute error

=

- Print average
absolute error




Clock D ‘o

' Controg Line - Sense Line
#

Run . '
, 01.5 k—*}——-—l___;__; #0
O— o5 tos Dif ) o

o1 00.0 |oc

—{3 Operate (OP)

3

[::> 53 Initial Conditions (1c)

FIG y, 9 - LOGIC CIRCUIT 70 CONTROL INITIAL CONDITIONS; OPERATE“

MoDE AND SAMPLING PERIOD. : ) ‘
& ‘ . ) ? . ot
< N ’ P
cL# '
&,Q
oP -
t
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4,2.3-, Time ConTROL S e

T . . ) o
The sequential use of Digital to Anatog and Analog to Digital

converters is based on the operation of the time control area on the

"~ analog console. figure'4.9 shows the implemented 1ogic circuityfor
the generation of the pulses used to detect the samp]ing instant. Fig-
ure 4.10 shows the puTses generated at the outputszof the counter, the
~differentiator and the sense line #0. The counter; otherwise known as
REP-QP timer, has 2 inputs and 3 outbuts. When the 1npﬁt RUN is ﬁigh

_ the timer generafes 100 pulses per-second. The output A stays high
ufntals pulses (150 msec) have been received then B will become

: high for a duration of 5 more pu]ses (50 msec), while A will be low

A
during this time. The output A of the REP-OP timer is connected to a ,

differentiator which produces an output pqise one clock perjod 1ong‘
(10 msec) whenever its input changes from 0 to }. The output of the '
differentiator is connected to sense line #0, whose status determines

the sampliing instant. |

4,3 PerrorMANCE OF THE MoDEL i\

S%mulatien o; the load model on the EAI 690 hybrid comeuting
systeasrequires two inputs, namely: the temperature dependent function
U(t), and a Gaussian noise supplied from an analog noise generator of
HEWLETT-PACKARD.  The noise bandwidth is 50 KHz. Since there is no

/
theoretical way of obtaining the amplitude and variance of the noise,

the simulation was tested for various values, and it was found that an
'amplxtude of 0.4 volts rms. and 62 100 g1ves the best performance

The obtained resu]ts are presented in Section 4.3.1.
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4,3,1 RESULTS QF SIMULATION -
N* .
[ '

The outputs obtained from the simulation of the load model

“for short-term forecasting areqshown in Figures 4.12 through 4.18. In
order to provide a complete picture, inpgts and intermediate variables
are also plotted. .Figure 4.11‘ind1cates the nodes at-wﬁﬁéh the var-
iables are measured. ' "

Thg two inputs to the model are’ﬁhown in Figures 4.12 and

4.13. Figure 4.12 shows the normalized temperature function R(t), as )
measured at point A in Figure 4.11, after it has been delayed by sik

] uni;s of time and supplied to the analog console fhrough the D/A ¥
channel #0. Figure 4?T3 shows a typical record of the Gaussian noise *
W(t), as it appears at po%nt B in FEigure 4.11, after its co;;ersion
through the D/A channel‘#J. Its variahce }s 100 an& its rms magnitude
is 0.4 volts. The two components of the simulated load are'shown in
Figure 4.15, as they appear with reversed signs at points C and D in

X Figure 4.11, respective]&. The addition of Xp(t) and Xy(t) results in, .

the normalized simulated load Q(t) at point E in Figyre 4.11, as shown

<

~ .
in Fig. 4.16. Figure 4.17 shows, for purposes of comparison,~ the load -

data used in this study. The load data Z(t&mis supplied to the éna]og
console through the D/A channel #0, as shown in Figure 4.1, Finally,
the error E(t) is plotted in Figure 4.18, to show the discrepancies

between the model -and thg actual system load. P

. R

4,3,2 DrscussioN oF RESULTS Co Y#’J

Y

)

[ In this section, we compare the hybrid simulated 1oad with
the actual load data, and to the digitally simulated 1oad as obtained
by Koutchouk.?® g ' . -

!
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Conparing first the hybrid simulated load with the actual load- 'Wﬁ:

data, we observe three types of errors whose magnitudefis significant
These errors are respectively: (i) peak errors, (ii) va11ey errors,,

and_(iii) 20th hour errors. : :

(i) PEAK ERRORS * ;
A good visua1ization’of the peak errors is obtained fromnthe
. error E(t) as shown in Figure 4 18. It is obvious that the largest

errors occur at the load peaks of every day. During the morning and .:;~:

[

~afternoon peaks, the observed:errors have appyfximately the same magni-- >
tude, varying from 6% to 11% gi\the total lgad. These numbers show
that peak errors do not great]y\dependoon e nature of the peak (morn-
ragng or afternoon). On the contrary, their pagnitude depend§ on how
- fast the load reaches its peak.-xSinoe thesk errors occur every peak
period, it is obvious that peak errors do no depend on temperature
changes and therefore on the accuracy of the r idual‘comp nent. Rather,
it is thought that th§ inclusion of higher harmonité in-the periodic

component Yp wi]lj\e]d more acobrate results.

] -

-

(i1) VALLEY ERRORS - k , : N

Va]ley errors occur during tﬁe-Jate and f1rst hours of each

day In part1cu1ar, from the 23rd hour of the 1th\d“ZJunt11 the 3rd hour
| of the i + 1 day, it is noted that there is on the average a’ d1screpancy
about 6% of the total load. The source of these errors is 1dent1f1ed by
ob§erv1ng the actual Toad’ data (Figurt 17) and the s1mu1ateé‘r Toad

(Figure 4. 16) As seen from Figure 4 the‘simulated load follows a

v

r1pp1e at the hours mentioned above, whileg the actual load data increases !

« . ~‘&°\ . e - K b




<

the errors between the digita] model and the hybrid model. This is due &

f r
.

! e K
smod%h]y at this time. Therefore it 1s evident that the valley errors
are also caused by an inadequate number of harmonics in the periodic

¢

component, Yp(t).

Laal :

(111) 20th HOUK ERRORS

(o ~ '

This error occurs exactly on the 20th hour of each day. Its
magnitude vaires from 3% to about 6% of the %ota?aload. As seen from
Figures 4.14 and 4.16, this error is introduced by the ?eriodic‘component
Xp(t) in an effort to pﬁhduce a~feen afternoon peak. Hence,-a correc-

tion bf these errors can be made by increasing the number of harmonics

~accordingly. -

In summary, we see that all major errors are due to th inacg

_ curacy of the periodic component Yp(t). This dictates the use 'of MNgher

o

harmonics in the Fourier series (4.37). The accuracy of the residual ' ~
component Yr(t) is consideradd, in general, to be satisfactory. Large dis-
crepancies due to this component are noted in the 1st, 8th, and-12th days

of the simulation. By increasing the order of the 'sub-system B (see _ =~ ™
AN

/ \
" Figure 3.1) from 2 to 3, the accuracy of Yy(t) can.be increaseéd consider-

sy

ably. 'The overall performance of the model is meas“?d by the Average
Abso]ute Error which was found to be 291 MW corresponding to 2.91% of the

~!

average total load.

A comparison of the results obtained from the hybrid simula-

tio;\V1th the results obtained through the digitally s1mu1ated load,

-

as obtained by Koutchouk,?® shows the existence of the sawe d1screpan€1es

betwei:e:gg/berformances of the two md&qls. The only difference is that.

the ervefs between the actual loaHFEEHWthe hybrid model are larger than

7




68

to the fact that simulation on the analog gqmputéfﬁdoeé'not fo]léw,the
high rafes of load cﬁanges ip the modei, whi]é simulation on the digital:
computer does. The conclusion-that the inaccuracy .of the periodi; v
déohpbnent Yp(t) is the main source of the errors is supported by the work
of Koutchouk.>® A discrete model with 8 harmonics and a 3rd order dyn-
anﬁc sYstéﬁ gave a 3% peﬁk e%ror; Due to limitedhnumber of iﬁtegratbrs
on the EAI 680.analog_computer,'this model was not tested. |
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. CHAPTER 5
- CONCLUSIONS

Al

(]

The objective of this study was to simulate on a hybrid com-

-~

puter an electric-bower load over a 12 day period. The following con-

" cluding rema(kﬁ summarize the'?dvantages and disadvantages characteriz- =~ = -

ing the 1o;d model and its hybrid simulation.

(1) Decomposition of the load into periodic and residual compo-

nents provides a simple structure for the load model, which

~ facilitates its implemehtation and furthermore provideé a.
\) ./

clear picture of the load, behaviour dur1ng its s1Tu1at10n

*

(2) The performance of the 1oad mode] requ1res a hybrmd computer,

since 1nputs to the model are of discrete form, %and only
/) . .
continuous time simulation of the model resemb]es the actual
] system Toad. ' - | ' _ .
, : N .. 2 &
. (3) The performance of. the 1oad model provides a simulated load v

whose discrepancies from the actual load are mainly at the

. ‘ “ ' -~
load peaks and valleys. _Pquwggfz:i/ﬁary from 6% to 11% . /
while valley errors are about 6% f the total load. An . .

] overall measure of the performaﬁce is'tpe average abso]utg

error which is found to be 2.91% of the average total foad.

These errors are due to an insufficient number of harmonics -

. describing the periodic component of the model. The'resi-.

duwomponent performs very well gompar1son with the

| \_'4“69 p" | ’. N
R N
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desgrib}ng fhe periodic component, . thus 1mpr6ving the . - K
L - | mpde1's aﬁcuracy at thg Toad peéé; an& va}leys, and
(2) Tp increase the orderlof the dynamic system describing f h _
.o the residual component,” thus iﬁpfbving the model's res- -
- ponse to temperature variations. /)'
N\ ) e NS .

| =™ which would make the model more accurate: - ‘ é

performance of the periodic component.

~_Source error identification dictates two basic improvements

‘4

“ (1) Toiincrease the number of harmonics.in the Fourier series

.

-~

4

]

It is ‘considered worthwhile to continue this work in areas such as,

o

(1) simulation of a more accurate mode], by emp]oying more
1ﬁtegratqrs'on the hybrid system ‘ M
(2) sens}tiv;ty studies of the m;del to tmall parameter
&ariations. and T ‘
,(3),'gp—1inq use of the hybriq system for short-term eiectnic

load forecasting, . v )

- »
4
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¢ 4 PposRawROTSER L\ - 0o,

oy . & [

.
N ' ’,

UIMENSL(MJ P33, 33) fJf \\\r
o UDALA PO Z4HPODOA P(z)/AHPOOI P(3)/4h 0(24.P(4)/4HP003/.
1P(5>/4ano$§ P{0)7aHPOBS /7,1 (1) 7afP0007 b (R) 7aRRO0 7/
1P(9) 74dRN0B/ P (10) 74HPO1 0/ P11 ) Z4HPOI L/ (1 2) 74HPO 6/, :
1PCL3)/4HPO31 / f(l4)/4HH@é?/ bCUo)ZaHP0337, 0 C10) /4HPO3S/ , » © . -

- T IPCTZaHP030/, b (T8 Z4HPO3 1/ 1P (19) 78400353/ P (201 /4HPDA2/

lP(zl)/4HPO42/ P{22)/4HP002/,P (2.3) /4110047, P (24) /4HPNOY /
FP(2D)/4HP060/5 P (20) /4HPOO 1/, P02 1) 744068/ R 25) /74HPOI0/ , ,
|P(g9)/4HPOY W/, P (30) /4HPOO4/ P(3I7/41P0u)).P(32)/4HP090/

' AP(33)74HP034/ - ) ,
DA LA V(l)/.JIOb/kV(4)/’l!I3/ V(3)/.0850/,V(4)/.9999/, g

s LV(BY/Z 12157 ,¥C0) 709999/ V(1) /09247 v(8)/, 30007 V() /.0331/, »

AV ZD09L/ WL /20 18507,V U12) /. 18507,V (1.3) 7.0210/,
TYU14)/092337,V15) /052337, V(168)/7.0052/ VUL 1) /,65427, o

-l ) « VE)IZ.00197 V(19701184 V(200 /65427 ¥ (2117, 0217, - ¢

- - IV(22)7.200 17,8 (23) 7.261 (7, (24) /7 .041 3/ ,¥(25) /. 3925/, .
s e VAR YL 005/, (21 /. 01924,V (28 £..3025/7 1V (2W) /.1 3087,
\ - WVI3IN /7. 028R7,VI31)/.13087,V(32)7/.,02107,V(33)/.1000/
- @ CALL QSHYIN(IER,o080) CT , o
e DO 50 L=1,3 * . ] . .
L DU 30 k=1, 33 . o S SN
- 30 CALL QwPR(P(K) JV(K), TER) . Co )
50 CONIANUE - ;e ‘ \
, . _END S T T g ' '1

B o
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- . SEgIr.L oy -2, 7. S

-

lHt FOLLOWING '3 STATEAENLS ARF USED F0R ldlllLllAllON .
o LALL QRINDARCOL 0, 1ER) o 2 Vs
" CALL OWJDBAR§O.,1,LER) i “L o , T
l | ) "'\/ . - '’ i, .' ‘e

" rHt POILUWINb 2 SLAFrAPVJS EXECU L E THE SIMULATLON
S A OF IHE MODEL .
CALL QwCL ((7,.1RU&1P ltR) T S At

CALL QRBADR (W ER) . T S
: CALL™ QndDAR (v, | 1ER) ; e . ‘
. £ CALL ORBADRCA,O) 1, TER) - - A
.= WX()s= A*d4an~+/3oo. ’ )

¢

. oS

3 I=1+ S

LALL‘OHSIL(O PNS IER) ., ' - S

¢ | CALL QRSILL(OYSENS,1RR) N RS ST ‘ ’
LF C.NOFLSENS)IGO TO % ‘ o S

- . CALL Q AUR(W.l. JLER) o ' , S
- . CALL QuINAR-(w, Ibn) - o S o DY S
: CALE QRBADW (A, O,I FER) | - Yooy T R

XCL)=A%9480 .+ 13005 =~ * LT o
IFC(L EQL0) 6O 10 8 S S "
GO TO 3 P SP o . :
B [=1+] , S U . ‘
<CALL QHSLL(OGENS  TER) ) - ’ k- !
4 CALL, ORSLL(0 ,SENS; 1ER) NI o
* IFGNOLLGSENS)IGO TO 4 ‘ RN ‘ e £
Ul=U(l-0)%. 0003A49 S R W R
%ALI GRBADR Chiy 1y 1, TER) : ’ B : 1N,
CALL QudOAR(W, 1, [ER) Ce e 4 . e N
CALL UmJDARCUI, O LERY . = =~ % Lo L N ‘
, CALL QHBADRCA, 0,1, TER) SR o o » |
X(K?»A*9480 ctI306. R : ‘
I

FALEO.280000 To 5 0 L s S .
T L0 e e P

\ . AR " . L

. K\llm rnLloleo 4 5gA1G¥tN1 5 e lNIIIA[l  HE. bROCKSE > - s
b (,All

th)Au(o.nu AFH) ] r _ co \§~;
'"f’ CALL QnJDAR(O. 1 TER) L g
CALL QwCLL(O..FAth.,IbR) . : ' -
1=0 v R : ‘ . . N
P.AUSL .j ' ’. ) L7 ‘. . ' . . k ) . \ . . z"'""x
KA KA KKK, Kok deok ke ke kokokk ok ******’**** KAKIKKKAKRKNAKA KRN KK AR KRRKA Kk dkkderk ¢

. . ' P . ' L N 1 -&""

!
. . . . . - s ) ) o 3
L . ) . o \.‘u . . N |
. ’ ! ' v . ' ' * L : . v
' ' K » °

. . N ‘ N \‘ -
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|/ ***************‘k******************a\‘**x**k***k*)\****k*******‘A*'A*******
' ¢ : LS EC L FON: S e
< k - A !
i . [HE FOLLOWING 10 blAIFMFNlb CALCULAlL 1+L ERROR Al -ERED Iy ]
. CLTO THE ANALOG 100hrHtH vl lHF LUAU DA[A FOR PLOllle . g
AL QnClL(O..lHUh.,lhR) A -
. » . : l l 1 l+' ;‘- < ° .
: T . CALL QHSLL(0), SENS, IbR) . g y
, Y 9eCALL uu&LL(O.Jt&é LER)Y E . <
T IFGNOTGSENSIGO'TO 9 S 3!
. .; l‘.‘l(l):X(I)"L{(I) .. b sl.',; v'_
< A=k (1) *.0001 2l '
' , "CALL OwJDAR (A, 14 TER) - ‘<
. . V= (Z1)=1360.)/9480. e . o : T .
! CALL QWJDAR(ZI,O,1EH) . o T
: LF(1.L1.288)60 TO 11 £ . e SR ‘
' J— ‘\ v’ . M - ) . -
THESFOLLOWINGN3 S Mh&f& RE IHDIIAIILF lHt PR(CESS
N :,‘ N . ‘.lp - L. 4 i ; ‘.. .
© AL OWJUAH(O..()J;zi) T TR W
o CALL QnJUAR(O, 1, LER), - _ S ™ : Lt
| s ‘CALL OHLLL(O..FALbF..le) I : i . ~
‘g, - PAUSE 4 NN L P <
‘ *************k*****“k******}*********k***flc****z\-********a\k*********** t'l“
‘ LR ‘ ~ Lo . " yk
’ / . . . . / , . ’ Z
. 3 - \ 5‘ /L',‘n\:\ .i v . .
‘ - : 'L-. , ‘ LA L R ";” 4 ?' i
’.-i . 4 { ‘ \ o S ) ] "\.\.;. i P ' 2
. PR ;oo N -~
| ' . T e N i ‘
\ - '(' \ "‘ ﬁ‘ 0\5 " » 4 ' ‘ ' -\ o
J \ VR co ‘ . e - Y
1. . o . \ - [ - .i . \cl;' " . I '/‘
e e . , ;o O
| < R . . IR .
‘ é [} . - . { I‘.-"a';‘:‘ ;. ~ , ’ ~ . ’ !'
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/ S k¢ Lo
- ) o . J . ,
« THE FOLLOWING 7 biA[t%ENTS ARE USED 10 INILIALIZE FHE INDECES,
L=1" ' ‘.
K=24 : ,
" NFD=—1 ‘ > . -
- ) . _ NSD=0 * - . ) ,
T 31 HHOUR=0 ' ' © ‘ ’
. 'ﬁ‘ NFD=NFD+2 . C
' ' NSb=N SB"'\Z . , ' -
- v ) .
w - IHE. kOLLOWqu 13 sLAr?miwgﬁ OUIrYl Int ltAPERA[UjL.
eV ) SIMULATED  AND LOAD DATA AI/® I'Hi: FhROR,
- : | MFOR EVERY DAY, AND EVERY. HOUK [N THE HlMdLAllON K
.. T~ y
lYPb 24, NFD,NSD ~ : I
| ., 24 FOHMAI(// 20%, BHDAY NO.  [2, 21X, BHUAY  NO., 1) /7, 19X,
e ¢ FSYHHOUR ™ U “Z¢TY XD \t(l) " HOUR UG LT Y(l) E(I),)
) . D0, 30 1=L.X/ ' .- o
e, £ - NHOUR= NHOUR+I e : - B
| . La o, ll=l+24 ’ o :

. TYPE V3, NHOUR, U(l) Z(l) X(l) k-(l) ih()UH U([l) ,?('Il) X(Il) l:(ll')
© U3 FORMAL(12X, 12, TX, Po“"l X, JH) () 3X, 12 AXGFO. 1, 1%, 3F0.0)

| 30. CONI'INUE . b f/ .
IF(K.EQ. 204 60 10 32 { : . o
- ..,L=Lt+48 R P ' ‘ : _ ‘
. W e, '* L ,
' P M 1 .
f A ' So 10‘31 . . v , _ N
' ‘ et THE FOLLOwlNU © 5g51rnFurs ‘CALCULATF AND QUTPUL THE |
L *»y* W - AdSOLUlt AVERAGE  ERROR .
o , q,u‘; TR : o ~ “

32 B=0. e T SR ’ y
. ) DO 40 :1=1,288 . ) e o ' R .

40-H3+AUS (R(1)) .o o e o

oo . A=B/288; A Lm0 I
Co T T IYPE 230 A 3 - e |
T 23 FQRMAL (/477 17X, SOHAVERAGE  ABSOLUTE  ERKOR = " k6.0 //47)
i T L - U0 T0 60" -
B END S “ " " :
Y ***********************i* ***************kx*x*****k**k*****u\i*****»\-***k**
' _J |
Y 1 SV .
. ' VO N “ .\
\ ! ” , \\"‘" .,.‘ ' . r'd P l'y
" ' Y 5 H» < rD
N A s ¢
Yo . . - , .
v - A .
’ . * L 'i 3: ‘ - ) ¢ = h—y .
' ‘; ‘\» : 3 . '
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S
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pNoDDNDN
B NN -2

HOUR

P s b e St e et s s e
Vo 0 ¢ ] 405\1’\.50“['\)'—'&‘0@ AN D NN -

HOUR

———r——u—n—o’—oﬁ—o—u—.— -
ORNANDB W=~ SO RANDHDUN D NN

NN
-_—3

N NN
SN

o0
ﬁ

DAY NO,

ucT

o o o @
DN = X NN N

vr ot
DHNOIOX

‘6.4

[ S I |
N D

e o o @ °
O~ =—Q

N DIV NNV 1D

e o L L J - L] [ 4 L] L ] o
»

‘DR 0O

DAY

ucT)

23.7.
21.5 -

21.4
291

- 18.8%

I3.8

2
.
2

20.7

e e DN\
DU
L ] [ ]

LR RO .A DA DN QA

» - L ] * * * L2 L] ® ® e L]

DAV NIND A.Q D~ DD

A
6329,
5995,
5209,
5738,
.5699,
5742,
5926,
6345,
6797,
1330,
7617,
8@@5f
7966,
7783,
7656,
7606,
“7752,
8349,
2576,
2334,
q143,
7982,
7540,
7198,

/

NO.

7(T)
6946,
6662,
65382,

1

“x(T) .

1330,
6211,
6352,
6365,
6079,
6227,
6329,
6235,
6403,
1023,
1699,
7957,
1893,
1312,
7661,
7430,
7398.
1764,
3463,
592,
827D,
1975,
7199%,
1750,

5

X(T) .,
1565,
1052,

£611.

639656375,

6330%
42T
6625,
7035,
7508,
1792,
7936,
2196,
glll,
1747,
7631 .
7646,
7an3,
2943,
R697,
2592,
alaa,
QAN 42,
7933,
7595.

6493,
6618,
6736,
6673,
69233,
1441,
2133,
2420 ¢
361,
222,
gl4ag,
7294,
1215,
247,

an24,’

@al6,
2551°%
2191,
g3,
7901,

-

ECT)
1901,
216,
43,
327,
330,
545,
403,
-189,
‘3940
-336.
13,
-AT.
'720
1287,

Se -.

-175.
«353,>
=965,
1'1120
3.
127,
3.
358,
552.

ECT)
619,
390.

13,
-20.
73.
129,
111.

‘561.

-67J;

°5500
197,
224,
255,
535,
517
242,
'720

-§92.

A .
[ 9%

414,

297.

149,

' 250,

508.

k]

.

HOUR

NN~ RO [ ~dAWNDE N —

HOUR

BWwWND—=NO@ 1AWV () —

g St ot

o pn
-~ W

DAY

U

~NADLDDS DNV =D ~JNNDNDN) -

* L] . L - L ) L) ® L 3 * & - L] - * L ] L] ®

— s St pen St et puat fums e pums

G~ WOV N~NUDNVNID VNN QD=3 ONQ~

-

NO.

7¢(h)

6717,
6371,
5127,
slir,
6159,
6144,
6235,
6699,
1135,
7477,
16217,
°@71,
7993,
7741,

7597, 346.,°

¢
¥(TY) ET)
1342, 625,
69290 459.
6373, 1al.
602, -2a,
196, =52,
6301, 157,
6403, 16e,
6329, =389,
6476, -70a.,
7097, =379,
1709, 192,
afag, 15,
‘9041, da,
1967, 226,

L 1927, 287,
1605 ilg.
75?0. -1440 .
aeszzgquxi’-
659, 3gq.,
g7937-"2900
Q457, 51450
2142, '35,
e(392., 325,
7957, - 506,
4
v(T) E(D
1582, 526,
6032,. 2al,
64aS§, 6o,
6227, =35,
6222- ‘21.
§417. 13a.
6506, 155, .
64409, 19.
quq. -7290
Tlcd, =53¢,
Tes4, =115,
91540 495.'
o4k, =-af,
1933, 9.
17177, “5,
7514, -1ad, .,

,.ﬂ443."492.
1064, =907,
2433, =5q,
2551, o4,
alaau\\zz.
71259, 4,
T157. 170,

‘Y




(ﬁmmg~—\

¥

HOUR

N~ QUVR-IDHUN.D NN -

DAY NO., 5

UCTY zZ<CTY ¥(T)Y) ECTD
"1908 63“. 7‘6(5. 8490
"22.2 6(’/‘38.'6597. 509.
-21.,5 5341, 6139, 33g,
'23.” 5?18. 5820. 52.
'23.5 5780. 58q0. ‘QZ.
-22,5 5794, 6068, 266,
'25.3 5950. 6095. 143.
-23.,5 6409, 6032, -367.
118.6 79250 6148. '8740
"2@.9 74[5. 6715. ‘699’
-27.8 757¢., 73189, ~1R0,

"=26.,7 7773, 7661, -111,
‘25.g 7602. 753%0 '130
-2409 75]50 7486. 175.
-24,1 7270, 7368, og.
-23.2 7123, 711t, -6=,
-22,4 732%,.7223., -304.
-2'232 8523. \74680 '3540
=21,7 17975, 8”851, 764

B "2‘.3 7767. qlgz. 415.

" -20,6 1595, 7927, 232,
-20.5 73,2‘?. 7519. lsl'o s
-20.2 7174, 7442, 268,
-2b.5 6798, 7321, 523,

!
DAY NO. 7

UCT)  z2CT)  ~(T) E(T)
-2l.1 6317, 6967, .649,
-24.7 6@59' 64170 4658.
-25.1 5873,-5975. 195.
-26.6 5823, 5736, -gS6.
-26,R 56903, 5736, A6,
‘2“,01 57@3. 5Q94. 1910
-22,1 5gra2, 5916, 104,
-29o5 62'22. 59170 ‘5640
'3@!6 G926. 6@565 -869.
=29,9 7218, 6606, =611,
"290? 7590.72910 -98-
-29,6 7645, 758%. -56.
-2‘2.6 7‘442; 75lQQ ' 76.
-28,6 71R7.r3399. 203,
-23.8° 1192, 7241, 139,
-2907 6986. 721@0 24.
’3@.2 7244. 69570 -2860
'52.1 RZIlo 7382. -8280—
-32,6 8073, 7967. -105.
-530@ 77950 8095. 5@“.
-28.4 7616. 7747% 131,
-22,5 747, 74165 ~~61.
-22.,1 7296, 1337, 42,
.‘2009

6719, 7185, 466, |

P

DAY NO, 6
HOUR UCTY 2¢T) «x(T)
I -19,9 6265, 6aca,
2 =28.4 5979, 6346,
3. =21,7 5213.°5917,
4 -22,3 5735,.5676,
5 =28.,2 5626, 5694,
6 -20.5 5674, 5175,
T =20%5 _.5799+5973.,
8 «=28,6 6384, 59512,
9 -28.%8' 6953, 6056,
18 -22.1 7274, 6643,
'll °2101" 7514. 7545-
12 -29.1 768gr, 165%,
13 -21,1 7594, 7605.
- 14 -2p.,2 71256, 71583,
15 -19,6 7125, 7356,
16 -12,5 7117, 7t16, -
17 «l2.0 7411, 106e,
18 ~16.9 @481, 7523,
19 -17.4. <133, =186,
20 -1a.1 7eq4, @235,
21 -19,3" 7619, 77048,
22 -12,4 7396. 1520,
23 -20,1 7119, 7514, -
.24 -28.9 6762, 13ay,
DAY NO, o
HOUR UL(T) —~7¢T) x(T)
T ~la,l- 6227, 6745,
2 ‘1706 59750 GIQl.
3 -16.1 5750, 5760,
4 -11.,5 5734, 5565,
5 -6.,2 5713, 5579,
€ -5.0 5741, 5766,
T -4,2, 5%2q, 5902,
@ , .-2,2 6470, 583,
‘9 -1.4 7227. 6060,
1o -.6 1591, 667q,
11 \\\.7 T731. 7420,
B k2 7209, 7753,
[4 \\aié 7568. 1677,
15 .Y 7506, T5qa,
16 o1, 1581, T437.°
AT . +6 7553, 7485,
g 1.6 g462, 7256,
o’ 2.0 a524, q47§,
2o ~s4  al352, ak2q,
21 ¥ -,17 =aeel. ‘92asg,
22 'log 7“?5. 79710
25 -406 7652. 70@7.
2A  -4,1 7311, 179,

»

ECT)
§lg,
371, -
184,
-5a,

Qe
201,
179,

=391,

’0970

-630,

-16a,-

-29.
ll.

2417,

171,
-1,

-342,

-q17,
-26.

\5410
201,
192,
395,

627,

CECD

45q,
206,

1146, .

-



L, . DAY NO. g DAY NO.12

t

HOUR UCTY) 72(T) xC(T) ECT)  HOUR U(T)

I =172 6214, 7368, 554, . | -26,3"
2 =18.5 6499, 6722, 233, 2 -25,2
"3 -19.1 6304,_6343, 39, 3% ~26,9
.4 -18.6 6125.96186, '-1gr. 4 -3.5
5 =17.8 6008, 6333, -4, 5. =33,
¢ 6 -16,0 6095, 6241, 142, € -32,a
T -14.0 6200, 6242, 42, 7 -31,9
8 «13.9 6768, 61gl, -587. g 230\R
\ 9 -16.1 7238, 6292, -545, 9 -33,a
© 18 -19.1 7548, 6224, =123, 1P -30.9
- 11 ~18.7 77264 7477, -248. It -24,2
12 -19,1 @@3l. 7722, -24ga, 12 -23,.6.
13 -19.2 7993, 7716, -1=§. 13 -21,7
14 ~16,3 7621, 7592, ™2, t]4 -[9,«
15 =-16.6 7658, 7444, °=213, 15 -15,1
- 16 -18.4 7357, 7281, -155. .16 ~l2.%
17 -19,5 7709, 7157, -55]. 17 -11.0

- 18 -24,5 g502, 757q,.-1019, 12 -19,9

19 -25,3 R3g7, 8152, =234, o «1d.7
20 -22.4 7194, 2314, 420, 29 -9.9
21 "\22.7 79680 79720 164. 21 "9.5
22 =24,1 1558, 7639, © /l.._ 22 =1.7
. 23 " -24.6 7239, 7551, 262, 23 -%,.1
N v 24 -25,7 6934. 7383, 449, , 24 6.0
- . : DAY NO.1! ‘ . - ' DAY NO.12
| HOUR UCT) 2(T) " x(T) E(T) HOUR U(T) ~(T) x(T) E(T)
| 2 ~5.3 6371.,°64%6, 115, 2 3.9 6516, 6364, 34r,
| v 3 =5.,8 6256, 60869, -lga6, 5. 3.4 6366, 6433. 67,
| 4 -=T7.1 6160, 5823, -276, 4 2.0 K263, 6231, 31,
| Co 5 ~8.4 6872, 5898, -173, 5 1.8 5163, 623a, 75,
| 6§ =3.3 6092, 6079. -12, S 6.7 62982, 6392, ‘la.,
| . 7 o6 6239, 6194, -44, 7 6.6 6326, 6476, 158,
{ g ‘109- GQS.Q. 6181. '65?. Q 409 69100 6454o "5550
f 9 1.9 7330, 6329,-1000, ) 1.2 7471, 6579, -oal,,
| «. 1D 1.7 7617. 6ar2. -734., 1D .9.9 7797, 7108, -6%D,
; S| 4.2 T7a4, 7565, -218., . 11 2.2 11935, 7702, -152,,
| 12 407 RZSG. 79560 -930 12 13106 o‘!”lo QlSA. 530
| . 13 4,5 R8035.' 7914, -120, I3 14,5 7900, of24g. ad,
| ° la ' 4,0 7764, Tade. 44, 14 14,1 7685, Todg. 344,
| ‘ 15 4,7 Talg. 7692, -122, 15 . 14,0 7545, 7Tela, 203,
| 16 5.8 1721, 7504, -222. 6 12,2 7577, 7655, T2,
;‘ - ’7 ¢ —509 795.“. 74950 "465. - 7 1301 7679. 75600 -110.
| . Ig 4.0 8739, 7923..-865. 13 13,4 @592, M050, -530,
l9 ~5‘ol 87580 Q527. '259. 19 15.6 Q67l. 9659. "llo
20 -64% 8517, a€04, 177, 20 14,3 a55%, @g33, 275,
. 21 7.2 1336, 7363, 27. 21 14,7 o319, o504, a5,
~ 22 6.8 R8196, 2041, -154, 22, 14.5 =196, alrg, T4, "
23 6.2 7TRI6, 7985, 1290, 23 17.9 7799, al20,- 330,
24 68,3 7474.\.7961. 387. 24+~ 20.9

7522, @@ls, 497,

\ s .
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