A RCMHI V E S O F M ETALLURGY A N D M A TERIALS

Volume 53

2008 Issue 2

V. HAVERKAMP , K. KRUEGER, U. BRAUN , V. JABLONOWSKI

PREDICTIVE DYNAMIC POWER DEMAND CONTROL IN AN EAF STEEL PLAN T

DYNAMICZNA PREDYKCJA STEROWANIA ZAPOTRZEBOWANIEM MOCY W S TALOWNI ELEKTRYCZNEJ

The demand portion of the electricity bill presents a comsille part of overall energy cost in high-load industrial
installations such as electric arc furnace (EAF) steel tplam order to keep cost at an acceptable level, power demand
control is applied to avoid exceeding the contracted dentarggt while optimising load-shedding for the best possiénergy
utilisation and productivity. Numerous practical solusoaddressing the rst aim are already available. Optimieedrgy
utilisation in demand control for electric steel plants mainbe achieved by conventional methods due to the erratid lo
characteristic of EAFs.

This paper deals with the development and installation oinaovative predictive dynamic power demand controller at
the steel plant of ArcelorMittal Hamburg. Models descripihe electric load of the EAF in its various states of the pmbidn
cycle, the ladle furnace and the so-called basic load, csingrall other plant equipment including the rolling mitiye
developed and utilised to predict the oncoming electrid Ieduation of the plant for the timeframe relevant to the pow
demand controller. Thereupon, a power demand control ihgoravoiding unnecessary load-shedding and achievingemor
constant energy insertion into the melt is designed andheillzeri ed by practical installation.
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Znaczna cz}x¢ zu»ycia energii elektrycznej w przemyz=levetéczym przypada na wysoko-napijciowe urzjdzenia elek-
tryczne, takie jak stalowniczy piec 2ukowy (EAF). Aby utnzg¢ wydatki na energi} na okrexlonym poziomie oraz uzys&¢ j
najlepszij wydajnot¢ energetycznj oraz produktywnozdczeienergii elektrycznej podlega sta?ej kontroli tak, atg+cio si|
w wyznaczonych granicach. Optymalizacja zu»ycia energiliektrostalowni nie jest mo»liwa do osijgnijcia konwenagnymi
metodami z powodu zmiennej charakterystyki EAF.

W artykule przedstawiono prace zwijzane z wprowadzenienowacyjnej metody cijg#ego sterowania zu»yciem energii
w stalowni ArcelorMittal w Hamburgu. Opracowano model apisy zapotrzebowanie na energi; elektryczn;j pieca 2ukgwe
w ro»nych stanach technologicznych, zapotrzebowanieokielzi oraz innych urzidze« zawierajjcych pozosta®e wgpesie
zak®adu, wAjczajjc walcowni}. Model zosta?® zastosowanypdoewidywania zapotrzebowania na energi} elektryczni®adk
w odcinkach czasowych odpowiednio do zapotrzebowania eegérprzez sterownik. Jak tylko algorytm zapotrzebowan&a
energi} nie bjdzie wymaga? zb}dnych skokéw obcij»enia i jggiie bardziej stabilne warunki energetyczne zastanieowoiny
do sterowania energij topienia oraz zostanie zwery kowanyzeczywistych warunkach pracy.

1. Introduction upon in the energy supply contract. As a control mecha-
nism, the average power drawn by the plant is determined

Industrial installations with a nominal power greatein regular intervals called demand periods. In the case
than a certain limit value (e.g. in Germany this value isonsidered in this paper, the demand period is 15 min.
30 kW) are not only charged by their energy supplie&s the average power values can vary depending on the
for the amount of electric energy that has been utiliseglset of these demand intervals in relation to the load
but also for the power drawn. This is to represent thakevelopment in the plant, the power supplier sends a
the power supplier has to ensure a certain value of poggnchronising signal at the onset of every demand peri-
er to be available to the installation at any time. Thied. This way, actions to observe the actual power util-
power limit { usually called demand target { is agreed
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isation in the demand interval and eventually to plan 120
load-switching in a way to meet the demand target can
be carried out at the plant site. The latter is especially
important because exceeding the contracted demand tar-
get means that the demand portion of the electricity bill
is amended by the corresponding higher average power
value for the whole billing period, which can be as long
as a year. Amendments are made retroactively, causing
extensive extra cost. Power demand control is applied to
address this issue.

Usual high-load installations have a rather constant
load characteristic, meaning there are no or little load 0 f f t
variations. In these cases, power demand control can be 0 10 20 30 40 50
based on the assumption that the power drawn by the
plant does not vary considerably during the individu-
al demand periods. This simpli es the optimisation of'9- 1. Typical plot of the EAFs active power during a

o . . ne-basket-heat
switching actions as there are almost no unpredlctat?le
events to allow energy for. On this basis, numerous more
or less sophisticated solutions are readily available en tgre

market [1]. . . .
. L tied by the total specic ener nserted (e.g. O
In an EAF steel plant, the situation is di erent. Sev-ll00 kV)\//h/t 100 { 3%0 IkWh/t a?nyd>l 300 kW(h/tg)] as{
eral loads are present here which do exhibit highly efr. . ibed i’n 3] '
ratic behaviour. Therefore, the above mentioned assump- Moreover iﬁ the steel plant considered, four di er-

tion of constant power Ieve_ls _cannot be _used f(_)r € Cienént types of heats are processed, ranging from 100%
power qlemand _co'ntrol. This is the starting point fqr thBRI-heats over one-basket- up to three-basket-heats.
innovative predictive power demand control algorlthr’?:Or the load characteristics of the rst basket of

presented in this paper. It is shown how simple but eltﬁuIti-basket-heats it can be said that it is compara-
fective models can be derived to facilitate load predictiofy, 5 the one of’ a one-basket-heat up to the point
for a steel plant and especially to estimate the remaini(m1en subsequent baskets are charged. After that, the

power-on-time of the EAF untll tapping. Using thes‘?neltdown of these additional scrap baskets happens
predictive models, a new power demand control alg nuch more uniformly with less variation in active

rithm is developed and implemented at the steel pIantB wer, as shown in Fig. 2. However, as a result of

ArcelorMittal Hamburg. the multiple scrap-charging and meltdown phases in

Zg'sEilezel plla:ltl |sfa typical mini T_'” equpe(il W'thraulti-basket-heats, there hardly ever occurs a case where
an /s - a ladie furnace, a continuous caster anfy g ar ryns through a complete demand period at full
a rolling mill. Additionally, a direct reduction plant is

) ) power. Consequently, utilised energy falls below the de-
m_stalled at the S.'te such that the EAF can be fed wi and target in the majority of cases even with a standard
directly reduced iron (DRI) [2]. power demand controller, not leaving much potential for
optimising energy utilisation. Therefore, the active powe
characteristics of multi-basket-heats are not investigjat
in more detail.

In order to predict the near-future power demand of
the EAF, a model describing to some part the stochastic
behaviour as well as correctly estimating the long-term
The EAF in the steel plant has a nominal power dh€an value needs to be found. It can be shown that the

120 MVA that is switchable in steps of about 5 Mwfollowing equation meets these requirements:

by the supplying transformer, which is equipped with

an on-load tap switch. During a heat, the active power - . .

drawn by the EAF varies considerably, rstly due to the Peiear = 005 Peiearacuart 005 Peiear: @)
stochastic behaviour of the burning arc and secondly beherePg| gafis @ general mean active power value that
cause of the varying conditions the melt goes througé continuously determined in runtime, dependent on the
(i.e. foaming slag, DRI feeding etc). Fig. 1 shows a typactual melting progress and transformer tap. Averaging
ical plot of the EAF's active power during a heat. follows a PT;-algorithm with a time constant of 170 min

90 +

60 |
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Active Power in MW

Time in min

In further investigations, it can be shown that there
three relevant stages in each heat that can be quan-

2. Characteristics of electrical loads in the steel
plant
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Fig. 2. Typical plot of the EAF's active power during a hedtt&o scrap baskets, b) three scrap baskets

(roughly 3 heats). Thus, it well represents the requiresipplied by a tap-switchable transformer like the EAF.
long-term mean value, whereas the actual active powdowever, as there is no melting performed within the
value of the EAF Rg| EAF actualn the above equation) ladle furnace, its active power consumption curve shows
represents the stochastic momentary deviations from tlees stochastic behaviour than the EAF's and runs more
average power. smoothly, as shown in Fig. 4.

Fig. 3 shows the result of equation (1) for a
25-minute-section of a one-basket-heat. The curves sha 15
similar characteristics, although the simulated values d 2
not exhibit as much stochastic deviations as the actu: = 1o MV‘
values. Nevertheless, the mean values of both curve
(102.3 MW actual vs. 101.8 MW simulated) are almost
identical, con rming that this kind of model is suitable ﬂ
for predicting the near-future (i.e. the remaining portion | | , ,
of the demand period) development of the EAF's ac- 0 10 20 30 40 50 60
tive power in case the EAF is running amidst a heat. Ir Time in min
cases where the EAF is about to be tapped within tif@. 4. Typical plot of the ladle furnace's active power
current demand period, a di erent approach has to be
followed, allowing for the prediction of the remaining  In addition to the step-shaped changes in active pow-
power-on-time. This is described in chapter 3. er caused by the ladle furnace's transformer tap switch,

the electrical load of the ladle furnace is characterised
110 by its variable on and o times, which are due to the
—g‘ﬁ;“j;g‘“\zues alloying and purifying processes performed in the ladle
furnace and to the short reheating phases necessary for
WW WMNLHM\JIMMM JJ-"J' ”j WM‘- M,\MMM delivering the melt to the caster at the right temperature.
100 1] N TR '|’\|l W I"r'””!f Wit (i As control of these processes is carried out independent-
| ‘1 ” ly of the process control system that the power demand

o5 : : : | controller has access to, there are no process variables

0 5 10 15 20 25  available to determine the moments of engaging and dis-

Time in min engaging of the ladle furnace. Thus, modelling the ladle

Fig. 3. Comparison between actual and simulated values d¢f EAUrnace's active power for a whole demand period or
active power any time frame in advance is hardly accomplishable. In-
stead, the maximum active power drawn during the last

The ladle furnace, as a second major electrical lo&d hours is taken as a \worst case". If the ladle furnace is
in the steel plant, has a nominal power of 25 MVA and ien, the later described power demand control algorithm

Active Power i
[9;]

105 +

Active Power in MW
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allows for an amount of energy corresponding to thighysical energy model is derived to ful | this task. It is

maximum load until the end of the demand period. based on the assumption that the total amount of electric
Having said that the variable on and o times ofenergy required for the melt is determined by the charged

ladle furnace operation hinder load prediction, activelgmounts of scrap and DRI as well as by their respective

postponing the engaging of the ladle furnace presentsgeci ¢ energy requirements. Using an estimation for

means for controlling the power demand of the overathe near-future active electric power and keeping track

steel plant, which is described in more detail in chapter déf the amount of electric energy already inserted into
The third electrical load to be characterised heréhe melt, the remaining time until tapping can then

the so-called basic load, comprises the remaining plam expressed by the model

equipment, most importantly the casting implements and

the two-train rolling mill. As with the ladle furnace, there R

is also no process data available concerning operation of amseradt) + bMbri(Y)  Peiearactual )d

these installations to base any precise modelling or pre- .\ _ 0

= : t(t) =
diction on. Merely the actual electric power drawn can

be determined from the electric meter connected to the ) )
power demand controller. wherea and b represent the before-mentioned specic

energy coe cients for scrap and DRI, which are adapt-
ed after each heat to allow for slow changes in pro-
cess parameters. The estimated total scrap and DRI ton-
nagesmscrap and mpgry are marked as time dependent
in the above equation because their corresponding val-
ues are adjusted during the course of the heat to im-
prove prediction accuracy towards tappimgscadt) is
L . ‘ updated whenever subsequent baskets are charged. The
o 20 40 e 8 100 120 140 10 180 time-dependency afipr(t) accommodates the fact that
Time in min the nal amount of DRI is not known at the beginning of
Fig. 5. Typical plot of the basic load's active power a heat and can therefore only be estimated using empiri-
cal values from past processes. Thus, at the onset of the
Fig. 5 shows the various load levels of the basi@elting process, a statistically estimated quantity of DRI
load ranging from around 25 MW up to about 45 MW/(i.e. the mean value of total DRI in the last 100 heats) is
Each of these load levels relates to a certain state Wged for calculating the remaining power-on-time. In the
the rolling mill (i.e. o, one or two trains running) and Steel plant considered here, a characteristic drop in the
other plant equipment. Not having access to the corf@RI feeding rate occurs in the last minutes of the heat.
sponding control systems and therefore not being able
to determine the exact moment when installations ar , 100

, (2

Peiear
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. . . . S - 90+ = Estimated Re_maining Time |
going to be engaged or disengaged, it is unfeasible 12 & g | gztr:il_lf{:nmn:gemg Time
. . . = PR
predict the exact run of the oncoming load curve for o e =  —DRITonnage
= £ | . |

the basic load. It can also be shown that even if thi 50
oncoming switching were known, the load levels, eacl el |
one regarded as a di erent time series process, cann 25 207
be described or modelled by time series analysis du 13 ; ; ; ;
to their highly erratic characteristics. However, during 0 10 20 30 40 50 60
practical measurements, a model similar to equation (1 Vil mn

is used and results show that it allows for a prediction Gfg. 6. Estimated and actual remaining power-on-time aratged
the basic load's oncoming power levels good enough @wantities during a one-basket-heat

serve as a basis for the predictive power demand control _ _
algorithm. Measurements show that after this drop is detected, only

6 to 8 tons of DRI are fed into the EAF. Consequently,
the total amount of DRipg,(t) can then be updated to
3. Prediction of the EAF's remaining power-on-time the amount of DRI already charged up to that moment
plus the statistically estimated remainder, which is again
As said before, the key issue in developing a pre- mean value determined from the last 100 processed
dictive power demand controller is the prediction of thaeats. Fig. 6 shows the development of the estimated
EAF's remaining power-on-time until tapping. In [3], aremaining power-on-time during a one-basket-heat.

ed Quantities in to
Ti

aining

R
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The estimated remaining power-on-time curve imaining time cannot be taken as such but must be pro-
Fig. 6 shows the above described algorithm in e eciided with a safety bu er time. That is because a tapping
At the beginning of the heat (at about 6 min), an estafter the predicted moment results in more energy than
mate is made that is much larger than the actual remapresumed being drawn by the EAF, which might lead to
ing time. This is due to the fact that melting starts at anwanted load-shedding or even shut-o . The other way
low power level, resulting in a relatively long remainingaround, if tapping occurs earlier than predicted, the only
time estimate according to equation (2). The followingonsequence is that the amount of electrical energy that
step-shaped alterations in the curve emerge becausewuias allotted to the EAF in the current demand period is
EAF's active power is changed according to control diazot completely used up. Thus, a bu er the size of the
grams that set particular transformer taps depending mspective standard deviation is added to the estimated
the actual melt progress. By about 24 min, the highestmaining time to allow for the unavoidable variation
transformer tap is reached and the estimate curve almipstestimation accuracy that is mentioned above. This
coincides with the actual remaining time curve. Finallyay, assuming a Gaussian distribution, actual tapping
at 52 min, the characteristic drop in the DRI feedinges within the predicted time frame for 84 % of the
rate occurs (indicated on the respective curve with cases.
black square), and the estimate is again updated to reach
even better accuracy. From that moment up to tapping, 3.1. Demand Control Strategy

estimated and actual remaining time curves run equally. The above described models render it possible for

the predictive power demand controller to calculate esti-

30

2E 04 N mates for a number of parameters. These are the remain-
g g 10 ! ing power-on-time until tapping of the EAF, the electric
§'§ 0 WWJL; energy the EAF will consume during the actual demand
ﬁg 10 1 period and in total until tapping and the electric energy
5501 the ladle furnace and the basic load will utilise in the
S0 TITE TTT demand period. Moreover, the power demand controller

§ § § monitors the remaining time until onset of the next de-
mer mand period and the total remaining electric energy to
Fig. 7. Estimated remaining power-on-time at tapping ové&o 1 meet the demand target.
one-basket-heats Having these parameters at hand, the following rules
of action are carried out along a decision tree in order
Fig. 7 shows the result of similar measurements ovey optimise energy utilisation. This is depicted in Fig. 8.
two weeks. Exemplarily, the achieved estimation accu- First, it is decided whether tapping is estimated in
racy at tapping is only depicted for one-basket-heats, é# current demand period. The outcome of this decision
they account for the largest number of heats processggtermines which amount of electric energy is allotted
during the experiment period. Statistically, the measurgy the EAF: Either the total remaining energy until tap-
ments show a mean estimation accuracy of -0.7 miping or until the end of the demand period. In the rst
-0.1 min and {4.0 min for 100% DRI-, one-basketcase, EAF transformer tap switching is avoided as far
and two-basket-heats respectively, accuracy meaniag possible, such that the EAF is allowed to nish o
the di erence between estimated and actual remaininge actual heat without being interrupted by power de-
power-on-time at the end of the corresponding heat. Thgand control. In avoiding these control actions shortly
minus signs imply that the estimated times show a slightfore tapping, eventually a higher productivity can be
tendency to predict tapping a little earlier than it actpallachieved as tapping is reached as fast as possible at the
occurs; this is con rmed by the graph in Fig. 7, whicthighest possible power level. If the EAF is unnecessarily
{ on average { runs slightly below the zero line. Thestepped down shortly before the end of the heat, tapping
few outliers in the curve give a hint that there can occanight be drawn into the next demand period, increasing
sionally be unusual processes that lead to inappropria@-to-tap time. In the second case, i.e. tapping is not
estimation results. However, these deviations from theminent in the actual demand period, the focus lies on
ordinary have to be taken into account. providing for a constant energy insertion into the melt.
For the overall power demand strategy, this meamhus, on recognition that the demand target will be ex-
that a superordinate controller must ensure that the d#eded at the current load level, the EAF is switched
mand target is not exceeded even in cases where the piewn in small steps early in the demand period in order
diction of EAF tapping is unusable due to unpredictabl® avoid severe control actions towards the end. If load
incidents. For the cases when a heat runs smoothly dadels then develop in such a way that the demand target
remaining time prediction is feasible, the estimated revill not be reached, the EAF is stepped up again.
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Fig. 8. Decision tree for the predictive power demand cdratgorithm

To support the afore-mentioned objectives, the larol strategy. Therefore, it is interlinked with the load
dle furnace is used as an actuator to the power demaswitching actuators and relays of the steel plant in an
controller to some extent. It can serve to free a ceslectric control cabinet. Moreover, it is connected to
tain amount of energy that can in turn be used to Igte counter impulses and synchronising signals from the
the EAF run through the actual demand period withowectric meters and to the plant's process control sys-
load-shedding or allow it to nish o the current heattem through a serial interface. The embedded PC is also
within the demand period. Both are desirable featureslinked to an industrial PC via ethernet. This industrial PC
order to optimise energy insertion into the melt whileuns the corresponding software package and the new-
meeting the demand target. This functionality is incoty developed power demand control algorithm, which is
porated into the decision tree by observing whether tliaplemented as a Visual C++ programme. Both appli-
ladle furnace is in operation during an adjustable timgations can interchange data on the PC via OPC (Object
window of about 1,5 min towards the end of the ddinking and embedding for Process Control). Fig. 9 de-
mand period. If it is 0 and the remaining total energypicts this setup.
in the demand period does not allow for it to be switched The above implementation extends the commercial
on without necessitating load-shedding in the oncomirmmpwer demand control solution by the previously dis-
minutes, the power demand controller tries to postpoweassed predictive functionalities. The new power de-
engaging into the next demand period. This is realised byand control programme is fed with the necessary pro-
displaying a corresponding message in the control roaress data and can transmit its output parameters (i.e.
such that the operator can then either follow the demagd\F transformer tap, bit-information whether tapping
controller's suggestion or override the suggestion iféadis imminent, and bit-information whether ladle furnace
furnace operation is imperative instantly in order not tewitch-on should be postponed) back to the commercial
interrupt the casting process. software through the OPC interface. At the same time,

the required superordinate controller to ensure safe op-
eration of the overall power demand strategy even in
4. Implementation cases of erroneous load prediction is constituted. This is
because the new power demand controller's output is not

The commercial power demand control solution indirectly fed through to the embedded PC. Instead, these
stalled in the steel plant consists of an embedded PQtput parameters are supervised by the intelligent algo-
and a software package for visualisation, parameterisdghms in the commercial solution software and possibly
tion and data archiving. The embedded PC carries outilered before transmission to the embedded PC, where
parametrically adjustable common power demand cotite corresponding switching actions are carried out.
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Fig. 9. Schematic of the implementation setup in the stesitpl

This setup has been in operation for several weeksdontroller. This concept not only optimises energy util-
the steel plant considered here. However, the output frdgation as a whole, but it also aims at process-speci c
the new power demand programme has not been activelyjectives, i.e. a more constant energy insertion into the
used so far, because the overall system is still underguoelt and shorter tap-to-tap times.
ing thorough plausibility checks and intensive testing for  Finally, the newly developed algorithm is installed
stable operation. Future works will include the activatioat the steel plant of ArcelorMittal Hamburg and incor-
as intended and an analysis of results to nally evaluaporated into an existing parametrically adjustable pow-
the achieved optimisation in power utilisation. er demand solution. Due to time-consuming plausibility

and stability tests, the arrangement has not been tested
actively so far, but preliminary results show considerable
5. Conclusion promise for meeting the above-mentioned optimisation

. _ _ objectives.
In the previous paragraphs, an innovative strategy

for power demand control in EAF steel plants is set out.
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