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ABSTRACT:

Each EMS (Energy Management System) relies upon tf@CADA system that gathers
power system data, processes them and issues cohtoommands. Among all the
control functions of an EMS, the AGC (Automatic Gerration Control) is the most
important one. A SCADA system is characterized by epgraphical spread, a great
amount of data, a complexity of belonging equipmentbut by a very long period for
the finalization and a very high investment coststoo. The long realization period
compared with the extremely fast development of thavailable computer’s hardware
and software on the world’s market, coupled with apermanent need for EMS
upgrades caused by privatization of electric utiliy companies and deregulation of the
electricity market, coerce some smaller size eleatr power companies to think in a
different manner. This paper describes that manner a unique control application,
developed and implemented at the real power systenfhe specific feature of this
control system is that it is based on the relativg poor set of power system data
(around 70 input data), but a very good overall obarvability is achieved (around 300
output process informations). The second feature ithe hardware — a single personal
computer with the acquisition interface board in itas the SCADA host, and existing
“hybrid” telemetric system for power system data gshering and AGC commands
transport. Third - the choice of the Visual Basic &anguage provides a lot of powerful
features and unlimited possibilities for future eag—to-make upgrades and improve-
ments, such as: object oriented code, encapsulatioof functions, full GUI with
animation, various communications including and Wekbased one etc.
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1. INTRODUCTION

The electric power system that we deal with, istystem of Montenegro. The monito-
ring of the whole system is performed from the Biadl Dispatching Center, located in the
capital Podgorica. The EES (Electric Energy Systefylontenegro consists of connected
grid which operates at the level of 400, 220 an@ kV.The grid has 40 HVL (High
Voltage Lines), 3 power plants (totals to 870 MWé&)d 19 substations. The maximum
hourly peak load reaches 700 MW, and yearly consiamps around 4000 GWh. The
theritory of Montenegro spreads over around 14368 k

An efficient monitoring system is necessary, thauld be able to deal with the whole
EES, and there is no dilemma about that indispelityalBut, numerous questions arise.
How many power system data are enough to providdal)l EES observability? Big,
classical projects for building global EMS suffeorh numerous weaknesses. How much
does it cost? How long we must wait? Is it feasdilall? Will it be the obsolete techniques
at the moment of its start (if it ever starts)? sThiticle describes an completely different
approach, that is implemented at the real EES.dbst effective, very fast applied, with the
state of the art design, and with endless posdsilfor further expansions. These future
expansions have to answer not only to the futurkrtieal expansions of EES but to the fu-
ture challenges of privatization and deregulatide. think that this system is able to do it.

This SCADA’s hardware is a single PC with acquisitinterface in it (another one is
added, in the meantime, at the same LAN, as redwoyjlaThat acquisition interface-board
offers 48 analog inputs, 24 digital inputs and gitdi outputs. The analog measurements
(MW’s,MVAr's and kV’'s) are provided by so called Ydrid” telemetric system i.e. a
number of measurements is transferred by oldefesititannel equipment, and the rest by
new-fashioned telemetric system comprising comnatito computer and four RTU’s.
This is an already-existed, modest equipment, but, wery optimally employed.

No one SCADA software, available on the marketjséatl our requirements. Our
choice was MS WindowsTM OS, the MS Visual Basicré and the start from the very
beginning. The main reasons for this choice lithemhuman resources, familiarity with this
software tools and its possibilities. No one thpadty software control was used, everything
was originally developed and implemented. The cetepbystem consists of objects, i.e.
classes, collections and ActiveX controls. The cleteplogic and functionality of each
SCADA & AGC function are encapsulated in it's clasghich makes implementation
extremely easy to do. The overall cost of thegubis a story for itself.

2. SYSTEM ARCHITECTURE

The SCADA & AGC system consists of :
» Basic system services
« Data management
« User interface
« Telecontrol interface & Communication block
e SCADA application
e AGC application
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Basic system serviceperform basic functions and consist of OS, Mast&TM
module for support and an Integrated Developmentr&Bnment — Visual Basic 6 pro.

Data Managementunites, through GUI, all data manipulations.

User Interface is extremely user - friendly with the next chaeaistics: full graphics
with three—dimensional control objects and spegialéveloped ActiveX controls; full
mouse-driven GUI; one-line diagrams with objecteksnents; the ability to track power
system dynamics; multi-medial alarms (animatioryrel) and specific GGOA (Graphic
Guided Operator Alarming) system; trend diagrams amalog wattmeters; dynamic
coloring of bus-bars of an substation under voltaggpagation; panning/zooming; drag &
drop operations etc.

TC Interface & Comm. Block provides the connection with the EES, and consibts
an acquisition board that accomplishes local adipis of remote measurements.
Communication block performs remote data acquisitim RTU’s, LAN/WAN & Internet
data exchange.

SCADA application accomplishes the next set of functions: Basic gatecessing —
acquisition and processing; Advanced data manijpni@nd ODB (Operational Data Base)
refreshment; Visualization and Operator alarmingist@bance data acquisition;
Topological configurator of EES - topology analy&idus-bar coloring of substations (the
visible part), and on power system level autometti@nges of incidence matrix A and Ybus
matrix (the invisible part of configurator); The parvisory control & tagging -
manipulations with controls that represent ciréuigakers, and power system status setting
(triggering Ybus & A changes).

AGC is an application based on SCADA, that plays & weportant role of automatic
regulation of a power system ACE (Area Control Exroe. reducing ACE to the near-zero
value.

3. SCADA DESIGN

The complete operator's communication with the S@AR AGC application is
accomplished through the main display that reptsse global one — line diagram of EES
of Montenegro. This display is present all the tiraed every system — operator action is
performed by mouse, because the whole surfaceeofligplay is mouse — sensitive. The
SCADA & AGC application is started by mouse doubliek at the icon on the desktop
surface. The process of data acquisition starts Ioyouse click on the command button
with start flag picture on it. The data-flow is pemted at the Figure 1.

The first step of data processing is evaluationtedémetry status of every analog
channel (in operation/in outage). If this statu®ls — the measurement is acquired. In the
opposite case — the simulation is made from ODBe Tkxt step is replacement with
manually set data (if necessary) and softwarerifige This procedure ends with data
conversion (in MW's etc). The advanced data mamipah comprises a variety of
functions and calculations: virtual data derivimgculated data and transmission losses
calculation, integrals of specific data from thejip@ing of each hour up to the moment etc.
The next step consists of security monitoring fiore, such as: overload monitor, gradient
changes detecting and power system dynamics trgckierforming Algorithm for a fast
estimation of switching occurrence and placememtadé in ODB (Operational Data Base)
and DDADB (Disturbance Data Acquisition Data Base).
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Fig. 1. Data flow through SCADA & AGC system

This SADA system doesn't deal with circuit breakestatus signalizations (open/close),
but this is accomplished through the Data Managénmdock. Every manually done
change, triggers process of A (incidence) and VYimasrices recalculation. An modified
node-order-down technique combined with the restesy measurement data is employed.
At the next figure (Figure 2.), the main screemsystem is presented.
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Fig. 2. The main SCADA display

3.1.SECURITY MONITORING

Each power system measurement is permanently testedpper/lower limits, and

adequate alarm flag is settled. At each step a adsgn of a data with the previous step
data is made and absolute gradients and relatadiemts are calculated. Adequate gradient
flags are settled. This is a basis for power sysfgmamics tracking, and this is achieved
through visualization. As we said earlier in thattethe specific algorithm for a fast
estimation of circuit breakers activities is deyad. It is a quite simple but a very efficient

algorithm:

If  |Pi(k)-Pi(k-1)] >APSGrad AND

If Pi(k) < DeadBand ; (possible outge)

|Pi(k)-Pi(k1)|> RELGrad*Pi(k-1)  Then
Set Gradient Flag for “i” meaurement

Set CircuitBreaker Outage flag

End If
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End If
where : Pi(k) — active power flow througlement “i” at the cycle “k”
APSGrad - the limit (adjustable) &solute gradient (in MW'’s)
RELGrad - the limit (adjustable) felative gradient (in %)
DeadBand — adjustable value around tetake into account inaccuracies.

In the practice this algorithm has shown a verydybehaviour. It is possible,
sometimes, to turn on alarm without a breaker'sustahange (for near-empty element), but
not to “see” a real outage — never! The securityitooing implemented in this SCADA
application provides the possibility for power syst operator to prevent an element’s
overload and, further, it's outage. One year exatmn proved its effectiveness.

3.2.VISUALIZATION AND OPERATOR ALARMING

This part of SCADA & AGC system is the most visitpartof the system. The main
display is presented at the Figure 2., and in tkamtime it was changed, i.e. a few new
command buttons were added to it. The new buttengesfor AGC start and for some
additional filtering/reset functions. An overallrtool of EES steady state is achieved. By
using a simple two-state breaker a usual “P” - tsgg@n be changed with a “Q/V”- sight.
The global EES data (momentary consumption, exchaargl deviations from planned
values) are always present on the display. A singlese-click on the EES nodes opens a
detailed one-line diagram for that node, as orFibere 3.

The breakers and insulators are three-dimensia@mdtas, each busbar is a control too,
and by a single click on the command button you masent the data from ODB, or set
new topology state, with busbar coloring in accamawith the voltage propagation. One
of the additional displays that can be used isgibegraphical presentation of the EES of
Montenergo as can be seen at the Figure 4.

The aim of this picture is not only to display aetipower flows, but also to help EES
operator to make insight in the NTC (Net Transfap@rities) at the moment. This is an
important help for power system operator, becalsgtoblems concerning the transit of a
huge amount of energy over this EES has arriveéadsity during the last period of the
time. Using this visual tool operator is capables$timate the transit capabilities of the EES
at the moment and in the next few hours.At thipldis the energy exchanges with the
neighboring EES are presented, which enables #reptl energy exchange checking at the
moment.

The GGOA is implemented with the visualization lioghich performs a straightfo-
rward visualization of alarms. An overload conditichanges background and foreground
colors of data presentation box and turns on alsmomd. An gradient alarm makes the
same thing but with the different sound and coldkier the disappearance of alarm
condition — the visual and sound effects disapptar, The breaker’s switching alarms
appear as the little red circuit/ellipse at thecplaf that breaker. The only way to eliminate
this alarm is to “click” it. Therefore, each alaisvisualized at the place of its occurrence
and the operator can doubtlessly see it and perfanmadequate action without any
additional searching (through menus, submenus, etc.
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3.3.SOME DETAILS

A few details have to be stressed. The first, duth¢ size of system of Electric Power
Company of Montenegro it was possible to implemant specific function of the
monitoring system — deriving of the real-time powgstem losses. The choice of location
for each real power system measurement was masigchn manner to make it possible to
derive the maximal number of virtual & calculatedtal Pursuant to that choice the very
favorable ratio between input/output data (1:4)achieved. So, two sets of data are
permanently calculated and this monitoring systam present the gross consumption, the
net consumption and the real-time losses. Thesedoare generated in 400/220 kV grid
including and transformers, too. Therefore, thesdgsare calculated which are used in two
ways. The first is the usage of the losses pureindnitor them and the second purpose of
the losses is to provide us a manner to unambidyalesect bad data occurence. Namely,
whenever some of the measurements generates an-ethie losses will automatically
increase in spite of its sign (+/-). It indicathat something is wrong and that the source of
the problem has to be found. The behavior of thigfion in the real — system operation is
absolutely satisfactory.

The second specific ,mentionworth feature develoged implemented at this control
system is so called Graphical Data Base (GDB} jrresented through the ActiveX control
that seems like an traditional analog instrumegtsteator with the horizontal paper strip
and pens on which trend diagrams are drawn. Alhtéseglobal power system data are
simultaneously recorded (drawn) in different coldwsinding up” of the virtual strip is
performed (in the left-hand direction) and aftemaleing the end of one “strip”, automatic
replacement is acomplished. The previous stripléeqa in GDB, that is circular. An
algorithm is developed for rewieving trend-diagsaduring their generation. So, using the
scroller we can “wind up” the diagrams in both dtrens in spite of fact that diagrams are
simultaneously drawn. In this manner we have a@uean physicaly impossible situation
of moving the same trend-diagram in the both dioast at the same time. This is an
favorite tool for power system operators.

4. AGC REGULATOR

The objective of the AGC is to satisfy frequencyl active power exchange schedules,
i.e. to reduce ACE to near-zero value, with a minmimof unit movement. The term AGC is
used herein and under it we assume LFC (Load Fregu€ontrol). The LFC was
developed in compliance with the rules of UCTE (@mfor Coordination of Transmission
of Electricity) [6,8]. After the completion of LF&Electric Power Company of Montenegro
has fulfilled all the necessary conditions to ceeatRegulating Area. This is the first time
the Electric Power Company of Montenegro has its1 dwC, i.e. to be able to send
regulating impulses towards its regulating poweanfd. Some significant and pretty
expensive attempts have been made many years gdoeéuls & Northrup and oth.) but
without any substantial results.

The basis for LFC was established by putting ouABE& system into operation in
December 1999, [3]. In that way the deriving of AGEcame feasible. Two regulating
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units at the one of our hydro plants are includethe AGC with the satisfactory regulating
extents. Regarding [7], necessary regulating restnvLFC for each Regulating Area is:

R=,all, ., +b*-b 1)

Where: R- proposed regulating reserve (MW)
Lmax- maximal hourly load (MW)
a=10 , b=150 - constants
For the power system of Montenegro R=(-20, +20) (Miéf the most stringent case
while two regulating generators possess regulaoupe of (22-96) (MW), i.e. (-37, +37)
(MW) what can be considered as the satisfactorpesco

4.1. LFC OPERATIONAL PRINCIPLES

Area Control Error has been derived as:

ACE = (PO - Prealy) + Bf q f0 - frealy) (2)

Regarding Bf >0 control logic is :
ACE>0= powerup(1) (3)
ACE< 0= powerdown( ! ) 4

This “raw” ACE is filtered through two softwaretfrs (linear and nonlinear) for noise
and sudden power changes suppression and deadimapi@snentation. After that, this
filtered error can be led into Pl (Proportionalitdgral) regulator or it can be bypassed. PI-
regulator is derived from continual form to digéform in accordance with [5]:

t
PN(t) = Kp IN(t) + K, ;[N(t)dt )
0

PN(j) = PN(j D +AIN(j) +BIN(j -1 (6)

Where: A= K+K At

B= -k

j - cycle indexAt — cycle length

N(t) — ACE ; PN(t) — AGE(after P1)

KP , KI — proportional and integralkgficients.

Two regulating generators are assumed as two imdiepe units in spite of they are at
the same hydro plant. After passing through theeGulator, ACEPI is tested on upper limit
of regulation (if exceeded - LFC has no sense) @mger limit of mandatory deadband
(mandatory/permissive regime). If permissive - thevo-step algorithm for variable
participation coefficients is employed. The firses of the algorithm is performed with
reference to the base point power of each regglathit and the second one is with refere-
nce to the maximal/minimal (depends on the dir@dtianit's power. Detailed description
of the algorithm would deserve a paper for itsalt here just to underline that this
algorithm warrants even increasing/decreasing gdile¢ging unit's power outputs, i.e. they
divide ACE in accordance with their nominal, baséapand momentary power outputs.

At the end of process so called regulating erroefich regulating unit is calculated:
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UCE(i) = Kparr (i) DACEp, (1)
where: UCE( i) — regulating error for unit “i”
KoarT (1) — participation coefficient (factor)
Regulating impulses are generated and sent tortite The regulation is performed by
means of regulating impulses of the constant leagith the length can be adjusted during
the operation in the range of (0-2) seconds.

4.2IMPLEMENTATION AND USER INTERFACE OF LFC

The LFC regulator is developed (as the SCADA aptilim is) in MS Visual Basic 6.0
pro, under the MS Windows OS.LFC consists of twassks and one collection and they
contain 29 properties and 15 methods. The comfidlgte and functionality of the LFC are
encapsulated in these classes and when necessangethods are just called from SCADA.
Hence, implementation was extremely easy and Aakting new generators in LFC would
be a very simple procedure. In the process of soiwlesign we had no model but in spite
of that modelless design the ultimate result washibely satisfactory. Our own experience
earned during many years of practical, immediateraion in power system control,
significantly contributed in reaching our goal. TA&C control display is presented at the
Fig. 5.

This display comprises all monitoring and controhdtion of LFC and is extremely
easy to use. The specific feature for this LFCemate control of the waterhead at the
regulating hydro power plant. It is included in thegulating algorithm because of
preventing possible head drop caused by the LF@atips.

4.3PRACTICAL RESULTS OF EXPLOITATION

The SCADA system is in the continuous operationnfmre than 18 months with very
satisfactory results. The LFC system is in the plafgest exploitation. Test results of one
15-minutes slice of test operation with only ongulating generator in the LFC are shown
on the diagram at the Fig. 6.

Because of colors we must stress that generatatfsibis presented by the upper line.
During the operations ACE was successfully redusétiout any sign of power system
unstability.

5. WHAT'S SPECIFIC?

At the end a question arises — What is new herafidii the great expectations of our
results it is possible to stress a few issues.firbeof all — the fully functional monitoring
system was put into operation for the first timee \@mphasize that this Power Company
has never had any kind of computer based contsiesy despite the numerous expensive
attempting to build one. The same could be saidHerLFC system. We think that each
pioneer effort deserves to be mentioned. The seoordvould be the operational usability
of the system that seems to be quite good. Thd tie is expressed through its open
architecture, which provides a wide expandabilityaccordance with the future needs. This
is accomplished by using MS Windows and Visual B&s0 pro that are “de facto” standa-
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rds in the PC world. And as the last but probabé/most important is financial aspect, i.e.
the overall cost of the project. Including all nesgry measurement transducers, hardware,
licensed development software and our developmedt inplementation efforts —the
overall costs were less than 10,000 US $!

6. CONCLUSION

This paper has described a SCADA & LFC system aesigand adapted for a specific
and unique usage. The object-oriented design appraad the powerful Visual Basic
possibilities allow the user a great flexibility sdding new functional modules as in
providing the extra-user-friendly GUI. Some specifilgorithms are implemented that
provide overall power system observability, despitpoor set of input data and a modest
hardware. The system is implemented at the real &ftShas shown a very good results
during its up to date exploitation.
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