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Digital simulators of electric power systems havenit
wide application in power industry and allow tosola

wide range of important tasks, such as:
1. Producing of the computational experiments when

. INTRODUCTION
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Inc. Montréal, Canada) [6], HYPERSIM, Real-time Eag
Power System Simulation (Silicon Graphics Inc. (5@hd
Hydro-Quebec TransEnergie Technologies) [7], etc.

Many of the software and hardware products staben/e
are the result of many years’ development startedha
beginning of 70s-90s years of the XX century. Mefthlogical
principles of implementing products were based dn |
technology of that time. In particular, the softerawas
intended for local installation; programs were deed for
single processor computers running under particyerating
system; network solutions were designed to woillbcdl area
networks. Later power systems software modernizati@s
carried out mostly without fundamental review ofesh

doing research work in developing new technic&rinciples.
measures that provide the desired reliability for The rapid development of computer technology aseme
consumer’s power supply; days led to the necessity of the revision of digpawer

implementing projects concerned with the choice g¥Stems  simulators — design  concept. The following
the main electrical equipment and its parametéis, f€quirements should be taken into account in thesldpment

choice of overcurrent and overvoltage protectioff @dvanced software:
1.

devices;
analyzing power system accidents and developing
measures aimed at preventing similar accidents in
power system’s operation.

2. Performing simulations in hard real time for:
testing of existing or experimental new electrical

devices (digital devices of relay protection and 3

emergency automation, registrators of emergency
events, monitoring devices, etc.);

designing, testing and implementation of new
software products (simulators, SCADA, etc.).

The currently popular electromagnetic transientusdmion
software is actively expanding, such as EMTP [1]-[3
PSCAD/EMTDC [4], etc. The following real-time
hardware/software systems are being developed winkdd
Real Time Digital Simulation for the Power Indus{RTDS
Technologies Inc. Winnipeg, Manitoba, Canada) [B]f-
LAB, Distributed Real-Time Power (OPAL-RT Technoieg
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: (Modeling and Analysis of
implemented considering the requirements statedeabo

Due to the existence of different platforms theruse
should be able to work in any operating system on a
broad range of 32- and 64-bit platforms, thus a
software product must lmoss-platform.

The mass changeover to multicore processor requires
application ofparallel programming.

The open systems and Open Source systems are
growing in popularity, so it's necessary to focus o
the use ofopen protocols and standardswhen
creating the software.

Users' desire toeduce their efforts and financial
costs of supporting current versions of the product
must be taken into consideration.

Mobility of users and wide spread of distance
learning require the use oétwork technologiesfor
access to the services of the software product &tbm
over the world.

The popularity of the «thin client» techology and
increasingly inexpensive computers like netbook,
should not restrict the user to use all the featute
the product, regardless of thetechnical
characteristics of a working PC

The paper presents the results of a new versidAES
Electric power Systems),

4.



Il. THE DESCRIPTION OF PROGRAMWAES

A. History of creation MAES

In 70s of the last century program VOLNA for anaysf
electromagnetic transients has been developedeilsitherian
Electric Power Research Institute (SibEPRI). A Reog's
model was used for symmetrical three-phase trassonis
lines, element’s differential equations were ingtgd using
modified explicit 4th-order Runge-Kutta method. Tgregram
allowed to make research in the field of half-warel EHV
electric power transmission lines (500-1150 kV).

In the 1980-81 biennium the first version of MAE&dh
been developed based on VOLNA program. However,
design used quite different approach of constrgctintotal
system of algebraic equations based on the KirdishGtirrent
Law. Time quantization was made with a implicitl&tis
method and trapezoidal rule, the solution of linakyebraic
equations system was made with Jordan eliminatiethoal.
The overshooting problem was solved by recalcutatiothe
respective points. To eliminate the numerical destiiln
caused by switching events occurring when applyihg
trapezoidal rule, the local switching to the imjli€uler
method was used.

The program MAES had the same evolutionary path
development that other similar systems had: ther latages
involved the development of the graphical user riate
(GUI), then the parallel implementation of the pag was

accidents data.

New version of MAES has been developed since 2066.
simulator is a unified multipurpose system capadblaork in
three modes: stand-alone application for offlinewdation
system with remote access, real-time system. MAES'’s
architecture is based on several principles forebging
advanced software systems that meet the statedeabov
requirements: modular multi-tiered architecture, ossr
platform implementation, adoption of the Software a
Service (SaaS) concept [8], parallel programming.

B. The structure of MAES

its Creation of a system with remote access requiresdular
architecture of software. The modern approach te th
development of multi-tier software implies the usad two-or
three-tier architecture. The de facto standardhi@& EaaS-
systems design is a three-tier architecture (sgelfyj chosen
in the MAES program design.

At the first level (the level of the user interface) there is a
Schematic Editor module, as well as visualizatind analysis
of the simulation results module. This level offees
multilingual user-friendly graphical interface thatlows to
visualize the creation and editing of the schemeleétrical
geids.

The second leve(middleware level) provides access to the
computational core to remote users and performaltbeation
of shared resources. Middleware acts as an protwyelea the

created for multiprocessor systems (clusters andP-Snelient software, and computation center softwan@yviging

computers), and finally, a software and hardwara-time
complex was developed.

The Siberian Electric Power Research Institute Ihexsn
using MAES to make decisions on power equipmenit¢bes,
surge arrestors), on overcurrent and overvoltagaeption,
and on power system accident analysis. Simulattiakility
and accuracy are confirmed by comparison with paystem

end-users with the following services:
Authorization and billing of remote users. Eachruse
is given its own system account containing a: user
profile, balance information, the list of the used
services.
Simulation results storage.
The implementation of the task queue for the tasks

r

~N

Presentation tier f )
This is the top-most tier and is responsible for user-interface. It Sl Results Analysis
contains the Schematic Editor and the Results Analysis and Visualiaz- Editor and
tion components. These components are intended to be open-source. Visualization
‘ f * ”
I I

- . [ [ )
Middleware tier ( v I )
This tier provides the remote user access to the computation core and
carries out the distribution of shared resources. Serves as the commu- Middleware
nication component between computation and user interface.

=

Services tier

This tier contains the Computation Core that utilizes either the client’s
resources or computaion center resources. This tier also has the
Models Library that contains the mathematical representations of
power system elements.

Computation
Core

Models
Library

Fig. 1. MAES architecture.



allocation and execution using processing powesf platform-independent software: the creation oftbw
monitoring and control of queued computational saslapplications, the use of virtual machines, the abeross-
or computations themselves, the user can removelatform application frameworks. The common techgas
task from the queue, stop the calculation or lauhchof web applications are either proprietary (Adobksk,
again. Adobe Air, Microsoft Silverlight), or lack functiaiity
Opportunity to communicate with the technica(AJAX) for the implementation of the client softvearVirtual
support and expert teams to interpret the simulationachines (Java, Python) make high demands on caitignal
results. resources, providing a poor performance on mohifeputers,
The middleware level is used only in the one ofe¢hr such as netbooks. Application frameworks (GTK, QT,
modes of the MAES program operations, namely inréineote wxWidgets, etc.) are not exposed to the abovedifisevs of
access mode. Concerning standalone-mode and reatiode, other technologies. Therefore the cross-platforaméwork
the representative level and the level of servicédokia Qt4 is chosen as a basis of program MAES. iQ#n

implementation interact directly without
participation.

middlewareobject-oriented C++ library which provides not onlige

facilities for GUI creation (compared to many othgpss-

At the third level (the level of services implementation)platform C++ libraries) but methods to support rekv

there are the Computational Core of the systentlmdibrary
of mathematical models of power system elementsEBIA
Computational Core is directly responsible for #imulation
process and can run on parallel computing systesis
distributed memory (cluster) systems, as shared anem
systems (multiprocessor and multicore). The bdsiments of
modeled power systems used for constructing csclate
contained in the simulator’s library. Each elemémtthe
system is defined by its mathematical model, infatiom
about its parameters and pins location and typesyel as
element’s graphical representation. There is ditiacdo add
elements constructed from existing ones to thatipand the
API (Application Programming Interface) to develapd add
new elements to the system. The sets of elemeaimeders
can be stored in Models Library to ease the follgmise of
them as a part of another scheme.

Intercommunication between levelsis implemented by
network protocol based on open XML standard. XMlsdxh
protocols are platform-independent, thus relativeignune to
changes
requirements make the necessary parsing algorigxnsmely
simple, efficient, and consistent. Also forward aratkward
compatibility are relatively easy to maintain. Tpeotocol
handles transfer of user-constructed scheme toalmilated
with a given computational parameters of a simolatand
obtaining results of the simulation back. Also ioydes:
interactivity during the simulation, data exchangile
simulating for redrawing of commutator elements the
scheme, management of simulating process (canegisep
resume simulation).

C. Cross-platform implementation

Cross-platform implementation makes it possiblexecute
different MAES tiers on various platforms providiaghumber
of advantages. Different operating systems maydeal &as in
case of computational center as for an end-usewvialy

in technology. The strict syntax and pgrsiﬂ

communications, databases and other services.

D. Software as a Service Concept

a One of the main methods of MAES usage is remotesscc
mode. Thus, MAES is not just a computational progifar
simulating transient processes, but it is a rersetgice which
may be accessed by users via global, corporateleodal
networks. Access from the user side to the MAESises is
committed by client software. User registers in $ggtem and
obtains an account which enables him to gain actess
computational process management and to get texdhail
expert support. Client Software allows to make laeste of
electrical grid, to set up parameters of its caltiah, to
connect to server, to pass authorization procedumg to
request for scheme calculation. It is possible abcv the state
of accepted request and keep trace of calculatMtgen the
calculations are finished client software loadsiitssto user's
computer for visualization and analysis.

Remote access to the computational services hasnher

f features. User is not tied to a workplace witheesoftware
Is installed. He may access MAES while working ainle or
out of office. Being anywhere in the world and hmayia
mobile computer (for example, netbook), the user gain
access to the resources of high performance cotigndaa
center for solving large-scale problems.

Computational core modernization takes place tramsply
to users and update of the client software is edrout in
automatic mode without requiring any user’s actions

Considering the fact the client software is updated
automatically, just a single installation is needafier which
there is no need to manually update it regularhjictvreduces
the cost of servicing the system as a whole. Renfal
computational resources from a remote computerecesaves
users from many of the concerns and costs assdacaatie the
organization and support of their own computer eenthe
organization of such center involves the purchdsxpensive

flexible approach of utilizing one center (with dependence equipment, professional tuning of the system angules
of the end-user OS) by users with different opatatiystems. maintenance. In addition, currently a large parthef cost of
Hence the migration from the 32-bit to 64-bit pbahs and to maintaining the high performance computer systecesunts
different operating systems is painlessly acquired. for electricity. Thus, outsourcing of the computagl center
Nowadays there are several approaches to the genelt services leads to a significant reduction in costsIT



technology. Also, it makes possible to try the eystin the
real-life environment without significant costs andf
necessary, to begin to use it quickly. On the oltzed, a large
organization, for example, the University could oaff a
unified computer center available to their empleyee

Internet has become one of the main means of distan
education. Modern simulating tools are essentialstadents
studying remotely or raising one’s professionalelein the
field of power industry. Remote access capabilityMAES
can be used by universities as a part of the psoakdistance
learning. The student gets a task over the Inteffileén he
makes the necessary calculations to perform tteatad saves
the results on the server using remote accessfiraity the
professor verifies student’s work stored on theeser

The network structure of the system facilitates tioe
ordination of the team working on a common projeagbling pins, each of which is corresponded by 2 variafidatied flow
co-operation of several geographically separatéensfic or variable and potential variable) and informatioigrfal) pins,
engineering communities working on the problem, oem which are corresponded by a connection variableh vait
testing of expensive and unique equipment residegiinote arbitrary physical meaning.

Fig. 2 Multipole component of heterogeneous system

computing centers. The combination of equations for all multipole campnts
on a graph is supplemented by the Kirchhoff's Cutrrieaw
Ill. MAES ALGORITHMS equations for the flow variables. Point of refererne chosen
for potential variables which is assumed as a fiatenf zero-
A. Mathematical basis of program MAES node (basis node). Kirchhoff's laws apply to altles, except

The complex technical systems may include intemgcti of basis node. Thus, the mathematical model ofrbg&mneous
subsystems with various physical nature. Such {eahn physical system occurs in the form of the followilgebraic-
systems are called heterogeneous systems. For kxathe differential system of equations:
power system may contain such subsystems as thtricdé U, =0;

subsystem, which includes transformers and power [A ]><I -0
transmission lines; mechanical subsystem, congistof gl Mg T
turbines and other mechanical components; thermadiin dXx

subsystem, including boilers, superheaters andr diiermal E = F(X,t): W,

components and control subsystems. Sometimes there

problems that require simultaneous detailed siraraof where Ag is where is the incident matrix for the physical

several parts of heterogeneous technical systemstsidy their systeng,

interactions. Examples of heterogeneous systemsjlating

which is of interest, are: the study of behavior thi

emergency automation of power unit during the amuicon System,

the connected power lines, the study of interlocked = Imﬂ

gasdynamic processes in the pipeline and electaamécal

processes in the gascompressor units in conjunatiith outlets,

supplying electric power system. U, = (U nl,Unz,...,U ns) are the potential variables on the
MAES architecture supports the simulation of theasr gytlets of the elements,

class of technical systems defined by the set @fmtiltipole Z,

components, whose outlets (pins) are connectedoihes

Multipole components (see Fig. 2) can have an rayit The first equation represents a basis node, thendeis

number of pins. There are one or more state vagabformed under the Kirchhoff's Current Law and therdhis

corresponding to each of the pins. Such state asaare Obtained from the totality of multipole equations.
called coupling variables. Differential equations of the obtained equatiorntesysthen

A mathematical model of a multipole component is @hdergo time quantization. It was shown [9] thameucal
system of equations on its coupling variables amtrnal solution of stiff systems requires application ahplicit
variables. The system has an arbitrary number oesoin Multistep methods. Three linear multistep methods a
which the pins of multipole components of relevphysical implemented in MAES simulator: trapezoidal rule and
nature are connected, and it forms a hypergrapis f the backward Euler method in the Liniger-Willoughby rforand

Adams-Moulton method in parametric form (Liniger-

X =(IM ,UN,ZK) is a set of variables of heterogeneous

m, yeens ms) are the flow variables on the element

(Z A4 )are the additional internal variables.
k* ko ks



Willoughby form) is expressed by the formula:

I = 10 (1) K (X )
n+l
or in the form of the two-step formula:
Xn+1 = Xn +th+1f (Xn+l1tn+1) + (1_ X)hn+1f (Xn'tn)'
If

This system of linear equations is then solvedgiaisparse
direct method. To avoid numeric oscillations ocmgrdue to
switching processes, the simulator switches to Wwaotk Euler
method at the moments of commutations, i.e. thgmasent
x =1 is made.

B. Principles of the use of the multiprocessotesys
From the very beginning the current version of MAESs

X =1 the formula coincides with backward Euler

formula. If X :1/2 the formula coincides with trapeZOidaldesigned to run on mu]tiprocessor Systems_ Compumt

rule. Liniger-Willoughby method is A-stable ¥ 3 1/2.

For the backward differentiation method the follogyi
parametric form was proposed by the authors oftager:

X = X,

Mo

or in the form of the three-step formula :

- (1' X)% = x xf (Xn+1’tn+l);

Xn+1 = 1+%(1_ X) Xn - %(1_ X)Xn-l -‘-)(hn‘v‘lir (Xn+1'tn+1)'
If x=1 the formula coincides with backward Euler
P hn n+l N ;
formula; if X =——— the formula coincides with
hn + 2hn+1

Schichman’s method with variable time step [10]rafsetric
BDF method is A-stable if

1 ths g b
Mo

+1

+h
With X :M we can obtain a stability constraint
h,+2h,,
on the step increase on two sequential steps:
hn+1 £ (1+ \/E)hn

A multiple change in the value of the step is camin
used. The last expression shows that in order é¢p kelution
stability the increase of time step size shouldhvemore than
two-fold.

In case of the time step is constant (hg.= h.,;, =h) and

X =2/3 the parametric BDF formula coincides with th

second order Gear's method formula [9].
As a result of time quantization using Liniger-Wilghby

method or parametric BDF method followed by lingation

of all nonlinear elements’ equations using Newt@pRson

method:

(st (s)

(s) " >
xl+l_ Xl+1 -

J f

(s)
f,

, S is a Newton-Raphson

where JacobiavﬁJ (f )] = ‘ﬂ;!—f]ﬂ

method iteration number, we obtain a following ewstof
linear equations:

[FPIV EWI.

core of MAES can be executed on parallel computatio
systems with two architectures: shared memory praitiessor
(SMP) systems and distributed memory systems @ais)st
However, the real-time variant of the simulator gus only
shared memory architecture due to the high perfocma
requirements or real-time tasks. Parallel architectof the
simulator allows either simultaneous execution agks of
several users on one parallel system or executiane big
task (or a set of variants of one task, for examfide the
purpose of statistical analysis) of a single ussingi several
processors.
The estimate of the speedup of parallel computation
compared to sequential computations can be made [11
During the run of sequential variant of program the
algorithm shown in Fig. 3 is executed:

n

Sseq N a

Fig. 3 Sequential algorithm execution.
where n is a number of operations that must be utedc
sequentially, N is a size of a matrix of linear atjpn system
that is to be solved in order to find a solutionisl assumed
that the number of operations required to solvedinsystem

equals to N (0 & 3). Seq iS @ number of iterations

Fequired to perform on a given time step. Thus,ueatal

algorithm execution requiresn+s,seq><|\la operations per

time step.

It is known than the matrices of linear equatiostems
modeling power grids have block diagonal structiBach a
structure is caused by delay of signal transmisiongh long
distance transmission lines [12], [13]. Subsetseqfiations
corresponding to blocks of matrix can be solvecpwhdently
of each other and in parallel. Accordingly, thecaithm used
in parallel variant of the program is shown in Fg.

During the run of sequential variant of the programk

processors at mostn+

required on any of processors. Assuming that



S.eq = Maxs =s,,, the computation speedup R equals ~ Program substantially depends on the ratio of tspent on
=LK computations to time spent on interprocess comnratioit.

The less is a fraction of time spent on commuricetithe

eq_i

a
_n+ Ssequa _ n+ r_na)k(s N _ greater is program's effectiveness. From this pafiniew the
- - - f SMP computers appears more preferable. mfisant
n+ max(N? n+ max(N? use ot S ; . ;
i=1,.../ k( : >§) i=1,...) k( : >§) increase in the cost with an increase in the numtdfer
b+5m processors is a considerable limitation on the as&MP

2 ' systems. However, the development of multi-cor@igectures
b +max m and their relatively low price weaken this limitati
| S o
i=..k N MPI communication protocol was used to create peral
version of MAES for cluster systems. UNIX programmi
facilities were used to create MAES version for SMP
computers.

Parallel program created with the use of MPI iset of
operations. processes executing in parallel and interacting wéch other
using special communication procedures to exchatwge.

n These communication procedures form MPI libraryughin

s4 N the most generic case MPI program implements thé/BIP
! (Multiple Program Multiple Data) programming model,

although in most cases SPMD (Single Program Mltipata)

A model is used.

Power system's scheme is split into sub-schemes twi

A simulation. Each sub-scheme or a set of sub-schdames

g N simulated by its own process. Two processes artedcal
k neighbor processes (adjacent processes) if thepeotive sub-

schemes are connected with long transmission lines.

At the end of every time step data exchange betweery
pair of adjacent processes occurs. If the procassiore than
one process adjacent to it, then the interactich wiem is
carried out by turns. A process once started intena with
any of its neighbors can not stop data exchangen(ev

n . . .
where sz is a ratio of sequential to parallel

Fig.4. Parallel algorithm execution.

If the initial NxN is split uniformly into k sub-nigces and
operations with each sub-matrix are carried outlseparate

processortheﬁﬁ =Kk and temporarily) to communicate with another of its gidior
i processes. This circumstance can lead to a situatitied a
deadlock.
B b+5m B b+Sm _ Deadloc_ks occur_in a p_arallel program as a resfila o
R= 1 = . circular wait. To avoid the circular wait situatiafi processes
b+— maxs b +i are assigned unique numbers and each processtsolist of
K* i=1..k k? it's neighbors according to their numbers in theeading

Maximum speedup is obtained i ® 0. In that case order. Then each process communicates with itscadfa
_La . rocesses by turns in order determined by its heighlist,
Riax = k® and Ryax > Kif & >1. Thus, the speedup can b(gtarting with i/he process with the least numt)J/er. o
greater than k times if using k processors becafiagorithm In parallel computations the uniform distributiorf a
change. computational load among processes is quite impbrta
There is a number of tools for creation of parglkelgrams. case of non-uniform distribution of the load mudrtte time
Among them the main tools are: during simulation is wasted due to idle wait by mlbcesses
using of MPI message passing library; for the one most busy process.
using of Unix programming facilities (processes parallelization of computations on SMP systemsaisied
and interprocess communication mechanisms); out using Unix processes. This approach is morgiblie
using of OpenMP. compared to previous one. In this case there ar@nsnéo
Parallel programs can be created for several kiofis efficiently create and destroy processes and a aunu
multiprocessor systems, the most widespread arstetlu facilities for interprocess communication (shareeénmory,
systems and SMP computers. Cluster-type multipsmtesnamed and unnamed pipes, message queues, sighials).
systems are quite universal and cost-effective. él@w the there is no need to use MPI loader and library,s thu
problem of selection of communication equipmensesi the communication overheads are lower.
cost of communication network components risesphfeas
the data transfer speed increases. Effectivenesgardllel



IV. EXAMPLES OFMAES USAGE

In this section an example of MAES usage for ansilp$
transients during a power system accident is gifére good
fit of simulation results and oscillograms recordiding the
accident (see Fig. 5) allowed to develop a set
recommendations to prevent such accidents in futlire

V. CONCLUSIONS

One of the primary features of the MAES softwariesis a
SaaS concept implementation. Applying this condapthe
area of power engineering was an innovative detiiad
béen made during creation of MAES. Taking into
consideration the success of similar systems iarathctors of

cause of accident was the failure of the circugaier on the industry, there is a hope that this approach camtreduced

phase A during transmission line automatic reclpsifhe
following event sequence happened:

t; — one-phase short circuit on phase B;

t, — transmission line tripping;

t3 — transmission line autoreclosing. The short-éirstill
was not cleared at the moment of autoreclosing;

t4 — tripping of the phase B;

ts — tripping of phase C;

ts — the breakdown of circuit-breaker on phase C;

t; — tripping of phase C;

tg — unidentified commutation event.

(A) Oscillogram recorded by registrator

(B) Simulation

Ua

Up

Uc

in the field of power engineering. At the presemhet a
computation center for experimental operation of BAis
functioning in in-house testing mode in SibEPRIteAfthe end
of in-house testing phase, public access to thepatational
center will be available.

Perspective lines of development of MAES are based
new technologies. Thus, there is an interesting aygplication
of semantic networks for creation of user societtegomated
search for users with close interests based opribgerties of
schemes used allows them to share experience wingol
similar problems.

Fig. 5. Oscillograms and simulation results of fdited autoreclosing of the 500kV transmissiorelin



Another line of development of MAES is use of dymam
load balancing, that is dynamical redistributionresources
among computational nodes of multiprocessor contiputa
system to increase its effectiveness.

Application of modern IT-technologies allows to afe
next generation software products with qualitiesd an
capabilities unattainable before.
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