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power systemsResearch and development is focusing on
this topic and several different approaches have been
elaborated to establish smart distribution systems.

The change in grid operaitg methodpermitshandling of

renewable energy system in Germany requires extensive ihe critical grid states describebove while also offering

modifications to existing grids and their operating
principles i especially at the distribution level.
Furthermore, the integration of-mobility will have a
significant effet ondistribution grids

Smart distribtion systems are ongay of handlinghese
new supply scenarios. Heneeseltsustaining monitoring
and control system fokV-grids has been developed. It
monitors the power flow situation arslable tocontrolthe
grid if necessary. The system has been implementedrin
LV-grids in Germany. fie presentpaper describeghe
automation system andur initial experience withthis
smart grid approach.

INTRODUCTION

new ways of operating and maintainifipis papempresents

an automation system fdrV-grids, consisting of atate
identification module and a grid control methollased
hereon. Moreover, experience from ongoing field tests will
bedepicted

MONITORING LOW VOLTA GE GRIDS

A first step towards smart distribution gridsionitoring of

a gridi provides necessary information related to power
quality, capacity utilizatioretc. Today, there might be
particular measurement points withirv -grids in some
casedut usually there is no monitoring systemtoverthe
entireLV-grid.

During the past decade, utilization of power systems in Grid -State Identification
Gemany has changed considerably due to a fundamental \yjth respect to the increiag utilization ratio of

shift in the variety of power generation. Never before have istribution gridscapacity shortagesd decreased voltage
so manydecentralized generation units been integrated into stabilitymay appear at any poiintthe grid By using state

distributiongrids In the near futureg-mobility will also
exert significant influence on distribution grid$ again
especiallyat theLV-level. As a result, violations of the
permitted voltage range and exhaustion of the grid
component il pushadistabetiont gyids to their
limits. While these critical grid statesreadyocaur for
several hours todayhey areexpected to be a frequent
problem tomorrow.

In general, there are two possible solutidnsthese
problemsThe first solution istheextensive enhancement of
grid structures, which means strengthening or répdac
trarsformers and cablewith new component®ffering
more capacity. This solution might be useful for single
grids or, in some cases, inevitapié the grid faces off
limit-conditions most of the timeThen again,it is
impossible to renewevery grid structue completely,
primarily for cost reasons

identification methodsit is possible to determine the
location of theproblem Moreover, gridstate identification

is the primaryrequiremenfor any ®ntinuative surveillance
or control method.

As statedabove necessary measurement and surveillance
equipment is usually not installed theLV -level, neither
for single grid components nor for the entire grid itself.
Consideringhe numerous distributiggrids in Germany, it

is impossible to fully equipthem with measurement
technology from afinancial point of view. Hence, a
monitoring system fokV -grids has to meet two obviously
contrary requirementaminimum number of measurement
devices {enoted assensors and a maximum of
supervision, i.eof the entire grid. Poweffow calculation
for LV-grids with a sparse sensenvironment is a new
challengenvolving onlinemonitoring of the grid state with
scarcaneasurement dateesulting inan underdetemined

The second solution is therefore the enhancement of gsystem of equatior{d]. Moreover power flowsat theLV -

existing gridsn the direction obmart grids, which means
integration of automation devices and surveillance
technologiesPowersystem experts agree thhese smart

level cannot be assumed to be symmetric dikéheMV -
level and above but are asymmetric and require phase
selective treatment.

distribution systemwill be a crucial elemenht o mo r r o W{ygever, a griestate igbntification algorithm which meets
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thoserequirements has been developed mmolemented Now, aftera unique griestate estimate has been attributed
[2,3]. The algorithmpermitson | i ne cal cul at toallrelemehts df theetopglogy chtdlsgue, the deviatib
staerepresented byodal voltages and branch currents for the reserved feultative measurements from thalues
each phasewithin the entireLV-grid. The algorithm provided by the estimated grid state calculated and
consists of two main components: pushed into an error vectimr each element of the topology
- a powerflow algorithm, adapted and optimized for catalogue.

phaseselective calculation of power flows itV -grids

with respect to possible unbalance of the voltages and Mea“;j“:ﬁ‘aﬂgﬂ H;z;ﬂf‘;;ts

currents on each phase

- a predictive algorithm for estimatg load and feed s
currents based omsparse measurement data to & | | TologyModd st | —w GS || ERC |
compensatdor the lack of information caused by the %g | ‘ ‘ RN Topology

. Topology Model #2‘ »  GSI ‘ =‘ ERC }7+ Probabili Ranking

spasge sensor environment =) . Protebilty

Thus, it is possible to evaluate pawguality and grid

utilization. The monitoring system supervises the grid state [oplogymosa s |——»] s |--1»] ere |-»

periodically,such agvery 30 seands.

As the number of sensors within the grid should be Topology Catelogue Srasate | Enor Rato

minimized, there is a distinction between two types of @s) (ERQ)

sensorsTherearea number of mandatory sensafisich are Fig. 1. Concept of the topologgecognitionalgorithm

crucial for the monitoring system to work properly. This is
the minimum number of sears. Every additional sensoris  The described technique is based on the following axabm:

facultative and wil |l i mp r oa gvent goiatin fnyesone: o the elementsuwithititey . Th
number of mandat ory s ens o topology catplegoedlausesignifidartt minorgleviatidnd s
topology. of the estimated values from the real values, as this element
Themonitoring systens also thedundatiorof the control is the most correct configuration within the topology
algorithm described in the next chapter. cataloguecompared to the real grid topology. Hence, the

probability that this particular topology pre-set will be
—— - larger than the probability of the othgre-ses. To eliminate
after Switching Operations measuremererrors this procedure is executed five times
Switching operationsvithin the gridcan become necessary  within a short period of timdf one of the elements of the
dueto planned or unplanned events and will result in a topology catalogue can sustainptssitionat thetop of the
change of 't he g r-statkddentification o | prgowbility varskingg this element will replace the current
depends on accate topology datdhe changint h e g r i attivestopologypre-set

topology will result in more or less serious calculation I o
errors in the statigentification processf the datais not Test and Verification of theldentification M ethods

updated. Fortunately, it is possible to determine different Bothtechniquesiescribedabovehave beeithe subject of

Automatic Recognitionof Grid Topology Changes

grid topology data sets in aalvcein most casess the several extensive functionality tesvithin a simulation and
number of switches or switing possibilities is limited. test environmentrig. 2 shows the test environment for the
In order to makeistributiongrids as smart as possible and  state identification algorithniRandomly generated realistic
to support the operator, such chanigaspology should be load and generation profiles were used to compute reference
recognized automatically. For this reasamalgoiithm has powerflow scenarios. Then, virtual values weterived
been developed toetkct the current topology stdte 5]. from these reference scenarios avete calculated using
With respect to the limited number of switching poiais, the newly developed algorithms. The deviation from the
possible switching statewe determineéh advanceThe exact power flow was determined afterwards.

topology presets are then stored within a topology

catalogue and areansferredo the topologyrecognition randomly generated, Smulation and
algorit%m. Fig 1 illustrates the:oncep? e larocto "

The topology recognition algorithm is summoned
periodically after a specific period of timgjch agvery60 » —
minutes. Within theecognitionalgorithm the state of the (ot ;i?éﬁiﬁtpﬁoﬂw ©
grid is calculated using only the mandatory measurement S
units. The calculation is executed consecutively for each
element of the topology catalogue. The facultative elements
of the grid6s nmlerosentertohese t
calculations they arereserved for the next step of the
technique.

smart RTU firmware

Fig. 2: Simulation and test environment
LI'r(1)eppr(())o|f gf go¥10ept of both methodspeciallyrelaing

costeffectiveness, robustness and performahes been
demonstratechi previous worK2, 3, 5].
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CONTROL OF LOW VOLTA GE GRIDS critical point and the position of the actuator within the grid.
After selection of themost suitable actuator, a control
command will be triggered for this devide the next cycle

of the monitoring proces$or example after 30 seconds,
the effects of the control commawil become visible and
renewedanalysis of the grid state will showhetherthe

The second step towards smart distribution grittsisthe
possibilityof controllingthe grid, especially as a renyear
critical grid states. Based on the monitoring system
describedabove a control system folV-grids has been

developed. One main_ .reqL.ripent of.this control system is critical grid state has been corrected. If the critical grid state
autonomous operabilitycritical grid states should be o giststhe control process will beeactivated, the most
corrected without the gridper at or 6s i nt ed gGd deBidlor will"be Sdlected and the next control
respect to the numerol¥ -grids, autonomous operationis  5mmand will be triggered.

crucial for efficient operation. Like any other closed loop contier, a few cycles are
Overview of the Control Process necessary to compensétedisturbanceand to get the grid -
back to a safe operating state. The time required for solving
the offlimit-condition depends on the cydlgervaltime

set in the monitoring and control system.

There are three control methodséspondo violations of
the permitted voltage range:
1.Voltage controfor theentirelow voltage gricor single
lines by use of a controllable transformer voltage Forecastihg Control-Command Effects
regulator(if available andeasiblg , In order to optimize the entire control process, a second
2.Powe|=factqr control of individual generation, load and operation mode for the control system has been
stqrage units at or near the location of the interference implemented.This mode provides a forecasting module
point _ . _ which can evaluate the effecf oontrol commands in
3.Active power cqrta'llr'nent. of individual generation, load advance before ammand is triggered to the actuator.
and storage units if inevitable o case a single commansi not sufficient to solve the off
Thesethree control methods have been combined into @ 3 |t _congition, furthercontrol commands are computed
stage control model, illustrated in Fig until the forecasting module confirms that the-loffit-
conditions are corrected. Afterwards, the cordcommands
are triggered to multiple actuators, if necessary.
V; +10% = o This operation mode has the advantagmaipensating for
| / disturbancewithin only one cycleof the monitoring and
@ L #nodesline length —> controlprocesgreferring to cycle interval times from 10 to
/ 1% stage: controllable transformer 30 seconds andycle times in the dwer hundred
v, -10% 2: :agef power factor control millisecondrangg. Fig. 4 illustrates the differences between
2ge: active power control the two operation modes. In the direct mode, the control
module is summoned consecutively after gridtate
identification if a critical grid state is identifiedin the
optimized control mode, a link between the different
modules ensures that (one or more) optiroahtrol
commands are triggered.

A 3-stage control model in an infeed-oriented scenario

Fig. 3: 3-stage control model (infeeatiented scenario)

Iftheg i d 6 s isexqeedl@dctivegy power curtailment
is the only method to handle this overload situatibime
first two stages wilthusbe skipped in this case.

The 3-stage controimodel has been integrated into the Direct Mode Control Command
firmware of theautomatiorsystemBY controlling available ﬁ
controllable devices (denoted as actugtaithin the grid, r e S R GEifieEian ﬂ (Claiire) MOdU'er
it will be possible to corredhe critical grid state Oyder+ L ]
Closed LOOD ContrOI Optimized Control Mode Control Command
The control system acis similar fashionto a closed loop
. . r ptimization Module (- -

controller.The monitoring system cquares measurement ! !

I th iodicallyatth t points for the gritf Y Y
values gatheredepiodicallyatthe set points for the gri [ Grd st denitcaion | —g- ] Conol Mo} -,
a critical grid statés detectedsuch as aiolation of the r Cyders 3

permitted voltage range, the control process will be
activated. After analysis ofthe current grid state and Fig. 4. Comparison of the twoontrol systenoperation modes
determination of the most critical nodes or branches within

the grid, the control algorithm selects the most suitable Active power curtailment should be avoided as long as
actuator to solve this effmit-condition. Higibility criteria possible. If this step is inevitable, it should bengsimalas

for selection of an actuat are the current stage of the possible. The forecasting module can support this
control processthe individual capabilities of the actuator  requirement by optiming control commands.

such agontrol ranges, response timasailabilityetc, and An example depicts the forecasting model for active power
the electrical distance (i.e. the impedance) between the mostcontrol:
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The active power output of ditouted generatorsften can

Field-Test Road Map

be controlled in predefined steps, e.g. 100%, 60%, &0%
0% of the nominal poweoutput In order to forecaghe
effect of a powefeedin-reduction of such a device, e.g.
from 100% to 60%, the difference4¥% power outpuwill
be modelled as airtual load. The load current will be
approximated by equation (1):

= F?cfiff with Py = (Pactual' Pset) Q

(3d,) 100

A powerflow calculation is then executed where every
load/infeed current except this particulartual load and
the slack bus voltags adjusted to zero. The results bist
powerflow calculation(2) directly represent the influence
of power reduction to the node voltages of the grid:

Y d'IDiff i @
By superposing3) this virtual differential voltage vector to
the currently valid voltage vector for the grid, the resulting
voltage of every node can be calculated

Usry = Ys Mo s

@)

®)

It will then be possible to calculate the resulting branch
currents.

This method mkes it easy tdorecast the effect of active
power control within the grid.

s+1)

FIELD EXPERIENCE

As proof of concept of the developed algorithrtieeir
functionalities have been tested extensively in a virtual
environmentNevertheless, théeveloped approadies to
stand the tesof real operatig conditions. Therefore, a
series of real field tests hasmmencedThe automation
devices have already been installed seduprunningon
four LV -grids in Germany

(1]

Initial Results from Field Tests

The first field estsfocused on thenonitoring systemThe
prediction algorithm for missing measurement data
particular whosefunctionalities had already been verified
in a virtual test environment, had to be tested under real
conditions where measuring errarsuldhave an influence

on accuracy.

A way to validate the functionality of the state
identification technique ido0 comparecalculated state
variables to measured values that were excluded from the
powekflow calculation. To keegalculation results ghe
requested accuracy levghe measurement topology of the
automatiorsystem was overdesigned for testing purposes.
This allowed the exclusion qfarticularsensorsrbom the
powekflow calculation foruseas reference measurements.
The analysesvere performed fo an extensiveperiod of
time. The deviations between the state identification
methodjncludingcalculationrand measuremeatrors, and

the reference measurements weted9%at maximum It

has beenproven that the developed approach and the
installed sesors offer adequate accuracy relatedthe
requirementst theLV-level[5].

(2]

(3]

(4]

(5]
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The functionalities of the control algorithm will Berified
under real conditiongptimized and extended upcoming
tests For this purpose, some backupngrators will be
connected to the grid which can simulate the behaviour of
different distributed generators like photovoltaic generators
or combined heat and power (CHP) units. These generators
will be equipped with automation devices so thatsystem

can control them as an actuator. Thiest methodmake it
possible to test the control system without affecting
customers connected to the grid.

CONCLUSION

The present paper describa smart grid approach with a
selfsufficientautomation system fauV -grids. There are to
main components ih h e
identificaion module is responsible faralculathg an
accurate power flowbased on few sensors and an
estimation algorithm, whilst the control module is activated
if a criticalgrid state is identifiedThe system is designed to
work autonomously; only if there are severe problems the
grid
the operator is able to get ra&he informationon the
current status of the systeat any timeThe system enables
the grid operator to better use existing grid capamity to
delay grid enhancemenighe systenwill be used for an-e
mobility research project ansl supposed to be adapted for
MV -grids as well.

syst e ntiegridstater mwar

0 p e r aentrewillbe notified MNeverthéless,
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