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1 Introduction

The INCREASE project aims to increase the penetmatf distributed renewable energy sources
(DRES) in the distribution grid and enable DRES a&odsumers to participate in the market and
provide ancillary services.

When Distribution System Operators (DSOs) wantdd &rge renewable energy sources, like wind
turbines, to an existing part of their grids, treg confronted with the question how to mitigate th
risk for network congestion as cost-efficientlypmssible. Traditionally, DSOs anticipate the riskhw
network reinforcements, which require consideralsigestments. Therefore, several alternative
solutions, so-called Active Network Management (ANtdchniques, are being studied, in order to
reduce, defer or avoid the network investmentsieyDSO.

In D2.2 we presented two technologies that can ¢ 1to achieve this goal, i.e., Demand Side
Management (DSM) and Dynamic Line Rating (DLR)ihis deliverable we compare these solutions
from a planning perspective for Medium Voltage (M¥)ds and compare them with alternatives like
grid investments and curtailment. We derive a numdferules of thumb for DSOs when facing
requests for attaching DRES to their existing gridsdifferent regulatory frameworks.

The second part of this deliverable presents adioated OLTC control approach for MV grids based
on a state estimator. The result of the state asbims the current state of the grid, including th

estimated real-time power flow of each MV PoC. lgsihis information, a nonlinear integer program
can be formed to optimize the tap positions of mh@n transformer and regulating transformers.
Compared to the traditional method, the proposethotecan consider the distribution of the MV
loads and realize the coordination of the maingi@mer and regulating transformers.

2  Business Case Comparison for different ANM techniques
2.1 Connecting DRESto existingMV grids

When a DSO gets a request for connecting DRES texasting part of the grid, a study will be
performed to assess if this DRES can inject itk pead power at any time (in normal net conditions)
The classic calculation rules and limits are ugkttis condition is not met, the DSO will perfortine
necessary network reinforcements, e.g., replaceepdr cables with thicker cables, upgrading
transformers, etc.

To allow more DRES in existing grids at a reasoeatulst and reduce time to connect these energy
sources to the grid, other solutions are curranthgstigated:

Curtailment
In case that only in rare situations the DRES caimect all its produced energy into the gridmniight
be more cost effective to temporarily curtail tmeguction and possibly compensate the DRES owner,
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instead of performing expensive and time consuniivgstments to only allow a small fraction of
extra renewable energy in the grid. As such the BR&ner will be able to connect faster to the grid.

If a fine grained control of the DRES is possikite,cases of abnormal net conditions (e.g. an N-1
situation on transformer level), it might be possito even allow more injection. Traditionally the
DRES would be typically shut down completely whilgh such a real-time, fine-grained control some
injection could still be possible.

Dynamic Line Rating

Dynamic Line Rating (DLR) helps the network operato dynamically assess the capacity of
individual power lines and cables, in order to &lthe risk of line overloading during operatiohist
way, DLR allows that lines and cables fully utilitgeir maximum capacity for transmitting electric
power.

In this deliverable, the potential of DLR will baudied for a MV grid with underground cables in the
distribution network. The dynamic limits will be Icalated based on measurements of the cable
temperature. In this study we assume that a few spmasurements suffice, which represents a
relatively low investment cost.

Demand Side M anagement

Demand side management (DSM) is a portfolio of messto improve the energy system at the side
of consumption, and can be categorized in theioig: Energy Efficiency, Time of Use, Spinning
Reserve and Demand Response. Demand Response §DRE described as the changes in electric
usage by customers from their normal consumptidtepes in response to changes in the price of
electricity over time [1].

The focus of this deliverable will be on incentivased demand response, more specifically the
interruptible/curtailable programs. Based on fee#tbaf the DSO (Eandis) participating in this study,
this type of DR programs appears to be the mosdtslei for congestion avoidance. In these programs,
customers receive an incentive in exchange foreaggeto reduce or increase their load in case of
network congestion. The part of the distributiomdgre used as input for our study (see sectionig.2)
an industrial zone and as such the exact incentitails will be part of a commercial agreement with
the industrial consumers. Nevertheless, diffenreo¢émtive mechanisms can be distinguished:

* Reservation fee: the DR-participant receives aeritice payment in function of the flexible
amount of power demand he can offer, independetiteohumber and duration of the events
during which the flexibility is requested — althdug@bviously certain limitations will be
included in the commercial agreement.

» Activation fee: the DR-participant will receive arcentive payment in function of the amount
of flexible energy demand he offers, each timefigaability is actually called upon.

* Combination of reservation and activation fee.
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2.2 TheTest Network

To compare the usefulness of the different propasaldtions (curtailment, DLR, DSM) from a
technical and economical point a view, a numbeamailyses and simulations were performed for a real
grid of Eandis with realistic production and congimn measurements.

This grid is located in the port of Antwerp, Belgiult's an industrial zone containing a few solar
panel parks, where since mid 2015 wind turbinesrastalled. Figure 1 gives an overview of the area
with all identified locations for (future) wind toines. For our analyses we assumed that 17 of those
wind turbines would be connected to the local 19\WV grid.

< 201200327
Ret 20120327
o 20120327

"~ 1/30 000 o ~ LT98006-00 Rev.-
o A3 1/1 | Potentisle windturbinelocaties (27/03/2012)

Figure 1. Eandis grid in the Port of Antwerp indiog all planned wind turbines

Figure 2 shows the single line diagram of thosevitidl turbines. ‘TS Ketenisse’ contains the HV/MV
transformer.

We used the loads of the local companies and memasunts from wind turbines in the neighbourhood
as input consumption and production profiles for simulations. These simulations, over a period of
1 year, revealed that the installation of thesedwurbines will cause congestion issues in the, grid
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resulting in 5 wind turbines that need to be clathin order to avoid current congestion (blue yots
and voltage violations (orange dots). These 5 wiurbines are distributed over 4 feeders (labeled
A/B/C/D).

/ @ Smeing dacaue OF VIR CONQRSNN
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Figure 2. Single line diagram of the grid in thetRd Antwerp with 17 wind turbines
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Figure 3. Example 2 week period of transmitted poower feeder A with and without curtailment
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Figure 4. Example 2 week period of transmitted poswer feeder C with and without curtailment

Figure 3 and Figure 4 show an example period ofe2ks for Feeders A and C with a considerable
amount of wind during that period. The blue line@wk the amount of power transmitted over the
feeder in case this feeder would be able to takealupnjected energy. Network simulations of
production and demand have shown voltage and/oemruviolations in some moments. In order to
comply to the local grid constraints curtailmenhexessary. It was calculated, based on the ingfact
the violation, what the maximum amount of curreaswhat in that case could be injected. Simulations
show that only the red amount of power can be tnatesd over the feeder. For Feeder A, the amount
of curtailed power is considerable whereas the anoficurtailed power for Feeder C is small. This i
already an indication that a costly network investimrmight not always be the best option.

Table 1 provides a number of statistics for theedders for a studied period of 1 year, including th
reason for, amount and duration of the curtailneseints.

Congestion type Current Current & Current Voltage
Voltage

Length of 1.25 0.79 1.08 6.95

congested cable

segment (km)

Curtailed 2255 2176 281 2318
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energy (MWh)
% of feeder 5.8 5.6 0.8 134
production
#of curtailment 678 673 454 887
events
% of time 12.0 11.9 5.8 19.1
Max duration 67.5 67.5 41.25 78.25
(h)
Max flex 3.128 3.002 1.545 2.897
required (MW)

Table 1. Overview of congestion per feeder
2.3 Comparison of techniquesvialnvestment Analysis

In D2.2 we presented a few simple business casethdouse of Dynamic Line Rating and Demand
Side Management in comparison with grid investmdims the viewpoint of a DSO, showing a.o.
that DLR is interesting for existing cables, but fuy new cables.

231

Compar ed options to addr ess network congestion

In this section we present a more profound investnanalysis for the discussed test network
comparing the following 4 options to address nekagmngestion:

Curtailment:

No specific investments will be made, so in caseoofgestion, the wind turbines need to be
curtailed. In that case, the DSO could be assumedmpensate the wind turbine owner for
these curtailments. This possible compensationdoasédost energy includes an amount for
both the energy that can’t be sold and the GreetifiCates the wind turbine owner can’t claim
due to the curtailment. Green Certificates repreenenvironmental value of renewable
energy and are used by several countries (e.ggjuBe) to support the generation of green
energy in a standardized way. For example, a wirtlairie owner will receive green certificates
corresponding to the production of the wind turbimea period of 15 years. Another way of
making a compensation could lie in the faster cotioe to the grid due to avoiding grid
reinforcements or reduced connection cost (i.etraots including curtailment options). The
loss of green energy is also from a social perspeobt very desirable as we want to make our
society as sustainable as possible.

Network reinforcement:

The DSO will invest in extra underground cablesiider to avoid all congestion issues and
corresponding curtailment. In this case, only thgnsent where the congestion issues occur is
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reinforced. Still, the investments might be larg®nly solve a few congestion events per year.
An extra benefit of this solution are reduced neknosses due to the use of larger cables.

* Dynamic Line Rating:
DLR equipment is installed on the underground feeal®owing to avoid a part of the
curtailment. DLR only offers a solution for currem@ngestions and can’t be considered in
feeders with voltage violations only.

» Demand Side Management:
DSM equipment is installed on several customes sitethe feeder, allowing to avoid a part of
the congestion issues and corresponding curtailmidet availability of flexibility on the right
locations is of course very dependent on the siegitiiation and flexibility products are
typically tailored to reduce consumption whereaslits problem an increase of consumption
is desired, so a number of assumptions were made.

2.3.2 Regulatory Framework Scenarios

Since the regulatory framework for congestion-irethevind-curtailment has not yet been clearly
defined in Belgium, 4 different scenarios are ddi

» Scenario 1:

o No limitations on the amount of curtailed energy feeder.

0 The DSO is assumed to compensate for all curteitedgy.
Scenario 2:

o No limitations on the amount of curtailed energy feeder.

o No compensations for the first 2% of curtailed gygon yearly basis).
Scenario 3:

o0 A maximum of 2% of curtailment is allowed (hard stained).

o No compensations for the first 2% of curtailed gygon yearly basis).
Scenario 4:

o A maximum of 2% of curtailment is allowed (hard stained)

o0 The DSO is assumed to compensate for all curteiedgy

2.3.3 Costs & Benefits Overview

Overall, to compare the different options via aibess case calculation, the following assumptions
were made:

* The business case is calculated over a period géats (N):

o The initial investments are done in year 0 (notalisited).
0 The recurrent costs and revenues in year 1-20q(aliged).

» The NPV (Net Present Value) is used as evaluatiethod to compare the different business
cases. This method uses the time value of monappaaise a long-term project. The NPV is
calculated with a discount rate of 3.35% (i). Tdhiscount rate (or WACC — Weighted
Average Cost of Capital) is relatively low, butised in all investments analyses within
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Eandis.R, is the net cash flow (revenues minus costs) ferytar t.

. R
NPV(i,N) = z’tV:O(lei)t

* Regarding Green Certificates, we assumed the follgw
o Green Certificates have to be paid by the DSO ti#n the energy is produced by the
wind turbine (normal way of working) and when thmergy production is curtailed (as
compensation payment).
o For the different scenarios (see further), thisliegathe following:
= Scenarios1and 4. Green Certificates (or compensations for greerifioates)
don’t have to be taken into account.
= Scenario 2 and 3: As the regulatory framework allows for 2% curtailme
without any compensation (produced energy and geedificates), the avoided
green certificates for the curtailment up to 2% talse taken into account as a
benefit (avoided cost) for the DSO.

In Table 2, an overview is given of the benefitsl @osts that are taken into account for the differe

options.

Curtailment Avoided green
certificates
(Sc.2&3)

Networ k Reduction of
Reinforcement network losses

Dynamic Line Avoided green
Rating certificates
(Sc.2&3)

Demand Side  Avoided green
M anagement certificates
(Sc.2&3)

/ Compensations to WT owner for

lost revenues

Network /
infrastructure (new
cables> 106 €/m)

Temperature * DLR equipment
measurement maintenance
equipment ¢ Remaining
(1000€/feeder) compensations to WT

owner for lost revenues

DSM equipment * Incentive payments to
(15000€/participant) flex providers
» DSM equipment
maintenance
* Remaining
compensations to WT
owner for lost revenues

Table 2. Overview of costs and benefits
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The energy price and green certificate values asuraed to be €48.8/MWh and €68.8/MWh
respectively, corresponding to the values usedéldng term business evaluations by Eandis. As
periods with network congestion are likely to hdower energy prices, a variable energy price over
time might result in a more realistic business cabés could be interesting future research.

For Dynamic Line Rating, we assume that a few pomgasurements to monitor the temperature
suffice, as installing a temperature measurememrigathe whole feeder is very expensive. This
assumption will be validated via real-life experintse

For Demand Side Management we had to make somenpens on the incentive fees as current
DSM products on the market are targeted at reduzamgumption levels for wide areas, whereas for
this use case we are looking for a local incredsheoconsumption. For the business case calcaktio
we used an incentive fee of 30 € MWh. We assumestallation cost of DSM equipment around
15k€/participant which corresponds to the typiaatof an RTU in distribution grids.

The availability of sufficient flexibility in the @ighborhood will be very location dependent, schae
to make assumptions as well for this aspect. Focalgeulations we assumed that 80% of the
congestion can be addressed with DSM solutionaguiflexibility providers and that flexibility is
activated in blocks of 1 hour. As the congestioants are measured in blocks of 15 minutes, this
means that a higher amount of flexible demandtisated than strictly needed. However, it is not
very likely that flexible loads can be controlledtwa fine-grained granularity of 15 minutes, tHere
our assumption of using blocks of 1 hour.

It is likely that there will be a reduced (or inased) demand of the DSM-participant after the
congestion event, i.e., the so-called rebound efiéus rebound effect is assumed not to cause
network congestion at a later point in time. Fumhere, we did not take into account the exact
location of the flexible load on the feeders.

Table 3 shows an overview of the amount of enengy $till has to be curtailed after introduction of
the respective solution.

Curtailment 100% 100% 100% 100%

Networ k 0% 0% 0% 0%

r einfor cement

DLR 31.42% 11.93% 61.84% 100% (DLR not

applicable for

voltage violations)
DSM 20% 20% 20% 20%
(assumption)

Table 3. Percentage of (remaining) curtailed eneegysolution

10
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2.3.4 Results

2341  Feeder A
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Curtailment Network reinforcement DLR DSM

Figure 5. Business case results for Feeder A

As outlined in section 2.2 5.8% of the total engpgyduction of the wind turbines connected to Feede
A needs to be curtailed to avoid any congestiohss ineans that curtailment only is not applicable f
scenarios 3 & 4 as the maximum allowed curtailnehiard constrained to 2% in these scenarios.

Network reinforcement has the same cost in all @tes, as all congestion is solved and thus no
compensations need to be paid, and is the mostgiiaf solution in scenarios 1 & 4, the cases where
the DSO has to compensate all lost energy to thd wirbine owner.

With DLR & DSM a considerable amount of congesta@m be solved, but still some compensations
need to be paid for the remaining curtailed enedgpending on the scenario. For feeder A enough
congestion can be solved to stay below the 2% limhich means that in scenarios 2 & 3 no
compensations need to be paid and the DSO savesymoravoided green energy certificates. In case
of DSM there is still the cost for paying the flexoviders for shifting their consumption and the
installation and maintenance costs for the DSMm@gent. In case of DLR the business cases are even
positive as the benefits of avoided green energtificates are higher than the installation and
maintenance costs of the DLR equipment. For theseasios DLR is cleary the best option.

11
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Figure 6. Business case results for Feeder B

The results for Feeder B are quite similar to Fe@dén this feeder a total of 5.6% of the totabrgy
production needs to be curtailed to avoid any cstiges. So again, curtailment only is not applieabl
for scenarios 3 & 4 as the maximum allowed curtaiiris hard constrained to 2% in these scenarios.

The network reinforcement cost is a bit lower tf@nFeeder A as the to be reinforced cable is short
Again network reinforcement is the cheapest opiionase the DSO has to compensate all curtailed
energy.

For scenarios 2 & 3, the business case for DLPsstipe just as for Feeder A, but not as pronounced
as DLR can in fact solve quite a lot of curtailment Feeder B. After applying DLR, the amount of
curtailed energy on Feeder A drops from 5.8% t&4l.8hile on Feeder B the amount of curtailed
energy drops from 5.6% to 0.7%. As less energyitaided, less money is saved on Green Energy
certificates. For these scenarios the best busiceesss for the DSO would be to stop applying DLR
when the threshold of 2% is reached, but that tstim® best option from a societal point of view of
course.

12



‘INCREASE

2343 Feeder C
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Figure 7. Business case results for Feeder C

The amount of congestion on Feeder C is low. Witlamy measures only 0.8% of the total production
on that feeder needs to be curtailed. This meatsthrtailment only is also an option in scenaBd

4. In scenarios 2 & 3 (where no compensations eeeled for the first 2% of curtailment), curtailment
is clearly the best option, as there are the benefiavoided Green Energy certificates for the DSO
but no costs. Again, if we look at this from a pgureconomical point of view, the DSO could even
curtail more, up to 2%, even if it's not necessaoysave extra money on avoided Green Energy
certificates.

In scenarios 1 & 4, DLR is now a little more prabte than network reinforcement. After applying
DLR only about 0.5% of the total energy productmnthat feeder still needs to be compensated. This
compensation (+ DLR equipment costs) is cheaper ithaesting in new feeders.

As curtailment is quite cheap for this feeder duehe low amount of congestion events, DSM is in

fact the worst option in scenarios 1 & 4. In scmwm@ & 3 however, DSM is cheaper than network
reinforcement.

13
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2344  Feeder D
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Figure 8. Business case results for Feeder D

Feeder D has the highest amount of congestion,aMitital of 13.4% of the total production that reeed
to be curtailed if no other measures are takencétigestion is also caused by voltage issues, which
means that DLR is no option here as DLR can onlyesourrent congestions. Network reinforcement
is clearly the best option, which is obvious witltls a high amount of congestion events.

2345 DLRvsnetwork reinforcement in function of cable length

Feeder A Feeder B Feeder C Feeder D
| Segment length 7666 2245 n 939 v Not applicabl |

Table 4. Cable length corresponding to tipping pdietween DLR and network reinforcement
business cases.

Overall DLR (with point measurements) can be cosrgd as the economically most interesting ANM
technique. For some scenarios and feeders DLR &n awore profitable than the network
reinforcement case. An important parameter thaérdehes the profitability of DLR vs network
reinforcement is the length of the network segntkat needs to be reinforced. Therefore, we have
calculated the theoretical tipping point, i.e., tegment length for which the DLR business case

14
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becomes more profitable than network reinforcenfimtscenarios 1 & 4 where all curtailed energy
needs to be compensated). The results can be fourable 4. It can be seen that the tipping pant i
relatively lower in case the amount of requiredxitidity is low (as in Feeder C) or when the
percentage of curtailment that can be avoided @itR is high (as in Feeder B).

24 Conclusions
Based on the investment analysis presented we atdeeto derive a number of rules of thumb for the
different analyzed options:

Networ k Reinforcement is often the most interesting option. When invegtim new grid segments
the DSO should always install equipment that caarajutee an injection of all produced energy at all
times. In most cases, the extra equipment costiarén comparison with the digging costs that are
necessary anyway. Also when the to be connected DRHEH cause a considerable amount of
congestion, grid reinforcements are the way toNgtwork reinforcement has also the added benefit
of reduced network losses. A disadvantage is theth sietwork reinforcements might take time and
thus the connection of the DRES might be delayed.

Dynamic Line Rating is an interesting option to solve current congestidt's a valid alternative to
network reinforcement if the to-be-reinforced cabgment is considerably long or the number of
congestions is relatively low.

DLR is especially suited to solve short congesfieaks (as after a while the temperature of thecieed
will become too high) and thus could be interestagya first buffer until e.g. flexible loads are
activated to further mitigate long congestions ¢sen

For our analysis, we assumed that a few point meamnts are enough to monitor the feeder
temperature. This cheap option still needs to dated with real-life tests. The alternative otlaty

a fibre cable along the feeder to measure the teatyre is of course much more expensive as this
involves similar digging costs as with network fencement.

Demand Side M anagement seems to be a rather expensive option in our asalysly a bit cheaper
than the curtailment option in most scenarios. Hewvewe made some assumptions based on
currently available DSM products and energy pri¢a&strent DSM incentive schemes are meant for
temporally decreasing consumption, where in oue aadocal increase of the load is what we are
looking for. There is clearly a need for customdurcts to deal with congestion issues on DSO level
and to reward consumption increases.

Furthermore, if variable energy prices would be own, periods with network congestion are likely
to have low energy prices (as the production of BR&Ehigh) and this would already be an incentive
for local consumers to shift their load to suchiqués (even without extra DSM incentives). This cbul
clearly make the DSM business case more profitdloleneeds further research.
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Advantages of DSM are that it can solve voltagdations and that the produced green energy is
effectively used (in contrast with curtailment). dear disadvantage is the strong dependence on
locally available flex providers. So every casd W different.

Curtailment of green energy sources is often not allowed yegraen energy gets priority over other
types of energy, but it could be an interestingaypas well in some cases. When the expected amount
of congestion events is low, curtailment could wlla fast connection of new DRES sources to
existing grids. When a smart curtailment contrategn is used that can send fine-grained set ptuints
the DRES sources, the impact for the DRES ownelddoe very limited, and in some cases be even
positive. With such a system it might be possildekeep injecting energy during abnormal net
conditions (N-1 situations), which would not be gibte otherwise.

This analysis focused on the integration of new BRE existing distribution grids from a planning
perspective. If the DSO decides to install one oreANM systems in its grid, it's of course essainti
to choose the best ANM option in real-time whenrapeg such a smart grid. This requires accurate
DRES power production and local lopdedictions.

The business cases clearly depend orrégalatory framework. So, further work is needed on this
aspect to e.g. define to what extent curtailmeatl@ved and compensated.

3 Coordinated OLTC Control in MV Grids based on State Estimator
3.1 Background and Current Situation

The goal of voltage regulation in the Medium Vola@/V) grids is to keep the actual voltage level
Upocat each point of connection (PoC, which could B\ELV substation or MV connection point
to a large industrial consumer) as close to thedglined) reference voltage levél ¢ .¢; as possible
[1]. This can be achieved by optimizing the tapHimss x of HV/MV (typically 150kV/10kV) and
MV/MV (10kV/10kV regulating substations to competesaoltage drops along long 10kV cables)
transformers, defined in (1).

K =[x, ], 1<m< N, @
where:
K, tap position amnt" HV/MV or MV/MV transformer, which is an integer dn
within the rangex,, ... < K., < K, max
(\ total number of HV/MV or MV/MV transformers

Traditionally, the tap positions of the HV/MV transformers are controlled by the automatic voltage
regulator (AVR), as shown in Fig. 1 The controller is a closed-loop system which compares the
voltage (measured) on the MV bus with the reference voltage. Since the tap changer position is a
discrete quantity with fixed steps, a dead band is used.
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Current
measurement ~ = ——
—— Voltage _
4 )<~ 7 ‘measurement o )
Reference
Reference AVR < voltage__, AVR |
voltage Controller Compensation |Controller
impedance
a) b)

Fig. 1 Automatic voltage regulator a) without andmith line drop compensation

Two classical control methods can be employedenQhTC operation.
» The simplest control is to keep the voltage at hustithin a tolerance range, without
considering the load condition (Fig. 1a).
» To reduce the voltage variation in MV grid whendazhanges, line drop compensation
is introduced [2]. It also takes the load curreont the transformer to the MV busbar
into account, with the compensation impedance (Hij.

The classical methods only considers the totalsttamer current into account, i.e. the distributain
the loads and Decentral Generation units (DGs)gatbe MV feeders are not considered. Moreover,
there is no coordination between the main transtor(iV/MV) and the regulating transformers
(MV/MV). Several researches aimed to solve the lgmbby introducing voltage control at MV/LV
substations [3-6] to compensate voltage violatiams MV level. However, this increases the
investment of the grid operators dramatically, thuthe large number of MV/LV substations.

3.2 Proposed Method

In an operation framework based on an state esinntite real-time state of the grid can be known
from the state estimator, including the estimat=d-time power flowS_ at each PoC. The weighted

—est
average voltage quality deviatidi/ can be defined as a function $f,and the tap position vectar,

shown in (2). The voltage deviation at each PoChmaweighted by the importance factgr which is
higher for the PoC with lower tolerance for thetagk level variation. For example, for an industria
PoC where an advanced voltage controller is irestaliside the factory, the importance factor can be
lower because the voltage variation can still betrmdled in the factory. For a residential PoC wéth
fixed ratio MV/LV transformer, the importance factoay be a bit higher.

The coordination between the transformers can beaed by including this importance factor.
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NPoC

Z i [U PoCj (K! §est) -U PoC,reﬁ,]2 (2)
AU (k,S.q) = |-=

NPoC

20

i=1

where:

AU weighted average voltage quality deviation, witBpet to the tap-positions
K and power flowS,

ni importance factor, representing the voltage corgriarity

Upoc,refii predetermined target (ideal) voltage level at ttlePoC

Upoc,i(K, Sest) resulted voltage level (by power flow calculati@t)PoCi, with respect tac

and Sy,

To optimize the tap-positions Kk regarding to the estimated real-time power flowS

S, an integer
nonlinear programming problem is defined in (3). With the optimized k, the coordination between
HV/MV and MV/MV transformers can be achieved, where traditionally only the HV/MV transformer

is controlled. Furthermore, the priority of voltage control for different nodes is considered.

min AU
st. K,UZ, m=1UN; 3)
Km,minSKmSKm,max; m:]-DNT

3.3 Decoupled Nonlinear Integer Programming

It is difficult to solve the optimization problem in (3) analytically, because the function AU (k,S,,) is

nonlinear and has no explicit formula (iterative method needed for power flow calculation).
However, as shown in Fig. 2 in a radial distribution grid the coupling is very weak between the
voltages at the MV buses directly connected to the main HV/MV transformers and the tap positions
of other MV/MV regulating transformers. Therefore, the problem can be decoupled to optimize the
tap position of each transformer individually. The partial sum of AU is defined in (4), considering the
PoCs only directly connected to the mt" transformer.
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Fig. 2 Coupling between MV buses and tap positidimamsformers

Z 1] [U PoCj (x, §est) -u PoC,reﬁ,] ’

_ v, 4
AUm(Km'K*m’gest) = |-

Z 1],

[[m\V/
where:
AU, partial sum ofAU, considering the PoCs only directly connectechtom "

transforme

Kom part of k excluding the componexk,,
V., set of the PoCs which are directly connected tartHetransformer

The minimization problem can be decoupled and solved using the procedure below:

1. Set Kk to the default values (default tap positions).

2. Keep all the components in K, as constants, calculate the partial sum AUl(Kl,K*l,_est) with
all possible values of the tap position k; of the main HV/MV transformer (which is assumed to
have sequence number 1). Select and assign the optimized value to x; so that
AU1(K1,K*1,§ESI) is at minimum.

3. Letm = 2, start to optimize the tap positions of regulating transformers.

Keep all the components in k,,,as constants, calculate the partial sum AUm(Km,K*m,_est)
with all possible values of the tap position k,, of the mt® MV/MV regulating transformer.
Select and assign the optimized value to k,, so that AU (K., K., S.) is at minimum.

5. If m = Ny, stop and optimized tap positions i is obtained, otherwise m = m + 1 and go to
Step 4.
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3.4 Peformancelndices

To evaluate the performance of the voltage reguiativo performance indices R, , and AU g o,

are proposed [7]. The performance indices are tzbxl from Monte Carlo simulations [8]. In each
simulation case, the following calculations aref@ened.
1. Minimize AU (k,S,,) with the estimated power flow, resulting in theireated optimal tap
position K, . and the voltage deviatioAU (K, oo Seer) -
2. Minimize AU (x,S,.,) with the real power flow, resulting in the realtiapal tap position
Kprea @Nd the voltage deviatioAU (K, car Seear) -
3. Check if Ky o Matchesk ey-

4. If they don’t match, calculate the voltage deviatiwith estimated optimal tap positions and
real power flow, i.e AU (K, co Seear) » @and compare it WitAU (K o ear Seear) -

The results from all Monte Carlo simulation cases are aggregated. The performance index F’met is
defined as the probability that K, .y matches K.y .. In addition, AU 4 max is defined as the

maximum difference (at a confidence level of 99%) between AU (K oo Siear) and AU (K eap Seea) -

3.5 Simulation Results

This section presents a case study on a typicabean MV distribution grid topology for OLTC
control. Firstly, the OLTC control is simulated mgithe traditional AVR method, and the performance
indices are calculated. Then the OLTC control isudated using the state estimation approach with
optimized meter placement.

The sample grid in the case study is downsizedaawdiymized from a real MV grid OS Zaltbommel,
owned by Alliander N.V., a Dutch distribution graperator which manages around 1/3 of the MV
grids in Netherlands. As shown in Fig. 3, the MVtgs divided into three parts: the sub-grid dihgct
connected to 150/10kV main substation (Bus 2),dhie-grid connected to the 10/10kV regulating
substation (Bus 4), and the sub-grid connectetiddlOkV switching substation (Bus 5). There are 74
MV PoCs, among which six PoCs are connected tosim@dli loads and three PoCs are connected with
DGs. The others are used for household/commenzaalsl.

In this scenario the MV/MV transformer is set tmeutral position and first the tap position of the
HV/MV transformer is optimized. Next, this tap pian is fixed and the tap position of the MV/MV

transformer is optimized. In this case there iyarie MV/MV transformer, if there would have been
more, these transformers would be optimized oneney
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150/10kV
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<] grid opening from the <'> grid opening from different
same transformer transformers

Fig. 3 Structure of typical European distributiardgwith the red-marked PoCs and busbars in the
optimized measurement scheme

3.5.1 Current Strategy

The simulation is firstly performed with traditidnAVR control for OLTC at the main HV/MV
transformer. The performance indices dfg;,, =12.3%, AU 4 o =0.14KV . In only 12.3% of the
cases, the theoretical optimal tap positions caadhéeved using AVR. This is far below the voltage-
control potential of the transformers.

3.5.2 Proposed Method
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The simulation is performed using state estimation approach with optimized meter placement. The
=95.7% AU =0.003kV . Fig. 4 shows the comparison of

performance indices between traditional method and proposed methdle theoretical optimal tap
positions can be now achieved in 95.7% of the cases. Meanwhile the other index AU g .. is also

performance indices are: B,

,opt diff,max

improved significantly.

a) b)
100,00% 0,16
0,14
0,
80,00% 0,12
60,00% 0,1
0,08
40,00% 0,06
20,00% 8'8‘2‘
0,00% - 0
Traditional method Proposed method with Traditional method Proposed method with
optimized meter optimized meter
placement placement

Fig. 4 Comparison between traditional method amgp@sed method with optimized meter placement,
for performance indices &, ., and b)AU . .

3.6 Conclusion

Unlike the traditional method that only consideng total current of the transformer, the proposed
OLTC control includes the distribution of load emts. Moreover, the coordination between main
HV/MV transformer and MV/MV regulating transformens realized. The simulation results
demonstrate the feasibility of the proposed metnudithe potential improvements.

This approach could in principle also be used f&f/IW transformers with OLTC, if the LV grid is

treated as a single large load. However, to fulijize the advantage of OLTC at the MV/LV
transformer, state estimation in LV grids is needed
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D2.2 Recommendations on real-time line rating agmiahd-side management

4
(1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

References

P. Palensky and D. Dietrich, “Demand Side Managem&emand Response,
Intelligent Energy Systems, and Smart Loads”, |IEEEnsactions on Industrial
Informatics, vol. 7, no. 3, pp. 381-388, 2011

F. Provoost, “Intelligent distribution network dgsj” Ph.D. dissertation, Eindhoven
University of Technology, Eindhoven, 2009.

E. F. Piga and A. Geschiere, “Optimisation of tbéage regulation in the Dutch MV-
grid,” in 18th International Conference and Exhint on Electricity Distribution,
CIRED 2005, June 2005, pp. 1-3.

P. Kadurek, J. Cobben, W. Kling, and P. RibeiroidiAg power system support by
means of voltage control with intelligent distrilaut substation,” IEEE Transactions
on Smart Grid, vol. 5, no. 1, pp. 84-91, Jan 2014.

P. Kadurek, J. Cobben, and W. Kling, “Smart MV/Lidrisformer for future grids,” in
2010 International Symposium on Power Electronitsctical Drives Automation
and Motion (SPEEDAM), June 2010, pp. 1700-1705.

P. Kadurek, J. Cobben, and W. Kling, “Smart transker for mitigation of voltage
fluctuations in MV networks,” in 2011 10th Interimtal Conference on Environment
and Electrical Engineering (EEEIC), May 2011, pp4l

P. Nguyen, J. Myrzik, and W. Kling, “Coordinatiori woltage regulation in active
networks,” in Transmission and Distribution Confeze and Exposition, 2008. T
#x00026;D. IEEE/PES, April 2008, pp. 1-6.

Yu Xiang, “Operation of Future Medium Voltage Dibution Grids: Application of
Statistical Methods for State Estimation and Fautation,” Ph.D. dissertation, ,
Eindhoven University of Technology, Eindhoven, 2015

23




