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Abstract This paper addresses the relevance of [iSilgITeactive power from
Medium Voltage (MV) networks to support the voltages of a High Voltage

. The selection and analysis of different optimal
coordination strategies between the HV and several MV grids is investigated.
The algorithms will control the reactive powers that can flow between HV/MV
networks after a request from the Transmission Network Operator in case of
an emergency situation such as a line outage. From a case study, the relevance
of the coordination is enlightened and recommendations are given Bl how
to tune and to combine the optimal algorithms with the advanced Volt Var
Controllers of the distribution grids.

Keywords Distribution Network - Transmission Network - Optimal Control -
Reactive Power Management - Smart Grids - Voltage Control

1 Introduction

When a line outage or an incident appears in a transmission grid, the Trans-
mission System Operator (TSO) can take a number of actions such as redirect
power flows by line switching (e.g. [1,2]). Along with the massive insertion of
Distributed Generators in distribution grids, &l alternative software based
method would consist to control new degrees of freedom. Indeed, Distributed
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Generators are able to supply or absorb reactive power [3,4], generating bidi-

rectional power flows which in turn may mitigate Foltagesiatithe IV I(High
VGItage)iside over or undershoots.

Whether and when a support of distribution grids to maintain the FOIf&ges
within their specification range is relevant remains an open
question. Additionally, such a support would require to coordinate HV and
MV (Medium Voltage) grids levers. HV and MV grid coordination is generally
restricted to co-optimization studies for planning and dispatch (e.g. [5]), and
does not address faulty events which occur in real-time.

Moreover, such gaps are not clearly pointed out by the new European Grid
Code, Demand Connection (DCC) which only tries to decouple the behaviors
of the transmission and each distribution grid at low active power consump-
tion. Indeed, reverse reactive power flows from distribution grids may cause
violations of specifications for Foltagestatithes HVISide 6, 7] and the TSO
may not be able to ensure a suitable regional power provision [8,9]. Hence, the
European Grid Code requires that any new distribution system must prevent
reactive power from flowing upwards the HV system at low active power con-
sumption [10]. Notwithstanding, this paper proposes and discusses a variety of
alternative and improved specifications and coordination strategies, as allowed
by the DCC. An important issue is to provide an explicit cost-sharing method,
which is, to our knowledge, not addressed elsewhere.

In the literature, HV/MYV reactive power and HV grid voltage control with a
contribution of distribution networks use uncoordinated strategies. The TSO
can consider operations at the HV grid level where distribution networks
are considered as fully controllable power plants or loads [11], and only co-
simulation studies are developed to optimize the dynamic exchange of reactive
power between a HV and MV grids, however not in real time [5]. This supervi-
sor disregards constraints within the distribution networks (range of Foltageat
FRENVIVISIdE, the MV lines thermal constraints, the amount of reactive power
that can be requested from Distributed Generators, etc.). An alternative con-
sists of letting the DSO (Distribution System Operator) control the reactive
power at the HV/MYV interface, e.g. by adding a constraint either on the volt-
age at the HV side of the substation or on the reactive power exchange inside
an optimal Volt Var Control (VCC) [4,12]. The relevance of this constraint
with respect to the TSO needs have not been investigated, but pricing-based
coordination schemes to dispatch active and reactive powers can be found in
microgrids [13].

To sum up, in most real-time distribution grids VVCs, the transmission volt-
ages are assumed to be stiff, which is questionable under degraded operating
conditions [14] and when there exists a tighter interdependence between HV
and MV grids [15]. In this case, a coordinated strategy, driven by the TSO,
is likely to be more effective. Hence, this paper addresses the previous gaps
mentioned above by considering a medium scale system involving a part of a
HYV network connected to several distribution networks, suffering a line outage.
Generic conditions to assess the relevance of a reactive power support in case
of voltage overshoot, or when a fault occurs are given in the first part. The
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second part introduces the coordination structure, and shows that an optimal
strategy, based on Optimal Power Flow (OPF) method, allows to consider
explicitly cost-sharing (here, a trade-off between the reactive power required
from MV grids and the HV system active power losses). Then, a brief account
of the OPF (Optimal Power Flow) resolution is provided. From the case study,
recommendations are given to select and tune an appropriate cost function.
Not only the results of the case study show that the coordination scheme is

effective to support FoltagesiatitherHVISide, but also the behavior of the MV

grids is investigated.

2 Relevance of HV grid reactive power support from MV grids

This section investigates the cases for which a reactive power support from
the DSO to maintain the Volfagesiatfhe HVISide is effective, and shows that
the short-circuit power is the key parameter. Hence, coordination between
transmission and distribution grids will be of interest for weak grids or in
default mode.

2.1 Weak HV grids and voltage to reactive power sensitivity

Traditionally, the voltage control in the Extra High Voltage (EHV) part of the
French transmission system consists of a hierarchical three-level scheme [16].
However, the level of Foltagesiat e VISide is only maintained by means
of EHV/HV On Load Tap Changers(OLTC) in France. The voltage reference
of the EHV/HV OLTC can be adjusted among the values {1.0,1.02,1.05} to
ensure that the FolfagesaffhieHVISIAE remain within the specified contractual
range [0.92,1.08] pu. In emergency situations, the TSO can request either a
decrease by 5% of the HV/MV OLTC voltage reference to temporarily reduce
the load demand, a deactivation of HV/MV OLTC that can contribute to
boost voltage collapse, or load shedding of MV feeders. In the literature, it is
expected that distribution networks can provide a reactive power support to
help the TSO maintaining the VolfagesattheMVISide within the contractual
range. But one can wonder whether this support is relevant, and how the
reactive power that should be requested from a given distribution network can
be derived?

The effectiveness of a support from the MV networks highly depends on
the HV grid parameters. Indeed, the influence of the reactive power from MV
networks on the Voltagesiatithel HVISide is roughly proportional to the short-
circuit power Sc.. Actually, the reactive power flowing through a line without
losses connecting two nodes is theoretically given by (in per unit):

2
U1U2cos(5) + U% (1)

Q1—>2 = -
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Differentiating equation (1) with respect to Us gives:

5Ql—>2 _ _ﬂ
U, X

cos(0) + 2% (2)

Then assuming that U; ~ Us,d ~ 0 and considering that U; = 1 pu is stiff

leads to:
oU, N X 1

~ — = 3
6Q1—>2 Ul Scc ( )

This equation gives the sensitivity of voltage to reactive power support de-
pending on the short-circuit power. This influence is rather low for HV/MV
substations with medium to high S... Taking a realistic example, if S.. > 500
MVA then % < 0.002 pu/ MF&E. As a result, a reactive power support to
maintain the corresponding voltage would turn out to be inefficient. How-
ever, considering weak distribution networks (S.. < 500 MVA), typically rural
ones, such a support could be worth considering. Moreover, HV/MV substa-
tion short-circuit powers can be highly impacted by disturbances such as line
outage, for which a reactive support could be helpful.

2.2 A case study: a rural medium scale system

The system presented in fhi§Séction verifies the low Short Circuit Power (Scc)
assumptions. It will be used throughout the paper to illustrate the coordina-
tion methodology. The topology of the grids are presented and the VVC of
distribution grids briefly recalled. The reader is referred to [15] where these
controls are detailed.

2.2.1 Distribution and transmission grids topology

Table 1: Short-Circuit Power Sc. of HV/MYV substations
Substations [ Sce (MVA)

S1 407
S2 368
S3 2695
S4 206

The medium scale system considered in this work consists of several 20 kV
distribution grids connected to a 63 kV grid as shown in Figure 1, which meets
the conditions described in section 2.1. Indeed, the real distribution networks
connected to this grid exhibit long feeders, and except from substation 3 which
is very close to the EHV network (225 kV), their short-circuit powers are
rather low (see Tables 1 and 5, more details in Appendix A). With such a
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Fig. 1: The medium-scale system: several 20 kV distribution networks connected to a 63 kV
grid

high level of underground cables in the distribution networks, high reactive
power may flow upwards the transmission grid, especially at a low level of
consumption. As a result, this transmission grid is prone to over-voltage and
could face difficulties to manage the reactive power exchange at both HV/MV
and EHV/HV interfaces, which justifies a TSO/DSO coordination.

Here, the 20kV grids follow a simplified topology which allows to ease the
analysis of the control strategies [15]. Three types of feeders are connected to
the grid, which are representative of different real configurations (within Figure
1, MV equipment corresponding to the network downstream transformer Ty at
substation Sy is shown). One of them hosts only consumers, and the voltages
are rather prone to under voltage (contrary to the two other types of feeders);
a dedicated feeder embeds a high level of Distributed Generators production,
while a ”"mixed” feeder has both production and consumption. Each HV/MV
transformer is equipped with an OLTC that has 17 tap positions ([—8, +8])
with 1.5% voltage per tap. Parameters of the HV/MV transformer are given
in Table 7 of Appendix A. At last, since this simplified model of a distribution
network cannot reproduce the large amount of reactive power flowing upwards
the transmission system (due to the high level of underground cables and long
rural feeders) a load was connected at the secondary side of each substation to
replicate the lines and cables contributions, and other equipment. Regarding
the reactive power capacity of Distributed Generators, it is assumed that reac-
tive power can be required in the range [—0.35, 4+0.4] P, at maximal active
power injection.
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2.2.2 Distribution grids control

The Distribution Network Control Center (DNCC) is a supervision center
which is able to retrieve measurements (the powers flowing through the HV/MV
substation, the active and reactive power injections of Distributed Generators,
the voltages at the points of connection, and representative node voltages of
the MV grids) and send references to actuators every minute. In France, such
a communication system already exists, and the measurements are retrieved
to the DSO control center in real-time for significant Distributed Generators
(> IMW) or after a PH6HE request for smaller installations. It is assumed
that the DNCC tools encompass a state estimator shown in Figure 2. Thus,
the accuracy of voltages and power is assumed to be 0.5% and 1% respectively
that allows to set up advanced real-time VVC strategies. The Distributed Gen-
erators are not fully controlled by the DSO, they should only follow reactive
power references provided by the DSO.

One of the contributions of the paper is to analyze the behavior of distribu-
tion grids with advanced VVC strategies under an optimal cooperation super-
vised by the transmission grid. Among the different VVC algorithms, Model
Predictive Control (MPC) has shown its remarkable ability to distribute the
control effort among many actuators and to deal with actuator delays, nonlin-
earities and known disturbances [4,12,15]. A first objective of the controller
is to maintain the within a specified range of values
([0.95,1.05] pu herein). Then, the reactive power exchange flowing through
the HV/MV substation should be limited by maintaining the ratio of reactive
power consumed by the MV grid over the active power consumed below a

threshold value: tangy_yv = %HH:—:MMX < tanma,. IENEECH kth sampling

u(k)-ulk+ N — 1) J (k) EivGHmequAtion (1)

(91, The future states of the system
FUESIRSEUERGE e

=2

nnme»MHMMHW_UZ' [Au(k + i) RAu(k 4+ i)T] 4 u(k + i) Su(k 4 i)T.
(4)

Il
o

(2

Vi k<i<k+N-—1,
Vinin V(1) < Vinaa,
tanmin < tanyyv—pv (i) < tanmaes.
Umin < (1) < Umaz, Aumin < Au(i) < Aupmaz.

(5)

The control variables u(k) = [Vorrc refs QDG refs NCB ref)
I&F€l i are the tap position of the OLTC (through the voltage reference of the
HV/MV OLTC), the reactive power reference of Distributed Generators and
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the number of activated steps of Capacitor Banks.
texion J (k)

Duk +3) = ulk +i+ 1) — u(k + 1), eighieANBYRHABS 1.
the matrix I?

than when actions are cheap (e.g. calling for reactive power, which is consid-
ered as costless in this work). The second part of the criterion penalizes the
level of control effort with a weighting matrix 5. This control effort is either

O
>
Q
3
~
CQ ‘

HO 610/ CORGIENIS 0] 5 and A sct. o 1.

Loss minimization could have been easily included in the cost function J(k).
However, it is usually considered at the design stage of the network or indi-
rectly by the VVC scheme enforcing the voltages to remain around a limited
range of values [17]. Moreover, it is difficult to assess the true gain yielded,
because a model of the losses expectation, to be incorporated in the predictive
scheme, depends on the load model which is plagued with high uncertainties

o
(=2

is based on sensitivity matrices, SuE = [V, Quv-mv, Pav,,v] which are eval-

uated once and for all assuming a constant load model while loads have been
modeled differently in the simulations. These matrices are not updated during
the simulations, but, as already assessed in [17], inaccuracies in the model can
be partially handled by the closed-loop nature of .
In addition to this model, a nonlinear model of the OLTC is given [4]. In order
to prevent control failures, a hierarchical relaxation of the constraints has been
designed using slack variables that should be heavily penalized inside the ob-
jective function [4,15]. They enforce the control to prioritize the constraint on
over the reactive power exchange one. The Mixed In-
teger Non Linear Programming solver "BNB” of the Matlab toolbox YALMIP
[18,1], based on branch and bound techniques, has been used to handle both
integer and continuous variables (for a comprehensive description, see [15,4]).
, it is assumed that this VVC scheme set up in accordance with the net-
work design (grid reinforcement and development) will be activated only for
emergency cases, where the priority is given to the respect of the constraints
at minimal DSO control effort cost. To sum up, one of this predictive VVC
controller main interests is to yield an optimal sequence of control effort that
maintains the voltages in a specified range while assigning limitations to the
reactive power exchange at the TSO-DSO interface. These performances will
prove to be useful for situations which will be investigated hereafter, where a
reactive power support from MV grids is required.
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3 Optimal TSO-DSO coordination

This section describes the structure, algorithm and the merits of an optimal
coordination for cost-sharing between the distribution and transmission grids.

3.1 Coordination structure

State

Transmission measurements
Network - - - -

Control Center

Reactive power
support request

Distribution Network Control Center

State Estimator vve other DNCC tools
)
: Actuators references
| .
State I_ _ ] Mg“rld'
measurements

Fig. 2: Schematic of the proposed control

Figure 2 describes a hierarchical control structure where an upper control
layer located in the Transmission Network Control Center generates and co-
ordinates the references of HV levers with MV reactive power flows from the
distribution grids. The lower layer consists of the distribution grid VVC de-
scribed in section 2.2 which both have to maintain their own voltages within
prescribed bounds and track the reactive power references. This part deals

with the upper control layer. IS NAEHCONSAGSSOVEACONMOINPULS within

the HV system, which are the reactive power references (Qgv,.,) of possible
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existing voltage levers connected to the HV system (e.g. shunt reactances, Dis-
tributed Generators, Tap stagger technique using the EHV/HV OLTC) and
the voltage reference of the OLTC of EHV/HV transformers (Vgv,,,). These
levers should be coordinated with the reactive power requests (Qmv v, f)
at the HV/MV system interfaces. The main objective of this coordination is
to correct the Foltagesiatithe VIside.

Currently, such a coordination or such a reactive power support is not found
in the literature. The European regulations (DCC) only forbid reactive power
to flow upwards the HV-MV interface at low active power consumption [10],
but allow to consider new schemes should they improve the grid operations.
Indeed, a good coordination can achieve secondary objectives which are quite
relevant for the TSO. For example, ifli§ possible to require that the distribu-
tion grid absorb more reactive power to decrease the reactive power exchange
at the EHV/HV interface, as FoltagesiatithelEHVISIdE are very sensitive to
reactive power flows) and to take the reactive power limitation of each MV
grid into account.

The coordination strategies require that the TSO is able to send a reactive
power request to the DSO in case of urgent need (in the example, a line out-
age). In turn, the DSO should be able to activate the HV-MV reactive power
constraint in order to try to meet this demand. The communication scheme
between the reactive power management and the VVC of active distribution
networks, performed in a Transmission Network Control Center, is depicted in
Figure 3. As will be shown in section 3.2, the coordination will try to obtain
the cheapest solution by solving an Optimal Power Flow (OPF).

VVC control instants

TSO — DSO TSO — DSO
Quv v, HV5MVyes
I
)
| OPF At=1 min | OPF
I I
I I
I I
| |
DSO — TSO DSO — TSO
QMVreserve QMVreserve

Fig. 3: Association of the Optimal Power Flow strategy with the VVC of distribution grids

Every 10 minutes, the resolution of the OpfilialPeWerFI6W problem yields
the reactive power references to be tracked at the HV/MV interface by the
VVCs. To perform the OpfimaliPower FI6w studies, the TSO uses the latest
available measurements of the FoltagesiattHeHVISIde and the power flows at
the MV busbar of the HV/MV substations. It is also assumed that the DSO
has sent to the TSO a forecast of the reactive power reserve for the next 10
minutes (this interval sticks to industrial conditions, while a smaller sampling
time on the MV side allows to implement hierarchical control). Then, after
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the TSO has called for the optimal reactive power support from the DSO, the
VVCs act every minute in order to enforce a suitable profile of
FHEIVIVISIAE and try to meet an appropriate reactive power at the HV/MV
interface. At the end of the 10 minutes horizon, the DSO sends the new forecast
of the reactive power reserve. Next, if the constraints on the

HVISidé or EHV/HV reactive power are not met, new references of HV/MV
reactive power exchanges are to be set by the TSO.

3.2 Optimal strategies for cost-sharing

When an incident occurs, or when the FoltagesiatithierHVISide arc low, the

TSO can coordinate its own levers with a reactive power support from the MV
grids. This coordination with several distribution systems can be done using
different strategies, and, for example, it is possible to draw a set of rules to
generate the HV and MV control references. However, any method should try
to obtain the cheapest solution and verify the load flow equations. Hence, the
selected coordination algorithm is an OptimalfPewWerFIGw I (OPF) method
which minimizes the cost described in equation (6). This cost consists of a
trade-off between the reactive power support from MV grids and the active
power losses within the HV system (including the HV/MV transformers). The
key parameter o corresponds to a weighting factor between those costs. The
value of a should be tuned on a win-win contractual basis and a thorough
sensitivity study that will be given in section 4. Hence, the [OpfimaliPower
FI&W (OPF) algorithm proposed in this paper is both original and relevant as

it addresses fairly the cost sharing of control of Foltagesratithe  HVISide.

Jopr = (1= 0a)|Quvmv, ;| + @PrLoss. (6)

Another advantage of OPF methods is their ability to handle multiples
objectives and complex constraints or models, which are embedded into the
optimal problem. The main control specifications are to enforce that the FoItf

RECSTAREGIINISIAR rcmain in a prescribed range (7). Since  AMSATNODICE

by the MV grids is assumed to be independent of the OPF solutions (and
the actions of the considered levers) and that these powers remain constant
between two control actions (i.e, after two control references yielded by the
OPF (every 10 minutes) and sent to the MV grids VVC, the Foltagesiatithe
HVISid@ are corrected). The HV/MV OLTCs are included within the model
in order to incorporate the iron and Joule losses within the HV/MV OLTC.

Vv < Vav < Vav,...- (7)

The other constraints are the load flow equations, along with HV actuators
U= [QHVﬁMvrgf,QHVTEf, VHVTEf] physical and rate limitations:

Unin < U < Unaa; AUrpin < AU < AUpnas- (8)
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So far, the optimization problem embeds only specifications for the Kol

. Additional specifications can be

considered, as mentioned in section 3.1. One of them consists of bounding the

reactive power exchange at the EHV/HV systems interface [(OPESwthIHV

. As an alternative, a different additional specification

consists of preventing reactive power export upwards the HV grid [(OPERWith

DCCconstraints), which is in compliance with the standard European code

requirements. According to the needs of the TSO, one out of these problems

can be selected. A comparison between these three problems is given in sec-

tion 4 to only comply with the DCC requirements as a standard basis for

comparison purposes. The three different OPF and their specification sets are
summarized below:

- OpEIPOERIOTTHVICOSHIE > Cv,, : Correct the FOMHES

AEEEHVISIA oy:

~ Optimal Power Flow with HV and EHV constraints — vy 00y,
Correct the Voltagesiatithe VISide and, as an additional objective, bound
the reactive power exchange at EHV/HV systems interface;

- OpAIPOTERIORTDCONOHSHEN — ., o, ,,,: Correct the

voltagesat the s HVISide, and given the loading condition (Prrv_pv >

Pyaz), no export upwards the HV grid is authorized).

3.3 OptimalPewer FIow resolution and discussion

The optimization problem is unusual in that it exhibits a criterion and control
levers that involve both distribution and transmission systems operators. The
optimization algorithm, is however quite classical. The algorithm active-set
of the Matlab routine fmincon is suitable to handle constrained nonlinear
multivariable optimization. A nonlinear model of the HV system is required
to perform the optimization, which consists of:

— EHV/HV stations with OLTC transformers;
— HYV lines and cables;
— HV/MV substations with OLTC transformers;

— Constant power loads that embody the MV grids, connected to the MV
busbar of HV/MV substations;

— Constant power loads with adjustable reactive power that represent the
distribution grid reactive power reserve at the MV busbar of HV/MV sub-
stations.

The HV and MV models were developed on a specific software (RAM-
SES, University of Liege, using the phasor approximation) and the real-time
interface with Matlab, which handles the optimization algorithm and the dis-
tribution grids advanced VVCs, is described in detail in [15].
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Regarding the MV grids constraints, the reactive power limit that can be
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coordination strategy is based on a centralized algorithm which
solves an optimal problem based on explicit cost-sharing between the TSO and
the distribution grid operators. In itself, such a coordination is original, and it
further allows to consider other specifications than HV support (e.g. EHV grid
support). Optimality is a true advantage over distributed approaches, which
do not consider the common good, or algorithms which embed heuristic rules.
Other optimization algorithms, based for example on multi-agents, could of
course be used to solve the optimization problem. However, a complicated
and time-consuming solution is not necessary in the context of problem with
a reasonable number of variables.

4.1 Description of the case study operating point and simulation

Section 4.1 aims to illustrate the relevance of the proposed DSO-TSO coordi-
nation. More specifically, the relevance of using a reactive power support from
MYV grids in case of a line outage is studied. The proposed case study is based
on the grid illustrated in Figure 1. This medium scale system has been entirely
designed with the software RAMSES of the University of Liége [19] while the
VVC controller is designed and called for using Matlab. The control structure
and communication links are detailed in Figure 2. The initial voltages, active
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and reactive power flows at the primary side of the HV/MV substations are
detailed in Table 2 and in Figure 4. From this table, one can observe that the
system is at low loading conditions and with high production level. This sec-
tion aims to illustrate the relevance of the proposed DSO-TSO coordination.
More specifically, the relevance of using a reactive power support from MV
grids in case of a line outage is studied. However, the VoltagesiatithelVIViside
and Voltagesatithel HVISide are within the suitable respective range of values.
Regarding the distribution networks, two OLTCs (7% and Tg) have reached
their saturation point. In case of a disturbance further increasing the FoIfages

would therefore lead to an overshoot in
Bid§ downstream these two specific transformers. Hence, support from Dis-
tributed Generators is necessary to be able to correct the corresponding MV
grids voltage profiles. Moreover the voltage reference of EHV/HV transformer
is equal to 1.00 pu and cannot be further decreased.

EHV (225 kV)
HV (63 kV)
53 I .
P=-6.9 MW P=-1 _i' MW
Q=-8.4 Mvar P=-10.6 MW 11T A
Q=-11.1 Mvar
P=72 MW P=-5.1 MW
Q=8.7 Mvar Q=-3.5 Mvar
P=11 MW
52 = P=5.2 MW Q=11.5 Mvar
Q=5.3 Mvar
P=-2 MW S1
5.2
Q=-5.21 Mvar P=-0.5 MW
P04 MW Q=77 Mvar | D= 16.63 MW
Q=7.5 Mvar Q=-9.35 Mvau
— S4

P=0.4321 MW
Q=-7.50 Mvar

Fig. 4: Load flow conditions after the line outage

The simulated event is an outage of the line Lgo_ g1 which will consequently
lead to an overshoot of the FolfagesiatitHeTHVISIAE at the substations S, So
and S; while the voltage at S3 is barely altered. At the same time, the sensi-

tivity of the NVolfAgESTatiherHVISIdE with respect to the MV reactive power

flows will increase.
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Table 2: Initial voltages, active and reactive consumption at the primary side of HV/MV
substations, and voltages Vyi,q; after the line outage

Substations [ V(pu)  Vynai(pu)  PMW)  Q(Muar)

S1 1.0541 1.0744 -16.63 -9.15
S2 1.0388 1.0174 -2.00 -5.21
S3 0.9951 0.996 -15.23 -1.17
S4 1.0722 1.0941 0.4321 -7.50

4.2 Recommendation for the definition of a relevant cost function for optimal
algorithms

As a fist step, only the upper level of the coordination is studied, e.g. the three
aforementioned Optimal Power Flow at the TSO level, and off-line, in order
to set properly {heir parameters, before considering the whole hierarchical
control. As a consequence, in this subsection, only static results are presented
without considering the MV grids control and limitations.

Figure 5 gives the total amount of reactive power obtained for each sim-

ulation (considering the steady-state regime) depending on the cost function
that has been selected, while Figure 6 compares the active losses level within
the HV system.
From the results of Figure 5, obtained with several values of 0 < o < 1, de-
fined in equation 4 , the needs in MV reactive power reserve shoot up when
tightening the constraints on the reactive power flows within the HV system.
As a reminder, when « = 1, the objective is the minimization of the MV grid
reactive power support. The DCC requirements corresponding to Set 1 (em-
bodied by the black curves) is the most demanding case regarding the reactive
power reserve. For instance, comparing the results obtained with J,—¢), there
is a difference in the total amount of MV reactive power support of 18.7 Mvar
when enforcing no EHV/HV reactive power export, and of 23.9 NF&E when
enforcing the DCC requirements (no reactive power export at HV/MYV inter-
face). The reactive power effort required from MV grid is immoderate when
considering the losses minimization only (J/(4—1)), or when too hard constraints
on the reactive power flows within the HV system are required. When con-
sidering @ = 1 , and without constraints on the HV reactive power flows (set
of constraints Cy,,,, embodied by the violet curves) the need of a MV reactive
power support is quite increased. From Figure 5, considering the set of con-
straints Cy,,,, there is a difference in the total amount of MV reactive power
support of 27.6 M¥al between J(,<.5) and J4—1), and this difference starts
to decrease when «a is above 0.8. Hence, minimizing only the active losses while
disregarding the cost of using the MV reactive power reserve is an irrelevant
strategy.

It should be noted that in any cases, the active losses after the corrective
process are below the initial value of 1.18 MW (See Figure 6). Next, the more
the reactive power is constrained, the less the active losses can be decreased.
Indeed, there are no significant differences in the level of active losses reached
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with several value of a in the objective function J<q<1) and either the set
of constraints Cv,v . Quv_mv OF CVirv . Quuv_mv-

Considering the first set of constraints Cy,, (where the constraints are
only on the VoltageSTatHETHVISIAE), the objectives of minimizing either the
reactive power requested from MV grids and the HV system HEEi¥€ losses
are quite antagonistic. However, the differences are small when the constraints
Cviuv.Quyv_myv are activated. To sum up, in order to define an appropriate
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coordination between TSO and DSO, it is necessary to negotiate a trade-
off for the common good, while a moderate effort should be requested from
the MV grids. From the results, the minimization of active losses only is not
relevant especially if it is considered that the MV grid support is required for
safety and voltage stability purposes.
[PSONEVEN can be somehow considered as a tertiary voltage control, enabling

the TSO operators to restore the level of the FoltagesatthelHViside. [fcanbe
observed from figures 5 and 6 that, in our case study, the range a € [0.5,0.8] is
a good trade-off for the two objectives as the requested reactive power and the
losses remain approximately constant. In the sequel and from this empirical
analysis, we have arbitrarily chosen o = 0.5.

Now that the Optimal Power Flow parameters have been tuned, dynamic
simulations on the medium scale system can be performed to investigate the
performance of the whole hierarchical coordination : Optimal Power Flow

(OPF) + VVC. Next, only OPESHHNHYICORSHIS S0P SwHHY
BHNATEHVIConstraingg will be further investigated.

4.3 Impact of the TSO-DSO coordination on the transmission system

This subsection focuses more specifically on the results obtained at the HV
level. Nevertheless, the VVC of MV grids are active as explained in 4.4. As a

reminder two OPtimalPewWer FIGWS(OPFE) have been considered : OPERWitH
HV-Gonsteaints i OPF with HV and EHV constraias. They arc further

compared with a case without constraint (no @PE e.g. no request from TSO).
In , the desired reactive
power target at the EHV/HV interface has been set to -15 NIV@E as this is
a sensitive constraint than can be reached only by using the reactive power

of Distributed Generators connected in the MV grid. Reégardingthevoltages
at the HV level, they should be maintained within the contractual range of
values [0.92 —1.08] pu.

The three aforementioned control schemes [(OPEStRHVIEHVandHVY]

are further studied and compared in the case of the outage
of the line Ls2-s3. As a reminder, the MV grids are equipped with a NIGd@l
PEGlictiveICoEEa] 'V C.

Figure 7 shows the VoltagesiatithelHVISide obtained for the three cases,
while, for the sake of readability, Figure 8 gives the reactive power exchange
downstream each HV/MV transformer for only the unconstrained [HEIOPE)
case and the OPE with EHV/HV reactive power constraint. The line outage
occurs at t = 10 s. As a result, an overshoot in the Foltagerat thelHVIside
occurs: Sy voltage level reaches 1.0923 pu. The NMOAENPFedictiveé Controllers
are activated at ¢ = 80 s and then act every minute until the constraints are

enforced. Only the voltage of the MV grids downstream S, 83 and S, are
impacted by the disturbance while S3 [§ barely altered. HoWevery it should
be noted that the voltage at Sy decreases after the disturbance but remains
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Fig. 7: Comparison of the evolution of FoltagesiatitherHVIside

The main lessons are the following:

— The unconstrained algorithm is unable to bring back Vg4 and this case can
be considered as a failure and justifies the use of coordinated algorithms.
Nevertheless, distribution networks VVCs naturally tends to correct the

. Indeed, VVCs request reactive power from Dis-

tributed Generators connected to the MV grid to correct the Voltagesiat

FRETNVIVISIdE, and indirectly decrease the FoltagesiatitherHVISide, cven

when OLTCs reach their saturation point.

~ Both OPF with HV constraints and OPF with HV and EHV constraints

reach their objectives (correction of voltage and reactive power). Since &l

OB VSHARBHVSOSHRNE roqucsts a more significant reactive
power support, the correction of the Volfagesiati e VISIde is even faster.
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Fig. 8: Comparison of the evolution of the reactive power flowing through HV/MV trans-

former at HV side, no OPF, dotted lines, OPF +EHV-HV solid lines.

— There are cross-sensitivities between the
the reactive power of HV/MYV substations . It can be noticed that calling
reactive power from S; induces a modification of the voltages of low S..

substations.

and

Table 3 compares the results obtained with the uncoordinated and the Op-
timal Power Flow-based reactive power management. Keeping in mind that
the uncoordinated strategy fails to recover all voltages, the OpfilialiPower
FI&W strategy allows to save 0.039 NIW@E while triggering no additional tap
changes, and distributes correctly the reactive powers. When an EHV con-
straint is activated, an overprice should be paid as, actually, more reactive
power should be requested. However, it shows that, when necessary, the TSO
may send a request that will grant a help from the DSO for EHV stability at
a reasonable cost, which an uncoordinated algorithm is unable to perform.

Table 3: Comparison of the reactive power requested from Distributed Generators and
HV/MV OLTCs with the rule-based and the Optimal Power Flow reactive power man-

agement
Qri (Mvar)
Association Qr1 QT2 Qr7 Qrotar | Tap changes
Uncoordinated strategy | 0.177 0.837 1.73 2.744 5
OPF - HV 0 0.8016  1.9035 2.705 5
OPF HV-EHV 3.448 1.7399 1.7499  6.9378 7
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4.4 Tmpact of the TSO-DSO coordination on the distribution system

It has been shown in section 4.3 that the combination of the OptimaliPower
FI&W strategy and the predictive VVCs was suitable to maintain appropriate
profiles of the VoltagesatitREHVISIAE, and section 4.4 wants to illustrate that
the results also meet the specifications from the MV side. It is chosen to show
only one representative result at the MV side of coordination between the
HV and MV grids, namely when the reactive power constraint is enforced at

the EHV-HV interface. The ModelPTedictivelConrolles is able, for every MV
grid, to steer the VoltagesafithieMIVISide inside the specified range and to track
Distribution system behavior is presented

a HV-MV reactive power reference.

HRIGHEEOWHETE Vi, v, max(V), min(V), Vine, BECEESPEctively theSubstas
tion voltage, the maximum and minimum observed voltages at the MV side and
BEEONN05H. As can be seen

in this Figure 9, the convergence is exponential, and the predictive controller
can handle multiple inputs. Such an advanced controller is useful, because it is
able to bring out a fast response to the optimal references generated by the HV
grid supervisor, which might not be the case for simplistic control algorithms.
Hence, in a general way, the behavior at the MV side has always been shown to
be successful. The NodeNPTedictivelController activation, which is changing
every minute, can be seen in Figures 7, 8, 9; for a more detailed description,
see [15].

The only limitations come from unwanted tap operations at the MV side
may occur, as can be seen from the results downstream the transformer T5
which are shown in [Figlifg 9. A tap change up is immediately followed by a
tap change down around ¢ = 140 s, because the predictive VVC is unable to

anticipate the true evolution of the FVolfagelatithieMHVISIAE of the substation
S1 (and thus of the profile of the FoltageratitheINMIVISide). Indeed, the evo-

lution of Vg is partly tied with the evolution of the HV/MV reactive power
exchanges within the HV system. Since the short-circuit power of 57 is rather
low, and non negligible reactive power support are requested from the other
networks, more specifically downstream T3, T, and Tg, unsuitable tap changes
are triggered. A very simple way to correct these inappropriate actions would
be to use a predictive OPHMaIPEWErFIoNW at the HV side. However, it would
require extra communication, and, more precisely, data exchange between dis-
tribution and transmission grid controllers.
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Fig. 9: Focus on the results of the MV grid downstream T to illustrate the issue of inap-
propriate tap operations

5 Conclusion

In this paper, an optimal reactive power support to High Voltage network from
Medium Voltage networks, activated by the Transmission System Operator in
case of emergency, was made possible by combining HV levers with a constraint
on the HV/MV reactive power exchange. For weak and non-stiff distribution
networks, namely rural networks that exhibit low short-circuit powers S, the
reactive support is non negligible to mitigate the rises of the

HWVISIdE. As a result, by adjusting the reactive power injection of Distributed
Generators to correct the VoltagesiafithieVMIVISide, distribution systems VVC
schemes naturally and indirectly tend to help correcting the Foltagestatithe
HV side.

The optimal strategy consists of balancing the MV reactive power support
and the active power losses within the HV system, which should be done on
a contractual win-win basis. It was shown that a coordinated strategy was
mandatory. Indeed, the OpfiallPoWerFIow steers the yoltagesiatither VvV
§idg into their specified range, [WHeFeas an uncoordinated was not able to
do, at the lowest cost. The optimal strategy generally consists of requesting a
moderate effort from the MV grids, under the conditions that the active power
losses are not too degraded. The algorithm is also able to handle such issues
as the lack of reactive power reserve or allowing to reach secondary objectives.
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e T il e SeTSIVE 0 EACHVE DOWGEHONS. [n o way, the MV grids

are providing an ancillary service to the TSO by contributing to maintain the
voltage and the reactive in a suitable range of values.

The distribution grids, when controlled by an advanced (here model pre-
dictive) algorithm, are able to maintain their own voltages within the specified
range while delivering the adequate level of reactive power to the transmission
grid. During the corrective process, the reactive power of Distributed Genera-
tors, the voltage reference of HV/MV On Load Tap Changer and the switching
statutes of Capacitor Banks are adjusted by the distribution grid VVC. Still,
some cross-sensitivities due to the lack of anticipation of the optimal algorithm
may generate inappropriate tap changes.

Mainly, this work opens the doors for more coordination and negotiation
between TSO and DSO, for their common good and for the customer’s profit.

A HV and MV networks parameters

Table 4: HV Lines parameters
Line [R () X () WC/2uS) Snom(MVA)

Liuv_s2 | 5904  14.487 22.462 189
Lsa_s1 | 5.168  8.925 30.00 189
Lss_s1 | 4.452  10.39 37.542 189
Lsi—my | 6216  13.796 49.48 189

Table 5: Details of lines and cables distribution in MV grids

Substations Average feeder Overhead lines Underground cables
length (km) total length (km) total length (km)
S1 20.54 314.82 284.85
52 21.61 397.31 180.50
S3 24.42 457.05 223.26
S4 31.18 331.60 240.76
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Table 6: HV Transformers’ parameters
Transformers [ Vi, ... (kV) Vo ... (kV) R (%) X (%) Snom (MV A)
To, Tho [ 225 63 0.232966  11.99774 70

Table 7: MV Transformers’ parameters

Transformers [ Vi, .. (kV) Vo ... (kV) R (%) X (%) Snom (MV A)
T1, Ts 63 21 0.06125049  18.742400775 36
Ts, Ts, Ts 63 21 0.0826875  13.229746425 20
Ty 63 21 0.0937125 13.22966925 20
Ty 63 21 0.052062255  13.229900775 36
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