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Typical optimal controls of power systems, such as scheduling of generators, voltage
control, losses reduction, have been so far commonly investigated in the domain of
high-voltage transmission networks. However, during the past years, the increased
connection of distributed energy resources (DERs) in power distribution systems
results in frequent violations of operational constraints in these networks and has
raised the importance of developing optimal control strategies specifically applied to
these systems (e.g., References 1-6). In particular, two of the most important control
functionalities that have not yet been deployed in active distribution networks (ADNs)!
are voltage control and lines congestion management [8]. Usually, this category of
problems has been treated in the literature by means of linear approaches applied to the
dependency between voltages and power flows as a function of the power injections,
e.g., References 4, 6,9, 10.

On the one hand, recent progress in information and communication technologies,
the introduction of new advanced metering devices (see Chapter 3) such as phasor
measurement units and the development of real-time state estimation algorithms (see
Chapter 6) present new opportunities and will, eventually, enable the deployment of
processes for optimal voltage control and lines congestion management in distribution
networks.

On the other hand, ADNSs exhibit specific peculiarities that render the design of
such controls compelling. In particular, it is worth noting that the solution of optimal
problems becomes of interest only if it meets the stringent time constraints required
by real-time controls and imposed by the stochasticity of DERs, in particular pho-
tovoltaic units (PVs), largely present in these networks. Moreover, control schemes
are meaningful for implementation in real-time controllers only when convergence to

'As defined in Reference 7, the term ADNs has emerged to define power distribution grids that have
systems in place to control a combination of DERs, defined as generators, loads and storage. Distribution
network operators (DNOs) have the possibility of managing the electricity flows using a flexible network
topology. DERs take some degree of responsibility for system support, which will depend on a suitable
regulatory environment and connection agreement.
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an optimal solution is guaranteed. Finally, control processes for ADNs need to take
into account the inherent multi-phase and unbalanced nature of these networks, as
well as the non-negligible R/X ratio of longitudinal parameters of the medium and
low-voltage lines, e.g., References 11, 12, together with the influence of transverse
capacitances.? Taking into consideration the aforementioned requirements, the dis-
tribution management systems (DMSs) need to be updated accordingly in order to
incorporate optimization processes for the scheduling of the DERs [13].

This chapter starts with a general description of a centralized DMS architecture
that includes voltage control and lines congestion management functionalities. Then,
the formulation of the corresponding optimal control problems is described, based on
a linearized approach linking control variables, e.g., power injections, transformers
tap positions, and controlled quantities, e.g., voltages, current flows, by means of
sensitivity coefficients. Computation processes for these sensitivity coefficients are
presented in Sections 8.2 and 8.3. Finally, in Section 8.4, we provide case studies of
optimal voltage control and lines congestion management targeting IEEE distribution
reference networks suitably modified to integrate distributed generation.

8.1 Typical architecture of ADN grid controllers

8.1.1 Control architecture

Throughout this chapter, we consider an ADN equipped with a number of distributed
controllable energy resources, a monitoring infrastructure that provides the DNO
with field measurements and a centralized DMS adapted from Reference 13. The
architecture of the considered DMS is shown in Figure 8.1.

Its main modules are the following:

e State estimation: The first step towards the development of optimal control
schemes for ADNs is the knowledge of the system state. To this end, the state
estimation (SE) module involves algorithms that process field measurements and
provide the DNO with the state of the grid, i.e., the voltage phasors at the network
buses. It is worth noting that control functionalities in distribution systems can be
characterized by dynamics in the order of few seconds, since they might be asso-
ciated to the dynamics of renewable energy resources (RERs), e.g., Reference 14.
In this respect, we consider the presence of a real-time state estimator (RTSE)
capable of assessing the ADNs’ state within few tens/hundreds of milliseconds
with relatively high levels of accuracy and refresh rate (e.g., Reference 15). Pro-
vided that the network admittance matrix is known, once the voltage phasors are
obtained, the computation of the nodal power injections, as well as the flows of
each line, is straightforward.

2Note that line shunt parameters are non-negligible in case of networks characterized by the presence of
coaxial cables. These types of components are typical, for instance, in the context of urban distribution
networks.
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Figure 8.1 Distribution management system adopted for the proposed centralized
controller

e Short-term forecasts:’ This DMS module incorporates algorithms that are able
to provide ultra-short-term forecasts for both the loads’ consumption and the
RERSs’ production, e.g., Reference 14. ADNSs are characterized by increased pen-
etration of highly volatile RERs. Therefore, the possibility to forecast as accurately
as possible their power production can play a fundamental role, especially in cases
where the RERs are requested to contribute to grid ancillary services. In the same
direction, load forecasting is crucial especially in cases when demand-response
actions are included in the control functionalities. This module is also useful in
cases where multi-horizon optimization is used for the grid control, e.g., model
predictive control [16], or uncertainty in loads and RERs’ production is included
in the control via, for instance, a robust optimization framework [17].

¢ Intra-day scheduler and DERs control: The intra-day scheduler module essen-
tially comprises the real-time controller that acts in short-time intervals — in the
order of few seconds to several minutes according to the control application. It
uses the system state and the available short-term forecasts as inputs and for-
mulates an optimization problem in order to obtain the optimal required power
adjustments and the optimal variations in the under-load tap changers (ULTCs)
positions which lead to the desired operation set point. Depending on the control
application that the DNO wishes to implement, the objective function is modified
accordingly. Typical examples of controls include resistive losses minimization,
voltage deviations minimization, lines congestion management or energy supply
cost minimization. Once the optimal set points are computed the DERs control
module is responsible to communicate them to the controllable DERs.

3This functionality is of importance for energy management purposes. It is here mentioned for the sake of
completeness but it is not used in the rest of the chapter.
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In our case, the DNO is interested in minimizing the voltage deviations from the
network-rated value and in maintaining the line current flows below their ampacity
limits. In the following section, we focus on the actions that the online centralized
controller performs to achieve these objectives.

8.1.2 Controller’s actions

In what follows, the modules of state estimation, online centralized optimization and
DERs control (see Figure 8.1) are adopted to formulate the control problem.

A network is considered composed of N, buses, N, lines and Npgp control-
lable resources. The rated value of the network voltage is denoted by V,,. The DNO
wishes to compute the optimal DERs’ active and reactive power variations (AP;, AQ;,
i =1,...,Npgr), and the optimal ULTC positions An of the transformer interfacing
the targeted ADN with the upper power grid layer* to achieve primary voltage control
and lines congestion management.

To guarantee convergence to an optimal solution and enable fast implementation
of the control scheme in real-time controllers, we use a linearized approach to formu-
late the optimal control problem. The first step towards this direction is to linearize
the dependencies of the voltage and line currents with respect to the nodal power
injections and ULTC positions. With this aim, at each time step ¢, the DNO uses the
network state computed by the SE module, i.e., the phase-to-ground voltage phasors
V; at each bus i (e.g., References 18, 19) and, as a consequence, the branch current
Z-j flowing from bus i to bus j.> To introduce the problem, we here make reference
to direct sequence quantities. The extension to unbalanced three-phase systems is
proposed in Section 8.3. Also, we assume that the system model, namely, the network
admittance matrix, [ ¥] is known. Using this information, the DNO can compute, sub-
sequently, the values of the voltage and current sensitivity coefficients with respect
to absorbed/injected power of a bus / where a controllable resource is connected, as
well as with respect to the transformer’s ULTC positions:

ol o

Pi,l T BP] > Qi,/ T 8Ql
_ al; - al,
Hpyy = gps Hoy =55
1 Ql
v - 31,

Kn = ) an

: av, av,

“Note that we assume that transformer’s ULTC is located in correspondence with the slack buses of the
network because for distribution networks these represent the connections to external transmission or
sub-transmission networks.

5In the rest of the chapter, complex numbers are denoted with a bar above (e.g., 7) and complex conjugates
with a bar below (e.g., V).
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These sensitivities can be computed online by solving a linear system of equations
(e.g., Reference 12). The details related to the computation of the sensitivities will be
discussed in the following section.

Therefore, the following linear relations between variation in bus voltages, line
currents and variations of active/reactive power AP;, AQ; and ULTC An can be
derived:

AlV|; ~ Kp, AP + Ko, AQ + K, An = (Kp g, A(P,Q,n));
Al; ~ Hp, AP + Hg,AQ + H,An £ (Hp g , A(P,Q,n));

where
Kp, = [Kp,,.....Kp,y, |
Ko, = [Ko, s Koy, ]
K, = [K,.....K,, |
HPij = [_PU‘I""’I:[PUWDER]
Hij = [_Qi/',l""’I:IQi/vNDER]
H, = [Hy,....Hy,]

Using the sensitivity coefficients Kp g , and pr,Q,,,, the DNO can compute the
optimal required power adjustments in the buses and the optimal ULTC positions
{A(P,Q,n)*} which lead to the desired operation set point for optimal grid control.
Depending on the grid’s needs, the DNO can consider different objective functions.
In this chapter, we assume that, at a given time step ¢, the DNO wishes to minimize
the deviations of the voltage magnitudes in the network buses from the network-rated
value, V,, while keeping the line current flows below the ampacity limits, via the
following constrained optimization problem (e.g., Reference 20):

: . L 2 _ .27t
i D7+ (g AP Q) = Vo] = ] 8.1)

subject to:  |I; + (Hp,0.n AP, Qs1))ij| < Lyar ij = 1,..., Ny, i #j  (8.2)
(P, O)eH;, j=1,...,Nper (8.3)

Npin =N = Nypgy (84)

where we have used the notation [a]* £ max(a, 0). The constant y in (8.1) repre-
sents the voltage threshold which defines the ranges outside of which the controller
optimizes the voltage magnitudes. This avoids the minimization of the voltage devia-
tions when they are within acceptable limits imposed by the DNO. Constraints (8.2)
are the ampacity limits imposed on the line current flows. Constraints (8.3) rep-
resent the capability curves of the controllable resources. The last constraint (8.4)
represents the minimum and maximum ULTC positions allowed.
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Note that the formulation of the optimization problem in (8.1)—(8.4) is suffi-
ciently generic. Indeed, according to the DNO’s desire, the control problem can be
modified to account for additional operational objectives. Also, in case the ULTCs
are included in the control the problem becomes a mixed integer one, otherwise
the corresponding sensitivity coefficients can be set to zero and control is achieved
only through the scheduling of the DERs. In all cases, the key element for the
formulation and solution of the linearized control problem is the computation of
the sensitivity coefficients. With this aim, in the following sections, we recall the
traditional way to compute sensitivity coefficients and we propose a method for
the analytic derivation of these sensitivities, that is suitable for real-time network
controllers.

8.2 Classic computation of sensitivity coefficients
in power networks

Traditionally, there are two possible ways to calculate the sensitivity coefficients of
our interest. The first method consists of estimating them by a series of load-flow
calculations each performed for a small variation of a single control variable, i.c.,
nodal power injections, P;, O; [6]:°

Vil AV Myl Ally|
aP; AP |APijz=0 JaP; AP; |APijz=0
AQ;i£1=0 AQ;i21=0
8.9
Vil AV Myl Ally|
0 A AP;j2=0 d A AP;j2=0
Ql Ql AQ;i£1=0 Ql Ql AQ;i21=0

where 7; is the direct sequence phase-to-ground voltage of bus i and fij is the direct
sequence current flow between buses i and j (i,j € {1,...,N,}).

It is worth observing that such a method is computationally expensive as it entails
several consecutive load-flow computations even for a small number of control-
lable power injections. Therefore, it cannot be adopted, in principle, for real-time
implementation.

The second method uses the Newton—Raphson (NR) formulation of the load-flow
calculation to directly infer the voltage sensitivity coefficients as sub-matrices of the
inverted Jacobian matrix (e.g., References 21-25). Assuming that all the network
buses are constant PQ-injection buses, no voltage-controlled bus is present in the

®Note that, in what follows, we refer to the sensitivities of the current-flow magnitude with respect to active
and reactive power injections as these quantities are real and they will be used for validation purposes and
not to the complex quantities used in (8.1).
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network and there is one slack bus in the system, the Jacobian matrix of the NR has
the following form:

P P
Joy  J, MZE

g= |t e OV (8.6)
Jov  Jos 0@  9Q
a|V| 98

where P, Q are the vectors of active and reactive nodal power injections/absorptions,
and | V|, § are the magnitude and phase angle of the phase-to-ground voltage phasors.
The elements of J, i.e., the variation of the nodal active and reactive power injections
as a function of the voltage magnitude and phase variations, are computed starting
from the well-known non-linear power-flow equations. The detailed representation of
these derivatives is given in (6.58)—(6.65) in Chapter 6.

The aforementioned Jacobian matrix, J, is used in each iteration of the NR
algorithm in order to linearly express the variations of active and reactive power as a
function of the variations of the voltage magnitude and angles, in the following way:

AP| |Jpr Jps AlV|
[AQ} B [JQV JQ«S] * [ AS &7
In our case, we are interested in the opposite link, namely expressing the variations of

the voltage magnitude as a function of the active and reactive variations in the buses.
This can be obtained in a straightforward manner, by inverting the Jacobian matrix:

-G ] <[
Ad JQV JQ(; AQ

At this point it is important to note that J is the Jacobian matrix of the whole
network and that it also contains the elements corresponding to voltage angles. How-
ever, the optimal control problem as formulated in (8.1) requires only the sensitivities
that correspond to specific controllable nodal injections and not the elements related
to voltage angles. Therefore, the desired sensitivities correspond to sub-matrices of
the inverted Jacobian matrix that need to be properly extracted.

Itis worth observing that such a method does not allow to compute the sensitivities
against the transformer’s ULTC positions. Additionally, as known, the sub-matrix
% is usually adopted to express voltage variations as a function of reactive power
injections when the ratio of longitudinal line resistance versus reactance is negligible.
It is worth noting that such an assumption is no longer applicable to distribution
systems that require, in addition, to take into account active power injections (e.g.,
Reference 26). Finally, such a method can be computationally expensive for very
large networks. In these cases, this method requires the inversion of a large Jacobian
matrix simply to extract a few columns corresponding to the controllable resources’
power injections.
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To overcome the aforementioned limitations, an efficient method for the
computation of the desired sensitivities is given in the following section based on
Reference 12.

8.3 Efficient computation of sensitivity coefficients of bus
voltages and line currents in unbalanced radial electrical
distribution networks

8.3.1 Voltage sensitivity coefficients

The analysis starts with the exact computation of the voltage sensitivity coefficients
as a function of the network admittance matrix and its state. To this end, we derive
mathematical expressions that link bus voltages to bus active and reactive power injec-
tions. For this purpose, a Ny-bus three-phase generic electrical network is considered.
The following analysis treats each phase of the network separately and, thus, it can be
applied to unbalanced networks (i.e., even for networks that cannot be decomposed
with sequence components).

As known, the equations that link the voltage of each phase of the buses to the
corresponding injected current are in total M = 3N, and they are given by:

Uase] = [¥]- Vare] (8.9)

where [Isc] = (177, .., Iy"1" and [Vis] = [V, ..., V317, We denote by a,
b, ¢ the three network phases. The [¥] matrix is the so-called compound admit-
tance matrix (e.g., Reference 27) and is formed as described in Section 6.1.1.1 of
Chapter 6.

In order to simplify the notation, in what follows we will assume the following
correspondences: [iabc] = []1, - ,ZM]T, [l_/abc] = [171, e, I_/M]T. For the rest of the
analysis, we will consider the network as composed of S slack buses (the set of slack
buses is S) and N buses (the set of non-slack buses is A') with PQ injections (i.e.,
{1,2,...,M} = SUN, withS N N = ). The PQ injections are considered constant
and independent of the voltage.

The link between power injections and bus voltages reads

i YV, ieN (8.10)

The derived system of equations (8.10) holds for all the phases of each bus of the
network. Since the objective is to calculate the partial derivatives of the voltage
magnitude over the active and reactive power injected in the other buses, we have to
consider separately the slack bus of the system. As known, the assumptions for the
slack bus equations are to keep its voltage constant and equal to the network-rated
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value, by also fixing its phase equal to zero. Hence, for the three phases of the slack
bus, it holds that:
%zo, VieS$S (8.11)
P,
At this point, by using (8.10) as a starting point, one can derive closed-form mathemat-
ical expressions to define and quantify voltage sensitivity coefficients with respect
to active and reactive power variations in correspondence with the N, buses of the
network. To derive voltage sensitivity coefficients, the partial derivatives of the volt-
ages with respect to the active and reactive power P; and Q; of a bus / € A/ have to be
computed. The partial derivatives with respect to active power satisfy the following
system of equations:

v, - - 1
Li=ny = =5 YiVi+ Vi) Yigp (8.12)
! JjeSUN JjeN !
where it has been taken into account that:
98, (P —jOi}
— =Ly (8.13)

P, aP;

The system of equations (8.12) is not linear over complex numbers, but it is linear with
respect to BZ ,?,Z’ ; therefore, it is linear over real numbers with respect to rectangular
coordinates. As we show next, it has a unique solution for radial networks and can
therefore be used to compute the partial derivatives in rectangular coordinates to
reduce the computational effort.

A similar system of equations holds for the sensitivity coefficients with respect
to the injected reactive power Q,. With the same reasoning, by taking into account
that:

95, _ P —jOi} _

50 - 90, =y (8.14)
we obtain that:
av; - - .z
gy = 30 YV 4V, ijﬁ (8.15)
l/eSuN JjeN !

By observing the above linear systems of equations (8.12) and (8.15), we can see that
the matrix that needs to be inverted in order to solve the system is fixed independently
of the power of the /th bus with respect to which we want to compute the partial
derivatives The only element that changes is the left-hand side of the equations.

Once 2 a ,é 7, are obtained, the partial derivatives of the voltage magnitude can
be expressed as:
NV 1 av;
Al _ Re(I_/l-—) (8.16)
9P, A P,

and similar equations hold for derivatives with respect to reactive power injections.
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Theorem 8.1. The system of equations (8.12), where | is fixed and the unknowns
ov; - . . . .

are 55, 1 € N, hcfs a unique solution for every radial electrical network and for any

operating point (V,8) where the load-flow Jacobian is invertible. The same holds for

the system of equations (8.15), where the unknowns are g—g’l ieN.

Proof. Since the system is linear with respect to rectangular coordinates and there
are as many unknowns as equations, the theorem is equivalent to showing that the
corresponding homogeneous system of equations has only the trivial solution. The
homogeneous system can be written as:

0=24; Y Wi+ V, ) VA, VieN (8.17)
jeSUN JjeN

where A; are the unknown complex numbers, defined for i € /. We want to show
that A; = 0 for all i € V. Let us consider two electrical networks with the same
topology, i.e., same [¥,;.] matrix, where the voltages are given. In the first network,
the voltages are

Vi =1, VieS (8.18)
Vi=V,+eA, VieN '
and in the second network they are
VI =, VieS
(8.19)

7= 7 — ek, VieN

where € is a positive real number.
Let S be the conjugate of the absorbed/injected power at the ith bus in the first

network, and S in the second. Apply (8.10) to bus i € A in the first network:

Si=V, ¥ %

jESUN

jeS jeN
= I-/t Z ?Uf/j+€241 Z yvl'j_j-’_eéi ?IJI7]+I{1 Z _UEA]
jeSUN jeN jeSUN jeN

JjeSUN JjeN ) jeSUN jeN
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Subtract the last two equations and obtain

S, -8/ =2e<4i Y Li+r 2y, )
jeSUN JjeN
By (8.17), it follows that S} = §; for all i € N. Thus, the two networks have the
same active and reactive powers at all non-slack buses and the same voltages at all
slack buses. As the load-flow Jacobian matrix is invertible according to Theorem 8.1
hypothesis, we can apply the inverse function theorem. As a consequence, the non-
linear system of the power flow equations is locally invertible in a neighbourhood
around the current operating point (¥,5). Now, we take € arbitrarily small, such
that 7} and ¥/ belong to this neighbourhood where there is a one-to-one mapping
between the powers and voltages. As the powers that correspond to ¥} and V' are
exactly the same, then it follows that the voltage profile of these networks must be
exactly the same, i.e., V; —e€A; = V; + €A, for all i € N and thus A; = 0 for all
ieN. O

8.3.2 Current sensitivity coefficients

From the previous analysis, the sensitivity coefficients linking the power injections
to the voltage variations are known. Thus, it is straightforward to express the branch
current sensitivities with respect to the same power injections. Assuming to represent
the lines that compose the network by means of w-model equivalents, the current
flow I;; between buses i and j can be expressed as a function of the phase-to-ground
voltages of the relevant i, buses as follows:

Iy = V(W= V) + 1, T, (8.20)
S A AR .21

where Y is the generic element of [¥] matrix between bus i and bus j and ¥;, is the
shunt element on the receiving end of line i — ;.

Since the voltages can be expressed as a function of the power injections into
the network buses, the partial derivatives of the current with respect to the active and
reactive power injections in the network can be expressed as:

L, [V, v\ - [V a, - (Vi BV _ [V
— =Yl |+l ) ==Yl 5 )+ Yl
P, apP, P P, 30, 30, 00, 30,

(8.22)
al; v, v\ . [V o (VA
=Yt o) o=l oo )t
P, P, AP P A0 30, 30,

(5
on an
90

(8.23)
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Applying the same reasoning as earlier, the branch current sensitivity coefficients
with respect to an active power P; can be computed using the following expressions:

| 1 ol
il _ _—Re<ll-j—’> (8.24)

Similar expressions can be derived for the current coefficients with respect to the
reactive power in the buses as:

9| 1 al;
51 _ _—Re<[l.j—]> (8.25)
an |14'/| aQl

8.3.3 Sensitivity coefficients with respect to transformer’s ULTC

This subsection is devoted to the derivation of analytic expressions for the voltage
sensitivity coefficients’” with respect to tap positions of a transformer. We assume
that transformers’ tap changers are located in correspondence with the slack buses of
the network as for distribution networks these represent the connections to external
transmission or sub-transmission networks. As a consequence, the voltage sensitivities
as a function of the tap positions are equivalent to the voltage sensitivities as a function
of the slack reference voltage.® We assume that the transformers’ voltage variations
due to tap position changes are small enough so that the partial derivatives considered
in the following analysis are meaningful. Furthermore, we assume that the power
injections at the network buses are constant and independent of the voltage.

With the same reasoning as in Section 8.3.1, the analysis starts in (8.10). We write
V, = |V,|e’® for all buses £. For a bus i € NV, the partial derivatives with respect to
the voltage magnitude || of a slack bus k € S are considered:

VX =Wy Y T+ VY T (8.26)
JjeSUN jeN
where
- av; 1 3|V; 38\ -
VVl‘k:Z = Z(T |-|+J = )I/Z, lEN
Vil Vil oIVl = 9|Vl
We have taken into account that:
9 _ .
_ YV = Yyel* 8.27
317l 2Tt = 827

jesS

"Note that as shown earlier once the voltage sensitivities are obtained, the ones of currents can be computed
directly.

81t is worth noting that even if the ULTCs have phase-shifting capabilities, we do not compute the corre-
sponding sensitivities. The reason is that we consider that ULTCs are located in correspondence with the
slack bus of the network. Therefore, any shift in the slack bus voltage phase directly implies that all the
voltage angles of the network buses rotate by the same quantity.
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and
as;
Vil

(8.28)

The derived system of equations (8.26) is linear with respect to ¥, and Wy, and has
the same associated matrix as the system in (8.12). Since the resulting homogeneous
system of equations is identical to the one in (8.17), by Theorem 8.1, it has a unique
solution.

After resolution of (8.26), we find that the sensitivity coefficients with respect
to the tap position of the transformer at bus & are given by

vl - 4
vl _ |I/i|Re<7k> (8.29)

8.4 Application examples

8.4.1 Distribution network case studies

Two IEEE distribution test feeders have been used for the validation of the proposed
method and for its application to the problem of voltage control and lines congestion
management. The first adopted feeder is the IEEE 34-bus distribution test feeder. Its
topology is shown in Figure 8.2 and it is based on the original feeder in Reference
28. It is a three-phase feeder and consists of 34 buses where bus 1 is the slack bus.
The assumed line-to-line Root Mean Square (RMS)-rated voltage is equal to 24.9 kV
and the network base power is 2.5 MVA. The used line configuration is the #300 of
Reference 28 for each line of the feeder. The values of the resistance, reactance and
susceptance, as well as the line lengths are given in Appendix B.

Table 8.1 shows the active and reactive power consumption of the loads in the
three phases of each network bus.

29
28
27

. 26

25 30
34

Figure 8.2 Adopted IEEE 34-bus distribution test feeder



288 Advances in power system modelling, control and stability analysis

Table 8.1 Load and generation data for the IEEE 34-bus distribution test feeder

Bus P, (kW)  Q, (kvar)  Pg (kW) Qg (kvar)  P.(kW) Q. (kvar)

1 0 0 0 0 0 0

2 0 0 -15 -75 —-125 -7

3 0 0 0 0 0 0

4 0 0 0 0 0 0

5 0 0 -8 —4 0 0

6 0 0 0 0 0 0

7 0 0 0 0 0 0

8 0 0 0 0 0 0

9 0 0 0 0 0 0
10 0 0 0 0 0 0
11 —17 —8.5 0 0 0 0
12 —67.5 -35 0 0 0 0
13 0 0 25 -1 0 0
14 0 0 -20 —10 0 0
15 0 0 0 0 -2 -1
16 -85 —4 -5 -2.5 —-125 -5
17 0 0 0 0 0 0
18 25 0 25 0 25 0
19 0 0 0 0 0 0
20 0 0 0 0 0 0
21 0 0 0 0 0 0
22 -75 375 -75 375 -75 375
23 25 0 25 0 25 0
24 25 0 25 0 25 0
25 2 -1 -75 —4 —6.5 -35
26 0 0 0 0 0 0
27 —72 —55 —67.5 -525 —67.5 -525
28 0 0 125 -6 -10 -5.5
29 -10 -8 —21.5 135 -10 -8
30 —18 12 -20 —13 —65 -355
31 -15 -75 -5 -3 21 ~11
32 0 0 0 0 0 0
33 25 0 25 0 25 0
34 ~13.5 -8 —15.5 -9 —4.5 -3.5

The same table gives the values of the active power injected by the DERs, installed
in buses 18, 23, 24 and 33. The DERs do not inject any reactive power in the nom-
inal case. We use the convention that negative values represent power consumption,
whereas positive values power injection.

The second adopted feeder is the IEEE 13-bus distribution test feeder, shown in
Figure 8.3. It is based as well on Reference 28. It is a three-phase feeder composed
of 13 buses where bus 1 represents the connection to the sub-transmission network.
The assumed network line-to-line RMS voltage is equal to 15 kV, the base power
is 10 MVA and the lines are unbalanced. The used line configuration is the #602
of Reference 28 for each line of the feeder. The values of the resistance, reactance
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Figure 8.3 Adopted IEEE 13-bus distribution test feeder

Table 8.2 Load and generation data for the IEEE 13-bus distribution test feeder

Bus Py (kW)  Q, (kvar)  Pg (kW) Qg (kvar)  P.(kW) Q. (kvar)

1 0 0 0 0 0 0
2 -17 —10 —66 —38 —117 —68
3 0 0 0 0 0 0
4 —160 —110 —120 -90 —120 -90
5 0 0 —-170 —125 0 0
6 0 0 —230 —132 0 0
7 —385 —220 —385 —220 —385 —220
8 0 0 0 0 —170 —151
9 —485 —190 —68 —60 -290 -212
10 0 0 0 0 0 0
11 0 0 0 0 -170 —80
12 0 0 0 0 0 0
13 —128 —86 0 0 0 0

and susceptance and the line lengths are given in Appendix B. The loads are also
characterized by unbalanced power absorptions as can be observed in Table 8.2.

In the following sections, first the proposed method for the computation of the
sensitivity coefficients is validated and then several application examples of voltage
control and lines congestion management are shown.

8.4.2 Numerical validation

The numerical validation of the proposed method for the computation of voltage and
current sensitivities is performed using the IEEE 13-bus test feeder and by using two
different approaches. In particular, as the inverse of the load-flow Jacobian matrix
provides the voltage sensitivities, the comparison reported below makes reference to
such a method for the voltage sensitivities only. On the contrary, as the inverse of
the load-flow Jacobian matrix does not provide current sensitivity coefficients, their
accuracy is evaluated by using a numerical approach where the load-flow problem is
solved by applying small injection perturbations into a given network (see Section 8.2).
A similar approach is deployed to validate the sensitivities with respect to ULTC
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Figure 8.4 Voltage sensitivities of bus 8 as a function of active power injections at
bus 9. (a) Voltage sensitivity of phase b of bus 8 with respect to active
power injection at phase b of bus 9. (b) Voltage sensitivity of phase a of
bus 8 with respect to active power injection at phase b of bus 9

positions of the transformers, i.e., small perturbations of the voltage magnitude of
one phase of the slack bus and solution of the load-flow problem.

For brevity, we limit the validation of the proposed method to a reduced number
of buses. In particular, we refer to the variation of voltages at bus 8 with respect to
load/injection at bus 9:

vy aml  avg 8l
apy T aph’ 0087 90%

In Figure 8.4(a), the voltage sensitivity of phase b of bus 8 is shown with respect
to active power absorption and generation at phase b of bus 9. Figure 8.4(b) shows
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Figure 8.5 Voltage sensitivities of bus 8 as a function of reactive power injections at
bus 9. (a) Voltage sensitivity of phase b of bus 8 with respect to reactive
power injection at phase b of bus 9. (b) Voltage sensitivity of phase a of
bus 8 with respect to reactive power injection at phase b of bus 9

for the same buses as Figure 8.4(b), same sensitivity but referring to voltage and
power belonging to different phases. Additionally, Figure 8.5(a) and (b) shows the
voltage sensitivity of bus 8 with respect to reactive power absorption and generation
atbus 9. In all these four figures, the dashed line represents the difference between the
traditional approach, i.e., based on the inverse of the Jacobian matrix, and the analytic
method proposed here. As it can be observed, the overall differences are negligible,
in the order of magnitude of 10~°. In Figure 8.6(a) and (b), the current sensitivity
coefficient of phase a of branch 10-13 is presented with respect to active and reactive
power absorption/generation at phase a of bus 13. In the same figures, the dashed
lines represent the difference between the analytic values and the numerical ones.
Even for these coefficients extremely low errors are obtained, in the order of 1075,
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Concerning the validation of voltage sensitivities against tap-changer positions,
we have made reference to the IEEE 13-bus test feeder where the slack bus and
therefore the primary substation transformer is placed in correspondence with bus 1.
We assume to vary the slack bus voltage of 6% over 72 tap positions (where position
“0” refers to the network-rated voltage). In Figure 8.7, the sensitivity of voltage in
phase a of bus 7 is shown with respect to the tap positions in phases a, b and ¢ of the
slack. Also, in this case, the difference between the analytically inferred sensitivities
and the numerical computed ones is negligible (i.e., in the order of magnitude of 10~°).

It is worth observing that for the case of the voltage sensitivities, coefficients
that refer to the voltage variation as a function of a perturbation (power injection
or tap-changer position) of the same phase, show the largest coupling although a
non-negligible cross dependency can be observed between different phases (see for
instance Figures 8.4 and 8.5).
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Figure 8.7 Voltage sensitivities of phase a of bus 7 as a function of transformers
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bus. (c) Voltage sensitivity of phase a of bus 7 with respect to ULTC
position at phase c of the slack bus
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Finally, Figures 8.8 and 8.9 depict the variation of voltage sensitivity coefficients
in all the network with respect to active and reactive power absorption at phase a of
bus 13 as a function of the distance from the slack bus.

This type of representation allows to observe the overall network behaviour
against specific PQ buses absorptions/injections. In particular, we can see that larger
sensitivities are observed when the distance between the considered voltage and the
slack bus increases. Furthermore, a lower, but quantified dependency between coef-
ficients related to different phases can be observed. Also, as expected, reactive power
has a larger influence on voltage variations although the active power exhibits a
non-negligible influence.

From the operational point of view it is worth observing that, Figures 8.8 and 8.9
provide to network operators an immediate view of the response of the electrical
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network against specific loads/injections that could also be used for closed-loop
control or contingency analysis.

8.4.3 Voltage control and lines congestion management examples

For the voltage control and lines congestion management application, the IEEE 34-bus
test feeder is considered. Note that the regulators and shunt capacitors are excluded to
make the network weaker. The network comprises a number of controllable distributed
generation units. We consider three different application examples. In the first one,
only voltage control is performed by coordinating the DERs’ power production with
the ULTC positions. In the second one, both voltage control and lines congestion
management are included in the optimization problem and the control variables are
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Table 8.3 Initial and maximum operational set points of the
DERs and the ULTC in the IEEE 34-bus test feeder

P init (kW) P max (kW) Rinit Rmin Rmax

DER;; 210 600 0 -36 +36
DERy; 250 1200
DERy4 100 1200
DER3; 150 600

solely the DERs’ active and reactive power production. The third application example
shows a 24 h case study of voltage control.

Example 8.1: In buses 18, 23, 24 and 33 of the IEEE 34-bus test feeder, we
assume to have DERs that the DNO can control in terms of active and reactive power.
Their initial operating values, as well as their rated power outputs, are shown in
Table 8.3. For this case study, the loads shown in Table 8.1 are multiplied by a factor
of 1.3 for phase a, 1.24 for phase b and 1.3 for phase c. Furthermore, the DNO has
control on the transformer’s ULTC positions.

In view of the above, the optimal control problem is formulated as a lin-
earized one taking advantage of the voltage sensitivity coefficients. The controlled
variables are the bus voltages and the control variables are the DER’s active and
reactive power injections and the ULTC positions under the control of the DNO,
Ax = [APpgr, AQpgr, An]. It is important to state that, formally, this problem
is a mixed integer optimization problem due to the inclusion of ULTC. However,
for reasons of simplicity, in this example, the tap positions are considered pseudo-
continuous variables which are rounded to the nearest integer once the optimal solution
is reached. The objective of the linear optimization problem considered in this exam-
ple is essentially the function in (8.1) with ¥ = 0 (in other words, the cost function
of the optimization does not account for a deadband surrounding V,):

Jmin 32 LAVl + (Kpg.n AP, Qm); = 1V,1)'] (8.30)

The imposed constraints on the operational points of the DERs and the ULTC positions
are the following:

0 < Pper, < Pper,,,.» i=1,...,Nper

Oper,,, = Oper, < QbR s 1= 1,..., Npeg (8.31)
Apmin = 1 = Apgy
In order to simplify the analysis, we have assumed that the DER capability curves

are rectangular ones in the PQ plane. The minimum and maximum reactive power
limits are —25% and 25% of the maximum active power values, respectively.
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Table 8.4 Optimal operational set points of the DERs and the tap
changers in the IEEE 34-bus test feeder when the system
operator has control on their three-phase output

P opty (kW) Quptl (kvar) noptl
DER 3 410.6 —150 -1
DERy; 1200 —300
DERy4 92.1 —300
DER3;3 463.2 —150

Table 8.5 Optimal operational set points of the DERs and the tap
changers in the IEEE 34-bus test feeder when the system
operator has control on each of the three phases independently

Popi, (kW) Qopt, (kvar) Hopty
DERY, 127.29 50 0
DERY, 50 -50
DERS, 37.30 -50
DER, 50.94 100
DER%, 387 —100
DERS, 400 93.74
DERY, 0 100
DERS, 0 —100
DERS, 70.71 —100
DERY, 8.25 50
DERS, 106.65 -50
DERS, 200 -85

The formulated linearized problem is solved by using the classic linear least
squares method. The method used to calculate analytically the sensitivity coefficients
allows us to consider two different optimization scenarios. In the first (opt,), the
operator of the system is assumed to control the set points of the DERs considering
that they are injecting equal power into the three phases, whereas in the second case
(opty), it is assumed to have a more sophisticated control on each of the phases
independently except for the tap-changer positions. It is worth noting that this second
option, although still far from a realistic implementation, allows us to show the
capability of the proposed method to deal with the inherent unbalanced nature of
distribution networks. Tables 8.4 and 8.5 show the optimal operational set points
corresponding to these cases.
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Figure 8.10 Initial and optimized voltage profile of the IEEE 34-bus test feeder.
(a) Voltage profile of phase a of the buses, uncontrolled case (black
solid line), balanced control (black line with markers) and three-phase
unbalanced control (dashed line). (b) Voltage profile of phase b of the
buses, uncontrolled case (black solid line), balanced control (black
line with markers) and three-phase unbalanced control (dashed line).
(c) Voltage profile of phase c of the buses, uncontrolled case (black
solid line), balanced control (black line with markers) and three-phase
unbalanced control (dashed line)
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Table 8.6 Initial and maximum operational set points of
the DERs in the IEEE 34-buss test feeder

P init (kW) P max (kW)
DER;3 630 1200
DERj3 750 2400
DERy4 300 2400
DERj33 450 1200

Additionally, in Figure 8.10, the voltage profile of the buses of the system is
presented in the initial and the optimal cases. The solid line in the figures shows
the initial voltage profile, the solid line with the markers shows the first case optimal
scenario (opt;) and the dashed line represents the second case where the DNO has full
control in each of the phases of the DERS (opt,). The offset in the graphs, observed in
the slack bus, depicts the optimal ULTC position in each case. What can be observed
is that, when there is a possibility to control each of the three phases of the DERs
output, the optimal voltage profile is better than the one corresponding to control of
the balanced three-phase output of the set points of the DERs.

Example 8.2: As in Example 8.1, in buses 18, 23, 24 and 33 of the IEEE 34-bus
test feeder, we assume to have DERSs that the DNO can control in terms of active and
reactive power. Their initial operating values, as well as their rated power outputs,
are shown in Table 8.6. The DERs do not inject any reactive power in the base case
and their minimum and maximum reactive power limits are —25% and 25% of the
maximum active power values, respectively. For this case study, the loads shown in
Table 8.1 are multiplied by a factor of 1.6 for each phase «, b and c.

In this case, the DNO is interested to control the available distributed and central-
ized resources in order to improve the network voltage profile while guaranteeing that
line current flows are below their ampacity limits. In this example, only three-phase
balanced control of the DERSs active and reactive power injections is considered and
ULTC control is not taken into account. The optimal control problem is formulated
as follows:

min Z [V + (Ko AP,Q: = 1Vol)* = v?TF (832)

SubjeCt to: |jlj + (I_JP,QA(PSQ))IJl = Imax: la.] = 1, v 7N17 i #] (833)

0 < Pper, < Pper,,,.» i=1,...,Nper (8.34)

QDER

In this example, we tune the values y and [, in the optimal control problem for-
mulation in order to evaluate the performances of the proposed method in the case
of violations of the lines ampacity limits. In particular, we observe that in the base

o = Oner; < Oper,,,.» 1=1,...,Nper (8.35)
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Figure 8.11 Uncontrolled and optimized lines current flows (receiving end).
(a) Uncontrolled current flow at the receiving end of the network lines.
(b) Optimized current flow at the receiving end of the network lines

case the maximum voltage deviation is in the order of 2% and the maximum line
current flow is 25 A. Therefore, we set y = 10% and /,,,, = 20 A to focus on the
lines congestion management problem.

The results of this case study are shown in Figure 8.11 where the line current
flows are shown for the receiving end of the network lines and in Figure 8.12 for
the line current flows at the sending end of the lines. In both figures, on the top the
uncontrolled network current profile is depicted where it can be observed that four
lines violate the line ampacity limit. The same figures, on the bottom, show the results
after the optimal control problem is solved. In this case, all lines satisfy, as expected,
the maximum allowed current limit.

The network voltage profile for each phase is shown in Figure 8.13 before and
after the control actions. In both cases, the voltage profiles are within £10% of the
network-rated value.

The optimal active and reactive power injections of the controllable resources for
this case study are shown in Table 8.7.
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Figure 8.12  Uncontrolled and optimized lines current flows (sending end).
(a) Uncontrolled current flow at the sending end of the network lines.
(b) Optimized current flow at the sending end of the network lines

Example 8.3: We consider once again the IEEE 34-bus test feeder equipped with
the four generators located in buses 18, 23, 24 and 33. In this example, we perform
24 h voltage control via scheduling of the active and reactive power of the DERs,
as well as of the ULTCs. Only the case of balanced control is considered and lines
congestion management is not taken into account.

The optimal control problem in this case is formulated as follows:

. 7 o 2 2
A{;}g},,)Xi:ﬂVzl + (Kp,g.n AP, Q,m)); — |V,|)* + ¥ (An)An (8.36)
subject to: 0 < PDER,- < PDERimax’ i= 1, e ,NDER (837)

Oper,,, < Oper; < Oper,,,» 1=1,...,Nper (8.38)

Ripin S n S Max (839)



302 Advances in power system modelling, control and stability analysis

1.04 T T T
— Without control
1.03 |-|—— After control 4
=
& 1.02 i
o
g
->5 1.01 g
1 i
0.99 1 1 1
0 0.5 1 1.5 2
(a) Distance from primary substation (ft) x10°
1.04 T T T
— Without control
103 L= After control i
£}
S
S 102t .
g
S
1.01} i
1 1 1 1
0 0.5 1 1.5 2
(b) Distance from primary substation (ft) x10°
1.04 T T T
— Without control
Loz L= After control |
£)
S
& 1.02+ .
8
<
1.01 | g
1 1 1 1
0 0.5 1 1.5 2
(c) Distance from primary substation (ft) x10°

Figure 8.13  Initial and optimized voltage profile of the IEEE 34-bus test feeder.

(a) Voltage profile of phase a of the buses, uncontrolled case (black
solid line), balanced control (black line with markers). (b) Voltage
profile of phase b of the buses, uncontrolled case (black solid line),
balanced control (black line with markers). (c) Voltage profile of
phase c of the buses, uncontrolled case (black solid line), balanced
control (black line with markers)
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Table 8.7 Optimal operational set points of the DERs

P, opt (kW) Qapt (kvar)
DER;3 608.8 108.7
DER»3 729.4 109.8
DERy4 279.4 109.8
DER3;3 429.4 110.0
— Active power (MW)

--- Reactive power (Mvar)

— Active power (MW)
--- Reactive power (Mvar)

5 10 15 20
Time (h)

Twenty-four hour aggregate active and reactive power
consumption/generation. (a) Twenty-four hour aggregate active and
reactive power consumption. (b) Twenty-four hour aggregate active
and reactive power generation of DERs
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Figure 8.15 Network voltage profile of phase a before and after the control
actions. (a) Uncontrolled voltage profile of phase a of the network,
median value (solid line), minimum and maximum values (dashed
lines). (b) Optimized voltage profile of phase a of the network,
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where ¥ is a penalty function for altering the tap-changer position.” The first term
of (8.36) represents the voltage control cost function. The operator can perform this
type of control by deploying solely the DERs or by coordinating control of the DERs
and the ULTC positions. In the case where the tap changers are included, the DNO
needs to account for the limited number of ULTC operations. This is represented
by the term v of (8.36). This function multiplies the ULTC set points variation and

9As we deal with primary voltage control, (8.36) has to penalize the changes of ULTC as these devices are
typically used by the DNO rarely.
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Figure 8.16 Network voltage profile of phase b before and after the control
actions. (a) Uncontrolled voltage profile of phase b of the network,
median value (solid line), minimum and maximum values (dashed
lines). (b) Optimized voltage profile of phase b of the network, median
value (solid line), minimum and maximum values (dashed lines)

increases with the number of ULTC operations in a given time window.'* Specifically,
we have chosen:
w-1
Y(An) =) |An(t )| (8.40)

s=0

where A is a constant. Such an expression of ¥ allows to weight the accumulated
number of ULTC changes within a given time window .

0By including this function the DNO has the option to upper-bound the total number of ULTC operations,
thus respecting the nature and cost of these devices [29].
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Figure 8.17 Network voltage profile of phase c before and after the control
actions. (a) Uncontrolled voltage profile of phase c of the network,
median value (solid line), minimum and maximum values (dashed
lines). (b) Optimized voltage profile of phase c of the network, median
value (solid line), minimum and maximum values (dashed lines)

For this application example, the aggregate load profile of the network is depicted
in Figure 8.14 in terms of 24 h active and reactive power injections.

Figures 8.15-8.17 show, for each network phase, the 24 h voltage profile before
any control action (top) and after (bottom) the scheduling of the DERs’ active and
reactive power and the ULTC positions. As it can be observed, the voltage profiles
before the control actions are unbalanced and exhibit deviations from the network-
rated value in the order of 5%—7%. After the scheduling of the controllable resources,
the resulting voltage profiles for each of the three phases are flatter around 1 pu and
exhibit maximum deviations from the network-rated value in the order of 1%—2%.

Figure 8.18 shows the 24 h active and reactive power output of the controllable
DERs which is the result of the solution of the optimal control problem in (8.36)—
(8.39), whereas Figure 8.19 shows the optimal ULTC positions along the day. It is
worth noting that the obtained number of ULTC changes is compatible with a typical
operation of such a device, i.e., less than 10 manoeuvres per day.
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Figure 8.18 Twenty-four hour controlled active and reactive power output of the
DERs. (a) Twenty-four hour three-phase active power profile of the
DERs. (b) Twenty-four hour three-phase reactive power profile of
the DERs
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Figure 8.19 Twenty-four hour ULTC positions
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8.5 Conclusions

In this chapter, we consider a centralized real-time control architecture for voltage
regulation and lines congestion management in ADNs that is based on a linearized
approach that links control variables (e.g., power injections and transformers tap
positions) and controlled quantities (e.g., voltages and current flows) by means of
sensitivity coefficients.

We validate the proposed analytic method by making reference to typical IEEE
13- and 34-bus distribution test feeders. The numerical validation of the computation
of the coefficients is performed using the IEEE 13-bus test feeder and it shows that the
errors between the traditional approaches, i.e., based on the inverse of the Jacobian
matrix, and the analytic method are extremely low (in the order of magnitude of
107°-107%). The IEEE 34-bus test feeder is used to show application examples related
to a possible integration of the proposed method for the problem of optimal voltage
control and lines congestion management in unbalanced distribution systems. The
simulation results show that the proposed algorithm is able to improve the voltage
and current profiles in the network, and also that when each of the three phases of
the DERSs can be controlled independently of the others, the resulting optimal voltage
and current profiles are better than the ones corresponding to the balanced control of
the three-phase output of the set points of the DERs.
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