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ABSTRACT

This paper proposes a framework for adaptive feeder
protection in distribution grids with a high amount of
distributed generators (DGs) installed. The scheme
adapts the feeder protection relay settings according to
the changes in the connection status of those DGs that
have a significant impact on the fault current. The core of
the method consists in the identification of the connection
status of the DGs using an iterative modified state
estimation (SE) program. The approach is illustrated
using a realistic 31-node distribution network model.

INTRODUCTION

The massive penetration of distributed generators (DGs)
into the distribution networks may lead to bi-directional
power flows and have a serious impact on the system
contribution to the fault current. These effects may cause
severe troubles for the protection of the distribution
feeders such as sympathetic tripping i.e. the mal-tripping
of a healthy feeder due to reverse currents caused by a
fault on an adjacent feeder and the blinding effect i.e. the
failure or delayed operation of protection relays due to
reduced fault current seen at the start of the feeder [1-2].
There are many solutions suggested in literature to
account for these problems, for example:

In [3], the authors propose to solve the blinding effect by
changing the relay settings during the planning stage. The
problem with this approach is that, in case the DG is
disconnected during operation, the fault current values
would revert to their previous values while settings stay
the same. Overloads may be misidentified as faults.

In [4], the authors propose a transient based protection
scheme that divides the distribution system into segments
and uses wavelet transformation on current measurements
on all branches leaving busbars that separate the different
segments, to identify the segment where the fault is
located. The method is quite computation-heavy and
requires perfect measurements to avoid missing the
occurrence of faults.

In [5], a multi-agent system is proposed. In case a fault is
detected relay agents send the information to a
coordination agent that identifies the fault location and
sends it to the configurator agent that chooses which
relays need to operate. Coordination between relays is
hence done online and selectivity problems are avoided.
This method is very dependent on communication.

A very appealing approach to safely accommodate
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increasing levels of DGs consists in adapting the
protection relay settings with the changing operating
conditions of the network [2][6].

Identifying the changes in operating conditions, (mainly
the status of the DGs) is a challenging task as nowadays
most distribution systems are poorly observable. An
important step towards the desired concept of smarter
active distribution grids consists in the installation of
smart meters to consumers. This process has already
started in many countries and will significantly improve
the real-time load forecast. This would allow for more
accurate state estimation (SE) in distribution systems,
despite the low level of measurements redundancy.
Distribution SE is one method for monitoring the
connection status of DGs [7].

This paper builds on this concept and proposes an
iterative modified SE program to detect changes in the
connection status of the DGs and a scheme to use this
information to adapt the protection settings.

OVERVIEW OF THE OVERALL APPROACH

The proposed approach is illustrated in Figure 1 and is

divided into two main steps:

e Detecting changes in the status of the various DGs
connected to the distribution grid.

e Checking the relay protection settings and adapting
them if needed.

The focus of the paper is on the former of these steps by

adapting the conventional state estimation formulation to

our purpose.
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Figure 1: Flowchart of the Overall Scheme
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STATE ESTIMATION TO IDENTIFY
DISTRIBUTED GENERATORS
CONNECTION STATUS

In order to estimate the connection status of the DGs in
the context of scarce measurements, the conventional
state estimation problem [8] can be extended so as to
include binary variables (stemming from the connection
status on/off of DGs) and inequality constraints (e.g.
active/reactive power limits of DGs) [9]. This leads to
very challenging formulations belonging to the class of
mixed integer nonlinear programming problems or
nonlinear mathematical programming with
complementarity constraints. Nowadays there are no
reliable and fast solvers for large scale combinatorial
generic problems of these classes of optimization
problems. An enumerative approach would also be too
computationally intensive as for n DGs one needs to run
2" times a conventional SE program. To overcome these
limitations and reduce the combinatorial space a
Bayesian hypothesis testing procedure is proposed in [7].
In this paper we use an iterative SE approach which relies
on reasonable heuristic rules to identify the DG
connection status.
The proposed program calls successively a modified state
estimation using an extended vector of states that
includes the active and reactive power generation of DGs
in addition to the complex voltage vector x:

xg = [x" PgG Qgc]
The measurement vector is given by:

z =h(x,) +e,

where h(x,) is the nonlinear function relating
measurements to the states and e is the vector of
measurement errors.
Due to a limited number of real-time measurements being
available in distribution networks, load estimates and
zero injection buses are considered in addition to the
active/reactive power flow and voltage measurements.
Also included in the measurement vector are the active
and reactive output estimates of the DG based on the
latest run of the algorithm, as in most cases the
connection statuses of DGs do not change dramatically.
The state estimation problem is then formulated using the
weighted least squares (WLS) method such that the

following optimization problem is solved [8]:
m

S Z (zi = hi(x))?
minimize _—
i=1 Ri
where R;; is the diagonal entry of the measurement error
covariance matrix (the square of the standard variation of
measurement i).
After an initial state estimation, a check is performed on
the results, the normalized residuals of the DG outputs
are compared and changes are made to the measurement
vector such that:
o If Py, andlor Qp violate the maximum limits of the
generator, their value in the measurement vector is
set to those limits.
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If Pp; < 0.85 * P,,;,,, both P and Q are set to 0.

If the generation output of a DG is not suspected to

be false (based on the residuals of the

measurements), the control mode of the DG is taken
into account:

o If the DG is set to voltage control, if Qp is
within its specified limits, a voltage
measurement is added to the measurement
vector with the voltage control setting as its
value.

o If the DG is set to control Qp; at a constant
value, the measurement of the reactive power
output is set to this value.

e R, corresponding to the DG output measurements
are adjusted based on their relative normalized
residuals.

Another state estimation is then performed and the
process is repeated until no bad data for the DG outputs is
suspected and/or a predefined number of iterations are
performed.

The use of the additional information about the DG (P/Q
limits and control mode), allow for a more accurate
estimation using the limited number of available
measurements.

TEST DISTRIBUTION NETWORK

The test distribution network used in the simulations is
based on a realistic 31-node distribution grid model
provided by CREQS, the electricity network operator in
Luxembourg (see Figure 2). Its characteristics are given
as follows:

e Voltage Level: 20 kV

e Total feeder load: 12 MVA @ 0.98 PF

e Average X/Rratio: 1.38

e 4 DGs installed at nodes 9, 16, 22 and 30 (see Table
1 for characteristics)

e Voltage measurement at distribution substation (node
1)

e P/Q power flow measurements on lines 1-2, 7-10,
17-21 and 23-26.

Table 1: DG Characteristics

DG Pmax | Pmin Qmax Qmin | Control
(MW) | (MW) | (MVAr) | (MVAr) | Mode

1 | 224 0224 | 0592 | -0.872 | V=Ipu
2 | 46 | 046 2 2.4 | V=1pu
3 | 224 [ 0224 0592 | -0.872 | Q=0

4 23 | 0.23 1 12 | V=1pu

NUMERICAL RESULTS

Three case scenarios denoted A, B and C are presented
hereafter. The inputs to each of the cases, the actual
values for the DG outputs and the results are presented in
Tables 2, 3 and 4.
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Figure 2 — One Line Diagram of the Test Distribution Network

are on, while in reality DG1 and DG3 are disconnected.

Table 2: Case A In Case B, the inputs to SE show that 3 of the DGs are off
DG | Actual | Input | Iterl | Iter2 | lter4 | lter6 but in fact all are on. In Case C, the SE has as inputs that
1 0 1.72 | 0.07 [ 0.03 |0.01 | O only DG4 is off, but all DGs are in fact off.
P |2 4.2 4.2 153 [ 292 | 3.89 | 4.09 As shown in the three cases, the state estimation results
3 0 1.8 012 o004 |0 0 are improved with each iteration. Except for DG2 in Case
4 1.72 172 1 084 | 134 | 166 | .73 C, the correct statuses of the generators were identified
1 0 059 | 0 0 0 0 for all generators in the three cases after 6 iterations.
Q2 1.72 013 | 063 | 1.2 16 1.69 The improvement in the results is even more apparent
3 0 0 0.04 1001 10 0 when the voltage profile is studied. In Figure 3, the
2 1 1 042 1067 1083 | 087 yoltage profileg in Case .B, after t_he first and sixth
Table 3 Case B iterations, are illustrated in comparison to the actual
DG | Actual | Input | Iterl | Iter2 | Iterd | Iter6 voltage profile.
1 |17 |0 0.74 | 1.19 | 1.43 | 1.58 1 Actual Iterl Iter
P2 4.2 0 159 | 2.84 | 3.81 | 3.97 /\ /\
3 1.8 0 1.04 | 105 | 114 | 1.21 0.999 -+ 1\ —
4 1.72 172 1089|136 | 161 |1.73 ’ A=
1 0.6 0 0.22 | 0.36 | 0.47 | 0.53 0.998 — st N—
Q2 Jor |0 0.05 | 0.09 | 0.12 | 0.12 _ \DU \’“\\
3 |0 0 0.1 |0.09 [009 [0.1 30.997 ‘\
4 |1 1 1033051 [0.62 [0.67 @ L\
Table 4: Case C 509%
DG | Actual | Input | Iterl | Iter2 | Iter4 | Iter6 S \
1 |0 1.72 | 098 052 | 0.13 |0 0.995 -
P2 0 4.2 2.62 | 1.33 | 0.38 | 0.05 ,
3 |0 18 |079]029]0 |0 0.994 V
4 0 0 0 0 0 0 0.993
1 0 059 |3 012 | 0 0 ‘
Q|2 0 0.13 | 0.81 | 0.41 | 0.12 | 0.01 P
3 10 0 0 0 0 0 " 13 5 7 9 11131517 19 21 23 25 27 29 31
4 0 0 0 0 0 0 Node Number
Figure 3: Case B - Voltage Profiles
Any input information that does not correspond with the
actual situation of the distribution network has been The use of the additional information about the output
greyed out in the table to highlight the bad data. limits and control settings of the DGs connected to the
In Case A, the SE is given information that all the DGs network has dramatically improved the SE results.
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CONCLUSIONS AND FUTURE WORKS

Preliminary results are encouraging, the approach being
able to correctly identify in most cases the connection
status of DGs. Expectedly, due to the trade-off between
investments and results accuracy, the limited number of
additional measurements makes it sometimes difficult to
distinguish the correct status for some generators,
especially in extreme situations where many changes
occur simultaneously. However, although the ambitious
goal is to ideally identify the status of all DGs, the main
aim is to update the protection settings if needed in the
context of minimum investment on additional
measurement devices so that the non-identification of the
right status of a small percentage of DGs would not
require the protection settings change.
As we initialize the DG outputs with the values obtained
in the previous run of the algorithm we notice that the
larger the number of changes in the connection status of
the different DG, the more iterations are needed for an
accurate result. Nevertheless this does not cause a major
increase in the computational time.

Several aspects of the approach remain to be more deeply

investigated:

e Tests how the approach scales to larger distribution
systems.

o Different approaches to altering the weights assigned
to the measurements to speed up the convergence
process.

e In the paper we use, intuitively and depending on
DGs location, a small number of additional
measurements but future work is needed to minimize
the number of additional measurements and
determine their deployment in an optimal manner.
We shall investigate in particular how the approach
scales with the growing number of DGs.
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