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ABSTRACT

Smart Grids aim at leveraging communication and compu-
tation capabilities to better operate and control electrical
networks. The idea of controlling the output of decentralized
photovoltaic (PV) generators so as to avoid current and/or
voltage issues in the distribution grid is, in particular, thor-
oughly investigated by the research community. The simplest
and most commonly considered control methods consist in
using a feed-back controller based on a local voltage meas-
urement at PV generator level. The main advantages of such
methods is that they can be implemented at low cost and
require no specific information about the network on which
they are deployed. In this paper, we consider an alternative,
that uses the advanced metering infrastructure (AMI) as the
basis for PV generation control. Our contributions are as
follows. First, we cast the problem of PV generation curtail-
ment in the general framework of control theory, which sheds
some light on the structure of previously proposed controllers.
Second, we show how the advanced metering infrastructure
may be used on one hand to infer some knowledge about
the underlying network (learning phase), and on the other
hand, to observe some of the disturbances that apply to our
system so that they can be taken into account in the control
phase. While doing so, we take great care of accounting for
the inherent limitations of the advanced metering infrastruc-
ture in terms of measurements and communication, which
is a major difference between this paper and previous work
on the topic. Third, by means of numerical simulations, we
compare our proposed feed-forward controller with two other
controller structures: open-loop, and feed-back. We demon-
strate that our feed-forward controller — that requires no
prior knowledge of the underlying electrical network — brings
significant performance improvements as it can effectively
suppress over-voltage and over-current while requiring low
power curtailment.
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1 INTRODUCTION

Advanced metering infrastructures (AMIs) are currently de-
ployed in many countries [1]. In addition to streamlining the
billing process, the rationale is that these infrastructures will
help mitigating the grid congestions caused by the rise of dis-
tributed generation, improve grid observability, and provide
new customer services. For example when local generation is
high and demand is low, distribution grids may experience
overloads in transformers and possibly in lines, and voltage
excursions outside of the allowed voltage range. Among these
issues, voltage excursions and in particular over-voltages are
the major problem of embedded generation on low-voltage
distribution networks [2].

The most standard solution to solve this kind of issues is
grid reinforcement, which involves replacing or adding lines
and/or transformers. Grid reinforcement comes at a relat-
ively high cost, and is not always the best option [3]. As a
consequence, many alternate solutions have been suggested
by the industry and the research community, emphasising
the need for more active distribution networks. One of these
solutions is to equip medium-to-low-voltage (MV/LV) trans-
formers with an on-load tap-changer (OLTC) [3, 4, 5] or
some other type of voltage-regulating device. This solution
does involve some additional hardware, yet may not be as
expensive as “fully” reinforcing the grid.

Another solution is to leverage the so-called flexibility of
loads and generators, namely, their ability to modify their
(active or reactive) power consumption or output whenever
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this is needed to mitigate grid congestions. This approach
is appealing since it could potentially eradicate congestions
without CAPital EXpenditure (CAPEX) cost for the Dis-
tribution System Operator (DSO). Various methods have
thus been proposed along those lines, involving loads and/or
generators, active or reactive power, and local or centralised
control. One of the most notorious of these numerous options
is probably to locally control the reactive power output of PV
inverters based on local measurements — a.k.a. Q(U) control-
ler — in order to flatten the voltage profile of the feeder [6, 7],
but other approaches have received some attention as well.

In this paper, we focus on controlling the active power
output of PV inverters as in, for instance, [8]. The drawback
of this choice is that PV producers may suffer from a loss
of profit proportional to the amount of PV energy curtailed.
There are, however, strong arguments in favour of active
power control:

e it does not involve additional CAPEX cost contrary to
grid reinforcement and OLTC-like technologies;

e in a low voltage (LV) network, the effect of active power
on voltage is usually several times stronger than the
effect of reactive power;

e active power curtailment makes it possible to deal with
current constraints (overloads), not only with voltage
problems — contrary to reactive power control and
OLTC-like technologies;

e finally, active power curtailment will occur only on the
rare occasions where solar irradiance is maximal while
local consumption is minimal, so that the loss-of-profit
of PV producers will be limited.

Also, in this paper, we consider the problem of controlling
the output of PV generators in a low-voltage network by
leveraging the advanced metering infrastructure (AMI). The
AMI capabilities are used at two different levels. First, we do
not assume any knowledge of the details of the underlying
electrical network (topology, characteristics of the lines, etc),
but we infer from AMI data the information that we need for
control purposes. Second, we view the AMI as a measurement
and communication platform on which a centralised controller
is deployed. This leads us to formulate the problem of optimal
energy curtailment as an optimisation problem in which the
network constraints are learnt from past historic AMI data,
and in which some of the parameters (termed “disturbances”
below) that enter the optimisation problem are obtained from
the most recent available AMI measurements. We end up
with a feed-forward controller whose input is the latest data
measured by the AMI, and that sends back to each producer
a maximal generation “quota”.

We then evaluate the performance of our controller by
means of numerical simulations. These experiments use net-
work data from the “Low Voltage Network Solutions” pro-
ject [9] and simulate the exact three-phased load-flow equa-
tions. We compare our proposed feed-forward controller with
popular alternatives such as open-loop controllers and pure
local feed-back controllers like P(U) or Q(U). For comparison

purpose with our AMI-based feed-forward controller, we also
introduce an AMI-based feed-back controller.

Our main conclusions are the following. First, we demon-
strate that the relative lateness and inaccuracy of AMI-
measured data, and the long duration of control time-steps,
which are inherent to the limitations of the AMI infrastruc-
ture, have a completely different impact on AMI-based feed-
back and feed-forward controllers. Namely:

e in spite of these two impediments, our AMI-based feed-
forward controller performs well,

e whereas AMI-based feed-back control significantly suf-
fers from communication limitations and performs very
poorly.

Second, in spite of AMI limitations, our centralised feed-
forward controller performs better, overall, than local con-
trollers (that do not use the AMI and are thus oblivious to
communication problems). Indeed, it is the only controller
that is able to suppress most of the over-voltage or over-power
constraints, and appears as an appealing method to mitigate
congestions created by PV generators without reinforcement
and with limited solar energy curtailment.

Road-map. This paper is organised as follows. In Section 2,
we review some of the related work. In Section 3, we first
formulate the mathematical problem that we aim to solve
and discuss design choices that pertain to the structure of the
controller. In Section 4, we detail several different controller
implementations that are then compared by simulation in
Section 5. Finally, Section 6 gathers some conclusions from
our study and suggests some directions for future research.

2 RELATED WORK

In this section, we review some of the approaches that were
previously suggested in the literature for the PV control
problem. Since the controller proposed in this paper is feed-
forward, the literature review below focuses on previous
works that also used a feed-forward logic (although the “feed-
forward” terminology is often not explicitly used by the
authors themselves). On the contrary, we do not review the
abundant literature about pure feed-back controllers. See
Figure 1 for a quick over-view of the differences between
open-loop, feed-back and feed-forward, and Section 3.3 for
more details.

In [10], the authors propose a centralised controller struc-
ture based on a linear program (LP) that sets the value
of controllable devices such as flexible PV generation. It is
worth noting that the power output of non-flexible devices,
such as loads, enters as a parameter in the LP formulation.
In our words, this is a feed-forward controller in which the
disturbance (here, the power output of non-flexible devices)
is measured instantaneously and with perfect accuracy —
an optimistic assumption that is questioned in the present
paper.

In [11], five different control methods are presented. The
so-called “zero current injection” method may also be cast in
the realm of feed-forward methods, where the consumption
of each “prosumer” (customer with both load and generation)
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is measured locally and local generation is controlled so as to
keep the net power injection below a certain threshold (which
is 0 in [11]). Contrary to the method presented in [10], the
“zero current injection” method only requires local (domestic-
level) communication and is thus decentralised from the grid
viewpoint. The other four methods presented in [11] are
purely feed-back.

The pros and cons of local (domestic-level) controllers
as in [11], and centralised (grid-level) controllers as in [10],
in the context of PV generation control, is discussed in [7].
The obvious advantage of centralised control is the benefit
of coordination, and its obvious drawback is the cost and
complexity of communication. What is less obvious is the
impact on the speed of the controller when choosing central-
ised or decentralised control: indeed, if the communication
channel is relatively slow, centralised control might itself be
too slow to be practical. This is particularly relevant in the
context of PV generation control: indeed, the only commu-
nication channel generally available today to utilities is the
AMI, which usually has limited communication capabilities.
This fact is well acknowledged in [7], which states: “An im-
portant design decision that weighs on the speed and quality
of communications required is whether the control should be
centralised or distributed (ée., local)”. In spirit, [7] is thus
relatively close to the work presented in this paper, but the
design choices made by the authors are different and almost
opposite: [7] uses reactive power control, whereas we advocate
active power control; the controller structure is local in [7]
and centralised in the present paper; and the controller logic
is relatively straightforward in [7], with the advantage of sim-
plicity, whereas we use a more elaborate logic that requires
some knowledge of the underlying grid (this knowledge being
here the result of a learning phase, see Section 4.4.1).

The authors of [12] make a step further by proposing a
hybrid controller that uses both the feed-back and the feed-
forward logic simultaneously. Indeed, the controller makes
use of both:

e active and reactive power values, which are disturb-
ances as far as non-flexible devices are concerned,
e and voltage values, which are outputs.

The controller structure presented in [12] is quite involved,
and uses in particular a state estimator instead of direct
measurements of observable variables and disturbances, but
the idea of hybriding feed-back and feed-forward control could
be applied to simpler controllers as well.

All in all, some papers from the literature — such as
those presented above — did already propose feed-forward
controllers for the PV generation control problem, and with
several flavours (centralised or decentralised, purely feed-
forward or hybrid). But the inherent limitations of the AMI,
seen as a measurement and communication platform for
control purpose, and their impact on the efficiency of various
controller structures, have received little attention so far.
This is the topic addressed by the present paper.

ACM e-Energy, June 12-15, 2018, Karlsruhe, Germany

3 MODEL
3.1 Description of the system

3.1.1 Network, loads and generators. We consider a three-
phase (AC) low voltage network connected to an upstream
medium voltage (MV) network. We assume that the voltage
at the point of coupling with the MV network is fixed, and the
loads are all modelled as constant (complex) power, single-
phase loads. We assume that all PV generators are control-
lable, whereas loads are not. Finally, we consider over-voltage
constraints and over-power flowing through the MV /LV trans-
former. These assumptions are only meant to simplify the
mathematical formulation of the equations that will appear
in the sequel of this paper: our arguments can be generalised
to encompass, for instance, situations where the load is con-
trollable as well; or to take into account under-voltage, or
other current constraints.

We will study the network over a certain period of time.
For each load, a load curve is thus defined, as well as a curve
of “producible power” for each PV generator. The curve
of producible power is defined as the power that would be
produced by the considered generator if no active power
control was used. In our simulations below, both types of
curves are defined with a fixed time-step of 2 minutes.

3.1.2 Measurements and communications. The upstream
MYV voltage, the active load and the solar irradiance are meas-
ured, and considered as observed disturbances over which
we have no control. Voltage magnitude at customer nodes,
which is the output of the system, is also measured, whereas
reactive power is not.

Active power and voltage measurements, as well as tele-
communications, are handled by the AMI. In our simulations
below, we consider that voltage and energy measurements
are taken over a duration of 10 minutes [13], then commu-
nicated to the central controller. Conversely, setpoints that
are sent from the centralised controller are applied for a
duration of 10 minutes. To the best of our knowledge, this
update rate (once every 10 minutes) is in the correct order
of magnitude of what could be achieved in practice given
the current performance of existing metering technologies.
Because the state of the electrical network evolves much
faster (with 2 minute time-steps in our simulation below),
centralised control intrinsically suffers from using relatively
obsolete data.

This important issue was acknowledged, to some extent,
in [10], which states that a margin of safety (using a —7 %
voltage limit instead of the actual —10 % limit) should be used
in practice to make up for “any unexpected short-term vari-
ations in demand”. This relevant argument however remains
purely theoretical, and neither the approach presented in [10]
nor — as far as we know — other previous related research,
actually attempted to explicitly capture such “short-term
variations” in the simulations. The present paper is thus the
first in which these limitations of the AMI are taken into
account.
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3.1.3 Controller. The central controller gathers measure-
ments and sends back quotas at fixed time intervals, here
every 10 minutes. For a given PV generator g, we denote
by pg'®* its power rating (i.e. the maximal power that g
can produce). We denote by ay(t) € [0, pg***] the generation
quota sent to the generator g at time t. In vector notation,
the vector p™?@* fixes an upper bound on vector a(t) at all
times t. We wish to design a controller that achieves two
goals:

e first, the controller ensures that the allowable voltage
and power will not be excessively violated (over-voltages
and over-powers through the transformer);

e second, the controller strives to maximise the amount of
generation quotas (within the limit a(t) < p™?*) sent
to PV generators, in order to maximise the amount of
PV energy actually produced.

The first item above imposes a set of constraints, while the
second is in the form of an objective function; mathematic-
ally, we will thus formulate the logic of our controller as an
optimisation problem.

3.2 Parameters, variables and constraints

We now formulate the problem in mathematical notations. Let
L be the set of loads, and G the set of generators. For [ € L
and for g € G, we denote by p; > 0 and pg < 0 respectively
the active power consumed and produced by the considered
customer. The active power py(t), generated by generator g,
is the minimum between the producible power py(t) (which
is determined by the current value of solar irradiance), and
the power quota ay(t) sent by the central controller. As both
values are negative, this rewrites as:

Pg(t) = max(pg(t), ag(t)). (1)
We also introduce the phase-to-neutral voltage magnitude,
which we denote by u; (I € L) for loads, and u4 (g € G) for
generators. The active power flowing through the transformer
of the given electrical LV network is denoted by pirans. -
For convenience, we define the vector of all active power
outputs

p(t) = ((pr(1)1er> (g (1) ye ) (2)

and the vector of all phase-to-neutral voltage magnitudes
u(t) = (@ (0)1ers (ug (1) yec)>
as well as the vector of power generation quotas
a(t) = (ag(t))gec.

Note that control is here unilateral: variable pg(t) may only
be upper-bounded, not fixed. For simplicity, the voltage at
the point of common coupling with the upstream MV network
is set to a fixed value, which reduces the list of (meaningful)
observed disturbances to active power load on one hand, and
producible power on the other hand. Our approach would
remain the same if a non-constant time-series was used for
the upstream voltage.

Active and reactive power consumption (or generation) at
all customer nodes, along with the network structure and
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Figure 1: open-loop, feed-back and feed-forward control.

upstream MV voltage, determine the complex voltages every-
where in the network through the (three-phase, unbalanced)
load flow equations. These equations are standard [14] and
are omitted here for the sake of concision.

The constraints that must be taken into account derive
from the upper voltage limit:

u(t) <u™®, v, 3)

where ™2 is the maximum allowed phase-to-neutral voltage
magnitude (eg. 7% or 10% above the nominal value of voltage)
and the maximum allowed active power at the transformer
level:

|Ptrans. (t)l < pﬁ:gl)q(s.' (4)

Note that in theory, we should also consider a lower voltage
limit constraint ™ < u(t). In practice, however, this con-
straints is never violated because the congestion in our
experiments are caused by over-production and not over-
consumption. This is why in the remainder of the paper, we
only consider upper voltage limit.
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3.3 Controller structures: generalities

Let us consider an abstract system whose state evolves un-
der the effect of two kinds of inputs, namely the control
variable and the (observed or unobserved) disturbances, and
which produces some output. Generally speaking, the goal
of control is usually to get the system output to follow a
desired trajectory; as noted above however, no such “desired
trajectory” is predefined in the context of PV curtailment:
the aim of control is here better expressed in the language
of optimisation. The control objectives being defined, three
broad categories of controllers may be used to achieve them,
as illustrated by Figure 1:

e open-loop control, which consists in setting the value
of the control variable regardless of the value of both
disturbances and system output;

e feed-back control, which consists in observing the out-
put of the system and choosing the value of the control
variable accordingly;

e and feed-forward control, which consists in measuring
the value of the (observed) disturbances and to choose
the value of the control variable that, according to
our model of the system, is the best response to these
disturbances.

The above-mentioned notion of “model of the system” is
important: while tuning the design parameters of the simplest
controllers (for instance a simple PID feed-back controller)
may be achieved based only on minimal information about
the system, more elaborate controllers may on the contrary
need a richer model of the controlled system. The various
ways to devise such a rich model for our PV generation
control problem are discussed in Section 4.4.1 below. The next
subsection will clarify what “control variable”, “disturbance’
and “output” mean in our context. Also note that the feed-
back and feed-forward methods may be combined (and are
often indeed combined, in practice); in this case, the controller
uses measurements of both the current disturbances and the
current output.

)

3.4 Application to the PV generator output
control problem

The system that we are willing to control is a low-voltage
network involving flexible PV generators. From the electrical
viewpoint, the system is considered to be in quasi-steady state.
Our control variable is a “generation quota” that we will send
to flexible generators, that is to say, a maximum power output
that each flexible generator will not be allowed to exceed.
Keeping in mind our general control theory framework, we
consider that the state of the system is determined on the one
hand by this control variable, and on the other hand by some
“disturbances”, among which the following are considered
observable:

e voltage at root node,

e current active power consumption of loads (and current
active power output of non-flexible generators, if any);

e and current solar irradiance.

ACM e-Energy, June 12-15, 2018, Karlsruhe, Germany

In order to make practical use of the value of these disturb-
ances in a feed-forward controller, we need to measure them.
In this paper, we make the following assumptions.

e First, we assume that the voltage magnitude at root
node is observed thanks to some dedicated sensor inside
the MV/LV substation.

e We assume that the active power consumption of loads
may be measured through the AMI, while acknow-
ledging the inherent limitations, in terms of measure-
ment and communication, of this infrastructure.

o We assume that solar irradiance may be either meas-
ured directly (in case equipping MV/LV substations
with some kind of light sensor would be seen as im-
practical) or estimated thanks to recent measurements
of the output of the non-curtailed PV generators.

These disturbances, in particular the value of non-flexible
load and solar irradiance, may change very quickly compared
to the speed of our controller; this issue is discussed in the
present paper.

All other potential disturbances are considered as unob-
served. This applies in particular to the reactive power con-
sumption of loads. Arguably, this data could also be measured
through the AMI just like active power, and thus be con-
sidered as observable. However the reactive consumption of
loads is much smaller that their active consumption [15], and
in addition, the effect on voltage of 1kVAr of reactive power
in an LV network is itself much smaller that the effect of
1kW of active power (due to the high R/X ratio of LV lines),
so that we dispense from taking into account reactive power
as an observed disturbance. Finally, the output of the system
is the set of (phase-to-neutral) voltage magnitudes at all cus-
tomer nodes in the network, and the value of power that flows
through the transformer. Just like the power consumption
of loads, we assume that voltage at customer nodes may be
observed thanks to the AMI. The power flow through the
transformer is assumed to be measured thanks to a dedicated
Sensor.

We now have cast our PV curtailment problem into the
general framework of control theory, except for one thing:
the aim of control was not defined yet. As already discussed,
the main point is here, first to eradicate over-voltages, and
second to produce as much solar energy as possible. Second-
ary objectives, such as fairness between producers, may be
introduced, but these are not considered in the present paper.

3.5 Controller structures for PV generation
curtailment

Having formulated the PV curtailment problem in the lan-
guage of control theory in Section 3.4, and following our
previous discussion about controller structures in Section 3.3,
we may control PV output using:

e an open-loop controller, that would consist in perman-
ently limiting the output of PV panels (for instance, no
more that 80 % of the peak power of the PV modules
should be produced at any time). This option is quite
brutal and could potentially lead to curtail generation
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even in the absence of any grid constraint; but it is
simple and reliable.

e A feed-back controller, that would read measurements
of voltage at customer nodes and power flow at trans-
former level, and react to over-voltages by somehow
adjusting the generation quota of flexible generators.

e Or a feed-forward controller, that would adjust the
generation quotas based on measurements of solar ir-
radiance, voltage at root node and current power con-
sumption of loads.

In this paper, we focus on controllers that leverage the AMI,
and argue that feed-forward control is much better suited
than feed-back control in this context.

3.6 Which model of the system should our
feed-forward controller embed?

In practice, two options are available: either we consider that
the network data (topology, line impedances, phase connec-
tion of customers, etc) is known; or we attempt to learn the
model from past measurements. In practice, reliable network
data at LV level is scarce; on the contrary, under our assump-
tion that the control system is implemented on top of the
AMI, historical data will be plentiful. As a consequence, we
assume that the feed-forward controller feeds past measure-
ments of (active) power and (phase-to-neutral) voltage into
a learning algorithm in order to infer how to respect network
constraints. In our experiments below, we use a simple linear
regression (see the discussion around Equation (7)). As this
simple model gives us satisfactory results, we does not discuss
further this topic in this paper and left the search for the
best learning algorithm for future work.

4 CONTROL STRATEGIES

In this section, we now describe the different controllers that
we will compare numerically in Section 5.

4.1 Open-loop

The open-loop controller is the simplest of all. It is para-
meterised by a value 6 € [0,1] which indicates how much
of its nominal power a generator is allowed to produced. In
terms of vector a, we apply the following control by defining

(“g(t))ge(;:

Vg € G, aq(t) = Opy*™

Applying the “open-loop 100%” strategy means that PV
generation is never curtailed, which amounts to applying
no control. The “open-loop 0%” strategy means that PV
generators are not allowed to produce at all. The “open-loop
75%” strategy means that the PV are allowed to produce up
to 75% of their nominal power. Note that in practice this
strategy, that curtails 25% of the available power, actually
curtails less than 5% of the solar energy (see Figure 6) because
PV generators rarely produce at their maximal power.

4.2 Inverter-level feed-back control

The pure feed-back methods that we consider are the well-
known P(U) and Q(U) controls. The P(U) control for the
generators defines the following ((xg(t))geG:

Vg € G, ag(t) = Blug(t))pg"™™, ()
where f is a function defined in the Figure 2.
The Q(U) control for the generators defines their reactive
power output:

Vg € G, qq(t) = y(ug(t))gg™™, (6)
where y is a function defined in the Figure 2.
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Figure 2: Local control functions used for the feed-back con-
trols. Smooth functions for P(U) and Q(U). Non-smooth func-
tions for the “AMI-based deed-back” control.

In the numerical experiments, we implement these con-
trols directly at the level of our home-made load flow solver
by using a standard Newton-Raphson method. Because this
method applies to smooth functions, for the numerical exper-
iments, we consider a smooth version (sigmoid function) of
the functions f and y, as depicted in Figure 2.

4.3 AMlI-based feed-back control

For the sake of comparison with our AMI-based feed-forward
controller, we also implemented an AMI-based feed-back
controller. The only difference with inverter-level feedback
control is that there is now significant delay between the
measurement of voltage (through the AMI) and the applic-
ation of the control setpoint. Generally speaking, from the
viewpoint of control, delays are detrimental and promote in
particular instability; this detrimental effect will indeed be
observed in our simulations below.

Because function f does not enter the Newton-Raphson
solver anymore, its non-smooth version is used, as depicted
in Figure 2. The control becomes

Vg € G, ag(t) = Plug(t))py"™™
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where ug(t) denotes the latest, and already relatively obsolete,
AMI voltage measurement (whereas in Equation (5), ug(t)
was the value of the voltage computed directly inside the
load flow algorithm, without any delay).

4.4 Feed-forward

Here we present our feed-forward controller.

4.4.1 Surrogate model of load-flow equations. As men-
tioned above, DSOs often lack reliable information about
their LV networks. As a consequence, we advocate a data-
driven approach that consists in using AMI measurements
to infer the network model that will be embedded in our
centralised controller. In this paper, we assume that a (lin-
ear) surrogate model of the following form is available to the
central controller:

u(t) ~ Ap(t) + b, (7)

where matrix A and vector b are determined by a learning
algorithm fed with historical smart metering data, and is
thus available in practice to the distribution system operator.
We also assume that an equivalent (linear) model (C, d)
is also available for the active power flowing through the
transformer:

Ptrans.(t) = Cp(f) +d. (8)

In our simulations below, the learning phase was performed
using a simple linear regression approach.

4.4.2 Formulation. We are now ready to design our feed-
forward controller. We assume that, before taking our de-
cision, we are given a forecast of the consumption for the
next time step that we denote by (p;);cr, and a forecast of
the PV generation that we denote by (ﬁg)g cc- In practice,
in the numerical simulation, for the load we use a persistence
forecast: p; is equal to the consumption during the last time
step at this node. For the production, we set py as the average
between the production during the last time step and pg‘ax.

We then choose the quotas a according to the following
formulation:

a*(t) = argmax — Z Pg (9)
Py geG
subject to

Ap + b < u™,

~ Prans. < CP +d < Pirans.-
pr=p (VleL),

pg(t) <pg <0 (Vge@G),

where p denotes the vector of active power as in Equation (2).

The rational behind the optimisation problem Equation (9)
is that we try to maximise the quota allocated to PV gener-
ators while respecting the constraints given by the surrogate
linear models Equation (7) and Equation (8) and given a
forecast value p for the consumption and production during
the next time steps. Recall that in our notations, a load p;
is a positive value while a production p, is a negative value.
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This explains why the maximisation of — 3}, py corresponds
to maximising the quota of allocated to the PV.

5 NUMERICAL EXPERIMENTS
5.1 Dataset

The data necessary to run the simulations presented in this
section is extracted from the database of the “Low Voltage
Network Solutions” [9] that was originally introduced to
the research community by the university of Manchester. It
contains the topology of 25 electrical distribution networks. A
single network includes several feeders connected to the same
MV/LV substation. The largest feeder has a few hundred
clients, and the smallest less than 10. This database also
provides several load and generation profiles.

We extracted 21 feeders from this data set, and used the
load and PV generation profiles provided. We attributed one
of these profiles to each customer on the 21 selected feeders,
while respecting the following ratio: 50 % of customers were
pure consumers, and 50 % were “prosumers” (Ze. had both
load and generation). All customers are single-phased.

5.2 Learning versus control phases

The tests were divided in two steps :

Learning step: we use winter load profiles for consumers;
this is to avoid biasing the experiment by using the
same dataset for training and for control (the con-
trol phase will be carried out with summer profiles).
The load profiles peak at approximately 6 kW with a
power factor of 0.95. Generators peak at 3kW with
unity power factor. With this data, we simulate a dur-
ation of one day, with 2-minute time-steps. This first
batch of simulations is performed without any control,
and provides a database of historical measurements of
(active) power and (phase-to-neutral) voltage on each
network. We then apply a simple linear regression to
this dataset in order to compute matrices and vectors
A, b, C, d of Equations (7) and (8).

Control step: we use summer load profiles, still peaking
at 6kW. The PV profiles now also peak at 6 kW. We
re-run the simulation using 2-minute time-steps, and
with 10-minute control time-steps. The calculation is
run again over 24 hours, once for each of the control
strategies below.

5.3 Control strategies

The control strategies are the following.

Open-loops: five open-loops strategies are compared, cor-
responding to five curtailment levels: generation is
curtailed when it exceeds respectively 0%, 25 %, 50 %,
75% and 100% of the installed capacity. Note that
the open-loop controller with a 100 % limit does not
curtail any generation at all, while the open-loop con-
troller with a 0% limit prevents generation entirely.
See Section 4.1.
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(a) “Open-loop 100 %” strategy ie. without control. Note that some

nodes experience higher voltage than the allowed upper-bound.
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(b) “AMI-based feed-forward” strategy ie. our proposed controller.
All over-voltages that occur without control have disappeared.

Figure 3: Mean over-voltages for the feeder 1 of the network 1 of [9].

P(U) and Q(U): these are the popular inverter-level con-
trol strategies that are described in Section 4.2, and
implemented directly in the load flow solver for simu-
lations.

AMI-based Feed-back: this non-standard control strategy
is similar to the P(U) control, except that it is imple-
mented at AMI level (not at inverter level) and there-
fore suffers from delay in the measurements. We present
this strategy to compare it with our feed-forward AMI-
based controller below. See Section 4.3.

Feed-forward: this is our proposed strategy, which is de-
scribed in Section 4.4.

The local control functions of Figure 2 were parameterised
as follows: upom = 400/\/§7 Umin = 0.915unom, Umax =
1.085 unom, Udown = 0.9575 unom and uyp = 1.0425 unom-.

5.4 Technical constraints

The nominal phase-to-neutral voltage magnitude for the
simulations is 400/\/3 ~ 230.94V. Voltage at the secondary
winding of the transformer is fixed to this nominal value,
and the maximal allowed voltage magnitude is +8.5 % above
nominal value. Said otherwise, over-voltage constraints begin
at 250.57V.

Regarding the limit on the maximum power flowing at
the MV/LV substation through the transformer, we first
record the maximum value that occurs during the “test step’
(without any control action), and then consider that the
capacity of the transformer is equal to 90 % of this value.

i

5.5 Results: depth of voltage violations

Figure 4 shows the results of our simulations in terms of
violations of the upper voltage limit, for each of the control
strategies. The value displayed is an average over all 21 feeders
and over all simulation time-steps. The vertical bars represent
the standard deviations. Note that these bars are not meant
to represent the confidence intervals on the mean. Rather,
they show the diversity of situations of the various networks.
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Figure 4: over-voltages per control strategy. The coloured bar
shows the mean value of over-voltages across feeders and time
steps. The black line shows standard deviation.

First note that large violations of the upper-voltage limit
occur when no control action is taken (“Open-loop 100 %”),
and these issues fully disappear when generation is curtailed
below 25 % (“Open-loop 0% and 25 %”). In other words: our
data set exhibits a situation where active power control makes
sense. As an illustration, Figure 3 shows over-voltages in the
first feeder of the first network, without control (“Open-loop
100 %”) and with our feed-forward strategy. This figure shows
that voltage constraints are localised on a few network nodes
and can be mitigated. Also note that voltage issues naturally
tend to decrease when the generation quota is reduced, which
appears clearly when comparing the results obtained with
various open-loops strategies.
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The results obtained with the various control strategies are
the following. First, the well-known P(U) control performs
very well on the upper-voltage constraint, while the Q(U)
control is less efficient; this is because voltage violations are
here relatively strong, the reactive capacity of generators
is limited, and the R/X ratio of the lines in our dataset is
larger than 1 (around 3 for most lines). Second, the AMI-
based feed-back control performs poorly due to the control
delay introduced by the AMI, which impairs the stability of
the controller. Finally, our proposed feed-forward strategy
performs well in reducing the over-voltages, although not
as well as the P(U) control; this is again an effect of the
limitations of the AMI.

5.6 Results: depth of transformer overloads

The second constraint of interest is the upper bound on the
(reverse) power flow through the transformer. Figure 5 shows
the average over all 21 feeders, and over all time-steps, of
power violations (counted negatively because power leaves the
low-voltage network). Standard deviation is also displayed.
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Figure 5: depth of transformer overloads, per control strategy.
The coloured bar shows the mean value of overloads across
feeders and time steps. The black line shows standard devi-
ation.

Note that the open-loop strategy that curtails power over
75 % of the generator capacity is sufficient to mitigate trans-
former overloads. Unsurprisingly, the local controls P(U) and
Q(U) fail in solving this global constraint. The AMI-based
feed-back control fails for the same reason. On the contrary,
observe that our proposed AMI-based feed-forward strategy
performs well, although not perfectly — still because of the
limitations of the AMI.
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Table 1: Percentage of AMI measurements that exceed the
allowed limits.

Strategy Over-voltages [%] Over-powers [%)]
Open-loop 100 % 2.45 4.53
Open-loop 75 % 1.98 0.00
Open-loop 50 % 1.02 0.00
Open-loop 25 % 0.00 0.00

Open-loop 0% 0.00 0.00
Feed-back 1.12 3.58
Feed-forward 0.10 0.06
P(U) 0.00 3.21
o(U) 0.56 4.33

5.7 Results: frequency of violations

Table 1 shows another aspect of voltage and power violations:
their frequency of occurrence, rather than their depth. Even
on this very sunny summer day with maximal PV generation,
violations are quite rare: indeed, congestions only occur in a
short time slot around noon, which supports the idea that
reinforcement (permanently upgrading the network to solve
a very temporary constraint) might not be the best option.

5.8 Results: energy curtailed

We now turn to assessing the amount of lost energy that
is incurred by each of our various control strategies. This
indicator is plotted on Figure 6, as a percentage of the total
energy that would be produced if no control action was taken
(“Open-loop 100 %” strategy).
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Figure 6: curtailed energy, per strategy. The coloured bar
shows the mean value of lost energy across feeders and time
steps. The black line shows standard deviation. Standard de-
viation is zero for open-loop strategies.
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As expected, the open-loop strategies curtail more energy
when the associated threshold is lowered; for instance, observe
that curtailing generation above 50 % of generator capacity
leads to wasting slightly more than 20 % of the available solar
energy, while curtailing generation above 75 % of the capacity
wastes only a few percent of this energy. By definition, the
Q(U) control does not curtail any energy at all. The three
remaining strategies — AMI-based feed-back, feed-forward
and P(U) — are very comparable in this respect: in our
experiments, they curtailed nearly the same amount of solar
energy.

5.9 Results: trade-off between constraint
violations and loss-of-energy

Figures 7 and 8 show the efficiency of each control strategy
in terms of constraint mitigation, along with its cost is terms
of curtailed energy. On both figures, good controllers are the
ones in the lower-left corner, that is to say, controllers that
mitigate constraints well at modest cost.
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Figure 7: over-voltages versus curtailment (“Ol” stands for
“Open-loop”, “Fb.” for “Feed-back” and “Ff” for “Feed-
forward”).

‘We observe that our proposed feed-forward controller is
the only one that lies in the lower-left corner on both graphs;
indeed, the P(U) strategy does slightly better than ours as
far as voltage constraints are concerned (Figure 7) but fails
in terms of mitigating overloads (Figure 8). On the contrary,
the open-loop strategy at 75 % level gives similar perform-
ance than ours in terms of overloads, but much worse in
terms of over-voltages. Also note that the open-loop strategy
must be tuned manually in order to obtain good results in
terms of overloads, as shown by Figure 8 where open-loop
strategies with levels other than 75% perform poorly. On
the contrary, our AMI-based feed-forward method does not
need any parameter tuning, which is a significant advantage
of this method.
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Figure 8: transformer overloads versus curtailment (“OL”
stands for “Open-loop”, “Fb.” for “Feed-back” and “Ff.’ for
“Feed-forward”).

6 CONCLUSION

In this paper, we studied different control methods to elim-
inate congestions (over-voltage and over-power) caused by
distributed PV generation: some local, and some centralised
and based on the advanced metering infrastructure (AMI).
We discussed how the AMI could be used for control purpose
on two levels: firstly to infer knowledge of the underlying
network structure, and secondly to populate the values of
the parameters that enter the optimisation problem that
is solved inside the centralised controller. These arguments
led us to the design of a feed-forward controller, that we
compared with other controller structures — including some
local controllers that do not leverage the AMI. Since our
model captures the inherent measurements and communica-
tion capabilities of the AMI, it allowed us to assess for the
first time the impact of these limitations on various controller
structures, and to conclude about the respective value of
local and AMI-based controllers. Our simulations showed
that an AMI-based feed-forward controller is very well-suited
to mitigate voltage and current constraints in a low voltage
network, while an AMI-based feed-back controller yielded
disappointing results. We also showed that our (centralised)
AMI-based feed-forward controller was able to solve issues
that are not solved by purely local feed-back controller.

Compared to classical control strategies (open-loop and
local feed-back), our AMI-based feed-forward method is com-
petitive: from the performance perspective, we demonstrated
its ability to solve both types of constraints (not only voltage
constraints, but also overloads) while limiting curtailment
levels to a minimum; and from the implementation perspect-
ive, this is achieved with limited communication needs on
the infrastructure side. Also, the method does not require
any parameter tuning, nor prior detailed modelling of the un-
derlying electric network — since it uses inference from AMI
data instead. This is key in the context of electric distribution
systems, where reliable network data is scarce.
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This paper also suggests some directions for future research,
such as the issue of fairness between clients of the same
network, and the problem of adequately combining the feed-
forward and feed-back control logics. On the first topic, we
simply observe that a fairness-aware feed-forward controller
could be easily derived from (9) by adding constraints or by
modifying the objective function. On the second topic, our
research suggests that the best combination of feed-back and
feed-forward control for PV generation curtailment may be
of the following form: an AMI-based feed-forward controller,
combined with local feed-back controllers. This particular
hybrid method was however not investigated in the present
paper, where we focused on pure control strategies. These
two topics are left open for future research.
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