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Abstract-- Large amounts of active power injection by
inverter-interfaced distributed energy resources (DER) is a
common cause of overvoltage in low-voltage networks. Hence,
local active and reactive power control (i.e., Volt/Watt and
VoIt/VAR, respectively) are adopted to limit voltage rise, leading
to active power curtailment. This paper proposes an automatic
control strategy to steer non-dispatchable (nd-DER) and
dispatchable (d-DER) inverters in low-voltage networks,
mitigating overvoltage through local and coordinated Volt/Watt
and Volt/VAR functionalities. Active power curtailment is
avoided whenever possible. The method does not require i) the
implementation of optimization algorithms or ii) knowledge
about line impedance parameters or the location of DERs. The
control approach exploits the power flow dispatchability of low-
voltage networks comprising one point-of-common coupling with
the distribution grid, allowing DERs close to the distribution
transformer to also contribute to voltage regulation by only using
a low-bandwidth communication link. Simulation results show
the flexibilities of the proposed approach and demonstrate that
energy exploitation can be increased by up to 25% for the
considered scenario in comparison to conventional local
Volt/Watt or Volt/VAR schemes. Experimental results based on a
laboratory prototype with three inverter-interfaced DERs certify
the applicability of the approach to real-life implementations.

Index Terms-- Distributed energy resources, overvoltage,
reactive power control, voltage control.

I. INTRODUCTION

NVERTER-INTERFACED renewable energy sources

(RESs) and energy storage systems (ESSs), namely
distributed energy resources (DERS), have become key players
in the actual paradigm of low-voltage (LV) electric networks.
Although such DERs bring to reality the appealing perspective
of sustainable and decentralized energy generation [1], their
ever-growing insertion into the grid brings multiple
operational complications [2]. For instance, the maintenance
of steady voltage profiles in LV networks becomes difficult
since large amounts of decentralized active power injection
may cause overvoltage conditions [3]. Concomitantly, for the
case of non-dispatchable DERs (nd-DERs) (e.g., PV- and
wind-based generators), it is generally desired to fully exploit
their intermittent energy generation capabilities to improve
their energy efficiency and profitability for their owners [4].
Thus, active power curtailment (APC) is as undesired as
overvoltage conditions.

The concepts of local active and reactive power control
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2019/22304-8), and the NFR (Grant f261735/H30).

(i.e., Volt/Watt and Volt/VVAR control, respectively) have been
consolidated as efficient strategies to tackle overvoltage in LV
networks, even considered in standards such as [5].
Nonetheless, although effective and fairly easy to implement,
the capability to offer non-coordinated Volt/Watt and
Volt/VAR functionalities at each inverter usually causes APC
at nd-DERs [6].

Moreover, as found in the literature [4, 7], even when
dispatchable DERs (e.g., battery-based ESSs (BESSS))
contribute to mitigating overvoltage by implementing
conventional Volt/Watt and/or Volt/VAR actions, the DERS’
location may affect their participation [7]. As an example, in
LV networks with one point-of-common-coupling (PCC) with
the distribution grid [4, 8-10], the DERs placed close to the
distribution system transformer (DST) slightly participate in
overvoltage control [7]. Thus, even if such DERs present
available power capabilities, they are not exploited [7].

Many Volt/Watt and Volt/VAR control methods are found
in the literature striving to achieve voltage regulation in LV
networks and microgrids with high penetration of nd- and d-
DERs. Droop control is one commonly used strategy because
of its simplicity of implementation. In [8], the use of the same
droop coefficients among DERs is compared to the adoption
of different coefficients. It is demonstrated that the former
approach makes DERs further downstream on the feeder
curtail more power than those close to the DST. On the other
hand, APC can be equalized [9] among DERs by the latter
approach at the expense of higher energy losses. Ref. [10]
presents a distributed method to increase the penetration of PV
inverters by combining Volt/Watt and Volt/\VAR control with
smooth droop functions. The location of DERs and their
distance from the DST determine if operation occurs with a
power factor close to unity or limited to £0.90. Thus, [10] is
model-based and requires information on line impedances and
distances between nodes. Similarly, [11] is model-based, but it
uses Kalman filter and PV generation prediction. Two wide-
area curtailment schemes are proposed in [4] to increase
penetration of nd-DERs while tackling voltage rise according
to priorities, such as response speed, voltage levels, and
unbalance conditions. However, [4] states that additional
coordination actions are needed to improve APC performance.

Optimization approaches have also been extensively used to
implemented local or coordinated Volt/Watt and/or Volt/VAR
actions. In [12], convex optimization is used to optimize the
parameters of linear piecewise Volt/Watt and Volt/VAR
functions used on the local control of nd-DERs. Minimum
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APC and near-optimal reactive power injection are achieved
by [12]. However, [12] relies on voltage sensitivity factors and
PV generation prediction. It disregards d-DERs. The
generalized Benders decomposition is adopted along with
conic programming relaxation in [13] to formulate an
optimization problem for eliminating overvoltage by reactive
power control. However, as in [9] and [10], knowledge of the
grid parameters is required in most optimization-based
strategies, complicating implementation in LV networks of
different characteristics. A multi-objective genetic algorithm is
used in [7] to provide coordinated Volt/\VAR control of nd-
DERs, increasing the participation in the reactive power
support of inverters close to the DST. Ref. [14] also adopts
multi-objective optimization and the sensitivity matrix concept
to steer droop-based DERs. The goal in [14] is to minimize
APC and control the reactive power absorption of nd-DERs to
tackle overvoltage in an LV microgrid. It uses a hierarchical
scheme in which the primary layer locally regulates droop
curves according to voltage setpoints given by the secondary
layer. Genetic algorithms are used in [15] to equalize APC
among nd-DERs optimally. Nevertheless, it is worth
reinforcing that, besides the lack of model-free features, most
optimization methods present significant computational
complexity [16], making them difficult to be embedded in
DERs’ digital processors. Moreover, many strategies do not
guarantee optimal global solutions, and formulating objective
functions is not trivial.

Hence, having in mind the several advantages mentioned
above and disadvantages obtained while exploiting DERs to
achieve overvoltage control, the basis of this paper is set.

A. Paper Contributions and Organization

This paper encompasses multiple advantageous features
previously found in the literature, integrating them into one
control strategy capable of mitigating overvoltages. Such
features mainly relate to: i) the exploitation of DERs of
different natures (i.e., nd- and d-DERsS); ii) the implementation
of local and coordinated steering of inverters offering ancillary
services [5]; iii) the support to enhanced energy exploitation,
avoiding APC whenever possible, without implementing
complex optimization algorithms; and iv) a generic
formulation, which is model-free. In particular, the strategy is
suitable for LV radial networks of limited size, comprising a
dispatchable PCC with the distribution grid (i.e., as in active
distribution networks [9], [13], and LV microgrids [14], [17]).

Considering the above-mentioned scenario and incorporated
features (i.e., from i) to iv)), the contributions of this paper are:
e The development of an automatic strategy that steers

DERs based on a centralized control infrastructure,
coordinating them to offer Volt/VAR and Volt/Watt
actions to tackle overvoltage. In addition, the control over
the power dispatchability at the network’s PCC [17] is
also used as an advantage for overall voltage regulation.
To the best of the authors’ knowledge, no previous work
has investigated incorporating the LV network
dispatchability at the PCC into a voltage control strategy.
e The strategy only uses a low-bandwidth communication
channel to integrate nd- and d-DERs, also accommodating
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DERs that do not present communication interface and
operate only based on local measurements.

e The strategy reduces APC concerning Volt/Watt and
Volt/VAR curves implemented only locally at DERs by
combining local and coordinated control actions and
allowing Volt/VAR to take precedence over Volt/Watt.
Moreover, all DERs contribute to voltage regulation (i.e.,
even those placed close to the DST).

o Experimental results are presented to validate the
feasibility of the overvoltage regulation scheme to real-
life applications, unlike in the literature.

A comparative table relating to previous literature works is
presented as supplementary material in this paper to support
the stated novelties. Finally, this paper is organized as follows.
Section Il introduces the considered LV network topology and
control infrastructure of nd- and d-DERs. The proposed
automatic overvoltage control is presented in Section Ill, and
simulation results are brought in Section 1V, comprising
different operational conditions and comparisons against pure
local overvoltage control. Experimental results are shown in
Section V, and conclusions are summarized in Section VI.

Il. CONSIDERED LV NETWORK AND CONTROL LAYOUT

The scenario of the LV network herein considered is one of
a dynamic electrical system of limited size, comprising several
DERs that are interfaced by inverters. Such a scenario relates
to LV radial networks presenting a single PCC with the
upstream distribution grid. As seen in Fig. 1, the CIGRE’s LV
European benchmark [18] represents an example of such a
network used in this paper as a testbench in Section V. Note
that this testbench encompasses a PCC determined by the
placement of the DST. Besides, line impedances of low X/R
ratio (i.e., < 1) interconnect electric nodes (B_), and several
inverters modeled as nd- and d-DERs exist. The network
parameters are in [18] (see also supplementary material). In
Fig. 1, five nd-DERs (i.e., nd-DER; to nd-DERs) are modeled
as PV- or wind-based sources, knowing that nd-DER; and nd-
DER; operate without communication. Moreover, three d-
DERs (i.e., d-DER; to d-DER3) are modeled as BESSs.

Regarding the control perspective, a central controller (CC)
is placed at the PCC to manage the overall operation of the
network. Such management occurs based on: i) local
measurements from active nodes (i.e., the ones where
communication-based DERs are connected to); as well as ii)
utilizing transmitted control coefficients (i.e., ay; and ay,,
explained in Section I1-B) that allow d-DERs to contribute to
the network's active and reactive current proportionally

Controlled o d-DER 1 nd-DER1 nd-DER 3 nd-DER 4

bidirectional
power flow El _l? () )

—
Distribution PCC B11— B16 18
Grid | per
Ay 1 CB1 B2 B3 B4 B5 B6 B7 BS B B10
\
Bm B20—— B17 B19
: B12 @
Central E‘ZI w
Conggller 3 B13 d-DER 2 -n
€ J B15 1nd-DER5 nd-DER2  d-DER3
) Communication Interface B14 G

Fig. 1. The layout of the LV network based on the CIGRE benchmark [18].
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demands according to different operational goals. Data
transmission occurs periodically among the DERs and the CC
through a low-bandwidth communication link [19].

The proposed automatic overvoltage mitigation integrates
local and coordinated features of DERs, depending on the
nature of the operation. For instance, d-DERs are driven by a
coordinated control algorithm, providing cooperative
Volt/Watt and Volt/VAR actions. In contrast, nd-DERs
endowing communication operate under a mixed scheme
between local and remote control according to the network
operational goals. Lastly, DERs lacking a communication
interface operate individually, only based on their local goals.
For all DERs in this paper, their inverters are modeled with
LCL filters considering active damping as in [20], as shown
in Fig. 2. Thus, the overall control features of DERs are
explained as follows.

A. Control of Non-Dispatchable DERs

The major goal of nd-DERs is to feed-in active power to
the grid. However, ancillary services related to active (i.e.,
Volt/Watt) and reactive (i.e., VoIt/VAR) power control are
implemented as specific functions for grid support to avoid
local overvoltage conditions. Thus, local Volt/Watt and
VolIt/VVAR curves are implemented at each nd-DER, as shown
in Fig. 3-a. Two categories of non-dispatchable inverters are
herein considered, ensuring that the proposed control method
accommodates various commercial technologies. The first
category comprises a communication interface, and the
absence of it characterizes the second category.

For the case in which communication is available, remote
control is implemented, so the CC partially intervenes in the
operational setting. For instance, such nd-DERs present their
classic basic control loops (i.e., current, voltage, and/or power
loops) embedded in their hardware, but remote control
managed by the CC can enable operational functionalities if
desired. Additionally, the variable y2¢ PER sent from the CC
to an nd-DER (see Fig. 2) is responsible for determining
which of the voltage control curves is enabled, if needed.
Thus, under the occurrence of overvoltage at the point of
connection (PoC) of an nd-DER, the CC sends a control signal
that enables such inverter to activate its Volt/Watt (i.e.,
YaEPER = 1) or VOIY/VAR (i.e., y2¢ PER = 2) functionality.
Such Volt/Watt and Volt/VAR splines seen in Fig. 3-a are
only locally implemented at each nd-DER, and if y2¢ PER =
0, both are disabled. On the other hand, the nd-DERs not
capable of communicating with the CC (i.e., as for the second
category) provide active power injection into the network with
local Volt/Watt control activated. Thus, nd-DERs without
communication always consider y2¢ PER = 1,

The local Volt/Watt and Volt/VAR controls in Fig. 3-a

a) Local Overvoltage Control (Activated by yov)
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operate as follows. If the local voltage measurement of an nd-
DER exceeds the respective voltage limit (V%™), the active or
reactive power injection performed by that inverter is adjusted
to constrain the voltage rise. Concerning the sequence of
operation, Volt/Watt control is always set as default for all nd-
DERs. However, as discussed in Section Ill, the CC knows if
the communicating nd-DERs operate intending to inject active
power at nominal capacity. In case this condition is true,
Volt/VAR cannot be offered unless the inverter is designed
with additional power margins to be used for this purpose
[21]. Thus, Volt/Watt control is maintained by stating
ya4 DER = 1 inherently leading to the occurrence of APC. On
the other hand, if remaining power capability is available, the
status of the variable y¢ PER is changed to 2, so VoIt/VAR is
enabled at that inverter. This approach allows using reactive
control as the first measure, consequently avoiding APC.

Lastly, the established thresholds and measurements used
for voltage control are calculated according to [5], being the
average (AVG) value of the three-phase rms voltages of a PoC
or PCC (namely, 7).

B. Control of Dispatchable DERs

In this paper, d-DERs are driven by a coordinated control
strategy, namely Generalized Current-Based Control (GCBC)
[19], processed at the CC. However, different from [19],
herein a novel implementation of the GCBC considers the
status of the PoC voltage (V) of each d-DER (i.e., endowing
communication capability) to implement the automatic
overvoltage regulation as explained in Section Il
Coordinated Volt/Watt and Volt/VAR control of d-DERs is
supported by the GCBC, which can regulate the active and
reactive power dispatched through the PCC (see Fig. 1)
according to voltage responses in the grid. Thus, this novel
implementation is explained as follows.

The GCBC is formulated based on the analysis of peak
current terms flowing within the LV network (i.e., considering
those terms measured by the communicating DERs and the
ones seen at the PCC). Coordination of d-DERs occurs
utilizing four steps: i) local evaluation of electrical quantities;
ii) GCBC processing at the CC; iii) power dispatchability and

JUL "5
Vie @Z L o P P A .
&> d-DER oV !

|

2> nd-DER TPWM Cr ¥
Communicating DER Local Control —-I___ -PLL glm
al Current/ Voltage/ Power Loops )
rom|~— Active Damping Loop cos(.)||sin(.)
CC ===

1 X11
- I ""”'IDER,' i "
o v 1
ccC @IDERj,IDERj’[DERjIIDERj IIDERj VDER]|<- 1D|}|3”Rj—{ DFT |«

<3| "1lm ""1Ly ""nom "'1||max 1||sto” n
m

Fig. 2. Single-phase equivalent circuit for the local control of nd- or d-DERs.
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Fig. 3. Volt/Watt and Volt/VAR piecewise functions for: (a) local voltage control at nd-DERs; (b) coordinated voltage control at d-DERs.
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coordinated voltage support; and iv) local current reference
setting. These settings are described in the following.

Let us consider the existence of J inverters dispersed over
the network. Firstly, the local evaluation of electrical
quantities is explained. At each j-th d-DER, and at the CC, the
output instantaneous current (i5,) is used for the detection of
the magnitudes (i.e., peak values) of its in-phase (||) and
quadrature (L) terms, as shown in Fig. 2. Herein, the subscript
m stands for each phase of the three-phase system (i.e., m = a,
b, c). Such fundamental component identification of currents
is performed by a discrete Fourier transform (DFT) method,
thoroughly explained in [19]. For that, unitary in-phase and
quadrature signals, x;and x;, , respectively, are attained
from the synchronization angle (6,,) calculated by a phase-
locked loop (PLL) algorithm, with the m-phase voltage of that
PoC (v3). The calculated peak values of active and reactive

currents (i.e., from DERs and PCC) use the nomenclature Iy

and Iy, , respectively. Later, such quantities are periodically
transmitted from the communicating DERs to the CC within a

data packet, also comprising: i) their nominal ratings (I,foffri");

ii) their actual capability to inject active current (If"fﬂzn); iii)

the peak current that can be absorbed by their storage system
(I722¥); iv) as well as their average PoC voltage (V¢ PER/),

Stom

The GCBC processing gives the second step at the CC. The
GCBC is implemented as follows at the beginning of a control
cycle “k.” After acquiring the above-mentioned local
electrical quantities from d-DERs, the CC calculates the total
(i.e., superscript “t”) peak currents being processed by the
inverters, as in (1). The sum in (1) is also applied to the
capabilities I H2RE, I§DERE and If)25F. It is reinforced that
(1) is valid because of the low X/R ratio discussed in Section
Il.

J .
HoEG0 = ) 1) (La)
]=

J .
oG = ) 1) (1)

Then, once the CC calculates the currents seen by the
upstream grid at PCC, I{'® and I{]', it yields to obtain
current references, I7, and Iy, , to be shared by the d-DERs
at the next control cycle “k+1”, as given by (2).

Iy (k+1) = I (k) + INPERE (k) — IG5 (k + 1) (2.3)

Iy, (k+ 1) = I (R) + B0 () — T (k+ 1) (2.0)

When the d-DERs control active power, Ij, is set as the
control goal, always complying with I$2ERt and 1§ ERt
whether, respectively, injection or absorption (i.e., storage) is
intended. Likewise, I;, =~ enables inductive or capacitive
reactive current sharing among the d-DERs (i.e., if positive or
negative, respectively). Thus, considering the overall peak
current capability of the network (,/Al,) [19], two scaling
coefficients per-phase, given by (3), are calculated by the CC
and transmitted to the d-DERS to provide coordinated actions.

Uy = M K+ 1) k1) (3.2)
m Al

4

AR

11, AL

The references 7" and If'¢* in (2) are the desired peak

1lim
currents for the PCC in “"k+1”, which is important for
overvoltage control, as explained in the following.

The third step is responsible for the network power
dispatchability at PCC and coordinated voltage support. As
active and reactive power controllability at the PCC can be
inherently achieved utilizing I/ and If'%*, coordinated
Volt/Watt and Volt/VAR are offered by analyzing voltages from
the PCC and DERs’ PoCs. This functionality occurs if demanded
by the automatic overvoltage scheme explained in Section Ill, as
the CC can detect overvoltages within the network when
communicating DERs periodically transmit their data packets
(i.e., which comprise their average PoC voltage VPER)). If

coordinated Volt/VVAR is desired, the reactive current term Ifffr‘f*

is iteratively adjusted by (4.a), which is used to feed (2).
Likewise, If/'** can be adjusted by (4.b) to provide
coordinated Volt/Watt. §,, and §;, are set as constants, ranging
from 0 to 1 to regulate the steps of the active and reactive currents
dispatched at the PCC at each k+1 control cycle.

(3.b)

I (k + 1) = IfT4(k) + 8,,./AL, (4.a)
I (ke + 1) = 1§79 (k) + 84y [Aly, (4.b)

It is worth highlighting that such active and reactive power
dispatchability at the PCC is, however, constrained to upper

(Ifr@and If7') and lower (Ifi™* and I{7'@) limits given by

1l 1lm
contractual relations between the network and upstream
distribution grid [22]. Hence, the network cannot freely dispatch
active and reactive power as desired by its operational manager, is
also constrained by the d-DERs power capabilities [23].

Finally, the last step is given by the current setting at d-
DERs. To allow the d-DERs to inject the desired currents,
their instantaneous m-phase current reference (i) is locally
constructed based on the previous steps. Such currents are set
according to (5), based on the coefficients (a;) and the local
capability of the j-th d-DER [19].

Jx Jj Jj Jj J
ln = <a1”m : A11||m> "Xy, t <a1"m ) Alum) X1l (%)

I1l. AUTOMATIC OVERVOLTAGE CONTROL STRATEGY

The proposed automatic overvoltage control is summarized
in Fig. 4. The main concept behind this approach is to take
advantage of the before-mentioned local and coordinated
Volt/VAR features of nd- and d-DERSs, respectively, in such a
way that reactive power control takes precedence over APC
whenever it is possible. It is reinforced that this scheme is not
applicable to regulate DERs, not endowing communication
interface. Nevertheless, such a proposed scheme indirectly
affects their nodal operation, reducing local APC.

Let us refer to Fig. 4 to explain the proposed automatic
scheme, which is only processed at the CC at the beginning of
a control cycle k, before initializing the GCBC strategy. As all
communicating inverters transmit V°ER/ when an overvoltage
occurs, the CC knows which j-th DER requires intervention.
Thus, if this is an nd-DER that is not injecting active power at
the nominal rating, local VVolt/VVAR is enabled at that DER by

Page 4 of 10
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(Coord. reactive control) W|th d-DERs
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. Grid
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. 76rid
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at j-th nd-DER under {[y”d'DERJ: 1]_,[J-th nd-DER does ]
overvoltage condition ov local Volt/Watt

Fig. 4. Proposed scheme for automatic overvoltage control running at the CC.

the CC, by transmitting y2¢ PER = 2 instead of using the
default local Volt/Watt (i.e., y5¢ PER = 1) that causes APC. If
this condition occurs, a timer (tcock) is initiated and a wait time
(twait) 1S Used to consider steady-state accommodation before
moving to the next action in Fig. 4. t,,,;; is set according to
the network needs (i.e., as for safety and stability reasons) or
based on grid codes [5]. Yet, tuock iS Set to zero when the
overvoltage is solved or the next action in Fig. 4 is enabled.
Hence, if the local Volt/VAR control of an nd-DER is
either not enabled or not capable of solving the overvoltage
issue at that the cycle k, d-DERs are cooperatively employed
to iteratively increase the dispatch of reactive power through
the PCC, according to (4) and based on the GCBC strategy.
Consequently, resulting in the coordinated Volt/VAR action
seen in Fig. 3-b. In addition, such steering of d-DERSs occurs
without knowing grid impedances or the inverters’ locations.
In case of reaching either the maximum reactive (i.e.,
inductive) current allowed to flow through the PCC (Ifjjf) or

the overall power capability of d-DERs (i.e., resulting in
ay,,, = 1), such coordinated Volt/VAR feature is constrained.

Although Volt/VAR control is effective, it is proved in the
literature that Volt/Watt control is more efficient to mitigate
overvoltage in LV networks [8, 12], because of the low X/R
ratio of line impedances. Hence, when Volt/VAR control
cannot be further processed and the overvoltage has not been
solved, Fig. 4 demands Volt/Watt to be enabled by iteratively

controlling Iﬁﬁf*(k + 1). Therefore, proportionally steering

d-DERs to absorb power (i.e., the charge of storage systems).
This feature can occur until the full state of charge is reached
(i.e., IPERt — 0: e.g., for battery-based DERs), or the power

1 Tmingy

dispatch limit (Iﬁ,”d) is reached, or overvoltage is mitigated.

Up to this stage in Fig. 4, APC does not occur at nd-DERSs
endowing communication.  Additionally, the scheme
automatically induces communication-free DERs to reduce
APC according to the lowering of the grid voltage profile. At
last, in case none of the previous actions can maintain voltages
below the limit (7™), active power can be locally curtailed at
communicating nd-DERs by setting y24 PR = 1, allowing
local Volt/Watt to be performed, as seen in Fig. 4.

IEEE PES Transactions on Sustainable Energy

IV. SIMULATION RESULTS

Simulation  results based on MATLAB/Simulink
demonstrate the features of the automatic strategy. The LV
network is implemented as described in Section Il and Fig. 1,
considering the same eight three-phase DERs. It is also set that
communication is absent for nd-DER; and nd-DER,. All nd-
DERs begin their operation with Volt/Watt control activated
as default (i.e., y2¢PERS = 1). Yet, d-DER; operates only
injecting active power, with Volt/Watt locally implemented as
well. DER’s parameters are in Table I.

The grid presents 230Vpnase at 50 Hz at the secondary side
of the DST. Communication between the CC and DERs is
emulated to occur once per line period (i.e., 20 ms). Besides,
twaic 1S Set to be 0.2 s (i.e., ten fundamental cycles), and the
upper threshold that characterizes overvoltage is
hypothetically set to 7:™=243.8V for the sake of highlighting
the results. The maximum and minimum limits of active and

reactive current dispatch at the PCC are initially set to, If"”d
1{"1;3’ = 2004, and I{/* = If]'* = —200 A. A current step of

4% is considered for (4) (i.e., 61, = &1); = 0.04). Also, herein,
P, Q and I, respectively stand for the active and reactive
powers, and the three-phase collective current (i.e., I, =
Urmsa® + Irmsp? + Irmsc?)Y?) of a DER or PCC. Yet, the
overall network losses are calculated by summing up the
power dissipation overall line impedances.

Three main simulation scenarios are considered. The first
scenario shows how the strategy operates when nd-DERs and
d-DER; are functioning at nominal capacity injecting P, taking
into account the above-mentioned current dispatch limitations.
In the second scenario, the network's dispatch limit of reactive
current is reduced, showing the method's coordinated
Volt/VAR and Volt/Watt features. Finally, the last scenario
compares the method against pure Volt/Watt and Volt/VAR.

Initially, a result demonstrates how the grid voltages behave
if no overvoltage control is considered (i.e., y3¢ PERS = 0 and
4)),, = X11,, = 0). Fig. 5 shows this introductory simulation
comprising the following four intervals: Int. 1) All DERs are
idle; Int. 1) nd-DER;, nd-DER4, nd-DERs, and d-DER; inject
active power at nominal capacity; Int. I11) nd-DER; and nd-
DER;3 also inject nominal active power; Int. IV) d-DER; is
disconnected. Yet, d-DER; and d-DER; are idle for all
intervals. In this result, as DERSs inject P at full capacity, most
of the network nodes operate with voltages significantly above
Vtm reaching up to 251 V (i.e., the worst-case at Interval 111).

A. Scenario 1: Full Generation Capability

For this case, the simulations are shown in Fig. 6, and Table
Il considers the same previous four intervals of operation but
now applying the proposed control strategy. Thus, during

TABLE | - DER’S PARAMETERS USED FOR SIMULATION RESULTS.

Parameter Value
Nominal Powers
[nd-DER;, nd-DER;, nd-DER3, nd-DER,, [8. 8,12, 12&35“’ 35, 20, 35]
nd-DERs, d-DER;, d-DER;, d-DER;]
DC bus voltage 750 Ve

LCL filter parameters [L;, Cy, Lg] [3.5mH, 2.2 uF, 1.5 mH]
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Interval | all DERs are idling, and the voltage profiles are
below V'™  As the nd-DERs inject P at Interval II, the
voltages tend to rise and exceed the allowable threshold. As a
result, nd-DER, and d-DER; tend to curtail P to limit voltage
rise (i.e., see I,; in Fig. 6 at the beginning of interval I1).

However, since DERs inject P at full capability, the
automatic scheme in Fig. 4 determines that Volt/VAR cannot
be performed locally by the nd-DERs. Consequently, t,,qi: IS
not required, resulting in the GCBC promptly coordinates d-
DER; and d-DER; to dispatch inductive currents through the
PCC. Since d-DER; and d-DER; have the same nominal
capabilities, they proportionally share reactive currents so that
the grid voltage is maintained below V%™, Therefore, Q is
practically the same for d-DER; and d-DERz (see Table II).
Moreover, by doing that, the other DERs follow their local
Volt/Watt curves and automatically increase their power
injections as their PoCs are not under overvoltage anymore.
Note that nd-DER;, nd-DERs, and d-DER, show practically
null APC in steady-state during Interval Il (see Table II).
However, high losses (i.e., 1249 W) over the line impedances
inherently occur because of the DER’s active power injection.

For Interval 1ll, as nd-DER; and nd-DERj3 are enabled to
inject full active power, besides their local APC, nd-DER4 and
d-DER; are also impacted, and they tend to reduce P because
of the rise in their PoC voltages. Nonetheless, the automatic
scheme also rapidly senses that voltages are exceeding V4™
Again, so the coordinated Volt/VVAR increases the dispatch of
Q through d-DER; and d-DER3. Again, practically no APC
occurs since the Volt/VAR control tackles overvoltages at all
monitored nodes. Lastly, at t = 2s, d-DER; is abruptly
disconnected from the grid. The approach senses such voltage
variation and reduces the d-DERs’ reactive currents,
maintaining null APC.

B. Scenario 2: Constrained Reactive Power Dispatch
The reactive current dispatch limit is now changed to

If7' =100 4, to demonstrate the concomitant coordinated

Volt/VAR and Volt/VAR proposed actions. The results are
seen in Fig. 7 and Table 11, in which the first two intervals are

the same as in Scenario 1 since 7' is still not reached at them.
At Interval Ill, upon the initialization of nd-DER. and nd-
DERs3, the scheme in Fig. 4 strives to increase the reactive
current dispatch to mitigate overvoltages. However, due to the

lower L' limit, coordinated Volt/VAR is constrained. Since
the automatic scheme detects that the actual reactive current
dispatch is not enough to limit the voltage rise, coordinated
Volt/Watt starts to be performed by d-DER; and d-DERs. This
phenomenon occurs proportionally to their remaining power
capabilities and concomitantly to the coordinated Volt/VAR
control. Consequently, as both d-DERs store active power (see
the negative values of P for d-DER; and d-DER; in Table II),
the voltages are below V7“™without APC at d-DERs. Also, see
in Table 1l that both d-DERs share similar P and Q.

Thus, this proves that the method can steer DERs without
limiting energy generation. It is important to reinforce that,
similar to Interval IV in Scenario 1, by disconnecting d-DER.,

'
Int. It Interval Il ' Interval 11l
'

'
0.5 1 1.5

i %
g0t [ TARVAT T - Interval I
vE H [nd-DERS

lﬂ;&“‘

d-DER2
lml

Time [s]‘ col
Fig. 5. The operations when all DERs operate injecting power at full capacity
and no overvoltage control is implemented. VVoltages are measured as V.

' '
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»
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Fig. 6. Simulation results for the proposed approach in Scenario 1.
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Fig. 7. Simulation results for the proposed approach in Scenario 2.

the Volt/Watt coordination would first reduce the active power
absorption of d-DER: and d-DERs, later reducing their
reactive power injection if not needed (see Fig. 4).

C. Brief Comparison to Pure Local Overvoltage Control

Lastly, two simulation cases considering pure Volt/Watt
and Volt/VAR control are shown in Figs. 8 and 9 to reinforce
the advantages of the proposed scheme in minimizing APC.
For these two cases, the same four operational intervals as
before are considered, as shown in Figs. 5 and 6. Nonetheless,
for the first case, only Volt/Watt is implemented in all DERs.
Thus, even d-DER; and d-DER;3 have such pure local control
enabled, although they do not inject P into the network (this is
done to achieve a fair comparison with Fig. 6).

As shown in Fig. 8 and Table 111, such a control method is
effective, and voltages are maintained below the given upper
threshold for this case. Besides, power losses are significantly
lower (i.e., approximately 45%, 78%, and 64% lower for
Intervals Il, 1Il, and 1V) than in Scenario A because of the
minimized dispatch of P and Q over the grid. The drawback,
however, is that most of the DERs operate under APC in all
intervals (see Table I1). For instance, an overall of 3%,

Page 6 of 10
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1 TABLEII B
2 Steady-state of the simulation results for Scenarios 1 and 2 in Section IV-A and B, respectively. Units: P [W], Q [VAR], Il [A], V [V], and Losses [W].
3 Scenario 1 Scenario 2
4 Int. | Interval Il Interval 111 Interval IV Interval 111
Z ol 7| P Q |la| 7 | P Q [La| V| P Q |La| 7 | P Q |l |V
7 PCC 0 | 231 | -51030 | 16120 | 149 | 233 | -67180 | 26060 | 244 | 233 | -48880 | 27320 | 182 | 232 | -52830 | 24610 | 179 | 233
8 nd-DER; | 0 | 233 | 8324 0 20 | 241 | 8360 91 20 | 242 | 8283 87 20 | 239 | 8362 87 20 | 241
9 nd-DER, | 0 | 233 0 0 0 [241] 8392 88 20 | 242 | 8302 93 20 | 240 | 8351 81 20 [ 242
10 nd-DER; | 0 | 233 0 0 0 | 241 | 12560 | 129 | 30 | 242 | 12430 | 129 | 30 | 239 | 12540 | 127 | 30 | 241
11 nd-DER, | 0 | 233 | 12580 | 131 | 30 [ 242 | 12590 | 129 | 30 | 242 | 12440 | 128 | 30 | 240 | 12540 | 128 | 30 | 242
12 nd-DERs | O | 233 | 12430 | 125 | 30 | 240 | 12460 | 134 | 30 | 240 | 12360 | 121 | 30 | 238 | 12440 | 130 | 30 | 239
13 d-DER, | O | 232 | 318 | 7481 | 36 | 237 | 717 | 16840 | 82 | 236 | 544 | 12940 | 63 | 235 | -9008 | 11450 | 60 | 235
14 d-DER, | 0 | 233 | 20890 | 209 | 50 | 242 | 223 | 20930 | 50 | 242 0 0 0 | 238 | 20890 | 210 | 50 | 241
15 d-DER; | 0 | 233 | 306 | 7621 | 36 | 242 | 733 | 17230 | 82 | 242 | 551 | 13190 | 63 | 239 | -9211 | 11700 | 60 | 241
16 Losses 1249 3348 1903 2012
17 TABLE Il ~
18 Steady-state simulation results for the local overvoltage control strategies in Section 1V-C. Units: P [W], Q [VAR], I [A], V [V], and Losses [W].
19 Scenario 3 — Case 1 Scenario 3 — Case 2
20 Interval I Interval 11 Interval IV Interval 11 Interval Il Interval IV
2 P Q |V P Q | Vv P Q | Vv P Q v P Q 1 P Q 1
22 PCC -45320 | 775 | 234 | -46520 | 813 | 234 | -4423 | 752 | 234 | -47970 | 3474 | 234 | -51380 | 6028 | 234 | -45500 | 2470 | 234
23 nd-DER; | 8399 | 90 | 242 | 8328 | 91 | 243 | 8385 | 95 | 243 | 8375 | 82 | 243 | 8398 | 87 | 243 | 8399 | 89 | 243
24 nd-DER; 0 0 [ 243 | 6277 | 65 | 243 | 6647 | 72 | 243 0 0 [243] 5573 | 57 | 243 | 7149 | 79 | 243
25 nd-DER; 0 0 | 242 | 1943 | 17 | 243 | 12590 | 138 | 243 0 0 | 243 | 2353 | 27 | 243 | 12600 | 134 | 243
nd-DER, | 9274 | 97 | 243 | 7403 | 83 | 243 | 5651 | 61 | 243 | 8547 | 91 | 243 | 6094 | 60 | 243 | 6537 | 74 | 243
26 nd-DERs | 12530 | 131 | 241 | 12560 | 138 | 243 | 12500 | 137 | 241 | 12520 | 125 | 241 | 12530 | 132 | 241 | 12510 | 132 | 241
27 d-DER; 0 0 | 238 0 0 | 239 0 0 | 238 0 0 | 238 0 0 | 238 0 0 | 238
28 d-DER, | 20210 | 213 | 243 | 18810 | 197 | 243 0 0 | 242 | 20360 | 214 | 243 | 18690 | 195 | 243 0 0 | 242
29 d-DER; | -3566 | 42 | 243 | -7216 | 75 | 243 | -76 0 | 243 | -109 | 2637 | 243 | -213 | 5066 | 243 | -81 | 1680 | 243
30 Losses 684 720 674 791 957 730
31
32 250 nt \E Interval Ii E Interval 11l : Interval IV =250 nt. | Interval i E Interval E Interval IV
33 %“m A é“m AN |
ol = ? : —
35 ‘ i : A
36 ‘ Time (] " l P——
37 Fig. 8. Operation considering pure local VVolt/Watt — Case 1. Fig. 9. Operation considering pure local Volt/Watt and Volt/VAR-Case 2.
38 23% and 11% of APC occurred in the nd-DERs during inverters (i.e., Invy, Invy, and Invs). They emulate two d-DERs
39 Intervals 11, 111, and IV, compared to the automatic scheme. and one nd-DER, with nominal powers of 2.5 and 1.85 kVA,
40 Moreover, since d-DER; is the closest to the PCC (see Fig. 1), and 2.5 kVA, respectively. The d-DERs present LC output
41 local Volt/Watt makes it idle in all intervals [10], practically filters (i.e, with 3.5 mH and 2.2 puF), and the nd-DER has an
42 not processing (i.e., storing) any active power, as done by d- LCL filter (i.e., Li =1 mH, C; = 3.3 pF and Lg = 1 mH). Each
43 DERs. This phenomenon does not occur with the proposed DER is fed by a DC voltage source with 270 Vq.. F28335
44 strategy, as all d-DERs proportionally tackle overvoltage. DSPs embed the CC and the DER's current controllers,
45 A second simulation case is shown in Fig. 9 to compare considering sampling and switching frequencies of 12 kHz.
46 with the result in Scenario A. Besides the local Volt/Watt The prototype uses a grid emulator, having a phase voltage
47 implemented at the nd-DERs and d-DER,, pure local of 127 Vins at 60 Hz, with Z,;=2.7,,=0.18 + j0.188 Q.
48 Volt/VAR was implemented for d-DER; and d-DER3. Note in  DPO3000 oscilloscopes are used for acquiring waveforms,
49 Table 111 that Q was significantly processed by d-DER3 during and a digital voltage meter measures the DERs and PCC's
50 all intervals. Consequently, the local control could mitigate voltages. V%™ was set to be 130V for stating overvoltage
51 overvoltages, but APC still occurred for most of the DERs. condition, and d- DERs communicate to the CC each 16 ms.
52 The overall APC for nd-DERs was 4%, 25%, and 9% during The nd-DER does not participate in the coordinate control,
53 Intervals 11, 111, and IV, respectively. Besides, d-DER; also did  and it operates constantly injecting 950 W without Volt/Watt
54 not participate in the voltage regulation. locally implemented. The results are divided into three
gg V. EXPERIMENTAL RESULTS Lnte_rvals: Int. 1) the only nd- DER injects P; Int. I1) d-DERs
egin to mitigate overvoltage according to the proposed
57 Experiments using a single-phase LV network prototype strategy; and Int. 111) a voltage step is applied by the grid,
58 depicted in Fig. 10-a are shown herein, considering three real raising the voltage to 133 Vims. The rms voltages for the nodes
59
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Fig. 10. Experimental results for automatic overvoltage regulation. (a) Circuit of the network used for experiments; (b) rms voltages of the grid nodes
comprising inverters; (c) Experimental results of the three intervals tested; (d) Zoom-in-view of Int. I; (e) Zoom-in-view of Int. II; (f) Zoom-in-view of Int. IlI.

of interest are shown in Fig. 10-b. Yet, the transitions between
these stages are in Fig. 10-c, with their zoom-in-views shown
in Figs. 11-d, -e, and -f, for intervals I, 11, and 111, respectively.
Fig. 10-d shows that the PCC current is in-phase with the
voltage since nd-DER; only injects active power, although
operating under overvoltage conditions. As the automatic
control is enabled, the d-DERs dispatch reactive current
through the PCC (see lagging currents in Fig. 10-e)
proportionally to their capabilities. Hence, all voltages are
found below V4™, Lastly, as a voltage step is applied to the
grid, the approach readjusts the reactive current dispatch until
all voltages are again within an acceptable range (see Figs. 10-
b, 10-c, and 11-f). The transitions occur smoothly, and no
overvoltages/overcurrents occur at the PCC or any DER.

V1. CONCLUSIONS

This paper presented a model-free coordination strategy to
steer both nd- and d-DERs within an LV network to achieve
overvoltage mitigation. It was possible to take advantage of
local and coordinated Volt/Watt and Volt/VAR functionalities
to avoid APC at nd-DERs utilizing an automatic scheme.
Moreover, such a strategy could accommodate DER
comprising communication capabilities and those that operate
only according to local rules.

Simulation results demonstrated that the method could
dynamically steer inverters upon different operation
conditions, presenting superior performance (i.e., concerning
the minimization of APC) compared to Volt/Watt and
VoIt/VAR implemented only locally DERs. For the
considered simulated cases, the proposed strategy could
increase the energy exploitation of nd-DERs by up to 25%.
Lastly, experimental results proved that the reactive current
dispatch of an LV network could be controlled to mitigate
overvoltages, exploiting all DERs, and ensuring that the
strategy is suitable for real-life applications. Future work also
intends to demonstrate the incorporation of harmonic
compensation features into such a voltage control approach.
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2) The line impedance parameters of the testbench adopted for simulations in Section IV are presented in Table V. A
complete description of such parameters are found in [18].

TABLE V — LINE IMPEDANCE PARAMETERS OF SIMULATION TESTBENCH.

Node Node R X Rneutral Kneutral Length
from to [Q/km] [Q/km] [Q/km] [Q/km] [m]
B1 B2 0.163 0.136 0.490 0.471 35
B2 B3 0.163 0.136 0.490 0.471 35
B3 B4 0.163 0.136 0.490 0.471 35
B4 B5 0.163 0.136 0.490 0.471 35
B5 B6 0.163 0.136 0.490 0.471 35
B6 B7 0.163 0.136 0.490 0.471 35
B7 B8 0.163 0.136 0.490 0.471 35
B8 B9 0.163 0.136 0.490 0.471 35
B9 B10 0.163 0.136 0.490 0.471 35
B3 B11 1.541 0.206 2.334 1.454 30
B4 B12 0.266 0.151 0.733 0.570 35
B12 B13 0.266 0.151 0.733 0.570 35
B13 B14 0.266 0.151 0.733 0.570 35
B14 B15 0.326 0.158 0.860 0.630 30
B6 B16 0.569 0.174 1.285 0.865 30
B9 B17 1.541 0.206 2.334 1.454 30
B10 B18 1.111 0.195 1.926 1.265 30

3) Picture of the single-phase LV network prototype comprising three inverters used for experimental validations.
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