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Abstract: From the electrical energy point of view, the smart community (SC) concept is meant to be as a sustainable and
environmentally friendly alternative to the classical configuration. The SC includes small-scale renewable energy sources (RES)
and small-scale energy storage system (ESS). The SC energy management system acts as an aggregator, aiming to assure
benefits for community stakeholders. These trends led to the energy routers (ERs) concept. This study proposes and describes
the control strategies for these ERs to contribute to the SC goals. The approach of these strategies increases the RES
adjustability, contributing to maintain the ESS state of health. The ER is able to operate simultaneously with active and reactive
power control, besides compensating SC grid voltage imbalances, and providing ancillary services to the SC. The proposed
control strategies are validated by simulations and experiments.

1 Introduction

The concept of the smart grid (SG) was defined as:

‘advanced power grid for the 21st century include the
addition and integration of many varieties of digital
computing and communication technologies and services
with the power-delivery infrastructure. Bidirectional
flows of energy and two-way communication and control
capabilities will enable an array of new functionalities
and applications that go well beyond ‘smart’ meters for
homes and businesses’ [1].

The idea mainly arose from the challenge of integrating
distributed renewable energy sources (RES) in order to reduce
greenhouse emissions and energy losses [2]. This integration
increased the issues related to the inherent intermittency of RES,
e.g. poor energy management [3]. Concurrently, the focus was on
the energy storage system (ESS) research and its application. The
coupling between RES and ESS provides a smoother injected
power by RES, load peak saving, effective spinning reserve, better
matching between the consumption and generation, besides the
avoidance of transporting energy in excess, and facilitating the
distribution grid operation [4-8].

A modern concept is the so-called smart communities (SCs),
which takes advantage of the SG knowledge, allowing effective
demand-side management [9]. The SC can be defined as a
distributed system consisting of a set of smart homes, RES and
ESS which utilise SC controllers (e.g. genetic algorithms and
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game-theoretic models) to enable smart power management within
the SC [10]. It requires power electronic converters with general
purposes (both in DC and AC), small-scale ESS (known as micro
ESS) shared by several homes in a community or not, integrated
with small-scale RES installed at the residential level, advance
metering infrastructure [11], and an optimal use of the information
and communication technology [2]. In this sense, the trend goes
towards the concept of energy routers (ERs) [4]. The use of the ER
in the SC allows the consumer to obtain energy bills savings, as the
electrical energy is provided by ESS, or by the RES (if the time-
period of consumption matches that the production from
renewables) [12]. Profits for owners of ESS or RES also appear,
since they can sell the energy locally into the SC or to the market
during high-price time periods [13]. This concept is meant to be as
a sustainable and environmentally friendly alternative to the
classical electric scenario. In this situation, the energy users
become prosumers, defined as SC users that combine energy
production and consumption [14]. However, the electrical system is
still today a mix of centralised and small-scale smart distributed
systems. Fig. 1 shows a possible configuration of an SC
comprising several prosumers [15]. Each prosumer has an ER to
act as an interface between their distributed energy resources and
the SC point of common coupling (SC-PCC).

ER control and supervision are carried out by the SC energy
management system (SCEMS) [4]. It acts as an aggregator of
resources and coordinated them to assure benefits for every
community stakeholder [7]. The SCEMS receives and computes
data from sensors and equipment installed in the SC such as ESS
state of charge (SoC), weather forecast, energy prices, load
profiles, RMS SC grid voltages and frequency at different buses,
imbalance coefficients etc. Based on different optimisation
algorithms or SC goals [14-21], the SCEMS defines the reference
values to each local ER for both active and reactive power (Fig. 2).
A coordinated strategy among prosumers based on the individual
batteries’ SoC demonstrates a significant reduction on the energy
interchanged, and the charging/discharging schedule or set-point
calculation is carried out by means of a genetic algorithm [14].
Photovoltaic (PV) prosumers are considered in an energy sharing
model, taking into account the price-based demand response and
the PV costs [16]. The PV prosumers decide the energy prices, in
order to schedule their PV energy production and loads by means
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Fig. 3 Three-stages power topology of the developed ER

of an iterative algorithm. Some clustering algorithms for virtually
aggregate the prosumers enable an energy cost reduction [17]. A
blockchain-based microgrid energy market to locally trade the
distributed generation is studied in [18]. Some benefits, as the
active local RES integration into the energy system are stated by
this approach. A hierarchical decision-making strategy and a game-
theoretic model were developed to manage the energy in [19] and
in [15], respectively. In addition, the impact of the electric vehicles
in an SC is also a very important issue to be considered [20].
Similar requirements and performance are requested to the SCEMS
in case of multi-community systems [21].

Focusing the attention on the ER structure, a single-phase AC to
AC configuration is presented, and predictive mode control for the
second stage of the ER is also proposed, composed by a single-
phase inverter [22]. A multi-port ER including medium and low
voltage DC buses, a dedicated bus for the ESS and two AC ports
(one to connect to the grid and the second supply AC load) as well
as the different control strategies for each stage is studied in [23].
In this work, the grid-connection port is composed by a three-phase
three-branches inverter, thus the unbalance compensation function
cannot be performed. A similar multi-port topology has been also
used, but experimental results are not provided [24].

This paper proposes and describes the implementation of
control strategies and operation modes for the ER into an SC
context, to accomplish the active and reactive power references
coming from the SCEMS at the SC-PCC. The developed ER
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considers one RES (PV system) and one ESS but, both the control
strategy and the topology may be extended for more RES or ESS
resources. In this way, the ER provides ancillary services to the SC
by controlling the active and reactive power flows [25], as well as
compensating unbalance phases [26].

The paper is organised as follows: first, the ER topology is
presented. Secondly, the control strategy to extract the references
derived from the SCEMS set-points is explained in detail. Finally,
the ER performance is demonstrated and validated by simulations
and experimental results.

2 ER topology

The topology of the developed ER is displayed in Fig. 3. It consists
of three power electronic converters sharing a common DC-link
(capacitors Cy and C,). The aim of the used topology is to act as an
active interface between the prosumer and the SC it belongs to.

A conventional DC-DC boost converter, composed of a filter
inductor (Lyy), a single switch (So) and diode (Dy), is considered to
connect the ER PV system (converter highlighted in green). Its
main functionality will be the maximum power extraction from the
PV array (maximum power point (MPP) operation) or to provide
any feasible reference value of power (reference power point (RPP)
operation). The integration of the ER ESS is achieved by means of
a half-bridge bidirectional buck—boost DC-DC converter,
composed of two switches (S7 and Sg), and one inductance (Lgss)
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Fig. 4 Typical P-V curve with the different subzones for the implemented
RPPT algorithm

(converter highlighted in red). In general, this power converter will
demand/inject power from/into the SC, acting as an energy buffer
to meet the ER power balance. Besides, it regulates the DC bus
voltage to its reference value. Finally, a three-branches two-level
DC-AC power converter with the DC middle point connected to
the SC electric grid neutral point is in response of the energy
interaction between prosumers and the SC in terms of power
trading. Moreover, this topology allows providing the SC ancillary
services. Composed of six switches (S, ..., Sg) and inductive
filters (L,, Lp and L.), this DC-AC converter (highlighted in blue
colour) will be responsible for the main functionalities and services
concerning active and reactive power trading, imbalance
compensation and synchronisation with the SC electric grid. This
converter topology can afford to include another RES, other kind
of ESS, and other energy devices to fulfil the SC goals and to meet
the set-points given by the SCEMS.

A 1:2 low-frequency transformer is considered before
connecting the ER to the SC-PCC, in order to provide galvanic
isolation, avoiding DC current injection into the SC electric grid at
the same time. The use of this transformer allows the ER to operate
with reduced DC-link voltage, leading to a higher protection level
against indirect contacts. Other approaches such as transformerless
ER or high frequency transformer-based ER can be implemented,
optimising size and price. In this study, a first-order inductive grid
filter (L;) was used, and the internal resistance of each magnetic
component (R;py, Rpgss and Ry;) are considered for higher
accuracy in this study. Fig. 3 also contains all the electrical
variables used in subsequent sections. More details of the ER
sizing and assembling are described in the following sections.

2.1 ER design and sizing

There are several parameters to be sized in the ER. Calculations of
each passive component are summarised in this subsection.

Assuming a continuous conduction mode for the DC-DC boost
converter, the minimum value of L,is estimated as [27]

2
Vae(Wae — va)

—_— 1
pvalpvchdc M

Lyy( min ) =

where Aipy is the desired input current ripple in the DC-DC boost
converter, and £, its switching frequency.

In a similar way, the calculation of the minimum value of Lggg
can be done. In this case, the inductance value must be selected by
calculating the largest value between the buck and the boost
operation (1). For the buck case, the minimum value of the
inductance is given by

VESSVdc

Less(min ) = ——><¢
ess( ) PessQiessfc
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where Aiggg is the desired input current ripple in the DC-DC
buck—boost converter.

The minimum value of the DC-link capacitance (Cyc) is
calculated according to [28]
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Cyo( min ) = e 3)
Avg2rf.’

with Avg is the desired DC-link voltage ripple, and /4. is RMS

DC-link capacitor current.

Finally, to estimate the minimum value of L;, it was necessary
to establish the harmonic component of the DC-AC converter
output voltage at the switching frequency (vi(hgy)). Considering the
unity power factor, the minimum value is derived as [29]

L( min ) = Vilhsy)Vs @
i who PTHD;’

where Viis the RMS SC grid voltage and w; the fundamental
frequency. hgyis the switching harmonic order, Pis the rated active
power, and THD is the total harmonic distortion of the current.

The voltage and current stresses across the components are the
key parameters for dimensioning semiconductors. In the ER
configuration, the voltage stress on the insulated-gate bipolar
transistors (IGBTs), as well as on the diodes, is equal to the DC-
link voltage, thus each semiconductor must withstand the DC-link
voltage.

3 ERinterfaces and control strategies

The SCEMS carries out a multi-criteria optimisation algorithm
using as inputs: the energy price, power quality ratios (e.g.,
frequency deviations, RMS voltage levels and imbalance
coefficients), the expected generation/demand and SoC from each
prosumer's ESS, in order to manage each local ER and satisfy the
SC requirements [14-21]. From this point, the SCEMS proposes
and sends the operation modes, the active power and the reactive
reference set-points to each ER, in order to meet them at the SC-
PCC and also inside the different ER power resources and
interfaces (RPPs for the PV converters and charging/discharging
reference points for the ESS).

To make easier the understanding of the implemented control
strategies, the reference generation and its tracking technique, the
following sign convention is defined. If the active power set-point
is positive (p* > 0), then the ER injects active power into the SC. If
the active power set-point is negative (p*<0), then the ER
demands power from the SC. The same sign convention is used for
the reactive power. Regarding the ESS, if the ESS set-point is
positive (pgss > 0), the ESS discharges, and charges when the ESS

set-point is negative (pgss < 0).

3.1 PV interface

One of the principal design objectives of a PV power system was
to obtain the maximum power and inject it into the utility grid [30].
In order to increase the ER degree of adjustability, a RPP tracking
algorithm (RPPT) was implemented based on [31]. The ER low-
level controller solves the RPPT algorithm, generating the proper
duty cycle (Dyy) to control the PV array working point, derived
from the SCEMS. RPP operation is used instead of MPP, due to
saturation limits of the ESS (surpassing its maximum voltage limit
could be dangerous), and also the prevention of overvoltage in
some critical periods and in certain buses during the SC electric
grid operation (also known as active power curtailment technique
[25]).

It is important to note that the implemented RPPT algorithm
can also work at the MPP operation. The algorithm is based on the
perturb and observe (P&O) method with adaptive step to maximise
the performance and minimise the power fluctuations. A typical P—
V curve is shown in Fig. 4, where two different subzones (a and b)
placed at the right of the MPP (called zone 1) and another two
subzones (¢ and d) placed at the left of the MPP (called zone 2) are
observed. Just zones 1 and 2 are distinguished for the MPP
tracking, otherwise zones a, b, ¢ and d must be analysed. There are
two feasible PV points in the curve that match a set-point given by
the SCEMS (marked as x and y). The one located at the right side



Table 1 Truth table to select the subsequent D, in the MPPT algorithm

ADpy Dpy,n Appy,n AVpyn Dpv,n+1 Zone
>0 >0 <0 Dpv,n* 6pv 1
<0 X <0 >0 Dpy,n + 6pv 1
>0 X <0 <0 Dpv,n = 6pv 2
<0 X >0 >0 Dpv,n = 6pv 2
Table 2 Truth table to select the following subsequent Dy, in the RPPT algorithm

ADgy s Dpun Povn — P APpv.n AVpyn Doy, n+1 Subzone
>0 X <0 >0 <0 Dpy,n + 6pv

<0 X <0 <0 >0 Dpy,n + 6pv a

>0 X >0 >0 <0 Dpv,n = 6pv b

<0 X >0 <0 >0 Dpv,n = 6pv b

>0 X >0 <0 <0 Dpy,n = 6pv c

<0 X >0 >0 >0 Dpv,n = 6pv c

>0 X <0 <0 <0 Dpv,n = 6pv d

<0 X <0 >0 >0 Dpy,n = 6pv d
Table 3 Logic for adaptive step reduction

ADpv,n-5 ADpv,n—4 ADpv,n—3 ADpv,n—2 ADpv,n—1 ADpv,n |ADpv,n+1 |
<0 <0 >0 >0 <0 <0 kadp X |0pvl
>0 <0 <0 >0 >0 <0 Kadp X |6pvl
>0 >0 <0 <0 >0 >0 kadp X |6pvl
<0 >0 >0 <0 <0 >0 kadp X |0pvl
Table 4 Logic for adaptive step increment

ADpv,n—5 ADpv,n—4 ADpv,n—3 ADpv,n—2 ADpv,n—1 ADpv,n |ADpv,n+1 |
>0 >0 >0 >0 >0 >0 1/kadp X |Opvl
<0 <0 <0 <0 <0 <0 1/kadp X |Opvl

of the MPP (within zone 1) is a better operation point since the PV
voltage will be higher, leading to a reduced Dpy. As the DC-link

voltage is regulated by the ESS DC-DC converter, the more the
Dy rises, the further the system moves to the left side of the P~V

curve.
The variables measured to perform the RPPT algorithm are the
PV current (i,,) and the PV voltage (vpy) (see Fig. 3). Depending
on the observed magnitudes PV power (p,y) and v, and their
previous values, it is possible to determine the D,y to be applied,
that is, to determine the new direction of the perturbation step
(Opy)- The direction of AD,,, depends on the subzones (a, b, ¢ or d)
where the system is operating. In general, three possibilities exist:

i ppy < pypp and Vpv 2 v\mpp- Desired operation subzones (a and
b). The observation of the current measurements together with
the previous perturbation direction and measurements will
guide the system to the set-point.

Ppv < Pmpp and vy, <vypp. Subzones (c and d) to be avoided.
A negative value of dj,, (system displacement to the right side
of the P—V curve is mandatory).

Ppv = pwmpp- The system will reach the MPP.

ii.

iil.

The implemented truth table in the low-level controller to select the
subsequent D,y according to the aforementioned reasoning is
presented in Tables 1 and 2, depending on MPP or RPP operation.
Once the algorithm achieves a convergence solution and the PV
system is working around the RPP or MPP, 4, is reduced to
improve the steady-state performance. The adjustment of dpy is
done by observing the sign of the last perturbations (in this

approach, the sign of six perturbations are collected in an array,
from ADpy ;-5 to ADyy,). When the pattern of the signs is as in
Table 3, the value dy,, is multiplied by the adaptive factor (kyqp)-

This iterative process is executed until Jp,, gets a minimum value.
Similarly, if the direction of Jp,y presents the same sign during six
perturbations, the value of dp,y is reset multiplying by 1/k,qp until
obtaining the initial value. This reset (see Table 4) is considered to
obtain a faster dynamic response during a change in the set-points
or in partial shadows condition.

3.2 ESS interface

The integration of the ESS into the local ER allows the
minimisation of RES fluctuation, allowing to act as energy buffers
into the SC electric grid. The effect of using any ESS is graphically
explained in Fig. 5 (PV and ESS power circles). Each power
converter of the ER (DC-DC and DC-AC) has extra-capacity,
limited by the rated current of its semiconductor devices, that is, a
maximum apparent power (smax,). This extra-capacity can be
used for providing ancillary services to the SC, regulating the
active and reactive power flows with strategic purposes. Moreover,
ESS allows a 4-quadrant operation ER, instead of a 2-quadrant one
when using only the PV system. The ESS can make the system
works at point 2 (in Fig. 5) instead of 1 (if needed) or at point 4,
raising the ER degree of adjustability.

The implemented strategy to generate the proper reference
current (igss) to be tracked by the half-bridge bidirectional buck—
boost DC-DC converter is depicted in Fig. 6. igss is composed by
adding two terms:
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i.  The main term (ifss_,) is derived as the current needed to meet
the active power balance (neglecting the losses) on the battery
side and determined by the SCEMS. This term is calculated as

.
PESS
VESS

®)

o _
IESS_1 =

where prgs and vggg are the ESS reference power and the
measured ESS voltage, respectively.

ii. The second term (igss_,) aims to control the DC-link voltage
(vqc) at the desired level (vg.), as well as to compensate the
power losses in the energy conversion and the small variations
in the estimation of the plant parameters. This igss , is obtained
from the output of the PI regulator.

Therefore, the active power balance and pggg are accomplished at
the SC-PCC, matching on the battery side as well. That is, the
demanded/injected power from/to the ESS (pggs) will be higher or
smaller than pggs, depending on the discharging or charging ESS
operation, respectively.

With the goal to maintain the ESS state of health (SoH),
avoiding the ESS stress as much as possible, a charging and
discharging boundaries must be considered (in our case, 80% for
charging and 20% for discharging). Besides, the system cannot
surpass the smax,; in any power converter. In this sense, the
saturation block in Fig. 6 is justified by the following:

i.  The ESS must be operated within a healthy SoC margin, which
depends on the ESS technology but, roughly, it can be assumed
a margin between the 20 and 80% of the ESS rated capacity
(Ogss)-

Assuming that the initial value of the SoC (SoCy) may be
known, the real time SoC (SoC;) can be estimated by the
Coulomb counting method, integrating the ESS current flow
over the time. In our case, the current flowing from the ESS to
the DC-link is measured as positive (ESS discharging), and
SoC; is expressed as

Jiigss(t) dr

SoC(%) = SoCu(%) ~ 3 3000ss

x 100,

with iggg in (A) and Qgss in (Ah). Besides the saturation of
igss as a function of the SoC;, the ESS charging/discharging
curves from manufacturer's datasheet should also be
considering, limiting the maximum iggg during charging or
discharging, depending on the vggs.

ii. Once p*, g*, ppy are set, the SCEMS has to include a priority
policy for the ER. The priority condition is based on the
premise that syax; in any power converter cannot be
exceeded. Two priorities are considered active power priority
and reactive power priority. If the reactive power priority is
activated, ppgg must saturate its possible value to prevent ER
overcurrent of the inverter

* < 2 2 2
PESS = \/SMAX,inv — Ppv — ¢ »

where sMax iny 1S the spax; of the inverter, pp, is the extracted
power from the PV and g is the injected reactive power into the
SC by the ER. The active power priority will be discussed
further as it does not affect to the pggg saturation.

(N

At the same time, decreasing charging/discharging igsg rates
contributes to the SoH maintenance. Ramp rate control of the vy is
considered for the DC-link pre-charge process. It is important to
note that the control of the DC-link voltage by the ESS allows to
developed control strategies for SC operation in islanded mode.
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3.3 Grid interface

As previously mentioned, the DC-AC converter will be
responsible for the main functionalities and services concerning
active and reactive power trading, imbalance compensation and
synchronisation with the SC electric grid. This section explains the
implemented ER control strategy, and its block diagram is depicted
in Fig. 7.

3.3.1 Active power control: The ER accomplishes its p* by a
sinusoidal source current (SCC) control strategy [32], which aims
to regulate the ER in such a way that the ER injects or demands
current into/from the SC-PCC, in phase with the direct components
(d) of positive-sequence fundamental voltage. At the same time,
the ER output current will have no harmonic content. By using this
control strategy, in the ER2SC-P mode, the injected current is
sinusoidal and in phase with the d of the positive-sequence
fundamental voltage. In the SC2ER-P mode, the current demanded
from the SC grid is sinusoidal and against phase with the d
positive-sequence fundamental voltage.

The d component of the ER reference currents, (ij;), is
calculated as

e

[ SE + .
= |v§1d'l_|vsld.,,

o

Iq i

®)



where v;,,; is the unit vector of the direct components of the
positive-sequence fundamental component of the phase-to-neutral
SC grid voltage and |vg,,| is its module. The unit vector is
calculated using (9), where vj,;; are the instantaneous d of the

positive-sequence fundamental component of the phase-to-neutral
SC grid voltage

+
VSid,a

.
VSid,b

)

+
VSid.c

Vi T P vE Y
Sid.a Sid, b Sid.c

.
Vsid,i =

A second-order generalised integrator phase locked loop (SOGI-
PLL) is employed to extract the fundamental component of the grid
voltages [33].

3.3.2 Reactive power control: The ER is able to provide SC
voltage support, improvement of the SC global power factor,
motivated by economic reasons, contributing to the CO, reduced
emissions (as the losses are reduced). Based on these assumptions,
the SCEMS has calculated ¢ * for each ER.

A quadrature (g) sinusoidal current control strategy [7], similar
to the previous SCC is used for this purpose. It allows the ER to
inject or demand sinusoidal current into/from the SC-PCC, in
phase and in quadrature with positive-sequence fundamental
voltage. Similar to the active power reference current generation, it
is derived that

%
o

i1 = Vg (10)
2

where v\, ; is the unit vector of the ¢ components of the positive-
sequence fundamental component of the phase-to-neutral SC grid
voltage, being +90° phase shifted from 5, and |v5, | is its
module. Similarly, v;q, ; 1s calculated as follows:

v;:lq.a
V_JS:lq,b
QY

+
VSIq,c

ve  T4vt P4y 2
Sig.a Sig.b Sig.c

"
Vsigi =

where vy, ; are the instantaneous ¢ components of the positive-
sequence fundamental component of the phase-to-neutral SC grid
voltage.

As aforementioned, ¢g* must be saturated if the SCEMS
establishes the active power priority. In order to avoid surpassing
SMAX,inv the following restriction have to be implemented

q = \/SK/IAX,inV — (Ppy + PEss)” - (12)

3.3.3 Imbalance compensation: A classical three-phase inverter
with three-wire is used the majority of the PV installations to inject
a balanced power.

However, the consumption by the SC is not balanced, causing
voltage unbalanced at the SC nodes. On account of that, the ER
was conceived with a three-phase four-wire topology as previously
mentioned. This characteristic allows the development of phase
balancing control strategies, enabling the ER to provide the
compensation of load imbalance ancillary service to the SC. In this
sense, the ER contributes to the SC power quality improvement in
terms of voltage balancing. This control strategy only comes into
operation when the SCEMS verifies any voltage unbalance in some
SC nodes.

Owing to the three-branches DC-AC power converter topology
with the DC middle point connected to the SC electric grid neutral
point (three-phase four-wire system), independent references per
phase can be generated and tracked property (ER performs as three
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Fig. 8 Control diagram of the dead-beat control
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independent single-phase systems). Both p* and ¢* are individually
calculated by the SCEMS, establishing independent active and
reactive power references per phase (p; and ¢;). By means of this
approach, (8) and (10) are redefined to (13) and (14), respectively,
where iz ; and i ; represent the d and ¢ components of the per-phase
reference ER current, respectively, Vs, ; the RMS fundamental
component of the phase i-to neutral grid voltage, and vg, ; and vg,g ;
are the instantaneous values of each d and ¢ components of the
phase i-to neutral grid voltage fundamental component,
respectively

= 2 vgq; and (13)
' VSl,i
. q;
lyi= ﬁ”uslq.i~ (14)

At the same time, and similarly to the previous considerations,
each p; and g; must be watched and saturated in case of surpassing
SMAx in each branch.

The ER switching signal generation for both the ESS
bidirectional buck—boost DC-DC and the three-branches DC-AC
power converters, with the aim of tracking their set-points given by
the SCEMS, is achieved by dead-beat current controllers. This
technique belongs to the family of predictive regulators, being a
popular method in many recent applications, due to the low
computational burden required in its implementation and
calculation, and because it presents the fastest transient response
and its operation at the constant switching frequency.

Figs. 8a and b illustrate the operation principle for the current
tracking technique. The dead-beat algorithm calculates the
necessary duty cycle to make the current reach its reference value
by the end of the following modulation period. The unit delay is
because of the use of the digital sampler. At any sampling time, the
output of the controlled current is sampled, while the duty cycle is
sent to each power converter at the same time. The consequence of
this duty cycle application will be observed at the next sampling
time.

S; and D; represent the top switch and its duty cycle of each
converter branch, respectively (S, S3, S5 and S;), whereas Dy is the
duty cycle of the bottom ones (S;, S4, Sg and Sg work in a
complementary way). Assuming that v, is constant during the
switching period (7,) and solving the circuits presented in Fig. 3,
the resulting expressions for calculating the ESS converter and the
DC-AC converter duty cycles (Dgsg and D;), are respectively

. igss — ipss| 1
Dgss = (VESS — igssRiEss — LESST)V— (15)
c dc

i b= Vie| 1
Di = (liRLi + LllTCl + Vi + TC)E (16)

4 Simulation analysis

To verify the previously described ER topology together with its
control strategy as well as the main functionalities, simulations
were performed using PSCAD/EMTDC, prior the real
implementation, assembling and testing. It is important to note that
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the required measurements are sampled to match the control
frequency rate implemented in the ER controllers, making the
simulation more realistic for the real implementation. The main
parameters are summarised in Table 5 and will be the same used
for the real ER deployment.

The ER passive elements values are calculated according to the
guidelines previously described in Section 2.1. The different
scenarios analysed and simulated are:

i. PV system is working at RPP, ESS discharges and charges, and
the DC-AC converter injects balanced active power into the
SC.

ii. PV system is working at RPP, ESS charges and the DC-AC
converter injects balanced active and reactive power into the
SC.

iii. PV system is working at RPP, ESS charges and the DC-AC
converter injects unbalanced active and reactive power into the
SC.

Table 5 Simulation and ER parameters

Parameter Unit Value
vmpep (8 panel in serial) \% 160
Pmpp w 1100
VESS (8 lead-acid type in serial) \% 96
QEss Ah 7
Ripv Q 0.1
Lpy mH 2.5
RLESS Q 0.25
Lgss mH 25
Ryj Q 0.1
L; mH 5
Cq, Co mF 2.2
Viic \ 500
Vs1,i (1:2 transformer) \Y 115
grid frequency (fs) Hz 50
RPPT subroutine execution time (tpy) s 0.2
ADpy,0 p.u. 0.05
Kadp p.u. 2
Kp and K; (DC-link PI controller) p.u. 0.01 1
fe kHz 15
sampling rate kHz 4
simulation step us 0.5
1500 - -
_ { MPPT
Z 1000 ‘ ‘ |__BEPT.
Z C -
= 500 :
ay
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Fig. 9 Long-term simulation results
(a) PV power, (b) ESS power, (c¢) p trading with the SC, (d) ¢ trading with the SC
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The main long-term simulation results are displayed in Fig. 9. It
encompasses each scenario previously analysed. Fig. 9a shows the
evolution of the extracted power from the PV system, working at
MPP (from 0 to 1 s, p,y around 1100 W) and at RPP (from 1 s until
the end of the simulation, p,, around 800 W) at standard
conditions. Fig. 9b represents the ESS discharge/charge cycle (180
and —180 W as ESS set-points at different times). It is possible to
observe how the step response of the ESS converter is smooth,
thanks to the aforementioned ramp-rate controls, contributing to
maintain the ESS SoH. The resulting p trading between the ER and
the SC is displayed in Fig. 9¢, where the references are fit at the
SC-PCC. Finally, in Fig. 9d, ¢ trading is presented, with ¢* equal
to —200 VAr (from 0.5 to 2 s) and 300 VAr (from 2.75 to 3.5 s). All
the references are accurately tracked.

The first scenario studies the ER operation with the following
set-points: ppy = 800 W, pgss = 180 W and —180 W, p*=980 and
620 W and ¢*=0 VAr for each ER power stage. The references are
given by the SCEMS. Fig. 10a shows the steady-state waveforms
of iny, igss, Vsq and is, as well as a detailed view of the current
ripples (A;). The ripples are verified to be under the sizing
specification (10%). Sinusoidal currents are injected into the SC
with a THD less than 5%). Secondly, Fig. 1056 depicts the same
magnitudes when the ESS is being charged (pgss = — 180 W and
p*=620 W), with the reference values properly tracked.

Finally, the reactive power and unbalance compensation ER
functionalities (scenarios 2 and 3) are analysed. Fig. 11a depicts
the main ER waveforms at the SC-PCC, (vs, and i;,) with the
following operating references: py, = 800 W, ppss = — 180 W, p*
=620 W and ¢*=0 VAr. It is possible to observe that the injected
current into the SC is completely in phase with v, (with the
positive-sequence fundamental component of the phase-to-neutral
SC grid voltage). Fig. 115, the SCEMS has activated the reactive
power control (scenario 2) in order to provide ancillary services to
the SC regarding voltage issues. In this case, g* is equal to 220
VAr, which means that the ER is injecting fundamental reactive
power to the SC, and i, is shifted respect to v, ,. Fig. 11c shows
the ER response at the PCC with the unbalance compensation
strategy (scenario 3). Each phase of the DC-AC inverter receives
independent set-points for both the active and the reactive power
trading (p, = 114.8W, p,=165W, p.=248W, q,=44VA:r,
g, =59 VAr and ¢ = 88 VAr).

The transient response of the ER currents (i;;) is detailed in
Fig. 12. p* is suddenly decreased, thus the phase currents track the
new reference properly demonstrating the robustness of the current
controller used.
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(a) Active power control, (b) Reactive power control, (¢) Unbalance compensation control
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Fig. 13 ER prototype

(a) ER deployed, (b) ER cabinet front view (from top to bottom): high-level controller as SCEMS (box A), power electronic converters, drivers and power cables (box B),
measurement and control board (box C), ESS (box D), inductive filters (box E) and isolation transformer (box F), (¢) ER GUI for local control and monitoring

5 Experimental results

An experimental prototype of the specified ER has been
assembled, tested and deployed into an SC. One of the premises
was to develop the ER as a prosumer friendly equipment. Hence,
the ER was installed inside a cabinet, as a ‘black-box’ that includes
all the interfaces (see Fig. 13a). At the same time, the PCBs and
components were assembled with a high level of modularity, to
facilitate the maintenance and to be able to include another RES or

ESS. In Fig. 13b from top to bottom: high-level controller as
SCEMS (box A), power electronic converters, drivers and power
cables (box B), measurement and control board (box C), ESS (box
D), inductive filters (box E) and isolation transformer (box F).

The SCEMS was deployed on a Raspberry Pi 3 model B+ with
a 64-bit quad-core processor running at 1.4 GHz, and dual-band 2.4
and 5 GHz wireless LAN with modular compliance certification.
These characteristics enable the SCEMS (high-level controller) to
run complex algorithms, to receive data from the devices
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Fig. 14 Long-term experimental results
(a) PV power, (b) ESS power, (¢) p trading with the SC, (d) ¢ trading with the SC
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Fig. 15 Main ER experimental waveforms (ipy, igss, Vs,a and is,q) during operation in steady state
(@) With set-points: pp, = 800 W, piss = 180 W p*=980 W and ¢* =0 VAr, (b) With set-points: py, = 800 W, piss = — 180 W p*=620 W and ¢*=0 VAr

connected to the SC and to send to the different ER set-points. The
IGBTs selected for the power electronic converters were the
SEMIKRON SKMS50GB12T4 branch module, driven by the
SKYPER 32 driver. The measurement stage has been implemented
by Hall effect transducers, with galvanic isolation, LA 55P/SP1 for
measuring DC and AC currents and LV 25-P for measuring DC
and AC voltages, both by LEM. These sensors work with high
precision, good linearity and low common mode disturbance. The
low-level control system is based on the Arduino Due board. This
board is based on the Atmel SAM3X8E ARM Cortex-M3 CPU
(32-bit ARM core microcontroller), able to operate at a maximum
frequency of 84 MHz. At the same time, this Arduino includes the
required analogue inputs and PWM output channels to control the
developed ER. This board was also extended with the required
auxiliary circuits to make it fully compatible with the measurement
and driver systems. The different control strategies explained in
Section 3 were implemented on it, in order to generate the different
switching signals. Finally, Fig. 13c shows the ER graphical user
interface (GUI) which enables the prosumer's control and
monitoring.

The same scenarios than in simulation were used for the
experimental for a better comparison and validation of the results.
It was used PV panels and the ESS described in Table 5. Fig. 14
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shows the experimental long-term results, collected by the
SCEMS. First, Fig. 14a shows the extracted power from the PV
system, working first at MPP, and then at RPP (with py, around
800 W). Fig. 14b represents an ESS discharge/charge cycle (180
and —180 W) with a smooth step response. The resulting p trading
between the ER and the SC is displayed in Fig. 14c, fitting the
references at the SC-PCC. Lastly, in Fig. 14d, ¢ trading is
displayed, with ¢g* equal to —200 and 300 VAr.

Scenario 1 aims to experimentally validate the ER operation in
steady conditions with the set-points py, = 800 W, pgss = 180W
and —180 W, p*=980 and 620 W and ¢g*=0 VAr. Figs. 154 and b
show the waveforms of iy, igss, Vs and ig, both in the ESS
discharge and charge. Reference values were properly tracked in
both cases. It is important to note that the distortion presented in
is,q is explained by the open-circuit current demanded by the 1:2
isolation transformer connected between the ER and the SC.
Current probes were placed during these measurements in the
secondary side (SC side), affecting the injected current. Nerveless,
it was verified that the THD was less than 7%. Fig. 16 shows the
active, reactive, and unbalance control. Fig. 16a depicts the real ER
waveforms at the SC-PCC, (v, and i ,) with the same simulated

operating set-point: pp, = 800W, ppgg= — 180W, p*=620 W
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and ¢*=0 VAr. ER operation with the reactive power control is
observed in Fig. 16b (¢* is equal to 220 VAr, where i, is shifted
respect to v, 4. Fig. 16cshows the ER operation with the unbalance
compensation strategy (p, = 114.8 W, p, =165W, p; =248 W,
g, = 44 VAr, g, =59 VAr and g, = 88 VAr). Finally, the transient
response of #; is depicted in Fig. 17 under a step p* change.

Figs. 16 and 17 show the injected current by the ER. In these cases,

the current probes are placed in the ER side, thus, open-circuit
current demanded by the transformer does not appear.

6 Conclusions

Control strategies for a local ER within an SC regarding active and
reactive power flow control have been implemented and
successfully validated. Additionally, a control strategy to
compensate the possible voltage imbalance in some SC electrical
grid nodes is also presented. The distribution of the active power
interchange between the small-scale RES and the small-scale ESS
is considered to increase the controllability of the ER, maintaining
the SoH of the ESS. The simulation and experimental verification
show the correct operation of the ER, tracking the set-points
provided by the SCEMS with accuracy and quality. These results
demonstrate that the ER with a proper control strategy can provide
ancillary services to the SC, and increase the SC stakeholder
benefits as bill saving, power factor improvement and imbalance
compensation.
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