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Abstract—The massive integration of intermitted renewable
energy sources and the electrification of the transportation sector
(e.g., electric vehicles) impose substantial challenges for the
distribution system operators. These challenges include possible
deterioration of the power quality, efficiency and stability of
distribution grids. Therefore, the provision of ancillary services
in a coordinated way is vital to alleviate these challenges,
especially under high penetration of photovoltaics. This paper
proposes a centralized control scheme for coordinating phase
balancing and reactive power support services at the substation
level of a distribution feeder. The distribution feeder controller
is adaptively regulating the provision of phase balancing and
reactive power support according to the loading conditions at
the substation level. The proposed method is shown to provide
significant benefits for the low voltage distribution grid in terms
of power quality, stability, reduced energy losses and utilization
of the network capacity.

Index Terms—ancillary services, asymmetric loading, low volt-
age distribution grid, reactive power support, power quality

I. INTRODUCTION

The reliability and stability of low voltage distribution grids
(LVDGs) are starting to become a key concern due to the
massive penetration of residential photovoltaics (PVs), the
eventual increasing of load consumption (electrification of
transportation and heating sector) and the highly asymmetrical
loading conditions (i.e., single-phase connected loads). The
motivation of the proposed centralized control scheme in this
paper is to improve the power quality, efficiency and utilization
of LVDGs by exploiting the capabilities of grid tied inverters.

Active management of LVDGs has been previously in-
vestigated in the literature. In [1], control actions are taken
to regulate distributed generators to ensure that the LVDG
operate within safe limits (i.e. voltage and thermal constraints).
Optimization based control schemes (e.g., model predictive
control) have also been proposed to minimize network losses
and voltage variations by regulating active and reactive power
of distributed resources [2], [3]. The studies in [1]-[3] consider
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that the LVDG is symmetrical; however this is not always the
case in practice since a large number of consumers is single-
phase connected.

Only few works in the literature consider phase balancing
for LVDGs. There are several passive and active methods
for compensating loading asymmetries [4]-[9]. Initially, active
power filters have been proposed to compensate unbalanced
currents [5]. However, the high capital cost of active power
filters prohibit the wide adoption of these devices in LVDGs.
Three-phase PV inverters already installed at the LVDG can
be enhanced with additional capabilities to provide phase
balancing at building level. The work in [7] proposes an
advanced current controller that can regulate positive and neg-
ative sequence currents for compensating load asymmetries.
However, asymmetric compensation can be implemented only
at buildings that are equipped with PV systems. In [8], a
centralized control scheme is developed to compensate for
asymmetric conditions at the feeder level. In this work, the
central controller coordinates several three-phase PV inverters
and a battery energy system, which are enhanced with ad-
vanced capabilities for phase balancing compensation only. A
control scheme for the coordination of both reactive power
support and phase balancing in a microgrid was proposed in
[9]. An advanced current reference generation controller is
developed at PV inverters to share their available capacity be-
tween reactive power support and phase balancing according to
the loading conditions. Then, a central controller coordinates
the inverters in the microgrid using adaptive weights based on
the inverters’ availability. However, inappropriate tuning of the
Proportional-Integral (PI) controllers at the central controller
can lead to unstable conditions with significant consequences
for the distribution system operator (DSO).

In this paper, a new centralized control scheme is proposed
to compensate both reactive power and asymmetric loading
conditions at a low voltage distribution feeder. A key con-
tribution of this work is the stability analysis of the central
controller developed in [9]. Motivated by this analysis, a new
central controller is developed which can ensure stability.
The modified central controller generates the reference signals
for the three-phase PV inverters installed in a low voltage
distribution feeder. The allocation of the ancillary services
is based on adaptive weights that are dynamically updated
according to the availability of each inverter. Furthermore, the



PV inverters are able to online prioritize the support of reactive
power and phase balancing according to the loading conditions
by adopting the advanced active and reactive power (PQ)
controller developed in [9]. Therefore, the proposed central
control scheme can provide significant benefits for the DSO
in terms of power quality, efficiency and utilization of the
network capacity without risking the stability of the grid.

The rest of the paper is organized as follows. Section II
develops an advanced inverter controller for enabling ancillary
services. The distribution feeder central controller is analyzed
in Section III. Section IV illustrates the methodology using
simulation results, while Section V provides some concluding
remarks.

II. ADVANCED PHOTOVOLTAIC INVERTER

The proposed centralized control scheme requires that the
PV inverter is able to exchange information with a central con-
troller. More specifically, the inverter should receive the ref-
erence values for positive sequence reactive current injection
(Ig};v) negative sequence current injection (i;,.*) and the
sharing constant that regulates the provision between the two
services, as will be explained later. Further, the inverter should
send its availability signals for phase balancing (Ijsl* pp) and
reactive power support (I A Q) the positive sequence reactive
current (I} ) and negative sequence current (i}, ) injected
by each inverter to the central controller for properly allocating
the services to each inverter. It should be noted that the
inverter must provide the ancillary services without deviating
its positive sequence active power production (Pﬂ,'”l))

The structure of the advanced inverter controller is shown in
Fig. 1(a). The advanced PV inverter is based on a decoupling
network a3 phase locked loop (DNa3-PLL) for accurately
extracting the phase angle [10], an enhanced current controller
with the capability of injecting both positive and negative
sequence currents [11] and an advanced PQ controller for
enabling share provision of phase balancing and reactive power
support services according to the loading conditions of the
feeder [9]. The current controller is developed in two syn-
chronous reference frames using PI controllers for accurately
regulating positive and negative sequence currents. It should be
noted that such current controller requires the decomposition
of the inverter current into positive and negative sequences.
For this reason, the decoupling network developed in [7] is
used in the inverter’s controller. The advanced PQ controller
should receive the coordination signals from the central Low
Voltage Distribution Feeder (LVDF) controller (see Section
III) and should generate precisely the reference values of the
positive and negative sequence currents. The PQ controller
must also determine the allocation of the inverter’s capacity
for each ancillary service (reactive power support and phase
balancing). To determine the capacity allocation, the inverter
current (i;,,) is analyzed in the synchronous reference frame
(dg-frame). Therefore, the inverter should be able to inject
both positive and negative sequence currents as follows,
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(b) Detailed structure of the proposed distribution feeder controller for phase
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Fig. 1. Schematic diagram of the PV inverter and feeder controller. (a) Overall
structure of the PV inverter and distribution feeder controller. (b) Detailed
structure of the proposed distribution feeder controller.
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where 1 dg— mv represents the positive sequence current injec-

tion and i, dq_mv represents the negative sequence injection ex-
pressed in the synchronous dg-frame. It should be highlighted
that the d-axis positive sequence current (i} i mv) is associated
with positive sequence active power (P;F!) and should be not
altered during the provision of ancillary services. The g-axis
positive sequence current (i, +1 ) is associated with reactive
power support and the negative sequence current is related
with the phase balancing service.

The PQ controller should ensure that the inverter current
never violates its nominal current (I,,,) for securing the
proper operation of the inverter. Further, it should determine
the maximum allowable capacity for the positive sequence
g-axis current and negative sequence current. Therefore, the
maximum current that the converter can inject is given by

. 2 - 2
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where [ 5 ! inp TEPEsents the maximum current capacity allo-

cated for reactive power support and I P B ino TEPresents the
maximum current capacity allocated for phase balancing. The
capacity for reactive power support can be expressed in term
of the capacity for phase balancing as in (3) for enabling fair
allocation between the two ancillary services.

16-51 inv — =k- II;B inv’ (3)



The sharing constant (k) determines which of the ancillary
services will be prioritized and it is estimated by the central
LVDF controller. The sharing constant is calculated later on
by considering the operating condition of the feeder, as will
be explained in Section III. For instance, in case k& = 0 the
available capacity of the inverter can only be used for phase
balancing service, while in case k = 1, the available capacity
of the inverter is equally allocated to reactive power support
and phase balancing services. Lastly, if k£ > 1 then priority is
given to reactive power support. Once the available capacities
for reactive power support and phase balancing are estimated,
the PQ controller utilize them to limit the reference positive
and negative sequence currents.

Finally, the PV inverter should report its availability for
reactive power support and phase balancing to the central
controller for coordination purposes. The availability of each
PV inverter for reactive power support (fas_Q) and phase
balancing (fas_ pp) are estimated as follows:

fas—Q == \/(Inom,)2 - (id—in1))2 (4)
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III. Low VOLTAGE DISTRIBUTION FEEDER CONTROLLER

The LVDF controller coordinates the three-phase PV invert-
ers for providing reactive power support and phase balancing
according to the real-time loading conditions of the grid. A
smart meter (SM) installed at the substation of the feeder sends
its measurements for the positive sequence reactive power
QF i ! ;) and the negative sequence current (i_ ;) to the LVDF
controller every 200 ms.

The allocation of the ancillary services is based on adaptive
weights which are computed according to the available capac-
ity of each inverter to provide either reactive power support
or phase balancing as in,
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where fas_Q_i represents the available capacity for reactive
power support of the i inverter, n represents the total num-
ber of inverters providing reactive power support, fas, PB_i
represents the i*" inverter capacity for phase balancing and
m represents the number of inverters participating in phase
balancing. In the literature, the generation of reference currents
was previously implemented using PI controllers [9]. However,
improper tuning can lead to unstable behavior for the LVDF
controller. Therefore, investigating the stability of the overall
system is a crucial aspect. Fig. 2 illustrates the closed-loop
system considering only the phase balancing provision by
the central controller that coordinates the negative sequence
current of one three-phase PV inverter. It should be pointed
out that the same analysis can be implemented for reactive
power regulation, which leads to similar results.

Fig. 2. Closed-loop schematic diagram of the distribution feeder controller.

The closed loop transfer function of a current controlled
inverter is given by

Gpr-cc(s)Gp(s)Gy(s)
14+ Gpr-cc(s)Gp(s)Gy(s)
The transfer function Gp(s) below approximates all the delays
that may occur in the control path of the inverter [12]:

1
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where Ty (1.5-T) represents the total time delay of the

control path (i.e., sampling, sensors, filters, PWM, etc.) and T

represents the sampling period of the controller. The inverter

is connected to the grid through an LC filter with transfer
function 1
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where Ry (0.19 Q) and L¢ (15 mH) represent the filter resistor

and inductor respectively. The transfer function of the PI

controller used for current control of the inverter is given by,

1
GPI—CC(S) - kp—cc + ki—cc;a (10)

where k,_.. and k;_.. are the tuning parameters of the current
controller. Therefore, the closed loop transfer function of the
system with the central PI controller is given by,

C(s)Hiny(s)
1 + C(S)HZOH(S)Hinv(S) ’
where Hzop(s) represents the sampling delays imposed

by the reporting time of the smart meters installed at the
substation. The Hzo g (s) is given by,

H(s) =

Y

Hzop(s) = e *Ta=sm, (12)

where T,;_ga(0.2 s) represents the sampling time of the
corresponding smart meter. For analyzing the stability of the
central controller, we express the delay in a rational form
using Pade approximation. If the central LVDF controller is
developed based on a PI controller, then the transfer function
of the central controller C(s) is given by,

C(s) = k:p+k7é, (13)
where k, and k; represents the proportional and integrator
gains respectively. Fig. 3 shows the pole plot of the closed-
loop transfer function H (s) as the integrator gain k; increases
while the proportional gain was kept constant (k, = 0.2).
As can be seen, the stability of the system deteriorates as the
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Fig. 3. Pole plot of H(s) with k; varies from 100-500.

integrator gain increases (i.e., the poles move to the right-half-
plane). Therefore, the tuning of the central controller needs to
be carefully selected.

To eliminate the risk of instability or large transients, the
development of a LVDF controller that does not require any
tuning parameters is pursued. Fig. 1(b) shows the schematic
diagram of the proposed central controller and the exchange
of information with the PV inverters. As can be seen, the
reference signals I~ and i;,'* . are generated by con-
sidering the grid measurements (J 5 gria and i;ql_ gria) and the
corresponding total provision of reactive power support and
phase balancing from the PV inverters (IQ1
which are computed as:
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where Ig inv—; Tepresents the positive sequence reactive

current injection from the ith inverter, i;qlfin'ufi represents
the negative sequence current injection from the ** inverter
and n represents the total number of inverters participating
in the ancillary services provision. The online computation
of the sharing constant for fair allocation between reactive
power support and phase balancing is derived according to
the operating conditions as in,

grid
1 ’
grzd + 1PVS

I —+1 +I+1
k=0 9 (15)

where I i1 _pys and I3 Q gria Tepresent the total reactive current

injected by the PV inverters and the reactive current measured
at the substation respectively.

IV. SIMULATION BASED CASE STUDY

A four wire LVDF is modeled in MATLAB/Simulink to
investigate the effectiveness of the proposed controller. The
feeder serves several single-phase and three-phase consumers
as shown in Fig. 4. A 10 kVA peak three-phase PV system is

considered for each three-phase consumer in which the inverter
controller is enhanced with the advanced functionalities as
demonstrated in Section II. The LVDF controller receives the
measurements from the smart meter installed at the substation
and generates the coordination signals for reactive power
support and phase balancing for each PV inverter. Finally,
during the case studies, each PV plant generates 2 kW.

In this case study, the steady state performance of the
proposed LVDF controller is investigated. Fig. 5(a) illustrates
the grid current ig.;q and positive sequence reactive power
Q .o measured at the high voltage side of the substation
when the LVDF controller is deactivated. The LVDF controller
is activated at ¢ = 1.8 s and according to the loading
conditions k£ = 2. As can be seen in Fig. 5(b), when the LVDF
controller is activated, the grid current becomes symmetrical
and ngd = 0 kVAr The phase balancing operation can
also be seen from the oscillations on reactive power that are
eliminated when the LVDF controller is activated. Although
in this case, the sharing constant prioritize reactive power
provision, the capacity of the inverter is greater than the total
capacity needed for ancillary services hence both reactive
power support and phase balancing are provided. In case the
capacity of the PV inverters is less than the required, then
priority would be given to reactive power support and if there
was additional capacity would be utilised for phase balancing.

The transient performance of the LVDF controller is shown
in Fig. 6. In this case study, the sharing constant is set to a
range of values (k € [0, 100]) to show the different capabilities
of the LVDF controller and the advanced capabilities of the
PV inverters. Initially, the LVDF controller is deactivated as a
result the grid current is asymmetrical due to the connection of
single-phase loads. Further, the loads consume mean reactive
power of 20 kVAr. At ¢t = 1.6 s the LVDF controller is
activated with £k = 0. As can be seen, the grid currents are
perfectly symmetrical due to the injection of asymmetrical
currents from the PV inverters (i.e., provision of phase balanc-
ing). It should be noted that Fig. 6 illustrates only the inverter
current (i;n,) of one PV system only. The phase balancing
compensation is also demonstrated by the elimination of the
double frequency oscillations on active (P,,;q) and reactive
(Qgria) power at the grid during 1.6 <t < 1.8 s. Att =1.8
s the sharing constant is set to 100. As shown in Fig. 6, reactive
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Fig. 6. Transient operation of the LVDF controller.

power support is provided from the PV inverters which in
this case are injecting balanced currents. Although the grid
current is asymmetrical, the mean reactive power at the grid
becomes zero. However, intense oscillations are observed on
active and reactive power that deteriorate the power quality
of the grid. Finally, at ¢ = 2 s the sharing constant is set to
1 (i.e., equal provision of reactive power support and phase
balancing). As can be seen, the reactive power exchange with
the grid remains zero and the double frequency oscillations

on active and reactive power are eliminated. Therefore, in
this case the PV inverters provide support on both services
for improving power quality, efficiency and utilization of the
network capacity. It is worth pointing out that when providing
ancillary services, the active power production of the PV plants
is not altered while their nominal peak current (1,5, = 20 A)
is not exceeded.

V. CONCLUSIONS

A LVDF controller is proposed for the provision of reactive
power support and phase balancing at the substation level. The
performed investigation demonstrates that the proposed LVDF
controller improves significantly the operation of the distribu-
tion grid in terms of power quality, energy losses and effective
utilization of its capacity. Further, the proposed control scheme
shows improved stability characteristics compared with pre-
vious methods due to the elimination of integral controllers.
Finally, the operation of the proposed LVDF controller requires
advanced functionalities to be enabled in the controller of the
PV inverters for the provision and online allocation of the
ancillary services.
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