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The voltage drop affecting consumers at the end of distribution lines is one of the problems regarding power
quality. The solutions applied to transmission lines are not fully effective in distribution lines, where line
parameters are significantly high. In low-voltage distribution network, the reactive power compensation method
is not as effective as active and reactive power compensation. This effect occurs on lines where the significant
series resistance becomes remarkable in relation to the total line impedance. This paper presents the design and
implementation of a four-wire, three-phase voltage source converter (VSC) with output current control for
voltage regulation at the point of common coupling (PCC), using active and reactive power injection. A reactive
power prioritization and minimization of active power strategy is proposed to overcome the problem of dis-
tribution line parameters. Digital design methodology is used to design the management controllers and loops,
and a digital signal controller (DSC) is used for the entire implementation. The mathematical analysis results are
validated using numerical simulation and proven with the construction of a 3.8 kVA prototype. The results
showed that the converter accomplished an effective voltage regulation at the PCC with reduced active power.

1. Introduction

The increase in power consumption, the use of non-linear loads and
the growth of distributed generation systems have led governments and
regulatory agencies to demand increasingly better power quality [1].
Voltage drop is one of the most important power quality problems and
can be found in consumers connected to low-voltage distribution lines
[2]. Lines with a high impedance value form subsystems considered as
weak grids, since they have a significant value of resistances and in-
ductances in line distributed parameters. Problems such as efficiency
loss, equipment malfunction and communication interference are some
of the observed effects [3,4].

The use of static compensators (STATCOMs) is a solution for voltage
regulation, through the injection of reactive power at the connection
point of loads [5]. This strategy is effective when used in transmission
or distribution systems with predominantly inductive line impedance.
When applied to distribution lines, they are called DSTATCOMs [6-8].
However, in weak grids, the voltage regulation with a DSTATCOM re-
quires excessive reactive power due to the high R/X line grid ratio,
making reactive power regulation less effective in low-voltage grids
[9-11]. That factor leads to two main problems: the need for a con-
verter with a very high nominal power to ensure regulation, and
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excessive reactive power circulation in the distribution transformer,
which can lead to equipment damage. To try to get around such pro-
blems, a minimum power point tracking (mPPT) is proposed in [8],
allowing the supply voltage to oscillate around the nominal voltage,
respecting local regulatory standards. This paper demonstrates that, in
practical situations, the power required for regulation may exceed the
nominal power of the feeder by up to three times.

To overcome such problems, some papers propose the use of energy
storage systems (ESS). Those systems can work at specific times or
critical situations. ESS devices can be used to solve general power
quality problems [10,11], such as voltage and frequency variations
[12], or apply strategies to increase battery life [13] and work to
complement intermittent energy sources [14], i.e. energy shifting and
solar smoothing scenario [15,16].

Kabir et al. [10] proposes a decentralized control scheme to keep
supply voltage within acceptable values in a distributed generation
grid. In this scenario, the reactive capability of photovoltaic (PV) in-
verter is combined with droop-based battery energy storage (BES)
system to address voltage regulation problem. The PV power generation
is stored in the BES system for later voltage regulation. However, the
strategy does not indicate whether there is any priority between active
and reactive energy. Also, according to the results presented, the stored
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active energy is used even before the reactive energy, which can lead to
a reduction in BES lifetime. Considering payback to consumers who
have installed solar systems, reducing the active energy injected by the
PV inverter is not an attractive option. A voltage control system pre-
sented by Carvalho et al. [11] uses reactive power to maintain the
supply voltage without major disturbances, even with the injection of
the active power from the distributed generation. Active energy in-
jected into the network by the DG systems can produce voltage rise
problems and network reactive power rating reduces the impact of high
penetration of distributed generation.

An algorithm is proposed by Lee et al. [12] to control battery energy
storage systems (BESS), where an improvement in power quality is
sought by having the systems minimize frequency deviations and power
value disturbances. As a result, the system acquires a smoother load
curve, becoming more stable. The strategy uses the energy stored in the
battery systems to improve the voltage and frequency deviation and
produce an improvement in the load factor. Despite the advantages,
such successive changes and discharges operations contribute to re-
duction of the BESS life span. Furthermore, large-scale BESS systems are
still economically unfeasible due to the high cost of batteries, however
the reactive energy usage with a hybrid strategy could reduce operating
costs.

Another paper that uses ESS is presented in [13], however Nagar-
ajan et al. aim to increase battery life, reduce operating costs and
system losses. A modeling and optimization algorithm is used, which
seeks to reduce the cycles and avoid high rates of battery charges and
discharges. Although the focus is on the battery system of a network
with intermittent PV generation and with appropriate results in energy
shifting and solar smoothing strategies, the impacts of reactive energy
are not clearly evaluated, for example, in moments of system inactivity
or low battery state. These actions could improve the results by in-
creasing the efficiency of the proposed system or even prolonging the
state-of-health (SoH) of battery system.

Several voltage regulation techniques using active and reactive
power can be found in the papers presented. However, no control
strategy was found that searches for the least amount of active power
coming from the storage systems for voltage regulation, a determining
factor for the cost and service life of those storage systems.

This paper proposes an active and reactive power injection control
scheme for voltage regulation in low-voltage power distribution grids.
The proposed strategy is based on the search for the least amount of
active power required for voltage regulation. The increase in service life
and the reduction of maintenance costs for ESS devices, the improve-
ment of voltage regulation in weak grids and the reduction of current
stresses in the system's components are some of the advantages of the
proposed system. There are different types of storage technologies
available currently. The batteries are comprised mainly of ESS in cur-
rent power systems, with control and power conditioning working to-
gether. The batteries are rated in terms of their energy and power ca-
pacities with some other important features like efficiency, lifespan,
operating temperature, depth of discharge, self-discharge and energy
density [17]. However, in this paper ESS devices are considered to be
always avaliable, fully loaded with independent current and voltage
control, which is why storage system control is not described in this
paper and usage can be found in related papers [18-20].

This paper is organized as follows. In Section 2, the voltage drop
problem and the mathematical analysis of power circulation in low-
voltage lines are presented. Section 3 is dedicated to the proposed
compensation method and to the description of the operating algo-
rithm. The system's configuration and the control loops are described in
Section 4. In Section 5, the results of the experiments performed in the
laboratory to validate this paper's studies are presented. In Section 6 a
comparative analysis using a battery system is presented. Finally, the
conclusion and discussions are presented in Section 7.
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Fig. 1. Low-voltage grid single-phase equivalent model.

2. Voltage drop in distribution grid

Consider the scenario shown in Fig. 1, where a low-voltage grid
with line-impedance is connected through the PCC to local loads and to
the converter. The circuit represents one of the phases of the three-
phase system. The converter uses sinusoidal references synchronized
with the grid to generate the direct and quadrature currents, indirectly
controlling the power that is injected into the PCC. Considering that the
RMS voltage variation is low, the power can be assumed to have a direct
relation with the current generated by the converter. The phasor re-
presentation of the equivalent circuit is given by:

- = - = = g
Vg = Vpee + V| = Vpee + Zg'( lload — iF) (1

=
where iz represents the converter current which is the sum of the in-
phase current with the quadrature current.

— *

Multiplying the equation by the term Vvi:
- - % = —* —=*
vg l"pcc = vpcc Upcc + Zg'(sluad - SJ-' ) (2)
—
where Z, represents the line impedance, Sj,,q the apparent power con-

sumed by the load and E;. the apparent power supplied by the con-
verter. Therefore, from (2) the real and imaginary portions are ob-
tained, for ?;cc = Ve £ — 6° and F; =V, £0%

Ve Voee08(0) = Ry(AP) + X, (AQ") + VE, 3)
I@VpccSin(e) = Rg (AQ’) - Xg (AP’} (4)
where:

API=P1uad_PF (5)
AQ’ = Qioad — QF (6)

where Pjyqq and Qpuqq are the active and reactive power consumed by the
load and P and Qp are the active and reactive power supplied by the
converter. From (3) and (4), an expression for the RMS voltage at the
PCC can be obtained, represented by:

Viee + Ve QA = V) + (B2 + A% = 0 )
where:

A = Ry(AP) + X,(AQ) ®
B =R, (AQ") — X, (AP) 9)

The function roots that satisfy the condition (7) are:

[V2-24 [CA- V2P — 4 + B)
pee ‘ 2 (10)

There are four solutions for (10), two positive and two negative,
which can be disregarded, because they have no physical meaning.
Among the positive solutions, only one is observed to be stable, which is
the one adopted in this paper.
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Fig. 2. Relationship between transmitted power and voltage for stability op-
eration points.

There is a maximum value of active power that can be transmitted
through an impedance from a voltage source. The critical operating
point corresponding to maximum power represents the limit of sa-
tisfactory operation. Fig. 2 shows voltage at the PCC and power being
transmitted to the load. Only the operating points above critical points
are acceptable for a stable system operation [21,22].

3. Compensation method

The proposed compensation method consists of the injection of re-
active and active power for voltage regulation at the PCC, prioritizing
the reactive power in the regulation process. Initially, reactive power is
used until it is no longer possible to increase the voltage to the desired
level, due to the converter's power limitation. From that moment on,
the active power is inserted, in addition to the reactive power.

This strategy's operation is demonstrated using the circuit in Fig. 1
and based on (7). From that, two voltage limits are defined at the PCC,
called precarious and critical, represented respectively by the planes a
and 8, which are based on international standards [23,24]. A feeder
supplying electricity to generic loads by a 30 kVA-13.8 kV/380 V three-
phase transformer is considered as a test case network, with a
30 kVA-220/380 V three-phase power converter. In weak grids, loads
are placed far away from main feeder transformer and have a high R/X
line ratio. In this scenario, a distance of 400 m is considered with a
2.392 line ratio, to simulate weak parameters of line resistance and
inductance [25]. A per-unit system is used, then the nominal phase-
neutral voltage V,,,, = 220 V is used as base voltage and the single-
phase power rating of Spem = 10 kVA is used as base power, given by:

a= Ve _ 20095 _ 0.9134 pu V= Yoom _ 220 _ 1.0pu
Vbasc 220 Vbass 220 (] 1 )
Va 188.82 Shom 10, 000
f=—L = =08583pu S, = = = 1.0pu
Viase 220 Spase 10, 000
(12)

The response graphs are presented for each of the possible com-
pensation cases in Fig. 3. The vertical axes represent the voltage at the
PCC for Fig. 3(a—c), the injected reactive powers for Fig. 3(d—f) and the
injected active powers for Fig. 3(g—i). The horizontal axes represent the
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power factor variation and the load apparent power, with the intent to
cover all possible load conditions.

The three cases are presented in Table 1. In case I, no compensation
is applied. Therefore, voltage regulation is not expected, even when
voltage levels exceed their limits, as shown by the surface in Fig. 3(a).
The values of power injected by the converter, Fig. 3(d, g), are null. In
case II, the compensation is restricted to the reactive power, that is,
only quadrature current is injected into the PCC. Thus, it can be seen in
Fig. 3(b) that, under the highest load power conditions, violations are
observed in the minimum voltage limits at the PCC. The reactive power
injected by the converter reaches its limit, as shown in Fig. 3(e). Even
then, the allowed voltage value is transgressed. The active power is kept
null, as shown in Fig. 3(h).

Finally, in case III, references in phase and in quadrature are used,
therefore, active and reactive power are used. It is then possible to
regulate the RMS voltage at the PCC without increasing the total con-
verter power, as shown by the surface in Fig. 3 (c). In the case in which
the regulation voltage value is set to a = 0.91 pu, the lowest value al-
lowed by the standard [26], little active power usage is observed for the
voltage regulation, as shown in Fig. 3 (f, ).

Based on the presented cases, it can be concluded that a control
strategy that can use active and reactive power is advantageous for
voltage regulation in distribution grids. Therefore, there is a need for a
control algorithm that can work on current references and take the
system to the best available use of power.

4. Control algorithm

The voltage regulation at the PCC is based on the injection of active
and reactive power, through the dc-ac converter's current control. Fig. 4
shows the simplified load connection circuit and the converter with the
diagram of the proposed control algorithm. In this system, a shunt
power converter is connected between the grid and loads at the point of
common coupling. The functional block diagrams of the control loops
necessary for the operation of the converter, as well as the measured
variables, are shown.

Fig. 5 shows, in detail, the used cascade control, which has an outer
loop for voltage regulation at the PCC and an inner loop for current
control. The active damping loop is used to attenuate the resonance of
the output filter and to obtain a stable response from the control system.

The control algorithm was designed to maintain the voltage at the
regulated PCC, fluctuating within the limits imposed by the standards.
To achieve that, active and reactive powers are injected, and the role of
the proposed algorithm is to coordinate the power injection. The inner
and outer loops are designed independently between the phases, being
able to operate with single-phase or three-phase unbalanced loads
without affecting the strategy performance.

The control is designed to reject harmonic component disturbances
that may be present in the grid voltage. Furthermore, high frequency is
filtered by the LCL output filter. This filter only allows current with the
fundamental component to be injected by the converter to the network.

4.1. Inner control loops

The model for the inner current control loop is obtained from the
equivalent single-phase circuit in Fig. 6. The current transfer function
due to the duty cycle applied to the converter, disregarding all parasitic
resistances, is given by:

ia(s) E

Gi(s) = = 3
d(S) LyL,C8” + (Ll + Lz)'S (13)

This inner control loop receives the references from the outer loops,
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Fig. 3. (a-c) RMS voltage at the PCC (v,.), (d-f) reactive power supplied by the converter (Qp), (g-i) active power supplied by the converter (Pg). Results for RMS
voltage regulation at the PCC for the appropriate minimum voltage limit (a) in cases I, II and III. Simulation data: (Vimun = a = 0.9134 pu; V, = 1.0 pu;

B = 0.8583 pu; Ry = 0.1600 pu; X, = 0.0669 pu, Re/X, = 2.392).

Table 1
Three different voltage regulation scenarios.
Case Voltage regulation Qr Py Sk
I None =0 =0 =0
I Partially 0<Q =0 0=<3S8 1
111 Completely 0<Q 0<P<1 0<§ 1

because of the cascade control. Control is done in the natural frame of
reference abc and, therefore, proportional-resonant (PR) controllers are
used. The practical PR controller is chosen because it only has high gain
in the resonance frequency, unlike the ideal PR, which has infinite gain
at that frequency, providing greater stability [27,28]. As multiple fre-
quencies are desired to be controlled, multiple resonant controllers are
placed in parallel [29]. The transfer function of a practical PR controller
is given by:

iQ Yoad
— Tpee —>
1/, 7/ Local
7 loads 1?
/
!
. . = I - -
Main grid vy J 1‘2'0 + 790
shunt connection --~
Pooe PLL & RMS
Power converter LCL filter s Voltage control
I L2 Power management
= R
1
\E /f C . 1 =57 Current control
<| f > ; I_ﬂ_clj; Active damping
—_ o e
¥ d, !
b
S s DPWM

Fig. 4. Schematic diagram of shunt power converter connected between the
local loads and low voltage grid at the PCC.
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strategy of proposed ESS control algorithm.
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G =ke+ D, ki

h=1,35,7.9 (14)

where kp is the term relative to the proportional gain, kj, is the term
relative to the full gain of each harmonic, the part (" @, sets the
sideband and wj, is the harmonic resonance frequency, where
wp = h-wgfor ;= 27 - 60 rad.

Therefore, the controller designed in the harmonic components h =
{1, 3, 5, 7, 9} has a phase margin of PM; = 41.5° with zero-crossing

switch decision block

Fig. 9. Voltage loop control with proposed algorithm.

frequency f.; = 645 Hz, with respective gains k;, = {3, 1, 0.75, 0.5,
0.25}, damping factor {;; = 2m-{0.3} and the proportional gain
kp, = 0.0105. In this loop the sampling frequency is the same as the
switching frequency of f;; = 19.980 kHz.

The current plant to be controlled has a resonance peak which, if
not adequately attenuated, can lead to system instability. Such at-
tenuation can be done using a capacitor current reading technique i
However, this technique that measures only the capacitor voltages vy,

~—_ Voltage and

|
bso T"‘F\ 7current sensors

F28335
DC-link capacitors

Qutput filter

Coolers
Heat sink

Drivers

Fig. 10. Three-phase prototype built in laboratory.
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Table 2

Parameters of experimental setup.
Parameters Symbol Value Unit
Grid phase-neutral voltage vg 127 V (RMS)
Grid frequency fe 60 Hz
Grid resistance R, 3.10 Q
Grid inductance Ly 3.80 mH
Grid ratio Ry/X, 2.16
Converter-side inductance Ly 560 uH
Grid-side inductance L, 1.0 mH
HF filter capacitance Cy 5.0 uF
Switching frequency fow 19,980 Hz
Inner loop sampling freq. foi 19,980 Hz
Outer loop sampling freq. fio 1998 Hz
DC link voltage Vde 500 A%

avoids the use of additional current sensors [30].

The active damping loop uses lead-lag controllers, as they allow the
shunt action to be applied within a delimited frequency band, avoiding
the occurrence of high frequency amplification, as can occur in a pure
shunt. The controller used is presented by (15):

s+ ki-wp,
Hy(s) = kg Cpap | —————
s s + wnlky (15)
m
where k¢ is given by:
o = |1+ sin(g,,)
71 = sinGg,) (16)

where the parameter Csis the filter's capacitance, @y, is the frequency at
which the maximum phase shift is obtained, ¢, is the desired maximum
angle itself and kg is the gain of the lead-lag loop that must be properly
tuned in order not to cause system instability [31].

For the lead-lag loop, two controllers in series were selected to
obtain the phase-shift angle ¢,, = 157.69°, with the parameter
ks = 0.0977 centered on frequency wm, = 2n-{3.757}kHz and pro-
portional gain adjusted to kg = 0.00566.

4.2. Outer control loops

The RMS voltage at the PCC is controlled by an outer loop, which
uses the model obtained from the equivalent circuit in Fig. 7. In this

Tek . Trig'd M Pos: 0.000s MEDIDAS
7\ /\ 7\ N\ /\
{3\ AR {3
[ [ f..:\ CH.
\ f f \ A =
\ / \ / / \ CH3
& Y f / 1 Ciclo RMS
\ \j | / \ 108Y
J \ f | f
Py | 1 1.
¢ X Y- f / 1
\ \ v
\J / U“ \/
CH2 50.( M 5.00ms Linha .~ 0.00¥
CH3 50.0v 60.0016Hz CH3 S0.0v

(a)

(b)
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single-phase model, the converter is represented by a controlled current
source injecting current ip: + igg:, the loads are a type RL parallel ar-
rangement, and the grid is composed of v, and its line parameters of the
RL type series.

By observing the equivalent circuit, it can be concluded that the
final voltage at the PCC is a composition of three voltage portions. The
first portion depends on the grid voltage and line parameters (Vpeco),
another portion depends on the converter current in phase with the
fundamental voltage component at the PCC (v¢) and the last portion
depends on the converter current in quadrature (vgy). The transfer
function representing the final voltage ratio (vp.) at the PCC is de-
scribed as:

Upcc = Gpcc'vg + GO“'iO + GQO"'[QOD
— —

voe Vgge a7

Vpec,0

Such dependence is shown, in block diagram, in Fig. 8. The currents
are represented in two portions due to the controller's ability to in-
dependently synthesize the reference currents iy- and igg-. Each current
term produces an increase in voltage, whose regulation effectiveness
directly depends on the line parameters R, and Lg.

The transfer function which, in its complete form, represents the
interdependence of variables, is presented in (18):

s(RiLy) )
$2(LyLp) + s(LgR; + RyL; + RiL) + RyR,
N s2(LyRiLy) + s(RyRiLy) y
s*(LeLp) + s(LyRy + ReLi + RiL) + RyR;
. s2(LgRiLy) + s(RgR(Ly) ;
$7(LgLp) + S(LgR; + RyLy + RiLy) + RyR

Vpee = Vg

0°

90°
(18)

In Fig. 9, the proposed algorithm of voltage control loop at the PCC
is shown. The scheme coordinates the current references in phase and in
quadrature, to maintain the RMS voltage regulated, using the smallest
possible amount of active power. For that to occur, the controller works
in two steps: Initially, the switch Sw; remains open (= 0) and the
voltage regulation takes place exclusively with reactive power injec-
tion. Therefore, active power will not be used if reactive power is en-
ough to raise up the RMS voltage to the reference value vy

The second step begins when there is value limitation of the re-
ference igp- = 1 (in pu), indicating that the reactive power is no longer
enough to raise the RMS voltage to the reference value. At that moment,
the switch Sw; closes (= 1) and the control increases the current re-
ference iy, injecting active power into the PCC. To hold the apparent

M Pos: 0.000s MEDIDAS  Tek JL Trig'd M Pos: 0.000s MEDIDAS
+

"’ 1 H y
y Ciclo RM RM!

1 ( Cicl
4 \ 114Y . 10.24
fi 1 \ CH3 a N (iz2) -
f \ Ciclo RMS 2+ v Y / Ciclo RMS
{ \ 116% ~ 1

N S / 05h
iLe
Linha / 0.00¥ M 5.00ms Linha ./ 0.00%
60,0320Hz CH3 20.04 60.0363Hz

(c)

Fig. 11. Experimental steady-state performance with only reactive energy regulation. (a) Phase voltage at PCC without compensation. (b) Phase voltage at PCC with
compensation, where reference voltage was not achieved. (c¢) Converter currents with reactive compensation only.
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Fig. 12. Experimental steady-state performance with energy management algorithm. (a) Phase voltage at PCC without compensation. (b) Phase voltage at PCC with
compensation, where reference voltage was achieved. (¢) Converter currents with active and reactive compensation.

power within the limits of the converter, the term /1 — ig (in pu) in

power limitation block imposes a saturation value (ig¢*) for the current
igp-. Therefore, only one controller operates inside the control loop
avoiding overlapping of different control actions.

The switch Sw; closes according to the quadrature current igg-
limiter state. The switch decision block sends a command signal when
the limiter reaches its maximum allowable current level. This action is
part of the proposed strategy, working independently and auto-
matically.

A Pl-type controller was chosen with proportional gain of
kpee = 0.0105, zero-crossing frequency of f,.. = 2.5 Hz, obtaining a
phase margin PM,.. = 89.1°. The outer loop sampling frequency is ten
times lower then inner loop sampling frequency, i.e. f;, = 1.998 kHz,
essentially because the RMS voltage value varies slowly compared to
current variation.

5. Experimental results

A three-phase, four-wire, 3.8 kVA prototype was built in the la-
boratory to demonstrate the operation of the proposed control algo-
rithm, as shown in Fig. 10. The digital signal controller (DSC)
TMS320F28335, from Texas Instruments’, was used to perform the
digital control, in addition to synchronization, sampling and protection
functions. Three Semikron power modules model SKM75GB063D with
75 A/600 V capacity are fixed on the aluminum heatsink with dimen-
sions of 400 mm x 220 mm x 10 mm and forced air ventilation. At the
DC bus, four EPCOS model B43586 electrolytic capacitors of 3300 pF/
500 V each are used, coupled with 22 kQ equalization resistors. The
drive circuits used are SKHI 20 opA with isolated controls, with over-
current protection on power switches and undervoltages. They are
powered by isolated sources, model SKHI PS3, both from Semikron. For
the output filter, Sendust-S26 toroidal type inductors Magmattec are
used with inductance of 1.0 mH on grid-side and 560 puH on converter-
side and five metallized film capacitors of polypropylene (MKT) EPCOS
model B32232 of 1,0 uF/630 V associated in parallel, per phase. For the
measurement system, model LA 55-P/50 A hall effect current transdu-
cers and voltage transducers, also Hall effect model LV 25-P/500 V, are
used, both manufactured by LEM. The signals are conditioned and fil-
tered to analog-digital conversion of the digital signal controller. Ex-
perimental results are divided into steady-state results and dynamic
load change response. The experimental setup parameters are shown on
Table 2.

5.1. Steady-state responses

The experimental steady-state results are divided into two parts.
First, the results are shown for a regulation where only reactive power
is used and then the results are shown using the proposed control
technique. The voltage reference level has been set at 1.0 pu (127 V) to
show that the adjustment capacity increases when active power is used.
A static resistive load of Ry, = 3 X {15} Q is used to show the steady-
state responses. The adjustment is done in control software in order to
disable active energy on the first test case. After that, in the second test
case all the functionalities are released.

5.1.1. Reactive energy only

In Fig. 11(a—c) results for steady-state with regulation where re-
active power only is used are shown. In this case, the voltages increase
from {107, 107, 108} Vto {114, 114, 116} V, although the 7 V increase
in PCC voltage was not sufficient to raise voltage to adequate levels of
regulation. The value is still 13 V below the 127 V reference voltage
value. This effect occurs due to the high R/X line ratio and also because
of the low inductive part (< Lg) in the weak lines. Therefore, the con-
verter reaches its power and current limitation without raising to the
voltage reference level.

5.1.2. Active and reactive energy

In Fig. 12(a—c) experimental results using the proposed control
technique, with active and reactive energy available, are shown. In this
case, the RMS voltage was at {107, 107, 108} V before, then increased
to the reference voltage of 127 V in all phases. The 20 V raise in voltage
corresponds to almost 16% of a drop in voltage value. This value is
greater than that allowed by the standards for distribution lines [26],
which consider a voltage drop of up to 8.7% precarious and up to
14.2% critical.

5.2. Load change responses

The energy supplied from the converter during the load changes has
been recorded and is shown in Fig. 13(a, b). Two different loads were
selected, one called light load Ry = {50, 56, 61} €, where only reactive
power is enough to reach the voltage regulation. In addition, the loads
are purposely slightly different from each other to show the in-
dependent phase control. And another called heavy load
Ry = 3 x {18.67} Q, where the regulation will not be successful using
only reactive power, requiring the proposed controller to identify this
scenario and add the active power part in the voltage regulation.
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Fig. 13. Experimental results for load change: active (Pg), reactive (Qg) and apparent (Sg) power injected by converter with energy management algorithm. (a) Load
change sequence: light load, heavy load and no control. (b) Load change sequence: heavy load, light load and no control.

In Fig. 13(a) the first load change is shown. In the presence of the
light load only reactive power is used, even with three slightly different
loads. This results in null active' energy Ppape = 0W and reactive’
energy of Qpap. = {998.2, 907.8, 832.8} VAr for the light load case.
After the load exchange, the heavy load comes in place of the light load.
This is done with the help of a circuit breaker which places loads in
parallel and decreases the resistance. Now, with equal resistances the
active and reactive powers of each of the three phases converge to the
same value Ppgp = {533.3, 542.9, 497.6} W for active? energy,
Qrape = 11128, 1137, 1161} VAr for reactive? energy and Sgape =
{1248, 1260, 1263} VA for apparent2 energy, respecting the converter's
total apparent power of Sg o = 3.8 kKVA.

In Fig. 13(b) an opposite situation is shown, where load reduction
occurs or load resistance increase and consequently active power is no
longer required. As expected, the proposed control reduces the active
power to zero and only uses reactive power as pointed out previously.
In both Fig. 13(a, b) the voltage control is switched off after load
changes. Voltage control shut-down shows the voltage reduction from
the nominal value 127 V to around 120 V without voltage regulation.
This represents a 5.5% drop in nominal voltage.

6. Comparative analysis

In this section, a pack of batteries was selected for comparative
analysis with the proposed system results. The storage unit is made of
lithium-ion batteries providing 35 kWh of energy and 81 kW of power.
These Li-ion cells are composed of a cathode of lithiated metal oxide
(LiMO;) and the anode is made up of carbon material. An electrolyte

1Value read in sample 125 in Fig. 13(a).
2Value read in sample 150 in Fig. 13(a).

made of lithium salts dissolved in organic carbonates with a separator
made of some porous polymeric material, which insulates the elec-
trodes and allow ionic exchanges. These lithium-ion batteries have been
shown to be suitable for applications that require high energy density
and a high efficiency cycle [17,32].

An independent battery management system (BMS) provides mon-
itoring and voltage control functions in battery modules, discharge
current limitation and fault management [33]. Electrical characteristics
and operating conditions of the lithium-ion battery pack are shown in
Table 3. Batteries are considered to be at 100% initial state-of-charge
(SoC), and aging and temperature effects are not considered [34].

Performance testing considers the battery pack discharge with
constant current equivalent to the power absorbed by the converter.
Thus, it is possible to show the battery discharge curve and the ad-
vantages that the active and reactive power compensation brings to the
batteries’ lifetime, such as fewer cycles and lower working temperature
due to the lower drained current [35].

The discharge model for a typical lithium-ion battery is represented
by [36]:

Epay = Eg — R-1 — K'[

]-fidr+A-e-B'ffd'

19

Q) g @
Q—j’id:]l K(Q—fidr

where, Epq is the battery voltage at the terminals, Eq is constant vol-
tage, R is the internal resistance, i is the battery current, i is the filtered
current, K is the polarization constant, Q is the battery capacity, A is
exponential voltage and B is exponential zone time constant. These
parameters can be calculated according to the procedures presented in
[36,37] and also shown in Table 3.

The batteries were fully charged and have been discharged until the
cut-off voltage and they are considered discharged when they reach the
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Table 3
Electrical characteristics and operating conditions of lithium-ion battery pack.

Saft Intensium” Smart 35M—17 x Synerion” Modules

Parameter Value

Nominal voltage 424V

Operation voltage 357-479V
Energy (C/5 rate, +25°C) 35kWh
Continuous discharge power (SoC 50%, + 25 °C) 81 kW
Continuous charge power (SoC 50%, + 25 °C) 36 kW
Maximum discharge current (SoC 50%, + 25 °C) 191 A
Maximum charge current (SoC 50%, + 25 °C) 85A

Cycle efficiency, 5 > 95%
Self-discharge =5% per month
Constant voltage, Eq 460V

Internal resistance, R 5.1394 mQ
Polarization constant, K 0.038503 (Ah) -t
Exponential voltage, A 35.6058 V

Exponential zone time constant, B 0.74014 (Ah) !

1C 0.0855C 0.0536C
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Fig. 14. Discharge curve of lithium-ion battery type for proposed cases.

minimum operating value. In Fig. 14, the results of the previous ana-
lysis are presented. Three different curves are shown. A reference
measurement of battery lifetime at 1C is shown. The battery lifetime
will last 0.95 h in this nominal discharge current. Another curve is the
active energy only. In this case the voltage would be regulated however
will use 0.0855 C from current capacity of the batteries. Finally, for the
proposed strategy where reactive and active energy are used, the life-
time of the batteries will be 6.7 h longer than the other case with less
drained current (0.0536 C). Battery life will extend from 11.3 h in the
active case to 18.0 h in the active and reactive proposed strategy or an
increase of almost 60% the lifetime. Using only reactive energy for
voltage regulation will not drain energy from the batteries, so this case
is not presented in this comparative analysis.

7. Conclusion

In this paper, a control system for voltage regulation at the PCC with
the selective use of active and reactive power was proposed. The re-
duced use of active power in the voltage regulation at the PCC was
proven, contributing to increased autonomy and service life of the
storage system. With this strategy, the voltage values at the PCC re-
mained within the regulatory values defined by the standards, being
able to avoid equipment damage and loss for the connected consumers.

The experimental results prove not only that the PR current control
had good reference tracking and disturbance rejection, but also that the
output filter's active damping technique had a good response with the
system in closed loop, even with the load switches. The power control

Electric Power Systems Research 174 (2019) 105825

algorithm was able to keep RMS voltage at the PCC stable under the
load switches. Through two cases, the control was proven to have used
active power in cases where the reactive power was not enough to
regulate voltage at the PCC.

The power control uses a simple digital algorithm to generate the
current references, not requiring great computational efforts to execute
the technique. The battery system analysis showed increased battery
autonomy, and consequently a reduced number of cycles and increase
in lifespan. Therefore, this technique is effective in solving voltage drop
problems, especially in high R/X ratio distribution grids.
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