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Abstract—Active network management through residential
owned devices, such as battery systems and smart inverters, has
been introduced as a promising solution to mitigate voltage issues
caused by rooftop solar. Existing decentralized approaches to
determining setpoints for these devices, require network visibility
and timed coordination to consider the impact of multiple control
actions prescribed simultaneously by different controllers. To
address this issue, we propose an online decentralized rule-
based control approach, which prevents overvoltage/undervoltage
by determining dynamic setpoints of PV smart inverters and
battery systems, based on online measured connection point
voltage. In the proposed method, successive control actions ensure
that the voltage gradually converges to the desired region, and
coordination between controllers occurs implicitly via the power
system. The effectiveness of the proposed method is assessed on
a real 30-bus feeder and achieves results that are within 4%
of those obtained by a centralised multi-period AC OPF with
perfect forecast.

Index Terms—Active network management, Battery systems,
Distribution networks, Decentralized voltage control, Smart in-
verters

1. INTRODUCTION

In the last decade, the growing adoption of photovoltaic
(PV) rooftop panels has led to new challenges in distribu-
tion systems operation [1]. Maximum PV generation often
coincides with low residential load consumption, which ne-
cessitates the injection of power into the electric grid and
in turn raises distribution voltages potentially beyond safe
limits [2]. To alleviate the voltage rise problem, traditional
approaches suggest grid reinforcement which is costly, and
the use of on-load tap changer (OLTC) which can decrease
the transformers life span [3]. Utilization of smart inverters
and residential battery systems (henceforth battery), can be an
effective alternative as they reduce the investment cost and
provide fast and dynamic response [4-5].

PV active power injection to the network can be reduced
using batteries and/or active power curtailment capability
of smart inverters [2,6]. While the costs of batteries have
decreased in recent years, it is still expensive to have enough
battery capacity to absorb all the surplus PV power [7]. On
the other hand, active power curtailment effectively throws
away surplus renewable generation, reducing the value to
PV owners [8]. To compensate, reactive power consumption
provided by smart inverters can decrease the required active
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power curtailment, at the expense of increasing network losses
[7]. Combining all three of these techniques can produce a
better outcome, but given these trade-offs it can be challenging
to find the best action in each instance. The challenge increases
further still when solving the problem at a network level with
many connected systems.

This paper presents a fully decentralized solution to this
voltage control problem, that achieves near-to the same perfor-
mance of an optimally controlled central system, but without
the complexity. Control approaches for smart inverter and bat-
tery are divided into three categories: centralized, distributed
and decentralized (i.e. local) [9]. Unlike decentralized control
approaches, centralized and distributed approaches require
communication and suffer from privacy concerns [10]. In
decentralized approaches, control actions are decided only
based on local measurements [11]. These approaches mainly
focus on the regulation of the PV active and reactive power
outputs based on voltage magnitude [12]. A simple method is
the adoption of a fixed limit on the injected active power of
PV to the network, which is defined based on the trade-offs
between technical benefits and effects on PV owners [2,16].
However, this limitation is determined based on the worst-
case scenario, which may happen once a year and therefore is
very conservative. Also, this method does not employ the full
potential of fast and dynamic capability of smart inverters and
batteries.

Another approach is to utilize piece-wise linear Volt/VAR
and Volt/Watt curves of smart inverters using instantaneous
local voltage mismatch as input. The use of rule-based algo-
rithms to efficiently utilize piece-wise linear curves is inves-
tigated in [5,11-15]. The voltage sensitivity matrix obtained
from solved power flow, provides an accurate way to calcu-
late droop slopes. In [14], droop coefficients are calculated
based on a voltage sensitivity matrix to share active power
curtailment equally among all PV inverters. In [11], droop
coefficients are updated in each period using the voltage sen-
sitivity matrix to avoid errors associated with fixed sensitivity
factors. However, updating a voltage sensitivity matrix requires
full observability of the network and remote monitoring. To
overcome the need of remote monitoring, [12] proposed a
fitting function-based sensitivity approach that develops a non-
linear function to describe dependencies between the voltage
of a bus and its PV active and reactive power injections



and then calculates the slopes based on the function. This
function does not account for the control actions of other
buses and time delays are defined to coordinate the control
actions. However, defining time delays could be complicated
for large networks and they should be altered if the network
configuration changes. All the aforementioned literature try
to calculate the exact active and reactive powers required to
bring the voltage to the desired region in each instance, and
therefore suffer from a) underutilization of resources in order
to ensure system stability [17] either, b) unnecessary utilization
of reactive power or active power curtailment due to the lack
of active management of multiple simultaneously occurring
control actions.

In this paper, the proposed decentralized rule-based control
approach, instead of calculating the exact active and reactive
powers required, employs a small portion in each control
action. Therefore, the voltage gradually converges towards the
desired region through each control action. In this way, small
changes in active/reactive powers ensure the stability of local
controllers and also, it eliminates the need for communication
or time delays to coordinate the control actions of controllers
as the coordination between controllers occurs implicitly via
the power system. Smart inverters and local voltage measure-
ments are fast enough to perform sufficient control actions to
bring voltage to desired region. The proposed control approach
consists of three modes of operation, Mode 1 is activated when
the connection point voltage exceeds the desired region and is
responsible for battery charging, reactive power consumption
and active power curtailment to bring the connection point
voltage to the desired region. Mode 2 is activated when the
connection point voltage is lower than the desired region and
is responsible for discharging the battery and reactive power
injection. Mode 3 is activated when the voltage is within the
desired region and is responsible for normal operation and
restoration of active/reactive power. To assess the effectiveness
of the proposed method, we carry out a comparison with an
ideal centralized multi-period AC optimal power flow which
has perfect information about realization of uncertainty.

II. VOLTAGE DEVIATION AND DROOP CONTROL METHOD

In this section overvoltage caused by reverse power flow,
and the use of piece-wise linear curves for active and reactive
power management are briefly described. Fig. 1 shows a
simple two-bus system where extra active PV power is injected
to the grid. This injected power may produce a voltage rise
at the point of common coupling which can be approximated

[3] by:

Vy — Vg = RPy + XQn 1)
VN

where Vj is the voltage at the connection point, R and X

areresistance and reactance of the line between the two buses,

Py and @ are the injected active and reactive powers from

the connection point to the grid, respectively. To decrease

voltage deviation, injected active and reactive powers could

be managed. It is assumed that PV and battery are connected
to the grid via separated inverters and that the batterys inverter
is working in unity power factor.

Fig. 1. A simple two bus feeder

A. Active Power Management

Injected active power could be managed through batter-
ies utilization, by charging the batteries with the extra PV
active power generation or active power curtailment, or by
controlling the output power of the PV inverter. One way to
implement active power management is using droop control
methods in which, injected active power is calculated as a
function of voltage at the connection point. In this method,
the battery will be charged or the PV inverter will curtail the
active power only when the connection point voltage is higher
than the upper desired limit (V3), shown in Fig. 2, and also the
battery will be discharged when the voltage is lower than the
lower desired limit (V5). Fig. 2.a and 2.b show the schematic of
changes in AC solar output and charge/discharge of the battery
as a function of the measured voltage at the connection point,
respectively. In these figures, V; and V; are used to adjust the
slopes of the curves and P,;pp is the maximum active power
that can be obtained through the PV inverter.
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Fig. 2. The schematics of local active and reactive powers management;
a) change in PV active power curtailment; b) change in charge/discharge of
the battery; c) change in inverter reactive power injection/consumption; d)
hysteresis curves for restoration mode

B. Reactive power management

As stated in [7], due to high reactance of MV/LV distribution
transformers, the cumulative R/X ratio is not so high, and
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as a result, the reactive power could have a large effect on
voltage regulation. However, it should be considered that a
large amount of reactive power can increase losses and require
higher power rating inverters [8]. Droop control methods can
also be used for reactive power management of residential PV
inverters. Reactive power consumption/injection for mitigating
overvoltage/undervoltage is determined as a function of volt-
age in the connection point, shown in Fig. 2.c. In this figure
V5 and V3 are the lower and upper desired voltage limits, V)
and Vj are used to adjust the slopes of the curve and Qmax is
the maximum amount of reactive power limited by the inverter
size and active output power of PV.

IIT. PROPOSED CONTROL METHOD

In this section, we propose a decentralized rule-based
control method which consists of three modes of operation.
In each control mode, charging and discharging of the bat-
tery, and active and reactive powers of the PV inverter are
determined based on the online measurements of the local
connection point voltage. As summarized in Section I, based
on the measured voltage, one of the modes of controller will
be activated. The details of each mode are described in the
following paragraphs.

A. Mode 1: Overvoltage

When the connection point voltage exceeds the upper de-
sired limit (V3), battery increasingly charges as a function of its
connection point voltage as (2), until its active charging power
reaches the maximum charging rate or bring the connection
point voltage to the desired region. The battery is charged
based on the calculated amount until it is fully charged.

mzn(PB (t - ].) +ma (V(t) - ‘/.3)7 PBchT‘ated) lf

Pp(t) = SOC(t—1) < SOChman
0, otherwise.

)

SOC(t) = SOC(t — 1) + nen Pr(t) 3)

where Pg(t) is the active power of the battery in each time step that
positive and negative amounts show charging and discharging of the
battery, respectively, mq is the droop coefficient obtained from the
slope of the curve in Fig 2.b, V'(¢) is the online measured connection
point voltage, Pgchrateq 1S the maximum rate of charge of the battery,
SOC is the state of charge of the battery, SOC(t — 1) is the state
of charge of the battery in previous time step and SOC),qz is the
battery size and 7)., is the batterys charging efficiency.

If the battery reaches its maximum charging rate but the overvolt-
age persists, the inverter reactive power consumption increasingly
adjusts as a function of its connection point voltage, as shown in (4),
until either it reaches its maximum amount, limited by the apparent
power of the inverter or the voltage is mitigated.

mzn(va(t — 1) + mg(V(t) - Vd), Qmaz) lf

QPV(t) = PB(t — 1) = PBchrated OF SOC(t — 1) = S0OChaz-
0, otherwise.
(C))]

where @ pv (t) is the inverter reactive power in each time step that
positive and negative amounts show consumption and injection of the

battery, respectively. m2 is the droop coefficient obtained from the
slope of the curve in Fig 2.c and Qa2 is the maximum amount of
reactive power which is limited by the inverter size and the active
output power of PV.

If the battery and reactive power consumption could not alleviate
the overvoltage, the active output power is curtailed as a function of
its connection point voltage (5). Since normally the voltage deviation
is larger for buses located at the end of the feeder, according to (2)
and (4), the rates of battery charge and reactive power consumption
in these buses are larger values. Therefore, they reach Ppcprateq and
Qmaz sooner than the other buses, and hence, they start to curtail
active power sooner. To use the full potential of other buses and avoid
unnecessary active power curtailment in buses located at the end of
the feeder, another starting criteria, A, is defined. For each bus, A
is true when the voltage deviation is smaller than a threshold or the
voltage exceeds the upper desired limit for a number of consecutive
time steps. The threshold and the number of consecutive time steps
are obtained based on trial and error method.

min(Ppyv (t — 1) + ms(V(t) — V3),0) if
Ppy(t) = Qprv(t —1) = Qmac and A = true
Ppy (t — 1), otherwise.

(&)

where Ppy (t) is the inverter active output power in each time step
and mg is the droop coefficient obtained from the slope of the curve
in Fig 2.a.

B. Mode 2: Undervoltage Mode

As stated in [18], inverters are capable to inject reactive power
to the grid to alleviate undervoltage during peak load time, which
happens simultaneously with low PV active power generation. When
the connection point voltage is smaller than the lower desired
limit (V2), the battery increasingly discharges as a function of its
connection point voltage in each time step as (6), until it reaches its
maximum discharge rate or brings the connection point voltage to
the desired region. The battery is discharged based on the calculated
amount until it is fully discharged.

max(Pg(t — 1) + ma(V(t) — V2), PBdisrated) if

Pg(t) = SOC(t—1)>0

0, otherwise.

(0)

SOC(t) = SOC(t—1) + ZL@ 7
dis

where m4 is the droop coefficient obtained from the slope of the
curve in Fig 2.b and Ppgisrated is the maximum rate of discharge
of the battery which has a negative value. If the battery reaches
its maximum discharging rate but the undervoltage persists, then
the inverter reactive power increasingly adjusts as a function of its
connection point voltage as shown in (8), until either it reaches its
maximum amount, limited by the apparent power of the inverter, or
the voltage is mitigated. m5 is the droop coefficient obtained from
the slope of the curve in Fig 2.c.

maz(Qpv(t —1) +ms(V(t) — Va), —Qmaz) if

va(t) = PB(t - 1) = PBdisT'ateri or SOC(t - 1) =0
0, otherwise.
(3)
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C. Mode 3: Restoration

When the connection point voltage is within the desired region, we
check whether curtailment has been applied in previous time steps in
order to avoid unnecessary curtailment and harvest as much energy as
possible from the PV. If so, the hysteresis curve in Fig. 2.d is used to
prevent oscillation of voltage around upper desired limit. According
to (9), the potential extra active PV power gradually augments as a
function of the connection point voltage, as shown in Fig. 2.d. The
process of active power restoration continues until it reaches Paspp
or the voltage reaches upper desired limit.

min(va(t — 1) + mg(V(t) — Vg), PMPP) if

Ppy(t) = Ppy(t—1) < Pupp
Ppy(t—1), otherwise.

)

If the active output power of the PV reaches its Pypp and the
voltage is still smaller than the upper desired limit, then to avoid
unnecessary reactive power consumption, the extra reactive power is
gradually decreased according to (10) using the hysteresis curve. A
similar approach is applied to prevent unnecessary charging of the
battery, as shown in (11).

mal’(va(t — 1) + mg(V(t) — Vg), 0) if

Qrv(t) = Qpv(t—1)>0and Ppv(t —1) = Pupp
0, otherwise.
(10)

maz(Pp(t — 1) + m1(V(t) — V3),0) if
PB(t)Z PB(t—l)EOandev(t—l):()
Pp(t—1), otherwise.
(11)

Similarly, another hysteresis curve is defined to prevent unneces-
sary reactive power injection and battery discharging. The reactive
power and battery discharge are restored according to (12) and (13),
respectively.

min(Qpyv (t — 1) + ms(V(t) — V2),0) if

Qrv(t) = Qrv(t—1)<0
0, otherwise.
12)

min(Pa(t — 1) + ma(V(t) — V2),0) if
Pp(t) = Ps(t—1)<0
Pp(t—1) otherwise.
(13)

IV. AC MULTI-PERIOD OPTIMAL POWER FLOW

To assess the effectiveness of the proposed method, we compare
with a centralized multi-period AC optimal power flow. In this
centralized AC-OPF, optimal charging/discharging of the batteries
and active/reactive output power of the PVs are determined to
minimize the cost of energy obtained from the upstream network:

OF = min
Pp,Qpv,Ppv

Z A X Pupst'ream(t) (143.)
t

subject to

f(PBch(t), PBdis(t)a PPV(t)7 QPV(t)y PL(t)7 V(t)70(t)) =0
(14.b)

Vmin S V(t) S Vmaz (140)

0 < Ppy(t) < Pupp (14.d)

PRy (t) + Qv (t) < Shia (14.¢)

SOC(t) = SOC(t — 1) + nen Paen(t) — Pi]di(t) (14.)

dis

0 S PBch(t) S PBchrated (143)

0 < Ppuais(t) < Ppaisrated (14.h)

0 < S0C(t) < SOChmax (14.1)

where (14.a) shows the objective function in which A is the electricity
price, (14.b) stands for the power flow equations in which P (t) is
the active load power and 6(t) is the voltage angle at the connection
point, (14.c) forces voltages to stay within the desired region, (14.d)
and (14.e) indicate accepted amounts for active and reactive output
powers of each PV based on Py pp and the inverter size, and
(14.f-14.1) show the batteries limitations. The multi-period AC-OPF
is modelled as a non-linear programming problem and solved by
commercial solver (CONOPT).

V. RESULTS AND DISCUSSION

A. Case Study

We tested the performance of our proposed method using simula-
tions on a real 30-bus modern underground LV feeder with R/ X = 2
located in Hobart, Australia [19], in MATLAB/OpenDSS interface
[20]. The LV feeder is shown in Fig. 3, and we consider a PV unit,
a battery and a residential load at each bus. In our experiments, we
model step changes in the load and solar every hour and the hourly
PV generation and load consumption data are extracted from [21], as
shown in Fig. 4. The often large instantaneous transitions between
hours provide a good way to test the response of our control approach
and allow us to clearly observe the settling time and behavior, given
our 1 second controller voltage sampling rate. The controller and
simulation parameters are summarized in Table I.

Fig. 5.a. shows the voltage profile at Bus/5 which is located
at the end of the feeder with and without voltage management.
When the voltage at Bus15 exceeds 1.05pu at 9am, Mode 1 of its
controller is activated. The battery is increasingly charged based on
(2) until it reaches its maximum charging rate after 12s, shown in
Fig 5.b. However, as the overvoltage persists, the reactive power is
increasingly consumed based on (3) until it brings the voltage to the
desired region after 35s. At this time, Mode 3 is activated, but since
the voltage is still more than the hysteresis range, the reactive power
is not restored. As the overvoltage happens again at the beginning of
the next hour, the reactive power consumption increases until it
reaches to its maximum amount after 2s. At this stage, as described in
section III.A, the controller waits to see the impact of other buses for
17s, and then it starts to curtail the active output power and increase
the reactive power consumption subsequently. A similar strategy is
applied for the next couple of hours until hour 15 in which the voltage
enters the hysteresis range and the controller starts to restore active
power curtailment based on (7). Within 39s the PV output power
reaches Parpp and then reactive power restoration starts based on

2019 IEEE Milan PowerTech



TABLE I
CONTROLLER AND SIMULATION PARAMETERS

Parameter Value Parameter Value
Vi 0.8pu PV inverter size 8kVA
Va 0.95 pu | Battery inverter size | 2kVA
V2 0.98pu Nch 80%
Vi 1.02 pu SOCrmaz 2kWh
V3 1.05 pu PBchrated 2kW
\2 1.2 pu PBdisrated -2kW
6 29 30
11 12
I | 10
1 2 3 4 35 7 8 0 | |
BSE 13 14 135
m - | | ] Lo
1 I 1 R
1104 &V 22 21 23 | |
18 19 20 | |
| | | 16 17
24
[ |
| | —| 23
26 27 238

Fig. 3. 30-bus LV feeder
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Fig. 4. a) PV power generation; b) residential load

(8). The reactive power is completely restored within 12s at the
beginning of the next hour. According to the load curve, peak demand
happens at hour 18 which leads to undervoltage in Bus15. Therefore,
Mode 2 of its controller is activated and the battery is increasingly
discharged based on (5) until it reaches its maximum discharging
rate after 5s. Then, reactive power injection starts increasing based
on (6) until the voltage is brought back to the desired region. Similar
process happens during the remaining hours. Fig. 6 demonstrates the
detailed performance of the proposed method in hours 9,10,15 and
18 respectively. It can be seen that the controller reacts as soon as a
change in load and generation data occurs and brings the voltage to
the desired limit.

Fig. 7 shows the cost of the energy transferred between the LV
feeder and the LV/MV transformer. Also, the results obtained from
the multi-period AC-OPF is shown in this figure for comparison.
Power flows from upstream to the feeder until 8am, as indicated
by the positive amount, and reverses as indicated by the negative
amount. The deviation between the cost of the ideal centralized
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Fig. 5. Busl5: a) voltage profile with and without control; b) charge and
discharge of the battery; c) reactive power; d) active power output and Pyspp
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Fig. 6. Detailed performance of the proposed method for voltage of Bus15 at
a) 9AM, mitigating overvoltage in 35s (12s increasing battery charging and
23s reactive power consumption). b) 10AM, mitigating overvoltage in 100s (2s
increasing reactive power consumption, 17s waiting for the impact other buses
and 81s increasing active power curtailment). ¢) 3PM, restoring active power
curtailment in 39s and partial restoration of reactive power consumption in
21s. d) 6PM, mitigating undervoltage in 23s (5s increasing battery discharging
and 18s increasing reactive power injection).

approach and our proposed approach is 2.3%. The price of electricity
is assumed constant throughout the day and for the sake of simplicity,
we consider it to be 1$/kWh (this is equivalent to minimizing the net
consumption of the feeder over time). It might be misleading as the
cost associated with our proposed method is better than the optimal
centralized AC-OPF between hours 11 until 14. In fact, since the
ideal centralized AC-OPF is carried out under perfect forecast, the
batteries are charged between these hours which lead to less active
power injection to the network. The results show the effectiveness of
the proposed local approach to follow the ideal central approach.
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Fig. 7. Objective function

To further validate the efficacy of the proposed method, we
consider different PV penetration scenarios. The results obtained by
our method and AC-OPF are summarized in Table II. As the PV
penetration increases, reactive power contribution of both AC-OPF
and our method increase. However, the rate of increase in AC-OPF
reactive power contribution is more than that of our proposed method,
which leads to an increase in the relative difference between the harsh
situations (end of the feeder), contribute less reactive power than
with AC-OPF. Future work will consider enhancing their contribution
by using different droop coefficients and voltage desired limits for
different buses based on their location in the feeder.

VI. CONCLUSION

In this paper a novel decentralized rule-based control approach is
proposed to mitigate overvoltage/undervoltage in a high PV pene-
trated distribution network, using residential batteries and smart in-
verters. Based on online measured connection point voltage, dynamic
setpoints of PV smart inverters and batteries are determined, and the

TABLE II
OBIJECTIVE FUNCTION VALUES AND TOTAL REACTIVE POWER FOR
DIFFERENT PV PENETRATION SCENARIOS

PV ratio to the base scenario
1.2 1.1 1 0.9 0.8
Relative difference
between 390% | 3.80% | 2.30% | 1.10% | 0.40%
objective functions
Reactive | Proposed
power method 261.3 212.4 163.5 122.3 82.9
(kvarh) OPF 493.8 462.1 432.2 308.9 200.7

voltage converges toward the desired region gradually with each time
step. The proposed approach consists of three modes of operation,
overvoltage, undervoltage and restoration modes and each mode are
responsible for a range of connection point voltage. The first two
modes are activated to bring the voltage to the desired region and the
third mode is defined to prevent unnecessary active power curtail-
ment, reactive power consumption or injection and charge/discharge
of the battery.

To assess the performance of the proposed approach to manage
voltages, it was simulated on a real 30-bus high PV penetrated
LV distribution network in Hobart, Australia. The results highlight
that it has the potential to closely match the ideal centralized AC-
OPF performance without the need of communication, full network
observability, time delays and heavy offline computations.

A further extension would be to consider different droop co-
efficients and voltage desired limits for different buses based on
their location in the feeder. This could ensure more contribution
of buses which are not located at the end of the feeder and face
less harsh voltage condition. Also, the use of algorithms such as
model predictive control methods to periodically provide setpoints

corrections for the proposed local control to better track the globally
optimal solution.
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