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Abstract: With the intensive integration of photovoltaic (PV) sources into the low-voltage distribution
networks (LVDN), the nodal voltage limit violations and fluctuation problem cause concerns on the
safety operation of a power system. The intermittent, stochastic, and fluctuating characteristics of
PV output power leads to the frequent and fast fluctuation of nodal voltages. To address the voltage
limit violation and fluctuation problem, this paper proposes a distributed nodal voltage regulation
method based on photovoltaic reactive power and on-load tap changer transformers (OLTC). Using
the local Q/V (Volt/Var) feedback controller derived from the grid sensitivity matrix, the voltage
magnitude information is adopted to adjust the output of PV systems. Moreover, in order to share the
burden of voltage regulation among distributed PV systems, a weighted distributed reactive power
sharing algorithm is designed to achieve the voltage regulation according to the rated reactive power.
Theoretical analysis is provided to show the convergence of the proposed algorithm. Additionally,
the coordination strategy for distributed PV systems and OLTC is provided to reduce the reactive
power outputs of PV systems. Five simulation case studies are designed to show the effectiveness
of the proposed voltage regulation strategy, where the voltage regulation and proportional reactive
power sharing can be achieved simultaneously.

Keywords: distributed PV sources; low-voltage distribution network; reactive power sharing;
voltage regulation

1. Introduction
1.1. Motivation

A high proportion of renewable energy is connected to the low-voltage distribution
network, making the distribution network change from a passive network to an active
network. The intermittency, randomness, and volatility of renewable energy will affect
the power flow and cause voltage problem in the low-voltage distribution network, such
as limit violation, three-phase voltage unbalance, increased harmonic, and other power
quality problems. The higher the penetration rate of renewable energy, the more significant
the impact on the voltage of the low-voltage distribution network.

The traditional distribution network is a passive network, and the power flows from
the substation to the load in one direction, which will not cause the voltage increase in the
terminal node [1]. Traditional voltage control methods mainly use on-load tap changer
regulator (OLTC), switched capacitor (SC), and step voltage regulator (SVR) [2]. The main
purpose of these devices is to maintain the voltage of the distribution network within an
acceptable range. The above voltage control methods play a great role in mitigating voltage
fluctuations and maintaining stable system voltage operation [3]. With the integration of
a high-penetration distributed generator (DG), OLTC and SC will not be able to respond
to voltage changes in time. The intermittency, randomness, and fluctuation of DG bring
power quality problems, such as voltage out-of-limit, three-phase unbalance, and increased
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harmonic content to the low-voltage distribution network. In the low-voltage distribution
network with a high proportion of PV systems, the voltage regulation problem has become
the focus of attention. A new suitable voltage regulation method using distributed resources
are necessary to address the fast-changing nodal voltages caused by the PV integration.

1.2. Related Literature

Aiming at solving the problem of voltage violations in the low voltage distribution
network, reference [3] pointed out that in the distribution network the relationship between
the line resistance and the reactance determines the significant degree of the influence of
the active and reactive power on the system nodal voltage. While references [4,5] inves-
tigated voltage regulation methods using reactive power in the low-voltage distribution
network and concluded that reactive power is helpful to achieve voltage regulation in the
distribution networks using the volt-var controller.

Adjusting the active and reactive power can effectively control the voltage of the
distribution network when the resistance and reactance of the branch line are similar,
which was concluded in references [6-8]. Additionally, control strategies based on voltage
sensitivity matrix are gaining popularity [9-12]. In these methods, the sensitivity matrix is
used to solve the problem of voltage regulation, where the voltage regulation resources
include distributed generators [9-11], grid-connected converters [10], capacitors [9], and
energy storage [10,11]. By controlling the output of renewable energy and the switching of
capacitors, system nodal voltage can be regulated in the normal range [9]. Using the node
voltage sensitivity matrix, reference [10] introduced a fuzzy prediction control strategy
to adjust the output of renewable energy and energy storage to achieve voltage control.
Reference [11] changes the control object into a grid-connected converter and proposes a
voltage control method based on the voltage sensitivity matrix, which realizes the voltage
regulation at photovoltaic grid-connected points. Reference [12] analyzed the problem of
voltage fluctuations in short time scales, took distributed energy storage as the regulation
resources, and proposed a voltage regulation method based on a sensitivity matrix to
maintain voltage stability. The researchers considered the network loss in the control
strategy and proposed a voltage regulation strategy based on voltage sensitivity [13].
Based on the research of balanced distribution systems, reference [14] considers different
configurations and types of voltage regulators and studies the voltage control method of
an unbalanced distribution system based on voltage sensitivity analysis. Therefore, in
the above-mentioned strategies, the voltage sensitivity matrix, which is composed of line
reactance and resistance information, is the main theory adopted in the voltage regulation.
Normally, there are different resources (equipment) employed to achieve the nodal voltage
regulation and voltage control.

Centralized voltage control methods are direct since the global information, network
parameters, and global resources in a distribution network are known, which help to
develop the voltage regulation model easily. Reference [15] proposes a centralized reactive
power control model, which considers the coordination of centralized reactive power man-
agement and voltage-related characteristics. A centralized voltage regulation method based
on robust optimization is proposed in [16] to minimize the economic cost of the distribution
network by controlling the elastic load using demand response technology. Moreover,
the reactive power regulation capability of distributed energy resources, combined with
traditional voltage regulation methods, reduces the number of equipment adjustments,
reduces network losses, and optimizes distribution network operation on the premise of
ensuring system voltage safety. Reference [17] proposed a voltage control method based on
the centralized control of the controllable dead-zone static synchronous compensator. The
centralized control system measures the voltage of each compensator connected to the grid
and modifies the voltage of all nodes through the target voltage. The voltage quality is im-
proved so that all node voltages are regulated within the appropriate range. Reference [18]
included the objective function of network loss on the basis of the coordinated centralized
control of DG and OLTC and considered the economic benefits of system operation.
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A framework to assess the performance of different OLTC-based control strategies
in terms of voltage compliance with the standard BS EN50160 and the number of control
actions was presented in [19] to show the advantages of remote monitoring-based strategies
over the constant set-point and time-based control strategies in enhancing PV capacities
and limiting operations of OLTC. A coordinated control strategy to control BESS along
with OLTC is proposed in [20] to warrant acceptable voltage magnitudes at the distribution
feeder, where an optimization strategy is designed to minimize the actions of OLTC and
prolong the battery lifetime. A coordinating control strategy for an on-load tap changer
(OLTC) of the main transformer in a distribution substation and PV smart inverters is
proposed to maintain the voltage at the PCC fixed at the specified voltage level [21]. The
alternative of exploiting distributed PV converters for voltage control is discussed in [22],
which shows that PV inverters can help to stabilize the voltage in a PCC point also without
coordination between inverters and/or with a centralized unit. To investigate how the setup
of the voltage controllers inside PV inverters affects the operation of these controllers, the
limits for reactive power injection is also considered. Reference [23] proposes an intelligent
search algorithm, a voltage ranking search algorithm, to solve the optimization of flexible
resource scheduling for voltage regulation. In [24], a coordination voltage control strategy
using air conditioners and an OLTC is proposed to achieve voltage regulation without the
occurrence of regulation lag caused by the OLTC.

Normally, as discussed, a centralized control method with the central controller collects
the information of each node and sends a command to control the DG, OLTC and load,
and other equipment after calculation. The principle is simple and easy to implement, but
when considering that a large number of DGs are connected to the LVDN, the topology
becomes complicated and communication restrictions need to be considered.

Therefore, distributed voltage control systems with the use of local information are
widely investigated [25]. In reference [26], considering the reactive power absorption and
compensation capabilities of distributed power sources, a distributed adaptive control
method is proposed to solve the voltage violation problem caused by the mismatch between
supply and demand. Similarly, reference [27] studied the voltage fluctuation problem of
large-scale distributed generation connected to the distribution network and proposed
a distributed control method to alleviate the voltage rise issues caused by active power
injection. Reference [28] proposed a secondary voltage adaptive distributed control method
based on the characteristics of distributed power inverters. To compensate for the uncer-
tainty, each DG only needs its own information and the information of neighboring DGs in
the communication network. Therefore, the method is only related to the communication
network structure, does not require parameter information of distributed power sources,
and is completely distributed and adaptive. The proposed distributed coordinated control
strategy is of great significance for the realization of multiple time scales. Reference [29]
performs real-time voltage control through the calculation of the optimal power flow. This
method is suitable for dynamic distributed networks with multiple time scale requirements.
Due to the difficulty of real-time power balancing, it lacks flexibility. Reference [30] takes
the minimum cost as one of the control objectives and proposes a frequency and voltage
control method based on distributed cooperative control, which ensures the balanced
sharing of power reactive power. In [31], a decentralized control method for coordinated
control (OLTC) transformers and PV inverters, is proposed for the voltage regulation of
radial distribution networks, where the appropriate corrective actions are taken according
to the predefined voltage zones.

Compared with the centralized methods, this paper proposes a distributed voltage
regulation method for LVDN with high penetration of PV systems, only using the existing
resources, namely, OLTC and PV sources, which are privacy-protected, flexible, and resilient
to single-point failure. When it mentions to the existing distributed voltage regulation
methods, the proposed coordination strategy of OLTC and PV can reduce the injection of
reactive power while guaranteeing the voltage performance. Additionally, the proposed
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voltage regulation method is scalable since the parameters of the distribution network are
not required.

To address the nodal voltage limit violation problems, this paper proposes a fully
distributed voltage regulation method only using the existing resources, PV systems and
OLTC, which avoids extra investments and maintains the system voltage safety. Moreover,
to share the voltage regulation burden, a weighted distributed algorithm is designed to
achieve the proportional reactive power sharing of PV systems. The coordination of OLTC
reduces the reactive power injection. To conclude, the contributions in this paper include
the following:

e  The proposed voltage regulation method is scalable and simple since the parameters
of the distribution network are not required.

e  The proposed method is fully distributed, which only uses local information of voltage
and reactive power, avoiding the possibility of single-point failure.

e  The proposed reactive power sharing method ensures that the voltage regulation task
is shared among PV sources according to the reactive power capacities.

e  The distributed coordination strategy of PV and OLTC is proposed to improve voltage
regulation efficiency.

The rest of the paper is organized as follows: Section 2 introduces the model of a
distribution network with high-penetrated PV sources. Section 3 proposes the Var/Q local
voltage control method and distributed proportional power-sharing strategy of PV sources.
Section 4 is case studies, and the conclusion of the paper is in Section 5.

2. The Model of LVDN with Highly Penetrated PV Sources

This section proposes the multi-agent system (MAS)-based control model to solve the
problem of over-voltage issues and introduces the composition of the physical network and
the construction rules of the communication network G. The MAS-based two-layer control
model is shown in Figure 1. The physical network of this model is composed of distributed
PV sources and loads. In the LVDN (380 V), only photovoltaics is often considered. The
control object proposed in this study is limited to PV sources and OLTC. In the LVDN, solar
radiation determines the active power output of the PV sources, and each PV works in the
maximum power point tracking (MPPT) control mode.
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Figure 1. Node voltage regulation model of LVDN with a high proportion of distributed PV sources. The
black arrow is the load of each node, while the dash blue lines with arrow are the communication links.

The corresponding communication network is composed of multiple agents, which
have the ability to transmit and process information. Each PV and load corresponded
to an agent in the communication network. For calculation convenience, it is necessary
to ensure that the number of agents and the number of PV and loads are matched. In
addition, there are communication links between the multi-agent system and the LVDN
and links among agents. Therefore, the agent can collect information of PV and loads,
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such as power, voltage, and other information. Finally, each agent can obtain the output
of each photovoltaic at the next moment according to the collected local information and
the designed distributed control law so as to achieve the control purpose. The links (blue
dashed lines) between the two layers show information flows. On the communication
network G, in addition to collecting and transmitting information, each agent also needs
to have the ability to calculate and process information. Graph G is a two-way connected
network. Each agent is connected to at least two agents, and they not only have outgoing
edges but also incoming edges. At the same time, each agent has a self-loop, which can
not only collect the information of neighbor agents but also collect its own information. In
addition, it is worth noting that the control object of the method proposed in this section
is the reactive power of PV sources, so the PV agent belongs to the controllable agent,
which is represented by a diamond. On the basis of the two-layer model, a distributed
control strategy is designed to adjust the output of the PV reactive power to realize the
voltage control.

3. Distributed Voltage Regulation Strategy Using PV Sources
3.1. The Design of the Local Voltage Controller

Combined with the district power flow model of the distribution network, the re-
lationship between the node voltage amplitude and the branch power flow, shown in
Figure 2, can be expressed by Equation (1) [32-34]. The analysis shows that the amplitude
of the node voltage is related to the node load, the branch power flow, the line impedance
parameter, and the voltage amplitude of the neighbor nodes. The adjustment of the power
flow can indirectly adjust the node voltage. Additionally, the power flow can be adjusted
by adjusting the injected power of the node, so the purpose of indirectly adjusting the node
voltage can be achieved.

2 2
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Figure 2. Network topology diagram of LVDN.

According to the district power flow model of the distribution network, the node
voltage amplitude is related to the branch power flow and the branch line impedance.
Therefore, the reactive power voltage regulation strategy of a photovoltaic power source
can be designed, as shown in Equation (2)

Q(t+1) = Q(F) — kg (U(#) — Uo) €

where Q(t + 1) = [gi(f + 1)]n x 1, U(t) = [ui(t)]n « 1, respectively, represents the reactive
power output of the PV at time instant ¢ + 1 and time ¢, Uj is the standard node voltage,
and k; = [X;i/Upln x 1 represents the sensitivity coefficient. The sensitivity coefficient k,
can be determined by the network structure of the distribution network and the network
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parameters; that is, for the distribution network with known parameters of any parameter,
the node voltage sensitivity coefficient corresponding to any node can be determined.

In order to realize the adjustment task of node voltage, the following local control
strategy of node voltage is designed according to Equation (2).

{ Qt+1) = Q(F) — ky (U () — 1.05Uy), U(t) > 1.05Up 3
Qt+1) = Q(F) — kg (U () — 0.95Uy), U(t) < 095Uy *

Equation (3) shows that when the node voltage is greater than the upper limit of the
node voltage, the photovoltaic power supply can absorb reactive power, thereby decreasing
the node voltage amplitude. When the node voltage is less than the lower limit value,
the photovoltaic power source can release reactive power to maintain the node voltage
change within the normal range. By controlling the reactive power of the photovoltaic
power supply, the node voltage can be adjusted.

The control objective is to achieve the nodal voltage regulation, namely, to achieve the
following objectives:

e Inject reactive power from PV/OLTC when nodal voltage U;(t) < Upnin;
e  Absorb reactive power from the grid when nodal voltage U;(t) > Umax;
e  Proportional reactive power sharing when nodal voltage Umin < U;(t) < Umax.

The proportional reactive power sharing control objective is to achieve the proportions
of PV reactive power to maintain the same among different PV systems, i.e., to achieve
]Bl-(t) — B;(t) ‘Hoo — 0, where B;(t) = Q;(t)/Q;™® is the proportions of the PV reactive
power. In order to achieve the proposed control objectives, following section is designed.

3.2. Distributed Power-Sharing of PV Reactive Power-Sharing

The node voltage feedback control law (3) can only ensure that the PV node voltage
is controlled within the range of (0.95~1.05)Uy. In order to further improve the voltage
regulation ability of the PV reactive power in the low-voltage distribution network and realize
the balanced sharing of photovoltaic reactive power according to the rating PV reactive power,
a MAS-based balanced reactive power sharing strategy of a PV source is designed.

Inspired by our previous research work [10,32], the distributed power sharing algo-
rithm is designed to guarantee the proportional power sharing of PV reactive power. In
order to make the PV reactive power distributed according to its reactive power capacity,
the control law between controllable agents is designed according to the sub-network,

Q(t) = —W-Q(t), )

In the formula, Q(#) = [4;(!)]n x 1 is the reactive output column vector of the photovoltaic
inverter, W =aLC~!, where L = D — A is the Laplace corresponding to the network topology
G, and a > 0 is a constant, the diagonal matrix D is the out-degree matrix of the network
G. Diagonal matrix C is composed of PV reactive power capacity, namely, the maximal
reactive power matrix diag{[Q1™®, ..., Qi™®, ..., Qn™*]}.

Theorem 1. On the communication network G, if the Agent adjusts the reactive power of the
distributed PV sources according to the distributed control law (4), after serval iterations, the ratio of
the reactive power of the PV to its capacity becomes a = [y q;(0)I/[Y_c;], and the sum of PV reactive
power remains unchanged during the iterative process.

Proof. First prove that the sum of reactive power remains unchanged.

B(t) = —aC~'L- B(t), (5)
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Choose the following Lyapunov function,

V() = %B(t)TLB(t) ©)

Taking the derivative of Equation (6), it derives

V(t) = B(t)TLB(t)

= —aB(t)TLCILB(t)

= —aB(t)TL1B(¢) )
< —apy(L1)|[B(1)[?

<0.

where L; = LC~'L is weighted control matrix, po(L1) is the minimal non-zero eigenvalue of

matrix Ly. According to Formula (7), V(t) gradually reaches zero, that is, when ¢ goes to
infinity, expression | B;(t) — B;(f)| — 0. U

This section presents a distributed voltage control method for any balanced commu-
nication network, which can not only achieve distributed voltage control but also enable
the photovoltaic inverter to generate power proportional to its capacity through iteration.
Finally, it theoretically proved the effectiveness and convergence of the control laws.

3.3. Distributed Coordination of PV and OLTC for Voltage Requlation

In the actual operation process, due to the limitation of a power factor and an apparent
power, the reactive power capacity of the photovoltaic power supply is usually limited,
and its reactive power capacity can be expressed as,

Q™ = &/}, — PRy, ®

In the formula, Q™* is the maximum reactive power output capacity of the photo-
voltaic inverter, Spy is the apparent power capacity of the PV source, and Ppy is the active
power output of PV.

Therefore, when considering the reactive power capacity constraints of distributed
PV, the regulation of node voltages combined with OLTC is the focus of this section. The
previous section expounds on the distributed PV reactive power sharing control strategy,
which can realize the balanced sharing of PV reactive power while realizing nodal voltage
regulation. In this section, the proportional value of PV reactive power is used to adjust the
tap of OLTC. The specific strategy is as follows:

1.  Photovoltaic reactive power ratio | ocl > o7 >0, o« < 0, node voltage rises, OLTC tap
positionu =u —1;

2. Photovoltaic reactive power ratio | «| > o1 > 0, &« > 0, node voltage drops, OLTC tap
position u =u + 1;

3. When | al < «l, the voltage violation problem of LVDN is regulated by PV reactive
power with (3) and (4).

Moreover, the flowchart of the proposed voltage regulation method is shown in Figure 3.

3.4. System Structure and Parameter Setting

On the basis of the two-layer control model proposed in the above part, the simulation
test is carried out by Matlab/Simulink. Different simulation cases are designed to test the
effectiveness of the algorithm. The LVDN consists of nine groups of distributed PV and
nine groups of loads, which is a radial network. The physical model consists of the main
grid, transmission lines, PV sources, and loads. Nine groups of PV sources PV 1-PV 9 work
in MPPT mode, and each group of PV produces active and reactive power. The capacity of



Energies 2023, 16, 357

8 of 15

PV and load is shown in Table 1. The system reference voltage is set to 380 V, while the
system frequency is 50 Hz, the line impedance parameter Z = 0.335 + j0.06 (2/km, and the

line length from the power common couple (PCC)node to each PV node is shown in Table 2.

The communication network is shown in Figure 1. It is assumed that the reactive power of
PV in the LV is controllable. In the initial state, the system runs in a stable state.

START

v

Ui(t)> Unax
or U{t)<Umin

Yes

y

Local voltage droop
controller (3)

Y

Distributed power
sharing controller
(4)

L4

Reactive power
ratio a >= q,
a>(0

Yes

4

OLTC: u=u-1;

\

Reactive power
ratio a<0, =< - q

Yes

A

OLTC: u=u+l1;

Figure 3. The flowchart of the proposed voltage regulation method.

Table 1. PV and load capacity parameters.

PV P (kW) Load Max. Demand (kW)
PV_1 20 Loadl 15
PV_2 15 Load2 10
PV_3 30 Load3 20
PV_4 25 Load4 20
PV_5 18 Load5 20
PV_6 12 Load6 15
PV_7 22 Load?7 15
PV_8 16 Load8 15
PV_9 28 Load9 10
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Table 2. The length of cables.

Cable

1

2

3 4 5 6 7 8 9 10 11 12 13 14 15 17 18 19 20

Length (m)

335 502 670 167 134 201 168 168 168 168 402 168 201 234 335 268 335 670 335

4. Simulation Examples and Analysis

In this section, four different examples are designed to analyze and verify the perfor-
mance and effectiveness of the distributed reactive voltage control strategy. In cases 1 and 2,
the non-use and use of reactive voltage control are compared, and the effectiveness of the
two-layer control strategy proposed in this paper for voltage control is analyzed. In case 3,
the influence of reactive power-sharing control on nodal voltage regulation is considered.
In case 4, the nodal voltage regulation strategy involving OLTC is considered. Cases 5
shows the differences between the proposed method when compared with the method
only using OLTC. Table 3 shows the summary of the simulation case studies.

Table 3. Simulation Case Studies.

V/Q Local Control Power Sharing OLTC
Case 1 X X X
Case 2 Vv X X
Case 3 Vv Vv X
Case 4 Vv v v
Case 5 X X vV

x: not included, /: Included.

4.1. Case 1: Nodal Voltage Fluctuation without Local Voltage Controller

This case investigates the voltage fluctuation of nodal voltages without the proposed
voltage regulation strategy. The distributed PV sources work in the maximal power point
tracking (MPPT) control mode, and its capacity and parameters are shown in Table 1. The
obtained simulation results are shown in Figure 4. As shown in Figure 4a, the total active
power output of distributed PV sources varies from 0 kW to 140 kW, and the total load
demand varies from 30 kW to 80 kW. This case is from the real distribution network in
North China, where distributed PV sources are widely integrated into the low voltage
distribution networks. Therefore, in the summer days, the distribution network with rich
PV sources will inject power to the upper grid (middle voltage distribution network). The
active power injection will cause the nodal voltage to rise in the PV integration nodes.

During daylight with rich solar radiation, the total power output of the distributed
PV sources is greater than the load demand in the distribution network, which further
increases the nodal voltage amplitude, causing the voltage amplitude of some nodes to
exceed the upper limit, as shown in Figure 4b. In addition, when the solar radiation is
insufficient and the PV power output is less than the load demand, the voltage amplitude of
some nodes is less than the lower limit, and the voltage exceeds the lower limit. Therefore,
in an LVDN with a high proportion of distributed PV sources, the problems of voltage
rise, and a voltage drop will occur in some nodes at different times, making the task
of voltage regulation more difficult. Moreover, from Figure 4b—d, the longer the cable
length, the voltage magnitudes deviation from the normal values become larger. In other
words, the fluctuation of voltage magnitudes becomes more severe with the increase in
cable length (line impedance), which makes sense according to the power flow shown in
Equation (1). The reactance and resistance of the branch line will increase when the length
of cables increases.
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Figure 4. Node voltage fluctuation without regulation strategy: (a) Total PV power output and total
load demand; (b) the fluctuation of node voltage amplitude; (c) the voltage amplitudes with 1.2 times
the length of cables; (d) the voltage amplitudes with 1.5 times the length of cables.

4.2. Case 2: Voltage Fluctuation with Local Voltage Controller

This case is used to verify the effectiveness of the nodal voltage feedback control strategy
(3). In this study, only the control strategy (3) without proportional power sharing strategy is
used to adjust the nodal voltage amplitude. The simulation results are shown in Figure 5a,b.
When the designed voltage local control strategy is adopted, the distributed PV sources can
control the output of reactive power according to the node voltage amplitude, so that the
nodal voltage is maintained within the normal range most of the time. Namely, the voltage-
rise and the voltage-dip problems are alleviated. Using Var/Volt controller, if the voltage
magnitude rises above the upper limit, the controller takes actions; then, PV systems will
inject reactive power (negative). With the negative reactive power injection, nodal voltage
will go back to the normal range, according to the power flow shown in Equation (1).

However, from Figure 5a, it can be seen that the voltage magnitude cannot drive into
the normal range instantly when the PV output power is very drastic and fast. This is
because the proposed voltage feedback controller is based on the voltage magnitude, only
after nodal voltage is above the limit, the proposed controller works.

Figure 5c,d shows the simulation results when the capacity of PV reactive power is
considered. Under this condition, PV with large capacity but light load demand nearby,
the active power injection is larger than the local power consumption. Therefore, with the
predefined rated reactive power, those PVs with larger capacities but relatively small reactive
power ratings cannot inject sufficient reactive power to regulate the nodal voltages. In Figure 5c,
the voltage cannot drive into the normal range when PV reactive power is constrained by the
limits, as shown in Figure 5d. Therefore, the proposed local voltage regulation method is not
efficient because of the limited reactive power injection of some nodes.
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Figure 5. Voltage fluctuations: (a) Node voltage fluctuation; (b) photovoltaic reactive power output;
(c) node voltage fluctuation with reactive power limits; (d) photovoltaic reactive power output
with constraints.

4.3. Case 3: Proportional Sharing of PV Reactive Power

This section considers nodal voltage regulation for the balanced sharing of distributed
PV reactive power. The proposed distributed reactive power sharing control strategy (4)
and local node voltage feedback control strategy (3) are used to adjust the node voltage
at the same time, and the obtained simulation results are shown in Figure 6. According
to Figure 6a, it can be seen that under the regulation of the proposed strategy, the nodal
voltage amplitude is maintained within the normal range even with highly fluctuated PV
power outputs. When the PV active power output is greater than the system load demand,
shown in Figure 4a, the node voltage rises beyond the upper limit. In order to achieve
voltage regulation, PV sources absorb reactive power (negative reactive power) in terms of
the controllers (3) and (4). Thus, with the proposed voltage regulator, the nodal voltage
returns to the normal range. Therefore, between 10:00 a.m. and 18:00 p.m., the reactive
power ratio value « is negative, while it can be seen that its absolute value reaches 0.48.
When the load demand is higher than the PV output power, from 0:00 to 10:00 and 18:00 to
24:00, nodal voltages are lower than the bottom limit. Under this situation, PV produces
reactive power (positive reactive power) proportionally to drive voltage into the normal
range. With the proposed voltage regulation method, the over-voltage violation problems
are tackled.

With the proposed controller, if the nodal voltage is beyond the upper limit, then PVs
inject negative reactive power with the proposed Var/Volt controller to drive the voltage
magnitude into the normal range. Thereafter, the proportional power sharing algorithm
starts to adjust PV reactive power such that the voltage regulation burden can be shared
among distributed PV systems. Therefore, none of voltage magnitudes goes beyond the
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limit. For the voltage dip problem, the same procedure will act. If the nodal voltages are all
within the limits, PV systems will keep their reactive power output unchanged.
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Figure 6. Nodal voltage magnitudes with reactive power sharing: (a) Nodal voltages; (b) reactive
power of PV sources; (c) reactive power ratio of PV sources.

4.4. Case 4: Node Voltage Regulation with PV Reactive Power and OLTC

In order to reduce the reactive power injection to the upper grid, the OLTC is also
a useful resource to regulate the nodal voltages. Therefore, this section considers the
case where OLTC and distributed PV systems participate in the voltage regulation in the
distribution network. Although using PV reactive power to achieve voltage regulation is
effective, the rating power of PV reactive power is constrained by the PV apparent power,
shown in (8). Therefore, the maximal reactive power to regulate nodal voltages is often
limited. To improve the active power output as much as possible, the output of reactive
power should be maintained at a low level, which is also constrained by its power factor
angle. Therefore, the OLTC transformer is proposed to attend to voltage regulation aiming
at reducing PV reactive power outputs. The simulation results are shown in Figure 7.
According to the results, when the OLTC participates in the node voltage regulation, the
reactive power output of the distributed PV sources is maintained between —10 k and
10 kVar, and the node voltage amplitude varies within the normal range. More importantly,
the reactive power ratio value of PV sources varies from —0.3 to 0.2. Compared with the
method without OLTC, the reactive power output of PV sources is reduced. When the
reactive power is limited, the method that uses OLTC and PV reactive power can also
achieve nodal voltage regulation effectively.
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Figure 7. Node voltage fluctuation with OLTC and PV reactive power: (a) Nodal voltage fluctuation;
(b) PV reactive power output; (c) proportions of reactive power.

As it can be seen, with the operation of OLTC, the PCC node voltage decreases when
the system reactive power ratio is high. By adjusting the PCC node voltage and reference
voltage, other nodal voltages also decrease, which can be calculated using the power flow
shown in Equation (1). However, the operation condition is not suggested to change
frequently because of lifetime degradation (economic cost) of OLTC. Therefore, OLTC is
treated as an extra resource to achieve voltage regulatio, when PV reactive power is limited.
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4.5. Case 5: Comparison with the Method Only Using OLTC

In order to show the effectiveness of the proposed voltage regulation method with PV
reactive power and OLTC, simulation results only with OLTC are considered. Here, the tap
position of the OLTC transformer is adjusted according to the time sequence. Normally,
during the middle day with strong solar radiation, the PV output power is greater than the
load demand, which causes a voltage rise problem. When load demand is greater than PV
power, the nodal voltage dip problem shows up. Therefore, according to these scenarios,
the tap positions are scheduled as shown in Figure 8b. Voltage magnitudes are shown in
Figure 8a. It can be seen that the nodal voltages cannot be regulated into the normal range
when the position of OLTC varies according to the PV output power, especially at the time
instants when the tap position changes, namely, from 8:00 to 10:00, and from 18:00 to 20:00.
This is because the voltage fluctuates very fast, and OLTC is not able to respond to the fast
change in voltages. Moreover, from 10:00 to 18:00, nodal voltage of PV 9 still violates the
upper limit, but voltage of PV 1 is below the lower limit when only using OLTC for voltage
regulation. Therefore, compared with the results in Figure 7a, the proposed method has a
better performance in voltage regulation.
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Figure 8. Node voltage fluctuation only with OLTC: (a) Nodal voltage fluctuation; (b) the tap position
of OLTC.

From the comparison, one can see that voltage cannot be regulated into the normal
range when only using OLTC since OLTC can only be used to adjust the voltage of PCC
point effectively. The voltages of some nodes, that is, far from PCC point, heavily depend
on the local PV power generation and power consumption. Therefore, these nodal voltages
are not very sensitive to the OLTC operation, which can be explained by calculation power
flow equation. Another point is that the nodal voltages are local. Additionally, OLTC
operations have an impact on all nodal voltages. Some nodes with a heavy load demand
have the possibility to endure the low voltage, as shown in Figure 8a.

5. Conclusions

Voltage limit violation problems have gained increasing attention in recent years,
since green transition and CO, reduction enable renewable energy sources to integrate
in the power system. Especially, the extensive integration of PV systems into the low-
voltage distribution network causes severe voltage fluctuation problems. In this paper,
aiming at solving the nodal voltage-limit violation problem of the low voltage distribution
networks (0.4 kV) with a high proportion of distributed PV sources, a distributed nodal
voltage regulation strategy based on distributed PV reactive power and OLTC transformer
is proposed. Firstly, according to the nodal voltage sensitivity matrix analysis, the local
feedback controller of the nodal voltage is obtained. Then, the weighted distributed reactive
power sharing algorithm is designed to realize the proportional sharing of PV reactive
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power according to the reactive power capacity in order to enhance voltage regulation
efficiency. Moreover, the convergence of the proposed power sharing algorithm is provided
using Lyapunov analysis. For the limited PV reactive power capacity, OLTC is introduced
to coordinate with PV sources to improve the node voltage regulation capability and reduce
the reactive power output of PV sources. Finally, five sets of simulation studies are designed
to verify the effectiveness of the proposed method.

For the phenomenon, nodal voltages, reaching 1.2 p.u, are beyond the upper limit
(1.05 p.u) when PV active power is greater than the total load demand. Additionally, nodal
voltages reaching 0.87 p.u, are below the lower limit (0.95 p.u) when PV power is lower
than the load demand. To solve this problem, with the proposed voltage control method,
voltage is restrained into the normal range, i.e., (0.95 1.05 p.u) with a lower reactive power
ratio (1 el < 0.4). Additionally, when compared to the method only using OLTC, the
proposed method can achieve nodal voltage regulation more effectively, and PC reactive
power output is reduced when collaborating with PV sources. Using the existing resources,
such as PV systems, OLTC is a suitable way to achieve voltage regulation in LVDN with
similar branch line reactance and resistance. However, for the network with high resistance,
the voltage regulation method using PV reactive power is not very effective. Future work
includes how to deal with voltage regulation problems in LVDN with a high R/X ratio.
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