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Abstract

The increasing penetration of renewable energy sources (RESs), such as photovoltaic and
wind power plants, into the medium-voltage distribution grid creates significant concerns
regarding voltage control at local substations. Understanding the specifics of the RES
operation impact on the phenomenon and propagation of voltage fluctuations in the
distribution grid is important for engineering solutions in the RES design and operation
practice. The presented article describes an algorithm for estimating the impact of RES
on voltage fluctuations in the medium-voltage grid. The algorithm utilises a RES fixed
power factor control mode and is implemented in a grid model developed using software
for power flow calculations. The study shows the impact of various RES power factor
types on the nature of voltage fluctuations in the distribution grid. The RES operation with
lagging reactive power factors, as a method of reducing voltage fluctuation magnitudes,
results in a more complex nature of voltage fluctuation propagation compared to those with
leading power factor. Based on simulations of a true medium-voltage grid, the possibility
of optimal mitigation of voltage fluctuations in a grid by selecting the required RES reactive
power factor has been proven. The presented model also allows for calculating changes in
distribution grid energy losses depending on the RES reactive power factors, ensuring a
practical solution of the control strategy.

Keywords: distribution grid; photovoltaic plant; reactive power; renewable energy source;
voltage fluctuations

1. Introduction

Over the past decade, Ukraine has seen considerable growth in electricity production
from photovoltaic (PV) and wind turbine (WT) plants [1]. Most renewable energy sources
(RESs) with capacities ranging from tens of kW to several MW are used in low and medium-
voltage (MV) distribution grids. Through intermittent power generation, the RES creates
problems in maintaining the required voltage levels on the substation buses and optimal
energy loss in the distribution grid. As reported in [2], even at the current stage of operation
of PV and WT generations, Ukrainian power system operators are forced to limit the RES
generation during extreme situations due to significant concerns regarding frequency
keeping, control of power flows, and voltage profiles.

Analysing the existing MV distribution grids in Ukraine shows that, in most cases, it
was not feasible to implement the optimal location and acceptable capacity of the RES plant
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within the distribution grid due to technical and economic constraints. Such a discrepancy
often worsens the grid’s voltage control problem and limits the ability of RES to reduce
energy loss.

A review of the studies on the issue shows a notable interest in increasing RESs’
controllability to reduce their disturbing impact on the distribution grid. To find the key
to solving the problem of mitigating the adverse RES impact on the distribution grid, the
following approaches are used: active and reactive power control, hybrid using renewable
energy sources and energy storage systems, active distribution systems, and controlled
consumption [3-6].

Many works have explored the possibilities of RES reactive power control technologies
and the use of on-load tap changers (OLTC) to improve the voltage profile and reduce
voltage variations in the distribution grid [3,6-10]. According to the IEEE 1547 standard [10],
the inverters of all new or existing RES plants larger than 2 MW must be equipped with
reactive power and voltage control functions that allow operators to use their availability
to control voltage and optimise energy loss in the grid.

In [3], the authors proposed an optimal scheduling method for distributed generators,
battery energy storage systems, tap-changing transformers, and controllable loads appli-
cable to a smart grid. This method, based on predicted values of distributed generation
and load demand, generates a power reference schedule for the control system of these
elements to minimise total distribution losses in the grid. It has been demonstrated that
voltage control objectives can also be achieved by adhering to the power loss optimisation
constraints. The article [5] presents an overview of the technical and economic aspects of
hybrid renewable energy systems and optimisation methods to achieve an optimal con-
figuration in power grids. The paper [6] describes a combination of both central and local
control methods for voltage management by PV inverters in unbalanced distribution grids.
It has been shown that in unbalanced three-phase four-wire grids, the neutral-point shifting
effect requires particular attention for active and reactive power control. In [7], a compact
expression for transformer voltage regulation is proposed. The primary feature of the
proposed method is the consideration of voltage deviation from the nominal value when
determining the operating transformation ratios. The presented method can be employed
to calculate the running changes in transformer ratios during variations in the operating
conditions of renewable energy sources. A simple scheme for the optimal utilisation of
the reactive power of existing solar photovoltaic inverters to enhance total wind power
penetration in a distribution system is proposed in [8]. From the comparative study of
wind penetration levels when solar photovoltaic inverters are operating at fixed reactive
power support, and the actual capability curve of the inverter, it can be concluded that the
use of the reactive power capability of existing solar photovoltaic inverters can support
the significant enhancement of wind power penetration into the power grids. In [9], a new
cooperative protocol is proposed to ensure proper voltage regulation for multiple feeders
with transformer tap changer, unbalanced load sharing, and several distributed generating
units in each feeder. The objective aims to achieve the system requirements by minimising
the voltage deviation, and the device requirements by reducing the tap operation and
maximising the energy capture for transformer tap changers and distributed generation
units, respectively.

The available publications report several techniques and devices to mitigate grid
voltage control concerns; the use of capacitor banks, FACTS devices, and OLTC on trans-
formers has been proposed and studied in [7-9,11-14]. A PV control method presented
in [11] proposes operating PV during the night as a STATCOM with full inverter capacity,
and during the day with inverter capacity remaining after real power generation. The
authors named such a photovoltaic system PV-STATCOM. In a study [12], a combined
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strategy where a feeder distribution transformer electronic tap changer provides a voltage
control function in the low-voltage grid, and PV systems at each feeder bus are then used
to minimise feeder losses by providing local load reactive power support. An optimisation
method has been developed to optimally coordinate fast control of photovoltaic inverters
with slow control of on-load tap changer and capacitor banks for voltage regulation in a
three-phase unbalanced distribution system [13]. The trade-off between the constraints of
voltage control requirements and power loss is analysed by the developed multi-objective
volt/var optimisation models. Concerns of optimal voltage control and coordination with
distributed generation are described in [14]. Collaborative control of reactive adjustment
devices in the distribution grid and within virtual power plants to optimise reactive power
and minimise the overall voltage deviation is studied in [15]. An extensive overview of the
development and evolution of the control algorithms in power system support functions
by distributed energy resources (DERs) is described in [16]. Standards and grid codes for
DER inverters to interconnect with the distribution grid have been analysed. The bene-
fits and drawbacks of control algorithms from renewable DER inverters, such as voltage
regulation by active/reactive power control, and voltage ride-through, are presented and
compared with their predecessors. A comprehensive review of voltage control concerns
in distribution grids under conditions of high penetration of photovoltaic-energy storage
systems is provided in [17]. The authors analyse overvoltage mechanisms and basic control
strategies, compare direct voltage control with reported optimisation methods, and discuss
centralised and distributed control architectures.

The normal operation of RESs in the distribution grid is accompanied by voltage
changes, which, according to the actual Standard EN 50160 [18], can be categorised into
two types: slow voltage changes (voltage variations) and rapid cyclic irregular voltage
changes (voltage fluctuations).

The described methods provide mitigation of voltage variations caused by the in-
termittent nature of RES generation. Still, they are insufficient to handle fast voltage
deviations, such as voltage fluctuations in the real-time operation of the RES. Moreover,
the additional costs are related to the installation of supplementary corrective devices.
Therefore, there is interest in the advanced control of RES power electronic inverters as an
economical solution.

This article studies the impact of RES reactive power control strategies on the propa-
gation of voltage fluctuations in the distribution grid and their influence on energy loss.

2. RES Impact on Power Losses

Let us consider the impact of a RES on the MV distribution grid operating condition
using the example of the most straightforward equivalent shown in Figure 1.

Uo

Ry, X, U,

Figure 1. The outline of a grid containing RES.
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The following symbols are used in the figure:

L, T—HYV overhead line and transformer;

Us, Up—reduced voltages of the bulk power system substation buses and the secondary
side of the distribution grid transformer, respectively;

U;, Up—voltages on the distribution grid substation buses;

R, X—total equivalent resistance and reactance of the HV line and distribution
grid transformer;

Ry, Ry, X1, Xo—equivalent resistance and reactance of distribution lines.

During RES operation, active and reactive power losses in the L1 line are calculated
as follows:

APy = (Pl—PRES)z‘&gQrT-QRES)Z Ry,
1 1
AQ; = (PrPREs)ZJLrIngl-TQREs)Z X;. @

The grid line’s active and reactive power loss may increase or decrease depending on
the balance of active and reactive powers between the RES and the local load. Moreover,
the daily profiles of grid loads and RES generation have apparent distinctions. As can be
seen from Formula (1), the power losses in the network depend on the sum of the squares
of the active and reactive powers and are independent of their directions. If we accept
that under operating conditions, the voltage at point 1 is maintained as U; ~ const, then
the additional power losses relative to the power losses without RES (AP] and AQ) will
change as follows:

AAP; = APy — AP} = _PRES(Zpl—PRES)iZQREs(ZQ1¢QRES)Rl
up ’
Pres(2P1—Pres)+Qres (2 2)
AAQ; = AQ; — AQ| = — RES (2P1 RES)U?RES( QH:QRES)XL

Expression (2) clearly shows that the change in power losses depends not only on the
current value of the RES output, but also on the current load powers.

The line L1 power flow change under RES operation will also change power losses in
the supply feeder LT grid:

AP — (PrPREs+P20+AP1)2J£I(ZQ1¥QRE5+Q20+AQ1)2R
0
AQ = (Pl—PREs+P20+AP1)2'L(2Q13FQRE5+Q20+AQ1)2 X.
0

7

)

Thus, changes in power losses in the supply feeder will occur not merely in conse-
quence of the RES operation, but also through changes in power losses in the L1 line.

However, the line L1 power flow has a slight impact on the power losses in the
collateral line L2. Thus, the operation of the RES mainly impacts the power losses in the
power supply feeder and the feeder where the RES is installed.

The RES’s reactive power control strategy has a significant impact on the grid power
losses. Wind and photovoltaic generators are connected to the distribution grid through
inverters, which can control the RES’s reactive power output depending on the grid
requirements. The capability of a RES inverter’s reactive power output depends on its
rating and current active power output. Therefore, the output reactive power of a RES
inverter cannot be considered an infinite quantity, and this reality should be accounted for
when designing and operating RES. The lowest RES reactive power output can be estimated
by accounting for the maximum RES active power output Presmax and the inverter capacity
S1 by the following expression:

QRESmin = \/ ST — P2roman: (4)
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As can be seen from (4), with a decrease in the RES output active power, the ability of
the RES inverter to control the grid reactive power flow increases. When using a relatively
high-capacity RES installation in a lightly loaded local distribution grid, power losses can
increase if the RES’s reactive power injection significantly exceeds the reactive demand
of the local load. Therefore, grid load losses can be increased or decreased depending on
the reactive power control strategy of the RES inverter. As the operating experience of
wind and photovoltaic plants in the western region of Ukraine shows, the maximum RES
operating active power output does not exceed 70-90% of the rating. However, under
operating conditions when the maximum active power is generated, one should be guided
by the limitations arising from (4). These considerations demonstrate the capability of
using RES inverters for reactive power control tasks in the distribution grid.

3. RES Impact on Voltage Variations

Random variations in the active and reactive power of RES cause correspond-
ing variations in power flows and, as a result, variations in voltage drops in the
distribution grid.

For the grid equivalent in Figure 1, the voltage drop on line L1 under RES operation
can be expressed as follows:

(Py+AP) R+ (Q;+AQ1)- X1 Pres-Ri + Qres Xy

AUy =
1 Uy U

(5)
or

R
AUy = 0 [(Py+AP)) + (Qq + AQ1)-tg1 — Pres F Qres-tg@1), (6)

K1
0
where tg @1 = X1/Rq and AP;, AQ; are power losses accounted for Prrs and Qrgs.
The change of the RES output from 0 to the value of Prrs & jORrrs, considering the
change of L1 power loss according to (3), causes the following voltage fluctuation in
the 1 node:

R
SUy = Al — AUy = UE(AAH + AANQ1-tg@1 — Pres F Qres t891), (7)

where AU is the L1 voltage drop without RES and AAP;, AAQ; are power loss changes
due to Prgs and Qggs-

As one can see in Formula (5), a variation in voltage drop caused by a change in RES
active power output can be compensated by a sufficient value of RES reactive power output.
This means that, based on the requirement of a constant voltage drop in the grid, a rise in
node voltage U; through an increase in the RES active power will require an increase in the
RES consumed reactive power; therefore, the RES reactive power, in this case, should be
inductive. Vice versa, increasing the RES reactive power output (capacitive reactive power)
increases the voltage rise amplitude when increasing the RES active power output. It
should be noted that the impact of changes in the RES reactive power output also depends
on the ratio between the line reactance and resistance, i.e., the line impedance factor tg ¢;.
In this way, the RES reactive power control can impact the grid voltage variations.

Assuming

R
o= i:)(AApl + AAQ1-tgp;) andQres = Pres t§@RES .

we can express the voltage fluctuation 5U; dependence on the RES power output as:

R
SUp = ot — f;PRES(l + tgPrps 18P )- (8)
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Exploring Expression (8), it can be noted that the voltage drop dependence is generally
not a linear function of the RES active power input at a given reactive power factor, since
the value of « depends on the power losses in the line L1 due to changes in the RES
power output.

The grid power flow variations due to RES operation also impact the voltage drop in
the upstream grid LT:

R
Aly = UO[(Pl + AP1+Py0) + (Qq + AQ1 + Q20)-t8P0 — Pres F Qrest89o)],  (9)
where tg @9 = X/R.
Similarly to (7), voltage fluctuation in the 0 node (PCC) under the total change of the
RES output results in:
Ry

Sl = AUy — AUy = UO(AAP + AAQ-tg@o — Pres F Qres-tg®o), (10)
Thus, we get the voltage fluctuation at the PCC node under the change of the RES

output as follows:
5Up = Us — Uy, (11)

and for 1 node, accounting Uy change, we obtain the voltage fluctuation as:
8U; = Us — Uy = dUy + 8. (12)

When the HV/MV transformer is equipped with automatic online tap changers
(OLTCQ), as is typically the case, the voltage at the main MV bus (i.e., PCC in Figure 1) is
kept constant during relatively slow variations of the RES power output. Then we obtain:
sU; = Up — Uy = dU;.

If the RES power output variations occur at a significant rate (so-called fluctuations),
then the OLTC does not respond to these changes. Voltage changes will be according to
Expression (12).

Considering the impact of the RES’s reactive power nature on the grid line’s operating
condition, the following cumulative effect can be stated: an increase in its consumption at a
given RES active power output provokes an increasing line power loss and a decreasing
change in voltage drop caused by the RES active power output. As can be seen from
Expression (8), with an increase in the RES active power output and neglecting «, it is
possible to provide an invariable line voltage drop fulfilling the condition tgprps = 1/tg@1
and using the RES inductive reactive power capability, thus preventing an excessive voltage
rise in the grid node.

Concerning Figure 1, the PCC voltage Uj is related to the node 2 voltage U, by the
following expression:

Py-Ry + Qo0 X _

U = Up — 0

Uy — Al (13)

When voltage fluctuation 6Uj is observed at the PCC node during RES operation,

node 2 of the collateral grid line L2 will also experience voltage fluctuation, and node 2

voltage changes to:
PRy + Qby- X2

! = 5 — 202—20 — 5 _ A ! 1 4

Uy = (Up + o) Uy & Uy (Up +6Up) — AU, (14)

where Pﬁo = Pyg— 6Py, Q/ZO = Q90 — 8Qrp—line active and reactive powers under increase
node voltage by dUj.
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Node 2 voltage fluctuation results as:

(15)

AL 8Psg-Ro + Qyp- X
5u2:u§u2=5u0<1+ 2 ) 20 Ry 0000 X2

Uy + 06Uy Uy + Uy

Assuming the little effect of the voltage variation 6Uj on the L2 line voltage drop AUy,
the dependence of voltage fluctuation 6Uj on the voltage fluctuation dU, can be estimated
as follows:

AU,
= 1+ —22 ). 1
SUp wo( + Uo 1 oLy ) (16)

Expression (16) shows that the voltage fluctuation magnitudes on the busbars of
the distribution grid substations will increase with their distance from the bulk system
substation bus. Moreover, the voltage fluctuation magnitudes rise with increasing feeder
power flow.

Using Expressions (1)-(16), let us examine the distinctive signs of the propagating volt-
age fluctuations in the most straightforward MV distribution network, shown in Figure 1.
The 35 kV medium voltage grid is supplied from 110/35 kV stepdown transformer T of
10 MVA capacity, which is connected through the line L to the power system bus where
voltage Ug remains constant. The impedance of the LT feeder, reduced to the MV voltage,
is 2.4 + j17.2 Q. Impedances of 35 kV overhead lines L1 and L2, corresponding to 95 mm?
aluminum-steel wire, are 5.4 4 j7.6 Q2 and 7.5 4 j10.5 (), respectively. The maximum loads
of the MV grid are P; + jQ; = 2+ j0.7 MVA and Py + jQ,, = 2.1 + j0.8 MVA, respectively.
The RES maximum active power output is 5 MW, and the operating reactive power factor is
within 0.25. During the RES operation, sharp fluctuations in power within §P = £4.0 MW
are possible. The system transformer OLTC cannot handle the rapid voltage fluctuations
on the PCC bus that accompany such changes in RES power. Let us consider the nature of
voltage fluctuations in grid nodes under RES active power changes 5P at typical reactive
power factors: tgores = 0; 0.25; —0.25.

Dependences of voltage fluctuations in the nodes 1, 2, and 3 on the RES active power
changes dP at the analysed reactive power factors are shown in Figure 2. Comparing the
dependencies from Figure 2a,b, we can observe the influence of the change in power losses
during 5P, fluctuation on the voltage fluctuation value calculations in the grid nodes. When
accounting for changes in power losses in the grid during RES power fluctuations, the
calculations result in higher voltage fluctuation values in the grid nodes within 0 < tg@Rggs.
However, if the RES operates with negative values of fg@rEs, the fluctuations at the RES
node increase slightly, and are decreased at the PCC node.

When RES operates with capacitive reactive power (tg@rps = 0.25), the voltage fluctu-
ations in the grid nodes are increased compared to the conditions of tg@rps = 0. Therefore,
with the increase in tg@Rrrs (capacitive RES reactive power), voltage fluctuations in the
network nodes increase, and both in the RES node and the PCC node have the same sign.
While the RES operates under inductive reactive power (tgprps = —0.25), voltage fluc-
tuations in the grid nodes are reduced compared to the condition tgprps = 0. However,
the voltage fluctuations in the PCC node develop with a negative sign relative to the
fluctuations in the RES node.

Voltage fluctuations SU, are only dependent on the voltage fluctuations dUj at the
PCC node, and the power loss changes in the lines L1 and LT do not impact 5U,. Therefore,
the dU, dependencies are not shown in Figure 2b. The results of the calculations are
presented in Table 1. One can notice a slight increase in voltage fluctuations ol at the
2 node of the grid relative to the voltage fluctuations Uy at the PCC node.
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Figure 2. Voltage fluctuations in the grid nodes: (a) Without describing the power losses change;
(b) Power losses change described.

Table 1. Percentage voltage fluctuations in the grid nodes under P = 4.0 MW.

Without Describing the Power Loss Change Describing the Power Loss Change

"
§PRES s, sl4 s, s, sl 51,
0.25 211 456 223 2.86 531 3.02
0 0.76 258 0.81 1.40 323 1.47
—0.25 —0.59 0.59 —0.62 —0.10 1.09 —0.11

As shown previously, reactive power regulation of RES is of practical interest for
minimising voltage fluctuations in selected grid nodes. Figure 3 shows two specified cases,
when RES operates under:

1.
2.

—1/tg@o, where tg o9 = X/R;
—1/tg@s, where tg @5 = (X + X1)/(R+ Ry).

tPRES
ISORES
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Figure 3. Voltage fluctuations in the grid nodes: (a) Without describing the power losses change;
(b) Power losses change described.

Figure 3a,b show the calculated dependences of voltage fluctuations in specified grid
nodes (PCC and RES) for both scenarios, with and without considering the power losses
change in the grid due to fluctuations in the power of the RES, respectively. In the first case,
by maintaining tgprps = —1/tg@y, it is possible to ensure the minimisation of voltage
fluctuations during the operation of the RES in the PCC node. To minimise fluctuations
in the RES node, it is required to maintain tgorrs = —1/tgps. However, in the second
case, under minimising fluctuations in the RES node, the voltage fluctuations in the PCC
node will be greater than in the RES node. Comparing Figure 3a,b, one can observe that the
voltage fluctuations on the buses of a true grid, where power losses changes are considered,
will differ somewhat from the idealised dependences in Figure 3a. Therefore, the fact
should be accounted for when choosing the RES reactive power factor for a given grid
operating condition.

4. Case Study

Figure 2 illustrates a typical segment of the MV distribution grid in western Ukraine,
which was used to analyse the effect of RES on power flow and voltage fluctuations. Two
feeders are connected to a 35 kV bus at the 110 kV substation of TV, supplying the 35/10 kV
substations of PD and DG from the first feeder and the substations of TR, UT, and IZ from
the second feeder. The 7 MW capacity photovoltaic (PV) plant is connected to the 35 kV
bus at the UT substation.

To study the impact of the PV operation on voltage fluctuations in the distribution
grid, we selected the actual PV generation profile, which exhibits sharp changes in active
power. The PV output power profile consists of one-minute averages. The PV can provide
active power output with a reactive power factor tg@rrs ranging from —0.25 (inductive) to
+0.25 (capacitive).
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The daily actual customer load active and reactive power profiles of the distribution
grid substations, recorded for a selected summer day, are illustrated in Figure 4 and used
as input data for the study. These load profiles correspond to the 10 kV buses.

10KV
24 km
v
10 MVA
@ AF - 95
26 km 1M
AF - 95 [11km 32 MVA
2.5 MVA 10 kV
PD
10kV
AF-95 | 16 km 2.5 MVA
7 AF - 95
AF-95 | 10k QO [ 18 km
- m
uT V4 10kV
25 MVA
3.2 MVA 10KV
DG
- 10kV

Figure 4. Simplified diagram of the examined grid.

Comparing daily profiles of the grid load and PV power output, it can be observed that
the PV peak power output prevails over the common load of the second feeder substations
at midday. These operating conditions cause reverse power flows in the feeder lines and
stimulate unwanted rises in the grid voltages.

5. Simulating Operating Conditions

Since there are known constraints on performing simultaneous measurements of volt-
age fluctuations in electrical grid nodes, the authors have employed computer modelling
to study voltage fluctuation propagation. Simulations of the operating conditions of the
studied distribution grid were conducted using a model developed based on the free
DAKAR software version [19]. To solve the model state equations, the Newton—-Raphson
iterative method with controlled accuracy of the end solutions was used. An algorithm was
developed to account for time-varying grid loads, enabling the simulation of variations in
grid power flows throughout the day. This approach is discussed in more detail in [20,21].
The grid loads and PV output were provided to the model using numerical matrices repre-
senting 24-h averaged power profiles (see Figures 5 and 6). As a result of these calculations,
the daily profiles of voltage and power loss were obtained.

Mw

Figure 5. The profile of PV active power output.
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Figure 6. The load profiles in the grid nodes.

To study the impact of sudden changes 5 Prrs (see Figure 5) in the PV power output on
the distribution grid operating condition, a calculation approach was used, which ensures
the PV power output changes at constant values of the loads of the substations at this time
of the day. Since individual voltage fluctuations are considered as changes in the RMS
voltage, as a rule, within 0.5-25 Hz, there is no physical distinction in what frequency they
occur, considering the distribution pattern in the grid, i.e., the same pattern of amplitudes
in the grid nodes will be for both lower and higher frequencies of changes. This means that
the selected value of tg@Rrrs will provide the same degree of reduction in the amplitudes
of the entire spectrum of fluctuations. Therefore, voltage fluctuation on the busbars of the
grid substations caused by the change in the PV power output can be estimated as the
difference between two calculated states: with and without the 5 Prrs output power.

Calculations were performed for the following reactive power coefficients: (—0.25), 0,
and (40.25) to study the impact of the PV reactive power on voltage fluctuations in the
distribution grid. Tables 2 and 3 present the results of modeling voltage fluctuations in the
grid when changing the active power of RES at 6Prgs = 4 MW and the specified above
reactive power coefficients.

Table 2. Voltage fluctuation magnitudes 6Uo, on the busbars of the 2nd feeder substations.

tSPRES TV, Bus 35/10 kV TR, Bus 35/10 kV UT, Bus 35/10 kV 1Z, Bus 35/10 kV
—0.25 ~1.08/-1.28 —0.31/-0.32 0.60/0.65 0.61/0.65
0 0.53/0.35 1.87/1.96 3.41/3.67 3.43/3.64
0.25 1.93/1.8 3.79/4.0 5.90/6.37 5.95/6.29
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Table 3. Voltage fluctuation magnitudes éUo, on the busbars of the 1st feeder substations.

tgPRES TV, Bus 35/10 kV PD, Bus 35/10 kV DG, Bus 35/10 kV
—0.25 —1.05/-1.28 -1.07/-1.16 —-1.08/-1.18
0 0.53/0.35 0.54/0.58 0.55/0.59
0.25 1.93/1.8 1.96/2.13 1.99/2.17

Voltage fluctuations comparative dependencies at 35 kV buses for substations of the
second line of the grid on reactive power factors are shown in Figure 7. When the PV
operates with a capacitive reactive power factor (tg@ = 0.25), the voltage fluctuation mag-
nitudes at the substation UT will be the highest compared to conditions when the reactive
power factors are equal to 0 and (—0.25). We can observe the least voltage fluctuation
magnitude at the inductive reactive power factor (tgp = —0.25). The magnitude of voltage
fluctuations decreases at upstream substations when factors of 0 and (—0.25) are applied,
but with the inductive reactive power factor, the dependence is more complicated.

Z 5U, % W tgp=0 tgp= 025 Mtgo=-0.25
5

4

3

2

o

- [ - | o
-1

5 TV TR UT 1z

Figure 7. Maximum voltage fluctuations on the 35 kV buses of feeder 2.

Figure 8 shows voltage fluctuations on the 35 kV buses of substations of the grid’s first
feeder. The magnitudes of voltage fluctuations on the 35 kV bus of the TV substation are
the same as those in Figure 7, as the same operating conditions of the grid are simulated.
The dependence of the voltage fluctuation magnitudes on the substation’s location in
the first feeder clearly shows their rise with distance from the buses of the bulk power
system substation TV. The further away from the TV substation, the higher the amplitude
of voltage fluctuations on the buses of the local substation will be compared to the bulk
system substation. The effect of voltage fluctuation magnification on the feeder substation
buses does not depend on their source outside the feeder; it is determined solely by the
grid line parameters and the loading of the local substations. However, it should be noted
that the degree of magnification of voltage fluctuation amplitudes at the substations of the
1st feeder is insignificant. This can be seen by analysing the simulation results in Table 3

vV

PD

and Figure 8.
198 — 57 9 —— tge=025 o
19 [
194 [
Yo BN B B
o— N N OB
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Figure 8. Maximum voltage fluctuations on the 35 kV buses of feeder 1.
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The studies show that PV operation with inductive reactive power can reduce the
amplitudes of voltage fluctuations in the grid caused by sudden changes in the gener-
ated power. Let us analyse two typical tasks of reducing voltage fluctuations in the
distribution network:

1.  Minimising voltage fluctuations at the point of PV connection (UT bus 35 kV);
2. Minimising voltage fluctuations at the PCC (TV bus 35 kV).

The analysis of the propagation of voltage fluctuations in the distribution grid carried
out in the previous chapter shows that providing tgprgs = —1/tg@s during the PV
operation minimises voltage fluctuations at the point of PV connection. In this case, voltage
fluctuations will not be observed at all downstream substations of this feeder. All at once,
voltage fluctuations will increase at the PCC point and, as a result, at the substations of
parallel feeder 1.

To minimise voltage fluctuations at the PCC point, the required PV reactive power
factor should be tgorps = —1/tgpo. This PV operating condition eliminates voltage
fluctuations on the parallel feeder 1, but voltage fluctuations downstream of the PCC point
increase slightly.

The results of simulating the grid operating conditions are shown in Tables 4 and 5 for
the three described inductive reactive power coefficients of PV.

Table 4. Voltage fluctuation magnitudes 6Uo, on the busbars of the 2nd feeder substations.

tgPRES TV, Bus 35/10 kV TR, Bus 35/10 kV UT, Bus 35/10 kV 1Z, Bus 35/10 kV
—0.30 —-1.39/-1.63 —0.78/—0.82 0.00/0.00 0.00/0.00
—0.25 —1.08/—1.28 —-0.31/-0.32 0.60/0.65 0.61/0.65
—0.10 —0.06/—0.25 1.06/1.12 2.37/2.56 2.39/2.53

Table 5. Voltage fluctuation magnitudes 6Uo, on the busbars of the 1st feeder substations.

tgPRES TV, Bus 35/10 kV PD, Bus 35/10 kV DG, Bus 35/10 kV
—0.30 —1.39/-1.63 —1.42/-1.54 —1.43/-1.57
—0.25 —1.05/-1.28 —-1.07/-1.16 —1.08/—1.18
—0.10 —0.06/—0.25 —0.06/—0.06 —0.06/—-0.06

Comparative dependencies of the voltage fluctuations at 35 kV buses for second feeder
substations of the grid under the analysed PV inductive reactive power factors are shown

in Figure 9.
° Htgo=-01 tgp=-025 Htgo=-03
25 -8U, % gP=-"o gP=-o gP=—o

-05
-1
-1.5
-2

2
15
1
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0 = I — —
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Figure 9. Comparison of voltage fluctuations on the 35 kV buses of feeder 2.
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Estimating the impact of the PV reactive power output on the voltage fluctuation
magnitudes, it can be stated that with a decrease in the reactive power factor, the voltage
fluctuation amplitudes on the buses of grid substations decrease. The proposed method
can be used to calculate the required values of PV reactive power factors to reduce voltage
fluctuations in a distribution grid. The method provides accounting for the parameters and
operating conditions of a true distribution grid with renewable energy sources.

When implementing a RES reactive power control method to mitigate voltage fluctua-
tions, the change in energy loss in the distribution grid must also be considered. The RES
operation significantly changes the power flow values and directions in the distribution
grid throughout the day. The maxima of the RES generation profiles, as a rule, have sig-
nificant shifts relative to the maxima of the grid load profiles. As a result, the maximum
values of grid power losses are not reliable indices for comparing the analysed operating
conditions. The only energy loss during the analysed day should be considered when
estimating the grid operating conditions. Simulating power flows in the distribution grid
for the day was carried out for 24 operating conditions, accounting for the grid load profiles
shown in Figure 6 and the impact of PV generation. As a result, time dependencies of
power flows and power losses for all network components were obtained. Next, the energy
loss during 24-h grid operation is calculated as follows:

24

AE] = Z( 3 Apt,l->, (17)
i=1

t=1

where—AP; ; is the 1-h mean load loss of active power in the i-th grid component.
Table 6 presents the daily energy loss in the analysed distribution grid under the above
operating conditions.

Table 6. Daily load energy loss in the grid.

Operating Condition Energy Loss, kW x h Energy Loss Change, %
without PV 3211.0 -

with PV, tgp = 0.25 2953.0 -8.0

with PV, tgp =0 3051.0 —5.0

with PV, tgo = —0.25 3241.0 +1.0

The energy loss in the lines of grid feeder 1 is a little dependent on the PV power
output. However, energy loss in the lines of grid feeder 2 significantly depends on the PV
reactive power output. As shown in Table 6, as the PV reactive power factor increases, the
energy loss in the distribution grid decreases.

Distribution grid modelling has shown the feasibility of using a RES inverter to control
reactive power, aiming to reduce voltage fluctuations in the grid. However, when choosing
an adequate degree of RES reactive power output for the selected distribution grid, it is
necessary to consider certain contradictions; requirements to reduce voltage fluctuations by
RES reactive power control lead to increased energy losses in the network. It should also be
considered that voltage fluctuations on the bulk substation, caused by the RES operation
on one of the feeders, will be magnified on the substations of other bulk substation feeders.

6. Conclusions

Commissioning wind and photovoltaic plants in the MV distribution grid creates
some operational concerns related to voltage control and energy loss in grids. Distribution
grid operators provide required voltage profiles at the grid buses using transformer on-
load tap changers and controlled reactive power sources. Generally, these devices are
controlled depending on the local substation bus voltage. As shown by the results of
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the review of specialised literature, carried out in the proposed article introduction, the
use of supplementary devices for rapid reactive power compensation (such as SVC and
STATCOM) is accompanied by additional costs, and, as practice shows, they are not used
in medium-voltage grids. When wind and photovoltaic generation systems are equipped
with inverters that provide reactive power control capabilities, grid operators can use the
inverters to support optimal operating conditions through an adequate inverter control
strategy that considers the fulfilment of local grid requirements.

The article reports a study of the impact of RES power factor on the voltage fluctuations
in the medium-voltage distribution grid. An algorithm is proposed to estimate the newly
designed RES impact on voltage fluctuations, considering load characteristics and the
configuration of the distribution grid. The algorithm implements a fixed RES power factor
control strategy where a fixed power factor is maintained during the RES operation.

As a result of the study; it is shown that the voltage fluctuation amplitudes in the grid
caused by the RES operation in a grid node are also affected by additional power losses
in the grid elements due to the RES power fluctuations. Moreover, the voltage fluctuation
amplitudes in this case will be greater than those without considering this phenomenon.
It is shown that voltage fluctuations will be amplified on the buses of substations located
downstream from the RES installation node; however, in typical medium-voltage grids,
this effect is relatively small. A slight magnification of voltage fluctuations is also observed
at the collateral feeder nodes, and the amplification degree rises the further they are located
from the PCC node.

The nature of the reactive power of the RES significantly impacts the pattern of voltage
fluctuation propagation in the grid. If the RES operates with leading reactive power factors
(capacitive reactive power), the propagation of voltage fluctuations is similar to when the
RES operates with a unity power factor. But in this case, the voltage fluctuations in the grid
increase significantly. Furthermore, the RES operation with lagging reactive power factors
(inductive reactive power) results in a more complex pattern of voltage fluctuations, which
is attributed to the opposing effects of the RES’s active and reactive power on the voltage
drop in this case. Typically, voltage fluctuations in the grid are significantly reduced during
the operation of RES due to the lagging reactive power factor. Determining the required
value of the lagging reactive power factor provides the practical elimination of voltage
fluctuations at a given grid node. Minimising voltage fluctuations on the substation bus
that feeds several feeders (the PCC point) is of practical interest. This way, we can eliminate
voltage fluctuations on the buses of collateral feeders due to RES operation on one of them.

However, the operation of a RES with a lagging power factor aiming at the mitigation
of voltage fluctuations can be limited by often overlooked operational reasons, such as a rise
in reactive power requirement with a decrease in the X/R ratio of the grid; requirements
of network operators to maintain a power factor equal to unity; requirements to reduce
grid energy losses. Selecting the optimal value of the inductive reactive power factor of
tg@Rres is always specified by a compromise between the desired degree of mitigating
voltage fluctuations and the effect of increasing energy losses in the network. Usually, the
grid operator manages the allowable value of tg@rgs for grid load nodes. The degree of
mitigating fluctuations, as shown in the analytical examination in Section 3, depends on the
structure and parameters of the grid. Therefore, selecting the operating setting of tg@Rrrs
for mitigating voltage fluctuations should be carried out within the restrictions set by the
grid operator. Further, depending on the requirements for mitigating voltage fluctuations
in the specified grid nodes, the operating setting of fg@rrs is selected. As shown in the
example considered in the article, to compensate for voltage fluctuations in the PCC node,
and, as a consequence, in the load nodes of parallel feeders of the substation, it is sufficient
to maintain a relatively small setting of the negative reactive power factor ({g@rps = —0.1).
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In electrical grids with a high relative active resistance (this applies to low-voltage electrical
grids), the efficiency of mitigating voltage fluctuations by the inductive power of RES is
significantly lessen, since to achieve the required effect, the source inductive power has
to be notably increased, which means that it is forced to set sizeable margins into the RES
inverter rating capacity and rising grid active power losses.

The presented case study analyses the nature of the propagation of voltage fluctuations
in a real medium-voltage distribution grid with an RES and the impacts that should be
considered when choosing the capacity and location of the RES in the grid. The amplitude
spectrum of voltage fluctuations depends on the characteristics of the RES itself and the
random variations of regional climatic attributes. According to current standards, the
acceptability of irregular voltage fluctuations in distribution grid nodes is estimated based
on two consolidated indices—short-term Ps; and long-term Py, flicker severities. So, from
the point of future research, there is a practical interest in developing a model for estimating
voltage flicker propagation in the distribution grid with a RES based on measurements
carried out only in the RES node.
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