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Abstract: The reactive power control mechanisms at the smart inverters will affect the voltage profile,
active power losses and the cost of reactive power procurement in a different way. Therefore, this
paper presents an assessment of the cost-benefit relationship obtained by enabling nine different
reactive power control mechanisms at the smart inverters. The first eight reactive power control
mechanisms are available in the literature and include the IEEE 1547 —2018 standard requirements.
The ninth control mechanism is an optimum reactive power control proposed in this paper. It is
formulated to minimise the active power losses of the network and ensure the bus voltages and the
reactive power of the smart inverter are within their allowable limits. The Vestfold and Telemark
distribution network was implemented in DIgSILENT PowerFactory and used to evaluate the reactive
power control mechanisms. The reactive power prices were taken from the default payment rate
document of the National Grid. Simulation results demonstrate that the optimal reactive power
control mechanism provides the best cost-benefit for the daily steady-state operation of the network.

Keywords: distributed energy resources; optimisation; reactive power cost; reactive power control;
smart inverter

1. Introduction

Power systems are undergoing a fast and unprecedented transition to become a zero-
carbon industry due to the massive installation of distributed energy resources (DERs) [1,2].
Therefore, the power system is facing several challenges to adapt to being a modern power
system [3,4]. However, this inevitable transition also is bringing many opportunities, and
it opens the door to taking advantage of the controllability and other features provided by
the power electronic converter (PECs) based technologies [5,6].

The transmission system operators (TSO) are adapting their operational strategies
to this power system transformation by actively interacting with the distribution system
operators (DSOs) to obtain DER services and making the most of the existing infrastructure
without compromising distribution network integrity [7]. The PECs, so-called smart
inverters, are the key component to facilitate the positive interaction between the TSO
and DSOs [8,9]. The smart inverter has the capability of adjusting its active and reactive
power output to provide support to the power system. This controllability feature enables
several autonomous functionalities such as frequency and/or voltage regulation. The
functionalities of the smart inverter are fully described in the IEEE 1547 —2018 standard [10].

Energies 2021, 14, 4834. https:/ /doi.org/10.3390/en14164834

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7157-9844
https://orcid.org/0000-0001-6179-7680
https://orcid.org/0000-0001-7288-0228
https://doi.org/10.3390/en14164834
https://doi.org/10.3390/en14164834
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14164834
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14164834?type=check_update&version=2

Energies 2021, 14, 4834

20f11

As the power system is evolving, maintaining the voltage profile within its permissible
operating values has become a challenge, and the reactive power regulation has been a
study topic to the TSO and DSO. As a consequence, several reactive power requirements to
the DERs have been released. The European grid code, in the Demand and Connection
Code, requests to the DERs having the capability to restrict the reactive power flowing from
distribution to transmission network using less than 25% of their maximum power import
capacity [11]. Meanwhile, IEEE 1547 —2018 standard requests to DERs a minimum reactive
power exchange of 44% of its apparent nominal power when the active power output is
between 5% and 20%. The injection/absorption of reactive power is not constrained when
the active power output is above 20% [10].

Moreover, the IEEE 1547-2018 standard requires DERs to be able to operate under four
different reactive power control strategies. Consequently, in addition to the safe operation
of the power system, the costs generated by the reactive power control are an important
factor that cannot be ignored. Even though currently there is no established market for
the reactive power procurement from the DERs, the TSO and DSO must evaluate the
cost-benefit relationship at the time of choosing the reactive power control strategy that
should be implemented.

This paper is dedicated to assessing the cost-benefit obtained by implementing several
reactive power control strategies at the smart inverters installed at active distribution
networks. The idea of this evaluation is to look into the near future, when there will be a
well-established reactive power market and the DERs will actively participate in offering
ancillary services to the distribution and transmission network.

The objective of this paper is to determine which reactive power control mechanism
is the most suitable to be implemented cost-effectively. In this paper, eight mechanisms
of reactive power control enabled at the smart inverters are considered (see Section 2).
In addition, an optimal reactive power control is presented, and its main purpose is to
minimise the active power losses and ensure the voltage values of the network are within
its safe operational limits to guarantee the secure operation of the power system concerning
voltage stability (see Section 3). The total cost of reactive power provided by the smart
inverters is calculated based on prices taken from the default National Grid (see Section 4).
The Vestfold and Telemark distribution network was used to evaluated nine cases of
reactive power control mechanisms considering two scenarios depending on a fixed and
variable price (see Section 5). This paper demonstrated that optimum reactive power
control provides the best cost-benefit (see Section 6).

2. Reactive Power Control Mechanisms at Smart Inverters

The reactive power regulation of the power system classically has relied on the syn-
chronous generators due to their inherent characteristic which is to inject or absorb reactive
power. However, the operative limits of the synchronous generators and the fact the
reactive power control must be locally made to avoid significant energy losses and affect
the voltage profile led to introduce dedicated devices to provide reactive power regu-
lation. These devices include synchronous condensers, mechanically switched shunt
capacitors/reactors, flexible AC transmission system devices (e.g., thyristor-controlled se-
ries capacitor and static VAR compensator), phase-shifting transformers, and transformers
equipped with on-load tap changer (OLTC) [2,12]. Although these devices demonstrate ef-
fective reactive power injection/absorption when needed and maintain the voltage within
its operational limits, the cost of its implementation can result economically ineffective [13].
In contrast, the massive penetration of DERs in the power system offers the opportunity to
exploit the controllability features of the smart inverters already installed in the distribution
network to reactive power control in a cost-effective way [14]. Therefore, in this paper,
eight different reactive power control mechanisms provided by the smart inverters are
evaluated. These reactive power mechanisms are described below.
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2.1. Constant Voltage Control (Constant V)

The constant V' control maintains constant the active power output of the smart
inverter. Meanwhile, the reactive power is being increased or decreased until either a
specific voltage target value at the local bus is achieved or the reactive power limits of
the smart inverter are reached. Commonly, the voltage target value is established as the
nominal voltage in per unit values, i.e., Viarget = 1.0 pu.

2.2. Voltage Q—Droop Control (Q—Droop)

The Q—droop control is based on a classical proportional control. The reactive power
delivered by the smart inverter is determined in proportion to the voltage deviation
measured at the local bus and a fixed voltage droop value. The following equation is used
to compute the smart inverter reactive power output (Qout):

(Vtarget - V)S

Qout = Qtarget + & 100% (1)

KQ—droop

where Qtarget is the reactive power setpoint, V is the actual voltage value at the local bus,
Viarget is the voltage setpoint, Sy, is the apparent nominal power, and KQ—droop is a constant
voltage droop given in percentage.

2.3. Voltage 1;—Droop Control (I;—Droop)
The 1;—droop control is also based on a classical proportional control, and it regulates

the reactive current output (I;) of the smart inverter. The mathematical expression to
compute the reactive current output is the following:

1 Vi —V)S
Ij=——| S0+ Mloo% @)
V3V, Klq—dmop

where V), is the nominal voltage, V is the actual voltage value at the local bus, Viarget is the
voltage setpoint, Qtarget is the reactive power setpoint, ¢ = cos (6) is the power factor of the
smart inverter, and Kig—droop 18 @ constant voltage droop given in percentage.

2.4. Constant Reactive Power Control (Constant Q)

The constant Q control enables the smart inverter to behave in the same way as a PQ
type bus. This control maintains the reactive power output of the smart inverter constant
at the same value of the reactive power setpoint, i.e., Qout = Qtarget-

2.5. Active Power-Based Control (Watt—Var)

The Watt—Var control is based on a piecewise linear Q(P)-characteristic (see Figure 1).
This control changes the reactive power output according to the active power output of the
smart inverter following the Q(P)—characteristic.
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Figure 1. Smart inverter control based on Q(P)—characteristic.
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2.6. Voltage-Reactive Power Control (Volt-Var)

The Volt-Var control is based on a piecewise linear Q(V)-characteristic, as shown in
Figure 2. The smart inverter provides a constant value of reactive power when the voltage
at the local bus is inside its maximum and minimum deadband values, i.e., Qout = Qtarget
VVe[VMg, V™ g]. Otherwise, if the voltage leaves the deadband zone, the reactive

power output of the smart inverter is determined by the actual voltage and the slope of the
Q(V)-characteristic.

A
/-\ Qmax
< s
Y g
> BE
o &=
g deadband -
2 Vs .
o .g E; V(p.u.)
2 o]
ko] 32
g |EZ%
=)
m len min max
v de de

Figure 2. Smart inverter control based on Q(V)—characteristic.

2.7. Constant Power Factor Control (Constant ¢)

The power factor of the smart inverter is kept constant by adjusting the reactive power

output according to the active power output (Poyt). Therefore, the resulting reactive power
output is computed as:

Qout = Pouttan™! (cos_1 4)) ®3)

2.8. Power Factor-Active Power-Based Control (¢p—Watt)

The smart inverter controls the reactive power output by adjusting the power factor

according to the active power output and the piecewise linear ¢ (P)—characteristic shown
in Figure 3.
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Figure 3. Smart inverter control based on ¢ (P)—characteristic.

Further information on the main features of each reactive power control strategy is

addressed in [14,15].

Smart inverters have been used extensively in renewable integration, and their smart

functions have been demonstrated to enhance the response and power capability when
tie-grid connected. An example of such enhancement is the PV interconnection shown
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in [16], presenting one of the most advantages of the smart inverters, the voltage rise
(Volt-Var) in the distribution network operation. Therefore, solar farms are interconnected
through a smart inverter to support the grid with different ancillary services and allow
appropriate management of the sources [17]. Additionally, smart inverters are used in
wind farms interconnection for providing several grid services, including reactive power
support [18]. This grid service has become a standard for manufacturers and wind power
developers since the grid codes require being included since the grid is drastically changing
with the continuous expansion and the incorporation of more DER.

Although smart inverter functionalities are contributing to the RES interconnection,
it is necessary to meditate about the international and national standards, guidelines,
technical reports regarding the impact of the smart inverters on the interaction between
the smart inverters and their elements. An example of this interaction is studied in [19],
emphasising the multiple standards required for the grid interconnection correlated to the
smart functionalities.

3. Optimum Reactive Power Control at Smart Inverters

The main reason to seek suitable reactive power control mechanisms is to provide
voltage support and ensure voltage stability. However, an increase in the active power
losses and/ or deterioration of the voltage profile may be produced if the amount of reactive
power injection/absorption supplied by the smart inverter is not adequate. Therefore,
besides the eight reactive power control mechanisms described in Section 2, an optimum
reactive power (ORP) control proposed in this paper is evaluated. The main goal of this
control is to minimise the active power losses in the network while ensuring all busbar
voltages are inside the safe operational limits and the reactive power limits of the smart
inverter are enforced.

The total active power loss (Pj,s;) of the network is calculated as the difference between
the total power generation (P) and the total power demand (Py) as follows:

Ploss:Pg_Pd 4)
The objective function to minimise P,y is defined as:

minPoss (Q) ®)

subject to:

Qmin < Q < Qmax (6)

where Q is the vector of controlled variables containing the reactive power output of
the smart inverters, Qnin, and Qmax are vectors containing the minimum and maximum
reactive power limits of the smart inverters, respectively.

The reactive power injected /absorbed by the smart inverters will directly influence
the voltage profile. As a consequence, it is necessary to ensure voltages at all buses remains
inside its allowable operational limits, and this is explicitly formulated as inequality
constraints, rather than the use of penalty function, to guarantee the optimum solution.
The set of voltage inequality constraints is

[[Va—Vi| —AV]< OVi=1,2,...,1 @)

where V,, is the nominal voltage, V; is the voltage at the i-th bus, AV is the permissible
voltage deviation (usually +5% of the nominal voltage), and 1, represents the number of
buses in the network.

4. Cost of Reactive Power Provision by Smart Inverters

The reactive power procurement services vary depending on the different deregulated
markets. Moreover, they do not have an established structure in contrast with the active
power market, which has a recognised mechanism for pricing. Currently, there is no
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evidence of reactive power services procurement by using a competitive approach. A few
countries such as the USA, Great Britain, and Australia provide monetary compensation
for reactive power services coming from the synchronous generator. Meanwhile, in Nordic
countries and Germany, reactive power services are not compensated. In general, at the
transmission level, the reactive power needs are covered by special tenders; meanwhile, at
the distribution level, the reactive power is controlled by limiting the power factor value of
the DERs [20].

Due to there is not a mechanism for the reactive power procurement and pricing,
in this paper, the cost of the reactive power services provided by the smart inverters is
determined following the non-mandatory enhancement reactive power service (ERPS)
regulation established by the National Grid [21]. Therefore, the price of the reactive power
(7) is taken from the default payment rate document [22], for August 2020, which is
v =2.337227 £/MVAr.

Assuming the daily steady-state of the network is discretised in periods of T minutes
over 24 h, the daily cost of reactive power services in steady-state is computed using the
following equation:

13
Co = E]; Qs1,j7j 8

where Qg ; is the total reactive power at the point common connection delivered by the
smart inverters, and ; is the price of the reactive power in the j-th period. Moreover, n is
the number of periods per hour, and Nr is the total number of periods over 24 h.

5. Results

This section is dedicated to describing the test system employed to assess the reactive
power control mechanisms enabled at the PVs, in addition to defining the study cases
considered in this paper and presenting the main results and findings.

5.1. Test System

The eight reactive power control mechanisms and the proposed ORP control described
in Sections 2 and 3, respectively, are assessed using the Vestfold and Telemark (V&T)
distribution network of the south-eastern area of Norway shown in Figure 4. The V&T
distribution network is interconnected with the Norwegian power system through 300
and 420 kV transmission lines and consists of 20 hydropower plants and 58 loads (eight
residential and 50 industrial) [8]. It has been implemented using DIgSILENT PowerFactory
and was equipped with 58 solar PV based smart inverters installed on the load buses. The
load profile and solar PV profile representative of the daily operation, considering 15 min
periods, were synthetically generated using the CREST tool [23,24]. The CREST tool was
set up to include the temperature and location of the south-eastern area of Norway [2].

5.2. Study Cases

The assessment of the reactive power control mechanism is carried out by studying
two scenarios: Scenario I considers a fixed price of reactive power over 24 h. Meanwhile,
Scenario II considers a variable price curve based on the normalised total reactive power
demand over 24 h. These two scenarios are evaluated considering nine cases; each case
represents one reactive power control mechanism. The detailed definition of the nine cases
and the parameters of each reactive power control mechanism are depicted in Table 1
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Figure 4. One-line diagram of the Vestfold and Telemark distribution network [2].

Table 1. Study cases and parameters of the reactive power control mechanisms enabled at the PVs.

Case Control Mechanism Parameters

ClI constant V Vitarget = 1.00 pu.

C.II Q-droop Kq-droop = 10%, Viargetmin = 0.98 pu, Viarget,max = 1.02 pu.
C.III Ig-droop Kig-droop = 10%, Viargetmin = 0.98 pu, Viargetmax = 1.02 pu.
CIv constant Q Q=S5ysin(f)@¢ =09

C.V Watt—Var Qmaxk = —Qmink = \/Say — P2 ¥k =1,2,...,npy

Vmin g, = 0.99 pu, VM g = 1.01 pu.
cvi Volt—Var S A
Qmax,k = 7Qmin,k =/ Sn,k - Pn,k Vk=1,2,...,npy
c.vil constant ¢ ¢ =0.85
C.vin ¢—Watt Pover = 0.95, 1140y = 0.95
AV =0.02 pu.,

C.IX ORP > 5
Qmax,k = _Qmin,k = ka =1,2,...,npy

The optimisation of the ORP control was solved using the improved harmony search
algorithm, and its parameter were set up as [8,25]: HMS =1, HMCR = 0.9, PARin = 0.35,
PARpmax =0.99, bw,,;,, =1 x 1075, bwyax = 1.0 and improvisations = 1500. Moreover, Python
programming language was used together with DIgSILENT PowerFactory to automate the
simulations and to solve the optimisation problem.

5.3. Results and Discussion

The nine cases of reactive power control defined in Table 1. were evaluated by
performing the steady-state operation of the V&T distribution network considering 15 min
periods over 24 h. The total reactive power injected and absorbed by the 58 solar-PVs
installed in the V&T distribution network is presented in Figure 4. It can be observed that
the Watt—Var control (C.V) leads to the PVs not supplying any reactive power, meaning that
this control maintains PVs under-excited, and its power factor is capacitive (see Figure 5a).
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On the other hand, as the constant Q control (C.IV) and constant ¢ control (C.VII) were set
to inductive power factor, they only inject reactive power (see Figure 5b). The remaining

cases absorb and inject reactive power as required by the network.

600 -

T
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cn

T
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"_cvn
cvim
cIx

400 -
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| ' 300
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-100 +

w

=

Figure 5. Total reactive power supplied by solar PVs every 15 min for the nine cases of reactive power control: (a) injection

and (b) absorption.

The idea of a suitable reactive power control is that it be able to provide reactive power
services to regulate the lack or excess of reactive power. Therefore, cases C.IV and C.VII
are not suitable to provide reactive power services since they are not able to adapt as the
power system requires a daily steady-state operation.

Assuming only the reactive power services of the PVs corresponding to the supplied
reactive power are paid. The daily cost of reactive power is computed using (8). It is
considered Scenario I, where the fixed price of reactive power is used and Scenario II,
where the variable price of reactive power is utilised. The total daily cost of reactive power
supplied by the PVs of the two scenarios, considering the nine cases of control, is presented
in Table 2.

Table 2. Daily cost of reactive power supplied by the solar PVs implementing the nine reactive power
control mechanisms.

CQ (£/Day)
Case N ;
Scenario I Scenario I1
ClIl 14,916.28 10,586.55
ClII 15,958.65 10,241.84
C.III 15,747.87 10,066.76
CIV 30,001.09 18,500.32
(GAY 0.00 0.00
C.VI 1207.83 1043.23
C.VII 10,429.49 7148.27
C.VIII 969.68 693.52
C.IX 18,694.48 12,730.06

From Table 2, it can be observed that implementing a variable price over the 24 h
operations leads to reduce the total cost of the reactive power procured from the solar
PVs around between 14% to 35% in contrast to use a fixed price. Therefore, focusing
on Scenario II, which produces lower costs, the ¢—Watt control (C.VIII) generates the
lower cost of reactive power. The maximum cost is produced by constant Q control (C.IV),
which had previously been determined as unsuitable control because it is not able to
auto-adjust to operate in the under-excited and over-excited regions. Even though the
¢—Watt control produces the lower cost for procuring reactive power, the technical and
operational requirements must be evaluated to ensure its control has the best cost-benefit
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relationship. Therefore, the total energy losses and the minimum and maximum voltage
over the 24 h for the nine reactive power control cases are presented in Table 3.

Table 3. Daily energy losses and voltage resulting by implementing different reactive power
control modes.

E MW Voltage (pu)

Case foss ( ay) Minimum Maximum
ClI 438.50 0.997 1.024
CII 445.04 0.980 0.997
C.III 445.28 0.980 0.997
CIlv 518.63 0.995 1.125
CV 456.42 0.930 1.058
C.VI 450.18 0.966 1.041
C.VII 469.52 0.959 1.098
C.VIlI 456.15 0.932 1.058
C.IX 436.43 0.987 1.020

From Table 3, it can be observed the minimum daily energy loss is produced by the
ORP control (C.IX); meanwhile, the maximum energy loss occurs using the constant Q
control (C.IV). Moreover, for all control cases, the maximum allowable voltage variation
was set as 0.02 pu. It means the bus voltages must be kept between Vi, = 0.98 pu and
Vmax = 1.02 pu. However, only cases C.II, C.III, and C.IX met this technical requirement.
Therefore, even though ORP control produces a cost 20% higher than C.II and C.III, it is
the only one that meets up all technical requirements and produces the best cost-benefit
relationship to the network.

6. Conclusions

The assessment of the cost-benefit relationship of the eight reactive power control
mechanisms and the proposed optimum reactive power control demonstrates the best
suitable reactive control is the optimum reactive power control. It optimally adjusts the
reactive power injection absorption and ensures the technical requirements are fulfilled
(voltage stability). Moreover, economically, it produces the minimum active power losses
and generates considerable low reactive power costs in comparison with the other eight
reactive power control mechanisms.

This assessment provides a new perspective to the TSO and DSO about the pro-
curement of reactive power services from the DERs. It opens the door to start creating
new reactive power market mechanisms that allow fair trade pricing the reactive power.
Moreover, it reveals that in a reactive power procurement landscape, employing variable
prices according to the need for reactive power in the network will reduce the daily cost of
reactive power in contrast to using a fixed price over 24 h.
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