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Abstract

One way to increase solar photovoltaic penetration in the grid is the management of voltage
fluctuations. This is because a photovoltaic plant cannot be interconnected to the grid if it
causes voltage violations. Voltage violation is where voltage exceeds the acceptable range.
Often, grid operators request photovoltaic plant owners to regulate voltage sufficiently with
expensive and space-consuming static Var compensators. Unfortunately, this sometimes
makes the project less feasible. This paper argues that there are better ways to regulate
voltage. It also asserts that these ways must be sought before blindly procuring a static Var
compensator or seeking battery storage. We simulated with a 70-MW photovoltaic plant as
an addition to the grid. Without voltage regulation, voltage violations in Spring were found to
be particularly significant. However, the proposed reactive power compensation removed all
voltage violations smartly. Furthermore, the study results demonstrated that the operator-
induced curtailment effectively reduced the necessary amount of reactive power
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compensation, leading to a smaller size of SVC, as it occurred specifically at certain
overvoltage points. This paper argues that the economic and spatial efficiency of reactive
power compensation devices is key to increasing photovoltaic penetration. It argues that one-
sided bearing of the cost of reactive compensation devices is inefficient.

Keywords
Reactive power/Volt-Var control; reactive power absorption/injection; overvoltage;
undervoltage; static var compensator; curtailment; solar photovoltaic penetration

1. Introduction

Among various types of solar photovoltaics (PV), megawatt-scale or utility-scale PV plants can
significantly contribute to PV penetration in the main grid due to their scale. Increasing PV
penetration in the grid is a common goal of many countries as it is one of the major decarbonization
methods. To this end, much research has been conducted to mitigate voltage violations that PV
plants can bring about, such as [1-3]. Voltage violation is a deviation from the allowed voltage range
at the point where a PV plant is interconnected. If left unmitigated, voltage violations, are one of
the major limitations of grid-tied PV plants [4]. Voltage fluctuations in PV plants are prominent
because their generation amounts unavoidably vary according to the amounts of irradiation they
get, and voltage at the interconnection point varies significantly. The amount of irradiation is
something difficult to predict. The weather forecast can help predict rough amounts of irradiation,
but small changes in its amounts due to causes such as cloud covering are almost impossible to
predict. The varying voltage is also due to the variation of ever-changing power demand. Therefore,
PV’s interconnection point is subject to supply and demand side variations. These variations make
voltage susceptible to abrupt changes, sometimes leading to voltage violations.

Much research aims to regulate voltage with hybrid PV-battery storage systems. If planned
appropriately, this is an effective way to mitigate voltage fluctuations, as argued by [5, 6]. Chaudhary
[7] found that storage systems and smart inverters are efficient in dealing with overvoltage caused
by PV generation, and some papers, such as [8], focus on the optimization algorithm. Battery storage
is an effective tool to regulate voltage in the network and is also effective in a high PV-penetrated
grid. This is because voltage can be controlled both by injection/absorption of reactive power and
supply/consumption of active power [9]. Battery storage can discharge/charge active power as its
fundamental property, enabling voltage regulation with the active power flow. Smart inverters, on
the other hand, inject/absorb reactive power. With these two in place, the voltage can be more
effectively regulated.

Although the combination of battery storage and smart inverters significantly improves voltage
regulation, there are two difficulties for battery storage deployment. Battery storage has economic
and spatial downsides as well. The biggest challenge with battery storage is that procuring these
batteries may still be uneconomical. When the installation cost of the batteries is too high, the PV
system installation needs to proceed without them. The battery storage also requires some space.
This may hamper the installation of batteries. For utility-scale PV plants, available lands may be
limited. Proceeding with the smart inverter’s reactive power control alone may free up the space
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batteries would require and help install more PV panels. Battery storage takes up more space, and
land constraints may make the project less feasible. Although the role of active power flow is an
important discussion for the ever-evolving PV markets, battery storage’s spatial requirement can
hamper PV penetration in the grid. With adequate reactive power controls mitigating voltage
violations, we can increase PV penetration without incurring additional costs of batteries and
occupying extra space for battery storage. For these reasons, reactive power control is a critical
control system that needs to be thoroughly explored and exploited. As an additional point to note,
lithium iron phosphate batteries that may be most compatible with PV plants are at an early stage
of adoption. Using batteries could make PV generation less green, depending on the source of
energy used to produce the batteries. Greater benefits can be obtained when we consider
manufacturing and installing places of batteries and PV panels, and greener manufacturing
processes of both batteries and PV panels are practiced [10].

Utility-scale PV plants struggling with voltage regulation must have literature examining their
problem. However, not much research focuses on voltage regulation for utility-scale PV plants.
Large utility-scale PV plants interconnect to higher voltage lines due to their scale [11], e.g., greater
than 60 kV. Gush [8] also focused on lower voltage distribution systems. Although there are an
incredible number of PV installations on the distribution network, large utility-scale PV plants are
interconnected to the transmission line. Utility-scale PV plant installers are often independent
power producers (IPPs) that develop, build, operate, and maintain these plants by themselves. IPPs
are another player in the power market besides the grid operators. IPPs have technical discussions
with grid operators about interconnecting the PV plant to the power grid. During these discussions,
voltage regulation is on the agenda, and the grid operator sets minimum reactive power
compensation requirements. Traditionally they require a Static Var Compensator (SVC) of a certain
capacity to be installed, as demonstrated in [12]. Upon this request, the IPP can either blindly follow
the suggestion or propose another device that satisfies the requirements. The problem with an SVC
is that it is an additional device, and installation and maintenance can be costly [13]. It also requires
additional space. A static synchronous compensator (STATCOM) has similar functionalities to an SVC
and requires less space but is even more expensive. An alternative approach with a reactive power
control system on the PV inverter can be accepted by the grid operator as long as it fulfills the
requirements. Interconnection to a higher voltage line involves bidirectional discussions. An IPP can
propose even a control system with higher-than-ever efficiency and cheaper-than-ever cost, and it
can be adopted. The IPPs need to be knowledgeable enough to know the most cost-effective and
efficient control systems to grow as another significant player in the market. Few research papers
have IPPs as one of the audiences. On the other hand, the interconnection to a lower voltage line
has less room for the installer to engage in bidirectional discussions.

When choosing the best reactive power compensation device, we need to consider curtailment
that reduces the output of a PV plant to an output level lower than the generation capacity [14].
There are different types of curtailment by actors and by reasons. This paper defines curtailment as
a situation where grid operators instruct IPPs for local or system-wide reasons. Curtailment is
necessary as more and more PV plants connect to constrained networks. The effect of curtailment
on the voltage is fewer voltage violations; therefore, less reactive power compensation is needed.
This gives a bigger role to reactive power control on the inverter.

We believe the best solution is first to exploit reactive power/volt-Var control on the inverter, as
explored in [15, 16]. There are additional benefits of volt-Var control on the inverter, such as energy
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savings on the network. Some research has been conducted around advanced volt-Var controls that
achieve this mitigation of energy loss, including [17]. Instead of pursuing advanced volt-Var controls
to maximize energy savings, this paper will focus on more direct effects and how an IPP should
propose the best reactive power compensation device, given the circumstances of each project. And
this device can be a simpler volt-Var control because advanced volt-Var control can be costly. For
IPPs, we recognize the importance of emphasizing that an SVC is costly and requires a large space.
Therefore, IPPs should take full advantage of the bidirectional discussions and pursue the best
solution to proceed with their PV project and not give up on it. In this paper, we added IPPs as one
of the audiences and explained the theory and practical reasons for using the volt-Var control for
PV plants in detail. Then we demonstrated the proper order of voltage regulation devices to be
utilized, first without curtailment and then with curtailment, using real data from the most recent
PV generation and load data in Kyushu, Japan. The expected result is to deploy the volt-Var control
on the inverter first, consider oversizing the inverter next, and then deploy the SVC.

2. Materials and Methods
2.1 Voltage Control
2.1.1 Voltage Violations

Consider a simple feeder model, as shown in Figure 1. The voltage of particular interest is the
one at the point where the PV plant is interconnected, as this location is most impacted by the PV
plant. We will call this node the “point of common coupling (PCC)” and the voltage at the PCC “V,.”

The sending-end voltage is expressed as V.

pcc

@ }_:'_/W 66 kV Feeder
P

Generator

v

P+jQ

PV Load

Figure 1 Simple two-bus system with an interconnected PV plant.

The voltage drop (4V) is approximated by Equation (1), with a slight error margin. In the equation,
R and X represent the resistance and inductive reactance, respectively, between Vg and V... [

denotes the 66 kV feeder current, and 8 represents the power factor of the load:

AV = \3I(Rcosb + Xsind) (1)

which is derived from Figure 2.
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Figure 2 Single-phase voltage vectors of I and V..

Equation (1) can be rewritten as:

_PLR+Q.X

AV (2)

Vpcc

where P; is the load demand for active power, and Q; is the load demand for reactive power. Using
the per-unit method, by setting .. to 1 p.u., Equation (2) can be further simplified to:

AVyy = PLR + QX 3)

Equation (3) tells us that voltage drop is caused by the magnitude of impedance along the line
between V; and .., and the load’s consumption of active power and reactive power. We define
positive voltage drop (4V,,,) as the normal voltage drop, and negative voltage drop (4V},,,) as higher
voltage than V.

AV, fluctuates depending on the load conditions. Equation (3) tells us that, as the load becomes
lighter, 4V}, decreases; therefore, .. increases. This is because the load consumes less, i.e., P,
and Q,, are smaller, then the voltage drop P R + QX is smaller. Conversely, as the load becomes
heavier, AV}, increases, and V.. goes down. This is because as the load consumes more, the
voltage drop P R + Q; X becomes larger.

When a PV plant is interconnected, the PV inverter will adjust the output voltage phase angle to
lead the V},.. so that active power will flow. When active power flows from the PV plant, Equation
(3) is no longer the only voltage drop impacting 4V},,,. Equation (4) is added below:

A%u =P R+ QX — (vava + vava) (4)

where By, is the PV plant’s active power, @y, is the PV plant’s reactive power.

When we place our viewpoint at Generator, we see R and X of the feeder before reaching the
PCC, and P, and Q; consumed by the load at the PCC. If a PV plant suddenly interconnects to the
PCC and sends By, and @,,, to the PCC, then there are two power sources that send power in the
opposite directions. This causes the negative sign in front of (P,, Ry, + QpuXpy)- PLR + QX is a
measure of voltage drop, but —(FB,, Ry, + UpyXpy) is @ measure of voltage rise. This V.. increase
is independent of the load, so if the load becomes lighter, it can lead to a further V.. increase. An
overvoltage violation is where the V.. increases more than +%V,,,, of the nominal voltage, where
+%V,0x i the upper bound of the permitted voltage range set by grid operators. Conversely, an

Page 5/19



JEPT 2023; 5(3), doi:10.21926/jept.2303026

undervoltage violation is where the V},.. decreases more than the lower bound —%V;;,;,, of the
voltage range.

A power line or a node such as the PCC is designed to withstand a certain voltage level [18]. When
the voltage becomes too high, the insulation can break down, which needs to be avoided at all costs.
Also, the voltage level must not be outside of the allowed range, as that is the threshold of
acceptable power quality for various devices being used. Therefore, grid operators set a specific
range of permitted voltage. A stringent standard uses +2% of the nominal voltage. The lower bound
also matters to protect devices and defer equipment upgrades [19].

Now we will add the control of absorption/injection of reactive power on the inverter. Equation
(4) says Qpy also affects 4V},,,. When the PV plant absorbs some amount of reactive power, Qp,, is a
negative value, and AV, becomes larger, decreasing V},... As the PV plant increases the absorption,
the term @, X, counteracts the voltage rise caused by the other term, P, R,,,. There will be a point
where the term @, X, cancels out the numerical value of By, Ry, If the plant continues to increase
the absorption, Qp, X, Will more than compensate for the effect of the term P,,R,,,. Therefore,
absorbing reactive power is useful when dealing with overvoltage issues.

Conversely, when the PV plant does not generate active power, and if undervoltage is an issue,
the plant can increase the voltage by injecting reactive power. This means that the reactive power
control can provide the service of injecting reactive power to the grid operator. The load can
become unusually heavy, and the control can prove helpful.

Voltage fluctuation is a nodal issue. It occurs on a local level. The dispatchable generators do not
adjust reactive power to compensate for each nodal reactive power change because reactive power
imbalance does not cause frequency instability like active power imbalance. However, considerable
voltage violations will break the equipment being used. Reactive power control at a local level is,
therefore, essential. Each node has different stressors by newly added loads or non-dispatchable
power plants, including PV plants. Voltage instability is a ubiquitous problem as our power systems
are becoming increasingly complex.

There is a reason why reactive power controls may be more effective than the role of active
power flow. When we look at R and X in the power network, X can be larger than R. This is
particularly true for a higher voltage line [20]. This means that Q has a more significant effect on the
PCC voltage than P because the product Q,, X, will be more impactful than the product P, Ry,,.

2.1.2 Volt-Var Control Characteristics and Limitations

Figure 3 shows characteristics of volt-Var control.

Reactive Power

Qunax

c
2
) Deadband
= . > Voltage
c V 1 Vz V3 Vref V4 VG
2
=
2

“Quax -& """""""""""""""""""

Figure 3 Droop curve of volt-Var control on inverter [21].
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where V,..¢ is the reference voltage set to 1.0 p.u. for the volt-Var control. The slope m is calculated
as:

m = (—Qmax — Qo)/ (Vs = V4) = (Qo — Qmax)/ (Vs — V) (5)

For example, in the case of a 70 MVA inverter equipped with volt-Var control, Qmax (70 MVar)
and —Qmax (—70 MVar) can be set as 1.0 p.u. and —1.0 p.u., respectively. This ensures the control
cannot absorb or inject more than the inverter capacity. If we assume that /3 and V, are 0.99 and
0.98in p.u., we get m = —100. This means we can also work out the equation on the reactive power
absorption side as follows:

(—Qmax — Qo) = mVs —V,) (6)

We assume that V¢ is in the middle of V5 and V,, so the slope is the same for both absorption
and injection sides. In the deadband area, the control rests. If we solve in terms of V, the droop gain
K is —0.01. That is, we have a relationship between V and Q in terms of VV for reactive power
injection as follows:

(V3 —V3) = K(Qo — Qmax) @)

The droop gain K and the slope m determine the amounts of reactive power compensation.
When V¢ is in the deadband area, @iy, is 0. However, Q;y, is not 0 whenever V. is outside the

deadband area. The reactive power compensation equations are as follows:

Qabs = (Vpcc —V)/K = m(Vpcc Vi) Vpcc =V,
Qiny = 0 ; V< Vpcc <V, (8)
Qinj = (Vpcc - VS)/K = m(V;)cc - V3) ) Vpcc < V3

The reactive power control on the inverter has another capacity limitation as well. The
absorption/injection of reactive power is done only if the inverter has excess capacity. The capacity
of aninverter is determined by the rated apparent power S and how much active power it generates.
Equation (9) shows the limitation of reactive power.

Qmax:i\/SZ_P2 )

Therefore, the absorption of reactive power is possible when the active power generation does
not reach its peak and there is excess capacity. Nevertheless, the volt-Var control must be fully
exploited, because it would be a waste if absorption of reactive power is necessary and the excess
capacity sits idle.

A Static Var Compensator (SVC) is a device that can absorb/inject reactive power. SVCs are not
limited by active power generation since the device is purely for reactive power compensation. As
the maximum amount of absorption/injection is set as the rated capacity of the device, it simplifies
the maximum reactive power it can compensate for. This is one of the reasons why an SVC may
come up as a straightforward first line of defense. However, this device requires an additional
purchase and also considerable space.
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2.2 System Model

We collected the load demand and PV-generated power data in the Kyushu area, Japan (April
2021-March 2022) from the ISEP website [22]. This area is where PV penetration is relatively high in
Japan. The PV-generated power can be approximately 5 GW at its peak, and the load can be two to
three times that number. We simulated in our study an extreme variation in the PV-generated
power and the load demand in this area. We conducted an 8760 yearly analysis with a time
resolution of 1 hour. We ran a simulation using MATLAB/Simulink software to examine how V..
changes as the PV plant sends P,,, and compensates Q,,,,. Figure 4 shows our test system model.
Using the ISEP data, we plucked out a “study town” consuming a fraction of the entire load demand.
We varied the load from 25-65 MW, with a power factor of 0.85 lagging. We assumed a 70-MW PV
plant, interconnected to the PCC, exists in this town. As the PV plant is sizeable compared to the
town’s load, any extra PV power would flow out of this town to serve a portion of the neighboring
town’s load. Nevertheless, the voltage problem is often local and would occur near the sizeable PV
plant in the “study town.” We adopted the stringent voltage violation standard of £2%. And all this
gave us a study environment with many voltage violations. The volt-Var control looks at the PCC
voltage and absorbs or injects reactive power with the result reflected in the next hour.

G B760)
Al A a A a A a Aa A a A a A
‘H—@W;—[W- B b n%%o |- B b AT B b B
c c < /9y c c c c c c < c

Synchronous Generator Sending-end bus  Step-up Transformer Transmission Gen side PCC Transmission Load side Receiving-end bus Load

3]

PV inverter

Figure 4 Test System Model.

Figure 5 shows the relationship between active power from the PV plant, load demand, and
voltage fluctuations before adding volt-Var control. On the right side of the orange trend line are
overvoltage points greater than +2%. On the left side of the green trend line are undervoltage points
less than —2%.
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Figure 5 Relationship between PV active power, load demand, and voltage fluctuations.

We can see how the combination of high PV generation and low load demand tends to cause
overvoltage and how the combination of low PV generation and high load demand tends to cause
undervoltage. By activating the volt-Var control, we want to return the violated points to the
acceptable voltage range of +2%.

We first performed a study on volt-Var control on the inverter. As Equation (4) shows, the PV
plant should increase V., as it generates active power. The generated power from the PV plant is
highly variable, and V.. will fluctuate accordingly. This means that at the peak of PV’s active power
transmitted and the trough of load demand, V.. should peak, assuming reactive power absorption
does not occur. PV-generated active power will be zero when the photovoltaic activity does not
occur. This means that the PV plant will vary its active power output from 0-70 MW, and at the
trough of PV’s active power and the peak of load demand, V.. should sag. We put a volt-Var control
to observe the injection/absorption of reactive power, which mitigates these voltage fluctuations.
We used a droop coefficient of —0.01, as described in the volt-Var control characteristics in Equation
(7). V5, V3, V,, and Vs were set as 0.98, 0.99, 1.01, and 1.02, respectively. We then estimated the
capacity of an SVCrequired to take care of the voltage violations that remain after the compensation
by the volt-Var control.

Then we added a final component to the study: curtailment. Curtailment is where grid operators
curtail some amounts of the active power generated from non-dispatchable sources to improve
power quality and avoid congestion [14]. Curtailment happens to PV plants especially around

midday with light load. When the curtailment occurs, voltage rise is decreased, as shown in Equation

(4).
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A cautionary note needs to be discussed. If the nominal voltage is set assuming the PV plant
generates a specific amount of active power, say 35 MW, I},.. can get higher or lower than the
nominal voltage depending on the generated amount. However, if the PV plant is considered a pure
addition to the feeder disrupting the nominal voltage, any amount of active power generated by
the PV plant would hike V., and it will cause V,.. to always be higher than the nominal voltage.
This is a matter of perception, but it seems reasonable to clarify, as depending on how this nominal
voltage is set, the PV plant can either only hike the V.. or both hike and sag the V... As shown in
Figure 4, volt-Var control can generally compensate for reactive power in both directions. If the PV
plant is a pure addition to the existing feeder, the volt-Var control may only be responsible for
lowering the I, to the nominal voltage range. However, this leads to reactive power absorbing
operation of the control only, and the other half of the control capacity is not utilized. In any case,
it seems neither technically nor economically reasonable to have two controls, one of which only
functions to lower the V.. and the other installed by the grid operator to increase the V..
Therefore, setting the nominal voltage assuming the large-scale PV plant generates 35 MW or
somewhere in between seems reasonable.

3. Results

We observed voltage fluctuations at V,,
curtailment does not occur, studied the effects of volt-Var control, and checked if the necessary
capacity of SVC can be reduced. Next, we assumed curtailment does occur, studied the effects of

volt-Var control, and checked if the necessary capacity of SVC can be further reduced.

¢ under different conditions. First, we assumed

3.1 Simulation Results

Figure 6 and Figure 7 show voltage fluctuations at V., with and without volt-Var control,
assuming curtailment does not occur. We observed considerably fewer voltage violations when we
put volt-Var control on the inverter. Overall, the voltage fluctuations in Figure 7 are more toward
the allowed voltage range. Table 1 shows a distinct difference between the two scenarios with
numbers. With no volt-Var control in place, there were 993 overvoltage hours out of 8,761 hours.
The volt-Var control on the inverter reduced the overvoltage hours to 595. The undervoltage hours
were 364 without the control, which decreased to 91. The volt-Var control absorbed/injected
reactive power to reduce these voltage violation hours.
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No Control without Curtailment
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Figure 6 Voltage fluctuations at V.. without volt-Var control.
Volt-VAR control without Curtailment
6.00%
4.00%
g 2.00%
§ 0.00%
B
E -2.00%
-4.00%
-6.00%
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
Time
Figure 7 Voltage fluctuations at V., with volt-Var control.
Table 1 Summary of simulation results.
Qinv (MVAR Qsvc (MVAR
) ( ) ] ( ) Over (h) Under (h) Safe (h)
min max min max
Without No Control -0.004 0.004 -20.623 32.268 993 364 7404
Curtailment Volt-VAR Control -26.123  19.130 -10.818 2.942 595 91 8075
With No Control -0.006 0.004 -12.657 25.017 971 363 7426
Curtailment Volt-VAR Control -22.712 19.130 -4.798 2.282 498 90 8172
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We then checked the result of our SVC study to remove 595 overvoltage hours and 91
undervoltage hours to investigate the maximum capacity of the device required. The result was
—10.8 MVar for overvoltage and 2.9 MVar for undervoltage, which means we need a 10.8 MVar SVC.

Figure 8 shows injected/absorbed reactive power by the inverter. The maximum reactive power
absorption is more than 26 MVar. Table 1 shows —26 MVar, which means injecting —26 MVar or
absorbing 26 MVar. On the other hand, the maximum reactive power injection is about 19 MVar.
As these numbers represent only the maximum absorption and injection, we can look at Figure 8 to
learn the frequency of reactive power absorption and injection. Figure 8 shows the control absorbed
much more reactive power than it injected. As shown in Table 1, the number of overvoltage
incidents is 993, almost three times more than the number of undervoltage incidents of 364. The
number of overvoltage hours that decreased to fit within +2% of the nominal voltage was 398,
representing 40%. The number of undervoltage hours put back in the accepted voltage range was
273, representing 75%.

Volt-VAR control without Curtailment

25

Reactive Power from Inverter[MVar]

-30

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
Time

Figure 8 Reactive power absorption/injection from inverter.

Although the control absorbed much more reactive power than injected, only 40% was mitigated
sufficiently. This contrasts with the 75% success rate for undervoltage mitigation. One of the reasons
for the contrast is the magnitude of voltage deviations depicted in Figure 6. Overvoltage hours
deviate much more from the upper bound on average. In contrast, the magnitude of undervoltage
hours’ deviation is less on average. This means the injected reactive power by the control can more
easily return the undervoltage hours to the allowable voltage range.

The other reason for the contrast is the ceiling of reactive power absorption by active power
generation. Equation (9) states the remaining capacity of the inverter limits the reactive power
compensation amounts . For example, when the inverter generated as much as 69.664 MW, the
absorption amount was 6.85 MVar. This amount of absorption seems to have been truncated
because, according to Equation (9), the maximum Var absorption is also 6.85 MVar.

Page 12/19



JEPT 2023; 5(3), doi:10.21926/jept.2303026

Figure 9 and Figure 10 show voltage fluctuations at V.. with and without volt-Var control,
assuming curtailment occurs. We again observed considerably fewer voltage violations when we
put volt-Var control on the inverter. Overall, the voltage fluctuations in Figure 10 are more toward
the allowed voltage range, and we can see how curtailment truncated a significant number of
overvoltage bar lengths compared to the no curtailment scenario depicted in Figure 7.

No Control with Curtailment

6.00%

4.00%

2.00%

0.00%

B G LR

\ \'|I" [

I‘_lt___

Voltage Fluctuation

-2.00%

-4.00%

-6.00%

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
Time

Figure 9 Voltage fluctuations at V.. without volt-Var control under curtailment.

Volt-VAR control with Curtailment

6.00%
4.00%

AR R L

0.00%
[ |'|I‘ ' |

Jhl

Voltage Fluctuation

-2.00%

-4.00%

-6.00%

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
Time

Figure 10 Voltage fluctuations at 1, with volt-Var control under curtailment.
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Subsequently, we investigated the SVC capacity required to remove 498 overvoltage hours and
90 undervoltage hours. Figure 10 shows that the bar length of the maximum Var absorption is longer
than that of the maximum Var injection. This means the absorption side will determine the SVC
capacity. As shown in Table 1, the result was 4.8 MVar for overvoltage correction, which means we
need a 4.8 MVar SVC. For the non-curtailment scenario, the capacity of the SVC required was 10.8
MVar, demonstrating how the curtailment contributes to reducing the required capacity of the SVC.
The operator-induced curtailment was happening specifically at certain overvoltage points and
mitigating overvoltage.

When we compare the injected amounts of reactive power from the inverter in Figure 8 and
Figure 11, there is no difference. This is because curtailment does not occur when reactive power
injection is necessary, which is necessitated by undervoltage. Undervoltage at the PCC generally
occurs when there is an insufficient supply of PV active power and excess power demand through
the node.

Volt-VAR control with Curtailment

25

Reactive Power from Inverter[MVar]

-25

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
Time

Figure 11 Reactive power absorption/injection from inverter under curtailment.

However, there is a drastic difference when we compare the absorbed amounts of reactive
power. Without the curtailment, the maximum reactive power absorption is more than 26 MVar.
The maximum reactive power absorption in the curtailment scenario is reduced to 22.7 MVar. In
April and May, we can observe that significant curtailment occurs as the bar lengths of the reactive
power are significantly shorter. On the other hand, in February, the bar lengths of the reactive
power were mostly unchanged, indicating that the curtailment did not occur to the same extent as
in April and May; it only occurred to a limited degree. The curtailment occurs when there is an
oversupply of PV power and low demand for power, which tends to cause overvoltage. When the
curtailment curtails high PV power output, Equation (4) tells us that the truncated PV active power
decreases the magnitude of voltage rise. When active power is reduced, it also makes more room
for reactive power absorption, according to Equation (9). Thus, the interplay of droop curve and
curtailment determines the reactive power compensation amounts. When the curtailment occurs,
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there is more room for reactive power absorption according to Equation (9), but the droop gain also
sets the ceiling for the maximum absorption. Overall, the overvoltage points are reduced in
magnitude. When curtailment mitigates the overvoltage hours, the volt-Var control does not have
to absorb as much reactive power. This is why the maximum absorption by the inverter was reduced
from 26.1 MVar to 22.7 MVar, and the size of SVC was reduced from 10.8 MVar to 4.8 MVar.

4. Discussion

We will discuss some of the implications of the study results here. For volt-Var control analysis,
we have seen that the control mitigated voltage fluctuations to a large extent. If we utilize the volt-
Var control on the inverter, we may be able to downsize the SVC significantly. In our study, we
downsized the SVC from 32.3 MVar to 10.8 MVar, with no curtailment assumed. If we oversize the
inverter by 3% to 72.1 MVA, when the active power generation is 69.8 MW, the maximum reactive
power absorption jumps from 5.3 MVar to 18.1 MVar, according to Equation (9). This is a significant
jump in the reactive power compensation capability. This would reduce the necessary capacity of
SVC and could even eliminate it.

Itis an IPP’s choice to rely on an SVC for all the reactive power compensation. However, this may
not be wise. At times the land available may not be large enough to accommodate the SVC, and
some PV panels may be forgone. The road to carry the SVC to the place to install it may be too
narrow. The SVC itself is costly. Thus, the associated cost of the SVC may be too high.

In the curtailment analysis, we have seen that the curtailment significantly reduced the number
of voltage violations above the upper bound. Curtailment is usually done when the PV plant
generates high output because high active power raises the voltage at PCC. By curtailing active
power at these hours to some extent, the V},.. does not rise as much, as shown in Equation (4). If
the curtailment reduces active power to one-half, the overvoltage will also be one-half if there is no
reactive power. If the inverter injects/absorbs reactive power, V.. will be affected by the amount
of reactive power.

Curtailment is currently imposed on the PV plant, and the plant owner has no control over it. This
is understandable because very few PV plants are currently ready to control the voltage sufficiently.
It is also understandable because of other grid issues, such as power supply and demand’s
geographical and temporal imbalances [23]. As more and more renewable energies penetrate the
grid, these imbalances are expected to become larger in extent. Therefore, curtailment is necessary
and imperative, and the grid needs more fast-response controls. What this means for the volt-Var
control is that we may use it less often than we would if there were no curtailment. Grid operators
need to consider that curtailment will reduce many overvoltage points and then calculate the
required capacity of the reactive power compensation device. IPPs need to recognize the role of
smart inverters adequately. With the curtailment in place, the amount of reactive power absorption
decreases. A smart inverter may play a bigger role than an SVC. It also means removing the SVC
altogether may be possible by oversizing the smart inverter appropriately.

Who should bear the cost of the SVC? This is not an easy question to answer. For PV plants, the
output can vary from zero to the peak wattage of the PV plant. It may not be realistic to expect IPPs
to be entirely responsible for undervoltage, which normally happens when there are little PV output
and heavy loads. Overvoltage, which arises from high output and light loads, IPPs may be expected
to be responsible. On the other hand, a smart inverter can inject and absorb reactive power, and so
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can an SVC. The challenge is that if IPPs bear 100% of an SVC's cost and are not compensated for its
operation, they may choose not to utilize the SVC when the plant does not generate power. In this
case, the SVC may mainly absorb reactive power, and the injection capability may be underutilized.
As a result, the SVC does not run to its full capacity, and we are not taking full advantage of the
device. One idea is to split the cost and have a contract stipulating each party’s responsibilities. A
policy that facilitates this type of structure should exist.

Our study defined the accepted voltage range as 2% of the nominal voltage. This is a rather
stringent threshold. Less reactive power absorption/injection will be necessary if we relax the range.
Depending on the grid infrastructure, the allowed range may differ. However, grid operators need
to announce the accepted voltage range with a proper justification.

Regarding the ultimate goal of increasing PV penetration, voltage violation is not the only
obstacle to increasing PV penetration. Other obstacles do exist. One such obstacle is power supply
and demand’s geographical imbalance [23]. This occurs when the load center is located at a
significant distance from the PV plant, and the power line is insufficient to transport the supplied
power to the center without causing congestion. Another obstacle is power supply and demand’s
temporal imbalance, which can lead to congestion and frequency instability. The advent of battery
storage and load flexibility can address these obstacles to a large extent [23]. They also necessitate
some grid enforcement. In this paper, these matters are unresolved. Instead, this paper focuses on
voltage stability in higher-voltage systems. This is because there is a risk of PV projects becoming
unfeasible due to voltage violations. After all, voltage violations may remain unresolved for
economic or spatial reasons. Without proper knowledge of reactive power controls, PV plant
development can be hindered.

Voltage instability is a ubiquitous nodal problem observed in much of every network. This is
because the power flow is no longer unidirectional, and more and more non-dispatchable power
sources are penetrating the network. A volt-Var control on the inverter is an autonomous
distributed control and does not require communication lines. Utilizing this type of inverter first
seems appropriate.

5. Conclusions

This paper addresses the voltage violation problem, which is one of the major obstacles to
increasing PV penetration. The study's main findings were that volt-Var control was very effective
in mitigating voltage fluctuations. Additionally, the study found that the curtailment occurred at
overvoltage points, significantly reducing SVC size. To understand efficient control systems, voltage
control methods and parameters may need further investigation. While much research focuses on
battery storage as a solution to this problem, IPPs may confront practical issues such as spatial
and/or financial issues. When voltage violations are a problem of PV plant interconnection, grid
operators tend to request IPPs to install an SVC. The problem with SVCs is that they are also
expensive and space-consuming. This can cripple IPPs with significant financial burden and
additional land acquisition or removing some PV panels. We studied a 70-MW PV plant with volt-
Var control on its inverter. The result demonstrated that utilizing excess inverter rating to
absorb/inject reactive power removed many voltage violation points. The study further investigated
the effect of curtailment on voltage violations. The curtailment was occurring at overvoltage points.
Therefore, it decreased the magnitude of reactive power absorption, and significantly reduced the
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necessary capacity of SVC. The findings suggest that oversizing the inverter would remove many
more voltage violations. As a result, the study indicated that the required capacity of the SVC can
be reduced further, and the SVC can be eliminated depending on the magnitude of oversizing. Thus,
IPPs should seek the most economical and space-efficient device that fulfills the technical
requirements of reactive power compensation. This paper also points out a responsibility issue of
these devices and supports a policy that facilitates reasonable demarcation of responsibilities. In
future research, the voltage control methods and parameters may be examined in detail to aid in
selecting the most efficient control parameters.
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