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ABSTRACT

Impact of High Penetration of Photovoltaics on Low Voltage Systems

and Remedial Actions

Reinaldo Tonkoski, Ph.D.

Concordia University, 2011

Residential rooftop photovoltaics (PV) systems have great potential to supply part of the
growing energy demand. However, its non-dispatchable, fluctuating, and intermittent
characteristics may negatively impact the power quality and reliability (PQR) of low
voltage (LV) distribution feeders. Large amounts of non-dispatchable PV sources, if
integrated in a distributed way, can reverse the power flow in the feeder and lead to
overvoltages. In diesel-based autonomous systems with high-penetration of PVs, the
reduction in net load can significantly increase the wear and tear on the diesel genset(s).
Therefore, connection of only a modest amount of PV is currently allowed at the LV

level without a prior impact-assessment study.

This thesis focuses on the detrimental impact of high penetration of PVs on LV systems
and on the remedial actions that can be taken to increase PQR and the displacement of

fossil fuels in diesel-based autonomous systems. Two scenarios are considered.

First is the possibility of overvoltages in LV grid connected systems during periods of
high PV generation and low load. The solutions used in medium-voltage feeders need to
be revisited in light of the mostly resistive characteristics of LV feeders. An alternative is

to use active power curtailment (APC) techniques. A droop-based APC approach, in

il



which all inverters use the same droop coefficients, is analyzed. However, this strategy
results in more APC in the PV inverters located near the end of the feeder than in the
ones in the beginning. A new approach is proposed that allows equal sharing of the APC.
A one-year simulation study assessed the overvoltage occurrences, the sharing of the
burden for overvoltage prevention per house, and the total energy yield of the feeder

using a benchmark based on typical parameters of Canadian LV feeders.

The second scenario involves the impact of high-penetration PV systems in diesel-based
autonomous LV systems, which are typical of remote communities. The use of APC of
PV inverters is discussed, focusing on reducing the frequency variations and ensuring the
diesel genset's minimum load, and can improve fuel consumption. This theoretical
analysis is validated by simulations. Fuel consumption and yearly energy yields are

estimated using statistical information about the load and solar irradiation.
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1. INTRODUCTION

The modernization of the utility grid gained worldwide media attention after US
President Barack Obama signed a $787 billion stimulus bill in 2009, with the largest
single investment in smart grid technology [1]. Essentially, investments in smart grids are
being justified by governments as a way to provide a broader use of alternative/renewable
energy and a better use of the available resources. Due to generation resource availability
and economic barriers, most major production centers are built far from large centers of
consumption, which necessitates the transport energy over long distances, in turn
reducing system efficiency and reliability. Typically, 20% of the generation capacity is
used only to meet peak demand that occurs only 5% of the time, and almost 8% of the
generation output is lost along transmission lines [2]. In addition, the actual electricity
grid is mostly unidirectional [2], which means that it was designed based on the fact that
power would flow downstream from the large power plants to the consumers. However,
if large amounts of renewable energy sources are now integrated in a distributed way,
power may begin to flow upstream (reverse power flow) in some sections of the feeder.
With today’s technologies, power quality and reliability (PQR) cannot be ensured, given

this scenario of a large amount of non-dispatchable renewable energy technologies.

The utilization of distributed energy sources supports the idea of having a smart self-
healing grid that would be able to respond to a number of failures (due to diverse factors
such as meteorological conditions and acts of terror) and still keep parts of the system

running, adaptively creating islands with balanced generation and load.



Microgrids are locally controlled clusters of distributed energy sources that behave, from
the grid’s perspective, as single producers or loads (both electrically) that are also capable
of islanding. They are semi-autonomous systems that use local generation and,
sometimes, storage, and they can operate tied to a central grid or not [3, 4]. Microgrids
allow the integration of high levels of distributed and renewable generation sources into
the grid and increase grid reliability and power quality, as they provide backup power in

case of failures in the main grid.

The impact of microgrid technology can be even more significant for stand-alone
systems, which are a potential large market for renewable energy sources. For instance,
more than 200,000 Canadians live in Canada’s 310 remote communities [5]. These
communities are not connected to the main electricity grid and usually depend on oil
from the south for heating and electricity. Energy supply in these communities is thus
characterized by high costs and a high degree of dependence on fossil fuels. Most
communities rely on diesel generators for electricity production, at costs that vary
between $0.15 and $1.50 per kWh. Given these prices, several renewable energy
technologies (RETs) such as photovoltaic (PV) and wind would be cost effective in

meeting part of the energy needs in many remote communities.

These local electricity networks that operate autonomously from the main grid are usually
called mini-grids [6]. Many mini-grids are designed with a future expansion of the
distribution system in mind that would allow the system to be connected to the main grid.
In these remote communities, interconnected microgrids would be an important asset to
improve reliability. This is because maintenance is costly and not immediately available

in these areas, as technical resources are not concentrated there.



Given these facts, RETs will play an important role in supporting the stand-alone
operation of microgrid systems and in supplying the growing demand for energy.
Residential rooftop PV systems have a great potential to help fill this need; however, the

benefits do not come without challenges.

The typical maximum capacity of residential rooftop PV systems is between 5 kW and 10
kW, and they are connected at low-voltage (LV) distribution feeders. These systems can
usually be installed without the impact-assessment study that is required for larger units.
During high PV generation and low load periods, the possibility exists for reverse power
flow, and consequently voltage rise, in the LV feeder [7-14]. This is a serious issue,
because protection equipment can trip sources and loads during large variations of
voltage and frequency. As a result, relatively modest amounts of PV are currently
allowed to be connected at the LV distribution level. Any increases in the allowed
penetration level of non-dispatchable and stochastic RETs units that can be installed
without an impact-assessment study will require new techniques to minimize their impact

on the PQR of LV distribution feeders.

This thesis focuses on strategies for the prevention of overvoltages in grid-connected
systems and for the part load operation of diesel-dominated mini-grids with LV feeders
and high-penetration of PVs. Techniques for increasing a system’s PQR, thereby
increasing the displacement of energy and fossil fuels and reducing operational costs, are

investigated and assessed.

With this aim, a brief background is first provided in this chapter to explain the

operational aspects and the main issues related to high-penetration PVs in LV grid-



connected feeders and in diesel-dominated mini-grids. Possible solutions to a number of
problems—including load management, power curtailment of non-dispatchable units, and
energy-storage units—are discussed. The outline and contributions of this thesis are then

presented.

1.1 High-penetration of PV in LV Utility Grid

The use of PV technology is accelerating in Canada. From 2008 to 2009, the installed PV
power capacity almost tripled, reaching 94.6 MW in the 2009 Canadian PV status report
[15]. A total of 11% of the PV systems installed on 2009 were for residential and
building integrated grid-connected applications, with most of this growth fostered by the
province of Ontario green energy police. These numbers promise to increase even more
as a result of Ontario's successful feed-in tariff programs [16]. For instance, in February
2011, approximately 25,000 applications were submitted for small renewable projects
with generating capacity of 10 kW or less, and 99% of these were PV systems. If all of
these applications were accepted, suddenly about 234 MW of small PV systems would be
connected to Ontario's power network. This brings about several advantages. First,
generation of electricity closer to the consumers makes it possible to reduce distribution
and transmission system congestion and power losses. This feature can be of pivotal
importance for the deployment of electric and plug-in hybrid electric vehicles (EV and
PHEV), which will put a significant stress on the transmission and distribution systems.
For instance, the annual energy use in the US from electric vehicles could grow from the
146,000 MWh in 2010 to 2.6 million MWh by 2020 [17]. However, supplying this

additional load with distributed generation (DG) at the distribution level does not come



without technical challenges. One of the main issues concerns voltage regulation in

distribution feeders.

Distribution systems have been designed for many years to operate with unidirectional
power flow. From the moment that DG units are integrated into the grid, the power no
longer flows only from the distribution transformers to the costumers. In this context,
during high generation and low load periods, the possibility of reverse power flow arises;
consequently, the voltage at the end of the feeder can be higher than at the substation [7-
13], instead of lower, when the DG production is higher than the local load consumption.
This can lead to overvoltages in the feeder, and is one of the main reasons for limiting the
capacity (active power) of non-dispatchable DG, such as PV, that can be connected to a
low voltage (LV) distribution system [9]. For instance, Germany limits the maximum
voltage increase to 2% of the rated voltage due to the integration of DGs on LV

distribution systems [18].

Residential feeders with PV systems can be considered a critical case regarding
overvoltage. The typical load profile of residential feeders presents a peak value during
the night period, when there is little or no PV generation. On the other hand, the demand
is relatively low when power generation peaks, leading to reverse power flow in the
feeder and consequently overvoltage. Conversely, the typical load profiles of commercial
and industrial feeders present a good correlation with the typical PV power profile [19],
which tends to reduce the likelihood and magnitude of overvoltages for the same ratio of

peak load and peak power generation.



1.1.1. Voltage Rise in LV Feeders with High Penetration of PV

CAN CSA (C22.2 No. 257-06 [20] specifies the electrical requirements for the
interconnection of inverter-based micro-distributed resource systems to LV grids in
Canada. This standard recommends using the CSA CAN3-C235 [21] as guidance for
appropriate steady-state voltage levels in a distribution system. Based on these standards,
for single-phase connection, normal operating conditions (NR — Normal Range) occur
when the voltage level is within 0.917 pu and 1.042 pu. Extreme operation conditions
(ER) have steady-state voltage limits of 0.880 pu and 1.058 pu. It is worth mentioning
that although networks are allowed to operate under extreme conditions, improvement or
corrective action should be taken on a planned and programmed basis. In other words, if
the voltage at a certain point in the feeder is beyond the NR and within the ER, the utility
would need to take a corrective action; however, this action is not urgent. If the voltage is
beyond the ER, a corrective action should be taken immediately. In general, the voltage
limits established for inverter protection (0.880 pu and 1.1 pu of voltage [22, 23]) are
mostly beyond the recommended voltage limits for distribution networks. Thus, the
feeder may be experiencing overvoltage while the inverter protection does not reach its
threshold value. In addition, CSA CAN3-C235 [21] offers no recommendation regarding
whether a certain number of overvoltage occurrences might be acceptable in the feeder.
This differs from European standards (i.e., EN 50160) where for 5% of a week

occurrences of overvoltages up to a certain magnitude are acceptable.

The LV distribution feeders are conceived to supply a certain load at a certain distance
without considering distributed generation. At the planning stage, they are designed to

allow a maximum 5% voltage drop from the secondary side of the LV network



transformer to the customer meter. It is a common practice in certain weak feeders to
adjust the tap of LV transformers, stepping-up the voltage in order to comply with
voltage level requirements under peak load condition. This means that the voltage at the
beginning of the feeder may be adjusted to operate at 3-4% above the rated value. This

leaves little or no margin for reverse power flow in these feeders.

Another important aspect is that the voltage sensitivity to active power variations is
typically higher in LV feeders than in MV feeders. Consider a simple 2-bus system where
the voltage rise at the end of the line with respect to that in the beginning of the feeder
(4V) can be approximated by [24]:

_PRYQOX
v (1.1)

AV

where P and Q are the active and reactive powers injected by a PV inverter and R and X
are the resistance and reactance of the feeder, respectively. LV feeders are characterized
as having large resistance-reactance ratios (R/X). This means that active power variations
have a large influence in voltage variations in LV feeders. Along with the fact that the
load could not necessarily correlate with generation, the main conditions for having
overvoltages due to voltage rise caused by non-dispatchable DG units are related to the

grid architecture and the load/generation profile.

1.1.1.1. Case Studies Regarding Voltage Rise Due to PV Systems

Several studies were conducted regarding voltage rise in LV distribution system in the
presence of PVs [7, 9, 10, 13, 25-28]. Cases where the distribution feeders were

conceived to cope with the integration of PV were presented in [7, 13]. Few studies



discuss the impact of PVs in overvoltages on feeders that were already built before
considering the integration of PV systems [25, 27]. A simulation study on the impact on
the feeder’s voltage profile with 216 residences integrating grid-connected PV using
typical Canadian feeders parameters is presented in [27]. Overvoltage was found more
likely to occur in suburban and rural feeders, as opposed to urban. For instance, in one
particular suburban feeder, if more than 2.5 kW per household of PV panels were
installed, overvoltages could occur. Feeder impedance, feeder length, and transformer
impedance also played important roles in determining the degree of voltage rise for

residential feeders with high PV penetration levels.

A detailed US monitoring study investigated a neighborhood of 115 houses with 2 kW of
PV for a total capacity of 230 kW connected to a 20 MVA substation [13]. Only a slight
voltage rise of approximately 0.6% was observed on clear days, which is expected for a

relatively low penetration level.

Several studies have considered urban real estate developments in Germany, Netherlands
and France with high-penetration of distributed PV generation [7], with penetration
capacity reaching up to 110% of LV transformer capacity (Germany). The voltage level
increase in all cases was within the normal range (0.9 and 1.1 pu - EN 50160) according
to European standards. However these standards are more relaxed than the North-
American ones. The voltage reached about 1.06 pu in Freiburg, Germany and
Heerhugowaard, Netherlands and 1.05 pu in Soleil-Marguerite, France. The level of
penetration in these sites was significantly higher compared with the US case presented
in [13]. However, as already mentioned, in both the US and European reports, the feeders

were expected to receive PV systems in the design stage.



A current network in the city of Leicester in the UK, which originally did not include PV
resources, was modeled using a stochastic approach and one-minute data information
regarding house/load consumption and the solar irradiance data obtained for the region
[25]. Overvoltages were found in this feeder in the case that included 1.8 kW PV systems

in 50% of the 1262 houses.

1.1.2. Voltage Control Solutions for LV Feeders with High-penetration of PV

This Section discusses the main solutions reported in the literature regarding voltage
control that can be applied to LV feeders with high-penetration of non-dispatchable DGs.
The choice of the best strategy for prevention of overvoltages for a certain feeder is quite
site dependent, as regulations and characteristics may differ from one case to another. In
addition, a combination of approaches could be also used to plan for load and generation

growth [29].

1.1.2.1. Demand Side Management

In general, a good match between local load and generation can reduce the likelithood and
magnitude of overvoltages. A possible approach for reducing overvoltage occurrences in
LV residential feeders is the utilization of demand side management. The availability of
controllable residential loads that could shift the period of operation to moments of
excess power generation can alleviate the overvoltage issue. The performance of a
voltage control strategy using electric water heaters is presented in [30]. Often, the
operation of this controllable load is combined with time-of-use pricing or other price

differentiation dynamics in order to improve the load and generation correlation [31].



Although promising, demand side management, in general, requires significant

investment in control and/or communication infrastructure.

1.1.2.2. Azimuth Diversification of PV Panels

Another way to reduce the magnitude of the voltage rise, and, consequently, the
likelihood and magnitude of overvoltages, is to diversify the azimuth of the PV panels.
The azimuth (solar orientation) is the angle clockwise from true north of the direction that
the PV array faces. Usually, PV systems in the northern hemisphere are placed facing
south, azimuth = 0°, to achieve the highest annual energy yield. However, having all
houses in a PV feeder with panels due south, as presented in [28], brings the peak power
generation time of all the PV panels to be around noon. This can create a large surplus of
active power in the system, and consequently, higher probability of occurrence of
overvoltage in a feeder than if the PV systems are installed with different azimuths.
Increasing the azimuth angle favors afternoon energy production, while decreasing the
azimuth angle favors morning energy production [32], as shown in Figure 1.1 (SW = 45°

and SE = -45°).

Figure 1.2 shows the variation in yearly PV panel generation with the azimuth.
Comparison of southwest and southeast orientation with south shows a loss of about 8%

on the yearly energy yields.
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Figure 1.1.  Average daily incident solar power profile in July for south (0° azimuth),
southeast (-45° azimuth) and southwest (45° azimuth) facing panels mounted in Montreal

with a slope of 45°.
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Figure 1.2.  Percentage of yearly energy generation regarding energy yield of a south
facing PV panel for Montreal with a slope equal to latitude and the effects of varying the

PV panel azimuth (orientation).
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As shown in [32], this will not drastically affect the yearly net energy generation level but
can provide a smoother peak hour generation. This strategy, by itself, cannot guarantee

that no overvoltages would occur, but it can reduce their magnitude and frequency.

1.1.2.3. Secondary LV Transformer Tap Adjustment and Conductor Section

Increase

Simply readjusting the tap of the LV transformer at certain seasons can be very effective.
The main challenge, assuming that the tap cannot be changed frequently without the
addition of an on-load tap changer controller, is being able to find a setting that can be
used for rated and no generation of PV without violating the voltage limits. A rule of
thumb approach to define the appropriate voltage in the secondary of the transformer is
presented in [33]. The idea is to adjust the voltage halfway between the upper and lower
voltage limits. This ensures that the voltage rise/drop will have the same range of
operation. If undervoltage limits are not reached during rated load and no generation,
then, during rated generation and no load, the voltage limits will also not be reached.
However, this is not possible for all feeders since, in some cases, decreasing the LV

transformer voltage can lead to undervoltages.

Another passive approach is to upgrade the conductors [34]. Increasing the cross
sectional area of the wires reduces their resistance and reduces the voltage rise/drop in the
feeder. For instance, changing the cables of a particular feeder from a NS90 3/0 AWG to
a 4/0 AWG cable (aluminum, XLPE) would lead to about a 20% reduction in the line
equivalent resistance per kilometer. Consequently, the voltage rise/drop in this section of

the feeder is reduced, as can be seen from equation (1.1). In addition, it reduces losses in

12



the feeder. However, this can be considered an expensive approach, especially for

underground feeders.

1.1.2.4. Install Auto-transformers/Voltage Regulators

Auto-transformers/voltage regulators are already being widely used in distribution
networks [34-36]. Basically, these consist of a transformer that has multiple taps in one of
the sides, which are automatically changed according to a control algorithm by an on-
load tap changer. Changing the tap that is connected to the grid modifies the turns ratio of
the transformer so that the secondary voltage is stepped up or down from the actual value.
The change in the tap is made by the on-load tap changer, according to the voltage
variation downstream from the regulator. The control can include line-drop compensation
or it can use some sort of communication link to monitor the voltage at a particular point
[35]. The main issue regarding the use of a voltage regulator is that it introduces another
unreliability factor into the system, which should be considered by local distribution

network operators.

1.1.2.5. Allow the PV Inverters to Absorb Reactive Power

PV inverters usually inject all of the active power available from the PV systems to the
grid. The main idea for local voltage control is to allow inverters to absorb reactive power
together with active power [37-41]. From equation (1.1), one sees that the voltage
decreases as the inverter draws reactive power. Therefore, to control the voltage, a certain
amount of reactive power could be absorbed by the PV inverters when they inject active

power, thereby reducing the voltage rise in the system.
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In Canada, according to [20], small power producers should not interfere with the voltage
control of the feeder using reactive power in LV systems, unless in agreement with the
utility. However, the inverters may operate with power factor between + 0.85. In some
other countries, reactive power cannot be absorbed at all by inverters connected to the LV
system [42, 43]. Thus, overvoltage prevention through reactive power control cannot be

used in these cases.

In places where this practice is allowed, the extra stress added to the feeder should be
considered, which would require an estimate of how much reactive power is needed for
overvoltage prevention. This is due to the fact that increases in the reactive power flow in
the feeder also increase the RMS value of the current and therefore feeder losses. A
preliminary value can be obtained by considering the simple 2-bus system where the
voltage rise at the end of the line with respect to that in the beginning of the feeder can be

approximated by (1.1).

Let us consider the following strategy for preventing overvoltage while minimizing the
amount of reactive power absorbed at the end of the feeder [40]: The PV inverter
operates at unity power factor until the voltage at its terminals reaches the maximum
allowed value. From this point on, any increases in the injected power has to be

compensated with reactive power absorption.

For the PV inverter operating with maximum power with unity power factor (P;) and

maximum allowed voltage at the end of the feeder (V) one has

AV, _hR

V inax (1.2)
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If one wishes to achieve further increases in the amount of injected active power in P>
without increasing the voltage at the end of the feeder, one has to use a certain amount of
reactive power (Q»). Assuming that the grid voltage remains unchanged, 4V, = AV..

Therefore, from

Vinax Vinax (1.3)

one can calculate the amount of reactive power required at the end of the feeder to keep
the voltage there constant at the maximum voltage allowed for a certain increase in the

injected active power (4P = P, — P)), as

R
=—-AP—
0 X

(1.4)

From (1.4), one sees that as the factor R/X increases, higher values of reactive power
injection will be required to prevent overvoltage. This will demand inverter(s) with
higher power capacity, will result in higher currents — and losses — in the feeder, and will
also cause lower power factors at the input of the feeder. The definition of a typical R/X
value above (in which the use of reactive power control to allow increased active power
injection would be less attractive) is not straightforward since system characteristics and

limits imposed by local standards can vary quite a bit.
1.1.2.6. Curtail the Power of DG Units

The option of active power curtailment (APC) seems very attractive because it requires

only minor modifications in the PV’s inverter control logic [8, 12, 28]. In addition, it is
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only activated when needed, thereby minimizing the amount of curtailed active power,

also known as output power losses [9].

The main issue regarding APC is in buses where overvoltages often happen. This creates
a large amount of power being curtailed from the PV systems, thereby reducing the

revenues of the customers.

1.1.2.7. Store the Power Surplus for Later Use

Another strategy that also considers active power management is the utilization of energy
storage units to absorb the power that would be curtailed to prevent overvoltages and

store it for later use.

A study in Japan, including more than 500 houses with PV systems, investigated the
losses incurred from the PV inverter's overvoltage protection circuits [9, 26], including
battery-integrated PV systems using lead acid batteries. The results showed that the
additional losses in the battery-integrated system were larger than the amount of energy
saved. One of the reasons pointed out was that overvoltages were rare in that system

(0.3% of the year under study).

In addition, energy storage units are usually expensive and the cost benefit ratio can be

low if they have to be sized to store the surplus of high-penetration of RETs.
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1.2, High-penetration of PV in Diesel Dominated Autonomous

Systems

Access to electricity is an important factor related to human health and wellbeing.
However, its current generation and use is affecting the global climate; so that the way
energy is produced and consumed needs to be reconciled with ways to reduce
environmental effects related to local and global greenhouse gas emissions [44]. Energy
supply in remote communities is based on diesel generator sets and is characterized by
high costs and a high degree of dependence on fossil fuels. Several RETs such as PV and

wind can be cost effective to meet part of the energy needs in many remote communities.

In principle, the integration of RETs into a diesel-based system is relatively simple and
these integrated systems operate as passive generation units, with no participation in the
control strategy of the mini-grid [45, 46]. They usually inject the maximum amount of
energy that can be converted from the wind and sun using some sort of maximum power
point tracking (MPPT) strategy. However, the stochastic and fluctuating characteristics of

PV and wind can also affect the power quality and reliability of autonomous systems.

It should also be noted that many remote community systems are characterized by highly
variable loads, with the peak load as high as 4 to 10 times the average load. Thus, the
power-balancing task of the grid forming unit(s), usually one or more diesel gensets, is
even more demanding in the presence of RETs. Mini-grids, by definition, represent weak
grid  conditions. Sudden variations in reasonable amounts of power
generation/consumption may deteriorate the power quality and stability of the mini-grid

[24]. Large variations in frequency and voltage can lead to tripping of sources and loads.
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This problem is even more critical during high-penetration of RETs and with systems that
operate with reduced amounts of rotating masses due to low combined generator inertia,
which can significantly increase the wear and tear on the diesel genset [24]. It is worth
mentioning that the operation of gensets at partial (light) load conditions can result in
increased carbon build up in the diesel engine [47, 48], which can significantly affect the
maintenance costs and even the lifetime of the genset. Diesel gensets should not operate
below a certain minimum load for extended periods of time, according to the
manufacturers; 40% is a common threshold [48], although 15-30% might be more
common for newer sets. In case this cannot be avoided, the gensets should run close to
full load for 1-2 hours to get rid of the carbon accumulated during the day. This leads to
high costs in fuel and offsets part of the gains with the installation of renewable energy
sources. Thus, when the PV system generation is high and the load in the feeder is low,
the genset may be operating below its minimum required load, thereby requiring

dissipation of this "excess" power to prevent carbon build-up in the diesel engine.

Figure 1.3 shows a typical PV-diesel hybrid mini-grid. Two or more diesel units, one for
backup, are used to provide energy to multiple residential and commercial loads. Small
wind turbines, and/or run-off river hydro power sources may also be used to supply part
of the load [49]. One of the diesel generators operates continuously, while other gensets

can be dispatched based on variations in load demand and DG availability.
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Figure 1.3.  Typical PV-diesel hybrid mini-grid.
1.2.1. The Diesel Generator

The diesel generator set is essentially composed of a diesel engine that has its fuel intake
controlled by a governor and that drives the shaft of a synchronous machine with an
excitation system to control the output voltage of the genset. Figure 1.4 shows the basic

diagram of a diesel genset.

Fuel Diesel
Engine

Governor

Voltage
Regulator

Figure 1.4.  Basic diagram of a diesel genset.

The governor regulates the speed of the engine by controlling the fuel injection.
Regulating the engine speed means that the output electrical frequency of the generator is

also regulated, in steady state, as for synchronous machines the shaft speed (o [RPM]) is
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related with the electrical frequency (f [Hz]) and the number of poles of the machine (p)
as:

0=121 (1.5)
p

The governor may operate in two modes, isochronous or droop, depending mainly on the
application. Figure 1.5 shows the frequency vs. load curve for isochronous operation. In
this type of operation, the genset runs at constant speed/frequency, in steady state,
regardless of the load. This method is ideal when the mini-grid uses a single genset, as it
keeps the frequency constant. However, when multiple units are present, a
communication link is required to avoid circulating currents and to allow appropriate

power sharing among the units.
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Figure 1.5.  Isochronous operation of governor: steady state frequency vs. load

operation.

In the droop operation mode, the genset speed/frequency varies according to the load.

Figure 1.6 shows the frequency vs. load curve for droop operation. The frequency

20



decreases linearly when the load increases. The frequency/speed difference between the

no load condition and the actual frequency is called droop.

Droop control is a well-known technique for operation and power sharing of power
generators connected in parallel. The relationship between frequency and power can be

described by:
P =5,(fu=1) (1.6)

for f < f... Here, Py, is the output power of the generator (kW), sp is the slope of the
curve (kW/Hz), f,; is the no-load frequency of the generator (Hz) and f'is the operating
frequency of the system (Hz). In case of two droop-controlled generators (sources)

supplying a common load (Pj,4q), the relationship with the frequency would be,

Brosi = Bpen 1+ Poen 2 =5, ¢ (-fn/ieq _f> (1.7)
where,
Speg=SpatS, (1.8)
f o= S, S 1 TS, oS s
S, S, (1.9)

For a given value of load power, one can calculate first the system frequency with (1.7)

and then the output power of each generator with (1.6).
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The droop is usually set to a maximum of 5% at full load [50]. The droop-based governor
is commonly used when several other generators are operating in parallel, as it provides

load sharing among the units.

The frequency and voltage curves for a diesel genset rated at 75 kW for single-phase
connection using a droop-based governor are shown in Figure 1.7 and Figure 1.8,

respectively.

Af = droop

-
-

No Load 100 % Rated
Load

Figure 1.6.  Droop operation of governor: steady state frequency vs. load operation.
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Figure 1.7. 75 kW diesel genset frequency droop characteristic.
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Figure 1.8. 75 kW diesel genset voltage variations with output power.

Sizing of diesel power plants is done based on a detailed analysis of daily and seasonal
load fluctuations, annual load growth, and incorporation of practical constraints for
feasible and reliable diesel operation [49]. Sizing based on peak and average load values,
with some safety margins and additional capacity for future expansion, generally results

in very oversized diesel power plants [49].

1.2.2. Operational Aspects of Diesel Generators

The diesel plant can have all of its units the same size, or it can operate with multiple size
gensets, which is more efficient based on daily and seasonal variations of the mini-grid
load. The generators can be dispatched according to the current state of load demand.
One issue is that multiple instances of unit cycling should be avoided for maintenance

and expected life considerations [49].

Considering fuel consumption characteristics and the load profile of remote communities,
the use of multiple size gensets is very attractive. Figure 1.9 presents the fuel

consumption for three 3-phase diesel gensets of different ratings. The fuel consumption
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data provided by Simson-Maxwell [51] for full rated load, % of rated load, - of rated
load and % of rated load were used to generate trendlines. The use of different genset
ratings allows a reduction in the fuel consumption under low load conditions and an

optimal dispatching of units to match load demand.
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Figure 1.9.  Fuel consumption for gensets with different rated power.

For sizing a multi-genset plant, some basic requirements should be followed [49]:

. The plant should have at least two gensets in case of a unit failure or maintenance,

. The suggested minimum loading of a single unit (15-40% of rated capacity)
should not be larger than the average mini-grid load to reduce machines running under-
loaded, as it can result in increased carbon build up in the diesel engine, thereby

increasing the maintenance costs and reducing the lifetime of the genset.

. The largest unit of the plant and/or any combined capacity of two units out of

service at all times should be capable of providing about 110% of the forecast peak load,

24



. For a spinning reserve, the units in operation should not be loaded more than
85%. The spinning reserve is the plant capacity to cover a sudden increase in the load or

loss of generation.

Figure 1.10 presents a hypothetical cumulative load curve for a remote community,
showing the number of hours that the load equaled or exceeded (x) the y-axis amount.
The plant capacity is defined by a prediction of a future increase in the load demand
based on the data available for the community [52]. The average load is defined by the
amount of energy consumed in a year period divided by the total number of hours in a

year.

A
,/ Plant Capacity
‘e els e e e h e e s e e+ e e e e e e -

s Peak Load

g

=3

]

S Average Load = Total Energy

Total Hours

-
Oh Number of hours the load equalled or exceeded 8760 h

Figure 1.10. Hypothetical load characteristic for a remote community.
1.2.3. Integration of PV in Diesel-based Mini-grids
Today, PV technology is now being widely used in mini-grids. Since 1992, the off-grid

PV market is growing at an average rate of 25% per year in Canada and the installation
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capacity in 2009 reached 35.2 MW in systems that use PV arrays as a single generator or
with a diesel genset or small wind turbine in hybrid systems [15]. For RETs to achieve
significant market penetration in off-grid remote community energy markets, and to
achieve the corresponding diesel fuel displacement, inclusion of effective means to
compensate for their inherent fluctuating and intermittent power characteristics is also

necessary.

The ideal remote community system can be foreseen as a hybrid system that combines
one or more renewable energy technologies and a fossil fuelled system. Diesel gensets
should not operate below a certain minimum load for extended periods of time. As the
integration of non-dispatchable RETs in diesel-based mini-grids will reduce the load seen
from the genset, it can increase the operation at low load conditions (part load operation).
Thus, a scheme for active power sharing must be invoked, where controllable DGs would
assist in balancing the system in the quasi-steady-state. These problems can be mitigated
by local control of clusters of DGs [53]. Therefore, the control structure plays an
important role in maintaining power system stability and also in avoiding unnecessary
losses in electricity generators. The main solutions being used to reduce power
fluctuations due to the addition of non-dispatchable RETs and part load operation of

diesel gensets are discussed in the following Sub-Sections.

1.2.3.1. Dump Loads

Due to their simplicity and low capital cost, dump loads are being widely employed in
hybrid mini-grids. These are resistors that are most of the time controlled by frequency or

power sensitive relays. They can be switched in steps or turned ON/OFF as a single unit
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[48, 54]. The main objective of the dump load is to absorb the excess power generated
whenever the genset load is below a certain threshold value, thereby increasing the load
in the system. However, dump loads incur a further waste of costly fuel, therefore

reducing the gains of installing RETs [48, 55].

1.2.3.2. Active Power Curtailment in Autonomous Systems

Active power curtailment (APC) of RETs can be implemented based on locally measured
variables that have the potential to address the low loading condition of the genset,
overfrequencies [56, 57], and overvoltages [12, 28, 58, 59]. The new German grid code,
for protection purposes, requires inverter-based systems connected into the MV network
to curtail the output power according to a certain droop function when the frequency of
the system is above 50.2 Hz [60, 61]. The curtailment rate is defined as 40%/Hz of the
output power. If the droop function parameters could be adjusted in the PV inverter's
control unit, this capability may be of particular interest as well for the interconnection of
PV systems in mini-grids. Recall that diesel power plants in mini-grids are usually
composed of a number of gensets operating with power vs. frequency droop control. If
the parameters are readjusted so that the curtailment would happen when the genset is
under low loading condition, the curtailment effect could substitute for the effect of a
dump load, reducing the genset's operation under low load. This comes with several
advantages. It is an active method, so the curtailment can vary linearly with the load
variations, thereby avoiding load oscillations due to connection and disconnection of
dump loads. It can also be adjusted to reduce fuel consumption under different low load
conditions. An increase in the installed PV capacity in the feeder does not require

upgrading of the dump load to avoid reverse power flow and low load [48].
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1.2.3.3. Demand Side Management in Autonomous Systems

An alternative to curtailing or dumping the excess power is the activation/deactivation of
some consumer loads using frequency sensitive relays. Due to their relatively large time
constants, thermal loads such as electric water heaters (EWH) present energy storage
characteristics and are good candidates for power balancing and frequency control [62,

63].

As the actual loading of the genset is proportional to the frequency, [64] proposes to
modify the 7d (reference temperature for the EWH) using a frequency versus temperature
droop function shown in (1.10), so that the power consumed by the EWH could be

controlled:
1d =Td, +my,, (f - 1.) (1.10)

where mgewy 1s a slope factor and £ is the center frequency (Hz). 7d, is the base set point
temperature. Figure 1.11 (a) shows the frequency x temperature droop function with
mewn = 20 °F/Hz, Td,=120 °F, and f. = 61 Hz. The value of 7y (the temperature of water
in the tank) will vary within 7d £+ A, as shown with the dotted lines. The action of droop
is limited to when 7d is within acceptable limits of temperature; in this case, between
100 °F and 140 °F. In a frequency droop diesel genset, when the load increases, the
frequency of the generator decreases. This frequency reduction will cause 7d in the EWH
to decrease, whereas when the generator load decreases, the frequency will increase,
making 7d increase. Varying 7d during steady and transient conditions will affect the
average power consumption, as can be seen on Figure 1.11 (b) for different values of Wd

(water draw), for the EWH described in [64]. The results presented in [64] showed that
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power variations in the mini-grid can be reduced with the proposed control strategy;
however, the reduction is strongly dependent on the values of water draw from the

houses.

Ty [°F]
Average Power [kW]

f[Hz]

(a)

Figure 1.11. (a) Frequency x temperature droop variation (b) Average power

consumption variation with 7d for different average water draw.
1.2.3.4. Storage Units in Autonomous Systems

In general, power smoothing in systems with RETs is achieved with energy storage
devices [65-67]. Batteries have high capabilities for injecting power during small time
intervals, but they have a finite capacity for storing energy [68, 69]. This makes them a
rather costly solution for operation with high-penetration of RETs in remote
communities. The economic aspects of using different methods for smoothing the output
power of large PV systems (dump load, power curtailment, and batteries) were examined
in [55]. Overall, if the limits of fluctuation are not strict, batteries alone incurred higher
losses in terms of revenue. However, if a hybrid approach is considered, using batteries

and power curtailment, the losses in revenue were the lowest in all cases studied, which
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means that the size of the storage unit is quite a sensitive factor. Further investigation
regarding design and optimization of the operation of battery-integrated systems is
necessary, including the possibility of combining other functions with PV systems (i.e.,

peak shaving) in order to aggregate value and improve fuel displacement.

1.3. Thesis Outline and Contributions

The objective of this thesis is to investigate techniques that allow increased penetration of
fluctuating RETs in low voltage microgrids and mini-grids, with good power quality and
with reduced fuel consumption and maintenance costs of the grid forming gensets in

mini-grids.

As previously discussed, overvoltages are one of the main reasons for limiting the
installed capacity of PV systems, which reduces the amount of active power that can be
injected into a certain LV distribution system. The well-known techniques used in
medium voltage (MV) feeders to regulate voltage need to be revisited, considering the
fact that the impedance of LV feeders is mostly resistive, with large R/X ratios. Chapter 2
investigates the impact of varying active power and reactive power on the voltage and
losses of a radial LV distribution feeder with uniformly distributed loads and non-
dispatchable (active power) sources, based on the sensitivity analysis of the feeder. This
is the main contribution of this chapter. The feeder characteristics as well as the net active
power of the buses are considered in the analysis. This method can be used to provide an
insight about the best strategy for voltage control, as later explored in [70]. It also can be

used to adjust controller parameters, as presented in [28, 71].
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Prevention of overvoltages in LV feeders with high-penetration of PV is usually
accomplished by limiting the size of PV systems to very conservative values, even if
critical periods rarely occur. Alternatively, one can use APC techniques to reduce the
amount of active power injected by the PV inverters, as the voltage at their buses
increases above a certain value. In this way, the installed PV capacity and energy yield
can be increased while preventing overvoltages. Chapter 3 investigates a number of
approaches for sizing and controlling the PV power generated by 12 net-zero energy
houses equipped with large rooftop PV systems. These are connected to a typical
240 V/75 kVA Canadian suburban radial distribution feeder benchmark, which is used to
assess the overvoltage occurrences and losses in LV residential feeders. Two droop-based
APC techniques for overvoltage prevention in radial LV feeders are also presented as a
means of increasing the installed PV capacity and energy yield. In the first scheme, all
PV inverters have the same droop coefficients. A design approach for the droop
coefficients is proposed. Using this scheme, PV houses downstream from the LV
transformer incurred higher generation losses than the ones located upstream. The main
contribution of this chapter is the design of a droop-based APC scheme that shares the
power curtailment among the PV units in a certain feeder. The proposed droop
coefficients are different so that they share the total active power curtailed among all PV
inverters/houses and, consequently, share the household losses in revenue. Simulation
results using PSCAD demonstrate the effectiveness of the proposed schemes and show
that the option of sharing the power curtailment among all customers comes at the cost of
an overall higher amount of power curtailment. The reduction in the installed PV capacity

and the diversification of the azimuth angle (PV panel orientation) are analyzed as
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candidate solutions for overvoltage prevention. One contribution is the evaluation of the
performance of the different approaches presented in terms of overvoltage occurrence.
This is done by examining the sharing of the burden for overvoltage prevention per house
and total energy yield of the residential PV feeder in a one-year period simulation study,
with typical solar irradiance and load profiles. This study provides quantitative values to

support the assessment of the overvoltage prevention solutions.

As discussed previously, renewable energy sources such as PV have great potential for
reducing fuel consumption in diesel-based autonomous systems. However, the fluctuating
and intermittent nature of these sources can give rise to a number of problems in
autonomous systems (mini-grids) with high-penetration of non-dispatchable renewable
that have reduced or non-existent storage units. Chapter 4 discusses the use of a
frequency x power droop control strategy for curtailing the output power of PV inverters
during periods of excess of power in a diesel-dominated mini-grid. This approach reduces
the operation of the diesel genset under part (low) load conditions, thereby reducing
frequency variations in the mini-grid and it can also reduce fuel consumption. In addition,
if an increase in the PV installed capacity occurs in the feeder, the dump load(s) does not
need upgrading to avoid reverse power flow and low load operation of the genset. A
benchmark is used for the evaluation of part load operation of LV residential diesel-based
mini-grid and the impact on fuel consumption. The effectiveness of using the frequency x
power droop-based APC scheme is also assessed for reducing part load operation of
diesel-based mini-grids. The theoretical analysis is verified by means of digital
simulations with PSCAD. The main contribution of this chapter is the use of statistical

information about the load and PV power generation profile to provide an estimation of
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part load operation, yearly energy yields, and fuel consumption for different protection
schemes to reduce part load operation using the PV-diesel mini-grid benchmark. Chapter

5 presents a summary, with the main conclusions from this study.
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2. VOLTAGE REGULATION IN RADIAL DISTRIBUTION
FEEDERS WITH HIGH-PENETRATION OF DISTRIBUTED

GENERATION

This chapter focuses on the impact of the resistance-reactance ratio (K = R/X) of LV and
MYV feeders, as well as on the net power factor and reactive power of the feeder buses, on
the effectiveness of using active and reactive power for regulating the voltage profile of a
radial feeder with high-penetration of PV. This can influence the choice of PV units with
overrated inverters for additional capacity of reactive power control, as presented in [40],

or power curtailment of RETs to minimize overvoltages during peak power production.

2.1. Voltage Variation in Radial Distribution Feeders with High-

penetration of PV

The proposed analysis is carried out with the simple 5-bus feeder shown in Figure 2.1.
Bus 1 is the substation (slack/reference bus) where the voltage magnitude can be
regulated by means of taps. The total feeder impedance is equal to 0.02 pu, which would
represent an approximately 100 (200) m feeder in a LV (MV) system, where four
sources/loads would be connected. The resistance-reactance ratio of the feeder impedance
varies between 0.25 and 5 to represent MV and LV feeders [72]. The loads are assumed
to be uniformly distributed through the feeder buses. Identical PV inverters are placed at
the last four buses to represent a solar neighborhood. The total load (active power) of the
system under study varies from 1 pu net load to — 1 pu, where 1 pu is the substation or

transformer capacity. Negative load means that the feeder is producing power. It is
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assumed that the net reactive power of each node can be changed by means of the
reactive power supplied/absorbed by the PV inverter. Figure 2.2 shows how the voltage
at bus 5 varies with the net active power in the unity power factor buses, for feeders with
different resistance-reactance ratios, using a Newton-Raphson load flow algorithm
written in Matlab®. Note that the feeder impedance per meter, in this case, is constant and
that the feeder power is uniformly distributed through the 4 nodes. One sees that feeders
with large resistance-reactance ratios (same impedance) yield larger voltage variations as

the net active power varies.

Figure 2.1.  5-bus system.
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Figure 2.2.  Voltage in bus 5 for different feeder resistance-reactance ratio (K) and

UPF.
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The same happens with the total feeder losses, as noted in Figure 2.3 (the transformer
losses have been neglected for simplicity). As the resistance-reactance ratio of the feeder
increases, so do the losses, since the losses are proportional to IR, where I is the RMS
value of the current and R the feeder resistance. Figure 2.3 shows asymmetry, which can
be explained as follows: If the power consumed/generated by the buses is assumed
constant when the feeder is behaving as a net producer, the voltage in the feeder rises,
thereby reducing the current circulating in the feeder, and consequently the losses for a

given bus power level.
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Figure 2.3.  Total losses for different feeder resistance-reactance ratio (K) and UPF.

2.2. Voltage Sensitivity to Active and Reactive Power

The first order sensitivity analysis method is used to obtain a quantitative measure of the
impact of the variation of the active and reactive power of the inverters on the variation
of the magnitude of the voltage at the radial distribution feeder. The impedance

characteristic (K = R/X) of the feeder is varied, as is the total net load/source power
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factor. From power (load) flow analysis, one obtains the sensitivity matrix shown in

equation (2.1):

* oy e 2
|1 0 as ov | _|oP 00
V{O |VJ 9 12 oo
00 oV oP 00 (21)

The voltage sensitivity matrix is composed of 4 sub matrices (Syyn, m = 1, 2, n = 1, 2)
with partial derivatives that portray the variation in the voltage magnitude and angle of
the buses due to variations in active and reactive power at each bus. Sub-matrices Sy»;
and Sy, are used for the analysis of voltage variation. Theoretical validation of the results
obtained from the sensitivity analysis is obtained for the load flows of two cases for the
system with K = 5 shown in Figure 2.1. In the first case, the system is fully loaded, with
total load of the feeder equal to 1 pu. The second case considers that all buses behave as
energy suppliers, from the PVs, with UPF. The sensitivity matrices for the first and
second cases are presented in (2.2) and (2.3), respectively. The sign of each element
indicates whether injecting P or Q should generate a voltage rise (drop) if positive
(negative). This chapter focuses on the variation in voltage due to active and reactive
power injection; therefore, the sub matrices of particular interest are Sy,; and Sy,2. Sub-
matrices Sy;; and Sy;> will be used along with Sy,; and Sy,; to investigate the impact of

the net active and reactive power at the buses on the losses of the distribution system.

The meaning of each element in these sub matrices is to be interpreted as the variation
that would happen in the voltage profile in a certain bus in the case of a hypothetical
injection of 1 pu of active power for Sy»; or 1 pu of reactive power for Sy», at a certain

operating point. These matrices also provide information regarding the amount of energy
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that would be necessary to regulate the buses to a certain value. Figure 2.4 presents the
voltage profile in each bus for the two discussed cases. In case 1, where the buses behave
as loads, the voltage in bus 5 reaches 0.95 pu. It is 1.045 pu for case 2, where the buses
behave as generation. For voltage regulation in bus 5 (to 1 pu), using active power, the
amount to be injected can be calculated from Sy;;, line 4 row 4, 0.0725 pu (0.0780 pu for
case 2). Consequently, (1-0.95 pu)/0.0725 pu =0.68 pu of active power needs to be
injected into bus 5 to bring it to 1 pu voltage (- 0.58 pu of active power for case 2). In the
same figure, the new voltage profile regulating the voltage to 1 pu is plotted in order to
validate the results. For the sake of comparison, in case 1, if reactive power is used to
regulate the voltage, the amount to be injected could be calculated from Sy», line 4 row
4, 0.0150 pu (for cases 1 and 2). Therefore, (1-0.95 pu)/0.0150 pu = 3.3 pu (3.0 pu for
case 2) of reactive power would be needed in bus 5 to bring it to 1 pu voltage. Thus, for
this feeder, adjusting the active power flow is more effective in regulating the voltage

magnitude the system than is reactive power control.

[0.0036 0.0036 0.0036 0.0036 | -0.0184 -0.0184 -0.0184 -0.0184]
0.0035 0.0070 0.0070 0.0070 | -0.0184 -0.0363 -0.0363 -0.0363
0.0035 0.0069 0.0104 0.0104 | -0.0184 -0.0363 -0.0537 -0.0537
0.0034 0.0069 0.0103 0.0137 | -0.0184 -0.0363 -0.0537 -0.0710
0.0184 0.0179 0.0176 0.0174 | 0.0038 0.0038 0.0038 0.0038
0.0184 0.0364 0.0357 0.0354 | 0.0038 0.0075 0.0075 0.0075
0.0184 0.0364 0.0543 0.0538 | 0.0038 0.0075 0.0113 0.0113
0.0184 0.0364 0.0543 0.0725 | 0.0038 0.0075 0.0113 0.0150

] (2.2)

[0.0039 0.0039 0.0039 0.0039 | -0.0191 -0.0191 -0.0191 -0.0191]
0.0040 0.0080 0.0080 0.0080 | -0.0191 -0.0388 -0.0388 -0.0388
0.0041 0.0082 0.0123 0.0123 | -0.0190 -0.0388 -0.0591 -0.0591
0.0041 0.0083 0.0124 0.0166 | -0.0190 -0.0388 -0.0590 -0.0796
0.0191 0.0198 0.0202 0.0204 | 0.0038 0.0038 0.0038 0.0038
0.0191 0.0388 0.0396 0.0401 | 0.0038 0.0075 0.0075 0.0075
0.0192 0.0388 0.0586 0.0592 | 0.0038 0.0075 0.0113 0.0113
0.0192 0.0388 0.0586 0.0780 | 0.0038 0.0075 0.0113 0.0150

] (2.3)
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Figure 2.4.  Voltage profile for two cases. 1 — Buses fully loaded and 2 — Buses in full
production and the regulation of voltage in bus 5 to 1 pu in both cases, using the

sensitivity results for the last node.

The determinants of sub-matrices Sy,; and Sy,, are used as a means of comparing the
effectiveness of varying active and reactive power uniformly in all buses, on the bus
voltages. The determinant of the sensitivity matrix at a given load point gives important
information about the behavior of voltage near that point. The absolute value of the
determinant gives the factor by which the voltage expands or shrinks volumes near the
operation point [73]. Figure 2.5 and Figure 2.6 present the variation in the determinant of
the sub matrices regarding voltage magnitude variation as a result of active power and
reactive power variations for different net load levels, still with UPF, and for different
feeder characteristics. LV feeders, with larger K ratios, show a higher value of the
determinant of the sensitivity matrices due to active power injection variation (Sy,; in
Figure 2.5) than is seen for the reactive power injection case (Sy,, in Figure 2.6). The

trend is the opposite for MV feeders. This means that for the same amount of active and
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reactive power variations, a larger variation in the voltage magnitude is achieved with
active power injection for LV feeders. In addition, the voltage sensitivity to active power
variation (gain) increases as the load level rises, as the sensitivity terms are dependent of
the voltage level. The rate of variation of gain also increases in the same fashion. The
opposite effect is seen for voltage sensitivity to reactive power variations. MV feeders,
with smaller K ratios and more reactive characteristics, present higher voltage sensitivity,

which decreases (gain) as more active power is absorbed.

Figure 2.7, Figure 2.8, Figure 2.9 and Figure 2.10 present the variations of the
determinant of the sub matrices with respect to voltage magnitude variation due to active
power injection and reactive power injection. The relationship is shown with the total
load level of this system for different lagging PFs. In Figure 2.7 and Figure 2.8, the
feeder is assumed to have an impedance ratio K = 5. For the sub matrix related to active
power variation, in Figure 2.7, one sees that the power factor of the bus has a relatively
small impact on the gain for S > 0, where S is the apparent power (S = P+jQ). The gain
tends to increase as the load consumes more apparent power, S > (. The gain variation
with PF variation is larger for loads with S < 0, reaching a 5% difference for S = -1 pu.
Loads operating with UPF present the larger variation of gain (10%) as the bus power
varies from -1 to 1 pu. In contrast, in Figure 2.8, where the sub matrix is related to
reactive power variations, the absolute value of the gain increases when the power factor
decreases. It is lowest at no-load and highest at -1 and 1 pu power. However, it is still
three orders of magnitude lower than the sensitivity to active power variations and is

therefore negligible for voltage regulation purposes.
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Figure 2.5.  Voltage magnitude sensitivity with respect to variations in P for different

net load levels with UPF and for different feeder impedances characteristics.
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Figure 2.6.  Voltage magnitude sensitivity with respect to variations in Q, for different

net load levels with UPF and for different feeder impedances characteristics.
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Figure 2.7.  Voltage magnitude sensitivity with respect to variations in P, for different

net load levels with variable PF and for a typical LV feeder (K = 5).
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Figure 2.8.  Voltage magnitude sensitivity with respect to variations in Q, for different

net load levels with variable PF and for a typical LV feeder (K= 5).

For buses with a leading power factor, not shown, the results are quite similar to the
lagging power factor load for the active power sub matrix. Nevertheless, for the reactive
power sub matrix, the relationship changes. The sensitivity to Q decreases with the power

factor. Figure 2.9 and Figure 2.10 show the curves of variation of sensitivity for different
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PFs for K = 1. Note that the determinant values of both matrices regarding active and
reactive power are now similar. Note also that the gains for both sensitivities increase for
loads with lower PF (lagging). As for the previous value of K (large), for buses with
leading power factor (not shown), the results are also quite similar to the lagging power

factor load for the active power sub matrix.

However, for the reactive power sub matrix, the relationship again changes. The
sensitivity to O decreases with the power factor. In this case, the voltage rise can be
obtained for all loads PFs by increasing the amount of active and reactive powers
supplied at each bus. The gain of sensitivity, however, would change with the power

factor, being the largest for lagging reactive power and smallest for leading reactive

power.
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Figure 2.9.  Voltage magnitude sensitivity with respect to variations in P, for different

net load levels with variable PF and for a feeder with K = 1.
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Figure 2.10. Voltage magnitude sensitivity with respect to variations in Q, for different

net load levels with variable PF and for a feeder with K = 1.

The sensitivity analysis showed that active power variation has a greater impact in
voltage variation than did reactive power variation for feeders with large R/X ratios. The
sensitivity of voltage magnitude to active power variation is also larger for net load buses
than for net generator buses, which are more relevant for the limitation of voltage rises
for systems high-penetration of PV. Thus, reactive power injection in LV systems had a
lower impact in voltage regulation than did active power; however, for MV systems, this
strategy becomes more attractive since the sensitivity matrix for reactive power variation

results in gains comparable to those of active power variation.

2.3. Feeder Impedance Loss Sensitivity to Active and Reactive

Power

A first order sensitivity analysis was used to obtain a quantitative measure of the impact
of the variation of the active and reactive power of the inverters on the variation of the

feeder impedance losses at the radial distribution feeder. Let us consider the losses
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referred to in the first line segment of the feeder of Figure 2.1. Equation (2.4) presents the

losses in this part of the feeder:

where,

7, =V, (cos(8,)+ jsin(&}))

V,=V,(cos(8,)+sin(d,))

raesonf ol ) )

"2 are the voltage amplitudes in buses 1 and 2, respectively,

"2 are the complex voltage vectors in buses 1 and 2 respectively,

01 are the voltage angles in buses 1 and 2, respectively,

Zinis the complex line impedance connecting buses 1 and 2.

(2.4)

Expanding this expression, one obtains the feeder impedance losses between bus 1 and

bus 2:

L. =

V2 (K cos(25,)+sin(26,))+ V,? (K cos(25,)+sin(26,))- 20V, (kcos(s, +3,)+sin(8, +6,))

12

|z, |VK? +1
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Using the chain rule and the voltage sensitivity data obtained previously, the derivative of

losses in relationship to active and reactive power variations may be expressed in

equations (2.6) and (2.7), respectively:

OL oL 6V oL 66 oL ov, aL 00,
oP 6V oP 65 oP 6V P 65 P

OL LV, L35 OLaV, oL 3o,
30 oV, 00 85,00 o, 00 85, 00

where,

oL 2V, (sin(25,)+K cos(25,)) -2V, (sin (5, +5,)+ K cos (6, +6,))

o |z, VK +1

oL 2177 (cos(26,) ~ K sin(26,)) - 21V, (cos (8, +6,) — K sin (6, + 6, ))

a5, |z, VK2 +1

oL 2V, (sin(26,)+K cos(25,)) -2V, (sin (6, +3,)+ K cos (5, +5,))
o, |ZL12|\/K2+1

oL 2V, (cos(26,)—Ksin(26,)) -2V ¥, (cos(, +6,)— K'sin (6, +3,))

06, |2, VK +1

(2.6)

2.7)

(2.8)

(2.9)

(2.10)

2.11)

Note that the voltage sensitivity matrix is used to obtain the loss sensitivity as well as the

partial derivatives of equation (2.5), as seen in equations (2.6) and (2.7).
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The loss sensitivity matrix is composed of 2 sub matrices (Sy, m = I, 2) with partial
derivatives that portray the variation of the losses in the feeder due to variations in active

and reactive power at each bus:

oL oL
S == =
oP 60

Figure 2.11 and Figure 2.12 present the variation of the determinant of the sub matrices

(2.12)

regarding loss variation as a result of active power and reactive power variations
respectively for different net load levels (S), still with UPF, and for different feeder
characteristics for the feeder configuration presented in Figure 2.1. The effect on losses
of varying active and reactive power is increased for higher net load level. As the voltage
decreases when the bus loading increases, variations in terms of active and reactive
power leads to larger variations in current. Since losses are proportional to I’R, where R
is the resistive portion of the line impedance, an asymmetry shows in the curve. For
feeders with higher resistance-reactance ratios (LV), this effect is increased with regards
to active power. Note also that, in LV feeders, the injection of reactive power does not
produce as great a loss variation than if active power is injected. This is due to the fact
that the losses are a function of the RMS value of the current circulating in the feeder,

which is dependent on the voltage sensitivity, as shown in (2.6) and (2.7).

Figure 2.13 and Figure 2.14 present the effect of lagging net power factor on losses due
to active and reactive power respectively in a typical LV feeder. When the net power
factor is decreased, it reduces the active power variation effect in the losses. However,

the reactive power variation effect would be increased. This means that if a strategy of
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voltage regulation based on reactive power variation is used, when the feeder is behaving
as a net producer, the effect on losses of reactive power injection is increased as the net

power factor will be decreased and, consequently, the loss variation should be increased.

dL/dP [p.u./p.u.]

Total Load [p.u.]

Figure 2.11. Loss sensitivity with respect to variations in P, for different net load levels

(UPF) and for different feeder impedances characteristics.
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Figure 2.12.  Loss sensitivity with respect to variations in Q, for different net load levels

(UPF) and for different feeder impedances characteristics.
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Figure 2.13.  Loss sensitivity with respect to variations in P, for different net load levels

with variable PF and for a typical LV feeder (K =5).

x10°
7 T T L
| | PF =1.00
P I | == PF =0.98
| | === PF =0.95
! I e PF =0.90
5] S T °* PF=085|]
— | |
S X | ‘ X PF=0.80
Q_- 4t-—————— - 4 - - — - - — Lo
=} | | |
& |
Qabe - T R (A
3
©

Total Load [p.u.]

Figure 2.14. Loss sensitivity with respect to variations in Q, for different net load levels

with variable PF and for a typical LV feeder (K= 5).
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2.4. Effect of Voltage Regulation with Active Power Curtailment

and Reactive Power Injection in Feeder Losses.

Figure 2.15 presents the ratio of reactive power vs. active power necessary to vary the
voltage for a certain amount in bus 5, based on the sensitivity values for different kinds of
feeders. For a LV feeder with K =5, as 5 (K) times as much reactive power than active
power is necessary to regulate the voltage at the same bus. This rule of thumb may also

be applied for different K values.
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Figure 2.15. Proportion of reactive power per active power needed to vary the voltage

the same amount.

Regarding feeder losses, using the voltage and loss sensitivity values allows the impact of
using active power or reactive power to be demonstrated in the voltage regulation task in
the feeders. The variations in losses for a given variation in voltage, achieved with
different variations of active and reactive power, are presented in (2.13) and (2.14)

respectively. As an example, if one wishes to increase the voltage at that bus by 5% (AV)
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by means of active power, and knowing the sensitivity to losses and voltage in that node,

equation (2.13) could be used to estimate the effect on the losses. The same is valid for

reactive power using equation (2.14).

AL, :APa—L:AVa—Pa—L

OP oV oP (2.13)
AL, =20 L - oy Q0L

g o (2.14)

Figure 2.16 and Figure 2.17 show the effect of varying the voltage in bus 5 on losses
using active and reactive power, respectively. Considering the loss variations, both
strategies behave similarly. However, when active power is curtailed, feeder current is
reduced, so there will be a reduction in the feeder losses. With reactive power control, the

RMS value of the current is increased, and so are the feeder losses.
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Figure 2.16. Loss variation given a voltage variation in bus 5 using active power as

regulation means.
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Figure 2.17. Loss variation given a voltage variation in bus 5 using reactive power as

regulation means.

2.5. Conclusions

This chapter discussed the use of active and reactive power control for preventing
overvoltages in systems with a high penetration of RETs. A method is proposed for the
analysis of the impact of varying active power and reactive power on the voltage and
losses of a radial LV distribution feeder with uniformly distributed loads and non-
dispatchable (active power) sources based on the sensitivity analysis of the feeder. A
simple radial feeder with 5 buses and with PV generation and local loads distributed
uniformly was used in this study. The feeder impedance characteristic plays an important
role in the choice of the most effective approach. The voltage in feeders with large ratios
R/X, common in LV feeders, can be regulated with lower variation of active power than
with reactive power. In other words, voltage regulation with reactive power is less
effective in LV feeders than in MV ones. Next, a method was developed to obtain the

feeder loss sensitivity to prevent overvoltage by means of active and reactive power
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control. The use of reactive power control results in more losses in the feeder, which can
possibly offset the additional active power injected by the PV inverters, if no active
power is curtailed. On the other hand, with active power control, one can achieve both
voltage regulation and feeder loss reduction. Reactive power control is indicated more for
MV feeders, which typically present a smaller ratio R/X. The net power factor of the
buses was also shown to change the behavior of the sensitivity matrix, but the effect of
line characteristics is stronger in the definition of the voltage regulation strategy.
Inductive buses (load plus reactive power of the inverter) decrease the sensitivity of the
voltage magnitude to active power injection variation in LV feeders when the feeder is a
net load. However, they increase the sensitivity when the buses are net producers of

active power.
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3. APC OF GRID CONNECTED PV INVERTERS FOR

OVERVOLTAGE PREVENTION

In this chapter, the effectiveness of four techniques are assessed and compared for LV
residential feeders with high-penetration of PV. Two passive methods are used as
reference for performance assessment of two active methods, where the first one is to
reduce the installed PV capacity to prevent overvoltage. The second method is based on
the use of residential rooftop PV systems with different values of azimuth, which should
reduce the peak and widen the shoulders of the PV generation curve for the feeder [74].
The third and fourth are active methods that are easily implemented in the PV inverter,
and that curtail the active power injected into the feeder as a function of the local voltage
[8, 12, 58, 59]. The main advantages of these APC techniques are that they allow the
installation of relatively larger PV systems without the risk of overvoltage. The reduction
in active power injection only happens when, and if, overvoltage is about to occur. In one
of the active methods, the same coefficients are used in all PV inverters. One issue worth
discussing is the contribution, in terms of active power curtailed, of each inverter so as to
prevent overvoltage in the feeder. PV inverters located further from the low voltage
transformer will have higher local voltages and therefore will have more power
curtailment than those closer to the transformer. This will certainly have a negative
impact on their revenues from PV power injection. To overcome this problem, a new
approach that allows the equal sharing of the APC required to prevent overvoltage among

all inverters is presented. In such a case, the inverters will present different APC
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parameters, chosen as a function of the feeder characteristics and position of the inverters

in the feeder.

As discussed in Section 1.1.1, CAN CSA C22.2 No. 257-06 [20] specifies the electrical
requirements for inverter-based micro-distributed resource system interconnection to LV
grids in Canada. This standard recommends using the CSA CAN3-C235 [21] as guidance
for appropriate distribution system steady-state voltage levels. Based on these standards,
for single-phase connection, normal operating conditions (NR — Normal Range) occurs
when the voltage level is within 0.917 and 1.042 pu. During extreme operation
conditions, the steady-state voltage limits are 0.88 pu and 1.058 pu. As most Canadian

utilities adopt the CAN3-C235 [21] limits, these will be adopted in this study.

Section 3.1 presents the candidate techniques for overvoltage prevention. Section 3.2
introduces the benchmark. Section 3.3 presents the design considerations for the droop-
based APC schemes and shows how the system’s voltage profile changes with the net
power generated/consumed for different voltage prevention schemes. The system’s
voltage profile for a 24-hour period with typical PV generation and load profiles is shown
in Section 3.4. Section 3.5 presents a one-year simulation study using PSCAD to estimate
the energy yields and overvoltage occurrences for the feeder under study. Section 3.6
presents an estimation of yearly energy yields to evaluate the performance of the APC
schemes with azimuth diversification of the PV panels. Finally, the conclusions are stated

in Section 3.7.
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3.1 Candidate Techniques for Overvoltage Prevention in LV PV

Residential Feeders

Section 1.1.2 discussed the voltage control solutions available for LV feeders with high-
penetration of PVs. The azimuth diversification of PV panels can support the voltage
control task reducing the PV power generation peaks. The main limitation of reducing the
secondary LV transformer voltage, namely adjusting the tap (assuming that the tap
cannot be changed frequently), is being able to find a setting that can be used for rated
and no generation of PV without violating the voltage limits. Upgrading the conductors is
a very effective but expensive approach, especially for underground feeders. The addition
of voltage regulators introduces another unreliability factor into the system, which should
be considered by LDNOs. Reactive power control may result in higher currents, and
losses, in the feeder and also in lower power factors at the input of the feeder. This is
especially true in LV systems, where voltages are less sensitive to reactive power due to a
“more resistive” feeder characteristic. The apparent power of the inverters might also
have to be increased. Demand side management requires significant investments in
control and communication infrastructure. Energy storage units are usually expensive and
the cost benefit ratio can be low if they have to be sized to store the surplus of high

penetration RETs.

Three techniques are considered in this thesis that do not require communication
infrastructure and do not need investments from the utility. First, the reduction of the
installed PV capacity is discussed, which is the main approach used. This is followed by

looking at the impact of diversifying the solar panel orientation (azimuth). The third
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technique involves the APC of PV inverters. The option of APC seems very attractive
because it requires minor modifications in the RET inverter control logic. It is also only
activated when needed, thereby minimizing the amount of curtailed active power, also
known as output power losses (OPL). In addition, no communication infrastructure is
required. APC still allows the deployment of larger amounts of PV without the need for

impact assessment studies.

3.1.1. Reducing Installed PV Capacity

Overvoltage happens mainly when the net generation in the feeder exceeds a certain
amount, causing the voltage rise in the feeder to exceed the operational limits. As
discussed in Section 1.1, residential loads cannot be correlated with PV generation. Thus,
a maximum installed PV capacity can be defined based on typical characteristics of the
feeder in order to prevent the voltage rise in the feeder from being sufficient to be
considered a case of overvoltage. This would reduce the maximum instantaneous active

power generation and, consequently, the yearly energy yields of the feeder.

3.1.2. Diversifying the Azimuth of the Rooftop PV Systems

As presented in Section 1.1.2.2, if one varies the azimuth angle of the PV systems around
the ideal value, one can reduce the total peak net generation in the feeder and increase the
generation at non-peak times and, consequently, reduce the probability of incurring
overvoltages. This will not drastically affect the yearly net energy generation level, but

can provide a smoother peak hour generation.
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3.1.3. Droop-based APC

Droop control is a well-known technique used for operation and power sharing among
generators connected in parallel. It primarily relates active power with frequency. In LV
systems, the relationship of voltage with active power is stronger than with reactive

power, given the highly resistive line characteristics [8, 14].

Grid-tie inverters are typically controlled as current sources with maximum power point
tracking (MPPT) algorithms. In this chapter, the actual power injected by the inverter is

proposed as a function of the bus voltage (V) according to:

:PMPPT_m(V_Vrri) (31)

inv

for V>V, and Piny > 0. Here, Pyppr is the maximum power available in the PV array for
a given solar irradiance (kW), m is a slope factor (kW/V) and V,,; is the voltage (V) above
which the power injected by the inverter is decreased with a droop factor. For V <V, ,
the inverter injects Pyppr, as most PV inverters do. It uses local voltage to define how
much power should be curtailed from each PV inverter. The droop coefficients of the

inverters (m and V,,;) can be selected in order for the inverters to comply with the voltage

limits at their connection buses. The logic used to implement (3.1) is shown in Figure 3.1.
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Figure 3.1.  Droop-based APC of the PV inverter.

3.2 Net-zero Energy PV Benchmark

This Section describes the model of an overhead residential sub-urban feeder used in this
study. The system was modeled based in [75], using a section of the LV part of the feeder

with a total of 12 net-zero energy houses from the residential neighborhood.

The neighborhood under investigation, presented in Figure 3.2, has a 75 kVA, single-
phase transformer, 14.4 kV - 120/240 V and the feeder has a total length of 120 m. This
transformer does not present an on-load tap-changer and the voltage regulation is done in
the MV side substation. The backbone of the feeder is 100 m long with 2 live wires
twisted around a grounded neutral cable (NS 90 3/0 AWG). Along this circuit, 12
customers are connected in pairs to a splice every 20 m. The service entrance consists of
2 wires supported by a grounded neutral steel cable (NS 90 1/0 AWG) and has a length of

drop of 20 m.
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Figure 3.2.  Overhead residential test feeder configuration.

The house characteristics for the voltage profile studies is based on the Alstonvale net-
zero energy solar house (ANZH) [76, 77]. It is able to generate as much energy as it
consumes in one year and was one of the winners of the EQuilibrium Initiative, a
Canadian competition of sustainable houses that took place in 2006-2007. The ANZH
presents a building integrated photovoltaic thermal (BIPV/T) rooftop system, which is
capable of generating 22 kWp of thermal energy and 8.4 kWp of electrical power. The
annual electricity generation expected from this house is about 10,000 kWh, which is
estimated to match the annual consumption of the ANZH with a plug-in hybrid electric

vehicle (PHEV) [76, 77]. The PV inverter and the house load models both use a voltage
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dependent current source to represent the instantaneous active and reactive power
load/generation of the houses/PVs. A basic inverter protection for voltage trip limits was
modeled following Canadian standards [22, 23]. The voltage disconnection thresholds are
0.88 and 1.1 pu and the reconnection thresholds are 0.89 and 1.09 pu for undervoltage

and overvoltage, respectively.

PSCAD® was chosen as the simulation platform in this study. The transformer, PI section
lines, loads, and branches are implemented using standard library models. The single-
phase line parameters are given in Table I. Figure 3.3 shows the configuration of the

transformer model. Table II provides the low voltage transformer parameters.

TABLE I - SINGLE-PHASE PI SECTION LINES PARAMETERS (PER LINE CONDUCTOR)

Drop Lines Pole-Pole Lines
R 0.549 Q/km 0.346 Q/km
L 0.23 mH/km 0.24 mH/km
C 0.055 pF 0.072 puF/km
R1 ﬁﬁuﬁf\ o AALZAA R2

\7

V1 Rm Lm

L3 V3

. —o m—&—‘

YYYYYYN

Figure 3.3.  Transformer model.
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TABLE II - LV TRANSFORMER PARAMETERS

S 75kVA L; 0.02pu L,; 0.025pu

Vi 144kV V,; 120V R, 500pu

R; 0.006pu R,3 0.012pu L, 500pu

3.3. Basic System Operation and APC Design Approaches

Three case studies are investigated to verify how the system’s voltage profile changes
with the net power generated/consumed, without an overvoltage prevention scheme and
with the proposed droop-based APCs. For the sake of simplicity, all houses are assumed
to present identical load characteristics. A study with the houses presenting different load
profiles is shown in the following Section. The loading/generation of the 12 houses is
assumed to vary between 75 kW net load (transformer capacity) to 75 kW net generation
at a unity power factor. Although the total PV capacity installed in the system is
100.8 kW, a minimum load is considered to be always present in this system, resulting in
a maximum net generation of 75 kW during peak generation and low loading period in
the feeder. The voltage in the secondary of the transformer was set at 1.02 pu, in order to
allow a maximum 5% voltage drop in the last customer meter when the 12 houses

consume 75 kW.
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The first case corresponds to the standard approach where the PV inverters operate with
MPPT until, if ever, the voltage at their point of connection reaches 1.1 pu, when they
would shut down. Results for this scenario are presented in Figure 3.4. One sees that the
voltage in the last two houses (H 11/12) reaches the CSA CAN3-C235 limits for normal
operation (NR) (1.042 pu) only for net generation above 27 kW (2.25 kW/house, ~36%
of the LV transformer capacity). The limit for extreme operation (1.058 pu) is violated
starting at 47 kW (3.92 kW/house, ~63% of the LV transformer capacity), which is well
below the inverter’s overvoltage protection (trip) threshold of 1.1 pu in all parts of the
feeder. One can take this value as the maximum amount of PV that can be installed in the

feeder without overvoltage prevention measures, as the minimum load considered in this

3.3.1. Base Case

study is not necessarily present in the system at all times.
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Figure 3.4.  Voltage profile in the LV feeder at the point of connection of each house.
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3.3.2. Droop-based APC Design and Results

The second case considers that all PV inverters are controlled with droop-based APC and
present the same droop coefficients. The droop parameters should be selected so that
APC only occurs for local voltages between 1.042 pu (maximum voltage level in NR)
and 1.058 pu (extreme operation conditions). V., is defined as the voltage where the

curtailment starts: 1.042 pu. In a 240 V rated system, it is 250 V.

The droop coefficient m is obtained by (3.2). The PV inverters’ active power is curtailed
linearly with the local voltage (V), starting at V,,; up to the voltage limit of 1.058 pu, or
254 V, when the PV inverters should not inject any power. The m coefficient is obtained
dividing the power to be curtailed in this period by the voltage variation. For a 8.4 kW

PV system, it is:

P
m= pv max :21k_W

I/1.058‘014 - I/1.042;m V (3,2)

Figure 3.5 presents the feeder voltage profile with the droop-based APC. In this case, the
maximum voltage found was ~1.052 pu at the end of the feeder, well below the 1.058 pu

limit for extreme operation, because of the minimum local load considered in the system.

The houses downstream inject less power than the ones closer to the transformer, as can
be seen in Figure 3.6. The houses closer to the transformer were able to export full PV
power available even at maximum net power generation (Pyppr-Load = 75 kW). The last
customers were able to export just around 2.2 kW or 35% of the net power available
(6.25 kW). Thus, the PV revenues for these customers are lower than for the other

customers.
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Figure 3.5.  Voltage profile in the LV feeder at the point of connection of each house

in the presence of droop-based APC.
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Figure 3.6.  Power exported by each house with droop-based APC.
3.3.3. Droop-based APC Designed for Output Power Losses Sharing

In this last case, the inverters are also controlled with droop-based APC, but the droop

parameters are different so that the output power losses (OPL) can be equally shared
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among all inverters. The design of the droop coefficients for APC with OPL sharing
(APC-OPLYS) is based on the voltage sensitivity of the system, obtained running a
Newton-Raphson load flow in Matlab for the backbone of the LV feeder, as presented in

the previous chapter.

For the feeder under consideration, operating at 75 kW net generation, and disregarding

the drop lines, for simplicity, sub-matrix Sy, is obtained as presented in (3.3):

AV,

HilHitl _

Hj/ Hj+1

0.0509
0.0510
0.0510
0.0510
0.0510
0.0510

0.0486
0.1055
0.1056
0.1056
0.1056
0.1056

0.0468
0.1025
0.1595
0.1596
0.1596
0.1596

0.0455
0.1002
0.1564
0.2136
0.2136
0.2136

0.0447
0.0988
0.1543
0.2109
0.2682
0.2682

0.0442
0.0981

0.1532[ v
0.2095 [W}
0.2666

0.3241

(3.3)

wherei=1,3,5...11 andj=1,3,5...11.

The meaning of each element in this sub-matrix should be interpreted as the variation that
would happen in the voltage profile in a certain bus (i) in the case of a hypothetical 1 pu
variation in the injection of active power in bus j. The positive signs of all elements

indicate that by decreasing P, the bus voltages would also decrease.

The droop-based APC coefficients are designed to operate between 1.042 pu and 1.058
pu of the grid voltage. As in the basic APC scheme, V,; is defined as the voltage where
the curtailment starts. Thus, to obtain V., the voltage in the inverter bus is taken from

Figure 3.4, when the last (critical) bus reaches 1.042 pu (maximum value in the NR).

The maximum voltage expected at full generation, without APC, is 1.08 pu at the last two
houses as per Figure 3.4. The active power injected into the LV feeder must be curtailed

so as to keep the voltage at the last house within the extreme operation limit (1.058 pu).
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This corresponds to a 4V of 0.022 pu (5.2 V). Considering that the 4P should be the same

in all buses:

AP, ..
AP:#AVHH/IZJ
H1112 (34)

and that the total A4V in the last two houses should be 0.022 pu, considering the effect of

curtailing all the inverters equally, this means:

AV = AV =52V
i=1,3...11 ’ (3.5)

Therefore, the active power to be curtailed per bus with 2 houses is,

AVH]I/HIZ,I _ 5.2 [V]

s A _logé{L}
L

i=1,3..11 A Hil Hi+1

AP = =4.75kW

(3.6)

This means that each inverter should curtail AP/2 = 2.375 kW, when the feeder has the

potential to operate with net generation of 75 kW.

Using the sensitivity matrix, (3.3), the voltage at each bus after curtailment (V¢;;+/) can

be estimated using:

V _ _ AP Z AI/Hi/iJrl
Cili+l — Vili+l AP
JA3 1 Al g (3.7)

where V1 1s the voltage in the bus i/i+1 without APC.

For each bus, the droop coefficient m is obtained knowing AP and the voltage in each bus

using:
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AP

mi/i+1 ¥ 1,
Veiir = Ve (3.8)

As an example, for the last two inverters:

2.375[kW] N4

-2 s
" = 5ar]-250[1] % (3.9)

The coefficients obtained using this procedure and used in the simulation are presented in

Table I11.

TABLE III - DROOP COEFFICIENTS FOR EACH INVERTER

PV House V..[pu] m [kW/V]| PV House V..[pu] m [kW/V]

1/2 1.026 2.54 7/8 1.039 0.72

3/4 1.031 1.26 9/10 1.041 0.64

5/6 1.036 0.89 11/12 1.042 0.59

Figure 3.7 presents the feeder voltage profile with the APC-OPLS scheme. In this case,
the maximum voltage was ~1.058 pu, at the end of the feeder, validating one of the
design specifications. The sharing of the OPL among all inverters is demonstrated in
Figure 3.8. There, one sees that all the houses have approximately the same amount of
power being exported, in the region of active power curtailment, Pyppr - Proaa > 26 kKW.
The small difference in exported power occurs because only the backbone of the LV

feeder was considered to generate the voltage sensitivity matrix.
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Figure 3.7.  Voltage profile in the LV feeder at the point of connection of each house

in the presence of droop-based APC-OPLS.
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Figure 3.8.  Power exported by each house with droop-based APC-OPLS.

3.4. Performance with Different House Loads

Verification of the voltage profile and amount of active power curtailed with the

proposed schemes is important for the suburban residential feeder considering typical PV
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power generation and load profiles. In this Section, a 24 hour period is considered. The
24 h PV inverter output was estimated for Montreal (Latitude 45°55' N and Longitude
73° W) using HOMER and data taken from NASA weather information center [78] for a
clear, mild summer day. A residential load profile (type 1) based on [19] was also used in
houses 1, 4, 7, and 10. To account for load diversity, load profile type 1 was time-shifted
by two hours later to create load profile type 2, used in houses 2, 5 8, and 11, and time-

shifted by two hours earlier to create load profile 3, used in houses 3, 6, 9, and 12.

The loads and PV profiles are presented in Figure 3.9. The values represent a 10 min
average energy consumption /production, which is appropriate for a study focused on
steady state conditions. There, one sees that for about an 11-hour period (6-17 h), more
energy is being produced in the PV systems than is consumed by the loads. In this case,
the feeder would be exporting active power to the grid (transformer) which could result in

overvoltages.

Figure 3.10 presents the voltage profile at the various buses for the base case, without any
APC based overvoltage prevention scheme. Only one house connected per feeder bus is
presented, since the results are similar for the other house. The maximum voltage in the
system (1.066 pu) occurs at noon, in houses 11 and 12, at the end of the feeder. There, the
voltage exceeds the extreme operation condition from 9:40 h to 14:10 h (19% of the day).
Houses 7 to 12 experience overvoltages (above 1.058 pu) for at least a small period of
time during the day. Based on this result, and using the sensitivity information from (3.7),
the PV capacity should be limited to about 7.5 kWp per house to prevent overvoltage on

this specific day. If the conditions on this day do not correspond to the day of the year
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with maximum net power generation in the feeder, the PV capacity should be further

reduced to prevent overvoltages.
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Figure 3.9.  House load profile and PV production for a 24 h period.
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Figure 3.10. 24 h voltage profile without droop-based overvoltage prevention.

Figure 3.11 presents the voltage profile with the inverters using the droop-based APC.

None of the houses experienced voltages above 1.058 pu. The maximum voltage in the
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system (1.049 pu) occurs at noon, in houses 11 and 12. The total feeder load at this time
is 37 kW. Subtracting this from the PV power that can be obtained with the inverters
operating with MPPT (12 x 8.4 kWp) results in 63 kW. Using this value in the horizontal
axis of Figure 3.5, which was created assuming uniform load distribution in the feeder,
one obtains a voltage magnitude of 1.050 pu at the last bus of the feeder. This is very
close to the value obtained in Figure 3.11, showing that, in this case, the characteristic of
the load diversification did not have a significant impact on the magnitude of the voltage

at the last bus, the most susceptible to overvoltage in this feeder.

The power curtailed in each house by the PV inverters is presented in Figure 3.12. The
last house had almost 3 kW curtailed at noon. This amount was smaller for houses closer
to the LV transformer. On the other hand, houses 1 to 4 did not have any power curtailed

at any moment.
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Figure 3.11. 24 h voltage profile with APC.
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Figure 3.12. Power curtailed by APC in each house.

Figure 3.13 presents the voltage profile with the inverters using the APC-OPLS scheme.
As seen for the previous APC, none of the houses experienced voltages above 1.058 pu.
The maximum voltage in the system (1.052 pu) occurs at noon, in houses 11 and 12.
Knowing that the net value of Pyppr-Load is 63 kW, and using this value in the
horizontal axis of Figure 3.7, which was created assuming uniform load distribution in
the feeder, one obtains a voltage magnitude of 1.054 pu at the last bus of the feeder. This
is very close to the value obtained in Figure 3.13, showing that, in this case, the
characteristic of the load diversification also did not have a significant impact on the
magnitude of the voltage at the last bus, the most susceptible to overvoltage in this

feeder.

Figure 3.14 presents the active power curtailed in each house. At peak generation time,
this varied between 1.3 kW and 1.6 kW, which is not significant if compared to the

standard APC. The differences in the amount of APC can be justified by the different

73



house load conditions and because only the backbone of the LV feeder was considered in

generating the voltage sensitivity matrix and in calculating the droop coefficients.
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Figure 3.13. 24 h voltage profile with APC-OPLS.
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Figure 3.14. Power curtailed by APC-OPLS in each house.
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Figure 3.15 shows the power exported to the grid (primary of transformer) considering
APC and APC-OPLS. There, one sees that inverter operation with APC resulted in a

maximum exported power that was 2.6 kW larger than with APC-OPLS.

Note that the amount of APC required for preventing overvoltage depends significantly
on the net power produced in the feeder. For a given PV generation profile, the amount of
APC decreases as the power demanded by the residential loads increases. However, this
relationship is not “one to one,” since the PV inverters do not attempt to regulate the ac
bus voltages at a fixed value by means of active power curtailment in any of the methods

discussed in this Section.

50

20 = APC

= =APC-OPLS

30 1

20

10 A

Power [kW]

-10

-20

-30 4

-40

50

-60

12 18 24
Time [h]

Figure 3.15. Power exported to the grid (transformer’s primary) with APC and with

APC-OPLS.
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3.5. Estimation of Yearly Energy Yields in a Feeder with High-

penetration of PV

PV system owners are particularly interested in the energy yield (revenue) they will get
from their systems, which will be affected by the overvoltage prevention schemes.
Considering the stochastic nature of residential load and PV generation, a fair assessment
of the impact of these schemes on the PV revenues requires a long term study with
typical load and solar irradiance profiles. This is done in this Sub-Section for the LV
residential feeder benchmark with net-zero energy houses implemented in PSCAD,
considering both the APC schemes investigated in [58], as well as a passive method
where overvoltage is prevented by limiting the installed PV capacity to an appropriate

value.

3.5.1. Yearly Load and PV Generation Profiles

The software HOMER is used to estimate the load profiles and the PV inverter's power
output for each hour of one year. Two yearly load profiles were generated, in order to
consider some level of variation in the load profiles in the houses. Average daily non-
electric heated residential load data from [28] for different seasons, which also
considered weekday and weekends (Figure 3.16 and Figure 3.17, respectively), were used
as reference for HOMER to generate the yearly load data sets. December until February
was considered winter, March-May was Spring, June—August was Summer and

September—November was Fall.
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The seasonal data were then scaled in HOMER to have an annual average energy demand
of 30 kWh/day. The day-by-day and hour-by-hour random variability factors of 35% and
20%, respectively, were considered to represent the high variability characteristic of
residential loads. The houses located on the left side of the feeder were given this load
profile. The load profile box plot obtained from HOMER is presented in Figure 3.18. It
shows the mean, the maximum, and minimum average power as well as the average daily

max and min power for each month. The second load data set, attributed to the houses in
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Weekend average load profiles.
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the right side of the feeder, was generated using the same procedure, this time using the

data from [28] time shifted one hour later.

The one year hourly PV inverter output was estimated for Montreal (Latitude 45°55' N
and Longitude 73° W) using HOMER and data taken from the NASA weather
information center [78]. All of the 8.4 kWp PV arrays are considered to be south faced,
placed with a slope of 45° and having a derating factor of 0.8. The efficiency of the

inverter was assumed as 96%. Figure 3.19 shows a PV inverter average power output box

plot generated by HOMER.

The hourly data content of the load datasets and PV inverter output power were exported

monthly in CSV files and adapted to be used in PSCAD as input for the one-year study.
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Figure 3.18. Scaled load profile monthly averages for load dataset 1.
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Figure 3.19. Monthly averages for PV power generation.
3.5.2. Simulation Results

An XY table is used in PSCAD to apply the load and generation active power references.
For each of the cases studied, the simulation generated 35052 samples taken along the
8760 hours of the year, obtained through the interpolation of the input data, to give a
sampling time of about 15 min. This sampling time step was chosen considering the
compromise with simulation time. The results are exported from PSCAD and analyzed

using IBM PASW Statistics (Predictive Analytics SoftWare).

Four case studies are investigated to verify the system’s voltage and energy yields for the
original net-zero energy PV neighborhood, using reduced installed PV capacity to

prevent overvoltage and with the proposed droop-based APC schemes.
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3.5.2.1. Base Case

The first case corresponds to the standard approach where the PV inverters operate with
MPPT until, if ever, the voltage at their point of connection reaches 1.1 pu, when the

basic inverter protection for voltage trip limits [22, 23] shuts down the PV inverters.

Figure 3.20 presents the histogram of the voltage in the last house. It shows the number
of occurrences at a certain voltage level. The vertical line indicates the 1.058 pu threshold
where overvoltage occurs. There, one sees that a number of cases of overvoltage occur in
this bus. The maximum voltage found was 1.088 pu, recorded in H 12 on January on a
mild, clear day, where the load in the system was low and the generation was close to its
maximum value. The minimum voltage registered was 0.96 pu. In addition, from the data
obtained, one calculates that the average voltage presented was 1.017 pu, with a standard

deviation of 0.018 pu.
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Figure 3.20. Histogram of the voltage in the last house — number of occurrences in a

one-year period at a certain voltage [pu] - Base Case.
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Figure 3.21 shows the percentage of time that overvoltage happened in each even house
[%] when the event occurred. Houses 1 to 4 did not present any overvoltage during the
year under study. The results for the odd houses are similar, so they are omitted. An
overvoltage is seen for 5% of the samples (voltage above 1.058 pu) at the last house of
the feeder (H 12) and as the houses get closer to the transformer, the occurrence of

overvoltage at their buses is reduced.

6.0%
5.0% | ---pumaae -~ -------s-smnosonsososoososoooeoooo
40% +--- N ------- P -
3.0% +--- oo oot L

2.0% ool emeemeed e . —————————————————

1.0% --- BT As L S

0.0%

H12 H10 H8 H6

Figure 3.21. Overvoltage occurrences in each even house [%] where the event

happened.

Figure 3.22 shows the percentage of the occurrences of overvoltage by month. There, one
sees that overvoltage will occur in 7.9% of the samples in February, the worst month of
the year in this regard. Note that the ANZH is a non-electric heated house, so winter does
not necessarily increase the electrical power demand. For the whole year, overvoltage

will occur in 5% of the total samples.

Figure 3.23 presents the histogram for the power flow in the primary of the transformer.

It shows the number of occurrences at a certain power level. Negative values mean that
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power flows from the grid to the houses. The range for the power flow in the transformer

goes from -60 kW to 84 kW.

9.0%
B.0% t-----m oo

7.0% ----- I R T R R P RET R,
6.0% -
50 BB B a0
4.0% | I - .

polli 1 ::|::i::|_:l__ _______ !
- - __I__

2.0% - mm e mme e = SRR
1.0% - --- mme e e e - -B-H--B-B-B-B
0.0% 1 I I I 1 1 1 I I I 1 1
A QA X & AN e U G G
RONR NN v’z?l\\ AN QQS? & & @\"’Q/ é& <3®
S 8 N S & & &
NGl & O & &
32 <~ Q9
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Figure 3.23. Histogram of the power flow in the primary of the transformer — number

of occurrences of a certain power [kW] - Base Case.
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In addition, from the data obtained, one calculates that the transformer is on average
loaded to about -2 kW; thus, the houses consumed more power than they generated, with

a standard deviation of 22 kW.

3.5.2.2. Reducing the Installed PV Capacity (Red. PVCap)

The second case considers that the installed PV capacity was reduced from 8.4 kWp to
5 kWp per house. This reduction was defined based on the sensitivity matrix of this
system presented in Section 3.3.3 and it was calculated in order to prevent overvoltages,
considering that the maximum voltage found in the feeder in the previous case was

1.088 pu.

Figure 3.24 presents the histogram of the voltage in the last house. No cases of
overvoltage are seen in this bus or in the feeder. The maximum voltage found was 1.058
pu, as expected by the design approach, and also recorded in H 12 in January. The
minimum voltage registered was 0.96 pu. In addition, from the data obtained, one
calculates that the average voltage presented was 1.013 pu, with a standard deviation of

0.012 pu.

Figure 3.25 presents the histogram for the power flow in the primary of the transformer.
It varied between -60 kW and 47 kW. In addition, from the data obtained, one calculates
that the transformer is, on average, loaded to about -8 kW, with a standard deviation of

14 kW.
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3.5.2.3. Droop-based APC Results

The third case considers that all PV inverters are controlled with droop-based APCs and

present the same droop coefficients as shown in Section 3.3.2.

Figure 3.26 presents the histogram of the voltage in the last house. No cases of
overvoltage are seen in this bus or in the feeder and the maximum voltage was 1.052 pu,
also recorded in H 12 in January. The minimum voltage registered was 0.96 pu. Note
that, as power curtailment occurs for voltages between 1.042 pu and 1.058pu, the voltage
occurrences that were above 1.058 pu in Figure 3.20 moved to the region where the APC
operates in Figure 3.26. The occurrences for voltages below 1.042 pu are the same in
Figure 3.20 and in Figure 3.26. In addition, from the data obtained, one calculates that the

average voltage was 1.016 pu, with a standard deviation of 0.015 pu.

Figure 3.27 presents the histogram for the power flow in the primary of the transformer.
It varied between -60 kW and 53 kW. Note that, due to the use of APC, the maximum
power injected by the PV neighborhood into the MV grid decreased from 84 kW, without
APC, to 53 kW. This is the “cost” of preventing overvoltage when the net power
produced by the PV neighborhood is high. In addition, from the data obtained, one
calculates that the transformer is, on average, loaded at about -3.0 kW with a standard

deviation of 19.3 kW.
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Figure 3.26. Histogram of the voltage in the last house — number of occurrences at a

certain voltage [pu] - APC.
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Figure 3.27. Histogram of the power flow in the primary of the transformer — number

of occurrences of a certain power [kW] - APC.
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3.5.24. Droop-based APC Designed for OPL Sharing (APC-OPLS)

Assuming a maximum voltage without curtailment of 1.088 pu (261 V) and using the
design approach presented in Section 3.3.3, the coefficients for the APC-OPLS droop

function of each PV inverter are obtained and shown in Table IV.

TABLE IV - DROOP COEFFICIENTS FOR EACH PV INVERTER

House V,.;[pu] m [kW/V]|House V..;[pu] m [EW/V]

12 1.026 3.51 7/8 1.039 0.99

3/4 1.031 1.73 910 1.041 0.88

5/6 1.036 1.22 11712 1.042 0.82

Figure 3.28 presents the histogram of the voltage in the last house. No cases of
overvoltage occur either in this bus or in the feeder and the maximum voltage found was
1.058 pu, also recorded in H 12 in January. The minimum voltage registered was 0.96 pu.
Note that as the power curtailment operates from 1.042 pu of voltage to 1.058 pu, the
voltage occurrences that were above 1.058 pu moved to the region where the APC
operates. As in the previous case, the occurrences for voltages below 1.042 pu are the
same for Figure 3.20, Figure 3.26, and Figure 3.28. In addition, from the data obtained,
one calculates that the average voltage presented was 1.016 pu, with a standard deviation

of 0.015 pu.
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Figure 3.28. Histogram of the voltage in the last house — number of occurrences at a

certain voltage [pu] - APC-OPLS.

Figure 3.29 presents the histogram for the power flow in the primary of the transformer.
It varies between -60 kW and 47 kW. Note that the maximum power injected by the PV
neighborhood into the MV grid decreased using APC-OPLS. This is smaller than the
53 kW obtained with APC. This is the “cost” of sharing the OPL required for preventing
overvoltage among all inverters/houses. In addition, from the data obtained, one
calculates that the transformer is in average loaded about -3.4 kW with a standard

deviation of 18.6 kW.
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Figure 3.29. Histogram of the power flow in the primary of the transformer — number

of occurrences of a certain power [kW] - APC-OPLS.

3.5.3. Yearly Energy Yields

For each of the four cases considered in this study, the energy generated and consumed
by each house and by the PV neighborhood as a whole was obtained, together with

overvoltage occurrences.

Table V shows the energy produced and the overvoltage occurrences in the feeder for
each month. The months between March and September are the ones with the largest
energy generation. The base case has the highest overall energy production, but creates

overvoltage in the feeder.

Comparing the approaches for preventing overvoltage, simply reducing the installed PV
capacity in each house, from 8.4 kWp to 5 kWp, results in a decrease of 41% in PV

power generation.
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TABLE V - PV INVERTERS ENERGY GENERATED AND CURTAILED BY MONTH

Energy Generated [MWh] Overvoltage Occurrences [%]

Month  Base Red. PV¢,, APC APC-OPLS Base Red. PVc,, APC APC-OPLS

January 8.2 4.8 7.2 6.9 6.5 0.0 0.0 0.0

February 9.7 5.7 8.7 8.3 7.9 0.0 0.0 0.0

March 122 7.2 11.0 10.5 7.7 0.0 0.0 0.0

April 11.3 6.7 10.4 10.1 5.3 0.0 0.0 0.0

May 11.6 6.8 10.8 10.5 4.7 0.0 0.0 0.0
June 11.7 6.9 11.1 10.9 3.7 0.0 0.0 0.0
July 12.2 7.2 11.5 11.2 4.9 0.0 0.0 0.0
August  12.1 7.1 11.3 11.1 4.4 0.0 0.0 0.0

September 10.9 6.4 10.0 9.7 5.7 0.0 0.0 0.0

October 8.2 4.8 7.8 7.6 23 0.0 0.0 0.0
November 6.3 3.7 5.7 5.6 33 0.0 0.0 0.0
December 6.9 4.1 6.3 6.2 33 0.0 0.0 0.0

Total  121.2 71.6 111.8 108.6 5.0 0.0 0.0 0.0

Using the APC techniques, one can prevent overvoltage in the feeder while keeping the

original 8.4 kWp/house. The reduction in PV power generation was around 7.7% when
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all inverters presented the same droop parameters. In that case, the houses farthest from
the transformer have more energy curtailment, as can be seen in Table VI. Houses H 12
and H11 lose about 20% of their energy output by the curtailment, while the houses
closer to the transformer can profit from all its production. On the other hand, with the
APC-OPLS technique, the energy losses due to power curtailment are shared among all
the houses. Every house loses about 10% of its energy, leading to an overall decrease of

2.7% in the energy produced by the PV neighborhood with respect to the original APC.

TABLE VI - PV INVERTERS ENERGY GENERATED AND CURTAILED BY HOUSE FOR ONE YEAR

Energy Generated [MWh] Energy Curtailed [MWh]

House  APC APC-OPLS APC APC-OPLS

H12 10.1 9.2 0.0 0.9
H 3/4 10.1 9.1 0.0 1.0
H 5/6 9.9 9.0 0.2 1.1
H7/8 9.2 9.0 0.9 1.1
HY9/10 8.5 9.0 1.6 1.1
HI11/12 8.1 9.0 2.0 1.1
Total  111.8 108.6 9.4 12.6
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Table VII presents the net energy in the primary of the LV transformer, sent by the PV
neighborhood to the grid, which takes into account the losses in the feeder and in the LV
transformer itself. It shows that, in that specific year, the PV neighborhood consumed
more electricity than it produced in all cases. When the houses are equipped with
8.4 kWp each, the amount of energy required from the grid is relatively small, 16 MWh,
but the feeder is subject to overvoltages. These can be prevented by simply reducing the
size of the PV arrays to 5 kWp/house, but the amount of electricity imported increases to
66.3 MWh. Instead, one can have the 8.4 kWp/house PV arrays, producing up to this
power when the net generation is not high enough to cause overvoltage. Whenever net
power generation tends to become too high, it is curtailed with either APC or APC-
OPLS, which allows the reduction of electricity required from the grid to 26.2 MWh and

29.3 MWh, respectively.
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TABLE VII - TOTAL NET ENERGY GENERATED TO THE GRID [MWH]

Month  Base Red. PVc,, APC APC-OPLS

January  -2.2 -5.6 -3.1 -3.4
February 0.9 -3.1 -0.2 -0.5
March 1.6 -3.4 0.4 0.0
April 1.4 -3.2 0.6 0.3
May 24 2.4 1.5 1.3
June -2.3 -7.1 -2.9 -3.1
July -1.8 -6.8 -2.5 -2.8
August  -3.9 -8.9 -4.6 -4.8
September -1.0 -5.5 -1.9 -2.2
October  -3.8 -7.2 -4.2 -4.3
November -4.5 -7.1 -5.0 -5.2
December -3.6 -6.4 -4.2 -4.4

Total  -16.7 -66.3 -26.2 -29.3
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3.6. Impact of Azimuth Diversification on the Overvoltage
Occurrences and on the Yearly Energy Yields in a Feeder with

High-penetration of PV

This Section presents a study to evaluate the impact of azimuth diversification on the
overvoltage occurrences and yearly energy yields using APC and APC-OPLS in the PV
inverters. In the last Section, the results were obtained through a simulation for one year
using PSCAD. That method showed a requirement for large computational resources and
multiple simulation runs; however, it can account for variations in the load profiles of
each house. Several weeks were required to run, export, and analyze the simulation
results. In this chapter, an alternative approach is used to estimate the energy yields and
overvoltage occurrences for the same feeder. This method consists of estimating the
voltage at each node of the feeder based on the overall net-generation of the feeder. This
method uses a second order equation, obtained through a quadratic regression of the
results presented in Section 3.3. It showed a reduction in the time required to obtain the
simulation results and also to analyze them as analysis can be implemented directly in an

IBM PASW°(Predictive Analytics SoftWare) spreadsheet.

As in the previous Section, the seasonal residential load data from [28] was scaled in
HOMER; however, the annual average energy demand of 27 kWh/day is used. The day-
by-day and hour-by-hour random variability factors of 20% (both) were considered to

represent the high variability characteristic of residential loads.
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The one-year hourly PV inverter output was estimated for Montreal (Latitude 45°55' N
and Longitude 73° W) using HOMER and data taken from the NASA weather
information center [78]. Two layouts, shown in Figure 3.30 and Figure 3.31, were
considered to investigate the effect of the azimuth diversification of PV panels on the
voltage profile and overvoltage problem. In the first case, all houses are considered to be
south facing (layout I), while in the second case (layout II), 4 of these houses are
considered to be south facing, 4 houses face due southeast, and 4 others face due
southwest. In both layouts, all PV panels are tilted with a slope of 45° and are considered
to be fixed on the roof. The efficiency of each inverter was assumed to be around 96%,

and the derating factor of the panels equal to 80%.
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Figure 3.30. Layout I, where all the 12 houses face due south.
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Figure 3.31. Layout II, where 4 of the houses face due southeast, 4 due southwest and 4

due south.
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Three studies are presented to investigate the system’s voltage profile and energy yields
of the original net-zero energy PV neighborhood considering the two different layouts

and the proposed droop-based APC schemes.

3.6.1. Base Case and Azimuth Diversification

The first set of results corresponds to systems where the PV inverters do not present any
sort of active scheme to prevent overvoltage in the feeder. They operate with MPPT until,
if ever, the voltage at their point of connection reaches 1.1 pu, when the inverters shut
down. In the first case, all rooftop PV arrays are arranged to obtain maximum energy
yield (layout I) while in the second, they are arranged with different azimuth angles to

avoid the large excesses of PV power generation that results in overvoltage.

Figure 3.32 presents the histogram of the voltage level in the last house, assuming all the
houses are south facing (layout I). Basically, it shows the number of occurrences at a
certain voltage level. The vertical line indicates the 1.058 pu threshold where overvoltage
occurs. There one sees that a number of cases of overvoltage occur in this bus. The
maximum voltage found was 1.082 pu, recorded on a mild clear day, where the load in

the system was low and the generation was close to its maximum value.

Figure 3.33 presents the histogram of the voltage level in the last house of the feeder with
layout II (Figure 3.31). There, one sees that a number of overvoltage cases still occur in
this bus. However, they are fewer in number than for the previous layout. The maximum

voltage was 1.075 pu, which was lower than for layout I.
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Figure 3.34 shows the percentage of the time that overvoltages happened in each even
house for the two layouts. Houses 1 to 4 did not present any overvoltage problems during
the year under study. The results of the odd houses are similar to the even ones due to the

symmetry of the layouts; therefore, they are omitted.
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Figure 3.32. Histogram of the voltage level in the last house — number of occurrences in

a one-year period at a certain voltage [pu] - Base Case layout 1.
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Figure 3.33. Histogram of the voltage in the last house — number of occurrences in a

one-year period at a certain voltage [pu] - Base Case layout II.
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Figure 3.34. Overvoltage occurrences in each even house [%] where the event

happened.

For 6.4% of the time, overvoltages (voltage above 1.058 pu) occurred in the last
house/bus of the feeder (H 12), when all the houses’ PV panels were south facing. As the
houses got closer to the transformer, the occurrence of overvoltage problems was
significantly reduced. When the houses did not have the same azimuth (layout II), the
occurrence of overvoltage problem in the feeder was reduced. Therefore, distribution of
the panels into different azimuths could indeed reduce the occurrence and severity of
overvoltage in the feeders, but it could not eliminate it for sure, at least with the basic
design approach used in this chapter. The impact of the variation of the azimuth on the
energy yield of the feeder is shown in Table VIII, along with for the cases shown in the

following Sub-Sections.

3.6.2. Effect of Using the APC Scheme

This Section shows the impact of having all PV inverters controlled with droop-based

APC and with the same parameters as calculated in Section 3.3.2.
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Figure 3.35 shows the histogram of the voltage level in the last house, assuming layout I.
No cases of overvoltage occur in this bus or in the feeder and the maximum voltage was
1.052 pu. Note that, as power curtailment occurs for voltages between 1.042 pu and
1.058 pu, the voltage occurrences that were above 1.058 pu in Figure 3.32 moved to the
region where the APC operates in Figure 3.35. The occurrences for voltages below
1.042 pu are the same in Figure 3.32 and in Figure 3.35. Similar results were obtained for

layout II. No cases of overvoltage occurred and the maximum voltage was 1.051 pu.
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Figure 3.35. Histogram of the voltage in the last house — number of occurrences at a

certain voltage [pu] - APC layout I.

3.6.3. Effect of Using the APC-OPLS Scheme

In this study, the droop parameters of the PV inverters are different, calculated as

described in Section 3.3.3 for sharing the OPL equally among all the houses.

Figure 3.36 presents the histogram of the voltage levels at the last house, considering

layout I. No cases of overvoltage occur in this bus or anywhere else in the feeder and the
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maximum voltage was 1.058 pu. As in the previous case of operation with APC, the
voltage occurrences that were above 1.058 pu moved to the region where the APC
operates. The occurrences for voltages below 1.042 pu were also the same for Figure
3.32, Figure 3.35, and Figure 3.36. Again, no major differences were noted between the
results obtained with APC-OPLS for layouts I and II. The most noticeable difference was

the maximum voltage for layout II, which was equal to 1.056 pu.
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Figure 3.36. Histogram of the voltage levels of the last house — number of occurrences

at a certain voltage [pu] - APC-OPLS layout I.

3.6.4. Yearly Energy Yield

This Section presents the energy yields obtained in one year for each of the 12 houses
equipped with 8.4 kWp of PV in a 75 kVA LV feeder, and the total for the feeder, when
using different strategies for preventing overvoltage. A summary of the results obtained

for the various cases is shown in Table VIII.
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The maximum energy yield is obtained for the base case, where all PV arrays face south
and no APC schemes are used. However, this approach results in overvoltage in some
buses. The use of azimuth variation, which did not solve the overvoltage problem with
the simplistic design approach used, resulted in lower energy yield for the feeder due to

the lower energy yield of the houses with the non-ideal azimuth angle.

TABLE VIII - ENERGY GENERATED BY PV INVERTERS FOR ONE YEAR

Energy Generated [MWh]

House Layout I Layout 11

Base APC APC-OPLS Base APC APC-OPLS

H11/12 10.0 7.1 8.8 9.2 7.0 8.4
H9/10 10.0 7.6 8.8 9.2 7.4 8.3
H7/8 10.0 8.6 8.8 10.0 9.0 9.1
H5/6 10.0 9.6 8.8 10.0 9.8 9.2
H 3/4 10.0  10.0 8.6 9.2 9.2 8.2
H1/2 10.0  10.0 8.6 9.2 9.2 8.2
Total 120.0 105.6 105.3 113.6 103.4 102.8

Using the APC techniques, one can prevent overvoltage in the feeder while having the
desired 8.4 kWp installed per house, for net-zero energy operation. The reduction in the
energy yield of the feeder with layout I was around 7.7% when all inverters presented the

same droop parameters. In this case, the houses farthest from the transformer have more
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energy curtailed, as can be seen in Table VIII. Houses numbered as H11 and H12 lose
about 20% of their energy output due to the power curtailment, while the ones closer to
the transformer can profit from all of their production. On the other hand, when the APC-
OPLS technique is used, the energy losses due to power curtailment are shared among all
the houses almost equally. Each house loses about 10% of its energy, leading to an
overall decrease of 2.7% in the energy yield of the feeder, with respect to the original
APC scheme. A similar result is obtained for layout II with APC, but in this case, the
energy yield is lower than for layout I and sharing of the OPL among all PV inverters is
not as good as for layout I. This could be improved with an appropriate approach for
selecting the APC parameters, but there would be no significant gains regarding either the

energy yield or overvoltage prevention.

3.7. Conclusion

This chapter discussed the use of droop-based APC schemes for overvoltage prevention
in LV feeders with high-penetration of distributed PV. Two design approaches were
proposed and verified using a benchmark developed based on typical parameters found in
a Canadian suburban residential feeder with 12 net-zero energy solar houses connected to
a 75 kVA LV transformer. In the basic APC scheme, all inverters/houses use the same
droop coefficients but the contribution, in terms of APC required from each inverter for
overvoltage prevention, was different. Inverters more downstream along the feeder were
required to curtail more power than the others, which affects their revenues. An approach
that resulted in approximately equal sharing of the output power losses (OPL) among

inverters (APC-OPLS) was proposed and its effectiveness was demonstrated. However,
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this feature came at the expense of increased OPL with respect to the basic APC scheme.
The choice of either technique should be done based on the importance of sharing the
overvoltage prevention “costs” among all houses or maximizing the energy exported by

the entire feeder.

As PV system owners are particularly interested in the energy yield (revenue) they will
get from their systems, a one year simulation study was performed to evaluate the impact
of the APC techniques on the overall energy yields of the feeder and individually for the
customers, using yearly load and PV generation profiles. Installation of the desired PV
capacity for yearly net-zero energy operation, in a particular year, indicated that the
energy import of the neighborhood would be about 13% of its needs, but there would be
overvoltage occurrences in the feeder. Reducing the installed PV capacity can prevent
overvoltages; however, the solar neighborhood had to import around 50% of its
electricity needs. Arranging the rooftop PV systems with different azimuth angles (4
houses south, 4 houses southeast, and 4 houses southwest) marginally reduced the
occurrences as well as the degree of overvoltages in the feeder, but could not eliminate
the problem. Using the basic APC with the proposed design approach, allowed complete
avoidance of overvoltages and the electricity import from the MV grid was limited to
around 20% of its needs. This was closer to yearly net-zero energy than in the case where
the PV installed capacity was reduced. The contribution of each house/inverter, in terms
of APC for overvoltage prevention, also differed based on the location of the feeder. All
PV inverters used the same droop coefficients, but houses located downstream on the
feeder were required to curtail more energy than were the others (closer to transformer),

which affected their revenues. This problem was eliminated with the proposed APC-
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OPLS method that shares the output power losses (OPL) among all inverters. The
difference in energy curtailment between houses located downstream and upstream
became negligible. However, this feature came at the expense of a smaller (~3%) energy

yield for the residential PV feeder with respect to the basic APC scheme.
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4. ACTIVE POWER CURTAILMENT OF PV INVERTERS IN

DIESEL HYBRID MINI-GRIDS

The fluctuating and intermittent power characteristics of non-dispatchable RETs, such as
PVs, can lead to a number of issues in distribution systems with high-penetration of
RETs, as previously discussed. The general overvoltage issue was discussed in chapters 2
and 3. Other issues in diesel-dominated mini-grids involve frequency regulation and the
operation of the diesel genset(s) at low load conditions, leading to reduced fuel
displacement and increased maintenance costs. Typically, for the operation of multiple
generation units, droop-based governors are used in order to provide load sharing among
the units. This means that the mini-grid's frequency is proportional to the loading level of
the units. Thus, the increase in the overall power variations in the mini-grid load due to
the introduction of non-dispatchable RETs will also increase the frequency variations in
the mini-grid. Diesel gensets should also not operate below a certain minimum load for

extended periods in order to prevent carbon build-up in the diesel engine.

A common solution for these problems in storage-less systems is the use of a dump load
to increase the loading level when the load is low. This can also reduce the frequency
rise, which is a global quantity, but not necessarily the voltage rise, particularly if the
electrical distance between dump load and the point of common coupling (PCC) of the
RETs is long. Demand side management and storage units could be used; however, these
require a significant investment. Alternatively, one can employ active power curtailment
(APC) of RETs based on locally measured variables (frequency), which has the potential

to address the low loading condition of the genset — overfrequencies as well as
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overvoltages. Recall that diesel power plants in mini-grids are usually composed of a
number of gensets operating with power vs. frequency droop control. Reducing the power
injected by the RETs can reduce overvoltages and also increase the power demanded
from the gensets, which reduces the frequency rise. Therefore, APC can, in principle,

simultaneously address the low loading of gensets and overfrequency.

This chapter discusses the potential of active power curtailment of RETs during periods
of energy surplus in a diesel-dominated mini-grid for improving the steady-state
performance. The output power of PV inverters is varied using the well-known frequency
x power droop control. A 75 kVA PV-diesel residential mini-grid benchmark is
developed to verify, by means of simulations, the suitability of the technique. The effect
of using active power curtailment is evaluated for a one-year case study and compared
with the standard method (dump load) regarding reduction in the genset's supplied energy

and fuel consumption.

Section 4.1 introduces the basic concepts for using APC in diesel-based mini-grids for
improving the steady-state behavior of the system. Section 4.2 presents the benchmark
developed to validate the technique. The design of the droop coefficients for the
frequency x power APC of PV inverters and preliminary simulation results to investigate
the effect of the solar irradiance variation with and without APC on the mini-grid
operation are presented on Sections 4.3 and 4.4, respectively. Section 4.5 presents a one-
year simulation study looking into the impact on fuel consumption and energy profile of

the mini-grid. Finally, the conclusions are stated in Section 4.6.
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4.1. Basic Concepts

An elementary PV-diesel hybrid mini-grid is shown in Figure 4.1. It consists of a grid-
forming diesel power plant, which can include one or more droop-controlled gensets
operating in parallel. The PV inverter(s) are rated at a fraction of the diesel plant and are
distributed across the mini-grid. They supply a non-controllable lumped load representing
the customers’ loads. Although not shown in Figure 4.1, an on-off dump (controllable)
load is often employed in such a system to provide a minimum load to the genset(s), thus
preventing operation of the genset(s) at light load. This is usually placed close to the
diesel power plant and is dispatched by the supervisory control system of the diesel plant.

No energy storage units are used in this particular case study.
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Figure 4.1.  Main components of a PV-diesel hybrid mini-grid.

4.1.1. Frequency x Power Droop Controlled PV Inverter

Grid-tie inverters are typically controlled with MPPT as current sources. Alternatively,
the power injected by the inverter can be controlled (reduced) as a function of the system

frequency according to:
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an:PMPPT_m(f_fl;”) (41)

for f > f..«. This is valid as long as P;,, > 0, if the inverter is connected directly to the PV
array (no battery storage in an intermediate dc bus) as assumed in this analysis. There,
Pyppr is the maximum power available in the PV array for a given solar irradiance (kW),
m 1s a slope factor equivalent to s, and f.,; is the frequency (Hz) above which the power
injected by the inverter is decreased with a droop factor. For f <f., the inverter injects
Pyppr, as most PV inverters do. For enhanced performance, this value should be selected
based on the genset droop characteristics, load and generation profile, in order to limit the
frequency rise and, consequently, the reduction in genset loading. This strategy can also
be used to support isolated systems with droop-based gensets to keep operating between
the frequency operational limits that are required in European standards for non-

interconnected systems [79].
4.1.2. Diesel PV Hybrid System Characteristics

The droop characteristics of the diesel PV hybrid system can be obtained by substituting

(1.6) and (4.1) in (1.7). After some manipulations, one obtains:
Pload _PMPPT :Sp (fnl _f)+m(fcn _f) (4'2)

for fo,; < f < fu. In the left hand side, one sees a “frequency independent” load and a
“frequency independent” source. On the right hand side are two “frequency dependent”
(droop controlled) elements. One is a source (genset) and the other is a load (power
curtailed from the PV inverters). Although these have the same format, they have

opposite signs since the system frequency (f) is always below f,; and PV inverter power
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curtailment only occurs for /> f.,;. For f <f.., the frequency dependent element is not

active (zero) and the inverter supplies as much power as available in the PV array.

A numerical example is used to illustrate these two operating regions. The key
parameters of the system are shown in Table IX. Figure 4.2 shows the droop curve of a
75 kW genset and also the frequency vs. power curve of the diesel PV hybrid system,
which is divided into two segments. In the first, for f <f..;, the PV inverter operates with
MPPT and the grid forming genset supplies the difference between the load, assumed to
be 31 kW in this example, and the PV inverter power that varies with the solar irradiance.
Any increase in the power supplied by the PV system will result in an equivalent
decrease in the genset output power. The system frequency increases according to the
droop curve of the genset. As the solar irradiance increases, or load power decreases, the
system frequency tends to increase and when it becomes larger than f,,.;, the output power
of the PV inverter begins to be curtailed. In this second segment, the system frequency
will vary according to a new curve defined by the droop characteristics of the genset and
of the APC of the PV inverter. The diesel PV hybrid droop curve presents a smaller slope
than that of the genset. For instance, for m = s, it is half the slope of the diesel genset
curve. Note that the slope is numerically equal to the inverse of the s, and m parameters
when the frequency vs. power droop characteristics is shown with the parameter

frequency in the vertical axis.

Figure 4.2 shows that when the solar irradiance is at its rated value (Pyppr = 24 kW) the
system frequency, according to the diesel PV hybrid droop curve (4.6), is equal to
60.87 Hz. At this frequency, using (4.2), the genset load is equal to 11 kW (~ 0.15pu) and

the power curtailed from the PV inverter (Pg.00p) 1s around 4 kW. Alternatively, if the PV
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inverter was allowed to inject maximum power into the system, the genset load would be
reduced to 7 kW (~0.09pu), which should have a significant impact on the carbon buildup
in the diesel engine and on its maintenance costs. Note that for the droop parameters
selected for the APC of the PV inverter and the load level considered in this case
(31 kW), no power curtailment would occur until Pyppr reaches 15 kW and f reaches
feri = 60.75 Hz. Beyond this point, PV power would be curtailed, as the frequency
increases at the same rate as the genset power is reduced, since they present the same
droop factor (slope). Mathematically, for this case, one can say that the power curtailed
from the PV inverter (Pgroop) 18:
p, L= Prr i _p o p

» > gen_cri ~ Fge (4.3)
PV powers (Pyppr, Puppr ori and Pj,,) are shown from right to left in Figure 4.2, starting
at the load power level (Pj,q.q0). As mentioned in previous Sections, a dump load is often
used in practice to prevent operating the genset below ~0.15 pu. Another approach
suggested by genset manufacturers is that when required to operate at low loading
conditions, gensets should run at full load for 1-2 hours to get rid of the carbon
accumulated along the day. This leads to high costs in fuel and offsets part of the gains
with the installation of renewable energy sources. A compromise between maintenance
costs and the cost of power curtailment should be established in order to design optimum
APC parameters for a specific mini-grid. However, this is beyond the scope of this

analysis.
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TABLE IX - MAIN PARAMETERS OF THE DIESEL PV HYBRID SYSTEM.

Diesel genset PV
Rated power 75 kW 24 kW
Droop factor 33.2kW/Hz 33.2kW/Hz

No-load frequency 61.2 Hz -

Critical frequency - 60.75 Hz
61.5
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Figure 4.2.  Diesel-PV hybrid system frequency variation.

4.2, PV-Diesel Hybrid Mini-grid Benchmark

To verify the performance of the proposed technique in terms of fuel consumption and

energy yields, a benchmark of a rural isolated system based on [54] was adapted to study

mini-grid operation and implemented in PSCAD®. The benchmark scheme is presented in

Figure 4.3.
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A 600 V-75 kW genset is used to feed a single phase feeder. The frequency and voltage
curves of the diesel genset are shown in Figure 1.7 and Figure 1.8. A 10 kW dump load,
located nearby the genset, is active when the genset load is below 10 kW and
disconnected when the load reaches 12 kW in order to prevent low load operation and

reverse power flow in the diesel unit.
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Figure 4.3.  Rural mini-grid benchmark.

The power distribution is accomplished through low-voltage single-phase overhead lines.
The voltage is brought from 600 V to 240 V using a standard 75 kVA distribution
transformer next to the diesel power plant. A 10 kW aggregated load is considered to be
always connected in the feeder, representing a commercial load and other miscellaneous

loads.
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The 240 V line is a typical wood pole line. It is wired using 4/0 AWG Aluminum, XLPE
for both line and ground and the drop lines are wired with 1/0 AWG Aluminum, XLPE.
The cable and transformer parameters are presented in Table X and Table XI. They were
chosen based on system planners’ guidelines. Twelve houses are connected in the 240 V
line. Six of them have 4 kWp PV systems installed in the rooftop facing south and with a

slope of 45°.

TABLE X - SINGLE-PHASE PI SECTION LINES PARAMETERS (PER LINE CONDUCTOR)

Drop Lines Pole-Pole Lines

R 0.549 Q/km 0.27 Q/km

L 023 mH/km 0.24 mH/km

C 0.055 pF/km  0.072 pF/km

TABLE XI - TRANSFORMER’S SIMULATION PARAMETERS

Rated Power 75 kVA Copper Losses 0.045 pu

Primary Voltage ~ 600V No Load Losses 0.002 pu

Tap 0.95:1 Leakage Reactance 0.045 pu

Secondary Voltage 240V

4.3. Design of Droop-based APC

The droop-based APC is designed so that power curtailment starts, based on local

frequency measurements, when the genset load falls below 0.2 pu (15 kW). Until this
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point, no curtailment is used and all the PV power is injected into the mini-grid. The
output power of the PV inverter is reduced linearly by the APC as the frequency
increases and when the genset load reaches 0.05 pu (3.75 kW), the PV inverter does not
allow any amount of power to be injected into the system. The design of the PV droop
coefficients uses these two set points as reference. The value of f.; is obtained by
manipulating equation (1.6) and considering the frequency as the APC starts to act.

Equation (4.4) presents the design for the 75 kW genset:

PenOZ i
-f;l‘f = fgenO.Zpu = fnl — P = 6075 HZ
g (4.4)

The coefficient m is obtained from equation (4.5). Considering that all the installed PV
power capacity (Ppy.qp) should be curtailed linearly when the genset is operating between
0.2 pu and 0.05 pu, the m coefficient is obtained by dividing the power to be curtailed in

this period by the frequency variation.

PPVcap kW
e =118k
gen0.2 pu gen0.05 pu (4'5)

4.4. Simulation Results

In all the simulations shown below, the load is assumed to be constant at around 31 kW
(0.42 pu) and is equally distributed among the twelve houses of the system (2.6 kW
each). In total, 6 houses have installed 4 kWp PV systems, for a total of 24 kWp of PV,
as shown in Figure 4.3. The objective of the simulations is to investigate the effect of the
solar irradiance variation with and without APC on the mini-grid operation. The fuel

consumption rate was estimated from the information provided by one manufacturer of a
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75 kW genset employed in [54] and using an exponential regression. The equation

obtained is:

Fuel Rate = 6.105 ¢*'*" [%J (4 6)

Two case studies are considered, assuming that the power available in each PV system

(Ppy) varies from 1.5 kW to 4 kW.

Case #1 presents the simulation results for the system operating with MPPT and variable
solar irradiance. A 36 Q dump load (about 10 kW connected at the 600 V side of the
transformer) is used to compensate for the decrease in genset load. The genset load starts
at 23 kW (0.31 pu) for a total PV generation of 9 kW (37.5% of total PV capacity). After
that, the genset load decreases when the PV penetration increases. In Figure 4.4, the PV
generation goes from 9 kW to 24 kW in t = 5 s. The genset load falls until the dump load
acts. Instantaneously, just after the dump load is connected, the genset loading goes to
about 19.3 kW and is decreased by the PV generation increase to 17.6 kW (0.23 pu). This
is above the 0.15 pu minimum load recommendation for newer gensets. This happens as
dump loads mostly operate in steps and would hardly match the desired genset load
condition. The frequency of operation increases from 60.52 Hz (9 kW of total PV
capacity) to 60.67 Hz (24 kW of total PV capacity) as shown in Figure 4.5. The voltage
in the farthest house of the left feeder reaches 1.051 pu (Figure 4.6). Att = 17.5 s, the
solar irradiance and PV generation start to decrease, reaching 37.5% of their rated value

att=25s.
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In Case #2, the droop-controlled inverters provide the power curtailment to regulate the
genset operation. The dump loads are still present in the system, but they are not
activated because of APC operation. The parameters used in the droop controllers are
Jferi = 60.75 Hz and m = 11.8 kW/Hz. The power curtailment is done proportionally to the
frequency rise above f., in order to make the genset to operate above 0.15 pu for a
31 kW load and at rated solar irradiance. Figure 4.4 shows that when the PV generation
reaches 100% of its capacity, the genset load reaches 12.1 kW (0.16 pu). Compared to the
dump load case, the power curtailment operates linearly, preventing sudden load and
frequency variations and also adapting to a new condition of genset load. The frequency
increases linearly to 60.81 Hz, curtailing 0.75 kW per PV inverter (Figure 4.7). The
voltage rise in the farthest house in the left feeder (Figure 4.6) was also limited to
1.047 pu, below the dump load case (1.051 pu), which also helped to prevent
overvoltages in the feeder. This is due by reducing the reverse power flow in the left
feeder, as compared with the dump load case. The impact of APC addressing the low

loading of gensets on systems with overvoltage issues is reported in [80].

Figure 4.8 presents the fuel consumption rate for both cases. The fuel consumption rate
when the dump load is connected is higher than when APC is used. The APC provides
overall better fuel consumption performance and still keeps the genset load level closer to
the minimum loading. This is clearly seen by comparing performances in Figure 4.8, just
after the dump load is connected. At that moment, with APC, the fuel consumption is

about 7.4 1/h, whereas with the dump load it goes to 8.1 I/h, burning unnecessary fuel.
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Figure 4.8.  Diesel genset fuel consumption rate.
4.5. Yearly Load Profile, Energy and Fuel Consumption

This Section presents the genset load profile, PV systems energy yields, and fuel

consumption in a one-year study for the mini-grid.

The software package HOMER was used to estimate the PV panel and inverter's power
output levels for each hour of one year. The one-year hourly PV inverter output was
estimated for Montreal (Latitude 45°55' N and Longitude 73° W) using HOMER and data

taken from the NASA weather information center [78]. The PV panels were considered to
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be fixed on the roofs facing south and with a slope of 45°. The efficiency of each inverter

was assumed to be around 96%, and the derating factor of the panels equal to 80%.

The average daily load data for a non-electric heated residence was taken from [81] for
different seasons as well as weekdays and weekends (Figure 3.16 and Figure 3.17
respectively). They were used as reference data for HOMER to generate hourly load
values for a whole year period. Winter was considered from December until February,
spring from March to May, summer starting from June to August, and fall from

September to November.

The seasonal data were then scaled in HOMER to have an annual average energy demand
of 23 kWh/day. The day-by-day and hour-by-hour random variability factors of 40%
were considered to represent the high variability characteristic of residential mini-grid

loads.

Three case studies are presented to investigate the genset’s load and energy profiles for
the original mini-grid considering the system without the integration of PV systems and

with the PV systems, with and without the use of APC.

4.5.1. Base Case

The first set of results corresponds to system where no PV systems are used in the feeder.
In this case, a dump load is not required to prevent reverse power flow in the genset as no
additional means exist for generating energy in the system besides the diesel genset and a
minimum load is always present in the feeder. Figure 4.9 presents the histogram of the

load profile of the genset. It essentially shows the number of occurrences at a certain
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power level. One sees that the genset power varies from 10 kW to 71 kW (min and max
load, respectively). For about 5% of the time, the genset is under loaded (operating with a
load below 0.15 pu/11.25 kW). Recall that operation below 15% of the rated capacity for
long periods leads to carbon build-up in the internal combustion engine (newer gensets).
In this analysis, operation of this genset below 0.15 pu for more than 10% of the time is

assumed to be detrimental.

Figure 4.10 presents the histogram of the frequency in the mini-grid. The frequency
varies from 59.07 Hz to 60.89 Hz at maximum and minimum load respectively. As a
reference, this frequency variation is within EN 50160 [79], which requires that, for a
non-interconnected power system (i.e., mini-grid), the frequency should be within the

rated value £+ 2% (for a 60 Hz system, 58.80 Hz < f<61.20 Hz) for 95% of a week.
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Figure 4.9.  Histogram of the genset power supplied to the mini-grid — number of

occurrences in one-year period at a certain power [kW] - Base.
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Figure 4.10. Histogram of the mini-grid frequency — number of occurrences in a one-

year period at a certain frequency [Hz] - Base.

4.5.2. Integration of PV System in the Mini-grid (PV+Dump)

The second set of results corresponds to the case where 24 kW of PV panels operating
with MPPT were integrated into the feeder. Figure 4.11 shows the histogram of the total
power generated by the PV systems. For about 50% of the time, the PV systems are
generating a certain amount of power, with an average hourly power generation of
3.26 kW and a peak generation of 23 kW. For 13% of the time, the dump load is
activated due to the decrease in the load by the integration of the PV system. The average
power dumped was 1.3 kW. On average, 40% of the PV power generated is lost in the
dump load, with a net average of 1.96 kW of power actually supplied to the mini-grid

loads apart from the dump load.
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Figure 4.11. Histogram of the PV power generated — number of occurrences in a one-

year period at a certain power [KW] - PV+Dump.

Figure 4.12 presents the histogram of the load profile of the genset. For about 8% of the
time, the genset is loaded below 0.15 pu (11.25 kW). This value is not higher because the
dump load is acting. Compared to the base case, a 3% increase occurs in the time that the
generator is operating under loaded. Nevertheless, the 10 kW dump load was able to keep
the system above 0.15 pu for most of the time (more than 90% of the time). However,
one sees that the minimum genset power was 0.1 kW. This means that the PV system is
generating enough electricity to fully supply all the loads and the dump load, reaching an
almost no load state. The peak load was 71 kW, which was not reduced since it happens

at nighttime.

Figure 4.13 presents the histogram of the frequency in the mini-grid. The frequency
varies from 59.07 Hz to 61.20 Hz, still within EN 50160 limits. The frequency variation
is increased compared with the base case. This is due to the reduction in the loading

range of the genset when the PV systems are integrated.
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Figure 4.12. Histogram of the genset power supplied to the mini-grid — number of

occurrences in a one-year period at a certain power [kW] - PV+Dump.
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Figure 4.13. Histogram of the mini-grid frequency — number of occurrences in a one-

year period at a certain frequency [Hz] - PV+Dump.

4.5.3. Inverters with Active Power Curtailment (PV+APC)

This Section presents the impact of having all PV inverters controlled with droop-based
APC and with the same parameters as calculated in Section 4.3. Figure 4.14 shows the

histogram of the total power generated by the PV systems. For about 46% of the time, the
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PV inverters are injecting a certain amount of power into the mini-grid. This amount is
lower than in the previous case (50% for PV+Dump) since, with APC, PV inverter's
power that was instantaneously available (Pyppr) in 4% of all cases was totally curtailed
and the dump load now was just active for 1.1% of the time with an average power dump
of 0.11 kW. This shows that both techniques can coexist in the feeder; however, the
dump load could be removed without harm to the system operation, as the APC would
warranty a minimum load level. The average hourly power generation was 2.28 kW,
which is 1 kW less than in the previous case. However, in the previous case, the losses
due to the dump load were not computed in the average hourly power generation, as in
this case with the losses from the curtailment. If compared with the average net power
generated (power injected consumed by the mini-grid loads), it shows an increase of
0.22 kW on the hourly average. This corresponds to a 16% increase in the average power

from the PV systems consumed by the loads using APC.

800

600

400

Number of Occurrences

200

0 I I I I T T
0.00 4.00 800 1200 16.00 20.00 24.00
PV Inverter Power [kW]

Figure 4.14. Histogram of the PV power generated — number of occurrences in one year

period at a certain power [kW] - PV+APC.
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The histogram of the total power curtailed in the PV systems is presented in Figure 4.15.
The maximum amount of power curtailed was 12 kW. This shows that curtailment of the
whole capacity of the PV system was never necessary during peak operation. Power
curtailment occurred for 22% of the time, with an hourly average of 0.97 kW. This is

lower than the 1.3 kW hourly average power dumped in the previous case.
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Figure 4.15. Histogram of the PV power curtailed — number of occurrences in a one-

year period at a certain power [kW] - PV+APC.

Figure 4.16 presents the histogram of the load profile of the genset. One sees that the
genset power varies from 10 kW to 71 kW. If compared with the previous case, the
minimum loading is increased. For about 7% of the time (1% more than with dump load),
the genset is loaded below 0.15 pu (11.25 kW), which shows that APC was able to keep
the system active for most of the time (more than 90% of the time) above 0.15 pu,
preventing excessive carbon build-up in the engine. Figure 4.17 presents the histogram of
the frequency in the mini-grid. The frequency varies from 59.07 Hz to 60.90 Hz, similar

to the base case, where no PV systems were integrated into the mini-grid.
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Figure 4.16. Histogram of the genset power supplied to the mini-grid — number of

occurrences in a one-year period at a certain power [kW] - PV+APC.
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Figure 4.17. Histogram of the mini-grid frequency — number of occurrences in a one-

year period at a certain frequency [Hz] - PV+APC.

4.54. Energy Yields and Fuel Consumption

The integration of PV systems will certainly reduce the amount of energy needed to be
supplied by the genset, reducing its fuel consumption and consequently the operational
costs of the diesel system. However, the relationship between energy displacement and

fuel consumption is not linear, as the genset is more efficient at higher loads. This

126



Section presents the total energy supplied by the genset and the impact on the fuel
consumption for the one year under study in the mini-grid. The amount of energy
curtailed using APC is also discussed. Most of the time, the correlation between load and
generation is not known a priori. Monitoring the energy curtailment can be used to
reassess the economics of inclusion of a given number of PV systems into a mini-grid. It
can also give an indication for designing storage units that could be integrated with the

PV inverters, to store the energy that would be curtailed for later use.

A summary of the results obtained for the various cases is shown in Table XII. One can
see that the energy supplied by the genset is reduced by 9.4% with the integration of the 6
x 4 kWp PV system (PV+Dump). This is reflected in the fuel consumption; however, the
reduction was only 3.1%, due to the increase in the occurrences of low load operation

that makes the dump load present more frequently in the system.

TABLE XII - GENSET YEARLY ENERGY SUPPLIED, YEARLY ENERGY GENERATED BY PV

SYSTEMS AND YEARLY FUEL CONSUMPTION

Fuel
Energy Supplied by the Energy Generated by PV
Case Consumption
Genset [MWh] Systems [MWh]

[Kl]
Base 196.8 0.0 75.4
PV+Dump 178.4 28.5 73.1
PV+APC 176.8 20.0 72.9

In addition, the genset has a lower efficiency under low load. Using the APC technique,

the reduction in the energy supplied by the genset was around 10.1% if compared to the
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base case, although the energy generated by the PV systems was about 30% smaller than
in the PV+Dump case. Regarding fuel consumption, the reduction was 3.4%, also
compared to the base case, which is expected to have a direct impact on reducing the

diesel genset's operational costs.

The frequency and magnitude with which APC occurs are important factors to be
considered when reassessing the ideal number of PV systems in a certain feeder. Figure
4.18 presents the total daily energy curtailed in the PV inverters. For 92% of the days, the
APC reduces the PV inverter's energy output from as little as 0.15 kWh. For 50% of these
days, the curtailment was below 22 kWh per day with an average of 25.4 kWh per day.
The maximum daily energy curtailment was 84 kWh during a full day of sun and low

energy consumption from the houses.
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Figure 4.18. Histogram of the daily energy curtailed — number of days in a one-year

period that a certain energy curtailment occurs [kWh] - PV+APC.
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4.6. Conclusions

This chapter discussed means for reducing part of the load operation of the diesel
genset(s) and fuel consumption in a storageless PV-diesel hybrid mini-grid, which can
affect the maintenance costs and even the lifespan of the genset. A benchmark was used
to evaluate the impact of each method on the load level of the diesel genset and on the
fuel consumption, by means of a simulation study with PSCAD®. The mini-grid under
study consisted of a 75 kW diesel genset feeding a mostly residential LV feeder with 12
houses, six of them with 4 kWp rooftop PV systems. The utilization of a dump load and
the APC of PV inverters during periods of energy surplus in the mini-grid were compared
regarding effectiveness for reducing partial load operation of the diesel genset, fuel
consumption reduction, and the voltage rise in the feeder. A design approach for a
frequency x power droop APC was proposed and the operation was analyzed in detail in
this chapter. The voltage rise in the mini-grid was significantly reduced using APC as
compared with the case where a dump load was used, when there was excess PV power
generation. The results for a one-year period showed that APC leads to a slight reduction
in the amount of energy being supplied by the genset, and, consequently, a reduced fuel
consumption, which is expected to have a direct impact on reducing the diesel genset's
operational costs. For each MWh of energy displaced with the integration of PV systems
in the mini-grid, 125 1 of fuel were saved in both cases. Both methods were also able to
keep the genset operating, most of the time, above the minimum load threshold

recommended by the manufacturers.
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5. CONCLUSIONS AND FUTURE WORK

5.1. Summary

Renewable energy technologies will play an important role in helping meet the increased
demand for electricity without having to expand the transmission and distribution
network. The residential rooftop PV system has a great potential to help fill this need;
however, its non-dispatchable, fluctuating, and intermittent characteristics can have
detrimental impacts on the PQR of distribution feeders. Rooftop PV systems can usually
be installed without the need for impact-assessment studies that are required for larger
units. In actual electricity grid, the power is expected to flow downstream from the large
power plants to the consumers. If large amounts of non-dispatchable PV sources are
integrated in a distributed way, power may flow upstream (reverse power flow) in some
sections of the feeder. With today’s technologies, PQR cannot be ensured, given this
scenario. In addition, sudden variations in reasonable amounts of power
generation/consumption may also deteriorate the PQR of isolated systems. This problem
is even more critical in diesel-based autonomous systems with high-penetration of PVs,
operating with reduced amounts of load, which can significantly increase the wear and
tear on the diesel gensets. As a result, relatively modest amounts of PV are currently
allowed to be connected at the LV distribution level. In order to increase the allowed
penetration level of PV systems that can be installed without an impact-assessment study,
new techniques are required to minimize their impact on the PQR of LV distribution

feeders.
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The current PhD thesis focused on the detrimental impact of high-penetration of PVs on
LV systems. Techniques capable of increasing PQR and increasing the displacement of
fossil fuels in diesel based autonomous systems, thereby reducing operational costs, were
investigated and assessed in LV feeders in the presence of a high penetration of PV
systems. A brief review regarding the overvoltage issue in LV feeders with high-
penetration of PV and operational aspects of diesel-based mini-grids with high-
penetration of PV was presented in this thesis. The likelihood of overvoltage is higher in
weak residential suburban and rural feeders, especially those with net-zero energy PV
neighborhoods that use large PV systems. The integration of non-dispatchable RETs in
diesel-based mini-grids will reduce the load seen from the genset in diesel-based
autonomous systems for remote communities with high penetration of PV. This can also
increase the operation at low load conditions (part load operation). Diesel gensets should
not operate below a certain minimum load for extended periods of time, as this can
significantly affect the maintenance costs and even the lifespan of the genset. Therefore,
balancing the system in the quasi-steady-state using a control scheme for active power
sharing of controllable DGs must be envisaged. These two scenarios were considered in

this thesis.

The first scenario examined the impact of high penetration of PV systems in LV grid
connected systems in which the reverse power flow resulted from the high penetration of
non-controllable PV systems, which can create overvoltages during periods of high
generation and low load. The well-known solutions used in medium-voltage (MV)
feeders needed to be revisited considering the fact that the impedance of LV feeders is

mostly resistive, with large R/X ratios. A method was proposed to analyze the impact of
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varying active power and reactive power on the voltage and losses of a radial LV
distribution feeder with uniformly distributed loads and non-dispatchable (active power)
sources based on the sensitivity analysis of the feeder. The feeder impedance
characteristic plays an important role in the choice of the most effective approach. The
voltage in feeders with large R/X ratios, common in LV feeders, can be regulated with
lower variation of active power than reactive power. In other words, voltage regulation

with reactive power is less effective in LV feeders than in MV ones.

Next, a method was developed to obtain the feeder loss sensitivity to active and reactive
power control that are candidate means to prevent overvoltage. The use of reactive power
control results in more losses in the feeder, which can possibly offset the additional active
power injected by the PV inverters, if no active power is curtailed. On the other hand,
with active power control, one can achieve both voltage regulation and feeder loss
reduction. Reactive power control is more indicated for MV feeders, which typically
present a smaller R/X ratio. The net power factor of the buses can change the behavior of
the sensitivity matrix, but the effect of line characteristics is stronger in the definition of

the voltage regulation strategy.

The use of droop-based APC schemes was discussed for overvoltage prevention in LV
feeders with high-penetration of distributed PV. Two design approaches were proposed
and verified using a benchmark developed based on typical parameters of a Canadian
suburban residential feeder with 12 net-zero energy solar houses connected to a 75 kVA
LV transformer. In the basic APC scheme, all inverters/houses used the same droop
coefficients, but the contribution, in terms of APC required from each inverter for

overvoltage prevention, differed. Inverters more downstream on the feeder were required
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to curtail more power than were the others, which affects their revenues. An approach
that resulted in approximately equal sharing of the output power losses (OPL) among

inverters (APC-OPLS) was proposed and its effectiveness was demonstrated.

A one-year simulation study was performed to evaluate the impact of the APC techniques
on the overall energy yields of the feeder and individually for the customers, using yearly
load and PV generation profiles. Use of the basic APC with the proposed design
approach completely avoided overvoltages and the electricity import from the MV grid
was limited to around 20% of its needs, reaching closer to yearly net-zero energy than
when the PV installed capacity was reduced. The contribution of each house/inverter, in
terms of APC for overvoltage prevention, differed depending on the location of the
feeder. With the proposed APC-OPLS method, the energy losses due to the OPL of PV
inverters were similar in all houses; however, the energy yield for the residential PV

feeder was smaller (~3%) than for the basic APC scheme.

The second scenario considered the impact of high penetration PV systems in LV diesel-
based autonomous systems. A benchmark evaluated the impact of each method to reduce
low load operation of the diesel genset and on the fuel consumption, using a simulation
study with PSCAD®. A method for APC of PV inverters in diesel-based autonomous
power systems, typical of remote communities, was presented as a means of reducing
frequency variation and ensuring minimum loading of the diesel genset. A design
approach for a frequency x power droop APC was proposed and the operation was
analyzed in detail. When excess PV power was generated, the voltage rise in the mini-
grid was significantly reduced using APC compared with the case where a dump load

was used. The results for a one-year period showed that APC leads to a slight reduction
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in the amount of energy supplied by the genset, and, consequently, to a reduction in fuel
consumption, which is expected to have a direct reduction in the diesel genset's
operational costs. Both methods were able to keep the genset operating, for most of the

time, above the minimum load threshold recommended by the manufacturers.

5.2.  Future Work Suggestions

Some suggestions for future studies related to this thesis topic are presented, based on

observed needs revealed by this research.

5.2.1. Impact of Distribution System Architecture in the

Overvoltage Prevention Choice

This thesis primarily considers the characteristics of Canadian (North American) LV
distribution feeders. The main differences between them are their layouts, ratings, and
configurations. European feeders use larger transformers and they have more customers
connected to each transformer. This can impact the overall feeder impedance and,
consequently, the choice of overvoltage prevention scheme. As a suggestion, an analysis
of the differences of both systems and the impact that this could have in the overvoltage

prevention scheme can identify the applicability of each method.

5.2.2. Design of Retrofit Neighborhoods to Net Zero Energy PV Neighborhood and

Reassessment of Overvoltage Prevention Approach in Weak Feeders

Retrofitting buildings by installing PV systems to reach net zero energy operation can
support the energy self-sustainability of certain regions. The existing methods allow the

installation of PV systems until the thermal limits of the line are met. However, there will
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be losses when the voltage reaches a certain value due to the overvoltage prevention
approach used. This will impact the energy output of the feeder and net zero energy
operation can be compromised. A suggestion for future study is to investigate a design
approach for recommending the appropriate installed PV capacity to reach net zero
energy operation for a certain existing neighborhood and that considers the APC of PV
inverters in weak LV feeders, where overvoltages might happen often. Guidelines to
suggest when to strengthen the feeder, considering load and generation growth models,

could also provide the tools necessary to plan upgrades in these systems.

5.2.3. Sensitivity of the APC-OPLS Approach for Variations in Grid Parameters

The APC-OPLS method uses information about the characteristics of the LV feeder to
estimate the voltage rise in each bus to which the inverters are connected and also the
impact of varying active power in that bus to make the APC similar in all inverters. A
possible future study would be to identify the possible "error" regarding the actual and
the estimated impedance values and its impact on the APC-OPLS performance. The

results would identify the robustness of the method.

5.2.4. Optimization of the Voltage x Power APC Droop Coefficients to Increase the

Yearly Energy Output Considering Stability Analysis

The design procedures proposed in this thesis for the droop-based APC coefficients
focused on guaranteeing that the PV inverters would not contribute to overvoltages in the
feeders. If m and V,,; are increased, the APC would operate closer to the overvoltage
limits. This would reduce the amount of OPL. The main limitation to the increase in these

parameters is the impact on system's stability. A method that would include the impact of
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the droop-based APC in the stability of the feeder would be able to reduce the OPL and

increase the penetration of PV in the feeder.

5.2.5. Optimization of the Frequency X Power APC Droop Coefficients to Improve

Fuel Consumption and to Reduce Operation under Low Load Conditions.

Using a stochastic approach and statistical information about the load and generation, the
frequency x power APC droop coefficients could be optimized to operate closer to the
minimum load limit of the diesel genset and, consequently, reduce the amount of APC.
The impact on system stability should be also considered in this analysis, as the tendency
to reach better results is related to the increase in the values of the droop coefficients.
Reduction in the APC can increase the fuel displacement of the diesel genset and reduce

operational costs.

5.2.6. Secondary Control of Multi Genset Autonomous Systems and APC Droop

Parameter Re-scheduling to Optimize System Operation

Another option to improve the fuel displacement of a PV-diesel hybrid autonomous
system would be to readjust the droop parameters of the diesel genset and/or of the APC
during the day in order to match the load and also to consider the best genset to operate at
a given time in multi-genset systems. Figure 1.9 shows that if the load level is low, a
genset with reduced capacity would consume less power than a larger one. A control
approach that considers statistical and real time data of the genset load to dispatch the
units could improve the fuel displacement. If the genset is expected to operate near its full
load for a couple of hours in a certain day, the droop-based APC coefficients could also

be readjusted as the temperature of the genset is expected to be high for a couple of
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hours, and it would be able to get rid of the carbon build-up of that day. This would
reduce the APC of the system and, consequently, increase the fuel displacement in the

mini-grid due to the integration of PV.
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