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Abstract—A central control algorithm was developed to
utilize photovoltaic system advanced inverter functions,
specifically fixed power factor and constant reactive power, to
provide distribution system voltage regulation and to mitigate
voltage regulator tap operations by using voltage measurements
at the regulator. As with any centralized control strategy, the
capabilities of the control require a reliable and fast
communication infrastructure.
These communication
requirements were evaluated by varying the interval at which the
controller sends dispatch commands and evaluating the
effectiveness to mitigate tap operations. The control strategy was
demonstrated to perform well for communication intervals faster
than the delay on the voltage regulator (30 seconds). The
communication reliability, latency, and bandwidth requirements
were also evaluated.
Keywords—automatic generation control; centralized control;
communication networks; photovoltaic systems; reactive power

I.

INTRODUCTION

With increasing penetrations of distributed PV being
interconnected with the grid, there is increased attention
focusing on the ability to control the distributed energy
resources (DER) and leverage the advanced inverter
capabilities of the solar inverters. Specifically, the reactive
power output of the inverter can be controlled using local
advanced inverter functions, such as volt-VAr, to mitigate
voltage violations [1] and voltage variations [2]. Studies have
shown how these local volt-VAr functions can improve the
grid performance and can be particularly effective at increasing
the PV hosting capacity of a distribution system [3, 4].
With faster and more easily accessible communication
through recommendations such as the California Rule 21 [5], a
centralized controller can communicate and control all PV
inverters on a feeder in a more optimal way than the
autonomous local control. In [6-9], a reactive power control
strategy is proposed to dispatch solar inverters to minimize
losses while keeping the voltage within allowable ranges. In
[10], the tradeoff between optimal control and fair control of
PV inverters is discussed. Centralized control of advanced
inverters can include communication and control of other
voltage regulation devices on the feeder to minimize
interactions and improve the overall voltage [11]. Centralized
control strategies can also be used in conjunction with local
volt-VAr control to continually optimize and improve the state
of the system [12] for purposes such as voltage imbalance [13].
While coordinated (e.g. centralized, distributed,
hierarchical, etc.) control can provide more optimal solutions

than local reactive power control in the inverters, the
effectiveness of the control requires a reliable and fast
communication infrastructure. The focus of this work was to
evaluate the potential communication requirements when
utilizing advanced inverter functions from a distribution
perspective. The specific use case presented in this paper is to
use centralized control of PV reactive power to mitigate PVinduced voltage regulator (VREG) tap operations.
Voltage regulator tap operations were studied due to their
shorter temporal urgency when compared to other steady-state
impact requirements. Most voltage and thermal standards and
limitations occur on the order of 10-minute averages or greater,
whereas, voltage regulator control delay settings are usually on
the order of 30-60 seconds. The concern for voltage regulation
devices is that a significant increase in the number of device
operations could result in accelerated degradation and/or the
need for a more aggressive maintenance schedule [14].
The objective of the research was to simulate the dispatch
of control signals to the PV systems on a feeder to decrease the
number of tap changes and wear on the regulator. The
effectiveness of the controller depended on how quickly it
could respond to system changes, such as quick ramps in PV
output. The necessary communication infrastructure was
tested by varying the communication interval, i.e. how often
the controller obtains necessary parameters from inverters,
calculates new settings, and dispatches them. The advanced
inverter functions used to mitigate tap changes were fixed
power factor (PF) (INV3) and constant reactive power (VAr)
(VV13) [15].
II.

TEST SETUP

A rural 12kV distribution feeder in southern California was
chosen as the test feeder. The feeder consists of 2970 mediumand low-voltage buses and 2569 lines servicing 1447
customers through 401 service transformers. A map showing
the layout of the feeder topology and the existing voltage
regulation devices is shown in Figure 1. There is a line VREG
bank (three single-phase VREGs) on the feeder backbone
about 6 km from the substation and five switching capacitors.
The VREG uses a sequential control [16] with cogeneration
mode under reverse power flow of the VREGs. The feeder has
a peak load of 6.41 MW and a minimum load of 1.29 MW.
The purpose of the VREG (marked in red in Figure 1) is to
regulate the downstream voltage. The three single-phase
VREGs each measure the voltage on the secondary winding of
the transformer, and mechanically switch taps to buck or boost

The peak load week of June 27th to July 3rd was selected as
the simulation week for all studies. The measured substation
supervisory control and data acquisition (SCADA) data at 1minute resolution was used to model the load variation. Quasistatic time series (QSTS) power flow analysis [14] was
performed at 1-second resolution by linearly interpolating the
load data to 1-second resolution. The analysis was performed
in OpenDSS using the GridPV toolbox [17]. In order to speed
up the QSTS analysis, the feeder model was reduced to a
smaller equivalent model [18].

8000

Feeder Power
Feeder With PV
Regulator Power
Regulator With PV

7000
6000
5000
Power (kW)

the downstream voltage. The VREG control includes a voltage
setting, a voltage bandwidth, and a time delay setting. If the
voltage deviates outside the voltage setpoint plus or minus half
the bandwidth for more than the delay time, a tap change
occurs. The time delay for these VREGs is 30 seconds.

4000
3000
2000
1000
0
-1000
0

1

A total of 9 PV systems were simulated at three locations
just downstream of the VREGs, each consisting of a system
from all three-phases, as shown by the yellow stars in Figure 1.
A very high penetration of PV was required to significantly
increase the number of tap changes on the VREGs Each PV
system was set to 311 kW, 3 per phase, yielding an aggregate
total of 2.8 MW of PV. The penetration was 80% of the load
downstream of the VREG and 45% of the total feeder load.
The penetration was 46.3% of the normal conductor thermal
capacity downstream of the VREG.
The irradiance profile for each location was generated
using 1-second resolution measurements from San Diego,
California. The measured irradiance was time-shifted based on
the distance between each transformer, assuming clouds
propagate from west to east and the maximum speed of 24 m/s
from a year of cloud speeds at the feeder location. For each
transformer, the time-shifted measured irradiance was
converted to latitude-tilt (of the feeder location) plane-of-array
(POA) irradiance using the Erbs decomposition and
Hay/Davies transposition models [19]. The Sandia Array
Performance Model [20] and Sandia Inverter models [21] were
used to obtain PV power output from the POA irradiance. By
using estimated outputs for smaller systems and using the
fastest cloud speed, the worst case scenario for solar variability
with underestimated geographical smoothing was simulated.
Figure 2 shows the basecase (no PV) and unity PF PV case
feeder-level and VREG-level real power profiles for the
simulation week. The number of tap changes in these cases was
used as the metrics of success of the controller simulations.
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Figure 2. Feeder and voltage regulator real power during the simulation week
for the basecase and the unity power factor PV case.

III.

Figure 1. Map of the test feeder with the PV test scenario.
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CENTRALIZED CONTROLLER LOGIC

It was assumed that the central controller receives
measurements from the voltage regulator and the PV systems
and could send dispatch control signals back to the PV
systems. Depending on the utility, it is commonly standard
practice to require utility communication and potentially
control of large systems, even sometimes as low as 100 kW.
The initial testing assumed that the controller requested and
obtained parameters from all PV systems, processed
calculation of dispatch values, dispatched values, and inverters
implemented dispatched commands all within a second of the
communication interval. These assumptions about the
communication infrastructure are considered later in the paper
to investigate their impact. It is also assumed that an accurate
distribution power flow model is available for the controller to
derive the relationship between PV reactive power injections
and the voltage at the VREG.
Figure 3 illustrates the logic of the voltage regulation
controller using advanced inverters. The overall concept of the
control was to use the voltage measurements at the VREG to
modify the reactive power output of the solar inverters to keep
the voltage consistent at the VREG. This provides voltage
regulation for the feeder using existing measurements, and it
also has the benefit of reducing the VREG tap changes that
cause wear and tear on the device.
It was assumed that the VREG is not modified or
externally-controllable in any way, therefore the controller
settings were based on the VREG’s voltage setpoint and
voltage bandwidth settings. The centralized controller used a
similar strategy as a VREG where new settings are dispatched
to the PV inverters only if the voltage is outside the deadband.
The controller compared the measured voltage of each phase to
the known VREG settings to determine if the voltage is out of
band. If no phases are out of band, no action is taken. To
avoid excessive activity right along the VREG deadband edges,
the controller implemented an adjustable tighter deadband, set
to 80% of the width of the VREG deadband.
If the voltage was outside the deadband, the amount the
voltage is out of band was calculated. This ΔVCtrlEdge value was
calculated as simply the difference between each phase
measured voltage to the edge of the controller deadband (either

top or bottom). The ΔVCtrlEdge was multiplied by an adjustable
gain factor (FG), set to 2, to bring the voltage inside the band
proportional to ΔVCtrlEdge. The resulting scaled ∆V was limited
by a saturation block to keep it from going beyond the
controller deadband midpoint.
The amount of reactive power change (∆Q) necessary to
move the voltage back into the deadband (∆V) was calculated
based on voltage sensitivities [22]. The voltage sensitivities
were determined using iterative, load-flow solutions to find the
change in voltage at bus i due to a reactive power injection at
bus j, with units of Vpu/kVAr. With multiple injection points
(j) affecting the voltage at multiple buses (i), an SQ matrix of
voltage sensitivities was determined, with each element of the
matrix determined using (1)
=

(1)

The SQ matrix was fixed and does not change. For this
analysis SQ was formed by simulating the voltage change at
each voltage regulator due to each PV reactive power injection.
The VArs of each phases’ PV system at each of the three
locations was varied from 0 to 311 kVAr (full rated VAr
output), and the changes in all three phases of voltage at the
VREG were recorded, resulting in the 3x3 SQ matrix in (2).
The ∆Qs were calculated using (3) with the SQ matrix and the
measured ΔV.
[

7.17 − 05
1.37 − 06 −2.01 − 05
] = −2.07 − 05 7.35 − 05
1.41 − 06
1.10 − 06 −2.00 − 05 7.24 − 05
[∆ ] = [ ] ∗ [∆V]

caused by PV variability or diurnal load variation, but the
voltage regulator changed taps to regulate the voltage at night.
Finally, given the popularity of the fixed power factor
capabilities of PV inverters, the fixed power factor (INV3)
dispatch was compared in addition to the constant reactive
power (VV13) [15]. Figure 3 shows the control diagram for
the VV13 dispatch, but INV3 dispatch would look similar with
only the daytime block being modified to “Dispatch phase
Power Factors” instead of “Dispatch phase ∆Qs”. For the PFbased controller during the day, the per-phase PFs were
calculated with (4) by summing all the PV real and reactive
power outputs of the phase with the phase ∆Q (A-phase used
for example): If night dispatch was allowed, since no real
power was being generated, the night controller would
continue to dispatch constant reactive power (VV13).
=

∑
((∑

)

((∑

) )

) ∆

(4)

OpenDSS Solve
w/Seq. control

Communication
interval

Time to
communicate
?

No

Yes

(2)

Receive All PPV ,
QPV , and VREG

(3)

Note that the ∆V was calculated from the per phase voltage
differences between present VREG voltages and the pertinent
controller deadband edge. The SQ matrix was also calculated
using the full 3-phase unbalanced calculation to determine the
interaction between phases. Since all phases are sensitive to
any single-phase VAr change, the controller processed values
for all phases even if just one phase is out of the deadband, and
the ∆Qs are all calculated simultaneously.
During the daytime, the ∆Qs values were directly
dispatched to the PV inverters to modify their reactive power
to the new setting. The night or daytime decision block could
be determined by many different settings (time of day,
irradiance measurement, inverter real power output, etc.). In
these simulations, daytime was defined by a PV real power
output greater than 5% of its rated power. The purpose of this
section of the control was to be able to accommodate many
inverters that normally turn off below a certain power output
threshold due to efficiencies and to conserve power.
During the nighttime, a control flag was incorporated to
allow activation of the controller at night. If night control was
not enabled, the PV inverters would be off and not injecting
real or reactive power. For the following simulation results,
the night control was always enabled, and the inverters
continued to be dispatched during the nighttime to demonstrate
the full potential inverters have for voltage regulation.
Dispatching during only daylight hours resulted in the
controller mitigating all tap changes during the day, either
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Figure 3. Controller diagram for voltage regulation using advanced inverter
VAr (VV13).

Since distribution system X/R ratios are generally greater
than 1, the large, quick ramps in reactive power output create a
larger impact on the voltage compared to solely changing the
real power output, which increases the voltage flicker. The
power factor dispatched to the PV systems was appropriate for
that instant, but once the real power changes, the impact on the
VArs became more detrimental than helpful. When the
communication interval was short enough, these large swings
in reactive power output could be quickly compensated by
dispatching new power factors. For example, with 1-second
communication update interval and no communication delays,
the controller worked perfectly removing all regulator tap
changes. As the communication interval was increased, the
fixed PF caused amplified voltage swings on the feeder, which
conflicted with the VREG and caused thousands of tap
changes.
B. Reactive Power Dispatch Results
Second, the VAr-based controller was developed and
evaluated. This controller had the advantage that any quick
ramps in solar irradiance did not change the reactive power
output. For high solar variability, this controller proved to be
more effective with stable reactive power flows on the feeder.
The results for the simulation week are shown in Figure 4
compared to the basecase simulation with unity power factor
PV. In the top part of the figure, the solar variability created a
large number of tap changes at unity power factor, but all tap
changes were completely removed by the centralized dispatch
of PV reactive power. The middle part of Figure 4 shows the
reactive power injection from a single PV inverter. The bottom
of Figure 4 shows the voltage at the VREG. The black dashed
lines are the voltage bandwidth limits that the VREG is trying
to maintain. While there are temporary voltage excursions, the
controller provided voltage regulation fast enough to keep the
voltage at the VREG within the voltage bandwidth without it
having to change taps.

Tap Position

A. Power Factor Dispatch Results
The controller and varying control intervals were
implemented in MATLAB. First, the PF-based controller, that
dispatches fixed power factor settings to the inverters, was
evaluated due to the popularity of the INV3 advanced inverter
function. The results of the PF-based controller simulations
illustrated a valuable discovery about the stability of the
control algorithm. Because the PV real power (kW) varies
with irradiance, the PV real power output is highly variable and
can produce large, quick ramps in output. With a fixed PF
dispatch, these ramps also create large ramps in reactive power,
which can be especially problematic when using the high level
of variability defined for these studies.
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Figure 4. VAr based controller results for the simulation week with 1-second
communication intervals.

V.

COMMUNICATION RESULTS

In the previous section, the VAr-based controller was
demonstrated to mitigate all VREG tap changes with fast and
reliable communication. The communication infrastructure
requirements were tested by investigating four components of
the communication network: communication interval,
reliability, latencies, and bandwidth. The sections below
demonstrate how the effectiveness of the voltage regulation
control is dependent on the communication network by
quantifying the impact to the number of voltage regulator tap
changes.
A. Communication Interval Results
The communication interval, i.e. how frequently
communication must occur, was studied by varying the
communication between the inverters and controller from
every second to every 5 minutes. As data and command
signals were exchanged less often, the effectiveness of the
controller decreased. Figure 5 shows the results for different
communication intervals during the simulation week for the
VAr-based controller simulations with night control enabled
for 100% reliable communication, no network delays, and
enough bandwidth to communication with every PV system
simultaneously.
For all intervals less than the VREG delay of 30 seconds,
the controller mitigated all VREG tap operations by modifying
the PV reactive power to keep the voltage within the deadband.
At communication intervals longer than 30 seconds, only
voltage deviations that occurred between communication
intervals required a VREG tap operation. In this case, even a 5minute communication interval would be considered successful
since it is still below the basecase and unity PF case levels.

new dispatch settings. Finally, the inverter may take up to a
second to reach its new setpoint [23]. While this would
generally be achieved in a few seconds, the effect of the
communication latencies was tested by increasing the delay up
to 20 seconds from the time of measurement to implementation
of the settings. Figure 7 shows the number of VREG tap
changes during the simulation week for different
communication intervals and communication delays.
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Figure 5. VAr based controller results for the simulation week with different
controller communication intervals

B. Communication Reliability Results
The communication reliability was tested by implementing
a random probability of successful communication. For
example, when simulating a system with 99% reliability, each
communication signal had a 99% probability of being received
without errors. This stochastic model was applied to both the
measurement signal coming into the controller and the dispatch
signal going to the inverters. Due to the stochastic nature of
the simulation, a given communication failure could occur
during times the voltage was within band and did not cause
problems, or the communication failure could result in a
voltage issues being missed with the VREG having to change
taps. The QSTS simulation was run twice for each test
condition so that the results could be averaged. The results in
Figure 6 show an extreme sweep of different communication
network reliabilities for a few communication intervals.
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Figure 7. Number of tap changes during the simulation week with different
communication intervals and network delays.

D. Communication Bandwidth Results
Finally, some communication networks could be
constrained by the available bandwidth. This is especially true
for power line carrier (PLC) communication or in high PV
penetration scenarios with thousands of PV systems. In these
situations, the controller may not be able to communicate with
all PV inverters at the same time, so a rotating control was
developed to control part of the PV systems at a time. Figure 8
shows the results when communicating with a third of the PV
systems at a time. In order to perform the control actions, the
controller still had to receive the voltage at the VREG each
time, but only communicated (measurements and dispatch)
with a third of the PV inverters. The rotating type control
performed better than slower communication intervals (e.g.
communicating with a third of the systems every 30 seconds
was better than communicating with all systems every 90
seconds), but the effect of bandwidth-limited communications
systems is seen by the higher red line in Figure 8.

100

Figure 6. Controller results for different communication intervals and network
reliability.

C. Communication Latency Results
In the previous simulations, it was assumed that there were
no communication latencies and the time from measurement to
implementing the new setting was within the 1-second
simulation timestep. In reality, there are many communication
delays. For example, depending on the sensor, advanced
inverters can take almost 0.5 seconds to measure and process
the system voltage [23]. For some types of communication,
especially if there are third parties involved, the
communication could take up to a second to be received by the
controller.
The controller will have to wait for all
measurement signals, process the data, and then retransmit the
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Figure 8. Bandwidth-limited control that could only rotate through
communicating with a third of the PV systems at a time.

VI.

CONCLUSIONS AND FUTURE WORK

A central control algorithm was developed to utilize
photovoltaic system advanced inverter functions, specifically
fixed power factor and constant reactive power, to provide
distribution system voltage regulation and to mitigate voltage
regulator tap operations by using voltage measurements at the
regulator. The controller was developed to work for central or
distributed (unbalanced) PV on an actual 3-phase distribution
system. The necessary communication infrastructure for
effective control was evaluated by testing four different
communication aspects: 1) interval, 2) reliability, 3) latency,
and 4) bandwidth.
The tap operation results of the different communication
interval settings were compared to the feeder basecase and
unity power factor tap operation totals for a week-long QSTS
simulation performed at one-second resolution. The power
factor based dispatch introduced complications under variable
output conditions. The constant reactive power based control
performed well, mitigating all tap changes up to 30 seconds
and remaining below the basecase and unity power factor
thresholds up to 300 second communication intervals. These
conclusions matched other similar research that showed energy
storage systems required 15-second communication intervals to
mitigate solar variability on the distributed PV system [24].
The reliability of the communication network did not have
a noticeable impact on the effectiveness of the controller as
long as it was at least 98% reliable. For the communication
latencies, delays of 10 seconds or greater had a noticeable
impact on the system controller. Finally, it was shown that for
bandwidth-limited communication networks, a rotating control
improved the results from communicating less frequently.
For initial tests and focus on functionality of the control
algorithms, the inverters in the model were designated with an
AC-to-DC ratio of 1.2, which could always provide significant
reactive power support even at full real power output.
Experiments will be conducted with a reduced ratio that will
limit the amount of VAr support the inverters could provide
and possibly result in the need for more tap operations from the
VREG to regulate voltage. Since the control algorithm was
solely focused on the goal of tap operation reductions, other
important impacts such as thermal limitations, ANSI voltage
compliance [25], and increased losses were not monitored.
These aspects will be added as limiting factors to the control
algorithm as well.
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