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Abstract—With adoption of distributed energy resources
(DERs) expected in future grids, voltage regulation methods need
to be reevaluated and improved to ensure their effectiveness
under the high volatility of renewable generation. A multi-
timescale cluster-based method is proposed to optimize and
disperse operation of voltage controlling utility devices including
capacitor banks (CBs) and load tap changers (LTCs) while al-
lowing faster response time with customer-owned smart inverters
(SIs) in-between switching operations. The proposed method is
tested on a digital twin (DT) of a very large utility distribution
grid with 2,018 nodes and 8.65MW peak load to evaluate its
effectiveness in future grid conditions with high DER penetration.
The proposed method reduced the total energy by 1.66%, in the
projected range of conservation voltage reduction (CVR), while
limiting CB and LTC switching operations to 35 and 7 total
adjustments respectively over a 24-hour period.

Index Terms—Volt/var control (VVC), smart inverter (SI),
solar PV, electric vehicle (EV), distribution grid

I. INTRODUCTION

Increased renewable generation in future distribution grids,
especially solar PV, may introduce new challenges and oppor-
tunities related to control and management. A high resistance-
to-reactance ratio is a common characteristic of distribution
grids, making system voltage very sensitive to active power
injections [1]. To maintain compliance within the acceptable
voltage range, utilities operate voltage controlling devices such
as capacitor banks (CBs), load tap changers (LTCs), and
voltage regulators (VRs). High volatility of renewable gen-
eration could make future distribution grids more susceptible
to voltage instability, thus historical voltage control methods
may need to be improved [2].

Adoption of smart inverter (SI) technology could help
mitigate voltage instability in future distribution grids with
high solar PV penetration. The IEEE 1547 standard, which

provides technical specifications for connection of distributed
energy resources (DERs) in utility distribution systems, states
that SIs should provide voltage support by injecting/absorbing
reactive power during over/under voltage conditions [3]. This
function is known as volt/var control (VVC) and performed
by SIs with dynamic power factor (PF) capabilities [4].

In literature, some authors employed deep learning methods
to maintain system voltage by optimizing VVC of SIs [5],
[6]. One study proposed a multi-agent decentralized Markov
decision framework for SIs to decrease reliance on com-
munication and improve control response time [7]. Some
studies have proposed coordination of customer-owned SIs
with existing utility devices including CBs and LTCs [8], [9].
Multi-timescale operation of these devices has been proposed
in literature to limit switching operations of CBs and LTCs
while implementing faster responses from SIs [10], [11].

In the United States, utilities must deliver electricity to
consumers within the acceptable voltage range of 0.95 to
1.05pu [12]. Conservation voltage reduction (CVR) refers to
the advanced control and management of these devices. Tra-
ditionally, CVR refers to the intentional operation of system
equipment to provide energy savings by reducing voltages to
the lower end of the standard margin [13]. As reported by
utilities, the standard energy reduction due to implementation
of CVR is 1 to 4% [14].

Proposed in this study is multi-timescale combined control
of SIs, LTCs, and CBs using a novel cluster-based method to
disperse switching operations of utility devices while allowing
fast response voltage support with SIs. The proposed method
was tested on a digital twin (DT) of a real utility distribution
grid with high DER penetration. Cluster-based control with-
out SI VVC and traditional conventional control were also
simulated as base or conventional operation for comparison
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Fig. 1. The proposed cluster-based method to implement voltage and reactive power control while limiting device adjustments was simulated on a large real
distribution grid equipped with nine CBs and an LTC at the substation transformer. The algorithm used to implement the proposed method is demonstrated
in the flowchart above.

with the proposed method. Contributions include: voltage and
reactive power optimization on a digital twin (DT) of a real,
very large power distribution system with high solar PV
generation; evaluation of voltage and reactive power support
with vs. without SI VVC; and a multi-timescale approach
for SI VVC combined with cluster-based control of LTCs
and CBs to disperse operations over time while minimizing
active power load and voltage violations and maximizing CVR
energy reduction.

II. REAL DISTRIBUTION CIRCUIT DIGITAL TWIN AND
EXPERIMENTAL DATA

The following case studies were implemented on KUs1T1,
a DT of a very large real distribution grid with 8.65MW
peak load, 2,018 nodes, 9 CBs, and an LTC at the substation
transformer as shown in Fig. 1. The system load shape was
applied using experimental power data measured at the main
feeder. Constant impedance, current, and power (ZIP) load
modeling was utilized to model the relationship between power
and voltage as defined in [15]. A ZIP model was applied for
each individual load on the circuit, and active and reactive
power were defined as:
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where p is the active power load; ap, bp, cp, the first, second,
and third ZIP parameters that must sum to 1; |v|, the voltage
magnitude; v0, the base voltage; q, the reactive power load; and
aq , bq , cq , the fourth, fifth, and sixth ZIP parameters that must

also sum to one. Equivalent ZIP parameters for KUs1T1 were
determined based on measurements taken from the substation
transformer and each individual load model was updated to
the ZIP type.

In addition to the experimental baseload measurements,
thousands of synthetically-generated DER profiles were intro-
duced to the circuit to represent a distribution grid with high
DER penetration. This includes over 600 solar PV generation
profiles, which were synthetically generated based on the
SHINES experimental field demonstration managed by the
Electric Power Research Institute (EPRI) [16]. A profile of
high volatility was purposefully chosen from the dataset to
simulate a worst-case voltage instability scenario. For addi-
tional PV profiles, random synthetic variation between +/-
2% was applied to the original profile to represent slight
variation in generation at different physical locations within
the distribution system, as shown in Fig. 2.

Electric vehicle (EV) charging and heat pump water heater
(HPWH) power profiles were generated based on human be-
havior data from the 2017 National Household Travel Survey
(NHTS) and California Building Energy Code Compliance
(CBECC-Res) respectively [17], [18]. The methodology used
to generate these profiles is explained in further detail in a
previous publication by our group [19]. Each load on KUs1T1
was randomly assigned one HPWH profile, one EV charging
profile, and one solar PV generation profile, which were added
to the experimental baseload power.

III. DISPATCH OF SIS FOR VOLTAGE AND REACTIVE
POWER SUPPORT

The two most common practices for dispatch of SIs are
volt/watt control (VWC) and volt/var control (VVC). The



Fig. 2. A purposefully volatile experimental solar PV generation profile was
selected from the SHINES dataset. Hundreds of unique profiles were derived
from the original by introducing random synthetic variation of +/- 2% at each
timestep.

Fig. 3. Control curves for VVC (top) and VWC (bottom). To implement
a combination of VVC and VWC, called volt/var/watt control (VVWC), V4

and V5 should be set equal to avoid curtailment of watts unless VVC alone
cannot maintain voltage compliance.

control curves for VVC and VWC are illustrated in Fig. 3.
For VVC, available SI capacity is used to inject/absorb reactive
power to provide voltage support. If the SI capacity is over-
sized in comparison to the connected solar PV array, VVC
control may be implemented without curtailment of active
power since there would always be available capacity. The
amount of reactive power to inject/absorb for SIs implement-
ing VVC is determined by the following piecewise function:

Qi(Vi) =



Qmax, Vi < V1
Qmax

V2−V1
(−Vi + V2), V1 < Vi < V2

0, V2 < Vi < V3
Qmin

V4−V3
(Vi − V2), V3 < Vi < V4

Qmin, Vi > V4

(3)

where Qmin, Qmax are the maximum amount of reactive
power that can be absorbed or injected respectively by the SI;

Fig. 4. The proposed method includes multi-timescale combined control of
utility-owned equipment with customer-owned SIs. More frequent adjustments
can be made with SIs, allowing additional reactive power support in-between
CB switching operations to better maintain target CVR voltage.

Vi is the voltage measured at the point of common coupling
(PCC); and V1, V2, V3, and V4 are the VVC voltage setpoints.

Under VWC, SIs curtail solar PV active power output to
avoid system over-voltage conditions. For distribution grids
with high solar PV penetration, voltage may spike when PV
output is high due to the sudden decrease in effective load,
so active power may need to be curtailed in some cases. For
each SI in VWC, active power output is determined by the
following piecewise function:

Pi(Vi) =


Pmax, Vi < V5

−Pmax

V6−V5
(Vi − V6), V5 < Vi < V6

Pmin, Vi > V4

(4)

where Pmax is the available capacity; Vi is the voltage
measured at the PCC; and V1, V2, V3, and V4 are the VVC
voltage setpoints.

Additionally, the combination of VVC and VWC, called
volt/var/watt control (VVWC) may be implemented. In this
case, V5 is set equal to V4 to avoid curtailment of watts unless
absolutely necessary. For the case study in section V, only
VVC is considered and operable SI PF range is assumed
to be 0.8 lagging to 0.8 leading, which is consistent with
available SIs on the market for residential applications [20].
The capacity for each SI was assumed to be 7.65kVA, which
is over-sized from the 4kW solar PV arrays at each load.

IV. CLUSTER-BASED METHOD FOR VOLTAGE AND
REACTIVE POWER CONTROL

A new cluster-based optimization method is used to control
utility devices for the case study in section V. Utility devices
typically used for voltage and reactive power control, such as
CBs and LTCs, were limited in the number of adjustments
executed within a given time frame to minimize degradation.
A k-means clustering algorithm was used to divide contiguous
time steps with similar active power load into groups, where
one adjustment per device is permitted within each cluster.



Fig. 5. Substation transformer LTC settings (top) and system PCC voltage
(bottom) for the three control cases. The clust (VVC) case maintained PCC
voltage closer to the target voltage in-between utility device adjustments due
to the quicker response time of SIs.

An optimization with minimization objectives of system active
power and voltage violations was implemented using a Non-
dominated Sorting Genetic Algorithm (NSGA) to determine
optimal device settings for each cluster. A more detailed de-
scription of the cluster-based method is included in a previous
publication by our group [21].

To further improve system response time to sudden voltage
fluctuations in distribution grids with high DER penetration,
a new multi-timescale approach for combined voltage and
reactive power control of utility devices and SIs is proposed. In
this new combined two-method control, switching operations
of CBs and LTCs are dispersed over time with the cluster-
based method while faster responses are implemented with SI
VVC, as shown in Fig. 4. This method increases grid resilience
by complimenting the weakness of mechanical switching
devices, which are limited in allowed adjustments to preserve
equipment lifetime, with electronic SI control to allow for
quicker response to voltage fluctuations in distribution grids
with highly variable renewable generation.

V. CASE STUDY: MULTI-TIMESCALE VOLTAGE AND
REACTIVE POWER CONTROL OF UTILITY

DEVICES AND SIS

Three cases were simulated on the KUs1T1 circuit: conven-
tional control (conv), cluster-based control without SI VVC
(clust (no VVC)), and cluster-based control with SI VVC
(clust (VVC)). Conv implements a traditional approach where
CBs are always “ON” and the substation transformer LTC
remains at the “1” position unless system voltage is outside the
acceptable margin. The conv case represents a system without
advanced control to serve as the baseline for comparison. Clust
(no VVC) implements cluster-based control of CBs and the
transformer LTC without SI VVC.

Finally, clust (VVC) implements multi-timescale control
of utility devices and SIs where switching operations are

Fig. 6. System node voltages for the clust (no VVC) case (top) and the clust
(VVC) case (bottom). Clust (VVC) maintained system voltage closer to the
voltage setpoint, especially during times of high solar PV generation. There
were no recorded voltage violations (<0.95 or >1.05pu) at any node during
the 24-hour simulation.

Fig. 7. Total system active power load (top) and percent load reduction in
comparison to the conventional control case (bottom). In the clust (VVC)
case, load reduction due to CVR was higher midday when PV generation
was high, since more reactive power could be absorbed to decrease voltage.

cluster-based and SI VVC settings can be adjusted on a per-
minute basis. Voltage setpoints V1, V2, V3 and V4 for SI
VVC were set to 0.95, 0.96, 0.975, and 0.99pu respectively to
represent an example combined control case. All SIs calculate
reactive power injection/absorption based on voltage at the
PCC, i.e. the substation transformer, for each timestep. In the
advanced control cases, the target voltage was set to 0.975pu
to implement CVR while also ensuring node voltage did not
fall below 0.95pu due to voltage drop between the substation
and loads.

VI. RESULTS AND DISCUSSION

Voltages at the PCC and LTC tap positions for all three
cases are shown in Fig. 5. During hours of high solar PV



TABLE I
SIMULATION RESULTS OF THE THREE CONSIDERED CONTROL CASES

System Power Flow Conv Clust (no VVC) Clust (VVC)

Tot. Energy [MWh] 183.68 180.69 180.63
Energy Red. [%] - 1.63 1.66
Tot. Losses [MWh] 2.19 1.69 1.68
Peak Act. Pwr. [MW] 9.67 9.53 9.52
Peak Reac. Pwr. [MVAR] 1.82 1.75 2.18

Grid Operation Conv Clust (no VVC) Clust (VVC)

Tot. Volt. Viol. 0 0 0
Tot. No. of LTC Adjmts. 0 7 7
Tot. No. of CB Adjmts. 0 35 35

Fig. 8. System reactive power load for the cluster-based control cases (top)
and selected PF settings for SIs in the clust (VVC) case during solar generation
hours. In the clust (VVC) case, SIs used surplus capacity to absorb VArs,
which decreased PCC voltage closer to the target voltage setpoint.

generation, system voltage was kept closer to the target voltage
in-between utility device adjustments in the clust (VVC) case
due to the quicker response time of SI VVC. During the 24-
hour simulation, there were no voltage violations (<0.95 or
>1.05pu) at any node in the system as expected and required.
This is illustrated in the box plot of distribution system node
voltages in Fig. 6.

Additionally, both advanced control cases maintained satis-
factory CVR active power load reduction from the conv case
between 1 to 2%, with the clust (VVC) case outperforming the
clust (no VVC) case during midday when solar PV generation
was high, as shown in Fig. 7. Total CVR energy reduction from
the conv case was 1.63% and 1.66% for the clust (no VVC)
and clust (VVC) cases respectively, as listed in the results
from Tab. I. This energy reduction with the same number of
utility device adjustments was achieved by the clust (VVC)
case with example VVC voltage setpoints and the same PF
setting for all SIs at each timestep. As shown in Fig. 8, for
each time step the same PF setting was selected for all SIs in
the system, which caused sudden changes in reactive power,
especially when solar PV generation was high. Results may be
further improved with decentralized control methods to vary
voltage setpoints and reactive power output for SIs at different
locations in the distribution grid.

VII. CONCLUSION

Extensive experimental and synthetically-generated data
was used to perform voltage and reactive power optimization
on a DT of a real, very large distribution system with 2,018
nodes and 8.65MW peak load. The proposed multi-timescale
cluster-based VVC method was tested against baseline control
cases to evaluate its performance under high volatility caused
by high DER penetration. This method dispersed utility device
operations while allowing fast response with SIs to comple-
ment their limitations.

The proposed method limited total CB and LTC adjustments
to within the equipment degradation reduction range, i.e. 35
and 7 respectively over a 24-hour period. Concurrently, SIs
were dispatched for reactive power support in-between switch-
ing operations. Total energy savings of 1.66% were achieved
in comparison to traditional utility conventional control with
zero system voltage violations. Assuming similar savings per
day, estimated energy savings for the simulated circuit alone
were over 1,100MWh annually.
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