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a b s t r a c t

Existing distribution systems and their associated controls have been around for decades. Most distri-
bution circuits have capacity to accommodate some level of PV generation, but the question is how much
can they handle without creating problems. This paper proposes a Configurable, Hierarchical, Model-
based, Scheduling Control (CHMSC) of automated utility control devices and photovoltaic (PV) genera-
tors. In the study here the automated control devices are assumed to be owned by the utility and the PV
generators and PV generator controls by another party. The CHMSC, which exists in a hierarchical control
architecture that is failure tolerant, strives to maintain the voltage level that existed before introducing
the PV into the circuit while minimizing the circuit loss and reducing the motion of the automated
control devices. This is accomplished using prioritized objectives. The CHMSC sends control signals to the
local controllers of the automated control devices and PV controllers. To evaluate the performance of the
CHMSC, increasing PV levels of adoption are analyzed in a model of an actual circuit that has significant
existing PV penetration and automated voltage control devices. The CHMSC control performance is
compared with that of existing, local control. Simulation results presented demonstrate that the CHMSC
algorithm results in better voltage control, lower losses, and reduced automated control device motion,
especially as the penetration level of PV increases.

Published by Elsevier Ltd.
1. Introduction

Photovoltaic (PV) generation is one of the most rapidly growing
renewable energy sources, and is regarded as an appealing alter-
native to conventional power generated from fossil fuel. This has
led to efforts to increase PV generation levels in the U.S. [1].
Although the integration of PV brings many advantages, high
penetration of PV provides a number of challenges in power system
operation, mainly due to its uncertain and intermittent nature.

A major research challenge is optimized control of high PV
penetration within the existing power system. In a power
en National Laboratory, Sus-
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distribution circuit that contains a high level of PV generation that
is not combined with rapidly acting storage, a sudden change of PV
generation can create voltage problems, which in turn may limit
the amount of PV generation that can be added to the circuit.

A control algorithm that dispatches real and reactive PV
generator power can be used to address this problem, keeping
voltages and power factors at desired levels. PV generator control
structures can be classified into three categories; local, hierarchi-
cal, and decentralized control [2e9]. In all of these control para-
digms it is assumed that each PV generator has its own local
controller.

Local PV generation inverter control is primarily used today,
which aims to control PV operating points using local measure-
ments. Local control is typically low cost and simple to operate and
maintain. However, as PV penetration levels increase, it becomes
more and more difficult to tune PV inverter and distribution circuit
voltage control device settings to meet requirements. Also, with
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local control only, it is difficult to handle the multitude of failure
scenarios that are possible.

Here, hierarchical control collects circuit-wide information,
and uses this big picture view to make supervisory level de-
cisions that are used to better coordinate local device actions to
meet system level objectives. Under this strategy, local control is
still used to insure safety and to protect equipment from damage.
If communications are lost between local controllers and the
hierarchical control, the local control can continue to work
similar to the control that is used today. An advantage of hier-
archical control is that multi-objective optimization solutions can
be achieved. If the hierarchical control is model based, then the
control can handle all scenarios that are reflected in the model
solution.

Many PV hierarchical control strategies are presented in Refs.
[10e18]. In Refs. [10e12] reactive power injection of the PV is used
to reduce voltage deviations caused by large PV penetrations. The
control strategy minimizes circuit loss while maintaining the
voltage within limits in Refs. [13e16]. An active curtailment strat-
egy to reduce PV power injection is used to prevent voltage viola-
tions in Refs. [17,18]. Other work has investigated optimal
coordination of control devices. In Refs. [19e22] different auto-
mated control devices are coordinated to find optimal dispatch
schedules. Optimal control of the automated control devices is able
to reduce circuit loss and improve the voltage profile [19e22]. In
these papers different automated control devices are coordinated
to find optimal dispatch schedules.

This paper introduces a hierarchical control algorithm referred
to as Configurable, Hierarchical, Model-based Scheduling Control
(CHMSC) for maintaining the average customer voltage profile
obtained before introducing the PV into the circuit. The CHMSC
control algorithm addresses optimal operation of automated de-
vices and PV generators for voltage control and reactive power
compensation, where stable system conditions are assumed. The
CHMSC algorithm first looks at the operation of control devices
owned by the utility, such as voltage regulators and switched
capacitor banks, and uses time-series based simulation to deter-
mine a control schedule that works to minimize circuit loss while
simultaneously reducing the motion of the automated control de-
vices. This control schedule is created without considering PV
generation. The CHMSC algorithm then generates coordinated PV
inverter control set-points that work to maintain the system
operating conditions established by the utility control devices.
Thus, the CHMSC algorithm provides time varying set-points to
local controllers for both the automated control devices and PV
controllers.
Fig. 1. Control syste
The paper is organized as follows. Section 2 presents the CHMSC
algorithm and its coordination. In Section 3 the proposed control is
analyzed. Its effectiveness is shown by comparing the CHMSC
performancewith the performance of local control. Finally, findings
of the study are summarized in Section 4.

2. Configurable, Hierarchical, Model-based, Scheduling
Control

The main objective of CHMSC is to determine the optimum
operating circuit voltage profiles and control schedule prior to
introducing PV into the circuit, then use hierarchical PV controller
set-point adjustment to help maintain this schedule as PV gener-
ated power is injected into the system. The approach reduces losses
and voltage control device movement, while minimizing the
impact that PVwill have on circuit operation, whichwasmost likely
designed without any consideration given to installation of PV.
CHMSC works to have the PV generation support the optimum
voltage profiles and control schedule. The term optimum is asso-
ciated here with discrete searches based upon the CHMSC priori-
tized objectives.

2.1. CHMSC outline

Circuit measurements are sent to a control center where CHMSC
is located and makes decisions on control actions based on all
measurements and the control objectives, as shown in Fig. 1. As
illustrated in Fig. 1, optimum profiles determined by CHMSC are
sent to automated control devices and PVs that have communica-
tions. CHMSC, using load and solar forecasts, will take into account
the expected actions of control devices and PV generators that do
not have communications and are controlled solely by their own
local controller. Two such local controllers are illustrated in Fig. 1.
The CHMSC control algorithm can be used on any distribution cir-
cuit topology, including radial, lightly meshed, and heavily meshed.

CHMSC calculates schedules as illustrated in Fig. 2. Using the
load forecast, CHMSC first calculates the optimal schedules for the
automated control devices in the absence of PV generation, referred
to here as base controller schedule. The base controller schedule
provides a time varying schedule for utility control devices and also
optimum voltage schedules to be followed throughout the circuit.
That is, the optimum voltage schedule varies from circuit location
to circuit location. At a given circuit location, the optimum voltage
schedule varies as a function of time. Next, using the solar forecast
and the optimum voltage schedules, the optimal schedules for the
PV generators are determined. The PV controller schedule provides
m architecture.



Fig. 2. CHMSC architecture.
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a time varying power factor schedule for each PV controller. That is,
each PV controller may have a different time varying power factor
schedule. This is because in a large circuit different PV controllers
may be operating at different system voltages and loading condi-
tions. Then, based upon the set-point type required for each local
controller, such as voltage, power factor, or other, optimal set-point
schedules are determined and provided to individual local con-
trollers, whether they be utility owned or not. Thus, the set-point
schedules are time varying and vary from one local controller to
another. The algorithms used to determine the base controller and
PV controller schedules are presented in sections 2.2 and 2.3,
respectively.

Based upon circuit and PV generation measurements, the
CHMSC updates its calculations every 5 min. If the optimal set-
point schedules for a base or PV controller have changed signifi-
cantly from the ones currently being used, then the set-point
schedules are updated for the local controllers. This update cycle
is similar to that used in real-time energy markets [23].

If a PV generator is lost or a circuit reconfiguration occurs, the
CHMSC immediately recalculates optimal schedules based upon
the new situation. Note that if a communication failure occurs, the
local controllers can continue to work against the optimal schedule
previously provided as long as the variable being controlled, such as
voltage, stays within the allowable range. If the locally measured
variable goes out of bounds, then the local control will override the
use of the optimal schedule.
2.2. Base controller schedule

Controller schedules represent the planned operation of the
controllers over a period of time. Here the controller schedules are
eventually determined in terms of control variable set-points, such
as power factor or voltage set-points, as a function of time. How-
ever, in this section the schedules will initially be determined in
terms of control device step positions.

The base controller schedules are determined by performing a
search over controllable single-step (often switched shunt capaci-
tors) and multi-step device (often voltage regulators) positions to
find one or more sets of device positions that satisfy three priori-
tized objectives [20e22]. That is, there may be multiple control
solutions that satisfy one or more of the objectives, where each
control solution is represented by a set of device positions.

The highest priority control objective is to maintain the average
customer voltage within a desired bandwidth of a set-point
without violating voltage operating constraint limits. If more than
one set of device positions satisfy the highest priority objective, the
set with the smallest number of total device steps, or least device
motion, is selected. If two or more sets of device positions satisfy
the voltage criteria and have the same total device motion, then a
set with the least circuit loss is selected.

A flowchart of the algorithm used for determining the base
controller schedules is illustrated in Fig. 3. Let Mn represent the
total number of allowable device steps at time n.Mn is related to the
individual control device steps by

Mn ¼
XK

k¼1

mn;k (1)

where K is the total number of controllable devices andmn,k are the
number of steps of device k at time n subject to the constraint

Tmin
k � Tn;k � Tmax

k (2)

where Tn,k is the step at time n, and Tmin
k and Tmax

k are the limits of
the step position.

The first priority is to maintain the average customer voltage Vn

within a range of a desired value Vref,n. This is the average customer
voltage that would exist without PV generation in the circuit at
time n. The voltage deviation is calculated by
���Vn � Vref ;n

���<Vtol;n (3)

where

Vn ¼ avg
�X

vi;n

�
(4)

Vtol,n is the acceptable voltage deviation at time n
vi,n is the customer voltage of the component i at time n.
Vtol,n is defined as±1% of the desired voltage (Vref,n) in this paper.

If any operating constraint limits are violated, such as

vmin
i � vi;n � vmax

i (5)

where vmin
i and vmax

i are lower and upper limits, respectively, on
customer voltage, then the reference voltage is modified until
either the constraint violation is eliminated or the controllers reach
their limits. Note that the voltage control limits can change
depending upon the type of customer.

If more than one control solution exists that satisfies the voltage
criteria, then the second priority, minimize the steps taken by the
control devices, is evaluated.

Finally, if more than one control solution exists which satisfies
both the voltage and minimum controller motion criteria, the
CHMSC algorithm works on the third priority, to reduce the circuit
loss, where the circuit loss is calculated as

Ln ¼
X ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P2Loss;i;n þ Q2
Loss;i;n

q
(6)

where PLoss,i,n is the real power loss and QLoss,i,n is the reactive po-
wer loss of each component.

If a control solution that satisfies the highest priority is not ac-
quired inMn steps, the total allowable stepsMn is increased and the
search repeated.

For each device k, a set of step positions {Tn,k} as a function of
time step n is thus determined, and this defines the schedule for
device k in terms of actual step positions. Then, for each device k, a
schedule of optimum voltage set-points {Vopn,k} is created. The
optimum voltage schedules are then used in determining the op-
timum schedules for the PV generator controls, which is addressed
in the next section.

2.3. PV controller schedule

The PV control algorithm uses an iterative approach to adjusting
the power factors of the controllable PV to minimize the customer
level voltage deviations from the optimum voltage profile obtained



Fig. 3. Flowchart for base controller schedule.
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from the base controller schedules, as illustrated in Fig. 4. Again
note that for a given time point the voltage set-points determined
in the base controller schedule may vary from PV generator to PV
generator. Also, note that at different time points for a given PV
generator the voltage set-point may vary.

If the optimum set-point is greater than the current voltage, the
power factor is adjusted to supply reactive power. If the optimum
set-point is less than the current voltage, the power factor is
adjusted to consume reactive power. Discrete power factor steps
are used by the algorithm. The algorithm first changes the power
factor for a PV generator by increasing or decreasing the power
factor in steps of 0.1. If the average customer voltage falls within
±0.5% of the optimum set-point, the algorithm changes the power
factor by 0.01 steps with the following constraint:

PFmin
n � PFn � PFmax

n (7)

where PF ¼ power factor.
After the power factors of all PVs are determined, the algorithm

calculates the average customer voltage for the circuit (Vn). The
objective is to reduce the voltage deviation from the optimum set-
point (Vset,n) established by the automated control devices. Next the
voltage deviation is compared with the saved minimum deviation
(dVmin,n) as:

��Vn � Vset;n
��<dVmin;n (8)

If the algorithm finds a better power factor for the controller, it
saves the results. The algorithm then returns to the start to change
the power factor of the PV and begin a new iteration. One hundred
iterations are used as the maximum in this work.

Individual local controllers may not work directly in terms of
voltage and power factor set-points. Thus, the CHMSC controller
finally performs set-point scheduling, as illustrated in Fig. 2, based
upon the individual controller needs.

2.4. Local controller

For optimum operation, the optimum voltage and power factor
schedules would be transmitted to all local controllers, as illus-
trated in Fig. 1, and all local controllers would work directly with
the optimum schedules. However, most existing PV controllers are
not designed to take such schedules. Herewewill use a common PV
local control scheme, but assume that the voltage set-point of the
local PV controller can be varied.



Fig. 4. Flowchart for PV controller schedule.
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For local control of PVs, voltage-reactive power droop control is
used in thework here, as shown in Fig. 5 [24]. This control provides
voltage regulation support by supplying reactive power if the line
voltage drops below the selected voltage set-point and by
consuming reactive power if the line voltage is higher than the
selected voltage set-point. The reactive power that can be supplied
is limited, as illustrated in Fig. 5. Note that here the maximum
reactive power is limited at 70% of the PV MVA rating. The gain
used for the droop control is 2500 var/volt. This gain and the
maximum reactive power limits are used for both the local control
and CHMSC simulations described in the following sections. The
major difference between the local control and the CHMSC control
is that the voltage set-point to the local control changes with
CHMSC and the set-point does not change when CHMSC is not
used (i.e., the voltage set-point is fixed when just local control is
used).

Utility control devices considered here are voltage regulators
and switched shunt capacitors. Voltage regulators provide the
Fig. 5. Voltageereactive p
output voltage to be regulated from 90% to 110%. For example, each
step in a 32multi-step voltage regulator having a 20% voltage range
of regulation represents a 0.625% voltage change. Therefore, one
step change of a voltage regulator is seen to result in a voltage
change of 0.75 V based on a 120 V base.

Switched shunt capacitors are equipped with controllers that
use local measurements to determine when to switch the capaci-
tors on and off. For example, when the measured voltage is higher
than the desired voltage, the controller opens the switch to remove
the capacitor from service. When the voltage drops below the
desired voltage, the controller closes the switch to place the
capacitor in service.

3. Evaluation of Configurable, Hierarchical, Model-based,
Scheduling Control

To evaluate the performance of the CHMSC, different PV adop-
tion levels are analyzed. Asmore andmore PVs are connected to the
system the system behavior is affected. In this section the perfor-
mance of CHMSC is compared with local control. When just local
control is used, the voltage set-points are not updated.

3.1. Simulation study

The distribution circuit to be analyzed is shown in Fig. 6. The
circuit model is derived from data for an actual circuit. It is a
13.2 kV, Y-connected circuit. The time varying customer loads are
estimated from averaged hourly SCADA measurements, hourly
customer kWh load data, and monthly kWh load data processed by
load research statistics to create hourly loading estimates for each
customer [25,26].

The circuit studied contains 21 voltage regulators and 8
switched shunt capacitors. The voltage regulators operate on
voltage control with a 1.0 V bandwidth and ±16 steps. The switched
shunt capacitors also operate to control voltage with specified turn
on and turn off voltage limits.

This circuit has 4 existing PV generators, referred to as baseline
generators, as marked in Fig. 6. The existing baseline PV generators
are now controlled in the field to unity power factor and have 1 s
resolution real power measurements available. Here the simulation
uses these 1 smeasurements in a quasi-steady state power flow. For
the simulation of the higher PV penetrations, 1 MW PV generators
are used. The generation from the added PV generators considered
in cases 1 and 2 is based on the baseline PV generator measure-
ments. The locations of the added PV generators were randomly
selected [27,28].
ower droop control.



Fig. 6. Distribution circuit to be analyzed with baseline, case 1, and case 2 PV penetration levels.
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April 2 from 14:00 to 16:00 contains the time of maximum PV
generation for the existing generation, or baseline. This 2 h time
period is used in the case studies to be presented. The PV genera-
tion data for the 9 MW PV on April 2 from 14:00 to 16:00 is shown
in Fig. 7. In this paper 3 levels of PV penetration are analyzed and
used in the controller comparisons, as indicated in Fig. 6: baseline
case with existing generation; case 1 (baseline þ four 1 MW PVs
added to the circuit); and case 2 (case1 þ four 1 MW PVs added to
the circuit). The rated PV generation for the baseline case is
10.35 MW, for case 1, 14.35 MW, and for case 2, 18.35 MW.

The PV penetration percentage is calculated based on the
following equation:

PV penetration ð%Þ ¼ Max PV generation
Native load at max PV generation time

(9)

Thus, the definition of PV penetration used in this paper varies
based on the selected time duration. The PV penetration for the
Fig. 7. Real power generation data at 9 MW
selected day for analysis is approximately 69%, 96%, and 123% for
the baseline case, case 1, and case 2, respectively.

High PV penetration often leads to reverse power flow condi-
tions in distribution circuits. Bidirectional power flow can be
detrimental to the performance of automated control devices. Fig. 8
shows the reverse power flow by circuit color on April 2 at 14:00 for
the baseline. For case 2, representing a PV penetration level of 123%,
the entire circuit would be colored with the reverse power flow
(not shown in Fig. 8).

In order to evaluate control performance, PV generation changes
are considered at the time of maximum PV generation [29]. For the
baseline, Fig. 9 illustrates how voltage variations are observed as a
function of loss of PV generation. From the figure it may be seen
that a 1% voltage variation, based on a 120 V volt base, is observed
when 20% of the PV generation is lost, where the generation loss
occurs at maximum generation. Since one of the objectives here is
to control the voltage variation to within 1%, the CHMSC will be re-
run when a 20% variation of PV generation is observed. In Fig. 7
there are four times at which the PV generation varies more than
PV on April 2 from 14:00 to 16:00.



Fig. 8. Reverse power flow on April 2 at 14:00 corresponding to case 2.
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20%, which are: 2:48:13 PM, 2:48:14 PM, 2:51:00 PM, 2:51:16 PM.
Furthermore, in the CHMSC simulations the loss of communication
is also tested at 2:25:00 PM and 3:55:00 PM.

When local control is not coordinated by CHMSC, the local
control uses the nominal voltage as a set-point. Here the local PV
controllers are modeled inMatlab, and thenMatlab coder is used to
convert the Matlab file to a dynamic link library file that is used in
the power system simulation [30].

3.2. Comparison between local control and CHMSC for case 1

In this section the CHMSC simulation results are compared with
the results of local control for case 1. Case 1 includes the existing 4
PV generation sites and 4 additional 1 MW PV generation sites,
representing a PV penetration of 96%, as illustrated in Fig. 6. Five
variables are used here in comparing CHMSC with local control,
which are average customer voltage, circuit losses, steps of auto-
mated control devices, PV reactive power generation, and the
voltage variation at the 9 MW PV generator.

3.2.1. Average customer voltage
Fig. 10 shows the optimal average customer voltage as a function

of time obtained from CHMSC. In CHMSC the average customer
voltage is calculated to reduce the circuit loss and minimize the
automated control device motion. Actual optimal voltage set-points
Fig. 9. Voltage variations by increasing levels o
for PV generators will vary from PV generator to PV generator. Here
the optimal set-points are updated every 5min orwhen 20% changes
in PV generation are observed. In Fig. 10, the optimal average
customer voltage is shown at which the PV generation varies more
than 20% and when the simulated loss of communication occurs.

Fig. 11 compares the average customer voltage obtained from
CHMSC with that obtained from local control. From the figure both
CHMSC and the local control maintain the average customer
voltage within allowable ranges. However, as will be shown below,
local control is not able to maintain voltages at specific locations
within the allowable range.

3.2.2. Circuit loss
Figs. 12 and 13 show the real and reactive circuit loss compari-

sons, respectively. Both the real and reactive circuit losses are
significantly reduced with CHMSC. Circuit loss summaries are
shown in Table 1. For the 2 h simulation CHMSC is able to improve
the real and reactive power loss over the local control by 38.06%
and 45.83%, respectively.

3.2.3. PV reactive power generation
Fig. 14 show the reactive power generation at the largest PV

generator, the 9 MW generator. Note that in all local control the
maximum reactive power is limited at 70% of the PVMVA rating. As
shown in Fig. 14, at the 9 MW generator the local control is always
limited at the maximum reactive power injection. The CHMSC
controls the reactive power to maintain the optimal voltage set-
point, which is shown in the next section where the voltage vari-
ation is considered. With CHMSC the reactive power generation
never reaches its limit. This is due to the participation of the other
coordinated generators in the reactive power control.

3.2.4. Voltage variation
Figs. 15 and 16 show the primary system voltage variations with

local control and CHMSC, respectively, at the 9 MW generator. The
local control isnotable tomaintain thevoltageset-pointwithinthe1%
variation limits because the reactive power generation is clamped at
its limit. However, the CHMSC is able to maintain the voltage within
the allowable range due to the coordination with other generators.

3.2.5. Steps of automated control devices
One of the CHMSC control objectives is to minimize the steps of

the automated control devices themselves. The circuit studied has
21 voltage regulators and 8 switched shunt capacitors. Table 2
provides a summary of the control device steps and compares the
local control with CHMSC for the 2 h simulation period. From the
f loss of generation for baseline condition.



Fig. 10. CHMSC optimal average customer voltage.

Fig. 11. Average customer level voltage comparison between local control and CHMSC for case 1.
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table it may be seen that the CHMSC results in significantly fewer
steps than local control.

3.3. Control performance comparisons for baseline, case 1, and case 2

In this section further comparisons of CHMSC with local control
are presented for the baseline case, case 1, and case 2, where the
Fig. 12. Real power loss (kW) comparison betw
cases are illustrated in Fig. 6. Circuit losses, automated device
motion, voltage violations, and overload violations will be
considered.

3.3.1. Circuit loss
Figs. 17 and 18 compares total real and reactive power losses as

the level of PV generation increases from the baseline case to case 2.
een local control and CHMSC for case 1.



Fig. 13. Reacitve power loss (kVAR) comparison between local control and CHMSC for case 1.

Table 1
Comparison of the total circuit losses between local control and CHMSC for case 1.

Local control CHMSC Improvement

Real power loss (kW-hr) 198.98 kW-hr 123.25 kW-hr 38.06%
Reactive power loss (kVAR-hr) 240.69 kVar-hr 130.38 kVar-hr 45.83%

Fig. 15. Voltage at 9 MW PV us

Fig. 14. Reactive power generation (kVAR) comparison at 9
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Both real and reactive circuit losses increase with increasing PV
generation, but in all cases CHMSC has significantly lower losses.

3.3.2. Steps of automated control devices
Fig. 19 compares the control motion, in terms of percent

reduction of CHMSC over local control, as the level of PV
ing local control for case 1.

MW PV between local control and CHMSC for case 1.



Fig. 16. Voltage at 9 MW PV using CHMSC for case 1.

Table 2
Total steps comparison of automated control devices for 2 h between local control
and CHMSC for case 1.

Local control CHMSC % Reduction in controller
motion with CHMSC

All voltage regulators 2374 1559 34%
All switched shunt capacitors 1070 684 36%

Fig. 17. Total real power loss comparison for 2 h simulation by increasing PV
penetration.

Fig. 18. Total reactive power loss comparison for
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penetration increases. As shown in the figure, the percent reduc-
tion ranges from a little over 20% to over 40%. And, as the PV
penetration level increases, the improvement of CHMSC over local
control continues to increase. It may be noted that CHMSC has a
slightly larger improvement for switched capacitors.
3.3.3. Number of voltage violation
Fig. 20 shows how the number of customer voltage violations,

low and high, increase as the level of PV generation increases. It
may be noted that local control has more than four times the vio-
lations of CHMSC. Customer voltage violations are only reported at
load busses, and there are 1109 load busses in the model. Since
there are 7200 power flow runs performed over the 2 h period,
there are 7,984,800 voltage calculations (7200 � 1109) that are
checked for low or high voltage at load busses during the simula-
tion. Hence, approximately 1600 voltage violations (worst case in
Fig. 20) represent approximately 0.02% violations.
3.3.4. Number of overloading violation
Fig. 21 shows how the number of overloads increases as the level

of PV generation increases. CHMSC has 93% and 54% fewer overloads
for cases 1 and 2, respectively. An overload violation occurs when
the power flow through a component exceeds the power rating of
the component. Note that the circuit has 4883 components. Thus,
there are 35,157,600 calculations (4883 � 7200) that are checked at
individual components for an overload condition during the
2 h simulation by increasing PV penetration.



Fig. 19. Reduction in control device movement with CHMSC with increasing PV penetration.

Fig. 20. Number of voltage violations during 2 h period with increasing PV penetration.

J. Jung et al. / Renewable Energy 76 (2015) 318e329328
simulation. Hence, approximately 15,500 overload violations (worst
case in Fig. 21) represent approximately 0.044% violations.

4. Conclusions

The Configurable, Hierarchical, Model-based, Scheduling
Control presented uses utility automated control devices to
Fig. 21. Number of overloads during 2 h p
establish an optimum voltage schedule, where the optimum
voltage schedule varies with time-of-day and with circuit loca-
tion. The optimum voltage schedule calculation does not
consider PV generation. PV generators that have communications
are then requested to help maintain the optimal voltage
schedule. If a PV generator controller does not have communi-
cations, then CHMSC studies can be used to help determine
eriod with increasing PV penetration.
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reasonable PV controller gains that support the power system
operation.

A model of an existing circuit with high PV penetration (69%)
was used as a starting point for the comparison of CHMSC with
local control only. In performing the analysis 1 s PV generation
measurement data from the existing solar generators was used. In
the comparison CHMSC used the same local controllers, but varied
the voltage set-points of the local controllers. The comparison of
the performance between CHMSC and local control only was per-
formed for three levels of PV penetration e 69%, 96%, and 123%.
Comparisons included real losses, reactive losses, voltage viola-
tions, overload violations, motion of utility owned automated
control devices, and the control of voltage. The CHMSC out-
performed the local control only, and often the difference in per-
formance increased as the level of PV penetration increased.

Existing distribution systems and their associated controls have
been around for decades. Most distribution circuits have capacity to
accommodate some level of PV generation, but the question is how
much can they handle without creating problems. The control
approach presented seeks to accommodate very high levels of PV
penetration with the least impact on the system operation.

In this paper the CHMSC updates its calculations every 5 min or
when PV generation has changed significantly. It is also necessary
to control PV generation appropriately in dynamic events such as
short circuits. Additional research concerning PV control in such
emergency situations will be addressed in future work.
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