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Abstract—The high R/X ratio of typical distribution systems
makes the system voltage vulnerable to the active power injection
from distributed energy resources (DERs). Moreover, the inter-
mittent and uncertain nature of the DER generation brings new
challenges to the voltage control. This paper proposes a two-stage
stochastic optimization strategy to optimally place the PV smart
inverters with Volt-VAr capability for distribution systems with
high photovoltaic (PV) penetration to mitigate voltage violation
issues. The proposed optimization strategy enables a planning-
stage guide for upgrading the existing PV inverters to smart in-
verters with Volt-VAr capability while considering the operation-
stage characteristics of the Volt-VAr control. One advantage of
this planning strategy is that it utilizes the local control capability
of the smart inverter that requires no communication, thus
avoiding issues related to communication delays and failures.
Another advantage is that the Volt-VAr control characteristic
is internally integrated into the optimization model as a set
of constraints, making placement decisions more accurate. The
objective of the optimization is to minimize the upgrading cost
and the number of the smart inverters required while maintaining
the voltage profile within the acceptable range. Case studies
on an actual 12.47kV, 9km long Arizona utility feeder have
been conducted using OpenDSS to validate the effectiveness of
the proposed placement strategy in both static and dynamic
simulations.

Index Terms—Dynamic Model, Stochastic Optimization, Un-
balanced Distribution System, Volt-VAr Control, Voltage Viola-
tion Mitigation

NOMENCLATURE

Sets and Indices

%) Set of phase indices p

w(f) Subset of phase at distribution line £

Qg Set of bus indices (i, p)

Qp C Qs Subset of bus with load indices (d, p)

Qr Set of distribution lines indices (¢, p)

Lo(7) Subset of distribution lines (¢, p) originating at bus ¢

Lg(3) Subset of distribution lines (¢, p) ending at bus 4

lo, le From-node and to-node indices of distribution line ¢

Qpy COB Subset of bus with PV indices (g, p)

Qpy, CQpy  Subset of bus with PV candidates for smart inverters
indices (g,p)

Qrr Set of transformers indices (7, p)

Qsub Set of substation indice (n, p)

S Set of scenarios indices s

Parameters

Repm Self resistance (p = m) and mutual resistance of line
£ between phases p and m (p # m)

Xepm Self reactance (p = m) and mutual reactance of line

¢ between phases p and m (p # m)
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Z,pm Self impedance (p = m) and mutual impedance of
line ¢ between phases p and m (p # m)

Yo, m. ke Susceptance of line ¢ between phases m and k
PP The maximum power point (MPP) of PV at bus g
B phase p at scenario s
ppLmex The rating active power value of PV inverter at bus
_ g phase p

[ The rating reactive power value of PV inverter at bus
_ g phase p
S, The rating apparent power value of PV inverter at
_ B bus g phase p
Vgl, e ,Vg6 Voltage magnitude breakpoints of the linear piece-

) wise Q-V curve

ymiv/ymax . The minimum/maximum voltage magnitude for the

normal operation

Real/imaginary part of voltage measurement at sub-
station before enabling Volt-VAr control n phase p
at scenario s

\/7,S /Y/im,s
Vi /Valp

pr(S) The scenario probability

W, wy, Wy The weight coefficients in the objective function

PTH?S Injection from substation n at phase p at scenario s

P s No-load loss of transformer 7 at phase p at scenario
S

pDs Active power of load at bus d phase p at scenario s

Q d; Active power of load at bus d phase p at scenario s

M A large positive number

PFrin The minimum power factor of PV smart inverter

Variables

by, Binary variable to decide whether to place an PV
smart inverter or not at bus g phase p

xps™® Binary variable to enable PV Volt-VAr control func-

S tion at bus g phase p at scenario s
Tg5 Binary variable to disable PV Volt-VAr control func-
tion at bus g phase p scenario s

pPPYs Active power output of PV at bus g phase p at

g, :
scenario s
P Reactive power output of PV at bus g phase p at
scenario s
avs° Reactive power output of PV following Q-V curve at
bus g phase p at scenario s
IZ’; Real part of current flow at line ¢ phase p at scenario
_ S
7" Imaginary part of current flow at line £ phase p at
i scenario s
e Real part of current injection at bus 7 phase p at
o scenario s
iMn,tm,s . .. . .
ip Imaginary part of current injection at bus ¢ phase p
at scenario s
I8 Real part of voltage at bus ¢ phase p at scenario s
Vs Imagi f vol bus i ph i
ip maginary part of voltage at bus ¢ phase p at scenario
S
ve Voltage magnitude at bus 7 phase p at scenario s
o(zP", s) Operation cost of the second stage at scenario s given
pv
x

I. INTRODUCTION

HE rapid growth of distributed energy resources (DERS),
especially the solar photovoltaic (PV) generators in dis-
tribution systems, is transforming the systems from passive



networks to active ones [1]. The large R/X ratio of the
active distribution feeders makes the voltages sensitive to the
intermittent active power injection from the PVs, which may
lead to unexpected voltage violations and voltage fluctuations
[2].

There are four types of voltage control strategies applied in
active distribution systems: local control, distributed control,
decentralized control, and centralized control [3]. The local
control is an autonomous control strategy that does not require
any communication among different controllers [4], [5]. The
centralized control can provide more flexibility by allowing
the optimal utilization of the control devices among the
entire system. However, a robust communication system is
required to provide the real-time measurements for the central
controller [6], [7]. Distributed control is a strategy that does
not need a central controller; only the communication between
the neighboring controllers is required [8]. The decentralized
control coordinates various control components to optimize the
operation for a specific area, which means the system can be
divided into different “centralized” zones [9]. These different
control strategies are all based on the system operation stage
with possible use of optimization techniques to coordinate the
operation of different existing devices. However, the existing
control devices in some distribution systems may not be
adequate for handling the voltage issues caused by the high
penetration of the PVs. Even worse, the bidirectional power
flow of the active distribution network can mislead traditional
control devices such as the tap changers and cause unexpected
regulating or protecting actions [1].

To overcome these voltage management complexities, it
is necessary to adopt an effective control strategy in the
operational stage and develop an effective planning strategy
that takes into account the operation of active voltage control.
Many approaches on distribution system planning associated
with active voltage management have been investigated [10]-
[12].Those planning strategies mainly focused on increasing
the penetration level of the DERs. However, the system
voltage regulation flexibility is limited by the capability of
conventional control devices and the communication system.
To further mitigate voltage violation issues, the interconnection
standard IEEE 1547-2003 has been thoroughly revised and
published as 1547-2018 to allow smart inverter-based genera-
tors to participate in the distribution feeder voltage regulation
by providing sufficient active and reactive power support [13].
This amendment enables the DERs with smart inverters to
control and optimize the local voltage by injecting or absorb-
ing reactive power based on the local operation condition.
For a distribution system with a high penetration level of
residential PVs, selectively upgrading existing PV inverters to
the smart inverters with local voltage management capability
is one of the most cost-effective voltage regulation methods for
system planning. A joint planning and operation optimization
algorithm was presented in [14], [15] to upgrade traditional
expansion measures and consider the voltage regulation impact
of DERs with smart inverters in the operation stage. However,
the authors in [14] implemented an offline optimal power
flow to obtain the setpoints for the inverters to describe
the inverter’s real-time behavior in the operation stage. They
did not implement the real-time operational characteristics of
the smart inverters in the planning process, which is more
accurate.

This paper proposes a novel planning strategy to optimally
place a minimum number of PV smart inverters with Volt-
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Fig. 1. Decision process of placing PV smart inverter

VAr control among the existing PV systems while mitigating
the possible voltage issues in the distribution systems. The
problem is formulated as a two-stage stochastic mixed-integer
programming optimization model considering the worst volt-
age violation scenarios. The first stage is to place the minimum
number of PV smart inverters with Volt-VAr control. The
second stage describes the Volt-VAr control impact on the
system voltage profile while minimizing the PVs’ active power
curtailments. The placed PV smart inverters work in the VAr
priority mode and follow their own pre-defined Q-V curve to
autonomously control the local voltage without communicat-
ing with other devices. To validate the system voltage stability
with the autonomous inverter control, a detailed dynamic
model of the PV inverter is developed as a dynamic link library
(DLL) in OpenDSS. The key contribution of this work can be
summarized as follows:

1) A stochastic decision process is proposed to optimally
place the PV smart inverters with Volt-VAr control con-
sidering the uncertainties of PV generation and load
demand.

2) A set of analytical constraints are formulated in the
second stage to model the impact of the Volt-VAr control
with VAr priority on the voltage profile. The opera-
tional characteristics of the Q-V curve are defined as a
piecewise-linear function and transformed into a block of
variables and constraints to enforce the relationship be-
tween the reactive power output of the Volt-VAr controller
and the local voltage magnitude.

3) A detailed dynamic model of the PV inverter with Volt-
VAr control is developed as a DLL in OpenDSS to
verify the optimization results and ensure system voltage
stability.

4) The optimization has been applied on an actual distribu-
tion feeder with instantaneous penetration levels as high
as 200% with significant overvoltage issues. The results
show that a small subset of inverters upgraded with Volt-
VAr control capability is sufficient to remove all voltage
violations.

This paper is organized as follows: Section II describes
the problem to be solved in this paper. Section III presents
the detailed mathematical formulation. Section IV provides
the simulation results and the results verification. Section V
summarizes the conclusion.

II. PROBLEM STATEMENT

The increased penetration of PVs in distribution systems
may lead to severe voltage violation problems or reactive
power problems [16]. PVs with smart inverters can control and
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Fig. 2. Q-V Curve of PV with Volt-VAr control

optimize the local voltage by injecting or absorbing reactive
power based on the local voltage. However, many of the PVs
were not equipped with smart inverters. Retrofitting all or a
large number of existing inverters to have Volt-VAr capability
can be cost-prohibitive for the utilities. On the other hand,
to ensure that the smart inverter can successfully control the
distribution system voltage profile, especially during periods
of peak solar output, the smart inverter may need to operate
under VAr priority mode. It indicates that the reactive power
support is prioritized, the active power output may need to
be curtailed due to the lack of sufficient headroom in the
inverter rating. However, curtailing the active power output
of PVs negates the economic benefit to PV owners and other
environmental benefits. An optimal placement strategy to place
the minimum number of PV smart inverters with Volt-VAr
control considering the uncertainties of PV output and load
needs to be developed to solve these problems.

As depicted in Fig. 1, the PV smart inverter placement prob-
lem is modeled as a two-stage stochastic decision process: (i)
the planner makes smart inverter placement decisions for the
rooftop PV in the first stage; (ii) the operational uncertainties
are resolved in the worst-case voltage conditions, including (a)
power demand and (b) the maximum power point of the PV
output; the operator invokes recourse decisions (i.e., Volt-VAr
control) to minimize voltage violation in the second stage.
Here we use the historical data from a utility to construct
the uncertainty, considering two worst voltage scenarios: The
worst over-voltage scenario occurs under the maximum gen-
eration condition; the worst under-voltage scenario considers
the maximum load condition.

III. MATHEMATICAL FORMULATION

This section presents a two-stage stochastic mixed-integer
linear pro Igram (SMILP) formulation to place the minimum
number of PV smart inverters with Volt-VAr control to meet
the voltage reguirements and mitigate under/over-voltage con-
ditions. The first stage minimizes the number of PV smart
inverters. The second stage minimizes the squared norm of
PVs’ active power curtailment while maintaining the substa-
tion voltage at a certain level given the worst voltage scenario.
Equation (1) presents the o lJjectlve of the proposed SMILP
problem, which minimizes the allocation cost of PV smart
mverters and the expected operation cost of the second stage.
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The second stage models the unbalanced distribution system
operation under worst case voltage scenarios. There are two
modeling challenges. Firstly, if a PV smart inverter works in
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the Volt-VAr control mode with VAr priority, the generated
reactive power should follow a specific Q-V curve as shown in
Fig. 2. The inverter operates in different modes generating or
absorbing reactive power to support local voltage. This Volt-
VAr control function can be analytically achieved using the
piece-wise linear Q-V curve constraint. At the same time, the
squared norm of active power curtailment is minimized in the
objective to encourage as many PV smart inverters as needed
to participate in voltage violation mitigation through reactive
power support.

Secondly, a multi-phase optimal power flow formulation
that models the unbalanced distribution system accurately is
needed to obtain the optimal location of PV smart inverters
with Volt-VAr control based on actual system requirements.
The simulation results in OpenDSS software at the same oper-
ation point are used to validate the solution from the optimiza-
tion. This paper makes full use of the unbalanced distribution
system linearized AC power flow formulation proposed in [17]
to model all details of a distribution network. This linearized
power flow model is based on the rectangular Current-Voltage
(IV) formulation and uses the first-order approximation of the
Taylor’s series expansion to linearize the nonlinear product of
current and voltage in the node power balance constraint. In
order to construct the Q-V curve constraints for modeling the
reactive power of PV smart inverters with Volt-VAr control,
the voltage magnitude is needed, which can be obtained using
a nonlinear function of real and imaginary parts of voltage in
the IV formulation. We use a similar first-order approximation
of the Taylor’s series expansion to get the linear expression of
the voltage magnitude.

The detailed mathematical formulation of the second-stage

problem is described as follows:
1) Second-Stage Formulation:

G, s) =min w) Y (Pry - PryY)?
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The first part of the detailed second-stage formulation in (2)
minimizes the weighted least squares of the active power
curtailment of PV with the smart Volt-VAr control. The second
set of terms minimizes the weighted least squares of the
feeder-head voltage difference between the optimization model
and the base case without PV Volt-VAr control.

2) Smart inverter Volt-VAr Control Constraints:
a) PV Volt-VAr control enabling constraint:

xﬁ]w]gn < xsfpav(gap) € QPV’U’U’ s € S (3)

Constraint (3) indicates that only if a PV smart inverter
is placed at the selected PV bus node g phase p, the Volt-
VAr control function can be enabled; otherwise, it will not
be activated. Here Qpy,, is a pool of candidate PVs in the

optimization that can be selected to install a PV smart inverter.
b) PV output disjunctive constraints:
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The disjunction constraint (4) describes the logical relation-
ship of the PV output with a binary decision, whether to enable
Volt-VAr control function or not. Here z2"s>* and x p Uo7 are



used as binary variables to select between different groups of
PV output constraints. These binary variables must satisfy the
relationship 28" * +2g 57" = 1. If 2b%n* =1, it indicates
that the PV at bus g can perform Volt-VAr control: the active
power output of the PV can be curtailed; the reactive power
output of the PV needs to follow the Q-V curve as shown in
Fig. 2, which varies with the voltage magnitude V" ; and the
apparent power output of PV should be less than the rated
apparent power value SPU. If z}5"° = 1, it indicates that
the PV at bus g does not perform Volt-VAr control: the active
power output of the PV is equal to the maximum power point

for the PV, and its reactive power output is zero.

c) Piecewise-linear Q-V curve constraint: The Q-V
curve of Volt-VAr control shown in Fig. 2 can be expressed
as a continuous piecewise-linear function:

p:)pmax if Vgl < VQT:;;S < 792
Ve (Vv V<V <

o =9 .0 i if \:/93 <V < \:/; ®)
sti (Vaw® = Vg) iV SV <V
—Qe™™ if Vg < Vgp® <V

Here we use the disaggregated convex combination model
to transform this function into a block of variables and
constraints that enforces a piece-wise linear relationship
between the voltage magnitude variable (i.e., V,"»%) and
the PV reactive power output variable (i.e., Qg”p&) Let
Q] c {va ma.x7 va ,max 0 0 Qp'u de7 _ngpmax repre-
sents the correspondlng reactlve output at the voltage mag-
nitude breakpoints of the Q-V curve. The reformulated con-
straints of (5) can be written as:
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where J is the set of line segments of the Q-V curve, and
| 7| is equal to 5. 5 » represents the binary variable selection

of line segment j. )\J k8 Y(4,k) € K is defined as a weight
variable to perform the 1nterp01ati0n on the selected segment
J, where k represents the two end points belonging to line
segment j an(f K is the mapping set of the connecting line
segment and its correspondmg end-point. From the Volt-VAr
control setting aspect, V, V4, and V? are the setpoints
for the Q-V control curve, wﬁlch can be agjusted in a specific
allowable range. The maximum reactive power of the PV with
the Volt-VAr control in (5) can be assumed to be the following:

APV, MaT __ 1
g9,p PFmin2

where PF,;, represents the minimum power factor that the
inverter is capable of operating at rated active power and
promat s the maximum active power output of the g-th
PV source among all the time-series values given in the data.
Based on (12), the PV’s apparent power rating in (4) can be
assumed to be:

8P = QB 4 PRS2 (g, p) € Qpy,

- 1) Py (g, p) € Qpv,,  (12)

13)

3) Linearized 1V-based AC Power Flow Constraints: The
objective of mitigating voltage violations under the worst
voltage scenarios with the minimum number of PV smart
inverters with Volt-VAr control makes the placement deci-
sions very sensitive to the voltage change. As a result, it
is necessary to accurately model the three-phase unbalanced
distribution system power flow considering the impact of lines’
mutual impedances and shunt admittances on the bus voltage.
Compared with the widely-used linearized DistFlow model,
which approximates the unbalanced voltage as balanced [18],
[19], the TV-based AC power flow model proposed in [17] has
been validated to be more accurate to capture the operation
characteristics of the unbalanced distribution systems with a
high penetration level of PVs.

a) Line flow constraints:

V= S R (1 3w
mep(L) kEp(£)
_ Z Xep, m(]ﬂ;é Z yeﬁmkaEZ’fk)7V(€,p) €Qr,s€S8
mep (L) kep (L)
(14)
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mep(£) kep(L)
- Z Xé,p,m( om Z Ye,m, k ’,S>7V(€ap) S Qﬁv ERS S
mep(L) kep(£)

(15)
Constraints (14)-(15) describe the relationship of line current
and corresponding bus voltage difference over a distribution
line connecting bus ¢, to bus /. considering the impact of the
line’s self and mutual impedances and admittances.

b) Current injection constraints:

= 3 Ipe— > I Y(i,p) €Qs,s €S (16)
(£,p)eLo (1) (£,p)eL (1)

L™= Lt Y I Vp) € Q5,568 (A7)
@p)eLo(i)  (Ep)elp(i)

The injected current at each node and scenario is obtained
using (16)-(17).

c) Linearized power balance constraints: In the rectan-
gular IV formulation, the power balance constraints contain
nonlinear elements due to the product of voltage and injected
current. To linearize the power balance constraints, an iterative
first-order approximation of the Taylor’s series expansion
developed in [17] is used and the linearized power balance
constraints around an operatmg point for each phase (i.e.,

Vs s s d I;",""™*") can be expressed as (18) and
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Two PV operating points are considered in the proposed
SMILP problem (i) without smart inverter and (ii) with smart
inverter. Since the objective of this placement problem is
to minimize the number of PV smart inverters to mitigate
the voltage violations in the worst-case scenarios, the PV
operating condition without placing smart inverters here is
considered to be the base case. In constraints (18)-(19),
(Vi Ve, % 1 "™®) are the real and imaginary parts
of bus voltage and injected current at the operating point
without smart inverter, which are used as the first-order
approximation parameters of Taylor’s series expansion and
can be updated iteratively for getting the voltage and injected
current at the operating point with smart inverter. Note in
constraint (18), the active power output of the residential PVs
that are not in the PV smart inverter candidate pool is assumed
to follow the respective MPP value.

d) Voltage magnitude constraints: The voltage magni-
tude can be expressed by a nonlinear function of the real part
and the imaginary part of voltage in (20).

VIS =\ Vo2 4 V2 Y(ip) € Qp,s €S

The linear approximation of (20) can be reformulated by
the similar first-order Taylor-series expansion method:
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where (V" ‘A/f;”s) represent the operating point without
smart inverter for the first iteration of Taylor’s series expansion

at bus ¢, phase p, and scenario s.
Constraint (22) bounds the voltage magnitudes in the normal
operating range.

VIR VS LV V(i p) € Qp,s €S

(22)

IV. SIMULATION RESULTS AND VALIDATION

This section presents the optimal results of the proposed
PV smart inverter placement problem corresponding to an
actual 12.47 kV, 9 km-long Arizona utility feeder that serves
residential customers. This feeder has 7864 buses, 1790
primary sections, 5782 secondary sections, 371 distribution
transformers, 1737 loads, and 766 residential rooftop PV units.
The detailed information of this feeder can be found in [20].

A. Scenario Generation and Solution Algorithm

As mentioned in Section II, two days corresponding to the
actual historical feeder data - the maximum generation con-
dition on 03/15/2019 (high PV) and load peak on 07/15/2019
(high load and relatively low PV) were chosen for constructing
the worst over and under voltage scenarios. In the worst
over-voltage scenario, the power generated by the installed
residential rooftop PV is 3.6MW, which corresponds to a
penetration level of 225% (3.6MW/1.6MW) compared to the
feeder’s corresponding total gross load. Fig. 3 (a)(b) present
the load node locations and the voltage profile with the over-
voltage issue, and the total number of over-voltage load nodes
is 439. For the worst under-voltage scenario, Fig. 3 (c)(d)
present the load node locations and the voltage profile, and
the total number of under-voltage load nodes is 14.
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As only two voltage scenarios are considered, the extensive
form of the proposed two-stage SMIP model for the optimal
placement of PV smart inverters is directly solved using the
PySP package in Pyomo (version 5.7.3) with Gurobi 9.03
mixed-integer solver. The simulations were performed on a
computer with a 3.6 GHz 8-Core Intel 19-9900K CPU and 36
GB of RAM.
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Fig. 6. Reactive power output comparison for (a) over-voltage scenario and
(b) under-voltage scenario

B. The Operation Results Comparison of the SMIP Optimiza-
tion with OpenDSS

The six parameters of the Q-V curves of Volt-VAr control
are set as V' =0.0,V2=0.94,V3=0.98V!=1.02, V) =
1.06, V) = 1.1,Yg € Qpy,, . The power factor range of PV
smart inverter is [—0.8,0.8]. The optimal location of the PV
smart inverters is shown in Fig. 4 and the total number is
99. There are 8 PV smart inverters in Phase A, 69 in Phase
B, and 22 in Phase C. Those selected PV smart inverters
with Volt-VAr control are implemented in the OpenDSS to
validate the effectiveness of the proposed SMIP model. By
comparing Fig. 3 (a) and Fig. 4, it can be seen that the
optimization typically favors the locations with overvoltages
initially for the placement of smart inverters. The voltage pro-
files after enabling the optimally selected Volt-VAr control in
the OpenDSS simulation under the two worst voltage scenarios
are shown in Fig. 5. It can be seen that the optimally placed PV
smart inverters with Volt-VAr control can successfully mitigate
the voltage violation issues for both over-voltage and under-
voltage scenarios.

To validate the effectiveness of the proposed optimization
model, we compare the power flow results in the optimization
model with the OpenDSS simulation results after enabling
Volt-VAr control in the selected PV smart inverters. Figures
6 (a) and (b) present the PV smart inverters’ reactive power
comparison between the SMIP model and OpenDSS under
both scenarios. The average squared difference of the PV smart
inverter’s reactive power output between the SMIP model
and OpenDSS is 0.548% and 0.089% respectively for the
over-and under-voltage scenarios, which are relatively small
values. The difference between the active power output of
the smart inverters in the SMIP model and the maximum
power point of PV generators in both scenarios is zero. It
indicates that the optimally placed PV smart inverter with Volt-
VAr control can guarantee the customers’ economic benefit
of maximizing their PV units’ active power output under
the worst voltage scenarios. At the same time, we compare
the voltage magnitude difference of each bus node in both
the SMIP model and OpenDSS simulation as shown in Fig.



Phase A °
. 0.005 Phase C

Phase B g
0.004 £ 0006

’;:‘ 0.008 Phase A °
Phase C

oo
g Phase B

S

k £ 0005 °

0.003 a

o 5 0.004
s

0.002 ‘E 0.003
&

&
= 0.002

0.001

Voltage Magnitude Difference (p.u.)

P
20 0.001 A

S
> 0.000 > 0.000

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Bus Node Bus Node
(a) (b)

Fig. 7. The difference in voltage magnitudes obtained from SMIP model
and OpenDSS at each bus for (a) over-voltage scenario and (b) under-voltage
scenario

—e&— Disabling Volt-VAr control =@ - Enabling Volt-VAr control

254

252

250
-
>
<
5 248
>

246

244

0
3 b 5
\ P

_ ’:‘0.5 Y ‘,
- 1
? g v
= ) i

! % s o

S Sey !
0 20 )
0 5 0 15 20 3 0 5 2

Time (Hour)
©

Time (Hour)

Fig. 8. 24-hour time-series voltage magnitude, active power and reactive
power output comparison for the 45th PV smart inverter disabling and
enabling Volt-VAr control

7. These results validate the effectiveness of the proposed
SMIP model in modeling the unbalanced distribution system
operation considering the impact of PV smart inverter with
Volt-VAr control on the system voltage profile.

As only the worst voltage violation scenarios are considered,
it is necessary to validate whether the optimal placement
decisions work for other time instants. Two 24-hour time-
series power flow studies disabling and enabling Volt-VAr
control at the selected 99 PV smart inverters are conducted
in the OpenDSS. Fig. 8 shows the hourly time-series voltage
magnitude, active power output, and reactive power output
comparison for the bus node with the 44th placed PV smart
inverter. This specific PV bus has the maximum voltage
violation in the over-voltage scenario. It is found that this
bus node, when Volt-VAr control is disabled, violates the
normal operation voltage limit from ¢ = 11h and reaches its
maximum voltage magnitude at ¢ = 14h, which causes the
worst over-voltage problem. With Volt-VAr enabled, there is
no voltage violation issue during the entire 24-hour operation
as the reactive power absorption of the PV smart inverters
helps to reduce the voltage.

C. The Dynamic Voltage Stability Validation

To validate the voltage stability of the Volt-VAr control
operation, a detailed dynamic model of the PV smart inverter

PV Smart Inverter
Placement Optimization

New OpenDSS

Model

Dynamic Model in
Dynamic-Link Library
(DLL)

Time Domain  Frequency Domain

Vi

Volt/VAr [« P
controller |« 7;

*
d r
PWM PR current
controller

Fig. 10. Block diagram of the PV inverter

with Volt-VAr control capability is developed based on previ-
ous work [21]. Fig. 9 presents the flow chart of the entire
validation process, which can be described as follows: (1)
model the dynamics of the PV smart inverter with Volt-VAr
control in the real-valued time domain; (2) adopt the dynamic
phasor transformation to transform the real-valued inverter
model to a phasor-based model implemented in a DLL; (3)
test the system stability in both static and dynamic simulations
to validate the effectiveness of the optimization results.

Fig. 10 shows the simplified block diagram of the inverter
power stage used for validation, which is numerically imple-
mented in the DLL. The PLL is used to extract the reference
angle 6,; from the terminal voltage v;. The Proportional-
Resonant (PR) current controller can force the grid-side in-
ductor current, that is, the terminal current 7; of the inverter,
to follow the current reference ¢* provided by the Volt-VAr
control block. The inverter’s active and reactive power output
can be controlled to conduct various grid support functions by
adjusting active current and the reactive current separately.

The optimally placed PV smart inverters disable the Volt-
VAr control at time ¢ = (0.0s, and Volt-VAr control is enabled
at 0.04s under both scenarios in the dynamic studies. Fig. 11
shows the dynamic results of the 44th PV smart inverter in
the over-voltage scenario, which has one of the largest voltage
violations before enabling Volt-VAr control. It can be observed
that a significant voltage drop is induced by the reactive power
absorption of the PV smart inverter at time ¢t = 0.04s. After
the transient period, the active power can be maintained at
its original value. The reactive power is kept at a higher
value corresponding to the Q-V curve settings to maintain
the voltage at a lower value. Similarly, Fig. 12 shows the
dynamic results of the 1st PV smart inverter in the under-
voltage scenario. These results show that even in a feeder
such as the utility partner’s feeder used in this study with
PV penetration exceeding 100%, it is possible to manage the
feeder voltage profile and keep the system stable using only
a relatively small number (99 of 767) of optimally placed PV
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smart inverters to provide Volt-VAr support.

V. CONCLUSION

In this paper, a two-stage stochastic mixed-integer linear
programming model is proposed to determine optimal numbers
and locations of PV smart inverters with Volt-VAr control to
mitigate under/over voltage conditions while minimizing the
active power curtailment of PV units in active unbalanced
distribution networks. In the first stage, the upgrading cost
of PV smart inverter with Volt-VAr control is minimized,
while the second stage minimizes the expected cost of active
power curtailment of PV units and considers the detailed
model of Q-V curve characteristics of PV smart inverter
according to IEEE 1547 standard. Additionally, a detailed
dynamic model of PV smart inverters is developed using DLL
in OpenDSS to evaluate the distribution system’s steady-state
and dynamic stability with the obtained optimal locations of
the PV smart inverters under different voltage, load, and PV
output scenarios. The results illustrate that the optimal location
of PV smart inverters with Volt-VAr control can mitigate
the worst over and under-voltage conditions of the utility
feeder network within the allowable voltage requirement of
the system without any PV active power curtailment. The
proposed model utilizes the local control mode of the smart
inverters without communication requirement with the control
center and other PV smart inverters, which avoids possible
adverse impacts of communication delays or failures. Also, the
simulation results of dynamic transition from inactive Volt-VAr
control mode to active Volt-VAr control mode in the optimally
located PV smart inverters at the worst voltage condition
illustrate that the system remains stable while reactive power
output of PV units is adjusted to maintain the system voltage
at the normal operation range.
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