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Abstract—This paper proposes a two-time-scale distribution
grid optimal power flow (D-OPF) framework that provides
optimal settings of smart inverters’ (SIs) modes and droops in
coordination with existing legacy voltage control devices. On a
slow time scale, the optimal SI modes and droop settings, tap
position of voltage regulator/on-load tap changers (VR/OLTC),
and capacitor bank status are obtained. On a fast time scale,
using the optimal solutions obtained from a slow time scale model,
the SIs’ optimal active/reactive power dispatch is obtained in a
way that ensures the active/reactive power setpoints lie on the
SIs’ droop. This ensures a feasible implementation at the local
controller level. The proposed approach is demonstrated using
the IEEE 123-node unbalanced three-phase test feeder and is
compared with an existing method of SI mode and droop setting
selection in the literature. The results show the feasibility of
optimally selecting the SI’s modes and settings. Also, compared
to the method in the literature, the proposed approach achieves
better voltage regulation.

Index Terms—distribution optimal power flow (D-OPF),
volt/VAr control (VVC), smart inverter modes, and settings.

I. INTRODUCTION

Smart inverters (SIs) are becoming feasible alternatives for

providing voltage and reactive power (Volt/VAr) support in

the modern power distribution system. In traditional power

systems, legacy grid devices such as on-load tap changers

(OLTC) and capacitor banks (CAPs) are used for Volt/VAr

control (VVC). However, due to the limitation of mechanical

switching, these devices may not be able to mitigate the

fast voltage fluctuations caused by photovoltaics (PVs). On

the other hand, inverter-based PVs can provide fast, flexible,

and precisely controlled active/reactive power support and

could be used for voltage control [1]. Therefore, inverter-

based PVs can be coordinated with the legacy grid devices

to regulate voltage and reactive power in different timescales

of operations. Inverter types used for PV applications include

string and micro-inverters.

A common approach for implementing VVC is formulating

a distribution grid optimal power flow (D-OPF) problem. D-

OPF models exist to obtain the setpoints of inverters (e.g.,

[2, 3]). However, the SI setpoints should be based on local

droops as defined in the IEEE-1547 [1], which are not consid-

ered in [2, 3]; therefore, the dispatch setpoints obtained from

these works may contradict the local droop settings of SIs. A

feasible approach to ensure that the SI setpoints are feasible

at the local inverter controller level is to account for the SI

mode and droop settings in the D-OPF formulation. In this

regard, existing works in [4–6] develop SI droop-constrained
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D-OPF models whose SI setpoints conform to the IEEE 1547.

These works, however, are based on predefined SI droop

settings, which may be ineffective since the system conditions

are always changing. To overcome the sub-optimality issues

caused by the fixed droop settings, optimal droop settings of

SIs are obtained in [7, 8].

A significant drawback of the aforementioned works in

[4–8] is that they assume a predefined SI mode selection,

which could lead to sub-optimal solutions since the voltage

sensitivities to different SI modes varies due to different

X/R values across the feeder [9]. Besides, as per IEEE-

1547 [1], SIs can switch between modes (e.g., constant power

factor mode, constant reactive power mode, Volt/VAr mode,

Volt/Watt mode) based on the prevailing grid parameters.

The discrete decision to choose an appropriate SI mode and

the piece-wise linear nature of SI droops, as prescribed in

the IEEE-1547, pose an inherent mathematical challenge in

integrating SI constraints into the D-OPF formulations.

In this context, this paper presents a novel effort to ex-

plore multi-mode and multi-droop settings of SIs for coor-

dinated control of SIs and legacy devices at two different

timescales. The first stage of the D-OPF that determines the

SI modes, SI droop settings, CAPs switching status, and

OLTC positions is formulated as a mixed-integer non-linear

programming (MINLP) problem. The second stage of the D-

OPF, formulated as a non-linear programming (NLP) problem,

dispatches the active/reactive power setpoints of the SIs on

the droops determined from the first stage. To the best of our

knowledge, this is the first attempt to develop comprehensive

mathematical models of the SI droops and modes as decision

variables in a D-OPF formulation. This allows the D-OPF

to optimally select the modes and droop settings of SIs as

the system condition varies. Moreover, this ensures that the

inverter dispatch solutions lie precisely on the local droops of

the SIs as per IEEE-1547 guidelines.

The rest of the paper is structured as follows. The modeling

of the SI modes and droop is presented in section II. Section

III presents the OPF formulation. The coordination of the SI

with the voltage control legacy devices is presented in section

IV. Simulation results and analyses are presented in section V,

while section VI concludes the paper.

II. MODELING OF SI MODES AND DROOP SETTINGS

This section presents brief mathematical modeling of SI

modes and droop settings based on the IEEE-1547-2018 [1].

A. Volt/Watt (VW) Mode

In VW mode, the rate of change in active power injection

due to a change in the voltage at the point of interconnection
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(POI) depends on the slope of the VW curve, as shown in

Fig. 1a. The SI droop control in the VW mode is expressed

as in (1).
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Fig. 1: (a) Volt/Watt curve (b) Volt/VAr curve
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is the slope

of the VW curve, P pv
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minimum active power generation respectively, V L
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the SI curve breakpoints, PG
i is the instantaneous active power

dispatch. Using the Heaviside step function as in [7], the piece-

wise VW droop settings can be modeled as in (2).
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where the Heaviside function H : Z → R is defined as,

H(a) =

{

0, a < 0
1, a ≥ 0

(3)

In VW mode, the active power constraint can be expressed as

Pmin
i ≤ PG

i ≤ P pv
i , ∀i ∈ Npv . Npv is the set of nodes with

PV. The instantaneous reactive power QG
i is expressed as (4).

Q
G
i ≤ 2

√

(SSI
i )2 − (PG

i )2, ∀i ∈ Npv (4)

The reactive power is constrained within −Qpv
i ≤ QG

i ≤
Qpv

i , ∀i ∈ Npv , where Qpv
i is the available reactive power

and SSI
i is the SI’s apparent power rating.

B. Volt/VAr (VV) Mode

The rate of reactive power injection and absorption using

the VV mode is determined by the slopes of the VV curve

as shown in Fig. 1b. The VV mode can be mathematically

expressed as in (5).
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Q
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and βi,4 =
Q
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V c
i
−V d

i

are the slopes of the

VV curve within a given voltage range. Using the Heavside

step function as in [7], the VV mode can be modeled as

expressed in (6).
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In VV mode, the reactive power constraint can be expressed

as −Qpv
i ≤ QG

i ≤ Qpv
i , ∀i ∈ Npv . The available active

power is expressed as (7).

P
G
i ≤ 2

√

(SSI
i )2 − (QG

i )
2 ∀i ∈ Npv (7)

The active power is constrained within Pmin
i ≤ PG

i ≤
P pv
i , ∀i ∈ Npv . The VV mode can be operated either in

VAr-priority mode (Q-priority) or Watt-priority (P-priority),

as shown in Fig. 2a.

(a) (b)

Fig. 2: (a) SI operating region in Volt/VAr (P/Q priority) mode

[10] (b) CPF mode

1) Volt/VAr with reactive power priority (Q-Priority):

In the VV Q-priority mode, the reactive power genera-

tion/absorption by the SI is prioritized over active power

generation. The active power dispatched in this mode is as

expressed in (8).

P
G
i ≤ 2

√

(SSI
i )2 − (QG

i )
2, ∀i ∈ Npv (8)

where QG
i ≤ SSI

i ; Pmin
i ≤ PG

i ≤ P pv
i and P curt

i = P pv
i −

PG
i .

2) Volt/VAr with active power priority (P-priority): In

VV P-priority mode, the entire active power based on the

prevailing irradiance is available for dispatch. The available

reactive power dispatch in this mode is as expressed in (9).

Q
G
i ≤ 2

√

(SSI
i )2 − (P pv

i )2, ∀i ∈ Npv (9)

C. Constant power factor (CPF) mode

The CPF mode allows the SI to inject or absorb a fixed

amount of reactive/active power in order to regulate the feeder

voltage as expressed in (10). Assuming the SI can operate in
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two quadrants of active and reactive power dispatch and for a

power factor, φi, between φmin
i and φmax

i the CPF mode is

as shown in Fig. 2b.

Q
G
i = P

pv
i tanφi, ∀i ∈ Npv (10)

III. OPTIMAL POWER FLOW FORMULATION

The total voltage deviation, as a result of the voltage control

action of the SIs, CAPs, and OLTC/VR, is set as the objective

function (OF) as expressed in (11).

OF = min
∑

i∈N
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∣

∣

∣

Req
i ∆PG

i +Xeq
i ∆QG

i

vi
+

1

vi
Xeq

i ∆Qc
i

+∆Z(tpi) · I0 + Z0 ·∆I(tpi)

∣

∣

∣

∣

(11)

where N is the set of all network nodes i. I0, Y0, Z0 are

current injection, admittance, and impedance matrix, respec-

tively, prior to tap change. ∆I(tpi),∆Y (tpi),∆Z(tpi) are

the change in current injection, admittance, and impedance

matrix after a tap change at node i. Req
i , X

eq
i are the equiv-

alent resistance and reactance respectively at the point of

interconnection, Qc
i is the reactive power injection of the

capacitor bank, vi is the instantaneous voltage, and the tpi is

the OLTC/VR tap position. The distribution grid is modeled

and set as part of the optimization constraints using the power

flow equations in (12)-(16) [11].

∆Pi(vi, δi) = P
G
i − P

L
i ∀i ∈ N (12)

∆Qi(vi, δi) = QG
i −QL

i ∀i ∈ N (13)

where,

∆Qi(vi, δi) = vi
∑

k∈N

vk(Gik cos(δik) +Bik sin(δik)) (14)

∆Pi(vi, δi) = vi
∑

k∈N

vk(Gik sin(δik)− Bik cos(δik)) (15)

The nodal voltage constraint in the network is as expressed

in (16).
v
min

≤ vi ≤ v
max

, ∀i ∈ N (16)

where PL
i , Q

L
i are the load active and reactive power,

Gik,Bik real and imaginary parts of admittance matrix between

nodes i and k, while δi is the voltage angle. The control

of the discrete-control legacy devices makes this formulation

MINLP in nature for the first stage of the D-OPF, which

requires solving (11) subject to (17). The second stage, on

the other hand, does not include dispatching the integer and

binary variables of the legacy devices as well as the optimal

droop and modes of SIs and can therefore be formulated as

an NLP problem, which requires solving (11) subject to (18).
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where m is the SI modes, qci reactive power rating of the

capacitors, NC is the set of nodes with CAPs, Ntp Set of

branches with OLTC, SIS and SISopt are the set of SI setting

and optimal setting, while SIM and SIMopt set of SI modes

and optimal modes.

IV. COORDINATION OF LEGACY DEVICES AND SIS

This paper proposes a two-stage D-OPF for voltage op-

timization which uses five SI modes, namely: Volt/Watt,

Volt/VAr P-priority, Volt/VAr Q-priority, CPF leading and CPF

lagging in coordination with control of OLTCs and CAPs.

The control variables of the first stage are the five modes of

the SIs, the breakpoints of the SI droop based on the modes,

the PF values (for SI CPF mode), the OLTC settings, and

the CAPs status. The algorithm starts by solving a 1-hour

resolution D-OPF using the defined first-stage control variables

with the objective function defined as expressed in (11). The

optimization results of the first-stage (SIMopt
i , SISopt

i , tcopti

and tpopti ) are passed on to the second stage D-OPF. The

second stage D-OPF is solved using the values of SIMopt
i ,

SISopt
i , tcopti and tpopti with the active power and reactive

power setpoint of SIs as the optimization control variables

at a 1-minute resolution. Using the hourly optimal values for

the first-stage D-OPF, the second stage is solved 60 times,

after which the first-stage D-OPF is solved again for the next

hour. The pseudo-code for the proposed D-OPF is presented

in Algorithm 1.

Algorithm 1 Proposed D-OPF algorithm

1: procedure SOLVE FOR SIM
opt
i , SIS

opt
i , tp

opt
i , tc

opt
i , QG

i,t, P
G
i,t ∀i ∈

Npv ,NC ,Ntp

2: Begin time T=1
3: Begin time t=1
4: while T ≤ 24 do ▷ Solve 1-hr D-OPF
5: Solve (11) s.t. (17) ▷ SIM

opt
i,T

, SIS
opt
i,T

, tp
opt
i,T

, tc
opt
i,T

6: while t ≤ 60× t do ▷ Solve 1-min D-OPF
7: Solve (11) s.t. (18) ▷ Solve QG

i ,PG
i

8: if t = T × 60 then

9: T=T+1
10: Execute step 4
11: else

12: t=t+1
13: Execute step 6
14: end if

15: end while

16: end while

17: end procedure

V. SIMULATION RESULTS AND ANALYSIS

The IEEE 123-node, as shown in Fig. 3, is used to validate

the effectiveness of the proposed algorithm. The feeder has

a nominal voltage of 4.16 kV with four voltage regulators

and four CAPs. The CAPs include one 600 kVAr three-phase
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Fig. 3: IEEE 123 test node system with ten PVs integrated.

and three 50 kVAr single-phase. Ten units of PV systems rated

100 kW are integrated into the feeder. The PV’s SIs were sized

at 125% of the maximum DC capacity of the PVs. For the

Volt/VAr (P-priority), the maximum QG
i =

√
1.252−1

2

1.25
= 0.6

[12] while for the Volt/VAR (Q-priority), the maximum QG
i ≤

SSI
i [13]. It is worthy of note that in the Volt/VAR (Q-priority)

mode, the SI is allowed to curtail the active power as much

as required by the setting QG
i ≤ SSI

i . Each SI is allowed

to take five modes described earlier. An hourly sampled PV

generation profile is used to dispatch the optimal VR, CAPs

status, and SI modes and settings. In contrast, the 1-minute

resolution PV generation profile is used for the dispatch of

the SI’s active and reactive power.

A. Optimal Tap Positions and CAPs Status

The optimal tap positions for VR1, VR2, VR3, and VR4 are

as shown in Fig. 4.
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Fig. 4: Optimal tap positions for VR1, VR2, VR3 and VR4.

The summary of the tap changes for the four voltage

regulators is tabulated in Table I. The total tap changes made

by the four regulators during the 24hr period is 230. The total

number of ON and OFF states of the four capacitor banks in

the network during the 24hr period is as presented in Table II

TABLE I: OLTC/VR tap

changes

Ph A Ph B Ph C

VR1 20 23 21
VR2 19 23 21
VR3 10 20 16
VR4 12 22 23

Total 230

TABLE II: Total number of

CAPs ON/OFF status

∑
24

1
tc

opt
i,T

ON 76

OFF 20

B. Optimal SI Modes and Settings

cThe optimal SI modes and settings for stage-one of D-OPF

are as shown in Fig. 5. The modes and SI settings are plotted

for the periods of PV power generation between 8 am to 4 pm.

As seen in Fig. 5, the algorithm effectively selects the optimal

modes of the SIs for each hour. All the possible SI modes

(Volt/Watt, Volt/VAr (P-priority), Volt/VAr (Q-priority), CPF

(leading and lagging)) considered during the optimization are

used by the SIs for effective voltage regulation. During this

period, the 10 SIs used CPF mode 38 times, VW mode 9

times, VV (P-priority) mode 13 times, and VV (Q-priority)

30 times.

C. Comparison with an Existing Method

In order to validate the effectiveness of the proposed D-OPF

algorithms, a base-case scenario is set using the method pro-

posed in [9, 14]. The authors in [9, 14] proposed some voltage

sensitivity-based approaches to determine the SI modes based

on their proximity to the feeder substation and the X/R ratio

at the point of common coupling. Using their approach, the

10 PVs were categorized into three zones, as shown in Fig. 3.

PV1 to PV4 in zone 1 is set at VV, PV6 to PV10 in zone 2 is

set at VW while PV5 is set at CPF (with pf = 0.9 leading since

the calculated pf is 0.7481). The droop settings of the VV and

VW modes are selected without optimization but comply with

IEEE 1547-2018. The voltage profile of all the PVs using

the proposed D-OPFs and the base-case using the approach

in [9, 14] is extracted. The variance of the phase voltages

of each PV is computed and shown in Fig. 6. The variance

values indicate the measure of the variability (dispersion) of

each phase voltage of each PV system. As seen in fig. 6, the

variability of the phase A voltage is less for 7 of the 10 PVs

for D-OPF compared to that of the base-case. Also, for phases

B and C, the variabilities of all the PVs using the proposed

D-OPF are significantly less than that of the base-case. These

results show the benefits of optimally selecting the modes and

the droop settings of the SIs and properly coordinating them

with the legacy devices for effective voltage control.

VI. CONCLUSION AND FUTURE WORK

This paper presented a two time-scale distribution-grid

optimal power flow (D-OPF) framework to optimally dispatch

the mode (Volt/Watt, Volt/VAr P-priority, Volt/VAr Q-priority,

constant power factor) and droop settings of smart inverters

(SIs) as per the IEEE-1547. The first formulation allows

the SI mode, SI settings, VR tap position, and capacitor

bank status to be optimally determined on an hourly basis,

while the optimal active and reactive power is dispatched

on a 1-minute basis. The results show (in comparison with

other SI modes and droop selection methods in literature)
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Fig. 5: Optimal SI modes and settings.

Fig. 6: Variance of the phase voltages of each PV.

the effectiveness and feasibility of proposed algorithms in

optimally setting the droop and mode of SIs in coordination

with legacy grid control devices for optimal voltage regulation.

Since the proposed D-OPF formulation uses the non-linear

grid model, the formulation may not be scalable for larger grid

systems. As a future work, some linear approximations will

be implemented on the proposed models in order to improve

their scalability.
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