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Abstract—As the penetration of power-electronics based smart
inverters (SIs) is increasing in distribution grids, it adds
computational challenges in solving dynamic models of large-
scale distribution feeders. Voltage and reactive power (Volt/VAr),
and voltage and active power (Volt/Watt) dynamics have
been analyzed at slower time scales akin to the control of
legacy grid devices. However, smart inverters, being power-
electronics based devices, can provide dynamic active/reactive
power support at a faster time scale, which necessitates Volt/VAr
and Volt/Watt dynamics to be analyzed at a faster time scale. The
existing dynamic models are overly detailed and computationally
intractable for distribution feeders with a large number of
inverters. In this context, this proposed work aims towards
developing a computationally tractable, scalable, and accurate
phasor-based model for dynamic Volt/VAr and Volt/Watt analyses
of large distribution systems with high penetration of smart
inverters. Case studies demonstrate that the proposed phasor-
based model sufficiently captures the Volt/VAr and Volt/Watt
dynamics, and is computationally faster by one order of
magnitude compared to the average model and by two orders
of magnitude compared to the detailed switching model. Case
studies also demonstrate the efficacy and scalability of the
proposed model in analyzing Volt/VAr and Volt/Watt dynamics
of large-scale power networks with hundreds of SIs.

Index Terms—Smart inverters, Distribution systems, Dynamic
analysis, Volt/VAr control.

I. INTRODUCTION

THE number of solar photovoltaic (PV) installations in
US has reached 2 million with capacity over 70 GW. By

2024, 2.5% of US households will have PV inverters installed
on their premises [1]. Given the increasing penetration of
residential-level inverters on distribution systems and novel
grid services the inverters can provide to distribution system
operations, several jurisdictions now mandate installation of
smart inverters with novel functionalities and communication
capabilities (e.g., ‘CA Rule 21’ and ‘HI Rule 14’), which
are also emphasized on the IEEE-1547 [2]. Pacific Gas and
Electric Company forecasts that 50% residential-scale PV in
California will be equipped with smart inverters by 2021,
which will increase to 100% by 2028 [3].
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In future distribution grids, novel grid applications can
be achieved through the coordination of smart inverters [4].
One of such applications includes voltage and reactive power
(Volt/VAr) support by the inverters. To enable voltage and
reactive power control from the smart inverters, IEEE-1547
mandates several rules including that the smart inverters
to be capable of consuming or producing reactive power
when inverters are at or above 5% of their rated active
power, and mandatory active power curtailment regions [2].
Conventionally, Volt/VAr regulation has been achieved through
the control of legacy grid devices (e.g., load tap changers and
switched capacitors) [5], which can now be achieved through
the control of power-electronics based smart inverters. The
controller of smart inverters is typically based on the cascaded
control architecture, which includes the inner current control
loop and outer voltage or power control loop [6]. Since the
control loops in the inverters operate at much faster time scale
compared to that of load tap changers and capacitor banks,
the conventional quasi-steady-state power-flow based method
[7], [8] in controlling the legacy grid devices for Volt/VAr
regulation will not suffice to capture the voltage and reactive
power dynamics of the smart inverters. Therefore, the grid
operators require efficient and scalable models and methods
to analyze faster time-scale Volt/VAr and Volt/Watt dynamics
of distribution grids with smart inverters.

A detailed switching model would indeed capture the
necessary dynamics of smart inverters for voltage and reactive
power control but at exceptionally high computational burden.
Existing average inverter models in literature [9], which ignore
the switching dynamics, are also computationally burdensome
for a large number of inverters. For example, a 10-second
simulation of a single PV model takes 3.5 minutes using
switching model, while it takes 1.25 minutes using the average
model [10]. A recent work on real-time simulation of inverter-
rich power grid showed that four CPU cores (3.56 GHz speed)
with the sampling time of 50µs can simulate up to 40 average
inverter models [11]. These studies [10], [11] clearly showed
that neither the switching model nor the average model are
computationally tractable for large distribution feeders with
100’s of distributed smart inverters.

There are recent attempts in developing reduced order
differential-algebraic equations (DAE) of the inverters
connected to distribution feeder to ease the computational
burden [12]. Model reduction of inverters based on singular
perturbation was proposed in [13], in which a reduced order



2

model was obtained by neglecting the fast dynamic state
variables. In [14], a reduced-order model of inverters was
obtained by using lumped parameters and power scaling laws,
which would aggregate multiple parallel inverters as a single
inverter. However, the aggregation of inverters would omit the
control interaction among them. In addition, those models
[12]–[14] consider frequency dynamics that is combined
with the voltage dynamics of the inverters, and also the
computational burden of those models in solving distribution
networks with a large number of inverters is not known.
Dynamic phasor modeling is a promising technique for
reducing the computation burden as it maintains accurate
simulations with larger time steps. The dynamic phasor based
modeling of inverters was proposed in [15], [16] for transient
analysis, which showed good accuracy to capture the transients
and the reduction of simulation time. Dynamic phasor based
approach to model simplified inverter dynamics is proposed
in [17]. However, the models in [15]–[17] also combine
frequency and voltage dynamics. For efficient computational
models solely for Volt/VAr dynamic analysis and Volt/VAr
control purposes, frequency dynamics need not be considered
as the interaction between frequency dynamics and voltage
dynamics is minimal. On the other hand, the simplified current
injection (source) based approach, as used in slow time-
scale quasi-steady-state simulations [7], does not capture any
voltage dynamics, particularly during under-voltage and over-
voltage ride-through events which last up to ≈20 seconds [2].
Moreover, faster voltage dynamics arising from a few of the
control modes as defined in the IEEE-1547 (e.g., dynamic
reactive power control) are also not captured through the slow
time-scale quasi-steady-state simulations.

To this end, a recent work by Pacific Northwest National
Laboratory (PNNL) is very relevant and employs phasor-based
power flow solver (GridLAB-D) and integrates simplified
inverter dynamic model to GridLAB-D [18], which is an
acceptable approach for Volt/VAr dynamic analysis of inverters
with a single frequency of interest. The phasor-based voltage
dynamic analysis is also justifiable based on the local droop
control rules defined in the IEEE-1547 [2], which requires
control of reactive power/ reactive current based on local
voltage averaged over a couple of cycles. However, the errors
obtained in [18] as compared to detailed switching model
of inverters, particularly for grid-following mode, are large.
Moreover, the solution time for a feeder with only 13 inverters,
though the distribution circuit is large, takes up to 30 minutes
for a 15-second simulation [18]. As pointed out in [18], the
power flow of the underlying power network using off-the-
shelf GridLAB-D solver takes significant computation time.
Therefore, there is still a research gap and need to develop
efficient and scalable phasor-based model of smart inverters for
dynamic Volt/VAr and Volt/Watt analysis connected to power
distribution network. In this context, contributions of this work
are as,

• Development of an efficient and accurate simplified
phasor-based model for the analysis of fast time-scale
Volt/VAr and Volt/Watt dynamics of smart inverters
connected to power distribution systems. Unlike the

switching, average, and other reduced order models of the
inverters in literature [9], [12], [15]–[17], our proposed
model is computationally tractable to large distribution
systems with 100’s of distributed smart inverters, and
sufficiently captures the fast Volt/VAr and Volt/Watt
dynamics that would not be possible with slow time-scale
quasi-steady-state [7] Volt/VAr simulation approach.

• Validation and applicability of the proposed model
compared to the switching and the average models
of the inverters for voltage ride-through events and
demonstration of the scalability of the proposed modeling
approach on the large-scale distribution feeder.

The rest of this paper is arranged as follows. Section II
describes the typical configuration of the smart inverter-based
PV system. Section III presents the existing detailed and
average models of PV systems. Section IV describes the
proposed phasor-based model of smart inverter for large-
scale system study. Section V discusses the validation of
the proposed model. The large-scale simulation is discussed
in Section VI. The main contributions of this paper are
summarized in Section VII.

II. OVERALL CONFIGURATION AND CONTROL OF
PHOTOVOLTAIC SYSTEMS

Typical configuration of smart inverter-based photovoltaic
(PV) system is shown in Fig. 1 [19]. A single-phase two-
stage inverter, which consists of a DC/DC boost converter and
a DC/AC grid-side converter, is used to connect PV array to
the utility grid. The boost converter increases the DC voltage to
higher level required by the grid-connected DC/AC converter.
DC-side LC-filter and the output LCL-filter are employed to
filter the switching frequency ripples caused by boost converter
and DC-AC inverter.

A. Photovoltaic Array Model

The PV array in Fig. 1 is modeled through the single-diode
PV model. The current-voltage (IPV - VPV ) relationship of a
single PV module is presented as [20],

IPV = Iph − I0

[
exp

(
VPV + IPV Rs

NcVT

)
− 1

]
− VPV + IPV

Rsh

(1)
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Fig. 1. Typical configuration and control of PV system [19], with active and
reactive power support function as per the IEEE-1547.
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where Nc is the number of series cells in the module; Rs and
Rsh are the series resistance and shunt resistance; Iph is the
photo current; I0 is the diode saturation current; VT is the
thermal voltage expressed through VT = kAT/q, where k is
the Boltzmann’s constant; q is the electron charge and A is the
diode ideality factor which is a small number close to 1. The
parameters Iph, I0, Rsh, and Rs are estimated for standard test
condition (STC) which are given in Table I. Then, the only
parameters which are considered to change with irradiance and
temperature are I0 and Iph, and are updated through (2) and
(3) respectively [20] as,

I0 = I0,STC

[
T

TSTC

]3
exp

(
qEg

Ak

( 1

TSTC
− 1

T

))
(2)

Iph = (Iph,STC + ki∆T )G (3)

where TSTC = 273.15K is the temperature at STC; Eg =
1.1 eV is the silicon bandgap energy; ki is the short circuit
current temperature coefficient; and and G is the irradiance
ratio.

B. Control Configuration

The overall control diagram of the smart inverter is also
shown in Fig. 1, which consists of PV-side controller, grid-
side controller, and active/reactive powers support functions
(as per the IEEE-1547 [2]). The PV system works in four
different control modes. The default control mode is the unity
power factor or Maximum Power Point Tracking (MPPT)
mode. Another control mode is constant reactive power, where
the reactive power reference Qref can be tuned locally or
remotely [2]. Since the IEEE-1547 requires smart inverters
to have both active and reactive power control capabilities
during the normal operation, the active power support function
(Volt-Watt) and reactive power support function (Volt-VAr) as
shown in Fig. 1 are implemented in the control configuration
of the smart PV inverter. The reactive power reference Qref

in the Volt-VAr mode and the target set-point of PV power
Pref in the Volt-Watt mode are functions of the smart inverter
output voltage following the IEEE-1547 default droop settings
[2]. During reactive power priority modes, including constant
reactive power and Volt-VAr modes, the set-point Pref for
active power curtailment is obtained by (4) to meet the inverter
apparent power limit, i.e., Srated.

Pref =
√
S2
rated −Q2

ref (4)

With the PV-side controller, the maximum power extraction
of the PV array (PPV ) can always be achieved by the MPPT
mode. In addition, PPV can be reduced to the set-point (Pref )
when the Constant Power Generation (CPG) mode is activated
in the Volt-Watt mode or active power curtailment needed
in other control modes. In this regard, the PV-side controller
operation based on Pref is given by as,

PPV =

{
PMPPT , when PPV ≤ Pref ,

Pref , when PPV > Pref .
(5)

Fig. 2. Operating mode of PV-side controller [23].

The perturb and observe algorithm (P&O) is used in this work
for both the MPPT and CPG modes [21]–[23]. During the
MPPT mode, the P&O algorithm is executed to directly find
the optimal duty cycle (D) of the boost converter whereas in
the CPG mode the P&O algorithm directly calculates D to
regulate the PV power to the target set-point Pref . As shown
in Fig. 2, there are two operation areas of the CPG modes,
which are the right side (CPP-R) of the maximum power point
(MPP) and the left side of MPP (CPP-L). However, for the
two-stage PV system used in this paper, the PV output power
is regulated at the CPP-L to achieve stable CPG operation [22].

The main functions of the grid-side controller are to regulate
the output reactive power of the smart inverter and control the
DC-link voltage to ensure constant active power flow to the
grid-side converter.

III. EXISTING MODELS OF THE PV SYSTEM

Existing models of PV systems used for simulation purposes
include detailed and average models. The difference between
those models is the converter modelling and control; however,
the active and reactive power support functions remain
the same. The detailed model can represent the accurate
behavior of PVs including harmonics but it is computationally
intractable. The average model can provide similar behavior
and accurate dynamic response compared to the detailed
model.

A. Detailed Switching Model
The detailed model uses the switching devices for the

DC/DC PV-side converter and DC/AC grid-side converter
[24]. The PV-side and grid-side control diagram of the
detailed switching converter is shown in Fig. 3. The grid-side
converter is responsible for the regulation of DC-link voltage
and managing output reactive power of smart inverter. The
DC-link voltage and reactive power controllers generate dq
current references for the inner current control loop. The dq
components of single-phase current and voltage are obtained
by using (6), in which the phase angle (ωt) of utility grid
voltage is given by the single-phase phase-locked loop (PLL)
block, as shown in Fig. 3, in which the "mean" block computes
the mean value of the input voltage over one cycle window of
the fundamental frequency.[

fd
fq

]
=

[
cos(ωt) sin(ωt)
− sin(ωt) cos(ωt)

] [
fα
fβ

]
. (6)
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Fig. 3. Detailed model of smart inverter.

where fα and fβ are the real and imaginary parts of the single-
phase signal, in which the real part fα is the original signal and
the imaginary part fβ is obtained by shifting the original signal
by 90◦. The fixed 90◦ phase shift between real and imaginary
parts is constructed by a quarter-cycle delay [25]. Adopting dq
reference frame of an individual inverter as presented in [26],
dq components of the output voltage are set as Voq = 0 and
Vod = |vo|, and the output powers of PV system are obtained
as,

Po =
VodIod

2
(7)

Qo = −VodIoq
2

(8)

The proportional-integral (PI) regulators are used to
compensate for the errors. The duty cycle is generated by the
inner current loop to regulate the inverter current to follow
the references. The pulse width modulation (PWM) uses the
duty cycle as the input to provide the switching signals for the
converters.

B. Average Model

The switching devices in the two-stage control are replaced
with their equivalent average models as in [24], [27]. The
mathematical model of the boost converter, which operates
in continuous-conduction mode (CCM), and the full-bridge
inverter are written as,

CPV
dVPV

dt
= IPV − IL (9)

Ld
dIL
dt

= VPV − (1−D)VDC (10)

Li
dIi
dt

= dinvVDC − VCf (11)

CDC
dVDC

dt
= (1−D)IL − dinvIi (12)

where VPV and IPV are PV array voltage and current. CPV

and Ld are DC-side LC filter capacitor and inductor. IL and
VDC are boost converter current and DC-link voltage. Li and
Ii are the LCL filter inductor and its current. VCf is the voltage
across the LCL filter capacitor. D and dinv are the duty cycle
of boost converter and full-bridge inverter, respectively. Based
on (9)- (12), the average model of the PV system can be
derived as shown in Fig. 4. The control diagram of the average
model is the same as the detailed model except that average
model does not have PWM modules. Thus, this model retains
all dynamics of the detailed model except for the fast dynamics
related to switching devices and PWM modules.

IV. PROPOSED PHASOR-BASED MODEL

Although the average model of the PV system is much faster
than the detailed model, it is still computationally burdensome
for simulating a large number of distributed PVs connected
to distribution feeders. Therefore, to achieve computational
efficiency, first, fast dynamics of the inner control loops
and DC-side harmonic filter are removed keeping the slower
dynamics and LCL filter dynamics on the proposed phasor-
based model (see Fig. 5). Please note that removing fast states
may lead to modeling errors when compared to the detailed
switching-based model; however, the validation carried out
in Section V-A shows that the responses from phasor-based
model compared to the switching models are fairly accurate
as the error is not significant.
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Next, the PLL block is removed as the phasors of the current
and voltage signals of the system are obtained directly at the
fundamental grid frequency; thus, there is no need to sense
the phase angle of the utility grid voltage (ωt). Moreover, the
dq transformation in (6) is replaced with the phasor to dq
transformation.

A. Removing Fast Dynamics

To design the control loops of the smart PV inverter,
a reasonable bandwidth allocation between the inner (fast)
loops and outer (slow) loops are generally considered [28].
Therefore, first, the inner current loops (which exhibit faster
dynamics) are removed. Then, the inverter is modeled as a
controlled current source whose dq components of currents
(Iid and Iiq) are equal to their references (Irefid and Irefiq )
obtained from the DC-link voltage and reactive power control
loops. The DC-link capacitor which has slow dynamic is kept
to maintain the dynamic interaction between the grid-side
converter and PV-side converter. Moreover, since the DC-side
LC filter of the system have been designed with high cut-
off frequency to remove the switching ripples of the boost
converter, it is ignored in the proposed model, which results
in following.

VPV = (1−D)VDC (13)

On the other hand, the LCL filter is kept (despite having
high cut-off frequency) as it maintains the dynamic interaction
between the grid-side converter and the grid. Finally, the
DC-link is modeled to represent the interaction between the
inverter output active power Po and the power generated by
the PV array PPV [29] as,

Cdc
dVDC

dt
=

PPV − Po

VDC
(14)

B. Phasor to dq and Vice Versa

The inputs and outputs of the proposed phasor model are the
phasor representation of the inverter output voltage |Vom |̸ θvo
and output current |Iom |̸ θio, respectively. Due to the reason
explained before, the PLL block is removed in this step and
the dq components of the output voltage are set as Voq = 0
and Vod = |Vom|, based on the common assumption of
building a dq reference frame of individual inverters presented
in [26]. Therefore, the dq components of the phasor signal
f = |fm| ̸ θf are given in (15), (16) (as the phasor to dq
transformation), and the phasor representation of the fd and
fq is obtained by (17)-(19) (as dq to phasor transformation).

fd = |fm| cos
(
θf − θvo

)
(15)

fq = |fm| sin
(
θf − θvo

)
(16)

|fm| =
√

f2
d + f2

q (17)

θf = arctan

(
fq
fd

)
+ θvo (18)

f = |fm| ̸ θf (19)

The output active and reactive powers of the inverter are
obtained using (7), (8). As it can be seen from the model
in Fig. 5, the DC-side components including MPPT, DC-link
capacitor and its controller with the reactive power control
loop are kept as the average model thereby maintaining the
accuracy of PV system.

C. Mathematical Model in Phasor Domain

The complete mathematical model of the proposed-phasor
based model is provided next. The mathematical model of DC-
side comprised of the PV array model and DC-link dynamic
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is given as,

IPV = Iph − I0

[
exp

(
(1−D)VDC + IPV Rs

NcVT

)
− 1

]

− (1−D)VDC + IPV Rs

Rsh
(20)

dVDC

dt
=

1

Cdc

(
2 IPV (1−D)VDC − Vod Iod

2VDC

)
(21)

where (20) is the current-voltage relationship of the single
PV module expressed in (1) in which VPV is substituted with
(1−D)VDC from (13). Basing on (13) and (14), the equation
of DC-link dynamic is obtained by (21).

The dynamics of these outer loops are expressed as,

Irefid = kp1 (VDC − V ref
DC ) + ki1 ϕd (22)

dϕd

dt
= VDC − V ref

DC (23)

Irefiq = kp2 (Qo −Qref ) + ki2 ϕq (24)

dϕq

dt
= Qo −Qref (25)

where kp1, and ki1, and ϕd are the corresponding gains and
state of the PI controller in the DC-link voltage control loop.
Similarly, kp2 and ki2 and ϕq are the corresponding gains and
state of the PI controller in the reactive power control loop.
Combining (8) with (24) and (25) results in,

Irefiq = kp2

(
−Vod Ioq

2
−Qref

)
+ ki2 ϕq (26)

dϕq

dt
= −Vod Ioq

2
−Qref (27)

The dq model of the output inductor Lg of the LCL filter in
phasor domain is expressed as,

Vod −
Irefiq − Ioq

ωs Cf
= ωs Lg Ioq (28)

Voq +
Irefid − Iod
ωs Cf

= −ωs Lg Iod (29)

Rewriting the equations (28) and (29) while replacing Irefid

and Irefiq with their corresponding equations ((22) and (26))
gives the Iod and Ioq as,

Iod = −
kp1(VDC − V ref

DC ) + ki1ϕd

ω2
sCfLg − 1

(30)

Ioq =
2Vod(ωsCf ) + kp2(VodIoq + 2Qref ) + 2ki2ϕq

2
(
ω2
sCfLg − 1

) (31)

Finally, substituting the obtained Io and Iq in the dq to phasor
transformation (17)-(19), the inverter output current Io which
is injected to the common coupling point is obtained as,

Io =
∣∣∣√I2od + I2oq

∣∣∣ ̸ arctan

(
Ioq
Iod

)
+ θvo (32)

V. MODEL VALIDATION

The efficacy and accuracy of the proposed phasor model is
verified using a 5 kW residential two-stage single-phase PV
system. The detailed and average models are employed for
benchmarking purpose. The parameters of the residential PV
system are given in Table I.

TABLE I
PV AND CONTROLLER PARAMETERS.

Component Parameter Value

PV Array

Photo current at STC,
Iph,STC

6.24 A

Saturation current, I0,STC 2.18e-12 A
Series resistance, Rs 0.52Ω
Shunt resistance, Rsh 431Ω

PV-side
Converter

Rated power, Prated 5 kW
Rated DC voltage, Vrated 600 V
Switching frequency, fs 20 kHz
PV-side capacitance, CPV 4µF
DC-link capacitance, CDC 1200µF
PV-side inductance, Ld 5 mH

Grid-side
Converter

Rated power, Srated 5 kW
Rated AC voltage, V G

rated 277 V
System frequency, f 60 Hz
Switching frequency, fs 10 kHz
LCL filter, Li, Cf , Lg 2.6 mH,

8.64µF ,
1.5 mH

Volt-VAr
Droop
Setting

VN 277 V
Qmax, V1,V2 2.2 kVAr,

0.92VN ,
0.98VN

Qmin, V3,V4 -2.2 kVAr,
1.02VN ,
1.08VN

Volt-Watt Droop
Setting

Pmax, V1 5 kW, 1.06VN

Pmin, V2 0, 1.1VN

A. Performance with Change in Solar Irradiance

Fig. 6(a) shows the solar irradiation variation used for the
simulation, which goes down by two step changes from 1 p.u.
to 0.5 p.u and then goes back to 1 p.u. The dynamic response
of the output active power of the proposed phasor-based model
is shown in Fig. 6(b) and is compared with the responses of
detailed and average model. The maximum difference in active
power obtained from the phasor-based model, average detail
model, occurs when the irradiance is at maximum (1 p.u.) and
are 0.95% and 0.34% between the phasor and detailed models,
and the phasor and average models, respectively. The detailed
model has the lowest active power output because of switching
and resistive losses, which are ignored in average and phasor-
based models.

B. Low Voltage Ride-Through (LVRT) Performance

According to IEEE 1547 [2], LVRT capability means that
a smart inverter continues injecting current, based on the pre-
disturbance operating point when the voltage drops in the low
voltage ride-through operating region as shown in Fig. 7(a).
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Fig. 6. Inverter response with varying solar irradiance: (a) irradiance profile,
and (b) output active power.

Fig. 7 depicts the smart PV inverter performance during low-
voltage and normal operation. The inverter is set to the Volt-
VAr function mode based on the default droop setting for
normal operating region as in [2]. Reactive power priority
mode is considered for the simulation. As shown in Fig. 7,
the smart inverter is injecting reactive power when the voltage
sags (1-2.5 s) and is absorbing reactive power when the voltage
swells (3-4 s), which mean that the inverter is able to provide
dynamic voltage support to the grid during LVRT and normal
operation. Moreover, due to reactive power priority, active
power curtailment is enabled during reactive power injection
and absorption as shown in Fig. 7(c). Fig. 7(d) represents the
inverter output current. Not only does this case study verify
the proper LVRT performance and Volt-VAr functionality of
the designed smart PV inverter, it also demonstrates that
the response from the proposed phasor-based model closely
matches with that obtained from the detailed and average
models.

Fig. 7. Performance during LVRT: (a) inverter output Voltage magnitude (low
voltage event and normal voltage), (b) output reactive power, (c) output active
power, and (d) inverter output current magnitude.

TABLE II
SOLVE TIME OF THE DETAILED, AVERAGE, AND PHASOR-BASED MODEL

FOR A 4-SECOND SIMULATION DURING LVRT.

Model Step Size, µs Solve Time, s TDD, %
Detailed Model 0.25 568.5 1.3
Detailed Model 2 112.5 4.5
Detailed Model 5 78.3 12.5
Average Model 100 40 NA
Proposed Model 100 3.5 NA

C. Computational Performance

The execution time of LVRT case study of the all presented
models for a 4 s simulation is summarized in Table II. The
simulations are performed using MATLAB/Simulink R2019b
in a PC with 2.9 GHz CPU and 16 GB RAM. The solver
is set to ode4 (Runge-Kutta) with fixed step. Fast dynamics
of the inner current loops (645 Hz bandwidth) and DC-side
LC filter (1.125 kHz cut-off frequency) are neglected in the
phasor model and the differential algebraic equations of the
system are replaced with an algebraic set of equations of the
current and voltage phasors at the grid frequency 60 Hz. The
phasor model performs fastest, which is more than an order
of magnitude faster than the average model and more than
two orders of magnitude faster than the detailed model,as
summarized in Table II. However, note that the step size used
in the detailed model is in the range of 0.25- 2.0µs in order
to sufficiently capture the 20 kHz switching frequency of the
boost converter. As summarized in Table II, total demand
distortion (TDD) of the output current in the detailed model
with Ts = 0.25µs is 1.3%. However, with Ts = 5µs, TDD
is 12.5%, which violates limit prescribed in the IEEE 519-
2014 [30]. Thus, we do not recommend solving the detailed
model with sampling time above 2.0µs. Moreover, as the time
step used in average model and phasor-based model are the
same, this clearly demonstrates the computational efficiency
of the proposed phasor-based model. The efficiency of the
proposed phasor-based model will be further illustrated in the
next section using large-scale distribution grid.

VI. LARGE-SCALE SIMULATION

A. Simulation Setup

The application and scalability of the proposed model are
demonstrated in this section using a modified feeder extracted
from the IEEE 8500-node distribution feeder [31] with 400
smart PV inverters (each rated 5 kW), as shown in Fig. 8,
operating on the dynamic voltage support modes (Volt-VAr
and Volt-Watt). The split-phase transformers in the IEEE 8500-
node [31] are replaced by regular two-winding transformers
and PVs are connected on the LV side of the transformer
at the load nodes. All PV systems are equipped with the
smart inverters (Srated = 5.028 kVA) with the Volt-VAr and
Volt-Watt droop settings defined in the IEEE-1547 [2]. The
models are developed in MATLAB/Simulink and solved using
ePHASORSIM in offline mode. A fixed-step size of 0.1 ms is
used.
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Fig. 8. Modified IEEE 8500-node distribution feeder along with 400
residential level smart PV inverters.
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Fig. 9. Effect of PV penetration on the voltage profile.

B. Effect of PV Switching

The effect of PV switching on the grid voltage is
investigated by integrating the proposed phasor-based model
of the smart PV inverters to the mentioned distribution grid
gradually (133 PVs in each second). The PV systems work
on the MPPT mode and deliver maximum active power to the
grid with zero reactive power (irradiance is at the maximum
level). Fig. 9 depicts the voltage profile of three select buses.

C. Dynamic Volt-VAr Response

In this section, the dynamic Volt-VAr control (reactive
power priority mode) of the proposed PV system model is
evaluated in response to voltage change of the sub-station and
with 100% irradiance level and 400 PVs. According to Fig. 1,
there are five main regions in Volt-VAr characteristic of a PV
system including maximum reactive power injection (V <V1),
injection droop (V1<V <V2), dead band (V2<V <V3), absorption
droop (V3<V <V4), and maximum absorption (V4<V ) regions.

1) Volt-VAr Response with Sub-station Voltage Change:
The sub-station voltage is varied as depicted in Fig. 10 (a), and
the voltages, reactive powers and active powers of 10 selected

Fig. 10. Dynamic Volt-VAr performance under grid voltage change: (a) the
sub-station voltage profile (normal operation mode), (b) output voltages of 10
selected PVs, (c) output reactive power of the 10 PVs, and (d) output active
power of the 10 PVs.

PV buses are shown in Fig. 10 (b), (c), and (d), respectively.
During 0.5-1 s, when the sub-station voltage is 0.88 p.u., the
PVs connected to busses l3236011-b and m1142798-b and
PVs connected to busses l3254208-c, 950-1c, and m1026693-
b are operating on the maximum reactive power injection and
injection droop regions, respectively; whereas, the other PVs
are operating on the dead-band. Moreover, during this time
interval, the reactive power of the PVs is obtained by the
Volt-VAr droop characteristic based on their corresponding
regions as shown in Fig. 10 (c). During the time interval 1-
1.5 s, PVs connected to busses l3236011-b and m1142798-
b and PV connected to busses l3254208-c and l3254219-c
operate at injection droop and dead band regions, respectively;
whereas the other PVs operate at the absorption droop region.
During 1.5-2 s, the PVs connected to buses l3236011-b and
m1142798-b, and the PVs connected to buses m1026693-
b, l3254208-c and l3254219-c operate on dead-band and
absorption droop, respectively, and the other PVs operate at the
maximum absorption region. It is worth to note that since the
voltages of the buses p827506-a,l2821770-a, and l2841618-a
are greater than 1.1 p.u., the PVs at those buses inject no active
and reactive power due to momentary cessation. Likewise,
active power of the PVs follows Volt-Var characteristics and
voltage ride-through requirements and curtail PV output as
required due to reactive power priority mode.

2) Volt-VAr Response with Irradiance Change: Dynamic
Volt-VAr response of the PV inverter with respect to change
in irradiance is investigated in this case. Fig. 11(a) shows the
solar irradiation variation used for the simulation, which goes
down by a step change from 1 p.u. to 0.5 p.u and then goes
back to 1 p.u. As it can be seen from Fig.11(a)-(d), during 0.5-
1 s and 1.5-2 s, when the irradiance is 1 p.u, the rise in active
power increases the node voltages. Therefore, most of the PVs
operate at the reactive absorption droop region (except for
the buses l3236011-b and m1142798-b) and absorb specified
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Fig. 11. Dynamic Volt-VAr response under irradiance change: (a) Irradiance
profile, (b) voltages of the PV-connected buses, (c) output reactive power of
the PVs, (d) output active power of the PVs.

amount of reactive power obtained by their Volt-VAr droop
characteristics. While during 1-1.5 s, when the irradiance level
decreases to 0.5 p.u, the inverters output active powers are
reduced as shown in Fig. 11(d). Subsequently, the increase
in the node voltages is less than before, which results in less
reactive power adsorption as shown in Fig.11 (c).

D. Dynamic Volt-Watt Response

The dynamic voltage support functionality of the smart
PV inverters during over-voltage condition using Volt-Watt
function is evaluated. To carry out this, the distribution grid
with 400 smart PV inverters described in subsection VI-A
is tested in response to voltage change of the sub-station as
shown in Fig. 12 (a) and with 100% irradiance level. As Fig. 1,
there are three main regions in Volt-Watt characteristic of a
PV system including maximum active power region where
the PV system works on MPPT mode (V <V1), active power
droop region (V1<V <V2), where the PV-side controller works
on CPG mode and Pref is obtained based on the Volt-Watt
droop control), and minimum active power (V2<V ) region. The
droop coefficients used in this case study, which are the default
settings of IEEE 1547 [2], are given in Table I in the Appendix.
To clearly investigate the performance of Volt-Watt function
of the proposed model, output voltage and active power of PV
at bus m1026693-b are discussed. As shown in Fig. 12(a)-(c),
during 0.5-1.5 s, the bus voltage is smaller than V1. Thus, the
connected PV system works on the MPPT mode. In the time
interval 1.5-2 s, the bus voltage lies on the active power droop
region. Accordingly, the active power is curtailed to obtain
Pref=1.98 kW. During rest of the simulation, the bus voltage
is greater than 1.1 p.u but smaller than 1.2 p.u; therefore, the
PV temporarily ceases to operate.

E. Performance under Large Disturbance
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Fig. 12. Dynamic Volt-Watt function: (a) the grid voltage profile (normal
operation mode), (b) voltages of the PV-connected buses, and (c) output active
power of the PVs.
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Fig. 13. PV system performance under large disturbance: (a) voltages of the
impacted PV-connected buses, (b) output reactive power of the PVs, and (c)
output active power of the PVs.

The dynamic performance of the proposed phasor model of
the PV system under a power outage (as a large disturbance)
is evaluated in this section. To do so, the line connecting
bus l2841632 and regxfmr_190-8593 is disconnected at 1 s,
and reconnected at 2 s. This event is significantly affecting
the voltage and active/reactive powers of the PVs located on
the islanded part of the grid (particularly at buses p827506-
a, l3254208-c, l3197639-a, l2841618-a, l3632979-a, and
m1026693-b) as shown in Fig. 13(a)-(c). For the PV connected
at bus l3254208-c (dashed red curve in Fig. 13(a)-(c)), before
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Fig. 14. Execution time of the phasor-based model with different number of
smart PV inverters on the IEEE 8500-node Feeder.

the disturbance from 0.5 s to 1 s, the bus output voltage is
1.048 p.u. The reactive and active power of the PV system are
Qref= -1.06 KVAr and Pref= 4.91 kW, respectively, following
the reference points of the absorption droop region. The bus
voltage suddenly drops to 0.34 p.u. due to the line outage
applied at 1 s causing significant dynamic in the reactive
power response of the PV. The operating point changes from
reactive power absorption mode to injection mode to support
the voltage as set in Volt-VAr mode. This well explains the
PV systems that operates in new set points in droop injection
region which are Qref= 2.2 KVAr and Pref= 4.51 kW. After
disturbance is cleared at 2 s, the bus output at l3254208-c
returns to its pre-disturbance value. For the PV connected
to the bus l2841618-a (solid purple curve in Fig. 13(a)-(c)),
before the disturbance (0.5 s to 1 s) as the voltage is 1.103 p.u.,
high-voltage momentary cessation is activated and its output
powers are zero. While after line outage occurs at 1 s, its
operating point is shifted to maximum reactive power injection
region with Qref= 2.2 KVAr and Pref= 4.51 kW. After fault
is cleared at 2 s, the bus voltage returns to its pre-disturbance
operating point. Please note that PV system was not designed
with anti-islanding functions, which causes terminal voltage
to dip around 0.6 p.u.

F. Computational Performance

The execution time of the previous case studies (dynamic
Volt-Watt response for 3 s carried out in Section VI.D) is
performed with 100, 200, 300, and 400 smart PV inverters
connected to the modified IEEE 8500-node distribution grid.
The simulations are performed on a PC with I7-10700H
2.90 GHz CPU and 16 GB RAM. The step size is chosen
as 0.1 ms. The execution time of these cases is assessed
in two modes of the simulator, i.e., normal and accelerator
modes, and is summarized in Fig. 14. As seen in Fig. 14,
the execution time with 400 PV inverters takes around 610 s
in the accelerator mode and 1,250 s in the normal mode. The
execution time as reported in [18] is 134 s for 1 s simulation
(with 10 inverters, using a PC with comparable specification
of Core I7-9850H 2.60 GHz CPU and 16 GB RAM, and step
size of 2 ms). Using the proposed phasor-based model, 1 s
simulation with 400 smart PV inverters with 0.1 ms step
size can be solved in about 200 s. This clearly shows the
computational efficiency of the proposed phasor-based model
compared to the state-of-the-art [18].

VII. CONCLUSION

This paper presented an efficient and scalable phasor-based
model of smart inverter for dynamic Volt/VAr and Volt/Watt
analysis of large-scale distribution systems. The developed
phasor-based model incorporates several control functions to
fulfill the grid-code requirements, such as Volt/VAr control,
Volt/Watt control, and LVRT function. The effectiveness of
the proposed phasor-based model is demonstrated through
the case studies carried out using a modified IEEE 8500-
node distribution feeder with 400 distributed PVs. The
comparative study shows that the developed phasor-based
model significantly reduces the computational burden and it
is applicable for the dynamic analysis of the distribution
system with a large number of PV inverters. The results
from the case studies show that the proposed model maintains
a sufficient accuracy compared to the detailed and average
models. Moreover, the proposed approach certainly overcomes
the computational complexity of detailed and average models
in solving dynamic simulation of large scale PV inveter-based
systems. The application of the proposed model is intended
for fast Volt/VAr and Volt/Watt dynamics at fundamental
frequency. As the proposed model is developed only for a
single frequency of interest, this can not be directly used
for frequency-active power dynamics. We plan to develop
dynamic phasor-based models suitable for frequency-active
power dynamics as future work.
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