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Abstract—With the advancement in power electronics tech-
nology and grid standards, traditional converters are being
supplemented with the new IEEE 1547-2018 standard based
grid support functions (GSFs) to support power system voltage
and frequency. Inverter dynamics in power systems vary with
different modes of operation, thus new modeling methods for
proper system planning, operation, and dispatch are required.
This work presents a data-driven approach for partitioned
dynamic modeling of inverters to speed up simulation time
and reduce computational complexity while ensuring acceptable
accuracy. The proposed method was tested for a smart inverter
with voltage support (Volt-VAr function) on a two-bus system
considering dynamic residential loads, and the results showed a
four-time speedup in simulation time compared to the use of the
detailed model with acceptable levels of accuracy.

Index Terms—Data-driven modeling, grid support functions,
partitioned dynamic modeling, IEEE standard 1547-2018, simu-
lation speedup, voltage support.

I. INTRODUCTION

The modern power system is experiencing a rapid increase
in the integration of inverter-based distributed energy resources
(DERs) like photovoltaic (PV), wind, and battery energy
storage systems. These power electronics (PE) converters in-
corporate grid support functions (GSFs) to support the voltage
and frequency of the grid and to provide other ancillary
services. To ease the integration and increase the penetra-
tion capacity of DERs into electric power systems, several
GSFs under IEEE standard 1547-2018, such as Volt-VAr/Watt,
frequency-Watt, ramp-rate control, and/or voltage/frequency
ride through are in operation [1]. Contemplating the potential
benefits of smart inverters with grid control settings such as
active/reactive power compensation, power quality enhance-
ment, and economic incentives, the use of such inverters
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is likely to increase in the future. New regulations such as
IEEE 1547 with different GSFs are expected to maximize the
performance of the inverters while eliminating the potential
consequences that are detrimental to power system stabil-
ity [2], [3]. However, integration of a high volume of PE-based
smart converters can lead to technical challenges, such as
dynamic instability, power quality issues, reverse power flow,
and voltage and frequency fluctuations [4]. Moreover, with
the integration of advanced control algorithms, the dynamic
behavior of the converters while providing different ancillary
services can vary significantly. Therefore, more stochastic and
non-linear dynamics exist, which become a major challenge
in power system stability and control [5]. It is becoming
progressively important to study and accurately model PE
converter-dominated power systems (CDPS) at the device level
for proper system planning, operation, and dispatch while
mitigating the aforementioned problems [6].

Conventional averaged linear modeling techniques become
imprecise and may be computationally prohibitive in capturing
all the detailed dynamic phenomena [7]. Detailed knowl-
edge of the converter is required for the accurate non-linear
modeling of its dynamics while providing different ancillary
services. However, deriving detailed dynamics becomes chal-
lenging and more computationally expensive as the number of
inverters increases, and the proprietary models change in their
parameters, topology, and/or control strategies [8]. A generic
and scalable simulation framework is required to speed up the
dynamic simulation of CDPS.

The main objective of this paper is to present a gen-
eral simulation framework to speed up the simulation of a
CDPS and reduce computational complexity within acceptable
accuracy. A black-box modeling (data-driven) approach for
system identification is used in this paper, which is appropriate
for modeling PE converters as it requires very little or no
information about the converter’s controls and topology [9]-
[11]. This approach requires lower computational resources
than the detailed modeling approach (e.g., switching models).
However, there has been limited research in the modeling of
converters equipped with advanced GSFs that have variable
dynamic behavior [5]. In this work, modeling is performed
via partitioning based on the operating states captured by
looking at the input-output characteristics of the converters to
capture the overall dynamics of the switching converter. The
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partitioned operating ranges are represented via simpler linear
models utilizing system identification tools, and the related
dynamics of the converters are obtained by aggregating the
piecewise linear models. To investigate the performance of
the partitioned dynamic models of an inverter with advanced
GSFs in practical scenarios, a two-bus model based on the
12 house benchmark model is taken from the network model
of a residential neighborhood in North America presented
in [12]. A dynamic load profile is used to compare both the
accuracy and speed of the detailed and partitioned linearized
inverter model, which shows significant improvement in the
performance of the simulation.

The remainder of this paper is structured as follows: an
overview of the considered advanced GSFs from IEEE stan-
dard 1547-2018 is presented in Section II. This section also
includes a brief description of the proposed methodology for
linearized partitioned dynamic modeling. Section III describes
the details of the rural low voltage (LV) distribution benchmark
model and the theoretical background of dynamic load models.
In Section IV, the test system is described and followed by
a discussion of the results. The main conclusions from this
study are presented in Section VI.

II. GSFs AND PARTITIONED MODELING

Generally, with LV distribution networks, power quality
parameters, such as the voltage profile and voltage unbalance,
are the major concerns for utilities. This section will first
discuss the considered GSFs from the updated IEEE standard
to regulate the voltage through reactive power in a detailed
inverter model, followed by the details and importance of
partitioned modeling of GSFs.

A. Reactive Power as a Function of Voltage or Volt-VAr Mode

The Volt-VAr function is intended to control inverters’ reac-
tive power output depending on the change in grid voltage. The
updated IEEE standard states that, if this mode is activated,
a DER shall actively control its reactive power output as a
function of voltage following a Volt-VAr piece-wise linear
characteristics curve as shown in Fig. 1.
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Fig. 1. Volt-VAr mode piece-wise linear characterstics.

The Volt-VAr function settings provide the shape of the
curve and is defined by the change in reactive power pa-
rameters 1, @2, @3, and Q4 with voltage parameters Vi,
Vo, V3, and V4. An array of points of this Volt-VAr curve

shall be configured as per the IEEE standard, or the utility’s
standard for the area. Referring to Fig. 1, when the inverter
terminal voltage is between V5 and V3, the inverter’s reactive
power output is zero, and the region within that voltage
range is called the “dead-band.” If the grid voltage begins to
decrease further from the lower dead-band limit of V5, reactive
power is injected into the grid, and injection is constant when
the grid voltage falls below Vj. In contrast, when the grid
voltage begins to exceed the upper dead-band limit of Vi,
reactive power is absorbed, and constant reactive power is
absorbed when the grid voltage exceeds Vy. With reference
to Category “B” from the IEEE standard, voltage parameter
values are 0.92, 0.98, 1.02, and 1.08 p.u for V1, V5, V3, and Vy,
respectively. To limit the maximum active power as a function
of voltage, another important GSF, Volt-Watt (disabled by
default) mode can further be used along with Volt-VAr mode
to prevent the over-voltage condition.

B. Detailed Inverter Model

A single-phase grid-connected detailed inverter model sys-
tem with GSFs in this study is shown in Fig. 2. The inverter is
operating in current control mode, supplementing the switches.
The phase-angle (fpy;) and frequency (f) of the grid are
tracked with a phase-locked loop (PLL). Iy and Ig.;q are
the inverter current and the current supplied to the grid,
respectively. The reference active and reactive power (P* and
Q™), respectively, are obtained either from normal operation
or from the GSFs. P* and Q* are fed to the current reference
generator, and the reference current (/*) obtained is fed to a
PI-type 2 current control loop. The inverter reference voltage
is fed to the current-controlled voltage source inverter (CC-
VSI). Such an inverter model requires system level detail for
accurate simulation, and as the number of inverters increases,
it becomes computationally expensive/intractable.
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Fig. 2. Schematic diagram of the various components and control loops in
a grid-connected detailed inverter system.

C. Linearized Partitioned Modeling

Modeling the aforementioned GSFs across various operating
regions often results in complicated dynamic models due to
the existence of non-linearities, and it is difficult to incorporate
designing inverter optimal controls. The dynamics of the
operating regions (within each GSF) of an inverter can be
represented by computationally efficient linearized transfer
function (TF) models. However, a single linearized model does
not accurately capture the detailed dynamics of the entire
operating region. To achieve both speed and accuracy, we



propose a partitioning linearized modeling approach where
different regions of modes of operation (e.g., Volt-VAr/Watt)
from the IEEE standard, are further divided into smaller ranges
based on the voltage magnitude. Fig. 3 shows a conceptual
diagram of partitioned linear modeling, where the droop-curve
of Volt-VAr operating in different regions is partitioned into
several dynamic linear TF models. This approach can also
be extended to other system states as a general framework
for other GSFs. Even though Fig. 3 shows linear regions,
droop characteristics make the actual operation non-linear in
nature. The regions are partitioned into several smaller voltage
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Fig. 3. Conceptual illustration of linear partitioning of non-linear inverter’s
mode of operation. Each region is divided into several smaller ranges with
simpler linearized models.

magnitude ranges decided by looking into the input-output
characteristics to develop the simpler linearized models. The
flowchart of the partitioned dynamic modeling is shown in
Fig. 4, where the RMS inverter terminal voltage and the
inverter output current are recorded for each range. A system
identification approach is applied, where the poles and zeroes
are swept from a second-order to a higher-order model to
form different linearized models such that it is accurate and
computationally efficient. In this study, a square wave with
voltage amplitude over the selected range was used for training
the model. However, there are other comprehensive probing
signals for this application and this will be investigated in the
future. The final single TF model for each range is selected
after evaluating the fit metrics that capture the dynamics of
that range.

The models with different poles and zeroes are evaluated as
a percentage fit as in (1), where the ratio in the equation is
the Normalized Root Mean Square Error (NRMSE) [5], [13],
where, y(¢) is the data obtained from the detailed inverter
simulation model, and §(t) is the data obtained from the
aggregated linear TF simulation model.

ly(@) — 9Dl )

~ [ly(t) — mean y(t)],

fit = 100 x (1 (1

Percentage fit gives the goodness of the fit between test and
reference data of identified models. Models with respective
poles and zeroes are further compared with Akaike’s Final
Prediction Error (FPE) based on the goodness of the fit and
the complexity of the model, and the most accurate model
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Fig. 4. Linear partitioning flowchart.

which has the lowest FPE is selected as the final TF model
for each range k [5], [13]. Inverter dynamics for the entire
operating region (where Volt-VAr mode activates) are obtained
by aggregating all selected TFs. The performance of the
aggregated linearized model compared to the detailed inverter
model is evaluated by observing the recorded reactive power
absorption in this study using the metrics NRMSE.

III. SYSTEM BENCHMARK AND DYNAMIC LOAD
MODELING DESCRIPTION

For proper dynamic modeling of power systems with GSFs,
North American Electric Reliability Corporation (NERC) rec-
ommends considering dynamic loads while modeling the dy-
namic behavior of power grids [14]-[17]. This section briefly
presents the benchmark used in our dynamic study derived
from the residential LV distribution network model presented
in [12] with the addition of dynamic load models.

A. Dynamic Load Modeling

With technological advancements, the composition, utiliza-
tion, and performance characteristics of end-use loads are
continuously evolving, and load modeling is becoming more
complex and important. Proper knowledge about the load and
load models is crucial for power system planning, reliability,
and adequate control actions to prevent system instability. Typ-
ically, load models are divided into static and dynamic, which
quantify real/reactive power responses to voltage/frequency
disturbances [17]. Static load models, mainly the ZIP model
(constant impedance (Z), constant current (I), and constant
power (P) characteristics), and the exponential load model,
are widely used for steady-state simulation [18].

However, with the introduction of fast switching converter-
based and more dynamic loads (e.g., induction motors (IM),
air conditioners, and refrigerators), static load models become



inaccurate for voltage stability analysis [19]. Dynamic load
models express the calculated powers as a function of voltage
and time and are therefore necessary for the accurate analysis
of both small disturbances and/or fast transient dynamics
in power system simulation. In this paper, to analyze the
performance of the partitioned linear dynamic models, the
behavior of all static house loads is taken into account by
ZIP load models, and dynamic loads are modeled as an IM.

B. Distribution Benchmark Model

Although the proposed framework is generic, this work
develops a two-bus single house test system implemented in
MATLAB/Simulink ' such that it meets the characteristics
of the 12t" house of the benchmark system, as shown in
Fig. 5. A radial distribution benchmark system that consists
of 12 houses, each with a grid-connected PV inverter with
an installed peak capacity of 8.4 kW was presented in [12].
The houses are supplied through a 75 kVA, single-phase
14.4 kV/120-240 V distribution transformer. The detailed
parameters of the benchmark feeder and the transformer are
provided in [12]. Let, P and Q be the net active and reactive
power injected or absorbed by a house, respectively, and R
and X be the resistance and reactance of the lines, respectively.
Equation (2) is used to approximate the rise or drop in the local
voltage at the end of the line with respect to the beginning of
the feeder [12].
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Fig. 5. Simulation framework of two-bus test system derived from 12-house
benchmark system.

Net-load was varied from -8.4 kW to +8.4 kW by taking the
base case with unity power factor where the inverter without
GSFs is operating with a maximum output power of 8.4 kW
until the terminal voltage reached 1.1 p.u. as in [12]. The
magnitude of the pole-to-pole line’s parameter of the test
system were adjusted to match the setpoint voltage of the
benchmark system while keeping the R/X ratio constant using
(2). Parameters for the drop-off lines and adjusted pole-to-pole
lines are summarized in the appendix in Table 1.

IV. SIMULATION SETUP

The simulation environment with the test system is briefly
discussed in Subsection IV-A. To analyze the performance of

1Upon acceptance, the MATLAB/Simulink model will be hosted on GitHub.

the developed linear dynamic models, different input data for
the available power at the PV and the dynamic residential load
are described in the input load data and model subsection.

A. Test Setup for Linearized Grid Connected Inverter

For the dynamic study of the Volt-VAr mode of the inverter,
a PV inverter with GSFs is connected to the residential
home and assumed to supply a constant power of 70% of
its maximum output power, such that net-power (PV power -
load) is positive and the terminal voltage exceeds the nominal
voltage. Developing the linearized TF model for Volt-VAr, the
grid in Fig. 5 was replaced by a controllable voltage source
and the voltage amplitude was changed in steps of 0.5 %
of voltage at every 0.05 s interval for the normal operating
range by keeping the frequency constant at 60 Hz. System
identification provided by MATLAB/Simulink was used to
develop and select the best-linearized model.

When the GSFs are activated, the inverter injects or absorbs
the active or reactive power to maintain the grid voltage within
the nominal operating range (i.e., 0.98 - 1.02 p.u.) following
the IEEE standard 1547-2018. Both Volt-VAr and Volt-Watt
mode are available for supporting the grid voltage where Volt-
VAr mode activates in between V; — V5 and V3 — V) while the
latter is enabled when the grid voltage lies in between (1.05
-1.1 p.u.).

B. Input Load Data and Load Models

The input load data for the residential house is taken
from [20] using M;/G/oo queueing model. The model
stochastically creates unique load data that is statistically
aggregated into a reference input load curve using freely
available hourly load data from distribution companies. For
this simulation, January 1, 2014, containing normal daily peak
hours from the ComEd region (Chicago, IL) was used in the
queueing model by scaling to a 100 W lower bound and
5000 W upper bound [20]. We have considered ZIP load
models that consider both active and reactive power con-
sumption. Based on the electric consumption of the queueing
model input, a residential home with ZIP coefficients from
Stratum D from [21] (provided in Table II in the appendix)
and a calculated power factor of 0.96 are used. The ZIP
coefficients are considered constant throughout this simulation,
representing the aggregate static load characteristics of the
household appliances during a particular day.
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Fig. 6. Reference active and reactive power from the ZIP load model in
concurrence with PV generation, IM load, and GSFs of inverter.

To add dynamics to the load profile, a single-phase asyn-
chronous motor is connected to the house, which represents



most of the motor-based household dynamic loads [22]. De-
tailed parameters of the motor are presented in the appendix
in Table III. The ZIP load, IM load, and the PV injection
are combined to serve as the reference of active and reactive
power, which is fed into the house with a controlled current
source. The generated reference active and reactive power from
ZIP coefficients in conjunction with the house load from the
queueing model, ZIP-IM load, and PV injection are shown in
Fig. 6.

V. RESULTS AND ANALYSIS

This developed linearized simulation model of the inverter is
validated in this Section. Mostly, the second-order TF for each
range with one zero and two poles for divided regions (k =
5) representing the overall dynamics of the inverter operating
mode, was found to meet both accuracy and computational
complexity (evaluated based on the NRMSE percentage fit
and FPE metrics). In this test case, three regions (R3, R4, and
R5) from 0.98 - 1.08 p.u are represented by (n = 7) TFs.
The response of the partitioned model for Volt-VAr mode was
compared with the response from the detailed inverter model.
To show the dynamic response of the mode under study, the
IM was turned ON at 5 h, 15 h, and 20 h, which resulted in a
large amount of current drawn and a sharp decrease in system
voltage. With the generated load profile, the terminal voltage
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Fig. 7. Volt-VAr mode activates with voltage greater than nominal (1.02
p.u) value (top) and absorbs the reactive power from the system (bottom) to
maintain the grid voltage within the nominal voltage.

in the system exceeds the upper limit of the normal operating
range (i.e, 1.02 p.u.), which enables the Volt-VAr mode to first
absorb reactive power from the grid as a function of voltage in
the system, as shown in Fig. 7. This mode was able to reduce
the terminal voltage below the over-voltage condition (V >
1.05 p.u), so there was no notable effect of the Volt-Watt mode
in mitigating the over-voltage issue in this test experiment. At
every instant of turning the IM ON, the grid voltage returns
towards the normal operating range, and the amount of VAr
absorption is decreased and results in zero absorption when the
terminal voltage reaches 1.02 p.u. A significant reduction in
terminal voltage from Volt-VAr mode operation was observed.

The simulation was performed on an Intel (R) Core i7
computer with 16 GB of RAM. The models were simu-
lated in MATLAB/Simulink using the Runge Kutta 4*" order
ODE solver with a step size of 0.1 ms. At each instant of
turning on the IM, the voltage sharply dropped, and so the

reactive power absorption decreased. A comparison of the
amount of reactive power from the detailed inverter model
and the developed linearized TF model is shown in Fig. 8.
Depending on the terminal voltage, respective partitioned TFs
were selected and aggregated by transitioning between them
during the simulation, as shown at the bottom of Fig. 8.
The NRMSE error between the overall output reactive power
from the simulation of the detailed inverter model and the
developed linearized TF model is just 1.91%. This shows that
the developed TF model can accurately capture the dynamic
behavior of the detailed system to the change in the load
with an acceptable NRMSE. Along with the response from
the two simulation models, the computational speed was also
compared and the simulation time of the developed linearized
model was faster by fourfold compared to the simulation
time of the detailed inverter model. This framework shows an
encouraging approach to utilities and researchers to perform
larger simulations for voltage dynamic studies with a lower
computational cost and acceptable accuracy as the number of
inverters increases.
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Fig. 8. (Top) Verification of reactive power absorption from the aggregated

linearized model (Qrpr) and the actual detailed inverter model (Q;ny)-
(Bottom) Transitioning between the portioned TFs during the the simulation.
Out of multiple TFs, three TFs of region R4 in range between 1.02 and 1.05
p.u (T'F», TF3, and T Fy) were activated for this time period of simulation
and rest TFs shall activated for other time periods.

VI. CONCLUSIONS

This paper presented a general simulated framework for the
speeding up and reduction of the computational complexity of
CDPS simulation. An LV distribution system network based
on the 12-house benchmark system considering ZIP load,
dynamic IM load, and a PV inverter with GSFs was taken as a
proof of concept and modeled in MATLAB/Simulink to gener-
ate the dynamic load profile. Operating modes of the detailed
inverter with GSFs were partitioned into multiple operating



ranges, and linearized TFs were developed to represent the
dynamics of the PV inverter with GSFs at different voltages.
It was demonstrated that combining the linearized TF models
by switching between these models accurately captured the
detailed non-linear dynamics of the inverter. It was also shown
that the simulation speed with the developed linearized inverter
model was increased fourfold compared to the detailed inverter
model. These generalized TF models can be used to develop
and study CDPS. Hence, the proposed framework shows the
significance of allowing utilities and researchers to perform
voltage dynamic large simulations with a lower computational
cost and within acceptable accuracy.
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APPENDIX

The single-phase feeder adjusted line parameters are given
in Table I. Table II shows the active and reactive ZIP load coef-
ficients for residential consumers. Single-phase IM parameters
are shown in Table III.

TABLE I
SINGLE-PHASE FEEDER LINE PARAMETERS [12].

Parameters Drop-off Lines | Pole-to-pole Lines
Resistance (£2/km) 0.549 0.425
Inductance (mH/km) 0.23 0.294
Capacitance (u F) 0.55 0.072
TABLE II

ACTIVE AND REACTIVE ZIP LOAD COEFFICIENTS FOR RESIDENTIAL
CUSTOMERS CLASS OF STRATUM D [18], [21].

Consumer
Class Zp I Py Zq Iq Py
Stratum D | 1.31 | -1.94 | 1.63 | 9.20 | -15.27 | 7.07
TABLE III
SINGLE-PHASE INDUCTION MOTOR PARAMETERS [22].
Parameters Values
P 0.25 HP
Power and Voltage v 50V
. . Rs, L;s 2.02 Q2,74 mH
qain Winding . L, [ 412056 mH
Loms 0.1772 H
Auxiliary Rs, Lis 7.14 ©, 8.5 mH
Winding Stator p 2
Capacitor-Start Rgt, Cs 20,2547 pF
Torque and Power (used in simulation) T, P 0.4 Nm, 0.15 kW




