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A B S T R A C T

Energy models for power systems require ongoing updates to reflect advancements in equipment technology
and the increasing complexity of power electronic devices. This study utilizes a Power Hardware-in-the-Loop
(PHIL) experimental setup to validate custom photovoltaic (PV) inverter models, aiming to enhance and
expedite the development of advanced renewable energy models. The research compares the performance
of a physical inverter with generic Renewable Energy Source (RES) models recommended by the Western
Electricity Coordinating Council (WECC). As inverter-based renewable energy sources become more prevalent
in modern electrical grids, it is crucial that dynamic models accurately represent their real-world behavior.
Accurate models improve our understanding of these energy resources and their interactions with the grid. The
proposed model enhancements are designed to better reflect real inverter performance, based on insights from
PHIL experiments. These models are developed using the open source Modelica language and the OpenIPSL
Modelica Library, allowing integration across various simulation tools without re-implementation. The paper
concludes with a thorough assessment, comparing the enhanced models with PHIL experiments on a real PV
inverter in a controlled laboratory setting. The study provides the enhanced WECC RES models and validation
data as open source resources, facilitating further research and development.
1. Introduction

1.1. Motivation

Amid global concerns about the impacts of greenhouse gases, the
Paris Agreement, accepted by 195 nations, aims for a 45% emissions cut
by 2030 and net-zero emissions by 2050. In the U.S., emission reduction
involves phasing out coal, maintaining gas use, and improving the
integration of renewable energy [1]. The rise in renewable energy
introduces challenges to the flexibility of power systems, causing un-
certainties in demand and supply [2]. Proper simulation and analysis of
the interconnection between various electrical components play a vital
role in achieving, understanding, and maintaining the stability of the
electrical grid. Without adequate simulation and analysis, the electrical
grid is at risk of catastrophic failures that impact the lives of millions.
For example, the 2003 U.S. Northeast blackout occurred partially due to
a failure to assess and understand the local electrical grid, insufficient
planning studies, neglect of appropriate multiple contingency analysis,
and a lack of stability assessment simulations [3]. The increasing
complexity of power systems and the growing integration of renewable
energy sources necessitate advanced grid modeling and simulation to
better understand the behavior of the individual power apparatus and

∗ Correspondence to: Dominion Energy, 5000 Dominion Blvd, Glen Allen, VA, 23060, United States.
E-mail address: emaildofachini@gmail.com (F. Fachini).

their interactions with the grid. With that in mind, this study explores
enhancements to existing generic WECC-based RES models (which are
trusted and ubiquitously used generic RES models for dynamic power
system simulations) by using the Modelica-based OpenIPSL Library [4–
6] and incorporating simulation data from PHIL inverter systems.

1.2. Literature review and previous work

Recently, there has been an increasing focus on PHIL testing for
power electronics systems, such as PV inverters. As noted in the
study by Lauss et al. [7], exploring the field of PHIL offers great
opportunities to leverage these infrastructures to study the impacts
of inverter-based resources. Several studies highlight the importance
of PHIL setups for ex situ testing and analysis of the behavior of the
inverter-based apparatus. Paper [8] introduced a PHIL testbed for grid-
connected PV inverters, testing the control features of the inverter,
including voltage regulation and frequency response. The findings
verify that the implementation of advanced grid support functions can
aid in voltage regulation and high-frequency power curtailment. This
is important as [9] emphasizes that with distribution-connected PV
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systems becoming more prevalent, developers and utilities must aim
to address future challenges of PV interconnection. The authors detail
the test of a 500 kW PV inverter using PHIL techniques, presenting
results from advanced functionality modes rarely utilized in current PV
systems. Additionally, paper [10] highlights the development of Sun-
Spec’s open source System Validation Platform (SVP), which automates

ER interconnection and interoperability tests by interfacing with grid
imulators, PV simulators, and other test devices.

Hardware-in-the-loop (HIL) laboratory facilities are crucial not only
for academic and research purposes, but also for practical applica-
tions in the power sector, particularly within utility companies. For
xample, Wang et al. [11] detail the use of HIL simulations by Domin-

ion Energy Virginia to validate their System Restoration Plan (SRP),
assess restoration path feasibility, test protection coordination and
island synchronization, and provide critical insights for operators to
effectively manage blackout scenarios. Paper [12] highlight key future
irections for improving PHIL simulations to address the increasing
omplexity of modern engineering systems. These include advances in

high-performance processors, parallel computing, and efficient algo-
rithms to enable the simulation of larger and more complex systems.

dditionally, there is a need for more detailed and accurate models
to better represent the behavior of these systems. Building on this
foundation, our study utilizes a real-world inverter in a PHIL setup
to validate a PV inverter model that expands upon the generic WECC-
based renewable energy source models. Furthermore, we leverage the
Modelica language to enhance these models, improving their accuracy,
functionality, and overall representation fidelity.

1.3. Contributions

Testing a real inverter in the PHIL setup at Rensselaer Polytechnic
Institute’s ALSETLab Volta Facility [13] revealed discrepancies with the

ECC photovoltaic model, motivating the proposed model enhance-
ents to improve accuracy and expand their scope beyond transient

tability simulations. This paper presents the following enhancements
o the models:

(A) An additional component for correlating solar irradiance with
active power to simulate variations in solar irradiance over ex-
tended periods of time, allowing the user to perform analysis be-
yond transient stability time-frames, and to incorporate weather
information.

(B) A new voltage ride-through logic to expand possible case studies
with RES models under critical operating conditions.

(C) A voltage proportional control loop improvement to compensate
for reactive power mismatch.

The suggested changes were incorporated into the WECC inverter mod-
els and were demonstrated to improve their accuracy. To the authors’
understanding, this study represents the first instance where model
alidation and enhancement suggestions for WECC-based PV-inverter
odels have been carried out using a PHIL laboratory and testing on

n actual commercial inverter.
To encourage shared reflection within the community and stimulate

innovation among researchers, the authors established a GitHub repos-
itory that contains the original WECC models, the new models with our
proposed custom enhancements, validation simulation experiments,
and PHIL experimental data [14]. The models were implemented using

odelica, an open-access and open source modeling language [4] that
s increasingly being accepted as the norm for modeling engineering
ystems. It is widely used in Europe within the automotive community
nd is gaining popularity in regions such as Japan and North Amer-
ca [15], and some power utilities are starting to adopt it in the field
f power systems [16].

In summary, this paper presents the implementation of WECC-based
generic renewable models in the Modelica OpenIPSL library [5,6], with
dditional enhancements that extend the scope and capability of the
2

original generic models. Furthermore, this work also compares and
validates the proposed models against a real PV inverter in laboratory
facilities, with a greater number of simulations and comparisons than
hose present in the existing literature [17–20].

1.4. Paper organization

The remainder of this paper is organized as follows. Section 2
briefly describes the PHIL lab facility used to perform experiments
and validate the WECC model against a real-world inverter. Section 3
gives a brief review of the WECC generic renewable energy models.
ection 4 describes the open source renewable model implemented in

OpenIPSL and its advantages compared to traditional power system
tools. Section 5 describes how to customize the models with the pro-
posed enhancements through add-on modules. Section 6 details the
omparison between simulation and experimental results, and lastly
ection 7 sets out the conclusions from this work.

2. Experimental PHIL lab

PHIL testing, particularly for power electronics systems such as
mart inverters, has gained popularity due to its advantages over tradi-
ional testing methods [21]. The ALSETLab Volta Lab is a PHIL facility
t the Rensselaer Polytechnic Institute established to facilitate research

and development of power technologies [22–24]. The PHIL laboratory
was established to carry out experiments involving power equipment
uch as inverters with a maximum capacity of 15 kW. It utilizes Opal-RT
imulators and a 4-quadrant bi-directional controllable power converter
rom Opal-RT [22–24]. The PHIL lab also enables the evaluation of the

inverter under various control modes, such as volt-var and constant
power factor (PF) operations [23,24]. Fig. 1 provides a panoramic view
of part equipment used in the PHIL experiments presented in this paper,

hile Fig. 2 displays the one-line diagram of the laboratory, divided
into three sections: Power Inverter, Transformer, and Grid Simulation.

The Sunny Highpower SHP-150-20 inverter is located in the Power
Inverter group in Fig. 2, thus power flows from the power inverter to
he grid simulation group, passing through a 30 kVA 125 Maddox three-
hase dry-type auto-transformer. The SEL-735 PQ Meter highlighted in

Fig. 2 is the meter used by the authors to collect experiment data for the
purpose of the inverter model validation. The power amplifier (OP8100
4-Quadrant power amplifier) has been employed with a capability to
absorb or inject 15 kVA of power. This amplifier serves as a power
grid emulator for the connected PV inverter. A common method for
providing DC voltage/current to the smart inverter and replicating the
ehavior of a PV array during equipment testing is to utilize a DC power
upply. The lab setup utilizes a Magna-Power programmable DC power
upply, which provides programmable voltage, current, protection set-
ings, and accurate measurements. The recreation of a photovoltaic
ower profile is conducted utilizing a photovoltaic power profile em-

ulator (PPPE). The PPPE software automatically produces solar array
oltage and current profiles according to predefined parameters. These
rofiles are then sequentially provided to the Magna-Power supply for
mulation. For more information regarding the Laboratory setup, refer
o [22–24].

3. WECC generic renewable energy models

The WECC generic renewable models are designed for transient
stability studies. They provide a simplified phasor representation of
generic renewable energy models that allows one to assess their integra-
ion with the electrical power system. Details of the WECC-based RES

models based on reports from the developers can be found in Refs. [25–
30]. Some examples of papers discussing the tuning, implementation,
nd validation of WECC-based RES models can be found in [31–33].

In addition, block diagrams of the original RES source component
models are provided in Appendices A, B, C, and D for the reader’s
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Fig. 1. Equipment used at the ALSETLab Volta PHIL setup
Fig. 2. Diagram of the ALSETLab Volta Inverter setup.
Fig. 3. WECC block diagram of the RES modules.
reference. These models are not only simpler to understand, they
also offer faster simulation performance compared to electromagnetic
(EMT) models [34].

The implementation of the WECC generic renewable models was
carried out using a carefully designed structure that facilitates the
substitution of specific components within the model to accommodate
different representations of RES. This is possible thanks to the graphical
and hierarchical object-oriented modeling features of the Modelica
language. The second-generation renewable energy models consist of
three key functional blocks, illustrated in Fig. 3:

• The ‘‘REGC_’’ module family, short for the renewable genera-
tor/converter model, represents the current injection model for
various renewable sources such as photovoltaic systems, batteries,
and wind turbines.

• The ‘‘REEC_’’ module family, which stands for renewable elec-
trical controller, embodies the electrical controls of electrical in-
verters. It operates in a closed-loop connection with the ‘‘REGC_’’
3

module, adjusting active and reactive power based on the output
voltage and power from the ‘‘REGC_’’ module.

• The ‘‘REPC_’’ module family, or renewable plant controller, de-
fines the control scheme for a group of renewable sources. Similar
to the electrical controller, it encompasses control functions for
active and reactive power, voltage control, and adds frequency
control for active power regulation.

These models were subjected to model validation by conducting
experiments on a power inverter in the PHIL Lab shown in Fig. 2.

4. OpenIPSL RES model in Modelica

The user-friendly RES model is made possible thanks to the object-
oriented features of the equation-based Modelica language [35]. Fig. 4
shows the diagram view of the user-friendly RES model in Modelica,
which reveals its internal structure.
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Fig. 4. RES user-friendly internal structure.
The internal structure of the model is open1 to all users. In order to
enhance the user-friendliness of the models, they were designed to ad-
just their internal connections based on the user’s preferences. The de-
scription of how the individual ‘‘REGC_’’, ‘‘REEC_’’, and ‘‘REPC_’’ models
were implemented in the OpenIPSL Library can be found in [36]. The
subsequent descriptions provide a concise overview of the components
displayed in Fig. 4:

• (A) The pwPin is an acasual interface that enables the user to
connect power system components in OpenIPSL library.

• (B) The ‘‘REGC_’’, ‘‘REEC_’’, and ‘‘REPC_’’ blocks are replace-
able.2 Using replaceable components, the structure (in Fig. 4)
allows the creation of new models without the need for any
reconnection.

• (C) The gain blocks are used, together with a Boolean logic
implemented in the user-friendly model, to activate or deactivate
certain connections between components. The activation or deac-
tivation of the connections is what enables the structure depicted
in Fig. 4 to embody various model configurations.

• (D) The four inputs are only enabled when the user simulates
specific control configurations at the plant level. Depending on
the selected control configuration, specific inputs are enabled/
disabled for the user (see Fig. 5).

• (E) The original WECC RES models were designed to simulate
starting from a power flow solution. Thus, active and reactive
power references are linked to the initial power flow solution. In
contrast, the model proposed here allows the user to feed an ex-
ternal reactive power reference. Qinput can be enabled/disabled,
depending on the user needs.

• (F) Just like (E), the user has the ability to enable/disable the
Pinput connector. This allows the user to feed an external active
power reference to the model. For example, the original WECC
PV model is only suitable to study the system response to elec-
trical disturbances, but not solar irradiance transients, assuming
constant solar power. Such simplification means that simulations

1 Every Modelica model, including those in OpenIPSL, allows users to access
and edit the code of individual components. This feature is not unique to
OpenIPSL but is a common attribute across all Modelica-based libraries.

2 In the Modelica language, replaceable components are models whose
type can be changed (or ‘‘redeclared’’) in the future, see https://specification.
modelica.org/maint/3.6/inheritance-modification-and-redeclaration.html.
4

Fig. 5. Example of all external model connections for PV.

utilizing the original RES models are only valid for a time win-
dow where solar irradiance is deemed constant, typically 20 to
30 s [27,37,38]. In contrast, the Pinput allows to vary the dc
power. This feature is especially useful when the user desires to
emulate active power fluctuations due to solar irradiance changes.

• (G) Similar to (D), the FREQ input (input to specify the frequency
of the grid) is only enabled in specific control configurations that
require the ‘‘REPC_’’ module to be included.

Once the user has opted for the user-friendly model, they have
the option to select from a preset range of model configurations that
incorporate both the original settings and customized combinations
specific to OpenIPSL to suit their requirements.

Fig. 5 displays various configurations for the PV model, offering dif-
ferent inputs and control configurations. Similar options are available
in the BESS and Wind models. Subsequent sections will elaborate on
enhancements and modifications to the original WECC RES models. The
OpenIPSL Library is accessible to the public on GitHub [39] in order to
facilitate the dissemination of the open source models discussed above.

https://specification.modelica.org/maint/3.6/inheritance-modification-and-redeclaration.html
https://specification.modelica.org/maint/3.6/inheritance-modification-and-redeclaration.html


Renewable Energy 244 (2025) 122627F. Fachini et al.
Fig. 6. Irradiance to active power add-on.

5. Improvements for the WECC RES models

This section examines three notable limitations discovered during
the validation of the original WECC RES models against experiments
carried out using the PHIL facility described in Section 2. To overcome
these limitations, the authors propose incorporating modeling solutions
through the addition of supplementary modules or adjustments to the
original model. The term add-on will be used to denote a module that
can seamlessly connect to the original components without the need
to make any changes to the existing WECC models. On the contrary,
a solution that requires modifications is a proposal by the authors that
involves changing the original model structure proposed by the WECC.

5.1. Solar irradiance to active power mapping add-on

The original WECC PV model assumes constant solar power, limiting
its applicability to transient stability studies of less than 30 s However,
customization of the PV model using an irradiance to active power
add-on module, as shown in Fig. 6, can enhance its functionality.

The solar irradiance to active power relationship used by the add-on
block contains the expression [40]:

𝑃𝑃 𝑉 = 𝑌𝑃 𝑉 𝑓𝑃 𝑉
(

𝐺̄𝑇

𝐺̄𝑇 ,𝑆 𝑇 𝐶

)

[

1 + 𝛼𝑃
(

𝑇𝑐 − 𝑇𝑐 ,𝑆 𝑇 𝐶
)]

(1)

where the PV active power 𝑃𝑃 𝑉 , which is the output of the add-on, is
determined based on the rated capacity of the PV array 𝑌𝑃 𝑉 , derating
factor 𝑓𝑃 𝑉 , solar irradiance 𝐺̄𝑇 , incident radiation at standard test
conditions 𝐺̄𝑇 ,𝑆 𝑇 𝐶 , temperature coefficient of power 𝛼𝑃 , and PV cell
temperature difference 𝑇𝑐 − 𝑇𝑐 ,𝑆 𝑇 𝐶 .

The add-on model reads a table of irradiance and temperature
values, which are defined by the user and can easily be added to the
model through a csv file. In this way, the add-on extends the current
simulation scope of the original RES model from WECC. Section 6.1
illustrates the capabilities of the add-on, through a simulation example.

5.2. Voltage ride-through add-on

As mentioned in the WECC RES reports [27,37,38], the developers
do not recommend using RES models for voltage and fault ride-through
simulations. To overcome this limitation, we implemented an add-on
that mimics the voltage/fault ride-through functionalities of a real-
world inverter. As will be shown in Section 6.2, this add-on helps to
emulate the response of the Sunny Highpower SHP-150-20 inverter.
The logic for the voltage ride-through add-on module is shown in Fig. 7,
and its functionality is summarized in Alg. 1.

The voltage ride-through logic in Fig. 7 takes voltage magnitude |𝑉𝑡|
as input, and outputs (New 𝑃𝑟𝑒𝑓 , New 𝑄𝑟𝑒𝑓 ). The output pair (𝑁 𝑒𝑤 𝑃𝑟𝑒𝑓 ,
New 𝑄𝑟𝑒𝑓 ) is either the original references (𝑃𝑟𝑒𝑓 , 𝑄𝑟𝑒𝑓 ) or zero. If
(New 𝑃𝑟𝑒𝑓 , New 𝑄𝑟𝑒𝑓 ) are null, then the current injection into the
RES model becomes null, resulting in cessation. On the contrary, if
(New 𝑃𝑟𝑒𝑓 = 𝑃𝑟𝑒𝑓 , New 𝑄𝑟𝑒𝑓 = 𝑄𝑟𝑒𝑓 ), then the power references are
exactly the same as in the original model and the RES model operates
as if the add-on module is not present.

As an example of how the add-on module is used, Fig. 8 shows how
to connect the external voltage ride-through logic block with the PV
model.
5

Algorithm 1 Voltage Ride-Through Logic
Input: |𝑉𝑡|

Parameters: 𝑉𝑚𝑖𝑛, 𝑉𝑚𝑎𝑥, 𝑇 𝑖𝑚𝑒𝑡, 𝑇 𝑖𝑚𝑒𝑐
if (|𝑉𝑡| ≤ 𝑉𝑚𝑖𝑛 or |𝑉𝑡| ≥ 𝑉𝑚𝑎𝑥 and 𝑡𝑖𝑚𝑒 < 𝑇 𝑖𝑚𝑒𝑡) then

Do nothing
elseif (|𝑉𝑡| ≤ 𝑉𝑚𝑖𝑛 or |𝑉𝑡| ≥ 𝑉𝑚𝑎𝑥 and 𝑡𝑖𝑚𝑒 ≥ 𝑇 𝑖𝑚𝑒𝑡) then

Momentary cessation for 𝑇 𝑖𝑚𝑒𝑐 seconds
After 𝑇 𝑖𝑚𝑒𝑐 seconds, return to pre-cessation state

else
Do nothing

end if

In Section 6.2, the authors have devised an example that best
illustrates the difference between the WECC RES compared to the
customized RES model with the proposed voltage ride-through add-on.

5.3. Voltage proportional control loop modification

The experimental results described in Section 6 highlight an issue
related to the over-simplification of the generic RES model. It will
be presented in greater detail that the inverter from the experiment
does not hold a constant power factor value after an event, such
as a voltage drop. A straightforward solution to solve the modeling
drawbacks exposed by the experimental findings would be to include
a voltage proportional control loop in parallel to the abnormal voltage
condition circuit present in the REEC_ family of models.

The proposed loop is shown in Fig. 9, with 𝐾𝑉 𝑃 𝐶 being the droop
gain that can adjust reactive power deviations that cannot be modeled
through the original WECC models. The results showing the efficacy of
the loop are shown in Section 6.

6. Validation of the improved RES model

This section presents examples of the functionality of the add-on
modules and the modifications that improve the WECC RES models
extending their capabilities to represent the inverters with its controls
under wider range of operating conditions. In addition, a comprehen-
sive analysis of the validity of the original RES models against real
world inverter experiments is performed.

6.1. Solar irradiance to active power mapping add-on for extended simula-
tion duration

This experiment exemplifies the advantage of using the solar ir-
radiance to active power add-on module. Fig. 10 displays the single
machine infinite bus model (SMIB) where an RES is represented using
the OpenIPSL PV model (PV2 model in Fig. 5) with the solar irradiance
to the active power add-on module connected to the active power input.

The solar irradiance and temperature data in this example were
obtained from the National Solar Radiation Database (NSRDB) by the
National Renewable Energy Laboratory (NREL) [41]. Global Horizontal
Irradiance (GHI) and temperature data for an entire day in Troy, NY
(USA) on 06/01/2022 were selected. To conduct the simulations closer
to reality, the 5-minute interval data from NSRDB was interpolated
throughout the dataset. Stochasticity to the injected active power was
added with the noise block [42], with standard deviation 𝛿 = 0.0001 and
a sample time of 10 s. The modified RES model accurately represents
solar irradiance dynamics by effectively mapping solar irradiance to
active power. It is important to note that, for this particular exam-
ple, no PHIL experiments were conducted; validation was performed
exclusively through simulations.

Furthermore, a fault component (pwFault module in Fig. 10) is
added to illustrate the transient dynamic response of the injected
PV power during a contingency. The contingency is a three-phase to
ground fault that has a line impedance of 𝑍̃ = 0.5 + 𝑗0.5 [p.u.]. In
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Fig. 7. Logic for the voltage ride-through add-on module.
Fig. 8. Voltage ride-through logic add-on.

Fig. 9. Voltage proportional control customization.

Fig. 11 the active and reactive power injection for a PV unit is simulated
under a constant power factor of 0.95. The fault is applied at 𝑡 = 40000
seconds according to historical data (around 11:06 a.m.) for a duration
of 0.3 s. Fig. 11 shows that active power injection aligns with the
solar irradiance profile, while reactive power injection tracks the active
power profile to maintain a constant power factor of 0.95.

Solar irradiance is absent before sunrise (around 5:00 a.m.) and
after sunset (around 7:00 p.m.). The fault simulation allows us to
observe a transient response in the injected power of PV in Fig. 11.
Thus, this example showcases the added modeling functionality that
the add-on module can represent and its impact in terms of expanded
simulation capabilities.

6.2. Voltage ride-through add-on for extended inverter operation

This experiment highlights the absence of voltage ride-through ca-
pability in the WECC RES models and demonstrates improved modeling
accuracy with the voltage ride-through add-on module. The Sunny
Highpower SHP-150-20 inverter has several user-adjustable parame-
ters, but for the purpose of testing the voltage ride-through capability
6

Table 1
Voltage ride-through NRMSE comparison.

Active power NRMSE Reactive power NRMSE

REECB
0.623

REECA
0.635

Custom
0.056

REECB
0.528

REECA
0.579

Custom
0.121

of the inverter, the authors focused their attention on the following
parameters: 𝑉𝑚𝑖𝑛, 𝑉𝑚𝑎𝑥, 𝑇 𝑖𝑚𝑒𝑡, and 𝑇 𝑖𝑚𝑒𝑐 (see Fig. 7 for more infor-
mation). The experiment was carried out with 𝑉𝑚𝑖𝑛 = 0.928 p.u.,
𝑉𝑚𝑎𝑥 = 1.071 p.u., 𝑇 𝑖𝑚𝑒𝑡 = 20 s, and 𝑇 𝑖𝑚𝑒𝑐 = 120 s. If the inverter
terminal voltage is below/above the 𝑉𝑚𝑖𝑛/𝑉𝑚𝑎𝑥 values for over 20 s, then
momentary cessation occurs and is maintained for 120 s regardless of
the magnitude of the terminal voltage, as in Fig. 12. After the cessation,
the inverter gradually increases current injection until reaching pre-
cessation power levels. Figs. 13 and 14 are the active and reactive
power from both the experiment and simulation results.

The terminal voltage exhibited two instances where voltage dropped
below the minimum threshold, marked ‘∗’’ and ‘‘∗∗’’ in Fig. 12. The
PV model with the original REECB controller lacks a crucial voltage-
to-current mapping table, which impedes experiment replication [37].
Despite WECC not recommending the usage of the REECB model any-
more (retired model), the authors utilized the REECB model to display
a gap that occurred in the first iterations of the electrical controller
models, which was the lack of voltage-ride-through and momentary
cessation capability. Alternatively, the REECA model has an internal
table but lacks the time logic that triggers the cessation algorithm,
resulting in imprecise simulation results [27]. Conversely, the modified
model, equipped with voltage ride-through logic, faithfully replicates
the inverter’s real response. Evaluation of the fidelity of the output of
each model was carried out by computing the normalized root mean
square error (NRMSE), presented in Table 1. The proposed modification
of the RES models leads to lower NRMSE values in both active and
reactive power, affirming the improved alignment with experimental
data.

The results of the experiments emphasize the drawbacks of the
original WECC models. The introduced voltage ride-through logic suc-
cessfully improves the original RES model, addressing the limitations
outlined in [27,37]. The WECC RES models were initially not designed
for voltage ride-through simulations and therefore lack this capability.
The added voltage ride-through feature effectively emulates the behav-
ior of real-world inverters, demonstrating its adaptability to various
inverter models and expanding the simulation scope for generic models.

6.3. Terminal voltage variation in constant power factor mode

In this experiment, the authors validate the generic WECC RES
model and the proposed modified version against lab experiments,
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Fig. 10. SMIB example with PV model and solar irradiance-to-active-power add-on.
Fig. 11. Active and reactive power injection from the PV source for 24 h span.

Fig. 12. Inverter voltage during voltage ride-through experiment.
7

Fig. 13. Active power comparison between experiment and simulation for different
version of REEC_ models.

Fig. 14. Reactive power comparison between experiment and simulation for different
version of REEC_ models.
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Fig. 15. Simulation model for terminal voltage variation under constant power factor
mode evaluation.

Fig. 16. SEL-735 PQ meter bus terminal voltage and angle values.

where the inverter operates in constant power factor mode and experi-
ences terminal voltage variations. Fig. 15 illustrates the Modelica model
used to recreate the experimental voltage for the evaluation of the PV
model.

To validate the model, the initial step of the case study involves
converting experimental three-phase line-to-line voltage data into pos-
itive sequence phasor data. This positive sequence voltage is utilized in
the model to mimic the variation in terminal voltage observed in the
experiment. The validation process includes comparing the simulation
results with the experimental results and analyzing the response of
the real inverter to identify crucial aspects required for modeling
replication. The experiment involved adjusting the terminal voltage
from 1.0 to 0.946 p.u. while maintaining the voltage angle constant,
measured by a SEL-735 PQ Meter. Fig. 16 displays the experimental
voltage magnitude and angle data, and Fig. 17 displays the active and
reactive power, real and imaginary currents, and the power factor.

The zoom-in plots focus on the voltage reduction event, while the
overall data plot presents the entire experiment data. At 𝑡 = 4.4 s, the
experiment triggers a voltage drop, initially having a slight voltage drop
and then reaching 0.949 p.u. after 0.15 s. The Sunny Highpower SHP-
150-20 inverter exhibits a transient peak in both active and reactive
power injections. Active power returns to its baseline value, while
reactive power remains elevated after the event instance. The black
curves represent the experimental data, while the red and blue curves
8

Fig. 17. Validation results for terminal voltage variation under constant power factor
mode.

Fig. 18. Identical active power NRMSE values for PV model with/without VPC.
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Fig. 19. Reactive power NRMSE value for PV model with VPC.

Fig. 20. Reactive power NRMSE value for PV model without VPC.

represent the simulation data recorded from the improved RES model
and the original model, respectively. It is possible to observe that both
active and reactive simulation results display a less aggressive peak at
the instance of voltage dip, which appears to be in the opposite direc-
tion of the peak observed in the experiment data. As stated verbatim
in [37], ‘‘It should be noted that generic dynamic models for inverter-based
generator tend to produce a short-duration (a cycle or shorter) voltage
spike at fault inception or clearing. These spikes should be ignored in most
cases, as they do not represent the performance of actual hardware. They
are simply a consequence of the model’s limited bandwidth, integration
time step, and the way current injection models interface with the network
solution’’. Hence, even though the models show a spike in active and
reactive injections attributed to voltage fluctuations, it is crucial to
disregard this outcome as it does not accurately represent the transient
behavior present in real-world inverters.
9

Fig. 21. Simulation model for power factor variance validation.

For the experiment results presented in Fig. 17, this subtle increase
from approximately 0.41 p.u. to 0.44 p.u. in reactive power shifts
the power factor from 0.885 to 0.875. This consistent finding across
multiple experiments and scenarios contrasts with the generic model,
which, being ideal, maintains a constant power factor after events like
a voltage drop. In the simulation, the original WECC REECA and REECB
electrical controllers, set to constant power factor mode, fail to replicate
the true inverter response (blue curve in Fig. 17). By introducing a
voltage proportional control (VPC) circuit in parallel with the original
model’s abnormal voltage condition circuit, a droop gain can be tuned
to mimic the inverter’s real reactive power injection (red curve in
Fig. 17). This addition was shown to be an effective way of modeling
the increase in reactive power from the inverter. The addition of VPC
was tested to both the REECA and REECB models, and the result is
illustrated in the red curve in Fig. 17.

Lastly, several simulations were conducted to explore voltage varia-
tions under different power factor values. Figs. 18, 19, and 20 show the
NRMSE values for all comparisons made between the models and the
experiment, where the NRMSE values were calculated after the voltage
dip event. Notably, the VPC circuit did not influence active power
injection, resulting in identical NRMSE for both VPC customized and
original models (Fig. 18). However, a significant difference emerged
in reactive power, with custom VPC models (Fig. 19) displaying closer
alignment with experimental data compared to the original model sim-
ulation (Fig. 20). The experiments covered various power factors, show-
ing that customization of the model with VPC compensation serves as a
crucial enhancement to the original models, particularly in replicating
real-world scenarios.

6.4. Power factor variation

In this experiment, the power factor is changed during both the
experiments and the simulation. Two tests were conducted: (a) from
unity to 0.9 over-excited power factor and (b) from unity to 0.9 under-
excited power factor. For these tests, the active and reactive power from
the experiment are played-back into the PV model using the PV4 model
from Fig. 5. The control configuration in the model was set to constant
reactive power mode, but with Pinput and Qinput entries replaying the
experimental data. In this way, the user can use data from an outside
source and plug them into the PV model to replicate the response
during the experiment. This feature can be used to test the response
of the overall power system that contains the PV model. Fig. 21 shows
the model used for this particular simulation validation.

The results plotted in Fig. 22 show the active and reactive power
values that were used in the simulation model from Fig. 21. Fig. 23
shows the comparison between the experimental power factor data and
the one derived from the simulation model.

As expected, the plotted signals show an excellent match with
negligible differences between the two values. This delay is inherently
due to the time delay constant from the delay blocks that are in place
in the model.
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Fig. 22. Experiment active and reactive data.

Fig. 23. Power flow validation between experiment and simulation.

Fig. 24. Validation of improved PV model for voltage drop of 1 p.u. to 0.95 p.u.

6.5. Volt-var mode under terminal voltage variation

The Sunny Highpower SHP 150-US-20 inverter has a volt-var con-
trol mode based on a droop control. As the inverter terminal voltage
decreases/increases, the reactive power increases/decreases on the ba-
is of a linear mapping between the reactive power and imaginary
urrent injection. The original WECC RES models cannot emulate such
n inverter response, but the modified model with the VPC circuit is
apable of emulating such a response. The parameters that were tuned
o replicate the inverter response were the gain 𝐾𝑉 𝑃 𝐶 and the max/min
imiter values of the VPC circuit. The efficacy of the VPC customization
or the volt-var mode is shown in Figs. 24 and 25. Fig. 24 illustrates the
10
Fig. 25. Validation of improved PV model for voltage rise of 1 p.u. to 0.95 p.u.

reactive power response of the customized VPC model for a voltage
drop from 1 pu to 0.95 pu, while Fig. 25 illustrates the reactive power
response of the customized model for a voltage increase from 1 pu to
1.05 pu. Analyzing the results in Figs. 24 and 25, it can be seen that the
model is capable of following the trend of the experiment and can also
limit reactive power injection by properly tuning the max–min limit
values in the limiter block.

6.6. RES model comparison under grid disturbance

Previous simulations have shown the impact of the modifications
n the representation of the updated WECC-based PV model com-
ared to the original version. These simulations demonstrated that
he modified model more accurately reproduces the results from the
HIL experiment simulations, enhancing its precision and reliability. To
omplete the validation and analysis of the proposed modifications, this
ubsection examines the impact that an electrical contingency has on
he modified PV model. The simulation was conducted using Modelica
odels, where the modified PV model were tested for a three phase-

o-ground fault. The goal of this simulation is to show that the voltage
ide-through add-on module does not trigger a momentary cessation
hen undergoing a fault, and that their after-the-fault response does
ot result a slow ramping of active and reactive power (as was the
ase in the simulation results from Section 6.2).

Fig. 26 illustrates the simulation model used for the disturbance
nalysis. The PV model in the test circuit includes the voltage ride-
hrough add-on (VRT module external to PV1 in Fig. 26). Note that
he solar irradiance-to-active-power mapping add-on was not included

because its primary function is to generate a 𝑃𝑟𝑒𝑓 value based on vary-
ing irradiance levels. Observe that by maintaining a constant irradiance
value, an active power reference similar to the original WECC model is
rovided to the modified PV model in Fig. 26. As a result, the same 𝑃𝑟𝑒𝑓

is provided to the PV1 model in Fig. 26 as the original WECC model.
The voltage proportional control loop, which adjusts reactive power
injection based on voltage variations through a droop mechanism, is
only active under normal system conditions. Since it is deactivated
during fault conditions, it does not influence the simulation, even
though it is included in the modified PV model, as illustrated next.
Figs. 27 and 28 illustrates the active and reactive power response of
the modified PV model during a three-phase-to-ground fault applied at
= 2 s with a duration of 0.15 s.

The active and reactive power responses of the modified PV model
onfirm the correct operation of the voltage ride-through module. The
odule did not trigger momentary cessation because the duration for
hich the terminal voltage dropped below the minimum threshold
uring the fault was significantly shorter than the VRT time threshold
𝑇 𝑖𝑚𝑒𝑡 = 20 s, as discussed in Section 6.2). This shows that the VRT

module is not affected by short-duration disturbances and that the
modified PV model performed as expected.
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Fig. 27. Active power injection during disturbance simulation.

Fig. 28. Reactive power injection during disturbance simulation.

7. Conclusions

This study demonstrated the effectiveness of PHIL in validating
nd improving PV inverter models for renewable energy systems. By
omparing a physical inverter with the WECC’s generic RES models,
e proposed key enhancements, including a solar irradiance-to-power
dd-on, voltage ride-through, and a voltage proportional control loop,
ll of which significantly improved the model’s accuracy. Accurate
nverter models are critical for optimizing renewable energy integration
nto modern power grids. The use of open source tools like Mod-
lica and the OpenIPSL library allows for greater collaboration and
nnovation, enabling researchers to refine models without extensive
11
re-implementation. In summary, the proposed model improvements
support more reliable renewable energy integration, contributing to on-
going energy transition efforts. The validated models and experimental
data are available as open source resources, promoting further research
in energy systems modeling.
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Appendix A. REGCA model

See Fig. A.29.

Appendix B. REECA model

See Fig. B.30.

Appendix C. REECB model

See Fig. C.31.

Appendix D. REPCA model

See Fig. D.32.
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Fig. A.29. REGCA block diagram.

Fig. B.30. REECA block diagram.

Fig. C.31. REECB block diagram.
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Fig. D.32. REPCA block diagram.
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