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● NYS Climate Goals: 70% renewable by 2030, decarbonize 
grid by 2040

● Challenges: Extensive simulations needed for renewable 
impact assessment, high modeling and computational 
efforts

● Solution: Develop FMI v1.0 Compliant Functional Mock-
up Unit (FMU) for Grid-Forming (GFM) Inverters

● Benefits: Improved simulation, reduced manual 
modeling

● GFM Technology: Supports voltage, frequency, fault ride-
through

● Implementation: Studied impacts of 6,200+ MVA 
renewable on 5000-bus NYS grid using Modelica and 
OPAL-RT's ePHASORSIM

Introduction
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● Grid-ForMing converters (GFMs) are power 
electronic devices that attempt to act similarly 
to a synchronous generator, creating their own 
voltage and frequency to establish an AC grid.

● How they differ: Unlike traditional grid-
following converters which are current sources 
that need an existing grid to operate, GFCs are 
voltage sources that can establish their own 
terminal voltage → useful for “black-start”, i.e., 
restoration.

● Why they're needed: 
○ Solar and wind are interfaced with power 

converters to the grid, 
○ Adding to many converters leads to loss of "inertia" 

and therefore the stability provided by large, 
spinning synchronous generators. 

○ The hypothesis is that GFCs may be able to support  
stability and to enable a future grid with 100% 
renewables.

● Real-World Test of a BESS with GFM [A]:

Grid Forming Converters – A very brief summary

[A] H. Saad et al., "Experience and EMT study for onsite grid forming test using BESS - RINGO black start project," 21st Wind & Solar Integration Workshop
(WIW 2022), Hybrid Conference, The Hague, Netherlands, 2022, pp. 241-249, doi: 10.1049/icp.2022.2760.
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● Component Models:
○ 1: GFM Component

● Models with Wrapper:
○ 2: Wraps 1 to generate FMU
○ 4: Wraps 2 in a “plant” interface to 

simulated within a power system
● Models to test FMU:

○ 3: FMU generated
○ 5: Wraps 3 in a “plant” interface to 

simulate within a power system
● Test system models:

○ 6: Tests the Modelica model.
○ 7: Tests the Modelica model with 

wrapper interface.
○ 8: Tests the FMU within a Modelica grid 

model.

GFM Library - Overview
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● A simple VS with an internal impedance of 𝑅𝑎 + 𝑗𝑋𝑑
connected to a bus:

● The objective is to find the internal voltage 𝐸∠𝛿𝐸 of 
the source from the active and reactive power (𝑃
and 𝑄) at the terminal bus. 

● The terminal voltage is denoted by 𝑉∠𝛿𝑉 = 𝑉𝑟 + 𝑗𝑉𝑖
● The ℜ{ ෨𝐸} and ℑ{ ෨𝐸} part of the internal voltage are: 

ℜ{ ෨𝐸} = 𝐸real = 𝑉𝑟 − 𝐼𝑖𝑋𝑑 + 𝐼𝑟𝑅𝑎
ℑ{ ෨𝐸} = 𝐸𝑖𝑚𝑎𝑔 = 𝑉𝑖 + 𝐼𝑖𝑅𝑎 + 𝐼𝑟𝑋𝑑

Simple Voltage Source

Component is initialized as:

Parameters for VS
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● The VS model within a power system is shown in pink:
● The diagram layer of the VS model shows several interfaces

and connectors that couple it to input data and the physical 
connection to the network:

Voltage Source Component - Interfaces and Connectors

Input the phasor 
magnitude: 𝐸

Input the phasor 
angle: 𝛿

Connector 
𝑃𝑤𝑃𝑖𝑛

Connector 
𝑃𝑤𝑃𝑖𝑛

Interfaces of type “Real” with pre-defined signal flow:
RealInput (input) RealOuput (output) The PwPin component is an “Acasual

Interface” with NO Pre-defined Direction

connector PwPin

Real vr "real part of the voltage";

Real vi "imaginary part of the voltage";

flow Real ir "real part of the current";

flow Real ii "imaginary part of the current";

end PwPin;

• The connector defines 4 variables, 2 
“potential” (vr and vi), and two flow (ir
and ii) that need to be solved.

• This implies that there must be equations 
inside VS that help in that solution.

𝐸𝑟 and 𝐸𝑖
components are 
calculated here!
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● The voltage and current variables of the PwPin component, named “p”, define the terminal voltage 
variables.

● We link the internal voltage source equations with those variables, which is done as:
Er = p.vr + R_a*p.ir - X_d*p.ii;

Ei = p.vi + R_a*p.ii + X_d*p.ir;

● These gives us 2 equations; however, we have 4 unknowns, the next two equations provide the 
additional 2 equations needed to make the system “balanced”, which are the power injections:

P = p.vr*p.ir + p.vi*p.ii;

Q = p.vi*p.ir - p.vr*p.ii;

● This model can now be coupled with another component that uses the PwPin connector, and the 
equations will be solved.

● However, we are interested in exporting the component as an FMU to work with other tools, so we 
need to couple the external world to the internal model.

● ePhasorSim uses the FMI standard version 1, and in this version, only RealInput and RealOutput
interfaces are used to export the FMU. 

Coupling PwPin Variables with the internal model equations
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● The controllable VS is developed based on the equations of the simple VS.
● It has two inputs uEmag and uEang to vary the voltage magnitude and angle of the VS.
● The input to the controllable VS voltage source can be provided from two sources: 

○ Case1: inject a voltage phasor to define the internal voltage of the source from an external 
tool (e.g., a power system simulator like ePHASOSRSIM), 

○ Case 2: inject a signal that is a deviation from the initial value of E0 anddelta0 for internal 
testing.

Controllable Voltage Source

The controllable VS is used as a basic building 

block to build the GFM IBR model. 

The GFM inverter model has two inputs: uEmag and uEang.
Input uEang controls the voltage angle → P-f control loop
Input uEmag controls the voltage magnitude → Q-V control loop. 
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Models are interfaced to the OpenIPSL SMIB for 
testing within the Dymola environment. 

Controllable Voltage Source Example

For Emag, the ramp was activated at 4 s., changing the value from 1.01439 p.u. 

to 1.03439 p.u. within 1 s.

For Eang, the ramp was activated at 6s changing the value from 0.149386 rad 

to −0.243364 rad within 3 s.
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● The P-f droop control adjusts the output 
frequency of the inverter in response to changes 
in active power output.

● The active power output of the inverter can be 
written as:

● A deviation from 𝑃ref will make the inverter active 
power to change, thus changing the angular 
frequency Ѡ of the internal voltage to reduce the 
inverter power output, which is modeled as a 
change in 𝛿𝐸.

● Limiter block prevents the active power output of 
the inverter from exceeding its limits.

Active Power-Frequency Droop-based Control (P-f)
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● During initialization we must define an initial 
equation for the angle

● We also need to set the angle to be exactly equal to 
that of the VS, and not be modified to the solver

● We want to avoid using fixed=true which can 
create other issues

● Solution:
■ Use a reset on the integrator
■ Set the value to which the integrator is to be reset
■ Use that of the VS and not the one found through the 

initialization→ i.e., use the value assigned during the initial 
equation

initial equation

delta0 = Edelta0  delta0 = to the VS angle

● After initialization, the voltage source angle and the 
P-f droop angle are the same.

Initializing 𝛿𝑑𝑟𝑜𝑜𝑝
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● The reactive power-voltage (or the Q-V) droop-based 
control adjusts the inverter reactive power output in 
response to changes in the voltage at its terminals.

● The reactive power output of the inverter can be written 
as:

● When there is a change in the terminal voltage, the Q-V 
droop manipulates the magnitude of the internal voltage 
to adjust the reactive power output accordingly.

● Output power limiter block prevents the reactive power 
output from exceeding the converter’s limits

● Two reactive power control modes that are set by 
QVFlag: plant controller strategy of adjusting either the 
reactive power or voltage setpoint.

Reactive Power-Voltage Control (Q-V)
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● Q-v control scheme has options for QVFLAG and VFLAG
● Modelica implementation done with Boolean parameters, and these 

values were propagated.
● Dymola simulations were able to capture the change of parameters.
● Introduced a “Constant” block and a Real-to-Boolean conversion block 

to minimize the number of changes.

Reactive Power-Voltage Control (Q-V)
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● We propagate the P-f droop block “up” 
to the higher levels

● To be able to compare, we have 
different versions of:
○ P-f Droop / Q-V Loop
○ P-f / Q-V Control Scheme
○ Converter

● All variants tested for QVFLAG = 1 and 
VFLAG = 1

● Model with all features tested for all 
combinations of QVFLAG and VFLAG

● Simulates and plots

Testing
Original

Improved

Repeated for
Each Variant
e.g., this adds limiters 
but has flags fixed to 
QVFLAG=1 and 
VFLAG=1

Function to
Compare
Different 
Implementations

Model with user 
settable QVFLAG 
and VFLAG

Model with all 
features (inc. 
current limiter)
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● Basic Parameters: ● Additional Parameters for limiters:

GFM  Parameters in Dymola
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● Created a “Wrapper” that interfaces the component to be 
exported with the mandatory interfaces required by 
ePhasorSim

● It interfaces with the “block” from the OpalRT-dev library 
called “PIN2INOUT”. 

● That means that the PIN2INOUT:
○ Converts the acasual variables in PwPin (p.vr, p.vi, p.ir 

and p.ii) into casualized variables (bus0_vr, bus0_vi, 
bus0_ir, and bus0_ii)

○ It assigns the value of variables (p.vr, p.vi, p.ir and 
p.ii) in the PwPin to the inputs ((bus0_vr, bus0_vi) and 
outputs (bus0_ir, and bus0_ii)

○ This results in the voltage and current having a specific 
direction, i.e., as input or output, respectively.

○ Consequently, the “bus0_ir” and “bus0_ii” are the 
currents that will be injected into the network solution 
of ePHASORSIM

FMU Export - Modelica to FMU Wrapper

Mandatory interfaces
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Dependency: Windows Subsystem for 
Linux (WSL) 2 with Linux kernel update 
package

FMU with and without Source Codes
● FMUs can be generated with or 

without the C source code. 
● With Dymola, this capability depends 

on whether or not the user has a 
license that enables code export.

● A user with a local “vanilla” Dymola 
license can regenerate the FMUs and 
execute off-line local simulations. 

● Export of source code is only required 
when running the ePHASORSIM in real 
time.

FMU Generation

OPAL-RT ePHASORSIM currently supports FMI version 1. 
We use FMI for Model Exchange (ME). 

Custom function to generate FMUs with/without source code
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● In ePHASORSIM, all parameters for a power system model are defined 
in an Excel file. 

● Once ePHASORSIM reads the network and FMU parameters from the 
Excel file, it instantiates the FMU and passes the parameter data to it. 

● ePHASORSIM uses a fixed time-step solve, at each simulation step, it 
sends the terminal bus voltage real and imaginary values, bus0_vr 
and bus0_vi, and any inputs defined in the wrapper to the FMU. 

● The FMU equations are evaluated with the received values, and the 
results are sent back to ePHASORSIM in the form of real and 
imaginary current injection values bus0_ir and bus0_ii, and any of the 
output values included in the FMU wrapper. 

● ePHASORSIM then solves for all variables within its internal models 
and assembles the overall network solution.

Data Exchange between ePHASORSIM and FMU
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● GFM IBRs, modeled as FMU, were integrated into the 
NYS 5000-bus, 800-machine transmission system in 
ePhasorsim.

● A total of 9 GFM IBR with 6272.5 MVA capacity was 
configured to substitute traditional generators within the 
NYS transmission system.

Example - GFM inverter FMU on NYS Transmission

GFM response to changes
in voltage setpoint

GFM response to changes
in MW setpoint
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Discussion – Advantage of FMU-based Approach
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● Demonstrated advantages of FMUs for large-scale power system simulations.
● Developed grid-forming inverter model in Modelica, integrated with ePHASORSIM to evaluate 

renewable energy impact.
● Utilized Modelica's object-oriented features to create controllable voltage source and GFM-

controlled inverter.
● FMUs offer significant time savings in modeling, debugging, and parametrization.

● Future work: 
○ GFM Model:

■ Use better object orientation to reuse the Modelica model in other power system 
tools, e.g.,  for ePHASORSIM-specific parameters and interfaces.

■ Integrate GFM model in the OpenIPSL library, in progress – link to PR on Github, here
○ Build Modelica models and FMU models for virtual synchronous machines, explore FMU 

interoperability, investigate IBR parameter uncertainties.

Conclusion and Future Work

https://github.com/OpenIPSL/OpenIPSL/pull/357
https://github.com/OpenIPSL/OpenIPSL/pull/357
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