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1. Motivation and significance

The electrical power system relies heavily upon simulation tools
to study the electrical grid, in order to address both steady-state and
dynamic performance issues. When creating models, several modeling
assumptions and restrictions are baked into models and tools [1]. That
is, models are by default a simplified version of something that is
real [2]. Model variability depends of the modeling goal, and what is
sought after. In the dynamic power system analysis realm, for instance,
phasor domain tools represent the grid in positive sequence, with the
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assumption that it is possible to capture the most relevant dynamics
impacting the three-phase power system’s behavior.

As computer processing power increases, the need for having less
computationally demanding models tends to decrease. Hence, one of
the modeling simplifications that is tackled in the OpenIMDML Library
is that of the representation of loads coupled to induction motors in
phasor-domain tools. When using a conventional power system tool
for electromechanical stability analysis like Siemens PTI PSS®E [3],
e.g., the mechanical load of a typical pump system (consisting of
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an electrical motor and a water pump), is represented through a
polynomial function that mimics the mechanical steady-state behavior
impacted by load features such as Load Torque (7;) and Load Power
(Pp).

Simplified load representations are valuable for conventional elec-
trical system studies, but fall short in assessing their impact on the load
sub-system. In contrast, the Modelica modeling language allows for
comprehensive multi-domain models, expanding analysis capabilities
while adhering to industry modeling practices [4]. Additional Modelica
libraries, such as the Modelica Standard Library [5], the Electrified
Power Trains Library [6], the Electric Power Library [7], and the
Electrification Library [8], include induction motor and electrical drive
models. However, their purposes differ from the primary objective
of the OpenIMDML library, which is to study multi-domain interac-
tions with bulk power systems. Another notable difference is that the
mentioned libraries do not depict the electrical system in the phasor-
domain, a modeling simplification that allows for rapid simulation of
large-scale power systems.

In contrast, the OpenIMDML Library is an open-source Modelica
library that provides a wide range of induction motor models, including
both single-phase and three-phase, as well as multi-domain and non-
multi-domain modeling representations. It also includes a variable
speed drive model, which is often missing in traditional power system
tools. The library aims to enhance conventional simulation capabilities
in power systems by enabling the study of inter-domain interactions. Its
sister library, OpenIPSL, provides non-multi-domain induction motor
models, created with reference to the Power System Analysis Tool-
box (PSAT) [1,9,10]. OpenIMDML complements OpenIPSL by adding
multi-domain motor and variable speed drive models, eliminating the
limitations associated with co-simulation, such as numerical stability
issues and orchestration challenges [11]. These libraries are designed
to work with the Modelica modeling language standard specification
and can be used in various compliant tools.

2. Software description

The OpenIMDML is an open-source Modelica-based library that is
focused on modeling and simulation of induction motor models in the
phasor domain. It was built using the Modelica language, leveraging
the Modelica Standard Library [12], and functions in conjunction with
OpenIPSL [13,14].

The Modelica Language is a programming language for modeling
cyber-physical systems. It enables object-oriented graphical modeling,
allowing the connection of components based on mathematical equa-
tions, making it easier to model these systems accurately and from
the ground up [15] through a Graphical User Interface (GUI) or pro-
grammatically. It offers object-oriented structures that facilitate model
reusability, especially when building models for complex systems with
various components, such as power systems.

The OpenIPSL was designed to use the phasor modeling approach
for power system analysis and to facilitate its use by power engineers, it
was implemented to replicate the behavior of the models from the well-
known industry-grade power system tool called Siemens PTI PSS®E [3].
Moreover, an end user who is well versed with Modelica does not need
to be familiar with power system-specific tools. This type of user would
be comfortable of utilizing OpenIMDML and OpenIPSL. In this way,
users are empowered and can satisfy their own modeling needs by
building multi-domain models on top of both libraries.

In addition, another benefit of the author’s approach is that Open—
IMDML models can be used in any tool compliant with the open-access
Modelica modeling language standard specification. A list of Modelica-
compliant tools can be found in https://modelica.org/tools.html. Fi-
nally, these Modelica tools support the open-access and open-source
Functional Mock-up Interface (FMI) standard for model-exchange,
hence, the models developed by the user can be used by more than
100 tools, as listed here: https://fmi-standard.org/.
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2.1. Software architecture

The library is structured into five subpackages: Examples, NonMul-
tiDomain, MultiDomain, Controls, and Functions. A high-level expla-
nation of each of the five main packages and their content is given
below:

» Examples: contains Modelica model examples of all the compo-
nents developed in the OpenIMDML Library. The Examples pack-
age contains three subpackages, namely MultiDomainExamples,
NonMultiDomainExamples, and BaseClasses. The MultiDomainEx-
amples subpackage presents examples of the single-phase and
three-phase multi-domain motor developed in the library, includ-
ing motor validation examples, examples including a variable
speed drive and its controls, and a simple example of a multi-
domain motor interacting with a pump that fills up a reser-
voir. The NonMultiDomainExamples subpackage contains examples
of single-phase and three-phase non multi-domain motor mod-
els from the library, including examples that incorporate the
variable speed drive. The difference between multi-domain and
non multi-domain is linked to the driven load representation.
Lastly, the BaseClasses subpackage contains partial models that
are re-utilized in several of the examples from the package.
NonMultiDomain: contains single-phase and three-phase non
multi-domain induction motor models, i.e., models that lacks
the mechanical interface for torque/speed. The NonMultiDomain
package holds two subpackages, namely SinglePhase, and Three-
Phase. The SinglePhase subpackage presents two distinct motor
models — single-phase (SPIM) and dual-phase (DPIM) induction
motor models. The SPIM motor is intended for cases when the
motor is initialized in steady-state, while the DPIM motor can
be used to simulate both start-up and steady-state initialization
conditions. Both the SPIM and DPIM motor models are derived
from [16]. The ThreePhase subpackage accommodates five differ-
ent motor models — type I, type III, type V, CIM5, and CIM6. The
first three are derived from PSAT [1,9,10] model manuals while
the latter two are derived from PSS®E [3] model manual.
MultiDomain: contains single-phase and three-phase multi-
domain induction motor models, i.e., models that present a me-
chanical interface for torque/speed. It follows the same subpack-
age structure that is presented in the NonMultiDomain package,
with the difference being the multi-domain nature of the models.
There is one additional motor model in the MultiDomain package
- an all-in-one motor — that implements the replaceable Mod-
elica construct [17]. The user can select different motor models
by simply changing a pre-set parameter in a Modelica-tool’s GUI,
or through Modelica Python scripting [18].

Controls: contains power electronics and controller logic models
for the variable speed drive model. The Controls package has
two subpackages, namely PowerElectronics, and ControllerLogic.
The PowerElectronics subpackage contains the phasor-based volt-
age source converter model, while the ControllerLogic subpackage
presents the ubiquitously used Volts/Hertz controller logic [19].
Functions: contains one function that implements an iterative
method for estimating the induction motor equivalent circuit
parameters using only the motor nameplate data [20].

Note that the absence of an Interfaces subpackage in OpenIMDML
is attributed to the coherence of its components with those present in
the sister library, OpenIPSL. Consequently, there exists no requirement
for duplicating the interfaces already in use.

2.2. Software functionalities
In this section, we will present three of the major advantages and

functionalities of the OpenIMDML Library that differentiate this library
from conventional power system tools.
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Fig. 1. MultiDomainTypel example in OpenIMDML. Motor slip recording in Dymola (Base) and OpenModelica (Result).

Table 1
Simulation information.

Hardware and simulation environment information

Hardware

OS: Microsoft Windows 10
Processor: Intel(R) Core(TM)
i7-7820HQ

Installed Physical Memory
(RAM) : 16.0 GB

Simulation Setup for
Dymola and OpenModelica

Start Time: 0, Stop Time: 5 s
Number of Intervals: 500
Algorithm : Dassl

Tolerance: 0.0001

Dymola 2023X Simulation Info

Simulation Run Time: 0.014 s

OpenModelica v1.21.0 Simulation Info

Simulation Run Time: 0.032 s

2.2.1. Interoperability: Running models in different simulation environ-
ments

There are currently ten different commercial and one free Modelica
simulation environments [21]. The OpenIMDML has been carefully
developed to comply with the Modelica Language Specification [17],
and it has been implemented with Modelica version 4.0. This imple-
mentation helps to take advantage of interoperability among various
Modelica tools. To demonstrate that the OpenIMDML examples can
be simulated in different environments and that the simulation results
are identical, the authors ran an OpenIMDML example in two distinct
simulation environments: Dymola [22], and OpenModelica [23]. The
example in case is the MultiDomainTypel, where a multi-domain motor
type I is operated in start-up mode. The simulation result in Fig. 1
displays the motor slip recording from the two different environments.

The orange curve is the simulation plot from Dymola (Base), while
the dark green curve is the simulation plot from OpenModelica (Result).
The blue and light green curves are the lower and upper values of the
tube, respectively, mentioned earlier in the subsection, with a tolerance
value chosen to be 1-10~*. The reader can notice that both the Dymola
and the OpenModelica result curves are nearly identical, pointing to
the fact that OpenIMDML models are equivalent when running in both
simulation environments. This means that the user is not constrained
to any particular software tool, which is common in power engineer-
ing practice. Table 1 presents details regarding computer hardware,
simulation setup for both Dymola and OpenModelica, as well as the
corresponding simulation runtime.

2.2.2. Multi-domain representation of driven loads

In conventional power system tools, like Siemens PTI PSS®E, all me-
chanical loads driven by induction motors are simplified by polynomial
functions, thus not accounting for their dynamics. The polynomial func-
tion emulates the load torque of the driven load, therefore the only set
of dynamic equations of the motor model is related to the electromag-
netic dynamics of the induction motor. For this reason, conventional
power system tools are focused solely on the electrical domain. In
contrast to the aforementioned tools, the Modelica modeling language
enables the creation of multi-domain models and systems. Therefore,
there is an opportunity of merging multiple different domains into
one model, allowing for a holistic approach to modeling multi-domain
system models. For example, the library includes an illustrative ex-
ample under the Examples.MultiDomainApplications subpackage where
the driven load includes a pump filling a water reservoir. A simple
example is described in Section 3. Finally, this feature also allows to
avoid the need for co-simulation and to circumvent its drawbacks [11],
as mentioned earlier.

2.2.3. Variable speed drive modeling

Conventional three-phase induction motors connected directly to
the grid, once in steady-state condition, operate at a single speed
defined by the frequency of the grid’s voltage. However, in many
industrial applications, one must control the motor’s speed and torque
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in order to fulfill a specific task, or with the overall goal of im-
proving productivity and energy savings in pumps, fans, compres-
sors, etc. Thus, induction motors are controlled via Variable Speed
Drives (VSDs), which are power electronic converters that enable mag-
nitude and frequency control of the motor’s terminal voltage. Con-
ventional power system tools do not model VSDs, lacking a crucial
component of today’s motor applications. OpenIMDML, on the other
hand, was implemented in such a way that all three-phase induction
motor models, being multi-domain or not, can operate with a VSD
model from the library. The library includes multiple examples under
the Examples subpackage, in MultiDomainThreePhaseMotorVSDStartup
and MultiDomainControllableMotor, where the use of the VSD model is
illustrated.

3. Illustrative example

To illustrate a few of the features that the OpenIMDML Modelica
Library has to offer, this section describes two simulation examples:

1. Three-Phase Multi-Domain Validation Example: evaluates
the performance of the modeled three-phase multi-domain mo-
tors.

2. VSD Controlled Voltage and Frequency Sweep Example:
demonstrates the use of Python in conjunction with Dymola in
a parameter sweep script that displays multiple Torque x Rotor
Speed simulation results for increasing synchronous speeds and
voltage values.

For more information on how to run examples in OpenIMDML,
please refer to the README section in https://github.com/ALSETLab/
OpenIMDML.

3.1. Three-phase multi-domain validation example

This section presents the results of simulating the five motor model
validation examples that are located in the Examples package under
MultiDomainThreePhaseMotorValidation. Each example is meant to vali-
date one of the five developed three-phase multi-domain motor models,
and their structure under the MultiDomainThreePhaseMotorValidation
packages follows the structure below:

MultiDomainThreePhaseMotorValidation
> MultiDomainTypel
MultiDomaiTypeIIl
MultiDomainTypeV
MultiDomainCIM
MultiDomainMotor

vV V V VvV

The names of the examples reflect the motor model used in the
simulation. For instance, an induction motor Type I model assumes
that only the mechanical state variable is taken into account, with
the circuit dynamics neglected. For motor Types III and V, the model
represents single and double cage induction motors, respectively, no
longer modeling only the mechanical states, but also including the
dynamics related to flux-linkages in the windings of the motor. Motor
Types L, III, and V are derived from [1]. Motor CIM corresponds to the
implementation of a double cage induction motor, with the addition of
saturation [3]. The first four examples in the package aim to simulate
the same power system model when different motor models are used
and are meant for motor dynamics validation purposes. For ease of
motor testing, the example shown in this subsection is the MultiDomain-
Motor, which contains an “ALL-IN-ONE” induction motor component,
allowing the user to change the motor model through one press of a
button. The example not only serves the purpose of comparing motor
model performance, but also highlights the object-oriented capabilities
of Modelica. Because different motor models contain different degrees
of modeling details (number of parameters, number of variables and
equations), the authors chose a set of parameter values that can be
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simulated from the simplest to the most complex model, while at the
same time representing the same induction motor circuit in different
models. Fig. 2 displays the validation test. The following is a brief
description of each component in the example:

inf: functions as an infinite bus, maintaining constant voltage and
frequency. It calculates active and reactive power to maintain
power balance during dynamic simulations. Essentially, it serves
as a rough equivalent of the bulk power system to which the
remainder of the example’s components connect. This infinite
bus is represented by the classical synchronous machine model
GENCLS, with detailed model equations available in [3].

bus1 - bus4: are nodes where different power lines are connected.
tf1 - tf2: are power transformers, electrical devices that alter an
initial input voltage to produce a modified output voltage.

line: are power lines that transport electrical energy between
different locations within an electric power system.

Load: component of the power system that consumes power.
Synchronous_Speed: is specified by a RealExpression Mod-
elica block, establishing the synchronous speed of the motor. In
this specific case, a constant value of 60 Hz is assumed.
Torque_Equation: is also specified by a RealExpression Mod-
elica block, establishing the mechanical torque expression used to
define the load torque expression.

Torque: the component converts a real input signal into an angle
and torque in the Modelica flange connector. Consequently, the
component connected to this flange experiences a torque-induced
motion.

Torque_Sensor: computes the torque between two flanges and
presents the outcome as an output signal. The output signal is
used as the measurement of the mechanical load in the motor
model.

Load_Inertia: rotational element featuring inertia and two flanges
rigidly interconnected. This component represents the inertia of
the rotor shaft of the motor.

MD ALL-IN-ONE: an OpenIMDML induction motor component
that allows the user to change the motor model by selecting
different models in a list of models.

Note that the grid components, to the left of and including bus4,
are from OpenIPSL, while all other components except the motor are
from the Modelica Standard Library (MSL) [5].

Once each model is simulated, an aggregated plot in Fig. 3 can be
obtained. It compares the startup slip value through time for all of
the modeled multi-domain, three-phase induction motors, which can
be defined by using the ALL-IN-ONE motor component.

Because the model simulates an induction motor start-up process,
slip = 1 at t+ = 0 (the motor starts at halt condition), and the slip
decreases as the rotor speed increases, until finally it reaches its steady-
state, where slip = 0.004. The slip behavior of the Motorl versus
all other motors can be clearly distinguished in Fig. 3, particularly
when the motor reaches its steady-state value. Motorl does not display
any oscillatory behavior around ¢ = 2.35 s because of its modeling
limitation, as it does not model the effect of flux linkage variation in the
rotor and stator coils. The Motor]l model contains only one differential
equation that describes the slip and torque relationship, lacking the
rotor cage modeling present in Motor3, Motor5, and CIM motor models.

Fig. 4 showcases a comparison of the active and reactive power
consumption, and again, it is possible to notice that Motor] has a
different behavior when compared to the rest. In Fig. 4 (a), there are
two noticeable oscillations in the active power consumption of Motor3,
Motor5, and CIM: one at the start of the simulation and a second
one around ¢+ = 2.35 s. The oscillation at + = 0 is a result of the
modeling assumption that the voltage behind the stator resistance Rs
starts from zero, i.e., ¢/,(0) = 0 and efm(O) = 0. Further analysis through
linearization of the non-linear equations at + = 0, showed a pair of
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System Data
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Frequency: 60 Hz
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Synchronous_Speed Torque_Equation

sync_speed [> Torq
Load tau
Fig. 2. Multi-Domain Induction Motor Validation Example.
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Fig. 3. Comparison of induction motor slip values in time.

complex eigenvalues that are stable (negative real component) with an
oscillation frequency of 60.0684 Hz, validating the oscillation present
in Fig. 4. The results depicted in the plots within this subsection align
with the characteristics observed in Example 11.7 from [24], which
was initially simulated using the PST software tool [25]. However, an
exception is noted in the simulation results when employing Motor1
due to modeling simplifications inherent to this component.

3.2. VSD controlled voltage and frequency sweep example

This section discusses two simulations, identified as Test 1 and
Test 2, to facilitate clear tracking of the discussion. Both simula-
tions focus on demonstrating the relationship between the voltage and
synchronous speed of an induction motor. As described in [26], the
magnetic field strength is proportional to the ratio between the voltage
on the induction motor and its frequency. The volts/hertz control of a
VSD increases voltage and frequency at a constant rate, maintaining the
magnetic field close to a constant value, which guarantees a constant
torque region. If voltage is held constant and frequency is lowered, then
both magnetic field and torque increase. The opposite is also true, if
voltage is held constant and frequency is increased, both magnetic field
and torque decrease. Fig. 5 depicts the system utilized to illustrate the
aforementioned behavior.

The difference in the model shown in Fig. 5 compared to Fig. 2
is the addition of the power electronics component (AC/DC - DC/AC)
of the variable speed drive, which allows the user to control the

terminal voltage of the motor. The reader can notice that the example
does not contain the Volts/Hertz controller component, however, the
motor’s behavior is altered by changing the parameters v start and
t start from real expression components SVR and SSR respectively. The
SVR block represents the stator voltage ratio, while the SSR represents
the synchronous speed ratio. This configuration allows the user to test
the motor response via changes in parameters v_start and t start. This
configuration was chosen to have separate controllable variables for
behavior validation purposes, allowing the authors to generate the
typical curves presented in the literature [26].

The aforementioned parameters are modified via a Python script
that interacts with Dymola. For test 1, the authors increased voltage
and frequency (synchronous speed) at a constant ratio until reaching
its rated value, which is shown in the black curves in Fig. 6(a). The
air gap flux is constant, and thus, the peak electromagnetic torque is
also constant in this region. If the stator frequency is increased beyond
its rated value, as shown in the red curves (see Fig. 6(a)), then the air
gap flux reduces, and consequently, the electromagnetic torque is also
reduced.

For test 2, with NEMA type D motors (high slip motors with high
peak loads and low efficiency), typically used to drive pumps and fans,
a cheap and simple way of achieving variable speed control is through
variable-voltage operation. To simulate such scenario in the model
displayed in Fig. 5, the TorqueEquation was modified to reflect such
type of load (T « w?) and the motor parameters were set to represent
a NEMA type D motor. In the following simulations, the frequency is
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Fig. 4. Comparison of induction motor active and reactive power consumption in time.
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Fig. 5. Example utilized in sweeping voltage and synchronous speed variables.
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Fig. 6. Comparison of induction motor active and reactive power consumption in time.

kept at nominal value while the terminal voltage is changed in order
to operate the motor at different speeds. Another validation test that
reflects variable-voltage operation in NEMA type D induction motors
is the simple and economic method of speed control through terminal
voltage variation, as shown in section 2.1 from [26]. Fig. 6(b) depicts
four resulting electromagnetic torque curves for four different variable-
voltage operations (0.25V't, 0.50V't, 0.75V't, and 1.00V¢) all driving a
load torque that reflects a fan/blower load.

Similarly to what is shown in [26], the electromagnetic starting
and maximum torque increases as the terminal voltage also increases.
Because of the high slip operation capability of such type D motor,
it operates within a large rotor speed margin, reflected in the four
different plots in Fig. 6(b).

4. Impact

OpenIMDML is a library that complements the current OpenIPSL
Modelica Library, adding multi-domain capability to induction motor
models. While the positive sequence modeling of motors is the de-
facto modeling approach in conventional power system tools used for
dynamic analysis, the motor model with an interface to couple with an-
other domain using the Modelica language is novel and allows studying
the dynamical interaction between the electrical power grid and other

domains. This flexibility is only possible thanks to the implementation
utilizing the Modelica modeling language.

Another impactful contribution of the library is in the implementa-
tion of a VSD model that allows simulating the speed control operation
over induction motors, a capability that is not found nor modeled
in standard phasor domain power system simulation tools. Because
the new motor models can be coupled to the VSD model, this also
implies that the motor models have frequency-varying stator and rotor
impedances, which is also an improvement to the de-facto modeling
tools. Considering the numerous advantages of using VSD’s in cur-
rent induction motor applications, the Modelica-based VSD model is
a crucial addition for emerging research areas such as grid-interactive
building energy systems. As an example of the usage of such models,
paper [4] discusses the implementation and utilization of a multi-
domain Type I induction motor along with a variable speed drive. These
models served as the foundation for the development of the Open-—
IMDML Library and have become integral components of the library.
The incorporation of thermo-fluid and mechanical interfaces introduces
the capability to explicitly simulate transient load disturbances in
accordance with their constitutive physics, thereby facilitating dynamic
interactions between electrical and hydraulic contingencies. Further-
more, the paper presents a straightforward example of a multi-domain
power and thermo-fluid model, featuring a motor interconnected with
a water pump and its associated piping system.
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5. Conclusions

This paper provides a brief overview of OpenIMDML, a Modelica-
based library that was created to complement the OpenIPSL Modelica
Library, with the possibility of representing induction motors, vari-
able speed drives, and their loads in a multi-domain manner. The
implemented motor models, in conjunction with the VSD, bridge the
gap that is currently experienced with conventional power system
modeling approaches using phasor-based tools. The new models give
the user control over the rotational speed of the motor models and
further enhance the portrayal of load processes that are interlinked with
the mechanical domain of the motor and other domains downstream.
Additionally, because of the implementation of the OpenIMDML Li-
brary utilizing the Modelica modeling language, the user is capable
of utilizing the library and its models in different Modelica-and-FMI-
compliant simulation environments. Users are free to select whatever
simulation environment they are most comfortable with, being free or
commercial.
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