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A model using the Electrical Modeling and Thermal Analysis Toolbox (EMTAT), a National
Aeronautics and Space Administration (NASA)-developed Simulink® model block library of
electrical components, was developed to mirror the Hybrid Propulsion Emulation Rig
(HyPER) hardware, a laboratory focused on Electrified Aircraft Propulsion (EAP) hardware
tests. The goal of the model was to demonstrate the utility of the library by comparing the
accuracy of the library models to the performance of real hardware, with the primary metrics
being the simulation outputs matching physical test hardware data within 5% of full scale.
The objective of this paper is to present the background, setup, testing and results of this
comparison. It describes some of the adjustments that were necessary to match the system
hardware, as well as next steps in verification and validation. The outputs of the model were
compared to the results of several tests in HyPER, and in the process captured an additional
torque loss that is still being analyzed for the root cause but has been confirmed in the
hardware. Across all the test series, only one key model parameter was outside the target 5%
full scale matching, and nearly 70% were within 1%.

I. Introduction

HE Electrical Modeling and Thermal Analysis Toolbox (EMTAT) [1] is a National Aeronautics and Space

Administration (NASA)-developed modeling and simulation toolbox built on MATLAB® [2] and Simulink® [3].
EMTAT contains blocks to represent electric machines (motors and generators), rectifiers, inverters, batteries, shafts,
and loads, with the goal of facilitating system-level control design and analysis of electrified turbomachinery. This
toolbox is a Simulink library, enabling users to add these blocks to new or existing simulation models. Electrified
Aircraft Propulsion (EAP) is an area of research that investigates hybrid turbomachinery-electric or all-electric
propulsion systems for electrical or electrified concept vehicles that are being proposed for traditional missions [3-7].
New types of vehicles for Urban Air Mobility (UAM) missions such as air taxi service are also under development
[8]. These vehicle concepts require control design and operational concept analysis for their power and propulsion
systems, as well as a dynamic simulation capability for the end-to-end system [9]. The models used to test these
concepts must have high enough fidelity to capture the dominant system dynamics while being simple enough to speed
up the calculations to enable real-time simulation outputs. The coupled nature of the propulsion and electrical systems
in these concepts requires the model to have the capability for the electrical system to dynamically affect the
performance of the turbomachinery, and vice versa. EMTAT was developed at NASA Glenn Research Center (GRC)
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to meet this analysis need. EMTAT provides the capability to simulate the electrical components of these EAP systems
at a timescale appropriate to capture the interaction with the turbomachinery. EMTAT is compatible with the NASA-
developed Toolbox for the Modeling and Analysis of Thermodynamic Systems (T-MATS) software package [10],
which is used for modeling the dynamics of turbomachinery systems at the level of low frequency shaft dynamics, as
well as the thermodynamics of said turbomachinery. These codes together enable models to be built of any of the
various EAP architectures. The Hybrid Propulsion Emulation Rig (HyPER) laboratory at NASA GRC was developed
to provide EAP hardware and hardware-in-the-loop control testing capability [11]. An EMTAT model of the HyPER
laboratory test setup was developed to compare simulation models to real world hardware.

The rest of this paper is organized as follows. Section II describes the hardware and software utilized in the testing.
Section III discusses some of the challenges in the testing and comparisons, and then shows the results of that testing.
Finally, in Section IV, conclusions are drawn about the ability of the software to match real world hardware.

II. Tools and Methods

Most T-MATS simulations use a relatively large time step of ~15ms, which captures engine dynamics at the level
of low frequency shaft dynamics. Electronic components have much higher frequency dynamics, on the order of
microseconds or nanoseconds, and typically reach steady state within a small fraction of the T-MATS time step.
Steady state operation at each time step allows the electrical performance calculations to be simplified while still
allowing general electrical system dynamics to be calculated. The electrical system component transients are captured
as efficiency losses. EMTAT is not intended to replace small timestep, high fidelity electronic simulation tools such
as the Simulation Program with Integrated Circuit Emphasis (SPICE) [12], which is a global electronics industry
standard public domain software for analyzing analog circuit behavior at nanosecond timescales [13]. Due to the very
small timestep, however, SPICE runs significantly slower than real time; with simplified transient analysis, EMTAT
model blocks can simulate faster than real time, making them more useful for testing control concepts. These blocks
are equation-based, rather than dependent on a numeric solver, which increases the speed of simulation calculations.
Point-by-point steady state operation of electrical components, while smoothing out the high-speed electrical
transients, still demonstrates electrical system dynamics in operation at the turbomachinery time scale [1]. In addition,
EMTAT model blocks can simulate realistic heat outputs and thermal rises, with associated performance impacts.
EMTAT physics-based model blocks allow more specific performance tuning based on hardware specifications [1].
These physics-based component blocks were used to represent the physical hardware in HyPER.

HyPER is a reconfigurable EAP hardware and control laboratory located at the NASA Glenn Research Center at
Lewis Field in Cleveland, Ohio [11]. The hardware components of HyPER are designed to be capable of dynamically
representing a range of electrified turbomachinery. HyPER has two pairs of high-power electric machines, each pair
directly connected by a shaft. This allows any given pair to operate in a motor-generator configuration, switching roles
as needed. These motor-generator pairs can be used to simulate a gas turbine engine providing mechanical power to
an electric machine to act as an electrical generator, an electric machine pr0V1d1ng mechanical power to a gas turbine
engine, and other configurations. =
The motor test table as configured
for this testing is shown below in |
Fig. 1. The rig uses a variety of '~
sensors and data recorders to |
collect data from the electric
machines, motor controllers,
cooling system, energy storage
devices, and power supplies. The
electric machines are Parker
GVM210-150N6 Permanent
Magnet Synchronous Motors
(PMSMs), the inverters are
Cascadia Motion Systems
PM100DX motor controllers, and
the bidirectional power supplies
are NH Research (NHR) 9300- :
100 regenerative power supplies Fig. 1 HyPER laboratory motor test table.

with a 100 kW limit. (The power




system has the capability to regulate the direct current (DC) bus voltage using a super capacitor bank and a DC-DC
voltage converter, but these were not used in this testing).

The HyPER configuration used to collect this test data is shown below in Fig. 2. This configuration was used to
vary the speed and torques of the electric machines, both motoring and generating power. The two high power direct
current (DC) bi-directional supplies are acting as power sources or power sinks as necessary. The two power supplies
are connected to 4 bi-directional inverters (Inverter-1 — Inverter-4). The inverters are connected to one high power
electric machine each (M1 — M4). The electric machines are grouped into two sets, M1 - M3 (not used in these tests)
and M2 - M4, and each set of motors is mechanically connected with a shaft.

Inverter-1 Inverter-3
B 100 kw 100 kw
480v | Bi-Directional @, Bi-Directional 480V
== Power Supply-1 [=4350V Power Supply-2 ==
100 kW 350V 100 kw
L] Inverter-2 Inverter-4 = DC
100 kw 100 kw = AC

’ Current Sensor @ Voltage Sensor @ Accelerometer Torque/Speed Sensor

Fig. 2 HyPER configuration for electric machine checkout testing. [11]

The EMTAT model of HyPER emulated this setup with a variety of blocks from EMTAT [1] as well as several

standard Simulink functions, detailed below in Table 1.

These components were laid out in a similar fashion to

the physical arrangement of the machines in the HyPER Table 1 Simulink blocks and functions used in the

laboratory, using datasheet information from the rig EMTAT HyPER model
hardware to inform the performance of the digital models. Block Name Library
The iDesign feature of EMTAT was used to calculate Motor EMTAT / Physics-based

machine parameters that are not listed on the datasheets, Generator EMTAT / Physics-based
such as magnetic flux and iron losses in the electric Inverter EMTAT / Physics-based
machines, or the internal diode and transistor losses in the Rectifier EMTAT / Physics-based
inverters and rectifiers as a function of temperature. [1] Resistor EMTAT / Physics-based

As is typical for EMTAT models, the voltage in the

Mechanical Shaft

EMTAT / Power Flow

system is passed forward from one component to the next, Integrator Simulink / Continuous
while the current demands of the system are calculated at PID Controller Simulink / Continuous
the end of the circuit and passed backwards from one Memory Simulink / Discrete
component to the previous one. This allows the Gain Simulink / Math Operations
simultaneous calculation of each component’s power, Product Simulink / Math Operations
voltage, and current demands based on component Sum Simulink / Math Operations

efficiencies and physical operation. In this case, the speed
of the shaft connecting the electric machines was used as

Bus Creator
Bus Selector

Simulink / Signal Routing
Simulink / Signal Routing

a primary control reference. This was in addition to the From Simulink / Signal Routing
power demand of the downstream power sink. Goto Simulink / Signal Routing
For these tests, HyPER was configured to run one half Switch Simulink / Signal Routing
of an electric machine pair in a speed-controlled mode, Display Simulink / Sinks
with the controller adjusting the supplied torque to Scope Simulink / Sinks
balance the load from the other half as necessary to Terminator Simulink / Sinks
maintain a constant speed. The other half of the pair was Constant Simulink / Sources
run in a torque-controlled mode, with the power supply Step Simulink / Sources

acting as a load that adjusted as necessary to maintain the
desired torque offtake, regardless of shaft speed.




The speed-controlled side of the EMTAT HyPER model is shown in Fig. 3. The PID controller adjusts the torque
demand on the speed-controlled electric machine to correct any deviations of the shaft speed from the setpoint. The
EMTAT motor block calculates the required current to maintain that output torque based on physical component
operating equations, given the voltage provided by the inverter and the current shaft speed. (The shaft block sums the
total torques acting on it and adjusts its speed accordingly.) The inverter is given a fixed DC input voltage from the
upstream power supply and provides the motor block an adjusted alternating current (AC) voltage for use in the motor
calculations. The motor provides the inverter with a current demand, which is used to calculate the efficiencies and
losses in the inverter. The inverter then provides a current demand to the power supply. (In these cases, it is assumed
that the power supply can provide any required current to satisfy the system’s power demands.) Since the electric
machines can operate as either a motor or a generator, the selection of which EMTAT block to use to represent the
electric machine was driven by the control mode. As a speed-controlled machine, whether it is adding torque to or
extracting torque from the shaft to maintain a constant speed, the Motor block is designed to act primarily as a
mechanical power source, and the motor torque output is determined by the PID.
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Fig. 3 EMTAT Model of the High Spool motor and speed controller side of the HyPER test setup.

Hi Side Maotor

The load controller is shown below in Fig. 4. A step function was used to delay the application of the torque load
setpoint (allowing initial system transients to settle first). The torque controller PID then compared the torque setpoint
to the measured torque the generator was applying to the shaft, adjusting the load resistance to increase or decrease
said torque load to match. Once the resistance was set, the resistor calculated a current demand for the rectifier based
on the DC bus voltage provided to it.



‘ [VBus] »{ VDrop

Resistance Idemand [HiSpool_Cable_IDemand

Temp (Ra)

Catastrophic Fault Toggle
P iy )
Degradation Factor

Resistor_V

Torque Setpoint

[T_HiSpool_Generator]

d

Fig. 4 EMTAT Model of the High Spool torque controller.

The torque-controlled side of the model is shown below in Fig. 5. The EMTAT generator block uses the shaft
speed as an input to calculate the output AC voltage of the electric machine. The EMTAT rectifier block converts the
AC voltage to a DC voltage and provides that to the load block as an DC bus voltage. The rectifier block then takes
the calculated DC load current demand and converts it to an AC current demand on the generator block, which takes
the AC current demand and convers it to a torque demand on the shaft block.

[ShaftDamp] 2 Outputs [T P2

» » T
kij TorqueSum
| N Fail? Heat iz
: — T’E’
Mechanical Shaft
Version: 1.2.0

[T_HiSpool_Generatar]

[N_HiSpool]

HiSpool_Shaft Heat

[T_HiSpool_Generator]
T_demanded (fi-lbs) =
[IDemand_Hi_Rect] Idemand (RMS) T_Demanded_Gensrator_Hi

[Vs_RMS_Hi_Gen]

N_HiSpoal

_s {RMS)

<
PF
]

ic Fault Toggle off

i L |
Outputs —r’

=

|_RMS (Actual) —m

Flux Disgradation Factor

O T

Resistance Degradation Factor

lact

Genarator
RectDamand] — P_tamarded P ()
(Ve RMS_Hi_Ger] Vs ) P_tomanded ()
t

[PF_Hi_Gen] Pr Idemandad (RMS) —b

V_batt (Standin) V_out
—|—> HiSpool_Cable_Wout]

Cetazimaphic Fautt Toggle efi—— :|

Rectifier

Fig. S EMTAT Model of the High Spool shaft and generator side of the HyPER test setup.
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III. Results

The goal of the model was to demonstrate the utility of the library by comparing the EMTAT physics based model
of the HyPER test setup to the actual hardware in the HyPER laboratory, with the primary metrics being the simulation
outputs matching physical test hardware data within 5% of full scale. For these tests, the variables under comparison



were the torque, speed, and current draw of each electric machine. The full-scale measurement ranges of the torque
and current sensors (150 Nm and 500 Amps, respectively) were used as the reference for motor torque and current
draw, while the speed error used the rated max speed of the machines (5,910 RPM).

The test data set that was used as a reference for the EMTAT model simulations encompassed a range of shaft
speeds and torques. The goal was to have a broad representative sample of the operational range of the HyPER
laboratory test hardware. To that end, the data sets were divided into several groupings. The primary grouping was
based on shaft speed, with 1000, 2000, 3000, and 4000 RPM test data sets. The data was further grouped based on
which electric machine was controlling the shaft speed through applied torque and which motor was controlling the
torque extraction. Each data group contained a range of shaft torque extractions and additions, dwelling at each set
point for approximately 30 seconds to allow the system to reach steady state. The torque extractions ranged from 130
Nm extracted to 130 Nm added. The convention used in the data sets was that negative values signified shaft power
addition, while positive values signified shaft power extraction. When the controlling load for the torque-controlled
side of the test hardware had a positive current demand, that electric machine was extracting power from the shaft,
and thus had a positive value torque demand on the shaft. Conversely, a negative load created a negative current
demand, which created a negative torque demand, and had the effect of adding torque to the shaft. A table of
experiment set points is shown below in Table 2.

Table 2 Test points used for comparison

Speed, Speed Torque

RPM  Mode Mode Shaft Torque Extraction, Nm
1000 M2 M4 -130 -90 -50 -30 -10 10 30 50 90 130
1000 M4 M2 -130 -90 -50 -30 -10 10 30 50 90 130
2000 M2 M4 -130 -90 -50 -30 -10 10 30 50 90 130
2000 M4 M2 -130 -90 -50 -30 -10 10 30 50 90 130
3000 M2 M4 -130 -90 -50 -30 -10 10 30 50 90 130
3000 M4 M2 -130 -90 -50 -30 -10 10 30 50 90 130
4000 M2 M4 -130 -90 -50 -30 -10 10 30 50 90 130
4000 M4 M2 -130 -90 -50 -30 -10 10 30 50 90 130

Most of the lab hardware data was collected by the PM100DX inverters, which sample every 15 ms. In addition,
the shaft speed/torque sensor (as seen in Fig. 6) sampled at 50 ps. While maintaining a constant speed, the motors
were swept through a range of torque setpoints, with the resulting torques and electrical bus currents recorded. In the
raw data set, signal noise made it extremely challenging to determine the actual state of the hardware, as the point to
point variations were quite high (DC Bus currents of +-/ 2 A, shaft speeds of +/- 20 RPM, and torque variations of +/-
15 N-m). The first attempt to filter the lab data sets was to use 0.5 second windowed data point averages, which
reduced but did not eliminate the noise and point-by-point variations. An example test data set is shown below in Fig.
6. The data represents a 3000 revolutions per minute (RPM) test run of the M2-M4 motor pair, with M2 in a speed-
controlled mode and M4 in a torque-controlled mode. This figure demonstrates the noise in the inverter torque
calculations, DC Bus Current,* and the torque transducer, with no additional data filtering.’

4 The DC Bus current data, while noisy, tended to cluster around a few values at any given steady state condition.
5 The torque transducer data was decimated by a factor of 300 to match the data rate of the inverters.
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Torque and Bus Current Measurements
3000 RPM, M2 Speed, M4 Torque
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Fig. 6 Example test data comparing torque and current measurements. The discrete measurements represent
the 15 ms sampling interval inherent to the PM100DX Inverters, which collected most of the electric machine
data.

The same data set was then filtered by using 0.5 second data point averages, as seen below in Fig. 7. As this level
of filtering still exhibited hardware data measurement variations over a given test point, the data was then filtered by
averaging over the entire test point instead.

Torque and Bus Current Measurements, 0.5s averages
3000 RPM, M2 Speed, M4 Torque
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Fig. 7 Example test data comparing torque and current measurements, 0.5s averages.



The EMTAT control inputs were the shaft torque extraction and the shaft speed, and each filtered steady state test
point was used as inputs for the simulation model. As the simulations were initially conducted, the outputs were largely
not within the 5% spec called out as a goal. The primary issues appeared to be the torque applied to the shaft by the
motor block and the current demanded by the motor block on the upstream power supplies. The issue was more
pronounced as the shaft torque demands increased. An example of the initial comparison to test data is shown below
in Table 3.

Table 3 Difference between initial EMTAT outputs and HyPER in % full scale for the 3000 RPM test run.

Shaft Torque Extraction, Nm

% Difference

full scale -130 -90 -50 -30 -10 10 30 50 90 130
M2 RPM 0.82 -0.02 -0.02 -0.02 -0.02 -0.01 -0.04 -0.01 -0.01 -0.02
M2 Bus Current -6.10  -5.21 -2.59 -2.12 -1.58 1.66 1.38 0.79 -2.01 -2.54
M2 Torque 1.71 -8.81 -8.88 -7.28 -6.24 7.44 6.13 5.73 7.67 17.81
M4 RPM -0.83 0.02 0.02 0.02 0.01 -0.01 0.00 0.01 0.03 0.00
M4 Bus Current  9.61 6.87 3.85 2.26 0.77 0.80 2.41 3.88 6.60 8.86
M4 Torque 0.11 -0.77 0.90 0.03 -0.49 0.14 0.94 -0.99 0.71 1.73

To attempt to understand the root cause of the differences,® the shaft torque/speed sensor (a high sampling rate
torque (HST) transducer) data was filtered and compared to the electric machine torque data. A sample data set is
shown below in Fig. 8, showing the calculated difference between the electric machine torque feedback and the HST
transducer data. This torque difference was characterized as a torque offset on the shaft, and in Fig. 8 the calculated
offset is plotted on the secondary axis for clarity.

Steady State Torques 1000 RPM, M2 Torque Mode
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Fig. 8 Test data set comparing electric machine 2 and electric machine 4 feedback torque (M2T and M4T,

respectively) to the High Sampling rate Torque (HST) transducer during a 1000 RPM test, and the resulting
torque offset calculations plotted on the secondary vertical axis for clarity.

¢ In full scale turbomachinery systems, shaft damping torques are relatively much smaller compared to the torques
being applied and may be negligible. In this study, it was significant enough that neglecting it in the simulation led to
many instances of missing the target accuracy goal.



Other data sets had similar relationships between the torque offsets and shaft torque extraction. Shaft damping
torque, which is understood to be a function of shaft speed, did not have enough data to determine the exact relationship
to the test rig shaft speed. All the motor testing was conducted by varying torque additions and extractions at four
fixed speeds, so each speed comparison only really had four points to compare. Further testing may look at the effects
of fixed system torque setpoints while changing speed over time to ascertain if there are more speed effects than can
be determined from more varied speed data. The inverter torque measurements are a function of measured current
and electric machine parameters and were monotonic relative to the commanded and transducer measured torques.’

For the simulation, the damping torque was determined experimentally at each test point. This damping torque did
not match the measured torque offsets, either between the two inverter torque measurements or the inverters compared
to the HST transducer measurements. This damping torque was mostly contained in the range of +/- 10 Nm, depending
on the test point. The experimentally determined model damping torques were not monotonic relative to either motor
torques or shaft speeds and are listed below in Table 4 - Table 7.

Steady state simulation data was compared to steady state test data at various points throughout the operating
envelope of the motors. Results from comparing the EMTAT simulation outputs to the recorded HyPER results for
the 4 speed setpoints (1000 RPM, 2000 RPM, 3000 RPM, and 4000 RPM) are presented in Table 4 - Table 7. Across
all the test series, only one key model parameter was outside the target 5% full scale spec, and nearly 70% were within
1%.

Table 4 Difference between EMTAT outputs and HyPER results in % full scale for the 1000 RPM test run.

Shaft Torque Extraction, Nm

% Difference

full scale -130 -90 -50 -30 -10 10 30 50 90 130
M2 RPM -0.06 0.00 -0.03 -0.04  -0.05 -0.05 -0.05 -0.02  -0.04  -0.07
M2 Bus Current  -0.53 -0.38  -0.16 -0.10  -0.11 -0.31 -0.36  -0.65 -1.59 275
M2 Torque -0.78 0.07 -0.19 0.28 0.00 -0.10 0.08 0.45 0.32 -0.97
M4 RPM 0.06 0.03 0.06 0.04 0.03 0.06 0.07 0.04 0.03 0.05
M4 Bus Current  1.54 0.93 0.52 0.33 0.06 0.11 0.50 0.55 0.92 0.97
M4 Torque -0.10 0.09 -0.23 0.11 0.12 -0.15 -0.18  -0.10 0.14 0.00
Damping
Torque (Nm): 7 7 5 3 5 5 3.5 2 4 5.5

Table 5 Difference between EMTAT outputs and HyPER results in % full scale for the 2000 RPM test run.

Shaft Torque Extraction, Nm

% Difference

full scale -130 -90 -50 -30 -10 10 30 50 90 130
M2 RPM 0.08 -0.01 -0.06 -0.01 -0.01 -0.08 -0.07 -0.02 -0.04 0.10
M2 Bus Current  -0.66 0.03 -0.48 -0.33 -0.34 -0.26 -0.64 -0.63 -2.15 -3.41
M2 Torque 0.44 0.05 -0.08 -0.22 0.19 0.24 0.67 0.38 0.08 -0.12
M4 RPM 0.06 0.00 -0.01 0.05 0.00 -0.05 -0.04 0.00 0.09 0.08
M4 Bus Current  2.72 1.72 0.99 0.55 0.38 0.20 0.85 1.31 1.31 1.64
M4 Torque 0.01 0.00 0.01 0.01 -0.03 0.01 0.03 -0.15 0.08 -0.19
Damping
Torque (Nm): 10.5 12 6 6 4.5 5.25 7 5 5 5

7 The inverters use current sensors with an accuracy of 1% and each inverter is factory calibrated, although motor
parameter inputs would need to be comparably precise to maintain that accuracy. 5-10% unit to unit torque
calculation variation may be seen, depending on machine parameter accuracy. (Correspondence with Cascadia Sr.
Applications Engineer T. Gintz, 4/13/2023)



Table 6 Difference between EMTAT outputs and HyPER results in % full scale for the 3000 RPM test run.

Shaft Torque Extraction, Nm

% Difference

full scale -130 -90 -50 -30 -10 10 30 50 90 130
M2 RPM -0.02  -0.02 -0.02 -0.02 -0.02 -0.02 -0.04 -0.01 -0.01 -0.02
M2 Bus Current  -1.58 -0.27 -0.11 -0.20 -0.36 -0.36 -0.53 -0.71 -2.52 -4.06
M2 Torque -0.08 -0.05 0.06 0.94 -0.44 -0.44 0.08 0.19 -0.30 -0.31
M4 RPM 0.00 0.02 0.02 0.02 0.01 0.01 0.00 0.01 0.03 0.00

M4 Bus Current  3.71 2.63 1.71 0.89 0.25 0.25 1.17 1.43 2.58 3.12
M4 Torque 0.11 0.00 0.13 0.03 -0.10 -0.10 0.17 -0.22 -0.06 0.19
Damping
Torque (Nm): 8.75 11.25 8.5 8.5 8.5 7 7 5 9 9

Table 7 Difference between EMTAT outputs and HyPER results in % full scale for the 4000 RPM test.

Shaft Torque Extraction, Nm

% Difference
full scale -130 -90 -50 -30 -10 10 30 50 90 130
M2 RPM 0.01 -0.16 -0.01 0.10 -0.08 -0.13 -0.12 -0.19 0.11 0.07
M2 Bus Current  -1.45 -1.48 -0.36 0.16 -0.02 -0.40 0.13 -0.17 -2.48 -4.87
M2 Torque 0.01 0.15 0.10 -0.07 0.04 -0.01 0.12 0.20 -0.11 -0.06
M4 RPM -0.06 0.04 0.08 -0.11 -0.06 0.18 0.17 -0.12 -0.10 0.20
M4 Bus Current  5.40 3.63 1.97 0.87 0.35 -0.12 1.24 2.29 3.77 1.94
M4 Torque 0.25 0.03 -0.06 -0.01 0.03 -0.04 0.07 0.08 -0.03 0.01
Damping
Torque (Nm): 7 8 8.25 9.25 7.75 3.25 1 4.5 8.5 3

IV. Conclusion

EMTAT provides a simple-to-use electrical modeling and simulation tool that facilitates control design, analysis,
evaluation, and virtual testing of electrified aircraft propulsion concepts. The results of the testing show that the
EMTAT Physics Based library blocks can match or nearly match real hardware in a test environment over a range of
steady state speeds and power, with the model moving smoothly from positive to negative power on any given device.
Only one point was outside the specified tolerance range of 5%, and 70% of the comparison points were within 1%
matching, which exceeded our expectations. Going forward, more analysis is planned to understand other differences
in the data matching, particularly in the DC bus current calculations, as well as to match the hardware’s electrical
system dynamics at the turbomachinery timescale. Additionally, more varied speed data can be collected to determine
the relationship of the test rig shaft speed to the shaft damping torque. Finally, clarification of the relationship of the
model damping torque to hardware damping torques would improve the functionality of the model as it applies to
other hardware designs. It additionally demonstrated the utility of the program for detecting test system abnormalities.
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