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I. Introduction 
As planning for the next generation of aircraft engines continues, hybrid/turbo electric or fully electric 

propulsion systems are being explored by researchers with the aim of improving fuel efficiency, 
emissions, and noise levels (Ref. 1). Examples of such engine concepts include the Boeing SUGAR Volt, 
(Ref. 2) ESAero ECO-150, (Ref. 3) NASA STARC-ABL, (Ref. 4) and NASA N3-X (Ref. 5). As newer 
concepts are developed, it is important to create adequate propulsion system level simulations that take 
into account the increasingly complex electrical system. This paper describes the development of a 
general use electrical distribution modeling framework that makes use of power flow or load flow 
techniques. This modeling framework was developed to be integrated with all other nonelectric 
components of the propulsion system, in this case, turbomachinery (gas turbines and/or fans connected 
via shafts to electric motors and generators) will be considered. Many examples of electric system and 
component modeling may be found in literature (Refs. 6, 7, and 8). This paper will describe the hybrid 
electric propulsion system modeling problem, highlighting simulation requirements and detailing a 
modeling technique that maintains a high degree of flexibility and an appropriate level of fidelity for 
system design or high level control design.  

For this work, the electric or hybrid/turbo electric propulsion system is defined as a propulsion system 
where large sums of electrical power are moved through the system for the purpose of generating thrust or 
for other propulsion related reasons. For the systems considered, the main propulsors are fans that are run 
by gas turbine engines and/or electric motors connected in different configurations. In the case where a 
fan is run by an electric motor, the power may be taken from a battery or a generator attached to a gas 
turbine engine shaft. When the fan is run mainly by a gas turbine engine, electric energy may be added to 
or removed from the shaft/s to achieve desired performance at different operating conditions. 
Architectures for these systems can take many forms, therefore the modeling system needs to be flexible 
enough to accommodate any potential configuration. Generally, the major components considered for 
these systems are electric motors, electric generators, power electronics designed to convert power to a 
required medium, batteries, and gas turbine engine/s. 

When creating a system level model of a hybrid electric propulsion system, the electric distribution 
system poses two main concerns: how efficient is the transport of power, and how do the dynamics of the 
electric system affect the nonelectric components? To address the first concern, the model must contain a 
high fidelity power delivery system model. Many of these types of models have been created for 
generalized modeling needs and can be physics based, empirical, or a combination of the two (Ref. 9). 
The second concern is a bit more nuanced because of the complexity of the dynamics within a propulsion 
system and the intended use for the simulation. In turbomachinery systems, dynamic performance may be 
affected by fast acting volume dynamics of the gas path, (Ref. 10) however, the most influential dynamic 
effect for system modeling is generally accepted, for most applications, to be the slower dynamics of the 
shaft (Ref. 11). In the electrical portion of the system, many of the high frequency dynamics of the power 
electronics, generators, and motors are, similar to the turbomachinery, overshadowed by the relatively 
slow motor shaft dynamics. However, it is important to note that the two subsystems (electrical and 
turbomachinery) are also controlled based on component controllers (engine control, motor control, 
generator control, etc.) working together, therefore it is also plausible that interaction between the 
controller schemes creates shaft dynamics that need to be taken into account. 

To address these electric subsystem modeling requirements, the power/load flow technique was 
utilized. Power flow is a steady-state method of modeling electrical systems. These models are based 
around lines linking different buses that are connected to generators or loads (Ref. 6). Power flow 
modeling provides a number of advantages: the overall system is modular, allowing for components to be 
added or removed easily, interaction with the model may come in the form of a specified power and/or 
current and voltage, components may be represented by equivalent circuits that match required fidelity, 
and simulation execution time is fairly fast. Although these types of models come with many attractive 
attributes, they also assume the model is in steady state. In this paper, the limitation and applicability of 
the power flow modeling framework is compared to test data taken from the NASA Electric Aircraft Test 
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Figure 4.—Example architecture of a turbo electric 

propulsion system (Ref. 1). 
 

As an example of this integration strategy, Figure 4 shows a high level subsystem diagram 
highlighting the links between models for an example turbo electric propulsion system taken from 
Reference 1. In this system architecture, a turboshaft is connected to a generator that then supplies the 
power to two separate fans. To model this, four distinct models are created: an engine model, an electric 
distribution model, and two fan models. The interfaces between the different subsystems are handled by 
motor and generator models that translate shaft torque and speed into power. This modular approach also 
allows each model to be developed and updated separately to a fidelity that is appropriate for the given 
application. 

IV. System Dynamics and Model Matching 
The electric components in hybrid electric propulsion systems have many sources of dynamics that 

can be taken into account. The most common examples of these dynamics are voltage/current for AC 
electrical flows, power electronics switching for methods such as pulse width modulation, motor/ 
generator torque and speed controller performance, and motor/generator shaft dynamics. In an effort to 
simplify the modeling requirements it is desirable to take into consideration only the dynamics necessary 
when creating a quasi-steady state simulation. Determining what model dynamics are necessary requires 
an understanding of model’s purpose and of which component dynamics dominate the system response. 
For turbomachinery system models, the dominant dynamics are generally considered to be shaft dynamics 
because of their dampening effect on faster system transients and their connection to critical propulsion 
system properties, such as output thrust and turbomachinery safety criteria, e.g., stall margin or critical 
temperatures. This paper will take a similar approach in determining what dynamics are appropriate for 
the electrical portions of the propulsion system, i.e., only dynamics that are shown to affect the system’s 
shaft speeds will be considered.  

To understand the responses of an electro-mechanical system, it is important to have an understanding 
of the electric motor. The electric motor geometry is idealized as a rotor that is magnetically driven by an 
alternating electric field. Motor torque is generated by the interaction between currents and magnetic 
fields within the shaft and stator. These currents and magnetic fields are generated by driving AC current 
through sets of windings located around the shaft and/or stator, or with the use of a permanent magnet. An 
image of a synchronous motor with 6 sets of windings and a 2 pole permanent magnet rotor is shown in 
Figure 5. Motor speed and torque control is managed by adjusting the magnitude and frequency of the AC 
voltage across each winding. A notional diagram of a synchronous motor control system is shown in 
Figure 6. In this control system, a shaft speed is being requested by an outside source. This requested 
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speed is compared to the current speed, and a speed controller generates a torque request. Similarly, the 
torque request is compared with a torque calculated from the measured winding currents to generate a 
current request. The current request is then compared to the actual winding currents to determine a 
voltage demand. This voltage demand is sent to an inverter that converts a DC voltage maintained by the 
power supply to the required AC voltage, magnitude and frequency. Dynamic responses for the system 
include shaft dynamics from the motor, switching dynamics from the inverter, and controller dynamics 
from the three control loops.  

The interaction between the different sources of dynamics was explored by comparing data generated 
from a quasi-steady state model that takes into account only shaft dynamics and simplified motor controls, 
with electric motor data gathered from the NEAT facility. The NEAT facility is being designed to 
facilitate full-scale electric aircraft powertrain development and testing, and contains a wide range of 
electric propulsion hardware.  

 

 
Figure 5.—Stator and rotor diagram of a 

synchronous motor system. Configuration 
shows a rotor with 2 pairs of poles and a 
stator with 6 coils. 

 

 
Figure 6.—Notional synchronous motor control system. 
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For this study, a two motor architecture was utilized. In this architecture the two motors are connected 
via a shaft then connected to a bus that is run to a power source. One motor is controlled to a specified 
shaft speed while the other is controlled to a specified torque. During operation, the speed side motor 
draws power from the bus to push the shaft, and the torque side motor draws power from the rotating 
shaft and returns it to the bus. Starting power and power lost due to efficiency losses are taken from the 
power supply. A schematic of the system is shown in the appendix. The synchronous motors used for this 
test were made by Parker Hannifin (Part Number GVM210-300Q6) (Ref. 17) and are driven by motor 
controllers made by Rinehart (Model PM100). The motor controller efficiency is listed within the 
specification as 97 percent, and the motor efficiency map is shown in Figure 7. This efficiency map 
demonstrates a wide range of torque and speed values with efficiencies between 97 and 80 percent.  

A diagram of the representative simulation is shown in Figure 8. This simulation considers a DC 
system with inverters contained with the motor or generator models as described by the power relation 
above, Equation (8). The setup for the model consists of a load bus interfacing with the speed and torque 
controlled motors, and a slack bus used to represent the power supply. Buses are electrically connected to 
each other via resistive lines. Torque from the two motors is used to determine shaft acceleration, which 
is then integrated to update the shaft speed. The two motor controllers (torque and speed) are 
approximated with proportional integral (PI) controllers utilizing feedback from the motor models and 
issuing a power demand to each motor. Tunings developed for these PI controllers were 100/400 and 
100/1000 Kp/Ki, for speed and torque motors respectively. Power supply voltage is set to a constant value 
based on the line specification for the test. 
 
 
 

  
Figure 7.—GVM210 motor efficiency map (Ref. 17). Figure 8.—Test case simulation architecture. 

 
 
 
 
 
 
 
 


















	TM-2018-220001.pdf
	Abstract
	Nomenclature
	




