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Nomenclature 
BMS   = Battery Management System 
BP   = Battery Pack 
DET   =  Dynamic Event Tree 
ED   = Electric Drive 
EM   =  Electric Motor 
EMF   = ElectroMotive Force 
ESC   = Electronic Speed Controller  
FMECA   = Failure Mode, Effects & Criticality Analysis 
FOC   = Field Oriented Control 
FOD   = Foreign Object Damage 
FTA   = Fault Tree Analysis 
HOGE   = Hover Out of Ground Effect 
IRP   = Intermediate Rated Power  
LQI   = Linear Quadratic Integral   
LQR   =  Linear Quadratic Regulator 
MCP   = Maximum Continuous Power 
MRP   = Maximum Rated Power 
NASA   = National Aeronautics and Space Administration 
NDARC   = NASA Design and Analysis of Rotorcraft 
NPSS   = Numerical Propulsion System Simulation 
PI   = Proportional-Integral 
PMSM   = Permanent Magnet Synchronous Motor 
ROC   =  Rate of Climb 
RPM   =  Revolutions Per Minute 
RVTL   =  Revolutionary Vertical Lift Technology 
SIMPLI-FLYD =  SIMPLIfied FLight dYnamics for conceptual Design 
SLS   = Sea Level Static 
u   = Control input 
UAM   =  Urban Air Mobility 
V   = Velocity 
VTOL   =  Vertical Take-Off and Landing 
WATE   =  Weight Analysis of Turbine Engines 
x   = States 
𝛽   =  Rotor flapping angle 
𝜏   =  Torque 
Ω   =  Rotor angular velocity 
 

I. Introduction 

Urban Air Mobility (UAM) services are defined as the transportation of passengers or cargo aboard low-capacity 
vehicles over short distances, typically within metropolitan areas and their immediate surroundings. The objective of 
these UAM services is to bypass and possibly alleviate ground traffic congestion and provide fast, frequent, efficient, 
and affordable transportation to commuters. The recent convergence of new technologies ranging from energy storage 
to autonomy, and from flight controls to more sustainable electric and hybrid-electric powertrains brings these new 
services within reach. The aerospace industry has widely embraced this new breed of operations and more than three 
hundred aircraft designs are currently at various stages of development, certification, or testing. 

Most of the proposed vehicles feature a Vertical Take-Off and Landing (VTOL) capability to enable operations 
within densely populated environments where the ground footprint of the supporting ground infrastructure can be 
severely constrained. However, the vehicle and powertrain configurations vary significantly amongst the proposed 
vehicles. Because these vehicles will be operated close to the ground and in close proximity to people over densely 
populated cities, research entities such as NASA are interested in understanding the safety benefits of each of these 

D
ow

nl
oa

de
d 

by
 G

E
O

R
G

IA
 I

N
ST

 O
F 

T
E

C
H

N
O

L
O

G
Y

 o
n 

N
ov

em
be

r 
1,

 2
02

1 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
1-

32
85

 



3 
 

vehicle configurations. To aid in this research and to provide common baselines for the industry, the National 
Aeronautics and Space Administration (NASA) developed four concept vehicles [1] as part of the Revolutionary 
Vertical Lift Technology (RVLT) project to identify crucial technologies, define research requirements, and explore 
a range of propulsion systems. Recently, Boeing examined various faults and failures associated with the powertrains 
of these four proposed RVLT concepts [2]. Following this previous research, a number of safety and reliability 
questions associated with broader powertrain configuration differences remain. To address the safety implications of 
these configuration differences, the present research proposes to explore the safety and reliability impact of three 
major vehicle configuration options: the number of rotors, the selection of rotor thrust control, and the propulsion 
architecture. 

The technical approach is divided into two phases: a system modeling phase and a safety assessment process phase 
[3, 4]. The system modeling focuses on defining the details of the propulsion and flight control systems for three 
configurations of interest. The objective of the system modeling process is the generation of vehicle dynamic models 
that can then be used to simulate a variety of components failures and system failures and their effect on the vehicle. 
The modeling of the various vehicle systems also provides inputs to the safety assessment through dynamic vehicle 
response evaluation after fault occurrence, which focuses on the identification of hazards and failure modes, the 
probability of occurrence of these failures, and their potential impacts. The outcome of these failures is categorized 
into the traditional minor, major, critical, and catastrophic nomenclature. Mitigation actions taken by flight crews 
following failures, such as diversion to nearby alternate vertiports, are accounted for when quantifying the risk of 
subsequent failures having potentially catastrophic outcomes. The present paper details the first phase which is the 
system modeling process to create a dynamic model of several quadrotor configurations and associated subsystems. 
There reader is referred to [3] and [4] for more details about the safety assessment process.  
 

II. Background and Motivation 

A. Mission 
Urban Air Mobility missions consists of high tempo operations featuring short hops within a metropolitan area. 

As a result, the flights are typically short and the mission profile retained for analysis is depicted in Figure 1. The 
mission consists of a vertical takeoff, a climb at a climb rate 900 ft/min, a cruise and a descent and landing at the 
destination. The climb and cruise speeds are specific to each vehicle, with the cruise speeds set at the vehicle’s best 
range speed. This leg repeats twice to simulate an outbound flight followed by an inbound flight. A final reserve is 
added at the end of the mission and is used for sizing purposes. Timed hovers are performed at locations 2, 5, 6 taking 
10, 40 and 15 seconds respectively. These hover conditions are repeated for the second leg of the mission as well. 

 

Figure 1 UAM mission profile 

B. Definition of the vehicle architectures 
The electrification of rotorcraft concepts opens up new architectural alternatives for VTOL missions. Six vehicles 

capable of the mission were identified as concepts of interest for the reliability analysis: three variable pitch quadrotors 
with different powertrain configurations, a variable pitch and a variable RPM hexacopters, and finally a variable RPM 
octocopter. This paper focuses on the three quadrotor concepts and includes an all-electric quadrotor concept, a series-
hybrid turbogenerator-battery concept, and a turboshaft driven concept. All three configurations feature collective 
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pitch control for he rotor as well as a mechanical link between rotors, referred to as cross-shafting. General 
configuration details and information on power and gross weight are provided in Table 1 and Table 2, respectively. 
 

Table 1: Quadcopter vehicles as provided by NDARC 

Aircraft Number 
of rotors 

Control 
Strategy 

Power source Motors and Transmission 

Electric quadrotor 4 
Collective 

pitch 
Battery 

Four electric motors, mechanically 
linked (cross shafting) 

Series-hybrid 
quadrotor 

4 
Collective 

pitch 
Turbogenerator and a 

battery 
Four electric motors, mechanically 

linked (cross shafting) 
Turboshaft-driven 

quadrotor 
4 

Collective 
pitch 

Two turboshaft engines 
Rotors driven by two turboshafts, 

mechanically linked (cross shafting) 
 
 

Table 2: Quadcopter power and gross weight per configuration as provided by NDARC 

Configuration Engine/Motor Power Gross Vehicle Weight 
Electric quadrotor 112 hp (4x) 6,469 lb 

Series-hybrid quadrotor 107 hp (4x) 5,115 lb 
Turboshaft-driven quadrotor 240 hp  (2x) 3,734 lb 

 
 

A conceptual sizing of each of these vehicles was performed by NASA through the NASA Design and Analysis 
of Rotorcraft (NDARC) software [5]. A rendering of the quadrotor vehicles can be seen in Figure 2. 
 

  

 

Figure 2 Aircraft overview: electric (top left), series-hybrid (top right) and turboshaft-driven (bottom) 
quadrotors 
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III. Dynamic Modeling for UAM Vehicles 

A. Simulation Environment Overview 
A dynamic simulation environment was developed to virtually fly missions and inject component failures to 

analyze how the vehicle reacts to the faults. The architecture of the dynamic simulation environment is provided in 
Figure 3 Schematic representation of the dynamic simulation environment. The environment includes an atmospheric 
wind and wind-gust model, a guidance and navigation module, a vehicle controller, and an aircraft dynamics module. 
The aircraft dynamics module is made of an airframe dynamics model and a transmission model. Depending on the 
vehicle propulsion system, the aircraft dynamics module can also include an electric drive model, a turboshaft model, 
or a battery model. The following subsections provide more detail on the simulation environment. 

 

 

Figure 3 Schematic representation of the dynamic simulation environment 

B. Vehicle Modeling 
A crucial component for the reliability analysis is the dynamic vehicle model. The dynamic model of the vehicle 

is a subsystem based and physics-driven time marching simulator. The main model components are the airframe, the 
controller and navigation modules, and the powertrain. The powertrain can be electric, series-hybrid or turboshaft 
based. 
 

1. Airframe Dynamics 
The starting point for the vehicle model is the airframe dynamic model. The model is based on the SIMPLI-FLYD 

('SIMPLIfied FLight dYnamics for conceptual Design') dynamic models provided by NASA [6]. A schematic 
representation of the dynamic model is illustrated in Figure 4. The dynamic response of the aircraft is provided as a 
function of the current states, control input, torque input at the rotor and wind condition. The aircraft states consist of 
the rotor flapping angles, aircraft translational velocities, aircraft rotational velocities and positions, and the angular 
velocities of the rotors. The control input follows conventional helicopter control using collective, cyclic longitudinal, 
cyclic lateral and pedal input at the rotor level. The dynamic model is provided as piecewise with advancing velocity 
linear coefficient about the trimmed conditions. 
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Figure 4 Schematic representation of the airframe dynamics 

 
2. Controller Architecture  
A robust control architecture is desired at the vehicle level to allow for stable flight. A Linear Quadratic Integral 

(LQI) control architecture can be leveraged as the baseline flight controller for the variable pitch quadrotor 
architectures [7]. The LQI control architecture is an extension of the Linear Quadratic Regulator (LQR) problem where 
an optimal state-feedback gain is determined that will achieve guaranteed robustness while minimizing energy spent 
[8]. The guaranteed robustness is achieved in the LQR problem by minimizing a quadratic cost function to regulate 
the states back to their equilibrium. In order to track non-zero states, as is desired in this application, the control law 
can be extended to facilitate integral based state tracking. The assumption was made that all necessary states are both 
available and observable to be used in the control architecture. The application of the linear optimal control 
architecture is considered a good match since the implementation of LQI control is relatively straightforward while 
the robust tuning process allows for a stable performance in diverse operating conditions. 

The LQI problem can be defined as follows [1] by considering a linear, state-space dynamic system model:  
 

�̇� = 𝐴𝑥 + 𝐵𝑢 
𝑦 = 𝐶𝑥 

(1) 

 
Where, 𝑥 ∈  ℝ  is the state vector, 𝑦 ∈  ℝ  is the output vector, 𝑢 ∈  ℝ  is the control input vector, 𝐴 ∈  ℝ ×  
represent the system dynamics, 𝐵 ∈  ℝ ×  is the input matrix and 𝐶 ∈  ℝ ×  is the output matrix. The integrated error 
signal between desired tracking state reference values can be concatenated to the state vector 𝑥, where 𝑥 ∈  ℝ𝑝: 
 

𝑧 =
𝑥
𝑥

 (2) 

 
As shown in [1], an optimal state-feedback control gain matrix 𝐾 ∈  ℝ ×( ) can be synthesized such that state-
feedback control law:  
 

𝑢 = −𝐾
𝑥
𝑥

 (3) 

 
minimizes the following cost function: 
 

𝐽(𝑢) = [𝑧 𝑄𝑧 + 𝑢 𝑅𝑢]𝑑𝑡 (4) 

 
Where, 𝑄 ∈  ℝ( )×( ) is a diagonal tuning matrix where the terms represent a weighting factor for state diversion 
of vector z, and 𝑅 ∈  ℝ ×  is a diagonal tuning matrix where the terms represent a penalization of control action in 
u.  
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Figure 5 shows the application of the LQI control architecture to the variable pitch quadrotor vehicles. The 
reference tracking states of interest for the LQI collective pitch controller are the forward velocity in the inertial 
reference frame, �̇� , and the rate of climb in the inertial reference frame, �̇� , both provided by the NDARC mission 
profile (Figure 1). All other states, that is the side velocity in the inertial reference frame (𝑌), the angular rates in the 
body reference frame (𝑝, 𝑞, 𝑟), and the attitude angles (𝜙, 𝜃, 𝜓), are regulated in steady-state (targeting zero), except 
for the pitch angle (𝜃) which in practice settles at a non-zero value during non-hover operations. Ω represents the 
motor RPM value for the 𝑛 motors. The powertrain attempts to keep the RPM value constant between the motors in 
the collective pitch control vehicle. The wind disturbance acts as an external unknown disturbance to the system. 
 

 

Figure 5 LQI control architecture applied to a variable pitch vehicle 

 

3. Guidance and Navigation Module 
The described LQI control architecture provides a stabilizing and robust control architecture for a set of reference 

states of interest. A guidance and navigation module is required in order to provide the reference states of interest such 
that the UAM mission in Figure 1 is followed by the vehicle. A high-level overview of the implemented guidance and 
navigation module can be seen in Figure 6. The NDARC mission profile was embedded into the guidance and 
navigation module as a set of desired inertial reference waypoints and velocities.  

Current inertial reference coordinates are fed from the airframe dynamics module to the guidance and navigation 
module to determine where the vehicle is currently located with respect to the NDARC mission profile (Figure 1). 
The guidance and navigation module outputs a desired forward velocity and rate of climb defined in the inertial 
reference frame based on the NDARC mission profile and the location of the vehicle with respect to the next waypoint 
in the 𝑋 and 𝑍 direction. Motion in the 𝑌 direction is not of interest as an output of the guidance and navigation module 
due to the inherent 2D definition of the NDARC mission profile and is therefore regulated (driven to zero). Additional 
tasks for the guidance and navigation module include accelerating or decelerating from or to hover, and timed hover 
maneuvers. 
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Figure 6 Guidance and navigation module 

 
 

C. Transmission Modeling 
The transmission systems of the selected quadrotor designs serve two fundamental purposes. First goal is reducing 

the higher rotational speeds of power generating components, such as electric motors and turboshafts, to the lower 
rotor rotational speeds. The second purpose is to provide alternative power supply paths (cross-shafting) to the rotors 
for safe flight if one of the turboshafts or electric motors fails. There is a need for cross-shafting because an unpowered 
rotor causes catastrophic failure for a quadrotor due to the loss of vehicle control. 

On the other hand, the mechanical connections among the power sources create an opportunity for load sharing 
among the turboshafts or electric motors. The cross-shafting is engaged to the  

Figure 7 provides the rotating component diagram for an electric quadrotor concept using collective control. The 
planetary gears between the electric motors and rotors reduce the rotational speed at the electric motor exit to the rotor 
rotational speed. This speed reduction is one of the two purposes of mechanical powertrain as stated earlier. The bevel 
gears between the electric motors and the planetary gears direct some of the electric motor power to a cross-shafting 
system which provides an alternative power supply path for all the rotors when one of the electric motors fails. This 
is the second listed purpose of a mechanical powertrain system. If a quadcopter rotor stops spinning in flight, such an 
event causes a catastrophic failure due to loss of control. Therefore, the cross-shafting system in Figure 7 is proposed 
to keep all the rotors powered when an electric motor fails. 

Figure 8 shows the rotating components diagram for a series hybrid quadrotor with collective control. The 
mechanical powertrain in Figure 8 reduces the electric motor rotational speed to the rotor rotational speed with 
planetary gearboxes like the electric quadcopter in Figure 7. Moreover, the cross-shafting system in Figure 8 is the 
same as the system in Figure 7 and ready to provide alternative power paths when needed. The only difference between 
the quadrotor concepts in Figure 7 and Figure 8 is the turboshaft engine and the electric generator attached to the 
turboshaft. The series hybrid concept replaces most of the batteries in the electric quadrotor concept with a fuel tank 
for the turboshaft and generator couple for electricity production. 

In contrast, Figure 9 introduces a different quadrotor concept with respect to the concepts in Figure 7 and Figure 
8. The rotating components diagram in Figure 9 is for a collective control quadrotor with two turboshaft engines. The 
electric motors in the previous two concepts are replaced with two turboshafts. The power generated by the two gas 
turbines are blended with a series of gears. Then, the blended power is provided to each rotor through the central 
gearbox and the cross-shafts attached to the central gearbox. As the generated power is blended and transmitted, the 
rotational speed is reduced from the turboshaft rotational speed to the rotor rotational speed. If a power source fails, 
the failed gas turbine is disengaged from the powertrain with an overrunning clutch and the remaining gas turbine 
powers all the four rotors. 
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When the mechanical powertrain components in Figure 7, Figure 8 and Figure 9 are listed, it can be seen that there 
are only a few types of components. The types of mechanical components are shafts, bearings, gears and clutches.  

The dominant transient mechanical components are the shafts with their rotational inertias, speeds and net torque 
calculations. The bearing inertias can be added to the shaft inertias and the frictional losses in the bearings can be 
represented with shaft transmission efficiency changes. The shafts were modeled as the only mechanical component 
with dynamic behavior in this work and the bearing inertias were neglected but the bearing losses were included in 
the transmission efficiency. The mechanical powertrain analysis assumes rigid components. 

 

 

Figure 7 Electric collective control quadrotor rotating components diagram 
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Figure 8 Series-hybrid collective control quadrotor rotating components diagram 

 
 

 

Figure 9 Conventional collective control quadrotor rotating components diagram 
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Like bearing inertia, gear inertias can also be added to the shaft inertias if needed as gears are important for 

dynamic mechanical simulations because they relate the gearbox inlet and outlet rotational speed, acceleration and 
torque values through their gear ratio. The gear inertias were neglected in this study, but the gear ratio-based speed, 
acceleration and torque relations were included. 

Lastly, the clutch disengages the failed power generators like electric motors or gas turbines from the powertrain. 
The dynamic aspects of clutch engagement or disengagement are neglected but the effects of a disengaged clutch are 
modeled by setting the power input of an electric motor or gas turbine equal to zero. 

D. Turboshaft Modeling 
Two transient two-shaft turboshaft Numerical Propulsion System Simulation (NPSS) models are developed for 

the simulation environment. The first one is a turboshaft model for the series-hybrid quadrotor concept and it generates 
a Maximum Rated Power (MRP) of about 950 hp in Sea Level Static (SLS) conditions. The second one is a turboshaft 
model for the quadrotor concept and supplies a MRP of 450 hp in SLS conditions. The conventional and series hybrid 
quadcopter concepts have different numbers of turboshafts: while the conventional quadcopter concept has two gas 
turbines, the series hybrid quadcopter concept has a single gas turbine. 

The two transient turboshaft models developed as part of this study feature spool dynamics. Spool dynamics is the 
fundamental gas turbine dynamics because the spool dynamics captures the interactions among the power consuming 
and producing gas turbine components on a spool. Without the net power calculation for a spool, the transient gas 
turbine model cannot predict steady state performance let alone transient performance. Therefore, every transient gas 
turbine model has spool dynamics. 

Modeling spool dynamics require spool rotational inertia values. It is beyond the scope of this paper to develop a 
gas turbine weight prediction model like a WATE++ model [9]. Therefore, the spool rotational inertia values are 
determined by calibrating for the typical spool dynamics time constant values provided in the literature. The typical 
time constant value for spool dynamics is about one second. 

The other gas turbine dynamics are volume dynamics, heat soak effects and tip clearance effects. Volume dynamics 
is the accumulation of gas mass inside the cavities in the gas turbine components. Volume dynamics is the fastest 
dynamics in a gas turbine but modeling volume dynamics is necessary if the goal is to analyze high frequency events 
like stall or the gas turbine model has a large enough volume that can slow down volume dynamics enough to affect 
spool dynamics. In this paper, the goal is not to study stall or the modeled turboshaft engines do not have a large 
internal volume. Therefore, volume dynamics is not simulated in the developed models. 

Heat soak effects are the heat transfers between a component’s material and the flow going through the component 
during operation. Simulating heat soak effects require a basic component geometry and weight information, but such 
information was not available because it was outside the scope of this paper to develop a weight model like WATE++. 
Therefore, heat soak effects were not included in the developed transient turboshaft models either. 

Tip clearance effects depend on the spool dynamics and heat soak effects. The spool dynamics determines the pull 
forces on the turbomachinery blades as a function of spool speed. The blade strains change as the spool speed changes. 
On the other hand, heat soak effects provide the component material temperature changes which are necessary to 
calculate the subcomponent thermal expansions or contractions. Tip clearances are computed from the blade strains 
and overall thermal size changes. The developed model does not include tip clearance effects because heat soak effects 
are not included as a result of unavailable basic component weight and geometry. 

Although nonlinear transient turboshaft NPSS models were developed, the linear models were generated from the 
developed NPSS models across the flight envelope. The generated turboshaft linear models were integrated with the 
simulation environment in MATLAB. Using the linear models prevents the computation overhead of integrating the 
MATLAB environment with NPSS. Moreover, the imported linear models can be used with the functionality in 
MATLAB unlike an external function call to NPSS. In particular, the generated linear models can be used with the 
control functions in MATLAB. 

The created linear turboshaft models were scheduled across the flight envelope based on the flight condition and 
power setting. To control the power turbine rotational speed, a Linear Quadratic Regulator (LQR) controller design 
was used as the turboshaft speed governor. The scheduled linear turboshaft models represented the turboshaft 
dynamics for the LQR process. 

E. Electric Propulsion Systems Modeling 
 Two of the three analyzed quadcopters in this paper are equipped with electric powertrains and a lithium-ion 
Battery Pack (BP). Every electric powertrain consists of an Electric Motor (EM) and the related Electronic Speed 
Controller (ESC). In particular, Permanent Magnet Synchronous Motors (PMSMs) are selected due to their high 
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energy density and low inertia compared to the other electric machines [9], while the ESC is based on a three-phase 
voltage-controlled inverter. The ESC has the function of:  

i) providing the EM with the proper voltage to achieve the desired torque reference through PI controllers. 

ii) enforcing the power limits of EM (continuous and peak operation) and BP ensuring the operation of the 
system within the components’ safe operating area. 

 Figure 10 represents the logic of the dynamic model of the electric propulsion system, in which all the main 
components have been modeled and the control strategy has been illustrated. In detail, the PMSM is modeled using a 
d-q model in which the dynamic of the d-axis has been ignored for simplicity. This is a good approximation for system 
level analysis and when surface mounted PMSM are considered, with the advantage of reducing the computational 
complexity of the model. Moreover, this approximation ignores the flux dynamic during the field-weakening 
operation. This approximation will not affect torque availability, efficiency, and fault modes. In addition, it is worth 
mentioning that the considered d-q model neglects field saturation, eddy currents and hysteresis losses of EM, 
considers sinusoidal induced ElectroMotive Force (EMF), no field current dynamics and damper winding [10]. The 
ESC voltage dynamic due to the modulation technique is ignored as well due to the fast time constant when compared 
to the overall vehicle simulation. The efficiency of the EM and ESC are combined in the efficiency map reported in 
Figure 11. Depending on the size of the propulsion system the efficiency map is scaled up or down to satisfy the 
vehicle requirements [11]. 
 The motor control strategy is based on the torque request defined by the master-slave rotors controller with the 
aim of achieving the desired vehicle speed and position. The torque request is converted to q-axis current request (𝑖∗∗) 
and saturated considering the Intermediate Rated Power limit (IRP, red line, maximum application 30 minutes) and 
the Maximum Continuous Power limit (MCP, black line) defined for each torque-speed combination, as shown in 
Figure 11. In addition to the motor power limit, a current rate limiter is also applied to constrain the rate of change of 
𝑖∗∗. The motor control strategy is based on a Field Oriented control (FOC). A PI controller is used for deriving the q-
axis voltage (𝑣 ) for the EM, given the saturated 𝑖∗  and the actual q-axis current (𝑖 ).  
 For the battery pack, a zero-order model is considered according to the specifications reported by NDARC ( [5], 
[12]). This model considers both current and temperature effects on the battery pack parameters. The battery power 
request is calculated as the summation of all the requests from the electric powertrains, as function of 𝑖 , motor speed, 
EM and ESC efficiencies. The battery pack power limits are calculated considering the maximum C-rate allowable 
and applied to constrain the electric motor power consumption as well [13] .  
 A lumped-parameter thermal model of EM and ESC is included as well for evaluating the thermal performance of 
the electric powertrain in case of air or liquid cooling. The proposed model is then calibrated using the NDARC 
specification [5] and considering the vehicle specifications (e.g. one motor inoperative condition). A summary of the 
design parameters is included in Figure 11. 
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Figure 10 Block diagram of the dynamic model of the electric propulsion system 

 

 

Figure 11 Example of electric motor efficiency map and table including the electric drive design parameters 

F. Speed Control 
The quadcopters with electric motors (all electric and hybrid) have a mechanical coupling link between the rotors 

(cross-shafting). This poses a problem for speed control, as the electric motors have to collaborate, or share the torque 
required. The proposed strategy is to have one of the motors designated as a master, which operates in speed control, 
and the other rotors to operate as followers, in torque control. The master regulates the angular velocity, and the 
followers follow the current of the master. 

When one of the motors presents a fault, the master-follower approach can present the danger that all motors could 
be affected by the consequences of that fault. In order to limit this effect, the following rules were implemented in the 
angular motor control loop: 

 A motor with an electric fault or malfunction cannot be a master, and becomes a follower 
 If a mechanical linkage breaks and a motor is isolated from the other ones, this motor operates in speed 

control on its own, not as part of the master-follower algorithm 
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For the configurations with mechanical links between the rotors, it is not possible to apply individual speed control 
approach. Consequently, a master-follower controller is used to control the multiple electric motors of the electric and 
hybrid quadrotor vehicles. This approach consists in having one motor operating in speed control (master), and the 
other motors (followers) are matching the current of the master motor. The current desired is an output of the speed 
control PI loop of the master motor. It is used by all the motors, as shown on Figure 12. Because the motors are 
attempting to operate with the same current, they provide the same torque, which leads to a uniform use of the different 
motors. In the nominal configuration, no logic is used to select the master motor, and the master motor is motor number 
1.  

 

 

Figure 12 Master-follower approach 

In a case of motor or transmission malfunction, the master-follower approach is modified. First, if the Motor 1 has 
a malfunction, the master control is assigned to another motor, typically Motor 2, as shown in Figure 13. It is important 
to note that this implementation requires the identification and diagnosis of motor malfunctions. 

 

 

Figure 13 Master assignment when motor 1 has a malfunction 

Second, if the transmission (cross shafting) fails and a rotor is isolated, this motor will operate on its own speed control 
loop. The other motors are kept in master-follower control, as shown on Figure 14. Once again, it is important to note 
that this implementation requires that it is possible to diagnose a transmission and motor malfunction. 
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Figure 14 Master control assignment after isolation of motor n 

IV. Fault Modeling 

A. Transmission Faults 
The developed simulation environment includes failure modes for the elements used in the mechanical power 

transmission systems. The element types in the mechanical power transmission systems are shaft, bearing, gear and 
clutch. The simulated component failure modes are not comprehensive but provide a large enough set for various 
failure scenarios. 

The shaft elements can break due to overloading or fatigue in transient simulation [14, 15, 16]. When a shaft is 
overloaded, the shaft experiences a single load which surpasses its yield or tensile strength the instant before the 
failure. An uncontrolled increase in the load on the shaft can be due to an emergency demand or control system failure. 
A shaft fracture due to fatigue occurs suddenly due to a slow crack growth as a result of many rotations under load. 
The crack forms in the shaft due to a manufacturing defect, corrosion or a damage caused during or before operation. 
When fractured, a shaft element transmits no power and that is how the shaft break is modeled. 

In a vehicle concept, fractures of different shaft components have different effects. For instance, the fracture of 
one of the cross-shafts in the electric quadrotor concept in Figure 7 isolates one of the electric motor-rotor pairs from 
the rest of the cross-shafting system. The quadrotor can continue to operate without any immediate problem if the 
isolated electric motor does not fail. On the other hand, breaking one of the rotor shafts stops the power transmission 
to that rotor. For a quadcopter, an unpowered rotor is a catastrophic failure due to the loss of vehicle control. 

The failure modes for a bearing element are spalling and fracture [17, 18]. Spalling is bearing surface irregularities 
which increases friction and vibration. Subsurface or surface-initiated fatigue due to reaching the end of life, wear, 
corrosion, contamination, or overheating causes spalling. On the other hand, a bearing fractures when one or more of 
the bearing components such as cage, inner and outer rings breaks. The bearing fracture occurs when the strength of 
the material is exceeded due to overloading or the fatigue limit of the material is exceeded under the given operating 
condition. 

Spalling is modeled as a decrease in component power transmission efficiency because of the increase in bearing 
friction and vibration after spalling. However, a bearing fracture is modeled like a shaft break because a shaft can be 
dislocated after a bearing fails. A dislocated shaft fails to transmit power in the same manner as a broken shaft. 

The modeled gear failure modes are teeth surface failures and tooth fracture due to fatigue or overloading [15, 19, 
20]. The teeth surface failures consist of gear failures such as surface material fatigue such as pitting and spalling, 
wear and plastic deformation or flow. The teeth surface failures decrease the transmission efficiency and increase 
vibration. Therefore, the teeth surface failures are modeled as decreases in component efficiency. On the other hand, 
tooth fracture due to fatigue is a result of reaching the fatigue life limit for the gear. Like the other components, gear 
tooth fracture due to overloading occurs when a load larger than the gear’s material strength is applied to the 
component. Gear tooth fractures are modeled as severe component efficiency reductions. 

The last mechanical powertrain component type is the overrunning clutch [21, 22, 23]. Three failure modes are 
modeled for the clutch element. The simulated clutch failure modes are fracture due to overloading or fatigue and 
degradation. The clutch elements fracture due to overloading when the clutch experiences a load larger than its 
material strength. Like the other components, a clutch element also breaks when the clutch reaches its fatigue life 
limit. When broken, the clutch is assumed to be incapable of engaging. Thus, the power source connected to the failed 
clutch, such as an electric motor, is disengaged from the powertrain. The model sets the power input from the 
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disengaged power source equal to zero to simulate overrunning clutch fractures. On the other hand, the clutch 
experiences deterioration due to freewheeling, differential speed and shock loads in clutch engagements, and 
disengagements at high speeds. The clutch degradation is modeled as component efficiency loss. 

B. Turboshaft Faults 
The simulated turboshaft faults are recoverable and non-recoverable failures [24, 25]. The recoverable turboshaft 

failures are adverse events which interrupt turboshaft performance for a short duration such as single or multiple stalls, 
flame-out, bird ingestion and Foreign Object Damage (FOD). On the other hand, the non-recoverable turboshaft 
failures are severe damages which prevent the flight crew from restarting the turboshaft. 
 The non-recoverable turboshaft failures are modeled by setting the power generated by the failed turboshaft equal 
to zero. On the other hand, the recoverable turboshaft failures are simulated by setting the failed turboshaft power 
generation equal to zero for a short duration. As a side note, the turboshaft model is not capable of simulating the short 
transients between the fault occurrence and the power loss. Therefore, the power generation is set to zero directly 
when the fault is introduced. 

C. Electric Systems Faults 
The model described in Section III.E is then equipped with dynamic models of the electric propulsion system faults 

with the aim of evaluating the overall system reliability using Dynamic Event Tree (DET). Considering the Fault Tree 
Analysis (FTA) and Failure Mode, Effects & Criticality Analysis (FMECA) process proposed in [3] the fault models 
have been integrated in the electric powertrain model, as shown in Figure 10.  

A multitude of faults can happen in EM, ESC, electronic power distribution and lithium-ion batteries [26] [27]. 
For example, in this work the impact of voltage and current levels, thermal stress due to different thermal management 
solutions, potential failures due to overcharge, overdischarge and high c-rate operation have been investigated among 
others. Examples of FTA and FMECA of components of the electric propulsion system are reported in [26] [27]. It is 
clear that the development of accurate models of all the possible faults that can occur in an electric propulsion system 
can be necessary for accurate reliability analysis, however the results of the DET [4] may be difficult to comprehend 
and analyze at the system level in such a case. For this purpose, the faults were categorized based on their effects on 
the powertrain as reported in . 

1. No torque – For example, this condition can be observed in case of complete failure of the cooling system 
for ESC, EM, or battery pack. The shutdown due to overtemperature causes no torque output for the Electric 
Drive (ED). 

2. Low torque - Internal battery failure (such as cell short circuit) is one such example case, that can lead to a 
low torque output for the ED due to lower voltage or capacity. 

3. Torque ripple – A fault in the current or speed sensor of the powertrain can lead to oscillation in the torque 
output while the average torque still meeting the torque request.  

4. High torque – An electric distribution failure due to failure-to-open of a contactor can cause a high torque 
output for the ED.  

5. Short circuits modes: Three short circuit modes are considered to take into account for single phase, two-
phase, three-phase short circuits and including the response of the ESC. 

o Mode 1 - Torque transient – After a short circuit, the ESC or the vehicle supervisory control may 
turn-off the ED causing the high torque condition to be eliminated.  

o Mode 2 - High torque oscillations - This condition is observed when short circuit occurs in EM 
winding or ESC.  

o Mode 3 – Dumped torque oscillations - This condition is observed when short circuit occur in EM 
winding or ESC. 
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Table 3 Failure modes and causes defined for all the main components of the electric system 

Failure 
Mode 

No torque Low torque Torque 
ripple 

High torque Short circuit 
modes 1,2,3 

Failure 
Cause 

30% Rotor failure - total 
demagnetization 

30% Mechanical failure  

ESC, EM, or BP cooling 
failure - shutdown due to 

overtemperature 

70% Electric distribution 
failure (open contactor, burn 

fuse, connections)  

ESC controller failure except 
inverter or DC capacitor short 

circuit 

BMS failure 

30% Cell external short circuit 

30% Cell internal short circuit 

70% Rotor failure - 
partial 

demagnetization 

70% Mechanical 
failure 

DC capacitor open 
circuit 

EM, ESC, BP reach 
warning temperature 

– ESC derating 

70% Cell internal 
failure 

70% Cell external 
failure 

Current 
sensor fault  

Speed 
sensor fault  

EM winding 
or Invert 

open phase 
fault  

30% Electric 
distribution 

failure (close 
contactor, 

short 
connection) 

EM winding 
short circuit 

(single phase, 
bi-phase, three 

phase) and 
ESC short 

circuit 
(inverter or 

DC capacitor) 
 

EM and ESC 
turn off due to 

vehicle 
supervisory 
controller 

request 

 
 reports the details of the categorization based on an extensive literature review as well as simulations. Then, the fault 
models have been integrated in the electric powertrain model. Figure 15 shows the different torque and q-axis current 
profiles that can be achieved by injecting faults in the electric powertrain model (Figure 10), highlighting the 
corresponding class of effects, including no torque, low torque, high torque, torque transient, torque ripple and high 
torque oscillations due to short circuit. Both the magnitude and the time injection can be set as desired.  
 

 

Figure 15 Different torque and q-axis current by injecting faults in the electric powertrain model. 
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V. Simulation Results and Test cases 

A. Nominal Flight of the Electric Quadrotor 
Figure 16 through Figure 19 show nominal mission characteristics for the quad electric vehicle. To shorten 

simulation time, only the second leg of the defined NDARC mission profile (Figure 1) is simulated. Figure 16 shows 
the body frame velocity components on the left and the translational displacement profile on the right. As can be seen, 
the vehicle follows the NDARC design mission closely with the desired vertical and horizontal velocities. The timed 
hover sections can be seen as well. Figure 17 shows the smooth angular velocity and displacement profiles. Figure 18 
shows the rotor angular velocity and electric machine power profile. The angular velocities of the four rotors are equal 
to each other, as is expected due to the cross shafting, and the magnitude is mostly constant if not for some small 
magnitude excursions during transient flight phases. The electric machine power profile shows that all four motors 
are well below the IRP and only cross the MCP during the take off and climb section. Figure 19 shows the motor 
torque and RPM overlaid on top the electric motor efficiency heat map. and the battery-related metric profile. Like 
Figure 18, the heat map shows that the torque limit approaches but does not cross the limit, and that the angular 
velocity of the motor stays constant throughout the nominal flight. The battery model shows a relatively linear 
discharge of the battery with the battery operation staying within the defined power limit. 

 

Figure 16 Quad electric nominal translational velocity profile (LEFT) and translational displacement profile 
(RIGHT) 

 

 

Figure 17 Quad electric nominal angular velocity profile (LEFT) and angular displacement profile (RIGHT) 
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Figure 18 Quad electric nominal rotor angular velocity (LEFT) and electric machine power profile (RIGHT) 

 

Figure 19 Quad electric heat map (LEFT) and battery profile (RIGHT) 

 

B. Nominal Flight of the Series-Hybrid Quadrotor 
The translational and rotational displacements and velocities for the nominal flight of the series-hybrid quadrotor 

look similar to those shown for the electric quadrotor vehicle in Figure 16 and Figure 17. The hybrid vehicle cruises 
at a higher cruise speed than the electric quadrotor vehicle. The turbine output during the flight can be seen in Figure 
20. Figure 21 shows the rotor angular velocity and the electric machine power profile for the hybrid vehicle. Figure 
22 shows the efficiency heat map and the battery characteristics. Per the defined task of the battery for the series-
hybrid configuration by the NDARC design, the battery only aids in the flight phases where the power demand is high. 
This can be seen in Figure 22 where the battery power is used during take-off and hovers. 
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Figure 20 Turbine power output 

 

Figure 21 Quad hybrid nominal rotor angular velocity (LEFT) and electric machine power profile (RIGHT) 

 

 

Figure 22 Quad hybrid heat map (LEFT) and battery profile (RIGHT) 
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C. Nominal Flight of the Turboshaft Quadrotor 
The translational and rotational displacements, and velocities for the nominal flight of the turboshaft quadrotor 

also look similar to those shown for the electric quadrotor vehicle in Figure 16 and Figure 17. Like the hybrid vehicle, 
the turboshaft vehicle cruises at a higher cruise speed than the electric quadrotor vehicle. Figure 23 shows a time 
history of the turboshaft turbine power output and spool speeds. The low pressure and high-pressure spool speeds, and 
the power output of the turbine are expressed as a function of time. The low-pressure spool, the spool from which the 
power is extracted, stays relatively constant throughout the mission, while the high-pressure spool speed changes with 
the changes in power demands. It is important to note that the power output of the turbine is for one turbine only, and 
consequently, the power output of the combined turbines is twice as much. Given that the aircraft is performing only 
a longitudinal acceleration and that no wind is present, the lateral dynamics was omitted from the simulation. 

  

Figure 23 Quad with turboshaft power output (LEFT) and turbine Spool Speeds (RIGHT) 

 

D. Electric Motor Fault 
Figure 24 illustrate the simulation results of the electric quadcopter in hover while a no-torque fault occurs on 

Motor 1 at time t=200s. Given the presence of cross shafting and the reconfiguration of the master-follower approach 
once the fault is detected, the remaining three motors provide the lost torque. This reaction is fast enough to keep the 
loss of angular velocity below half a percent, as seen on Figure 24 (right). The no-torque fault applied on a single 
motor does not lead to a catastrophic event, and the mission can continue as planned.  

  

Figure 24 No torque fault applied on the Motor 1 of the electric quadrotor in hover. Torque balance (left) and 
angular velocity of the four rotors (right). 
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E. Electric Motor Isolation 
For the electric-powered aircraft, the multiple rotors are mechanically coupled together to provide the ability to 

operate if one of the motors has a fault. As discussed in the previous sections, the master-follower approach is used to 
control the motors together. In the event of a rotor isolation, the control is reconfigured so that the isolated rotor 
operates on its own and the rotor still coupled continues to operate with the master-follower approach. The case of a 
rotor isolation in hover is explored and the results of a rotor isolation is shown on Figure 25. The aircraft is operating 
in hover, and at time t=10s, Rotor 1 is isolated. The power, which is uniform across the 4 motors until the isolation, is 
now slightly unbalanced, given that the front rotors need more torque in hover due to the center of gravity location. 
The motors 2, 3 and 4 keep operating at a uniform and constant power after the fault. 

 

Figure 25 Torque balance in hover following a motor isolation  

 

F. Turboshaft Fault 
As discussed in the previous section, the turboshaft-equipped quadrotor has two turboshafts operating in parallel 
for redundancy. To gain insight into the system performance, the dynamic simulation of the two engines is carried 
out on Figure 26. The aircraft is operating in hover, and at time t=10s, a complete failure is simulated for one of 
the two turboshaft engines. At this point, the remaining turboshaft provides all the power needed to sustain the 
flight. The figure illustrates the high-pressure and low-pressure spool speeds of the operating turbine. It can be 
observed that at the time t=10s, there is a dip in the low-pressure spool speed, indicating a dip in rotor RPM, given 
that the low-pressure spool is connected to the rotors. The high-pressure spool sees an increase in RPM due to the 
increase in fuel flow rate to provide the additional torque. It is important to note that the transient dip in low-
pressure spool speed is 2,550 RPM which is less than 5% of the nominal spool speed. The magnitude of the 
transient dip is relatively small and has limited impact on the vehicle motion. 

 

Figure 26 Turbine spool dynamics in hover following the loss of power in one turboshaft 
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VI. Conclusion 
This paper presented the simulation environment developed to perform dynamic safety assessments of multicopter 

concepts. The discussion focused on quadrotors with three different propulsion architectures: electric, series-hybrid 
electric, and a turboshaft driven concept. The use of subsystems and component-based dynamic models allowed for 
the analysis of relevant fault mode impacts and the assessment of the transient vehicle response to both subsystem 
faults and longitudinal maneuvers. The nominal simulation results for the entire mission are illustrated, as well as the 
transients following an electric motor fault in hover. Additional results are shown for electric motor isolation in the 
electric quadcopter and a complete turboshaft fault in the turboshaft-driven quadcopter. The developed simulation 
environment is going to be used in the second phase of the effort, which consists of assessing the aircraft reliability 
and safety. 
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