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ABSTRACT 
A hybrid Unmanned Aircraft System (UAS) architecture 

concept is currently considered a viable method for obtaining 
a quiet vehicle when quiet is necessary. The quiet is primarily 
obtained through use of an all-electric propulsion system when 
quiet is necessary. The hybrid system concept can consist of 
an electric propulsion system (i.e. a ducted fan) and a fuel to 
electric system (i.e. gas turbine generator). The other major 
components include the fuel storage, electricity storage 
(batteries) and a central controller. This paper presents a novel 
concept in which the power and propulsion system designs are 
integrated to result in a significant improvement in overall 
system weight as compared to the current state of the art. 

INTRODUCTION 
A hybrid Unmanned Aircraft System (UAS) architecture 

concept is currently considered a viable method for obtaining 
a quiet vehicle when quiet is necessary. The quiet is achieved 
by operating an all-electric propulsion system such that only 
the ducted fan needs to be made quiet. The hybrid aspect of 
the system essentially comes from the mix of fuel and battery 
energy storage and the ability to draw from either storage 
method to power the propulsion system (Lukasik, 2017). 
Hybrid systems are common for ground transportation and 
generally enable energy recovery as the momentum of the 
vehicle can be converted back to electrical energy via 
regenerative braking. This is obviously intended to improve 
the overall vehicle efficiency by eliminating the need to waste 
the momentum already invested in the vehicle when it is time 
to stop. However, this is not the case for an airborne 
application. Aside from the very short duration of braking that 
happens during the landing, there is no similar opportunity for 
energy recovery in the typical aircraft mission. There is, 
however, a common need to operate UAS quietly as they are 
often used in surveillance roles in which they either need to 
remain unidentified or just less intrusive to the ongoing events 
on the ground. This becomes the motivation for a hybrid 
propulsion system in UAS, quiet operations. 

This is also relevant to the current trend towards more 
integrated design of power, propulsion and thermal systems 

(Zierolf, et.al, 2014). There are many aerospace applications 
where the interaction of these systems is increasing. 
Traditional design approaches generally consider each as a 
sub-system and they are more or less optimized individually 
to achieve a common goal through defined system interfaces. 
However, it has long been established that designing an 
integrated system from the beginning of the concept can 
significantly improve the overall system performance. 
Consider the gas turbine engine system itself. It is essentially 
the combination of a compressor, a combustor, a turbine and 
some power consuming device (generator, nozzle, etc). If 
these components were to be designed as independent 
machines and then integrated at the vehicle level, there would 
surely be a significant negative impact on the overall weight 
and performance of the system. Instead, these subsystems are 
designed as an integrated system very early in the process, 
becoming essentially one machine achieving high-
performance standards for weight and volume. This same 
integrated approach can be applied to higher levels of the 
system, taking into consideration power, propulsion, and 
thermal requirements. 

One concept for a hybrid UAS propulsion system 
includes five main components as shown in Figure 1. below. 
Starting with the energy storage, there is a fuel storage system 
(gas tank) and an electric energy storage system (battery 
bank). On the other end of the system is a motor-driven 
propulsive fan which can provide the quiet thrust needed for 
flight. Since the fan is powered by an electric motor, it is 
necessary to move energy from both storage devices to the 
motor on demand. This is partly the role of the fuel-to-electric 
system, which in the case of this figure, is a gas turbine engine 
driving a generator. At the center of the entire system is a 
controller which contains the logic to manage the flow of 
energy throughout the system. Such a system is similar to that 
shown by Lents et.al, 2016, except with a different design 
intent and different application to UAV instead of commercial 
aircraft propulsion. 
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Figure 1 Conceptual Diagram of Hybrid UAS 

Propulsion System 
 
With such a system, many portions of the typical flight 

profile can be accomplished with energy flowing from the fuel 
storage, through the gas turbine generator, to the propulsive 
fan. In this mode, it is essentially a turbo-prop or turbo-fan 
engine with the ability to also generate electrical power for 
onboard systems. When a quiet flight is required, the gas 
turbine generator can be turned off and the electrical energy 
stored in the batteries can be used to power the propulsion 
system as well as the onboard systems. Thus the hybrid nature 
of the system. 

Two items shown in the conceptual diagram but not yet 
discussed are the power controllers required for the 
motor/generator units. These units have the necessary role of 
moving electricity in and out of DC storage conditions, 
converting either from or to multiple phases of alternating 
current. Variable speed operation will be required for the 
propulsion system to allow for thrust variations associated 
with take-off, climb and cruise flight conditions. It is also 
desirable for the generator to be variable speed to add 
flexibility to the overall system design with minimal impact 
on performance. These power electronics components are 
known to be both heavy and sources of heat that must be 
managed. Aside from the batteries and the fuel tank, these 
components are likely the heaviest parts of the system, 
significantly outweighing the associated motor/generator. 
Therefore, the focus of this paper is an integrated 
power/propulsion concept that provides an opportunity reduce 
the weight of the power electronics. 

This paper demonstrates a conceptual design for a system 
that is essentially a variable cycle quiet (VCQ) gas turbine 
engine in which the propulsion system is either powered by an 
electric motor or by a power turbine (Figure 2). The basic 
elements of the system include: 1) propulsion system which 
could be a ducted fan or an open propeller, or another such 
aerodynamic device to generate thrust; 2) electric 
motor/generator used to either drive the propulsion device or 
generate electricity for the hybrid system; 3) power turbine 
which is used to drive the propulsion system and the 
motor/generator; 4) gas generator turbine used to drive the gas 
generator compressor; 5) combustor portion of the gas 
generator to energize the compressed flow; and 6) the gas 
generator compressor which pressurizes the atmospheric air. 

 
Figure 2 Basic Layout of Variable Cycle Quiet 
Propulsion and Power System 

This paper outlines preliminary sizing of a hybrid system 
based on some publicly available system requirements as well 
as a comparison to the sizing required if the system were 
developed using this VCQ concept. Clearly more design 
analysis is required to take this concept further, but this paper 
is intended to introduce the overall concept and demonstrate 
the main expected benefit to the overall requirements. 

SIZING REQUIREMENTS FOR COMPARISON 
It is useful to have a comparison baseline since the intent 

of the VCQ system is to perform in a hybrid system with 
specific advantages in overall system size and weight. The 
publicly available design requirements for the Great Horned 
Owl (GHO) program are used since they directly apply to this 
concept (Wilson, 2011). GHO is an Intelligence Advanced 
Research Projects Activity (iARPA) program managed by the 
office of the Director of National Intelligence for the United 
States of America. Some of the GHO program information is 
available in the open literature including an overall concept 
sketch of what the hybrid system might look like (Figure 3) as 
well as performance requirements for the two major 
subsystems studied in the first phase of the project (Table 1). 
The two subsystems are referred to as the “Propulsor” and the 
“Fuel-to-electricity” blocks in the concept sketch. 

 

 
Figure 3. GHO Hybrid System Concept Diagram 

(Wilson, 2011) 
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For the power generation system (fuel to electricity), there 
are weight, efficiency, power and noise requirements. There 
are analogous requirements listed for the propulsion system as 
well. Note that the two requirement sets are not directly 
matched, at least in terms of power, indicating that the fuel to 
electric system has the ability to drive the propulsion system 
plus provide additional electrical power for either onboard 
systems and/or battery charging. The propulsion system is to 
provide an output thrust of at least 9 lbf and consume no more 
than 2 kW of electrical power. The fuel to electric system is to 
produce at least 4 kW of power, well in excess of the 
propulsion motor drive power. 

 
Table 1. GHO System Design Requirements 

(Wilson, 2011) 

 
 
The efficiency requirements are given independently for 

each component; less than 0.3 kW/lbf for the propulsion 
system and less than 1.0 lbm/kWh for the fuel to the electric 
system. These separate component efficiencies make sense for 
a system in which the two sub-systems are completely 
separated. However, for an integrated system design, these 
two can also be combined into a single system level efficiency 
requirement. For the sake of this study, a hybrid specific fuel 
consumption (SFC) is defined which includes the power 
associated with net electrical power generated by the system 
as well as the power associated with the propulsion of the 
vehicle. 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑊𝑊𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇ℎ𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑉𝑉𝐺𝐺𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑟𝑟𝑉𝑉) =
𝑉𝑉𝑙𝑙𝑙𝑙

𝑘𝑘𝑊𝑊 ∙ ℎ𝐺𝐺
 

For the system described in this paper, it is assumed the 
fuel is gasoline as was used by a gas generator developed in 
part by the author (Bryner et.al, 2014). 

PRELIMINARY SIZING USING BASELINE CONCEPT 
Regardless of the configuration, there are some universal 

truths in gas turbine engine design that must be applied to 
determine some of the key sizing characteristics of the engine 
(Saravanamuttoo, 2008). For the Fuel-to-electric system, there 
are two main drivers in the sizing of the machine, the pressure 
ratio, and the firing temperature. The pressure ratio of the 
machine directly influences the efficiency, so one can start 
with the efficiency requirement and work backward to solve 
for pressure ratio. The firing temperature influences the power 
density of the machine, and thus the final size of the 
turbomachinery. Essentially, the turbine power is proportional 
to mass flow and the change in enthalpy. To support these 
sizing studies, a model is developed using a commercially 
available propulsion system analysis tool known as NPSS™. 

Figure 4 shows the model schematic with the results of the 
design point analysis. The model includes two flow paths, one 
for the gas turbine engine system and one for the fan 
propulsion system. They are fully separate models except for 
the common ambient conditions, the common overall 
performance calculations, and any logic used to relate the two 
models. One such logic item is a relationship that sets the 
generator power so that there is enough to power the fan and 
the required net electrical power. 

 

 
Figure 4. Basic Model of Hybrid Power/ Propulsion 

System in NPSS Environment 

For the sizing analysis, a design point is selected as being the 
beginning of the climb. Obviously, this is a high power 
condition with regard to thrust as well as the potential need to 
generate electricity for payloads, avionics, etc. Considering 
the requirements listed above, this design point analysis 
includes the assumption that both sub-systems are at full 
power. Table 2 below shows the assumed conditions for the 
design point. 
 

Table 2. Design Point Conditions 
Design – beginning of climb 

Alt (ft.) 0 
MN 0.12 
VTAS (knot 82 
Net Pwr (kW) 4 
Net Thrust (lbf) 9 

 
The performance model is set up in such a manner as to 

have the dependent and independent variables as shown in 
Table 3 below. The dependent variables set the goals of the 
analysis while the independent variables provide the necessary 
variability to achieve these goals. There are also several 
parameters which simply serve as boundary conditions such 
as the ambient air properties, various system inefficiencies, 
frictional losses, etc. Note that the net electrical power of the 
system (dep_GenPwr) and the net thrust of the system 
(dep_NThrust) are among the dependent conditions. 
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Table 3. Design Point Solution Dependent and 
Independent Variables 

Dependent Variable Description 
Sh.integrate_Nmech Steady-state balance of 

torque on gas turbine shaft 
dep_GenPwr Required generator net 

electrical power 
dep_DexH Turbine exhaust to 

atmospheric static pressure 
Sh_F.integrate_Nmech Steady-state balance of 

torque on fan power shaft 
dep_NThrust Required fan net thrust 
dep_FanU Design fan tip speed 

 
Independent 

Variable 
Description 

ind_GenTrq Vary generator shaft torque 
ind_InW Vary gas turbine engine air flow 
ind_TurbPR Vary turbine pressure ratio 
ind_FanW Vary fan air flow 
ind_MtrTrq Vary fan drive motor torque 
ind_Nmech Vary fan shaft speed 

 
This model setup is used to run a sweep of solutions for a 

specified value of compressor pressure ratio. Since the turbine 
pressure ratio is one of the independent variables, the system 
will adjust the overall machine balance accordingly. Figure 5 
is a plot of two fuel economy parameters as a function of gas 
turbine pressure ratio. The generator fuel consumption is 
calculated to enable a direct comparison to the GHO 
requirements listed above. In addition, the hybrid system SFC 
is also calculated and will be referred to simply as SFC for the 
rest of the paper. The GHO requirements state a goal to 
achieve less than 1.0 lbm/kWh fuel economy. According to 
these results, this means that a pressure ratio of 3.0 is required. 

 

 
Figure 5. Fuel Efficiency vs. Pressure Ratio (Fn = 9 

lbf, NetPwr = 4 kW) 

Of course, a higher pressure ratio could be selected to 
further improve this benefit, but higher pressure ratio will also 
lead to increased system cost and complexity. So, in an effort 
to keep costs to a minimum, the minimum value is selected 
going forward, PR=3.0. The SFC calculations show a value of 
just above 1.0 lbm/kWh for the selected pressure ratio. The 
difference between the generator fuel consumption and the 
SFC is related to the fuel expended for thrust in this specific 
analysis case. 

With the compressor pressure ratio fixed, another sweep 
is performed to demonstrate the influence of firing 
temperature on the overall size of the machine. Since the air 
flow rate is determined essentially by the power level of the 
machine and the firing temperature, another constraint is 
necessary to determine a flow area. To accomplish this, the 
inlet Mach number of the compressor element is set to 0.2. 
This allows for an inlet diameter to be calculated for the 
compressor. Figure 6 shows the results of this analysis with a 
sweep of engine firing temperature from ~1400 to ~2800 °F. 
As expected, a higher firing temperature results in a decreased 
inlet diameter. A temperature ratio from engine inlet to burner 
exit of 6.0 results in an inlet diameter of less than 0.85 inches. 
The obvious consequence of an increasing firing temperature 
is either a significantly reduced turbine life or a need for a 
cooled turbine design. For the sake of this conceptual sizing, 
it is assumed that the turbine will not be cooled leading to a 
maximum temperature ratio of about 4.0, thus a firing 
temperature of 1635 °F and an associated compressor inlet 
diameter of about 1.2 inches. 

 

 
Figure 6. Compressor Inlet Diameter vs. Firing 

Temperature 

An important driver for sizing the propulsion system is the 
pressure ratio of the fan. This pressure ratio directly influences 
the energy efficiency of the system. Using the same system 
model, the fan performance is evaluated across a range of 
assumed fan pressure ratio values as shown in Figure 7. The 
pressure ratio range is from 1.04 to 1.14 with associated values 
for fan power consumption and system SFC. Per the GHO 
requirements, the fan power consumption goal is < 0.3 kW/lbf. 
This performance is achieved at a pressure ratio of 1.095. At 
this same condition, the SFC is 1.213 lbm/kWh.  
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Figure 7. SFC and Fan Power Consumption vs. Fan 

PR (Fn = 9 lbf, Pwr = 4 kW) 

Based on these parametric studies, the characteristics of 
the baseline system are as follows: Compressor pressure ratio 
= 3.0, cycle temperature ratio = 4.0, and fan pressure ratio = 
1.095. The pressure ratio values are essentially dictated by the 
efficiency requirements and the temperature ratio is a 
compromise between system size and complexity. 

The various component efficiencies are not discussed 
here since this is a conceptual sizing study. Suffice it to say 
that the basic design of the gas generator is similar to that 
described by Bryner et.al, 2014. The focus here is on the 
integrated system benefit to the overall system mass to support 
the GHO mission. 

PRELIMINARY SIZING USING VCQ CONCEPT 
The completed baseline model is a useful starting point 

for evaluating the potential benefits of the proposed VCQ 
concept. Figure 8 is a schematic view of the concept showing 
the same two flow paths, one for the gas turbine air stream and 
one for the fan air stream. The difference begins at the exhaust 
of the power generator gas turbine. This turbine now has a 
reduced workload since it’s only function is to drive the 
associated compressor. There is a shaft connecting the two 
components, and nothing else is driven from this shaft. 
Instead, the remaining power in the system leaves as an 
energetic exhaust flow to drive the power turbine which is part 
of a second shaft assembly. 

 

 
Figure 8. Basic Model of Variable Cycle Quiet (VCQ) 

Concept 

This second shaft contains three main power components. 
There is the power turbine, which is the main input to the shaft 
power. There is also a motor/generator which serves two 

purposes, depending on the operating mode of the system. 
There is then the fan that serves the full-time purpose of 
propelling the vehicle. 

There are essentially two operating modes which allow 
the same system to behave like two different cycles (thus the 
variable cycle quiet name). The first mode is the gas generator 
mode in which the gas turbine engine system is active, 
providing hot gas to the power turbine which drives the 
propulsive fan and the generator. There are two products from 
this operating mode: vehicle propulsion and electric power 
generation. This gas generator mode would likely be used for 
take-off, climb and cruise flight. Since the main motivation for 
this hybrid concept is quiet operations, it is not likely that quiet 
is needed during any of these phases of flight. As mentioned 
before, the generated electricity is used to drive the propulsion 
fan, charge batteries and provide necessary onboard power. 

The other operating mode is quiet electric. In this mode, 
the gas generator is turned off, leaving the power turbine 
simply along for the ride on the main power shaft. At this 
point, the motor/generator transitions to motoring operation 
and extracts energy from the onboard batteries.  

Table 4 shows a comparison of the baseline and VCQ 
concepts for the design point condition. For the most part, the 
two systems are extremely similar. The most striking 
difference is the amount of power related to motor/generator 
functions. The baseline design has a total of 12 kW of 
electrical motor/generator power active during the design 
condition. There is about 8 kW required from the generator to 
supply all of the necessary power, and there is about 4 kW of 
motor power demanded by the propulsion system. Since this 
is the highest load condition, this case really determines the 
size/ weight of the power electronics. 

 
Table 4. Design Point Performance Comparison 

System Characteristic Baseline 
Concept 

VCQ 
Concept 

Gross Thrust (lbf) 14.05 14.04 
Net SFC (lbm/kWh) 1.213 1.201 
Fan Pwr Consum (kW/lbf) 0.297 0.297 
Gen Fuel Consum (lbm/kWh) 0.986 0.976 
  

  

Wfuel (lbm/hr) 8.05 7.97 
Weng (lbm/sec) 0.0979 0.0969 
Wfan (lbm/sec) 1.0747 1.0742 
  

  

Exh Press (psia) 14.793 14.793 
Exh Temp (degF) 1291.2 1288.4 
  

  

Gen Pwr (kW) -8.166 
 

Mtr Pwr (kW) 4.169 
 

MtrGen Pwr (kW) 
 

-3.997 
 
By comparison, the VCQ system requires only 4 kW of 

active motor/generator power at this high load condition. This 
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is because the energy extracted from the fuel by the gas 
generator system is directly converted to shaft power for the 
propulsion system instead of flowing through a generator – 
motor system. This is precisely the point of such a system. It 
is a more integrated design such that the fuel to electric and 
propulsion systems are more closely coupled. They are no 
longer modular. This allows for a reduction in the heavier 
components associated with motor/generator operations. In 
their place, the system will contain one more turbine and some 
mechanical complexity associated with the control of the 
system. 

Figure 9 is a plot of variable frequency drive (VFD) 
weight vs. drive power level for the Siemens BT300 series 
found in the commercial marketplace (Siemens, 2013). Since 
it is a frame-based system, the weights are stair-stepped such 
that a single frame covers a range of power levels. For this 
analysis, it is useful to extract a slope from the data, which is 
determined to be 2.9 lb/kW. This is the weight of the power 
electronics required to drive a motor/generator system. 

 

 
Figure 9. Siemens BT300 VFD Drive Frame Weights 

Reviewing the GHO requirements listed above, the 
desired weight of fuel to electric system alone should be less 
than 10.0 lbs and the weight of propulsion system should be 
less than 5.0 lbs, for a system maximum of fewer than 15.0 
lbs. Using the above VFD frame data, the baseline system 
could be expected to include 35 lbs of power electronics 
hardware alone. The VCQ system would require only 12 lbs 
of similar hardware. 

This does not include the potential mass benefits of the 
spinning equipment. The gas generator turbine becomes an 
extremely simple device, essentially a turbocharger with a 
combustor added, resulting in a very light shaft that only 
couples the turbine and the compressor. The propulsion 
system consists of the same fan with either system but is 
coupled to a much smaller motor/generator and a power 
turbine. Admittedly, the power turbine aerodynamics have not 
yet been evaluated so it has yet to be determined if a sensible 
design can be achieved without a gearbox to the motor/fan 
shaft. Regardless, it is reasonable to assume for this 
conceptual sizing that the 8 kW of motor/generator spinning 
hardware removed will allow for the new weight of the power 
turbine, gearbox, etc. that may be required. So the real benefit 
of this system, at least conceptually, is the significant 
reduction in power electronics hardware required. 

SUMMARY AND CONCLUSIONS 
The hybrid UAS architecture proposed in this paper 

leverages the benefits of an integrated design approach. 
Instead of designing the fuel-to-electric and the electric 
propulsion systems independently, the Variable Cycle Quiet 
concept integrates the two functions resulting in a possibly 
significant reduction in overall system weight. For aero 
applications, weight reduction leads directly to either 
increased payload and/or increased range for a given mission. 
This is the real potential of this VCQ concept. 

References 
Lents, C., L. Hardin, J. Rheaume, L. Kohlman, “Parallel 

Hybrid Gas-Electric Geared Turbofan Engine Conceptual 
Design and Benefits Analysis”, AIAA Propulsion & Energy 
Forum, 25-27 July 2016, Salt Lake City, UT. 

Lukasik, B. (2017). Analysis of the possibility of using 
full-electric, hybrid and turbo-electric technologies for future 
aircraft propulsion systems, in terms of mission energy 
consumption, NOx/CO2 emission and noise reduction PhD 
thesis, Institute of Aviation, Warsaw, Poland. 

Bryner, E., D.L. Ransom, and J.S. Bishop. A Small Scale 
Gas Turbine Engine for Electrical Generation in a Hybrid 
Propulsion System for Unmanned Aerial Vehicles (UAVs). 
Presented at the Joint Army-Navy-NASA-Air Force 
(JANNAF)/46th Combustion (CS)/34th Airbreathing 
Propulsion (APS)/34th Exhaust Plume and Signatures 
(EPSS)/28th Propulsion Systems Hazards Subcommittee 
(PSHS) Joint Subcommittee Meeting, Albuquerque, New 
Mexico, December 2014. 

Wilson, S. (2011). INTELLIGENCE ADVANCED 
RESEARCH PROJECTS ACTIVITY (IARPA) - Office of 
Smart Collection, Great Horned Owl (GHO) Program, 
Proposers’ Day Overview Briefing, IARPA-BAA-11-12, 
August 15. 

Saravanamuttoo, H.I.H., Rogers, G.F.C., Cohen, H., and 
Straznicky, P.V. (2008). Gas Turbine Theory, Sixth Edition. 
Pearson Education Canada. 

Siemens BT300 Variable Frequency Drive Catalog, 
https://w3.usa.siemens.com, 2017. 

Zierolf, M.L., Brinson, T. and Fleming, A. (2014). 
Integrated System Modeling. SAE Technical Paper 2014-01-
2117, 2014, doi:10.4271/2014-01-2117. 

 
 
 

https://w3.usa.siemens.com/

	Abstract
	INTRODUCTION
	Sizing Requirements for Comparison
	Preliminary Sizing Using Baseline Concept
	Preliminary Sizing Using VCQ Concept
	Summary and Conclusions
	References


