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EXECUTIVE SUMMARY 

The goal of this project was to develop a synthetic vision display for general aviation (GA) that 
includes energy cues to improve pilots’ awareness of the aircraft energy state during the approach 
phase of flight. 
 
An Energy Management Primary Flight Display with an additional perspective flight path 
display (highway-in-the-sky) was developed for this research effort. The display presents an 
intercept-tunnel that is to be followed by the pilot on a curved approach to the runway. In 
addition, a range of energy cues is available for the pilots to efficiently manage control effort. 
 
The Energy Management Primary Flight Display was tested on a flight simulator and in aircraft 
flight testing. These flight tests showed the advantages of energy-state cues, and approach-path 
guidance.  
 
The display is intended for deployment in GA aircraft to aid pilots during the approach phase of 
flight and has been tested in both a fixed-base simulator and in actual flight tests, with promising 
results. Other phases of flight, including arrival and landing, should be addressed in further studies. 
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1.  INTRODUCTION 

The initial goal for this project was to identify advanced cockpit display concepts for the Next 
Generation Airspace system, and to implement and test those concepts in a part-task flight 
simulator. A simulator was constructed, software was developed, and informal pilot studies were 
conducted. The scope of the project shifted after those initial studies, and emphasis was placed on 
developing a synthetic vision display for general aviation (GA) that includes energy cues to 
improve pilots’ awareness of the aircraft energy state during the approach phase of flight. 
Simulator studies were de-emphasized, and a mobile display ”rig” was assembled centered around 
a portable attitude heading reference system (AHRS) unit and a miniature PC. 
 
The display software was a modified version of Delphins, designed and programmed by Erik 
Theunissen. The energy cues were partially motivated by the Energy Management Primary Flight 
Display (EMPFD) developed by Anthony Lambregts. The simulator was constructed at Ohio 
University, and replicated a commercial airliner flight deck. It was also flexible enough to be used 
for GA operations by swapping out the flight controls. Microsoft® Flight Simulator X® (FSX) or 
X-Plane®created the displays and provided out-the-window views on the large-screen displays. 
Ohio University developed interface software between the components and implemented the 
calculations of many of the energy cues. 
 
2.  BACKGROUND 

Loss of control (LOC) is the leading cause of general aviation (GA) accidents, according to 
findings of the GA Joint Steering Committee (GAJSC). Main contributors to LOC are lack of 
awareness of the energy state and the angle-of attack, and margins from published limits of the 
aircraft. As part of their assessment, the GAJSC developed a GA Safety Plan and identified a list 
of safety enhancements. Several of these safety enhancements address the improvement of the 
pilot’s energy-state awareness (e.g., better awareness of the aircraft’s angle-of-attack) and tools to 
help in achieving a stabilized approach and landing. In addition to a detailed explanation of the 
GA synthetic vision system (SVS) concept and the added energy awareness cues, this report 
discusses the human-in-the-loop (HiL) evaluation and flight test of the proposed concepts. 
 
3.  GAP ANALYSIS 

A literature and standards search was performed to broaden the insights in the Next Generation 
Airspace (NextGen) concepts and identify potential innovative display solutions, apart from 
Energy Management Primary Flight Display (EMPFD) and Conflict Probes, which could fill gaps 
in NextGen guidance and control displays. FAA documents, including the NextGen 
Implementation Plan (March 2011) and NextGen Concept of Operations (Version 3.0), were used 
to help identify and define scenarios to test these potential solutions. 
 
Given the constraints of the NextGen Airspace vision, off-nominal conditions will inevitably lead 
to situations in which there will not be enough time to renegotiate trajectories before loss of 
separation occurs. Therefore, it is important to provide pilots with the right information to help 
avoid or mitigate loss of separation. 
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3.1  IDENTIFIED GAPS 

The gap analysis identified three gaps that exist with respect to information needed by pilots to 
effectively manage the NextGen airspace: 

 
1. Conflict prediction and resolution support in the tactical domain 
2. Lack of integration of conflict detection and resolution (CD&R) with Global 

Navigation Chart (GNC) system 
3. Lack of pilot and CD&R system awareness of how aircraft performance 

constraints impact the available maneuver margin for conflict prevention 
 
Gap 1 exists between the time-to-conflict, but the situation can be resolved through trajectory 
negotiation and the time-to-conflict at which the traffic-collision-avoidance system starts to 
provide collision-avoidance guidance. Gap 2 exists because of a lack of integration of CD&R data 
within the GNC system, thereby forcing the pilot to spend valuable time manually entering 
conflict-resolution data. Gap 3 follows from Gap 2, and exists because of the lack of pilot and 
CD&R system awareness of how aircraft performance constraints impact the available maneuver 
margin for conflict prevention. 
 
4.  SIMULATOR DESIGN AND CONSTRUCTION 

A part-task simulator was constructed to conduct pilot-opinion studies of the proposed display 
technologies. Ohio University visited with Delft University partners to receive training in the 
configuration and operation of the Delphins software package, to get familiarized with the flight-
deck simulator hardware, and to discuss scenarios to be tested. The design was modeled after the 
flight deck of a commercial airliner, and includes five 17-inch touchscreen displays and three 
large-screen monitors for an out-the-window view. 
 
4.1  SIMULATOR STRUCTURE 

Ohio University engineers designed the simulator display console, worked with OTP Industrial 
Solutions in Columbus, Ohio to develop a computer-aided drafting drawing of the structure (figure 
B-1 in appendix B). OTP delivered the parts in a kit, and the console was assembled in Ohio. A 
pair of airplane cockpit seats from a retired Boeing 737 were purchased from the Airline Pilot’s 
Historical Society (see figure 1). A wooden platform was constructed on which to build the 
simulator, and cardboard was fastened to the bottom to allow the entire assembly to be slid across 
the floor as necessary. 
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Figure 1. Ohio University part-task simulator 

The configuration shown in the figure includes five 17-inch displays, a side-stick for pitch and roll 
control, a throttle quadrant, a mode control panel (MCP), a control display unit (CDU), and two 
electronic flight instrument system control panels. Each display was run by a dedicated PC, and 
the system was networked using TCP/IP protocol allowing for ease of configuration. 
 
4.2  SIMULATOR SOFTWARE 

All the flight display software was based on Delphins, which takes input from the flight-dynamics 
model and creates the images seen on the displays. Delphins also includes a built-in flight 
dynamics model, and can be interfaced with FSX or X-Plane to provide an out-the-window view. 
The system can also use FSX or X-Plane to propagate the flight dynamics, and Ohio University 
developed interface software for both cases. After the project shifted to the GA display, it was 
necessary to shift from the built-in flight dynamics model to models included in FSX (and later X-
Plane). The main reason for this was to evaluate the EMPFD under full manual control and to 
make an elevator trim control available to the pilots. 
 
The interface between FSX and Delphins was written by Ohio University and relies heavily on a 
library called FSUIPC that maps the variables in FSX to accessible memory locations. Using these 
library routines, the initial condition of the aircraft (position, velocity, etc.) is set, and the outputs 
of the FSX vehicle model are passed to Delphins for display. The X-Plane interface is in the form 
of a plug-in and uses datarefs that point to more than 400 variables propagated by X-Plane. 
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5.  EMPFD PILOT-EVALUATION STUDY 

An informal pilot evaluation of the baseline EMPFD was conducted first. Preparation for this 
consisted of two main tasks: 1) creation of an overview document of the Total Energy Control 
System and the EMPFD, along with pilot training materials for the human-in-the-loop (HiL) 
testing and 2) installation and configuration of the EMPFD software and associated hardware in 
the simulator. Preliminary input for the EMPFD overview and training materials was provided by 
Anthony Lambregts. A working meeting was held with Chief Pilot Jamie Edwards to go through 
details of the control algorithm and associated display and to get input on how to best convey the 
necessary information to prospective pilot study participants. 
 
The simulator was reconfigured for manual mode testing of the EMPFD. For manual mode testing, 
the EMPFD was driven by the outputs of FSX, enabling the evaluation of control cues provided 
by the display. Pilot test subjects flew straight-in approaches that included multiple energy-state 
transitions (see figure 2), alternately using the EMPFD and a conventional primary flight display 
(PFD) to change states. Pilot comments were gathered and documented to obtain a first-impression 
opinion of the EMPFD. 
 
5.1  EMPFD TRAINING MATERIALS 

An overview document describing the essential concepts of the EMPFD was produced and 
delivered to the FAA. A PowerPointTM presentation was developed to help train pilots participating 
in the study. Before the tests, a one-hour training session was provided, which included video 
captures of the display, an overview of the essential concepts, and an introduction to the 
symbology. 
 
5.2  EMPFD STUDY SETUP 

The interface software enabled the activation of speed, altitude, and heading bugs on the EMPFD 
at predefined distances from the runway threshold. Pilots were tasked with performing an approach 
in a simulated Cessna 172 SP. A closed-circuit camera was mounted to capture the pilot activity 
and comments, and real-time video of the simulated flights (both from the camera, and directly 
from the EMPFD) were displayed on two large-screen TVs in the lab and saved for later review. 
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Figure 2. Vertical profile for preliminary EMPFD testing 

The simulation configurations were saved as FSX .flt files. They began in straight-and-level flight, 
approximately 15 NM from the runway, with the aircraft close to the runway heading and the 
heading autopilot on so that the pilot could focus on the speed and altitude. In one case, the pilots 
were provided energy cues by the modified EMPFD, and in the other case they were provided no 
energy cues. 
 
As shown in figure 3, the presence of the bugs activated energy bars next to the speed and altitude 
tapes. The initial study evaluated whether or not pilots could use the energy cues to efficiently 
transition between altitude and speed targets. Chief pilot Jamie Edwards and Ohio University 
School of Aviation chairman and pilot Bryan Branham flew the modified EMPFD and provided 
valuable configuration feedback. 
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 (a) (b) 

Figure 3. (a) EMPFD configuration with speed, altitude, and heading bugs activated; the 
bugs were set only to provide cues to the pilot; no altitude or speed autopilots were 

engaged; (b) EMPFD configuration without speed and altitude bugs 

5.3  PILOT EVALUATION STUDY (ROUND 1) 

The pilot evaluation study of the EMPFD included two Ohio University School of Aviation pilots 
who were introduced to the concepts and implementation of the EMPFD on the simulator, and 
flew a flight profile similar to the one in figure 2. 
 
5.3.1  Pilot Evaluation Study Scenario 

The profile featured seven waypoints with specific energy targets, and the pilots were instructed 
to arrive at the waypoints as close to that energy condition as possible. These tests were meant to 
evaluate the efficacy of the energy bars (see figure 3) at providing guidance cues for the pilot as 
the aircraft moved through a series of energy-state changes. Flight test cards were developed to 
provide specific procedures to help normalize the test runs, enabling evaluation and comparison 
of flight-technical error with and without the use of the energy bars. 
 
5.3.2  Pilot Evaluations 

Three pilots participated in the study; their backgrounds and opinions of the displays are 
summarized below. 
 
5.3.2.1  Nick Gamrath 

Nick Gamrath is a Certified Flight Instructor (CFI) with an instrument rating and a commercial 
pilot’s license. He has more than 270 hours in a Piper Warrior III and 20–30 hours in a Piper 
Arrow. 
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First trial without standard PFD: 
 
“Not much different than what we’re used to. Trim for a given airspeed and increase/decrease 
power to climb/descend until the bar hits the desired FPM. As airspeed changes, pitch control is 
necessary to increase or decrease to desired airspeed (pitch down to increase; pitch up to decrease). 
Once airspeed is attained, power is adjusted to maintain that climb/descent and airspeed.” 
 
Second trial with modified EMPFD: 
 
“Same concepts apply, except the energy bars provide a quick reference to how effective your 
power/pitch changes are, and allow you to predict more accurately where those power/pitch 
settings will take you.” 
 
Notes: 
 
“Some pilots familiar with current PFDs were used to seeing ‘trend bars’ during turning flight. 
The bar will travel to a given setting to indicate your rate of turn. I feel because of this that the 
energy bar concept is not totally foreign, and would allow for an easier transition to this type of 
display. The specific numbers and calculations that the energy bars indicate would not necessarily 
be vital for a GA pilot to know, but it would be important to understand that matching up with the 
error indication will eventually bring the aircraft to its desired airspeed/altitude. Used in this way, 
it would be ideal for a pilot that needs to ‘stay ahead of the aircraft,’ and would allow him to 
accurately predict power/pitch settings.” 
 
5.3.2.2  Dylan Ewing 

Dylan Ewing is a fourth-year student pilot and flight-team captain. He has more than 250 hours of 
flying in a Piper Warrior III, a Piper Arrow, a Cessna 152, and a Cessna 150. 
 
Comments: 
 

· Flew climbs and descents at changing and steady airspeeds. 
· New concept to understand. I don’t usually think of kinetic and potential energy 

while flying. 
· Makes small transitions (and corrections) easier to see. Too high and too slow or 

too low and too fast. 
· Maybe good as a standalone instrument on MFD instead of on PFD. 
· Makes pilot more aware of physics of flight. 
· Uses in power off/engine out gliding performance? 
· Quick calculation of distance in that situation? 
· Help notice small changes in airspeed and attitude. 
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5.3.2.3  Mike Braasch 

Mike Braasch is a Professor of Electrical Engineering and Computer Science at Ohio University 
and holds a private pilot’s license. 
 
Comments: 
 
Dr. Braasch provided valuable comments regarding the EMPFD training and talked about the 
emergence of 4D navigation to deal with crowded airspace, emphasizing the importance of 
arriving at the right place at the right time. “Target altitude and speeds will be part of it. How about 
pilots who need to switch between multiple air frames? Wouldn't it be nice if they didn't have to 
spend the first 20 hours getting used to the way the airplane works? These cues can help the low-
time pilots avoid the overshoot.” 
 
5.4  PILOT EVALUATION STUDY (ROUND 2) 

One Ohio University CFI and two aviation students were invited to participate in the next round 
of study; some representative results of those tests are shown in figure 4. 
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Figure 4. Vertical profile commanded vs. achieved 

6.  ENERGY-BASED DISPLAY FOR GA 

Ohio University Avionics Engineering Center personnel hosted Robert McGuire and Dave Sizoo 
of the FAA on April 2–3, 2013. The task was refocused to emphasize design and implementation 
of an energy-based display for GA that included path-based guidance during the approach phase. 
The main decisions resulting from those discussions were: 
 

1. Move to a synthetic vision system (SVS) display, and a navigation display and 
vertical profile display (VPD) with conflict probes. 

2. Include the 3D tunnel on the display for those cases in which a trajectory (nominal 
or for emergency purposes) is defined. If possible, remove the leading lines of the 
tunnel (indicated by the arrows) because they could lead to a “cross” being shown 
as an artifact. 

3. Reuse parts of the symbology used in the EMPFD and consider others: 
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a. Include potential flight path angle (PFPA)max, but also add a PFPAmin. 
Maybe even indicate the point in between for “half-throttle.” 

b. Make the speed trend and the vertical speed similar in terms of symbology; 
re-evaluate scaling as done in the EMPFD. 

c. Check how to move the energy information to the center of the display 
around the flight path vector (FPV) similar to the airspeed error ribbon.  

d. Keep the PFPA. 
e. Consider including envelope-protection information, such as angle-of-

attack, similar to the A380 (on the airspeed tape) or the Boeing 787 
(whiskers for maximum pitch). 

f. It may be necessary for some symbology to be turned off. Depending on 
what is required, symbology may be activated. 

 
6.1  ENERGY-BASED SYNTHETIC VISION DISPLAY 

This section describes a new aircraft cockpit display implementation that combines a pathway-in-
the-sky with energy-based guidance cues. The goal is to provide GA pilots the information they 
need to fly a stabilized approach and arrive on the runway centerline at the proper altitude 
(potential energy) and speed (kinetic energy). Figure 5 illustrates the state variables, including 
track 𝜉𝜉, true heading 𝜓𝜓𝜓𝜓, sideslip angle β, velocity v, wind-velocity v𝑤𝑤𝑤𝑤, angle-of-attack 𝛼𝛼𝛼𝛼, pitch 𝜃𝜃𝜃𝜃, 
and flight path angle 𝛾𝛾𝛾𝛾. 
 

 

Figure 5. Flight parameters in a moving atmosphere (no vertical wind component) 

An SVS with an additional perspective flight path display (pathway-in-the-sky), such as the one 
described in [10], forms the foundation of the current research. The display presents an intercept 
tunnel to be followed by the pilot on a curved approach to the runway. In addition, a range of 
energy cues are available for GA pilots to efficiently manage control effort. 
 
First, the glide path along the extended centerline of the selected runway is visualized on the PFD. 
Upon visual acquisition of this path, the pilot can choose to have the system compute and 
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0 

display an intercept tunnel from the current position to the glide path along the extended centerline 
and can use a flight path marker (FPM) to assess the aircraft motion with respect to the lateral and 
vertical path constraints. To assess the deviation of the current energy state from the desired energy 
state, a PFPA indicator is included. The PFPA is an acceleration cue (along the flight path), and is 
scaled such that it indicates a change of flight path at the current power setting while holding speed 
constant. 
 
In addition to the PFPA, the display includes the maximum and minimum PFPA to make pilots 
aware of the safety margins when applying maximum thrust and idle thrust. Finally, the display 
includes an indication of pitch limits with respect to the critical stall ( vS ) and never-exceed ( vNE ) 
velocities. 
 
6.1.1  Energy Cues 

The basic symbology set that is proposed for the SVS PFD in this paper is shown in figure 6. In 
addition to the waterline that indicates the pitch angle, 𝜃𝜃𝜃𝜃, the display includes the FPM. The FPM 
is driven by the aircraft velocity vector indicated by “v” in figure 5, and includes both a vertical 
component (the flight path angle 𝛾𝛾𝛾𝛾) and a lateral component (the track angle 𝜉𝜉𝜉𝜉). This symbology 
was also included on the 1979 implementation of the Klopstein HUD format evaluated by the 
Calspan Advanced Technology Center [11]. 
 

 

Figure 6. Basic display symbology 

Similar to Klopstein and the EMPFD, the display also includes a PFPA, org P , indicated by a double 
caret with respect to the FPM symbol. g P is a measure of the attainable FPM at the current throttle 
setting. It is the FPM the airplane attains when the rate of change of the velocity is reduced to zero 
by applying only elevator/pitch control. Given a FPM depicting a flight path angle g , the PFPA is 
given by: 
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   , P
v
g

g g= +
&

 (1) 

 
where v&  is the acceleration along the flight path, and g is local gravity. Note that g P = g when there 
is no acceleration along the flight path. The example in figure 6 shows the aircraft climbing with 
a flight path angle of approximately 2°. At the same time, the aircraft is accelerating as the PFPA, 
indicated by the carets, is larger than indicated by the FPM. The PFPA is 6° and indicates the 
attainable FPM at the current speed and the current throttle setting. Two additional lines indicate 
the maximum PFPA (g Pmax) and minimum PFPA (g Pmin), and correspond to the FPM attainable at 
maximum and minimum throttle, respectively. 
 
Symbology depicting the g Pmax can provide energy-awareness cues by converting the maximum 
acceleration of the aircraft along the flight path to a maximum achievable flight-path angle. 
Hence, g Pmax is given by: 
 

 max
maxP

v
g

g n= +  (2) 

 
and can be calculated for various altitudes and power settings. For example, a Cessna 172 on the 
downwind leg of an approach at 2100 RPM and 85kts can accelerate at approximately 1kts/s by 
applying full power. Assuming an initial condition of level flight, this yields a PFPAmax 

approximately equal to 3°. Figure 7 shows an example with a zero FPM and zero PFPA, indicating 
no acceleration along the flight path. The carets are aligned with the FPM, and both sit on the 
horizon. 
 

 

 

 

Figure 7. Straight-level flight, no acceleration 

Acceleration cues are also indicated by the PFPA using appropriate scaling with respect to the 
pitch tape. For example, the proper throttle setting for capturing a 3° glide slope from level flight 
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is found by reducing the throttle until the PFPA is equal to -3°, while pushing the stick forward 
almost simultaneously to maintain constant speed. 
 
A small bar on the left wing of the FPM in figure 6 represents the speed error and indicates the 
difference between the indicated airspeed (IAS) and the selected airspeed (target). Additionally, 
the pitch whiskers provide a dynamic representation of the pitch attitude at the critical angle-of-
attack, and will be at or above the waterline if that angle is exceeded. 
 
6.1.2  Path and Energy-Based Approach Guidance 

In addition to a symbology set that provides the pilot with better energy-state awareness, the GA 
display discussed in this paper includes a pathway-in-the-sky to provide the GA pilot with 
awareness of the desired flight path during the arrival and approach procedure. The pilot can follow 
this desired path by lining up the FPM with the center of the path and monitoring his energy using 
the energy cues provided by the display. 
 
When getting close to the destination airport, the glide path along the extended centerline of the 
selected runway will be generated automatically. The system can further compute and display an 
intercept tunnel that represents the standard arrival procedure consisting of a downwind leg, a base 
leg, and the final approach segment (see figure 8). The blue line through AB represents the final 
approach segment, positioned above the extended centerline with a glideslope indicated by ϒ1. At 
point Bꞌꞌ, the aircraft must have reached the final approach speed (vREF). The line from D to C is 
the downwind leg at a constant height ℎ3, parallel to the runway at a distance 𝑑𝑑𝑑𝑑2. 
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Figure 8. Geometry describing synthetic vision-based path guidance 

6.1.3  Guidance from the Downwind Leg 

Pathway-based guidance to point A can be provided to a pilot on the downwind leg. The 
conventional procedure for capture is to turn to base leg, with the base leg defined by point C lying 
on a line that has a 45° angle (Δ in figure 8) relative to the extended centerline. In this case, the 
location of point C is determined by d2. The height h2 at B is determined by the glideslope (ϒ1) of 
the final segment and given by: 
 
 2 2h d tan 1= ¡  (3) 
 
The glideslope that must be flown when on base leg (ϒ2) is determined by the height during the 
downwind leg according to: 
 

 1 3 2

2

h htan
d

- æ ö-
¡ = ç ÷

è ø
 (4) 

 
The turn radius to go from downwind to base leg (r1) is determined by the roll angle and the speed 
on the downwind leg. The turn radius to go from base leg to final (r2 is determined by the roll angle 
and speed on final, assuming that base leg is used to reduce the speed to final approach 
speed). Given these dependencies, the whole path can be generated dynamically if distance d2 and 
height h3 are defined. Various rules can be defined to choose these two parameters.  
 
Example rules for distance d3 choice: 
 

· Spatially defined limit 
· Turn-radius defined limit based on current velocity and maximum bank angle 
· Turn-radius defined limit based on specified velocity and maximum bank angle 

(i.e., rules for height h2 choice) 
· Current altitude 
· Specified height above ground for downwind leg 
 

Additional constraints imposed on the base leg, such as maximum glideslope angle or maximum 
vertical speed, may require extension of the downwind leg and, therefore, a reduction of the 45° 
angle. This extension is indicated by the portion of the cyan line from B¢¢ to B¢ in figure 8. 
Procedurally, it may be required to limit the maximum extension. These parameters are 
configurable by the user for a customized approach. 
 
6.1.4  Pilot Interaction on Downwind Leg 

When on downwind, the pilot selects a runway, and the system dynamically generates a tunnel 
based on the constraints defined in the previous section. After generation of the intercept tunnel, 
the pilot can use the FPM to maneuver the aircraft in the direction of the intercept point. This 
enables the pilot to steer the aircraft to and along the path, and the PFPA allows the pilot to assess 
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deviation from the desired energy state and provides guidance for setting power. Max- and Min-
PFPA limits provide awareness of safety margins. The final stabilized approach from point B to 
point A in figure 8 is constrained to provide 1) a minimum distance, 2) a minimum glide path, 
a n d  3) a reference speed. Note that in t he  current implementation, the target speed at point B 
is 𝑉𝑉𝑉𝑉REF + 3kts/−0kts, and at point A the tolerance is reduced to +1kt𝑠𝑠𝑠𝑠/−0kts. This introduces 
the concept of an energy funnel, which requires an increase in speed tolerance closer to the runway. 
 
6.1.5  Implementation Example 

Johnson County Executive Airport (KOJC) in Olathe, KS was selected to evaluate the functionality 
of the dynamically generated approach path. A button on the virtual MCP was used to command 
the computation and depiction of a dynamically generated intercept tunnel. Once the simulation 
was started, the approach path generation function tested whether the criteria were met to generate 
an approach path. If this was the case, the INTC button on the MCP changed colors, from black to 
blue. Figure 9 shows the SVS PFD at that position. 
 

 

Figure 9. Initial position near KOJC (PFD) 

In the example shown here, the routes were selected such that, initially, the distance from the 
aircraft to the airport was larger than the criterion used by the approach path function. 
However, for the scenario shown here, the aircraft continues along the route for which, at a 
certain point, all criteria are met, and the INTC button turns blue (see figure 10). To generate 
an approach path, the pilot has to press the INTC button. This will change the color from blue 
to green (figure 11), indicating that the path has been successfully computed. The downwind 
leg of the path is generated only up to a certain distance from the runway threshold (point D 
in figure 4). If the aircraft has not reached this point, the entry point of the path will be ahead 
of the aircraft, and the pilot must fly towards it. If the aircraft is beyond this point, the path 
will start from the aircraft’s current location once the command to generate a path has been 
issued. 
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Figure 10. Blue color indicates path available 

 

 

Figure 11. Green color indicates path calculated 

The SVS PFD in figure 12 shows the entry point of the dynamically generated path located ahead 
of Ownship. The corresponding MFD in figure 13 shows the strategic view of the same situation. 
In this example, it is overlaid on top of a map, but typically that map is omitted. Figures 14 and 15 
show the SVS PFD as Ownship gets closer. 
 

 

Figure 12. Entry point to approach path (PFD) 
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Figure 13. Approach path with map (MFD) 

 

Figure 14. Nearing approach path (PFD) 

 

Figure 15. Continuing toward approach path 
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The exocentric view in figure 16 is not a flight display, but illustrates the situation using a 
perspective view from an above-left-behind Ownship position. Ownship height is indicated by the 
barber pole. 
 

 

Figure 16. Exocentric view of approach path 

Figure 17 shows the situation briefly before Ownship turns onto base leg. In this route the aircraft 
is too high given its distance to the runway, but because no limitations have been implemented to 
date, the approach path is computed anyway, resulting in a steeper-than-usual glideslope. Ownship 
now has to descend considerably while on base leg. Figure 18 depicts Ownship turning onto base 
leg with the flight path angle already approaching −10°. Vertical speed is approaching 3000 ft/min, 
and indicated airspeed is also increasing. 
 

 

Figure 17. Approach path calculated 
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Figure 18. Turning onto base leg 

Figure 19 shows Ownship turning onto final. Vertical speed is approaching 4000 FPM, and IAS is 
195kts and accelerating. Once the turn onto final is completed, Ownship transitions from the 
almost 10° glideslope on base leg to the 3° glideslope on final. In the situation depicted in figure 
20, Ownship is at 270 ft above ground level with an IAS of 192kts and decelerating. Note that 
these are initial simulation results. In, HiL simulations and flight tests, the constraints discussed 
above on the glideslope, vertical speed, and target airspeed along the flight path are considered. 
Regardless, the energy cues provided ample awareness of the developing energy state. 
 

 

Figure 19. Turning onto final 
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Figure 20. Tunnel capture after extreme descent 

The general idea behind the concepts is to provide a sufficiently accurate preview of the future 
target state so the pilot can use optimal open-loop control. This should be reflected in a power 
setting that is initially very close to the one required to arrive at the intercept point at the desired 
speed. Also, in case of the geometry shown in figure 8, minimal changes in power should be 
required during the intercept. With the additional (energy-based) information about margins, it 
should be straightforward to detect situations that are safe (i.e., sufficient margin), those that 
warrant more attention (close to the margins), and those that cannot be maintained/executed. 
 
6.2  SIMULATOR EVALUATION AND FLIGHT TESTS 

The concepts discussed above were implemented in both an HiL simulation environment and as 
an avionics function onboard a representative GA aircraft using a portable attitude heading 
reference system (AHRS) and a miniature PC. Mobile platform development focus shifted from 
testing the display concepts in the simulator to testing with a mobile rig. The mobile rig was built 
around a Sagetech Clarity SV AHRS system that provided roll, pitch, yaw angles, and GPS 
location (see figure 21). The AHRS system was supported by a software development kit, and a 
programmed interface to Delphins. A Surface Pro 2® was loaded with Delphins, and interfaced 
with the Sagetech. The main drawback of the tablet was poor visibility in direct sunlight. For this 
reason, two 7-inch first-person view monitors and an Intel® NUC PC were purchased and 
connected, as seen in figure 22. 
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Figure 21. Sagetech AHRS 

 

Figure 22. Mobile Delphins design concept 

Two versions of the mobile testbed were assembled for parallel testing by David Sizoo in 
Kansas City and by Ohio University participants. Each setup used the same type of hardware, 
and each had an identical copy of Delphins installed. Figure 23 shows the setup used by Ohio. 
The button bar across the top was the interface, and included start/stop, zoom, and other 
functions as needed. It also included the button to draw the intercept tunnel when it was 
available. The power supply at the bottom ran the NUC computer (bottom right) and could be 
powered by a 12V or 28V cigarette lighter, AC power, or batteries. The Sagetech Clarity was 
initially tested on a motorcycle (see figure 24) to capture some of the dynamics that would 
take place in the airplane. The results were promising, and a fourth interface program was 
developed by Ohio University to run the AHRS unit with Delphins. 
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Figure 23. Ohio version of the mobile rig 

 

Figure 24. Ground-test vehicle 

6.2.1  Flight Testing 

Flight testing of the mobile rig was performed to evaluate functionality of the path-based guidance 
cues. The AHRS unit does not provide any airspeed information, and therefore was not well-suited 
to many of the energy-based cues. Future work should consider incorporation of an airspeed 
measurement or improved estimate. 
 
6.2.1.1  Ohio Flight Test – 8-7-15 

The Ohio University version of the rig was tested aboard the Beechcraft Bonanza. The flight data 
were saved and can be replayed, but the drawing of the tunnel was not captured, so replay of the 
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flight data does not include the drawing of the tunnel because Delphins was unaware if the flight 
was live or recorded. Future versions should include the pilot’s inputs to the system (i.e., when the 
tunnel was drawn). The figures below are screenshots from the flight video taken in August 2015 
by Ohio University. The flight videos were provided to the FAA and showed the functionality of 
many of the display’s features. 
 
Figure 25 shows that the blue button has been activated, indicating a tunnel is available. Using the 
button bar, the pilot can request the tunnel to be drawn, and the blue button turns green. The tunnel 
can be seen on the NAV display in figure 26, but cannot be seen clearly on the PFD. 
 

 

Figure 25. Tunnel available 
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Figure 26. Tunnel drawn 

Figure 27 shows Ownship intercepting the tunnel from the left side. Note that the speed bug is set 
to 115 kts, and the airspeed indicator shows more than 120 kts. The relatively small speed error is 
indicated by the ribbon growing out of the left wing, indicating excess speed. In figure 28, the 
tunnel has been captured and the speed error has been reduced. 
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Figure 27. Intercepting the tunnel 
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Figure 28. Inside the tunnel 

Figure 29 shows the runway coming into view during another approach (note the speed and altitude 
bugs were not set for this trial to focus on the tunnel only). Figure 30 shows the final moments 
before touchdown. 
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Figure 29. Runway in view 



 

28  

 

Figure 30. Final moments before landing 

6.2.1.2  FAA Flight Test—August, 2015 

The mobile rig was flown by FAA test pilot David Sizoo on August 16, 2015 to evaluate the path-
based guidance and energy cues. An offset in the altitude was present as an artifact of ground 
testing that limited the utility of the energy cues, but the flight proceeded regardless because of 
time constraints. An email was received November 12, 2015 containing feedback from Mr. Sizoo. 
His comments were as follows: 
 

· “I did not exercise the test cards that Erik developed. Rather, I just flew 4 patterns 
at KOJC. I intend to fly the cards on the next flight after some of the bugs are fixed.” 

· “As Tony and I discussed before I got airborne, the Altitude display had a bias. On 
the ground at KOJC (field elevation of 1076 ft), the Delpins showed 3320 ft. Also 
I think the airspeed showed 136 kts with 0 kts Groundspeed.” 

· “When on downwind, I generated a path. On the Delphins Nav Display, the path 
overshot the runway. (I saw this same issue with X-plane) and took a picture that I 
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sent to Tony. If I followed this path on the PFD, it took me to a parallel offset 
(approximately 5–10 runway widths to the west of runway 18 at KOJC).” 

· “The P T R cues do not indicate as briefed by Tony. For example, I understood that 
the R would change from Black when within 5 miles longitudinally, and 2 miles 
laterally from the runway IF you were within a 25 degree cone from the runway. 
(TONY-did I get this right??) Anyway, this was not the case in flight.” 

· “It was very difficult to hand fly to remain within the Pathway boxes. Maybe this 
is a box size issue? When flying from base to final and trying to stay in the path 
box on the PFD, I was unsuccessful. I usually deviated out the top of the box.” 

 
7.  CONCLUSIONS AND FUTURE WORK 

After studies performed using the EMPFD reaffirmed the advantages of energy-state cues, a 
synthetic vision display was developed providing approach-path guidance and energy-state 
awareness cues. The display is intended for deployment in GA aircraft to aid pilots during the 
approach phase of flight and has been tested in both a fixed-base simulator and in actual flight 
tests, with promising results. Other phases of flight, including arrival and landing, should be 
addressed in further studies. 
 
A specific scenario under consideration for future work consists of a Continuous Descent 
Approach (CDA) with Merging and Spacing on a closely spaced parallel runway. Based on 
discussions with the FAA, the gap analysis described earlier was expanded to consider the effects 
of low required navigation performance values and increased use of CDA. These issues are not 
only of interest in terms of NextGen—they are relevant in today's cockpits as well, especially 
during off-nominal conditions. Experiments should measure the accuracy with which the open-
loop control actions are performed. Less accuracy means more corrections later and can result in 
overshoots and oscillations of target speed and/or altitude. Awareness of the proximity to the 
margins can be assessed by introducing unsafe situations. Basing this on actual accidents and 
incidents should provide sufficient realism and an indication of whether the proposed guidance 
may have made a difference. 
 
Part of this work was presented at the AIAA/IEEE 33rd Digital Avionics Systems Conference 
(DASC) [10]. 
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APPENDIX A—ENERGY CUES 

 
A.1. QUICKENING THE FLIGHT PATH ANGLE 
 
To avoid potential PIOs, the flight path angle marker is “quickened” as: 
 
 quickened 0.25qg g= +  (A-1) 
 
A.2. ACCELERATION CUES 
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For propeller-driven aircraft, the thrust-to-weight ratio is given by: 
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where h p is propulsive efficiency at true airspeed V, and P is engine power. Thrust is then: 
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and the maximum thrust at a given prop-setting and airspeed is: 
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The acceleration at maximum thrust is: 
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so that the maximum PFPA is: 
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s The flight path angle that will cause the speed to reach stall speed 𝑣𝑣𝑣𝑣S0 in a given time interval 
can drive the maximum and minimum thrust settings 𝑇𝑇𝑇𝑇min and 𝑇𝑇𝑇𝑇max. Assuming no change in total 
energy, the kinetic energy lost and potential energy gained are related by the change in speed and 
altitude. For example, if the aircraft is traveling at an initial speed of 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖, and the speed that is being 
protecting against is the stall speed 

0Sv  the corresponding change in height is: 
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Because h&  = vsin g , the following expression can be formed:  
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Substituting equation (6) into (5), and solving for g s yields: 
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Also, at constant vertical speed: 
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So, for a given time interval Δ𝑡𝑡𝑡𝑡, an ℎ̇  is obtained from Eq. 8 that will cause the aircraft to lose 
enough kinetic energy to reach stall speed, and the associated flight path angle from Eq. 7. For 
example, a 1975 Citabria 7GCAA has a nominal stall speed 𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠 equal to 44 kts and a 𝑣𝑣𝑣𝑣REF = 57.8 
kts. To provide an indication of the FPA that will cause airspeed to drop from 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣REF to 𝑣𝑣𝑣𝑣0, the 
required change in altitude is first computed using (5) as Δℎ = 62.5ft. This value of Δℎ and a 
time interval Δ𝑡𝑡𝑡𝑡 = 10s results in a vertical speed equal to ℎ̇ 10𝑠𝑠𝑠𝑠 = 3720 ft/m. Finally, equation 
(7) is used to find the critical flight path angle 𝛾𝛾𝛾𝛾10𝑠𝑠𝑠𝑠 = 4.80. A similar calculation indicates that a 
potential stall within 5s would result from a FPA of 𝛾𝛾𝛾𝛾5𝑠𝑠𝑠𝑠 = 9.70. 
 
The maximum pitch is calculated as 
 
 max maxPq g a= +  (A-13) 
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APPENDIX B—SIMULATOR CAD DRAWING 

 

Figure B-1. Simulator drawing 

 



 

C-1  

APPENDIX C—PILOT STUDY RECRUITMENT 

Recruitment for pilot subjects began, and approximately a half-dozen candidates were identified. 
They consisted of several aviation students, an instructor, and a retired airline pilot from the local 
area. 
 

 

Figure C-1. Pilot study flyer 
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APPENDIX D—X-PLANE® SIMULATION ENVIRONMENT 

Hot Keys 
 
The issue of re-starting X-Plane each time a small change in the interface code is required was addressed 
through the implementation of hotkeys. X-Plane provides the functional framework to use hotkeys, and 
the user must write the code. Several other hotkeys have been implemented and will be described in 
the software instructions. 
 
Hotkeys may be used to interface with Delphins, as shown in table 1. Be sure that X-Plane is the active 
window to use the hot keys. These hotkeys override the built-in functionality of the keys under X-Plane 
and may not be chosen optimally. Further investigation and feedback are encouraged. 

Table D-1. Hotkeys 

Hot Key Function Notes 
T Says Hello World  
M Increase navigation display  
N Decrease navigation display  
J Toggle RNP tapes  
K Increase ANP  
L Decrease ANP  
R Reload the configuration  
G Reset Position  
W W button on CDU  
D Start to record data  
Z Re-load Delphins  
V Generate intercept tunnel  
S Increase speed cmd  
T Decrease speed cmd  
A Increase alt cmd  
E Decrease alt cmd  
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APPENDIX E—MOBILE RIG 

  
 

 
NUC Computer Running 
Windows 7 and Delphins 

NUC AC Power Adapter Mobile Power Adapter With 
Cables 

 
  

Display Stand 
 

  
Displays and Button Strip With Cables Display Power Adapter 
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Wireless Keyboard/Mouse Wireless Router (Belkin.16c) 
 

E.1. HARDWARE SETUP 
 
The Delphins display system as configured runs on an Intel® Next Unit of Computing (NUC) 
computer, and can interface with X-Plane® or with a Sagetech ClaritySV AHRS. A hardware setup 
document was provided to the FAA to help with initial assembly. Figure E-1 shows the 
connections, and detailed assembly instructions were also provided. The video is transmitted from 
the NUC computer to the monitors via HDMI. The cables should be attached as shown.  
Figure E-2 shows an excerpt from the hardware setup instructions. 
 

 

Figure E-1. Schematic diagram of assembled rig 
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Figure E-2. Excerpt from hardware setup instructions 

E.2. SOFTWARE SETUP 
 
A software setup document detailing the process of getting Delphins running with X-Plane driving 
the displays, and some of the features of the user interface were delivered to the FAA. Note that 
the software setup document also includes detailed instructions for an initial flight. Figure E-3 
shows an excerpt from that document. 
 

 

Figure E-3. Excerpt from software setup instructions 
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E.3. BUTTONS 
 
A button bar (see figure E-4) is provided for the pilot to interface with Delphins in flight. The 
functions include such tasks as starting and stopping Delphins, and increasing and decreasing the 
range of the navigation display . 
 

 

Figure E-4. Button bar to run Delphins 

E.4. DELPHINS 
 
Many of the features of Delphins are user-configurable. The interface for the user is a series of 
configuration files (plain text), which enable the program features. These configuration files are 
located below the Delphins root directory. 
 
The Delphins software is installed in the directory Desktop\XplaneDelphins. The directory 
structure is important because the configuration files are sorted by category in various directories. 
The top-level structure is shown in figure E-5. The subdirectory call “maintun” contains 
configuration files that apply to the system as a whole, and is divided into airports, configurations, 
flight plans, and more (see figure E-6). 
 



 

E-5  

 

Figure E-5. Delphins directory structure (1) 

 

Figure E-6. Delphins directory structure (2) 

The ‘cfg’ subdirectory of maintun is shown in figure E-7. The very important “stations.cfg” and 
“dynapr.cfg” are located there. 
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Figure E-7. Delphins directory structure (3) 
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E.5. KNOWN BUGS AND ISSUES 

Table E-1. FAQ and issue list 

Issue Solution 
X-Plane must be started first, and Delphins 
must be started before X-Plane® is finished 
loading. 

Start X-Plane and then start Delphins while X-
Plane is loading. Delphins will wait for X-
Plane and then will show the displays. 

Sometimes the green “B” button on the button 
bar does not perform as expected, and 
Delphins will not shut down. 

 

The “Z” hotkey is broken in the latest version. 
Delphins will reload but will not receive any 
data from X-Plane. 

 

Occasionally, the data stream is interrupted for 
an unknown reason, and the Delphins display 
appears only sparsely populated. 
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