
Question 1

followed by the modeling of the system in Section III. The
control strategy is overviewed in Section IV and experimen-
tal verification is presented in Section V. Finally, conclusions
are drawn in Section VI.

II. SYSTEM OVERVIEW

This Section presents the newly designed and manufac-
tured aerial robot in more detail. The main design and its
components are explained in subsections II-A, II-B and II-
C, while the consequential properties and flight behaviour
will be illustrated in Subsections II-D and II-F. Subsection
II-E deals with the coordinate systems that are used in this
paper.

Fig. 2: Hardware configuration of the Pacflyer S100

The system is designed to use a minimum combination of
motors and elevons to control the system within its whole
flight envelope. Therefore, the proposed design does not
require additional hardware for the transition maneuver, as
opposed to other design concepts such as tilt rotors [9]–[12].
This allows maintaining a low cost, low complexity system.
Figure 2 shows a schematic representation of the Pacflyer
S100. As shown, the system consists of one wing with two
motors and two elevons. The batteries are integrated into the
wing. In the vehicle center, the electronics box containing
the Pixhawk autopilot [13] platform with the corresponding
avionics is shown. The whole system has a mass m = 2.5kg

A. Wing

The wing of the system has a span S = 1m and a chord
length c = 0.45m. The profile of the wing is the PW75
[14], [15] proposed by Peter Wick for wing–only designs
such as the presented one. With the presented design, the
two elevons as seen in Figure 2, take the whole span of the
available wing and have a chord of 30%. These elevons have
a range of ±30� and are actuated with servos integrated in
the wing.

B. Propulsion

For its propulsion the described system uses two car-
bon propellers with a diameter of 14” which are powered

Fig. 3: The PW75 airfoil [14], [15]

Fig. 4: Illustration of the flight envelope of the Pacflyer S100

by 900W brushless electrical motors. The propellers cover
almost the whole wing surface in order to create enough
airflow to control the system during the hover regime (see
actuation principle in Subsection II-F). The power supply for
each of the motors is a 6s LIPO battery, which is integrated
into the sides of the wing, as shown in Figure 2.

C. Avionics

In order to estimate the pose of the vehicle and enable
its automatic control, the following sensors were used: An
Inertial Measurement Unit (IMU) with integrated 3 axes
accelerometer and gyroscope to measure the accelerations
and angular velocities that are acting on the system, a
magnetometer to measure the magnetic flux, a GPS module
for position updates, a barometer to assess the atmospheric
pressure and a differential pressure sensor to determine the
velocity of the airstream. All the information gathered from
the sensors is then fused to estimate the pose using the
Extended Kalman Filter (EKF) of the Pixhawk open source
software stack [13].

The core of the avionics is the Pixhawk Autopilot [13]
incorporating the IMU, the magnetometer, and barometer, as
well as a 168MHz Cortex M4F CPU to process the data.

D. Flight Envelope

Figure 4 shows the typical flight envelope of the proposed
system. When taking off, the propellers point upwards al-
lowing the system to hover. Subsequently, the transition gets
triggered and the whole system pitches 90� forward. The
lift is now produced by the aerodynamic effects of the wing
instead of the propellers. This allows decreasing the power
consumption to roughly one fourth. Once the system reaches
the desired landing point, it pitches 90� upwards and lands
on the ground while hovering.

E. Coordinate Frames

The conventions employed for the two coordinate frames
are shown in Figure 5. For the earth frame, the North-East-
Down (NED) convention has been chosen, where ex is north,
ey is east, and ez is down. The body-fixed coordinates
are chosen according to an airplane convention - bx is
perpendicular to the propeller plane, by goes from the center
to the right side (top view) of the wing and bz = bx ⇥ by .
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Figure 1: On the left, a “tailsitter” aircraft is
shown. The aircraft sits on its tail, takes of verti-
cally, and transitions to horizontal flight. On the
right, a laboratory experiment to gain insight to
this system is shown.

We are interested in the design of control sys-
tems for an airplane that can take off vertically
and transition to forward flight, as shown in the
figure on the left. For this purpose, we designed
a laboratory experiment, which is depicted in
figure on the right. In this experiment, we built
a flat plate airplane connected to a propeller
with an elevator-like control surface. The eleva-
tor angle can be controlled with a servo motor.
We pinned the experimental equipment on one
end as shown in the figure. The propellor turns
at a constant speed, maintaining constant air
flow towards the elevator. Changing the eleva-
tor angle produces a force to push the plate in
the opposite direction, as shown in the figure.

The angles θ and α are shown in the figure. We model the behavior of the system around θ = 0
and α = 0 with the following linear differential equation:

θ̈(t) = −c1θ(t)− c2θ̇(t) + c3α(t),

where c1, c2, c3 are positive constants. In this case, the term −c1θ(t) models the effect of gravity,
the term −c2θ̇(t) models the effect of air drag acting on the flat plate as turns around its pin, and
the term −c3α(t) models the effect of the force acting on the plate via the elevator.

Please answer the following questions:

1. Develop a state space model for this system. Identify the state variables. Write the dynamics
in state-space form.

2. What can you say about the relationship between this system and a pendulum? Do the
mathematical descriptions of the two systems differ?

3. What can you say about the open-loop stability of this system?

4. Suppose we can only measure θ(t). For sake of simplicity, suppose c1 = c2 = c3 = 1. Please
design a feedback control system, involving an estimator and a controller, so that the settling
time of the system is roughly no more than one second.

5. Now suppose we can measure θ(t) and θ̇(t). How would you design a control system that
minimizes the following cost function:∫ ∞

0
x(t)2 + ρ u(t)2 dt

Please write down the equations for this design as a function ρ. (But you do not need to
solve them.) What can you say about the settling time of the system as a function of ρ? Is
this control system a P, PD, or a PID control?

6. How do you think about this experiment with a pinned flat plate in Figure (b) compares with
the transition flight of the aircraft shown in Figure (a), from a feedback control system design
point of view? How are they similar? How do they differ?
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Question 2

A simplified version of the old LORAN-C navigation is as follows: Three transmitters are located
in the (x, y)-plane, say, at
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where b is the (known) baseline distance between transmitters. The three transmitters each send
a pulse simultaneously, but at an unknown time. The pulses propagate at the speed of light to
the receiver onboard a ship or aircraft, which measures the three arrival times, z1, z2, and z3.
Denote this measurement vector by z. New measurements are available every 0.1 s; denote the kth
measurement as z[k]. The received signals have a relatively low signal-to-noise ratio, as low as 0.1,
so the uncertainty in the time of arrival of each pulse can be significant, and can be modeled as
white Gaussian noise with covariance σ2I3.

1. For a stationary receiver at an unknown location, describe how one might estimate the receiver
position from one or more sets of measurements z[k].

2. Now suppose that the receiver is on a vehicle with dynamics given by

ẋ(t) = V cos θ(t)

ẏ(t) = V sin θ(t)

θ̇(t) = w(t)

where w is a white noise process with intensity W . Describe how you would estimate the
position of the vehicle. How would your answer depend on the noise variances and intensities
in the problem? How would your answer depend on the size of the baseline b? For this ques-
tion, the baseline might range from a few meters (laboratory scale) to hundreds of kilometers
(implementation scale).
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