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Abstract

Unmanned aerial vehicles (UAV) are used in various fields of human activity. Unfortunately, they
often fall into various emergency situations. In special cases (expensive equipment on board the
copter, important information, etc.) it is important to provide a fail-safe landing. In this article, we
consider two problems. First of all, we propose an approach of choosing a hardware configuration of
a quadrocopter, which provide a possibility to solve emergency landing problems. The main target
performance characteristics for such a device are substantiated. The calculation methodology takes
into account the choice of commercially available components with the required characteristics. To
realize this approach, the eCalc software was used. The second problem considered in this article is
a control problem of automatic emergency landing with only two of four engines working. For this
purpose, we propose a mathematical model describing the quadrocopter movement in emergency
situations. This model use a PID controller to control the working engines. Numerical experiment is
carried out to prove the efficiency of this approach. For implementation the MATLAB package was
used.
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1 Introduction

Unmanned aerial vehicles (UAV) of helicopter type: quadro- hexa- and octocopters have become wide-
spread in various fields of human activity (reconnaissance, surveillance, transportation, etc.). Nowadays,
there is certain research interest in problems and related applications that using multiple quadrocopters
[1, 2]. At the same time, the probability of accidents increases significantly and this forces researchers
to solve additional control problems to avoid collisions [3]. Moreover, according to statistics, accidents
of UAV occur hundreds times more often than accidents of manned vehicles [4]. The main causes of
failures are malfunctions in the control system, which includes a number of high-sensitivity sensors, as
well as various mechanical damages [5–8]. Obviously, the most dangerous situation is the failure of one
or several motors directly in flight, regardless of the failure nature (a failure in the control or power plant,
a mechanical frame damage or a propeller destruction). In this case, with respect to multirotor systems,
the failure situation of all electric motors simultaneously is less likely, and hence the planting possibility
remains even for a scheme with four screws – a quadrocopter. Mathematical modeling shows [5,7,9–11]
that even with the loss of two diagonal propellers out of four, the device landing is possible, albeit with
loss of control over one of the degrees of freedom. However, in practice, for the successful realization
of such a landing, already during the device design, it is necessary to provide some solutions to ensure
the power reserve of the engine-propeller unit. This necessarily leads to a loss of the overall efficiency
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of the system and the question of calculating the UAV performance characteristics for such a device is
especially important, because in addition to reliability, any UAV must have the necessary operational
characteristics.

In this article, we propose an approach to choosing a hardware configuration of a quadrocopter, which
provide a solution to emergency landing problems. Based on a special mathematical model, we develop
algorithms and software to control UAV in emergency situations. Numerical experiment is carried out to
prove the efficiency of the approach.

In continuation of the previously performed work [11], this article proposes the calculation of the
hardware configuration for a device with another, more popular and small frame size of 350 mm (di-
ameter 700 mm), as well as a new approach to control running engines by PID controller. Using a PID
controller for direct control of angular velocities of two working engines makes possible an emergency
landing in a fully automatic mode, with no operator control.

2 Requirements for the fail-safe configuration

If two of the four motors of the quadrocopter fail, successful landing requires that the thrust of the two
remaining engines reaches one equipped mass of the vehicle. However, taking into account:

• an unfavorable mode of movement during an emergency landing (constant rotation);

• system efficiency;

• a probable unfavorable external situation (weather, electromagnetic, etc.);

for a fail-safe configuration, it makes sense to have a two-engine power-to-weight ratio comparable to
the typical for the full thrust-to-weight ratio of the usual configuration, i.e. not less than 1.75 equipped
masses of the vehicle [12]. Thus, the target indicator of the full thrust-to-weight ratio of the fail-safe
quadrocopter configuration is proposed to be installed in the range of 3.5 – 5 equipped masses of the
vehicle

In order to achieve this indicator, when designing the quadrocopter configuration, the following
components are selected:

• a power source (in this work we will consider lithium-polymer batteries, as the most common
power source for quadrocopters);

• electronic speed controllers (ESC) (one regulator for each motor);

• power electrical wires; electric motors and propellers.

The increase of thrust-to-weight ratio leads to an increase in the weight of these components. Also,
providing a large thrust leads to a design load index, which provides a stationary hovering of the vehicle,
from an optimal range.

Now we define the main target performance characteristics of the fail-safe configuration that meet
the specified requirements. They are presented in Table 1.

Note that requirements No. 2, 3, 7 (see Table 1) for the fail-safe configuration are reduced relative to
typical requirements for general-purpose quadrocopters. A critically low index No. 5 is explained by the
high thrust-to-weight ratio. It has no fundamental significance, because the maximum thrust mode of all
four motors with a total thrust-to-weight ratio close to 5 equipped masses is a mode that does not have a
typical practical application.
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Table 1: Main target performance characteristics of the fail-safe configuration
No. Characteristic Value

1 Trust-to-weight ratio 3.5 – 5 equipped masses
2 Hover flight time more 15 min
3 Specific thrust more 5 g/W
4 Battery load less 50 C (C – battery capacity)
5 Minimum flight time (all motors on max) more 2 min
6 Hover flight throttle 20 – 40%
7 Hover flight efficiency more 70%
8 Optimal horizontal speed more 25 km/h

Table 2: Main target performance characteristics
No. Characteristic Value

1 Number of blades for each propeller 2
2 Field elevation 100 m ASL
3 Pressure (QNH) 1013 hPa
4 Battery type LiPo
5 Maximum discharge 90%
6 FCU Tilt limit none
7 Gear ratio 1:1
8 Additional electrical load 0 W

As the key performance characteristics, we consider the time and distance of the flight, depending on
the motion speed. The selection of components is carried out in order to maximize the key performance
characteristics.

To calculate the performance characteristics, we also fix the general parameters of the vehicle con-
figuration and the state of the external environment (see Table 2).

3 Calculation of the performance characteristics

Calculation of performance characteristics is carried out for a quadrocopter with a 350 mm frame size.
For calculations with parameters of Tables 1, 2, the eCalc software was used (see xCopterCalc [12]).
The calculation methodology assumes the selection of commercially available components with the ap-
propriate characteristics to guarantee the target performance characteristics. xCopterCalc contains a
continuously updated database of components for multirotor systems. In the absence of a suitable part
in the database, xCopterCalc allows you to add the original by entering its characteristics. Thus, with
this software it is possible to calculate almost any configuration of a multirotor system, receiving as a
result not only the vehicle performance characteristics, but also a draft list of components for subsequent
assembly.

The calculations results of the fail-safe configuration are presented in Table 3.
The fail-safe configuration of a quadrocopter has even more technical peculiarities, but such a device

has high performance characteristics No. 9, 14, 15 (see Table 3). The dependence of the engine-propeller
combination characteristics on the motor current is shown in Fig. 1.
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Figure 1: Dependence of the power plant characteristics on the electric motor current. Curve 1 – power
(W); 2 – efficiency (%); 3 – max. rev. (×100 rpm); 4 – motor temperature (◦C)

Figure 2: Dependence of the distance (curve 1) and the flight time (curve 2) from the speed
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Table 3: Fail-safe configuration parameters
No. Characteristic Value

1 Battery capacity – nominal/maximum
discharge current (by battery design)

3 Ah – 65/100 C

2 Stored energy 44.4 Wh
3 Cell configuration (S – serial, P – parallel

cell connection)
4S1P

4 Battery load 19.03 C
5 On load battery voltage 14.84 V
6 Battery nominal voltage 14.8 V
7 Specific thrust 8.43 g/W
8 Minimum flight time 2.8 min
9 Hover flight time 19.9 min

10 Motor model Turnigy Multistar Elite 2810-750
11 Trust-to-weight ratio 3.6
12 All-up weight 1.006 Kg
13 Drive weight 0.726 Kg
14 Maximum horizontal speed 54 km/h
15 Rate of climb 11.5 m/s
16 Hover flight throttle (linear) 42%
17 Efficiency (hover) 83.9%
18 Motor current (hover) 1.92 A
19 Motor current (maximum) 14.27 A
20 Max ESC current 20 A
21 Efficiency (100% throttle) 85.1%

The key performance characteristics are shown in Fig. 2. The horizontal speed range (optimum in
power consumption) is 25-27 km/h. The maximum flight distance is 5.6 km.

4 Modeling of emergency situations

A quadrocopter movement can be described by the differential equations system [11]

ẋ =Vx, ẏ =Vy, ẏ =Vz, ϕ̇ = ωϕ , θ̇ = ωθ , ψ̇ = ωψ ,

mV̇x = (sinψ sinϕ + cosψ sinθ cosϕ)U1,

mV̇y = (−cosψ sinϕ + sinψ sinθ cosϕ)U1, mV̇z =U1 cosθ cosϕ−mg,

Ixxω̇ϕ = (Iyy− Izz)ωθ ωψ − JT Pωθ Ω+U2,

Iyyω̇θ = (Izz− Ixx)ωψωϕ + JT PωϕΩ+U3, Izzω̇ψ = (Ixx− Iyy)ωψωθ +U4,

(1)

where x,y,z are coordinates of the mass center; Vx,Vy,Vz are velocity projections; ϕ , θ , ψ are the roll,
pitch and yaw angles; ωϕ , ωθ , ωψ are corresponding angular velocities; m is the quadrocopter mass;
Ixx, Iyy, Izz are inertia moments around coordinate axes; U1,U2,U3,U4 are control channels; Ω is the total
velocity of four screws; JT P is the total rotational moment of inertia around the screw axis: JT P =
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JP +ηN2JM, JP is the motor inertia moment , JM is the propeller inertia moment, N is the gear ratio, η is
the gear efficiency.

Relations between controls U1, U2, U3, U4 and angular velocities Ω1, Ω2, Ω3, Ω4, where Ω =−Ω1+
Ω2−Ω3 +Ω4, have the form

U1 = b(Ω2
1 +Ω2

2 +Ω2
3 +Ω2

4), U4 = d(−Ω2
1 +Ω2

2−Ω2
3 +Ω2

4),

U2 = lb(−Ω2
2 +Ω2

4), U3 = lb(−Ω2
1 +Ω2

3).
(2)

In (2) l, b and d are positive parameters [11].
Within this model, an emergency situation involving damages of one or several screws can be repre-

sented as an instantaneous change in corresponding Ωi, i.e. Ωi = Ωi− εi, where εi are losses. At the full
screw destruction εi = Ωi and Ωi = 0. Substitution of emergency values Ωi into expressions for controls
(2) and further into system (1) will determine the mathematical model of an emergency situation. The
equation of the output signal of the PID controller is [9]

u(t) = P+ I +D = Kpe(t)+Ki

∫ t

0
e(τ)dτ +Kd

de
dt

. (3)

5 Numerical example

In this section we demonstrate the possibilities of the proposed approach. Using MATLAB, we developed
a software package that allows simulating emergency situations and solving control problems in order to
minimize consequences of emergencies.

Consider an emergency situation — loss of trust on two diagonally located screws (an accident
with one screw turned off can also be considered as indicated above, forcibly shutting down the engine
diagonal to the fail one). In model (1), such a failure corresponds to zeroing a pair of angular velocities
Ω. As shown earlier [5], for quadrocopter with the appropriate hardware configuration, such a situation
can maintain controllability in the sense of altitude control, with loss of control over the angle of rotation.

Consider the problem of automatic emergency landing in these conditions. To control the working
engines of the device for landing, we will use a PID controller with switchable parameters:

1) In the reduction section (t ∈ [t1, t2]), the PID controller has a set of parameters for stabilizing the
vertical speed to a predetermined value;

2) In the braking area (t ∈ [t3, t4]), the PID controller has a set of parameters for minimize the vertical
speed at the moment of touching the ground (z′ = 0 at z = 0)

Consider an example for vehicle with parameters: m = 1 kg, l = 0.350 m, b = 26.5 · 10−6 H·s2,
d = 0.6 ·10−6 H·ms2, Ixx = Iyy = Izz = 0.1 H·ms2, JT P = 0.005 H·ms2.

Suppose that a quadrocopter performs a certain maneuver – a turn in a given direction. At the time
t = 5 sec, an accident occurs and the value of Ω2 drops to zero due to a screw breakage (see Fig. 3).

If we do nothing, the quadcopter crashes with vertical speed 87 m/s at Z = 0 (see Fig. 4).
The algorithm assumes automatic switching from the normal to the emergency control mode by

analyzing the data from gyroscopes, accelerometers and speed of the screws rotation. This is possible
because in the case of a screw breaking without failure of the electrical part, the angular velocity of
the fail screw will increase significantly. Otherwise, in case of failure of the electrical part, the screw
speed will decrease significantly. In both cases, an abrupt change of the propeller rotation speed will be
not typical for normal flight mode, since affects only one screw and causes the vehicle to rotate. The
presence of these signs can be detected with high accuracy in no more than 0.5 sec.

Further the device control goes into emergency mode. Consider the case of an emergency with the
same parameters of vehicle and PID = [50;8;20]. Height of transition to the braking section z0 = 5m.
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Figure 3: Emergency situation: while turning, Ω2 drops to zero at t = 5 sec
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Figure 4: Emergency landing

The rotation speed of the working screws can be controlled by two PID controllers. The first one
provides a pre-set vertical speed on the interval t ∈ [5.5,29.3] (see Fig. 5), and the second reduces the
vertical speed to zero when the quadcopter approaches the landing surface (when the current height
z < z0 = 5m).

As a result, we have a safe landing (see Fig. 6) with zero vertical speed at Z = 0.

At t = 50 and Z = 0.09, we have Vz =−0.01 (see Fig. 7).

Thus, by using the double inclusion of the PID controller: one to stabilize the rate of descent and the
second to finalize it to zero, we got a safe landing for the device with only two working motors. The
effect of each application of the PID controller on the corresponding characteristics can be seen in figure
5 (see Ω1 and Ω2), figure 6 and 7. The first controller worked at t ∈ [5.5,29.3] and the second one at
t ∈ [29.4,50].

It should be noted that the operation of the algorithm would be impossible if we ignore the recom-
mendations for the quadcopter configuration proposed in section 2, 3.
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Figure 5: Fail-safe strategy

Figure 6: Fail-safe landing: Height Z

Figure 7: Fail-safe landing: Velocity
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6 Conclusion

According to the xCopterCalc documentation [12], it is not directly intended to calculate the fail-safe
configuration. However, due to its versatility and flexibility, xCopterCalc allows not only to obtain the
value of the possible target characteristics, but also by selecting specific components, to determine all the
performance characteristics and many auxiliary parameters of a specific configuration. This approach is
constructive, and allows us to define the configuration features in details at the initial stage of design.
The target characteristics proposed in the present work for the fail-safe configuration are achievable
with the use of serially produced components. The hardware configuration proposed in the article uses
components with an open architecture and can be used with popular UAV platforms, like ArduPilot Mega
ver. 2.6 controller configured by Mission Planner software [13]. And although the creation of a safety
factor for a fail-safe configuration is accompanied by some negative consequences (weight increase,
suboptimal operation of electric motors in the hovering mode), the flight characteristics obtained as a
result of the calculation allow the vehicle to be used for their main purpose. Presented in this paper, an
automatic landing algorithm using PID controller is a particular interest for further study and in hardware
implementation. The parameters of the controller, given in this paper may be different for a vehicle with
a different mass, thrust, and geometric parameters. The approach to rescue the apparatus proposed in this
work is more flexible than, for example, the installation of an additional safety parachute [14]. When
using a parachute, it is impossible to control the rate of descent, as well as safety parachute systems
have restrictions on the minimum height for it operation. (Note, that nothing prevents equipping the
device, designed as shown in this paper, with an additional parachute). It also makes sense to equip
the vehicle with additional fail-safe navigation systems [15, 16] to avoid accidents described in this
paper, if possible. Noteworthy is the approach using devices with more than four rotors (for example,
hexarotors). In a certain configuration, such apparats completely maintain controllability in case of loss
of one engine [17]. But such devices, as a rule, belong to the heavy class and are expensive. The
current trend in UAV use - is to use of many inexpensive and simple devices instead of one complex
one. Presented in this paper example of a device with a frame size of 350 mm can be such an simple
vehicle with additional fail-safe config. Also, the proposed approach can be used not only on the newly
created vehicle, but also on an existing heavy class quadcopter by integrating proposed algorithm in a
control system. The main requirement for this is to dismiss the parameters of Table 1, especially the
Trust-to-weight ratio. Note also that the vehicle with a fail-safe configuration can be used as an ordinary
heavy-class device, taking on extra weight and losing fail-safe capability. In this case, it makes sense
to equip such an apparatus with known rescue systems, for example, with an emergency parachute.
Such save method does not require engines with excess power, but also has a number of disadvantages
compared with the proposed approach. For example, it is necessary to have sufficient height of flight,
the inability to control a vertical speed and less reliability, because parachute lines can be tangled in
screws. Future research directions are related to solving parametric optimization problems in emergency
situations, as well as with a complete classification of such tasks. To solve them, the adaptive method of
optimal control (Gabasov’s method [18]) is of particular importance. This method has been successfully
applied in various control problems [19–22].
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