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Abstract: In this work, we propose a systematic procedure to design a fuzzy logic controller (FLC) to
control the lateral motion of powered parachute (PPC) flying vehicles. The design process does not
require knowing the details of vehicle dynamics. Moreover, the physical constraints of the system,
such as the maximum error of the yaw angle and the maximum allowed steering angle, are naturally
included in the designed controller. The effectiveness of the proposed controller was assessed using
the nonlinear six degrees of freedom (6DOF) mathematical model of the PPC. The genetic algorithm
(GA) optimization technique was used to optimize the distribution of the fuzzy membership functions
in order to improve the performance of the suggested controller. The robustness of the proposed
controller was evaluated by changing the values of the parafoil aerodynamic coefficients and the
initial flight conditions.

Keywords: fuzzy; guidance; power parachute; paramotor; parafoil

1. Introduction

A powered parachute (PPC) is a unique aircraft made up of a frame, a ram air
parachute (parafoil), and a propeller that is driven by a piston or electric motor; see
Figure 1. In the PPC, the thrust from its propeller causes the PPC to move forward, which
enables its parachute to generate lift. To make turns, the PPC is controlled by directing the
parachute right or left. Adjusting the engine power allows a PPC vehicle to ascend and
descend [1].

Figure 1. Powered parachute flying vehicle.

Aerospace 2021, 8, 400. https:/ /doi.org/10.3390/aerospace8120400 https:/ /www.mdpi.com/journal/aerospace


https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0000-0002-6796-1186
https://doi.org/10.3390/aerospace8120400
https://doi.org/10.3390/aerospace8120400
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/aerospace8120400
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com/article/10.3390/aerospace8120400?type=check_update&version=2

Aerospace 2021, 8, 400

20f 14

The PPC vehicle has many advantages over the fixed-wing aircraft and the rotorcraft,
including a low speed, low power consumption, high lifting capacity, light weight, compact
size, safety, and survivability in case of engine failure [2]. These characteristics allow for
the wide use of these vehicles in sports and fun activities. Autonomous PPC vehicles can
also be used in photographing, spraying, cargo delivery, and military applications [1,3].

Longitudinal and lateral PPC control can be separately decoupled and treated. Lon-
gitudinal control is concerned with adjusting altitude [4,5], while the lateral control is
concerned with tracking the horizontal trajectory [6-8]. Most controllers developed for the
PPC vehicles have been based on the classical control techniques such as the proportional-
integral-derivative (PID) controller [7] and frequency response [9] based on the linearized
model at certain operating conditions. Model predictive control has also been proposed
to control lateral PPC motion [8,10]. Two passivity-based control (PBC) algorithms were
presented to stabilize a PPC vehicle such that it reaches its final desired position regardless
of initial launch conditions [11]. Recently, vision-based control was suggested to control
a PPC vehicle during landing [12]. The validation of these controllers has usually been
conducted through numerical simulations.

One of the most active areas of fuzzy logic applications is the fuzzy logic control (FLC).
Mamdani and his students began their research in 1965 by applying fuzzy control to a
steam engine. Since then, there have been several studies and applications on various
related processes, where it was demonstrated that an FLC is able to withstand changes in
system parameters [13].

In this paper, an FLC is proposed to control the lateral motion of a PPC through
waypoints. The rules are based on the Proportional-Integral-Derivative (PID) controller,
and the distributions of the membership functions are tuned to minimize errors between
the desired and actual yaw angles of the vehicle. Minimization was done with the genetic
algorithm (GA) optimization technique. GA was chosen because it optimizes a performance
index based solely on input/output correlations. As a result, only a basic understanding
of the plant under inquiry is required. Furthermore, because derivative information is
not required for the algorithm’s execution, many of the difficulties that gradient search
approaches suffer from can be avoided [14].

The paper is organized as follows: the mathematical model of the PPC is discussed in
Section 2, and the proposed controller is presented in Section 3. Then, the effectiveness of
the proposed controller is illustrated in Section 4. The conclusion is presented in Section 5.

2. Mathematical Modeling

A PPC can be modeled as a 6 or 9 degrees of freedom (DOF) system. It has been
reported by many researchers that the 6DOF mathematical model for the PPC is accurate
enough to simulate the performance of the vehicle for the purpose of controller design.
In this 6DOF model, the relative motion between the parafoil and the fuselage that may
occur during flight is neglected, and these two elements are treated as a single rigid body;
as shown in Figure 2 [7].

To develop the mathematical model of the PPC, four frames were used: the earth
frame, the body frame, the fuselage frame, and the parafoil frame. If we express the vector
transpose by the superscript T, the position of the PPC center of gravity (CG) with respect to
the earth frame is denoted by the vector ¢ = [x y z] T the velocity of the PPC CG with regard
to the body frame is denoted by the vector Vg = [1 v w] T, and the orientation in angular
position of the body frame with respect to the earth frame is denoted by 7 = [¢ 6 l[J]T,

which represent the roll, pitch, and yaw. The angular velocity vectorw = [ p g 7 | T of
the PPC in the body frame can be written in terms of # as [15]:
1 0 s8]
=10 C¢ S¢pCo w 1)
0 —S¢ Co¢Co
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Figure 2. PPC coordinate system.

The derivative of the inertial position can be written as:
x _ pE
E=RV )

where RE is the rotation matrix from the body frame to the earth inertial frame, which is
given by:

RE= | COSy SOSpSy+CpCy CpSOSyp — CypS¢
—S6 COS¢ COCo

COCY CpSHSP — CopSp  CHCpSO + SpSip ]
3)

where C and S are shorthand forms for cosine and sine, respectively.
The equations of the translational and rotational motions written in the body frame
can be expressed as

0
mVp+wxny=F +Fy+Fp+RE| 0 (4)
mg
Ipw + w x Igw = rpp X Fpr +vpr X Fp 4+ rgp X Fp + Mp + Ms, 5)

where m is the whole mass of the PPC vehicle, g is the gravitational constant, and I is the
inertia matrix of the PPC written in the body frame. The subscripts F, M, and P refer to the
fuselage, the motor, and the parafoil, respectively.

The force from the motor can be expressed as

T
FM:[0:| (6)
0
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where T is the thrust generated by the motor. The aerodynamic drag applied on the fuselage

in the body frame can be expressed as
1
Fp = —5pArCpabs(Ve) Ve @)

where p is the air density, A is the fuselage projected area, and Cp, is the fuselage drag

coefficient, which can be written as
Cp; = Cpop + Cpapttr (8)
The fuselage velocity Vr can be determined as
T
VFIVB+CUXYFB:[uF UF w;] 9)

Therefore, the angle of attack of the fuselage ar can be determined from
ap = tan ! “r (10)
Ur

The aerodynamics force applied on the parafoil expressed in its frame can be written as
wP
y p
0 ] —Cp,Vp) (11)

P
uP

1
Plf = —EpApabs(Vlf)(CLP [

where Cp, and Cp, are the lift and drag coefficients of the parafoil, respectively, which can
(12)

Crp = Crop + Crapap

be written as
Cpp = Cpop + Cpapltp

The angle of attack of the parafoil in its frame can be expressed as

P
—tan 1Y
ap = tan u—l’; (13)
P
The velocity of the parafoil in its frame can be determined from
o (14)

VPP:RE(VB +w xrpg) = | uf Uf w}

where R% is the transformation matrix from the body frame to the parafoil frame, which

(15)

can be expressed as
¢y 0 sy
RE=]1 0 1 o0

—sy 0 cy
The aerodynamic moment applied on the vehicle is mainly generated by the parafoil,

and it can be expressed in the body frame as

Cy,b%p
avr T C, b

1 2| .20
Mp = 7P (Vf) Ze,cpq + Cm,€ + Cpp,cap (16)
: Cp, b?r
27

where c and b are the chord and span length of the parafoil, respectively.
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The moment due to the parafoil steering angle é,, which is used to control the lateral
motion, can be written as

. L[ G b
M, = 504p(VE)| 0 |d (17)
Cnéab

For steady level flight, the following conditions should be satisfied:
j=i=¢p=0=¢p=p=g=7i=0 (18)

3. Controller Design

Since the longitudinal and the lateral motions can be decoupled, the structure of the
proposed controller is shown in Figure 3.

Carn
Guidance Heading
»  (Look-Ahead | Lateral Controller L Angle | oo 1y ramics
: (FLC)
Algorithm) v Sa

Position (x,y) and Heading (v )

Figure 3. Guidance and control loop.

To move the PPC through waypoints, the look-ahead guidance technique is used, as
illustrated in Figure 4 [7,16].

A y Waypoint
(i+1)

>

2
2 PPC velocit
AR ) velocity
O «?

O $ Desired vector

yaw angle

Actual
yaw angle

Powered
Parachute

Waypoint
(i)

\

Figure 4. Look-ahead guidance algorithm.

FLC Design

The structure of the proposed fuzzy controller for the lateral PPC motions is shown in
Figure 5. The FLC has two inputs, the error and the error derivative, and the output is the
parafoil steering angle.
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Figure 5. Structure of the PPC lateral FLC.

Selecting the number and distribution of membership functions (MFs) for the inputs
and outputs comprises the first steps in the FLC design. Seven normalized membership
functions with triangular shapes were studied in this paper; see Figure 6 [8]. To describe
these functions, the location of the vertices of the triangles must be determined. Only two
parameters (a; and ap) are needed for each variable.

Membership value 4 pn

NB NM NS b PS PM PB
Neggtlve Negative Negative Zar0 Positive Positive Positive
Big Medium Small Small Medium Big
as s a; a4 a as
- >
-1 0 1

Figure 6. The normalized membership functions for the FLC inputs and output.

To transform the normalized ranges of the MFs into physical operating ranges, the
following scaling factors are used:
1
e

1
K, =
7T €max

s K:

7 K(Sa = 5amax (19)

The proposed fuzzy inference system consists of 49 rules, which are shown in Table 1.

Table 1. FLC rules.

da
NB NM NS ZO PS PM PB
NB NB NB NB NB NS NM Z0O
NM NB NB NB NS NM Z0O PS
NS NB NB NS NM ZO PS PM
e Z0 NB NS NM ZO PS PM PB
PS NS NM Z0 PS PM PB PB
PM NM ZO PS PM PB PB PB

PB ZO PS PM PB PB PB PB
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To optimize the performance of the FLC, the membership functions parameters are
determined such that the following objective function is minimized:

Obj = / 2 dt 20)

4. Simulation Results

The inertia and aerodynamics properties of the PPC model used in the simulation are
listed in Table 2 for the mass and geometric properties and Table 3 for the aerodynamics
coefficients [7].

Table 2. PPC mass and geometry properties.

Parameter Value Unit
m 1.55 kg
0.336 0 —0.059
Tax 0 0292 0 kg m?
—0.059 0 0.109
rBF [0037 0 0149 |7 m
rBP [ —0.266 0 71.0667JT m
"BM [ 0037 0 0.137 ] m
g 9.81 m/s?
Af 0.5 m2
Ap 1.16 m?
b 2.15 m
c 0.54 m

Table 3. Aerodynamics properties.

Coefficient Value Coefficient Value
Cpo; 0.15 Cl¢7 —0.05
Cpur 1.0 Cm, -2.0
Crop 04 Cm, 0.018
ClLay 2.0 Cu, ~0.2
Cpop 0.15 Ca, —0.0035
Chuap 1.0 G, 0.0053

G, —0.1 Cns, 0.01

The equilibrium points for the steady-state level flight as a function of the PPC forward
velocity were determined and plotted, as shown in Figure 7. Stability was evaluated by
determining the eigenvalues of the linearized models around these equilibrium points.
Below u = 2.6 m/s, the equilibrium points could not be achieved, and the system became
unstable above u =7.3 m/s.

When the parafoil angle was 20 deg, the steady level flight could be achieved at
T, =11.39 N, u, = 3.389 m/s, and 0, = 27.2 deg. The effectiveness of the proposed lateral
controller was demonstrated around this operating point using the 6DOF dynamical model.

For the simulation, the vehicle started at x = y = 0 with a heading angle ¢ = 90 deg,
the look-ahead distance was 5 m, and it was assumed that the vehicle would reach the
waypoint within a circle of 2 m radius.

The maximum allowed steering angle of the parafoil angle was 60 deg, and the
maximum allowed rate for the yaw angle was 0.05 rad/sec. With an equally spaced
distribution of the fuzzy membership functions (i.e., 21 = a; = 1/3), the trajectory of the
PPC moving through four waypoints was found to be shown as in Figure 8. The simulation
indicated that the proposed FLC was able to allow the PPC to smoothly navigate through
the waypoints. The time history of the error between the desired and actual yaw angles is
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shown in Figure 9. The error exponentially converged to zero in a short time. The steering
angle for this maneuver is shown in Figure 10. The peaks were mainly due to the abrupt
changes in the error derivative.

80 T T T T
=—Thrust (N)
= 0 (deg)
2 7y (deg)
60 “~ L e o, (deg)
w
2 40 -
w
> """""""
£ 20} ST T m o -
R ~--l_
0 e N - - o - -
_20 1 1 1 1 1
3 4 5 6 7 8 9

Forward speed u (m/sec)

Figure 7. Equilibrium operating points.
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Figure 8. PPC lateral path using the non-optimized FLC.
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Figure 9. Yaw angle error using the non-optimized FLC.
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Figure 10. Steering angle using the non-optimized FLC.

The time histories of the PPC inertial position and attitude angles are shown in
Figures 11 and 12, respectively. The altitude and pitch angles were used as constants to
verify that the longitudinal and lateral motions were completely uncoupled.

400 T T T T T T T

(]
(=3
=]

N~
>
=]

100

>

PPC Inertial Position (m)

-100

1 1 1
50 100 150 200 250 300 350 400
sec

2200 I I I I
0

Figure 11. Inertial position using the non-optimized FLC.
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Figure 12. Attitude angles using the non-optimized FLC.

4.1. Optimization

To improve the controller’s performance, GA was used to tune the MF distributions
according to the algorithm shown in Figure 13. The GA parameters were set to 20 for the
population size, 0.7 for the crossover rate, and 0.01 for the mutation rate. In this algorithm,
the individuals that generate the offspring who join the next generation are chosen using
linear ranking with the roulette wheel approach; when the objectives function has not
improved in the last 30 generations, the algorithm ends [14,17].

Generate randomly 20 individual
for the initial generation

y

Evaluate the Objective function
(Obj)

—

Rank the individuals and use
Method of Roulette Wheel to
select some of them

y

Apply the genetic operations
(crossover and mutation) on the
selected individuals to obtain the

new generation

y

Evaluate the Objective function for
the new generation

Check if
the objective function does not
improve over the last 30
generations

Figure 13. GA algorithm flow chart.
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The evolutionary history of the GA is shown in Figure 14. The algorithm convergences
and the best MF distributions are shown in Figure 15.

420 T T T T T

(] - -
o S p—
< = <
T T T
1 1 1

Best Objective Function

(5]
=]
=]
T
1

370 1 I I I I
0 10 20 30 40 50 60

Generation

Figure 14. GA evolution.
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T T

T T T 1 T 1

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Steering angle

Figure 15. Optimized distribution of MFs.

A comparison between the performance of the optimized and non-optimized FLCs
is shown in Figure 16. It can be observed that the overshoot and the settling time slightly
decreased with the use of the optimized FLC, which means that the FLC with an equally
spaced MF distribution had a good performance.

4.2. Robustness
To study the robustness of the proposed FLC, the aerodynamics properties of the
parafoil that are related to the lateral motion were changed (Cn,, Clo-”/ Cu §a) and the

simulations were repeated. Increasing these coefficients by doubling their values improved
the effectiveness of the parafoil in controlling the lateral movement, while decreasing these
coefficients to half of their nominal values slightly degraded the performance of the system,
as shown in Figure 17. In both cases, the proposed FLC performed well, and we observed
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small increases in the overshoot and settling time in the second case when the aerodynamic
coefficients were decreased.
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Figure 17. Effect of changing the aerodynamics coefficients.

Figure 18 shows the performance of the designed controller with different initial
conditions of the flight direction. It is shown that the controller was able to steer the vehicle
to its desired direction, even it was initially flying in the opposite direction.
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Figure 18. Effect of changing the initial flight direction.

5. Conclusions

In this paper, a mathematical model of a PPC vehicle is presented and the trim values of
this vehicle at a steady level flight are determined. An FLC is proposed to control the lateral
motion of the PPC vehicle, and a GA was used to improve the performance of the proposed
controller. Simulations with a nonlinear 6DOF system indicated the effectiveness of the
proposed controller and its robustness in the face of different initial flight conditions and
changes in the vehicle aerodynamics coefficients. The physical constraints of the vehicle,
such as the maximum allowed yaw angle and its derivative, as well as the maximum
available control action that is represented by the parafoil steering angle, are considered in
the designed FLC controller.
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