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h i g h l i g h t s

• A new method for flat phase margin FOPID design is introduced.
• Instead of using open loop G(s) for the design, G’(s) which contains the phase margin uncertainty is used.
• Just 5 samples of G’ in the phase margin band is used for the nonlinear problem solving, meaning efficiency in computation.
• Remarkable 50% reduction in step response deviation is obtained for the understudy system.
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a b s t r a c t

Fractional order PID is a regulator of choice in dealingwith systemuncertainties. In a typical FOPID design,
a simple approximate model of the linearized system is derived and by making, the derivative of the
open loop phase versus frequency at crossover frequency zero, flat phase margin is obtained. Themethod
tolerates system gain uncertainty and involves two set of nonlinear computations: model approximation
and five-parameter FOPID calculations. The method shows flaws where severe uncertainty occurs in
the form of gain and poles–zeros locations. In this respect, a modified design method is suggested to
prevent performance degradation. Using Monte Carlo simulation, the plot of distribution of open loop
system phase margins versus crossover frequencies is drawn. Instead of approximate modeling, several
frequencies at the crossover band are marked and their average phase margins from the distribution plot
are picked to represent the real uncertain system. Calculations of the FOPID parameters are carried out
using nonlinear optimization method to make phase plot flat around the crossover frequency. The design
sequence is detailed by applying to the roll control of a small Unmanned Aerial Vehicles (UAV) where
often rough approximates of its aerodynamic parameters are available. It is shown that the proposed
design outperforms the conventionally designed FOPID and definitely PID in leading the roll, yaw and
pitch motion in a very coherent manner. This is confirmed in this case by extensive simulations.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

There are important applications where the model uncertainty
is severe and robust systemdesign is highly demanded. One of such
applications is in autonomous unmanned aircraft vehicles (UAVs)
and micro aerial vehicles (MAVs) where insensitivity to environ-
mental disturbances and dynamical uncertainties are essential.
Due to reduced cost, reduced radar signatures, longer endurance,
and more importantly less risk to human life the utilizations of
these vehicles are growing [1,2]. They are good candidates for
target acquisition, tracking, damage assessment, weapon payloads
delivery, environmental monitoring, border patrol, remote sens-
ing, and agriculture mapping [3].
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Often, the UAV control is partitioned into two relatively uncou-
pled parts, i.e. lateral and longitudinal control [4].Most commercial
autopilots use traditional PID controllers, because of its simplicity
and effectiveness [5]. An application of PID in flight control has
been reported in [6] that shows PID has the capacity of contain-
ing wind gusts. In [7] application of an indirect adaptive fuzzy
controller has been detailed. A robust H∞ controller designed for
controlling the lateral motion of UAV has been addressed in [8].
Theµ-Synthesis robustmethod of control of UAVhas been detailed
in [9]. Adaptive neuro-fuzzy inference system (ANFIS) for UAV
flight control has been the subject of study in [10] where cases of
instability have also been pointed out.

One of the techniques with great potential in providing robust
performance is fractional order controllers. In comparison with
their integer order counterparts, fractional order controllers afford
more flexibilities in adjusting the gain and phase margins making
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them a powerful tool in maintaining robust behavior [11]. Frac-
tional order (PI)λ controller for governing the pitch control of UAV
has been investigated in [12]. For the sake of ease of computa-
tion, a first order plus time delay (FOPTD) system is mapped to
the complex real system. Then, the computation for determining
the fractional controller parameters is pursued with the aim of
attaining the intended phase margin profile. PIλ flight controller
for the roll channel of a fixed-wing UAV has been designed and
implemented in [13]. It is shown that the controller outperforms
the PID design. Advantage of employing (PI)λ instead of PIλ in
robust roll control of UAV has been detailed in [3].

In this paper, the robustness of the fractional order controller
in containing the UAV aerodynamic parameters uncertainty is
reexamined and modifications for better vehicle performance and
lower computations are suggested. A typical FOPID design consists
of deriving, P(jω) approximate of the nominal system, G(jω) and
use it for FOPID parameter calculations. Both steps are changed
in the new design. First, a family of linearized random systems
are generated by applying uncertainty to the UAV aerodynamic
parameters. As it is expected, the crossover frequencies and the
phase margins of the random systems are themselves random.
From the collected data, the distribution plot of the phase margins
versus their crossover frequencies is drawn. At certain limited
number of the frequencies, ωi, of the plot and around the desired
crossover frequency, average phase margins φd(jωi) is calculated
and paired with the nominal system amplitude, |G(jωi)| to form
G′(jωi). G′(jωi) differs from the nominal system especially where
high level of tolerances are involved. By this technique, calculation
of approximate system is waived and better representation of the
phase margin variations is introduced to the algorithm. As a result,
a FOPID controller is built which outperforms the conventionally
designed one in this case. It exhibits very coherent roll, pitch and
yaw response in spite of the deviations in the vehicle aerodynamic
parameters. The findings are confirmed through extensive simula-
tions.

The paper is organized as follows. In Section 2, a brief review
of fractional order controllers are presented. The preliminaries of
UAV flight dynamics are discussed in Section 3. The dependency
of the system dynamic to the aerodynamic parameter uncertainty
and the design of robust fractional order controller with flat open
loop phase angle to deliver a robust closed loop system are ad-
dressed in Section 4. Simulation results are presented in Section 5
and lastly conclusion comes in Section 6.

2. FOPID

The fractional order operators include Riemann–Liouville (RL),
Caputo and Grünwald–Letnikov definitions. As one of the most
famous definition, the RL fractional integral is defined by [12],

0D−α
t f (t) =

1
Γ (α)

∫ t

0
(t − τ )α−1f (τ )dτ , 0 < α < 1

Γ (z) =

∫
∞

0
e−t tz−1dt, Re(z) > 0.

Under zero initial condition, the Laplace transform of the RL frac-
tional operator could be expressed by,
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where F (s) is the Laplace transform of f (t). With this definition, the
integer order transfer function stated by [14],

G(s) =
K (bmscm + · · · + b1sc1 + b0)
ansdn + · · · + a1sd1 + a0

is just a special case of the fractional order transfer functions with
integer powers c and d.

Fig. 1. The body and the earth frames coordinate of an Unmanned Aerial Vehicle
(UAV).

Similarly, a general class of PID controller, called Fractional
Order PID (FOPID) may be introduced with the following form,

C(s) = Kp +
Ki

sλ
+ Kdsµ.

It has five parameters: the proportional gain Kp, the integral gain
Ki, the differential gain Kd, the integral order, λ ∈ (0, 2) and the
differential order, µ. As a result, FOPID has two more degrees of
freedom than integer order PID to be used in controller design.

The FOPID frequency response is,

C (jω) = C(s)|s=jω =
RC (jω)+ jIC (jω)

ωλeλπ/2
IC (jω) = ωλ sin (λπ/2)+ kdωµ1 sin (µ1π/2)

RC (jω) = Ki + KPω
λ cos (λπ/2)+ kdωµ1 cos (µ1π/2)

µ1 = µ+ λ

where its phase and gain components are computed by,
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√
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ωλ
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(1)

Fractional order systems can be analyzed using FOMCONMAT-
LAB toolbox [14]. The program has resources for the identification
of fractional order models for an arbitrary set of input and output
from a given frequency response. It also generates integer-order
transfer function approximation for a given fractional order PID by
employing Oustaloup filter approach. Besides, FOMCON contains
Simulink fractional order controller blocks. FOMCON in some parts
enjoys the potentials available in MATLAB Ninteger toolbox [15].
Therefore, both are required for the FOPID controller simulations.

3. UAV dynamical equations

A typical UAV has been portrayed in Fig. 1. Its nonlinear dy-
namic equation in compact form is expressed by,

ẋ = f (x, u)
x = [u, v, w, p, q, r, ϕ, θ, ψ]

T ,

u = [δe, δa, δr , δT ]
Y

(2)

where u, v, w are linear velocities along the body axes. p, q, r , φ, θ
and ψ are roll, pitch and yaw rates and angles, respectively. The
control vector u consists of elevator, aileron and rudder control
surfaces plus propeller thrusting force.
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