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ABSTRACT: In this study, a robust CRONE controller is developed and implemented to improve the flight control
performance and robustness of a Quadrotor type unmanned aerial vehicle(UAV). The decupled roll-channel control is
realized under certain condition and tested using the designed controller in this study. The inner closed-loop system of
the roll-channel is realizes using mathematical equations. For comparison purpose, a Fractional PID controller is
designed and tuned , based on this identified roll-channel control model. Further a classical PID controller is also
designed taking into consideration a single motor. These three designed controller share the same gain crossover
frequency and gain margin settings for fair comparison. From simulation experiments, the CRONE outperforms the
classical PID and designed Fractional-order PID controller.

KEYWORDS: Fractional Order Proportional-Integral- derivative(FOPID),Proportional-Integral-Derivative(PID)
Unmanned Aerial Vehicle(UAS) Unmanned Aircraft System.

l. INTRODUCTION

Fractional calculus was developed as pure theoretical discipline, however its practical applications are being studied
only for a couple of decades and include diffusion, electrochemistry, hereditary mechanics and control theory.
Motivation on using the fractional-order controllers is that PID controllers belong to the dominating industrial
controllers and therefore there is a continuous effort to improve their quality and robustness. One of the possibilities to
improve PID controllers is to use fractional-order PID controllers with non-integer differentiation and integration parts.

Feedback control system is one of the major areas where the concept of fractional calculus is being applied to obtain an
efficient system and also longevity and freedom. To the control engineer to compensate any shifts in the transfer
function due to parametric spreads, aging etc. a system is efficient if the controller is of the similar order to that of a
plant being controlled. In reality the systems are of fractional order and therefore to have a fractional order controller
will be efficient .

The time domain representation of a fractional order system is given as:

a,D™y(t) + 1D Ny (t)+...+ aDy(t) = bpDP™ u(t) + by DP™ 1 u(t)+...+ beDPC u(t) (1.1)
The transfer function of the system is:

by SP™ by g SPM =14y posEO
— 5~ (n>m) (1.2)
an S*M+an 1 S 44 S™

G(s) =

Where, B¢ (k=0,1,.....,m), ax (k=0,1,.....,n) are arbitrary real numbers .

a (k=0,1,....,n)and by (k=0,1,....... ,m) are arbitrary constant.
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The feedback control loop of a fractional order system with a fractional controller is similar to the integer order
feedback control loop. It is shown in fig.1.1

Gt () ,|  G(s)

v

W(s) + IE(s) uGs) y(s)

Fig.1.1 Feedback Control Loop for a Fractional system

Where,
W(s) — Input Signal
E(s) — Error Signal
Gi(s) — Controller Transfer Function
G(s) — System or plant Transfer Function
Y(s) — output Signal
U(s) — Controller Signal

1. CRONE CONTROLLER

In the automatic control field, the robustness is the ability of a control system to ensure an utmost constant closed loop
characteristic, and more particularly to ensure small variation of the closed loop system stability-degree. Although the
controlled plant is perturbed and its model is uncertain . CRONE is a French acronym which means: fractional order
robust control.

The CRONE Toolbox, developed since the nineties by the CRONE team, is a MATLAB Toolbox dedicated to
fractional calculus. In the frequency domain, they enable to synthesize simply and methodologically, linear robust
control laws. The control schematic used is based on the classic unity-feedback configuration. SISO Crone control-
system design is a frequency-domain approach for the robust control of uncertain (or perturbed) plants under the
common unity-feedback configuration (Fig 1.2). The controller or open-loop transfer function is defined using integro-
differentiation with non-integer (or fractional) order. The required robustness is that of both stability margins and
performance, and particularly the robustness of the peak value (called resonant peak) of the complementary sensitivity
function.

dy(?) dy(’)

PRy

£
\fjdm(f )

Fig 1.2 Control Diagram for CRONE
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The major advantage over the Hoo designs is that the plant uncertainties (or perturbations) are taken into account
without distinction of their nature, whether they be structured or unstructured. Using frequency uncertainty domains, as
in the Quantitative Feedback Theory(QFT) approach where they are called template, the uncertainties are taken into
account in a fully structured form without overestimation, thus leading to control laws which are as little conservative
as possible. The integro-differentiation fractional order, which is either real or complex depending on the generation of
the control design, permits parameterization of the open-loop transfer function with a small number of high-level
parameters. The optimization of the control is thus reduced to only the search for the optimal values of these parameters.
As the form of uncertainties taken into account is structured, this optimization is necessarily nonlinear. It is thus very
important to limit the number of parameters to be optimized. After this optimization, the corresponding Crone
controller is synthesized as a rational fraction only for the optimal open-loop transfer function. Unlike QFT, Crone
control avoids iterative nonlinear optimization of each parameter of the controller's rational transfer function. Three
Crone control design methods have been developed, successively extending the application field:-

e1stfor gain-like plant perturbation model and for constant plant phase around wcg (real fractional diff. order for
controller definition)

*2ndfor gain-like plant perturbation model (real fractionaldiff. Order for open-loop definition)

*3rdfor most general perturbation model (complex fractional diff. order(s) for open-loop definition)

1. CONTROLLER DESIGN AND SIMULATION

The quadrotor system is a six degrees of freedom system defined with twelve states. Six out of twelve states govern the
attitude of the system . These include the angles (¢, 8, ) and angular rates(p, q, r) around the three orthogonal body
axes. The other six states are the three position and three linear velocities of the center of mass of the quadrotor with
respect to a fixed reference frame (earth fixed frame).

The governing state equations are non-linear. These equations have to be linearized about the stable hovering
conditions. Linearization’s of the nonlinear state equations are done by using jacobians of the nonlinear state equations
with respect to the states and inputs around hovering condition xo=[0 0 0 0 0 0.1].

Given a set of state equations y = f (X) in n equations in n state variables x, ... ...,x,,

The jacobian matrix of state equations can be calculated as

af1  of1

ox1 0x2
i: af 2 af 2
dx -_—

ox1 0x2

With the mentioned non linear state equations the state space matrices A, B, C, D of the UAV system are obtained
substituting respective states and inputs. Hence, state space representation is converted to transfer representation using
matlab command. “ss2tf” converts a State-space representation of a given system to an equivalent transfer function
representation.

[b,a] = ss2tf(A,B,C,D,iu) returns the transfer function

B(s
H(s) =% =C(sI-A)"'B+D
x = Ax + Bu
y=Cx+Du
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Vector a contains the coefficients of the denominator in descending powers of s. The numerator coefficients are

returned in array b with as many rows as there are outputs y. Hence transfer function for roll angle, yaw angle and pitch
angle is computed for a single motor. Hence PID, FOPID and CRONE control for yaw angle is computed. The

SIMULINK diagram is shown below:-

18.5119s4
F =8
Step PID Controller = yaw tf
Manual Switch
-1 nipid I EI
Fractional PID Scope
4
PIDs) 18.516195
=
PID Controllert yaw tf1
Manual Switch
nipid
Fractional PID1

A. PID
PID stands for proportional-integral-derivative controller. Output of this controller is a control variable which is a
function of its input variable i.e. an error signal. Transfer Function of the PID controller is given by:

U(s) Kys*+ K, s+ K,

E(s) s
where, K, is proportional gain, K; is integral gain, and K is derivative gain.A PID controller is designed for the integer

order model of UAV using MATLAB PID tuner block[8]. The system (Fig. 3.2 & 3.3) is tuned for the following

parameters for the PID controller:
Kp = 0.00495520993305768
Ki = 3.91435052551545e-005
Kd = 0.0572096512468946

Time Response Characteristics of PID
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Fig 1.2 Time response of PID Controller for Yaw Angle
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PID controller works well for the system with fixed parameters. However, in the presence of large parameter variations
or major external disturbances, the PID controllers usually face trade-off between:

I Fast response with significant overshoot.

Il. Smooth but slow response.
UAV control system is a highly complex, non-linear and uncertain system. For such systems a controller with more
number of tuning parameters and which works well for the complex non-linear systems is to be used. Fractional PID
controller and CRONE are such controller which are to be designed for the UAV control.

B. Design of Fractional PID Controller

To design a fractional controller, there are two approaches possible. The first one is placements of pole and second is
by experimental results. The method of experimental results is used for design of controllers. The method involves
studying the closed loop response of system by varying a tuning parameter[13]. An appropriate value of tuning

parameter is
chosen depending on the closed loop performance requirements of the system i.e. overshoot, settling time, rise time,

etc[15].
Fractional PID controller design involves following steps:
1. Determination of proportional gain Kp
The value of proportional gain Kp is adjusted to get minimum steady state error possible. With increase in Kp,
the system leads to unstability. A value of Kp is chosen as
Kp=0.0
2. Determination of Ki and A
When integral time Ti is increased keeping Kp = 0.0, it is observed that the controlled response become more
and more oscillatory in nature.
Now Ki is kept constant at 0.003 and integral order A is changed. The peak value and oscillatory
nature of the response increases with increasing value of A. The integral order A is chosen so as to have less
oscillations in the controlled response, less settling time and Ki is selected to have low possible peak value.

The values chosen are:
A=-0.9, Ki =0.003
3. Determination of Kd and &
The increase in derivative time Kd causes the initial response to set point change becomes faster and also the
peak value decreases. The value of derivative order & is varied ,which affects the peak value and also speed
of the response. 3 is chosen to have faster response but to avoid any peak overshoot.
The values chosen for the derivative gain and derivative order are:
Kd=0.8,5=0.999

Step response of FOPID
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Fig 1.3 Time Response of FOPID Controller for Yaw Angle
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CRONE controller can be designed with 1 of the 3 units of the CRONE Control-System design toolbox.
CRONE designing is GUI based. Following steps are followed to design the controller[17]:-
Step1Controller Implementation:-Controller implementation way command allows the definition of how will be
implemented the controller. The field "Controller implementation way" can be digital or analog depending on the type

of system.
Step2 Plant Definition :- The Online definition command allows to set the numerical variables describing the

uncertain plant to be controlled.
Step 3 We select the generation of CRONE. In this case generationl is used. Rest all the fields are automatically filled.

Step4 Hence the time response to a step function is analysed.
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Table 1 Comparative of time response characteristic

Specifications PID FOPID CRONE
Overshoot 1.126 0.05 1.25
Rise time 2sec 1.5sec 0.1sec
Settling time 2min 1.7min 3sec
Steady state value 1 1 1

. CONCLUSION

In present work, performance comparison of PID controller with that of fractional order PID controller is presented.
Firstly, a simulation model of Unmanned Ariel Vehicle is constructed with the help of MatLab/Simulink module. Then,
performance comparison of PID controller with that of fractional order PID controller are simulated and studied.
The time response characteristics of both the systems for PID and fractional order PID controller are demonstrated. The
effectiveness of the fractional order PID controller, CRONE and PID controller is evaluated in terms of:
i. Rise-time
ii. Settling-time
iii. Overshoot

Comparing the step responses with the ones obtained (in simulation) with the PID controller, the better performance of
the system with the CRONE and fractional order PID controller was observed.

Fractional order PID controller and CRONE for integer order plants offer better flexibility in adjusting gain and phase
characteristics than the PID controllers, owing to the two extra tuning parameters i.e. order of integration and order of
derivative in addition to proportional gain, integral time and derivative time. The key point is that fractional order
controller achieves similar robustness which is achievable with very high order integer order controller. The fractional
order controller is applied to a model with disturbance. Even in that case, the fractional PI"D® controller and CRONE
showed good control behavior.

Though fine-tuned FOPID controller presents smaller overshoot but CRONE outstands with its smaller settling time
than conventional PID and FOPID controller.
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