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Abstract
Generally, during severe turbulence, there are autopilot limitations for every type of aircraft. Besides,

the undesirable effects of the turbulence such as g-force, have to be lessened. As a result, for any aircraft
type, reconfigurable flight controller can be useful to prevent undesired effects of the turbulence. In this
paper, a reconfigurable nonlinear controller which consists of State Dependent Riccati Equation (SDRE)
and linear algorithm, is used to slow down control surface movement to decrease undesirable forces but
at the same time, continue degraded tracking pilot commands. Besides, SDRE Kalman filter is used for
Euler angles in the sensor.

1. Introduction

The weather directly affects the safety of the flight. So, extraordinary efforts are strived to avoid meteorological
related accidents. However, these accidents continue to occur. The turbulence is the one cause for the meteorological
related accidents and incidents.1 First, normally, during the planning phase or during flight, turbulent areas in the
atmosphere can be avoided by meteorological reports such as significant weather charts (SWC), pilot reports (PIREP),
significant meteorological information (SIGMET). Secondly, detection for turbulence during flight is an ongoing study.
For instance, tests for Long-range Light Detection and Ranging (LIDAR) is continued and one of the usages of this
technology is turbulence detection.2 Even though there is a detection of the turbulence, flight control law has to be
reconfigured for turbulence condition. In addition, many aircraft have weather radars which have turbulence mode, but
there are false indications and even they can not identify turbulent areas. For example, there is no indication of clear
air turbulence (CAT). As a result, pilots and aircraft continue exposing to turbulence. The result of the turbulence can
be harmful to the aircraft, flight crew or passengers. An abrupt and excessive g-force brings about structural damage to
the aircraft structure and control surfaces.3

There are different areas for turbulence. These areas are friction layer, clouds, and clear air. In the friction layer,
the flow of the air is getting deteriorated by the thermal and mechanical turbulence. In the clear air, near the tropopause,
especially with the jet stream, there is clear air turbulence which causes the loss of control in flight (LOC-I) and the
airframe damage. In the clouds, there is a turbulence condition but can be avoided by the usage of the weather radar.4

The turbulence intensity is sub-divided as light, moderate, severe, and extreme.3

Firstly, to avoid these effects during turbulent conditions, various type of Airbus and Boeing aircraft have a load
alleviation function. This function is used to reduce g-force on the wing with the help of the aileron and spoiler control
surfaces. Normally, for this function, deflection of the aileron, spoiler or both is performed automatically. However,
in this paper, the main objective is reducing unnecessary movement of the control surfaces to reduce g-force on the
aircraft but at the same time tracking command continue to work with degraded function. In this work, this function is
done without using g-force or gust measurements in the control law. Besides, this model does not have a spoiler. As a
result, this paper is not focused on disturbance rejection.

Secondly, written in the aircraft cockpit reference handbook or pilot operating handbook, the pilot uses a turbu-
lent penetration speed. In addition, generally for non fly-by-wire aircraft such as Beechcraft 350, the pilot disengages
the autopilot altitude hold mode and flies the aircraft manually without chasing airspeed and altitude, keeps wing level
and avoids using trim.5 However, written in the Boeing 737 flight crew operating manual (FCOM), during a flight in
light to moderate turbulence, the autopilot and/or autothrottle may remain engaged unless the performance is objection-
able. In severe turbulence, pilot disengages autothrottle and change autopilot mode to control wheel steering (CWS)
which means manually flown procedure but without disengaging the autopilot.6 In Airbus A321 with fly-by-wire flight
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controls, autopilot and auto-thrust are maintained to engaged as a checklist procedure as long as autopilot performance
is acceptable.7

Thirdly, there is an autopilot mode on the autopilot panel or flight control system to soften autopilot response for
chasing altitude during turbulence. Depending on the aircraft model, this mode is called turbulence (TURB), turbulence
smoothing or soft ride. In this paper, this TURB mode is used for the autopilot.

In brief, the first rule for turbulence avoidance is using existing detection means such as reports or airborne
weather radar (AWR). However, if unpredictable turbulence is encountered, depending on the aircraft type, following
golden rules written in the flight crew operating manual (FCOM) or pilot operating handbook (POH) is the best action.
Common golden rules are maintaining turbulence penetration speed and not to chase altitude or airspeed with or without
autopilot depending on the aircraft.

As a result, if the autopilot can be reconfigurable, excessive forces on the aircraft body can be averted. Besides,
unnecessary movement of the control surface to maintain altitude or speed can be prevented. This protection can be
life-saving. In this work, the pilot or operator only activates turbulence (TURB) mode of the autopilot. After that, the
flight controller is reconfigured to the degree of the turbulence with the help of turbulence detection (TD). In this work,
turbulence detection is assumed to detect the severity of the turbulence.

Turbulence effects are studied during controller design. By Santos et al8 SDRE control algorithm is used for ele-
vator deflection to stabilize wing angle oscillation; by Ilif9 identification and stochastic control is used under turbulence
condition; by Steck et al10 the reconfigured command filters are used for adaptive dynamic inverse flight controller and
turbulence effects are studied; by Yang and Juan11 adaptive cerebellar model articulation controller (CMAC) is used
for landing aircraft safely during severe turbulence; by Jafar et al12 dynamic output feedback robust controller is mixed
with linear matrix inequality (LMI) approach to minimize the effect of turbulence conditions for the UAV; by Miya-
gaki and Suzuki13 MPC is used for landing safely with the help of the LIDAR which measures air disturbance in the
atmosphere.

In addition, in literature, gust load alleviation(GLA) and disturbance rejection are studied: by Wen et al14 adap-
tive controller with a different gains is used for turbulence compensation; by Liu et al15 a linear quadratic Gaussian
(LQG) based MPC is used for GLA; by Sato16 gust alleviation flight controller using robust Model Predictive Control
(MPC) is introduced; by Aouf et al17 H2 and H∞ optimal controller is used to reduce the effects of the wind gust on
the vertical acceleration as a GLA; by Giesseler et al18 MPC is used for GLA; by Fonte et al19 aeroelastic model is
used for designing symmetric, active gust alleviation system for next generation regional transport aircraft, by Wang et
al,20 an Incremental Nonlinear Dynamic Inversion (INDI) controller is used for the flexible aircraft GLA problem.

In this paper, State Dependent Riccati Equation (SDRE) algorithm which is a nonlinear control algorithm in the
modern control theory, is used for the autopilot. As a summary, in the reconfiguration mechanism, there are different
Q and R weight matrices with respect to turbulence severity and altitude for the flight control computer (FCC). In the
event of different turbulence condition which is assumed to be detected by the turbulence detection (TD), the pilot or
operator only engages turbulence (TURB) mode. Depending on the detection of intensity of turbulence and the altitude,
the reconfiguration mechanism sends different Q and R matrices for SDRE control algorithm.

This paper is organized as follows. In Section II, components of the simulation are introduced. In Section III, the
SDRE control algorithm is developed for FCC. Besides, mathematical representation, inner and outer loops are given
for the SDRE algorithm. In Section IV, the SDRE Kalman filter; in Section V, Dryden turbulence model is developed.
In Section VI, the reconfiguration mechanism is explained with the help of the weight matrices. In Section VII and
VIII, some simulation results and conclusions are presented.

2. The Components of the Simulation

Figure 1: Models of the simulation.
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The general architecture for simulation model in Matlab/Simulink is shown in Fig. 1. First of all, there is an aircraft
model in the model block. It contains aerodynamics derivatives, engine and actuator models of the aircraft model.
With the help of the atmospheric environment model, turbulence can be injected into the UAV model. Besides, the
severity of the turbulence can be adjusted. The Dryden Wind Turbulence Model is used to create turbulence condition.
The output of this model contains the turbulence velocities (ug, vg, wg) and rates (pg, qg, rg) with respect to body axis.
After, these values are included in the aircraft velocity and rates. Turbulence detection (TD) block is assumed to detect
turbulence severity and sends this condition to the reconfiguration mechanism (RM). RM block is used to reconfigure
flight control computer (FCC) block. It sends different Q and R matrices to SDRE calculator in the FCC.

There is a mode selection (MS) depicted in Fig. 2, which is used by the pilot or operator to control the aircraft
with different modes. These modes are altitude hold, heading, altitude change with flight level change or vertical
speed and airspeed holder. There are command filters and rate limiters for these commands. Besides, turbulence
(TURB) mode is attached for engaging or disengaging turbulence reconfiguration for the autopilot. If it is engaged, the
reconfiguration mechanism is activated with this signal and turbulence reconfiguration begins.

Figure 2: Mode selection (MS).

Table 1: Stability derivatives of the UAV in the stability axis.

CD CL Cy Cl Cm Cn

u 0.0312 -0.0059 - - - -
α 0.1288 5.5776 - - -1.2005 -
β - - -0.2006 -0.01534 - 0.06594
p - - -0.0302 -0.5417 - -0.0694
q - 9.7010 - - -19.1029 -
r - - 0.1508 0.1197 - -0.0462
δa - - - 0.1189 - 0
δe 0.0446 0.5106 - - -1.7605 -
δr - - 0.0571 0.0019 - -0.0202

CDo CLo Cyo Clo Cmo Cno

0.0121 0.3515 0 0 0.0358 0

The 169 kg. UAV model is designed in an open source program, XFLR5. Aerodynamic derivatives depicted in
Table 1, are obtained from XFLR5 in the stability axis. Aircraft parameters are set as: m = 169kg, g = 9.8m/s2, S =

2.1430m2, c = 0.4680m, b = 4.7993m, Ixx = 60.34kg.m3, Iyy = 66.92kg.m3, Izz = 126.90kg.m3, Ixz = −3.299kg.m3.
Control surface consists of elevator, aileron and rudder.
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3. The Flight Control Computer

Flight control computer consists of reference commands block, SDRE calculator block and controller architecture
depicted in Fig. 3. In the reference command block, adjusted altitude and heading are converted to respectively θre f

and φre f . After that, this reference commands are transmitted to controller architecture. There are two loops (inner and
outer) for the controller. The outer loop is used for controlling the Euler angles (φ and θ), the inner loop is for rates
(p: roll rate, q: pitch rate, r: yaw rate). This signal (reference command signal) is multiplied by dynamically changing
gains (SDRE-1 Tracker, SDRE-2 Tracker, and SDRE-2 Regulator). These gains are calculated in the SDRE calculator
and feed the controller architecture. Before explaining the inner and the outer loop, the mathematical representation of
the SDRE is given.

Figure 3: The SDRE controller.

3.1 The Mathematical Summary for SDRE Controller

In the flight control computer, SDRE algorithm is used. SDRE algorithm is a nonlinear control. It represents the
dynamic of the system more accurate than the linear control techniques. First of all, nonlinear systems can be expressed
as:

ẋ(t) = f (x) + B(x)u, x(0) = x0 (1)
y(t) = Cx(t) (2)

The nonlinear term, f(x) can be transformed to A(x)x. A(x) and B(x) are state dependent coefficient (SDC)
matrices which consists of states and updated by states. As a result, A(x) is constantly changing. Theoretically, there
are infinite A(x) matrix created. The equation becomes:

ẋ(t) = A(x)x(t) + B(x)u(t) + f (t) (3)
y(t) = Cx(t) (4)

Some assumptions are made: The system is affine in the input, nonlinear in the state, autonomous and state
observable. Also, f(t) is a nonlinear term which cannot be linearized. So, f(t) is not included in the A(x) matrix. At
each instant, the matrix A is linear, so that the solution of the problem can be found by the linear quadratic optimal
problem. One of the main objectives is minimizing quadratic performance index function or cost functional.21 These
functions are given for regulator and tracking problem:
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JR =
1
2

∫ ∞
0

[xT (t)Qx(t) + uT (t)Ru(t)]dt (5)

JT =
1
2

∫ ∞
0

[eT (t)Qe(t) + uT (t)Ru(t)]dt (6)

x(t) is nth order state vector; Q is nxn order positive and symmetric semi-definite matrix (Q≥0); R is mxm order
positive and symmetric definite matrix (R>0). Q and R are weight matrices and in this paper, they represented by Q(a)
and R(a), because they change with the a signal which comes from the reconfiguration mechanism.

For the regulator and tracking problems, algebraic Riccati equations (ARE) are given respectively:

PA(x) + AT (x)P + Q − PBR−1BT P = 0 (7)

PA(x) + AT (x)P + CT QC − PBR−1BT P = 0 (8)

The tracking is represented as KT and regulator is represented as KR. The control law is calculated with the
help of the P from algebraic Riccati equations. All control laws are given as:22

u(t) = −KRx(t) + KT z(t) (9)

KR = R−1BT P (10)

KT = R−1BT (PE − AT )−1W (11)

E = BR−1BT (12)

W = CT Q (13)

The mathematical representation of gains can be depicted as KT (P, A(x), B(x)) and KR(P, B(x)), because they
vary. However, as a notation, these gains are given as KT−1, KT−2, and KR−2 for simplicity.

3.2 The Outer Loop

There are outer and inner loops for the SDRE controller architecture. In the outer loop the main objective is to control
the θre f and φre f . In Eq. (14) states vector which consists of euler angles and in Eq. (15) input vector which consists
of angular rates (respectively p:roll, q:pitch and r:yaw rate) are given for the outer loop. Therefore, A1 is given in Eq.
(16) and nonlinear like B1(x) SDC matrix is given in Eq. (17). Weight matrices, Q1(a) and R1(a), are given in Eq. (18)
and Eq. (19). Finally, KT−1 are calculated with the help of A1, B1(x), Q1(a), and R1(a) matrices.

x1 =
[
φ θ ψ

]T
(14)

u1 =
[

p q r
]T

(15)

φ̇θ̇
ψ̇

 =

0 0 0
0 0 0
0 0 0


φθ
ψ

+ (16)


1 tan θ sin φ tan θ cos φ
0 cos φ − sin φ
0 sin φ

cos θ
cos φ
cos θ


pqr
 (17)

Q1(a) = diag(50, 50, 50) (18)

R1(a) = diag(0.8, 0.5, 0.6) (19)
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3.3 The Inner Loop

In the inner loop, the main objective is to control the p, q and r. In Eq. (20) states vector and in Eq. (21) input vector
are given. δa, δe, δr are respectively aileron, elevator and rudder deflections in degree. However, throttle command (δt)
is given by a separated controller which consists of proportional-integral-derivative. B2 matrix and nonlinear like A2(x)
SDC matrix are given in Eq. (22) and (23). Weight matrices, Q2(a) and R2(a), are given in Eq. (37) and Eq. (38).
Finally, KT−2 and KR−2 are calculated with the help of A2(x), B2, Q2(a), and R2(a) matrices.

x2 =
[

p q r
]T

(20)

u2 =
[
δa δe δr

]T
(21)



u̇
v̇
ẇ
ṗ
q̇
ṙ


=



Xu 0 Xw 0 Xq − w v
0 Yv 0 Yp + w 0 Yr − u
Zu 0 Zw −v Zq + u 0
0 I1IxxLv + I2IzzNv 0 a11 a12 a13

Mu 0 Mw a21 a22 a23
0 I2IxxLv + I5IzzNv 0 a31 a32 a33





u
v
w
p
q
r


+ (22)



0 Xδe 0 Xδt

Yδa 0 Yδr 0
0 Zδe 0 0

I1IxxLδa + I2IzzNδa 0 I1IxxLδr + I2IzzNδr 0
0 Mδe 0 0

I2IxxLδa + I5IzzNδa 0 I2IxxLδr + I5IzzNδr 0




δa

δe

δr

δt

 +



−g sin θ
g cos θ sin φ
g cos θ cos φ

0
0
0


(23)

a11 =I1IxxLp + I2IzzNp + I4q (24)
a12 =0 (25)
a13 =I1IxxLr + I2IzzNr + I3q (26)

a21 = −
Ixz

Iyy
p −

I7

Iyy
r (27)

a22 =Mq (28)

a23 =
Ixz

Iyy
r (29)

a31 =I2IxxLp + I5IzzNp + I6q (30)
a32 =0 (31)
a33 =I2IxxLr + I5IzzNr − I4q (32)

I1 =
Izz

I8
, I2 =

Ixz

I8
, I3 =

(Iyy − Izz)Izz − I2
xz

I8
(33)

I4 =
(Ixx − Iyy + Izz)Ixz

I8
, I5 =

Ixx

I8
(34)

I6 =
(Ixx − Iyy)Ixx + I2

xz

I8
, I7 = Ixx − Izz (35)

I8 =IxxIzz − I2
xz (36)

Q2(a) = diag(5, 5, 2) (37)

R2(a) = diag(5, 5, 10) (38)
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3.4 The SDRE Controller Algorithm Calculation

A1, B1(x), Q1(a), R1(a) and A2(x),B2, Q2(a), R2(a) matrices are created for calculation. After that, they are transmitted
to the algebraic Riccati equation (ARE) solver for each gain, depicted in Fig. 4. For this paper, one of the direct methods
is used for solving the ARE. After ARE block, these gains are sent individually to the controller architecture. In the
ARE block, computation continues during a simulation. Essentially, online calculation of ARE is computationally
expensive and rigorous for every sample time.23 However, 3 by 3 SDC matrices are not a burden for computation. For
all gains ( KT−1, KT−2 and KR−2), ARE calculation is performed. ARE algorithm is given in the following way:

Algorithm 1 On-line Algebraic Riccati Equation Solver.
Step 1 Set Hamiltonian (H) Matrix (2nX2n) with SDC (A(x), B(x)) and Weight (Q(a), R(a)) matrices
Step 2 Sort eigenvalue and eigenvector of the H Matrix
Step 3 Diagonalize the stable and unstable eigenvalues of the H Matrix
Step 4 Give an index to eigenvalues (stable eig.=-1, unstable eig=+1)
Step 5 Rearrange upper side of the diagonalized matrix with stable, lower side with unstable eigenvalues (2nX2n)
Step 6 Rearrange the eigenvectors of the H matrix with the same order stated in Step 5
Step 7 Find P matrix from the stable eigenvectors
Step 8 Find gains (K) from the P

At the same time, observability and controllability (with the help of the A and B matrices) are checked simulta-
neously. The controllability matrix is given by Ck = [Bk AkBk A2

k Bk], k = T1,T2,R2. If the rank of the Ck matrices
are 3, the system is controllable. The observability matrix is given by Ok = [Ck CkAk CkA2

k]T , k = T1,T2,R2. If
the rank of the Ok matrices is "3", the system is observable. However, any rank value other than "3" means uncontrol-
lability and unobservability. The solution for this problem is changing control law from SDRE algorithm to LQR. As
a result, the function of the SDRE calculation for gains is terminated. The drawback of the SDRE controller can be
abolished by this solution.

Figure 4: The SDRE algorithm calculation.
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4. The Sensor: The SDRE Kalman Filter Algorithm Calculation

Nemra and Aouf24 studied SDRE Nonlinear Filtering and compared the results with the Kalman Filter (KF) and
Extended Kalman Filter (EKF). However, in this paper, the SDRE algorithm is used for filtering only Euler angles (φ,
θ, ψ). Consider the nonlinear, continues, and stochastic system with dynamic model:

ẋ(t) = f (x) + B(x)u + Bww (39)
y(t) = Cx(t) + v (40)

where, w and v are respectively process and measurement noise. Their uncorrelated covariances are Qw and Rv.
For this system given in Equation 17, states (x) are φ, θ, ψ and inputs (u) are p, q, r. However, the SDC form can

be given as ẋ = A(x̂)u for computation: φ̇θ̇
ψ̇

 =


1 tan θ sin φ tan θ cos φ
0 cos φ − sin φ
0 sin φ

cos θ
cos φ
cos θ


pqr
 (41)

After mathematical manipulation for optimal estimator, algebraic Riccati equations (ARE) is given by Khamis
and Naidu:25

A(x̂)P + PAT (x̂) − PCT R−1
v CP + BwQwBT

w = 0 (42)

and each sample time ARE is solved online. After that, P is found and used in KS DRE . The error between y and
ŷ is multiplied by KS DRE :

KS DRE = PCT R−1
v (43)

Finally, the estimated states (φ̂, θ̂, ψ̂) are fed to the Flight Control Computer shown in Fig. 5.

Figure 5: The SDRE Kalman Filter.

The filter is used for Euler angles. However, in Fig. 6, an example given for SDRE filtering for θ. In this figure,
due to process and measurement noise, there is an oscillation from -1.2 to +1.2 degrees. With the help of the SDRE
filter, this noise is filtered and θ is approximated to true value with an acceptable level.
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Figure 6: θ values

5. Atmospheric Environment: Turbulence Model

Dryden continues Turbulence model is used to simulate turbulence condition. For the specification, MIL-HDBK-1797
is preferred. Turbulence is a stochastic process. To define this process, turbulence intensity (σ), scale length (L) and
airspeed (V) are used. The aircraft passes through turbulence with frequency (ω). Root-mean-square (RMS) values are
the magnitude of the turbulence intensity (σ).

In accordance with the MIL-HDBK-1797, turbulence subdivided as low and medium/high altitude. W20 repre-
sents the wind speed at 20 ft. Typically, for light turbulence W20 = 15 knots, for moderate turbulence W20 = 30 knots,
for severe turbulence W20 = 45 knots. Specifications for the low altitude model defined as equal to or less than 1000 ft
are given:

2Lw =h (44)

Lu =2Lv = h/(0.177 + 0.000823 × h)1.2 (45)
σw =0.1 ×W20 (46)

σu =σv = σw/(0.177 + 0.000823 × h)0.4 (47)

Turbulence above 2000 ft is assumed to be isotropic. The turbulence intensity is a function of altitude and
probability of exceedance of turbulence intensity. The RMS values of the turbulence intensity (σ) are given in Fig. 7.
Specifications for the medium/high altitude model defined as equal to or higher than 2000 ft are given:

Lu =2Lv = 2Lw = 1750 f t (48)
σu =σv = σw (49)

The Dryden form of the power spectral density (PSD) for the turbulence velocities are represented as Φu(ω),
Φv(ω), Φw(ω) and for rates as Φp(ω), Φq(ω), Φr(ω). As an example, power spectral density formula for vertical
component of the velocity spectra:

Φw(ω) =
2σ2

wLw

πV

1 + 12(Lw
ω
V )2

(1 + 4(Lw
ω
V )2)2 (50)

In the model, filters are used to obtain turbulence wave. After finding turbulence intensity (RMS) values, this
signal is passing from the filters with white noise. These low-pass filters (transfer functions) are derived from velocity
and rates spectra. As an example, a filter for vertical velocity is given:

Hw(s) = σw

√
2Lw

πV

1 +
2
√

3Lw
V s

(1 +
2Lw
V s)2

(51)
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Figure 7: RMS values of turbulence intensity.

There are assumptions for the turbulence model. Thermal and mechanical turbulence due to terrain, wind shear
and other meteorological phenomenon, lapse rates are not modelled.

6. The Reconfiguration Mechanism

SDRE algorithm is a nonlinear control algorithm, so it represents dynamics of the real system. In addition, another
strongest characteristic of SDRE algorithm is designing flexibility of weight matrices. Without turbulence, the values
of the Q and R matrices are given in Eq. (18), Eq. (19) and Eq. (37), Eq. (38). Several simulations show that
these values are very useful for fault-tolerant capability. Namely, during recovery from control surface problems, these
values are the best ones which were studied in another work. However, during turbulence condition, different Q and R
matrices are transmitted to the SDRE control architecture in the flight control computer (FCC) block for KT−1, KT−2
and KR−2. For medium altitude (from 1000 f t to 20 000 f t), these values are given in Table 2. These weight matrices
are heuristically tuned with the result of the simulation. For tuning Q and R matrices, some basic rules are followed. Q
is a weight matrix for states(for regulator)/errors(for tracker). Increasing its value is used to penalize from becoming
too large. R is for input value and larger values are penalizing control action. Gains (KT2 and KR2) to generate elevator
and aileron command are tuned with Q and R values which is stated. To slow down these control surface movement,
R values (diag(50, 10, 10)) can be increased. However, after several simulation tests, this solution can slow down the
movement but it increases the g-force on the UAV. Finally, the best values are given in Table 2. For example, if the
turbulence gets severe, these different Q(a) and R(a) values are transmitted to the controller to slow down the elevator
and aileron movement with the help of stated gains. However, for rudder, the solution is increasing its movement. The
idea for this solution is explained in results. During the online solution of the ARE, these different transmitted weight
matrices are used. As a result, at medium and high altitude, deviation from the reference altitude is permitted with the
help of the different Q(a) and R(a) values.

In the reconfiguration mechanism, there are interpolation tables using pre-lookup to define Q(a) and R(a)
weight matrices for different turbulence conditions (light, moderate, severe) and different altitudes (low:under 1000 f t;
medium: from 1000 f t to 20 000 f t; high: from 20 000 f t to 30 000 f t). In this paper, only turbulence is taking into
account for Dryden turbulence model. For this model, RMS values shown in Fig. 7 are increased drastically from 1000
ft to 10 000 ft for severe turbulence. The same rising occurs but with different altitudes for other turbulence conditions.
As a result, the main target area for reconfiguration is medium altitude because to reduce g-force, more slowing control
surface movement is required.

Table 2: Values for SDRE gains in the Reconfiguration Mechanism for medium altitude.

Q for KT1 R for KT1 Q for KT2 and KR2 R for KT2 and KR2
Normal diag(50, 50, 50) diag(0.1, 0.1, 0.1) diag(5, 5, 2) diag(50, 10, 10)
Light diag(40, 25, 50) diag(0.1, 20, 0.1) diag(10, 0.05, 7) diag(50, 15, 10)
Moderate diag(35, 15, 50) diag(0.1, 17, 0.1) diag(15, 0.15, 12) diag(50, 10, 10)
Mod. to Sev. diag(30, 5, 50) diag(0.1, 14, 0.1) diag(25, 0.4, 16) diag(50, 10, 10)
Severe diag(25, 3, 50) diag(0.1, 12, 0.1) diag(25, 0.5, 20) diag(50, 10, 10)

Also, as a measure, during unobservability and uncontrollability due to problem about the construction of the
SDC matrices, reconfiguration mechanism changes the controller algorithm from SDRE to Linear Quadratic Regulator
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Figure 8: The reconfiguration mechanism.

(LQR). If unobservability and uncontrollability occur during calculation of the SDRE control gains, controller change
from SDRE to LQR algorithm. Static gains are sent by the reconfiguration mechanism shown in Fig. 8 to the FCC
shown in Fig. 3. Finally, SDRE controller becomes the LQR controller.

7. Results

For moderate and severe turbulence, there is a trade-off between achieving slower control surface movement and flying
UAV safely. Because, if slower movement causes unstability, the result can be loss-of-control in-flight (LOC-I). As a
result, the main objective is reducing g-force with the slower movement of control surfaces but not causes LOC-I.

7.1 First Scenario: Moderate to Severe Turbulence

In the first scenario, the altitude of the UAV is 8038 ft (2450 meter). At this altitude, RMS values for all turbulence
severity, are approximately in the highest value shown in Fig. 7. Probability of exceedance of turbulence intensity value
is taken 10−4 which represents moderate to severe turbulence. During 60 second simulation without reconfiguration of
the controller, g-force is changing between −1.5 (from +1g) and +1.7 (from +1g) shown in the Fig. 9. However, if the
reconfiguration occurs, g-force values are changing between −0.7 (from +1g) and +0.7 (from +1g).
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Figure 9: G-force during moderate to severe turbulence.
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Figure 10: Elevator deflection during moderate to severe turbulence.
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In Fig. 10, elevator movement is lessened with the help of the Q(a) and R(a) values which are sent by reconfig-
uration mechanism block. As a result, precise tracking performance is degraded for decreasing g-force. With the help
of this, the frequency of the g-force is also decreased because the fast movement of the elevator for tracking command
causes fluctuations in g-force.

In Fig. 11, normal tracking is shown. In these results, weight matrices (Q, R) given in Eq. (18), Eq. (19) and Eq.
(37), Eq. (38) are used. Tracking performance for altitude is very good. However, this performance is not useful for
reducing g-force on the body. Besides, there is an undesirable oscillation for φ and ψ.
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Figure 11: Medium altitude, moderate to severe turbulence without reconfiguration.

In Fig. 12, degraded tracking altitude performance is shown. As a golden rule for the flight in turbulent condi-
tions, tracking performance can be degraded for decreasing g-force on the structure. Besides, the oscillation for φ and
ψ is decreased. However, during several simulation tests, decreasing of the rudder movement range with the help of
the reconfiguration induces φ, ψ and beta oscillation. As a result, the main idea for rudder reconfiguration is different
from elevator reconfiguration so more movement range is required for the rudder. In the Fig. 12, rudder movement is
maximum at 20 degrees. However, in Fig. 11, maximum value is 15 degrees.
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Figure 12: Medium altitude, moderate to severe turbulence with reconfiguration.

7.2 Second Scenario: Severe Turbulence

In the second scenario, the altitude of the UAV is 8038 ft (2450 meter). Probability of exceedance of turbulence
intensity value is taken 10−5 which represents severe turbulence. If reconfiguration is not activated, after approximately
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10 seconds, the result is LOC-I during severe turbulence. However, if different Q and R values given in Table 2 are
sent by the reconfiguration mechanism, g-force is mitigated shown in Fig. 13. Maximum g-force for the without
reconfiguration case before LOC-I approximately is -2.5 (from +1g). However, after reconfiguration, g-force is -0.5
(from +1g). As a result, the difference between these values is -2g. This significant value shows that reconfiguration
can be useful during turbulence. Besides, unnecessary movement of the elevator is prevented shown in Fig. 14. As
stated before, fluctuations in g-force are decreased. Above all, LOC-I is prevented after 10 seconds.
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Figure 13: G-force during severe turbulence.
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Figure 14: Elevator deflection during severe turbulence.

In the Fig. 15, the responses of the UAV is given. The altitude loss is -50 meter (approximately 164 ft) which
is acceptable. The same reason stated in the first scenario, the movement of the rudder is required for preventing
oscillation. As a result, the oscillation of the φ and ψ do not hinder flight safety with the help of the rudder.
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Figure 15: Medium altitude, severe turbulence with reconfiguration.
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8. Conclusion

In this work, in order to improve flying qualities during turbulence, reconfigurable nonlinear SDRE controller is pro-
posed. Normally, SDRE control algorithm is a nonlinear controller and can capture the nonlinearities in the system
dynamics. Besides, with the help of the weight matrices, design flexibility can be achieved. Especially, during recon-
figuration, the movement of the elevator and the tracking performance is decreased. The results presented in this paper
indicate that g-force is reduced significantly. In addition, the aileron movement is decreased slightly. However, for
preventing oscillation and LOC-I, rudder movement range is increased. For sensors, SDRE nonlinear filtering is used
for Euler angles and the result shows that it is beneficial.

In this paper, the solution is not a gust load alleviation (GLA). The cheap and basic solution to mitigate turbulence
is reconfiguring the controller for aircraft which have only 3 control surfaces (aileron, elevator, and rudder). In addition,
as future work, this reconfiguration feature can be mixed with gust load alleviation for more than three control surfaced
aircraft.
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