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ABSTRACT 

Suppressing the excitation from gusts that flexible vehicles experience in high-

altitude, long-endurance flights is critical to improving their flight performance and 

maintaining stable flight. Aircraft designed for high-altitude, long-endurance flights tend to 

be more flexible due to the design requirements of their missions. The aircraft may 

experience external disturbances such as gusts throughout their flights which can cause 

large deformations in the flexible, lightweight wings. These disturbances can potentially 

excite unstable modes within the flexible aircraft, depending on the flight speed and gust 

strength.  In this thesis the open-loop and closed-loop dynamic responses of a blended-

wing-body aircraft subjected to different gust profiles are examined. Three flight speeds are 

considered: nominal, pre-flutter, and post-flutter. An LQR controller is then designed and 

implemented to examine the closed-loop dynamic responses of these same flight profiles. It 

is found that the controller is able to suppress vibration and wing root loading as well as 

delay the onset of unstable behavior.   
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1 INTRODUCTION 

1.1 Background and Motivation 

Although the concept of a blended wing body aircraft has been around since 

before World War II, production has been limited. A cross between conventional aircraft 

and a flying wing, the blended wing body aircraft design has inherent challenges for 

commercial applications despite certain practical advantages. Commercial infrastructure 

airports are designed for conventional tube-and-wing aircraft and may be unable to 

support larger span blended wing bodies. The current container loading, runways, 

taxiways, and terminals would have difficulties accommodating the unorthodox design. 

However due to the design of the blended wing body, the fuselage itself is able to 

contribute lift. This allows the entire aircraft to generate lift, resulting in a higher lift-to-

drag ratio. This increases fuel economy at cruise conditions, making it ideal for long 

endurance flights. Despite commercial difficulties, the blended wing body design has 

been used in the military domain.   

Over the past few decades, multiple blended wing body (BWB) aircrafts have been 

developed for high-altitude endurance missions for the military. One of the first in the 

late 1990’s was the Lockheed Martin RQ-3 DarkStar, a fully autonomous UAV designed 

for reconnaissance. It featured a disk-shaped fuselage that contoured into its straight 

wings.  Northrop’s X-47A Pegasus came a few years later and sported delta wings 
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incorporated into a diamond shaped aircraft planform. More recently, Lockheed’s RG-

170 Sentinel features a design similar to the B-2 as well as the model used in this paper. 

The Sentinel is still in service carrying out reconnaissance missions for the Air Force.  

Compared to standard tube-and-wing designs, the blended wing body and other 

aircrafts used for high-altitude, long endurance (HALE) missions tend to have lighter and 

more flexible wings. While necessary to conduct their mission, HALE aircrafts come with 

structural and aerodynamic challenges, especially when coupled. As seen in [15], the low 

frequency of the rigid body motion of these flexible aircrafts coupled with the low 

frequency bending modes can cause a body-freedom flutter phenomenon. This occurs 

when the rigid body motion of the aircraft, such as pitching, excites unstable modes 

within the wings of the aircraft. This would allow for the rigid body motion of the aircraft 

to excite flutter within the wings. When subjected to additional disturbances such as 

flying through a gust, these dangers can be amplified. These dangers have also been 

explored on a micro-vehicle [14] scale. 

Investigating the aeroelastic effects that come from gusts on highly flexible vehicles 

has been looked at in a number of ways. It was shown by Su and Cesnik [10] that even at 

lower speeds, a finite gust perturbation could excite instability within the aircraft. They 

showed the need for some sort of control scheme to allow the HALE aircraft to successfully 

pass through atmospheric disturbances. Yagil [1] looked at trimming the vehicle with both 

leading and trailing edge flaps to minimize the structural deformation from the gust. They 

also examined a conventional trim configuration which was able to complete the trim of 

the aircraft, but unable to contain the deformation below the maximum allowed value. 

However, the model they examined was similar to the Helios Prototype which is designed 
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to allow larger wing deformations than the BWB. A control scheme was developed for the 

HALE aircraft [11] and shown to be successful in a nonlinear framework, but the BWB still 

needs to be examined.  

Dillsaver, Cesnik, and Kolmanovsky [3] explored how a Linear Quadratic Gaussian 

(LQG) controller would be able to handle the gust alleviation. For an actual aircraft, an 

idealized control scheme may not be possible where all control surfaces are available for 

use so a Kalman filter would be required. However, artificial hair sensors have been used 

[9] as a way to get complete aircraft condition information. Their flight speed, 14 m/s, was 

an order of magnitude lower than what this paper uses. The effects of higher speeds on 

gust alleviation and flight dynamics still need to be explored. 

Many studies have been conducted to test the feasibility of implementing a modern 

control system for the blended wing body. A Linear Quadratic Regulator (LQR) controller 

was shown to potentially be able to overcome longitudinal and lateral instabilities found 

within the BWB [4]. Although the authors used rudders as well for control surfaces in 

lateral stability, purely longitudinal behavior will be explored in this paper. Wildschek [5], 

however, showed that despite the potential to alleviate gusts through active stabilization, 

the power required in the elevators to do so exceeds the allowable loading passengers may 

experience in a commercial setting. While the commercial applications of a BWB will not be 

examined, it is worth noting that sensors on these crafts may have similar limitations. More 

robust control schemes have been developed as well, though not verified in a nonlinear 

framework. He et al. [12] developed a framework of linear parameter-varying modeling 

and control which was then applied to a blended wing body. They were able to control the 

instability while improving the performance of the aircraft. This paper will develop an LQR 
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controller and verify it within a nonlinear framework. The elevators of the BWB model in 

this thesis will be actuated to reduce the frequency of vibration within the aircraft by 

driving the controlled states back to their trimmed conditions. 
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2 METHODOLOGY 

This thesis utilizes the UM/NAST aeroelastic toolbox from the University of 

Michigan to examine the dynamic response of the blended-wing-body aircraft. The 

underlying equations and methods used in this toolbox will be discussed, followed by the 

control theory used in developing the controller.   

 

2.1 Aeroelastic Equations 

Su et al. in [6] obtain solutions to the coupled aeroelastic and flight dynamic 

equations utilizing a strain-based nonlinear beam formulation. A brief overview of their 

method follows. 

 

2.1.1 Reference Frames 

A body frame must be defined for the aircrafts position and orientation. This body 

frame, B, is located within the global inertial frame G. Both the body and global frame are 

shown in Figure 2.1. The body frame defines Bx(t) along the right wing and By(t) towards 

the nose. Bz(t) is defined as the cross product between the two pointing vertically up. 

From this frame the aircraft’s position and orientation can be defined as 
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 𝑏 =  {
𝑝𝐵

𝜃𝐵
} (2.1) 

 

 �̇� = 𝛽 = {
�̇�𝐵 + �̃�𝐵𝑝𝐵

�̇�𝐵

} = {
𝑣𝐵

𝜔𝐵
} (2.2) 

 

 
�̈� = �̇� = {

�̇�𝐵 + �̃�𝐵𝑣𝐵

�̈�𝐵

} = {
�̇�𝐵

�̇�𝐵
} (2.3) 

 

 

 

Figure 2.1     Body and global frame for rigid-body motion 
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Figure 2.2     Flexible lifting-surfaces frames within the body frame 

 

where pB and θB are the body position and orientation of the aircraft resolved within the 

body frame. The �̃�𝐵 is the skew-symmetric matrix of the angular velocity of the global 

frame rotating about the body frame. For a flexible wing, the nodal position and 

orientation of the flexible members are defined within a localized beam frame. This 

beam frame, w, is built within each wing element along the beam reference line in Figure 

2.2. The beam frame is defined by wx(s,t) which points along the beam reference line, 

wy(s,t) which points towards the leading edge, and wz(s,t) which is the normal to the wing 

surface. The curvilinear coordinate, s, provides the nodal location within the body frame. 
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2.1.2 Elements with Constant Strain 

Su and Cesnik [16] show that the elastic deformation of slender beams can be 

done with a nonlinear beam element. The strain and curvature of the beam reference line 

are considered the independent variables. The strain-based formulation allows simple 

shape functions to be defined for each element.  Then, the strain vector of the element 

can be written as 

 휀𝑒
𝑇 = {휀𝑥     𝑘𝑥     𝑘𝑦    𝑘𝑧} (2.4) 

 

where εx is the extensional strain, κx is the twist, κy is the out-of-plane bending about the 

local wy axis, and κz is the in-plane bending about the local wz axis. The global strain 

vector for the aircraft is then created by combining each elemental strain vector from 1 

to N.  

 휀𝑇 = {휀1
𝑇     휀2

𝑇   …   휀𝑁
𝑇} (2.5) 

 

where εN denotes the strain of the Nth element. Complex nonlinear deformations can 

then be represented with this combination of elemental strain. 

 

2.1.3 Equations of Motion 

After defining the strain vector in Equation 2.4, the energy terms are resolved and 

Hamilton’s principle is used to derive the equations of motions. Su and Cesnik [16] show 

the discretized equation of motion results as 
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𝑴𝑭𝑭(휀)휀̈ +  𝑴𝑭𝑩(휀)�̇�  +  𝑪𝑭𝑭(휀̇, 휀, 𝛽)휀̇  +  𝑪𝑭𝑩(휀̇, 휀, 𝛽)𝛽 + 𝑲𝑭𝑭휀

=  𝑹𝑭(휀̈, 휀̇, 휀, �̇�, 𝛽, 𝜆, 휁, 𝑻, 𝒖) 

 

(2.6) 

 

𝑴𝑩𝑭(휀)휀̈ +  𝑴𝑩𝑩(휀)�̇�  + 𝑪𝑩𝑭(휀̇, 휀, 𝛽)휀̇  +  𝑪𝑩𝑩(휀̇, 휀, 𝛽)𝛽 

=  𝑹𝑩(휀̈, 휀̇, 휀, �̇�, 𝛽, 𝜆, 휁, 𝑻, 𝒖) 

 

(2.7) 

 

The generalized force vector is 

 

 

{
𝑅𝐹

𝑅𝐵
} = {𝐾𝐹𝐹휀0

0
} + [

𝐽𝑝𝜀
𝑇

𝐽𝑝𝑏
𝑇 ] 𝐵𝐹𝐹𝑎 + [

𝐽𝑝𝜀
𝑇

𝐽𝜃𝑏
𝑇

]𝐵𝑀𝑀𝑎 + [
𝐽ℎ𝜀
𝑇

𝐽ℎ𝑏
𝑇

] 𝑁𝑔𝑔 + [
𝐽𝑝𝜀
𝑇

𝐽𝑝𝑏
𝑇 ] 𝑇

+ [
�̅�𝐹

�̅�𝐵

] 𝑢 

 

(2.8) 

The first term is pre-strain within the aircraft, the second term is the aerodynamic forces, 

the third term is the aerodynamic moments, the fourth term is the gravity force, the fifth 

term is the thrust force, and the last term is the required control force to maintain a 

certain wing shape. The rigid body equations are also defined as 

 휁̇ = −
1

2
𝛺𝜁(𝛽)휁 (2.9) 

 �̇�𝐵 = [𝐶𝐺𝐵(휁)   0] (2.10) 
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2.1.4 Unsteady Aerodynamics 

The aerodynamic loads in equation 2.6 are calculated based upon 2-D finite-state 

inflow theory [2]. At a point along the wing, the lift, moment, and drag are expressed as 

 
𝑙𝑚𝑐 = 𝜋𝜌∞𝑏𝑐

2(−�̈� + �̇��̇� − 𝑑�̈�) + 2𝜋𝜌∞𝑏𝑐 �̇�
2[−

�̇�

�̇�
+ (

1

2
𝑏𝑐 − 𝑑)

�̇�

�̇�
−

𝜆0

�̇�

+ 2𝜋𝜌∞b𝑐1�̇�
2δ 

(2.11) 

 𝑚𝑚𝑐 = 𝜋𝜌∞𝑏𝑐
2 (−

1

8
𝑏𝑐

2�̈� − �̇��̇� − 𝑑�̇��̇� − �̇�𝜆0) + 2𝜋𝜌∞b2𝑐4�̇�
2δ (2.12) 

 𝑑𝑚𝑐 = −2𝜋𝜌∞𝑏𝑐(�̇�
2 + 𝑑2�̇�2 + 𝜆0

2 + 2𝑑�̇��̇� + 2�̇�𝜆0 + 2𝑑�̇�𝜆0) (2.13) 

   

 

Figure 2.3     Airfoil coordinate systems and velocity components 
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where bc is the semi-chord, and d is the distance of the mid-chord in front of the 

reference axis. The quantity −
�̇�

�̇�
 is the angle of attack that has contribution from the 

pitching angle and the unsteady plunging motion of the airfoil. Only the induced drag is 

taken into consideration as seen from the velocity components of figure 2.3. The inflow 

parameter λ0 accounts for induced flow due to free vorticity, which is the summation of 

the inflow states λ as described in [Peters-Finite State] and given by 

 

 
�̇� = 𝐹1 {

휀̈
�̇�
} + 𝐹2 {

휀
𝛽
̇
} + 𝐹3𝜆 . 

 

(2.14) 

 

2.1.5 Controller Design 

Using the non-linear equations of motion (equations 2.6, 2.7, 2.9, 2.10, 2.14), a 

complete linearization of the equations of motions [10] can be found. Assuming free flight 

only, the only loads applied to the system are from aerodynamics and gravity.  Once 

linearized, each term can be grouped and finally written as equation 2.15 

 

 
[휀̇   휀̈   �̇�   휁̇   𝑃�̇�   �̇�]

𝑇
= 𝑄1

−1𝑄2[휀   휀̇   𝛽   휁   𝑃𝐵   𝜆]𝑇 + 𝑄1
−1𝑄3[𝛿𝑒]

𝑇, 

 

(2.15) 

Which can be otherwise written as  

 

 �̇� = 𝐴𝑥 + 𝐵𝑢 (2.16) 
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where the state vector is  

 
𝑥 = [휀   휀̇   𝛽   휁   𝑃𝐵    𝜆]𝑇 

 
(2.17) 

 

 

and the coefficients of each state represented in matrix form can be rewritten as 

 
𝑄1 =

[
 
 
 
 
 
 
 
 
 𝐼         0           0     0   0   0

0     �̅�𝐹𝐹     �̅�𝐹𝐵   0   0   0

0     �̅�𝐹𝐹    �̅�𝐹𝐵    0   0   0

 0         0         0       𝐼   0   0

0         0         0      0   𝐼   0

0   −𝐹1𝐹   −𝐹1𝐵   0   0   𝐼 ]
 
 
 
 
 
 
 
 

 

 

(2.18) 

 

𝑄2 =

[
 
 
 
 
 
 
 
 
 
 

  

    0                       𝐼                  0                     0                     0               0

−𝐾𝐹𝐹       −𝐶�̅�𝐹            −𝐶�̅�𝐵                  𝑅𝐹
𝜁0

𝑔𝑟𝑎𝑣
                0           𝑅 𝐹

𝜆0

𝑎𝑒𝑟𝑜

    0             −𝐶�̅�𝐹               −𝐶�̅�𝐵              𝑅𝐵
𝜁0

𝑔𝑟𝑎𝑣
               0            𝑅𝐵

𝜆0

𝑎𝑒𝑟𝑜

0                      0            −
1

2
𝛺𝜁

𝛽0

휁0            −
1

2
𝛺𝜁          0              0

0                     0                [𝐶𝐺𝐵   0]             [𝐶/𝜁0

𝐺𝐵]𝛽0      0              0

0              𝐹2𝐹                 𝐹2𝐵                          0                0             𝐹3 ]
 
 
 
 
 
 
 
 
 
 

 

 

(2.19) 

 

𝑄3 = [ 
𝐽𝑝𝜀
𝑇

𝐽𝑝𝑏
𝑇  ] 

 

(2.20) 
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𝐴 = 𝑄1
−1𝑄2 

 

(2.21) 

 

𝐵 = 𝑄1
−1𝑄3  . 

 

(2.22) 

Once the linearized equations of motion are converted to state space form, the aircraft is 

then trimmed [7] for steady level flight using body angle, thrust, and elevator inputs. 

This trim state will be used as the goal of the controller, as it pushes the strain and strain 

rates back to their trimmed states through the use of the aircraft’s elevators. Then the 

following feedback loop Figure 2.5 can be defined.  

 

Figure 2.4    Block diagram of control scheme 

 

MATLAB’s linear-quadratic regulator (LQR) design is used to determine k. The state-

feedback law 𝑢 = −𝑘𝑥 is used to minimize the quadratic cost function 

 𝐽(𝑢) =  ∫ (𝑥𝑇𝑄𝑥 + 𝑢𝑇𝑅𝑢 + 2𝑥𝑇𝑁𝑢)𝑑𝑡
∞

0

 (2.23) 
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and k is found by  

 

𝑘 = 𝑅−1(𝐵𝑇𝑆 + 𝑁𝑇) 

 

(2.24) 

where Q and R are weighting functions for state and input matrices, respectively. S is the 

solution of the Riccati equation 

 

𝐴𝑇𝑆 + 𝑆𝐴 − (𝑆𝐵 + 𝑁)𝑅−1(𝐵𝑇𝑆 + 𝑁𝑇) + 𝑄 = 0 

 

(2.25) 

This paper does not consider the cross-term matrix N. Only the strain and strain rate 

states are used in the above feedback loop, specifically 

 

𝑥 = [휀   휀̇  ]𝑇    . 

 

(2.26) 

The rigid body motion state β was included in certain cases but was found to not have a 

beneficial impact on the aircraft’s performance and thus not considered further. In order 

to implement the controller in the time domain, the control input is more accurately 

represented as 

 

𝑢𝑖 = 𝑢𝑜 − ∆𝑢 

 

(2.27) 

where  

 

∆𝑢 = −𝑘∆𝑥 

 

(2.28) 

and 
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∆𝑥 =  {
휀𝑖 − 휀𝑜

휀�̇� − 휀�̇�
} 

 

(2.29) 

The 𝑖𝑡ℎ terms are the current time step, and the 𝑜𝑡ℎ  terms are the initial trimmed states. It 

should be noted that the weighting matrices Q and R were not optimized in any way and 

trial-and-error was used for iterating the weights. For selecting initial values of Q and R, 

Bryson’s rule was loosely followed: 

 

𝑄𝑖𝑖 =
1

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑥𝑖
2 

 

(2.30) 

 

𝑅𝑖𝑖 =
1

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑢𝑗
2 

 

(2.31) 

where i and j are incremented for every state and control input, respectively. This 

essentially scales the variables so that the maximum allowed value is 1 for each term.  

 

2.1.6 Aircraft Model 

The aircraft model in Figure 2.5 is similar in geometry to the model used by Su and 

Cesnik [10] but with a larger flat bending rigidity in the wings. The complete list of the 

aircraft’s mass, stiffness, and inertia properties can be found in previous work [10]. The 

aircraft is trimmed at an altitude of 6096 m (20,000 ft) for each flight speed: 90 m/s, 110 

m/s and 120 m/s. A 125 m/s case will be examined to determine the robustness of the 

controller. 
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Figure 2.5     Geometry of Blended-Wing-Body aircraft 

 

In Figure 2.6, the root locus of the BWB aircraft at incrementing speeds from 100 m/s 

(triangle) to 125 m/s (square) is shown. The coupled bending modes are stable initially but 

transition to unstable at 112 m/s. Therefore, a pre- and post- flutter flight speed is needed 

to examine how the controller handles the instability. Figure 2.7 shows that the phugoid 

and short period modes are stable throughout the entire range.  
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Figure 2.6     Root locus plot with increasing velocities 
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Figure 2.7     Zoomed in root locus plot 

 

 

2.1.7 Gust Model 

With the aircraft model defined and stability boundary determined, it is now 

necessary to define the models that will be used to excite the aircraft. Two gust models will 

be used to examine the aeroelastic response and flight dynamics of the aircraft: a discrete 

(1-cosine) and a continuous Dryden gust. The discrete gust model used has a spatial 

distribution governed by a 1-cosine function  
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𝑤𝑔 =

𝑤𝑜

2
(1 − cos

2𝜋𝑥

25𝑐
) 

 

(2.32) 

 

For this case, the gust has a maximum radius of 25 meters and a maximum gust speed 

center amplitude, 𝑤𝑜 , of 3.6 m/s. The gust strength at each time step is assumed to be 

constant along the entire wing, that is each element sees the same portion of the gust. The 

gust is offset by 18 meters, giving the aircraft a short amount of time to fly unperturbed 

before experiencing the gust. 

 The continuous gust model used is a Dryden gust model. The Dyden model uses a 

power spectral density (PSD) function to describe atmosphere turbulence. The PSD is 

 

 

𝛷𝑤(𝜔) =
𝜎𝑊

2 𝐿𝑊 [1 + 3(
𝐿𝑤𝜔
𝑈∞

)2]

𝜋𝑈𝑜 [1 + 3(
𝐿𝑤𝜔
𝑈∞

)2]
2  

 

(2.33) 

 

where 𝐿𝑤  is the scale of turbulence, determined by the aircraft altitude [8]. The root mean 

square vertical gust velocity, 𝜎𝜔, is 6 m/s which at 6096 m of altitude is classified as 

moderate gust [13]. The aircraft trim velocity is 𝑈∞. 
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3 DYNAMIC RESPONSE 

The open loop and closed loop flight dynamics of the BWB will be compared. For the 

discrete and continuous gust, different flight speeds will be considered. How the aircraft 

responds to different perturbation frequencies and magnitudes will be examined as well as 

how well the controller is able to reduce these dynamic responses. 

 

3.1 Discrete Gust (1-cosine) 

The first step is to examine the baseline flight dynamics of the model. The nominal 

flight speed will be used to determine how the model responds to the discrete gust case. 

 

3.1.1 90 m/s 

The open loop performance of the BWB at 90 m/s with the discrete gust applied is a 

baseline for the other flight profiles. The aircraft begins to fly through the gust after a few 

tenths of a second and is excited by the gust. Although the open loop response is stable, the 

goal of the controller is to reduce the frequency of the vibration and reduce the magnitude 

of the strains. In Figure 3.1, the open loop response experiences seven periods of vibration 

with amplitude of over two degrees in the first four seconds. Applying the LQR controller 

reduces the period count to three with an amplitude of less than one degree. The frequency 

of vibration is reduced by half. The wing tip in Figure 3.2 also experiences less vibration 

and a reduced magnitude. The root bending moment of the wing in Figure 3.3 is reduced by  
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100 newton meters. This is accomplished with a max outer elevator deflection of four 

degrees in Figure 3.4. However, the elevator experiences a control input of -4 to 4 degrees 

within a tenth of a second.  

 

 

Figure 3.1     Pitch Angle for discrete gust at 90m/s 
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Figure 3.2     Tip displacement for discrete gust at 90m/s 
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Figure 3.3     Root bending moment for discrete gust at 90m/s 

 



24 

 

Figure 3.4     Outer elevator deflection for discrete gust at 90m/s 

 

3.1.2 110 m/s 

The pre-flutter speed at 110 m/s shows an increase in the frequency of vibration in 

the pitch of Figure 3.5 as well as and increased loading on the wings, as indicated by the 

root bending moment in Figure 3.7. The controller performs similarly at a higher speed, 

reducing the number of periods in the first four seconds of the pitch angle from 11 to 5. 

Although the tip displacement and root bending moment have their frequency and 
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magnitudes reduced, similar to the 90 m/s case, both cases suffer from the quick elevator 

deflection rate. Because the elevator Figure 3.8 experiences an 8-degree shift within a small 

amount of time, some sort of smoothing function or rate control would need to be 

implemented. Having such a sudden shift in elevator deflection may cause issues with the 

elevator actuator in an actual aircraft. 

  

 

Figure 3.5     Pitch angle for discrete gust at 110m/s 
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Figure 3.6     Tip displacement for discrete gust at 110m/s 
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Figure 3.7     Root bending moment for discrete gust at 110m/s 
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Figure 3.8     Outer elevator deflection for discrete gust at 110m/s 

 

3.1.3 120 m/s 

At 120 m/s, the aircraft is past its flutter boundary of 112 m/s and plunges as 

shown in Figure 3.9.  In Figure 3.10, the pitch settles at -90 degrees and oscillates around it, 

nose down. While this is unrealistic, the aircraft becomes unflyable within 10 seconds. The 

controller is able to effectively control this instability as well as drastically improve the 

strain experienced by the aircraft as seen in Figure 3.12 where the root bending moment of 
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the aircraft is reduced by an order of magnitude. In Figure 3.11 the controller is able to 

reduce the tip vibration frequency. As seen in the previous cases, the elevator in Figure 

3.13 only experiences an 8 degree shift again.  

 

 

Figure 3.9     Plunge for discrete gust at 120m/s 
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Figure 3.10     Pitch angle for discrete gust at 120m/s 
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Figure 3.11     Tip displacement for discrete gust at 120 m/s 

 



32 

 

Figure 3.12     Root bending moment for discrete gust at 120m/s 
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Figure 3.13     Outer elevator deflection for discrete gust at 120m/s 
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3.2 Continuous Gust – Dryden  

The discrete gust acted similarly to an impulse function, where the aircraft is 

perturbed for a short amount of time then left to vibrate on its own. A continuous gust will 

provide a different challenge for the controller, where it does not give the aircraft time to 

settle and is continuously excited. 

 

3.2.1 90 m/s 

By the nature of the stochastic gust, the applied perturbation to the aircraft has an 

increased frequency. This will give less time for the aircraft to recover from a borderline 

unstable state. At 90 m/s the aircraft is still stable but the LQR controller is able to reduce 

the frequency and magnitude of the vibrations as seen in Figures 3.14, 3.15, and 3.16. 

Compared to the other cases, the weighting matrices Q for this case is much larger, 12 

compared to 1. This could potentially be the reason the controller is unable to perform as 

well as it has in the discrete gust case. With a larger Q, the controller is allowing larger 

values for the states being controlled. This would explain why the minimum and maximum 

magnitudes of the open and closed response are closely aligned for the pitch angle. The tip 

displacement Figure 3.15 as well as root bending moment of Figure 3.16 are reduced but 

not as efficiently as the discrete gust cases. The elevator experiences a similar shifting 

pattern in Figure 3.17 as the previous cases. Higher speeds will need to be examined to see 

if the LQR controller can adequately alleviate the dynamic response to the stochastic gust. 
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Figure 3.14     Pitch angle for continuous gust at 90m/s 
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Figure 3.15     Tip displacement for continuous gust at 90m/s 
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Figure 3.16     Root bending moment for continuous gust at 90m/s 
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6

 

Figure 3.17     Outer elevator deflection for continuous gust at 90m/s 

 

3.2.2 110 m/s 

At 110 m/s and with the continuous gust applied, the aircraft experiences 

instability. As shown in Figure 3.18, the LQR controller is able to suppress this instability 

and regain control of the aircraft, but the pitch angle still has an increased frequency in 

Figure 3.19. The frequency of the oscillation is increased and appears to have its amplitude 



39 

growing in the open loop case. The controller is able to suppress this growth as well as 

reduce the amplitude of the tip displacement in Figure 3.20 and root bending moment in 

Figure 3.21. The elevator sudden shifting in Figure 3.22 is made worse in this case, with a 

quicker oscillation. 

 

Figure 3.18       Plunge for continuous gust at 110m/s 

 



40 

 

Figure 3.19     Pitch angle for continuous gust at 110m/s 
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Figure 3.20     Tip displacement for continuous gust at 110m/s 
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Figure 3.21     Root bending moment for continuous gust at 110m/s 
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Figure 3.22     Outermost elevator deflection for continuous gust at 110m/s 

 

3.2.3 120 m/s 

In a post flutter flight speed with the continuous gust applied, the aircraft enters 

into a state of instability much quicker than the pre-flutter and nominal flight speeds. As 

shown in Figure 3.23, the aircraft plunges at a much greater rate than the 110 m/s case. 

The controller is still able to suppress this instability. The controller is effective in reducing 

vibration as seen in Figures 3.24 and 3.25 while also reducing the root bending moment of 
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Figure 3.26 by an order of magnitude. This is comparable performance to the post flutter 

discrete gust case. The controller is able to prevent the aircraft from becoming unstable at 

a similar speed with an increase in max amplitude in the gust, although at a cost of very 

sudden elevator deflections in Figure 3.27. 

 

 

Figure 3.23      Plunge for continuous gust at 120m/s 
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Figure 3.24     Pitch angle for continuous gust at 120m/s 
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Figure 3.25      Tip displacement for continuous gust at 120m/s 
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Figure 3.26     Root bending moment for continuous gust at 120m/s 
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Figure 3.27     Outermost elevator deflection for continuous gust at 120m/s 

 

3.3 No Gust – Post Flutter 

This section is used to examine the behavior of the aircraft with no external 

excitations. 
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3.3.1 120 m/s 

Although the previous cases showed that the aircraft becomes unstable at 120 m/s 

with a gust, it is still needed to show that the aircraft will experience instability without any 

other perturbations. Without a gust applied, the aircraft plunges as seen in Figure 3.28 at a 

higher rate than either gust case.  Without any gust applied, the LQR controller performs 

well, reducing the root bending moment in Figure 3.30 by an order of magnitude and 

suppressing tip vibration frequency in Figure 3.29. The outermost elevator in Figure 3.31 

also experiences minimal deflections throughout the flight profile. 



50 

 

Figure 3.28      Plunge for no gust at 120m/s 
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Figure 3.29      Tip displacement for no gust at 120m/s 
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Figure 3.30     Root bending moment for no gust at 120m/s 
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Figure 3.31      Outermost elevator deflection for no gust at 120m/s 

 

 

3.3.2 125 m/s 

The 125 m/s case is post flutter but by 25% instead of the 10% for 120 m/s. This 

will help test the robustness of the controller by seeing how well it performs far past the 

flutter boundary.  However, Figure 3.32 shows that the controller fails in such an extreme 

condition. Although the controller reduces the magnitude of the vibration in both the tip 
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displacement and root bending moment of Figures 3.33 and 3.34, respectively, the closed 

loop performance is worse than that of the open loop. 

 

 

Figure 3.32     Plunge for no gust at 125m/s 
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Figure 3.33     Tip displacement for no gust at 125m/s 
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Figure 3.34     Root bending moment for no gust at 125m/s 
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4 CONCLUSION AND FUTURE WORK 

4.1 Conclusions 

The ability of an LQR controller to suppress vibration of a blended-wing-body 

aircraft subjected to gusts was explored in this thesis. Initially, the aircraft was trimmed at 

each flight speed. The LQR controller was then implemented and tested in a nonlinear 

framework. The aircraft was examined in three cases: a discrete gust, a continuous gust, 

and post-flutter free flight. For the discrete and continuous gust cases, nominal (90 m/s), 

pre-flutter (110 m/s), and post flutter (120 m/s) flight speeds were used. The free flight 

case was examined at 10% and 25% past the flutter boundary.  

The controller aimed to minimize the strain and strain rate states within each 

element of the aircraft as it experienced two gust profiles in a range of speeds. Although the 

rigid body states would need to be included in the control design for a conventional 

aircraft, the inherent nature of the blended wing body design allows for the rigid body 

motion and strains to be coupled. Thus, reducing the strains and strain rates would 

implicitly reduce the rigid body motion. This can be seen in the controller’s ability to 

stabilize the plunge motion with some gust excitations. The controller showed 

effectiveness at lower speeds and seemed to perform best at the post flutter speed, 

reducing the wing’s root bending moment by an order of magnitude lower than the open 

loop case. The two different gust profiles did not seem to affect the performance of the 
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controller. That is, the controller did not have difficulties reducing vibrations from an 

initial disturbance or a continuous disturbance.  

Although the controller was successful in suppressing vibrations within the aircraft, 

it should be noted that the weighting matrices Q and R were in no way optimized. The 

effects of this can be seen in the continuous gust case at 90 m/s. The controller did reduce 

the frequency but did not reduce the magnitude of the aircraft’s pitch angle. The controller 

was also designed without any state and input coupling, N. The controller also has a 

consistent issue with large, immediate elevator inputs. A smoothing function would need to 

be developed and implemented in order to reduce the sudden jumps from -8 to 8 degrees. 

The limitation of the controller was also shown at 25% past the flutter boundary, 125 m/s 

for this aircraft. It is unknown whether this could be pushed back farther if the controller 

was optimized in some way or if the state and input coupling term was included.  

  

4.2 Future Work / Recommendations 

This paper has shown the feasibility of using an LQR controller in a nonlinear 

framework for a blended wing body aircraft. Going forward, research may need to be 

done on optimizing the controller in some way. Implementing a more robust control 

scheme, allowing for multiple flight conditions instead of the cruise conditioned 

examined in this paper. In the actual aircraft, not all of the states will be known. A Linear-

quadratic-Gaussian control design may be needed to account for the missing states.  
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