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1. Introduction 

 

Recent advances in computing system have 

changed the traditional flight control linkages into 

computer-managed electrical and electronic 

connections, e.g. fly-by-wire and power-by-wire, 

etc. In contrast to the traditional deterministic 

connections between pilot commands (roll, pitch, 

and/or yaw) and control surfaces, the flight control 

computer (FLCC) provides flexibility to manage 

surfaces for given commands[1]. This means that, in 

traditional aircrafts, roll, pitch, and yaw maneuvers 

are achieved by controlling ailerons, elevators, and 

rudders, respectively, as shown in Fig. 1. But using 

the FLCC (Fig. 2), pilot commands are converted in  

electric signal to the required deflections in each 

control surface by the FLCC. The flexible connection 

among control surfaces provides opportunities to 

achieve high maneuvers such as cobra, herbst, etc. 

by distributing the surfaces’ deflection angles[2]-

[5]. This leads the modern aircraft design trend that 

adopts additional several surfaces to obtain high 

maneuverability, that is, the FLCC has been 

developed to provide the optimal control surface 
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Fig. 1 Traditional mechanical flight control system[1]. 

 
Fig. 2 Fly-by-wire system[1]. 
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distribution according to pilot command. For this 

reason, the FLCC takes advantages of not only 

providing less work load to the pilots, but also giving 

a chance to design the sophisticated aircraft shape 

like F-117A, B-2, F-22, etc. 

Actually, the FLCC is a hardware device. The core 

algorithm for distributing control surfaces in the 

FLCC is the control allocation (CA). A conventional 

definition of the CA is the redundant actuator 

(control surface) management algorithm that 

provides the optimal control surfaces’ deflection 

angles for given commands. Since modern aircrafts 

adopt additional control surfaces including thrust 

vectoring ability, the CA can be efficiently adopted to 

manage surfaces. Hence, the CA has attracted 

considerable attention in aerospace industries[2]-

[5].  

Redundant surfaces provide not only the possibility 

of high maneuvering as described above, but also the 

capability of tolerating fault occurring on a surface. 

This means that performance degradation and/or 

unexpected forces/moments due to faults can be 

compensated by managing redundant control 

surfaces. For this reason, the CA has been also 

considered as the fault tolerance method[6]-[12].  

Most of the CA algorithm introduced in [6]-[12] 

deals with explicit force and moment equations 

including position and rate saturations. However, in 

some cases, hidden equations must be considered 

while applying the CA. In [13], Yang et al. introduces 

the hidden equation appeared after breaking the 

symmetric characteristic due to faults on control 

surfaces. In normal flight condition, hidden equation 

trivially cancelled because of symmetry of an aircraft. 

However, if faults occur on surfaces, asymmetric 

forces are acting on the aircraft; consequently, 

hidden equation affects the aircraft. In this paper, 

load distribution constraints are considered as 

hidden equation. The considered load distribution 

constraints are specific moment ratio of elevator and 

aileron in order to prevent occurring fatigues on 

wing structure. Actually, in the supersonic advanced 

trainer, the elevators are deflected asymmetrically to 

reduce load acting on the ailerons while roll 

maneuvering. This paper proposes the CA algorithm 

that considered structural constraints. The proposed 

load distribution CA is designed based on the 

weighted pseudo-inverse method by mapping the 

weighting elements as a function of load distribution 

ratio. Moreover, the reconfiguration method for the 

load distributed CA is also proposed in this paper.  

 

2. Control Allocation 

 

2.1. Concept of Control Allocation 

Let consider the following dynamical system, 

 

 x Ax Bu ,                       (1) 

 

where, x(t)∈Rn and u(t)∈Rm are state and input 

vectors, respectively. And B∈Rn☓m is the input 

distribution matrix that describes the relationship 

between system states and inputs. Then control 

allocation is a control surface management technique 

that finds the optimal surface commands u(t)∈Rm, for 

given virtual commands v(t)∈Rp, such that the 

following equation can be satisfied[11]: 

 

vBu B v                          (2) 

 

where, the subscript v denotes virtual. The virtual 

input distribution matrix Bv∈Rn☓p represents the 

relationship between the actual and virtual inputs. 

After designing the virtual inputs according to 

specific performance/requirements, Bv can be 

determined by Eq. (2). 

The solution of the CA highly depends on the 

relationship between the number of control surfaces 

and the number of control variables. Fig. 4 describes 

the system conditions and their corresponding 

solution sets. In this figure, it is assumed that the 

dimension of virtual input p is same as that of system 

states. So the virtual input distribution matrix Bv is 

 
Fig. 3 Structure of control allocation [12]. 

 
 

Fig. 4 Control allocation classification and its solution 

[5]. 
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designed as an n x n identity matrix, i.e. Bv = I∈Rn☓n. 

For Case 1, since the number of control surfaces 

(unknown variables) is more than the number of 

system states, there are infinitely many solutions 

that satisfy Eq. (2). In Fig. 4, the solution P is one of 

solutions, which determined by minimizing the total 

control input powers, i.e. 

 
1

min ,
2

subject to 

TJ u u Wu

v = Bu

                  (3) 

 

where, W is a weighting matrix 

In contrast, there is no solution if the number of 

surfaces is less than the number of states (Case 3). 

In this case, the solution P can be determined by 

minimizing the errors between the desired virtual 

input (v) and the moments generated from control 

surfaces, i.e. 

 

     
1

min ,
2

T
J   u v Bu W v Bu            (4) 

 

There have been proposed various control 

allocation method, for example, pseudo-inverse, 

daisy-chain, constraint optimization based methods, 

etc. In this paper, the weighted pseudo-inverse is 

considered due to its simplicity and ease to handle 

the load distribution with respect to weighting term 

explicitly. 

 

2.2. The Proposed Load Distribution Control 

Allocation 

In this paper, lateral-directional control of an 

aircraft is considered. The lateral-directional 

dynamics can be generalized as follows: 
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   (5) 

 

where, δEA and δAA are asymmetric deflected angles 

of elevators and ailerons, respectively. And δRS is the 

rudder symmetric deflected angle. Moreover, δRoll, 

and δYaw are corresponding roll and yaw virtual 

required deflections. Although the primary purpose 

of elevators is to generate pitch moment by 

operating symmetrically, they also can be used as 

lateral and directional control surfaces by deflecting 

asymmetrically. 

The interested load is roll moment acting on 

ailerons while roll maneuvering. So in this paper, the 

elevators operated asymmetrically are designed to 

distribute the load. Suppose that the ratio of the 

distributed load acting on the elevators and ailerons 

are μ and (1-μ) for μ∈[0,1], respectively; that is, the 

relationship of roll moments acting on elevators and 

ailerons yields; 

 

 1
EA AAEA AAL L      .                 (6) 

 

In Eq. (6), although the elevators and ailerons are 

individual independent variables, they are coupled 

with static ratio μ. So the actual number of 

independently controllable surfaces is two; 

consequently, the lateral-directional dynamics is 

converted to the exactly determined case (Case 2). 

Actually, the above equation (6) can be considered 

as the hidden equation. The hidden equation is the 

relationship that must be considered under specific 

conditions/requirements. Without any consideration 

of load acting on control surfaces, the interested 

equation is only the general lateral-directional 

dynamics shown in Eq. (5). However, the hidden 

equation Eq. (6) must be considered to distribute 

load according to design requirement. 

It is assumed that the elevator load ratio μ is 

scheduled with respect to Mach number as depicted 

in Fig. 5. For low Mach number, the distributed ratio 

μ is very low because elevators must have sufficient 

operating range to generate pitch moment. In 

contrast, the ratio μ significantly increases for high 

Mach number due to prevent injecting huge stress on 

ailerons.  

 

It is assumed that the asymmetric deflected 

ailerons are dependable variable in this paper. Then 

from the conventional weighted pseudo-inverse 

result, the weighting factor for aileron must be zero 

and the hidden equation is applied as coupling 

 

 
Fig. 5 Scheduling for elevator load ratio 
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element of aileron and elevator. Then the proposed 

control allocation can be analyzed as follows:  
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3. Reconfiguration 

 

When faults occur in safety-critical systems, such 

as aircrafts, automotive vehicles, etc., they may lead 

to a catastrophic accident including the loss of life, 

property, etc. So these systems require a high-level 

of dependability in order to avoid an accident caused 

by faults. One of the widely used methods for 

achieving the required dependability is adopting 

redundant actuators. These redundant actuators are 

activated as back-up systems if the primary ones 

operate normally, but they activate as main systems 

if faults occur in the primary actuators. However, 

adopting redundant actuators takes disadvantages of 

losses of fuel, space, cost and weight during normal 

operation.  

In contrast to hardware redundancies, software 

based fault accommodation methods have been 

proposed for last 30 years, for example, pseudo-

inverse[6], model reference adaptive control[7], 

sliding mode control[8]-[9], multiple model 

switching and tuning[10], control allocation[2], 

[11]-[12], etc. These methods tolerate faults by 

providing the feasible control input that makes the 

faulty system maintain the normal performance. For 

this reason, these methods are defined as fault-

tolerant control or reconfigurable control (shortly 

reconfiguration). Reconfiguration highly depends on 

the relationship between the number of redundant 

actuators and the system states affected by faults. In 

2015, Yang et al. introduces the above relationship 

explicitly as reconfiguration criterion[13]. The 

proposed reconfiguration criterion determines the 

possibility of fault-tolerance. Intuitively, it is true 

that the possibility of reconfiguration significantly 

decreases as the number of faulty surfaces increases, 

because the system condition moves to the under-

determined case in Fig. 4. In addition, the hidden 

equations that trivially removed while normal 

operation increase the number of control variables. 

To avoid falling into the under-actuated case, the 

rule based reconfiguration law is proposed in this 

paper. Table 1 summarizes the rule for 

reconfiguration.  

In Table 1, if fault occurs on one of left or right 

elevator, the normal elevator must be used to 

achieve longitudinal stability because elevator is the 

preponderant surface in longitudinal-axis. And 

ailerons and rudders are used to compensate 

undesired moments due to asymmetric deflections 

between left and right elevators while controlling the 

aircraft in longitudinal-axis. It is remarkable that the 

structural coupling of asymmetric elevators and 

ailerons is broken while tolerating elevator fault. So 

the CA algorithm can be categorized as Case 2. More 

preciously, redistribution of ailerons and rudders can 

be achieved by finding the following equation: 

 

_

EA AA R
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EA command
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.         (8) 

 

Table 1 The rule based reconfiguration law  

Faulty  

surface 

Reconfiguration 

surfaces 

Reconfiguration  

law 

Elevator 

Elevator (pitch) 2×δES_command 

Ailerons and rudders 

(lateral/directional) 

Redistributing 

δEA_command by 

inversion (Eq. (8)) 

Aileron Elevators and rudders 

Redistributing 

δAA_command by 

inversion (Eq. (9)) 

Rudder Rudder 2×δRS_command 
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To reconfigure fault on the aileron, the normal 

elevators and rudders are used. In this case, the rule 

is designed not to use the normal aileron for 

tolerating fault, because it prevents increasing load 

on that aileron. For this reason, the elevators and 

rudders compensate the loss of roll and yaw 

moments; consequently, it is expected to increase 

the load acting on the elevators. Similar to the 

elevator fault case, distribution for aileron fault can 

be analyzed as follows:  

 

_

AA EA R

AA EA R

EA

AA command

RS

L L L

N N N

  

  






     
     

    

.         (9) 

 

Different from compensating fault on the elevator 

or ailerons, tolerating of rudder fault is very simple 

because it is preponderant in yaw control. Actually, 

normal elevators and ailerons are saturated while 

compensating rudder fault. Moreover, different 

angles between left and right rudders do not lead 

serious effect on longitudinal- and lateral-axis of the 

aircraft. Hence, it is reasonable to tolerate fault by 

deflecting the normal rudder twice the commanded 

angle.  

 

4. Simulation 

 

In this section, simulation results using MATLAB 

Simulink are provided to verify the performance of 

the proposed method. Two flight conditions are 

considered: (1) Mach 0.2 at 10,000ft, (2) Mach 1.2 at 

10,000ft. From Fig. 5, the load ratio μ can be 

determined as 0.1 for flight condition (1), and 1 for 

(2). To verify the CA results with reconfiguration, 

two virtual inputs are designed as a form of 

sinusoidal functions. And a single fault is assumed to 

be injected on the right aileron at 3.5 sec at flight 

condition (1). It is also assumed that fault is detected 

and diagnosed in 3.55 sec. To check the load 

distribution result, the conventional pseudo-inverse 

introduced in Fig. 4 is also provided. In this paper, 

the weighting matrix and virtual input distribution 

matrix are designed by an identity matrix, i.e. W = Bv 

= I2. 

Figs. 6-7 show the results of the proposed control 

allocation at flight condition (1). In Fig. 6, the 

asymmetric deflected angle of surfaces is plotted as 

the blue line while the conventional angle is shown 

as the block dotted line. Due to the static coupling 

condition introduced in Fig. 5, the asymmetric 

deflected angle of the elevator is significantly 

 
(a) Elevator deflected angle 

 
(b) Aileron deflected angle 

 
(c) Rudder deflected angle 

Fig. 6  Deflections of surfaces w/wo the proposed method 
 

 
(a) Error of the virtual roll moment 

 
(b) Error of the virtual yaw moment 

Fig. 7 Errors between the referenced virtual moments and 

the proposed method 
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(a) Elevator deflected angle 

 
(b) Aileron deflected angle 

 
(c) Rudder deflected angle 

Fig. 8 Deflections of surfaces w/wo the proposed method 
 

 
(a) Error of the virtual roll moment 

 
(b) Error of the virtual yaw moment 

Fig. 9 Errors between the referenced virtual moments and 

the proposed method 

 
(a) Elevator deflected angle 

 
(b) Aileron deflected angle 

 
(c) Rudder deflected angle 

Fig. 10 Deflections of surfaces without reconfiguration 

 

 
(a) Virtual roll moment w/wo compensation 

 
(b) Virtual yaw moment w/wo compensation 

Fig. 11 Trajectories of virtual moment w/wo compensation 
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reduced comparing with that of conventional case. In 

contrast, the ailerons deflection increases only 

around 4.2 deg. This result demonstrates that aileron 

can be used more efficiently than elevator at this 

flight condition. From Fig. 7, the proposed method 

can track the referenced virtual moment while 

satisfying the distribution rule. In this paper, the 

left-handed side of Eq. (2) is assumed to be the 

referenced virtual moment, i.e. the virtual moment = 

Bu = Bvv. 

The results at flight condition (2) are described in 

Figs. 8-9. Since elevator is used for lateral-axis 

control instead of aileron, aileron command is always 

zero. For this reason, the elevator deflection is 

increased significantly due to compensate the lack of 

roll moment generated by aileron. Fig. 9 

demonstrates that the proposed method satisfies not 

only the tracking performance but also the load 

distribution rule.  

Figs. 10-14 describe the performance of the 

proposed reconfiguration law. As the abrupt fault is 

assumed to be injected on the right aileron, the 

surface is positioned at 0 (Fig. 10(b)). From Figs. 

11-12, the virtual moment errors between normal 

and uncompensated case increase significantly. To 

compensate the effects of the faulty aileron, 

additional inputs are added to the elevators and 

rudders by the proposed method. The trajectories of 

 
(a) Error of the virtual roll moment w/wo compensation 

 
(b) Error of the virtual yaw moment w/wo compensation 

Fig. 12 Errors between the referenced virtual moments 

w/wo compensation 

 

 
(a) Elevator deflected angle 

 
(b) Aileron deflected angle 

 
(c) Rudder deflected angle 

Fig. 13 Deflections of surfaces with reconfiguration 

 

 
(a) Additional elevator asymmetric input 

 
(b) Additional rudder symmetric input 

Fig. 14 Additional inputs to tolerate aileron fault by the 

proposed method 
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additional inputs are described in Fig. 14. Before 

detecting and diagnosing the aileron fault in 3.55 sec, 

there are no additional inputs. However, by 

redistributing the elevator and rudder control power 

after 3.55 sec as shown in Fig. 14, the errors are 

reduced around 0; consequently, the required virtual 

moment can be achieved. The required virtual 

moment described as the black dotted line is 

overlapped by the blue line that represents the 

compensated moment trajectory in Fig. 11. From 

simulation results the proposed load distribution 

control allocation method with reconfiguration ability 

can track the required performance while distributing 

load according to predefined static ratio. 

 

5. Conclusion 

 

In this paper, load distribution control allocation 

method is proposed. In order to prevent affecting 

load on one control surface, the proposed control 

allocator disperses load to other surfaces. By 

constructing the weighting matrix as a function of 

load distribution, not only the required control goal, 

but also the efficient load distribution can be 

achieved.  This paper also suggests the fault-

tolerant control technique based on the load 

distribution control allocation. In fact, rules applied 

for reconfiguration is a forceful method that makes 

the control allocation operate as an over-actuated or 

exact system while tolerating fault. Actually, the 

ratio of load distribution will be rescheduled after 

various experimental tests; the possibility and 

efficiency of applying the load distribution control 

allocator is verified in this paper. A set of simulation 

results with/without actuator fault demonstrates the 

effectiveness of the proposed method.  
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