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Daisy Chain Method for Control Allocation

Based Fault-Tolerant Control

Jiyeon Kim, Inseok Yang, Dongik Lee*

Abstract : This paper addresses a control allocation method for fault-tolerant control by 

redistributing redundant control surfaces. The proposed method is based on a classical daisy 

chain approach for the compensation of faulty actuators. The existing daisy chain method 

calculates a desired moment according to a number of actuator groups. However, this method 

has a significant limitation; that is, any faulty actuator belonging to the last actuator group cannot 

be compensated, since there is no more redundant actuator group that can be used to generate 

the required moments. In this paper, a modified daisy chain method is proposed to overcome this 

problem. Using the proposed method, the order of actuator groups is readjusted so that actuator 

groups containing any faulty actuator are always placed in an upper group instead of the last 

one. A set of simulation results with an F-18 HARV aircraft demonstrate that the proposed 

method can achieve better performance than the existing daisy chain method.
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Ⅰ. Introduction

 

  Recent research into modern aircraft 

design stresses the use of redundant control 

surfaces for improving the performance of 

fault-tolerant control (FTC). The fundamental 

purpose of the FTC scheme is to maintain 

stability and certain performance requirement 

of the overall system despite of the actuator 

or sensor faults. As one of the most commonly 

employed FTC method, the control allocation 

(CA) method has been proven to be useful in 

restoring system safety and performance by 

using redundant actuators to replace faulty 

actuators, especially in an over-actuated 

system. Using the CA method, acceptable 

performance can be achieved without changing 

the complex flight controller in the presence of 

actuator failures [1]. Consequently, the CA 

problem has been extensively studied, including 

direct allocation [2], pseudo-inverse [3], daisy 

chain [4, 5], non-linear programming [6], and 

approximate quadratic programming [7]. These 

methods are considered as a static optimization 

problem for CA.

Fig. 1 Fault-tolerant control system

with smart actuators
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In this paper, a modified daisy chain method 

is presented to overcome the inherent 

drawbacks of the existing daisy chain method 

[4, 5]. In the existing daisy chain method, the 

input vector is divided into several groups in 

order to achieve the desired moments. In this 

case, all of the actuator groups are calculated 

in order. Therefore, any actuator failure 

belonging to the last group cannot be 

compensated as no more actuator group is 

available to replace the faulty one. The 

proposed daisy chain method can solve this 

problem by reordering the actuator groups so 

that those groups with faulty actuators are 

placed into the upper groups.

As shown in Fig. 1, the proposed method 

utilizes smart actuators [8]. A smart actuator 

is an actuating system that can offer local 

diagnosis, local compensation, and bi- 

directional communications by using the 

built-in processor and fieldbus network [9]. In 

this paper, a set of condition data generated 

by each actuator to describe its health status 

is used by the supervisor in order to manage 

the control allocation module. It is assumed 

that actuator failures are locally detected 

within each smart actuator using a self- 

diagnostic function. Using these condition data, 

including the information on actuator failure, 

the supervisor reconfigures the CA module in 

order to compensate degraded system 

performance due to faulty actuators.

 

Ⅱ. Equations and theorems

 

1. Control allocation method

Control allocation is a method that involves 

distributing a desired control input into the set 

of redundant actuators. Consider the linearized 

dynamics equation given by

  
 

           (1)

Fig. 2. Control allocation in a typical system

where ∈  is the state vector, ∈  is the 

control input vector with constraints such as 

min max  , and ∈   denotes the system 

outputs. ∈ × , ∈ × , and ∈  ×  are 

the state matrix, the control effectiveness 

matrix, and the output matrix, respectively. 

Given a desired input ∈ , the control 

allocation problem involves finding the control 

input  such that the following conditions are 

satisfied:

                    (2)

subjects to min ≤≤max

In other words, as shown in Fig. 2, the control 

allocation method calculates the optimal 

actuator input u that satisfies equation (2) to 

generate the virtual input , which is 

determined by the controller.

2. Daisy chain method

The daisy chain method, which is a control 

allocation technique with redundant groups of 

actuators, was introduced by Buffington and Enns 

[4]. The key idea is that the actuator input u and 

the matrix B are allocated into M groups as 

follows:

      ⋯    
     ⋯  

          (3)

Then, the control allocation problem of equation (2) 

can be represented as solving

      ⋯        ⋯   


   ⋯   
  (4)

As shown in Fig. 3, the daisy chain method 

usually divides the actuator inputs into two groups, 
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Fig. 3 Structure of daisy chain problem

in case of two groups [10]

i.e.,  [10]. Firstly, the first group   is 

allocated using the pseudo-inverse of  as 

follows:

                 (5)

where   is the right inverse of   and 
· is 

the actuator saturation of the first actuator group. 

If the virtual input is not satisfied by the first 

group, then the second group can be calculated to 

satisfy the remaining demands as follows:

  
          (6)

If the actuators belong to more than two groups, 

this procedure is finished when the virtual input is 

satisfied or all of the groups have been employed. 

The procedure of the daisy chain method can be 

summarized as

  


  


⋮

   
  

 


       (7)

State equation (1), which is applied to the daisy 

chain method can be represented as

    ⋯       (8)

Fig. 4 Types of actuator failure [11]

Ⅲ. Modeling of actuator failures

 

As shown in Fig. 4, typical actuator failures 

in flight control include lock-in-place (LIP), 

float, hard-over failure, and loss-of- 

effectiveness (LOE) [11]. These actuator 

failures can be divided into two categories: (a) 

total loss of effectiveness and (b) partial loss 

of effectiveness [12]. In the case of the first 

category, the effectiveness of the actuator 

becomes zero. LIP, float, and hard-over 

failures are included in the total failure 

category [13]. On the other hand, LOE is an 

example of the second category, partial loss of 

effectiveness, which is characterized by 

reduced actuator gain with respect to its 

nominal value.

The dynamics of the i-th faulty actuator 

can be written as [8]

              (9)

where   and   are the ideal actuator position 

and actuator response with a total failure of 

the i-th actuator, respectively. The condition 

data   and   are provided by the actuator 

itself. The switching variable   satisfies the 

following:

 
 normal or LOE failure
 total failure      (10)
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The performance index , which is a 

quantitative value in the range of [0, 1] can 

be defined as

 





 total failure
ε  ε LOE failure

 normal      (11)

In this paper, actuator modeling for the 

proposed method considers both LOE and total 

failures. The presence of fault with the i-th 

actuator can be determined by using the 

condition data, such as   and  . 

In the case of total failure, the actuator 

output is independent of the input. Hence, this 

failure can be considered as follows:

          (12)

where  is a diagonal matrix of  in the j-th 

group and   is the matrix of responses of 

actuators belonging to the j-th group.

If an LOE failure occurs in the i-th 

actuator, which belongs to the j-th group, then 

the actuator performance is degraded to the 

performance index , which ranges from [0, 

1]. Therefore, LOE failure in the j-th group 

can be compensated by adding the 

effectiveness matrix into the matrix gain  as 

follows:


  

†         (13)

where  is a diagonal matrix of  in the j-th 

actuator group and ·†  is the pseudo inverse 

of ·. Therefore, the general equation of the 

daisy chain method (7) can be represented as 

follows:

 

   


  

 




  
  

 

 
 (14)

Ⅳ. The proposed daisy chain method

 

In contrast to the case of LOE failure, when 

the last group develops total failure, the effect of 

the faulty actuator cannot be compensated since 

there is no group that can compensate the lost 

effect due to the failure. The proposed solution to 

overcome this problem is to prioritize actuator 

groups according to the existence of any total 

failure. That is, actuator groups containing any 

total failure are calculated in order to solve the 

control allocation problem first, after which the 

remaining demands are calculated by the next 

groups within their actuator limits.

The switching variable  to classify the 

groups, whether or not they contain any total 

failure, is defined as

 
   

  ≠
          (15)

If the condition variable   of the i-th actuator 

from the j-th group is equal to 1 due to total 

failure, then the variable  becomes 1. The 

expression to compensate the effect of the 

actuator group with total failure is given by

  
  

 

 
 (16)

Actuator groups without any total failure, having 

a null matrix of the switching variable, can be 

calculated as

  


  



 


  

 


(17)

Firstly,  is calculated for all groups for 

   ⋯ . If the j-th actuator group is a normal 

actuator group or includes only LOE failure, then 

 goes into the zero vector as    according 

to (16). After calculating  for all actuator groups, 

 is also calculated for    ⋯ . Therefore, 
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the actuator input vector of the j-th group can be 

restated as

              (18)

Ⅴ. Computer simulation

1. Simulation conditions

The proposed method is evaluated through a 

set of computer simulations using a linearized 

mathematical model of an F-18 HARV (High Alpha 

Research Vehicle) aircraft. Linearization is carried 

out under operating conditions that correspond to 

an altitude of 10,000 ft, speed of Mach 0.23, and 

angle-of-attack of 30° [14]. This paper considers 

a problem with eight controls and three moments. 

For the considered flight case, the effectiveness 

matrices  and  , which are partitioned into two 

matrices, are given by

 










– –– –––– –– –
– –– ––
–– –– –
– – ––



 







–– – –

– – 
  ––



The first actuator group   contains the left and 

right horizontal tails, ailerons, and the combined 

rudders. The left and right rudders are treated as 

a single control in order to move together. The 

second actuator group   contains the left and 

right thrust vectoring nozzles and yaw thrust 

vectoring. The position constraints of the controls 

are presented as follows:

min 










–
–
––
–
–
––

, max 




















[rad].

Three virtual moments, namely moment 

coefficients of pitch, roll, and yaw, are chosen 

arbitrarily. In this simulation, an LOE failure and 

LIP failure, which is an example of total failure, in 

the right thrust vectoring control are considered. 

The faulty actuators belong to the second group.

2. Simulation results

The simulation results in the presence of 50% 

LOE failure in the right thrust vectoring nozzle are 

depicted in Figs. 5-6. In Fig. 5, the trajectories of 

coefficients for roll, pitch, and yaw moments are 

compared between the existing daisy chain method 

(uncompensated) and the proposed method 

(compensated). In Fig. 5, performance is degraded 

due to LOE failure in the case of the existing 

daisy chain method. However, the results with 

compensation using the proposed method show that 

performance is maintained similar to the virtual 

moment. Further, using the proposed method, the 

errors in the reference virtual moment are nearly 

zero as shown in Fig. 6.

Figs. 7-8 show the simulation results with LIP 

failure, which is a total failure. There are errors in 

the roll and pitch moment coefficients due to LIP 

failure in the existing method. In contrast, the 

resulting performance is acceptable by using the 

modified daisy chain method even in the presence 

of LIP failure with the second actuator group.

Ⅵ. Conclusion

 This paper presented a modified daisy chain 

method to overcome the limitations of the existing 

daisy chain method. In the proposed method, by 

reordering the actuator groups according to the 

existence of failure, the difficulty in compensating 

any failure with the last actuator group could be 

overcome. The proposed method can be 

implemented on low-cost embedded processors due 

to not need a mathematical model of the plant. The 

performance of the proposed method has been 

evaluated by a set of computer simulations with an 

F-18 HARV aircraft. The simulation results show 

that the proposed method can effectively deal with 

both types of actuator failures, LOE and LIP, which 

are developed in the last actuator group.
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Fig. 5 Trajectories of moment coefficients

with 50% LOE failure

Fig. 6 Errors in moment coefficients

with 50% LOE failure

Fig. 7 Trajectories of moment coefficients

with LIP failure

Fig. 8 Errors in moment coefficients

with LIP failure
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