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Abstract—This study demonstrates an application of multi-

loop Model Reference Adaptive Control (MRAC) structure for 

enhancement of fault tolerance performance of closed-loop PID 

control systems. The presented multi-loop MRAC-PID control 

structure can be used to transform a conventional PID control 

system to an adaptive control system by combining an outer 

adaptation loop. This study shows that the proposed control 

structure can improve fault tolerance and fault detection 

performance of the existing closed-loop PID control systems 

without modifying any coefficients of PID controllers, and this 

asset is very useful for increasing robust control performance of 

the existing industrial control systems. This advantage originates 

from the reference input shaping technique that is implemented 

to combine adaptation and control loops. Numerical and 

experimental studies are presented to illustrate an application of 

the MRAC-PID control structure for rotor control applications. 

 
Index Terms— Adaptive Control, Fault detection, Fault 

tolerant control, Fault diagnosis. 

 

I. INTRODUCTION 

ontrol systems are mainly designed according to 

mathematical models of controlled systems. The 

dependence on mathematical modeling is one of the 

factors, which leads to degradation of long-term control 

performance of static controller structures in real world 

control applications.  
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 Unpredictable temporal alterations can change in system 

behavior in real-world applications, and they generally cause 

change of system models. Model uncertainties and limitations 

of mathematical modeling methods decrease long-term 

validity of system models.  In fact, component and material 

ageing or structural faults are inevitable and they leads to 

change of system models. Consequently, detection of 

performance deteriorations and corresponding retuning efforts 

of controller parameters are required to maintain long-term 

control performance under real world conditions. Instead of 

static controller structures, which cannot respond to those 

alterations, the flexible systems, which can adapt themselves 

for changing conditions and dynamics of controlled systems, 

can be more effective to achieve long-term real control 

performance. This type of flexible control systems are widely 

referred to as adaptive control systems so that they are capable 

of adapting themselves for changing operating conditions. 

In addition to the external factors, namely environmental 

disturbances, there are also structural factors that can lead to 

fluctuation of model parameters depending on a number of 

temporal phenomenon, such as ageing of materials, failure of 

system components etc. Specifically, process engineers 

observed that automated systems can be vulnerable to 

component faults, defects in sensors or actuators in the process 

or even in the controllers. Some of these faults cannot be 

tolerated by closed-loop control systems and they can develop 

into the malfunction of the control loop [1]. This can be a 

serious problem, particularly for remote or mission-critical 

control applications, e.g. remote or interplanetary missions. In 

these control applications, spontaneous controller tuning 

efforts may risk the remote missions. The present study 

illustrates an application of the adaptive control scheme, 

which may reduce need for retuning efforts in feedback 

controllers. 

Unmanned air vehicles (UAV) with electrical multi-rotor 

platforms can present several advantages for remote and 

planetary search missions inside gaseous or liquid 

environments. In these environments, unknown and 

complicated ground obstacles can be a problem for effective 

operation of unmanned ground vehicles. Multi-rotor UAVs 

can easily fly over blocking ground obstacles and trip over 

surface more energy-efficiently when compared to operation 

of unmanned ground vehicles. Performance of multi-rotor 

UAVs strongly depends on rotor control performance, and 

fault tolerance and adaptation skill are key assets for success 

of these type remote applications. 
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Due to their proven performance in real applications, PID 

controllers have become an industrial standard, and they are 

frequently used in UAV control applications [2-3]. PID 

controllers are simple in implementation and yet effective to 

respond control requirements of practical applications [4]. 

However, the constant coefficient PID controllers are quite 

vulnerable to system perturbations that may originate from 

external or structural factors. When a system perturbation 

occurs, they need retuning of controller coefficients to 

maintain control performance. Since increasing risks of 

instability and crash of UAVs while performing real-time 

retuning or online self-tuning actions, update of PID 

coefficients in operation may not be viable and secure for 

mission-critical applications. In this sense, motivation of the 

present study is to improve robust performance of PID control 

systems without need for retuning actions and this is 

performed by collaboration MIT rule of MRAC loop. Input 

shaping technique is used to combine existing PID control 

loop and MRAC loop because it does not need retuning of PID 

controller coefficients. The adaptation is performed by 

shaping the reference input by MRAC loop.  

Researches on adaptive control system topic can be traced 

back to mid-sixties [5] and adaptive control structures have 

been studied for improvement of robust performance of flight 

control systems. Discussions on MRAC approaches initiated 

in late 70s [6].  Later, it has become a major topic of control 

literature [7-12]. MRAC approaches have been reported to 

improve robust performance of control systems [12] and 

therefore they have been widely utilized in the case that 

system models were inexact or prone to perturbations.  

MRAC structures are essentially taken into account as an 

active control system, of which gain parameters are adjusted 

by update rules when system dynamics are altered [13-14]. A 

flight control system should deal with complicated aircraft 

dynamics, system nonlinearities and frequent variability of 

flight conditions depending on altitude, payload and weather 

conditions. One of the solutions is to use reference model 

based adaptive control strategies that aim to approximate 

response of reference model to maintain flight control 

performance under varying conditions of flights [15]. In this 

manner, we prefer MRAC-PID structures for adaptive rotor 

control application and investigate possible contributions of 

this structure to robust control performance. Recently, MRAC 

has been utilized in many complicated control problems such 

as for adaptive system control based on only input-output 

measurements [16], for uncertain switched systems with 

unmodeled input dynamics [17]. By comparing with 

performance of PID control, performance improvement of 

MRAC has been shown in extremum seeking control of 

photovoltaic systems [18].   

A well-known and basic MRAC implementation uses 

gradient descent optimization for control law derivation, 

which was commonly referred to as MIT rule [9,11]. This 

control rule was developed at Massachusetts Institute of 

Technology (MIT) in 1960 [11].  Essentially, the solution of 

MIT rule continuously follows descending of gradient trends 

of model approximation errors while updating gain parameters 

of control systems. Although it cannot control stable plants, 

computational complexity of the method is not high and its 

cooperation with other controller structure can improve 

adaptation skill of conventional control systems [19-22]. 

Fault-tolerant control is an important topic that has been 

widely discussed for industrial control applications [23] and 

flight control systems [24-25]. Blanke et al. have been defined 

the fault tolerance of control systems as "the ability of a 

controlled system to maintain its control objectives despite the 

occurrence of a fault" [1]. Particularly, main goal of fault-

tolerant control is to prevent local faults to develop into 

system malfunctions that fail safety-critical or mission-critical 

control applications. For these applications, degradation in 

control performance cannot be tolerable, and a certain degree 

fault-tolerance is achievable by reconfiguring controller 

parameters for new conditions [1]. In literature, mainly, 

supervised automation schemes have been proposed to 

diagnose and recover fault status in control systems. These 

schemes may need additional blocks to manage detection and 

diagnosis process and these blocks take action for 

reconfiguring or retuning of the dynamic systems [26-27]. 

Retuning effort, while performing control actions, is not safe 

because it may cause short-time instability and control 

performance degradations.  

In our previous work, multi-loop MRAC fractional-order 

PID control structure (MRAC-FOPID) has been theoretically 

investigated and improvement of fault tolerance skills of 

fractional-order PID control systems has been shown 

numerically [28]. Then, the multi-loop MRAC-FOPID control 

structure has been applied for control of experimental 

magnetic levitation system in order to demonstrate 

improvement in disturbance rejection performance of 

magnetic levitation control system [29]. Afterward, this 

method has been extended to additional loops and control 

performance improvements of this multi-loop approach has 

been shown for speed control of a servo plant [30].The current 

study demonstrates performance of multi-loop MRAC-PID 

control structure to enhance fault tolerance and fault diagnosis 

capabilities of experimental electrical rotor PID control 

system. Since PID control is the most widely utilized 

industrial controller structure, demonstration of improvement 

in performance  of PID control system can be very beneficial 

for industrial control applications. 

II. METHODOLOGY 

A.  Preliminary Knowledge for Application of MRAC-PID 

Structure 

Our control objective is to improve fault tolerance control 

performance of existing closed loop PID control systems by 

appending a MIT rule. For this purpose, the following two-

step design methodology [28-29] was applied for MRAC-PID 

rotor control system: 

Step 1: A transfer function model for an existing and 

operating closed loop control system is obtained by applying 

closed loop model identification, and then the transfer function 

of the closed loop control system is used as a reference model 

of MRAC loop. 

Step 2: The closed loop PID control system is combined with 

the MRAC loop according to input shaping technique. 
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These tasks form a hierarchically connected two-feedback 

loops such that the one is inner loop, which is the existing 

closed loop PID control system and performs control actions 

and stability, and the other is outer loop, which only performs 

MIT rule to perform adaptation according to reference model. 

Accordingly, while the inner loop with PID control works for 

system stability, the outer loop with MIT rule works for 

approximation of response of the closed loop control system to 

the reference model, which is namely adaptation. Thus, a 

change in control performance of inner loop can be easily 

detected by observing model error signal and then this 

mismatch can be tolerated by contributions of the MIT rule.  

Multi-loop control architectures have been addressed 

previously to improve certain weaknesses of conventional PID 

systems, and related works indicates potentials of multi-loop 

control structures to improve control performance [28-32]. 

Majority of these studies aim retuning of PID controller 

coefficients according to the model mismatch error. The 

proposed multi-loop MRAC-PID system does not tune any 

coefficients of the existing PID controller. Instead, an 

additional MIT rule as an outer loop is connected to reference 

input of the closed loop PID control systems. This additional 

loop only performs for shaping reference input of inner loop 

so that the response of the inner loop approximates to the 

response of the reference model. Thus, it can restore control 

performance of the closed loop PID control system (inner 

loop) according to response of the reference model.  

In the current study, the reference model is taken as the 

transfer function model of well-tuned and operating closed 

loop PID rotor control system. This reference model 

represents a fault-free, normal state of the PID control system 

and it is used as a memory of normal system status. Thus it 

keeps the system input-output knowledge of the fault-free 

state (normal state) of the system and this knowledge is used 

for restoration of control performance in case of a fault state. 

This approach is very useful for maintaining initial and fault-

free control performance of the existing PID control systems. 

It does not need any retuning efforts of PID controllers. 

In the current study, it is assumed that fault events are not 

determined, however faults cause a change in the PID control 

system responses. Sometimes, a closed-loop control system 

can hide minor faults and these faults may not be detected 

until they develop a control-loop failure [1]. To deal with this 

problem, model mismatch error of the proposed MRAC-PID 

structure is useful for fault detection and monitoring: A 

change in closed loop control system (inner loop), which leads 

to a change in response of inner loop, is detectable by 

observing model error signal because the model error signal 

shows divergences of the closed loop control system response 

from its normal, fault-free responses that were retrieved by the 

reference model. Then, MIT rule takes action to decrease the 

magnitude of model error signal by applying reference input-

shaping to closed loop control system. This enforces response 

of control system to approximate response of the reference 

model. Thus, it can recover control performance at certain 

degrees. This is the underlying mechanism of MRAC-PID 

structure that increases fault-tolerance and detection skills of 

conventional PID control system. 

B. Theoretical Background and Fault Modeling 

Figure 1 shows a block diagram of the proposed multi-loop 

MRAC-PID system. The inner loop performs closed loop PID 

control according to the control error yue rc  , and outer 

loop, which employs the MIT rule for adaptation of the system 

by using the model error mm yye  . Let us denote the 

transfer function of PID controller, sk
s

k
ksC d

i
p )( , and 

the controlled plant, )(sG . The transfer function of the inner 

loop can be expressed in the form of 

 

)()(1

)()(
)(

sGsC

sGsC
sT


   .                  (1) 

 
Fig. 1.  Block diagram of multi-loop MRAC-PID control system 

To maintain initial performance of the closed loop PID control 

system, the reference model is taken as the transfer function of 

inner loop when the PID control system is in normal, well 

tuned and fault-free state. Accordingly, transfer function of 

reference model can be expressed as, 

 

)()(1

)()(
)(

SGSC

SGSC
sT

oo

oo
m


  ,                        (2) 

where )(sCo  and )(sGo  are transfer functions of the 

controller and plant in normal operation state. Adaptation of 

system is carried out by shaping reference input of the inner 

loop according to rur  . The adaptation gain   is 

determined according to MIT rule, which is based on gradient 

descent optimization of the cost function J  given by, 

2

2

1
m

eJ   .       (3) 

The MIT rule for MRAC [7-9] was commonly expressed in 

the form of   






d

dJ

dt

d
  .               (4) 

278

http://dergipark.gov.tr/bajece


BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING,     Vol. 7, No. 3, July 2019                                                

  

 

Copyright © BAJECE                                                                ISSN: 2147-284X                                                     http://dergipark.gov.tr/bajece        

By taking Laplace transform of equation (4), it is written as 

follows,  







d

de
e

sd

dJ

s

m

m

11
 .             (5) 

One can consider the model error and reference input in the 

form of  

rsTrsTrsTusTyye mmrmm )()()()(    

and )(/ sTyr mm , respectively. Then, the sensitivity derivate 

of the system is written as,  

m
m

m y
sT

sT

d

de

)(

)(



 .                        (6) 

By using equation (6) in equation (5), MIT rule for the update 

of adaptation gain   to minimize cost function J  is obtained 

as, 
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m
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A bias value of 1 is added to allow a faster build-up of the 

adaptation gain   when the system is initiated. Otherwise, 

delay of reference model leads to a zero value of    for while 

and it prolongs transient regime of the control system at the 

system start-up. 

1
)(

)(1
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Let us investigate the normal and faulty cases for this system 

[28]: 

* In case of normal operation, )()( sTsT m , the adaptation 

gain  becomes, 

1
1

 mmey
s

                  (9) 

* In case of fault or parametric perturbation, )()( sTsT m , 

and one can consider two circumstances; 

(i)  The fault comes from plant function, in this case, one can 

consider the cases of )()( sGsG o  and )()( sCsC o , the 

adaptation gain   goes to the value of, 

1
)()(

)()(1
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(ii)  The fault comes from PID controller, in this case 

)()( sGsG o  and )()( sCsC o , the adaptation gain  goes 

to the value of, 

1
)()(

)()(1
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where the )()(1)( sGsCs   and )()(1)( sGsCs ooo   

are characteristic polynomials of  transfer functions of closed 

loop PID control system in faulty case and in normal case, 

respectively. The fault diagnosis can be carried out by 

observing value of   signal.  In case of normal operation 

( )()( sTsT m ), the condition 0me  should be satisfied: 

0)1)(()()(  rsTrsTrsTe mmm     (12) 

This equation can be always valid in case of 01 . Here, 

the reference signal r  changes independent of the system. So, 

the normal operation of system (fault-free status) can be 

detected by the state of 1 . Accordingly, the faulty case of 

system can be detected by the case of 1  because it yields a 

non-zero model error. Two types of fault models are 

investigated [28]: 

i) Gain faults: The gain fault case can be modeled as 

)()( skTsT m , where the state of 1k  is referred to as the 

gain fault of the system. The case of 1k  infers normal state 

of system. By rearranging the equation (12) for this type of 

fault, one solves 0)1)((  rksTm   and obtains the k/1  

for recovery the system, which provides 0me . Hence, any 

gain type fault case is detected by observing  signal for a 

value of /1k . 

ii) Structural factorable faults: This case can be modeled as 

)()()( sTsFsT m , where the  )(sF  is called transfer function 

of structural factored type fault. When equation (12) is 

rearranged for this fault case as 0)1)()((  rsFsTm  , one 

observes evolution of the adaptation gain, which recovers fault 

case, as 
1)(  sF . For instance, let's assume that a structural 

fault causes an additional system pole with a time constant 

f , the fault model becomes )1/(1)(  ssF f  . In this 

circumstance, when this fault case is restored by MIT rule, 

structural faults can be detected by a   response that is 

expressed by )1()( 1   ssF f . 

III.  SIMULATION STUDY 

This section presents a numerical study to demonstrate 

application of multi-loop MRAC-PID control for rotor control. 

Simulation results were obtained by using numerical model of 

experimental rotor control test platform in 
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MATLAB/Simulink environment. The experimental system 

was tuned and controlled by a closed loop PID control system. 

In well-tuned and fault-free state, the closed loop model 

identification was carried out by means of model identification 

toolbox of MATLAB. The following transfer function of 

closed loop PID control system was identified, 

195.544.665662732

784610.395.110.01.138907.9343.134

187.568.688.5692748

6795921112572.52691.59

)(

23

4546478910

23

45678











sss

sssssss

sss

sssss

sT
(13) 

After modeling of tuned closed loop control system in fault-

free state, the transfer function of the model, given by 

equation (13), was implemented as the reference model of the 

MRAC-PID control system. Then, the MRAC-PID system, 

which is depicted in Fig. 8, was implemented by appending 

outer loop (MRAC with MIT rule) to inner control loop 

(closed loop PID control system). The adaptation rate   was 

set to 1 in simulation and experimental studies to provide 

enough fast system response in our tests. It should be noted 

that too large values of    can lead to the instability of 

system. PID controller coefficients were not changed during 

simulation and experiments. Simulation study was performed 

for 10000 sec by applying square wave reference signal so that 

we can observe long-term system responses for low and high 

frequency components of square wave reference signal. 

Figures 2 compares simulation results, which are obtained for 

the proposed multi-loop MRAC-PID structure and the 

conventional PID control system in case of a gain fault of the 

closed loop PID control system, which is expressed as 

)(7.0)( sTsT m . This synthetic fault state is initiated at 5000 

sec by instantly switching DC gain of )(sT  function from 1 to 

0.7. At the beginning of the fault, divergence of the multi-loop 

MRAC-PID system from reference model is shown in Fig. 3.  

 

Fig. 2.  Time responses of multi-loop MRAC-PID system and conventional 
PID control system for the case of gain fault of the closed loop PID control 
system at 5000 sec. 

Fig 3 shows a close view of simulation results around 5000 

sec in Fig 2. However, the response of multi-loop MRAC-PID 

system can be restored in 10 sec, and therefore the output of 

multi-loop MRAC-PID system ( y ) is the same as the output 

of reference model ( my ) in Fig. 4. Whereas, the conventional 

PID control yields a steady state error. These results clearly 

show that the proposed system can deal with the gain fault of 

7.0k .  

 

Fig. 3.  A close view of Fig.2 to show responses of both control systems at the 
beginning of gain fault state at 5000 sec. 
 
 

 
Fig. 4.  A close view of Fig.2 to show responses of both control systems at 
9000 sec. 

 

In Fig. 5, it was observed that the adaptation parameter   

settles to the value of 1.4, which is very consistent with the 

result of theoretical formula, 4.1/1  k , for gain type fault 

of closed loop transfer function. As expected, in normal (fault-

free) case before the fault insertion at simulation time of 5000 

sec, parameter   settles to the value of 1 to indicate normal 

status of the system. Hence, the level of   signal can be 

utilized to monitor gain type faults: One can define a gain fault 

index /1k  to detect gain type fault case. In this 

simulation, this index was accurately detected as 

7.04.1/1 k  and )(7.0)( sTsT m  fault case was diagnosed 

by monitoring level of  . Fig. 6 shows the evolution of model 
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error me  during adaptation process. The figure clearly 

demonstrates the adaptation of the proposed system by settling 

of model error 
me  to 0 again in 10 sec. 

 

 
Fig.5. Change of    at gain fault state. 

 

 

Fig.6. Change of  me  at the beginning of gain fault state. 

IV.  EXPERIMENTAL STUDY 

Figure 7 shows a picture of rotor control test platform that was 

built for adaptive rotor control research studies. The system is 

composed of an electrical rotor, a rotary encoder, a shaft and a 

control card. The rotor hovers and the angle of shaft is 

controlled by the feedback of rotary encoder. Matlab/simulink 

environment was used to perform all tasks: control system 

simulation and design, digital implementation of the design on 

control card,  monitoring of this experimental platform. Figure 

8 shows an implementation of multi-loop MRAC-PID system 

and fault insertion model in experimental study. For normal 

(fault-free) state  of the system, the fault model )(sF  was set 

to 1. Figures 9 and 10 demonstrate responses of the proposed 

multi-loop MRAC-PID system and the conventional PID 

control system for a type gain fault insertion, )(7.0)( sTsT m  

, for experimental closed loop PID control system. This 

synthetic fault state was generated at 120 sec by switching 

1)( sF  to 7.0)( sF . The figures clearly show that the 

output of multi-loop MRAC-PID system can approximate to 

the output of reference model in about 30 sec period, and the 

system can deal with the DC gain fault 7.0k . But, 

conventional PID control system cannot deal with this fault 

type case of the PID control system. For the gain fault of 

7.0k , theoretical formula suggests 4.1/1  k  for 

adaptation action.  

 

Rotor 

Rotary 

Encoder 
Control 

Card 

 

Fig. 7.  A picture of experimental rotor control test platform 

 

Fig. 8.  Block diagram of multi-loop MRAC-PID system and fault insertion 
model for experimental study. 

Figure 11 confirms this result by showing increase of   up to 

the level of 1.4. In fault-free normal operation, the parameter 

  stays at around the value of 1 in Fig. 11. These 

experimental results confirm that level of   can be used to 

diagnose DC gain fault states of closed loop control systems. 

Fig. 12 shows the evolution of ru  during the adaptation 

process. The ru  signal was formed by shaping of the 

reference input r  by MIT rule and it adjusts level to r  to 

tolerate impacts of gain fault. Fig. 13 presents the evolution of 

model error that convergences again to zero after the recovery 

of the fault case. These results clearly show that gain type 

fault case can be easily diagnosed by monitoring   signal and 

the proposed system can restore again the system response 

based on the response of the reference model. Experimental 

results are also in well-agreement with simulation results and 

theoretical analyses. Figures 14, 15 and 16 show test results of 
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the proposed multi-loop MRAC-PID system and conventional 

PID control system. We assumed that this structural fault 

results in an additional real system pole with a time constant  

3f  sec and it can be expressed as )13/(1)(  ssF . This 

synthetic fault case was initiated at 120 sec by connecting one 

pole )(sF  function to system. Figure 15 and 16 show that the 

multi-loop MRAC-PID system adapts itself for this fault case 

and approximates to the response of the reference model. 

Figure 16 shows the change of   and Figure 17 shows the 

evolution of ru  during the adaptation process. Both 

experimental results show that multi-loop MRAC-PID system 

can approximate to response of the reference model in cases of 

these fault models and verify adaptation skill of the proposed 

MRAC-PID structure. Conventional PID control system more 

diverged from initial well-tuned system response (reference 

model response) in fault cases.  

 
Fig. 9.  Responses of multi-loop MRAC-PID system and conventional PID 
control system in the case of a gain fault of the closed loop PID control 
system at 120 sec. 

 

 

 

 

 

 

Fig. 10. A close view of Fig.9 to show responses of both control systems at 
the beginning of gain fault state at 120 sec. 
 
 
 
 

 
 

 
Fig. 11.  Change of    during experimental test of multi-loop MRAC-PID 

system 
 

 

Fig. 12.  ru  during experimental test of multi-loop MRAC-PID system  

 

 

Fig. 13.  Change of me  during experimental test of multi-loop MRAC-PID 

system and conventional PID control system. 
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Fig. 14.  Responses of multi-loop MRAC-PID system and conventional PID 
control system in the case of a structural fault of the closed loop PID control 
system at 120 sec 
 

 
Fig. 15.  A close view of Fig.14 to show responses of both control systems at 
the beginning of gain fault state at 120 sec. 
 

 
Fig. 16.  Change of    during experimental test of multi-loop MRAC-PID 

system  
 
 
 
 
 
 

 
 

 

Fig. 17.  Change of  ru  during experimental test of multi-loop MRAC-PID 

system  
 

IV. CONCLUSIONS  

This study demonstrated experimental study for application of 

MRAC-PID structure to implement adaptive PID control of 

electrical rotors. Transformation of the existing and 

operational PID control systems to multi-loop MRAC-PID 

structure is quite straightforward task, and this multi-loop 

structure has potential of enhancement of robust control 

performance of existing PID control systems. Numerical and 

experimental study results clearly show that the proposed 

approach can increase adaptation and fault tolerance capability 

of conventional PID control systems without need for any 

modification on parameters of PID control systems. In real 

applications, the closed-loop PID control can compensate the 

developing faults until they develop a serious failure of control 

system. The MRAC-PID structure allows detection and 

diagnosis of fault status of closed loop control systems by 

observing the state of   signals. This property may have 

significance for mission-critical control. Some remarks can be 

summarized:  

* Simulation and experimental results show that the proposed 

multi-loop MRAC-PID system can be effective to compensate 

control performance deteriorations that are caused by gain 

type faults.  

* Implementation of the method is very straightforward; it can 

be applied to the existing PID control systems only by 

performing closed loop model identification. No need for 

modification of closed loop PID control loop. This is an 

important asset for improvement of exiting control systems. 

* Another practical advantage of this multi-loop MRAC-PID 

structure comes from performing reference input-shaping 

instead of dynamically updating PID controller coefficients for 

retuning the controller. This property is very desirable for 

mission-critical and remote control applications because 

online returning actions of controller coefficients can raise the 

risk of instantaneous instability or performance deteriorations.  

* Under harsh conditions, ageing or failing of system 

components can occur rather faster than normal conditions. 
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Fault tolerance capability of control systems can contribute to 

robust performance of control systems by dealing with such 

performance deteriorations that are caused from instantaneous 

or slowly developing faults or defects of system components. 

The multi-loop MRAC-PID control can contribute to maintain 

control performance in industrial application.  
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