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Abstract. The failure of a DC motor in an electric car caused by an error 
in the actuator and sensor can endanger the driver and the surrounding 

environment. This research focuses on the design of a Passive Fault 

Tolerant Control (PFTC) system that can work when an actuator and 

sensor error occurs in the MS150 DC modular servo system speed control. 

The first step is to identify the MS150 DC modular servo system. The 

second step is to design a state feedback control system with an integrator. 

The third step is to design a simulation PFTC system and design a PFTC 

system to be implemented in realtime. To find out the performance of the 

designed PFTC system, a test is carried out with a bias error of about 0.1 V 

to 0.8 V. On the results of implementing the PFTC system in real-time on 

the simulation error, the maximum overshoot value is smaller than the 

system without PFTC, besides the application of AFTC causes the 

resulting settling time is smaller than the system without PFTC. 

 
Keywords: Actuators, sensors, PFTC Systems, MS150 DC modular 

servo systems. 

1 Introduction  
Currently, the use of electric cars has increased along with public awareness of the 

environment. The main component of an electric car is a DC motor. In electric vehicles, DC 

motors work like a servo system with motor speed according to temporary requirements of 

changes in load torque. In this control system, the sensors and actuators are very sensitive 

and easily damaged [1]. The minor fault that occurs on both should be removed as early as 

possible to prevent system failure. On the other hand, PID controllers are usually used in 

system controls but they have poor performance when the load changes or motor dynamics 

[2]. Therefore, the system requires control that can tolerate fault on certain limits. 

Fault-Tolerant Control (FTC) is a control system that can tolerate fault that occurs and 

maintain the system performance can be maintained. The purpose of the FTC is to ensure 

that the system can operate correctly even if a fault occurs. The FTC can be classified into 

two types, namely Passive Fault Tolerance Control (PFTC) and Active Fault Tolerance 

Control (AFTC) [3]. AFTC responds fault that occurs on the system by redesigning 

controller action based on the scheme of Fault Detection and Isolation (FDD) scheme. 

While PFTC is designed to make the control system are robust against fault without 

requiring the identification process fault that happens [1, 4]. PFTC has the advantage of 
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being able to work well on systems that have high uncertainty. FTC can be used with 

different objectives according to controlled applications, for example, aircraft safety and 

costs in industrial processes [5]. The robust control system is a control system that can 

work well even though there are disturbances in the system with unknown characteristics. 

The robust theory works by calculating system uncertainty. Controller parameters on robust 

controls are fixed and designed using the assumption of a certain maximum level of 

disturbance. 

The robust control system had been applied to the servo system [6]. The controller 

works with the assumption that there is no fault in the measurement so that the proposed 

control system cannot work properly when a sensor fault occurs. Fault actuator can be seen 

as a disturbance on robust controls. However, the amount of disturbance that can be 

accommodated is only limited to the value of the assumptions set at the time of design, so it 

cannot resolve with larger actuator faults. Besides, the condition of motors operates with 

load change causes a change in the system dynamics, making it more difficult to control if 

only using linear time-invariant (LTI) model approach in designing robust controls. 

Several previous research had already been done. In the 2002, research on robust 

control without observers was done. This research discusses the robust control applied to 

DC motors with fault focusing on a disturbance at the moment of inertia [6]. Using robust 

controller state feedback with analysis of the LMI approach is stated to be very flexible and 

efficient because it can maintain system performance. However, the research only observed 

the moment of inertia disturbances and has not reviewed the fault that occurs in the sensor 

and/or actuator components. 

The development of the next research done in 2005 by using observers on fault 

detection isolation (FDI) to compensate for sensor and actuator faults [7]. The method 

chosen is AFTC and applied to DC motor speed control. The results showed that faults 

were detected and compensated. However, the researchers concluded that the research had 

not considered FDI delay which may happen often, so it affects the stability and 

performance of the system. 

The use of observer to compensate faults without further FDI mechanisms was done [8]. 

Application of the FTC in the case of a DC motor is done by considering sensor and 

actuator faults and disturbance. In this case, the observer is designed to be robust against 

disturbance, using the LMI approach. Although the controller in charge of tracking the 

setpoint, however, in this research have not implemented a thorough analysis of the 

integration of controller and observer. So, if the controller is robust, then the possible faults 

can occur that are not detected by the observer. This can affect the results of the required 

compensation and the DC motor speed response. 

Based on previous research studies that have been described previously, this research is 

proposed. This research will design a PFTC on a DC servo motor system for speed control 

with actuator and sensor faults. The PFTC method was chosen because this method is not 

through the FDI mechanism so that it can minimize the delay in the fault estimation 

process. Robust systems will be designed include all parts of the control system so that the 

system can run optimization more optimal. 

2 System description  

2.1 Modular DC motor servo system 
 

The DC motor is an electrical machine that has changed the working principle of convert 

electrical energy into mechanical energy. Energy conversion is the implementation of 

Lorentz law, which is the law that applies to electricity in the conductive wire in the 

magnetic field [9]. MS150DC modular servo system is a set of electronic blocks that are 

used to control the speed and position of the DC motor. 
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Fig 1. The modular servo system MS150 DC 

 
Figure 1 represents the image of the modular servo system that consists of a power 

supply, the servo amplifiers, DC motor units, and a reduction gear tacho unit. 
  

2.1.1  Tacho generator 
Tacho generator is an electronic device that converts mechanical energy to electrical 

energy. The measurement results are showing revolutions per min on an analog scale meter. 

Sensor faults tacho generators occurs at mechanical variables, such as bearings or bearings, 

brush wear, shaft, extrusion and rotor misalignment. Faults that occur in mechanical 

variables can cause minor faults on the system in the form of bias errors and sensitivity 

[10]. 

 

2.1.2  Servo amplifier 
 The servo amplifier is an amplifier that can signal an error processing to correct for the 

difference between the input signal (reference) with the feedback signal (feedback) so that 

it can produce the desired output. Fault on the actuator occurs because of the supply 

voltage, the decrease in the performance of the amplifier and blockages. The fault relates to 

errors loss of effectiveness (partial loss of hydraulic or pneumatic pressure) and refractive 

fault in the actuators [11]. 

 

2.2 Passive fault-tolerant system 
 

An improved performance and security required in system control. The feedback control 

system produces a less stable performance when used on complex systems if damage 

occurs on actuators, sensors, and other components. The solution to fix the problem a 

control design that can tolerate faults, so that system stability is maintained. Fault-Tolerant 

Control System (FTCS) is a control system that can tolerate errors in a system so that the 

system can achieve the desired performance [12]. FTCS can be divided into two types, 

namely Passive Fault Tolerant Control System (PFTCS) and Active Fault Tolerant Control 

System (AFTCS). AFTCS is a control system that reacts to component failure with 

reconfiguring control so that the system stability and performance can be maintained [13]. 

Meanwhile, PFTCS is a control system that is designed to maintain the system from a 

failure that occurred. The difference between the two types of FTCS is in the design of 

Reconfigurable Controller (RC) and Fault Detection and Isolation (FDI), which are only 

used on AFTCS.  

 The advantages of the PFTCS system are predefined faults so that the system can be 

designed to be a robust controller of faults, and there is no delay due to RC and FDI designs 

that usually happen on AFTCS. However, if a fault occurs outside the specified value, the
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system performance will deteriorate. Therefore, the PFTC design requires observers to be 

able to estimate errors so that system performance can be maintained [1]. 

 

3 Research methods 
 
3.1 Modular DC motor servo system 
 
The selection of the model performed with the parametric method based on input data and 
output data from the plant have been obtained. The modular servo system of DC motor is 

designed as shown in the image for input and output. 
 

 
Fig 2. Block diagram of servo modular system set up 
 

Based on Figure 2, a system of control is located on the computer/laptop or user 

interface. The control system to set the input signal on motor DC motor, because speed 

control of the DC motor is influenced by the magnitude of the voltage input is given. NI-

DAQ 6008 is used for communication between computers and plant. Besides, NI-DAQ 

6008 is needed as a media to convert digital to analog signals. The data used in this 

research is input data voltage and output data in the form of the value of the speed and the 

current. Based on the modeling that was done then obtained state-space system as follows 

in Equation (1) and Equation (2), 
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3.2 The Design of Feedback Control Systems 
 

𝑥 = 𝐴𝑥 + 𝐵𝑢 

 
(3) 

 

                                  
𝑦 = 𝐶𝑥 + 𝐷𝑢 

 
(4) 

 
          

Which the amount of error, 
𝑒𝑐 = 𝜔𝑟𝑒𝑓 − 𝜔 

 
(5) 

 

           
𝑒𝑐 = 𝜔𝑟𝑒𝑓 − 𝐶𝑟 . 𝑥 

 
(6) 

 
Equation (4) and Equation (6) are changed in the form of a matrix as Equation (7), follows: 
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(7) 

 
Selected the desired pole as follows, 

 
𝑝1 =  −15 + 5𝑖 

 
𝑝2 =  −15 − 5𝑖 

 
𝑝3 =  20 

 
So, it is with the method of pole placement controller gain value is obtained in Equation 

(8), and Equation (9): 
𝐾𝑐 =  𝐾𝑝 𝐾𝑖  

 
(8) 

𝐾𝑐 =  224.99 19 2.5  
 

(9) 

 
3.3 The Design of Observers 
 
The observer design is used to estimate existing faults, by developing system state-space 
equations. State errors of sensors and actuators are each symbolized by fa and fs. The state-
space containing an actuator error can be written in Equation (10) and Equation (11), 

 
𝑥 = 𝐴𝑥 + 𝐵𝑢 + 𝐹𝑎𝑓𝑎  

 
(10) 

 
𝑦 = 𝐶𝑥 + 𝐹𝑠𝑓𝑠  

 
(11) 

The addition of the state needed to move the functions of the Fs to the state space, 
𝑧 = 𝐴𝑧 𝑦 − 𝑧 + 𝑧 

 
(12) 

 
Equation (11) is substituted with Equation (12) so that it is obtained, 

𝑧 = 𝐴𝑧 𝐶𝑥 + 𝐹𝑠𝑓𝑠 + 𝑧  
 

(13) 

 
Equation (11) and Equation (13) can be changed into a state-space such as Equation (14) 

and Equation (15), 
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To obtain the structure matrix expansion required the observer through new state-space 
Equation (16) and Equation (17). 
 

  𝑥 = 𝐴 . 𝑥 + 𝐵 . 𝑢 + 𝐹 𝑓    (16) 

         

 
𝑦 = 𝐶𝑥  

 
(17) 

         

 
The equation of state and output equations of containing error actuators and sensors used to 
design observer Equation (18) and Equation (19), 
 

𝑥  = 𝐴 . 𝑥  + 𝐵 . 𝑢 + 𝐹 𝑓  + 𝐾𝑒 𝑦 − 𝑦    
 

(18) 

 
𝑦  = 𝐶𝑥   

 
(19) 

 
State containing the gain added to estimate the actuator and sensor faults (L), 

 

𝑓 = 𝑇𝑠𝐿𝑒 + 𝑓   
 

(20) 

 
 
So, from Equation (16) and Equation (17) can be converted into Equation (21), 
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With 𝑥   𝑓  𝑦   , are the results of the estimation of augmented state errors and output. K 

is the proportional gain of the observer and LTS is the integral gain from the observer. The 

gain observer is used to guarantee the stability of the dynamical error estimation. 
 

The next step that must be done after determining the design of a robust observer is to 

determine the generalized plant. A generalized plant is formed from the knowledge of the 

given plant and the weighting transfer function that represent design objectives. The H∞ 

design procedure is then applied to the generalized plant to design a robust controller. 
The generalized plant state-space equation is obtained by six states, namely 

𝑥𝑧   ,𝑓 ,𝑥  ,𝑥, 𝑒𝐶 , 𝑧  so that the equation can be written as follows, in Equation (22). 
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4 Results and discussions 
 
4.1 Test tracking setpoint realtime 
 
PFTC algorithm is applied in realtime to the MS150 DC servo. Based on the LQR and 

robust values that have been obtained it will be used for the setpoint tracking test using 

Labview 2013 software that has been connected with the MS150 DC with the help of the 

NI-DAQ 8000 interface. Changes in the setpoint value are made from the speed of 735 rpm 

to 1 095 rpm or from a voltage of 2 V to 3 V at 8 396 ms. So from the two graphs, it can be 

seen that systems with robust control signals have more accurate tracking responses 

compared to the results of the LQR control system response with a criterion of 2 %, 

systems with robust control produce settling time of 2 244 ms. 

 
Fig 3. Test the Realtime Set Point Tracking with Labview software 

 
 
4.2 Observer estimation test results in realtime 
 
The estimation stage test results are carried out with the help of Labview 2013 software to 

determine the observers performance. Estimation test is done by comparing the response of 

the system when given a fault with the addition of observer and without the observer. 

 
Fig 4. Observer Estimation Results 
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In Figure 4, it can be seen that the red graph shows the system's response when given an 

error without an observer. On systems without FTC, it can be seen that after experiencing 

an error the system response cannot return to the setpoint value and results in a steady-state 

error of 19.15 %. Whereas in an FTC system, the estimated error results can return to the 

setpoint after being given an error. So, it can be concluded that the FTC has been able to 

work properly to estimate the magnitude of errors that occur. 
 
 
4.3 Fault sensor and actuator test in realtime 
 
There are several variations of error values from actuators and sensors that will be applied 

to the MS150DC motor system. The real plant error test is carried out by giving errors to 
the actuator components and system sensors with the help of Labview 2013 software. 

Actuator fault is given on the control signal. Sensor fault is given on the measurement 

signal. 

 
Fig 5. Actuator fault response system with LQR gain. 

 

 
Fig 6. Actuator fault response system with a robust gain. 
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The state feedback control system without FTC can maintain performance without 

adding FTC. This can be seen in Figures 6 and Figure 7 without FTC graphs produce                   

a faster response than when the system was added FTC. The use of robust methods is better 

when estimating errors that occur than the LQR method. Systems without FTC produce 

higher overshoot compared to systems with FTC but systems without FTC can return 

responses to steady-state after being subjected to an error. 

 

 
Fig 7. Sensor fault response. 

5 Conclusion 
The response obtained when the FTC algorithm is implemented shows that the system 

designed can work because it can estimate the bias error in the actuator and sensor 

components so that the system response can return to a steady-state value. The response 

generated in real-time is not as good as the response of simulation results because when the 

FTC algorithm is implemented directly (real-time) there is a direct measurement factor and 

the appearance of disturbance on the measurement so that it can affect the estimated output 

of the observer. In the real plant test, there is a difference between the model used by the 

observer and the real system. However, in the simulation, the equation between the model 

and the real system is the same so that it produces better response results than the real plant 

response results. 

Based on the design and implementation that has been done, the maximum error that 

can be overcome for the actuator error is 100 % or when the DC motor servo system 

MS15DC has been unable to rotate or in other words, the system has a major error, the FTC 

algorithm cannot correct. Actuator fault in real-time performance tests can be estimated 

using a state feedback control system without FTC. Real-time PFTC testing can estimate 

actuator and sensor errors. The magnitude of the error of the actuator and sensor bias is 

around 0.2 V, 0.4 V, and 0.6 V. Systems without PFTC have a settling time of 7.030 ms for 

LQR control system responses and 2502 ms for robust control system responses. 
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