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Abstract 

Robust controller design for nonlinear systems with unknown dynamics (delay system) 

the impact of intense activity between connections can be considered as a challenge in 

this research. In order to reduce delays in the system resistant and the non-linear 

technique called variable structure control method is used. Variable structure control 

method is a type of non-linear controllers, although variable structure control technique, 

control is stable, with high reliability in environments that respond favorably almost 

unknown but has substantial limitations fluctuations (vibrations) high-frequency is. To fix 

this problem, saturated nonlinear function method was used. 

Many nonlinear controllers need to chip control with low volume, functionality, 

accuracy, and speed are high. Programmable integrated circuits are capable of solving 

these challenges. Programmable integrated circuits to design nonlinear variable 

structure controller optimized linear controller on a single chip is used. Having designed 

to speed up the response of the SPARTAN-3E in Xilinx programmable integrated circuit 

used. This technique is designed to control the programmable integrated circuit 

SPARTAN-3E, computational speed controller is 30.2 ns and a maximum frequency of 

63.7 MHZ circuit. 

 

Keywords: real-time operation, Field Programmable Gate Array (FPGA), Variable 

Structure Control algorithm, first order delay (FOD) system, VHDL, Xilinx 

 

1. First Order Delay (FOD) System 

System or plant is a set of components which work together to follow a certain 

objective. In this research, first order delay is system. First order delay (FOD) system is a 

type of nonlinear and time variant system. A first order model can represent many 

industrial processes; equation (1) shows the mathematical plant model (in s-plane). 

Discrete transfer function of this model has obtained using ZOH method, and the selected 

sampling period (T) is 0.1, equation (2) shows the discrete transfer functions, (in z-

plane)[1-5].  
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The time delay occurs when a sensor or an actuator are used with a physical separation. 

Equation (3) shows the mathematical plant model (in s-plane). Discrete transfer functions 

of this model has been obtained using ZOH method, and the selected sampling period (T) 

is 0.1, equation (4 and 5) show the discrete transfer functions, (in z-plane).  

       
 

        
   

(3) 

 

 

                    (4) 

 

           
       

        
           

(5) 

 

2. Control Technique 

Digital nonlinear controller design and its implementation on the FPGA to optimize 

and reduce delays, is the main challenge in this research. According to the technology 

boom of the main concerns of manufacturers, system design is similar to human 

performance. Until a few years ago, one of the most important limitations in control 

systems design, speed, and volume of data transfer in real systems. This was due to 

nonlinear control systems design constraints, resulting in decreased accuracy and 

limitations of the system is used. Due to the very high flexibility, speed and high design, 

FPGAs are the main tools for control system design for nonlinear control systems. Hence, 

the need to use powerful integrated circuits, FPGA is clearly identified in this study. 

 

The challenge of selecting appropriate control techniques to improve system response 

delay arises. Control strategy in these systems can be divided into two general groups: 

 Linear Control Method 

 Non-linear control method 

The linear controller output-input relationship is just a first order function. The 

controllers have no dependence on system dynamics model. 

Non-linear controllers are divided into two main groups: 

 model-reference nonlinear control systems: the function of the controller is 

generally based on nonlinear dynamics and behavior of the system. 

 Model-free nonlinear controller: This technique is based on a simulation of the 

system.  

These techniques are divided into two groups: 

 Function-based nonlinear control techniques 

 Smart nonlinear control 

Linear controller design of nonlinear controller is much easier, but due to the use of 

non-linear control techniques in this research mean? 

For optimal linear controllers in the system draws the following factors: 

More linear response reduction methods (limiting) velocity and acceleration, it would 

be because of limitations in the design and system’s operation is incompatible with the 

development of technology. Therefore, in this study alone are not applied linear 

controller. According to controller problems linear, nonlinear control method with 

variable function used in this study. In this control method to solve the problem of delay 

initially defined a fixed or variable level. If the correct determination of the level, speed 

and quality are much improved system response. 

Based on the research of control systems can be designed in two environments: 
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 Control systems design supports computer-aided design: In this method, the 

system processing unit is implemented on a computer system. In this way computer 

systems in the system that should be discussed as the most important challenge is 

commutative system. 

 Control systems design and programmable micro-controller on the system, in this 

way the movement is easily solved because the micro-controller on a single chip is 

designed. In the following discussion of the volume and speed of information processing 

comes to powerful control systems are programmable as proposed a solution. 

According to above the main four objectives to design controllers are: stability, robust, 

minimum error and reliability. Linear PID controller is model-free controller and this 

controller is not reliable. One of the robust nonlinear controllers which have been 

analyzed by many researchers especially in recent years to control of nonlinear systems is 

sliding mode controller (SMC). Sliding mode controller (SMC) is robust conventional 

nonlinear controller in a partly uncertain dynamic system’s parameters. This conventional 

nonlinear controller is used in several applications such as in robotics, process control, 

aerospace and power electronics. This controller can solve two most important 

challenging topics in control theory, stability and robustness [6-7]. The main idea to 

design sliding mode control is based on the following formulation;  

 

       {
  

                   

  
                   

 
(6) 

 

where    is sliding surface (switching surface),            for MIMO system, 

        is the     torque. According to above formulation the main part of this control 

theory is switching part this idea is caused to increase the speed of response. Sliding mode 

controller is divided into two main sub parts:  

 Discontinues controller        

 Equivalent controller       

Discontinues controller is used to design suitable tracking performance based on very 

fast switching. This part of controller is work based on the linear type methodology; 

therefore it can be PD, PI and PID. Fast switching or discontinuous part have essential 

role to achieve to good trajectory following, but it is caused system instability and 

chattering phenomenon. Chattering phenomenon is one of the main challenges in 

conventional sliding mode controller and it can causes some important mechanical 

problems such as saturation and heats the mechanical parts of FODS or drivers.  

To reduce or eliminate the chattering, two main methods are used as follows:  

 boundary layer saturation method  

 artificial intelligence based method 

The dynamic formulation of nonlinear single input system is defined by: 

 

        ⃗⃗      ⃗⃗    (7) 

 

  is the vector of control input,      is the      derivation of  , 

      ̇  ̈             is the state vector,      is unknown or uncertainty, and      is 

known switching (SIGN) function. The main target to design sliding mode controller is 

high speed train and high tracking accuracy to the desired joint variables;    

     ̇   ̈      
       , according to actual and desired joint variables, the trucking 

error vector is defined by:  

 

 ̃          ̃    ̃        (8) 
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According to the sliding mode controller theory, the main important part to design this 

controller is sliding surface, a time-varying sliding surface        in the state space    is 

given by the following formulation: 

 

        
 

  
        ̃    

(9) 

 

λ is the sliding surface slope coefficient and it is positive constant. The sliding surface 

can be defined as Proportional-Derivative (PD), Proportional-Integral (PI) and the 

Proportional-Integral-Derivative (PID). The following formulations represented the three 

groups are: 

 

        ̇ (10) 
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Integral part of sliding surface is used to decrease the steady state error in sliding mode 

controller. To have the stability and minimum error in sliding mode controller, the main 

objective is kept the sliding surface slope        near to the zero. Therefore, one of the 

common strategies is to find input   outside of       . 
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(14) 

 

ζ is positive constant.  

 

If  S(0)>0  ̇       (15) 

 

Derivative term of     is eliminated by limited integral from t=0 to t=        

 

∫  ̇   
        

   

  ∫    
        

   

                           
(16) 

 

       is the time that trajectories reach to the sliding surface. If        
   the 

formulation of       calculated by; 
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Above formulation guarantees time to reach the sliding surface is smaller than  
|    |

 
  since the trajectories are outside of     . 

          
                      (19) 

 

According to above discussion the formulation of sliding surface     is defined as  

 

        
 

  
     ̃    ̇   ̇             

(20) 

 

The change of sliding surface   ̇  is; 

 

 ̇    ̈   ̈      ̇   ̇     (21) 

 

According to the formulation of the second order system, a simple solution to get the 

sliding condition when the dynamic parameters have uncertainty in parameters or external 

disturbance is the switching control law: 

 

        ⃗⃗              (22) 

 

The switching function        is defined as  

 

       {
                
                
                   

  
(23) 

 

The    ⃗⃗     is the positive constant and the sliding surface can be PD, PI and PID.  

In PD sliding surface, the change of sliding surface calculated as; 

 

        ̇   ̇     ̇   ̈ (24) 

 

The discontinuous switching term        is computed as; 
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The discontinuous switching part is; 
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Figure 1 shows the trajectory following in SIGN functional base controller. According 

to this Figure, system’s delay time is about 5 seconds. Sliding mode controller reduces the 

delay time from 5 seconds to about 0.9 seconds. However, SMC reduce the performance 

delay time but high frequency oscillation is the main challenge in this design. 

 

 

Figure 1. Trajectory Following Reference Signal, Control Free, SMC 

To test the power of disturbance rejection, sliding mode controller is used as follows. 

Figure 2 shows the power of disturbance rejection in SMC. Regarding to Figure 2, SMC 

is a robust controller but it has the high frequency oscillation challenge in certain and 

uncertain condition.  
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Figure 2. Power of Disturbance Rejection Reference Signal, Control Free, 
SMC 

To design FPGA-based SMC following steps are introduced [9]: 

 design Derivative algorithm 

 design sliding surface slope (S) algorithm 

 

The following formulation shows the derivative algorithm: 

 

     
               

  
 (   (   )     ( ))              (29) 

          (30) 

However    and    are 30 bits but Din is 40 bits. In derivative algorithm, delay time 

is the main challenge. In this research the value of sample time is”01010”.  To design 

FPGA-based sliding surface slope algorithm the following formulation is used. 

 

       (
  

  
)       ̇ 

(31) 

 

The device utilization summary shows in Figure 3. 

 

 

Figure 3. Device Utilization Summary 
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Figure 4 shows the HDL synthesis report in traditional SMC. 

 

 

Figure 4. HDL Synthesis Report: SMC Algorithm 

Timing summary has played an important role in FPGA-based control design. Figure 5 

shows the timing summary in traditional SMC. 

 

 

 Figure 5. Timing Summary: SMC Algorithm  

Regarding to Figure 5, the Maximum frequency in this design is 63.629 MHz but the 

maximum frequency for input in this design is about 23 MHz. However the maximum 

frequency in this design is about 63.6 MHz but the maximum output frequency is about 

27.1 MHz. The rate of error in SMC shows in Figure 6. According to this Figure the error 

in t=133 nano seconds is about 5.1, it means SMC has undershoot. 

 

 

Figure 6. Error in SMC at t=133 ns 

Figure 7 shows the error rate at t=200 ns for SMC. 
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Figure 7. Error in SMC at t=200 ns 

According to Figure 7 the rate of error from 5.1 at 133 ns change to 0.000109 at t=200 

ns. According to this Figure, it has high frequency oscillation in this technique. 

 

To attenuate the chattering challenge, linear boundary layer method based on saturation 

function is introduced. In this method, we introduced saturation function in the sliding 

mode control law instead of the switching (sign) function. The saturation (linear) method 

with small neighborhood of the switching surface is calculated as:  

 

      {  |    |   }       (32) 

 

where   is the boundary layer thickness. Consequently, the sliding mode function can 

be written by;  

 

     ⃗⃗        (  ⁄ )   (33) 

 

While saturation function formulation (   (  ⁄ ) ) is as follows 

 

   (  ⁄ )  

{
 
 

 
                       ⁄    

                   (  ⁄    )

 
 ⁄              

 ⁄    

   

(34) 

 

Considering the above points, to reduce chattering phenomenon in sliding mode 

controller based on saturation function, the following formulation is used: 

 

          (  ⁄ ) (35) 

 

Figure 8 shows the trajectory following in boundary layer SMC. According to the 

following Figure, this method eliminate the high frequency oscillation as well as improve 

the trajectory following. The main challenge in this method is time response. 
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Figure 8. Trajectory Following Reference Signal, Control Free, SMC-Sat 

To test the power of disturbance rejection, the band limited white noise apply to 

boundary layer sliding mode controller. Figure 9 shows the power of disturbance rejection 

in boundary layer sliding mode controller. 

 

 

Figure 9. Disturbance Rejection Reference Signal, Control Free, SMC-Sat 
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According to above Figure this method has a challenge in stability and robustness. 

After design FPGA based boundary layer SMC the timing report in this design is as 

Figure 10: 

 

 

Figure 10. Timing Summary: SMC Algorithm  

However the input frequency is about 63.6 MHz but the maximum output required 

frequency is about 33.1 MHz, it means that the output systems frequency is about 51% of 

input signal. Figure 11 shows the error report in this algorithm. According to this Figure 

the rate of error at t=132 ns is about -0.000112. 

 

 

Figure 11. Error in Boundary Layer SMC at t=132 ns 

 

Figure 12 shows the rate of error at t=140 ns. In this time, the error is about zero. 

 

 

Figure 12. Error in Boundary Layer SMC at t=140 ns 

 

3. Conclusion 

In this research, PD FPGA-based algorithm for first order delay system is design and 

analysis. From the design and simulation results, it can be concluded that; higher 

execution speed versus small chip size is achieved by design FPGA-based PD controller 

with the simplified structure. In output required frequency point of view, the maximum 

output required frequency in traditional SMC is about 33.1 MHz and  the maximum 

output frequency in boundary layer SMC is about 27.1 MHz. In error point of view, the 

rate of error in traditional SMC at t=132 ns is about 5.1 and in boundary layer SMC is 

about -0.000112.  
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