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Abstract 

Design a delay free FPGA-based Proportional-Integral-Derivative (PID) controller to 

control of first order delay system is the main objective in this research. In order to 

provide high performance micro-based controller, FPGA-based PID controller based on 

design Derivative and Integral algorithm is selected. Conventional PID controller is a 

stable linear type model-free controller that reduces the delay time in first order delay 

system. This controller has acceptable performance in presence of uncertainty (e.g., 

overshoot=0%, rise time=0.8 second, steady state error = 1e-9 and RMS error=1.8e-12). 

In this research, linear controller need real time mobility operation, and one of the most 

important devices which can be used to solve this challenge is Field Programmable Gate 

Array (FPGA). FPGA can be used to design a controller in a single chip Integrated 

Circuit (IC). In HDL based derivative algorithm the minimum input arrival time before 

clock is 16.466 ns and the maximum frequency is 60.73 MHz, but in the best design action, 

the maximum frequency to design this single chip algorithm should be 63.629 MHz. In 

HDL integral algorithm the minimum input arrival time before clock is 15.599 ns and the 

maximum frequency is 64.1 MHz, but in the best design action, the maximum frequency to 

design this single chip algorithm should be 178.190 MHz.  

 

Keywords: First order delays system, HDL derivative algorithm, HDL integral 

algorithm, FPGA-based PID algorithm, minimum delay time 

 

1. Introduction and Background 

A Field Programmable Gate Array (FPGAs) is a small Field Programmable Device 

(FPD) that supports thousands of gates. FPGAs are divided in two categories: SRAM-

based FPGA, and Antifuse-based FPGA which SRAM-based FPGA used many 

semiconductor and consists of an array of logic element, routing paths, FPGA I/O pins, on 

chip memory, and the other resource and Antifuse-Based FPGAs used two metal layers to 

sandwich the layere of non-conductive silicon. A typical SRAM- Based FPGAs and 

Antifuse-Based FPGAs have shown in Figures 1 and Figure 2. 
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Figure 1. SRAM-Based FPGA 

Several semiconductor vendors provides a wide range of FPGAs such as Xilinx, Altera, 

Atmel and Lattice that each one has own unique architecture. In most of FPGAs, logic 

elements consist of one or more RAM-based n input lookup tables, and one or more Flip-

Flops. FPGAs can be used in wide range area such as, Fast Fourier Transforms (FFT), 

Discrete Cosine Transforms (DCT), Convolution, and Finite Impulse Response (FIR) 

filters. A FPGA chip can be programmed by Hardware Description Language (HDL) and 

HDL contains two type of language, Very High Description Language (VHDL) and 

Verilog which VHDL is one of the powerful programming language that can be used to 

describe the hardware design. VHDL was developed by the Institute of Electrical and 

Electronics Engineers (IEEE) in 1987 and Verilog was developed by Gateway Design 

Automation in 1984. This language became an IEEE standard in 1995 and was updated in 

2001 [1-6]. 
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Figure 2. Antifuse-Based Fpgas 

In order to provide information about implementing SMC using HDL on Xilinx FPGAs, 

this part present introducing of the Xilinx architecture. The Xilinx FPGAs has 6 major 

blocks namely; Configuration Logic Blocks (CLB’S), Block RAM’s(B RAMS); 

multipliers; Digital Clock Managers (DCM’S); standard, and high speed I/O (IOB’s), 

Figure 3, that can be connected to each other by fully buffered SRAM programmable 

switching matrix. The switching matrix is programmed and controlled by data of the 

configuration on loaded in to SRAM. The CLB take up over 75% of area resourse, so all of 

the other blocks related to the CLB array size. The BRAM’s and multipliers are in a 

narrow space between the CLB’s. The DCM’s are blocks at the bottom and the top of each 

part of BRAM’s and multipliers. The IOB’s are parallel to serial embedded transceiver that 

can be used for high speed interfaces between multiple FPGA’s. 

 

 

Figure 3. Block Diagram of Xilinx FPGA Architecture 
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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 [7-10]. 

A controller (control system) is a device, which cans sense information from system to 

improvement the dynamic behavior of first order delay system based on actuation and 

computation. From a scientific perspectives control theory is divided into two parts; linear 

control theory and nonlinear control theory. Linear control theory is divided into following 

groups: 

 

 Proportional-Derivative (PD) control algorithm 

 Proportional-Integral (PI) control algorithm 

 Proportional-Integral-Derivative (PID) control algorithm 

 

Nonlinear control theory is also has two main divisions; 

 

 Conventional control theory  

 Soft computing control theory 

 

Linear control theory is used in linear and nonlinear systems. This type of theory is used 

in industries, because design of this type of controller is simple than nonlinear controller. 

Proportional algorithm is used to responds immediately to difference of control input 

variables by immediately changing its influences variables, but this type of control is 

unable to eliminate the control input difference. Figure 4 shows the block diagram of 

proportional controller [11-15]. 

 

 

Figure 4. Block diagram of Proportional Algorithm 

Derivative category: derivatives the input signal deviation over a period of time.  This 

part of controller is used to system speed (rate of input signal) in a short time. Figure 5 

shows the block diagram of derivative (D) controller with application to FOD system. In 

mathematically, the formulation of derivative part calculated as follows; 

 

 𝑫 =
𝒅

𝒅𝒕
(𝒆) = 𝒆̇      

 

 

(1) 
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Figure 5. Block Diagram of Derivative Algorithm 

Integral Algorithm: This category, integrate the input signal deviation over a period of 

time.  This part of controller is used to system stability after a long period of time. Figure 6 

shows the block diagram of Integral (I) controller with application to first order delay 

system. In contrast of Proportional type of controller, this type of controller used to 

eliminate the deviation. In mathematically, the formulation of integral part calculated as 

follows; 

 

 𝑰 =
𝟏

𝑻
∫ 𝒆. 𝒅𝒕 = ∑ 𝒆      (2) 

  

Figure 6. Block Diagram of Integral Control of FOD System 

Figure 7 shows the step response of Integral Controller. 
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Figure 7. Step Response of an Integral (I) Controller 

In this paper, FPGA based PID control algorithm is investigated. To design FPGA-

based PID controller, SPARTAN 3E-XA3S1600E is used. The information of this device is 

introduced as the following Table (Table 1). 

Table 1. Summary of XA Spartan-3E FPGA Attributes  
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This paper is organized as follows; second part focuses on the system modeling 

dynamic formulation and Design PD, PI controller. Third part is focused on the 

methodology. Simulation result and discussion is illustrated in forth part. The last part 

focuses on the conclusion and compare between this method and the other ones. 

 

2. Theory 

Many industrial processes can be represented by a first order model; equation (3) 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 (4) 

shows the discrete transfer functions, (in z-plane). 
 

𝐶𝑆1(𝑠) =
1

𝑆 + 1
   

(3) 

and; 

𝐶𝑆1(𝑧) =
0.09516

𝑍 − 0.9048
 , 𝑇 = 0.1  

(4) 

The time delay occurs when a sensor or an actuator are used with a physical separation. 

Equation (5) 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 (6 and 7) show the discrete transfer functions, (in z-plane). 

 

𝑪𝑺𝟐(𝒔) =
𝟏

𝑺𝟐 × (𝑺 + 𝟏)
   

(5) 

 

𝑪𝑺𝟐(𝒛) = 𝒁−𝟐 × 𝑪𝑺𝟏(𝒛)   (6) 

 

𝑪𝑺𝟐(𝒛) = 𝒁−𝟐 ×
𝟎. 𝟎𝟗𝟓𝟏𝟔

𝒁 − 𝟎. 𝟗𝟎𝟒𝟖
 , 𝑻 = 𝟎. 𝟏    

(7) 

 

Proportional plus Derivative (PD) control: This type of linear controller is widely 

used in control process where the results are sensitive to exceeded of set point. This 

controller, like Proportional controller, has permanent variation in presence of self-

limitation control.  In mathematically, the formulation of Proportional-Derivative part 

calculated as follows; 

 

 𝑼𝑷𝑫 = 𝑲𝒑 × 𝒆 + 𝑲𝒗(
𝒅𝒆

𝒅𝒕
) = 𝑲𝒑 × 𝒆 + 𝑲𝒗𝒆̇       (8) 

 

The Derivative component in this type of methodology is used to cancel outs the change 

process variables change in presence of quick change in controllers input. Figure 8 shows 

the block diagram of Proportional-Derivative (PD) controller. 
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Figure 8. Block Diagram of PD Controller 

Figure 9 shows the ramp response of PD controller. 

 

 

Figure 9. Ramp Response of a PD Controller [13] 

Proportional plus Integral (PI) control: According to integral type of controller, it 

takes relatively long time. The proportional type controller used to immediately response 

to the input variations. The proportional-integral (PI) controller has the advantages of both 

proportional and integral controller; it is rapid response to the input deviation as well as the 
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exact control at the desired input. Figure 10 shows the block diagram of PI control of FOD 

system. 

 𝑼𝑷𝑰 = 𝑲𝒑 × 𝒆 + 𝑲𝒊(
𝟏

𝑻
∫ 𝒆. 𝒅𝒕) = 𝑲𝒑 × 𝒆 + 𝑲𝒊 ∑ 𝒆    (9) 

 

 

Figure 10. Block Diagram of PI Controller for First Order Delay System 

Figure 11 shows the step response of PI controller. 

 

 

Figure 11. Step Response of A Proportional-Integral (PI) Controller [13] 
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3. Methodology 

Design PID Control Algorithm: The combination of proportional (P) component, 

integral (I) component with a derivative (D) controller offered advantages in each case. 

This type of controller has rapid response to the input deviation, the exact control at the 

desired input as well as fast response to the disturbances. The PID controller takes the error 

between the desired variables and the actual variables to control the FOD systems. A 

proportional-derivative integral control system can easily be implemented. This method 

does not provide sufficient control for systems with time-varying parameters or highly 

nonlinear systems. Figure 12 shows the block diagram of PID control of FOD system. The 

formulation of PID controller calculated as follows; 

 

𝑼𝑷𝑰𝑫 = 𝑲𝒑 × 𝒆 + 𝑲𝒊(
𝟏

𝑻
∫ 𝒆. 𝒅𝒕) + 𝑲𝒗(

𝒅𝒆

𝒅𝒕
) = 𝑲𝒑 × 𝒆 + 𝑲𝒊 ∑ 𝒆 + 𝑲𝒗𝒆̇      (10) 

 

 

Figure 12. Block Diagram of PID Control of FOD System 

Figure 13 shows the step response of PID controller. 

 

 

Figure 13. Step Response of a Proportional-Integral-Derivative (Pid) 
Controller 
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Design FPGA-Based Derivative Algorithm: The following formulation shows the 

derivative algorithm: 

 

𝑑(𝑒) =
𝐷𝑖𝑛(𝑡) − 𝐷𝑖𝑛(𝑡 − 1)

∆𝑡
= (𝐷𝑖𝑛(𝑘 + 1) − 𝐷𝑖𝑛(𝑘)) × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡𝑖𝑚𝑒 (11) 

𝐷𝑖𝑛 = 𝑞𝑑 − 𝑞𝑎 (12) 

However 𝒒𝒅 and 𝒒𝒂 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 𝑫𝒊𝒏(𝒌 + 𝟏), design a register has the main role. The vast majority of modern 

commercial systems are built with registers using positive edge-triggered D flip-flops. A 

group of cascaded flip flops used to store related bits of information is known as a register. 

Figure 14 shows D flip-flop. 

 

 

Figure 14. D Flip Flop 

Figure 15 shows the RTL schematic of FPGA-based register. 

 

 

Figure 15. Outline Register Algorithm in HDL Using Spartan 3E 
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Figure 16 shows the outline of FPGA-based derivative algorithm with 40 bits input and 

40 bits output. Regarding to this algorithm, the derivation of input signal is calculated in 

output. 

 

 

Figure 16. Outline FPGA-Based Derivative Algorithm 

Figure 17 shows the interior view FPGA-based derivative algorithm using VHDL 

program. Regarding to this algorithm, CLK is used to synchronize three types register 

which used in this algorithm and SAMPLE-CLK is used to system synchronization. 

 

 

Figure 17. Interior View: FPGA-Based Derivative Algorithm 

The VHDL code which applied to automotive Spartan 3E-XA3S1600E shows in Figure 

18. 
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Figure 18. VHDL Code: FPGA-Based Derivative Algorithm 

Design FPGA-Based Integral Algorithm: The following formulation shows the 

derivative algorithm: 

 
𝑰(𝒐𝒖𝒕)(𝑲) = 𝑰(𝒐𝒖𝒕)(𝒌−𝟏) + (𝑲𝒊 × 𝒆(𝒌) × 𝒔𝒂𝒎𝒑𝒍𝒆 𝒕𝒊𝒎𝒆) (13) 

Figure 19 shows the outline of FPGA-based integral algorithm with 40 bits input and 40 

bits output. 

 

 

Figure 19. Outline FPGA-based Integral Algorithm 
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Figure 20 shows the interior view FPGA-based derivative algorithm using VHDL 

program. Regarding to this algorithm, CLK is used to synchronize three types register 

which used in this algorithm and SAMPLE-CLK is used to system synchronization. 

 

 

Figure 20. Interior View: FPGA-Based Integral Algorithm 

The integral VHDL code which applied to automotive Spartan 3E-XA3S1600E shows 

in Figure 21. 

 

 

 

Figure 21. VHDL Code: FPGA-Based Integral Algorithm 
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The Z formulation of PID controller is design as follows: 

 

𝑼[𝒌] = 𝑼[𝒌 − 𝟏] + 𝑲𝟏 × 𝒆[𝒌] + 𝑲𝟐 × 𝒆[𝒌 − 𝟏] + 𝑲𝟑 × 𝒆[𝒌 − 𝟐] (14) 

In this algorithm, we have five inputs (actual input, desired input, CLK, reset and 

SAMPLE-CLK) and an output (PID-Control). Actual and desired inputs are 30 bits and 

PID control output is 35 bits. In this design, CLK is used to activate the PID sub-parts 

(registers), reseat is used to re-start of registers and SAMPLE-CLK is used to 

synchronization proportional, derivate and integral parts. Figure 22 shows the outline of 

FPGA-based PID control algorithm. 

 

Figure 22. Outline: FPGA-Based PID Algorithm 

The interior view of PD algorithm shows in Figure 23. 

 

 

Figure 23. Interior View: FPGA-based PID Algorithm 
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Regarding to Figure 23, the PID algorithm have some buffers for desired and actual 

inputs. Figure 24 shows the interiors of buffer. 

 

 

Figure 24. Interior View: FPGA-Based Buffer 

The VHDL program of FPGA-based PID controller shows in Figure 25. 

 

 

Figure 25. VHDL Code: FPGA-based PID Algorithm 

The device utilization summary shows in Figure 26. 
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Figure 26. Device Utilization Summaries 

4. Result and Discussion 

In this part, MATLAB based PID controller and FPGA-based PID controller are test. 

Figure 27 shows the trajectory following in PID controller and control free in first order 

delay system. In rise-time point of view, in certain situation, PID controller’s rise-time is 

0.2 second and control free’s rise-time is about 3.939 second.  

 

 

Figure 27. Trajectory Following: PID Controller and Control Free 

Figure 28 shows the power of disturbance rejection in PID controller and control free 

for first order delay system. In presence of uncertainty, the robustness of PID controller is 

better than control free technique. Based on the following graph, the rate of overshoot has 

increased from 1% in certain condition to 45% and the rate of rise-time has increased from 

0.2 second to 0.58 second in presence of uncertainty. The rise-time in control free FOD 

system in present of uncertainty has increased from 3.939 second to 19.46 second. 

Regarding to Figure 28, however PID algorithm is a good technique to reduce the delay 

time in certain and uncertain condition but it has variation in uncertain condition. 
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Figure 28. Disturbance Rejection: PID Controller and Control Free 

FPGA Device Timing Detail: In this part synthesis report and timing, detail for PID 

controller is introduced.  

Derivative Algorithm: 
The first part in this analysis is derivative algorithm synthesize report. Figure 29 shows 

the HDL synthesize report in derivative algorithm. 

 

 

Figure 29. Hdl Synthesis Report: Derivative Algorithm  

Figure 30 shows advanced HDL synthesis report in derivative algorithm. 
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Figure 30. Advanced Hdl Synthesis Report: Derivative Algorithm  

Figure 31 shows the device utilization summary in derivative algorithm. 

 

 

Figure 31. Device Utilization Summary: Derivative Algorithm 

Figure 32 shows the timing summary in derivative algorithm. 

 

 

Figure 32. Timing Summary: Derivative Algorithm 
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Regarding to Figure 32, the Maximum frequency in this design is 60.73 MHz. The 

timing detail regarding to derivative algorithm have been shown the following Figures. 

Figures 33, 34 and 35 have been shown the timing details in different data path. Figure 33 

and 34 show the timing detail in data path between errors to differential data. 

 

 

Figure 33. Timing Detail: Derivative Algorithm (Data Path: Error (K+1) To 
Differential of Error) 

Regarding the Figure 33, the delay time is 15.716 ns in 46 logic levels that 87.8% is 

logic and 12.2% is route delay. 

 

 

Figure 34. Timing Detail: Derivative Algorithm (Data Path: Error (K) To 
Differential of Error) 

Regarding the Figure 34, the delay time is 16.466 ns in 47 logic levels that 87.6% is 

logic and 12.4% is route delay. The total number of paths is 435753 and total number of 

destination reports is 161.  
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Figure 35. Timing Detail: Derivative Algorithm (Data Path: Differential of 
Error to D (Error) Buffers) 

Integral Algorithm: 
Figure 36 shows the HDL synthesize report in integral algorithm. 

 

 

Figure 36. Hdl Synthesis Report: Integral Algorithm 

Figure 37 shows advanced HDL synthesis report in integral algorithm. 
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Figure 37. Advanced Hdl Synthesis Report: Integral Algorithm 

Figure 38 shows the device utilization summary in integral algorithm. 

 

 

Figure 38. Device Utilization Summary: Integral Algorithm 

Figure 39 shows the timing summary in integral algorithm. 

 

 

 Figure 38. Timing Summary: Integral Algorithm 
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Regarding to Figure 39, the Maximum frequency in this design is 64.1 MHz. The timing 

detail for integral algorithm has been shown the following Figures. Figures 40, 41 and 42 

have been shown the timing details in different data path. Figure 40 and 41 show the 

timing detail in data path between 𝒆[𝒌 − 𝟐] to 𝑼[𝒌]. 
 

 

Figure 39. Timing Detail: Integral Algorithm (Data Path: 𝒆[𝒌 − 𝟐] To 𝑼[𝒌]) 

Regarding the Figure 39, the delay time is 5.612 ns in 41 logic levels that 91.1% is logic 

and 8.9% is route delay. 

 

 

Figure 40. Timing Detail: Integral Algorithm (Data Path: 𝒆[𝒌] to 𝑼[𝒌]) 

Regarding the Figure 40, the delay time is 15.599 ns in 30 logic levels that 86.1% is 

logic and 13.9% is route delay. The total number of paths is 206669 and total number of 

destination reports is 161. 
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Figure 41. Timing Detail: Integral Algorithm 

PID Algorithm: 

Figure 42 shows the HDL synthesize report for PID algorithm. 

 

 

Figure 42. Hdl Synthesis Report: Pid Algorithm 

Figure 43 shows advanced HDL synthesis report in PID algorithm. 
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Figure 43. Advanced Hdl Synthesis Report: Pid Algorithm 

Figure 44 shows the device utilization summary in PID algorithm. 

 

 

Figure 44. Device Utilization Summary: PID Algorithm 

Figure 45 shows the timing summary in PD algorithm. 

 

 

Figure 45. Timing Summary: Derivative Algorithm 
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Regarding to Figure 45, the Maximum frequency in this design is 44.85 MHz. however 

the rate of clock is 63.629 MHz but in PID algorithm the maximum frequency is 

44.85MHz. 

 

5. Conclusion 

In this research, FPGA-based PID controller for first order delay system is design and 

analysis. First order delay system is a second order nonlinear, time variant and delay time 

system. In this type of system, reduce or eliminate the delay time is the main objective. To 

improve the time delay in this system, PID control algorithm is introduced. The first order 

delay system has been challenged in uncertainty and the time response has been changed 

from 3.939 second to 19.46 second. When PID controller is applied to first order delay 

system, caused to change the time response. The time response in PID algorithm has been 

changed from 0.2 second in certain condition to 0.58 second in uncertain condition (see 

Figures 27 and 28). The FPGA-based PID controller design based on derivative and 

integration algorithms. The maximum frequency of input clock pulse in this design is 

63.629 MHz but the maximum output PID algorithm is about 44.85 MHz. In comparison 

with PD controller, PID controller is more stable but the maximum output frequency in PD 

(51.89 MHz) is better than PID (44.85 MHz). 
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