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Abstract: - This paper describes the hardware implementation of a PID-type (Proportional- Integral -
Derivative) Fuzzy Logic Controller (FLC) algorithm using VHDL to use in transportation cruising system.
The cruising system has developed to avoid the collisions between vehicles on the road. The PID-type FLC
provides a reference for a car to either increase or decrease the speed of the vehicle depending on the distance
of the preceding vehicle when it gets too close or alert the driver when necessary. The PID-type Fuzzy
Controller algorithm is first developed using Matlab platform. The Mamdani Fuzzy Inference is studied and
applied to design the PID-type Fuzzy controller hardware system. The controller system then is implemented
using VHDL. The synthesis tool, Quartus Il is used to synthesize the VHDL codes to obtain the Register
Transfer Level (RTL) view of the FLC hardware. The motivation in designing is the Fuzzy based PID cruising
controller is cheaper controller in cost compare to  conventional PID controller system and thus make it
available to the entry-level vehicles such as the national car. This can be further reduced the road accident and
ensure the safety of the road users in the future.
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1 Introduction
PID controller is the best known as industrial
process controller [1]. It is robust in wide range of
performance [2]. However, conventional PID
controller is not suitable for non-linear system [3].
Therefore, PID-type Fuzzy Controller is preferred
in the non-linear process due to its simplicity,
robustness, and variable structure. Moreover, the
PID controller does not require explicit knowledge
of the model of the dynamic plant, which is
complex and very hard to obtain. The PID
controller mostly can be applied to the control
process such as motor drives, flight controls, high-
speed trains, and others application. Improvement
on the PID controller system can lead to huge effect
in the control process for industrial application.
Therefore, the PID-type Fuzzy controller system is
investigated, design and simulated in this project.
Fuzzy system is well known with its non-
linearity characteristic behavior [4]. Therefore, the
non-linear characteristic of the conventional PID
controller can be improved greatly using fuzzy
logic algorithm. Besides, most of the research
works have done on the Fuzzy PID controller,
which are, focusing on the conventional two-input
Pl (Proportional-Integral) or PD (Proportional-

Derivative) type as proposed by Mamdani [5]. This
is because the three-inputs of PID controller are a
complex task, as more parameters have to be
considered in building the fuzzy rule base [6]. It is
difficult to determine the control rules for the
Integral mode input (Y e), as the steady state error
of a system is very hard to define [6]. Therefore,
the three inputs of the controller are defined as error
(e), change in error (Ae) (also known as
Derivative), and the rate of change of error (A%)
(also known as acceleration error), [6]. Besides it,
there is no proper way of tuning method available
until now. Trial-and-error tuning method is required
in optimizing the controller [7]. Furthermore, the
number of rule base increase exponentially with the
increase of membership function [7]. If the number
of input is m, and the number of membership
function for each input is n, then the total number
of the IF-Else rules is equal to m".

The rest of the paper is organized as follows:
Section 2 describes the PID type fuzzy controller
algorithm. Section 3 presents the MATLAB
simulation result. Modeling of the controller using
VHDL is described in section 4. Section 5 presents
the comparisons between MATLAB and VHDL
simulation results. Section 6 presents the Synthesis.
Finally, conclusion is drawn in this paper.



2 PID controller with fuzzy

algorithm
The Fig. 1 shows the flow chart of PID-type fuzzy
controller algorithm for implementing PID-type
FLC hardware design. The crisp inputs of the PID
fuzzy controller have computed in MATLAB
platform [8].

| Calculation of Crisp Control Variables, e, Ae, Ale |¢—

| Fuezification of Crisp Control Variables |

Fuzzy PID Based Rule Evaluation | | A ggregation of Rules |

\

Fig. 1 Flow chart of PID-type fuzzy controller
algorithm.

In this simulation stage the membership function
of the controller is shifted 20 steps to the positive
side and the setpoint is 20 (actual setpoint = 0).
Therefore, the crisp input is shifted 20 steps
towards the positive side as well. As an example of
the input of -6, the input read by the controller is (-
6 + 20) = 14. Fig. 2 shows the Input and output
membership function of PID-type Fuzzy Controller.
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Fig. 2 Input and output membership function of
PID-type Fuzzy Controller
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The three inputs of the Fuzzy PID controller are
calculated for the following variable stages:
1. Error input = crisp input
2. Delta error input = current error - previous
error
3. Delta® error input = current delta error -
previous delta error

3 Matlab simulation results

Fig. 3 shows the MATLAB simulation result for
error (e), delta error (Ae), and delta® error (A%).
From the complete simulation result of error (e), it
can be observed that the value of error is reduced to
zero when the Fuzzy process is further applied to
the outputs.
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3: MATLAB simulation result, initial error =

4 Modeling of PID controller using

VHDL

The behavior of PID-type Fuzzy controller
algorithm for designing a hardware system has
developed using VHDL language. The developed
code in VHDL is used to perform four Mamdani
Fuzzy interface processes as well. In this step, there
are six modules of PID controller (i. Fuzzification:
degree_truth.vhd, and cutMF.vhd, ii. Rule
Evaluation: rule_base.vhd, and rule_degree.vhd, iii.
Aggregation ruls and Defuzzification: COG.vhd,
and iv. one variable calculation: var_cal.vhd )
block have been carried out for implementing
hardware design. The above six modules are
combined together into the controller unit
(controller.vhd) to perform the four Mamdani
Fuzzy Inference processes. The var_cal.vhd module
is used to calculate the three crisps inputs of the
PID-type Fuzzy Controller System.

The Current_delta_error is equal to the
difference between the input and old_error pins
whereas the Current_delta® error is equal to the
difference between the old _error and the
old_delta_error. Next, this module will be feedback
the Next old _error and Next delta old_error
output to Old_error and Old_delta_error at the input
respectively for the variable calculation operation.




The Fuzzification steps have computed with
three crisp inputs using the degree_truth.vhd and
cutMF.vhd module to perform the fuzzification
task.The degree_truth.vhd module is determined the
input membership function based on crisp input. On
the other hand, cutMF.vhd module determines the
input  membership  function that involves
corresponding to each of the degree oftruth. Table 1
shows the output of each of the degree_truth.vhd
and cutMF.vhd.

Table 1: Output of each of the
degree_truth.vhd and cutMF.vhd 1.

Modul| Output of |Output of

e |degree truth.v|cutMF.vh
hd d

1 D1, D2 M1, M2

2 D3, D4 M3, M4

3 D5, D6 M5, M6

The rule_based.vhd module is used to determine
the output membership function on its input
membership function from cutMF.vhd module.
Since the total number of rules involve is equal to
23 = 8, therefore eight rule_based.vhd modules is
needed to perform each of the rule base operation.
Besides, the degree of truth of the input
membership function found by degree_truth.vhd
module is “anded” together to obtain the minimum
value of output membership function. Table 2
shows the complete operation of rule_base.vhd and
rule_degree.vhd in each fuzzy inference cycle.

Table 2: Complete operation of rule_based.vhd
modules in each fuzzy inference cycle

Rule_base| Involved Output | Degree of truth
Module Input  |membership  of output
membership| function membership
function function

M1, M3,M5 Bl Min(D1,D3,D5)

M1, M3,M6 B2 Min(D1,D3,D6)

M1, M4,M5 B3 Min(D1,D4,D5)
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possible crisp output. However, a unique value is
needed to be determined at the final output of the
controller.

The COG is used in the defuzzification process.
The centroid is determined by using the PID
algorithm. All the suggested above modules are
combined together to form PID-type fuzzy
controller system (controller.vhd) for hardware
implementation in next step.

The three inputs of input_c, old_error, and old
delta are considered the inputs of the PID-type
Fuzzy controller system as same as the PID
controller inputs of error (e), delta error (Ae), and
delta’ error (A%) respectively. The output_c is the
output of the controller that represents the new
error after the Fuzzy Inference processes.
Nex_error and nex_delta is the current error and
delta error value, which will be fed back to old
error and old delta error respectively for the next
controller operation. The Num_c and den_c are for
monitor purposes only, which allows the output of
Aggregation of Rules of each cycle for calculating
manually. Besides it, the output c is plotted to
obtain the graphical view of the operation of the
PID controller system.

The VHDL algorithm successfully reduces the
error to the setpoint (zero) which fulfils the
specification as the PID-type Fuzzy controller
system. The VHDL simulation results is given in
the next section 5.

5 Comparison results in MATLAB

and VHDL

Both the MATLAB and VHDL simulation results
meet the specification of PID-type FLC system for
designing VLSI chip and the algorithm is also
reduces the error to zero. However, the algorithm
takes the different paths to achieve the zero point.
Fig. 4 and Fig. 5 shows the VHDL simulation plots

M1, M4,M6 B4 Min(D1,D4,D6)

M2,M3,M5 B5 Min(D2,D3,D5)

M2, M3,M6 B6 Min(D2,D4,D6)

M2, M4,M5 B7 Min(D2,D4,D5)

O|INO|O|A|WIN -

M2, M4,M6 B8 Min(D2,D4,D6)

Finally, the COG.vhd module is operates based on
Aggregation of Rules and Defuzzification
accordingly. In aggregation rule, all the output of
rule evaluation is combined to form a single Fuzzy
set. The output of aggregation of rules is a set of

and matlab to compare their coefficient
respectively.
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Fig. 4 VHDL simulation plot for initial error =-42



i

A

: ”,wifv.:7,K¢».ﬁ.,..;wv,,,_ké».,.,".Aa._‘.,,,,N., b e
F
e
/
I

T w8 3 £

Fig. 5 MATLAB simulation plot for initial error =-
42

6  Synthesis
Synthesis is the process of transforming one
representation in the design abstraction hierarchy to
another representation. Synthesis process has
performed using synthesis tools (Quartus Il) for
synthesizing the compiled VHDL design codes into
gate level schematics. It initially processes the
VHDL building blocks to Register Transfer Level
(RTL) block for all six hardware modules of PID
controller system. The components of modules are
such as multiplier, registers, gates and flip-flops
etc. While synthesizing the design, HDL library
browser was used to synthesize the design in a
hierarchical manner. In this paper, we have
presented one of the RTL blocks among of six
modules. The RTL view of PID-type Fuzzy
controller system is shown in Fig. 6.
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Fig. 6: RTL view of PID-type Fuzzy Controller
System
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Next, the Technology mapping step has been
performed using Altera’s APEX20KE
(EP20K200EFC484-2X) package to get the
technology view of the various modules of PID-
type Fuzzy Controller chip. As an example, one of
technology views of the PID-type Fuzzy Controller
modules system is shown in Fig. 7.
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Fig. 7. Technology View of PID-type Fuzzy
controller System. (Var_cal module)

8 Conclusion

The PID type fuzzy controller algorithm has
described first using MATLAB platform. The
described PID controller also has developed with
all fuzzy rules for designing the hardware chip
using VHDL. Then, the synthesize tool has used to
get the logic gate of hardware modules for PID type
Fuzzy controller chip.

The synthesized codes will be finally
downloaded into the FPGA board to test its
functionality to ensure that the hardware of the
PID-type Fuzzy Controller work correctly in future.
The controller algorithm will be further optimized
by improving the membership function, the rule
base, and the tuning method. It should be done to
obtain better control over its application because
there are many constraints those needs to be
considered in the real world and to ensure the safety
of the road user in the future.
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