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Abstract

Permanent Magnet Brushless DC (BLDC) motors are widely used in
industries like electric bicycles, industrial robots, and CNC welding
machines. Due to the efficient electronic control system and compact
design, they have become a key component in the automation industry.
However, they face significant problems when obtaining accurate
motor movement and performing speed control. This work
concentrates on designing a BLDC motor control system and generating
hardware architecture design using PWM and PID controller. The
performance of the BLDC motor control in terms of hardware
implementation and optimization effects on the target FPGA device was
evaluated. This work used Simulink from MATLAB software for motor
control circuit design and Vivado software for performance verification
on the Zyng-7000 target devices. Hardware control system
performance, which includes power consumption, clock speed, and
utilization of HDL, is being evaluated in this work. Simulink MATLAB is
also used to construct the entire control system process for
optimization and generate the VHDL code using the HDL coder from the
designated block diagram. Vivado software is used to verify Simulink's
simulation and analyze the HDL optimization by implementing it on the
target FPGA device. The results show the comparison between
modeling simulation on Simulink and Vivado regarding the generated
output waveform and the hardware architecture design performance
after enabling various optimization options. Both simulation outcomes
validate the effectiveness of utilizing Simulink MATLAB for circuit
diagram design and HDL code generation. The evaluated performance
of on-chip power consumption is enhanced by 47% and 90% faster
than the non-optimization option regarding the clock speed. Worst
Negative Slack (WNS) for pipelining and resource sharing is 95% better
than the Baseline option.

1. Introduction

The brushless motor (BLDC) motor has been widely used in many variable speeds and applications of servo
motors due to its attractive features of being simple to operate and easy to control [1]. It is commutated by
integrating an inverter, which produces an AC signal from a DC power source to drive the motor electronically,
resulting in significantly lower rotor losses [2]. Field Programmable Logic Arrays (FPGA) have recently been
widely used in motor control applications. The advantage of using this controller is the flexibility in programming
[3]- This controller works in the PWM technique, where it has become an advanced, cost-efficient digital controller
and has been improved [4]. Next, Xilinx FPGA system generator is used rather than ModelSim as it can integrate
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seamlessly with MATLAB/Simulink, hence producing more optimal performance [3]. This work focuses on model
construction of BLDC motor using MATLAB/Simulink and FPGA control. The model construction motor control is
constructed via MATLAB/Simulink, and the model is transferred into VHDL hardware language for hardware
implementation on the target FPGA device. This development process is used as it reduces engineering debugging
systems and workload in FPGA programming [5]. Welding Computer Numerical Control (CNC) machines require
a precise, accurate, and tight tolerance range of machine movement. However, current welding CNC systems often
need help to achieve the necessary precision in motor movement and encounter challenges in simultaneously
controlling speed [6]. A study by Xuesong Wang et al.1 investigated how CNC machine tool feed systems are
designed to match their dynamics. They discovered that the usual static design methods need to be revised to keep
up with the need for both high speed and high precision. They recommended optimizing each part of the system
to improve its overall performance without using too many resources [7]. Research work [8] showed how to use
Field Oriented Control (FOC) on FPGA to control 3-phase motors with high switching frequency. They made a
single design that works for both Brushless DC motors (BLDC) and Permanent Magnet Synchronous Motors
(PMSM). According to the journal [9], it created a Fuzzy PID controller for a BLDC motor using FPGA technology.
The tests they conducted showed that the Fuzzy PID controller performs better than the regular PID controller in
controlling the motor. These studies offered helpful information about designing and setting up precise and
accurate control systems for welding CNC machines.

2. Methodology

2.1Block Diagram

A block diagram of the whole process, starting from the power supply as the input, is shown in Fig. 1. The purpose
of the simulation using the design model block is to confirm the functioning design parameters of the system
before transferring to VHDL hardware language.
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Fig. 1 Block Diagram

The simulation model used 100V DC voltage as a supply into the system, along with a reference speed that
was set to 500 rpm. The speed setting in the simulation model is to reflect the operational requirement. Many CNC
machines, especially those used in small-scale operations, have limits on how fast they can spin and how quickly
they can move the cutting tool. The selected speed must fall within these limits [10]. Proportional Integral
Derivative (PID) is used to achieve the desired performance by adjusting the parameters to optimize system
performance from the feedback speed. Several sophisticated control algorithms were implemented throughout
the process in the FPGA environment. First, the output from the PID controller is implemented in the FPGA
interface to generate a PWM signal. Besides, Hall effect signals, which represent the instantaneous state of the
magnetic field, generated from the BLDC motor are then channeled to the decoder by providing the rotor's speed.
Hence, the decoder design will interpret the signals using decoder logic to determine which of the six electrical
sectors the rotor is located in. Then, the identified rotor's position in the decoder logic will generate a voltage
waveform and an electromotive force (EMF) for motor phases. To maintain the desired speed, Emf signals are
compared to zero, which is the process that happens in Gates. Next, the Emf signal, which is used to determine the
position of the motor and the duty cycle that indicates the desired speed, will be directed to the inverter. The FPGA
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controller will instruct these gates to regulate the transistors in accordance with the rotor position, as shown in
the closed-loop control system [11].

2.2Flowchart of Design and Simulation of Motor Control on Simulink

Fig. 2 shows the flowchart of the Simulink/MATLAB simulation for speed and precision of motor position. The
model block was designed by following the proper operation of the BLDC motor.
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Fig. 2 Design and simulation of motor control

2.3 Simulink Design Model Simulation of Motor Control

Fig. 3 shows the diagram for motor control simulation using MATLAB Simulink, which includes the connection of
DC Voltage source, Universal Bridge (inverter), Permanent Magnet Synchronous Machine in Trapezoidal Back
EMF waveform setting, PID controller, Reference speed, PWM generator, Gates and Decoder.

2.4Vivado Simulation and Implementation Flowchart

Fig. 4 shows the Vivado implementation and simulation step flow. The model block was designed starting from
the modeling block model in Simulink until the performance evaluation on Vivado implementation.
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2.5Vivado Simulation and Implementation Flowchart

Fig. 5 shows the diagram of BLDC motor control for generating VHDL code. The conversion of this diagram used
the '"HDL coder' application provided in MATLAB Simulink. Referring to Fig. 5, some model blocks were removed
and replaced by ports. These unsupported blocks are categorized as power electronics devices from the
SimPowerSystem Library, which are not supported by HDL coders and are incapable of being built in FPGA.
Therefore, input ports for the Universal Bridge (Inverter), Hall Effect signals, and Rotor Speed output ports are
replaced to model their behaviors.
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Fig. 5 VHDL code generation block diagram of BLDC motor control

2.6 HDL Coder Generation Optimization

Fig. 6 shows several optimization options that are provided in Simulink HDL code. Two options were used for this
work optimization: pipeline and resource sharing. Both optimizations can significantly minimize the chip area
process of various operations simultaneously and reduce the operation's latency.
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Fig. 6 Optimization options in Simulink MATLAB HDL code generation
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3. Result and Discussion

3.1 Comparison Modeling Simulation and Hardware Architecture Simulation

The results in Fig. 7 and Fig. 8 show the comparison between simulation on Simulink and Vivado. Fig. 7 shows
three signals representing the Rotor Speed, the Hall Effect Signal, and the Universal Bridge Inverter. At the same
time, Fig. 8 illustrates the Vivado waveform results of the generated Simulink HDL coder that consists of input
data of 64-bit “Rotor_Speed," 3-bit "Hall_Effect_Signal_Ha_Hb_Hc” and output of 6-bits “Universal_Bridge_Inverter.

Cursor 1 in Fig.7 illustrates the motor's initial condition, accelerating before reaching a constant speed, as
indicated by Cursor 2. The waveform exhibits result that closely resemble those obtained in the Simulink
environment as presented in Vivado implementation in Fig. 8. Besides, Cursor 2 in Fig. 7 is positioned during the
achievement of a constant speed, where the Hall Effect Signal is at binary 110 in 12 microseconds. This indicates
that by following the attainment of constant speed, the duty cycle of the PWM remains consistently generated until
the completion of the process, which can also be seen in the Vivado simulation result in Fig. 8.
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Fig. 7 Simulink Model Simulation Result
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Fig. 8 Waveform Vivado Simulation Result

Both simulation outcomes validate the effectiveness of utilizing Simulink MATLAB for circuit diagram design
and HDL code generation. The code generated through this process is seamlessly applicable in Vivado
implementation. This approach demonstrates ease and convenience and facilitates efficient FPGA hardware
implementation and debugging.
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3.2 Design Optimization of Hardware Implementation

Next are the design optimization results of hardware implementation regarding power consumption, utilization,
maximum clock speed, and timing summary. Table 1 shows the pipelining and resource-sharing optimization
results on the VHDL code after the implementation. Based on this simulation testing results on design control for
FPGA in Table 1, it is proven that enabling both optimizations can improve the timing of the design on the target
FPGA by optimizing the critical path. Next, the design consumes more power as more logic and connections in the
hardware architecture are needed to satisfy fast-timing requirements. Worst Negative Slack (WNS) of Pipelining
or Resources Sharing is 95% better than Baseline, and both optimizations are 96% better than Baseline. Therefore,
by enabling optimization, the amount of time a signal fails to meet its required timing constraints on the critical is
faster than no optimization.

Table 1 Performance of under-analysis elements for pipelining and resources sharing optimization

Performance under analysis Results
Power consumption 0.325W
Maximum clock speed 100 MHz
LUT utilization 13.79%
Worst Negative Slack (WNS) 1.632 ns

4. Conclusion

In summary, this work aimed to enhance the control of the BLDC motor system used in welding CNC machines by
implementing FPGA-based control systems. By utilizing PID and PWM controllers together with modeling
Simulink MATLAB and Vivado verification, significant progress was achieved in improving the accuracy and
efficiency of motor control. The HDL code generated from Simulink MATLAB demonstrated effectiveness when
implemented on the FPGA, successfully verifying the system's performance. The main findings include the
effectiveness of BLDC motor control systems modeling, hardware architecture verification, and optimization
impacts on the FPGA-selected device. Applying the trapezoidal control approach in conjunction with PID and PWM
controllers demonstrated encouraging outcomes in terms of power consumption, clock speed, and HDL code use.
Besides, implementing Pipeline and resource-sharing techniques contributed to improved power efficiency and
faster timing within the FPGA. Some recommendations for future works on this work are as follows.

1) Improved Angular Position Accuracy: Future research should focus on integrating additional
components, such as encoders, to achieve higher accuracy in determining angular position. This
enhancement would further enhance the precision and reliability of motor rotation, ensuring better
overall performance.

2) Hardware Implementation: While the work successfully validated the BLDC motor control system
through simulation, future efforts should prioritize hardware implementation. Real-world scenarios
demand accurate simulations of speed, angular position, and latency, which can be achieved through
hardware implementation. This step would provide a more comprehensive understanding of the system's
performance and validate its suitability for practical applications.

3) Enhanced Testbench Functionality: Incorporating the capability to read text values in the testbench for
FPGA environments would enable more thorough testing approaches. This enhancement would facilitate
the simulation of input data with varying parameters, leading to more accurate and precise output data
and timing analysis. Researchers can ensure robust validation of FPGA-based control systems by
improving testbench functionality
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