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ABSTRACT

Design of a Three-Phase Brushless DC Motor Control System

Peyton Ulrich

In the past several decades, the Brushless DC (BLDC) motor has seen increased us-

age due to several distinct advantages over its brushed counterpart, including higher

performance, increased reliability, and minimal maintenance requirements. However,

the electronic commutation system of the BLDC motor creates the need for an ac-

companying electronic motor control system of increased complexity, adding to the

overall cost of the BLDC motor and motor control system. As such, continued re-

search and exploration in the area of BLDC motor control is necessary to continue to

reduce the cost of BLDC motors and their corresponding motor control systems. This

project focuses on the design of a motor control system for a Three-Phase Brushless

DC Motor.

A printed circuit board was designed for use in Three-Phase BLDC motor control

and the design process was documented within this report. Due to an international

IC shortage at the time of this project, fabrication was unable to be completed,

however fabrication plans and cost estimation is included herein. Preliminary software

modifications were tested to the extent possible with an off-the-shelf evaluation board,

and future software modifications were outlined. Description of the hardware design

and software development of this system is included in this report, as well as analysis

of this system for future design, fabrication, and testing.
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Chapter 1

INTRODUCTION

Since its invention in the late 19th-century, the electric motor has continued to be

widely used throughout society in a variety of applications across commercial and

industrial settings [30]. The electric motor, which serves the primary purpose of

converting electrical energy into mechanical energy, comes in many different forms

that utilize slightly different technology [41]. This report focuses particularly on DC

motors, meaning motors that are powered from a direct current (DC) power source.

1.1 Background

The brushless DC motor (BLDC) differs from the conventional brushed DC motor in

that it uses an electronic commutation system as opposed to a mechanical commuta-

tion system. The use of electronic commutation comes with several key advantages

in terms of reliability and performance, however it also is met with key trade-offs in

terms of cost and complexity.

Figure 1.1 compares the brushed and brushless DC motor through simplified pictorial

representations. In both brushed and brushless DC motors, the motor can be broken

down into two main components: the rotor and stator. As the names imply, the rotor

is the rotating element of the motor while the stator is the stationary element of the

motor. In the brushed DC motor, current is carried to coil windings of the rotor via

physical brushes, generating a rotor magnetic field that varies in direction depending

on the orientation of the rotor and which coil windings are presently in contact with

the brushes [4]. Meanwhile, a permanent magnet affixed to the stator generates a
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permanent stator magnetic field [4]. As the rotor rotates, the contacts between the

brushes and commutators are alternated, resulting in the rotor magnetic field chang-

ing in direction to cause continuous rotation of the motor. In the brushless DC motor,

a permanent magnet is instead affixed to the rotor, generating a permanent magnetic

field at the rotor, while coil windings on the stator generate the stator magnetic field

[4]. Rather than relying on the physical contacts for motor commutation, BLDC mo-

tors use an electronic commutation system that alternates the direction of the stator

magnetic field. By varying which coil windings are provided with electrical current,

the direction of the stator magnetic field can be changed, resulting in continuous

rotation of the motor.

Figure 1.1: Comparison of Brushed vs. Brushless DC Motor
[10]

As the BLDC motor eliminates the need for mechanical contacts in the form of

brushes, it comes with several key advantages over brushed DC motors. Namely,

the need for continual maintenance and replacement of the brushes is eliminated,

resulting in lower maintenance costs and longer lifetime of the BLDC motor [41].

Furthermore, replacing the mechanical contacts of the brushed DC motor with elec-

trical switches in the BLDC motor results in a lower voltage drop and higher motor

efficiency and performance. Finally, the brushes in the brushed DC motor produce

friction, resulting in a less desirable torque output of the motor [41].
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While BLDC motors are desirable due to lower maintenance and higher performance

as compared to their brushed counterparts, they also come with key tradeoffs. To

control this electronic commutation system, an electronic motor control system is

needed to drive a BLDC motor as well as accompanying software. This electronic

commutation system creates an additional cost component in the DC motor system,

resulting in the cost of the BLDC motor and controller being higher than that of

the brushed DC motor. Furthermore, this electronic commutation system results in a

more complex design and implementation process for electromechanical systems using

BLDC motors, further increasing the cost of such systems. A detailed comparison of

the brushed and brushless DC motor, as well as the associated hardware and software

components necessary for BLDC motor control follows in Section 2.1.

1.2 Statement of Problem

While BLDC motors provide key benefits over brushed DC motors, the tradeoffs

include increased cost and complexity, necessitating continued research and develop-

ment in the area. This project focuses on the design of a BLDC motor control system

capable of controling a three-phase BLDC motor at 12 or 24 V supply voltage. In

this project, focus will be put on the minimization of system complexity and ease of

manufacturability, aiming to produce a low-cost system. This project is intended to

serve as a resource for future design in the area of BLDC motor control.
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Chapter 2

LITERATURE REVIEW

2.1 Detailed Comparison of Brushed versus Brushless DC Motors

Functionally, an electric motor is a system designed to convert electrical energy into

mechanical energy [41]. To do this, electromagnetic principles are applied to produce

rotation of one element of the motor, referred to as the rotor, relative to the stationary

body of the motor, referred to as the stator [4]. Magnetic fields, produced either

by permanent magnets or a coil, are located at each of the rotor and stator and

are used to produce rotation of the motor [15]. As a result of the attractive force

between the two magnetic fields, rotation of the rotor is produced relative to the stator

[4]. To continually rotate the rotor, one of the magnetic fields must be continually

switched such that there is a continuous attractive force driving the motor. For

this reason, a system to switch the direction of one of the two magnetic fields is

necessary to continually drive the motor, referred to as a commutation system [41].

This commutation system is the main difference between the brushed DC motor and

brushless DC motor. In this section of the literature review, the two main types of

DC motors, Brushed DC Motors, and Brushless DC Motors, will be discussed, as well

as their respective advantages and disadvantages.

2.1.1 Brushed DC Motor

In the Brushed DC Motor, rotation of the motor is driven by a mechanical com-

mutation system [41]. In this commutation system, physical contacts, referred to as

“brushes,” carry current to the coil windings of the rotor, creating a magnetic field
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on the rotor as electrical current passes through the coils [4]. Permanent magnets are

affixed to the stator of the motor, creating a permanent magnetic field on the stator

[4].

Figure 2.1: Diagram of Brushed DC Motor
[10]

Figure 2.1 depicts a simplified representation of a brushed DC motor with two brushes.

The permanent magnet affixed to the stator of the motor will produce a permanent

stator magnetic field, as indicated by the “North” and “South” labels on the diagram

[4]. Electrical current passed through the coil winding of the rotor will produce a rotor

magnetic field, as indicated by the “N” arrow on the diagram [4]. The attractive force

between these magnetic fields will cause the rotor to rotate clockwise. As the rotor

rotates, the direction of the rotor magnetic field will rotate as well, while the stator

magnetic field remains constant [4]. After every half revolution of the rotor, the

commutators will switch which brush they are in contact with, effectively reversing

the direction of the rotor magnetic field by 180 degrees. This commutation produces

an AC waveform at the coil windings and will allow the rotor to continuously rotate

in one direction. As can be clearly seen from this image, the reversal of direction of

the rotor magnetic field is dependent on the physical contact between the brushes
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and commutators of the brushed DC motor, hence the classification of the brushed

DC motor commutation system as “mechanical” [41].

2.1.2 Brushless DC (BLDC) Motor

Unlike Brushed DC Motors, the Brushless DC (BLDC) Motor uses an electronic

commutation system to drive the rotation of the motor [39]. In this system, the

magnets of the motor are “inside-out” compared to the brushed DC motor, in that

the rotor utilizes one (or more) permanent magnet(s), while a set of coils on the stator

produce the stator magnetic field [4].

Figure 2.2: Diagram of a Three-Phase Brushless DC Motor
[10]

Figure 2.2 depicts a simplified representation of a Three-Phase BLDC motor. As can

be seen from this diagram, a permanent magnet is affixed to the rotor, producing

the rotor magnetic field, while electrical current driven through two (or more) of the

coil windings on the stator, producing the stator magnetic field [4]. By changing

6



which coils are provided with electrical current, the direction of the stator magnetic

field can be changed, driving continuous rotation of the rotor [4]. No mechanical

contact is necessary in this system, leading to the classification of the BLDC motor

commutation system as “electrical” [41]. In a BLDC motor, the brush/commutator

system is replaced with an electronic motor control system that controls which coil

windings of the motor are provided with electrical current [12]. Figure 2.2 depicts a

”three-phase” BLDC, meaning that the stator contains three separate coil windings

that are independently supplied with electrical current.

2.1.3 Comparison of Brushed vs. Brushless DC Motor

There are several distinct advantages to the brushed DC motor system and mechanical

commutation system, including simplicity and cost [41]. Brushed DC Motors require

relatively simple motor control electronics and software compared to their brushless

counterparts, and as such are relatively simple for design and implementation into an

electromechanical system [41].

Due to the physical contact between the commutator and brushes, the brushes wear

out over time, and need to be consistently maintained and/or replaced [41]. As

a result, maintenance requirements are higher in brushed DC motors, and motor

lifetime is reduced [41]. Additionally, due to the relatively higher voltage drop in

the mechanical system (as compared to the electrical system of the BLDC), brushed

motors have lower power efficiency [41].
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Table 2.1: Comparison of Brushed vs. Brushless DC Motors
Brushed DC Motor Brushless DC Motor

Simple Motor Control Complex Motor Control
Low Design and Fabrication Cost Increased Design and Fabrication Cost

Low Efficiency High Efficiency
High Maintenance Minimal Maintenance

2.2 Brushless DC Motor Control System Design

The primary disadvantage of BLDC motors, as opposed to brushed DC motors, is

the added complexity of controlling the electronic commutation system, and the as-

sociated cost that comes along with this system complexity, as discussed in Section

2.1. In the brushed DC motor, a constant DC current can be applied to the brushes,

and mechanical commutation system allows for continuous rotation of the motor. In

the BLDC motor, this mechanical commutation sequence is replaced by an electrical

commutation sequence, instead switching between coil windings to produce an AC

waveform at each stator coil. This electrical commutation sequence requires accompa-

nying hardware, typically in the form of a printed circuit board (PCB), and a motor

control algorithm, typically defined in software [41].
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Figure 2.3: Block Diagram of NXP MCSXTE2BK142 Evaluation Board
[33]

Figure 2.4: Simplified Block Diagram of a BLDC Motor Control System
and Motor

Figure 2.3 shows a block diagram of the MCSXTE2BK142 Evaluation Board, designed

for use in BLDC motor control applications [33]. This board can be considered

representative of the general high-level architecture of the typical BLDC motor control

system. Figure 2.4 further simplifies the block diagram to the three core components

of the motor control system, along with the motor, as well as the key inputs and

outputs from each component. This section focuses on the functionality and purpose
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of each of these core components: the microcontroller (MCU), gate driver, and phase

inverter circuit.

2.2.1 Microcontroller (MCU)

The microcontroller functions as the central processing element of the motor control

system. The MCU processes key control inputs, including the desired motor speed

and position feedback from the motor (in the form of sensored or sensorless feedback

as discussed in Section 2.4), and outputs control signals to the gate driver controlling

the rotation speed and direction of the motor [14]. The MCU is responsible for the

processing of the motor control algorithm, using the inputs described in the previous

sentence, and producing the PWM signals that control the motor.

While microcontrollers are commonly used for simple motor control systems, digital

signal processors (DSP) are often used in “intelligent control systems” due to increased

computing and data processing capabilities [39]. Presently, many MCU chips have

been designed specifically for BLDC motor control applications, several examples

of which are described by Xia [39] and summarized below. ST Microelectronics’

ST72141 contains the company’s patented back-EMF detection technology, for use in

sensorless position feedback [39]. Other MCU’s contain similar technology to enable

zero-crossing detection for use in back-EMF-based sensorless feedback, such as NXP’s

S32K1xx series of MCU’s [26]. Other MCU’s, such as the Siemens C504 contains

internal hardware commutation sequence that allow for the processing of position

inputs without the need for hardware, reducing system development time but greatly

limiting processing capabilities [39].
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2.2.2 Gate Driver

The gate driver acts as an intermediate element between the microcontroller and

the phase inverter circuit. The gate driver receives PWM signals from the MCU, and

outputs an amplified gate drive current to the MOSFETs of the phase inverter circuit.

Gate driver chips (also referred to as pre-drivers), are able to provide higher levels of

current (and voltage) to the motor than a typical MCU can provide. For example,

TI’s DRV8343-Q1 and NXP’s GD3000 are able to provide a maximum of less than

20 volts, whereas most MCU pins supply only 3.3 or 5 volts [25] [35]. Devices such

as the DRV8343-Q1 or GD3000 also integrate multiple gate driver circuits into one

IC, enabling the input of six separate PWM signals and simultaneously controlling

the switching output of six MOSFET’s [25] [35].

2.2.3 Phase Inverter Circuit

The phase inverter circuit is a circuit based around metal oxide semiconductor field

effect transistors (MOSFET) designed to serve as a series of switches for each phase of

the BLDC motor. In a three-phase BLDC motor control system, six MOSFET’s are

used to control both the high and low side of each phase. When used in switch mode,

the primary goal of the MOSFET in the circuit is to “switch between the highest and

lowest resistance states of the device in the shortest possible time” [7].
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Figure 2.5: Simplified Circuit Diagram of Three-Phase Inverter
[41]

Figure 2.5 shows a simplified circuit diagram of a three-phase inverter supplying power

to a three-phase BLDC motor. As is seen, PWM signal is typically applied to the

gates of the high side and low side MOSFET’s of each of the phases. By changing

the duty cycle of the PWM signal, the speed and torque of the motor can be varied

[41]. When using trapezoidal control (described in Section 2.3), only two of the six

MOSFET’s of the circuit need to be switched “on” simultaneously [41].

2.3 Brushless DC Motor Control Algorithms

While brushed DC motors are self-commutating, meaning that the mechanical com-

mutation system carries out commutation of the motor without the need for external

control, BLDC motors require a motor control algorithm, processed by the MCU,

to determine the timing and level of current supplied to each of the phases in the

motor [1]. In BLDC motor control, three primary control algorithms are typically

used: trapezoidal control, sinusoidal control, and field-oriented control (FOC). All

three control algorithms control the commutation sequence of the BLDC motor, and
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provide the framework to drive the motor. This section focuses on each of these three

control algorithms.

2.3.1 Trapezoidal

Trapezoidal control is the simplest of the three motor control methods discussed. In

trapezoidal control, current flows through only two phases of the motor at a time,

while the third remains electrically disconnected [1].

Figure 2.6: Three-Phase BLDC Motor Stator Windings
[13]

As seen in Figure 2.6, the three stator coil windings of the three-phase BLDC motor

are connected at the center, meaning that the sum of the currents through each of the

phases must be equal to zero. In trapezoidal control, where only two phases are used

at any time, this means that the two excited phases must have currents of values +X

and -X, respectively. As such, since each of the two phases must have current of equal

magnitude, the stator magnetic field may only be directed in six possible directions

[13]. Figure 2.7 depicts the six possible directions of the stator magnetic field.
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Figure 2.7: Six-Step Commutation Sequence
[13]

In Trapezoidal Control a six-step commutation pattern is followed to systematically

alternate the stator magnetic field through each of these six directions, ensuring that

the rotor continues to rotate [1]. Figure 2.8 depicts the six-step commutation sequence

of the trapezoidal control algorithm. After each 60 degrees of rotation of the rotor, the

14



coil pairs that are presently excited are changed. This produces a staircase waveform

at each phase, where the phase is positive for 120 degrees of rotation, zero for 60

degrees of rotation, negative for 120 degrees of rotation, and zero for 60 degrees of

rotation, before repeating [1].

Figure 2.8: Trapezoidal Control Six-Step Commutation Sequence
[1]

While the trapezoidal control algorithm is highly popular due to its simplicity, it

has a key disadvantage of the torque-ripple effect demonstrated in Figure 2.8 [1].

Due to the abrupt waveform changes, and the fact that the stator magnetic field is

not consistently orthogonal to the rotor magnetic field, trapezoidal control does not

ensure smooth operation of the motor, nor does it maximize efficiency [22].

15



2.3.2 Sinusoidal and Field Oriented Control (FOC)

While trapezoidal control is advantageous for its simplicity, it is inadequate for smooth

and precise BLDC motor control [1]. Instead, alternative motor control algorithms

may be used in which each of the three phases are driven simultaneously, providing a

smooth rotation of the stator magnetic field vector [1]. One such example of a control

algorithm in which all three phases are used simultaneously is that of field oriented

control (FOC) [22].

Figure 2.9: Quadrature and Direct Forces
[22]

Figure 2.9 illustrates the important concept behind the FOC algorithm: quadrature

and direct forces. As depicted in the figure, direct forces are those that run parallel to

the rotor pole axis, while quadrature forces run perpendicular to the rotor pole axis
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[22]. If the magnetic field generated by the stator windings runs only along the direct

axis, no rotation of the motor will be generated as this implies that the rotor and

stator magnetic fields are aligned [22]. Thus, direct forces are not of any use for driving

rotation of the motor and should be minimized [22]. This is the central principle of

FOC, in which quadrature forces are maximized by simultaneously driving current

through all three stator coil windings to create a stator magnetic field orthogonal to

the rotor magnetic field [22]. The current driven to each of the three ”phases” of the

motor is varied smoothly and continuously to maintain the orthogonal position of the

stator magnetic field relative to the rotor magnetic field.

Another similar motor control algorithm, sinusoidal commutation, similarly attempts

to maximize quadrature forces [1], however differs from FOC in that it is dependent

on time and speed whereas FOC is dependent on mathematical transforms [9]. Sinu-

soidal control effectively minimizes the disadvantages of trapezoidal control by provid-

ing smooth and precise control, however, breaks down at higher motor speeds when

processing time becomes insufficient [3]. Field oriented control is able to overcome

this problem through the transformation of forces into the direct and quadrature axis,

removing the time dependency and allowing the motor to operate efficiently at high

speeds [3]. The primary disadvantage of FOC, the requirement of high-performance

processors due to math-intensive operations, has reduced in impact in recent years as

the cost of such high-performance processors has decreased [22].

2.4 Brushless DC Motor Control Feedback Methods

For closed loop control of the BLDC motor, a method for position and speed feed-

back is necessary for accurate motor control. BLDC motor control feedback methods

can be generally classified into two categories: sensored and sensorless [12]. Sensored
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methods require the use of a sensor to measure the position and speed of the ro-

tor. Sensorless methods do not use a motor sensor, and instead rely on electrical

measurements to determine motor speed and position.

2.4.1 Sensored Methods

While there are several methods of sensored position feedback, Hall-effect sensors

remain one of the most common. At a high-level, a Hall-effect sensor is a sensor able

to detect when a magnetic field is applied perpendicular to the current flow of the

sensor. As an effect of this, when the North pole of the rotor passes the Hall-effect

sensor, its output changes to 1, and when the South pole of the rotor passes the sensor,

its output changes to 0 [13]. For use in a BLDC motor, three sensors are typically

placed in the air gap of the motor, at either 60 or 120 degree increments relative to

each other [12] [11]. As the rotor rotates, the outputs of the three Hall-effect sensors

change between 0 and 1, making it possible to determine the position of the motor

in terms of the six-step commutation sequence.

Figure 2.10: Output of Three Hall-Effect Sensors Placed At 60 Degree
Increments

[12]
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Figure 2.10 shows the output of three hall-effect sensors placed at 60-degree incre-

ments over two electrical cycles. Since the sensors are placed at 60-degree increments,

the waveforms of the outputs trail each other by 60 degrees. Throughout one electrical

cycle, the position of the rotor can be determined based on the six-step commutation

sequence [12]. By determining the position of the rotor, the BLDC motor control

algorithm can then determine which step of the commutation sequence the motor is

in, and thus determine how to properly perform phase commutation [12].

While sensored methods are highly effective for motor control feedback and relatively

simple for implementation [11], they do come with several key drawbacks. The need

for the internal mounting of the sensors leads to increased size and cost of the motor,

as well as increased complexity in the design of the overall system [12]. Furthermore,

certain sensors can be temperature sensitive and/or require additional components,

limiting the reliability and performance of the motor [12].

2.4.2 Sensorless Methods (Back EMF)

Due to the increased cost and size of BLDC motors with sensored feedback methods,

it is often preferable to eliminate the need for position and speed sensors. To do this,

alternative methods of motor control feedback using electrical measurements rather

than sensors, referred to as sensorless methods, are used [12]. The most popular of

these sensorless methods is back electromotive forces (back-EMF) [12].

Figure 2.11 depicts the general phenomenon that enables the use of back-EMF for

BLDC motor control. As the rotor rotates, the back-EMF at each coil changes pro-

portionally to the speed of the motor [12]. When the rotor magnetic field crosses

either of the phases, the back-EMF of that phase changes its polarity [4]. Typically,

back-EMF-based feedback methods are used in control algorithms such as trapezoidal
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control, where only two of the three motor phases carry current simultaneously [12],

however sensorless control methods may also be used in methods in which current

is supplied to all three phases simultaneously, such as sinusoidal and field-oriented

control [6].

Figure 2.11: Depiction of Back-EMF Zero-Crossing Event
[4]

The driving principle in this scheme, as described by Xia [39] and illustrated in Figure

2.11, is that “if the phase current and the stator flux have the same phase, the rotor

position of BLDC motor can be accurately reflected by the change of phase current”.

In sensorless control, an open-loop starting sequence is often required to determine

the initial position of the rotor, at which point back-EMF measurements can be used

to accurately estimate the position of the rotor [32]. Additionally, back-EMF-based

feedback methods do not work at low speeds since back-EMF is zero at rest and

proportional at speed, creating an additional need for open-loop control [21].
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2.5 Printed Circuit Board (PCB) Design

The process of designing a printed circuit board (PCB) contains two primary steps:

creating the schematic and creating the PCB layout. For successful completion of this

project, PCB design guidelines and best-practices must be utilized at each stage of

the PCB design process. Many different software programs exist for PCB computer-

aided design (CAD), including Autodesk Eagle, Altium, and KiCad. This report

focuses on the PCB design workflow for KiCad, the software used in this project,

however a similar workflow is used in the majority of PCB CAD software. This

section summarizes lessons learned from the review of literature related to PCB design

guidelines, standards, and best-practices.

2.5.1 Schematic Design

The first step in designing a custom printed circuit board is to design a schematic,

which is often referred to as the equivalent to an engineering drawing in mechanical

design. IPC-2612 sets documentation standards for printed circuit board schemat-

ics/logic diagrams, including required information for PCB “inspection, hardware

realization, software development, and design reuse” [20]. IPC defines a schematic as

a diagram that “designates the electrical functions and interconnectivity to be pro-

vided by the printed board and its assembly” [20]. Given that the purpose of a PCB

is to provide mechanical support to electronic components and electrical interconnec-

tions between components, a schematic is provided to depict which components will

be present on the board and how they will be connected [37].

To create a schematic, component symbols are selected from a library and placed on a

circuit [37]. The symbols are then interconnected by traces, representing the electrical
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connection between pins [37]. A completed schematic will depict all components

placed on a board, as well as the electrical interconnections between them. Additional

information that may be shown on a schematic includes test point allocation, current

and voltage requirements, shielding of traces, noise suppression, restrictions of heat

transmission, and grounding and power requirements [20] [37].

2.5.2 PCB Layout

After creating a schematic diagram depicting the interconnections of the components,

the designer must create the PCB layout, which depicts the physical layout and

construction of the printed circuit board. This process can be broken down into two

key steps: component placement and routing, with an important prerequisite step of

footprint design and verification [37].

First, the designer must complete component placement, showing the placement of

each component on the printed circuit board. Many CAD software contain automatic

placement systems to attempt to optimize component placement [37]. There are

several objectives in component placement, namely, to minimize trace length and

consider other constraints of the components themselves [37]. Placement is done

through moving, and rotating components and is typically done in more than one

phase [37]. Prior to placement of the components, footprints must be defined for each

component. These footprints show the physical footprint of the component on the

board, and the required surface mount pads, and plated/non-plated through-holes

that are required to mount the component.

Second, the designer must route all the components, which is to complete the pro-

cess of drawing conductive traces between each interconnected component. Several

constraints must be considered during this process, including maximum connection
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lengths, shielding of a signal, or the preferred routing layer of a signal [37]. During

this stage, the designer may decide to include vias, route traces at multiple layers of

the board, or widen traces for optimal current flow [37]. IPC-2221 addresses common

design parameters and sets standards as to the design of printed circuit boards [17].

After design of the PCB, including placement and routing, the board must be sent

to a manufacturer for fabrication. Prior to being sent to the manufacturer, board

designs typically undergo design verification, a process in which the design is verified

versus the manufacturer’s design rules [37]. The board is then typically sent in one

or multiple CAD files, typically in the form of .brd or Gerber files.

2.6 PCBA Manufacturing and DFM Considerations

After the design of a printed circuit board, it must be sent to a manufacturer for

fabrication and assembly. This section focuses on the main stages in the PCB manu-

facturing process and key design for manufacturability (DFM) considerations at each

stage.

2.6.1 PCB Fabrication

A printed circuit board (PCB, also called printed wiring board or PWB), is defined

by Tummala as “a composite of organic and inorganic materials with external and

internal wiring, allowing electronic components to be electrically interconnected and

mechanically supported” [37]. Essentially, the function of a PCB is to provide power

to all components, carry signals between components, and conduct heat away from

the components when necessary [37]. In industry, manufacturing of the printed circuit

board itself is often referred to as “PCB Fabrication,” whereas the process of placing
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the components onto the board is known as “PCB Assembly.” These terms will be

used throughout this section.

All printed circuit boards include one or more layers of conductive materials (typi-

cally copper), interconnected by vias, and separated by an insulator epoxy-glass [37].

Printed circuit boards may be classified by several factors, including the rigidity of

the board and number of conductive layers [37]. Historically, most PCB’s have been

made of a rigid insulating material, however recently flexible boards have become

desirable in many applications.

The number of layers of the board is one of the primary contributors to the complexity

of the board. Single layer boards contain only a single layer of conductive material,

and are typically used in very simple applications [37]. Double-sided PCB’s are the

most common, including a conductive layer on both sides of the board and allowing

components to be placed on both the top and bottom of the board. Multi-layer

boards can range from 4-32 conductive layers and are used in applications where high

component density is necessary [37].

The PCB fabrication process is completed over the course of several additive and

subtractive steps. The process can be generally described as adding material one

layer at a time, and then etching away the material using photoresist and imaging

processes [37]. After fabrication of the layers of the board, holes are drilled through

the board, through holes are plated, and solder mask and silk screen is printed onto

the board [37].

There are several key attributes of the PCB affecting PCB fabrication that must

be addressed during the design process. Substrate materials must be selected based

upon the desired rigidity and specifications of the board. The layer structure must

be considered, specifically how many layers must be used in the PCB. In general,
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a minimal number of layers results in a less expensive fabrication process, however

more complex circuit designs may necessitate a multi-layer board design [37]. The via

technology used in the PCB must be determined during the design process, including

whether any blind or buried vias may be necessary [37].

PCB manufacturers will typically list several key manufacturing constraints that

should be considered during the design process. For example, PCBWay lists sev-

eral key constraints in their PCB capabilities, including a minimum trace width of

0.1mm, a minimum conductive spacing of 0.1mm, and a minimum drill size of 0.2mm

[29]. In an effective PCB design, these constraints should be considered to ensure

manufacturability of the board. Furthermore, while a PCB manufacturer may list a

specified minimum or maximum parameter as within their capabilities, in most cases

this will increase the cost of the manufacturing process and in some cases will re-

quire a modified process or processing equipment. When possible, an effective design

should not include design components on the limits of a manufacturers capabilities

so as to reduce manufacturing cost and increase manufacturability. For example, for

minimized cost PCBWay suggests a modified minimum trace width and conductor

spacing of 0.15mm [29].

2.6.2 PCB Assembly

Printed circuit board assembly is described by Tummala as “the process of building

functional electronic systems from individual electrical components” [37]. This pro-

cess primarily involves mounting and soldering electrical components onto the finished

PCB, however it can also contain other assembly methods outside of soldering [37].

The final product after assembly is referred to as a printed circuit board assembly

(PCBA), printed wiring board assembly (PWBA), or printed wiring assembly (PWA)

[37].
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PCB assembly processes can be generally classified as either surface mount assembly/

technology (SMA/SMT) or through-hole technology (THT). During surface mount

assembly, components are placed on the surface of the board, whereas in through-

hole assembly the leads of the components are inserted through holes on the PCB

[37]. Surface mount technology has become prevalent in industry as it helps achieve

the goal of size reduction of electronic systems, as well as increasing the ability to

complete the assembly process via automated methods [37]. By the late 1990’s over

80% of electronics manufacturing was done by surface mount assembly [37].

Surface mount assembly typically follows a linear process on a highly automated

assembly line. First, the bare PCB enters a solder paste printing machine in which

solder paste is deposited onto the copper pads of the PCB by screen printing through

a stencil [37]. The PCB then enters a component assembly machine known as a

“pick and place” machine, in which the components are placed onto the PCB with

high precision [37]. The board then passes through a reflow oven at a specified

temperature profile, known as a “reflow profile,” to melt the solder paste and form

robust solder joints connecting the components to the PCB [37]. Many SMT assembly

lines utilize automated in-process inspection systems including solder paste inspection

(SPI), automated optical inspection (AOI), and x-ray inspection.

When considering the PCB assembly process during the PCB design process, there are

several key items to address. SMT components can generally be considered favorable

as compared to through-hole components for two primary reasons: size reduction

and assembly automation. Surface mount components require space on only one

side of the board, whereas through-hole components require space on both sides of

the board. Additionally, plated through-holes pass through all layers of the board,

complicating PCB layout and increasing the size of the system [37]. SMT components

also tend to have a reduced size and pitch as compared to through-hole components,
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further leading to size reduction of the system [37]. Furthermore, the SMT assembly

process lends itself to automation much more than the through-hole assembly process,

reducing the cost of assembly [37].

There are several reasons that through-hole components may still be preferable over

SMT components. Through-hole insertion provides stronger mechanical fastening

to the board than SMT assembly, which is desirable for components and systems

experiencing large dynamic forces and requiring greater mechanical robustness [37].

Additionally, when large amounts of current must be conducted through the compo-

nent leads, the use of through-hole components may also be necessary [37].

Beyond component selection, footprint design is also a critical step in the design

process that must be addressed to result in successful PCB assembly. Component

footprints must be designed such as to maximize solderability and minimize footprint

area. Electronic device manufacturers typically provide recommendations on foot-

print design for their components. IPC standard IPC-SM-782A is particularly useful

for providing industry standard footprints for common packages [18].
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Chapter 3

HARDWARE DESIGN

As covered in Chapter 2, complex electronic circuitry is necessary for the successful

operation of the BLDC motor. In this project, a printed circuit board was designed

to function as a three-phase BLDC motor control system based off the architecture

discussed in Section 2.2 and referenced in Figure 3.1 below. This section is intended

to illustrate the hardware design process used in this project and to serve as a resource

for the designers of future similar systems.

Figure 3.1: Block Diagram of 3-Phase BLDC Motor Control System and
Motor

Figure 3.1 depicts the core components of the Motor Control PCBA as well as the

critical external components: the power supply and motor. This system was designed

to be powered from a 12 or 24 V external DC power supply. A step-down voltage

converter (ie. DC-DC Buck Converter) and 5V linear dropout regulator were to be
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used in series to provide a constant supply voltage of 5V to the microcontroller. A

suitable microcontroller was to be selected and used to serve as the primary processing

unit in the system to process the motor control algorithm and provide appropriate

PWM signals to the gate driver. The gate driver is then able to use the PWM signals

inputted from the MCU to provide a high current gate drive signal to the gate of

the appropriate MOSFET’s. A three-phase inverter sub-circuit is then used to act

as a set of switches to each of the three phases of the motor. Section 3.1 details the

selection of specific components for each of these functional elements.

The motor control system was designed with several functional and safety require-

ments in mind. The system is designed to be able to operate from a 12 or 24 volt

external DC power supply and provide up to 30 amps of current to the motor. The

system was designed to operate from sensorless feedback methods using back-EMF

sensing. Components in the system must be of automotive-grade (ie. able to with-

stand ambient temperatures up to 125 degrees Celsius) to enable automotive applica-

tions of the system. It was desired that the motor speed could be controlled via PWM

input or an adjustable potentiometer on the PCBA. Additionally, in the design of this

system important criteria including cost and manufacturability were considered such

as to work towards the project objective of designing a low-cost BLDC motor control

system.

3.1 Component Selection

3.1.1 Microcontroller

To begin the design of the motor control system, suitable components were selected

that met the criteria discussed above. First, NXP Semiconductor’s S32K142 micro-

controller was selected. This chip was selected partially due to its design as a low-cost
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chip able to withstand electrically harsh environments including automotive applica-

tions [26]. According to the NXP S32K1xx series reference manual, this series of

microcontrollers are best suited for a wide range of automotive applications including

BLDC motor control as well as lighting, HVAC, door/window/seat controls, and park

assist [26].

Finally, a key factor in the selection of this MCU was the quantity and quality of

existing documentation and supporting resources for the use of this chip in BLDC

motor control applications. NXP currently offers several evaluation boards utilizing

the S32K1xx series of MCU, including the MCSXTE2BK142 evaluation board, which

utilizes the S32K142 microcontroller for use in 3-phase BLDC motor control. This

evaluation board provides the opportunity for testing during software development,

as well as serves as a valuable resource in both hardware design and software devel-

opment. Design reference documents are publicly available for this evaluation board

including the engineering schematic, hardware user guide and BOM, as well as the

corresponding software for operation of the device, as discussed in Chapter 4. By

selecting an MCU with strong supporting documentation detailing the device’s us-

age in BLDC motor control, the overall development process can be completed more

rapidly.

3.1.2 Gate Driver

Second, the gate driver chip was selected. Selection of an appropriate gate driver chip

can have a dramatic effect on the overall structure of the board as different gate driver

chips have radically different capabilities. As discussed in Section 2.2.2, the primary

purpose of the gate driver is to provide a high-current input to the gates of the MOS-

FET’s in the three-phase inverter circuit. As such, a gate driver with suitable gate

drive current capabilities must be selected given the design criteria. Furthermore,

30



additional functionality may be integrated within the gate driver chip, reducing the

need for additional components on the PCBA. Finally, as with selecting an appropri-

ate microcontroller, selecting a gate driver chip with comprehensive documentation

and design resources will lead to a more efficient design process.

For this project, Texas Instruments’ DRV8343-Q1 was selected for the reasons dis-

cussed above. This chip is designed for use in 12 V and 24 V BLDC motor control and

capable of providing up to 2 A peak gate drive current. One distinct advantage of this

chip is the integration of 3 current sensing amplifiers, allowing for current sensing on

all 3 phases without the need for external amplifiers, as well as the integration of a 3.3

V internal regulator, potentially eliminating the need for an external regulator [35].

Finally, Texas Instruments provides a large volume of high-quality documentation

for this device, including a well-organized datasheet, application specifications, and

layout recommendations. Furthermore, the DRV8343S-Q1EVM evaluation board is

offered to provide designers with the opportunity to test using this board, and corre-

sponding resources including the board schematic and firmware are publicly available.

This collection of design references allows for easier and more efficient integration of

this chip into the motor control PCBA, which was a key factor in the selection of this

chip.

In Table 3.1, the DRV8343-Q1 chip is compared with a comparable device, NXP Semi-

conductor’s MC33GD3000 gate driver chip. Like the DRV8343-Q1, the MC33GD3000

is designed for use in BLDC motor control, and is capable of providing up to 2.5 A

of peak gate drive current and operating within 12 V to 48 V systems. At an order

quantity of over 1000 units, the MC33GD3000 device carries a slightly higher unit

price of $4.54 compared to only $3.59 for the DRV8343-Q1 device. The MC33GD3000

comes in a QFN-56 package, a leadless package that has the advantage of minimiz-

ing footprint. The DRV8343 comes in a HTQFP-48 package with slighltly greater
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footprint of 9mm x 9mm, compared to 8mm x 8mm. However, the slightly larger

footprint of the DRV8343 is offset by the integration of 3 current sensing amplifiers

(CSA). These integrated CSA’s allow for current sensing of all 3 phases without the

need for external components. The GD3000 chip, on the other hand, includes only

one integrated CSA, creating the need for external operational amplifier if simulta-

neous current sensing of all 3 phases is desired. This was a key factor in selecting the

DRV8343-Q1 chip, as reducing the overall component quantity was a design priority

in this project. Finally, TI’s DRV8343-Q1 includes an integrated linear voltage reg-

ulator capable of providing 3.3 V and 30 mA of power to external circuitry, whereas

the GD3000 chip’s internal 5 V regulator is for internal IC use only as it is capable

of providing only 1 mA externally [25][35].

Table 3.1: Comparison of TI DRV8343-Q1 and NXP MC33GD3000 Gate
Driver Chips[16][25][31][35]

Category TI DRV8343-Q1 NXP MC33GD3000

Unit Price (Order Qty ≥ 1000) $2.179 $2.04
Package HTQFP-48 QFN-56

Package Dimensions (mm) 9 x 9 8 x 8
Qualification AEC-Q100 AEC-Q100

Operating Temperature (◦C) −40 < TA < 125 −40 < TA < 125
Input Logic Level 3.3 V or 5 V 3 V or 5 V

Output Logic Level 3.3 V or 5.0 V 5 V
Integrated Current Sensing Amplifiers 3 1

System Operating Voltage 12 V or 24 V 12 V to 48 V
Maximum Gate Drive Current 2 A 2.5 A

Voltage Regulator 3.3 V and 30 mA Internal Usage Only

3.1.3 MOSFET

Choosing suitable power MOSFET’s is another critical component to the design of

the motor control system. A MOSFET must be selected with a sufficiently high volt-

age and current rating considering its application [36]. For this design, Nexperia’s
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BUK762R4-60E N-channel MOSFET was selected based on its usage in NXP’s refer-

ence design. This MOSFET is rated for a maximum of 60 V of drain-source voltage,

allowing it to be suitable for 12 or 24 V motor control [23]. Futhermore, the device

is rated for up to 120 A of drain current. Finally, this device carries an automotive

grade, including a temperature rating of 175 ◦C [23].

3.1.4 Other Components

Additional components were selected primarily based on the needs outlined in NXP

and TI product documentation and reference designs. Several factors were consid-

ered when selected specific components, including cost, availability, consistency and

package. Low-cost components were selected when practical to reduce the overall

manufacturing costs of the system. Attempts were made to select commonly avail-

able components to improve the ease of sourcing and assembly of the system. Efforts

were made to minimize the number of unique components used throughout the PCBA

by utilizing common components throughout the board when possible. Finally, com-

mon packages were selected, and primarily SMT packages were selected when possible

to improve the ease and cost of assembly.

3.2 Schematic Design

After selecting suitable components to make up the motor control system, the schematic

was designed to outline the interconnections between components in the system. The

schematic was created using the KiCad electronic design software. KiCad was selected

due to its being a free and open-source design software, as well as its strong repu-

tation and the bulk of online resources available for learning the software, including

free online tutorials.

33



Component symbols for most components were imported from the SnapEDA and Ul-

traLibrarian online electronics design libraries when available, while some component

symbols were made manually from datasheet specifications. All symbols were verified

for accuracy from component datasheets or other documentation. The schematic was

then designed in several phases, as discussed below.

First, the schematic for NXP’s MCSXTE2BK142 evaluation board was used as a

model for several common elements, including the MCU, phase inverter circuit, step-

down voltage converter, and LDO voltage regulator. From the evaluation board

reference design and MCU pinout diagram, connections to and from the MCU were

established. The phase inverter circuit was then modeled based upon the example

provided on the MCSXTE2BK142 evaluation board. The LM46000-Q1 step-down

voltage converter and MC33375 LDO voltage regulator used in the MCSXTE2BK142

design were selected to be used in this design, and their corresponding sub-circuitry

was modeled based on the NXP reference design and verified based on the applica-

tion information in the devices’ respective datasheets. Finally, several sub-circuits

included in the NXP evaluation board design were included in the design of this

system, including back-EMF sensing, temperature sensing, analog and PWM inputs,

FreeMASTER control, and SWD debugging interface. Connectors were included for

PWM input, FreeMASTER control, SWD debugging, and connections to the power

supply and motor.

Several functional elements included in the MCSXTE2BK142 evaluation board were

not included in this design, including CAN and LIN communication interfaces, and

Hall and Encoder feedback methods, and the schematic was adjusted accordingly. By

eliminating these elements and simplifying the overall design, the overall number of

components and connections to the MCU was reduced, and cost was subsequently

reduced.
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Next, the TI DRV8343-Q1 gate driver was integrated into the system based on the

application information provided in the DRV8343-Q1 datasheet and the schematic

for TI’s DRV8343S-Q1EVM evaluation board. The gate driver was connected to the

supply voltage as shown in TI’s design reference and with consideration for electrical

specifications of the gate driver. Several key connections between the gate driver and

MCU were established, including six independent PWM signals, the SPI communi-

cation lines, and current sensing amplifier outputs. The gate driver was connected

to the phase inverter circuit as recommended in the application information in the

DRV8343-Q1 datasheet. The three-phase inverter circuit was modified significantly

to integrate the three internal current sensing amplifiers of the DRV8343-Q1 gate

driver based on TI’s documentation.

Overall, the schematic was completed with the focus of integration of the NXP

S32K142 MCU with the TI DRV8343-Q1 gate driver for use in three-phase BLDC

motor control. In this design, triple-shunt current sensing was incorporated using the

DRV8343-Q1 gate driver’s internal current sensing amplifiers and back-EMF sensing

circuitry was included to allow for sensorless feedback and motor control. Connectors

were included to support the standard SWD debugging interface as well as NXP’s

FREEMASTER interface. Several other functional elements were included in the de-

sign, including MOSFET temperature sensing and speed control using either PWM

and analog input.

3.3 PCB Layout

After design of the schematic, the design process was continued with PCB layout in

KiCad’s Pcbnew module. Several key design constraints were first established for the

PCB design, including a desired maximum board size equivalent to the comparable
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MCSXTE2BK142 evaluation board (170mm x 160mm), as well as a total of 4 layers

for the board. The board was to be designed using 2 oz copper thickness on outer

layers and 1 oz on inner layers.

Figure 3.2 shows a 3D view of the completed PCBA design with component models

placed on the board. This section details the design process for this final PCBA

design.

Figure 3.2: 3D Viewer of Final PCBA Design

3.3.1 Component Footprints and 3D Models

When available, component footprints were imported from SnapEDA and UltraL-

ibrarian, and custom designed when unavailable. Regardless, all footprints were

closely verified based on the manufacturer’s recommendations as detailed in device

datasheets. Specific attention was paid to ensure the solderability of the components

by verifying pad sizes. For standard component packages such as 0603 and 0804 ca-
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pacitors and resistors, relevant IPC standards were referenced for standard footprint

dimensions. Additionally, attention was paid to ensure that proper component mark-

ings were present, including polarity and/or pin indicators, component outlines, and

reference designators.

As shown earlier in Figure 3.2, a 3D model of the PCBA was constructed using

KiCad’s 3D Viewer tool. The 3D model serves as a valuable aide to verifying foot-

print design and component clearance. Individual 3D models were obtained for all

components so that the 3D model of the PCBA could be constructed. For standard

packages, KiCad’s library of 3D models was used. SnapEDA and UltraLibrarian

were again used for several components that were not available within KiCad’s li-

brary. When 3D models were not available via an online catalog or KiCad’s library,

they were custom built using the SolidWorks mechanical CAD software. Figure 3.3

shows an example of a rudimentary 3D model created in the Solidworks computer-

aided design software, and saved in the .step file format, which is compatible with

KiCad’s 3D Viewer tool
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Figure 3.3: 3D Model of Phoenix Contact PN 1782909 Created in Solid-
works

3.3.2 Component Placement

Components were placed on the board in a strategic order to minimize the number of

iterations necessary in the layout process. Figure 3.4 is shown to provide a high-level

view of the placement of the key subsystems on the PCB. This section walks through

the process that resulted in this placement of components.
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Figure 3.4: Final Placement of Components on PCB with Labels

First, focus was placed on the placement of the components making up the three-

phase inverter sub-circuit since many connections in this circuit require large traces

capable of carrying high current to the motor. The design of the MCSXTE2BK142

evaluation board was again used as a reference, with modifications made as necessary

to incorporate current sensing at all 3 phases. This sub-circuit was placed on the

right-side of the board such as to allow the motor connector to be on the edge of the

board for optimal usability, as shown in Figure 3.4.

Figure 3.5 shows the placement of components for one phase of the three-phase in-

verter circuit, which can be considered representative of each of the phases. The

high-side and low-side MOSFETs were placed side-by-side, with the low-side MOS-
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FET to the left of the high-side MOSFET, allowing the drain of the low-side MOSFET

to be easily connected to the source of the high-side MOSFET. The current shunt re-

sistor (shown by R19 in Figure 3.5) was placed next to the source pad of the low-side

MOSFET.

Figure 3.5: Placement of One Phase of Three-Phase Inverter Circuit

Next, the MCU and gate driver chips were placed on the board since these components

both require a large number of connections and thus require strategic placement. The

gate driver chip was placed to the immediate left of the 3-Phase Inverter circuit as

shown in Figure 3.4 to allow for minimal trace length on connections between the

gate driver and 3-phase inverter. The placement and orientation of the gate driver

was made following the recommendation laid out in the DRV8343-Q1 datasheet, as

shown in Figure 3.6.
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Figure 3.6: Layout Example from DRV8343-Q1 Datasheet
[35]

The MCU was placed to the left of the gate driver, allowing for short traces between

the MCU and gate driver. The MCU was oriented with the attempt to place pins

that would connect to the gate driver nearest to the gate driver.

Next, the components supplying power to the MCU were placed. The connector to

the external power-supply was placed in the lower-right corner of the board with the

intention of increasing usability by placing the connector at the edge of the board. Re-

verse battery protection circuitry was placed to the left of the power supply connector.

41



The step-down voltage converter sub-circuit and LDO voltage regulator sub-circuit

were placed in series in between the power supply connector and MCU.

Remaining subsystems were placed such as to minimize the trace length, when possi-

ble. In some instances, such as the temperature sensing subsystem, special consider-

ations were needed to be made for the location of the subsystem. In the case of the

temperature sensing subsystem, the components were placed near to the MOSFETs

such as to obtain an accurate measurement of the operating temperature.

Placement of certain components was done in such a way to follow recommended

practices. For example, Figure 3.7 shows the placement of four decoupling capacitors

at the power supply input near to the supply voltage input pins of the LM46000-Q1

step-down voltage converter, and placed in order of ascending capacitance [28].

Figure 3.7: Placement of Decoupling Capacitors at LM46000-Q1 Supply
Voltage Pins
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3.3.3 Trace Routing

After initial placement of the components, copper traces were drawn to connect the

components. As with the placement of components, traces were routed in a strategic

order such that components and subsystems with a higher number of traces covering

more distance were routed first, and then more simple traces were routed at the end.

First, copper traces were drawn to complete the connections between the components

of the 3-phase inverter circuit as well as the connection from the 3-phase inverter

circuit to the motor connector, as shown in Figure 3.8. The layout for this subsystem

was designed considering the current path of the high-current signal going to and

from the motor. During operation of the motor, positive current to the motor is

supplied to the high-side MOSFET drain and then from its source to the connector,

and when the phase is flipped 180 degrees current will exit the motor to the low-side

MOSFET drain and exit at the source. As such, large copper pours were placed

connecting the low-side MOSFET drain and high-side MOSFET source to the motor

connector, as well as large pours placed at the high-side MOSET drain and low-side

MOSFET source. Detailed discussion of the requirements considered in the sizing of

these copper pours is discussed in Section 3.3.5.
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Figure 3.8: Finished Layout of One Phase of 3-Phase Inverter Circuit

Next, the power supply subsystems were routed including the path from the power

supply connector to the LM46000 step-down voltage converter, and from the LM46000

to the MC33375 linear voltage regulator. During this stage, layout guidelines from

TI and ON Semiconductor documentation was considered, and the MCSXTE2BK142

evaluation board layout was used as a model.

Next, copper traces were routed connecting the gate driver to the three-phase inverter

circuit. During this stage, the recommended layout provided by TI and shown in

Figure 3.6 was utilized, as well as general layout guidelines provided by TI. Notably,

efforts were made to minimize the high-side and low-side gate driver loop lengths, and

traces in each loop were routed as differential pairs. Figure 3.9 shows an example of

this, demonstrating the Phase B high-side gate driver loop that runs from the GHB
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pin of the gate driver, to the high-side MOSFET gate, and back ground the MOSFET

source to the SHB pin of the gate driver.

Figure 3.9: Phase B High-Side Gate Driver Loop

Next, traces were routed between the gate driver and MCU, including SPI lines,

PWM, current sense amplifier outputs, and the gate driver enable signal. Again,

efforts were made to minimize trace length and to maintain consistent trace length

across phases. Finally, the MCU was connected to other systems, including the linear

voltage regulator, analog input, SWD debugging and FreeMASTER connectors, back-

EMF sensing, and temperature sensing.

3.3.4 Power and Ground Planes

Large copper pours were used in several instances, primarily for power and ground

planes as well as for high-current signals. The bottom layer and ”Inner 2” layer of the

PCB were used to hold these power and ground planes, as discussed in this section.
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In this design, two power planes were used: a 12/24 V plane (depending on external

power supply voltage) supplying power to the three-phase inverter circuit and gate

driver, referred to in this project as ”VDRAIN” due to being connected to the drains of

each of the high-side MOSFET’s, and a 5 V plane supplying power to the MCU, gate

driver logic supply, and other low-power subsystems, referred to as ”VDD.” Figure

3.10 shows the bottom layer of the PCB, in which the ”VDD” plane is shown on the

left connecting to the MCU and gate driver, while the ”VDRAIN” plane on the right

connects to the three-phase inverter circuit. The ”VDRAIN” plane is also duplicated

on the ”Inner 2” layer to increase the current-carrying capacity, as discussed later in

Section 3.3.5, and shown in Figure 3.11.

Figure 3.10: Bottom Layer of Final PCB Layout
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While some resources recommend separate digital and analog ground planes for such

a design as a method of separating noise, in this project the design instead used

only one ground plane due to digital and analog signals being relatively isolated on

the board, with most analog signals on the right-side of the board, and most digital

signals on the left-side of the board. This ground plane was placed on the left-side

of the ”Inner 2” layer of the PCB, as shown in Figure 3.11. As mentioned earlier,

the ”VDRAIN” plane was duplicated onto the ”Inner 2” layer, as seen on the right

of Figure 3.11.

Figure 3.11: Inner 2 Layer of Final PCB Layout

After establishing ground and power planes, several modifications were made to the

MCU power supply connections based on the hardware design guidelines for the

S32K1xx series microcontrollers set out in NXP Application Note 5426. NXP AN5426
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describes the recommended placement of decoupling capacitors and the routing con-

necting the S32K142 power supply pins to the power plane [24]. Figure 3.12 demon-

strates these guidelines, with the decoupling capacitor placed as near as possible to

the power supply pin, a via nearby the ground side of the decoupling capacitor to

connect the pad directly to the ground plane, and another via nearby the power side

of the capacitor connecting the pad goes directly to the VDD plane and eliminating

the need for long traces connecting the pad to power.

Figure 3.12: Top and Side View of Recommended NXP Power Connection
[24]

After evaluation of the layout of the MCSXTE2BK142 evaluation board, power supply

connections to the MCU were determined to be an area for improvement. Figure 3.13

shows the power connections to the NXPS32K142 MCU in the MCSXTE2BK142

evaluation board layout. As can be seen, a via has been placed in between the

decoupling capacitor and VDD pin, mitigating the effect of the decoupling capacitor

by shorting the VDD pin to the VDD plane. Furthermore, the three decoupling

capacitors connected to the VDDA pins are connected to the VDDA plane through a

long trace, contrary to NXP’s guidelines stating that ”the capacitor should not route

to the power plane through a long trace” [24].
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Figure 3.13: NXP Power Connections on MCSXTE2BK142 PCB Layout
[40]

Figure 3.14 shows the revised power connection to the MCU in the system designed

in this project. Note that since only one power plane was used in this design, rather

than separate planes for digital and analog power, both the VDD and VDDA pins

of the MCU are connected to the VDD plane. On the left side, the decoupling

capacitor is placed in between the power supply pin and via connecting to the VDD

plane, ensuring the full effect of the decoupling capacitor and consistent with NXP’s

guidelines shown in Figure 3.12. On the right side, a similar layout is used, and rather

than connecting to the power plane via a long trace as was shown in Figure 3.13, a

via is placed near the decoupling capacitors connecting directly to the VDD plane.
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Figure 3.14: Improved Power Connections to S32K142 MCU

3.3.5 Electrical/Thermal Considerations

During the design of the PCB, several considerations were made for electrical and

thermal issues. Namely, the required trace width was determined based on IPC-

2152: Standard for Determining Current Carrying Capacity in Printed Board Design

[19]. An allowable temperature rise of 10◦C, outer layer copper thickness of 2oz and

inner layer thickness of 1oz was established. Using these parameters, an approximate

requirement of 1mm of trace width per 1 A of current on external traces and 2mm of

trace width per 1 A of current on internal traces was established and used throughout

the PCB design. High-current carrying traces were sized based on this guideline,

such as the ”VDRAIN” copper zone discussed earlier in Section 3.3.4. Given that the

”VDRAIN” zone is required to carry up to 30 A of current, it was sized with 20 mm
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thickness at the bottom layer and 20 mm thickness in the inner layer, providing 30

A of current-carrying capacity.

A similar requirement was established for the current carrying capacity of vias. A

technical paper published by the PCB design service UltraCAD shows that geometri-

cally, a via with hole diameter Dvia and copper wall thickness Tvia has a cross sectional

area equivalent to that of a trace with width Wtrace and thickness Ttrace when the fol-

lowing equality is satisfied [8]:

Dvia = Wtrace

π
∗ Ttrace

Tvia
− Tvia

Thus, a trace of width 1mm and thickness 70µm is roughly equivalent in cross-

sectional area to a via with copper wall thickness 20µm and diameter 1mm. The

paper also demonstrates that the cross sectional area of a via with diameter D is

equivalent to the cross sectional area of n vias with diameter D
n

[8]. In other words,

a via of diameter 1mm has a cross sectional area equivalent to that of four vias of

diameter 0.25mm.

Combining this knowledge with the earlier established guideline of 1mm of trace

width per 1 A of current, another guideline of four vias of diameter 0.25mm per 1

A of current was established. For example, when 10 A of current must flow between

two planes on different layers, a minimum of fourty 0.25mm diameter vias should be

used. It should also be noted that in this guideline, the 0.25mm diameter refers to

the diameter of the plated hole, not the diameter of the via annular ring.

The inductance of traces was also calculated based on the equation shown below [34]:

Lms = 0.00508L ∗ [ln( 2L
W+H

) + 0.5 + 0.2235 ∗ W+H
L

]

With the following definitions:

Lms = Inductance of microstrip (trace) in microhenries (µH)

L = Length of trace in inches

51



W = Width of trace in inches

H = Distance between the trace and ground plane in inches

Figure 3.15: Visual of Dimensions in Trace Inductance Formula
[5]

Using this equation, it can be determined that length is generally the factor with the

biggest impact on trace inductance. Since trace inductance is desired to be minimized,

trace length should subsequently be minimized.

3.3.6 DFM/DFA/DFT Considerations

During the design of the printed circuit board, several considerations were made for

the overall manufacturability of the system. The manufacturing capabilities listed on

the website of PCB manufacturer PCBWay were followed to reduce manufacturing

costs and ensure manufactrability of the system [29]. Several design constraints were

put in place, including a minimum trace width of .25mm, minimum hole size of

.25mm, and minimum conductive spacing (clearance) of 8 mil (.008 inches). All of

these design constraints were routinely checked using the ”Design Rules Check” tool

in KiCad.
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As discussed earlier, component footprints were verified versus manufacturer recom-

mendations to ensure solderability. SMT components were used when possible to

promote automated assembly processes. Additionally, appropriate silk screen mark-

ings on the PCB were placed to enhance the ease of assembly and inspection of the

PCBA, including polarity/pin indicators, component outlines, and reference designa-

tors. Reference designators were given a consistent font and were placed in intuitive

and readable locations.

The potential need for future testing of the system was also considered, and many test

points were placed across the board to allow for ease of system testing. Specifically,

test points were added such as to allow monitoring of the gate drive current, PWM

input, PWM from the MCU to the gate driver, SPI to the gate driver, and back-EMF.
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Chapter 4

SOFTWARE DEVELOPMENT

In addition to the design of a printed circuit board assembly for use in three-phase

BLDC motor control, this project also aimed to make efforts towards the develop-

ment of software and firmware for operation of the motor control system. The MC-

SXTE2BK142 evaluation board was purchased and used to test and modify available

software projects from NXP as described in detail later in Sections 4.1 and 4.2.1,

and the integration of firmware for the TI DRV8343-Q1 gate driver was evaluated as

discussed in Section 4.2.2.

4.1 Initial Testing with Off-The-Shelf Evaluation Unit

The MCSXTE2BK142 evaluation board was purchased from NXP for the purpose

of software testing and modifications. Four software projects developed by NXP for

three-phase BLDC motor control were downloaded from the NXP website as listed

below (with project name listed in paranthesis):

• Single-Shunt Current Sensing (MCSXTE2BK142 PMSM FOC 1Sh)

• Dual-Shunt Current Sensing (MCSXTE2BK142 PMSM FOC 2Sh)

• Triple-Shunt Current Sensing (MCSXTE2BK142 PMSM FOC 2Sh)

• Dual-Shunt Current Sensing with Incorporation of Analog Input On/Off Switch

(XS32K142MC24 RDB PMSM DualShunt SDKRTM3P0 AMMCLIB1115)
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The first three projects contain nearly identical software, with the only differences

being the current sensing method used in each project. The single-shunt current

sensing project operates using only sensing of the the DC Bus Current. The dual-

shunt current sensing project uses only sensing from Phases A and B and calculates

the current of Phase C, given that the sum of the currents of all three phases must

equal zero. The triple-shunt current sensing project utilizes sensing of all three phases,

and samples two phases at a time and calculates the current in the third phase, with

an alternating pattern of which two phases are sampled at any given time.

While a potentiometer is placed on the MCSXTE2BK142 evaluation board and is

advertised as an additional method of motor speed control through an adjustable

analog input signal to the MCU, this functionality is not incorporated on any of

the first three projects listed. A fourth project was obtained from NXP support

that incorporates the use of the potentiometer and adjustable analog input signal,

however it was only incorporated to the extent of being used as an on/off switch. In

this project, when the potentiometer is turned past the point in which the analog

input to the MCU surpasses 2.3 V, the motor is turn on to a set speed of 1900 RPM,

and turn it back below the set point will turn the motor off. Later modifications

were made to fully incorporate this analog input adjustable speed control method, as

described later in Section 4.2.1.

All four NXP software projects utilize the field-oriented control (FOC) algorithm for

BLDC motor control. Additionally, all four software projects allow for three options

for feedback: hall sensing, encoder, or sensorless. In this project, since sensorless

feedback was desired for the reduction of hardware and cost, only the software utilizing

sensorless feedback was tested.

To test the software with the MCSXTE2BK142 evaluation board, several items were

purchased. The PeMicro Universal Debugger module was purchased to allow for con-
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nection between the computer and SWD debugging interface of the MCU. Second, a

USB-UART converter was purchased to allow connection between the computer and

FreeMASTER interface. The ”MCSXTE2BK142 Motor Control Development Board

Quick Start Guide” was followed for establishing proper connection between the com-

puter and evaluation board. The NT Dynamo Brushless DMA0204024B101 motor

was used, and connected to the board’s motor screw terminal connector. The Tenma

72-6630 programmable DC power supply was used and connected to the board’s power

supply screw terminal connector.

Code was viewed, compiled, and loaded to the board through the S32 Design Studio

integrated development environment (S32 DS IDE), available for download through

NXP’s website. The FreeMASTER interface was then used to set and control motor

parameters and control the execution of the motor. Figure 4.1 shows the operation

of the motor through the FreeMASTER interface.

Figure 4.1: Operation of BLDC Motor Using FreeMASTER Control In-
terface

56



The dual-shunt and triple-shunt current sensing projects were tested successfully,

allowing operation of the motor at speeds from from 500-2500 RPM. The single-shunt

current sensing project was tested, however faults in the current sensing occurred

immediately upon execution. After some investigation, it was found that improper

ADC channels had been configured in the firmware, and the proper channels were

configured and the current sensing faults were cleared, however after re-testing new

faults occurred in the system. Due to time limitations, and single-shunt current

sensing not being a primary focus of this project, efforts were placed elsewhere and

problems in the single-shunt current sensing were not fully resolved. Finally, the

project incorporating the analog-input signal was tested successfully, allowing the

motor to be controlled with the potentiometer used as an on/off switch.

4.2 Software Modifications

4.2.1 Analog Input Speed Control

As discussed earlier, NXP’s software project incoporating the potentiometer for ana-

log input speed control was incorporated only to the extent of using the potentiometer

as an on/off switch. This project was used as the basis for modifications incorporating

the potentiometer for analog inputed adjustable speed control into the motor control

system. In the NXP software project, the analog input signal to the MCU had been

incorporated such as to read the signal through the MCU’s internal ADC, and use

this reading to determine whether the motor should run. If the reading is over a value

of 2.3 V, the motor is set to run at 1900 RPM. If the reading drops below 2.3 V, the

motor is set to turn off. In this project, a goal was to incorporate this analog input

signal not only for the functionality of an on/off switch, but also for adjustable speed

control between 0 RPM and a user-defined maximum RPM value.
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This was successfully accomplished through modifications to the code as partially

shown in Figure 4.2. A parameter ”desired max speed” was defined, allowing the

user to easily set their desired maximum motor speed in RPM. Figure 4.2 shows

how the analog input is incorporated into code when the system is in the ”run” state,

meaning the motor is already running. If the analog input falls below 2.0 V, the motor

will be shut off. If the input is above 2.0 V, the speed is adjusted based on a linear

relationship between the analog input reading and the speed. If the potentiometer

is fully turned in the clockwise direction, and a maximum analog input reading is

received, then the motor will be set to run at the defined ”desired max speed” value.

Figure 4.2: Modified Code to Incorporate Analog Input Adjustable Speed
Control in Run State

Further modifications to the code were made for the ”ready” state as shown in Figure

4.3, allowing the motor to turn on to the appropriate speed when the analog input

exceeds 2.0 V, based on the same linear relationship described in the paragraph above.

As a result of these modifications, the user can use the potentiometer on the PCBA

to adjust the speed of the motor, as well as turn the motor off. These modifications

were tested and found to allow adjustable speed control within +/- 5 RPM as based

on the reading in the FreeMASTER interface.

Figure 4.3: Modified Code to Incorporate Analog Input Adjustable Speed
Control in Ready State
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4.2.2 Integration of TI DRV8343-Q1 Firmware

While this project initially aimed to fully modify the provided software from NXP to

allow for the integration of the TI DRV8343-Q1 gate driver, this proved to be infeasible

during this project due to the time intensiveness of this task. Instead, efforts were

made to evaluate and summarize the functional differences in the software for use of

the GD3000 gate driver (which is used on the MCSXTE2BK142 evaluation board) as

compared to the DRV8343-Q1 gate driver. This was completed to provide a strong

foundation for any future study continuing the work completed in this project.

To compare these differences, software for the DRV8343S-Q1EVM evaluation board

was downloaded from the TI website and viewed in the Code Composer Studio IDE.

It should be noted that the software for the DRV8343S-Q1EVM evaluation board

uses the trapezoidal control algorithm rather than the FOC algorithm, however these

differences were not investigated in detail due to the primary focus of this analysis

being on the software related to the configuration and operation of the gate driver

chip. Futhermore, TI provides two software projects for operation of the DRV8343S-

Q1EVM evaluation board, one utilizing sensored feedback methods and one utilizing

sensorless feedback. Only the sensorless feedback software project was viewed during

this project.

To summarize the differences in firmware for the two gate drivers, the functionality

was broken down into functional blocks: SPI, PWM, current sensing, gate driver

enable, and fault detection. The SPI block contains all code necessary to configure

the SPI communication protocol between the MCU and gate driver, and relevant

code that utilizes the SPI lines for configuration of the gate driver. The PWM block

contains all code necessary to configure the MCU pins needed to output PWM signal

from the MCU to the gate driver, and code relevant to the operation of the PWM
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signals. The current sensing block contains code that is relevant for the output from

the internal current sensing amplifiers of the gate driver to the MCU, as well as teh

corresponding code in the NXP software which allows for current sensing using the

external current sensing amplifiers. The gate driver enable block shows the necesary

code to configure and use the MCU to enable and disable the gate driver. The fault

detection block shows the code used to configure an MCU pin for gate driver fault

detection.

These differences were summarized and listed in five separate tables, one for each

block, listed in Appendix D. This appendix is intended to provide documentation as

to what key software modifications must be made prior to operation of the PCBA

designed in this project.

4.3 Future Development and Testing

Future software development is necessary for successful operation of the system de-

signed in this project. As described in Section 4.2.2 above, in this project the software

was not modified to incorporate the code necessary for operation of the TI DRV8343-

Q1 gate driver. Appendix D is intended to be a useful resource for future development

in this area.

Future testing using the PCBA designed in this project should be conducted following

a similar procedure as described in this section for compiling and loading software

to the board. The ”MCSXTE2BK142 Motor Control Development Board Quick

Start Guide” is recommended to be used for understanding the connections between

the board, motor, power supply and computer, and understanding the procedure to

compile, load, and run code on the board.
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Chapter 5

ANALYSIS AND RESULTS

5.1 Results

The original objectives of this project included the complete design, fabrication, as-

sembly, and testing of a printed circuit board assembly for use in three-phase BLDC

motor control, however due to part shortages fabrication and testing was unable to

be completed during this project. During the time of this project, an international

IC shortage has affected global supply chains, with a particularly large impact on the

automotive industry [38].

As automotive sales in 2020 decreased due to the coronavirus pandemic, many auto

manufactures temporarily closed their manufacturing plants and cut purchasing, in-

cluding the purchasing from the semiconductor industry [38]. At the same time, local

and national regulations including ”stay at home” orders have led to an increase

in purchasing of consumer electronics, leading semiconductor manufacturers to re-

allocate their production capacity towards the manufacture of products supplying

consumer electronic industry [38]. As the automotive demand has began to rebound,

the industry has been met with a semiconductor shortage as a result of this real-

location, leading to a chip shortage in the automotive industry that will cause the

industry to produce a projected 1.5 to 5 million fewer vehicles in 2021 than originally

planned [38]. Beyond the pandemic, severe winter weather and power loss in the

state of Texas led to an NXP manufacturing facility being temporarily shut down

[27], further hindering component availability.
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As a result of this IC shortage, lead times for the NXP S32K142 microcontroller

chip have ranged from 48 to 61 weeks, making the complete fabrication and assembly

of this system infeasible in the time frame of this project. During this project, the

design for a PCBA was finalized as discussed in Chapter 3. Preliminary software

development efforts were then made and tested using the MCSXTE2BK142 evaluation

board, including the incorporation of adjustable speed control using the analog input

signal controlled by a potentiometer. Future software modifications were outlined as

discussed in Sections 4.2.2 and 4.3. In lieu of complete fabrication and testing of the

system, an outline of potential future fabrication and testing is discussed in Section

5.2 and a cost analysis of the system was constructed as shown in Section 5.3.

5.2 Future Fabrication and Testing

Despite not being able to complete the manufacture and assembly of the motor con-

trol system, an outline of future fabrication and testing was completed. For any

future fabrication and assembly, all components for the PCBA must first be ordered.

Orderable links from electronic component distributor Mouser have been listed for all

components in the complete BOM for the final design of the PCBA.

Next, the PCB design must be sent to a PCB fabrication facility. It has been recom-

mended that a PCB fabrication facility that also offers assembly services is selected

due to the difficulty of assembly for this system. Due to the large number of compo-

nents in the system, including several fine pitch components, it is not seen as practical

to complete assembly of this system via hand soldering. It is instead recommended

to select a suitable assembly service that is capable of assembling the board via au-

tomated methods or highly-skilled technicians. One such facility, PCBWay, has been

referenced throughout this project and is recommended due to its wide ranging ca-
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pabilities in PCB fabrication and assembly as well as its relatively low costs. Before

the assembly of the system, all components must be shipped to the assembly facility,

unless a ”turn-key” option is available and selected in which the facility is responsible

for component sourcing as part of its assembly services.

Once the final PCBA is received, testing of the overall system can be conducted. Prior

to testing the system, integration of the DRV8343-Q1 gate driver into the software

must be completed as discussed in Sections 4.2.2 and 4.3. Once appropriate software

modifications are made, the code can be loaded onto the board and executed using

the FreeMASTER interface as discussed in detail in Section 4.1. As with any new

and custom designed system, problems are likely to be present in either the software

or hardware design. To help the testing and debugging process, test points have been

placed throughout the board as discussed in Section 3.3.6.

5.3 Cost Analysis

A cost analysis of the system was completed to estimate the overall costs of fabri-

cation and assembly for the system at varying production volumes. Three different

production volume categories were selected: prototype volume (10 unit order quan-

tity), mid-volume (1000 unit order quantity), and high-volume (10,000 unit order

quantity). Costs were then estimated for component sourcing and fabrication/assem-

bly as shown in Table 5.1.

Component sourcing costs were estimated based on the unit cost of each component

at the appropriate order quantity as listed on Mouser. A full list of component

costs is included in the component cost estimation table shown in Appendix E. A

substantial drop in the overall component sourcing costs was seen between prototype

and mid-volume production volumes, decreasing from $85.60 per unit to $54.81 per
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Table 5.1: Cost Analysis of Printed Circuit Board Assembly
Production Volume Prototype Mid-Volume High-Volume

Order Quantity 10 1,000 10,000

Components $ 85.60 $ 54.81 $ 52.75
PCB Fabrication $ 25.70 $ 7.27 $ 7.23

Assembly $ 31.50 $ 1.98 $ 1.81
Shipping $ 0.80 $ 0.76 $ 1.20

Total Cost $ 142.80 $ 64.81 $ 62.99

unit. A smaller decrease in cost was seen between mid-volume and high-volume, with

high-volume component sourcing costs estimated at $52.75 per unit.

PCB Fabrication costs were estimated using the PCBWay ”PCB Instant Quote”

feature, which allows the user to enter key design specifications and provides an

estimation of the manufacturing cost. As discussed in Chapter 3, the final PCB

design was a 4-layer PCB with an area of 170mm x 150mm. 2oz copper was used

on the outer layers and 1oz copper was used on the inner layers. A 170-180 degree

temperature grade was selected for the FR-4 substrate material based on the design

specifications for this project. A minimum hole size of 0.25mm was selected as well

as a minimum clearance of 8 mil, as discussed in Section 3.3.6. Electroless nickel

immersion gold (ENIG) was selected for the surface finish based on the application

of this system. As with component sourcing costs, the cost of PCB fabrication is

estimated to be much lower at mid-volume production as compared to prototype

volume, but a less substantial decrease between mid-volume and high-volume is seen,

with per unit costs estimated at $25.70, $7.27, and $7.23, respectively.

PCB Assembly costs were also estimated using the PCBWay ”PCB Instant Quote”

feature and selecting the operation for assembly service. It was determined that the

hand-solder of this system is impractical due to the high number of components and

presence of several fine-pitch components, and as such an assembly service should
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be utilized. The PCBWay quoting system requires inputs including the number of

unique parts on the PCBA, and number of SMT, THT, and BGA/QFP components,

respectively. Assembly costs were estimated at $31.50, $1.98, and $1.81 per unit for

prototype, mid-volume, and high-volume production, respectively.

Shipping costs were also estimated based on PCBWay’s quoting system, coming out to

$0.80, $0.76, and $1.20 per unit, for prototype, mid-volume, and high-volume produc-

tion, respectively. Interestingly, shipping cost estimation is highest at high-volume,

but due to the relatively small magnitude of this difference it was not investigated

further.

Total costs of the system were estimated at $142.80 per unit for prototype volume,

$64.81 for mid-volume, and $62.99 for high-volume. It should be noted that this cost

estimate includes only the cost of component sourcing, fabrication, and assembly, and

does not including the cost of engineering design or any further implementation of

the system.
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Chapter 6

CONCLUSION

During this project, a printed circuit board has been designed for use in three-phase

brushless DC motor control. This system has been developed to be supplied by a

12 or 24 V DC power supply, and to be capable of sourcing up to 30 A of current.

The design of this PCB was centered around the NXP S32K142 microcontroller chip

and TI DRV8343-Q1 gate driver chip. The design for this system was based around

NXP’s MCSXTE2BK142 evaluation board, with the TI DRV8343-Q1 gate driver chip

integrated into the system based upon documentation from TI, and a major focus

put on reducing system complexity by eliminating superfluous systems.

Accompanying software for BLDC motor control with the S32K142 MCU was tested

using the MCSXTE2BK142 evaluation board. Software modifications were made

to enable adjustable speed control via a potentiometer controlling an analog input

signal to the MCU. Adjustable speed control using the analog input was tested using

the evaluation board and was determined to be accurate to within +/- 5 RPM.

Preliminary efforts were made to incorporate appropriate firmware to allow use of

the TI DRV8343-Q1 driver, and documentation of necessary changes was listed in

Appendix D.

Fabrication and assembly of the system was unable to be completed due to an inter-

national IC shortage leading to increased lead times for the NXP S32K142 microcon-

troller chip. In lieu of fabrication of the system, a plan for potential future fabrication

and assembly was developed, and a cost analysis of the system was completed. Sys-
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tem costs were estimated at $142.80 per unit for prototype production volume, $64.81

for mid-volume production, and $62.99 for high-volume production.

Future work in continuation of this project is recommended in several areas. First, a

complete incorporation of the TI gate driver into the software for this system must be

completed as discussed in Section 4.3. Once part availability is resumed, components

must be ordered for the printed circuit board assembly. The PCB should be sent

to a reputable PCB fabrication facility, and assembly services are recommended to

be contracted as well. Once the custom fabricated system is received, testing of the

system can be conducted.
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APPENDICES

Appendix A

BILL OF MATERIALS

Ref Des Qty Value Description Manufacturer Manufacturer PN Package

C1 1 2200uF CAP ALEL 2200uF 50V 20% AECQ200 RADIAL PANASONIC EEU-FC1H222C
Radial 
Lead

C2, C8, C14, C20, C21, C22, 
C33

7 0.1uF CAP CER 0.1uF 100V 10% X7R AECQ200 0805 MURATA GCM21BR72A104KA37L 0805

C23, C24, C30, C31, C32, C34, 
C36

7 10uF CAP CER 10uF 50V 10% X7R 1210 MURATA GRM32ER71H106KA12L 1210

C25, C47 2 1uF CAP CER 1uF 50V 10% X5R AECQ200 0603 TDK C1608X5R1H105K080AB 0603

C26 1 2.2uF CAP CER 2.2uF 50V 10% X7R 0805 TAIYO YUDEN UMK212BB7225KG-T 0805

C27 1 0.47uF CAP CER 0.47uF 16V 10% X7R AECQ200 0603 MURATA GCM188R71C474KA55D 0603

C28, C41 2 4.7uF CAP CER 4.7uF 16V 10% X7R AECQ200 0805 TDK CGA4J3X7R1C475K125AB 0805

C29 1 36pF CAP CER 36pF 50V 5% C0G 0603 AVX 06035A360JAT2A 0603

C3, C4, C9, C10, C15, C16, 
C42, C46

8 1nF CAP CER 1000pF 25V 1% C0G 0603 AVX 06033A102FAT2A 0603

C35 1 0.68uF CAP CER 0.68uF 16V 10% X7R AECQ200 0805 TDK CGA4J2X7R1C684K125AA 0805

C37 1 4.7uF CAP CER 4.7uF 100V 10%, X7S, 1210 TDK C3225X7S2A475K200AE 1210

C38 1 0.1uF CAP CER 0.1uF 100V 10% X7R AEC-Q200 0603 TAIYO YUDEN HMK107B7104KAHT 0603

C39 1 1uF CAP CERM 1uF 25V 20% X5R 0603 WURTH 885012106022 0603

C40, C55 1 0.1uF CAP CER 0.1uF 6.3V 10% X7R 0603 KEMET C0603C104K9RACTU 0603

C43, C44, C45, C50, C58, C59 6 0.1uF CAP CER 0.1uF 50V 10% X7R AEC-Q200 0603 AVX 06035C104K4Z2A 0603

C48, C53, C54, C60, C61 5 82pF CAP CER 82pF 50V 10% C0G 0603 KEMET C0603C820K5GACTU 0603

C49 1 10nF CAP CER 0.01uF 50V 5% X7R 0603 AVX 06035C103JAT2A 0603

C5, C6, C11, C12, C17, C18 6 3300pF CAP CER 3300pF 100V 10% X7R 0805 AVX 08051C332KAT2A 0805

C51, C56, C57 3 1000uF DNP - CAP CER 1000pF 16V 10% X7R 0603 WURTH DNP - 885012206034 0603

C52 1 0.047uF CAP CER 0.047uF 100V 10% X7S 0603 TDK C1608X7S2A473K080AB 0603

C62, C63, C64 3 2200pF CAP CER 2200pF 16V 10% X7R 0603 WURTH 885012206036 0603

C65 1 1uF CAP CER 1uF 6.3V 10% X7R 0603 SAMSUNG CL10B105KQ8NNNC 0603

C7, C13, C19 3 1000uF CAP ALEL 1000uF 50V 20% AECQ200 RADIAL PANASONIC EEU-FC1H102
Radial 
Lead
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Ref Des Qty Value Description Manufacturer Manufacturer PN Package

D1 1 100V DIODE SCH RECT 100V 1A AECQ101 SOD123W NEXPERIA PMEG10010ELR SOD-123

D2 1 30V DIODE ZNR 30V 300mW SOD323 NEXPERIA BZX384-C30 SOD-323

D3 1 15V DIODE ZNR 15V 300mW SOT-23 ON BZX84C15LT3G SOT-23

D4, D5, D6, D7 4 5.1V DIODE ZNR 5.1V 250mW AECQ101 SOT23 NEXPERIA BZX84-A5V1 SOT-23

J1 1 - CON 1X3 TB 10.16 MM SPACING Phoenix 1782909 TB

J2 1 - CON 1X2 TB 10.16 MM SPACING Phoenix 1709681 TB

J3 1 - HDR 1X4 TH 2.54 MM SPACING WURTH 61300411121 HDR

J4 1 - HDR 1X2 TH 2.54 MM SPACING WURTH 61300211121 HDR

J5 1 - HDR 2X5 TH 50MIL CTR 219H AU 120L AMTEC FTSH-105-01-F-D HDR

L1 1 1uH IND PWR 1uH@100kHz 2.5A 20% SMD WURTH 78438323010

L2 1 100uH IND PWR 100uH@100KHZ 2.0A 20% SMD EATON HCM1A1104-101-R

L3 1 0.47uH IND PWR 0.47 uH@100KHZ 50A 20% SMD WURTH 744309047

Q1, Q2, Q3, Q4, Q5, Q6, Q7 7 - TRAN NMOS PWR SW 2.4mOHM 120A 60V D2PAK NEXPERIA BUK762R4- 60E D2PAK

Q8 1 - TRAN NMOS 300mA 60V SOT-23 NEXPERIA 2N7002 SOT-23

R1, R2, R8, R9, R15, R16 6 33 RES MF 33 OHM 1/4W 1% AEC-Q200 0603 VISHAY RCS060333R0FKEA 0603

R22 1 1.0M RES MF 1.0M 1/10W 1% 0603 WALSIN WR06X1004FTL 0603

R23 1 169K RES MF 169K 1/10W 1% AEC-Q200 0603 KOA SPEER RK73H1JTTD1693F 0603

R24, R30, R31, R35 4 0 RES MF ZERO OHM 1/10W AEC-Q200 0603 PANASONIC ERJ-U030R00V 0603

R25 1 1.3K RES MF 1.3K 1/10W 1% AEC-Q200 0603 KOA SPEER RK73H1JTTD1301F 0603

R26, R33, R48, R51, R53 5 10.0K RES MF 10.0K 1/10W 1% 0603 YAGEO AMERICA RC0603FR-0710KL 0603

R27, R37, R40, R50 4 24K RES MF 24.0K 1/10W 1% 0603 VISHAY CRCW060324K0FKEA 0603

R28, R29, R39, R42, R43, 
R47, R49, R52

8 120 RES MF 120 OHM 1/10W 1% 0603 YAGEO AMERICA AC0603FR-07120RL 0603

R3, R4, R10, R11, R17, R18 6 100K RES MF 100K 1/10W 1% 0603 BOURNS CR0603-FX-1003ELF 0603

R32 1 1.0K RES MF 1.0K 1/10W 1% 0603 YAGEO AMERICA RC0603FR-071KL 0603

R34, R38, R41, R46 4 2.2K RES MF 2.2K 1/10W 0.1% 0603 YAGEO AMERICA RC0603DR-072K2L 0603

R36 1 100K RES MF 100K 1/4W 5% 1206 ROHM KTR18EZPJ104 1206

R44 1 10K RES MF 10K 1/10W 5% AEC-Q200 0603 VISHAY CRCW060310K0JNEA 0603

R5, R12, R19 3 0.001 RES PWR 0.001 OHM 3W 1% AEC-Q200 2512 VISHAY WSLP25121L000FEA 2512

R45 1 10K RES POT 10K 20V 20% 9MM TH ALPS ALPINE RK09D1130C3W

R54, R55, R56 3 56 RES MF 56 OHM 1/10W 5% AEC-Q200 0603 VISHAY CRCW060356R0JNEA 0603

R6, R7, R13, R14, R20, R21 6 2.2 RES MF 2.2 OHM 660mW 5% 1210 ANTISURGE ROHM ESR25JZPJ2R2 1210
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Ref Des Qty Value Description Manufacturer Manufacturer PN Package

RT1 1 10K THERMISTOR NTC 10K@25DEG 125mW 5% 0603 VISHAY NTCS0603E3103JLT 0603

U1 1 - IC MCU 32 BIT 256K MEM 80MHz 2.7-5.5V LQFP64 NXP FS32K142HAT0MLHT LQFP64

U2 1 - IC GATE DRIVER THREE PHASE 60V HTQFP-48 TI DRV8343SPHPRQ1 HTQFP-48

U3 1 - IC LIN BUCK DCDC SYNC 1-28V 0.5A 3.5-60V HTSSOP16 TI LM46000AQPWPRQ1
HTSSOP-
16

U4 1 - IC VREG LDO 5V 300MA 13V SOIC8 ON MC33375D-5.0G SOIC-8
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Appendix B

SCHEMATIC
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Appendix C

PCB LAYOUT

Figure C.1: Top Layer of Final PCB Layout
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Figure C.2: Inner 1 Layer of Final PCB Layout
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Figure C.3: Inner 2 Layer of Final PCB Layout
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Figure C.4: Bottom Layer of Final PCB Layout
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Appendix D

SUMMARY OF NXP AND TI SOFTWARE DIFFERENCES

The following tables break down the necessary software needed for interaction between

the MCU and gate driver into the following six modules:

• Serial Peripheral Interface (SPI)

• Pulse Width Modulation (PWM)

• Current Sensing

• Gate Driver Enable

• Gate Driver Fault Detection (nFAULT/INT)

The tables compare the provided software from the NXP MCSXTE2BK142 and

TI DRV8343S-Q1EVM evaluation boards for each of the previously listed modules.

These tables are intended to serve as a reference for the necessary software modifica-

tions that must be made in order to incorporate the TI DRV8343-Q1 gate driver into

the software used to operate the system designed in this project.

86



N
XP

TI

SP
I I

ni
tia

liz
at

io
n

sp
i_

am
l.c

 - 
Li

ne
 5

1
/*

FU
N

CT
IO

N
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

 *  *
 F

un
ct

io
n 

N
am

e 
: S

PI
_A

M
L_

M
as

te
rIn

it
 *

 D
es

cr
ip

tio
n 

  :
 In

iti
al

iz
es

 th
e 

SP
I a

s m
as

te
r.

 *  *
EN

D
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

/
vo

id
 S

PI
_A

M
L_

M
as

te
rIn

it(
am

l_
in

st
an

ce
_t

 in
st

an
ce

,
   

   
  c

on
st

 s
pi

_s
dk

_m
as

te
r_

co
nf

ig
_t

 *
sp

iS
dk

M
as

te
rC

on
fig

,
   

   
  u

in
t3

2_
t s

ou
rc

eC
lo

ck
H

z)
{    

 A
M

L_
AS

SE
RT

(in
st

an
ce

 <
 S

PI
_A

M
L_

D
EV

_C
N

T)
;

   
 A

M
L_

AS
SE

RT
(s

pi
Sd

kM
as

te
rC

on
fig

 !=
 N

U
LL

);

   
 #

if 
(S

D
K_

VE
RS

IO
N

 =
= 

SD
K_

2_
0)

   
 #

if 
FS

L_
FE

AT
U

RE
_S

O
C_

SP
I_

CO
U

N
T

   
 S

PI
_M

as
te

rIn
it(

g_
sp

iB
as

es
[in

st
an

ce
], 

sp
iS

dk
M

as
te

rC
on

fig
, s

ou
rc

eC
lo

ck
H

z)
;

   
 #

el
if 

FS
L_

FE
AT

U
RE

_S
O

C_
D

SP
I_

CO
U

N
T

   
 D

SP
I_

M
as

te
rIn

it(
g_

ds
pi

Ba
se

s[
in

st
an

ce
], 

sp
iS

dk
M

as
te

rC
on

fig
, s

ou
rc

eC
lo

ck
H

z)
;

   
 #

en
di

f
   

 #
el

if 
(S

D
K_

VE
RS

IO
N

 =
= 

S3
2_

SD
K)

   
 L

PS
PI

_D
RV

_M
as

te
rIn

it(
in

st
an

ce
, &

g_
lp

sp
iS

ta
te

, s
pi

Sd
kM

as
te

rC
on

fig
);

   
 A

M
L_

U
N

U
SE

D
(s

ou
rc

eC
lo

ck
H

z)
;

   
 #

en
di

f
}

In
it.

c 
- L

in
e 

35
3

/*
 U

SC
I I

ni
tia

liz
at

io
n

   
Th

e 
U

SC
I i

s 
in

iti
al

iz
ed

 w
ith

 th
e 

fo
llo

w
in

g 
se

tt
in

g
   

3-
pi

n,
 8

-b
it 

SP
I m

as
te

r,C
lo

ck
 p

ol
ar

ity
 h

ig
h,

M
SB

 *
/

vo
id

 S
PI

_I
ni

t(
vo

id
){

 /*
 S

PI
 P

or
ts

 In
i

al
iz

a
on

 *
 P

or
t 3

.0
, 3

.1
, 3

.2
 is

 u
se

d 
fo

r S
IM

O
 S

O
M

I a
nd

 S
CL

K 
re

sp
ec

ve
ly

 , 
Po

rt
 2

.2
 is

 U
se

d 
fo

r n
SC

S 
en

ab
le

*/
   

 P
3O

U
T 

&
= 

~(
BI

T0
 |

 B
IT

2)
;

   
 P

3D
IR

 |
= 

BI
T0

 |
 B

IT
2;

   
   

   
   

   
   

   
  /

* 
 S

et
 S

IM
O

, C
LK

 a
s 

ou
tp

ut
s *

/
   

 P
3D

IR
 &

= 
~B

IT
1;

   
   

   
   

   
   

   
   

   
  /

* 
SO

M
I, 

sl
av

e 
ou

t m
as

te
r i

n 
de

fin
ed

 a
s i

np
ut

 P
3.

1 
*/

   
 P

3S
EL

 |
= 

BI
T0

 |
 B

IT
1;

   
   

   
   

   
   

   
  /

/ 
P3

.0
,3

.1
 o

pt
io

n 
se

le
ct

 fo
r U

CB
O

SI
M

O
 a

nd
 U

CB
O

SO
M

I
   

 P
3S

EL
 |

= 
BI

T2
;  

   
   

   
   

   
   

   
   

   
 /

/ 
P3

.2
 o

pt
io

n 
se

le
ct

 fo
r U

CB
O

CL
K 

fu
nc

tio
n

   
 P

2O
U

T 
|=

 B
IT

2;
   

 P
2D

IR
 |

= 
BI

T2
;  

   
   

   
   

   
   

   
   

   
 /

/ 
Se

t P
2.

2 
to

 o
ut

pu
t d

ire
ct

io
n 

fo
r n

SC
S

   
 U

CB
0C

TL
1 

|=
 U

CS
W

RS
T;

   
   

   
   

   
   

   
   

  /
/ 

**
Pu

t s
ta

te
 m

ac
hi

ne
 in

 re
se

t*
*

   
 U

CB
0C

TL
0 

|=
 U

CM
ST

 +
 U

CS
YN

C 
+ 

U
CM

SB
;  

   
   

   
//

 3
-p

in
, 8

-b
it 

SP
I m

as
te

r
   

 /
/ 

Cl
oc

k 
po

la
rit

y 
hi

gh
, M

SB
   

 U
CB

0C
TL

1 
|=

 U
CS

SE
L_

3;
   

   
   

   
   

   
   

   
 /

/ 
M

CL
K

   
 U

CB
0B

R0
 =

 1
0;

   
   

   
   

   
   

   
   

   
   

   
//

 M
as

te
r C

lo
ck

 d
iv

id
ed

 b
y 

10
 u

se
d 

by
 U

SC
I c

lk
   

 U
CB

0B
R1

 =
 0

;  
   

   
   

   
   

   
   

   
   

   
  /

/
   

 U
CB

0C
TL

1 
&

= 
~U

CS
W

RS
T;

   
   

   
   

   
   

   
   

 /
/ 

**
In

iti
al

iz
e 

U
SC

I s
ta

te
 m

ac
hi

ne
**

   
 d

rv
83

xx
SP

IS
et

();
   

   
   

   
   

   
   

   
   

   
//

 m
ak

e 
nS

CS
 p

in
 o

f d
rv

83
xx

 lo
w

 to
 s

ta
rt

 c
om

m
un

ic
at

io
n 

w
ith

 m
as

te
r S

PI
;

   
 d

rv
83

xx
SP

IR
es

et
();

   
   

   
   

   
   

   
   

   
 /

/ 
m

ak
e 

nS
CS

 p
in

 o
f d

rv
83

xx
 H

ig
h 

to
 s

to
p 

co
m

m
un

ic
at

io
n 

w
ith

 m
as

te
r S

PI
;

   
 S

PI
D

el
ay

();
}

Co
nf

ig
ur

e 
G

at
e 

D
riv

er
 v

ia
 

SP
I

N
/A

dr
v8

34
3.

c 
- L

in
e 

55
5

vo
id

 d
rv

83
xx

_R
eg

is
te

r_
W

rit
e(

vo
id

)
{    

 u
in

t1
6_

t r
eg

Va
lu

e;
 //

 R
ea

d 
Re

gi
st

er
 0

x0
0

 re
gV

al
ue

 =
 (F

au
lt_

St
at

us
_R

eg
.F

SO
_F

AU
LT

 <
< 

7)
 |

    (F
au

lt_
St

at
us

_R
eg

.F
SO

_G
D

F 
   

<<
 6

) |
    (F

au
lt_

St
at

us
_R

eg
.F

SO
_C

PU
V 

  <
< 

5)
 |

    (F
au

lt_
St

at
us

_R
eg

.F
SO

_U
VL

O
   

<<
 4

) |
    (F

au
lt_

St
at

us
_R

eg
.F

SO
_O

CP
   

<<
 3

) |
    (F

au
lt_

St
at

us
_R

eg
.F

SO
_O

TW
   

<<
 2

) |
    (F

au
lt_

St
at

us
_R

eg
.F

SO
_O

TS
D

   
<<

 1
) |

    (F
au

lt_
St

at
us

_R
eg

.F
SO

_O
L_

SH
T 

 <
< 

0)
;

 dr
v8

34
3_

SP
I_

W
rit

e(
SP

I_
RE

G
_F

AU
LT

_S
TA

T,
re

gV
al

ue
);

 Re
g_

M
ap

_C
ac

he
.F

AU
LT

_S
TA

T 
= 

re
gV

al
ue

;

   
 /

/ 
Re

ad
 R

eg
is

te
r 0

x0
1

 re
gV

al
ue

 =
 (D

ia
g_

st
at

us
_A

_R
eg

.D
SA

_F
AU

LT
 <

< 
7)

 |
    (D

ia
g_

st
at

us
_A

_R
eg

.D
SA

_S
A_

O
C 

<<
 6

) |
    (D

ia
g_

st
at

us
_A

_R
eg

.D
SA

_S
H

T_
BA

T_
A 

<<
 5

) |
    

 
(D

ia
g_

st
at

us
_A

_R
eg

.D
SA

_O
L_

PH
_A

 <
< 

4)
 |

    
 

(D
ia

g_
st

at
us

_A
_R

eg
.D

SA
_V

G
S_

LA
 <

< 
3)

 |
    

 
(D

ia
g_

st
at

us
_A

_R
eg

.D
SA

_V
G

S_
H

A 
<<

 2
) |

    
 

(D
ia

g_
st

at
us

_A
_R

eg
.D

SA
_V

D
S_

LA
 <

< 
1)

|
    

 
(D

ia
g_

st
at

us
_A

_R
eg

.D
SA

_V
D

S_
H

A 
<<

 0
);

 dr
v8

34
3_

SP
I_

W
rit

e(
SP

I_
RE

G
_D

IA
G

_S
TA

T_
A,

re
gV

al
ue

);
 Re

g_
M

ap
_C

ac
he

.D
IA

G
_S

TA
T_

A 
= 

re
gV

al
ue

;

SP
I

87



N
XP

TI
sp

i_
am

l.c
 - 

Li
ne

 3
27

N
ot

e:
 D

o 
to

 le
ng

th
 o

nl
y 

pa
rt

 o
f t

hi
s 

fu
nc

tio
n 

w
as

 in
cl

ud
ed

/*
FU

N
CT

IO
N

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
 *  *

 F
un

ct
io

n 
N

am
e 

: S
PI

_A
M

L_
M

as
te

rT
ra

ns
fe

rB
lo

ck
in

g
 *

 D
es

cr
ip

tio
n 

  :
 P

er
fo

rm
s b

lo
ck

in
g 

m
as

te
r t

ra
ns

fe
r o

f d
at

a.
 T

he
 m

et
ho

ds
 re

tu
rn

s
 *

   
   

   
   

   
  w

he
n 

al
l d

at
a 

ar
e 

se
nt

 a
nd

 re
ce

iv
ed

.
 *  *

EN
D

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
/

st
at

us
_t

 S
PI

_A
M

L_
M

as
te

rT
ra

ns
fe

r(
am

l_
in

st
an

ce
_t

 in
st

an
ce

,
   

   
  s

pi
_a

m
l_

tr
an

sf
er

_t
 *

m
as

te
rT

ra
ns

fe
r)

{    
 A

M
L_

AS
SE

RT
(in

st
an

ce
 <

 S
PI

_A
M

L_
D

EV
_C

N
T)

;
   

 A
M

L_
AS

SE
RT

(m
as

te
rT

ra
ns

fe
r !

= 
N

U
LL

);

   
 #

if 
(S

D
K_

VE
RS

IO
N

 =
= 

SD
K_

2_
0)

   
 s

ta
tu

s_
t e

rr
or

;

   
 #

if 
FS

L_
FE

AT
U

RE
_S

O
C_

SP
I_

CO
U

N
T

   
 s

pi
_t

ra
ns

fe
r_

t x
fe

r;

   
 x

fe
r.t

xD
at

a 
= 

m
as

te
rT

ra
ns

fe
r-

>t
xB

uf
fe

r;
   

 x
fe

r.r
xD

at
a 

= 
m

as
te

rT
ra

ns
fe

r-
>r

xB
uf

fe
r;

   
 x

fe
r.d

at
aS

iz
e 

= 
m

as
te

rT
ra

ns
fe

r-
>d

at
aS

iz
e;

   
 x

fe
r.f

la
gs

 =
 m

as
te

rT
ra

ns
fe

r-
>c

on
fig

Fl
ag

s;

   
 e

rr
or

 =
 S

PI
_M

as
te

rT
ra

ns
fe

rB
lo

ck
in

g(
g_

sp
iB

as
es

[in
st

an
ce

], 
&

xf
er

);

   
 if

 (e
rr

or
 =

= 
kS

ta
tu

s_
SP

I_
Bu

sy
)

   
 {

   
   

  r
et

ur
n 

kS
ta

tu
s_

AM
L_

SP
I_

Bu
sy

;
   

 }
   

 #
el

if 
FS

L_
FE

AT
U

RE
_S

O
C_

D
SP

I_
CO

U
N

T
   

 d
sp

i_
tr

an
sf

er
_t

 x
fe

r;

   
 x

fe
r.t

xD
at

a 
= 

m
as

te
rT

ra
ns

fe
r-

>t
xB

uf
fe

r;
   

 x
fe

r.r
xD

at
a 

= 
m

as
te

rT
ra

ns
fe

r-
>r

xB
uf

fe
r;

   
 x

fe
r.d

at
aS

iz
e 

= 
m

as
te

rT
ra

ns
fe

r-
>d

at
aS

iz
e;

   
 x

fe
r.c

on
fig

Fl
ag

s 
= 

m
as

te
rT

ra
ns

fe
r-

>c
on

fig
Fl

ag
s;

   
 e

rr
or

 =
 D

SP
I_

M
as

te
rT

ra
ns

fe
rB

lo
ck

in
g(

g_
ds

pi
Ba

se
s[

in
st

an
ce

], 
&

xf
er

);

   
 if

 (e
rr

or
 =

= 
kS

ta
tu

s_
D

SP
I_

Bu
sy

)
   

 {
   

   
  r

et
ur

n 
kS

ta
tu

s_
AM

L_
SP

I_
Bu

sy
;

   
 }

   
 #

en
di

f
   

 if
 (e

rr
or

 =
= 

kS
ta

tu
s_

Su
cc

es
s)

   
 {

   
   

  r
et

ur
n 

kS
ta

tu
s_

Su
cc

es
s;

   
 }

   
 e

ls
e 

if 
(e

rr
or

 =
= 

kS
ta

tu
s_

In
va

lid
Ar

gu
m

en
t)

   
 {

   
   

  r
et

ur
n 

kS
ta

tu
s_

In
va

lid
Ar

gu
m

en
t;

   
 }

   
 e

ls
e

   
 {

   
   

  r
et

ur
n 

kS
ta

tu
s_

AM
L_

SP
I_

Er
ro

r;
   

 }
   

 #
el

if 
(S

D
K_

VE
RS

IO
N

 =
= 

S3
2_

SD
K)

   
 s

ta
tu

s_
t e

rr
or

;

dr
v8

34
3.

c 
- L

in
e 

92
9

vo
id

 d
rv

83
43

_S
PI

_W
rit

e(
ui

nt
8_

t r
eg

Ad
dr

, u
in

t8
_t

 d
at

a)
{    

 u
in

t8
_t

 d
at

aL
SB

 , 
da

ta
M

SB
;

   
 d

at
aM

SB
 =

 re
gA

dd
r;

   
 d

at
aL

SB
 =

 d
at

a;

   
 S

PI
_W

rit
eT

w
oB

yt
es

(d
at

aL
SB

 , 
da

ta
M

SB
);

}

SP
I W

rit
e

SP
I (

co
nt

in
ue

d)

88



N
XP

TI

G
at

e 
D

riv
er

 R
eg

is
te

r 
W

rit
e

N
/A

gl
ob

al
.c

 - 
Li

ne
 1

31
/*

fu
nc

tio
n

 *
 d

rv
83

xx
_r

eg
is

te
rW

rit
e(

)
 *

 D
ev

ic
e 

sp
ec

ifi
c 

re
gi

st
er

 w
rit

e 
fu

nt
io

n
 *

 *
/

vo
id

 d
rv

83
xx

_r
eg

is
te

rW
rit

e(
un

si
gn

ed
 c

ha
r a

dd
re

ss
, u

ns
ig

ne
d 

in
t v

al
ue

)
{  dr

v8
3x

x_
re

gT
oC

ac
he

(a
dd

re
ss

, v
al

ue
);

 /*
 C

ac
he

 th
e 

va
lu

e 
in

 th
e 

fir
m

w
ar

e 
*/

 if 
(A

pp
lic

a
on

St
at

us
.fa

ul
t !

= 
PO

W
ER

_S
U

PP
LY

)
 {   /*

 W
rit

e 
th

e 
va

lu
e 

to
 th

e 
de

vi
ce

 *
/

  dr
v8

34
3_

SP
I_

W
rit

e(
ad

dr
es

s,
 v

al
ue

);
 } }

SP
I R

ea
d

N
/A

dr
v8

34
3.

c 
- L

in
e 

92
1

un
sig

ne
d 

sh
or

t d
rv

83
43

_S
PI

_R
ea

d(
ui

nt
8_

t r
eg

Ad
dr

)
{  ui

nt
16

_t
 d

at
a;

 ui
nt

8_
t  

va
lu

e;
 da

ta
 =

 S
PI

_R
ea

dW
or

d(
re

gA
dd

r)
;

 va
lu

e 
= 

da
ta

 &
 0

x0
0F

F;
   

   
   

   
   

   
//

 D
RV

83
43

 is
 a

 8
 b

it 
da

ta
   

 re
tu

rn
 v

al
ue

;
}

SP
I (

co
nt

in
ue

d)

89



N
XP

TI

PW
M

 In
iti

al
iz

at
io

n

gd
30

00
_i

ni
t.c

 - 
Li

ne
 9

2
/*

**
**

**
re

co
ve

r P
TA

2 
&

 P
TA

3 
as

 P
W

M
 o

ut
pu

t*
**

**
**

/
 PI

N
S_

D
RV

_S
et

M
ux

M
od

eS
el

(P
O

RT
A,

2,
 P

O
RT

_M
U

X_
AL

T2
); 

/*
co

nfi
gu

re
 a

s 
FT

M
 c

ha
nn

el
 P

W
M

 o
ut

pu
t*

/
 PI

N
S_

D
RV

_S
et

M
ux

M
od

eS
el

(P
O

RT
A,

3,
 P

O
RT

_M
U

X_
AL

T2
); 

/*
co

nfi
gu

re
 a

s 
FT

M
 c

ha
nn

el
 P

W
M

 o
ut

pu
t*

/

 /*
**

**
**

re
co

ve
r P

TD
2 

&
 P

TD
3 

as
 P

W
M

 o
ut

pu
t*

**
**

**
/

 PI
N

S_
D

RV
_S

et
M

ux
M

od
eS

el
(P

O
RT

D,
2,

 P
O

RT
_M

U
X_

AL
T2

); 
/*

co
nfi

gu
re

 a
s 

FT
M

 c
ha

nn
el

 P
W

M
 o

ut
pu

t*
/

 PI
N

S_
D

RV
_S

et
M

ux
M

od
eS

el
(P

O
RT

D,
3,

 P
O

RT
_M

U
X_

AL
T2

); 
/*

co
nfi

gu
re

 a
s 

FT
M

 c
ha

nn
el

 P
W

M
 o

ut
pu

t*
/

 /*
**

**
**

re
co

ve
r P

TC
6 

&
 P

TC
7 

as
 P

W
M

 o
ut

pu
t*

**
**

**
/

 PI
N

S_
D

RV
_S

et
M

ux
M

od
eS

el
(P

O
RT

C,
6,

 P
O

RT
_M

U
X_

AL
T4

); 
/*

co
nfi

gu
re

 a
s 

FT
M

 c
ha

nn
el

 P
W

M
 o

ut
pu

t*
/

 PI
N

S_
D

RV
_S

et
M

ux
M

od
eS

el
(P

O
RT

C,
7,

 P
O

RT
_M

U
X_

AL
T4

); 
/*

co
nfi

gu
re

 a
s 

FT
M

 c
ha

nn
el

 P
W

M
 o

ut
pu

t*
/

In
it.

c 
- L

in
e 

31
3

/*
 P

W
M

 In
iti

al
iz

at
io

n 
U

sin
g 

Po
rt

s 
P1

.3
, P

1.
5 

, P
2.

5 
fo

r A
 , 

B 
, C

 P
ha

se
s 

H
ig

h 
si

de
 , 

P1
.2

, P
1.

4 
, P

2.
4 

fo
r A

 , 
B 

, C
 P

ha
se

s L
ow

 s
id

e 
re

sp
ec

tiv
el

y 
*/

   
 P

1O
U

T 
&

= 
~(

BI
T2

 |
 B

IT
3 

| 
BI

T4
 |

 B
IT

5)
;

   
 P

1D
IR

 |
= 

BI
T2

 |
 B

IT
3 

| 
BI

T4
 |

 B
IT

5;
   

   
   

   
   

 /
/ 

 P
1.

2,
P1

.3
,P

1.
4,

P1
.5

 to
 o

ut
pu

t d
ire

ct
io

n 
fo

r d
riv

in
g 

PW
M

 to
 d

rv
83

xx
   

 P
1S

EL
 |

= 
BI

T2
 |

 B
IT

3 
| 

BI
T4

 |
 B

IT
5;

   
   

   
   

   
 //

 S
et

 P
1.

2,
P1

.3
,P

1.
4,

P1
.5

 fo
r G

en
er

at
in

g 
PW

M
 fo

r A
 p

ha
se

 H
ig

h 
si

de
 a

nd
 B

 
ph

as
e 

H
ig

h 
si

de
 re

sp
ec

tiv
el

y
   

 P
2O

U
T 

&
= 

~(
BI

T4
 |

 B
IT

5)
;

   
 P

2D
IR

 |
= 

BI
T4

 |
 B

IT
5;

   
   

   
   

   
   

   
   

   
   

   
   

   
   

//
  P

2.
4,

P2
.5

 to
 o

ut
pu

t d
ire

ct
io

n 
fo

r d
riv

in
g 

PW
M

 to
 d

rv
83

xx
   

 P
2S

EL
 |

= 
BI

T4
 |

 B
IT

5;
   

   
   

   
   

   
   

   
   

   
   

   
   

   
//

 S
et

 P
2.

4,
P2

.5
 fo

r G
en

er
at

in
g 

PW
M

 fo
r C

 p
ha

se
 H

ig
h 

sid
e

Co
nf

ig
ur

e 
G

at
e 

D
riv

er
 

PW
M

 M
od

e
N

/A

dr
v8

34
3.

c 
- L

in
e 

56
/*

fu
nc

tio
n

 *
 d

rv
83

xx
_s

et
_S

ix
_P

W
M

_M
od

e(
vo

id
)

 *
 T

hi
s 

fu
nc

tio
n 

w
he

n 
ca

lle
d 

se
ts

 th
e 

m
od

e 
to

 s
ix

 P
W

M
 m

od
e

 *
 *

/

vo
id

 d
rv

83
xx

_s
et

_S
ix

_P
W

M
_M

od
e(

vo
id

)
{  un

sig
ne

d 
in

t r
eg

Va
lu

e;
  re

gV
al

ue
 =

 d
rv

83
xx

_c
ac

he
to

Re
g(

SP
I_

RE
G

_D
RV

_C
TR

L_
1)

;
  re

gV
al

ue
 &

= 
~D

RV
83

43
S_

PW
M

_M
O

D
E_

M
AS

K;
   

   
   

   
   

   
//

 S
ix

 P
W

M
 M

od
e

  dr
v8

3x
x_

re
gi

st
er

W
rit

e(
SP

I_
RE

G
_D

RV
_C

TR
L_

1,
 re

gV
al

ue
); 

   
   

 /
/ 

W
rit

e 
ba

ck
 th

e 
up

da
te

d 
va

lu
e 

to
 th

e 
ca

ch
e 

an
d 

SP
I

}
ft

m
_p

w
m

_d
riv

er
.c

 - 
Li

ne
 6

34
/*

FU
N

CT
IO

N
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

 *  *
 F

un
ct

io
n 

N
am

e 
: F

TM
_D

RV
_F

as
tU

pd
at

eP
w

m
Ch

an
ne

ls
 *

 D
es

cr
ip

tio
n 

  :
 T

hi
s f

un
ct

io
n 

w
ill

 u
pd

at
e 

th
e 

du
ty

 c
yc

le
 o

f P
W

M
 o

ut
pu

t f
or

 m
ul

tip
le

 c
ha

nn
el

s.
 *  *

 T
he

 m
ai

n 
di

ffe
re

nc
es

 b
et

w
ee

n 
th

is
 fu

nc
tio

n 
an

d 
FT

M
_D

RV
_U

pd
at

eP
w

m
Ch

an
ne

l i
s 

th
e 

ex
ec

ut
io

n 
sp

ee
d.

 T
hi

s
 *

 fe
at

ur
e 

m
ak

es
 th

is 
fu

nc
tio

n 
id

ea
l f

or
 a

pp
lic

at
io

ns
 li

ke
 m

ot
or

 c
on

tr
ol

lin
g.

 *
 T

he
 d

ow
ns

id
e 

is 
th

e 
lo

w
 fl

ex
ib

ili
ty

 o
f t

he
 p

ar
am

et
er

s 
(t

hi
s 

fu
nc

tio
n 

ac
ce

pt
 o

nl
y 

up
da

te
s i

n 
tic

ks
).

 *  *
 Im

pl
em

en
ts

 : 
FT

M
_D

RV
_F

as
tU

pd
at

eP
w

m
Ch

an
ne

ls
_A

ct
iv

ity
 *

EN
D

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
**

**
/

st
at

us
_t

 F
TM

_D
RV

_F
as

tU
pd

at
eP

w
m

Ch
an

ne
ls

(u
in

t3
2_

t i
ns

ta
nc

e,
   

   
   

   
   

   
   

   
   

   
   

   
   

ui
nt

8_
t n

um
be

rO
fC

ha
nn

el
s,

   
   

   
   

   
   

   
   

   
   

   
   

   
co

ns
t u

in
t8

_t
 *

 c
ha

nn
el

s,
   

   
   

   
   

   
   

   
   

   
   

   
   

co
ns

t u
in

t1
6_

t *
 d

ut
y,

   
   

   
   

   
   

   
   

   
   

   
   

   
bo

ol
 s

of
tw

ar
eT

rig
ge

r)
{    

 F
TM

_T
yp

e 
* 

ft
m

Ba
se

 =
 g

_f
tm

Ba
se

[in
st

an
ce

];
   

 D
EV

_A
SS

ER
T(

in
st

an
ce

 <
 F

TM
_I

N
ST

AN
CE

_C
O

U
N

T)
;

   
 D

EV
_A

SS
ER

T(
nu

m
be

rO
fC

ha
nn

el
s 

<=
 F

EA
TU

RE
_F

TM
_C

H
AN

N
EL

_C
O

U
N

T)
;

   
 u

in
t8

_t
 i;

   
 fo

r (
i =

 0
U

; i
 <

 n
um

be
rO

fC
ha

nn
el

s;
 i+

+)
   

 {
   

   
  (

(ft
m

Ba
se

)->
CO

N
TR

O
LS

[c
ha

nn
el

s[
i]]

.C
nV

) =
 d

ut
y[

i];
   

 }

   
 if

 (s
of

tw
ar

eT
rig

ge
r)

   
 {

   
   

 ft
m

Ba
se

->
SY

N
C 

|=
 F

TM
_S

YN
C_

SW
SY

N
C_

M
AS

K;
   

 }

   
 re

tu
rn

 S
TA

TU
S_

SU
CC

ES
S;

}

gl
ob

al
.c

 - 
Li

ne
 5

61
N

ot
e:

 T
he

 fo
llo

w
in

g 
co

de
 d

em
on

st
ra

te
s 

on
ly

 o
ne

 o
f t

he
 si

x 
st

ep
s o

f t
he

 c
om

m
ut

at
io

n 
se

qu
en

ce
if(

Se
ns

or
le

ss
Tr

ap
Co

nt
ro

lle
r.P

W
M

_M
od

e 
==

 S
IX

_P
W

M
_M

O
D

E)
 {     

 /
* 

Im
pl

em
en

ng
 S

yn
ch

ro
no

us
 P

W
M

 i.
e.

 to
 T

og
gl

e 
be

tw
ee

n 
H

ig
h 

si
de

 a
nd

 lo
w

 s
id

e 
of

 a
 P

ha
se

 w
ith

 D
ea

d 
Ba

nd
*/

    
 s

w
itc

h(
co

m
m

St
at

e)
    

 {
    

 c
as

e 
1:

   
   

  /
* 

B-
C 

*/

 
 

   
 /

* 
Re

se
t s

w
itc

he
s f

or
 p

ha
se

 A
 (L

O
W

-H
IG

H
) *

/
     

 P
2O

U
T 

&
= 

~(
BI

T4
 |

 B
IT

5)
;  

   
   

   
   

   
   

   
   

   
   

   
 /

* 
Re

se
t b

its
 P

2.
4 

, P
2.

5 
 *

/
     

 P
2S

EL
 &

= 
~(

BI
T4

 |
 B

IT
5)

;  
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
/*

 S
el

ec
t P

2.
4 

, P
2.

5 
as

 I/
O

 F
un

c
on

 fo
r P

ha
se

 A
*/

     
 /

* 
Re

se
t s

w
itc

he
s f

or
 p

ha
se

 C
 (H

IG
H

)*
/

     
 P

1O
U

T 
&

= 
~(

 B
IT

3)
;  

   
   

   
   

   
   

   
   

   
   

   
 /

* 
Re

se
t b

its
 P

1.
2 

, P
1.

3 
 *

/
     

 P
1S

EL
 &

= 
~(

 B
IT

3)
;  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

/*
 S

el
ec

t P
1.

2 
, P

1.
3 

as
 I/

O
 F

un
c

on
 fo

r P
ha

se
 C

*/

    
   

  P
1S

EL
 |

= 
BI

T4
 |

 B
IT

5;
   

   
   

   
   

   
   

   
   

   
   

  /
* 

Se
le

ct
 S

yn
ch

ro
no

us
 P

W
M

 fo
r B

 p
ha

se
*/

    
   

  P
1O

U
T 

|=
 B

IT
2;

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  /
* 

Se
t L

ow
 s

id
e 

of
 C

 p
ha

se
 *

/
    

   
  S

en
so

rle
ss

Tr
ap

Co
nt

ro
lle

r.R
ot

a
on

Co
un

t+
+;

    
   

  b
re

ak
;

PW
M

 C
om

m
ut

at
io

n

PW
M

90



N
XP

TI

In
iti

al
 C

SA
 R

ea
di

ng
N

/A

 
In

it.
c 

- L
in

e 
22

5
 

AD
C1

2M
CT

L1
 =

 A
D

C1
2I

N
CH

_4
;  

   
   

   
   

   
   

   
   

//
   

ch
an

ne
l =

 A
4 

(R
ea

d 
th

e 
CS

A 
re

ad
in

g 
fr

om
 P

ha
se

 A
 )

  AD
C1

2M
CT

L2
 =

 A
D

C1
2I

N
CH

_5
;  

   
   

   
   

   
   

   
   

 /
/ 

  c
ha

nn
el

 =
 A

5 
(R

ea
d 

th
e 

CS
A 

re
ad

in
g 

fr
om

 P
ha

se
 B

 )
  AD

C1
2M

CT
L3

 =
 A

D
C1

2I
N

CH
_4

;  
   

   
   

   
   

   
   

   
//

   
ch

an
ne

l =
 A

4 
(R

ea
d 

th
e 

CS
A 

re
ad

in
g 

fr
om

 P
ha

se
 A

 )

G
lo

ba
l.c

 - 
Li

ne
 9

25
/*

fu
nc

tio
n

 *
 R

ea
dC

ur
re

nt
sh

un
t(

)
 *

 R
ea

ds
 C

SA
 v

al
ue

 a
nd

 tr
ig

ge
rs

 O
C 

fa
ul

ts
 fo

r M
ot

or
 c

ur
re

nt
 g

re
at

er
 th

an
 S

et
 L

im
it

 *
 *

/
vo

id
 R

ea
dC

ur
re

nt
Sh

un
t(

)
{    

 A
D

C1
2M

CT
L0

 =
 A

D
C1

2I
N

CH
_4

 +
 A

D
C1

2E
O

S;
   

   
   

   
   

//
   

ch
an

ne
l =

 A
4 

(R
ea

d 
th

e 
CS

A 
re

ad
in

g 
fr

om
 P

ha
se

 A
 fo

r o
ve

r c
ur

re
nt

 
pr

ot
ec

tio
n)

 , 
En

d 
of

 S
eq

ue
nc

e
   

 A
D

C1
2C

TL
0 

|=
 A

D
C1

2E
N

C;
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
//

 E
na

bl
e 

Co
nv

er
si

on
s

   
 A

D
C1

2C
TL

0 
|=

 A
D

C1
2S

C;
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 //

 S
ta

rt
 sa

m
pl

in
g 

of
 c

ha
nn

el
s

   
 w

hi
le

(A
D

C1
2C

TL
1 

&
 A

D
C1

2B
U

SY
_L

)
   

 {
   

 }
   

 ;
   

 S
en

so
rle

ss
Tr

ap
Co

nt
ro

lle
r.M

ot
or

Ph
as

eC
ur

re
nt

 =
 A

D
C1

2M
EM

0 
&

 0
x0

FF
F;

   
   

 /
* 

Fi
lte

r t
he

 re
su

lt 
an

d 
re

ad
 o

nl
y 

la
st

 1
2 

bi
ts

 
be

ca
us

e 
M

SP
43

0F
55

29
 h

as
 1

2b
it 

AD
C*

/

   
 A

D
C1

2C
TL

0 
&

= 
~A

D
C1

2E
N

C;
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 /

/ 
St

ar
t s

am
pl

in
g 

of
 c

ha
nn

el
s

   
 A

D
C1

2C
TL

0 
&

= 
~A

D
C1

2S
C;

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

//
 S

ta
rt

 s
am

pl
in

g 
of

 c
ha

nn
el

s

   
 if

(S
en

so
rle

ss
Tr

ap
Co

nt
ro

lle
r.S

PI
Va

ria
nt

 =
= 

TR
U

E)
   

 /
/ 

If 
Cu

rr
en

t s
en

se
 is

 n
ot

 in
 p

ha
se

 s
hu

nt
 re

m
ov

e 
th

e 
of

fs
et

.
   

 {  
   

 if
(d

rv
83

xx
_i

s_
CS

A_
BI

_D
IR

_M
od

e(
)) 

   
   

   
   

  /
/ 

If 
th

e 
D

ev
ic

e 
is

 s
et

 in
 B

id
ire

c
on

al
 C

SA
 m

od
e

 
   

 {   
   

 S
en

so
rle

ss
Tr

ap
Co

nt
ro

lle
r.M

ot
or

Ph
as

eC
ur

re
nt

 -=
 2

04
8;

   
  /

/ 
su

bt
ra

c
ng

 th
e 

bi
as

, V
re

f/
2 

1.
65

v 
is 

ad
de

d 
as

 b
ia

s 
vo

lta
ge

 to
 

su
pp

or
t b

id
ire

ct
io

na
l c

ur
re

nt
 se

ns
in

g

 
   

 }  
   

 e
ls

e
 

   
 {   

   
 S

en
so

rle
ss

Tr
ap

Co
nt

ro
lle

r.M
ot

or
Ph

as
eC

ur
re

nt
 -=

 3
72

3;
   

  /
/ 

su
bt

ra
c

ng
 th

e 
bi

as
, 3

.0
v 

is
 a

dd
ed

 a
s b

ia
s 

vo
lta

ge
 to

 s
up

po
rt

 
un

id
ire

ct
io

na
l c

ur
re

nt
 s

en
sin

g
 

   
 }

   
 }

   
 e

ls
e

   
 {

  Se
ns

or
le

ss
Tr

ap
Co

nt
ro

lle
r.M

ot
or

Ph
as

eC
ur

re
nt

 -=
 2

04
8;

   
  /

/ 
su

bt
ra

c
ng

 th
e 

bi
as

, V
re

f/
2 

1.
65

 is
 a

dd
ed

 a
s 

bi
as

 v
ol

ta
ge

 to
 

su
pp

or
t b

id
ire

ct
io

na
l c

ur
re

nt
 se

ns
in

g
   

 }
   

 S
en

so
rle

ss
Tr

ap
Co

nt
ro

lle
r.M

ot
or

Ph
as

eC
ur

re
nt

 =
 a

bs
(

   
 S

en
so

rle
ss

Tr
ap

Co
nt

ro
lle

r.M
ot

or
Ph

as
eC

ur
re

nt
);

   
 if

((S
en

so
rle

ss
Tr

ap
Co

nt
ro

lle
r.M

ot
or

Ph
as

eC
ur

re
nt

 >
   

   
 S

en
so

rle
ss

Tr
ap

Co
nt

ro
lle

r.M
ot

or
Ph

as
eC

ur
re

nt
Li

m
it)

 &
&

 (A
pp

lic
at

io
nS

ta
tu

s.
fa

ul
t =

= 
N

O
FA

U
LT

)) 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 

/*
 M

ot
or

 P
ha

se
 C

ur
re

nt
 L

im
it*

/
   

 {
   

   
  A

pp
lic

at
io

nS
ta

tu
s.

pr
ev

io
us

st
at

e 
= 

Ap
pl

ic
at

io
nS

ta
tu

s.
cu

rr
en

ts
ta

te
;

   
   

  A
pp

lic
at

io
nS

ta
tu

s.
cu

rr
en

ts
ta

te
 =

 F
AU

LT
;

   
   

  A
pp

lic
at

io
nS

ta
tu

s.
fa

ul
t =

 O
VE

RC
U

RR
EN

T;
   

 }
}

m
ea

s_
s3

2k
.c

 - 
Li

ne
 2

76
N

ot
e:

 T
he

 fo
llo

w
in

g 
co

de
 is

 ta
ke

n 
fr

om
 th

e 
3-

Sh
un

t p
ro

je
ct

, i
n 

th
is 

pr
oj

ec
t 2

 p
ha

se
s a

re
 s

am
pl

ed
 a

t a
 ti

m
e,

 a
nd

 th
e 

th
ird

 is
 

ca
lc

ul
at

ed
. T

hr
ee

 p
ai

rs
 a

re
 p

os
sib

le
 (A

B,
 A

C,
 B

C)
, o

nl
y 

on
e 

pa
ir 

is
 s

ho
w

n 
be

lo
w

N
ot

e:
 E

xt
er

na
l c

ur
re

nt
 se

ns
e 

am
pl

ifi
er

s 
ar

e 
us

ed
 in

 th
e 

N
XP

 e
va

lu
at

io
n 

bo
ar

d,
 th

e 
co

de
 b

el
ow

 s
ho

w
s 

th
e 

re
ad

in
g 

of
 e

xt
er

na
l 

CS
A'

s b
y 

th
e 

M
CU

 a
nd

 is
 n

ot
 d

ire
ct

 c
om

m
un

ic
at

io
n 

be
tw

ee
n 

th
e 

M
CU

 a
nd

 g
at

e 
dr

iv
er

tB
oo

l M
EA

S_
G

et
3P

hC
ur

re
nt

(m
ea

sM
od

ul
e_

t *
pt

r, 
SW

LI
BS

_3
Sy

st
_F

LT
 *

i, 
 tU

16
 s

vm
Se

ct
or

)
{  ui

nt
16

_t
 P

ha
se

A_
Cu

rr
en

t;
 ui

nt
16

_t
 P

ha
se

B_
Cu

rr
en

t;
 ui

nt
16

_t
 P

ha
se

C_
Cu

rr
en

t;
  sw

itc
h(

dr
vF

O
C.

sv
m

Se
ct

or
)

   
 {

   
   

  c
as

e 
2:

   
   

  c
as

e 
3:

 
   

   
   

 /
/ 

Re
ad

 A
D

C0
_C

H
9 

va
lu

e 
- P

ha
se

A 
Cu

rr
en

t
   

   
   

   
AD

C_
D

RV
_G

et
Ch

an
Re

su
lt(

IN
ST

_A
D

CO
N

V0
, 1

, &
Ph

as
eA

_C
ur

re
nt

);
   

   
   

   
//

 R
ea

d 
AD

C1
_C

H
6 

va
lu

e 
- P

ha
se

C 
Cu

rr
en

t
   

   
   

   
AD

C_
D

RV
_G

et
Ch

an
Re

su
lt(

IN
ST

_A
D

CO
N

V1
, 1

, &
Ph

as
eC

_C
ur

re
nt

);

   
   

   
   

pt
r-

>m
ea

su
re

d.
flt

Ph
A.

ra
w

 =
 M

LI
B_

M
ul

(((
tF

lo
at

)M
LI

B_
D

iv
((t

Fl
oa

t)
(P

ha
se

A_
Cu

rr
en

t &
 0

x0
00

00
FF

F)
, 

(t
Fl

oa
t)

0x
00

00
0F

FF
)),

 I_
M

AX
);

   
   

   
   

pt
r-

>m
ea

su
re

d.
flt

Ph
C.

ra
w

 =
 M

LI
B_

M
ul

(((
tF

lo
at

)M
LI

B_
D

iv
((t

Fl
oa

t)
(P

ha
se

C_
Cu

rr
en

t &
 0

x0
00

00
FF

F)
, 

(t
Fl

oa
t)

0x
00

00
0F

FF
)),

 I_
M

AX
);

   
   

   
   

i->
flt

Ar
g1

 =
 M

LI
B_

M
ul

(M
LI

B_
Su

b(
pt

r-
>o

ffs
et

.fl
tP

hA
.fl

tO
ffs

et
,p

tr
->

m
ea

su
re

d.
flt

Ph
A.

ra
w

), 
2)

;
   

   
   

   
i->

flt
Ar

g3
 =

 M
LI

B_
M

ul
(M

LI
B_

Su
b(

pt
r-

>o
ffs

et
.fl

tP
hC

.fl
tO

ffs
et

,p
tr

->
m

ea
su

re
d.

flt
Ph

C.
ra

w
), 

2)
;

   
   

   
   

i->
flt

Ar
g2

 =
 M

LI
B_

Ad
d(

-1
 *

 i-
>f

ltA
rg

1,
 -1

 *
 i-

>f
ltA

rg
3)

;
   

   
   

   
br

ea
k;

Re
ad

 C
ur

re
nt

 S
hu

nt

Cu
rr

en
t S

en
si

ng

91



N
XP

TI

In
iti

al
iz

at
io

n

pi
n_

m
ux

.c
 - 

Li
ne

 2
00

{    
   

  .
ba

se
   

   
   

 =
 P

O
RT

B,
   

   
  .

pi
nP

or
tId

x 
   

= 
4u

,
   

   
  .

pu
llC

on
fig

   
 =

 P
O

RT
_I

N
TE

RN
AL

_P
U

LL
_N

O
T_

EN
AB

LE
D

,
   

   
  .

pa
ss

iv
eF

ilt
er

 =
 fa

lse
,

   
   

  .
dr

iv
eS

el
ec

t  
 =

 P
O

RT
_L

O
W

_D
RI

VE
_S

TR
EN

G
TH

,
   

   
  .

m
ux

   
   

   
  =

 P
O

RT
_M

U
X_

AS
_G

PI
O

,
   

   
  .

pi
nL

oc
k 

   
   

= 
fa

ls
e,

   
   

  .
in

tC
on

fig
   

  =
 P

O
RT

_D
M

A_
IN

T_
D

IS
AB

LE
D

,
   

   
  .

cl
ea

rIn
tF

la
g 

 =
 fa

lse
,

   
   

  .
gp

io
Ba

se
   

   
= 

PT
B,

   
   

  .
di

re
ct

io
n 

   
 =

 G
PI

O
_O

U
TP

U
T_

D
IR

EC
TI

O
N

,
   

   
  .

di
gi

ta
lF

ilt
er

 =
 fa

ls
e,

   
   

  .
in

itV
al

ue
   

  =
 0

u,
   

 },

tp
p.

c 
- L

in
e 

10
7

/*
 E

N
1 

pi
n.

 *
/

   
 G

PI
O

_A
M

L_
Se

tD
ire

ct
io

n(
dr

vC
on

fig
->

en
1P

in
In

st
an

ce
, d

rv
Co

nf
ig

->
en

1P
in

In
de

x,
 g

pi
oD

irD
ig

ita
lO

ut
pu

t)
;

   
 /

* 
EN

2 
pi

n.
 *

/
   

 G
PI

O
_A

M
L_

Se
tD

ire
ct

io
n(

dr
vC

on
fig

->
en

2P
in

In
st

an
ce

, d
rv

Co
nf

ig
->

en
2P

in
In

de
x,

 g
pi

oD
irD

ig
ita

lO
ut

pu
t)

;

In
it.

c 
- L

in
e 

11
8

   
/*

D
isa

bl
e 

th
e 

ga
te

 d
riv

er
s 

by
 D

ef
au

lt 
*/

   
P1

D
IR

 |
= 

BI
T6

;
   

P1
O

U
T 

&
= 

~B
IT

6;

En
ab

le
 G

at
e 

D
riv

er
tp

p.
c 

- L
in

e 
28

0
G

PI
O

_A
M

L_
Se

tO
ut

pu
t(

dr
vC

on
fig

->
en

1P
in

In
st

an
ce

, d
rv

Co
nf

ig
->

en
1P

in
In

de
x)

;
   

   
   

   
G

PI
O

_A
M

L_
Se

tO
ut

pu
t(

dr
vC

on
fig

->
en

2P
in

In
st

an
ce

, d
rv

Co
nf

ig
->

en
2P

in
In

de
x)

;

m
db

u_
gl

ob
al

.c
 - 

Li
ne

 2
68

dr
v8

3x
x_

se
tG

PI
O

(0
x0

1,
 E

N
_D

RV
, *

da
ta

);

G
at

e 
D

riv
er

 E
na

bl
e

92



N
XP

TI

Co
nf

ig
ur

e 
nF

AU
LT

 In
pu

t 
Pi

n

pi
n_

m
ux

.c
 - 

Li
ne

 4
04

{    
   

  .
ba

se
   

   
   

 =
 P

O
RT

B,
   

   
  .

pi
nP

or
tId

x 
   

= 
12

u,
   

   
  .

pu
llC

on
fig

   
 =

 P
O

RT
_I

N
TE

RN
AL

_P
U

LL
_N

O
T_

EN
AB

LE
D

,
   

   
  .

pa
ss

iv
eF

ilt
er

 =
 fa

lse
,

   
   

  .
dr

iv
eS

el
ec

t  
 =

 P
O

RT
_L

O
W

_D
RI

VE
_S

TR
EN

G
TH

,
   

   
  .

m
ux

   
   

   
  =

 P
O

RT
_M

U
X_

AS
_G

PI
O

,
   

   
  .

pi
nL

oc
k 

   
   

= 
fa

ls
e,

   
   

  .
in

tC
on

fig
   

  =
 P

O
RT

_D
M

A_
RI

SI
N

G
_E

D
G

E,
   

   
  .

cl
ea

rIn
tF

la
g 

 =
 tr

ue
,

   
   

  .
gp

io
Ba

se
   

   
= 

PT
B,

   
   

  .
di

re
ct

io
n 

   
 =

 G
PI

O
_I

N
PU

T_
D

IR
EC

TI
O

N
,

   
   

  .
di

gi
ta

lF
ilt

er
 =

 tr
ue

,
   

 },

In
it.

c 
- L

in
e 

32
1

/*
 C

on
fig

ur
e 

Po
rt

 2
.7

 a
s i

np
ut

 fo
r s

en
si

ng
 fa

ul
ts

 a
nd

 e
na

bl
e 

In
te

rr
up

t *
/

   
 P

2D
IR

 &
= 

~B
IT

7;
   

 P
2R

EN
 |

= 
BI

T7
;  

   
   

   
   

   
   

   
   

   
//

 W
he

n 
a 

G
PI

O
 p

in
 is

 c
on

fig
ur

ed
 a

s 
In

pu
t, 

En
ab

le
 re

si
st

an
ce

 to
 th

e 
pi

n 
by

 s
et

tin
g 

Px
.R

EN
 

an
d 

PX
.O

U
T

   
 P

2O
U

T 
|=

 B
IT

7;
   

 P
2I

E 
|=

 B
IT

7;
   

 P
2I

FG
 |

= 
0x

00
;

   
 P

2I
ES

 |
= 

BI
T7

;

In
te

rr
up

t E
na

bl
e

gd
30

00
_i

ni
t.c

 - 
Li

ne
 1

17
/*   *

 E
na

bl
e 

in
te

rr
up

t w
he

n 
ris

in
g 

ed
ge

 is
 d

et
ec

te
d 

on
  *

 P
TB

12
 fo

r G
D

30
00

 p
re

-d
riv

er
 in

te
rr

up
t i

np
ut

, r
is

in
g 

ed
ge

 tr
ig

ge
r

  *
/

 PI
N

S_
D

RV
_S

et
Pi

nI
nt

Se
l(G

D
30

00
_I

N
T_

PO
RT

, G
D

30
00

_I
N

T_
PI

N
_N

U
M

, P
O

RT
_I

N
T_

RI
SI

N
G

_E
D

G
E)

;

 /*
 s

et
 th

e 
PO

RT
B 

IR
Q

 in
te

rr
up

t p
rio

rit
y 

*/
 IN

T_
SY

S_
Se

tP
rio

rit
y(

G
D

30
00

_I
N

T_
IR

Q
n,

1)
;

 /*
 E

na
bl

e 
PO

RT
B 

IR
Q

 in
te

rr
up

t *
/

 IN
T_

SY
S_

En
ab

le
IR

Q
(G

D
30

00
_I

N
T_

IR
Q

n)
;

SE
E 

AB
O

VE

nF
A

U
LT

 /
 IN

T

93



Appendix E

COMPONENT COST ESTIMATION

Ref Des Qty Manufacturer Manufacturer PN
Unit Price 

(Prototype)

Unit Price 
(Mid-

Volume)

Unit Price 
(High-

Volume)

Total Cost 
(Prototype)

Total Cost 
(Mid-

Volume)

Total Cost 
(High-

Volume)

C1 1 PANASONIC EEU-FC1H222C 2.28 0.969 0.859 2.28 0.969 0.859

C2, C8, C14, C20, C21, C22, 
C33

7 MURATA GCM21BR72A104KA37L 0.133 0.045 0.045 0.931 0.315 0.315

C23, C24, C30, C31, C32, C34, 
C36

7 MURATA GRM32ER71H106KA12L 0.896 0.469 0.469 6.272 3.283 3.283

C25, C47 2 TDK C1608X5R1H105K080AB 0.082 0.042 0.029 0.164 0.084 0.058

C26 1 TAIYO YUDEN UMK212BB7225KG-T 0.155 0.085 0.069 0.155 0.085 0.069

C27 1 MURATA GCM188R71C474KA55D 0.177 0.054 0.039 0.177 0.054 0.039

C28, C41 2 TDK CGA4J3X7R1C475K125AB 0.155 0.084 0.084 0.31 0.168 0.168

C29 1 AVX 06035A360JAT2A 0.094 0.047 0.028 0.094 0.047 0.028

C3, C4, C9, C10, C15, C16, 
C42, C46

8 AVX 06033A102FAT2A 0.307 0.115 0.112 2.456 0.92 0.896

C35 1 TDK CGA4J2X7R1C684K125AA 0.085 0.044 0.032 0.085 0.044 0.032

C37 1 TDK C3225X7S2A475K200AE 1.11 0.725 0.725 1.11 0.725 0.725

C38 1 TAIYO YUDEN HMK107B7104KAHT 0.078 0.036 0.026 0.078 0.036 0.026

C39 1 WURTH 885012106022 0.386 0.309 0.278 0.386 0.309 0.278

C40, C55 1 KEMET C0603C104K9RACTU 0.06 0.03 0.023 0.06 0.03 0.023

C43, C44, C45, C50, C58, C59 6 AVX 06035C104K4Z2A 0.122 0.119 0.023 0.732 0.714 0.138

C48, C53, C54, C60, C61 5 KEMET C0603C820K5GACTU 0.11 0.046 0.035 0.55 0.23 0.175

C49 1 AVX 06035C103JAT2A 0.039 0.018 0.011 0.039 0.018 0.011

C5, C6, C11, C12, C17, C18 6 AVX 08051C332KAT2A 0.072 0.029 0.017 0.432 0.174 0.102

C51, C56, C57 3 WURTH DNP - 885012206034 0.022 0.018 0.015 0.066 0.054 0.045

C52 1 TDK C1608X7S2A473K080AB 0.081 0.039 0.028 0.081 0.039 0.028

C62, C63, C64 3 WURTH 885012206036 0.022 0.017 0.014 0.066 0.051 0.042

C65 1 SAMSUNG CL10B105KQ8NNNC 0.025 0.013 0.006 0.025 0.013 0.006

C7, C13, C19 3 PANASONIC EEU-FC1H102 1.07 0.553 0.536 3.21 1.659 1.608

D1 1 NEXPERIA PMEG10010ELR 0.267 0.097 0.075 0.267 0.097 0.075

D2 1 NEXPERIA BZX384-C30 0.169 0.041 0.027 0.169 0.041 0.027

D3 1 ON BZX84C15LT3G 0.127 0.033 0.021 0.127 0.033 0.021

D4, D5, D6, D7 4 NEXPERIA BZX84-A5V1 0.353 0.122 0.122 1.412 0.488 0.488
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Ref Des Qty Manufacturer Manufacturer PN
Unit Price 

(Prototype)

Unit Price 
(Mid-

Volume)

Unit Price 
(High-

Volume)

Total Cost 
(Prototype)

Total Cost 
(Mid-

Volume)

Total Cost 
(High-

Volume)

J1 1 Phoenix 1782909 9.55 5.74 5.74 9.55 5.74 5.74

J2 1 Phoenix 1709681 9.3 6.61 6.61 9.3 6.61 6.61

J3 1 WURTH 61300411121 0.158 0.091 0.091 0.158 0.091 0.091

J4 1 WURTH 61300211121 0.11 0.063 0.063 0.11 0.063 0.063

J5 1 AMTEC FTSH-105-01-F-D 1.33 0.826 0.701 1.33 0.826 0.701

L1 1 WURTH 78438323010 2 1.46 1.27 2 1.46 1.27

L2 1 EATON HCM1A1104-101-R 2.05 1.34 1.26 2.05 1.34 1.26

L3 1 WURTH 744309047 2.26 1.65 1.65 2.26 1.65 1.65

Q1, Q2, Q3, Q4, Q5, Q6, Q7 7 NEXPERIA BUK762R4- 60E 1.52 1.52 1.52 10.64 10.64 10.64

Q8 1 NEXPERIA 2N7002 0.23 0.069 0.045 0.23 0.069 0.045

R1, R2, R8, R9, R15, R16 6 VISHAY RCS060333R0FKEA 0.131 0.015 0.012 0.786 0.09 0.072

R22 1 WALSIN WR06X1004FTL 0.13 0.13 0.005 0.13 0.13 0.005

R23 1 KOA SPEER RK73H1JTTD1693F 0.022 0.004 0.002 0.022 0.004 0.002

R24, R30, R31, R35 4 PANASONIC ERJ-U030R00V 0.045 0.014 0.011 0.18 0.056 0.044

R25 1 KOA SPEER RK73H1JTTD1301F 0.022 0.004 0.002 0.022 0.004 0.002

R26, R33, R48, R51, R53 5 YAGEO AMERICA RC0603FR-0710KL 0.018 0.003 0.003 0.09 0.015 0.015

R27, R37, R40, R50 4 VISHAY CRCW060324K0FKEA 0.034 0.006 0.005 0.136 0.024 0.02

R28, R29, R39, R42, R43, R47, 
R49, R52

8 YAGEO AMERICA AC0603FR-07120RL 0.025 0.003 0.003 0.2 0.024 0.024

R3, R4, R10, R11, R17, R18 6 BOURNS CR0603-FX-1003ELF 0.019 0.002 0.002 0.114 0.012 0.012

R32 1 YAGEO AMERICA RC0603FR-071KL 0.018 0.004 0.002 0.018 0.004 0.002

R34, R38, R41, R46 4 YAGEO AMERICA RC0603DR-072K2L 0.049 0.013 0.009 0.196 0.052 0.036

R36 1 ROHM KTR18EZPJ104 0.124 0.019 0.017 0.124 0.019 0.017

R44 1 VISHAY CRCW060310K0JNEA 0.028 0.005 0.005 0.028 0.005 0.005

R5, R12, R19 3 VISHAY WSLP25121L000FEA 1.35 0.707 0.634 4.05 2.121 1.902

R45 1 ALPS ALPINE RK09D1130C3W 0.68 0.577 0.577 0.68 0.577 0.577

R54, R55, R56 3 VISHAY CRCW060356R0JNEA 0.032 0.006 0.003 0.096 0.018 0.009

R6, R7, R13, R14, R20, R21 6 ROHM ESR25JZPJ2R2 0.303 0.045 0.035 1.818 0.27 0.21

RT1 1 VISHAY NTCS0603E3103JLT 0.287 0.172 0.147 0.287 0.172 0.147

U1 1 NXP FS32K142HAT0MLHT 7.42 5.74 5.74 7.42 5.74 5.74

U2 1 TI DRV8343SPHPRQ1 6.7 3.59 3.59 6.7 3.59 3.59

U3 1 TI LM46000AQPWPRQ1 2.32 2.32 2.32 2.32 2.32 2.32

U4 1 ON MC33375D-5.0G 0.823 0.39 0.368 0.823 0.39 0.368
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