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Abstract

The focus of this report is the design and implementation of a universal gate driver for half-bridge circuits.
This design includes a programmable dead-time controller and adjustable properties to ensure efficient and
reliable switching on a variety of high-voltage applications.

Furthermore, this work includes a comparative understanding of all design choices, such as the options
considered for the dead-time controller, the gate driver component and the circuit of the output phase. The
designed system is expected to receive as input a PWM signal and generate two output signals to drive a half-
bridge configuration. The output pulses must be generated with a programmable dead-time and at the input
switching frequency.

The end product of this design will be used in the TU Delft Power Electronics Lab. The specific require-
ments are determined in order to meet the lab’s needs and this report further describes the process from
acquiring the technical requirements, the circuit design, and finally, the prototype evaluation.



Preface

The design and development of high-performance power electronics systems often hinge on the choice and
control of the switching devices, like IGBTSs, Si and SiC MOSFETs. As MOSFET technology continues to evolve,
the need for a versatile and adaptive gate driver becomes critical. Gate drivers serve as the interface between
low-power control signals and high-power switching devices.

This project focuses on designing a universal gate driver that can adapt to various power transistor char-
acteristics, including programmable dead-time, which ensures safe operation in half-bridge and full-bridge
configurations by preventing simultaneous switching of the transistors, thus avoiding short circuits.
Additionally, the gate driver will be designed in such a way that certain components are adjustable, making it
adaptable for integration into different systems.

The scope of this project covers the complete design process, from theoretical modeling to practical imple-
mentation and testing. This includes selecting the appropriate components for the gate driver, incorporating
programmable dead-time control, and evaluating the design’s functionality in a prototype.

This project is supervised by H. Vahedi who guided us to the end result. Since this project is part of the
curriculum of the TU Delft we also had a Bachelor Thesis professor, Ioan E. Lager. We would also like to
credit Bart Roodenburg, Joris Koeners, Harrie Olsthoorn, Mladen Gagic and Hitesh Dialani from the Elec-
trical Sustainable Energy Department for supplying us with different instruments and assistance, as well as
providing us with a room to work on our B.A.P. Furthermore we would like to mention Gonzalo Crespo Roche
for providing us with information to get the project started.
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Introduction

In power electronics, half- and full-bridge circuits play a crucial role in a variety of applications such as
electric motor drivers, DC-AC converters, and DC-DC converters. These circuits make use of transistors or
switches which, unlike transistors found in typical electronic appliances (smartphones, microprocessors, ...),
are designed and rated for high-power applications such as driving motors in electric vehicles and power
sources for industrial applications. In the aforementioned examples, smartphones and computing devices
typically operate at a logic level of 3.3 — 5V while electric vehicle batteries are typically rated for 400V, this
illustrates the difference in operating ranges for power transistors[1].

The circuit layouts for typical applications of both half- and full-bridge circuits are shown in a simplified
manner in figure 1.1. The switching devices are shown by S1 — S4 while V represents the supply voltage and
the Load element represents the component at the receiving end of the circuits [2].

S1 S1 S3

O Is O P
Load <>

Figure 1.1: Typical examples of a half-bridge (left) and full-bridge circuit (right).

1

The half-bridge is operated by controlling the gate signals for both transistors, S1 and S2 in the figure
shown above. These signals determine whether the gate at S1 should be on, thereby enabling the switch to
conduct and providing a connection between source (V) and load; or whether the gate should be off, thereby
blocking the connection to the source voltage. Similarly, they indicate whether S2 should connect to ground
or not.

The full-bridge configuration can be understood as consisting of two parallel half-bridge circuits with the
load connected between them. The control signals for the parallel half-bridges are inverted such that the
current through the load is bidirectional, i.e. both S3 and S2 are closed or alternatively, both S1 and S4 are
closed. The set of control signals for the full-bridge circuit can then also be understood as two parallel sets of
control signals, each for a half-bridge but in inverted states with respect to each other.

As previously mentioned, voltage ranges in high-power operations are higher than typical appliances.

Power switches must be specifically designed to handle and block these high-voltage sources, as well as the
inevitable transient currents and voltage spikes which could damage the circuits. The physical capabilities for

3



4 1. Introduction

switches in these circuits requires careful consideration for each application in order to operate these circuits
with efficiency and safety. An example to illustrate this dependency is the charge rate required to properly
turn a switch on or off. If a switch is turned off faster than it’s rated speed, i.e. the discharge current is too
high, the device could be potentially damaged which could lead to dangerous system failures.

Moreover, the timing of the control signals for all switches is another important characteristic for properly
operating these circuits. Designers take careful consideration of the required switching frequency, as well as
the required dead-time in between. The switching frequency is the rate at which a switch is open and closed,
it determines how power is transferred from the source to the load in converters. Dead-time refers to the
brief moment in time in which both switches in a half-bridge are open. Proper dead-time control is critical to
prevent shoot-through, a condition where both the high-side (S1) and low-side (S2) switches conduct simul-
taneously, leading to potential device failure. These timing characteristics of the control or gate signals are of
great importance to meet the power transfer specifications used in converters and motor drivers. Addition-
ally, proper gate control is an important factor in ensuring the safety of the operators and the devices in the
circuits.

The operating conditions previously mentioned in these half- and full-bridge circuits give rise to the
need for dedicated control systems to ensure these power switches properly function. These control sys-
tems are typically made up of a computing device and a gate driver. The computing device, typically a micro-
controller, generates the signals with the specified switching frequency and dead-time. The gate driver device
provides the necessary signal strength to either turn the gate on or off. A range of features related to optimiza-
tion and protection against the high-power handled is often built into the gate driver or control system, these
include protections against shoot-throughs as well as gate driving optimization. This project attempts to de-
sign and realize one such dedicated control system in the context of research in power converters.

Examples of gate driver systems include:
e UCC21331 by TI [3], which is an integrated half-bridge driver that uses a resistor to set the dead-time.

e 2ASC-17A1HP by Microchip [4], a half-bridge drive which provides software to program in the dead-
time as well as other features.

e 25C0108T2D0x-12 by Power Integrations [5], which is designed for applications limited in space.

In the research field of power converters, different types of power switches are used and tested in half-
bridge designs. Each of these types has their own switching frequency capability, voltage and current ratings,
turn-on and turn-off requirements, and other characteristics which are exclusive to each device. Testing and
evaluating these characteristics is the main focus of researchers. The difference between different types of
switches extends to different gate driving requirements. This means researchers often spend time and re-
sources on both the half-/full-bridge design as well as the necessary gate driver and control system for the
switches. Using industry-available products like the ones mentioned above require careful consideration
when integrating into half-bridge power boards.

To facilitate research purposes in the TU Delft Power Electronics Lab, this project seeks to design a uni-
versal gate driver with programmable dead-time and adjustable output phase. This output phase consists
of components for safety and optimization including a series resistance to limit current transfer to the gate.
These components must be designed such that researchers can fine-tune the gate driver to match the specific
needs of various switches. Furthermore, this universal gate driver design must be capable of performing ef-
ficiently within a specified frequency range and programmable dead-time to accommodate different devices
while ensuring efficient and reliable switching. It should provide some tools for evaluating the half-/full-
bridge performance as well it’s own, such as LED’s placed to respond to certain signals. It should also be
designed such that researchers can easily integrate onto their power board designs.

In order to explain the process through which the design was created, the following structure is used.
Firstly, the requirements that were set for this project will be outlined in chapter 2. Next, in chapter 3, the
reasoning behind the choices for the various components will be discussed. Following this is chapter 4 where
the design of the circuit, as well as the implementation of the VHDL code for the CPLD and circuit simulations
made in LTspice, will be explained. Next the prototype that was built and tested and the results of these tests



will be shown in chapter 5. Finally, in chapter 6, the overall conclusion and further recommendations for
improvements will be discussed to improve the current design will be discussed.



Requirements

As discussed earlier, the universal gate driver is meant to be used in the context of research. Specifically, the
TU Delft Power Electronics Lab proposed this project as a solution to facilitate their research into power con-
verters. In qualitative terms, the gate driver design must be 'attached to any switches used in the lab and help
PhD students design and test their converters faster’, as can be read in the Project Description, appendix C.

This chapter will address the specific requirements that were provided by the lab through meetings with
the project coordinator Hani Vahedi. A general description and overview is provided in section 2.1. The
specific technical criteria is then discussed in section 2.2.

2.1. General Description

The designed system is expected to receive as input a PWM signal and generate two output signals to drive a
half-bridge configuration. The output pulses must be generated with a programmable dead-time and at the
input switching frequency. The expected input to output relation is illustrated in figure 2.1, where the output
signals high — side and low — side respectively refer to the signals generated to drive S1 and S2, in terms of
figure 1.1. The required dead-time generated between output signals is also high-lighted in the figure.

A
HIGH !
PWM E
input signal
LOW : Time
A
HIGH !
Output signal
High-side
LOW ______________________________ Time
A dead-time ) <
HIGH —
Output signal
Low-side ;
LOW temocb oL L. > Time

Figure 2.1: Illustration of required input to output relation.
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Furthermore, the required output signals are unipolar, not bipolar.

The provided requirements further specify the method and structure by which the output signals are to
be generated. Namely, through the use of Integrated Circuits (IC’s). The designed system structure must
include two IC components to achieve the main functions required by the overall system. Moreover, in order
to further accommodate the system’s capabilities to different types of switches, the output of the system must
include a specific configuration of components to further optimize the output signals. The required IC units
and the output components are outlined below.

1. Programmable Unit

A programmable device is required to generate the initial output signals. The component options pro-
vided to achieve this functionality fall within the category of Programmable Logic Devices (PLD’s) and
Micro-Controllers. A list of specific criteria was provided by the lab in order to choose a specific IC
device from within this category. The criteria list is provided in table 2.1.

Regardless of the choice, this device is expected to read the input signal in the expected form and in
turn generate the initial half-bridge signals in digital format. This device must be programmed to gen-
erate these initial signals with the dead-time included. Within the programming of this device, the key
feature required is the ability to adjust the dead-time parameter, thereby making the dead-time pro-
grammable.

2. Gate Driver Unit

The initial signals generated by the programmable device will each control a gate driver device. This
device must include a digital input, and deliver the required signal strength to the switch gates. The
signal strength refers to the previously mentioned physical capability of the signal to properly turn
a switch on or off. These capabilities include, among others, the charge/discharge current and the
required voltage level.

These types of devices are widely employed in the industry and are manufactured with added features
to enhance performance, protection, and control, among others. Examples include the previously
mentioned UCC21331(3] which includes a programmable dead-time within the gate driver IC, other
examples of added features include sensors to determine whether a short circuit has occurred and thus,
close the switch before a dangerous breakdown occurs.

Similar to the programmable IC, the gate driver IC must be chosen according to it’s provided criteria
list, shown in table 2.2. As can be seen in the table, this device must include specific added features. In
the end, each product must contain 2 of these gate driver IC’s for each output signal.

3. Output phase

This phase of the system consists of series and parallel components located at the output of every gate
driver IC. In other words, between the gate driver IC and the switch’s input. The series component
is a resistor that must be placed to limit current exchange. The parallel components are related to
protection and signal optimization, these include a resistor, a capacitor, and a diode.

It is worth noting that the objective of this project is to design a product called 'Universal Gate Driver’.
This product must include an IC whose category name is also 'gate driver. While their is a description and
discussion surrounding the gate driver IC, throughout this project thesis, the designed system as a whole is
also typically referred to "gate driver’. This should be kept in mind in the following sections and chapters.

The required layout and components are illustrated in figure 2.2. This block diagram includes the re-
quired input to output relation, the two previously mentioned IC components, and the Output Phases for
both high-side and low-side.

Additional requirements apply to the overall design:

¢ Given the real necessity for the product’s use in the lab, the required components to implement the
design must be accessible in quantity through suppliers frequented by the lab.

* The costs for the IC devices must be kept as low as possible.
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Figure 2.2: Block diagram of required design layout.

¢ The product is also expected to be designed in the form of a modular card, such that it can be easily at-
tached onto power converter designs. This modularity also refers to it’s expected ability of driving only
one switch in a half-bridge configuration, and another aspect is the ability to use two of the products
to drive a full-bridge configuration.

e The designed circuit is expected to be implemented on a Printed Circuit Board (PCB). The previously
discussed IC units must be mounted on the PCB, as well as all other required components, input, and
output pins.

Finally, since the product is designed for use in the context of research, certain features should be in-
cluded in the circuit design to allow researchers to evaluate the Universal Gate Driver system during opera-
tion. Through discussions with the project supervisor, it was agreed upon that these features will be limited
to Light Emitting Diodes (LED’s) attached to certain signals within the system.

2.2. Technical Description

This section addresses the specific criteria for the devices and components previously described. The table
format used throughout this section consists of a column for the required feature or property, a description
column that provides an explanation for the required property, and lastly, a value column to quantitatively
describe the respective property.

As previously mentioned, general requirements are that the components be accessible through com-
monly used suppliers and to keep the devices costs’ are kept low. This implies that quantitatively defining
some of these requirements will depend on conducting initial research into the options available from these
suppliers. That being said, the scope of this initial research must include the features and parameters outlined
in the respective tables.

2.2.1. PLD or Micro-controller

There are three different kind of device options for this part. The FPGA(field-programmable gate array) an
MCU Micro Control Unit) and a CPLD(Complex programmable Logic Device). These devices all must be able
to split and invert the PWM signal in a cost efficient way. The requirements are listed below 2.1, and a more
practical condition, it should be available in stock of the supplier.
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Table 2.1: Specific requirements for programming unit.

Requirement Description Value
Dead-time Dead-time in nanoseconds that should be programmable 300 ns
Programming The IC can be programmed with JTAG -
Package Shape and place of the pins on the chip xxFP
Propagation delay | Time required for a signal to be received after it has been sent low
Input Voltage Voltage it needs to operate 5V
Output voltage Voltage level at the output pins 5V

To make a well-considered choice between three devices, their purpose and functionality needs to be
understood. Here it is explained how each programmable unit works.

FPGA

An FPGA is a semiconductor device that can be programmed to perform a wide range of digital functions.
It consists of an array of programmable logic blocks and interconnects, which can be configured to imple-
ment custom digital circuits.[6]
The hardware performance of the FPGA depends on Logic blocks, interconnects, I/0 blocks and configura-
tion Memory. Since the code used in this project does not heavily depend on the hardware but more on the
software, these parts are not taken into consideration.

Microcontroller

An MCU is an integrated circuit intended for specific tasks. The hardware is set, but it can be programmed
within the given hardware limitations. The CPU(Central Processing Unit) memory can be divided into volatile
and non-volatile. Volatile memory stores variables of the executed code and the non-volatile memory stores
the instruction that the CPU executes. The micro-controller also has peripherals which are extra components
for different functionalities.

CPLD

A CPLD has the same architectural features but is less complex than an FPGA[7]. The FPGA’s architecture
is mostly based on LUTS (Look Up Tables) where as a CPLD’s logic function is created with mostly gates. This
makes a CPLD less complex and flexible. The trade-off between an FPGA and CPLD is not an obvious choice,
since the MCU works different in a lot of ways a comparison for consideration besides costs is hard to make.

The main difference between these two are structural. The FPGA mostly relies on interconnects, where a
CPLD is connected with lots of gates. These connections are also setup in a different way. The CPLD has more
of a symmetrical structure which creates an equal delay between the logic blocks. The FPGA interconnects
are not equally distributed which creates an uneven delay.

Another feature of the CPLD compared to the FPGA is that the memory is mostly non-volatile which
means it can function immediately on turn-on.
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2.2.2. Gate Driver IC
The detailed specifications for the IC are outlined in the table below. An additional key requirement is that
the required gate driver must be designed to handle a switching device with maximum ratings of 1.2 kV and

50 A.

Table 2.2: Specific requirements for gate driver unit.

Requirement Description Value
Input voltage Expected digital signal for a "high’. 5V
Output voltage Required output voltage for a ’high’. 15V
Isolation Barrier between the power switches (power-side) and control cir- -

cuits (digital-side). The parameters related to this requirement
are given below.

Frequency The maximum operating frequency for which the gate driver de- | 1 MHz
vice is rated.

Source/sink current | The rated current the device can generate (source) or receive -
(sink).

DESAT Protection feature in gate driver IC’s. It monitors and detects -
when the voltage across the switch’s channel rises abnormally
high and indicates a fault has occurred, such as a short circuit.

CLAMP Another protection feature. In a half-bridge configuration, it pre- -
vents turned-off switches from dynamically turning on.

Propagation delay | The total time required for an input signal to propagate to the de- -
vice’s output.

Cost The cost on the lab for purchasing the device. -

Notes on the requirements with undefined values:

The isolation requirement is further characterized by three parameters:

i. CMTI: Common-Mode Transient Immunity. The maximum tolerable slew rate (dv/dt) of the
common mode voltage applied between two isolated circuits [8]. High-slew-rate (high-frequency)
transients can cause interference across the isolation barrier and lead to breakdown. Measured in
Vimsor kV/us.

ii. Vrso: The maximum voltage the isolation barrier can withstand for a short period without break-
down. Measured in Vgps.

iii. Viorm: The maximum continuous or repetitive peak voltage that can be applied across the isola-
tion barrier during normal operation. Measured in V.

The values for these parameters must at least match the given maximum ratings for the switching de-
vices (1.2kV, 50 A).

Furthermore, these parameters are tested and certified under standardized conditions such as IEC
60747-17 (magnetic coupling) and UL 1577 (optical coupling) [9] [10].

Gate driver devices usually have different ratings for source and sink current. This property is usually
a feature given that many switches have higher charging limitations than for discharging; switches can
sometimes have their gates discharged (turn off) faster than they can be charged.

The DESAT protection feature typically uses a high-voltage diode to sense the voltage across the chan-
nel (collector-emitter for IGBT’s; drain-source for MOSFET’s). Additionally, a ’blanking’ capacitor is
connected in parallel to filter the signal. A comparator detects when the signal rises over a defined
threshold, then the controller indicates a fault has occured and the device’s output is pulled down [11].

For a turned off switch, the CLAMP feature uses a comparator to sense if the device’s output voltage has
reached a defined threshold. If so, the IC’s digital controller enables a transistor to sink the output and
discharge the gate, thereby preventing an accidental turn-on [11].
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» As previously mentioned, selecting the device will require researching the options through the suppli-
ers. The undefined requirements, including the propagation delay and costs, will be defined during
this research process. Overall, the device will be selected by comparing the best parameter values, the
accessible quantity, and the lowest price.

2.2.3. Output phase

The specific requirements for this part of the design describe the components and their structure rather than
the specific values for the required components. This follows from the key requirement that users be able to
adjust the Universal Gate Driver to their specific needs.

Moreover, after discussions with the project supervisor, it was agreed upon that the ability to adjust the
output phase will be limited to larger physical sizes of the components. The requirement on larger sizes
should facilitate manually soldering components onto the PCB.

The required components and structure are illustrated in figure 2.3. The inputs are connected to the
output of the gate driver IC, so that the outputphase is referenced to an isolated virtual ground. The output
OUT+ connects to the gate at the switch and OUT- to the source (MOSFET) or the emitter (IGBT). The
function each required component serves is described in table 2.3.

R_GATE

IN+—1 | . = OUT+
R_GS C_GS — D_GS AN

IN- . = OUT-

Figure 2.3: Components and structure of the output phase.

Table 2.3: Component definition for output phase.

Requirement | Description

RoaTE Series resistor between the gate driver IC and the switching de-
vice limits inrush current, controls switching speed, and miti-
gates noise or oscillations.
Rgs Pull-down resistor between the gate and source ensures the
switch stays off by preventing gate voltage buildup due to noise
or parasitic capacitance.

Cgs Bypass capacitor to dampen high-frequency oscillations, espe-
cially in high-speed switching applications.
Dgs Diode to clamp the gate voltage and protect the MOSFET/IGBT

gate from overvoltage.

The function required by each component in this circuit is further described in section 4.4.



Device & Component Selection

3.1. Method

After defining the general and technical requirements, the next step in the design process is the selection of
the main devices previously described, i.e. the gate driver IC and the programmable device IC. Using the
given requirements to narrow down the search, available devices from different manufacturers and suppliers
were considered. This search involved looking through many data sheets and all viable options were com-
piled onto spreadsheets.

The spreadsheets contain all the required information to weight different features, properties, and costs.
In the end, the devices were selected through meetings with the project supervisor. The following sections
address the tables and requirements presented in the previous chapter for each chosen device. Additional
information on features and the choices made are also described for each device.

Furthermore, the choices on the components used in the Output phase circuit are also described. The
choices here were determined by the components relation to the adaptability of the output circuit. This
adaptability follows from the requirement that the design be adaptable to different types of gates. All other
components and devices required will be further explained in the next chapter, but the full list of components
can be found in appendix D.

3.2.CPLD

The first major component that is looked at is the programmable logic device. Three main IC components can
be chosen for this: field programmable gate arrays (FPGA), a micro-controller and a complex programmable
logic device (CPLD). An overview of the components that were looked at can be seen in appendix B.

Micro-controllers were the first set of devices that were looked at. The device as shown in figure B.3 is one
example of many similar micro-controllers. The positive aspect of this option lies in the clock speed, about
500 MHz, which is very high and more than enough to set the required 300 ns dead-time. However, with rel-
atively high cost and propagation delay there are better options to choose from.

FPGAs are considered next. These devices also have high clock speed, but also suffer from relatively high
costs. Another problem with FPGAs is the package, it should give easy access to the pins of the IC and should
have sufficient space between the pins. All FPGAs that were considered can be seen in figure B.1. In this figure
it can be seen that either the costs are high or the package is insufficient. Some FPGAs had a relatively low
cost and could be considered, if it weren't for the fact that the CPLDs are cheaper.

CPLDs were the last components to be considered. As stated in section 2.2.1 the structure of the FPGA and
CPLD are mostly similar so the time delays and costs are all quite similar. Where the CPLD excels compared
to the FPGA is in the package and the fact that for lower clock speeds the CPLD becomes much cheaper
than the FPGA. For these reasons a CPLD was chosen as the main IC to focus on. Figure B.2 shows a list of
viable CPLDs. All of these CPLDs are able to set a dead-time of 300 ns, have a package that is easy to use

12
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when testing, similarly low propagation delays and all work on 5 V. This makes cost the deciding factor in
choosing the CPLD. The obvious choice would be CY37032P44-200JXC, however, this CPLD was sold through
the "marketplace"” on DigiKey which added additional costs. The second choice, ATF1502AS-10AU44, did not
have this problem and was therefore chosen as the CPLD that would be used. Only the propagation delay is
a bit higher than the other CPLDs, 7.5 ns, this is still low enough as to not cause problems.

Table 3.1 shows the technical specification of the CPLD.

Table 3.1: 1ED3323MC12NXUMALI Technical Specifications [11]

Requirement Value
Dead-time 300 ns is achievable with 100 MHz
Programming Can be done through JTAG in-system programming
Package 44-TQFP

Propagation delay | 15ns
Input Voltage 5V
Output voltage 5V

3.3. Gate Driver

The gate driver device was selected out of the spreadsheet shown in B.2. The main family of products consid-
ered was the 1ED332xMC12N by Infineon. Initially, the selected device was 1ED3321 but due to availability
the 1ED3323 was chosen in the end. With respect to table 2.2, the relevant information for 1IED3323 is shown
in table 3.2.

Table 3.2: Specifications of the gate driver IED3323MC12N [11]

1ED3323MCI12N
Property Description Value(s)
Input voltage Maximum input voltage. A%
Output voltage Maximum output voltage. 40V
CMTI (Common-Mode Transient Immunity) 300 kV/pus
Isolation Viso. Safety certification UL 1577 tested for 1 sec. / 60 sec. 6840 / 5700 V (rms)
Viorm- Reinforced insulation certified by IEC 60747-17. 1767 V (peak)
Frequency Maximum rated operating frequency. 1 MHz
Source/sink current | Maximum output current. -9/9A
DESAT Required featured included. Here characterized by the maximum 430 ns
fault-to-low delay.
CLAMP Feature included. Here characterized by the threshold voltage 2V/2A
and maximum sink current.
Propagation delay | Maximum delay between input and output for turn-on/-off. 84 /92 ns
Cost Price per unit of device. 2,69 €

Additional relevant features of the selected gate driver device are:

* VCC1 and VCC2

This gate driver device makes use of two different operating voltages, namely V¢ and Veee. The input
or digital side operates at V¢ while the output or power-side uses Vccz. (Digital and power side are
separated by isolation barrier).

* RDY status signal & UVLO

The RDY status is an additional output signal meant to communicate whether the undervoltage lockout
(UVLO) is operational. The UVLO independently measures the power supply voltages for input and
output sides. If the supply goes below the threshold, the RDY output signal and the device’s output are
pulled down

» /FLT signal
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The /FLT signal indicates if DESAT is triggered and a fault has occurred. This is an active-low signal so
that if DESAT triggers, the signal is respectively pulled down.

* /RST signal

Active-low input signal. The device’s output is low if /RST = Low. If DESAT is triggered and the output
is disabled, /RST must be pulled low for a specified time period in order to reset the device (re-enable).

In choosing the device, it was established that the additional output signals RDY and /FLT must be used
to control LED’s (green and red, respectively). This addition should facilitate evaluating the performance and
state of the board.

As previously described, the choice for this specific device was made by weighing the technical require-
ments as well as the general requirements (stock availability, costs, etc..). In the end, this device was chosen
as sufficient for the intended application.

3.4. Output phase
The final step, after having discussed the CPLD and gate driver, are the connections to the transistors in the
half-bridge, the gate resistance.

The gate resistance is an important part of the circuit. The switches used in half-bridge configuration
are usually transistors. These transistors have many internal parasitic capacitance’s and inductance’s, which
result into undesired behaviour such as [12]:

¢ Ringing, where oscillations happen due to fast switching behaviour of the transistor.
¢ Additional noise in the load.
¢ High current and voltage transient behaviour, which may result damage to the transistor.

* Reverse recovery of the Body-diode, which reduces the switching frequency of the transistors.

Choosing the optimal gate resistance will help reduce these problems. The optimal value of the gate resis-
tance is dependent on the transistors that are connected to the gate driver.

Since the objective is to create a universal gate driver, the gate resistance needs to be adaptable. Two op-
tions were considered to make the gate resistance adaptable. First, through-hole pins were considered. These
pins serve as places where resistors could be inserted, but this was thought to take too much space in the de-
sired PCB size. Also, the through-hole connection can lead to problems when dealing with high frequencies,
making it undesirable. Thus, this option was discarded.

Second, resistors implemented as empty surface-mounted device. The PCB would have spaces where
SMD resistor could be mounted on when needed. The package size of the resistor was chosen as the 0805
package, which is big enough to solder. An additional benefit to this implementation is that the resistors
could be placed much closer together.

Thus the gate resistance was implemented as a SMD 0805 set of resistors. Section 4.4 goes into further
detail regarding the gate resistance.



Circuit Design

This chapter outlines the design of the project’s primary electronic circuit and PCB. It includes the overall
design approach, details of the CPLD used as a dead-time generator, the gate driver circuit, the output phase,
and the design choices made throughout the process. An overview of the complete system is also provided to
present a comprehensive understanding of the circuit’s operation and structure.

4.1. Approach

With the selection of required components addressed in previous chapters, this chapter focuses on the sub-
sequent design process. This includes configuring the devices, integrating components into a functional
system, and designing the circuit and PCB.

The circuit and PCB schematics were developed using Altium Designer. Initial schematics were prepared
by the bachelor student group, with final adjustments and PCB layout completed by the project supervisor.

The design process involved programming the CPLD to provide sufficient functionality as a dead-time
generator, configuring the gate driver with the necessary external components, input-output connections,
and peripheral devices, and designing the output phase to ensure reliable signal delivery and power handling
to the load.

The following sections provide a detailed explanation of each step, describing how the components were
integrated and configured to meet the project’s operational requirements.

4.2. CPLD

The hardware description of the logic gates is designed using VHDL (VHSIC Hardware Description Language)
and the standard used to transmit the description to the IC unit is JTAG (Joint Test Action Group). Even though
the JTAG standard and the description of the programmable logic gates relate to the unit’s hardware, this part
of the CPLD design is described in section 4.2.1, Software. The external circuitry required to operate the IC
device within the overall system is described in section 4.2.2, Hardware. This includes a description of the
input and output connections and other features.

The purpose of the VHDL code is to split the incoming PWM signal into two separate signals, to invert one
of the signals, and lastly to add a specific dead-time to both the high- and low signal paths.

4.2.1. Software

In order to accomplish these goals a finite-state machine (FSM) is implemented in the VHDL code. The code
then operates in the following manner: Initially, after a reset signal has been issued, the FSM is in the 'Reset’
state. Once both gate drivers send a RDY signal, the FSM transitions to the 'Count High’ state upon receiving
the first PWM input signal. From here on out it will keep moving between states in a cyclical manner until
either the PWM signal stops or when another reset is issued. These states are: Count High, Hold High, Count
Low, and Hold Low. An overview of the FSM of this process can be seen in figure 4.1. below.

15
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Figure 4.1: States of the FSM.

The Reset state and its conditions for moving into the loop can be seen in the top left of the figure above.
Furthermore, the states surrounded by the "Reset Low" box indicate the states during which the low-side
output, "OL", is kept low. The states surrounded by the "Reset High" box indicate a similar function for the
high-side output, "OH". The transition between these two areas where either the high-side or the low-side is
kept low is always dependent on the PWM signal. A rising edge of the PWM signal will move the FSM from
the "Reset High" to the "Reset Low" area and vice versa for a falling edge. Within these two areas the count
state, indicated in red, maintains a low level output for both outputs.

The count state uses the incoming clock signal to increase the value of count until it reaches a predefined
threshold. Once this count threshold is reached the state will move to its respective hold state, shown in
green, where either the high- or low-side output will be high.

The FSM will keep moving through the states until either the PWM signal stops or until the reset is en-
abled. Through this process there is always a minimum amount of time where both outputs are kept low,
thus ensuring safe operation at the output of the device.

A simulated output cycle of the FSM can be seen in figure 4.2.

output_high |0

output_low |0
state

— v 1 .. | Y59 %3 - 1 Y 1 . 1 Y& %3 3 1 ¥ 1T .. T
new_state re... jcounter H | hold high lcounter | thold low l.counter H !

Figure 4.2: Simulated FSM output.

The degree of customization of the dead-time is dependent on the clock speed of the CPLD. For the
ATF1502-10AU44 this speed is 20 MHz which means that the code has a step size of 50 ns. As a result, the
dead-time can be adjusted to within 25 ns of the intended setting. Should the clock speed of the device be
changed through use of a different clock, the step size would then also change accordingly.

A minimum dead-time setting in the code ensures that no invalid values can be entered. This is done to
ensure that it isn't possible to accidentally enter a setting which might result in damage to the half-bridge or
gate drivers. Another option offered by the code is to turn off the output from the CPLD to one or both of
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the gate drivers. Furthermore, several LED’s that indicate either a ready or fault situation in either of the gate
drivers will be switched on if the code received an input from the gate driver.
The full code with comments can be found in Appendix A.

JTAG

Section 4.2.1 discusses the code that is used to program the dead-time. This code needs to be uploaded
onto the CPLD. For this purpose, the CPLD has in-system programming (ISP) based on the IEEE standard
1149.1 interface [13]. This standard gives specifics about testing and programming of a logic devices, such as
the chosen CPLD, known as JTAG which is named after the Joint Test Action Group.

The JTAG interface consists of four reserved pins on the CPLD: Test Mode Select (TMS), Test Clock (TCK),
Test Data In (TDI) and Test Data Out (TDO) and enables the user to access a few operating modes, most im-
portantly the ISP mode that is used to upload the code to the CPLD.

The written VHDL code cannot simply be uploaded as a VHDL file, the CPLD also needs to know which
internals should be connected to which physical pin. Therefore, the VHDL file needs to be transformed into
a JEDEC file, named after the Joint Electron Device Engineering Council. The manufacturer of the CPLD, At-
mel, provides software to facilitate transforming the VHDL file into the JEDEC. Namely, Pof2]ed, the software
that changes a .pof file into a JEDEC file. This .pof can be obtained by using third party software such as quar-
tus II which also requires the pinout of the CPLD to be made. Furthermore, the program required to upload
the JEDEC file to the CPLD is called ATMISP. ATMISP works in conjunction with Atmel’s programming board
ATDH1150USB, which connects a PC’s USB port to the JTAG interface of the CPLD and can upload then the
JEDEC file[14].

4.2.2. Hardware

CPLD to Gate Driver Connection

The signals used between the CPLD and the gate driver are digital signals. These digital signals use '1’ and '0’
to indicate signal behaviour, however, this is a simplification and not what happens in reality. In reality the
'1’ of a digital signal refers to a 'high’ voltage level and the '0’ refers to a 'low’ voltage level, both high and low
defined relative to the operating voltage. The physical implementation of the input/output pins (I/O-pin)
from a device determine where the voltage threshold lies. The CPLD uses transistor-transistor logic (TTL) for
its I/O-pins and the gate driver uses CMOS logic for the I/O-pin. Both of these logic devices have a separate
value at which a’1l’ and '0’ can be seen, figure 4.3 shows these different voltage levels for TTL and CMOS logic.

From figure 4.3 it can be it can be seen that the TTL input voltage at a pin needs to be at least a 2 V for a
’1’, and the voltage input for CMOS needs to be at least 3.5 V. The CMOS voltage thresholds for the gate driver
can be defined by equation 4.2 for a’1’ and equation 4.1 for a0’ [11].

View = 0.3 % Ve 4.1)
Vhigh =0.7 % VCC (4.2)

TTL and CMOS voltages have a certain range in which neither a’l’ or 0’ can be determined. These range
are indicated in figure 4.3 by the light gray area. When the voltage level is in this region the signal is ignored
and does not get put through.

The voltage level threshold for detecting a '1’ by the gate driver created some problems. Namely, the
output voltage range of a CPLD I/0 pin can be seen in figure 4.3, however, the datasheet for the CPLD gave
a typical output voltage of 2.4 V when the current is 4 mA [16]. This means that there is a chance that a high
at the output of the CPLD does not equal a high at the input of the gate driver. This is an issue. The output
voltage of a TTL device is determined by the current that is going through it, a low current means a high
output voltage, which is also implied in the CPLD data sheet [16]. Since the gate driver uses CMOS logic for
inputs and it is implied in its datasheet that the resistance of the gate driver is high [11], the current from
the CPLD to the gate driver should be sufficiently low, so that the voltage between the two devices is always
above 3.5 V when a '1’ should be transmitted. However, if we are going by the typical voltage as indicated
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Figure 4.3: TTL voltage levels and CMOS voltage levels [15]

in the CPLD data sheet, the output voltage is 2.4 V which would be problematic since this would mean that
’1’ of the CPLD should not instill a '1’ in the gate driver. Making the assumption that these two devices will
always match up could therefore not be made. Moreover, making a wrong assumption about the voltages
between the CPLD and gate driver, and not having the components to test the voltages, could render the
design unusable. Therefore, a possible solution had to be found in case the assumption, that the voltages
would match up correctly, was false and the voltages would not match.

Connecting Options
Three options were considered to ensure the voltages for high would match.

First, the power supply voltage of the gate driver could be lowered to 3.3 V. The new high threshold, using
equation 4.2, would then be 2.31V, this would guarantee that a high at the output of the CPLD would instill a
high at the input of the gate driver. However, a step down would be needed between the power supply of the
PCB and the power supply to the gate driver. This also means that there would be 3.3V, 5V and 15 V all on the
same PCB and close together which can create a lot of problems. Therefore, this option was discarded.

Second, a new CPLD or gate driver could be found. The gate driver was already the best option that could
be found based on price and functionality, replacing it would only lead to worse or a more expensive option,
neither of which are desirable. Replacing the CPLD with a different one was also not an option due to the
output voltage always having a range between 2.4 V and the supply voltage. This range was also the standard
in different option we had for CPLD’s [17], [18]. So, a replacement of the component with a different one lead
to the same problems.

This leads to the third option, placing a TTL-compatible buffer between the chosen CPLD and gate driver.
This buffer can measures a 'high’ at the input for 2 V or higher and gives a voltage output closer to the supply
voltage (5 V), thus bridging the gap between 2.4 and 3.5 V. It does not significantly impact the input signal
except for a relatively small delay of 6 ns, which is acceptable [19]. Thus, a buffer was included in the design
to address the difference between the logic families used by the devices.

Buffer Choice
The chosen buffer must hold to the requirements as stated stated above. The specifications for the chosen
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Figure 4.4: PCB design implementation of buffer.

buffer, CAHCT1G125QDBVRQ]I, can be seen in table 4.1.

Table 4.1: Specifications of CAHCT1G125QDBVRQ1 [19]

CAHCT1G125QDBVRQ1
Requirement Value
Voltage Supply 5V
Input Voltage High 2V
Output Voltage 5V
Propagation delay 6 ns
Maximum Frequency 1 MHz
Maximum Output Current | 8 mA

Table 4.1 shows that the input voltage to register a "high’ is 2 V. With the CPLD typical output voltage being
2.4V, the buffer should properly register a 'high’ input signal. The buffer raises the output voltage closer to
the operating voltage (5 V), which is sufficient to register a 'high’ in the gate driver. The buffer’s voltage com-
patibility, 1 MHz maximum operating frequency, and low propagation delay make it suitable for connecting
the CPLD to the gate driver.

The chosen buffer further includes an enable signal, namely /OE or Output Enable. This signal will be
controlled by the CPLD’s VHDL code.

The PCB’s implementation of the buffer is shown in the figure below 4.4.

User Components
The final components added to the design were to increase the ease of use of the design. This consists of
adding LED’s which light up when certain things happen in the circuit, these LED’s light up when:

¢ The gate driver detects a DESAT problem, and sets the fault pin to low. The colour of this LED is red.

¢ When both 5 and 15 V are connected to the gate driver it gives a ready signal, this ready signal is used
to turn on corresponding green LED’s.

¢ Each input for the PWM also has an LED that is turned on through the code when the PWM is set to any
one of the input pins.

4.2.3. CPLD Design Overview

Figure 4.6 shows the full schematic of the CPLD, it shows the implemented LED’s for fault and ready at the
top, the input LED’s at the bottom. The input and its connection to the CPLD can be seen on the left side of
the schematic. The JTAG connection can be seen at the top.

Figure 4.5 shows the PCB implementation of the CPLD. Where the bottom pins are the input pins and the
pins on the right are the JTAG pins. Furthermore, the positions of the LED’s can be seen as well as the colour
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4.3. Gate Driver

This section covers the design and configuration of the gate driver circuit, which is responsible for controlling
the power switching devices. This section details the choice of gate driver components, the necessary external
circuitry, and the interface with the CPLD and Output phase.

4.3.1. Recommended Application

The gate driver IC unit was designed into the circuit according to the manufacturer’s recommended layout
for unipolar applications, shown in figure 7, page 13 of the datasheet[11]. This includes pull-up resistors for
the RDY and /FLT output signals, and bypass capacitors for the supply at both input and output sides.

Furthermore, the manufacturer specifies a recommended circuit layout to make use of both the DESAT
and CLAMP features.

The DESAT pin of the IC should (a) connect to the virtual ground through a blanking capacitor in parallel
to a Zener diode, and (b) connect to the drain/collector through a high-voltage diode in series to a resistor.
The diode chosen for this project’s application is thus rated for 1.2 kV and 1 A, which follows from the given
maximum ratings for power switches (1.2 kV, 50 A).

The CLAMP pin should connect to the node leading to switch’s gate, after the series resistance Rgarp in
the Output phase (OUT+ node in figure 2.3).

The Altium Design implementation of this recommended circuit layout is shown in figure 4.7. The device’s
input and output are shown by the pins IN+ and OUT, respectively. The connection to the input signal is
labeled as PW M _L and it originates from the low-side buffer. The output is connected to GD_OUT_L, or the
low-side Output phase.
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RI3 .
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Figure 4.7: Altium Design schematic of gate driver circuit (low-side).

The input pin IN- is for inverting input signals. This device offers the possibility of using an input signal
with an inverted logic, such that the transistor’s gate is high for IN- equals low. The intended use of the device
does not require the use of this feature, thus the IN- pin is connected to digital-side’s common ground.

The pull-up resistors and their resistance values can be seen connected to the output pins RDY and FLT.
These two outputs pins are also connected to the CPLD to control the LED’s, as previously described.

The RST pin is also connected to a pull-up resistor. During the design process it was established by the
project supervisor that it would not be necessary to allow the user to control this signal. Control over this
signal is required in case the DESAT protection features is triggered; by setting this signal to 'low’ for the
required time, the device is reset and can be operated again. In order to do so, the user would have to be
provided a button or a similar manual input mechanism, and this was decided to not be necessary by the
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project supervisor. With RST permanently pulled up, if a DESAT event occurs the PCB’s power supply needs
to be disconnected to reset the gate driver’s output.

The DESAT and CLAMP pins can be seen connected to the recommended configuration of external com-
ponents, and ultimately connected to the switch’s pins, in this case Drain L, Source L, and Gate L in terms
of a power MOSFET.

4.3.2. DC-DC Converter

As previously discussed, this device has separate power supply inputs for the digital- and power-side. These
power supply inputs are shown by VCC1 and VCC2 in figure 4.7. Moreover, given as a requirement for this
device in 2.2 is that the input- or digital-side must operate at 5 V and that the output-side operate at 15 V.

Therefore, it was decided to use an isolated DC-DC converter. This converter can then be connected to
the digital-side’s common power supply of 5 V and in turn generate the required 15 V for the power-side.
Given that this device also bridges the digital- and output-side, an isolation barrier is also required between
the device’s individual inputs and outputs.

The chosen converter is the TBA1-0513E by Traco Power. The manufacturer’s datasheet also provides the
recommended bypass capacitors to attach to either side of the isolation barrier[20]. The converter and the
bypass capacitors can be observed in the Altium schematic shown in figure 4.8.

2y +15V L
PS L
LI vee +vour 2
5 C4
208 2 1 GND -VOUT [ 4 Source]. 0.47u
TBAL-0513E
GND

Figure 4.8: Altium Design schematic of DC-DC converter (low-side).

Table 4.2: Specifications of TBA1-0513E [20]

TBA1-0513E
Requirement Value
Input Voltage 5V
Output Voltage 15V
Output Current 66 mA
Isolation (I/0 tested for 60s.) | 1.5kV

The input pin of the converter (VCC) is connected to the input bypass capacitor and the board’s power rail,
the same can be seen for the VCC1 input pin connected to it’s respective bypass capacitor and the same +5V.
Similarly, the output pin of the converter (+VOUT) is connected to it’s bypass capacitor, and the line +15V_L
provides the required operating voltage for the output-side of the gate driver IC, or VCC2. The output is also
referenced to the isolated virtual ground, shown in figure 4.8 by OUT- connected to Source L.

4.3.3. Gate Driver Design Overview
The circuit design is shown in the schematic of figure 4.7. The PCB implementation of this circuit is shown
below in figure, where both high-side and low-side gate drivers can be seen. These are shown by GD_H and



4.4. Output Phase 23

GD_L. Furthermore the DC-DC converters are shown by the black rectangular units shown at the sides of the
picture.
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Figure 4.9: PCB Implementation of the gate driver IC units.

4.4. Output Phase

This section covers the circuit following the gate driver output, including the gate resistance and its imple-
mentation, as well as the components used for gate-to-source protection. These components include the
pull-down resistor, bypass capacitor, and clamp diode.

4.4.1. Gate Resistance

The gate resistance is an important part of the circuit as it regulates the amount of current that flows from the
gate driver to the transistor. Current flows to the transistor and turns on the transistor when the gate charge
is sufficiently high. When the transistor turns off, the charge on the gate flows back through the gate resistor
towards the gate driver. The turn-on and turn-off times for transistors are different and can be influenced by
the gate resistance.

Therefore, two different paths are included in the design, using an on-resistor (R,;) for the turn-on of the
transistor and using an off-resistor (R, rf) for the turn-off of the transistor. These two paths can be seen in
figure 4.10. The benefit of having two paths lies in the ability to regulate the turn-off and turn-on times more
precisely and thereby optimizing the switching behaviour of the transistors regardless of the type of transistor
that is used, making this implementation better for a universal gate driver. These paths are formed by placing
diodes connected in series with Ry, and R, ¢, oriented in opposite directions.

The final decision to be made has to be done regarding the size of the resistors. The design will be imple-
mented on a PCB, thus the components will be relatively small (millimeter range). The size that was chosen
for these Ry, and R, rf resistors was the 0805 package (1.25 mm by 2 mm) [21], this is large enough to easily
replace the gate resistors. Also, the decision was made to put three resistor in parallel instead of just one re-
sistor for each path, this creates a wider range of resistance values without having the a lot of specific resistor
values on hand.

4.4.2. Protection and Optimization

After discussing the CPLD, the gate driver, their connection, and the gate resistance, it is also important to
look at what it all connects to, the half-bridge. As stated before, the half-bridge consists of two transistors that
act as switches are turned on by the PWM input signal. The simplification that is often made when talking
about switches in design is that the switch turns on and off instantaneously. In reality, switching takes a small
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amount of time. This time stems from internal transistor capacitance [12]. Especially the gate capacitance
requires some attention. This capacitance results in a couple problems that need to be dealt with.

Pull-down Resistor

The gate capacitance needs to be charged to turn on and allow current to flow. Conversely, immediately
when the gate has to turn off, this capacitance holds the charge that needs to be released. To help the capaci-
tor discharge faster a resistor can be connected between the gate and source terminals of the transistor. This
resistor draws current from the gate and allows it to float to (virtual) ground, decreasing the turn-off speed
and increasing the switching frequency [22].

Clamp Diode

The fact that the gate capacitance holds charge means that it can also get trapped temporarily. This
build-up of charge could remain inside the transistor, and, if the internal charge difference is big enough,
the increase in voltage inside the transistor could destroy the gate. This phenomenon is called electrostatic
discharge (ESD). To protect the transistor from ESD, a diode is included between the gate and source termi-
nals of the transistor and parallel to the aforementioned resistor. The breakdown voltage of the diode is set to
such a point that if the voltage rises, the diode lets current go through and clamps to voltage below the point
where ESD damages the transistor[23].

Bypass Capacitor

Finally, the time it takes for the gate capacitance to fully charge could be slower than a transient response
at the gate or source terminals. This sudden change of voltage could lead to the transistor turning on even
when that is unwanted. To prevent the consequences of this transient response from happening a small ca-
pacitor is added between the gate and source terminals of the transistor and parallel to the previously men-
tioned resistor and diode. For fast changes in voltage this capacitor will act as a small resistance between the
gate and the source, which keeps the gate voltage and source voltage close enough together for the transistor
to not turn on. As the transient response dies down, the resistor takes over and the transistor can operate as
intended [24], [25].

These three components are meant for protections and optimizations, their values depend on the transis-
tors that are connected therefore they should be big enough to be changed easily. For that reason, the size
of resistor and capacitor are the 0805 size package and diode has size DO-214AC (SMA) package (2.4 mm by
3.99 mm) [26].
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4.4.3. Output Phase Design Overview
Figure 4.13 shows the schematic view of the output phase. It includes the R, and R, ¢ paths and the switch
resistor, capacitor and diode as well as an added output LED.

Figure 4.10: Output Phase of the Low-side

Figure 4.11 shows the the PCB implementation of the output phase. Where the 4 diodes at the bottom
each connect to 3 parallel resistors which are the R, and R, s implementations, which is the same as shown
in figure 4.13.

Figure 4.11: Implementation of the Output Phase on the PCB
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4.5. Design Overview

4.5.1. Circuit Schematic & PCB

Figure 4.12 shows the PCB layout of the design. With the outputs at the top, the gate driver and the DC-DC
converter in the middle and the CPLD at the bottom. As can be seen in the figure, the outputs are put on two
sets of 4x1 pins, where the third pin from the left is left empty to create space between the source and drain
connections.
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Figure 4.13 shows the full schematic of the design and a simplified version of the connections.

Figure 4.13: Full Design Schematic

4.5.2, Circuit Simulations

In order to get an overview of the effects of each component that was added to the output stage of the overall
device, the design is simulated using LTspice. The design can be seen in the image below.
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Figure 4.14: Design of single branch

This design only encompasses a single branch, in this case the high branch, of the two branches. An iden-
tical design, albeit with a different input for the PWM signal, is used for the low branch of the design. The
model that was used for the gate driver is slightly different from the one that will be used for the physical
design. This is due to the fact that there was no model of the exact component available through the Infineon
website. After contacting Infineon regarding the availability of such a model they suggested the use of this
model instead since it belongs to the same family of gate drivers and behaves in a similar manner to the gate
driver that has been chosen for the physical design.

Using this design the effect of several components on the device’s output are examined. Furthermore
the expected behavior of some components of the gate drivers such as the low VCC cut-off function and the
propagation delay have been tested as well. The results of these tests can be seen in the images below.

In the first image, image E15, the relation between the rise time of the voltage at the gate of the MOSFET
and the value of the gate resistors can be seen. For the higher branch the value of the gate resistors is set to
0.5 Q, whereas for the lower branch the gate resistors are set to 20 Q. The resulting graph clearly shows that
the rise time differs significantly between both signals.
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Figure 4.15: Output Gate Voltage With Different Gate Resistance Settings

The image below, image E16, shows the difference in current running through the gate resistors when
they are set to 20Q2 and 0.5Q respectively.
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Figure 4.16: Current through gate resistors with different resistance settings

The next image shows the low VCC cut-off behaviour as well as the cut-off behaviour of the gate to source
diode, which ensures that the gate voltage operates within the desired voltage range.
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Figure 4.17: Low VCC cut-off + cut-off diode behaviour.

These simulation tests were made to study the behavior of the system and to decide upon the range of
values for the design’s components. Ultimately the goal is to achieve a similar output as the one that can be
seen in figure 4.18 below. Here the outgoing signal is split in two, V-gate-h and V-gate-l, and there is a set
amount of dead-time between the two outputs.

V(v_gate_h) V(v_gate_l) V(v_in_h) V(v_in_l)

. | | r
2 I I Il I I

-2V T T T T T T T T T
0.0us 0.3us 0.6us 0.9us 1.2ps 1.5pus 1.8ps 21ps 2.4ps 27us 3.0us

Figure 4.18: LTspice simulation of input signals at gate drivers and their corresponding output signals
with added dead-time.



Prototype Evaluation & Result Analysis

This chapter discusses the results that were obtained whilst working with the universal gate driver prototype.
First, the general throughput of the CPLD and gate driver was tested and is discussed. Second, the need for
the bulffer is discussed. Finally, the programmed dead-time is shown and the results are discussed based on
whether the requirements are met.

5.1. General Tests

This section discusses the general tests that were done to check the functionality of the CPLD and gate driver
as well as checking if the buffers between the CPLD and gate drivers are necessary.

5.1.1. Signal Throughput
Figure 5.1 shows the PCB with the LED’s on.
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Figure 5.1: PCB with working LED, showing functionality of the circuit.

The top-left LED is the power LED, this indicates whether the power supply is properly working on the
board.
The LED’s on the right indicate some states of the FSM that was discussed in section 4.2.1, meaning that the
code was uploaded successfully.

The LED’s on the left indicate two things, first, both green LED’s show that the gate driver gives a ready’
signal, this means that both the 5 V and 15 V sides have sufficient power and that the gate driver can be used.
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Which follows from the previously mentioned built-in feature of the gate driver, UVLO.

The red LED indicates a 'fault’ from the gate driver, this indicates that a DESAT event has triggered. In this
case the FLT LED for the high-side is on since there is not a connection between the source and gate outputs
while 15 V is being held at the output of the gate driver. The fault LED for the low-side is off since there is a
connection between the source and gate outputs and there is no DESAT problem.

Furthermore, the output LED is on, this shows that the CPLD gives a signal to the gate driver and the gate

driver can correctly output the signal. Part of this signal can be seen in figure 5.2.

Main z|12.5 k

Zoom = 1.25 k 50ns/div

Mean(C1) $20.548mv Frea(C1) Mean(C2) 585.435mY Freq(C2)

Figure 5.2: 10 kHz input signal (yellow) and Output (green) of a PWM signal (measured with 10x
probe). The bottom shows a zoomed in part of the signal. Ry =5.1Q

Figure 5.2 shows the input signal (yellow) and the output signal (green). It can be seen that the green
signal has a delay of about 150 ns on the PWM. This delay stems from the internal delays of the CPLD, buffer,
gate driver and from the long wires that are used during testing. Furthermore, during turn off, the output sig-
nal has a small bump, this bump is undesirable since it could give problems like cross-capacitance between
switches, transient issues and, if the voltage rises high enough, it could lead to the transistor turning itself on
again. What is expected at turn-on and turn-off is a small overshoot and oscillation called 'ringing’, which
was also briefly mentioned in 3.4. This means that the size of R, plays a role in controlling the size of the
bump.

The size of R, s that was used initially was 5 Q, see figure 5.2.

Figure 5.3 shows the same input but with a R,y of 2.5 Q, this was done by adding a second 5 Q resistor
to the turn-off path of the gate resistance, see figure 4.11. It can be seen that there is still a bump present but
now there are small oscillation, meaning that there is ringing at turn-off, and thus a faster turn-off time.

Figure 5.4 shows the same set up as the previous figures but now R, s was set to 1.67 Q. It again shows
the small oscillations due to ringing, but now it stabilizes quicker. However, the bump still has not become
smaller even though the gate resistance has become 3 times as small. This would mean that there is either
noise in the system or the bypass diode has a wrong value for the used transistor. So, the final change made
to the PCB was changing the bypass capacitor to 100pE a higher value would also have been used but it was
not possible to obtain a larger valued capacitor in the correct package, within the limited time left.

Figure 5.5, shows this final output simulation. And again, more oscillation, yet, the bump is still in at the
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Figure 5.3: 10 kHz input signal (yellow), output signal (green) measured with 10x probe. Ry =2.5 Q

output. This leads us to suspect that noise is the main culprit in creating it.

Sl

YOKOGAWA 4 2024/12/06 13:45:45 Normal Edge CH1 £ 2.90) Y
I
5 iy I

Main = 125 k 20us/div

Zoon1 : 312.500 50ns/div

i g SO I B A
-

T1 -93.00us
T2 67.00us

AT 160.00us .
1/4T  6.25000kHz o M 5BV

Figure 5.4: 10 kHz input signal (yellow), output signal (green) measured with 10x probe. Ry ¢ ¢ =1.67
Q

5.1.2. Buffer Test

In section 4.2.2 the doubt surrounding the compatibility of the CPLD and gate driver is discussed. To test if
the buffers were necessary two PCB’s were made, one with the buffer and one with the location of the buffer
shorted, see figure 5.6.

Using two probes and an oscilloscope, the voltage levels at the input and output of the buffer were tested,
the result can be seen in figure 5.7.
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Figure 5.5: 10 kHz input signal (yellow), output signal (green) measured with 10x probe. R,y ¢ =1.67
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Figure 5.6: Left: PCB without a buffer between CPLD and gate driver. Right: PCB with a buffer

between CPLD and gate driver.

From the left image of figure 5.7 it can be seen that the voltage level at the input is around 4.2 V and the
output voltage is close to 5 V. The right image shows the voltage to be around 4 V in the situation where there
is a direct connection between the CPLD and gate driver. This shows that the buffers between the CPLD and

gate driver are not necessary. When looking only at the voltage levels.

Figure 5.8, shows the same input and output signal equal to figure 5.3 but now on the PCB that does not

have a buffer.
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Figure 5.7: Left: Voltage at input of buffer (blue) and output of buffer (purple). Right: Voltage level
without buffer (purple) and a 0 V reference (yellow).
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Figure 5.8: 10 kHz input signal (yellow), output signal (green) measured with 10x probe. Ry ¢y =2.5 Q.
Without buffer.

There is only a small difference in the oscillation and there is a bigger bump. This change between a circuit
with and without a buffer is small enough that the conclusion can be drawn that the buffers are not needed
on the PCB and can be removed to reduce the price as per the requirements.
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5.2. Functionality Based on Requirements

In this section the tests that were done to show the functionality based on the initial requirements will be
discussed.

The first objective of the device is to be able to add an adjustable dead-time to the incoming PWM signal.
In figure 5.9 the incoming PWM signal can be seen in yellow, and the two outgoing signals can be seen in
green and purple. There is a clear, in this case exaggerated, amount of dead-time where both output signals
are kept low, thus indicating a successful application of dead-time to the incoming signal.

YOKOGAWA 9 2024/12/06 15:48:27 Normal Edge CH1 £2.90) Y/
I b

U 5 BIO]

Main = 125 k 20us/div

T1 -93.00us

T2 67 00us

AT 160.00us 6!

1/4T  6.25000kHz o A 52V

Figure 5.9: From top to bottom: Incoming PWM signal and the two output signals, low- and high-side
respectively.

The device also requires for the dead-time to be adjustable. In the following images the dead-time has
been set to 100 ns in image 5.10, whereas the dead-time has been set to 300 ns in figure 5.10. Both have a
slight extra offset of about 150 ns, this is due to the propagation delay of the entire device. This is done by
simply changing the dead-time integer value in the VHDL code and thus either increasing or decreasing the
value in steps of 50 ns since the CPLD runs on a 20 MHz clock signal.

Qus/div

IR———

200ns/div abal =0 200ns/div

(LPRR e S o e e AP REE A SRR /TN e

4 5.01V o 531V

Figure 5.10: Left: 100 ns Dead-Time Right: 300 ns Dead-Time.

In figure 5.11, we can also see that both the incoming PWM signal and the signal that is between the buffer
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and gate driver are between 0 V and 5 V. The green output signal, however, jumps between 0 and 15 V instead.
This clearly demonstrates the difference in voltage levels between both sides of the device.

YOKOGAWA 4 2024/12/05 15:14:58 HNormal Edge GHi| £ 2.88 V.

<111 2 o]

Main = 125 k 20us/div

T1 -79.60us
T2 80.40us

AT 160.00us A
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Figure 5.11: From top to bottom: Incoming PWM signal at 5V, low-side output signal at 15V, and
high-side gate driver input at 5V.

As can be seen in some of the previous images, as well as in image 5.12 below, there is quite some noise
active in the signal. This is mostly due to the fact that we are using an external oscillator to function as our
clock signal. This seems to add quite an amount of jitter to the signal and this can be seen in the large oscil-
lations within the PWM signals.
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HIIO]

Main = 125 k 20us/div
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AT 160.00us .
1/4T  6.25000kHz o A 530V

Figure 5.12: Input and output signals with significant amount of noise.

Removing the clock and only running the device using the PWM signal greatly reduces any jitter in the
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signal. An example of this can be seen in image 5.2.

It is therefore quite clear that a clock signal should be added to the PCB in the form of a crystal oscillator.
This should improve the output quite significantly, and result in a better functioning device. For this it is rec-
ommend to add the following component: CSX-750FCC20000000T [27]. This crystal oscillator is capable of
running on the 5 V supply voltage and is compatible with the TTL input of the CPLD. Adding this component
will allow it to generate a stable 20 MHz clock signal for the CPLD .



Discussion and Conclusion

The goal of this thesis is to create a gate driver that can be adapted to various MOSFET characteristics. In
order to accomplish this goal several conditions had to be met:

¢ Beable to split an incoming PWM signal into two separate PWM signals, with one of those signals being
inverted.

* Create an adjustable dead-time.
 Create a step-up in voltage from 5 V to 15 V to drive the transistor gates.
 Create an interchangeable and adjustable set of components at the output phase.

The programmable unit met all specified parameters except for the operating frequency, which was set
to 20 MHz, at which all tests were conducted. It is also capable of generating different dead-times. The gate
driver fulfills all its specified criteria. The split PWM signals are the inverse of one another. The design has
an adjustable dead-time that works as expected and the voltage provided to the gates moves between 0 V and
15 V. Furthermore, it is possible to remove, replace, and change the values of several components such as the
gate resistors at the output phase.

However, the presence of noise and distortion in the expected output indicates the need for further op-
timization to enhance signal quality. Because of this distortions and noise it is difficult to ascertain whether
certain parameters of the hardware behave as expected and desired. However, these results provide a basis
for improvements in the next iterations of the design, which are discussed in the following section.

Furthermore, a critical issue encountered is that we were unable to run all the tests that were originally
envisioned in the test plan. Therefore more tests still remain to be done to better characterize the design’s
effectiveness and functionality.

That being said, it can be concluded that the project reached its main goal. The output signals sufficiently
show the desired behaviour which at least demonstrates the design concept has been proven to work. This
means that it is possible to design a cost-efficient gate driver that can be adapted to operate in a wide range
of half-bridge setups with a programmable dead-time.
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Recommendations and Future Work
In order to improve the current design we give the following recommendations:

¢ Add an external 20 MHz crystal oscillator to the global clock input.

Add a global reset button that can reset the CPLD and possibly the Gate driver IC.
* Change the breakdown voltage of the DESAT blanking diode to allow the DESAT to be triggered.
* Keep the buffer in the design.

* Change the LED resistor to one of a higher resistance value.

The main problem we aim to solve with these adjustments is the large amount of noise that is generated
in the current design. This would be achieved by adding the crystal oscillator component to the global clock.
Adding a global reset button will allow for easier initialization of the VHDL code. Changing the DESAT blank-
ing diodes will ensure the DESAT component functions as intended. The addition of a buffer, although not
strictly necessary for the operation of the device, ensures that the voltage at the input of the gate drivers is
kept at 5V, instead of roughly 4 V, when they are not included. Furthermore, they add some functionality to
the code where one or both of the gate drivers can be turned on or off to test separate components. Lastly,
the change in LED resistors is simply a quality of life improvement.

With the expected reduction of noise in the improved design several new options for future work become
available. Firstly, the reduced noise level would allow for several tests that were already carried out to be done
more accurately. Next some tests that turned out to be inconclusive could be repeated and the level at which
they were affected by the noise could be ascertained. This could then allow for a more precise choice of com-
ponents for the output phase of the design. Once this is done a range of recommended settings for specific,
often used, transistors could be made, thus improving the speed at which tests can be carried out.
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VHDL Code for Programming Dead-Time

This appendix contains the VHDL code that is used to program the CPLD. The main functionality is that it can
take an incoming PWM signal, split it into two signals, invert one of the signals and then add a set amount of

Dead-Time to both signals.

LIBRARY ieee;
USE ieee.std_logic_1164.all;
USE ieee.numeric_std.all;

entity S4_FSM is

port (
-- inputs
clk : in std_logic; --typically 20 MHz
pwm : in std_logic; --typically between 1kHz and 1 MHz.
ready_H, ready_L : in std_logic; --ready signal indicating GD's can be used.
fault_H, fault_L : in std_logic; --DESAT fault signal
reset_input : in std_logic; --Global reset signal
-- outputs
--Signals that send the modified PWM signal to High- and Low side Gate Drivers.
output_high, output_low : out std_logic;
--Signals that enable the buffer on the High- and/or Low side.
enable_high, enable_low : out std_logic;
--Signals that turn on or off the ready LED for the High- and/or Low side.
ready_led_H, ready_led_L : out std_logic;
--Signals that turn on or off the fault LED for the High- and/or Low side.
fault_led_H, fault_led_L : out std_logic;
--Signals that turn on/off the four PWM LED's to show which PWM signal is being used.
pwm_led_1, pwm_led_2, pwm_led_3, pwm_led_4 : out std_logic

)3
end entity;

architecture behavioural of S4_FSM is
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-- ONLY CHANGE THE CONSTANT VALUES AFTER ":="

--Change this value to set a different Dead-Time. Steps are of size 50ns (i.e. 6 = 300ns)
--due to the fact that the current clock speed is 20 MHz.
constant deadtime : integer range 1 to 16 = 6;

--Set to 'l' to turn off the high side buffer. Set to 'O' to turn on high side buffer.
constant output_high_enable : std_logic = '0";

--Set to 'l' to turn off the low side buffer. Set to '0O' to turn on low side buffer.
constant output_low_enable : std_logic = "'0";

--Set from 1-4 to indicate which PWM input is being used.
constant led_on : integer range 1 to 4 =1,

-- These are the states used for the FSM.
type states is

(
--Reset state where both outputs to the buffer/Gate Driver are low.
--Using the Reset input puts the system in this state.
--Incoming PWM signal moves the system to the counter_H state.
reset,
--High side count state. Both outputs to the buffer/Gate Driver are low.
--Once the count threshold has been reached the system moves to the hold_high state.
counter_H,
--Low side count state. Both outputs to the buffer/Gate Driver are low.
--Once the count threshold has been reached the system moves to the hold_low state.
counter_L,
--Hold high state. In this state the high side output to the buffer/Gate Driver is high,
--while the low side output is low. A falling edge of the PWM signal moves the system to
--the counter_L state.
hold_high,
--Hold low state. In this state the low side output to the buffer/Gate Driver is high,
--while the high side output is low. A rising edge of the PWM signal moves the system to
--the counter_H state.
hold_low

)

-- signal declarations

signal state, new_state : states := reset;
signal ID, ire, ile : std_logic;

signal state_check: std_logic;

process(clk, reset_input, state, pwm, ready_H, ready_L, ire, ile, ID,fault_H, fault_L)
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--Integer count is set to 1 to account for the state update running one clock signal behind.
variable count : integer range O to 32 := 1;

begin

--Clock signal that updates the current state.
if (rising_edge(clk)) then

Id <= pwm;

--Detection of a rising edge in the PWM signal.
ire <= not ID and pwm;

--Detection of a falling edge in the PWM signal.
ile <= ID and not pwm;

--If the Reset input is high, the state is kept at Reset state.
if (reset_input = '1') then
state <= reset;

--If Reset is low and both Gate Drivers are ready, the states are updated to
--their new states.
elsif (ready_H = '1' and ready_L = '1') then
state <= new_state;

--If the Gate Drivers are not ready, the system is kept in the Reset state even
--if the Reset input isn't high.
else
state <= reset;
end if;

-- clock cycle counter
--When in either the counter_H or counter_L state the count value is updated,
--if it is in any other state the value is set back to 1.

if (state = counter_H) then

count := count + 1;
elsif (state = counter_L) then
count := count + 1;
else
count := 1;
end if;
else
end if;

--Code to turn on/off one or both of the ready LEDs indicating the Gate Drivers are ready.

if (ready_H = '1' and ready_L = '1') then
ready_led_H <= '1';
ready_led_L <= '1';

elsif (ready_H = '0' and ready_L
ready_led_H <= '0';
ready_led_L <= '1';

elsif (ready_H = '1' and ready_L = '0O') then

'1') then
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ready_led_H
ready_led_L
else
ready_led_H
ready_led_L
end if;

<= |1|;
<= IOI;
<= 'O';
<= 'O';

--Code to turn on/off one or both of the fault LEDs indicating the Gate Drivers are

--experiencing a fault.

if (fault_H = '0') then

fault_led_H <=

else

fault_led_H <=

end if;

if (fault_L = '0') then

fault_led_L <=

else

fault_led_L <=

end if;

Ill;

IO’;

--Code to turn on/off a LED to

if (led_on = 1) then
pwm_led_1 <= '1';

3

pwm_led_2 <= '0';

pwm_led_3 <= '0';

>

pwm_led_4 <= '0';
elsif (led_on = 2) then

pum_led_1 <= '0';

b

pwm_led_2 <= '1';

pwm_led_3 <= '0';
pwm_led_4 <= '0';

elsif (led_on = 3) then

pwm_led_1
pwm_led_2
pwm_led_3
pwm_led_4
else
pwm_led_1
pwm_led_2
pwm_led_3
pwm_led_4

<=

Iol

>

>

Iol;

l1|
IOI

Iol

IOI;

lol
lll

show which PWM signal is being used.

-- FSM states

case state is
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--During Reset State the outputs are kept low, whilst the buffer enables
--are kept high to turn off the buffers.
when reset =>

output_high <= '0"';
output_low <="'0"';
enable_high <= '1';
enable_low <= '1';

if (ire = '1') then

new_state <= hold_high;
else

new_state <= reset;
end if;

when counter_H =>

output_high <= '0";
output_low <= '0';
enable_high <= output_high_enable;
enable_low <= output_low_enable;

if (count >= deadtime) then
new_state <= hold_high;
else
new_state <= counter_H;
end if;

when counter_L =>

output_high <= '0"';
output_low <= '0';
enable_high <= output_high_enable;
enable_low <= output_low_enable;

if (count >= deadtime) then
new_state <= hold_low;
else
new_state <= counter_L;
end if;

when hold_high =>

output_high <= '1';
output_low <= '0"';
enable_high <= output_high_enable;

enable_low <= output_low_enable;
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if (ile = '1') then

new_state <= Counter_L;
else

new_state <= hold_high;
end if;

when hold_low =>

output_high <= '0';
output_low <= '1';
enable_high <= output_high_enable;
enable_low <= output_low_enable;

if (ire = '1') then

new_state <= Counter_H;
else

new_state <= hold_low;
end if;

--In the others state both output PWM signals are kept low, and the
--buffers are turned off.
when others =>

output_high <= 1'0';
output_low <= '0"';
enable_high <= "'1';
enable_low <='1';

end case;
end process;

end behavioural;



Device Sheets

This appendix shows the spreadsheets that were used to decide on the main integrated circuit devices.

B.1. Programmable Logic Devices

v~ frequency # Ei;ckage # costs ~ Time Delay
MachX02 family 7-400 MHz yes various 6.72 Pin-LUT-Pin Propagation Delay
LCMX02-256HC-5TG100C Fin=400, FVCO=800MF 32QFNS ! 4.94 !
Intel Max 10 family 5-472 MHz yes ) 4.9-5.5ns pin-pin
10M02DCV36C8G 36-UFBGA ! 4.55 !
Trion T13 Fin: 10-330MHz, Fout: | yes ) 169-ball FBGA A 6.47 )
ProASIC 3(A3P030) Fin: 1.5-350MHz, Fout: no ! 77 I/0 VQFP ! 6.67 ! 11.5ns

Figure B.1: List of all FPGAs that were considered.

series v frequency # Pin Package v # costs v Time Delay
CY37032P44-200JXC  Ultra37000 200MHz yes 44-Lead Lead Free Plastic Lead 2.77 6.5ns
XC9536XL XC9500XL 178 MHz yes ) 44/48-pin ) 4.63 ! 5ns pin-pin
XCO572XV XC9500XV 200MHz yes A 44/100-pin A 4.66 ) 5ns pin-pin
EPM7032S MAX® 7000 175MHz yes ) 44-pin ) 4.68 ) 5ns
LC4064ZE-5TN48I ispMACH® 400 260MHz yes A 48-pin A 475 ) 4.4ns propagation
XC2C32A-6VQG44I CoolRunner |l 300MHz yes ) 32-land/44pin ) 438 ! 3.8ns
ispMACH 4032V/B/C  ispMACH 4000\ 400MHz yes ) 44TQFP A 6.63 ) 2.5ns
ATF1502AS-10AU44 ATF15xx 100MHz yes A 44TQFP A 3.13 ! 7.5ns

Figure B.2: List of all CPLDs that were considered.

Pin

v frequency v # JTAG # Package ~ Time Delay

MIMXRT1011DAESA 500 MHz yes, USB also available LQFP-80 4.02 (mouser), 6.13 (digikey)  transition time 25ns

Figure B.3: The Microcontroller that was considered.
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B.2. Gate driver sheets

) S z oMl
Gatedriver ~  Manufacturer ~ fr(mlﬁ:]cy v nt # cument v # voRfa]ge ¥ us] ¥ Vs L
1ED2320MCIZN  Infineon 1 330 6,00 20,00 300 5700 1767 500 24 314
1ED3321MCI2N  Infineon 1 6,00 850 50,00 200 5700 1767 500 24 337€
1ED2322MCIZN  Infineon 1 6,00 850 0,00 300 5700 1767 430 24 320¢€
1ED3323MCI2N  Infineon 1 6,00 850 40,00 200 5700 1767 430 24 326€
ucc21738Q1 Texas Instruments 1 10,00 10,00 33,00 150 5700 2121 400 25 597¢€
ucc21717-1 Texas Instruments 1 1000 10,00 33,00 150 5700 721 400 25 597¢€
ucc21737-01 Texas Instruments 1 1000 10,00 33,00 150 5700 2121 100 25 597
ucc21710-1 Texas Instruments 1 1000 10,00 33,00 150 5700 721 400 25 588 €
ucca1732 Texas Instruments 1 10,00 1000 33,00 150 5700 2121 100 25 588€
ADUM4145 Analog Devices = 11,00 9,00 30,00 100 5000 2150 160 225 563€
Si8285xx Skyworks 1 2,70 500 30,00 125 5000 1414 350 2 303
NCX57101D onsemi 1 7,00 7.00 36,00 150 5000 1424 360 25 260€

Figure B.4: List of all Gate Drivers that were considered.



Project Description

Design and test a universal and modular gate driver

Project Description

Power electronics converters are widely used and developed in industry. Semiconductor power
switches are the key element of those converters. There are different types of power switches
with their own characteristics. For example, IGBTS, Si, and SiC MOSFETs have different switching
frequency capabilities. Moreover, they have different voltage/current ratings. Deepening into
their datasheet, it is seen that many other characteristics are exclusive to each product. Therefore,
every switch needs a specific gate driver corresponding to its own characteristics. However, to
facilitate the research purposes, a universal gate driver with programmable dead-time, gate
resistor, and capacitor can be designed in the form of a modular card. It will have 1 input pulse
and 2 output pulses as a half-bridge configuration with a programable dead time. That can be
attached to any switches used in our lab (IGBTs or MOSFETs) and help PhD students design and
test their converters faster.

Realization/Supporting Stra
In this project, the following tasks shouid b= orred respectively:

< driver and designing a gate driver circuit with desat

1. Studying the requirements of the g
protection, miller clamp, bootstrap, etc.
2. Designing a programmable dead time generator with a microcontroller or FPGA (investigating

the price, design consideration, and user application).
3. Programming the MCU or FPGA to receive 1 input pulse and generate dual half-bridge pulses

with specified deadtime.

4. Simulating the designed circuit in LTspice.
The schematics will be designed in Altium Designer. Afterward, the PCB layout will be done in

Altium.
. The board will be printed and assembled and inally tested practically with existing switches.

*A team of 4 students can work on this project.

Contact details:
Dr. Hani Vahedi, H.Vahedi@tudelft.n|
Prof. Pavol Bauer, P.Bauer@tudelft.nl
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List of Components Used in Design

Table D.1: All components that are used on one PCB

Value/description Component Name ‘ Quantity ‘ Datasheet
22uF C2012X5R1V226M125AC 3 [28]
0.47uF C1608X7R1H474K080AC 2 [29]
1nF C0805C102K5RACTU 2 [30]
0.1uF CL10B104KB8NNNC 5 [31]
1uF 06035C105KAT2A 2 [32]
0.22uF C0603C224K9RAC7867(the same as C0603C224K9RACTU) 7 [33]
schottky 1A SIN-13-F 2 [34]
schottky 5A SK510AQ-L 4 [35]
Zener 18.2V, 22Aipp TVS | SMAJ18CA 2 [36]
LED RED 2V, 20mA 150060RS55040 2 [37]
LED GREEN 2V, 20mA 150060VS75000 9 [38]
1ED3323MC12NXUMA1 1ED3323MC12NXUMA1 2 [11]
conn 4pin through hole 61300411121 2 [39]
conn 10 pin through hole | 61301021121 2 [40]
M3 hole M3 hole 4 [41]
TBA1-0513E TBA1-0513E 2 [42]
CAHCT1G125QDBVRQ1 | CAHCT1G125QDBVRQ1 2 (19]
10kOhm RNCP0805FTD10KO0 2 [43]
1kOhm RNCP0603FTD1K00 13 [44]
10kOhm RNCP0O603FTD10K0 6 [45]
ATF1502AS-10AU44 ATF1502AS-10AU44 1 [16]
Zener 8.2V, 500mW MMSZ5237BT1G 2 [46]
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Cost of Design

In this appendix the cost of one or multiple PCB boards with components can be found. It is assumed that
regardless of the amount of boards at least one ATDH1150USB JTAG programmer is purchased. The cost of
this device is: €95,60.

Table E.1: Costs Per Board

Number of Boards 1 10 100
Cost €33.655 | €261.13 | €2114.5

Table E.2: Costs of Making the PCB’s (EuroCircuits)

Number of Boards 1 10 100
Cost €46.01 | €108.30 | €364.00
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Simulations

This appendix contains a number of results from simulations that were run using LTspice. Information re-
garding what was tested can be found in the comments. Values can be seen in the schematics in the figures.

V(v_gate_h) V(v_gate_l)

-2V- T T T T
0.0us 0.3us 0.6us 0.9us 1.2us

T T T T T
1.5ps 1.8s 2.1ps 2.4us 2.7ps 3.0us

Figure E1: Output Pulses With Different Resistance Settings
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-~ I(R_gate_h_h) T(R_gate_I_h)
0.

Lo.1A

Lo.2a-{

L0.3A

Lo.4A-{

0.5A-{

Lo.6A-{

1-0.7A+

Lo.8A-

L.9A-{

H1.0A

H.1A

.28

.38

0.0ps 0.3us 0.6us 0.9us 1.2us 1.5us 1.8us 2.1ps 24ps 27us 3.0ps

Figure E2: Output Pulses With Different Resistance Settings Measured Current

. Viv_gate_h) Vivecz)

T T T T
ops 1us 2ps 3us 4ps

T T T T T
5ps 6us us 8ps o9ps

Figure E3: Low VCC Cut-Off + Cut-Off Diode Behaviour



E Simulations

V(v_gate_h) V(v_gate_l)

T T T T T
0.0us 0.3us 0.9us 1.2ps 1.5us 1.8ps

T
0.6us

T T
2.4ps 27us 3.0us

Figure E4: Capacitor GS Different Values Resulting MOSFET Gate Voltage

0.4A

I(R_gate_h_h) 1(R_gate_L_h)

0.0A

-0.4A-]
-0.8A-
-1.2A-
-1.6A-
-2.0A
-2.4A-
-2.8A-
-3.2A-
-3.6A-
_4.0A

W\/V

0.0

T
us 0.3us

T T T T T T T T
0.6us 0.9us 1.2us 1.5us 1.8us 2.1us 2.4ps 27us 3.0us

Figure E5: Capacitor GS Different Values Resulting R Gate Current

V(v_gate_h) V{vee)

T
0.0us 0.5us

T
1.0ps

T T T T T T T
1.5us 2.0us 25us 3.0us 3.5us 4.0us 45ps

Figure E6: Turn on Behaviour
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V(v_gate_h)

T T T T T
0.0us 0.5us 1.0ps 1.5us 2.0us 25us 3.0us 3.5us 4.0us 4.5ps

[ simTestsingle
Cursor 1

Vivee2)
Horz [ PREHERETE Ve[ 1723w

Cursor2

Horz: [ —NA- Vert:[ — NA-
Diff(Cursor2 - Cursorl)

Horz: [ —N/A— Vert [ —N/A—
Freq [ — N/A—- Slope: [ — N/A—-

Figure E7: Turn on Behaviour with Value

V(v_gate_h) V(v_gate_l) (D_gs_h) 1(D_gs_) o
20V F4.8A
18V ka2
16V-| - 3.6A
14V I 3.0A
12v- - 2.4A
10V- F1.8A

8V~ F1.2A
6V- - 0.6A
v | Iy L | A | 0.0A
A J s [, | -
ov-| --1.2A
-2V- T T T T T T T T T -1.8A
0.0ps 0.3us 0.6us 0.9us 128 1.5ps 1.8us 24ps 2.4ps 2.7ps 3.0ps

Figure E8: Diode GS Function Cap at Breakdown Voltage with Current

V(v_gate_h): V(v_gate_I)

20V
18V

10V

ov- ke ko

T T T T T T T T T
0.0us 0.3us 0.6us 0.9us 1.2us 1.5ps 1.8s 21ps 2.4us 2.7ps 3.0us

X

Viv_gate_h)

Vert: 20234371V

Viv_gate_h)

Cursor2

Hom [ 1.0087103ps. Vert [ -27230081mv
Diff(Cursor2- Cursorl)
Ho [ 578.74650ms vert [ -20.508672v

Freq[  1.7278719MHz Slope: | -3.54320e+007

Figure F9: Diode GS Function Cap at Breakdown Voltage
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E Simulations

l5.0v-

V(v_in_h) V(v_in_l)

[4.5v~
{a.0v
3.5V~
3.0V
2.6V
2.0V
1.5V
[1.0v+
0.5V

0.1
0.0ps

T T T T T T T T T
0.3ps 0.6us 0.9us 1.2us 1.5ps 1.8s 2.1ps 2.4us 2.7us 3.0us

Figure E10: Gate Driver Input Pulses

V(v_gate_h) V(v_gate_l)

14V

[12v+

1oV

[ LYy

0.0us

T T T T T T T T T
0.3us 0.6s 0.9us 1.2ps 158 1.8us 2.1ps 2.4ps 27ps 3.0us

Figure F11: Gate Driver MOSFET Gate Pulses

V(v_gate_h) Viv_in_h);

14V

12V

oV

T T T T 7 T T T T
0.3us 0.6ps 0.9us 1.2ps 1.5us 1.8ps 24ps 2.4ps 2.7us

[ simTest

Cursor 1
Viv_in_h)

ow|  BEEERE | Ven| 27w |

Cursor2
V(v_in_h)

Hoz [ 163.48774ns Vert [ EY
Diff (Cursor2- Cursor)

Hoz [ 107.90191ns Vert [ 2.2070845v
Freq [ 9.2676768MHz Slope: [ 2.04545e+007

Figure E12: Gate Driver Propagation Delay
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16V- V(v_gate_h)

M simTest

Cursor1

Vlv_in_h)
55.585831ns Vert| 279201557

Vlv_in_h)
Horz [ 129.15531ns Vert [ sv
Diff(Cursor2- Cursor)
How[  7asesssons  Ver|  220msasv

13.592593MHz Slope: | 3e+007

Figure E13: Gate Driver Propagation Delay II

. V(v_gate_h) I(R_gate_h_h) (R_gate_h_I) 1.8A
Hav-| [ 08
F1.2a

l12v-
ko.9a
1oV L o6a
8v-| F0.3A
6V 2 as - 0.0A]
- F03A
0.6

2v-
F-0.9A
ov- -1.2A
; ; \ ; T ; ! ; | -1.6A

0.3us 0.6us 0.9us 1.2us 1.5ps 1.8ys 21ps 2.4us 2.7ps 3.0us

Figure E14: Output Pulse Gate Voltage and Gate Resistor Current
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16V- V(v_gate_h) V(v_gate_l)

T T T T T T T T
0.0us 0.3us 0.6us 0.9us 1.2us 1.5ps 1.8us 2.1ps 2.4us 2.7us 3.0us!

Figure E15: Output Pulses With Different Resistance Settings

o (R _gate_h_h) R _gate_|_h)
0.0,

0.1A+
1-0.2A-
-0.3A+
-0.4A
-0.5A-
|-0.6A-{
1-0.7A+

-0.8A-
-0.9A-
-1.0A+
1.1A4
F1.2A+
.38+
1.4

- T T T T T T T ]
0.0ps 0.3us 0.6us 0.9us 1.2us 1.5ps 1.8ps 2.1ps 2.4us 2.7us 3.0us

Figure E16: Output Pulses With Different Resistance Settings Measured Current
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T(R_gate_h_) I(R_gate_I_l)

I(R_gate_h_h) i(R_gate_i_h)

21
1.8A-
1.5A-
1.2A4
0.9A+

0.6A

o 1 N |

0.0/ J l

0.3A] \'// V
-0.6A-
-0.9A+
a2

1.5

0.0us

T T T T
1.5us 1.8ps 2.1us 2.4us 27us

T T T T
0.3us 0.6us 0.9us 1.2ps

Figure E17: Output Pulses With Different Resistance Settings Measured Current I

0.2A (R_gs_h) (R_gs_) (R_gate_I_h) I(R_gate_h_h)

0.1A+ \

i . i
(0.1A+
0.2
L0.3A
10.4A
0.5
-0.6A-
L0.7A
10.8A
-0.9A-
1.0

+1.1A+
H T T T T
1.8s 2.1ps 2.4us 2.7us

T
1.5us

T T T T
0.3us 0.6s 0.9us 1.2us

“0.0us

Figure E18: Resistor GS Different Value resulting Current in Gate Resistors
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N I(R_gs_h) I(R_gs_1)

[140mA-|
[120mA-|
[100mA-|

80mA-{

60mA-|

40mA-{

20mA-|

U |V U
0.0us 03us 0.6us 0.9us 1.2 1.5u 1.8 2.1ps 2.4us 27us 3.0us

Figure E19: Resistor GS Different Value resulting Current

i V(v_gate_h) Viv_gate_l)

14V

12v+

10V

8V

6V

4V

2V

o o o i

“0.0us 0.3us 0.6ps 0.9us 1.2us 1.8us 1.8us 21us 2.4ps 2.7us 3.0us

Figure E20: Supply Voltage Threshold to activate Gate Driver



Instruction Manual

This appendix contains a step-by-step guide of how to use the product, as well as all software and hardware
required to program the CPLD and an overview of all necessary components.
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Universal and Modular Gate Driver Instruction Manual

This appendix contains a step-by-step guide of how to use the product, as well as all software and
hardware required to program the CPLD and an overview of all necessary components.

Required Hardware

For this project it is necessary to have the following components:

-1x ATDH1150USB JTAG programmer.

-1x PCB (provided) with components seen in the images below.

ng]c;nr,:n
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TUDelft®

iversal Gate Driver
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Value/description Component Name ‘ Quantity
22uF C2012X5R1V226M125AC 3
0.47uF C1608X7R1H474K080AC 2
InF C0805C102K5RACTU 2
0.1uF CL10B104KB8NNNC 5
1uF 06035C105KAT2A 2
0.22uF C0603C224K9RAC7867(the same as C0603C224K9RACTU) 7
schottky 1A SIN-13-F 2
schottky 5A SK510AQ-L 4
Zener 18.2V, 22A ipp TVS | SMAJ18CA 2
LED RED 2V, 20mA 150060RS55040 2
LED GREEN 2V, 20mA 150060VS75000 9
1ED3323MCI2NXUMAI1 1ED3323MC12NXUMA1 2
conn 4pin through hole 61300411121 2
conn 10 pin through hole | 61301021121 2
M3 hole M3 hole 4
TBA1-0513E TBAI-0513E 2
CAHCT1G125QDBVRQ1 | CAHCT1G125QDBVRQ1 2
10kOhm RNCPO0O805FTD10KO 2
1kOhm RNCPO0O603FTD1KO00 13
10kOhm RNCP0603FTD10KO 6
ATF1502AS-10AU44 ATF1502AS-10AU44 1
Zener 8.2V, 500mW MMSZ5237BT1G 2

Note: Resisters used to create the gate resistance have not been included in the list above. These can
be chosen as needed for the specific design. Connections are of size 0805.



Required Software

The project requires the following software to be able to adjust the code and program the CPLD:

Quartus Il 13.0sp1 (64-bit) Web Edition

Download link: https://www.intel.com/content/www/us/en/software-kit/711791/intel-
quartus-ii-web-edition-design-software-version-13-0sp1-for-windows.html

POF2JED 4.45.1

Download link: https://www.microchip.com/en-us/products/fpgas-and-plds/spld-cplds/pld-
design-resources

ATMISP v7.3

Download link: https://www.microchip.com/en-us/products/fpgas-and-plds/spld-cplds/pld-
design-resources

Make sure the ATDH1150USB JTAG programmer is connected to the CPLD and the computer
when running the ATMISP software for the first time, this ensures that all drivers are properly
installed. Make sure the cable is connected to the JTAG pins with the red wire on the bottom
as seen in the image below.

: __ I
- Input
gayen \NF ¢
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Uploading the VHDL Code

In order to upload the code the following steps are required:

1. Open Quartus and create new project (You can name this S4_FSM to match the code or

change this later). Make sure the settings are set to:
& New Project Wizard X

Family & Device Settings [page 3 of 5]

Select the family and device you want to target for compilation.
You can in ° with the Install Devices commm

n 'Available devices' list

evice family

Family: | MAX7000S Package: TQFFP

Pin count: 44 -

Speed grade: |10

Target device

(O Auto device selected by the Fitter

vanced devices

(@ Specific device selected in 'Available devices' list HardCopy compatibl

Other: nfa

Available devices:

Hame Core Voltage Macrocells
1 64

Companion

HardCopy:

Limit DSP & RAM to HardCopy device resources

< Back Finih cancel Help
Family: MAX7000S
Package: TQFP
Pin Count: 44
Speed Grade: 10
And select the “EPM7032STC44-10 5.0V 32” option.

© oo oo



Click finish and create a VHDL file in the file map on the left by clicking “new” and selecting
VHDL file. Put the code that can be found below in the file that has been created. Make sure
this file is set to top level and that the name of the file matches the name of the code (in this
case “S4_FSM”), this can be done by right clicking on the file.

5 Cuartus 8 64-8it - Catera 1 L0sp 154 FaM - 54 550 - =] =
Fle Edl yhw Propo Assgoments Procisng Tods Widow Hap 9 rr——T 1
J* 5 9 o [sEm Ay SH S C r PO ER OGP LB
Faject Maviaaar LY EIN 54_FsMuvhd o
2 Rles 5 o gom = aEE
FEpr—— F # 'Jﬁ“!l_ﬁ”!u (- S 3EE
3 usE ric_std_ally 3
4
5
6 Bentity 54_FSM i
5
]
a
10
11 st z and 1 MHz.
12 ready B, ready L : i G0's can be used.
13 fault H, fault L : i
14 reset_input @ in std logics
15
iy Hiarareh N # Desgunts G4 18
rarchy. | Fles esign Units. 3 -
Tasks LLE] 18
14
Fow: | Campl -
o |Sorpotion Customice, o
Tazk A 21
= comple Dasgn =
» B Anchyis 8 Synthess. a1
B Fetar (Pocs 5 e =
Ikt Setinge. 25
0 v gt o
4 chip Hemar =
| Tachnology Mog Yiewer (Prst-Atling) 2; R
> e mw.]”l.“um [Pust g el | N 1] end entitvi “
< > |[e 3
x A 3l [ cosearh |
5 M 0| A & 4] [T e
Pleoves 10 Message

; systin_{,_Proceszing [/

Creates a new file a% o0



Next run and compile the code by clicking on the “Run” button.

0 Cuartus 8 64-Bit - Caters 13.05p1/54 F5M - 54 F5M

e Edt Vew Fropc Asguments Frosssng Tods

M= W AN =T
(X5

¥ Rles
@ s4_Famnd

iy Wiy B Rles 0 Deson Uit Jll
= o x|

Finw: | Compietion | | cumtomize..
Task -~

> Tomgie Desgn
& e Aniymis B Syrthess
w B Feter (Fisce & Raute)
et 5estings:

5 Technology Meg Viewer [Fost-Fitting]
> ® pamgn Asszent (Fos-Ang; W

T

Y S EFS O e L SR A B
S4_FEM o

- =) *

[Sewch aberacom | @

T e DA, 88 m- | =aEE

USE iece_nuaeric_std.-a.

Jentity 54_F3M is

=]
100 MEZ
betusen 1kbz and 1 MHz.
indicating GO's can he used.
TH, fanlt L : in =ed
reset_input : in std logics --Glabal reset signal
=] -- outpurs

nals that send the mo) Lou side Gate Drivers.

cutput_high, output low

ignals that ensble the buffer on the High- and/or Low side.
enzble_high, enable low : out =td_log:
nals that turn on or off the ready LED for the High- andfor Low side.
ready led H, ready led 1 : out std_logicr

nals that turn on or off the fault LED for the High- andfor Low side.
fault led H, fault led L : oot std logicr

g
pum_led 1, pun_led 2, pun_led 3, pum_led 4 : out std leogic
Fore

end entitvs

nals that turn on/off the four PMH LED'S to show which PMH signal is being wsed.

§| | [0] [&] [&] [&] [7 <seaaron

|

voe  ID Message

Croatiz a raw fie




Once the code has compiled, set the pin layout as follows:

5 Cuartus 1 64-Bit - Cateraf1 3 0sp1/54_FSM - S4_F5M

Flo Edt Viw PoNo Assgumenis Pocsng Teds Wide Hdp

o *

Eravmm 19

T I L = Y S D ey O PP A B
Fraject Havigatar S4_Famahd o
2 Rles nmioiRne | ~gEE
1 st paing E] rd,all: B
4
5
& Bentity s4_F3M is
T
8 port |
E} —— inputs
10 clk : in =td y 100 MBz
11 pum - in =td between 1kHz and 1 MHz.
12 ready H, ready L 2l indicating GO°s can be used.
13 fanlt H, fault ] ESAT fault signal
14 reset_input : lobal reset signal
15
O wirarchy ] Rl & Design Units ".'ﬂil :g
Taskx RN -] -- outputs
- p 13 --5ignals that send the modified &I signal to High- and Low side Gate Drivers.
Fow: | crmpdeton st || 29 uutput_h? E. uut;ut:lou : un: e a _:gigc : o
ek T~ 21 gnals that enable the buffer on the Hi ndfor Low side
22 enable h, =nable low :oow ogicy
v ?";:;’:';WM 23 ignals thet turn on or off the ready e T High- andfor Low side.
24 ready led H, ready led H L
yE .‘.J"’:“:'sﬁ;:“""” 25 - :na'_s izt toen on ot off the farit e High- andfor Low side.
- 268 fault led : out = icy
:."';::’:“':r 27 gnals th3t thrn onfaff the four TN 1onVE oo shew uhich TN signal is being used.
S Tetotony Hop Viess [Fot i) gg . pun_led 1, pun led 2, pum led 3, pum led 4 : oot std logic
| B I | R ) [ »
4 > < »
:' ar| 0] [&] [&] [&] [T seseachos v
Ylove 10 message
o
Procassing
Crustics 3 e Tle _ % 0:00:00
44 43 42 41 40 30 33 3T 36 35 34
e Mame Direction Locaton Fitter Locabon
5 ot P12 P2 QOO <ANOOUIXO®
! enable_high Cutput PIN_22 PIN_2
S enable_low Output PIN_IS FIN_15 1 0‘ O 33
5 fady H Inpust PIN_18 PIN_18 2 1
5 faudt | Tnput PIM_12 PIN_12 .
S fa it led M Cutput PIN_2% PIN_25 5 . Top View . .
S Fadt led L Output PIN_31 PIN_31
24, sutput_high Output PIN_21 PIN_21 4 >< . 10
L output_low Output PIN_14 PIN_14
in
5 pam trput PIM_34 FIN_34 5 . S 29
4L pwm_led_1 Cutput FIN_6 FIN_G
! prn_led_2 Output FIN_5 PIN_S & . O 28
St pwm_led_3 Cutput PIN_3 PIN_3
ETe——p utput PIN_2 PIN_2 1 0 () 27
15 ready H Input PIN_20 FIN_20 e
1% rendy | Tnput PIN_13 PIN_13 8 () MAXTO00S o 26
24 ready_led H Cutput BIN_23 PIN_23
=4 ready Jed L St FiRX Fil % o X EPMTO325TC44-10 L
15 reset_nput Tnput PIN_44 FIN_44
= T Irput PIN_2% PIN_26 10 O A 24
= Tor Ipast PM_Y PIN_1
B 11 23
= TDO Output FIM_32 FIN_32
™S Tnput PIN_7 PIN_7

12

13

14

15

16 17 18

19 20 21

- 0000 0 00O

22



5. When this is done, run the program one more time and then open the POF2JED software.

4g Pof To Jed Conversion Utility
File Help

] X

N

ut/Output & Device Selection

it ie: [ -] (owee

Device: {

=

Output File: |

;] Browse

Gﬂ\_//l

CONVERSION OPTIONS

[~ ITD on GCLK1
[~ ITD on GCLK2
[ ITD on GCLK3
[~ POR - Large Hysteresis

Reduce MC Power.

FOR ATF1502 - ATF1504 - ATF1508 OMLY

[ PD1Enable
[~ PD2Enable
[~ Enable TDI_PULLUP
™ Enable TMS_PULLUP

On O 0Of & Auto

Open Collector '

JTAG Mode: C

On O Of & Auo

On & Auto

™ Race Cover Off
[ Set Security Bit On

Slew Rate:

COMMON FOR ALL DEVICES

[~ Pin Keeper Enable
[~ Use Pin Clock

" Fast ¢ Slow & Auto

FOR ATF1
[~ Power Down Enable

5004 ONLY

Flml

Exit |

a.

b. Set a folder for the output to create a JEDEC file.
c. Click Run, the program now creates a .JEDEC file.
6. Make sure the device is connected to the PCB, and open the ATMISP software

Enter the .pof file that was created by Quartus into the input file section.
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Ready
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Click “new” in the top left corner, click “ok”.
Select ATF1502AS for the Device Name.

Select Program/Verify.
Select JEDEC file that was created in step 5.
Click “ok” and “Run”. The light on the device should turn from green to red and back

to green once the code has been successfully uploaded.
7. The code should now be uploaded to the device.




Adjusting the VHDL Code
The code can be found at the end of this document.

In the VHDL code the constant values after the line “ONLY CHANGE THE CONSTANT VALUES AFTER

n,_nu

: can be adjusted.
The options include changing the:

1. Dead-time (variable name: deadtime).
2. Turning on/off one or both of the gate drivers(output_high_enable, output_low_enable).
3. Setting a LED to indicate which incoming PWM signal is used. (led on)

The dead-time currently has a minimum setting of 50ns and takes steps of 50ns (i.e. entering “3”
results in a dead-time of 150ns). This is due to the clock speed being set to 20 MHz. If the clock
speed is changed this will affect the nanoseconds per step taken and thus the code should be
adapted accordingly.

Adjusting the Hardware Components

Several components of the output phase (see image) can be changed to suit the specific needs of the
transistor. These are:

1. Gate Resistor: both turn on (Red) and turn off (Yellow) for both the high- and low side of
the device consist of three resistors that can be replaced and set.

2. Gate-to-source Resistor can be changed (Blue).

3. Gate-to-source Capacitor can be changed(Green).
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Connecting the Input and Output

Once everything of the device has been set up, the incoming PWM signal and the outgoing signals to
the transistors should be attached as follows:



1. Attach the PWM signal to the PWM input connector. PIWM signal should be on the top left
C15

pin(Red), see image below.
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2. Attach the transistor in the manner as seen in the image below: Gate(Yellow)-Source(Green)-
Drain(Blue).




VHDL Code:

LIBRARY ieee;

USE ieee.std_logic_1164.all;

USE ieee.numeric_std.all;

entity S4_FSM is

port (
-- inputs
clk : in std_logic; --typically 100 MHz
pwm : in std_logic; --typically between 1kHz and 1 MHz.

ready_H, ready_L : in std_logic; --ready signal indicating GD's can be used.
fault_H, fault_L : in std_logic; --DESAT fault signal

reset_input : in std_logic;  --Global reset signal

-- outputs
--Signals that send the modified PWM signal to High- and Low side Gate Drivers.
output_high, output_low : out std_logic;
--Signals that enable the buffer on the High- and/or Low side.
enable_high, enable_low : out std_logic;
--Signals that turn on or off the ready LED for the High- and/or Low side.
ready_led_H, ready_led_L : out std_logic;
--Signals that turn on or off the fault LED for the High- and/or Low side.
fault_led_H, fault_led_L : out std_logic;
--Signals that turn on/off the four PWM LED's to show which PWM signal is being used.

pwm_led_1, pwm_led_2, pwm_led_3, pwm_led_4 : out std_logic



);

end entity;

architecture behavioural of S4_FSM is

-- ONLY CHANGE THE CONSTANT VALUES AFTER ":="

--Change this value to set a different Dead-Time. Steps are of size 50ns (i.e. 6 = 300ns)
--due to the fact that the current clock speed is 20 MHz.

constant deadtime : integer range 1 to 16 = 6;

--Set to '1' to turn off the high side buffer. Set to '0' to turn on high side buffer.

constant output_high_enable : std_logic ='0";

--Set to '1' to turn off the low side buffer. Set to '0' to turn on low side buffer.

constant output_low_enable : std_logic :='0";

--Set from 1-4 to indicate which PWM input is being used.

constant led_on :integerrange 1to 4 =1;

-- These are the states used for the FSM.

type states is

(
--Reset state where both outputs to the buffer/Gate Driver are low.
--Using the Reset input puts the system in this state.
--Incoming PWM signal moves the system to the counter_H state.

reset,



--High side count state. Both outputs to the buffer/Gate Driver are low.
--Once the count threshold has been reached the system moves to the hold_high state.

counter_H,

--Low side count state. Both outputs to the buffer/Gate Driver are low.
--Once the count threshold has been reached the system moves to the hold_low state.

counter_L,

--Hold high state. In this state the high side output to the buffer/Gate Driver is high,
--while the low side output is low. A falling edge of the PWM signal moves the system to
--the counter_L state.

hold_high,

--Hold low state. In this state the low side output to the buffer/Gate Driver is high,
--while the high side output is low. A rising edge of the PWM signal moves the system to
--the counter_H state.

hold_low

);

-- signal declarations
signal state, new_state : states := reset;
signal ID, ire, ile : std_logic;

signal state_check: std_logic;

begin

process(clk, reset_input, state, pwm, ready_H, ready_L, ire, ile, ID,fault_H, fault_L)



--Integer count is set to 1 to account for the state update running one clock signal behind.

variable count : integer range 0to 32 :=1;

begin

--Clock signal that updates the current state.

if (rising_edge(clk)) then

Id <= pwm;

--Detection of a rising edge in the PWM signal.

ire <= not ID and pwm;

--Detection of a falling edge in the PWM signal.

ile <= ID and not pwm;

--If the Reset input is high, the state is kept at Reset state.
if (reset_input = '1') then

state <=reset;

--If Reset is low and both Gate Drivers are ready, the states are updated to
--their new states.
elsif (ready_H ='1' and ready_L = '1') then

state <= new_state;

--If the Gate Drivers are not ready, the system is kept in the Reset state even
--if the Reset input isn't high.
else

state <=reset;



end if;

-- clock cycle counter
--When in either the counter_H or counter_L state the count value is updated,
--if it is in any other state the value is set back to 1.
if (state = counter_H) then
count :=count + 1;
elsif (state = counter_L) then
count :=count + 1;
else
count :=1;
end if;
else

end if;

--Code to turn on/off one or both of the ready LEDs indicating the Gate Drivers are ready.

if (ready_H ="'1"and ready_L = '1') then
ready_led_H<="1";
ready_led_L<="1";

elsif (ready_H ='0" and ready_L = '1') then
ready_led_H <='0";
ready_led_L<="1"

elsif (ready_H ='1' and ready_L = '0') then
ready_led_H<="1";
ready_led_L <="0";

else
ready_led_H <='0";

ready_led_L <='0";



end if;

--Code to turn on/off one or both of the fault LEDs indicating the Gate Drivers are

--experiencing a fault.

if (fault_H ='0') then
fault_led_H <="1%;
else
fault_led_H <="'0";

end if;

if (fault_L = '0') then
fault_led_L<="1";
else
fault_led_L <="0";

end if;

--Code to turn on/off a LED to show which PWM signal is being used.

if (led_on = 1) then
pwm_led_1<="1%
pwm_led_2 <="0";
pwm_led_3 <='0";
pwm_led_4 <="0";

elsif (led_on = 2) then
pwm_led_1<="'0";

pwm_led_2 <="1%;



pwm_led_3 <='0";
pwm_led_4 <="'0";
elsif (led_on = 3) then
pwm_led_1<="'0";
pwm_led_2 <="'0";
pwm_led_3<="1%

pwm_led_4 <="'0";

else
pwm_led_1<="0"
pwm_led_2 <="0"
pwm_led_3 <='0";
pwm_led_4 <="1%;
end if;
-- FSM states

case state is

--During Reset State the outputs are kept low, whilst the buffer enables
--are kept high to turn off the buffers.

when reset =>

output_high <='0"
output_low <='0";
enable_high <="'1%
enable_low <="1";

if (ire = '1') then



new_state <= hold_high;
else
new_state <= reset;

end if;

when counter_H =>

output_high <="0";

output_low <='0%;

enable_high <= output_high_enable;
enable_low <= output_low_enable;

if (count >= deadtime) then
new_state <= hold_high;
else
new_state <= counter_H;

end if;

when counter_L =>

output_high <='0";

output_low <='0}

enable_high <= output_high_enable;
enable_low <= output_low_enable;

if (count >= deadtime) then

new_state <= hold_low;



else
new_state <= counter_L;

end if;

when hold_high =>

output_high <="1";

output_low <="'0%

enable_high <= output_high_enable;
enable_low <= output_low_enable;
if (ile ='1") then

new_state <= Counter_L;
else
new_state <= hold_high;

end if;

when hold_low =>

output_high <="'0";

output_low <="14

enable_high <= output_high_enable;
enable_low <= output_low_enable;

if (ire = '1') then



new_state <= Counter_H;
else
new_state <= hold_low;

end if;

--In the others state both output PWM signals are kept low, and the
--buffers are turned off.

when others =>

output_high <='0";

output_low <='0";

enable_high <='1"

enable_low <="1"

end case;

end process;

end behavioural;



Time Management and Task Division

In this appendix the way in which the planned out our project, as well as the division of tasks among the
group members, will be shown.

In figures H.1 and H.2 the Gantt Charts that were made to keep track of our project can be seen. Although
it proved impossible to completely follow the chart as initially set out, it provided an overall structure with

goals to work towards. When needed adaptations were made. During weekly meetings tasks were then fur-
ther subdivided.

In table H.1, the main tasks performed throughout the project are given on the left column while the
group members who mainly contributed towards these tasks are given on the right column.

Table H.1: Contributions increase from left to right.

Tasks | Contributors
Literature research Group effort
CPLD Choice Jop, Dries
Gate Driver Choice Fede, Jop
Buffer Choice Fede

VHDL Code Luc, Dries
JTAG Implementation Dries, Jop
Altium circuit design Dries, Luc
LTspice Simulation Luc, Fede

Prototype building & evaluation Dries, Luc, Fede
Finding other circuit components | Dries

Project Management Luc, Jop
Thesis Layout Fede

Thesis Writing Group effort
Presentations Group effort
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General

Research

Design

w b Y
Week 5

Test

Report

Deadlines

Ethics

Group Meeting Wednesday

Business Plan

Online:

Figure H.1: Gantt Chart created for weeks 1-5
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Project: Week 6 Week 7 Week 8 | Week 9 Week 10 Week 11
Group Meeting Wednesday Group Meeting Wednesday Group Meeting Wednesday Group Meeting Wednesday
General Group Meeting Friday Group Meeting Friday Group Meeting Friday Presentation Group Meeting Friday Presentation
Supervisor Meeting Friday | Presentation  Supervisor Meeting Friday Supervisor Meeting Friday
Research
Code
Design
sst Plan Debug
Test Assembly
Write: review 1-5 Wiite: Prototype
Report Write: Discussion | Write: Conclusion
Wirite: Abstract Wirite: Final
Green-Light
Wednesday 13-11: Seminar 2 Wed 27-11/Thu 28-11: Seminar 3+4 Bummative Essay Deadline: Thu
Ethics
TDL Assignment 1| DL Assignment 2 DL Assignment 3
Business Plan Course starts M1 M2 M3 M4
Wednesday 18th: 15

Figure H.2: Gantt Chart created for weeks 6-11
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