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ABSTRACT

ENHANCED DIRECT QUADRATURE CONTROL
IMPLEMENTATION FOR A THREE-PHASE
INVERTER

Batuhan Berkay Giziroglu
M.S. in Electrical and Electronics Engineering
Advisor: Abdullah Atalar
January 2025

Power electronics is widely utilized in various fields, such as the military, daily
life, and industry. The efficiency of power conversion applications is important.
Three-phase inverters are primarily used in motors and UPS systems. However,
the design of a three-phase inverter requires advanced knowledge of software,
hardware, and algorithms. The digital control of the three-phase inverter provides
flexibility for the adjustment of output voltage and frequency. The combination
of Sinusoidal Pulse Width Modulation (SPWM) and Direct Quadrature (DQ)

control increases the stability of output voltage.

In this thesis, we present an implementation of a three-phase voltage
source inverter using the Digital Signal Processor (DSP) based controller of
TMS320F28379D. There are three electronic cards in the system. The first card
includes Switched-Mode Power Supplies (SMPS), current sense circuits, and three
half-bridges using discrete MOSFETs. The second card comprises of a low-loss
filter and a voltage sensing circuit. The input voltage of the three-phase inverter
is 30 V, and the output is a three-phase inverter with an output voltage that can
be adjusted up to 12 V with an output frequency of 50 Hz. The maximum power
of the inverter is 98.5 W. The efficiency of the inverter is 90.72 % at the full load.

Keywords: DSP in three-phase inverter, LCL filter, DQ control, SPWM, voltage

source inverter.
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OZET

UC FAZLI INVERTOR ICIN GELISMIS DIREKT
DORTLU KONTROL UYGULAMASI

Batuhan Berkay Giziroglu
Elektrik Elektronik Miithendisligi, Yiiksek Lisans
Tez Danigmani: Abdullah Atalar
Ocak 2025

Giig elektronigi, askeri, giinliik yasam ve endiistri gibi cesitli alanlarda kul-
lanilmaktadir. Gii¢ doniistiirme uygulamalarimm verimliligi énemlidir. Ug fazh
invertorler biiytik olciide motorlarda ve UPS sistemlerinde kullanilmaktadir. An-
cak, ti¢ fazli invertoriin tasarimi ic¢in, yazilim, donamim ve algoritma konusunda
gelismig bir bilgi gerekmektedir. Ug fazli invertorin dijital kontrolcii ile kon-
trol edilmesi, ¢ikig voltaji ve frekansinin ayarlanmasi i¢in esneklik saglamaktadir.
Siniizoidal Darbe Geniglik Modiilasyonu (SDGM) ve Direkt Dortlii kontroliiniin
birlegimi, ¢ikis voltajinin kararhihigini artirmaktadir.

Bu tezde, TMS320F28379D DSP’sini kullanarak ii¢ fazli invertoriin bir uygu-
Jamasimi sunuyoruz. Sistemde ii¢ elektronik kart bulunmaktadir. Ilk kart, ayrik
Metal Oksit Yar1 Iletken Alan Etkili Transistorler kullanarak ii¢ yarim kopriiyi,
anahtarlamali giic kaynaklarini ve akim okuma devrelerini icermektedir. Ikinci
kart, diigiik kayiph filtre ve voltaj okuma devresinden olugsmaktadir. Ug faz in-
vertoriin girig voltaji 30 V ve cikig voltaji 12 V’a kadar ayarlanabilmektedir ve
frekansi 50 Hz'dir. Invertoriin maksimum glicli 98.5 W'tir. Invertorin verimliligi
tam yiikte %90.72°dir.

Anahtar sézcikler: Ug fazh invertorde DSP, LCL filtre, DQ kontrol, SDGM,
gerilim kaynakli invertor.
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Chapter 1

Introduction

1.1 Power Electronics

Power electronics technology is employed in every aspect of life to illustrate the
efficient charging of smartphones and laptops, home appliances, industrial ma-
chines, rail systems, and renewable energy. The improvement in efficiency and
reliability is significant for power electronics. While designing a power electronic
system, engineers should meet the requirements of voltage, current rating, ther-
mal management, stability, and electromagnetic compatibility. Besides these,
there should be some protection circuits in case of dangerous situations such as

over-voltage and short-circuit [1].

Power electronics primarily consist of four types of conversion, including AC-
DC converter, DC-DC converter, DC-AC, or AC-AC. AC-DC and DC-DC con-
verters are considered to be switching mode power supplies. DC-AC and AC-AC
converter are called inverters. The most common inverter is DC-AC, which con-

verts direct current (DC) into alternating current (AC).



1.2 Inverters

Inverters are crucial for applications where AC output is required, such as in res-
idential and commercial electrical systems, renewable energy installations, and
various electronic devices. Modern inverters are designed for high efficiency. Al-
though there is no clearly aimed efficiency in inverters, it is generally higher than
90 %. As the efficiency decreases, the operational cost and heat dissipation prob-
lems occur. Therefore, it is important to maintain high efficiency. The Total
Harmonic Distortion (THD) is another critical concept in inverters. It quantifies
the level of distortion at the output waveform, which arises from the harmonic fre-
quencies. According to IEEE Standard 519-2014, the THD of the voltage should
be restricted to less than 5 % for harmonic components up to the 49th order [2].
THD is highly dependent on the modulation technique, switching frequency, and

low pass filter of the inverter.

The control algorithm of an inverter is significant for achieving the desired
output. In inverters, there are advanced control algorithms such as Space Vector
Modulation (SVPWM) and Sinusoidal Pulse Width Modulation. These algo-
rithms generally monitor the output voltage and/or output current and create
the switching signals accordingly. SPWM is the most popular technique, and it
is widely used in industry. Although SVPWM demonstrates a distinct advantage
over SPWM at low switching frequencies, the performance difference between
these two techniques becomes smaller as the switching frequency increases since
THD decreases considerably with an increasing switching frequency [3], and both
SVPWM and SPWM can satisfy the requirements of THD specified by IEEE

standard. In this thesis, the sinusoidal pulse width modulation technique is used.

There are two types of inverters: voltage source inverters and current source
inverters. In the voltage source inverter, there is a restricted control of the output
voltage while in the current source inverter, the output current is controlled. In
the voltage source inverter, the working of the inverter should be independent of
the load connected to the inverter. Uninterruptible power supplies and adjustable

speed drivers are designed using voltage source inverters.



Voltage source inverters are effectively utilized in both single-phase and three-
phase systems. Single-phase voltage source inverters use both half-bridge and
full-bridge configurations. Three-phase voltage source inverters are generally em-
ployed in applications that require sinusoidal voltage waveforms and high power.
Voltage source inverters can function in two modes: stepped wave or square wave
mode and pulse width modulation mode. The square wave mode provides sim-
plicity in operation, whereas the PWM mode results in a higher-quality output

waveform [4].

The output voltage of an inverter can be adjusted by either changing the input
DC voltage while keeping the inverter’s gain constant or by altering the inverter’s
gain while maintaining a fixed DC supply voltage. When the DC supply voltage is
maintained constant, the output voltage is modulated by adjusting the inverter’s
gain using the pulse width modulation technique [4]. In this thesis, the sinusoidal
pulse width modulation technique is applied. The topology is elaborated in the

next chapter.

The controller of inverters plays a significant role in the output quality, as the
performance of an inverter substantially depends on the controller. The digital
controllers are widely adopted in inverter applications. DSPs are especially well-
suited for inverter applications because they can offer a superior computational
performance for the real-time signal processing [5]. In this thesis, the DSP of
TMS320F28379D from a member of the C2000 series from Texas Instruments is
used. Further details regarding the specifications and functionalities of this DSP

are presented in the following sections.

There are several notable studies that attract attention. These works mainly
focus on a specific target, such as significantly enhancing efficiency, or they try
to benefit from new technologies such as GaN transistors. A summary of these

impactful studies is provided below.

The work [6] designs a GaN (GS66516T) based two-level three-phase inverter
with a high power density. The rated power of this inverter is 10 kW with
a power density of 17.5 kW /L. This design increases the switching frequency to



decrease the size of the system. They design a compact PCB so that the parasitic
inductance and capacitance can be minimal. Therefore, the overshoot at the
drain-to-source voltage is only 10 % of the bus voltage. The hardware design
of the inverter considers the noise issues. They have three different grounds,
namely DSP ground, inverter signal ground, and power ground. This isolation

helps eliminate electromagnetic interference (EMI) problems.

Another work is [7]. This work presents a 50-kW SiC two-level, three-
phase voltage source inverter. A commercial SiC power module, Wolf-speed
CAS120M12BM2, is used in the design. There is a gate assisted circuit be-
tween the gate and source terminals of the power modules. This circuit reduces
the switching loss and ringing of voltage and current. In addition, they benefit
from the advantages of SiC using high switching frequency. At the high switch-
ing frequency, the dead time becomes substantially important. They perform a
comparison between the dead time of 250 ns and 550 ns. When the dead time is

250 ns, The fifth and seventh-order harmonics reduce considerably.

Different work is [8] that uses a vertically stacked busbar design with SiC power
modules CAS120M12BM2. They employ a high switching frequency. Therefore,
This design aims to minimize the stray inductance. In addition to this, there
are other benefits of busbar design, such as its capability to conduct high cur-
rents. The DC-link capacitors are equally divided at each phase along the busbar,
which makes the parasitic power loop inductance of each phase equal. This spe-
cial arrangement of DC-link capacitors requires a smaller amount of decoupling
capacitors since DC-link capacitors offer a conductive path for currents at the
switching frequency and its harmonics, and these capacitors also offer a low-

impedance route for switching transients.



1.3 Motivation

The motivation of this thesis is to design a three-phase inverter using the DSP of
TMS320F28379D. The three-phase inverter has the output of 12 V peak phase
voltage with a frequency of 50 Hz. This system is designed for the purpose of
balanced loads, such as motors. The three-phase inverter is designed such that it
can work with a 28 V battery as a source. Although the mid-point voltage of this
type of battery is generally 28 V, the battery voltage is increased to approximately
30 V as it is charged. The output quality decreases with a higher input voltage
since the harmonic distortion increases. Therefore, the design must be carried
out with an input voltage of 30 V. In the control algorithm, the combination
of DQ and SPWM is used to increase output quality and efficiency. A low-loss
filter called LCL filter is designed to attenuate the high-order harmonics. The
simulation of the control algorithm and the low-loss filter is aimed at conducting.
The over-voltage and over-current protections are also designed in case of any
undesirable situation, such as a short-circuit at the output. The manufacturing

and testing of the three-phase inverter are carried out.



1.4 Thesis Outline

This thesis discusses the design of a three-phase inverter using a DSP controller

with an advanced control algorithm.

In Chapter 2, the topology of SPWM is discussed. The design of PCBs and
selected components are explained. The simulations of the circuits are performed

to validate the designed circuits.

In Chapter 3, the digital controller is explained. The selected DSP is intro-
duced. The development board, which includes the specified DSP, is presented.
The peripherals, such as ADC and ePWM, are introduced, and the implemen-
tation of these peripherals is explained. Then, the digital control algorithm is

described. The simulation of the digital control algorithm is conducted.

In Chapter 4, the hardware implementation is carried out, and hardware results

are examined. The working of protection circuits is demonstrated.

In Chapter 5, the thesis is concluded, and possible future works are discussed.



Chapter 2

Three-Phase Inverter Design

The design of a three-phase inverter requires consideration of various tasks such
as the selection of components, efficiency, quality of AC output, and protective
features. The selection of transistors such as Insulated Gate Bipolar Transistors
(IGBT) or Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFET) is
the key aspect because it should handle the specified voltage and current without
facing any thermal issues. Besides this, the switching loss and the conduction loss
should be taken into account. Obtaining a high efficiency is valuable since thermal
issues arise from a low-efficiency design. The primary components for the majority
of power dissipation are the MOSFETs and the LCL filter elements. Besides the
efficiency requirement, it is essential to obtain a high-quality AC output with
minimal harmonic distortion, which depends mainly on the LCL filter and the
control algorithm. In addition to these, the regulation of voltage and frequency
is crucial. Safety issues also come up in power electronics. Therefore, the control
algorithm should check the input voltage, phase voltages, and phase currents in
case of over-voltage, over-current, or short-circuit situations. The block diagram

of the three-phase inverter is exhibited in Figure 2.1.
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Figure 2.1: The Block Diagram of Three-Phase Inverter

The block diagram shows all the connections in the system. The connections
marked in red represent the PWM signals, and the connections marked in blue
represent the feedback signals. The schematics of the circuit boards are presented

in the subsequent sections.

2.1 Topology

There are numerous inverter topologies, each of which has distinct features. Cur-
rent Source Inverters (CSI) and Voltage Source Inverters (VSI) are extensively
used in power conversion applications. The research concentrates primarily on
voltage source inverters. This topology uses the constant DC voltage as a volt-
age source. By employing the Pulse Width Modulation (PWM) technique, a
high-quality AC signal is generated at the output. There are more advanced
topologies in inverter applications, such as the Neutral Point Clamped and Cas-
caded H-Bridge. These are capable of producing improved output waveform and
overall efficiency. However, these topologies are challenging to design in terms of
circuit design and control algorithm. In addition, the cost of inverters benefiting

from these topologies increases substantially. Therefore, it is necessary to specify



the requirements of the inverter and select the topology accordingly.

In this thesis, the voltage source inverter topology is used. The phase volt-
ages are measured, and these measurements are taken as inputs by the control
algorithm. The sinusoidal pulse width modulation technique is utilized. There-
fore, the DC link voltage needs to be at least twice the peak value of the phase
voltage. There are distinct advantages of voltage source inverters over current
source inverters. The required DC link capacitor is smaller in VSI. Therefore, the
cost is reduced. VSI is also capable of providing better steady-state performance
compared to CSI. The switching loss of VSI is higher, but the conduction loss is
lower. Hence, as long as the switching frequency is not too high, the total power
loss of VSI is lower than CSI [9].

Q1 E> QE@ Qs E
Q2 > Q@ Q6

Figure 2.2: Voltage Source Inverter

[51
[31

In the SPWM technique, multiple pulses are generated, and each of these
pulses has a different duty cycle according to the magnitude of the sine wave.
The carrier wave is a triangular waveform, while the reference wave is sinusoidal.
These two waves are compared to produce the pulse width modulation signal.
The MOSFETS are switched with the generated PWM signals, and the unfiltered

phase signals occur. After filtering these signals, sinusoidal output waveforms



are acquired. The number of pulses for each half-cycle is determined by the
ratio between the carrier signal frequency (f.) to the frequency of the modulating
sinusoidal signal (f,,). The frequency of the modulating signal determines the
inverter’s output frequency (f,), while the peak amplitude of the modulating

signal affects the modulation index (m,), which specifies output voltage [4].

The amplitude modulation index is defined as:

chontrol o ‘/c

= 2.1
‘/carrier ‘/Ycarr ( )

my =

2.2 Three-Phase Inverter Card

The three-phase inverter card includes step-down switching regulators, MOS-
FETs, gate drivers, and current sense circuits. This is the main card in the
thesis. The selection of each component plays a major role in achieving a high-
quality output. The schematic of the three-phase inverter card is provided in
Figures 2.3, 2.4, 2.5, 2.6. The gate driver and current sense circuits are the same
for phases A, B, and C. In these circuits, additional headers and/or pins are

located on the card in case of any problem on the solder layer.
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Figure 2.6: Input Voltage Sense Circuit

The component list of the three-phase inverter card is given in Table 2.1.
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Component Designator Quantity

Ceramic Capacitor, 10 pF, 50 V, 1206 C2, C3, C7, C14, C16, C17, | 13
C20, C21, C28, C29, C32,
C33, C103

Ceramic Capacitor, 1 uF, 50 V, 0805 C4, C8, Clh, C18, C22, |8
C30, C34, C104

Ceramic Capacitor, 100 nF, 50 V, 0603 Ch, C9, C19, C23, (C31, |31
C35, C38, C42, C43, C46,
C49, C53, ChH7, C58, C61,
C64, C68, C72, C73, CT76,
C79, C84, C85, C86, C89,
C90, C91, C92, C97, CI8,
C99

Ceramic Capacitor, 22 uF, 25 V, 1206 C6, C39, C40, Ch4, CbH5, | 7
C69, C70

Ceramic Capacitor, 1 uF, 50 V, 0603 C45, C60, C75, C100, C101, | 6
C102

Aluminum Polymer Capacitor, 180 uF, 50 V | C12, C13 2

Ceramic Capacitor, 4.7 uF, 100 V, 1210 C41, C56, C71 3

Ceramic Capacitor, 100 pF, 50 V, 0603 C44, €48, Ch9, C63, C74, | 6
C78

Ceramic Capacitor, 10 pF, 25 V, 0805 C50, C65, C80 3

Ceramic Capacitor, 2.2 nF, 50 V, 0603 Ch1, C66, C81 3

Ceramic Capacitor, 1.5 nF, 50 V, 0603 C83, C88, CI6 3

Ceramic Capacitor, 33 nF, 50 V, 0603 C87 1

Diode, 300 V, 1 A, HS1FFL D1, D2, D3, D4, D5, D6, | 9
D7, D8, D9

3 pins terminal connector J1, J2 2

Header, 6-Pin P1, P2, P3 3
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Component Designator Quantity
Header, 2-Pin P4, P5, P6, P7, P8, P9, | 22
P10, P11, P12, P13, P14,
P15, P16, P17, P18, P19,
P20, P21, P22, P23, P24,
P25
MOSFET, 250 V, 150 A, IXFT150N25X3HV | Q1, Q2, Q3, Q4, Q5, Q6 6
Resistor, 2.2 R, 0.25 W, 1206 R1, R13, R25 3
Resistor, 10 R, 0.4 W, 1206 R3, R9, R15, R21, R27, R33 | 6
Resistor, 4K7, 0.063 W, 0603 R4, R10, R16, R22, R28, | 6
R34
Resistor, 33 R, 0.063 W, 0603 R5, R6, R17, R18, R29, R30 | 6
Resistor, 0 R, 0.1 W, 0603 RS8, R11, R38, R39, R42, | 9
R43, R47, R51, R52
Resistor, 69K8, 0.1 W, 0603 R12, R24, R36 3
Resistor, 100 K, 0.063 W, 0603 R44 1
Resistor, 4K22, 0.1 W, 0603 R45 1
DC-DC Converter, TSR 1-2433 Ul 1
DC-DC Converter, TSR 2-2450 U2 1
DC-DC Converter, TSR 1-24120 U3 1
Gate driver, UCC21521DW U4, U5, U6 3
Current Sense Amplifier, INA240A1PWR U7, U8, U10 3

Table 2.1: Component List of Three-phase Inverter Card

The 3D appearance of a three-phase inverter card is exhibited in Figure 2.7.
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Figure 2.7: 3D of Three-Phase Inverter Card

There is a DC input located on the left side of the card. There are two DC-link
capacitors, each of which has a capacitance of 180 pF with a voltage rating of
50 V. In the lower-left corner, there are three step-down switching regulators.
The first one converts the DC input voltage to 12 V. The second one converts
the DC input voltage to 3.3 V, and the third one converts the DC input voltage
to 5 V. 12 V is used for supplying the inverter side of the gate driver to switch
the MOSFETs. 3.3 V is used for supplying the development board that includes
the DSP of TMS320F28379D. 3.3 V also supplies the current sense amplifier
of INA240ATPWR. 5 V is used for supplying Op-amps located in the voltage
sensing circuit. At the center of the three-phase inverter card, there are three
gate drivers. Each one is responsible for controlling two transistors that are high-
side and low-side MOSFETSs of each phase. Before connecting the phase outputs
to the connector, each phase current is sensed with the current sense amplifier.
After this, the three-phase output is connected to the output connector. The DC
input connector and three-phase output connectors are the same components.

The components and circuits are described in the following sections.

In the design of the three-phase inverter card, the layout of the PCB is con-

siderably important because there are two main grounds, namely power ground
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and digital ground. The power ground is the reference for the high-power com-
ponents in the circuit, while the digital ground is the reference for the low-power
components, such as logic circuits. The consideration for current return loops is
essential because, in the power ground, there is a high-current switching noise,
which can affect the sensitive digital signals. Therefore, the layout should be de-
signed so that digital ground and power ground cannot interfere with each other.
Besides this, there are traces where di/dt is high; while designing these traces,
it is important to minimize the inductance since it can have the capability of af-
fecting the digital signal. To minimize the inductance of a trace, the trace width

should be high while the trace length should be minimal.

2.2.1 Power Converters

There are three step-down switching regulators in the card. The first one is TSR1
- 24120. It fits the footprint of TO-220. This regulator is for converting the input
voltage to 12 V that supplies the gate driver to satisfy the need for secondary-side
power (i.e., MOSFETSs’ ON voltage). TSR1 - 24120 can deliver 1 A at the full
load. The input voltage range of the regulator is from 15 V to 36 V. Its wide
input operating range provides flexibility for the user. The maximum efficiency
of TSR1 - 24120 is 96 % without any heat sink or active cooling. It has the
capability of short-circuit protection at the output [10].

The second step-down switching regulator is TSR1 - 2433 which converts the
input voltage to 3.3 V which supplies the current sense amplifier, and the devel-
opment board of the specified DSP. The maximum current of TSR1 - 2433 is 1 A
at the full load. The operating range of input voltage is from 4.75 V to 36 V. Its
maximum efficiency is approximately 94 %. There is no need for any heat sink
or active cooling. TSR1 - 2433 has the feature of short circuit protection at the
output. The footprint and dimensions are the same as TSR1 - 24120 [10].

The third step-down switching regulator is TSR2 - 2450, which converts the
input voltage to 5 V. The Op-amps located at the LCL filter need 5 V. Therefore,
TSR2 - 2450 is used to supply these Op-amps. This switching regulator can give
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a maximum current of 2 A with a typical efficiency of 94 %. Its input voltage
range is from 6.5 V to 36 V. This regulator does not require any heat sink or
active cooling, and it includes protection against short circuits. The footprint
and dimensions are different from the previous ones. The dimensions of TSR2 -
2450 are 14x7.5x10.1 mm [11].

2.2.2 Transistor

The selection of transistors is significant in inverter applications. IGBTs and
MOSFETSs are the common transistors for inverter applications and other power
electronic circuits. Although the specifications of each transistor might change,
IGBTs and MOSFETSs generally have specific advantages. Power converters with
IGBTs can work under higher DC supply voltage and higher load current com-
pared to converters having MOSFETs. However, the turn-on delay and turn-off
delay of IGBTSs is much higher than MOSFETSs, which indicates that MOSFETSs
generate smaller switching loss. MOSFETSs can also work with a higher switching

frequency, which decreases the harmonic distortion [12].

Dead-time is required for both transistors, but MOSFETSs require less dead-
time than IGBTs. The dead-time leads to problems such as output current distor-
tion and voltage error. Thus, the control performance degrades. Since MOSFETSs
need shorter dead-time, inverters designed with MOSFETSs exhibit lower voltage
error and reduced output current distortion [13]. As a result of these reasons,
MOSFET is preferred in this thesis.

Although MOSFETS possess countless parameters, the selection of MOSFET
is based on several key considerations. These are drain-to-source voltage, con-
tinuous drain current, drain-source on-resistance, gate charge, maximum gate-
to-source voltage, and the package of MOSFET. Drain-to-source voltage is the
difference between the drain and source of the MOSFET, and it should be above
the DC input voltage with an appropriate safety margin. In this case, the supply
voltage is 30 V. Therefore, it should be considerably higher than 30 V. Contin-

uous drain current specifies the maximum amount of current the MOSFET can
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handle. The continuous drain current should be higher than the inverter’s out-
put current. Drain-source on-resistance is the on-state resistance of MOSFET.
This resistance is directly related to the conduction loss. Therefore, a high drain-
source on-resistance decreases the efficiency. Gate charge is another important
parameter since it affects the duration of turn on and turn off of the MOSFET.
Therefore, the switching loss is associated with the gate charge of the MOSFET.
The higher the gate charge is, the more switching loss occurs. Maximum gate-
to-source voltage should be compatible with the output specifications of the gate
driver. Higher gate-to-source voltage decreases the drain-source on-resistance,
which is an advantage in acquiring high efficiency. The package of MOSFET is
also crucial because it is related to the capacity of heat dissipation. In inverter
applications, two primary types of packages are commonly employed: through-
hole packages and surface-mount packages. Through-hole packages might require
an additional mechanical part for heat dissipation, while surface-mount packages
generally dissipate the heat through the PCB. Therefore, it is easier to cool down
surface mount packages. The selected MOSFET is IXFT150N25X3HV. The spec-
ifications of MOSFET from the datasheet are presented in Table 2.2 [14].

Specification IXFT150N25X3HV

Drain to Source Voltage (Vps) 250 V
Continuous Drain Current (Ip) 150 A
MOSFET on-state Resistance (Rpg(on)) 9 m{?
Total Gate Charge (Qy) 154 nC
Internal Gate Resistance (Re(int)) 1.5 Q
Gate Threshold Voltage (Vis(in)) 45V
Gate-Source Voltage (Vi) +20 V
Turn-On Delay Time (t4(on)) 30 ns
Rise Time (¢,) 30 ns

Turn-off Delay Time (t4(077)) 115 ns
Fall Time (ty) 10 ns

Package D3PAK

Table 2.2: Specifications of IXFT150N25X3HV
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IXFT150N25X3HYV is highly sufficient for this application. This MOSFET is
capable of conducting high currents with a surface mount package, which is one
of the main advantages of this MOSFET. Therefore, the MOSFET can dissipate
the power through the PCB without overheating.

2.2.3 Gate Driver Circuit

The gate driver controls the switching of MOSFET. Proper design of gate driver
circuits is significant in inverter applications. This circuit consists mainly of a gate
driver, decoupling capacitors, a bootstrap circuit, and a gate resistor. The trace
length of this circuit needs to be minimal to decrease the oscillations. Since there
is a high switching frequency, the trace between the gate driver and MOSFET
should be especially minimized. Otherwise, there might be some voltage spikes
and oscillations, which might affect the working of MOSFET [15].

There are two kinds of gate drivers: current source gate drivers and voltage
source gate drivers. The voltage source gate drivers are considered more tradi-
tional, and their functionality is validated numerously. The current source gate
drivers are relatively new in comparison to voltage source gate drivers. The cur-
rent source gate drivers are highly resistive. This increases the damping effect on
the switching of MOSFET. Therefore, the current source gate drivers are more
stable against the injected voltages arising from stray inductance and high di/dt.
However, the current source gate drivers are more complicated than the volt-
age source gate drivers, which increases the difficulty of the design. The voltage
source gate drivers apply a constant voltage to the gate of MOSFET. This voltage
charges the gate using internal and external gate resistors. This drive technique
requires low resistive output of IC. However, if the design is not proper, this
drive technique is prone to oscillations occurring from high dv/dt in switching of
MOSFET [16].

Our gate driver is a voltage source gate driver. The driver circuit is specially
designed. The gate driver is UCC21521DW. The specifications of the gate driver
from the datasheet are given in Table 2.3 [17].
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Specification

UCC21521DW

Isolation

Isolated (can be used as non-isolated)

Peak Source and Sink Currents

4 A peak source and 6 A peak sink

Output resistance at high state

5 €2

Output resistance at low state | 0.55 €2
Rise / Fall Time (Typ) 6 ns, 7 ns
Pulse Width Distortion (Max) | 6 ns

Number of Channels

2 (suitable with high-side and low-side drive)

Programmable Dead-Time

Yes, via resistor and capacitor

Supply Voltages

For controller side: 3V to 18 V.
For MOSFET side: 9.2 V to 25V

16-SOIC

Package

Table 2.3: Specifications of UCC21521DW

While deciding the gate driver and switching frequency, it is necessary to
validate the selected components. The formula for the peak value of gate current

is given Equation 2.2 [15].

Vas
Re(int) + Ra + Ro

Ly(peak) = (2.2)
In the formula, Rg(ins is the internal gate resistance of MOSFET, Rg = 4 (2

is the external gate resistance of MOSFET, and Rp is the output resistance of

the gate driver.

When the parameters from Tables 2.2, 2.3 are plugged into the formula, the
peak gate current is calculated as 1.98 A, which is well below the limits of the

gate driver.

The second formula is for calculating the maximum switching frequency of

MOSFET [15].
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1
<
tr + taon) + 15 + taom

fsw(max) (23)

When the values specified in Table 2.2 plugged, fsumax) is calculated as
5.40 MHz. The switching frequency is selected as 25 kHz, which is sufficiently

lower than the maximum switching frequency.

After determining the gate driver, the bootstrap circuit should be designed.
The bootstrap circuit is a cost-effective and efficient method. This circuit is re-
quired when employing a half-bridge configuration since it is essential to establish
a high-side bias to control the gate of the high-side MOSFET with respect to the
switch node. A bootstrap circuit comprises a capacitor, a diode, a resistor, and
a bypass capacitor. Some gate drivers include a built-in bootstrap circuit, while
others do not have this circuit internally. The external design of this circuit gives
the user flexibility and reduces power dissipation, which makes it more favor-
able. UCC21521DW does not have an internal bootstrap circuit. Therefore, it is

necessary to design this circuit.

The operational principle of a bootstrap circuit comprises of two stages: the
charging of the bootstrap capacitor and the discharging of the bootstrap ca-
pacitor. When the high-side MOSFET is off and low-side MOSFET is on, the
bootstrap capacitor is charged. This stage is depicted in Figure 2.8 [18].
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Figure 2.8: Bootstrap Capacitor Charging Path

When the high-side MOSFET is on, the bootstrap capacitor supplies the
charged voltage to the gate of the high-side MOSFET. This makes the gate volt-
age of the high-side MOSFET exceed its source voltage. Hence, the MOSFET
turns fully on. The discharging stage of the bootstrap capacitor is displayed in
Figure 2.9 [18].
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Figure 2.9: Bootstrap Capacitor Discharging Path

The bootstrap capacitor is one of the key components in the bootstrap circuit.
This capacitor enables the gate driver to obtain a high amount of peak currents
to drive the high-side switch. The size of the bootstrap capacitor is important
to provide the necessary voltage to the high-side MOSFET without any issue.
The bootstrap capacitance needs to be at least 10 times higher than the gate
capacitance of the high-side MOSFET. This amount of capacitance prevents the
impact of capacitance shift arising from DC bias and temperature. The formula

for the calculation of gate capacitance is provided Equation 2.4 [18].

where (), is the gate charge given in the MOSFET’s datasheet and

V, = Vpp — Vi (2.5)

where Vg is the forward voltage of the diode in the bootstrap circuit. In this
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case, Vpp is 12 V and Vg is 950 mV.

B 154 nC
12V =095V

Cy = 13.87 nF (2.6)

Therefore, the bootstrap capacitor should be higher than 139 nF. If the ca-
pacitance is lower than this value, this might cause the activation of the gate
driver’'s Under Voltage Lockout (UVLO). Hence, the high-side gate might pre-
maturely turn off. The higher capacitance values provide lower ripple voltage.
Therefore, it is reasonable to select the bootstrap capacitance that is higher than
the required value. In our case, the bootstrap capacitor is selected as 4.7 puF and
100 nF in a parallel connection. Bypass capacitor Vs should have a capacitance
of at least ten times greater than the bootstrap capacitance. This prevents the
bypass capacitor from being depleted during the charging period of the bootstrap
capacitor. This ratio of ten to one ensures that the maximum ripple on the Vg
capacitor does not exceed 10 % under worst-case conditions [18]. It is difficult to
find a 47 pF ceramic capacitor. Therefore, Vs is selected as 44 pF. This capaci-
tance is acquired with a parallel combination of two capacitors with a capacitance
of 22 uF.

The bootstrap diode is another important component in the bootstrap circuit.
A fast recovery diode is required to minimize the losses related to the reverse
recovery. The selected diode is HSIFFL. This is a fast recovery diode, and it is
suitable for this application. The repetitive peak reverse voltage of HS1FFL is

300 V. It can pass a surge current of 30 A for around 8 ms.

The bootstrap resistor is the component that limits the peak currents passing
through the bootstrap diode during start-up. This resistor is selected as 2.2 ).
The formula for calculating peak current passing through the diode is included

in Equation 2.7.

VDD - VBootDiode
2.7
Rboot ( )

I, =
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In our case, Vpp = 12 V and Viootbiode = 950 mV. Hence, I = 5.02 A. This
current is within the limits of diode HS1FFL.

2.2.4 Current Sensing

Current sense circuits are utilized in power electronic applications. They are used
as the input of the control algorithm. Besides this, the current sensing is also
important for safety issues. In the case of short-circuit situations, the over-current
protection circuits are necessary. In addition, there are some cases where there
is no complete short circuit situation. However, the system draws an inordinate
amount of current. In such cases, over-current protection is also required to
prevent the electronic devices from being damaged [19]. Over-current protection
is generally achieved by a current sensor that samples the phase current. There
are two main types of methods for in-line current sensing. The first method
is to sense the in-line current through a shunt resistor. This method is cost-
effective, simple, smaller, and highly accurate. However, the primary drawback
of this method is efficiency. The shunt resistor located at each phase consumes
power, which decreases the efficiency, especially in high-current applications. The
second method is to sense the in-line current with a hall-effect current sensor. This
method is costly compared to the previous method, and hall-effect current sensors
generally provide less accuracy [20]. In our case, the maximum peak current is
5.45 A. Hence, the dissipated power is not too high. Therefore, in this thesis, it is
appropriate to employ the shunt resistor method. Each phase current is sampled
with the current sense amplifier of INA240A1PWR.
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Specification INA240A1PWR
Common-mode voltage (max) 80 V
Common-mode voltage (min) -4V

Voltage gain 20 V/V
CMRR (min) 120 dB
Bandwidth 400 kHz
Supply voltage (max) 55V
Supply voltage (min) 27V
Number of channels 1
Gain error 0.2 %

Table 2.4: Specifications of INA240A1PWR

Table 2.4 displays the specifications of INA240A1PWR from the datasheet
[21]. The gain error is negligibly low to measure the phase current correctly. In
addition to this, a sufficiently high bandwidth is also required since the digital
control algorithm samples the current with a frequency of 50 kHz. This current
sensor is compatible with sensing the current at this frequency. Therefore, it is
suitable for this inverter application. In this application, the peak value of phase
current is -5.45 A and 5.45 A. Hence, there are negative values that need to be

sampled. The current sense circuit is exhibited in Figure 2.10.

DRIVER PH A R37 INV PH A
O0RO1
P4 P19
R 1A 5] 1A
R38 R39 2 2]
0R 0R ! !
Header 2 Header 2
83 GND GND
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U7
R40
GND Lt ~e La
<o IN+ ‘ {3v3 68R
3 N
21 GND
84 C100 Cs85
INA240AIPWR lwom 50V ;|;1Up 16V ;|;100NT 50V
GND GND GND GND GND GND

Figure 2.10: Current Sense Circuit
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The input pins of the current sense amplifier are swapped to optimize the
layout. At the output of the current sense amplifier, there is an RC filter whose
cut-off frequency is 23.4 kHz, which eliminates the noise that might result from
the switching of MOSFETSs. The output voltage formula is given in the datasheet
of INA240A1TPWR. When the formula is adjusted according to our values, it is

presented in Equation 2.8.

Vi = 1.65 + (—I4[A] x 10mQ) x 20% (2.8)

When the values of -5.45 A and 5.45 A are plugged into Equation 2.8, the
output of the current sense amplifier is in the range from 0.56 V to 2.74 V. In
order to ensure the working of the circuit, the simulation should be performed.

LTspice is used for the simulation.

Ul
out R3 REF1
out REF2
68 " INP
INN VCC
1 Vi R1 GND|—=
ik * SINE(01250) < 10m INA240A1
100n —
<
~7 R2
<~
2.2
.tran 100ms o

Figure 2.11: Current Sense Circuit on LTspice

The current sensing circuit on LTspice is provided in Figure 2.11. The result

of the simulation is given in Figure 2.12.
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Figure 2.12: The Result of Current Sense Simulation

The result of the simulation is compatible with the theoretical calculations.
The phase currents are sensed with the ADC of DSP. After sensing it, Equa-

tion 2.9 represents the analog signal as a current with the ampere unit.

In = (Vo — 1.65) X 5 (2.9)

The result shown in Figure 2.13 is acquired when this calculation is carried

out on LTspice.
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Figure 2.13: The Result of Simulation in terms of Current

The current sense circuit is verified with this simulation. In this thesis, this

circuit is used for the over-current protection.

2.3 LCL Filter Card

LCL filter is utilized to filter the harmonics of the three-phase output, thereby
acquiring a pure sinusoidal output. LCL filter card consists of LCL filters and
voltage sensing circuits. On the front of the card, there are three LCL filters,
each of which corresponds to one phase. A stability resistor is included at each
phase. Three connectors are the same components. The connector located at the
bottom is for the neutral signal. However, it is not used. The connector placed at
the left is the input of three phases that come from the three-phase inverter card.
After filtering, the connector located at the right gives the sinusoidal three-phase
output. The schematic of the LCL filter card is given in Figures 2.14, 2.15, 2.16.
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Figure 2.16: Acquisition of 1.1 V from 5 V

The component list of the LCL filter card is given in Table 2.5.
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Component Designator Quantity

Ceramic Capacitor, 330 pF, 50 V, 0603 C1, C8, C19 3

Ceramic Capacitor, 100 nF, 50 V, 0603 C2, C3, C7, C9, C10, C11, | 13
C13, C14, C17, C18, C20,
€21, €22

Ceramic Capacitor, 10 pF, 25 V, 1206 C4, C5, C33 3

Ceramic Capacitor, 1 uF, 50 V, 0805 Ce6, C16, C26, C27, C28, |9
C29, C30, C31, C32

Ceramic Capacitor, 200 pF, 50 V, 0603 C12 1

Ceramic Capacitor, 10 pF, 10 V, 0805 C15 1

Aluminum Polymer Capacitor, 47 uF, 63 V | C23, C24, C25 3

3 pins terminal connector J1, J2, J3 3

Fixed inductor 150 pH 9.2 A 30.6 mohm, | L1, L2, L3, L4, L5, .6 6

74437529203151

Header, 6-Pin P8 1

Header, 2-Pin P1, P2, P3, P4, P5, P6, | 19
P7, P9, P10, P11, P12, P13,
P14, P15, P16, P17, P18,
P19, P20

Resistor, 5 K, 0.063 W, 0603 R1, R9, R12, R22, R25,R33 | 6

Resistor, 33K3, 0.25 W, 1206 R2, R3, R4, R6, R7, RS, | 18
R13, R14, R15, R18, R19,
R20, R26, R27, R28, R30,
R31, R32

Resistor, 68 R, 0.1 W, 0603 R5, R16, R29 3

Resistor, 3K54, 0.1 W, 0603 R17 1

Resistor, 1 K, 0.1 W, 0603 R21 1

Resistor, 1 R, 1.5 W, 2512 R36, R37, R38, R39, R40, | 6
R41

IC OPAMP, LTC6240IS8 U1, U2, U3, U4 4

Table 2.5: Component List of LCL Filter Card
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Figure 2.17: 3D Front View of LCL Filter Card

The design of the LCL filter is explained in the following sections. On the back
of the card, there are three voltage sensing circuits, each of which is identical.
At the bottom of the card, there is a circuit that provides an offset of 1.1 V
to the voltage sensing circuits. These voltage sensing circuits are built with
difference amplifier circuits that measure the difference between op-amp inputs.
The component placement is conducted so that the high current cannot affect
the sense of voltage. Therefore, it is not preferred to put the voltage sense circuit

directly at the bottom of inductors.
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Figure 2.18: 3D Back View of LCL Filter Card

2.3.1 Filter Comparison and LCL Filter Selection

Inverters generate high-frequency switching signals that include undesired har-
monics. The output filter of an inverter is required to attenuate these high-
frequency components and reduce harmonic distortion, which results in a better-
quality output signal. There are typically three types of output filters, namely
L-filter, LC-filter, and LCL filter.

Initially, a single inductor L-filter is used due to its simplicity. However, this
filter suffers from a low attenuation and requires a high inductance value. The
voltage drop across the inductor leads to poor system dynamics, which results
in a slow response time. To effectively attenuate harmonics using an L-filter, it
is necessary to either apply the high-frequency switching signal or place a high

value of inductor [22].
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After that, a capacitor is added in the shunt connection since the L-filter pro-
vides an insufficient attenuation of the switching oscillations. This combination
enhances the attenuation of these switching components since capacitors provide
low reactance at the switching frequency, and so the high-frequency noise can
be eliminated. Conversely, the capacitors present a high impedance at the con-
trol frequency range. Hence, the main signal is not affected. However, in this
approach, the required value of L does not change considerably. To compensate
for this, a high capacitor value is needed to acquire a good attenuation. On the
other hand, it is not recommended since the inrush current and the reactive cur-
rent increase substantially [22]. In addition to these, the direct connection of the

capacitor to the system may lead to instability. [23].

Finally, despite the increased design complexity that comes from the third-
order configuration of the LCL filter, this filter offers superior harmonic attenu-
ation and a more cost-effective solution for decreasing current harmonics. LCL
filter design needs the consideration of numerous constraints such as the reso-
nance phenomenon, the current ripple through inductors, the current harmonics
attenuation at the switching frequency, and the reactive power absorbed by ca-
pacitor [23]. In the next section, the design of the LCL filter is performed by

taking these constraints into account.

2.3.2 Calculation of LCL Filter Values

After determining the filter type as an LCL filter, the values of the filter should
be calculated. This calculation is critical for obtaining a high attenuation. The

inverter side of inductor (Li,,) can be calculated using Equation 2.10 [24].

_ Vbe
8fsw Lrated %rlpple

(2.10)

inv

In this application, Vpc =30V, fow = 25 kHz, I ateqa = 3.85 A, and ripple =
30 %. This amount of ripple is regarded as low enough for inverter applications.

Using the specified values, the inverter side of the inductor is calculated as Li,, =
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130 pH.

An inductor from Wurth Elektronik (74437529203151) with a rated current
of 9.2 A and an inductance of 150 pH is used. The effective inductance of this
inductor at the current of 5.45 A is approximately 135 pH, so it is appropriate

to select this inductor.

After calculating the inverter side of inductance, the value of capacitance

should be calculated. The formula for Cf is given by Equation 2.11 [24].

_ %XQrated

T 27ngrid‘/g2rid

(2.11)

The total reactive power absorbed by the capacitor is limited to 3.5 %. Hence,
Cy =50 pF. It is required to use non-polarized capacitors in LCL filter, and two

ceramic capacitors of 22 uF can be used in a parallel connection.

Base capacitance needs to be calculated to compute the attenuation factor.

C; 47 uF

O, = —
PT X% T 35 9%

= 1343 pF (2.12)

The grid side inductance should be calculated with Equation 2.13.

Lgrid =7 X Linv (213)

As r increases, the attenuation also increases. To increase the attenuation and
minimize the filter size, r should be selected as 1 [25]. Hence, Lgiq = 130 pH.
Therefore, the same inductor is selected for the grid side. The resonant frequency
should be calculated with Equation 2.14 [24].

1 1
= 2.14
f LgyiaLinvCy 27 ( )
Lgrid+LinV
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When the calculation is carried out, f..s is found as 2681 Hz. To ensure that

fres 18 stable. The following criterion should be satisfied.

10fy < fres < 0.5 faw (2.15)

This criterion helps avoid issues in the upper and lower harmonic spectrums.
In our case, fy = 50 Hz and fg = 25 kHz. Therefore, the criterion is fulfilled.
After satisfying the requirements, the attenuation factor should be considered.
This factor defines the allowable ripple between the grid inductor and the in-
verter inductor. The attenuation factor should be minimal to attenuate the har-
monics substantially. The attenuation factor can be calculated in percent using
Equation 2.16 [24].

100
attenuation = (2.16)

|1 +r (1 — LinyCy (27Tfsw)2 X)|

The attenuation factor is found as 0.54 %, which is sufficiently good. Finally,

a damping resistor should be considered.

Resonance should be avoided through the use of passive damping methods since
the rapid phase transition occurring at the resonance frequency, there might be
an instability of controllers, which leads to an oscillation. The damping resistor

can be computed using Equation 2.17 [24].

1

Rn= ——
P 67 fresCy

(2.17)

When the values f,os = 2681 Hz and C; = 44 uF are plugged, Rp is found as
0.43 €. Two resistors with the value of 1 € are used in a parallel combination.
To see the total harmonic distortion and the quality of the output, the simulation

is performed on Simulink.
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Figure 2.19: Schematic for LCL Filter Simulation

This simulation aims to verify the LCL filter. Therefore, a 2-level internal

controller is used. The PI controller is implemented in the next chapter.

Phase Voltage

Phase Current

Figure 2.20: LCL Filter Simulation Result

The phase voltage and phase current can be seen in Figure 2.20. The peak
value of phase voltage is 12 V, and the peak value of phase current is 5.45 A. The

total harmonic distortion should also be examined.
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Figure 2.21: Total Harmonic Distortion of LCL Filter

The total harmonic distortion is 0.32 %, which is sufficiently low. The results
of the LCL filter satisfy the requirements.

2.3.3 Voltage Sensing Circuit

The output voltage is a valuable measurement in the voltage source inverter. The
accuracy of voltage sensing has an enormous impact on the performance, stability,
and efficiency of the inverter. In the voltage source inverter, the output voltage
is generally taken as the input of the control system. This voltage can be phase
voltage or line-to-line voltage. The actual output voltage is compared to the de-
sired reference voltage. Therefore, an accurate sensing of output voltage increases
the accuracy of output voltage. Besides this, the harmonics are minimized with
the correct voltage sensing since the output voltage waveform is closely followed

by the desired waveform [26].

There are some measurement techniques for sensing the output voltage. In this
thesis, the phase voltage is directly measured instantaneously. While measuring
the phase voltage directly, dead-time and non-ideal properties of the inverter
components are included in the measurements, which is one of the main advan-
tages of the direct measurement technique. A difference amplifier circuit with the

op-amps is used. It is crucial to connect the output of the difference amplifier

39



circuit to the low-pass filtering to eliminate the high-frequency switching signals
produced by the PWM process while allowing the fundamental component of the
phase voltage to pass [27].

R;

MWW

°Vout

Figure 2.22: Difference Amplifier Circuit

The difference amplifier circuit is given in Figure 2.22. The main purpose of
the difference amplifier circuit is to measure the voltage difference between two
inputs of the op-amp. Vg is the offset of the difference circuit. So, the output

voltage of this circuit can be calculated using Equation 2.18.

Vww = Vie + 2 % (Vy — VA) (2.18)

Ry
One of the key advantages of the difference amplifier is its ability to reject
common-mode signals, which are the signals that are present on both input lines.
The circuit passes only the difference between the inputs and ignores any common
signal included in both. In this thesis, the inputs of op-amp are connected to the
phase voltage and neutral. The noise coming from the switching of MOSFETSs

might affect both phase voltage and neutral. In this case, common-mode noise

rejection of the circuit increases the accuracy of the measurements.
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In this application, the phase voltage is in the range from -12 V to 12 V. While
measuring the phase voltage, it is reasonable to provide some margin in case of
over-voltage or oscillation. Otherwise, the DSP might be damaged permanently
because of over-voltage at the ADC channel. Therefore, Ry = 5 k€2, Ry = 100 k2
and Vg = 1.1 V. When the values are plugged, Equation 2.18 becomes

Vouw = L1V +0.05 x (Vo — V) (2.19)

The selection of op-amp is significant. There are some parameters that need

to be considered when an op-amp is selected [26].

The input offset voltage (Vpg) is the voltage required between the two input
terminals of an operational amplifier to produce a zero-volt output. The input
offset voltage affects the accuracy of measurements. Therefore, the lowest offset

voltage is preferred.

Offset voltage drift in an operational amplifier refers to the change in the
input offset voltage (Vpg) as the temperature. The lowest offset voltage drift is

preferred.

Rail-to-rail input and rail-to-rail output are significant since the phase voltage

is converted to a voltage in the range of 0 V to 3 V.

The common-mode rejection ratio is crucial because the switching frequency
of the three-phase inverter is 25 kHz. The common-mode rejection ratio should

be greater than 80 dB at 125 kHz, which is 5 times the switching frequency.

When these considerations are prioritized, LTC6240 is selected for this ap-
plication. LTspice simulation is performed with this op-amp to ensure that the

circuit works properly.
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Figure 2.23: Difference Amplifier Circuit on Simulation

In the simulation, the input voltage is sinusoidal between -12 V and 12 V with
a frequency of 50 Hz. This input is given in Figure 2.24.

4 V{vin)

10v-{

v T T T T T T T
oms 10ms 20ms 30ms 40ms 50ms 60ms Toms 80ms 90ms. 100ms

Figure 2.24: The Input Signal

The offset voltage is 1.1 V, and the equation of output voltage is given in
Equation 2.19. In addition to this, there is a low-pass RC filter at the output.
The main purpose of this filter is to filter the noise arising from the switching of
MOSFETs. The cut-off frequency of this filter is 23.4 kHz, which is below the

switching frequency. The corresponding output is given in Figure 2.25.
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Vivout)

Figure 2.25: The Output Signal

In the DSP algorithm, 1.1 V is subtracted from the measured voltage and
then multiplied by 20 to acquire the input voltage. When this adjustment is

implemented, the result is given in Figure 2.26.

V(vin) (V{vout)-1.1)°20

Figure 2.26: The Measurement of Input Signal

It is evident in Figure 2.26 that the input signal and the adjusted output signal
overlap with each other, which means the input signal can be correctly sensed

with this circuit.
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Chapter 3

Digital Controller

Digital controllers in inverters are significant since they provide precise manage-
ment and optimization of power conversion processes. Digital controllers might
benefit from digital signal processors to implement sophisticated algorithms,
which results in acquiring the required output voltage with sufficiently high ac-
curacy. Although the stability of analog controllers is higher compared to digital
controllers, analog controllers do not offer the same opportunity. Digital con-
trollers continuously observe the output voltage, current, frequency, etc., so this
control level increases the efficiency and output quality of the inverter. Besides
these, digital controllers allow the user to easily change the output parameters,
such as voltage and frequency, without changing any hardware configuration. As
the sampling frequency of the digital controller increases, the stability issues can
be overcome [28]. Therefore, the superiority of digital controllers becomes distinct

with the increasing sampling frequency.
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3.1 DSP Selection

DSPs are highly suitable for inverter applications since they are designed to
handle real-time control, complex mathematical computations, and control algo-
rithms [29]. Texas Instruments offers a comprehensive range of products, such as
single-core and multicore DSPs. The C2000 series is ideal for inverter applications
since they perform sophisticated computations and include advanced peripherals.
In inverter applications, it is important to possess a high-precision pulse width
modulation module to generate high-quality output. In order to create PWM,
the sensing of output voltage is necessary. The analog-to-digital converter pe-
ripheral of C2000 enables sensing of voltage, current, and other signals at a high
speed. Hence, the C2000 series fulfills the requirements of designing an inverter.
There are numerous DSPs that belong to the C2000 series. The comparison is

performed in Figure 3.1 [30].

TMS320F2838xD
TMS320F28P65x

TMS320F2837xS TMS320F2838xS TMS320F2837xD

TMS320F28P55x

TMS320F28007x

Flash Size

TMS320F28003x

TMS320F280015x TMS320F28004x

TMS320F280013x

TMS320F28002x

Performance

Figure 3.1: C2000 series Comparison of Memory and Performance
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Along these DSPs, TMS320F2837xD is used in countless applications. There
are a lot of DSPs that belong to this series. The frequency and total processing
of all these DSPs are the same. However, Flash Memory, RAM, and ADC res-
olution change according to DSP. In this thesis, TMS320F28379D is used. The
specifications of this DSP from the datasheet are provided in Table 3.1 [31].

Feature TMS320F28379D
Frequency 200 MHz
Flash Memory 1024 kByte
RAM 204 kByte
ADC resolution 12, 16 bps
Total processing 800 MIPS

Table 3.1: Specifications of TMS320F28379D

ADC resolution depends on whether the signal conversion is single-ended or
differential. When the single-ended signal conversion is used, the resolution is
12-bit, whereas when the differential signal conversion is used, the resolution is
16-bit. In this thesis, the single-ended conversion is used. There are 24 ADC

channels that can be used as single-ended conversion [32].

3.2 Development Board

There are two boards that include the DSP of TMS320F28379D. These boards are
TMS320F28379D controlCARD and LAUNCHXL-F28379D. TMS320F28379D
controlCARD is costly, and there is a need for the second board to fit the control
card. Therefore, in this thesis, the LAUNCHXL-F28379D development board is

used.

This development board can be used in power conversion control focusing on
DC-DC, AC-DC, and DC-AC. There are numerous inverter evaluation boards
that are compatible with LAUNCHXL-F28379D. This board has an XDS100v2
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JTAG debug probe that connects TMS320F28379D to a host computer via USB
without requiring any additional interface card. XDS100v2 is also compatible
with the Integrated Development Environment (IDE) of Texas Instruments called
Code Composer Studio. Therefore, using XDS100v2, one can program the code
and debug it. In this board, there is galvanic isolation between the PC and the
DSP, which prevents the PC from being damaged in case of any unfavorable

situation [33].

This board needs 3.3 V and 5 V. 3.3 V is required for DSP. 5 V is needed for
Op-amps and reference IC that produces a reference voltage of 3 V for ADCs.
The board can be supplied with both 3.3 V and 5 V. This adjustment is made
according to the jumpers located on the board. There are three methods for
supplying the board. The first configuration is to supply the board with a USB
cable. When this method is employed, there is no isolation between PC and
DSP. Therefore, it is not favorable in power conversion applications. The second
configuration is to supply the board with an external 5 V. In this configuration,
there should also be an additional 3.3 V. Since this configuration needs two dif-
ferent supply voltages, it is not useful for us. The third configuration is to supply
the board with an external 3.3 V. In the development board, there is a boost
converter that converts 3.3 V to 5 V, which satisfies the need for 5 V [33]. In
this thesis, the third configuration is used. With this configuration, only 3.3 V is
supplied to the board, and there is a galvanic isolation between the PC and DSP.

Therefore, this configuration is reasonable for power conversion applications.

The development board has two LEDs that can be configured depending on
the user’s preference. They can be utilized as an indicator of the working of
DSP. In our configuration, initially, one is not blinking, and the other is. Each
second these LEDs toggle to indicate that there is no problem in the working of
DSP. There are 12 available Enhanced Pulse Width Modulation (ePWM) pins
physically connected to the connector of the development board, 6 of which are
used in this thesis. There are 20 available ADC channels in the development
board, 7 of which are used in this thesis [33].
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3.3 DSP Peripherals

TMS320F28379D has various peripherals such as ADC, ePWM, communication,
etc. These peripherals can be used in advanced applications. In this thesis, we
benefit considerably from ADC and ePWM peripherals.

3.3.1 ADC Peripheral

There are four independent ADCs in TMS320F28379D: ADCA, ADCB, ADCC,
and ADCD. Each ADC module utilizes a successive approximation (SAR) archi-
tecture that offers a selectable resolution of 16 or 12 bits with 16 configurable
SOCs. The ADC comprises two main components, namely core and wrapper.
The core includes various analog circuits such as the channel select MUX that se-
lects the channel of the selected ADC, sample-and-hold (S/H) circuit that consists
of a capacitor and resistor, voltage reference circuits that provide the reference
voltage to ADC, and additional analog support components. The wrapper con-
tains the digital circuitry responsible for the configuration and control of ADC,
including result registers that have the results of conversion, connections to pe-
ripheral buses, and post-processing circuits that perform post operations such as
adding an offset. Each ADC module features one sample-and-hold circuit, which
means when an ADC samples multiple channels, there should be a sequential
process of analog-to-digital conversion [32]. Although each ADC has 16 channels,
all these channels are not physically connected. There are six channels available
for ADC module A (ADCA). There are four channels available for ADC module
B (ADCB). There are four channels available for ADC module C (ADCC). There
are four channels available for ADC module D (ADCD). There are two channels
available that can be used by any of the four ADCs [31]. In this thesis, the ADCs
of ADCA, ADCB, and ADCC are used. The ADC of ADCD is not used in this

application.
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ADC | Channel | SOC Description
ADCINA2 | SOCO | Sensing of Voltage across Phase A
ADCA ADCINA3 | SOC1 | Sensing of Voltage across Phase B
ADCINA4 | SOC2 | Sensing of Voltage across Phase C
ADCINB4 | SOCO | Sensing of Current through Phase A
ADCB | ADCINB5 | SOC1 | Sensing of Current through Phase B
ADCIN15 | SOC2 | Sensing of Current through Phase C
ADCC | ADCINC5 | SOCO Sensing of Input Voltage

Table 3.2: ADC Channel Descriptions for Voltage and Current Measurements

There are multiple trigger options in TMS320F28379D. These are software im-
mediate start, ePWMs for ADCSOCA or B, CPU Timers 0/1/2, GPIO XINT?2,
and ADCINT1/2. The reduced schematic of the ADC core is presented in Fig-

ure 3.2 [32].

Analog-to-Digital Core

ADCINO

ADCIN1S

Figure 3.2: ADC Core
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Conversion starts with an incoming Start of Conversion (SOC) trigger signal.
In this thesis, the trigger signal of SOC comes from ePWM. After being triggered,
the ADC samples the voltage on the selected channel. This selection is deter-
mined by CHSEL with the channel mux. This is necessary because each ADC
can convert only one sample at a time. In this application, the configuration is
established in such a way that when ePWM1 matches the zero or period, the
trigger signal of SOCA is generated, and then the ADCA begins sampling chan-
nel ADCINA2 (SOCO0), ADCINA3 (SOC1) and ADCINA4 (SOC2) sequentially,
ADCB simultaneously begins sampling channel ADCINB4 (SOC0), ADCINB5
(SOC1) and ADCIN15 (SOC3) sequentially and ADCC also simultaneously sam-
ples the channel of ADCINC5 (SOCO0). The conversion proceeds at the Sample
and Hold (S/H) Circuit. The capacitor C}, located at the S/H Circuit is charged
up with the duration stated by the Acquisition Pre Scalar (ACQPS) value. The
determination of this value is critical for the accurate measurement of ADC. If
ACQPS is too short, charging stops before reaching the real value, which causes
reading the voltage to be lower than its actual value. If ACQPS is too long, there
is an unnecessary delay in the conversion. In our case, there is a buffer in the
voltage sensing circuit, which implies the input of ADC has a low impedance.

Therefore, it is reasonable to keep the switch closed for a shorter amount of time.

According to the datasheet, the minimum sample duration should be 75 ns for
performing 12-bit conversion. However, it is appropriate to calculate the value of
ACQPS according to the used circuit. The input drive circuit of ADC is given in
Figure 3.3.
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Figure 3.3: The Drive Circuit of the ADC

The time constant can be calculated with Equation 3.1 [32].

T = (Rs + Ron)Crx + Rs(Cs + C) (3.1)

Cr denotes the ADC sampling capacitor and C), denotes the ADC channel

parasitic input capacitance. In this case,

Cy =125pF and C,=12.7 pF

The number of time constant can be calculated using Equation 3.2 [32].

B 2" Cs+ Cp
k=l (settling error) = < Cu ) (32)

So, the approximate duration of the sample and hold time should be at least:
t=kr (3.3)
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When the values are plugged in the equations, 7 = 6.81 us, k = 0.0236 and
t = 160.83 ns. The system clock runs at 200 MHz. Therefore, each SYSCLK is
5 ns. ACQPS can be calculated with Equation 3.4 [32].

Acqps = 20083 g (3.4)
1

After the S/H circuit, the converter calculates the digital representation of the
voltage on C'y capacitor. The formula for this calculation is provided in Table
3.3 [32].

Analog Input Digital Result

analog input < VREFLO ADCRESULT = 0

ADCIN-VREFHI

VREFLO < analog input < VREFHI | ADCRESULT = 4096 x (—ADCIN*VREFLO

)

VREFHI > analog input ADCRESULT = 4095

Table 3.3: Digital Result of ADC Conversion

In the development board, VREFHI is connected to 3 V, and VREFLO is
connected to 0 V. Therefore, we cannot measure an analog signal greater than
3 V and lower than 0 V. Hence, the voltage range of measurement is from 0 to
3 V.

3.3.2 ePWM Peripheral

The Enhanced Pulse Width Modulation module is a versatile and advanced pe-
ripheral designed for precise timing and control applications. It provides high-

resolution pulse-width modulation signals suitable for a wide range of tasks, such
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as motor control and power conversion. The ePWM module features multiple
channels, each of which is capable of generating up to two independent PWM

signals, allowing for flexible and complex waveform generation.

There are three operating modes in the ePWM module, namely, up-count,
down-count, and up-down count. We use the up-down count mode that is gen-
erally used in half-bridge topology. In this mode, the dead-time duration can
be adjusted, and there is a symmetric operation among the three phases, which
is important to obtain the phase difference of 120°. There are eight main sub-
modules in the ePWM peripheral. These are Time-Base (TB), Counter Compare
(CC), Action Qualifier (AQ), Dead-band (DB), PWM-choper (PC), Event-trigger
(ET), Trip-zone (TZ), and Digital Compare (DC). In this thesis, five of these sub-
modules are used: Time-Base, Counter Compare, Action Qualifier, Dead-band,

and Event-trigger [32]. These are shown in Figure 3.4 [32].

Time-base (IB) submodule

Counter-compare (CC) submodule

ePWMxSOCA ePWMxA

GPIO

ADC . § -
ePWMxSOCB Action-qualifier (AQ) submodule ePWMxB MUX

Dead-band (DB) submodule

Peripheral Bus

Event-trigger (ET) submodule

Figure 3.4: Submodules of ePWM Module

The Time-Base submodule configures the PWM time-base counter (TBCTR)
to acquire the required frequency. This submodule specifies the mode of time-base
counter such as up-count, down-count, or up-down-count. This submodule also

adjusts the phase in relation to another the ePWM module. The count modes
are exhibited in Figure 3.5 [32].
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Figure 3.5: Count Modes

The Up-Down Count Mode is usually used in inverter applications. In order to
adjust the switching frequency, the value of TBPRD should be calculated. The

formula for this calculation is presented in Equations 3.6, 3.7 [32].
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TBPRD — JIBCLE (3.6)
2fpwm

EPWMCLK
HSPCLKDIV x CLKDIV

frecLk = (3.7)

EPWMCLK is equal to half of the system frequency, which implies 100 MHz.
HPSCLKDIV and CLKDIV are equal to 1, which means that there is no addi-
tional division of EPWMCLK. Therefore, frgecrx = 100 M Hz. The switching
frequency is 25 kHz. Hence, TBPRD = 2000.

The Counter Compare submodule receives the value of the time-base counter
as input, and it continuously compares this value to the compare values of CMPA
and CMPB. An event is triggered when the value of the time-base counter equals
a compare value [32]. In our case, there is no fixed value of CMPA. This value
is determined by the control algorithm of the inverter to acquire the required

three-phase sinusoidal output.

The Action Qualifier submodule determines which action is taken when an
event of the time base, counter compare, or comparator arises. The types of

actions and their descriptions are described in Table 3.4 [32].

Action Description

Set High | Configure the output of EPWMxA or EPWMxB to a high state.

Clear Low | Configure the output of EPWM=xA or EPWMxB to a low state.

Toggle Toggle output EPWMxA or EPWMxB

Do Nothing | Maintain outputs EPWMxA and EPWMxB at the same state

Table 3.4: Types of Actions

In our case, when there is a match between the time-base counter value and the
compare value of CMPA | an action is triggered. When the value of the time-base
counter equals zero or period, no action occurs. The events of action qualifier are
depicted in Figure 3.6 [32].
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Figure 3.6: Events of Action Qualifier

When the value of the time-base counter increases and reaches the value of
CMPA, EPWMI1A is set to high. And, when the value of the time-base counter
decreases and reaches the value of CMPA, EPWMI1A is set to low. Unless these
two events, there is no change in EPWMI1A.

After creating the EPWMI1A signal, its complimentary is generated using the
Dead-band submodule. This submodule can be adjusted to create an active high
complementary signal, and its rising-edge and falling-edge delays are configurable

using the following equations [32].

RED = DBRED x TTBCLK (38)

This equation is used to adjust the rising-edge delay. DBRED is the value of

the register.

FED = DBFED x TTBCLK (39)

This equation is used to adjust the falling-edge delay. DBFED is the value of

the register.
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In order for the inverter to work properly without any safety issues, rising-
edge and falling-edge delays should be 500 ns. Trgcrk is calculated as 10 ns.
Therefore, DBRED = DBFED = 50.

Event Trigger submodule activates the ePWM events that initiate an interrupt
and ADC start-of-conversion. The frequency of events that lead to triggering can
be determined [32]. In our case, every event triggers the start-of-conversion, and

the event occurs when the time-base counter equals zero or period.

3.4 Control Algorithm

In a three-phase inverter system, the control algorithm is essential for ensuring
stable and efficient conversion of direct current into alternating current. This al-
gorithm might involve sophisticated techniques such as pulse width modulation.
These kinds of techniques provide a better regulation of voltage and current.
The control algorithm continuously monitors the output and adjusts the switch-
ing patterns accordingly. Therefore, power quality, reduction of harmonics, and

system efficiency are achieved.

Three-phase inverters employing the PWM switching technique typically op-
erate with a constant DC input voltage (Vpc). The objective of the inverter is
to convert this steady DC input into an AC output, where both the magnitude
and frequency of the output can be regulated. There are various pulse width
modulation techniques, and the performance of an inverter largely depends on
the chosen modulation strategy [34]. SPWM and SVPWM are the most com-
mon modulation techniques. There are advantages and disadvantages of each
technique. There are two main advantages of SVPWM. The first advantage of
SVPWM is providing up to 15 % more utilization of DC bus voltage. This is an
advantage in achieving a higher output voltage for the same DC bus voltage. The
second advantage of SVPWM is to have a lower THD [35]. However, this modu-
lation technique has some disadvantages. The switching loss of SVPWM is higher
compared to SPWM. In addition to this, the SVPWM technique is more sensitive
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to errors that might result from noise. On the other hand, the implementation of
the SPWM technique is more straightforward than SVPWM, and this technique
is less sensitive to errors. The combination of the SPWM technique with the LCL
filter provides adequately low THD. In addition to the LCL filter, the switching
frequency directly affects THD. As the switching frequency increases, THD de-
creases considerably, and in terms of output quality, the performance difference
of these two modulation techniques becomes negligible. Besides this, in our case,
there is no need for achieving higher output voltage with the same input voltage.
Therefore, the SPWM technique is utilized in this design. The total harmonic

distortion will be examined in the Simulink simulation.

The sinusoidal pulse width modulation technique allows for the direct regula-
tion of both the output voltage and frequency. SPWM technique is defined by
the pulses having a constant amplitude, but the duty cycle varies for each cycle.
The pulse widths are adjusted to control the inverter’s output voltage and mini-
mize harmonic distortion. While employing SPWM, three sinusoidal waves and a
high-frequency triangular carrier wave are utilized to produce the PWM signals.
These waves are reference signals, and there is a phase difference of 120° between
the sinusoidal waves. The frequency of these sinusoidal waves is selected based
on the desired output frequency of the inverter. The frequency of the triangu-
lar carrier wave is high, and the switching signals are generated by comparing
the sinusoidal waves to the triangular wave. The output of the comparator is
high when the sine voltage is greater than the triangular voltage. The working
principle of SPWM is depicted using MATLAB.
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Figure 3.7: SPWM Technique for Single Phase Inverter

It is seen in Figure 3.7 that the first subplot is the reference signal whose
frequency should be the same as the inverter’s output frequency. The second
subplot is the triangular carrier wave with a high frequency. On the third subplot,
the reference signal and carrier wave are displayed together so the comparison
can be performed. On the fourth subplot, the corresponding PWM signal is
shown. After examining the SPWM technique for a single-phase inverter, the
SPWM technique for a three-phase inverter is displayed in Figure 3.8. The main
difference is the generation of three reference signals, each of which has a phase
difference of 120°.
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Figure 3.8: SPWM Technique for Three-Phase Inverter

The first subplot shows three reference signals. The frequency of each reference
signal is the same as the output frequency. The second subplot is the triangular
carrier wave. On the third subplot, the reference signals and carrier wave are
exhibited together. The comparison between reference signals and triangular
carrier wave is carried out, and the PWM signal is created accordingly on the

fourth subplot.

Another advantage of SPWM is the attenuation of low-order harmonics.
Larger filters are generally required to attenuate lower-order harmonics. How-
ever, these filters can be both bulky and costly. Conversely, filters designed
to address higher-order harmonics are typically more compact and economical.
Therefore, sinusoidal pulse width modulation techniques are employed to elimi-

nate the lower-order harmonics, whereas an LCL filter circuit is utilized for the
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attenuation of higher-order harmonics [36].

A PI (Proportional-Integral) controller is widely used in the control of three-
phase inverters to regulate the output voltage and frequency. In the context of
a three-phase inverter, the PI controller operates by minimizing the steady-state
error. The actual voltage is monitored and compared to the inverter’s target
output voltage. If any error is detected, the PI controller generates the necessary
modulation signals to correct and control the output voltage. The proportional
term of the controller ensures a fast response to errors while the integral term
decreases or even eliminates the steady-state error, resulting in smooth and stable
inverter operation. In three-phase inverter applications, the PI controller is often
used in the DQ reference frame to increase the voltage stability of the inverter
[37]. In this thesis, the proportional term and integral term of the PI controller

are found with the method of fine-tuning.

In the DQ reference frame, the AC signals appear as DC-like quantities, mak-
ing them easier to regulate using the PI controller. The DQ reference frame can be
obtained using Clarke-Park Transformations. These transformations are utilized
to conduct a dynamic analysis of three-phase systems. Clarke-Park Transforma-
tions generate a new geometrical representation for three-phase systems. The
Clarke transformation converts the three-phase AC quantities (usually voltages
or currents) into two orthogonal o and  components, which are represented in
a stationary reference frame. This simplifies the analysis of three-phase systems

by reducing the complexity from three variables to two variables [38].

1%
Val J201 =5 VA (3.10)
Vs 3l B B '
2 2 VC
9 1 1
V= Vi— Vg — =V, 3.11
3’4 3B 3¢ (3.11)
1 1
V= —Vp— —V, (3.12)
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After benefiting from the Clarke transformation, the Park transformation con-

verts the a and  components into DQ components [38].

% | cos 0 sinf| |V, (3.13)
Vq —sinf cosf| | V3 .

Vi = cos 8V, + sin 0V (3.14)

V, = —sin 0V, + cos V3 (3.15)

In the DQ control method, the peak voltage of the three-phase inverter is
determined from the d-axis of the Park transformation, and it is compared to a
constant reference voltage to maintain a steady output voltage [37]. The peak
of the phase voltage is 12 V. The difference between the measured voltage and
the reference voltage is sent to the PI controller, which generates the necessary
modulation index. The modulation index determines the amplitude of sinusoidal
pulses to produce the gate signals that increase or decrease the output voltage
of the inverter. The schematic of the control algorithm using the DQ frame is

provided in Figure 3.9.

d _ /‘\ N duty A
& PI &7, duty B
S o

q

Figure 3.9: The Control Algorithm of Three-Phase Inverter

The simulation of the control algorithm can be carried out on Simulink. The

LCL filter and controller schematics are given in Figure 3.10, 3.11.
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Figure 3.11: The Controller with DQ Transformation and SPWM

The result of the simulation is provided in Figure 3.12.
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Phase Vollage

Phase Current

Figure 3.12: The Simulation Result of Controller

The phase voltage and phase current of each phase are shown in Figure 3.12.

The quality of the output voltage is adequately high. The total harmonic distor-

tion should also be investigated.
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Figure 3.13: The Total Harmonic Distortion Result of Controller
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The total harmonic distortion is 0.40 %, which is sufficiently good. There-

fore, the controller can be implemented on hardware. This implementation is

performed using DSP.

To implement the controller on DSP, the structure of the control algorithm
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should be designed. In this application, the digital control algorithm receives
inputs from both the user and the circuit. The user states whether the PWMs
are enabled or not, and what the peak value of the phase voltage is. On the other
hand, The phase voltages come from the circuit located at the LCL filter card.
Besides this, the algorithm decides whether the PWMs are generated by sensing
the phase currents and input voltage, which satisfies the over-voltage and over-
current protections. Over-voltage protection is performed with an input voltage
higher than 35 V, and over-current protection is fulfilled with a phase current
higher than 7 A. When these conditions occur, the PWMs are not generated.
When there is no such situation, the percentage of the duty cycle is determined

by the control algorithm. The algorithm flow chart is presented in Figure 3.14.

PWM_ENABLE
Desired Phase Voltage

User Interface

ez
B

£33
o

PWM signals
——

duty_c
ADCA CHECK if (PWM_ENABLE) and (I, Ig, Ic) <7 A) and (Vpc <35 V) =1 PI Controller ePWM

ADCB

ADCC

Figure 3.14: Algorithm Flow Chart
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Chapter 4

Hardware Implementation and

Measurement Results

The hardware implementation of the designed inverter is performed with three
main cards. The first one is the main card which contains SMPSs, gate drivers,
and MOSFETs. The second one is the LCL filter card that includes LCL filters
and voltage sensing circuits. The third one is the development board called
LAUNCHXL-F28379D, and there is also an aluminum plate that includes three

loads of 2.2 2. Each load can handle a maximum power of 150 W.

4.1 Hardware Implementation

Three-phase inverter card, LCL filter card, development board, and aluminum

plate with the load are shown in the following figures.
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Figure 4.4: Three-Phase Load

The hardware setup is built using these three cards and loads. The hardware
setup is displayed in Figure 4.5.
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Figure 4.5: Hardware Setup

The results of hardware implementation are shown in the following section.
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4.2 Measurement Results

The measurement results contain the no-load current drawn by the DSP and other
ICs, phase voltages, efficiency calculations, the Code Compose Studio interface,

and the phase current sensed by the current sense amplifier.

The no-load current is shown in Figure 4.6. This current is mainly drawn by
DSP.

Figure 4.6: No-load Current

The no-load power is 1.5 W. The phase voltages are shown in the following

figures.
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Figure 4.7: 2.5 V Peak Phase Voltage of Phase A and B
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Figure 4.8: 5 V Peak Phase Voltage of Phase A and B
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Figure 4.9: 7.5 V Peak Phase Voltage of Phase A and B
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Figure 4.10: 10 V Peak Phase Voltage of Phase A and B

72



D50-% 20024, MYS2166276; Sun MNov 03 22.35:27 2024

1 5.00W/ 2 Bo0w 10 Aute

Figure 4.11: 12 V Peak Phase Voltage of Phase A and B
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Figure 4.12: 12 V Peak Phase Voltage of Phase B and C
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The phase voltage measurements shown with 5 V division include a mea-
surement of offset that results from the oscilloscope. This offset is displayed in

Figure 4.13, where there is no output voltage.

D50 20024, MYS2166276: Sun Moy 03 21:43:50 2024

KEYSIGHT

1.00:1

erments

Win(1):

-1 00my
-0.0V

-100mY

Figure 4.13: Offset from Oscilloscope in 5V Division Measurements

The validation of frequency should be performed for these voltages. This is

accomplished with Figures 4.14, 4.15, 4.16, 4.17, 4.18.
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Figure 4.14: 2.5 V Peak Phase Voltage of Phase A
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Figure 4.15: 5 V Peak Phase Voltage of Phase A
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Figure 4.16: 7.5 V Peak Phase Voltage of Phase A
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Figure 4.17: 10 V Peak Phase Voltage of Phase A
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Figure 4.18: 12 V Peak Phase Voltage of Phase A

The system is tested with the nonlinear load in which there is a series diode
and a resistor of 2.2 ) in each phase. The results of this test are shown in
Figures 4.19, 4.20.
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Figure 4.19: 12 V Peak Phase Voltage of Phase A and B
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Figure 4.20: 12 V Peak Phase Voltage of Phase B and C
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The system is tested with no load. The results of this test are provided in
Figures 4.21, 4.22.
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Figure 4.21: 12 V Peak Phase Voltage of Phase A and B
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Figure 4.22: 12 V Peak Phase Voltage of Phase B and C

The system is tested with an imbalanced load in which Phase A and Phase B
are connected to 2.2 Q0 and Phase C is connected to 3.3 2. The results of this
test are provided in Figures 4.23, 4.24.
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Figure 4.23: 12 V Peak Phase Voltage of Phase A and B
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Figure 4.24: 12 V Peak Phase Voltage of Phase B and C
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These results indicate that when there is an imbalanced load at the output,
the controller attempts to equalize the phase voltage with the reference voltage.
However, in this system, there is no neutral pin obtained through the division of
capacitors at the input. Therefore, the current lacks a complete path to flow, and
an imbalance in voltage occurs. The phase voltage of the phase with the higher

load increases.

The efficiency calculation should be performed using Figures 4.14, 4.15,4.16, 4.17, 4.18.

o Efficiency vs Output Power
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Figure 4.25: Efficiency vs Output Power

The efficiency of the three-phase inverter is shown in Figure 4.25. This calcu-
lation includes the no-load power mainly drawn by the DSP. The no-load power
is 1.5 W; this power is shown in Figure 4.6. When this power is not included,

efficiency increases. Especially at low output powers, the power of DSP becomes
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critical for efficiency. As the output power increases, this power becomes neg-
ligible and changes the efficiency to only 1 or 2 %. When a MOSFET with a
lower drain-to-source voltage is used, the efficiency can be improved further since

drain-source on-resistance becomes lower.

The Code Composer Studio interface is given in Figure 4.26. Using this inter-
face, the input and output parameters of the three-phase inverter can be deter-

mined and/or monitored.

=Variables & Expressions 52 1l Registers Ol X %B| it § = O
Expression Type Value Address

9= counter unsigned int 2489 0x0000CFCO@Data

9= pwm_on_counter unsigned int 8414 0x0000CFCT1@Data

= PWM_ENABLE unsigned char 101" 0x0000CFC2@Data

9= reference_voltage float 6.5999999 0x0000CFE6@Data

= Vdc float 300 0x0000CFE4@Data

®=i_a float 0.201228872 0x0000CFD8@Data

®=i_b float -2.72481394 0x0000CFDA@Data

®=i_c float -2.38358307 0x0000CFDC@Data

a7 Add new expression

<
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Figure 4.26: CCS Interface

The reference voltage and PWM enabling can be adjusted on Code Composer
Studio. The phase current can also be examined on the interface. When the peak
value of phase current is 3 A, two periods of cycles are shown in Figure 4.26. The
input DC voltage can also be monitored on the interface. If the input voltage
exceeds 35 V, PWMs are disabled, which implies input over-voltage protection.

The short-circuit protection circuit is also tested.
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Figure 4.27: Phase Current on CCS Interface

The phase current on the CCS interface is shown in Figure 4.27. At the full
load, the peak value of phase current is 5.45 A, which is sensed correctly by
the current sense circuit. When the current is above 7 A, PWMs are disabled,
which verifies the over-current protection circuit. The limits of over-voltage and

over-current protections can be adjusted.
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Chapter 5

Conclusion

In this thesis, a three-phase inverter is designed using the DSP of
TMS320F28379D on which an advanced control algorithm with the combina-
tion of SPWM and DQ reference frame is implemented. To attenuate harmonics
in the phase outputs, various filter topologies, namely L, LC, and LCL, are eval-
uated based on existing literature. Provided its superior attenuation, the LCL

filter is selected for implementation.

In the design process of the three-phase inverter, we first start with the decision
on the digital controller. TMS320F28379D is included in a common development
board, and it is well-suited for inverter applications. The second task is to de-
termine the control algorithm. Then, the type of passive filter is specified. The
LCL filter provides a high attenuation for harmonics. After that, the design of a
voltage sense circuit is critical since the control algorithm takes the phase voltages
as input and generates the modulation index and so PWMs accordingly. Finally,
the protection circuits are designed. These are over-voltage and over-current
protections. To fulfill over-voltage protection, the input voltage is monitored
continuously. Over-current protection is satisfied with the sense of output phase
currents. These currents are sensed by a current sense amplifier located at each

phase.
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The peak output voltage of the three-phase inverter is 12 V with a frequency
of 50 Hz. The maximum output power is 98.5 W with an efficiency of 90.72 %
without any heat sink or additional cooling components. This system works
properly with a balanced load, and the inverter also works with nonlinear loads

as long as the load is balanced.

In the future, we plan to design a heat sink and mechanical design, which
will enable an increase in the output power. Besides this, to increase the output
power, the value of components in the LCL filter needs to be calculated again.

The new components might have to be selected.
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