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Abstract

Dead Time (T y) is a certain time which is added into power inverter for avoiding short
circuit events when power switches are turning on or off. Although dead time is used
in H-Bridge to avoid a shoot-through event from occurring, it will inevitably cause
distortion and energy loss. Methods such as Dead Time Compensation (DTC) and Dead
Time Elimination (DTE) are used for compensating power loss, voltage drop, and high
distortion caused by dead time T 4. In many literatures, most of DTC or DTE are used
in 2-level H-Bridge PWM system for motor drives and open-loop system. This thesis
presents a DTC technology which is used in a single phase 2-level and 3-level Grid
Connected H-Bridge Power Inverter. As result, except DTC technology, the technology
of Phase Locked Loop (PLL) and PI current control are described and discussed as
well. Moreover, MATLAB Simulink simulation results, and electrical circuit design
experimental results about the DTC in Grid Connected Power Inverter presented in the

thesis is discussed.
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Chapter 1

Introduction

1.1 Background

What is the power electronic converter? It is an essential piece of technology for
transforming electrical energy using the various types of semiconductor power devices,
thereby ensuring electrical products are able to work in the right situation and giving
the highest efficiency. There are four main types of power electronic converters, DC to
DC (buck, boost), AC to AC (frequency conversion), AC to DC (rectifier) and DC to
AC (inverter). Power converter could not only change the waveform of voltage and
current, but also change other parameters such as frequency and phase angle etc.

The concept and principle of inverter has already been mentioned by David Prince in
1925 through an article in the GE review titled “The Inverter” [1]. Based on research
on rectifier device, David Prince gave the idea about converting DC power to AC power
or signal, which encouraged the research not only on the inverter, but also the research
on thyristor decade later with the advent of semiconductor devices. The development
of inverter was challenging and time consuming due to the limits of power devices.
Before 1956, the research about inverter is based on rectifier device such as high-
vacuum or gas-discharge tube [2]. As result, output power, AC waveform and efficiency
are poor. It was not until research regarding the first thyristor was published, spurring
investment from industry in 1956, after which the development of power inverter
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started to grow up quickly. After invention of thyristor, the growing process of power

inverter could be separated into three stages.

The first stage was from 1956 to 1980. The function of thyristor is similar to a diode,
limiting the current flow direction. The difference between thyristor and diode is that
thyristor could be turned “on” or “off” through the gate signal and it is because of this
controllable characteristic that it is able to be utilised in inverter circuits. Voltage-
Regulated SCR (Silicon-Controlled Rectifier) inverter was published first. After that,
researchers realize that it was important to improve the output waveform from power
inverter by designing better strategy to control gate signal. As result, in 1964,
F.G.Turnbull put forward strategy “Selected Harmonic Reduction” method for use in
the power inverter [3]. This method reduced troublesome harmonics and gave an output
waveform which closer to a sinusoidal waveform. This method led to the basic idea for
the future research and design on Pulse-Width Modulation (PW M) method. Between
1956 and 1980, most of power devices, thyristor mainly, could only work in low
switching frequency. As result, most of inverters could only gave low frequency output
around 400Hz. At that time, the size of the power inverter, transformer and filter were

large, and also the transfer efficiency of inverter was low.

The second stage was from 1981 to 2000. During this stage, the design of power inverter
was based on high switching frequency power devices such as Gate Turn-off Thyristor,
MOSFET (Metal-Oxide-Semiconductor field-effect transistor) and IGBT (Insulated-
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gate Bipolar Transistor) etc. Many electrical equipment such as transformer and filter
inductor are related to the switching frequency which needs to be attenuated to improve
output waveform fidelity. With higher switching frequency, the size of transformer and
inductor can be smaller, which decreasing cost. Higher switching frequencies also
afford a larger separation from output fundamental waveform, thereby, reducing the
attenuation burden on the filter. As result, increasing switching frequency in the PWM

system for driving power inverter is of great importance during this time.

The third stage starts after 2000. Although increasing switching frequency is desirable,
increasing it without limit causes issues such as Skin effect, Electromagnetic interface
and switching energy loss on power devices are becoming more significant. An
important question arises in how to balance energy loss and frequency to reach the
highest efficiency. In order to decrease the power loss on power devices, soft-switching
technologies such as zero-voltage and zero-current switch had been developed. In
addition, multi-level inverter technologies were becoming more popular, and since has
become one of the main areas in development of inverter. The advantage of multi-level
inverter is that it makes an output AC waveform with smaller voltage quantization
transitions, and this lowers total harmonic distortion and decreases power loss in every
single power device in an inverter. After 2000, the technologies on microelectronics,
computers, intelligent control, and software keep developing. As result, PWM control
technologies are becoming more intelligent, efficient and complex, which increases the
output efficiency of power inverters.

17



Power inverters are widely used in many areas — motor drive, induction heater and air
conditioner etc. Nowadays, power inverters are important in developing renewable
energy technologies such as wind power and solar power. The aim of developing these
renewable energy technologies is to decrease the use of non-renewable energy such as
fossil fuel and coal and decrease greenhouse gas emissions. In addition, with the new
goal of government policy in global areas, further boosting development of renewable.
Achieving Zero-Carbon in 2050 is one of the most important goals in the UK [4][5].
Zero-Carbon is important not only in the UK, but also in the whole world [6]. From the
global forecast summary in [7][8], renewable electricity capacity has increased from
750GW in 2016 to 950GW in 2024. And then the capacity goal in 2030 is at least
11000GW. In renewable energy technologies, Photovoltaic solar (PV) technology is a
popular and fast-growing technology. The electric capacity of PV power increased from
90GW in 2016 to 400GW in 2024 [7]. Grid Connected PV power inverter system is a
main research area in PV power technology. It transfers DC energy from PV panels to
AC output into Grid. Power inverter is very important since it directly influences the
efficiency of energy transfer from PV to Grid. As result, switching speed, control
technologies and power inverter structure are important research areas in Grid

connected PV power system.

1.2 Motivation

18



With development of renewable energy technologies, higher efficiency power inverter
system is required. In any power inverter, a dead time interval is necessary to guarantee
a certain time for both devices in a single leg to be ‘off’ to avoid short circuit event
during the commutation of power switches. Although dead time can ensure no short
circuit event in PWM control, it will inevitably cause distortion since a diode is needed
to conduct inductive load current especially during current zero-crossing. In addition,
it will cause more problems such as power loss and output voltage reduction etc. In
summary, without modification dead time usually negatively affects the performance
of the power inverter since without dead time the devices turn-on and off would
crossover giving rise to shoot-through, and this would increase power dissipation; the
achieved maximum and/or minimum pulse width is affected, and the bridge voltage is
not easily controlled at zero current crossings. As result, some technologies such as
Dead Time Elimination (DTE) and Dead Time Compensation (DTC) are used to
decrease dead time effect in power inverters.

Most DTC and DTE are used in 2-level power inverter in motor drives since the output
current and voltage drop directly influences output power on motor. In addition, the
voltage and current fluctuation during zero-crossing also influence motor drives. As
result, they are used in the power inverter in motor drives for solving the reduction of
voltage and current, and the fluctuation during zero-crossing. Main difference between

DTC and DTE is current polarity detect method.
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On the other hand, some DTC and DTE are also used in grid-connected power inverter.
They focus on eliminating the distortion caused by dead time effect during zero-
crossing through regulating the close-loop calculations (PLL, PI, PID control etc).
Around 2005 technology dictated the dead time (T ) is usually to be set larger than Sus
because of the switching speed of power switch is slow at that time. With new material
and technologies for building power switch, switching speed is much faster now. By
using high switching speed (short turn on and off time) power switch, dead time T4 can
be set to very short (T4 < 0.5us). As result, dead time effect is ignored in research
when dead time is very short. On the other hand, very high-speed power switch is
expensive which increase the cost in product. Besides, the default dead time in most
PWM driver IC and microcontroller is 1us or more.

On the other hand, 0. 5us dead time is short in the power inverter system with 20kHz
switching frequency. What if switching frequency is increased to 60kHz or higher,
then 0. 5us dead time is long in this much higher switching frequency power inverter
system. In the future, the turn-on and turn-off time of power switches will be shorter
which decrease the dead time. But with the increase of requirement of higher switching
frequency, the dead time effect will be more serious.

In conclusion, the technology for compensating dead time effect is still necessary in

power inverter system.
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1.3 Contribution

In this thesis, a novel Dead Time Compensation (DTC) used in single phase Grid
Connected 2-level and 3-level Power Inverter system will be introduced and described.
The DTC is consisted of two parts, a deadtime value Compensation (DT C) and a Phase
Lag Compensation (PLC). All contribution presents in this thesis focuses on proving
accurate and stable DTC system in grid-connected H-Bridge power inverter. This
section presents the contributions in this thesis mainly in Chapter 2, Chapter 3, Chapter

4 and Chapter 5.

Chapter 2

* Literature review and summary of DTC and DTE technologies.

e Literature review of various of PLL system, af signal transfer method in single
phase system.

e Literature review of technologies of current controller in grid connected systems.

Chapter 3

® Deadtime Compensation ( DTC ) operation in 2-level H-Bridge SPWM
compensating power reduction and distortion caused by dead time.

® Phase Lag Compensation (PLC) in 2-level H-Bridge SPW M compensating every
phase lag caused by dead time and every signal transfer time delay between output
PWM signal and power switches.
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® Deadtime Compensation (DT C) operation in 3-level H-Bridge Level-shift SPWM.

® Phase Lag Compensation (PLC) operation in 3-level H-Bridge Level-shift SPWM.

Chapter 4

¢ Detail of PI parameter calculation in PLL and PI current controller, and
decoupling system in PI current controller.

* An improved current detector based on ACPL_7900 available for detecting high
switching frequency component of output current from H-Bridge inverter.

* An improved current polarity detector flows the current detector for providing

accurate current direction information for DTC system.

Chapter 5
* Providing flowchart detail of how the DTC (DTC & PLC) is operated and
cooperated with PLL and PI current controller without changing their calculation

progress in STM32F407 microcontroller.
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1.4 Thesis Structure

Chapter 2

Providing background information and literature review. Section 2.1 provides a short
introduction of whole grid-connected power inverter system. Section 2.2 describes the
structure of a H-Bridge inverter and SPWM system of 2-level H-Bridge inverter
system. Section 2.3 describes the SPW M system in a 3-level H-Bridge inverter. Section
2.4 provides literature review about DTC and DTE technologies. Section 2.5 provides
the background information and basic structure of a low-pass filter LCL. Section 2.6
introduces the basic information about Phase-Locked Loop (PLL) and PI current
controller in a grid connected system. Section 2.7 and 2.8 provides the literature review

about challenge and technologies in PV power system.

Chapter 3

Section 3.1 and 3.2 describes the detail of dead time effect in a 2-level H-Bridge inverter
including the effect on output voltage, duty cycle and distortion. Section 3.3 describes
DTC system operation in a 2-level H-Bridge inverter. Section 3.4 presents a MATLAB
Simulink simulation about DTC operation in an open-loop 2-level H-Bridge inverter.
Section 3.5 and 3.6 describes the detail of dead time effect and DTC system in a 3-level
H-Bridge inverter system. Then, in section 3.7, a simulation of DTC operation in an

open-loop 3-level H-Bridge inverter is shown.
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Chapter 4

This chapter focuses on describing the design of experimental platform for DTC
operation in grid connected H-Bridge inverter. Section 4.1 provides detail of every
component design in a low-pass filter LCL. Section 4.2 provides detail about design of
PLL and PI current controller, including the calculation of PI (Proportional and
Integral) compensator parameters. From section 4.3 to 4.6, the design of power switch

drive circuit, detector, current polarity detector and safety modules is described.

Chapter 5
This chapter introduces microcontroller system design of PWM, DTC, PLL and PI
current controller. And then providing detail about how the SPWM, DTC, PLL and PI

current controller cooperates in the microcontroller STM32F407.

Chapter 6

Section 6.1 presents the experimental results of current and voltage detector operation,
and then the results of current polarity detector operation in DTC system. Section 6.2
and 6.3 together present the Simulation and Experiment validation about dead time
effect and DTC operation in a grid connected 2-level H-Bridge inverter. Finally, section
6.4 shows only the MATLAB simulation result of dead time effect and DTC operation

in a grid connected 3-level H-Bridge power inverter.
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Chapter 2

Background information and literature

review

The previous chapter set out the goals of the research and described the motivation in
this project. This chapter reviews relevant research publications providing further
insight into the topic and provides a benchmark for the present state-of-the-art. Prior to
reviewing the literature, the basic structure of the power electronic converter system is

introduced.

2.1 Introduction

This project focuses on developing a grid connected power inverter system.
Fundamentally this system consists of an H-Bridge power inverter, pulse width
modulator (PWM) system, PI current controller and a PLL to synchronize inverter
system to grid as shown in Figure 2-1

Operation of the system is as follows:

With reference to Figure 2-1, DC power is transformed into AC via the single-phase
inverter stage which then injects AC currents into the grid. The input signals to system
are active and reactive power demands and the output is an AC voltage waveform which

is synchronized to the grid and an AC current which is phase-shifted from the AC
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voltage to inject the requested reactive power. The inverter itself consists of a H-bridge
inverter power stage, PWM generator, PI current controllers and a phased-locked loop
(PLL) for synchronizing the inverter output to grid. The inverter output voltage is

filtered by a LCL filter before connecting to grid.

DC Power H-Bridge Inverter LCL Filter Grid
4 IAB IGT'id

P s U e s s o \
e/ (00 ey 00 0

1 = |
V, JE VAB - VGTid @
T DC 15 n M

1

1

| Dead Time

| PWM . :
! Compensation

1

1

1

1

Microcontroller

Figure 2-1: Block Diagram of Grid Connected H-Bridge Power Inverter.

2.2 H-Bridge Power Inverter

2.2.1 H-Bridge Inverter

Power inverter is a system which transfers DC power to AC power, and it is widely
used in many areas such as motor control, grid power system and renewable energy
transfer systems. Of the many types of inverter circuits described in the literature, half-
bridge and H (full) bridge are still the most popular due to low-component count and

the inherent cost advantage this brings. The work described in this thesis is focused on
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H-bridge due to its lower voltage overhead requirements when compared to the half-
bridge inverter.

Figure 2-2 shows a basic structure of H-Bridge inverter which consists of four power
switches such as MOSFET and IGBT. In this project, the MOSFET power switch is
used in the design of H-Bridge inverter.

H-Bridge inverter contains two power switch legs A and B, and each leg contains two
power switches with the symbol + denoting the high-side device and — denoting the
low-side device. Thus, leg A consists of switches SA + and SA —, while the leg B
consists of switch SB + and SB —. DA + and DA — are the freewheeling diodes of
power switches in leg A, DB + and DB — are the freewheeling diodes of power
switches of leg B. In MOSFET power switches, all freewheeling diode functions are
achieved by body diodes between drain and source terminals om MOSFET.

The output of leg A4 is labelled as node A4, and the output of leg B is labelled node B
and the load is connected between these two nodes. The PWM1 and PWM1 are
complementary PWM signals used to control the respective switches. The PWM

system is described later in this section.
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Figure 2-2 : Basic Structure of H-Bridge Inverter.

2-level H-bridge produces a bipolar output voltage V4. As shown in Figure 2-3 (a),
when the switches SA + and SB — are turned on, switches SA — and SB + are turned
off. Current flows from leg A to leg B, with a positive peak current (I4p = +Ipeqr),
and the load voltage V45 = +Vpc. When the switches SA + and SB — are turned off,
the switches SA — and SB + are turned on, current flows from leg B to leg A, as shown
in Figure 2-3 (b). So, the current direction is negative (Ig4 = —I4p) and the load

voltage is V45 = —V p. Figure 2-3 (c) shows the load voltage and current waveforms

for a resistive load H-Bridge inverter.
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Figure 2-3: (a) VAB = +VDC’ IAB > 0. (b) VAB = _VDC’ IAB <0. (C) VOltage and

current waveform with restive load.

With an inductive load the behavior of H-Bridge is different. The output current with
an inductive load cannot change instantaneously. After the inductor flux has been
established it will act as current source, and it will continue to maintain current flow
(both amplitude and direction) regardless of the status of the switching devices. As
result, the freewheeling diodes (body diodes) of switches are used for maintaining the
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current path when the power switches are turned off. Figure 2-4 and Figure 2-5 shows
the direction of output voltage and current between the leg A and B of H-Bridge when

the load is inductive.
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Figure 2-4 : Output load voltage V45 and current I ;5 waveform with inductive

load.
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Figure 2-5 : Voltage and current direction in H-Bridge from when time ¢ from ¢,

to t4. (a) to to tl’ (b) tl to tz, (C) tz to t3, (d) t3 to t4.

Before time £, the switch SA + and SB — are kept off, while SA — and SB + are kept

on. The load voltage V4 p = —Vp¢ and load current I4p = —Ipeqr. At time £y, SA +
and SB — turns on, while SA — and SB + turns off, V45 = +Vp¢. From time &g to &4,

the energy stored in inductive load start to release, current keeps flowing from leg B to

31



leg A. Because MOSFET switch is bidirectional after it is conducted, the load current
I 4p flows from leg B to leg A through the SB — and SA + as shown in Figure 2-5(a).
At time &4, the energy stored in load inductance has been fully released, hence the
current reaches to 0A. From &, to t,, the switches SA + and SB — are still on, while
SA — and SB + are still off, Vp is still equal to +Vp. The load current I4p flows
from leg A to leg B through SA + and SB —, which is shown in Figure 2-5 (b). The
inductive load is charged at positive direction and I 4p start to increase.

At time t,, the switches SA + and SB — turns off, while SA — and SB + turns on, load
voltage V 4p changes from +Vp¢ to —V p¢. The load current 145 reaches to the +1peqk-
From ¢, to t3, the energy stored in the load starts to release and this maintains current
flow from leg A to leg B through the SA — and SB + as shown in Figure 2-5(c).

At time t3, the energy in inductive load is fully released, hence I 45 decrease to 0. From
tz toty, SA— and SB + are still on, while SA + and SB — are still off, Vp is still
equal to —V p¢. The load current I 45 start to flow from leg B to leg A through the SB +
and SA — as shown in Figure 2-5 (d). During this time, the inductive load is charged
in negative direction, which increases from 0 to —Ip,eqx-

The time t4 is equal to ty + T pyy, Where T pyy 1s the period time of PWM wave. At
this time, I, reaches to —Ipeqx and a new PWM period starts.

From time t3 to t4, switches SA + and SB — turns on (SA — & SB + off), Vyp =
+V pc. Now, the energy stored in the inductor starts to release, current keeps flowing

from leg B to leg A through switches SA + and SB —. I 4p increases from —Ipeqy to 0.
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In conclusion, when I 45 is positive, the inductor is charged when V45 = Vp, while
discharged when V45 = —V . When I4p is negative, the inductor is charged when
V48 = —Vpc, while discharged when V5 = +V . It is clear to see that the output
current is only conducted by the MOSFET power switches in ideal H-Bridge, and the
voltage drop on power switches is zero since the resistance of switches is 0 ideally. If
the power switches are changed to IGBT, the inductive current from inductive load will
be conducted by extra free-wheeling diodes, which may cause voltage drop on diodes.
In addition, the effect of diode recovery will affect the system under high frequency.

In the previous discussion, the switches turn on and off at low frequency, and the duty
cycle of switches is always 50%. It is clear to see that the energy in the inductor is
released and stored completely during the work of the H-Bridge. The inductor in load
acts as a filter, which changes the waveform shape of output current and voltage.
Comparing the load current waveform in Figure 2-3 (c) and Figure 2-4, I 45 is changed
from square wave to a triangle wave after inductive filter, but still far from a sin or
cos waveform. The output from H-Bridge is related to the filter and circuit design of
load. In addition, the control system of H-Bridge is very important. In the next section,

the PWM control system is described.
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2.2.2 PWM Control System in 2-level H-Bridge

inverter

Before describing PW M system, two definitions relating to PWM system needed to be
described, which are Duty Cycle and Fundamental signal.

The duty cycle is the ratio of ON time T ,, of the switch to the PWM time period T py/ -
The PWM time period T pyp is fixed which is equal to the total time of Ty, and T 55
time. Figure 2-6 shows the duty cycle change of a control pulse and equation (1)
presents the calculation of duty cycle. The duty cycle of control pulse in PWM system

decides the duty cycle of output voltage V 45(t) from H-Bridge inverter.

Vv
rF 3 Ton
Control Pulse Torr
% Duty cycle(D) = 50%
0 » t
Towm
VoA
T T
Control Pulse| " /7 | N |
‘ ‘ ‘ Duty cycle(D) = 80%
0 » t
Tpwm
Vo oa
T, T
Control Pulse| 2% "off
’:‘ r—‘ H H Duty cycle(D) = 20%
0 L | — ] . t
Tpwm

Figure 2-6 : Control pulse Duty Cycle.
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Fourier analysis demonstrates that a repeating signal f(t) can be represented by an
infinite series of sin/cos waveforms. Typically, a waveform is decomposed into
integer multiples of its fundamental frequency wy where the coefficients associated
with each sin/cos term represent the contribution of a particular harmonic component.
The Fourier series and fundamental signal are important in H-Bridge inverter and
PW M system as they are used to determine the total harmonic distortion (THD) in the
output voltage/current waveforms and help in the design of the output filter. THD is
used for checking how much noise or other signals are mixed with the fundamental
signal. The definition of the Fourier series is given below where equation (2) shows
how a time varying signal f(t) can be decomposed into an infinite sum of sine and
cosine terms. Equations (3)-(5) define the coefficients for (2). Equations (6) and (7)

define the complex form of the Fourier series.

Qo N .
f(t) =—=+ ) [a,cos(nwyt) + b, sin(nwyt)] (2)
2 ; 0 0
a, = Efo(t)dt = 0(no bias) 3
0= .
a, = 2 fo(t) cos(nwyt) dt (4)
n — T o 0
2 (T _
b, = ?fo f(t) sin(nwyt) dt (5
fO= ) Cypement (6)
C,= 1 f Tf(t)e“'"“’otdt (7)
n T 0
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Sinusoidal PWM (SPWM) is commonly used in controlling power switches in H-
Bridge inverters. Figure 2-7 (a) shows the block diagram of a Sinusoidal Pulse Width
Modulation (SPW M) system. Vg, (t) is the reference sine waveform which is called
modulation signal, and it is the amplitude and frequency of this waveform which
influences amplitude and frequency of output waveform from inverter. V,.;(t) is the
triangle wave which is called carrier signal. The signals PWM1 and PWM1 are output
PW M signal produced by comparing two signals V;, (t) and V,.;(t), they are used for
controlling the gate of power switches.

In a 2-level H-Bridge inverter, the switches SA + and SB — are controlled by PWM1,
while SA — and SB + are controlled by PWM1. In Figure 2-7, the values 0 and 1
correspond to conduction states of the switches with 0 being off (not conducting) and 1
being on (conducting). The signal PWM1 and PWM1 are complementary. When
Viin(t) > Vyi(t), PWM1 =1 (SA+ &SB — areon) and PWM1 =0 (SA—
& SB + are off), V45(t) = +Vpc. This time is on time T,,. When V;, (t) < Vi (2),
PWM1 =0 (SA—&SB+ areoff) and PWM1 =1 (SA— &SB + areon).

VAB(t) = _VDC- This time is off time Toff
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Figure 2-7 : (a) Block diagram of PWM system. (b) waveform of V,.;(t), Vg, (1),

PWM]., PWM]., VAB(t) and IAB(t)'

For the description that follows it has been assumed that the load has been inductively
filtered and the corner frequency of the inductive filter is significantly lower than PWM
frequency but higher than the sinusoid frequency such that the current is sinusoidal with
a small ripple and has negligible phase shift with respect to the reference. With SPWM

control system, the duty cycle of Vp(t) varies according to the reference signal

37



Vin(t). The duty cycle also influences the energy charge and release in the inductive
load, which influences the increase or decrease of 1,45(t).
The reference modulation signal V;, (t) is a per unit value which represents a low

frequency sin waveform with equation (8).

1

Vsin(t) = ?sin * sin (wsin t) Wgin = Zﬂfsin fsin - T,; (8)
sin

where Vg, is the peak value of Vg, (1), fsin is the frequency of Vi, (t) and it is also
the fundamental frequency of output waveform from H-Bridge inverter. V,.;(t) is a
triangle carrier wave which changes between +V,,; with high carrier frequency f,. In

equation (9), V,, is the peak voltage of V-;(t), the [pwm 1s the high carrier frequency

prm

which is also the PWM frequency. During the first half PWM period from 0 to 5

V,.i(t) increases from negative peak value —V,,; to positive peak value V,,;. during

half PW M period from Tp:m t0 Tpwms» Veri(t) is decreasing from +V . to —V .

4V,,; _ T
Tt”*t—Vm- 0<t<% X
Veri(t) = pwm4V ) T prm = f— €))
Vi — - Tt ”; =<t <Tpum pwm
pwm

Figure 2-8 shows the zoomed diagram of waveform of signal Vg, (t), Vi (t) and
V4p(t) in a single PWM period. Because frequency of V,.;(t) is much higher than
Vin(t), after zooming in one period of V,.;(t), the Vg, (t) can be seen as a constant
value. In PWM system, for avoiding over modulation, the peak value of modulation

waveform V;,, is lower than Vi (Vi < Vin(8) < Viri).
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Figure 2-8 : Diagram of waveform of signal Vg, (t), V¢,-;(t) and output V 45(t) in

one Tpym

In SPWM system, the total time of one PWM period is T pyyy whichis equalto T, +
To55. The duty cycle D = TTﬂ and it is related to the ratio between Vg, (t) and V.. (£).

PWM

Using the similar triangle method the D can be calculated as equation (10) below.

D = = — =
prm 2 Vtri 2

Ton Vsin(t) + ?tri 1 IV.iin(t) + 1] (10)

tri
Since the modulation signal Vg, (t) = Vg * sin (wg,t) , equation (10) can be

equivalent to equation (11).

11V (t 1[V,;
D= —l sin(®) | 1] = lf'" * SiN(Wgint) + 1] (11)
2| V. Viri
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As shown in equation (12), the ratio between Vg, (t) and V,,; is termed m; which is
called Modulation Index in SPWM system. Then equation (13) shows the D related to
the m;.

Vein®)  Voin .
i~ 211 = Asm * Sln(wsint) (12)
Vtri tri

D = %[mi + 1] (13)
The voltage after low-pass filter of V 45(t) is Vi, () and its equation is,
Vino(t) = Vpcxm (14)
Now, it is clear to see that the D is varies with the modulation signal Vg, (t), so as the
Vinu(t). The voltage V;;,,,(t) is also the fundamental voltage signal of V 45 (t).
In conclusion, the parameter of modulation signal V;,(t) decides the frequency,
amplitude and phase of output voltage and current from inverter. As shown in Figure
2-7 (b), the load voltage V 45 (t) is a high frequency pulse wave changed between +V p,
and the load current I 4g(t) is a waveform consisted of a low frequency sin wave with
fundamental frequency fg;, plus a small ripple wave with high fo,., frequency. A
suitable low pass filter is required to filter high frequency part from load voltage and
current, only leaving the fundamental composition. The design of filter is related to the
[ pwm- Normally, the inductor filter is chosen to have corner frequency lower than f .
As result, increasing switching frequency to increase fpym in PWM system is one

important research now. The typical technology is the development of GaN material

power switches.
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2.3 3-level H-Bridge inverter and its PWM

control

In the previous two sections, the basic operation of a H-Bridge inverter and its SPWM
system are described. With a modulation signal V;, (t) and a carrier signal V,.;(t), the
SPWM signal is produced to drive the power device in a 2-level H-Bridge inverter. In
this section, the 3-level H-Bridge inverter and its SPW M system will be introduced.

The 3-level H-Bridge inverter is a kind of multi-level power inverters. The electrical
circuit structure of H-Bridge inverter in 2-level and 3-level system are same which
shown in Figure 2-2 in section 2.2.1, but with different SPW M control system. Figure

2-9 shows the block diagram of SPW M system of 3-level H-Bridge power inverter.
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Figure 2-9: (a) Block diagram of PWM system in 3-level H-Bridge inverter. (b)

PWM input and output signal and output voltage.

As shown in Figure 2-9 (b), the output voltage from H-Bridge inverter V 45 (t) with 3-
level SPWM system is changed between +V p¢,0V and —V .

Referring to Figure 2-9 (a), SA side switches and SB side switches are controlled
separately by two PWM output signals PWM1 and PWM?2. As result, in 3-level
SPWM system, two carrier signals are required which are Vi,.;1(t) and V.2 (8).

Equation (15) and (16) show equation of Vi1 (t) and V.52 (8).
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2 Vtri prm

—_

T *xt 0<t< > 1
Vtril(t) = pZW?m ) T prm = f— (15)
Vm-—T Tt ”;’"<t<prm pwm
pwm
2V - T
( P wt—Vy 0<t< "’;’" .
Vtriz(t) = pwn’l\ prm = (16)
. 2Vtri «t prm <t<T fpwm

Referring to Figure 2-9 (b), signal V,.;1(t) is a triangle waveform changes between
OV and +V,,; with fpwm. Signal Vi (t) is a triangle waveform changes between
—V,,; and OV with the same fpwm- The frequency and phase of V.41 () and V42 (8)
are same with different voltage bias, so, this type of SPWM multi-level control is
named as Level-Shift SPWM control.

The output of PWM signals PWM1 and PWM1 are complementary, PWM?2 and
PWM2 are complementary. The power switch SA + and SA — are controlled by
PWM1 and PWM1. The SB + and SB — are controlled by PWM2 and PWM2. As
shown in Figure 2-9 (a), the production of PWM1 signal is only related to V;, (t) and
Viri1(t). While the PWM?2 is only related to Vg, (t) and V2 (8).

When Vg, (t) > Vipin (£), PWM1 = 1 (SA + is on), while PWM1 = 0 (SA — is off).
When Vi (t) < Vipin(t), PWM1 = 0 (SA + is off), while PWM1 = 1 (S§A — is on).
On the other hand, when Vg, (t) > Viia(t), PWM2 =1 (SB — is on), while
PWM2 =0 (SB + is off). When Vg, (t) < Vipiz(t), PWM2 = 0 (SB — is off),

while PWM?2 =1 (SB + is on).
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Table 1 shows all switching status and the output voltage V4p in an ideal 3-level H-
Bridge inverter.

Table 1: switching status and output voltage V 45 relation.

Status | PWM1(SA+) | PWM1(SA—) | PWM2(SB+) | PWM2(SB—) | V 45(V)
1 0 1 0 1 0
2 1 0 0 1 +Vpe
3 0 1 1 0 —Vpe
4 0 1 0 1 0

Referring to Figure 2-9 (b), from time t = 0 to %Ts,-n, Viin(®) > 0. Vg, (F) at its
positive half sin period. Since Vg, (t) is always larger than V.2 (t) during this time,
PWM2 =1 (SB — is on) and PWM2 = 0 (SB + is off). When Vg, (t) > V.1 (1),
SA + is on, SA — is off, the voltage between leg A and leg B is V5 = +V ¢, current
flow through the SA + and SB — from leg 4 to B, charging the inductor in output load.
The I 45 direction is positive (I45 > 0). When Vg, (t) < Vipiq (t), SA + is off, SA —
is on. Since both S4 — and SB — are conducting, the point A and B are both conducted
to the ground, V45 = 0. The current from inductor keeps flows in same direction
through the SA — and SB —. During the positive half period of Vg, (t), the T, is the
time when Vi, () > Vipriq (0).

From time t = %Ts,-n to Tipn, the Vg (£) < 0, Vi (t) at its negative half sin period.
During this time, the Vg, (t) is always lower than V,.;1 () and so, SA + is off, SA —
is on. When Vg, (t) < Vipin(t), SB + is on, SB — is off, V45 = —Vp¢, current I4p
through the SB + and SA — from leg B to A, charging the inductor in negative direction,
I < 0.Vg(t) > Viia(t), SB + is off, SB — is on, since SA — and SB — are both

conducting, Vg = OV again. The inductive current keeps flowing in negative direction
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through the SB — and SA —, I4p < 0. During the negative half period of V;,(t), the
T oy is the time when Vg, (t) > Vipia (8).

The main idea of 3-level SPW M is same to the system in the 2-level PW M system, by
changing the duty cycle of power switch to control the duty cycle of output voltage
V(D).

During the positive half period of Vg, (t), V45 (t) only changes between 0 and +Vp,

and it is related to the Vg, (t) and V.41 (t). Figure 2-10 shows their relationship.
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Figure 2-10: Relation between Vg, (t), V41(t) and V 45(t) during positive half-
cycle.
Referring to Figure 2-10, by using the similar triangle equation, the duty cycle during

the positive half period of V;, (t) in 3-level is,

T Ven(t) Vg
pD=_—2o" _ ffn( ) = 2 & sin(wg,t) = m; 17)
prm Vtri tri
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In positive half period of Vg, (t), 1 = sin(wg;,t) = 0. The voltage after low-pass
filter is,

Vino(t) = Vpc xm (18)
During the negative half period of V;,, (t), V 45(t) only changes between 0 and —Vp,

and it is related to the Vg, (t) and V.i2(t). Figure 2-11 shows their relationship.
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Figure 2-11: Relation between V;,,(t), Vi (t) and V 45(t) during negative half
cycle

Referring to Figure 2-11, the duty cycle D is equal to

T V. (t) — (—V,.;
D — on — sm( )A ( t‘l"l) — 1 + mi (19)
prm Vtri
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During the negative half period of Vg, (t), —1 < sin(wg;,t) < 0. The equation of
fundamental voltage is
Vino(t) = Vpcxm (20)

It is clear to see that, the V;,,,(t) equation in a whole V;,, (t) period is same.

In a 2-level H-Bridge inverter, with only one output SPW M signal PWM 1, all power
switches in leg 4 and leg B works under high switching frequency in a whole period of
Vin(t), which increase power loss on every switches. With 3-level PWM system, the
power switches on each side of H-Bridge inverter (SA or SB) will only work under
high switching frequency in a half period of V;, (t). SA side power switches work in
high frequency at positive period of Vg, (t) while SB side power switches work in
high frequency at negative period. As result, even for the same high switching frequency,
comparing to the 2-level H-Bridge inverter, the power loss on each power switch in a
H-Bridge inverter during the switching is decreased. On the other hand, with the
increase of numbers of carrier signal in PWM system, PWM system will be more

complex.

24 Dead Time Effect and Dead Time

Compensation.

The descriptions provided in the previous section assumed the switching devices

exhibited ideal switch characteristics and could turn-on and turn-off instantaneously.
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Real devices take a finite time to turn-on and turn-off and, therefore, the behavior of
the circuit is more complex.

In a two-level or three-level H-Bridge inverter, the two switches on same leg (SA +
& SA — or SB + & SB —) must not be turned on at same time to avoid short circuit
occurring. The high currents that flow during a short circuit may break the power
switches with may even lead to the destruction of whole circuit system. In the previous
section, all power switches in H-Bridge work under ideal situation, which they can turn
on and off instantly. In actual work, any power switch requires a certain time for turning
on or off. In order to ensure two switches in same leg are not on at same time, a certain
delay time called dead time (T,) is added between the turning off of one device (i.e.
SA +) and the turning on of the complementary device (i.e. SA —).

Although dead time is used in H-Bridge to avoid short-circuit events, it will inevitably
cause distortion since the body diode will be needed to conduct the inductive load
current. This distortion becomes significant during the zero-crossing points of the
reference signal. In addition, it will cause more energy loss in H-Bridge inverter [9]-
[14]. In order to decrease the dead time effect, the dead time compensation (DTC) is
required.

There are two main methods for decreasing the dead time effect, Dead Time
Compensation (DTC) and Dead Time Elimination (DTE). The purpose of DTC [15]-
[27] is compensating the output voltage, current reduction and distortion caused by dead
time. The dead time still exists, but by producing the right duty cycle of output voltage
V 4, the voltage and current reduction can be compensated. So as the distortion. Most
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DTC techniques rely on knowing the polarity of the inverter current and therefore
require accurate current sensor especially for reading high switching frequency
component. DTE usually detects the voltage on the freewheeling diode parallel to
power switches instead of detecting current polarity [29]-[34]. As result, the accurate
current detector is not required in DTE. On the other hand, since every voltage on diode
in a power inverter is required to be detected, multiple detectors are required in DTE
technologies. Most DTC and DTE calculate the error voltage from output average
voltage for compensation, and most of them are used in inverter system in three phase
open-loop motor control. But still there are some DTC and DTE technologies are used
in close-loop power inverter system [34]-[36], especially in the Neutral-Point-Clamp
Converter (NPC) system. In close-loop power inverter system, the DTC and DTE are
usually achieved by adding extra calculation into the PLL or current control calculation
for decreasing distortion.

In this research, the DTC will be used for compensating the dead time effects in the
single-phase grid connected H-Bridge power inverter without influence the close-loop
control calculation progress. The proposed dead-time compensation techniques used in
2-level and 3-level H-Bridge inverter are described in detail in Chapter 3. Many DTC
technologies require high accuracy current detectors for taking all current data, but
these current detectors are expensive. On the other hand, some current detects
technologies take filtered current data and then create simulated inverter current in
microcontroller for DTC, but it may cause delay during data transfer and progress and
inaccurate current polarity data. In Chapter 4 in this thesis, a cheap and easily design
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current detector and current polarity detector designed for DTC system is introduced.
It directly produces current polarity information of inverter side current from H-Bridge
which can detect high frequency current zero-crossing information, avoiding delay of

data transfer as well.

2.5 LCL filter

LCL filter is a stable and useful low-pass filter used inside H-bridge inverter system
especially for grid-connected H-Bridge power inverter, even in the PV energy system
[37]-[39]. In addition, a suitable LCL filter is important in the analysis of dead time
effect and DTC. The LCL filter included in inductive load maintains the current flows
and voltage output from H-Bridge inverter. During dead time, all power switches are
turned off, only the energy stored in the inductive load acting as a current source
maintaining output voltage and current flow in H-Bridge inverter. A suitable LCL filter
is required not only for filter, but also for supplying enough energy to maintain current
flow and voltage during dead time in H-Bridge especially during current zero-crossing
time. The DTC technology in this thesis can produce ideal output voltage from inverter,
but the T4 still exists. As result, if LCL filter is not suitable, output current from H-
Bridge inverter still contains unexpected distortion especially during current zero-
crossing even DTC is already operated.

Comparing to L and LC low pass filter, LCL filter is third-order filter, after the cut-off

frequency, the slop of dB attenuation can reach to -60dB/dec. As result, it can provide
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low current ripple and good harmonic attenuation with smaller size of inductor [40]-
[43].

LCL filter in H-Bridge inverter is used to filter high frequency component in PWM
output voltage and current from H-Bridge inverter. Figure 2-12 shows a typical LCL

filter with damping resistor system.

Rinv Linv IAB (t) ]g‘rid (t) Rgn‘d Lgrid
A g ANN—TIT V= I a+AAN—T00 ‘=
v Cr
AV
VAB (t) - VgT!.d (t)
R4
B =

Figure 2-12 : LCL filter with damping resistor.

As shown in Figure 2-12, the input of LCL filter is V 4g(t) from power inverter, while
the output from LCL filter is connected to the grid system which is equal to V g4 ().
The design of LCL filter can be separated into four parts, the design of inverter side
inductor Ly, capacitor Cy, grid side inductor Lg,;q and damping resistor Ry. The
methods for calculating LCL parameter are always related to power switching
frequency, modulation index, the max ripple of current, maximum output power and
maximum voltage drop on two inductors [44]-[49].

The L;y, is designed for filtering the highest harmonic component in V 45(t) which
occurs at switching frequency f;. After the filtering of L;;,,,, the filtered voltage V 4y
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is directly equal to the fundamental voltage V;,,,(t). In addition, it is mainly used to
limit the maximum ripple current in inverter side current I 4g(t), which is usually from
5% to 10% [50]. In Chapter 4, equation of calculating L;,,, according to the ripple
current, duty cycle and V 45(t) will be presented.

The design of capacitor Cy is related to the power factor. In order to maintain certain
power factor, the Cy is used to absorb the reactive power from total rated power from
grid and the reactive power should be lower than 10% of rated power [48].

In one factor, the second inductor Lg, 4 can further attenuate the harmonic after the
Ly, and Cy. The Lg,iq can increase inverter robustness under weak and large variation
grid system [51]. In LCL filter, the total inductance Ly =Liny + Lgyiq should be as
small as possible for decreasing the voltage drop on the Ly. Under low fundamental
frequency, the €y can seem like an open circuit, only Ly, and Lg,iq need to be
considered. The voltage drops on Ly should be lower than 10% of grid voltage. The

L;,,, has already calculated at first part, after getting the Lr, the L ,.;4 can be calculated

gri
easily.

After Liny, Lgriq and Cy is calculated, the resonance frequency f..s of LCL filter can

gri
be calculated as well. It is important to ensure that the f,..¢ is lower than half of the f,;
and high than 10 times of f;;, [48][50]. Frequency f,s can be used to check whether
the design of inductors and capacitor are suitable for the inverter and grid system.

One drawback of LCL filter is its instability caused by the resonance frequency itself
[51]. A damping system is used for solving this problem. There are two main types of

damping system, passive damping and active damping. In passive damping system, the

52



passive damping element is added into LCL filter to decrease the resonance peak of the
system. In general, passive damping element includes extra resistor or capacitor [49].
The advantage of passive damping is that it does not requires any change on the control
strategy. On the contrary, the extra damping element will cause more power loss in filter.
Active damping technology focusing on adding extra close-loop system into control
strategy to decrease influence from f..s [49][53]. The advantage of this method is that
it does not require extra damping component, which avoid extra power loss. But the
design of control strategy will be complex. In this research, the passive damping
technology will be used, and it is presented in section 4.1later.

The detail of calculation of parameter in LCL filter is presented in a later chapter.

2.6 Grid connected power inverter system.

2.6.1 Phase locked loop (PLL)

In a grid connected power inverter system, Phase Locked Loop (PLL) and current
controller are important for synchronizing inverter output current with grid voltage and
injecting active and reactive power.

Figure 2-13 shows a basic block diagram of Phase Locked Loop which contains Phase
Detector (PD), Low Pass Filter (LF) and Voltage Controlled Oscillator (VCO). PD
compares VCO output signal, Vs, to PLL input signal, V;,,, to generate a phase error
signal, Vpp. The error signal is a pulse signal with an average value that corresponds to

the phase error and, thus, Vpp is low pass filtered to obtain the average phase error
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signal, V ;ont. The VCO output frequency w,,,; increases or decreases according to the
V cont- As shown by Figure 2-13, V., is proportional to phase difference and PLL
operates as a feedback loop driving the frequency (and/or phase error) to zero. V;,, and
V oue are the time varying signals and 0y, and 8,,,; are actual phase signals. Simple
PLL implementations use a XOR gate as the phase detector but can only synchronize
the frequency. To achieve simultaneous frequency and phase lock a phase frequency

detector based on state machine is often used[54]-[57].
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Figure 2-13 :A basic Phase Locked Loop.

There are many different types of PLL used in three-phase grid system. But the
presented state-of-art is Synchronous reference frame PLL (SRF- PLL). SRF- PLL is

achieved by detecting the fundamental frequency (wgiqt) and angle (0 4yiq) from
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power grid. Figure 2-14 shows the block diagram of an SRF- PLL system and its

relationship with PD, LF and VCO.

Bgn’d = wgridt

PD LF | VCO———

Figure 2-14 : The block diagram of SRF- PLL.

By using Clark and Park transform, the three-phase reference frame can be transferred
to dq rotating reference frame where d and q represent the direct and quadrature
components of the signal. In SRF- PLL, d axis is usually the main control axis, is
usually aligned with V, and it represents in-phase (active) contribution of the signal.
Since the goal of PLL is to generate an in-phase locked reference signal, q axis
contribution should be zero and therefore an PI compensator is used to for the q axis
signal component V, to zero.

Clark equation shown in equation (21) connects the phase voltages V,p . to dq

components Vg , when the d axis is aligned with V, axis.

2 21
cos(0,.4)  cOS <9grid - §1T> cos <9grid + ?)

Vd 2 2 2 Va
Vg |= 3| - sin(64,44) —sin (%ﬁd - 5”) —sin <egrid + §1t) * [[ib (21)
Vo 1 1 1 ¢

2 2 2

If the voltage of a phase is defined as V, =V, * cos (6), and 8 = 0 4,44, then after

the transformation, V4 = V,, and, if the PLL is locked, V4 and V are both zero.
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Although SRF- PLL is the most convenient PLL system, it is highly dependent on the
quality of grid signals. Noise and distortion present three phase grid voltages may
influence the accuracy of dq system. As result, SRF- PLL need extra filtering to
eliminate the noise and high harmonic in the grid such as Moving average filter (MAF-
PLL) and complex coefficient filter (CCF- PLL) [58]-[70].

SRF- PLL system for a single-phase system is similar to that in three-phase system with
the exception that only the Park transformation is used to transfer af reference frame
to dq rotating reference frames. Since the single-phase grid system consists of only one
signal, the grid is set as the « signal and the f signal is generated by delaying the input
by a quarter of a cycle ( ) from a. This kind of single phase PLL is called orthogonal-
signal-generator-based phase-locked loops (OSG- PLL) since Vg lags V, by 90°. The

block diagram for OSG- PLL is shown in Figure 2-15.

T
Va o 1 delay —» VB
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Figure 2-15 : Basic block diagram of PLL in single phase grid system.

There are two different Park transform equations that can be used depending on

alignment of the a-axis to the d-axis or the g-axis.
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(Kd) _ ( c0s(8,ria) Sin(egrid)> (Kz)

q — sin(Ogr,-d) Cos(egrid)

(Vd) _ <sin(egrid) —cos(Bgrid)> (Va>

Vq cos(0yria)  SiN(Bya) ) \VB

If grid signal is taken as being a cosine waveform, then V, = Vy,cos (0) and Vg =
V.nsin (0), Vy, is the peak voltage of grid. The Vg 4 can be calculated by equation (22).
And when the actual 6 is equal to the 0 .44, the Vg =V, while V; = 0. If the grid
signal is a sine waveform then V, = Vy,sin (0) and Vg = =V ,cos (0), by using
equation (23), and when 8 = 0 4,44, V4 = V,,, while V; = 0. In both systems, d-axis
is the main control axis and V, is kept at 0 through the PI system to achieve PLL.

As with the three-phase PLL system, the accuracy of PLL is determined by the
characteristics of the voltage detector and noise distortion of grid voltages. The
performance of the single-phase PLL is also dependent on the generating an accurate
P signal. Reference [71] provides a discussion of the methods used to transform «a to
B . The most popular way is the Time-Delay (TD)- PLL which is often achieved
digitally but relies on the accurate voltage detector and low distortion of grid. A second
method is to use the Hilbert transform to replace the TD in PLL. Hilbert transform is
also known as a quadrature filter, which can phase shift signal by + g according to the
frequency. Hilbert transform can produce orthogonal signal from input grid signal and
used in PLL control. The ideal Hilbert transform can make phase shift without change
on amplitude of input signal. But in actual work, the different signals caused by the
Hilbert transform will influence V4 and V, reference in PLL. The Second Order
General Integrator PLL (SOGI- PLL) produces a pair of orthogonal signals from the
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original grid signal while at the same time providing filtering which can suppress the
high harmonic and DC component. This method is widely used in single-phase PLL
system now, but the challenge is its complex design. References [71]-[79] contains
more information about OSG- PLL in single phase system. In conclusion, in PLL
system, dq rotating reference frame is required from grid. To maintain in phase with
grid system, the component V, should be kept zero and the V4 represent peak voltage
of grid. The challenge of PLL system is how to get accurate signal under distorted grid,

creating accurate dq-axis signal.

2.6.2 Current controller

The current controller is responsible for ensuring the correct amplitude and phase
current is injected into the grid. The proportional-integral (PI) current control [84]-[91]
is the most popular method used in three-phase and single-phase grid-connected power
system. Figure 2-16 shows the PI current controller used in single phase grid

connected power inverter for providing reference signals in PW M modulator.
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Figure 2-16 : PI current control in single phase grid connected power inverter.

Similar to PLL system, current controller is performed in dq reference frame and,
therefore, it is necessary to transform the measured signal from their single-phase
values by using a to 8 and Park transformation. The goal of current controller is to
ensure the current injected into the grid, I 4,44, has the correct amplitude and phase to
meet the active (P) and reactive (Q) power demand. Referring to Figure 2-16, the grid
current and voltage, I rjq & V griq, can be measured and used to determine the actual
P and Q delivered to the grid. I 4,44 is transformed into dq components, I g;i4(q) and
I 4ri4(q), to facilitate the power measurements and to provide feedback measurements
for the inner current loops. The measured dq grid currents are compared to reference
current values Ig.ep and Ig.r that are obtained from the higher-level PQ power

controller. Normally, the Ig4,.;q(4) represents the active power component in the grid
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current which should directly equal to the peak current value of grid current if unity

power factor is required while the I y should be kept at zero to suppress the

grid(q
reactive power. The dq current error signals are then fed into a PI compensator which
is tuned to drive the current error signal to zero within a reasonable time. In order to
decrease the effects of the grid distortion though from inductor in LCL filter a
decoupling system is used after PI compensators [96]-[98] providing the inverter

output voltages Viny(a,q)- Inverse Park transformations provide the Vi, (q,p) which

represents the fundamental sin or cos signal of V45 (t). According to equation (14)

from section 2.2.1, Vippey (£) = V¢ * Vs"’%(wsmt), where Vg, * sin (wgpt) is the
tri
reference signal in SPWM system and it is equal to Ve (£) * :j"i. The Z"i is the
DC DC

Gain in the current control system shown in Figure 2-16
The PLL and PI current controller operate together simultaneously. Once locked, the

PLL supplies the frequency wg,iq and angle 64,4 into system, while PI current

gri
controller produces modulation signal into PWM system according to the @ gyiq, 0 gria
and demanded grid current values. PI current controller is suitable for SPWM,
SVPWM and multi-level PWM systems [89][92]-[95]. One of drawbacks of PI current
controller is its zero-steady-state error. Even PI compensator works under the steady-
state situation, there is still small fluctuation remain in the actual output around the
reference value. Proportional-Resonant (PR) current control focus on producing infinite
gain at fundamental frequency to eliminate the fluctuation during the steady-state
situation in PI current control [99]-[106]. Comparing to PI current control, PR current

controller is a stationary frame control (af axis control), the Park transfer is not
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required in PR current controller. In addition, the PQ outer control loop and voltage
outer loop are the system which taking the output power and voltage from DC link as

the reference to produce the reference current value I gy and I gpep [91][103].

2.7 PV power system

Solar Photovoltaic (PV) is one of the most important and popular renewable energy
sources in recent years. The power inverter is widely used in PV power system for
transferring the DC energy from solar PV panels to AC energy. In grid connected power
system, the grid will be fed by the energy from solar PV array. One challenge in PV
grid connected power system is the voltage and power control system of DC link from
PV panel. Unlike regular DC input source, the power from solar PV varies according
to weather, angle and the load. As result, the variable DC voltage may influence the
energy which can be transferred into grid. In order to maximise energy transfer,
Maximum Power Point Tracker (MPPT) system is widely used in PV grid connected
power inverter system [107]-[112]. MPPT form an outer control loop which varies the
inverter’s DC link voltage, typically using a boost converter, to ensure the maximum
power can be extracted from the PV system.

One challenge with PV grid connected inverter system is leakage current caused by
high frequency switching interacting with the PV panel capacitance. It is directly related
to the structure of power inverter, PW M system and output filter and stray capacitance,

Cpy, of PV panel which is usually connected to earth for safety reasons.
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As result, common-mode and differential-mode voltage caused by inverter creates
leakage current. It is mandated that electrical circuits should be protected from earth
leakage currents above a certain level. Therefore, excessive leakage currents can lead
to nuisance tripping and in some circumstances prove hazardous. Further analysis of

leakage current is explained in the next section.

Transformers are widely used to mitigate PV leakage current by providing isolation
between output from power inverter and grid. However, transformers are large and
expensive. In recent years, transformerless topologies have received research attention.
Instead of using a transformer, a combination of filters and/or modified circuit
topologies and/or modified control/modulation is used to reduce leakage current. With
all these methods, the goal is often maintaining a constant common-mode voltage
across Cpy to suppress leakage current [113]-[117].

Adding a Common-mode filter and differential mode filter are other methods for
suppressing leakage current [118]-[123]. The purpose of this method is to decrease the
common-mode voltage caused in power inverters. With the decrease of common-mode
voltage, the voltage deviation on Cpy is minimized to a suitable value.

Another method is changing structure of inverter and its PWM control system such as
HS5, H6, HERIC [124]-[126] structure of power inverter. They are widely used in multi-
level power inverters. Creating an extra current path inside the inverter to maintain
constant common-mode voltage for decreasing leakage current. More methods for
suppressing leakage current in multi-level inverter are shown in reference [127]-[131].

62



2.8 Analysis leakage current in PV grid

connected power inverter.

In this section, the analysis of leakage current from H-Bridge inverter will be described.
Figure 2-17 shows a PV grid connected power inverter with basic EMI filter. As
mentioned earlier, leakage current is related to common-mode and differential-mode

voltage in inverter, output filter and Cpy.
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Figure 2-17 : PV grid connected power inverter with EMI filter.
In order to understand the relationship between the leakage current, common-mode
voltage and differential-mode voltage, the circuit in Figure 2-17 is transformed into an
equivalent circuit which combines common-mode and differential-mode voltage.
Firstly, the power inverter electrical circuit can be equivalent to the circuit consisting
of two voltage sources V 4y and Vgy as shown in Figure 2-18. They are the output
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voltage between two midpoints of inverter and DC voltage negative point N. As shown
in Figure 2-18, there are three voltage sources in the circuit, Vay, Vgy and V gpiq.
However, the frequency of grid voltage source is very low (50-60Hz) compared to
frequency spectrum of V 4y and Vgy (10k-30MHz). During this calculation, the voltage

across stray capacitor caused by grid is ignored.
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Figure 2-18 : Equivalent circuit for V 4y and Vgy.
The equations below show the relationship between output V 4y, Vgy, common-mode

voltage V ¢y and differential-mode voltage V.

Vem = M (24)
Vom =Van —Vay (25)
Van = VIZ)—M +Vem (26)
Vpn = — VIZ)—M +Vem (27)
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According to the equation above, the equivalent circuit in Figure 2-18 can be further
simplified which related to the V ¢y and Vppy, which is shown in Figure 2-19. Z;;,,.

and Z are the impedance in circuit line and impedance from grid to earth ground.
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Figure 2-19 : Equivalent circuit of PV power inverter in V¢, and Vp, mode.

Now, only common-mode voltage and differential-mode voltage can be seen as the
voltage source in inverter system. Using superposition and Norton’s theorem, the circuit

for Vey, Vpy and leakage current can be further equivalent which is shown in Figure

2-20.
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Figure 2-20 : Final equivalent circuit for PV power inverter system.
In the circuit shown in Figure 2-20, the Vg is the total equivalent voltage from

differential-mode voltage and line inductor L1 and L2, it is shown in equation (28).

V :VDM*ZLZ_ZLl
ST 2 T Zpp+1Zi

(28)
The Lyotar and Zjine(rotar) are the total inductance of L1 and L2 in parallel circuit, and
total line impedance.

According to equation (28), the equivalent voltage Vg is related to the line inductor
L1,L2 and Vpy. There are two systems according to the line inductor, which are
Symmetric system and Asymmetric system. Table 2 below shows the relationship
between switches sequence and common-mode voltage and differential-mode voltage.

Table 2 : Output voltage of 2-level H-bridge inverter and switches sequence.

Sequence
©) 0 0 0 0 0 0
@ 1 0 43% 0 Vpy @
2
@ 0 1 0 VPV _VPV @
2
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Table 3 : Total output voltage in Asymmetric system which L1=L and L2=0.

Switch SA+  SA- Vey Vs Viotal
Sequence =Veu + Vg
@D 0 0 0 0 0
® 1 0  Vev  _ Vey ~ 0
2 2
©) 0 1 h N @ = Vpy
2 2

Table 4 : Total output voltage in Symmetric system which L1=L2=§.

Switch SA+ | SA- VCM Vs Viotal
Sequence =Veu+ Vs
D 0 0 0 0 0
@ 10 Vw0 Vev
2 2
© 0 1 Vw0 Vey
2 2

Table 3 shows the relationship between switch sequence and total voltage of V ¢y and
V pu in Asymmetric system. In this system, only the L1 is the line inductor. In this case,
the Vg is equal to VDTM. In a 2-level H-Bridge inverter, the switch sequence only changes
between sequence @ and . According to Table 3, the total voltage of Vg and V¢, are
changed between 0 and Vpy. If the voltage on stray capacitor Cpy is fluctuating,
leakage current must flow. As result, in Asymmetric system, leakage current is high

because of fluctuations of Vg and V¢py.

AViotar
Ileakage = Cpy * d: . (29)

In a Symmetric system, the line inductor is separated into two same value inductors L1

and L2. As shown in Table 4, because L1 = L2, the V¢ can be 0. Since the V ¢y 1s kept
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constant, there is no voltage fluctuation on the Cpy, hence the leakage current should
be 0.

On the other hand, if the system is 3-level H-Bridge inverter, in the Symmetric system,
the switch sequence changes between (D, @ and . As result, the leakage current is

caused by fluctuation of total voltage.

2.9 Chapter Conclusion

This chapter provides background information and literature review about H-Bridge
inverter, SPWM, Dead Time Compensation, LCL filter and close-loop control system.
The analysis and calculation in H-Bridge and SPW M system is related to the analysis
of dead time effect, the operation of DTC which will be presented in next chapter. In
addition, it is also related to LCL filter and close-loop system design which is presented

in Chapter 4.
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Chapter 3

Dead time and Dead time compensation

This chapter describes the effect that dead time has on the inverter output waveform the
distortion that causes in the voltage and current waveforms. Subsequently the chapter
proposes a compensation scheme to mitigate the effects of dead time by modifying the

pulse width modulator.

3.1 Dead time effect in 2-level H-Bridge inverter

The ideal operation of H-Bridge inverter with a resistive and inductive load was
described in the previous chapter where it was assumed that the power electronic
switching device (MOSFET or IGBT) changes its conduction state instantaneously and
therefore the low-side device in a leg can be turned-on at the same time as the high-side
device is turned off. In reality, it takes a finite time for the switching devices to change
their conduction states and, therefore, it is necessary to turn off the conducting device
before turning on the non-conducting device in the same leg. The resulting time delay
between the device switching control signals (gate-source voltages) is known as the
dead time (T ;). The dead time is achieved by inserting a delay between the turn-off
edge of PWM1 (high-side) and the turn-on edge of PWM1. Considering leg A, since
during the dead time interval SA+ nor SA4- are in their off-state, then diode DA+ or DA-

must be conducted to maintain a path for the inductive inverter current. Which of the
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diodes DA+ or DA-is conducting depends on the direction of the inverter current I 45

and this can cause the leg output voltage to change leading to distortion.

Figure 3-1 shows inverter waveforms for I 45 > 0 for the duration of a PWM cycle
where the sinusoidal input voltage Vg, (t) appears to be constant. PWM1 and PWM1
are gate signal produced by comparing signal V;, (t) and V,.;(t). The signal SA + and
SB + are the actual gate signal of switches, which is the signal after adding turn on
delay (dead time Tq). The Ty, is period time of one period of V. (t). V., is the peak
voltage of signal V,.;(t). The e(t) is the difference voltage between Vg, (t) and
Vi (t), which can be calculated using,
e(t) = Vsin(t) — Vi (8) (30)

In the description which follows t = t; is the start of a PW M period and this is denoted
by the condition V,;(tg) = —V s Where V,,;(t) is at its negative peak voltage. The
voltage drop of the free-wheeling diode is equal to V 4;94.- The lowest two waveforms
show the inverter output voltage V 45 (T4 = 0) is the output voltage without dead time
(ideal case) and V4p (T4 > 0) shows the output waveform with dead time. Since I 45 >
0, current flows from leg A4 to leg B. During tq to t1, Vin(t) > Vui(8), e(t) > 0, and
therefore switches SA + and SB — are on, SA — and SB + are off such that V5 =
+Vpe. At time tq, Vgin(t1) < Vipri(ty) and so switches SA + and SB — turns off and
SA — and SB + remains off due to dead time T4 = t, — t4. Since all switches are off,
inductive action causes DA — and DB + to turn on to maintain a path for I 45 to flow.
With DA — is conducting, V4 = 0 — V 4;04e and with DB + conducting Vg = Vo +
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Vaiode and so Vg = —Vpc — 2 * Vgipae- At the end of the dead time interval, SA —
and SB + turn on, and the I4p flows through two switches instead of two diodes,
without voltage drop on diode, Vg = —Vpc. At time t3, Vgn(t3) > Vyi(ts),
switches SA — and SB + turn off, while SA + and SB — remain off because of the
dead time. The diodes DA — and DB + turn on again and V45 = —Vpc — 2 * Vgiode-
At time t4 the second dead time interval has elapsed and so SA + and $B — turn on,
Vag = +Vpc, current I 4p is conducted by SA + and SB —. After t =ty + Tpym, a
new cycle starts again. As can be seen, the dead time has had the effect of lengthening

the -V p¢ duration time of V4p.
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VJL ,
1 Tal 1 | |
Eprm 54—5: i i i Vsin ()
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I s
2[7{:1"1 : i : RR""'*-LI:B (t) — I{'?
T N e W g ~Veri ()
i e PWM1
i L i SA+&SB —
b | PWM1
| I R SA—&SB +
: | | i Vag (Tq = 0)
E E i i Vag (Tq > 0)
to by t; t, t, tO"'TPW;;fI A

Figure 3-1 : PWM signal, Gate Signal, Switch Signal and output V 45 when I 45 >

0.

Figure 3-2 shows the inverter signals when the current direction is negative I 45 < 0,
i.e. current flow from leg B to leg A. From tg to tq, Vin(t) > Vyui(t), SA + and
SB — are on conducting I 45 and V4 = +Vpc. From ty to t, = t; + T4, SA + and
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SB — are off and SA — and SB + remain off due to the dead time. Inductive action
turns on the diodes DA + and DB — to maintain a path for current to flow and so
Vag = +Vpc + 2 * Vgioge- From ty to t3, Vin(t) < Vipi(t), SA — and SB + are on,
Vg = —VDC. Current I 45 is conducted by switches SA — and SB +. From t3 to t4,
SA — and SB + are off, while SA + and SB — remain off because of the dead time.
DA + and DB — again conduct, and Vg = +Vpc + 2 * Vgipge- At time t4, SA + and
SB — turn on Vag = +Vp¢. The cycle completes at t = ty + Tpym. Dead time now

has had the effect of lengthening +V p interval of the waveform.
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Figure 3-2 : PWM signal, Gate Signal, Switch Signal and output V 45 when I 45 <
0.
As shown in Figure 3-1 and Figure 3-2, dead time affects the apparent duty ratio of

the inverter output waveform dependent on the direction of the output current. The
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effect on the duty ratio will be most apparent when the inverter current undergoes a

zero crossing, and this leads to the current waveform being distorted.

3.2 Modelling and analysis of the deadtime

process

This section develops a mathematical model for the deadtime effect. Figure 3-3 (a)
shows the model for zero dead time where e(t) = Vg, (t) — Vi (t) is the PWM error
signal which is quantified by the block labelled V 45 which represents the H-bridge.
Figure 3-3(b) shows the with dead time model where the H-bridge is modelled using a
hysteresis characteristic. With I4p > 0, the V45 changes from —V ¢ to +V ¢ when
e(t) = V,, and then changes from V¢ to —Vp at e(t) = 0. In Figure 3-3 (c), during
I4g < 0,V p changes from —Vp to +Vpc when e(t) = 0, and then changes from
Vpc to —Vpc at e(t) = —V,. Voltage V,, is labelled on Figure 3-1 and Figure 3-2 is

equivalent to the change in V,.;(t) over the dead time interval. Using the principles of

similar triangles the ratio (gradient) of the triangle wave is ?:;:r‘l = :—e
—_— d
2
Ve 2Vtri =5
T, Tyum =>Ve=4fi*Ta* Vi (31)
2
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Figure 3-3 : Relation between signal difference e(t) and output voltage V 4. (a)

S
-1
oy
)
~+
~—
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<

Ty=0,(b)Ty;>0andI;z>0,(c)Ty>0and Iz <0

As shown in Figure 3-1 and Figure 3-2, and according to equation (31), the proportion

of a PWM cycle taken by the dead time can be expressed as the duty ratio Dy, is,
Td Ve

L P

D (32)
When the load current I 45(t) > 0, the apparent duty cycle of V 4p is reduced by Dr,.
D4p = D — Dr,. When the load current I,5(t) < 0, the apparent duty cycle of V4p is

76



increased by Dy, . Therefore, the duty cycle for a SPWM waveform with dead time is
given by.
Dyp = %[mi +1—2 % Dpq *sgn(lyp)] (33)

Consequently, the fundamental component of the SPW M waveform is given by,

Viny(8) = Vpc * [m; — 2 x Drg * sgn(I 4p)] (34)
The sgn(14p) represents the current direction of I4p, sgn(I4p) = 1 when I45 > 0,
while sgn(I4g) = —1 when I 45 < 0.
Therefore, it can be seen that the dead time affects the amplitude of the fundamental
and so, distorts the waveform. The effects become more pronounced at the waveform

zero-crossing points where the contribution from the Dy term is at its largest.

3.3 Dead Time Compensation of 2-level H-Bridge

inverter

3.3.1 Deadtime Compensation (DTC)

In order to reduce the effects of dead time, a correction signal is added to error signal

prior to quantization to compensate for the signal delay caused by the dead time.

. . . . Vsi L
From the equation (12), the inverter modulation index is m; = %(t), and substituting

tri

this into (34), the fundamental of the H-bridge voltage can be rewritten as,

—~ . 1
Vsin * Sln(wsint) - fve * Sgn(IAB)
Vtri

Viny(®) = Vpe * | ] (35)

The term Vg, * sin (wg;,t) is the original reference signal Vi, (t) and the term

- % Ve xsgn(l,g) = Vpr is due to the dead time. The effect of the dead time can be
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reduced by adding a term to nullify Vpr, 0 = Vpr + Vprc where Vprc is the deadtime
compensation voltage.
1
Vprc = Eve * sgn(I,p) (36)
Figure 3-4 compares the output voltage without dead time (T 4z = 0), with dead time
(T4 > 0) and with deadtime compensation (DTC) when I45(t) > 0. With DTC the

. .1
reference signal is 5 Ve greater than Vg, (0).

! T, ! T,
| 2 d 2 d
! 1
=V Z
2 . > Ve
1 1 1 1
i ETon"' > T, ; ‘ { o B T, — ETd .
Veri = 1
T Vsin(t) + 2 Ve
. Lo A | VSI’:H (I)
—Veri Veri (1)
Vo — B —
Vap(t)(Tq = 0)
Vo | = B
Vor— =
Vap(®)(T4 > 0)
pe—— = —
Vpe — - = ==
Vap(£)(DTC)
—Vpe : | : : | : T; =0
i 1 lesles
: 1 1
Ty Ta 5 Ta
I TPWM

Figure 3-4 : Deadtime compensation operation when 1,45 > 0.
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As shown in Figure 3-4, after adding the V prc, the corrected waveform incurs a delay
%T a on its falling edge with respect to T4 = 0. The corrected waveform also incurs a
delay of % T4 onits rising edge. The net result is the deadtime compensation has delayed
the waveform by % but had zero effect on its duty ratio.

When I 45 < 0,the Vpr = + % V., so the Ve should be — % V.. Figure 3-5 shows the
output voltage V 45(t)(DTC) after adding the compensation voltage Vprc. Here, the

: .1 .
compensated reference signal is S Ve below the original reference.

1T 1
2 d ETd
1V
2% SV
s 'Y
| |
|| B
Viri ™ |§ -
' [ 1
- it fii - sin(t)_EVe
Pl [
[ I — V(O
Vo =
Vap(£)(Tq = 0)
—Vbe - L
Vi =
Vap(£)(Tq > 0)
_VDC— ; ; :
Vpe
- Vap(t)(DTC)
_VDC— i i ; | Td =0
P sl
L i
7l 5 Ta 5 Ta
TPWM

Figure 3-5 : Deadtime compensation operation when 1,45 < 0.
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Similar to the previous case, the duty cycle is compensated, but the falling edge and
rising edges are both delay by %Td.
Figure 3-6 shows a block diagram represents the dead time and deadtime compensation

processes.

Vag(DTC)

A

1
Vbre +§Ve * sgn(lsp)

Figure 3-6 : The block diagram of relationship between e(t) and V 45(DTC) after

adding VDTC'

After adding Vpyc into SPWM system, the duty cycle and fundamental voltage in
V4p(t)(DTC) is same as that in V 45(t) (T4 = 0), the dead time effect is compensated.
But after comparing the relationship between e(t) and V 45(t)(T4 = 0) from Figure
3-3 (a) with relationship between e(t) and V 45(t)(DTC) in Figure 3-6, it is clear to
see that the whole waveform of V 45(t)(DTC) is %Td delay to V4p(t)(T4 = 0). In
conclusion, the Vprc can solve the distortion of V 45 (t), compensate the duty cycle and
fundamental voltage change from dead time effect, but a phase lag with %Td will be

remained.
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3.3.2 Phase Lag Compensation (PLC)

To compensate the DT C induced phase lag, a phase lag compensation voltage Vp; ¢ will
be added into SPW M system. In reality, in electrical circuit, many factors will produce
extra time delay into the system such as turn on/off delay inside chips, long circuit line
etc. The phase lag compensation proposed here can help solve this kind of time delay

T 4eray and % T4 time delay together.

dVy-i(2) >0a

The phase lag compensation is related to the slope of Vi,.;(t). When
dVyi(2)

voltage of —Vp;c is added into V;, (t). When —a < 0 a voltage +Vpc is added

into Vg, (t). Figure 3-7 shows an example of how the phase lag compensation work.

S — Vsin(£) + Vpyc
\ P/ : - Viin (t)

N Vere

v
Ca

Ta:elay Tqe ay Tiela) Tdelay

VL')(.
Vap(t) >t
Ve
: — Ve
Vap(t)(delay) "t
: —Vpe
Vap(£)(PLC) —— ey
' —Vpc

Figure 3-7 : The example of phase lag compensation operation.
To simplify the presentation of PLC scheme it has been assumed that dead time is zero.
In Figure 3-7, it is clear to see that the delayed inverter waveform, V 45(t)(delay), is

delay from the reference waveform, V4p(t), by time Tgerqy . When Vi (t) is
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increasing, the load voltage transition from +Vp. to —V p must occur earlier and so,
the Vg, (t) should be decreased by Vpc. When V,.;(t) is decreasing, the load voltage
transition from —Vpc to +Vpe must occur earlier and so Vg, (t) should be increased
by Vpic. Figure 3-7 shows that after adding the Vpc into V;,(t), the phase lag
corrected voltage waveform, V45(t)(PLC), is same to the ideal output voltage
waveform V 45 (t). The calculation of value of Vpy ¢ is similar to equation (31), the ratio

of similar triangles. The equation of Vpj is,

Vpre =4+ fpwm * Tdelay * vtri * sgN(Vri) 37)

dVy,-i(t)

i <0.

The sgn(V,,;) represents the gradient of V,.i(t). sgn(V,) =1 if
sgn(Vy) = —1 ifdvii;t"(t) > 0.

After adding the deadtime compensation value Vpr¢, the %Td phase lag remained. So,
the Tgelay = %Td, and Vpye = 2 * Tgetay * Viri = %Ve. As result, when V,,;(t) is
increasing, — % V. is added into reference signal while + % V. is added when V,.;(t) is
decreasing.

Figure 3-8 shows the output load voltage V 45(t) (DT C&PLC) after adding the Vprc
and Vp, ¢ together. It is clear to see that the waveform of V 45(t) (DTC&PLC) is same
as the ideal V4p(t) waveform without T4. So, the %Td phase lag is also solved.
Focusing on the e(t) and V 45(t)(DTC&PLC), after adding deadtime compensation

and phase lag compensation, the voltage level of V 45(t) (DTC&PLC) will be shifted

once the Vsin(t) > Vtri(t) or Vsin(t) < Vtri(t)-
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Figure 3-8 : Deadtime compensation and phase lag compensation operation when
I,p(t) > 0.

Figure 3-9 shows the output load voltage V 45 (t) (DTC&PLC) after adding Vpr and

Vpic when I4p(t) < 0. Similar to the previous result, the voltage V 45(t) (DTC&PLC)

is same as the ideal V 45(t) when T, = O after adding all compensation. Now, the

relationship between e(t) and voltage level change of V 45(t) (DTC&PLC) is shown

in Figure 3-10.
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Figure 3-9 : Deadtime compensation and phase lag compensation when I 45(t) <

0.
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Veri (1) . \ V—
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Figure 3-10 : Relationship between e(t) and V 45(DTC&PLC) after adding V pr¢
and Vpyc.
The combined deadtime compensation and phase lag compensation pulse width

modulator is shown in Figure 3-11.

VDTC

v, Ip(t)
) *sgn(lsp)

Vein(t) + Vore + Vprc

4

Vsin () e—'
Phase Lag Compensati%

Vtri (t)

PWM1 BpLEED SA+ &SB —

H-bridge

Inverter

SA—-&SB+

Figure 3-11 : the block diagram of Dead Time Compensation.

The new reference signal Vg, (t) + % * Ve x sgn(I,g) + Vppc will be used to compare
with carrier signal V,.;(t). It is important to note that the purpose of dead time

compensation is to compensate the change in duty cycle, fundamental voltage from load
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voltage and phase lag caused by the T4. The dead time T4 remains in the H-Bridge

system but its distorting effect has been mitigated to some extent.

3.4 MATLAB Simulation of the dead time

compensation in 2-level H-Bridge inverter

Figure 3-12 (a) shows the 2-level H-Bridge inverter and Figure 3-12 (b) shows its
SPWM control with T4 in MATLAB/Simulink simulation.

PWM1

0 Ly = 0.9mH

, Loy = 0.69mH

i
T 7 Cr = 50uF
SA+ ZE:;I}‘ SB+$}> Rour = 40
—i —
A hd

I v Liny Lyp(t) Loyt ()
LA > L "J
Vyp(t -
Vool ap(t) Cr Rout Vi (t)

PWM1 B le

SA4 —

Jpeiy

4
4

Vein (t)
Veri O NN\

([ Tq | PWM1

\—»|>o—-| T, —PWMI

(b)

Figure 3-12 : (a) MATLAB/Simulink 2-level H-Bridge inverter, (b) SPWM

system.
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In this MATLAB/Simulink simulation, the inverter system drives a resistive load, R yy;.
The parameters of all components are also shown in Figure 3-12 (a). The DC voltage
Vpc = 100V. The sinusoidal reference voltage is Vg, () = 0.65 * sin(27m * 50 * t)
with a peak voltage Vg;,, = 0.65V and a frequency fg;, = 50 kHz. The PWM carrier
has a peak of V,,; = 1V and a frequency f,,; = 20kHz.

Figure 3-13 shows the DTC and PLC in MATLAB simulation.

1
EI{?
IAB(t) ' ;_'35 VDTC
1 sgn(lsp)
-V
2
(a)
» I — Vprc

Vtri (t)

(b)

Vsin (t' ’_‘

[

VDTC

VPLC

(c)

Figure 3-13 : (a) DTC system, (b) PLC, (¢c) SPWM with DTC and PLC
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In Figure 3-13 (a), the DTC is achieved by using a “Switch” function in MATLAB, if
Iig >0, Vpre = %Ve while I 15 < 0, Ve = —%Ve. In Figure 3-13 (b), the PLC is
achieved by using a “Relay” function in MATLAB. It reads the gradient of V,.;(t).
Vpic = —%Ve when gradient of V,.;(t) is positive. While Vpy¢ = %Ve in opposite.
Figure 3-13 (c) shows the final SPWM system after adding DTC and PLC system.

Figure 3-14 shows the new reference signal waveform after adding the V¢ and Vp .

Vsin (t)

i 0.65V

Zero crossing Zero crossing

L~

-t

-0.65V

V.s‘in(t) + Vore

0.73Vv

Vsin(t) + Vpre + Vprc

IAB (t) A= T T “ e T T T = T T - =

Py il
| | |
Mwu\q - " o
g ™
T — — “”v“w

Tsin TS in
2 2

Figure 3-14 : New modulation reference signal wave with DTC and PLC.
The dead time T4y = 1us, hence the Vpre = Vpic = %Ve = 0.08V. It is clear to see
that the V;,, (t) is added % V. when I 45(t) at positive half cycle while is added — % V.
at negative half cycle of I 45(t). During the zero crossing of I45(t), because the current

fluctuates around zero, the Vprc will changes between +%Ve in high frequency

(switching frequency). The Vp ¢ is a pulse wave with high switching frequency fpum.
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Based on the Vg, (t) + Vprc waveform, the high frequency Vp; ¢ pulse waveform is
added together and the final reference signal Vg, (t) + Vpre + Vprc is shown in
Figure 3-14.

Figure 3-15 shows the output voltage on resistor R,,; under different dead time

situations. As can be seen, the compensation schemes reduce the effects of dead time.

Ve(t)(Ty = 0);
4 —~ 65V

THD=0.67%

04 t

2 1 il

T - -65V
Va(6)(Ty = 1us)

B 61V

L THD=3.12%
04 t
i ‘ = -61V
Ve(t)(DTC&PLC ‘ s
Il | THD=0.67%
04 t

-65V

Figure 3-15 : Output voltage Vi (t) with Ty = 0, T; = 1us and with

compensation.

In equation (34), it has proved that the voltage reduction caused by the dead time effect

is equal to Vpc * E * IA/Ve ] = 4V. As shown in Figure 3-15, when sin(wg;,t) = 1, the
tri

V(%) reaches to the positive peak voltage which is equal to Vp¢ * m; = 65V when
T4 = 0. After adding 1us dead time, the voltage decreases 4V, as result, the positive

peak voltage of V(t) is decreased from 65V to 61V. In addition, it is clear to see that
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there is a serious distortion cause by the dead time during the zero crossing. After the
compensation system is added into SPW M system, the voltage reduction is recovered,
Vg changes back from 61V to 65V . And the distortion during zero crossing is
compensated. It is clear to see that from THD value, the THD in Vi(t) is 0.67% when
T; = 0, then increases to 3.12% because of T ;. However, with the DTC and PLC, the
distortion is compensated, THD is decreased back to 0.67% which equal to the THD

in ideal H-Bridge system.

Ir(£)(Tq = 0)

—16.25A

t THD=0.67%

—-16.25A

= 15.25A

Ig(8)(Ty = 1us)] ‘

t THD=3.12%

-15.25A

Ix(t)(DTC&PLC):

‘ 16.25A

t THD=0.67%

-16.25A

Figure 3-16 : Output current I5(t) withT; = 0, T; = 1us and with

compensation.

Vr(t)
Rout ’

Figure 3-16 shows the output current through R, (Ig(t)). Ir(t) = so, the peak
current I is equal to 16.25A4 when sin(wg;,t) = 1 and Ty = 0. With T; = 1us, the

Tg is decreased to 15.25A. After adding compensation, the T changes back to 16.25A.
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It is clear to see that the distortion is solved during zero crossing, and THD is decreased
as well.

Figure 3-17 shows the Vg(t) when Ty = 2us and T; = 3us and after compensation.
It is clear to see that the peak voltage Vj is decreased more with the increase of T.
And THD is higher with the increase of T4;. However, after adding the dead time
compensation, the decrease of Vg can be compensated, and THD is decreased to the
ideal value in system without T'4.

/\ Ve = s /\ | A s ,,

™D=615%  / . / \_ THD=9.32%

~ ~ | Vad ™, fad
- 7 — Fat
\

V(g = 2us) /L @Ti=3u)

N
/\ Vg = 65V 11 /\ Uk = 65V Vi

| ./,/ \\\\ THD= 0.67 % // | i /;,/ ‘\.\\.\ THD= 0.6 7% .://
_, \ : , . V4 \ /
Vr(t)(DTC&PLC) S Ve®O@TCRPLO)

(a) (b)

Figure 3-17 : Output voltage V,(t). (a) T4 = 2us, (b) T, = 3us

As shown in the MATLAB simulation result, the dead time compensation is suitable
for different T; in SPWM system. The value of Ve and V¢ are the key points in
this compensation method, and they can be calculated easily since they are only related

to the fpwm., Vi and T4 which shown in equation (31) and (37).
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3.5 Dead Time effect analysis in 3-level H-Bridge

inverter

In this section, the Dead Time effect in a 3-level H-Bridge inverter will be described.

In previous section 2.3, the structure and SPW M system of a 3-level H-Bridge inverter
has been described. The electrical circuit structure of 2-level and 3-level H-Bridge are
same. But the power switches in leg A and leg B are controlled separately by two
SPWM signals PWM1 and PWM?2. In 3-level H-Bridge inverter, dead time effect is
still analysed according to the current direction of I,p(t). As a 3-level H-Bridge
inverter, the voltage range of V 4p(t) is related to the Vg, (t). V45 changes between OV
and +V p¢ during the positive half period of Vg, (t). On the other hand, V 45 changes
between OV and —V p¢ during negative half period of Vg, (t). As result, in this section,
the dead time effect on 3-level H-Bridge inverter will be analysed in two parts according

to the direction of Vg, (t) and I45(1).

3.5.1 Dead Time effect at positive half period of
Vsin(t)

During the positive half period of V;, (t) time, V;, (t) is always larger than V.2 (£),
the SB + is always off and SB — is always on. As result, only switch status of SA +
and SA — decides the output voltage V4. Figure 3-18 shows the relation between
Vin(t), Vi (t), switch status of leg A power switches and output voltage V 45 during

the positive half period of Vg, (t).
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Figure 3-18: The T effect during the positive half period of V;,, (). (a) I, > 0,
(b)I,5<0

Focusing on the time when I45(t) > 0 firstly. A complete period of Ty, is from t =

to to to + Tpym. A new PWM period starts at £y, Vipiq (2) starts from its lowest

voltage (OV). From ¢y to tq, Vgin(t) > Virin (£), SA + is on, SA — is off, current I 45

through the SA + and SB — from leg A to B, the inductive load is charged by DC

power, Vg = +Vpc. Att = t1, Vgin(t1) < Vipir(t1), SA + turns off, because of the
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T,;, the SA — is off as well. During dead time T4 (&4 to t3), only SB — is on, the
inductive action keeps current flow in the same direction, which through the SB — and
the diode DA —. The voltage drop on the diode is ignored, so the voltage at point V4
and Vg are same (connected to the ground), the V45 = OV. At t = t,, SA — turns on.
From t, to t3, SA — and SB — are on, inductive current flows through the SB — and
SA—, Va5 =0.Att =t3, Vgin(t3) > Viir(t3), SA — turns off, while SA + is still
off because of T ;. From &3 to &4, the inductive current I 45 flows though the SB — and
DA — again, V 4p is still at OV. Until t = t4, SA + turns on, I4p flows through SA +
and SB —, which charge the inductive load, V45 turns to +Vpc. From t4 to (£ +
Tpwm), SA + and SB — are on, I 4 flows through them, V 4p is still equal to +Vp.

Figure 3-18 (b) shows the dead time effect when I p < 0. Time t starts at &
(Virin (o) = OV). From tg to tq, Vi (t) > Vi (t), SA+ and SB — are on, Vyp =
+Vpc, the inductive load release energy, keeping the I4p flows in negative direction
through SA + and SB —. From tq to ty, Vin(t) < Viir(t), SA + is off, SA — is off
because of T4, the inductive action turns on the DA +, current flows through the SB —
and DA +,the Vg = +Vpc. Att = t,, SA — turns on. From &, to t3, SA — and SB —
are both on, the inductive current flows through the SB — and SA — from leg B to leg
A, Vg turns to OV. At t = t3, Vg, (t3) > Virin(E3), SA — turns off. From t3 to ty,
Vsin(t) > Vi1 (t), SA — and SA + are both off because of Ty, the DA + is on again,
current flows through the SB — and DA +, V4 = +Vpc. At t4, SA + turns on. From

t4 to ty + Tpwm, inductive current flows through the SB — and SA +,V4p = +Vp¢.
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In a 3-level H-Bridge inverter, the e(t) is introduced as the different voltage between
Vin(t) and Vi1 () or Vipin (t). During the positive half period of Vg, (t), Vin () is
always larger than V,.;» (t), which the switches status in leg B is fixed. As result, only
the e(t) value between Vg;,(t) and Vi,.;1(t) is considered during this time. The
equation of e(t) is,

e(t) = Vsin(t) = Viria (0) (38)
The V, is equivalent to the change in V.41 () over the dead time interval. The meaning
of V, in 3-level H-Bridge is same to that in 2-level system. Referring to Figure 3-18,
the V, can be calculated by similar triangle equation. Different to the 2-level system,
the peak-to-peak voltage of V41 (t) is Vi instead of 2 * V. As result, the equation

of V, in 3-level system is,

E — ?tri
Tq Towm
2

=>V,= 2ftri * Ty * vtri (39)

The block diagram of relation between e(t) and V 4p with different current direction

with T4 is shown in Figure 3-19.
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Figure 3-19: Relation between e(t) and output V45 during negative period. (a)
T4=0,b)T; >0and I,5>0,(c)T; >0and I,5 <O.

Figure 3-19 (a) shows the voltage change of V 45 under ideal situation (T3 = 0), V4p
changes once e(t) = 0. With the dead time effect (T4 > 0), if I, > 0, V4p turns
from +Vpc (high-level voltage) to OV (low-level voltage) at e(t) = 0, while Vyp
turns from OV (low-level voltage) to +Vp¢ (high-level voltage) at e(t) = +V,. The
time for Vap = +Vpc (Typ) is decreased by Ty4.

On the other hands, when I4p < 0, V4p turns from +V ¢ (high-level voltage) to OV

(low-level voltage) at e(t) = —V,, while V4p turns from OV (low-level voltage) to
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+Vpc (high-level voltage) at e(t) = 0. The time for Vg = +Vpc (Tyn) is increased
by Td-
Referring to Figure 3-18, the duty cycle of Ty, D, in the 3-level H-Bridge can be

calculated as,

p, =—4 _ Ve (40)
Ta Typwm 2Vtri

With the T 4, when I 45 > 0, the duty cycle D is decreased by Dy, s0 Dyp = D — Dy,,.
when I 45 < 0, the duty cycle D is increased by Dy, s0 Dgp = D + Dr,. Asresult, the
equation of D 4p in 3-level H-Bridge inverter (positive period of V;, (t)) is,

Vsin * Sin (gt
D, = sin >~ ( sin ) _ Sgn(IAB) * DTd Sin(wsint) >0 (41)

The sgn(I ) =1 when I4p > 0, while sgn(lzg) = —1 when I, < 0. The

fundamental voltage of V45 with T4 is V., (t) which is equal to

Viny(t) =Vpc * Dap = Ve * = —sgn(lp) * Dr, (42)

According to equation (42), after adding the T4 into system, a Vp¢ * sgn(l4p) * D,

voltage drop is caused.

3.5.2 Dead Time effect at negative half period of
Vsin(t)

At the negative half period of Vg, (t), since the V.41 (t) is always larger than V;, (t),

SA + keeps off, while SA — keeps on. During this time, the SPWM system focuses on
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Vin(t) and V,.i2 (). Figure 3-20 shows the dead time effect in 3-level system with

different direction of I 4p.

-t
\'\:_ ~Vsin (1)
] T (1)
o 1 S B NI
glom Ty gl E 3T ST
1f -
5 | SB -
0 e
1t
i SB +
07 t
0 4
i Vag (Ta=10)
_VDC: ;
0 L — § | —t—t
. | ' Rl V@0
| [ [ | _ Ta, T4 :
—t s P = — |
: T, T . [Z| 2 3, tp+ prm
t ! d v i
0 Lt tsla to+ Tyum
j’AB >0 IAB’ <0
(a) (b)

Figure 3-20: The dead time effect during the negative period of V;, (t).

Firstly, focusing on the dead time effect when I, g > 0. Starting at t = t, the
VtriZ(tO) = _Vtri . From to to tq, Vsin(t) > VtriZ(t)a SB + is Off, SB — is on,
inductive current flows through the SA — and SB — from leg A to leg B, V4p = 0. At

t =1t1, Vgin(ty) < Viiz(tz), SB — turns off, inductive action turns DB + on. From
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ty to t,, current flows through the SA — and DB + from leg Ato B, Vg = —Vpc.
SB + turns on at t = t,, from ¢, to t3, inductive current flows through the SA — and
SB+,V,p = —Vpc. Att = t3, Vgin(t3) > Viia(t3), SB + turns off, DB + turns on.
During T4 (t3 to t,), the inductive current flows through SA — and DB +, V4 =
—Vpc. Att = t4, SB — is turned on, current flows through the SA — and SB —, Vp
turns to OV. From &4 to to + Tpym, switching status remains, so as the Vg and I 4
conditions remain.
Now, focusing on the time when I4g < 0. The PWM period starts at to, Vi-i(tp) =
~V i From tg to t1, Vgin(£) > Viiz (t), SB — is on, SB + is off, inductive current
flow through the SA — and SB — from leg Bto A, V,p = OV. Att = t4, SB — turns
off. The time from & to t, is dead time, SB — is off, SB + is still off, and so inductive
action turns on the DB —, current flows through the SA — and DB —, V 4p is still OV.
Att = t,, SB + turns on. From &, to t3, SA — and SB + are on, current flows through
the SB + and SA —, the inductive load is charged by DC voltage, Vg = —Vpc. At t =
t3, SB + turns off, inductive action turns on the DB — again keeping current flows
through the SA — and DB —, V 4 turns to OV. Durning the T4 (t3 to t4), SB — is still
off, inductive current still flows through the SA — and DB —, V5 = OV. Att = t,,
SB — turns on. From &4 to ty + Tpym, current flows through the SA — and SB — again,
Vap = 0V.
During the negative half period of V;, (t), the switches status on leg A are fixed. Only
the difference value between Vg, (t) and V,.i2 (t) is considered.

e(t) = Vin(t) — Viria () (43)
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Figure 3-21 shows the relation between e(t) and V4 with dead time effect.

VAB

Vsin(t)je(t)—» 0] lo > e(t)
Veriz (¢ _VDC—|

(a)

Vap(Tq > 0)
h

A

Ing >0
Vi) (@ €D (1o ve”-’(f)—'
Viria (¢ _VDC—"—T

(b)
VAB(T:({>O)

Lig <0
V) @ O .
Viri2(t) —Vpc—X

(c)

Figure 3-21: Relation between e(t) and output V 45 during negative period. (a)

T;=0,(0)T;>0and I,3>0,(c)T; > 0and I,z <O.

Figure 3-21 (a) shows the ideal situation (T4 = 0) of V45 changes with e(t). V4p
changes between 0 and —V ¢ at e(t) = 0.

Referring to Figure 3-21, if I, > 0, V 45 turns from OV (high-level voltage) to —V p
(low-level voltage) at e(t) = 0, while V 4p turns from —V . (low-level voltage) to OV
(high-level voltage) at e(t) = +V,. The time duration for V4 = OV (T,,) is

decreased by T.
100



On the other hands, when I45 < 0, V 45 turns from OV (high-level voltage) to =V pc
(low-level voltage) at e(t) = —V,, while V 45 turns from —V . (low-level voltage) to

0 (high-level voltage) at e(t) = 0. The time for V45 = OV (T,,;,) is increased by T.

Ve
24V

The duty cycle of dead time is Dy, = . When I, > 0,D4p =D — Dp,. When

I,g <0,Dyp = D + Dr,. Taking the Dy, into the equation (19), equation of D4p is,

V.. *sin (wg,t
Dyp=—"— (@sint) +1—sgn(Isp) * Dyq (44)

tri

The fundamental voltage equation is,

Vin * sin (wgnt
Vinw(£) = Vpe * |— 7 (Dotal) _ sgn(lg) = Dy, (45)
tri

Which is equal to the equation (42) described before in positive period of Vg, (t).
As result, whenever the positive or negative period of Vg, (t), the fundamental voltage
Viny(t) is decreased by sgn(Ig) * Dr,, and it is only related to the current direction

OfIAB.

3.6 Dead Time Compensation in 3-level H-Bridge

inverter

The previous section describes the dead time effect in a 3-level H-Bridge inverter. In
this section, the Dead Time Compensation system in 3-level H-Bridge inverter will be
introduced and described.

Equation (45) provides the output fundamental voltage V;,, (t) under the dead time

effect. In equation (45), Dy, = > ‘;7 , equation (45) is equivalent to
*Viri
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= . 1
Vsin * Sln(wsint) - ive * Sgn(IAB)

Vtri

Vinv(t) = (46)

The term Vg, * sin(wg,t) is the original reference signal Vg, (t), and the term
—%Ve x* sgn(l4p) = Vpr is due to the dead time. The effect of dead time can be
reduced by adding a term to nullify Vpz, 0 = Vpr + Vprc, where Vpp is the deadtime
compensation voltage.

Vprc = %Ve * sgn(l4p) (47)
The equation of Vprc in 2-level and 3-level system are same, the difference is the value
of V. In2-level system, Vo = 4 * f ) * Ty * Vi, while in 3-level system, V, = 2 *
fowm * Tq * Veri

Figure 3-22 shows the block diagram of DTC system in 3-level system.
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Figure 3-22: Block diagram of DTC in 3-level system.
Similar to the 2-level DTC system, after adding Vpr¢, phase lag remained. As result,
PLC system is also required.
As described before in section 3.3, the PLC system in 2-level and 3-level system are
same. But the phase lag compensation value Vp; ¢ are different. In the 3-level system,
the Vpj ¢ is equal to

Vpre =2+ Tdelay * vtri * fpwm * sgn(Viyy) (48)
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Since T getay = %Td, Vpre =Tg * Vi * fpwm * sgN(V.;). Because the phase and
frequency of V,.;1 (t) and V.2 (t) are same, either of them can be used as the reference
to decide the sgn(V,.;) . If the gradient of Vi.;1(t) or Viiz(t) is positive,
sgn(V,.;) = —1. If the gradient of V.41 (£) or V.2 (t) is negative, sgn(Vy) = +1.

The final block diagram of DTC and PLC is shown in Figure 3-23.

Vpr
1 v I
— Ve sgn(lap) Vug(DTC&PLC)
// F Y
/ +Vne
Vsin (t) e(t) |
_ smd) —_—
Vtri;(t \

Positive Vs, (t) period

Vsin (t)

e(t)—b Load

Viria(t

\ _VDC

Negative Vg, (t) period

VD TC

Figure 3-23: Block diagram of DTC and PLC system in 3-level system.
After adding the PLC, the phase lag is compensated.
In conclusion, the new modulation signal after adding DTC and PLC is equal to

Vsin(®) + Vprc + Vprc, and this new value will be compared with V.41 (t) and
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Viriz(t) to produce new SPWM output signal. The block diagram of Dead Time

Compensation in 3-level H-Bridge inverter is shown in Figure 3-24.

VDTC

Lyp(t)
*sgn(lyp)

(YIS

Vein (&) + Vpre + Vprc

4
Vsin(t) — e"?

Phase Lag Compensation
1

Vtril (t)

H-bridge
Inverter

Vm’z (t)

Figure 3-24: The block diagram of Dead Time Compensation in 3-level H-Bridge
inverter.

The aim of Dead Time Compensation in 3-level system is still to produce ideal output

voltage V 4p by updating new modulation signal for compensating the energy loss and

distortion caused by T .

3.7 MATLAB Simulink simulation of Dead Time

Compensation in 3-level H-Bridge inverter

The Dead Time Compensation system in 3-level H-Bridge inverter has been described
in previous section. This section will show the Simulink simulation of Dead Time

Compensation in 3-level H-Bridge inverter.
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Figure 3-25 (a) shows the structure of 3-level H-Bridge inverter and Figure 3-25 (b)
shows the 3-level SPW M system with dead time in Simulink simulation.

In this simulation, the inverter system drives a resistive load R,,;. The parameter of
component in the H-Bridge inverter are shown in Figure 3-25 (a). The sinusoidal
reference voltage V;,, (t) = 0.65 * sin (21 * 50 * t) with peak value Vg, = 0.65
and a frequency fg;, = 50Hz. For the PWM carrier signal, the peak value V,,; = 1.
Viri1(t) changes between OV and 1V, V.12 (t) changes between OV and —1V. Their

frequency fpum = 20kHz.
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Figure 3-25: (a) 3-level H-Bridge inverter and its control signal, (b) 3-level
SPMW system.
Figure 3-26 shows the DTC and PLC system in simulation. A “SWITCH” function in
Simulink is acted as a current direction detector, which decides the value of Vpr¢. The
Vpic is achieved by reading the gradient of V,.;1 (), if gradient is positive, Vpyc is
negative, while Vp; ¢ is positive when gradient is negative. As shown in Figure 3-26

(¢), the final modulation signal with DTC and PLC is equal to V;,(t) + Vprc + Vpic-
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Figure 3-26: (a) DTC system, (b) PLC system, (c¢) 3-level SPWM with DTC and
PLC.
Figure 3-27 shows the original Vg, (t), V-1 (t) and output voltage V45 with and
without Dead Time compensation system. Figure 3-28 shows the original Vg, (%),

Vriz (t) and output voltage V 4p with and without Dead Time compensation system.

108



v Vtrf} O v
I?tl"i /"/ Vtri»
0 t 0 t
VDC VDC EEEN—
| Vas () (Tq = 0)
0 t 0 Lt
Vpe Vp —
WVap (0)(Ty > 0)
0 t 0 t
Vnc Voe
! V,2(£)(DTC&PLC)
0 t  OF —t
T, T,
L >0 ° i Iap <0

Figure 3-27: waveform of Vg, (t), Vi1 (t) and V 45(0).
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Figure 3-28: waveform of V;,, (t), V2 (t) and V 45(t).
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V45(t)(T4 = 0) is the ideal output voltage without dead time, V 45(t)(T4 > 0) is the
output voltage with dead time, and V 45(t)(DTC&PLC) is the output voltage after
adding the DT C and PLC system. It is clear to see that after adding the DTC and PLC
system, all V 45(t) (DT C&PLC) under different condition are equal to the ideal output

voltage V45 (t) (T4 = 0).

Figure 3-29 shows the output voltage on the resistor R, under different conditions.

V I [
gl [ i L o~ 1 65V
Ve(©)(Tq =0)
THD = 0.12%
! t
il . _ _ _ e |
------------ e s Bl o 101 /4
V [ I [
——————————————————————————————————————————————————————————————————————————————————————————————————— 63V
il | | - Vr(O(Ty = Tus) |
THD = 1.18% ¢
b = R R S 63V
V | | | 65V
,,,,,,,,,,,,,,,,,, | S R N —
al- Ve () (DTC&PLC) ]
THD = 0.12% t
e A B S i R - —65V
0,095 D?l 0.105 011 0‘1‘15 0.|E2 0125

Figure 3-29: V(t) with different conditions.

Ve(t)(T4 = 0) is the ideal output resistor voltage, Vr(t)(T4 = 1us) means the
resistor voltage with 1us dead time, the Vz(t)(DTC&PLC) means the output resistor

110



voltage when the system with DTC and PLC. The peak modulation index is 0.65. The

T; = 1us, according to equation (45), the voltage reduction caused by the dead time

1S

equal to Vpc * E * vVe ] = 2V. As shown in Figure 3-29, when T4 = 1us, the peak

tri

voltage of Vg(t) drops from 65V to 63V. After adding the Dead Time Compensation

system, the voltage drop is compensated, in addition, the distortion caused by T is

compensated especially during the zero-crossing time. The THD is decreased to

0.

12% after adding the Dead Time Compensation.

Figure 3-30 shows the output current through the R,,,; which is Ix(t) under different

conditions.

f==msll———— e e e e N T 16 2 514

: L LO@=0
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. T Lm@rcgpLc)y o 16254

Z - _ THD =0.12% ¢
5j// S e S E— - *;};?i{;im ShEE—— -—16.254

The current I5(t) =

Figure 3-30: resistor current Iz(t) under different conditions.

VRr(®)

0

, the R,y = 4 Q, without dead time effect, peak voltage

Vg = 65V, Ix(t) = I = 16.25A. With T; = 1us, the voltage drop is 2V, which

cause the 0.5A4 current reduction as well. As result, the current Ix(t) (T4 = 1us) is
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equal to 15.75A referring to Figure 3-30. After adding the DT C and PLC system, the
current drop is compensated. The distortion caused by T, is compensated especially

during the zero-crossing.
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! ///\ Vp = 65V // Va i65VD
N\ THD =012% / ¢ ; / THD 5 0.12% t
N / \\ ,/ / LN
/ AN / ‘L/ \/
-0/ \/ 5
174 Vv
| Ve(t)(Ty = 2us) 1 o VR(Q(Td = 3us) J
’ //\\ Ve = 61V / /\ Vg = 59V /
. THD=36% / ¢ [ THD = 541% "
//’ \\ /’
v |4
J Va(t)(DTC&PLC) : Va(t)(DTC&PLC)
: /\ Vo = 65V / g 7o = 657
) / \\ THD = 0.17% ¢ : THD = 0.25% t
// \ //
.;u/ v 5F

0.09 [IA] 0.105 (Al 0115 012 0125 0% i 0% Tl 016 m 015

(a) (b)

Figure 3-31: waveform of output voltage Vg(t). (a) T4 = 2us, (b) T4 = 3us

As shown in Figure 3-31, with the increase of T4, the voltage reduction is larger, and
more distortion is caused especially during the zero-crossing. As shown in Figure 3-31
(a), after adding the DTC and PLC system, the voltage drops and distortion caused by
T4 = 2us are both compensated. When T4y = 3us, the voltage drops are compensated
by the DT C and PLC, but the distortion caused by 3us T is not be fully compensated.
The THD after adding VDTC and VPLC is 0. 25%. As described before in section 3.4,

the Dead Time compensation can produce ideal V 45 (t), but the T4 still exists. In the 3-
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level system, OV is the lowest peak voltage of V,.;1 (t) and the highest peak voltage of
V iz (t), when the modulation reference signal close to OV, the turn on time of PWM1
and PWM2 are very short, which the turn on time of SA + and SB + are very short.
Even with the Dead Time Compensation, the long T4z will cover the short turn on time
of power switches especially during the zero-crossing time. As result, it is hard to
produce the ideal V4 during this time, which the distortion can not be fully

compensated.

In conclusion, from section 3.4 to 3.5, the dead time effect and dead time compensation
in 3-level H-Bridge inverter are introduced and described. This section shows the
MATLAB/Simulink simulation of DTC and PLC system in 3-level H-Bridge inverter.
It proves that the DTC can compensate the voltage drop and distortion caused by T,
and PLC can remove the phase lag. But with the increase of T, the distortion caused
by dead time effect is hard to be fully compensated. This is one point required to be

improved in the future.

3.8 Chapter Conclusion

This chapter has demonstrated how dead time effects the performance of an inverter
system. A deadtime compensation (DTC) has been proposed that helps to reduce the
waveform distortion nearby the zero-crossing points and voltage and current reduction.

Since the DTC introduced a delay into bridge output, further compensation system has
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been incorporated to remove this phase lag. Finally, the performance of the

compensation system has been demonstrated using MATLAB/Simulink simulations.

Comparing the Vprc and Vp ¢ value in the 2-level and 3-level H-Bridge inverter, the
two values in the 3-level dead time compensation is lower than that in 2-level dead time
compensation because of the peak-to-peak voltage of carrier signal. In 2-level H-Bridge
inverter, with the increase of T4, the Vprc and Vp; ¢ value will be increased as well for
compensate it. As result, the peak voltage of Vg, (t) + Vprc + Vpre will easily over
the V,,; which cause over modulation. But in 3-level H-Bridge inverter dead time
compensation, with same T4, the Vprc and Vpy ¢ are lower, which the over modulation

does not happen easily.
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Chapter 4

Power electronic hardware system design

This chapter describes the design of the power electronic hardware platform that is
subsequently used to provide experimental validation of the proposed dead time
compensation scheme. The system consists of a H-bridge inverter, LCL filter connected
between the inverter and the load/grid and a microprocessor controller.

Figure 4-1 shows the block diagram of the whole grid connected power inverter system.

Transformer Grid
DC Supply H-Bridge Inverter LCL Filter
Ipc A lag [ 1 laria S
L v N v | Verid|| )
T DC AB : | N
B ] - N 1 :
VsampIeUAB)
Vsamp!e(fg,-m) Vsampie(Vgn-d)
Current
Gate Detector
Drive | Current & Voltage
Vaetect(145) Detector
Current
Direction Vdetect(fg,-m) Vdetect(Vg,-m)
PWM1 PWM1 Detector

1 ]
| |
1 ]
1 ]
| Dead Time !
1 ]
— . &
i PWM Compensation i
: i
] 1
] 1

Microcontroller

Figure 4-1: Block Diagram of grid connected power inverter circuit.
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4.1 Design of LCL filter

The LCL filter shown in Figure 4-2 is connected between the inverter output V 45 and
grid V 3,4 and is used to attenuate the PWM harmonics to an acceptable level. It is
essential that the filter is carefully designed to ensure adequate filtering while not
introducing unwanted resonant behavior. The filter provides multiple functions:
)} Converts V 45 from SPWM to a sinewave
i) Attenuates high frequency components of Ig.;q so the grid current is
sinusoidal
iii) Limits the rate of the change I4p to provide controllable dynamics for
inverter
1v) Provides enough energy for maintaining current flow direction and voltage

level during dead time.

Rinv Linv ]AB(t) [gn'd (t) Rgrid Lgrid
A B AAN—TTD a >

> L=
A

VAE (t) Vgn’d (t)

Figure 4-2 : A basic electrical circle of LCL filter.
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Equation (49) and (50) show the inverter voltage to grid current transfer function of
LCL filter with and without damping resistor. Without the damping resistor the filter
will exhibit unwanted resonant behavior, and this is not desirable since it can cause
excessive energy flow and destabilize the control system. Equation (51) shows how to
calculate the resonance frequency of LCL filter. The resonance frequency should be

larger than 10 times of fundamental frequency and lower than half of switching

frequency [48][50].
I rid(s) 1
Hyci(s) = -2 = 49
Let VAB(S) (Lirw * Lgrid * Cf)s3 + (Linv + Lgrid)s ( )
Igria(s) Cr+Rg+1
HLCL(damping)(s) =4 d = ! d 50)

/
- N
VAB(S) (Linv * Lgrid * Cf)53 + (Cf * (Linv + Lgrid) * Rd)sz + (Linv + Lgrid)s

Liny + Loy
W5 = inv grid (51)
Linv * Lgrid * Cf

Figure 4-3 shows the block diagram of Grid connected H-Bridge inverter and

Table 5 introduces the parameters in inverter system which will be used for designing

the LCL filter.
DC Voltage _
Source H-Bridge Inverter LCL Filter Transformer Grid
A IABﬁ S IGrii [ Igriags)
L f 0 A
T Vpg _ Vas - Veria ) Werias| T
) B | LA T

Figure 4-3 : Block diagram of Grid connected H-Bridge inverter.
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Table 5

: Parameter in the LCL filter design.

Parameter Symbol Value
Grid Voltage Vyrid 50(V,ms)
Secondary Grid Voltage V gridcs) 230(V,ms)
Grid Current Lgria 10(Ams)
DC Supply Voltage Vpc 100(V)
Rated Power S 500(VA)
Fundamental frequency fsin 50(Hz)
SPWM frequency fpwm 20k(Hz)
Max Current Ripple 10%

In this research, a transformer is used to transfer the output voltage after LCL filter

(V gria) into the grid net (V gria(s)) System. The design of LCL filter is related to the

parameter supplied in

Table 5 and the design of it will be introduced step by step in this section.

4.1.1 Inverter side inductor L;,,, design

Since the switching frequency is much higher than the resonance frequency. The

impedance of Cy is ignored and the resistor Ry is ignored. As result, Lyy, is main

inductor to filter the high frequency ripple.
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Figure 4-4 : inverter side inductor voltage and max current ripple.
Because the switching frequency is much higher than the fundamental frequency, the
voltage V 4y is the voltage after filter which can be seen as the fundamental voltage
Vinv- The voltage on inverter side inductor Ly, is equal to Vg — Viny, Vi, = Vap —
Viny.

By using the equation for the inductor, voltage and ripple current, the ripple current can

be calculated as shown in the equation (52) and (53). The D is the duty cycle.

14 14 Vpc—V L Aoy (52)
— = —_ . = . *
AB AV DC inv inv D * pr

Dx*T *(Vpec—V;
Alpp — pwm L'( DC mv) (53)
inv

Since,

sin .
Vinw =Vpc * D = Vpe * m; = Ve * =— * sin(wgt)
tri
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=~

. . Vi .
=S« SIN(Wgint) * Tpwm * Vpe * (1 — =Sy sm(ws,-nt)>
_ Vtri tri
Alpy, =

Linv

<)

(54)

The calculation of duty cycle and fundamental voltage has been explained in the
previous chapter. The final calculation of ripple current is shown in the equation (54).

Differentiating (54) allows the maximum ripple value to be found. Then the I, (max)

1 : : :
. As result, the equation of maximum ripple

vsin
%y

can be found when sin(wg;,t) =

tri

current is shown in equation (55), and the inverter side induction can be calculated in

equation (56).

T *V
__ fpwm DC
Alppanax) = =477 —= (55)

Vpe
4 * fpwm * AIpp(MAX)

(56)

Liny, =

According to the reference [50], the current ripple should be kept lower than 5% to 10%.

A value of 10% is chosen in this research. Max current ripple of I 4.4 occurs when it

reaches to ign-d. As the result, the Al,,maxy = L griagms) * V2 % 10%. The Vp is

100V and I 4rig(rms) is 104, fpywm is 20kHz. Then the L, = 0.9mH.

4.1.2 Capacitor Cy design

The capacitor Cy is used to suppress the reactive power from total rated power from

grid. The reactive power should be limited 5% to 10% of the rated power [48]. Equation
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(57) shows the relationship of for the reactive power, @, of Cy. Since reactive power Q

should be 5% of rated power S, the value of Cy can be calculated by equation (58).

_ (Vgrid(rms))2

Q 1
27tf gria * Cy

$*5%

B (Vgrid(rms))2 * znfgrid

Cy

The rated power of grid is equal to 500V A, V g,.i4(rms) = 50V and f 3,44 = SOHZ. The

C; = 31.8uF.

4.1.3 Grid side inductor (L 4.;4) design

The total inductance of Ly, and Lg,iq should be as small as possible to limit the
voltage drop on the inductors. With a low fundamental frequency, the €y can be treated
like an open circuit, only Lj,, and L g4 need to be considered. The voltage drop on the
total inductor should be lower than 10% from grid voltage. The impedance of series

inductor can be calculated as 27t * f g;.iq * (Lim, + Lgn-d). Then the voltage on total

inductor can be calculated by equation (59). Since the I,.4¢04 1S €qual to , the

Vgrid(rms)

total inductance can be calculated by equation (60).

Vdrop = Irated(rms) * 27T * fgrid * (Linv + Lgrid) = 10% * Vgrid(rms)

10% = Vgrid(rms) _ 10% = Vgrid(rms)2
S+ 21T * fgrid

Liny + Lgrid =

—— % 277 * i
Vgrid(rms) fgrld
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According to all parameters known the Lygiq; = 1.59mH and Ly, = 0.69mH.
Now according to resonant frequency w,.s equation in (51), f,.s = 1446Hz which is
higher than 10 times of f 4,4 and lower than half of fp,, [48][50], and so meets the

design requirements.

4.1.4 Damping resistor R; design.

The damping resistor is used for decreasing the influence the resonance caused by LCL
filter. The resistor should not be large for avoiding energy loss and filter efficiency of

LCL. Equation (61) shows the method for calculating the damping resistor.

1

Rj=—
T2 f pum * Cf

(61)

The R, 1s equal to 0.25().
According to Equation (49), the bode diagram of LCL without damping resistor is
shown in Figure 4-5. According to equation (50), the bode diagram of LCL with

damping resistor is shown in Figure 4-6.
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Bode Diagram

200 .

LRl | : H LR EE H H HERERIEE S 4 IR IRERE
Tres =1446HZ

=270

| i " U S S S R | i " A WY v A O et |

o 8

(dB)

g8 8 & 8

-270

10° 10% 10° 10°
(Hz)

Figure 4-5 : Bode diagram of LCL without damping resistor.

Bode Diagram
— . -

P fres =1446Hz

10 102 10° 10%
(Hz)

Figure 4-6 : Bode diagram of LCL with damping resistor.
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The advantage of LCL filter is its high -60dB/dec after the resonance frequency, which
provide good low-pass filter for high switching frequency. Comparing the LCL system
with and without damping resistor, the high gain at f,.. is decreased from 200dB to
0dB. As result, the instability system caused by the resonance frequency form LCL will

be damped by the R,.

4.2 Grid Connected Power Inverter System

4.2.1 Phase Locked Loop (PLL)

In PLL system, the angle between d-axis and a-axis represents the grid angle, and the
value on g-axis is kept at 0. As shown in Figure 4-7, the 6,4 and V 4,4 represent the
actual grid voltage angle and vector voltage. The agn-d is the angle between d-axis

voltage and a-axis which is calculated from the PLL system, the d and § are dq axis

from PLL.
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Figure 4-7 : dq reference frame in PLL system of grid.

Here A@ = 0 4,44 — 0,14 is the error between the actual grid angle and angle estimated

gri
by the PLL. The q axis voltage Vq is given by equation (62)

Vy =Vgria * sin(00) (62)
Assuming A@ is very small, then the ’Vq can be calculated in equation (63)

Vy=Vgria * A0 (63)

Since AO = 0 4pq — ag”-d, the block diagram of PLL closed loop is shown in Figure
4-8. As described previously, the PLL produces grid angle achieved by keeping the ?q
to 0 through PI compensation. The Vq should kept same to the reference voltage
Varer)- So, the —Vq keep same to the —V ¢ ¢y which is shown in Figure 4-8 (b).

Because the V y is 0, Figure 4-8 (c) shows the final equivalent block diagram of

q(ref

PLL. The input of PI compensator is equal to +Vq - 0.
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% L Bgria[ 1 |Ogria
+ Ag _ agrt . g
Ogria A Varia [0 PI 1o
(a)
Vagrer)—
7 + Dri 60
+ A6 v _ g?”ldl 1 grid
Ogria— 1 Vgrid —q’@_' PI g S
(b)
0
+ AG Aq N - agrid 1 t9grid
ggrid B Vg?’id — " PI - E
(c)
Figure 4-8 : Block diagram of PLL loop.
The close-loop transfer function of PLL is shown in equation (64).
H (s) = Kpi(pL) (s) = Vgria (64)
close s+ Kpiprry(s) * Vgria
The gain of PI Kpjpy) is shown in equation (65).
K;pL1)
Kpipiy(s) = Kpprry + . (65)

Putting the gain of Kpj(py) into the close-loop transfer function for the PLL is,
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Vgria * Kpprr) * S + Vgria * Kipii)
$2 +Vgria * Kpprr) * S + Vgria * Kiprr

H cjose (S) = (66)

Since it is a second-order system, comparing it to a standard second-order system
allows coefficients to be chosen:

SZ + Vgrid * Kp(PLL) xS+ Vgrid * Ki(PLL) = Sz + 2 ( * Wy * S+ wnz (67)

Then, according to equation (68) and (69), the value of Ky prry and Kypypy in PI

system can be calculated.

_2x0*xwy
Kpiuy == —— (68)
w,>
KippLi) = v (69)
grid

In these two equations, { is damping ratio and w,, is natural frequency. The w,, is equal
to the fundamental frequency wyg;,. The damping ration { can be calculated according
to overshoot desired in PI calculation [80]-[83]. Normally, damping ratio is set as

0.707 [82][83]. The value V4,14 here will taking the peak voltage of grid voltage

—

Vgrid
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4.2.2 PI current control

As described before about the PI current controller in power grid connected system,
the whole system consists of the af to dq system, PI calculation and decoupling
system.

In single-phase grid system, the grid current is transformed from to I griq(q) 10 I griacp)
by delaying I griq(a) by g Because the fundamental frequency of grid is low, the
impedance of capacitor Cy in LCL filter can be assumed be an open circuit. In the PI
current control calculation, only the impedance of filter inductors should be considered.
The relationship between the inverter side fundamental voltage, grid current and grid
side voltage is,

d
Vinw = Ry * Igria + 2% Ly * Igria + Vgria (70)

Here Ry is the total resistance of Ry, and Rg..;q, while Ly is the total inductance of

Liny and Lgyiq. In the ap reference frame. Then the Vip,(qp) can be transferred to dq

frame by equation (72).
d
Vinv(a,ﬁ) = Rr * Igrid(a,ﬁ) + a * L * Igrid(a,ﬁ) + Vgrid(a,ﬁ) (71)
Vinv(dq) = [T] Vinv(a,ﬂ) (72)

The [T7] is the park transformer function. With equation (71) and park transfer function,

the progress of dq transfer is shown from equation (73) to equation (79).

d
[T1[Vinvap] = [TIRITITT [Igriacap ] + [T AT Lgria@p [} + TV griaep] (73
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d
[Vinotag] = R griaaq)] + [TIL] AT [Tgriacan |} + [Vgriaaq) (74)

d d
[Vim;(dq)] = [R] [Igrid(dq)] + [T] a {[T] _1}[1'] [Igrid(dq)] + [T] [L] [T]_1 a {Igrid(dq)} + [Vgrid(dq)] (75)

d 0 - ri
m= gl m=[g o] mgmr=l, , 7| mmr=[g Joe

[ lnv(d)] —wLT] [ grid(d)] [ ] [ grid(d)] n [Vgrid(d) (77)
Vlnv(q) wLT Igrid(q) 0 Lrldt Igrid(q) Vgrid(q)
d
RT * Igrid(d) + LT * Elgrid(d) = Vinv(d) + wgridLT * Igrid(q) - Vgrid(d) (78)
d
RT * Igrid(q) + LT * algrid(q) = Vinv(q) - wgridLT * Igrid(d) - Vgrid(q) (79)

According to equation (78) and (79), the system of dq frame is shown in Figure 4-9.
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Vinv(a _ -
inv —> > ,
- Ry + Ly grid(d)
wgridLT
wgridLT “
Vi )_t® + 1
! - Rr + sLy “lgrid(a)
Vgriaca

Figure 4-9 : Block diagram about inverter and grid side voltage and current in

dq frame.

As shown in Figure 4-9, there is a cross-coupling between the d & q axis grid currents
caused by the w g4 L7 term. In order to make decoupled close-loop control of current
I gria(a) and I griq(q), the inverter side voltage should be controlled as follows,
Vinv@ = Veon(@)y = OLt * Lgriaq) + Vgriaa (80)
Vinvg) = Veon(g) T @OLr * Igriaca) + Vgriacg (81)
The Veon(ay and Von(q) are calculated voltages produced from the PI compensator in
current control. Adopting equation (80) and (81), the block diagram of decoupling

system in current control is shown in Figure 4-10.
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grld(d) grldLT * Ignd(q) + Vgrtd(d)

q(ref)—> ?—»“ con(Q)

id
th (q) +wgrldLT * Ig'rid(d) +V grid(q)

v

> Vinv(q)

Figure 4-10 : Block diagram of decoupling system.

Now, combining the control and hardware platform system from block diagram in

Figure 4-10 and Figure 4-9, and after decoupling, only the PI and impedance

Rp+sLt
are remaining as shown in Figure 4-11.
________________ PWM Control __ Hardware Platform
| P ' Impedance
| + Ki Veon | i 1
| lref Kp+— || Gpwm | —
! i} S i RT + LTS rid

Figure 4-11 : Close loop of PI current Control system.
In Figure 4-11, the Gpypy is the gain between the value from the PI and PWM control
with the actual output from the inverter. It represents the energy loss on the switches in
inverter. In this research, the Gpyy is assumed to be 1, which the low energy loss on
the switches can be ignored.
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The closed loop transfer function of PI current control is applied as equation.

Kpipns + Kicpry
LTSZ + (RT + Kp(pl))s + Ki(PI)

HPI(close) (S) = (82)

T+Kyp1) s+ Kipr

T T

R
Now, the s% +

is another standard second-order system which can
be related to the second-order prototype s? + 2 * { * w,, * s + w, . As result, the
K, pr) and K;(pyy can be calculated in the equation (83) and (84).

K,pn = 2% {*wy *x Ly — Ry (83)

Kipr) = Lt * Wy (84)
The value chooses of damping ration { and w,, is same to the description in previous
section 4.2.1.

The whole system of Grid connected power inverter is shown in Figure 4-12.

. ©) Vg, signal

calculation
Vinv(a) i
Ogria .© dgtoaff
Vinv(q) I

1
+ 1
Vgriaa) —» g‘ &‘tvgria(q) :
- . 1
S+

YR '
+ LT * Wgrig * lgrid(d) |
'

4) Decoupling

(8) Current control P! calculation

Figure 4-12 : Block Diagram of whole PI current control and PLL system.
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4.3 Circuit design of H-Bridge inverter

The H-bridge converter consists of two identical bridge legs labelled A & B and their
gate drivers and protection circuits.

The H-bridge consists of four IMW65R072M1H MOSFETs, each of which are
controlled through their own independent gate driver IC. The 1EDBx275F [132] is a
single-channel isolated gate drive IC featuring a bootstrap circuit suitable for driving
high-side devices. Figure 4-13 shows the schematic circuit diagram of gate drive circuit
of H-Bridge inverter which is divided into two half-bridge legs A & B. It should be
noted that the input (PWM1) and outputs (A&B) have isolated grounds, GND1 &

GND?2 respectively.
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Figure 4-13 : The schematic circuit diagram of H-Bridge drive circuit

The 1EDBx275F gate driver IC provides separate source and sink (OUT_SRC and
OUT_SNK) connections to the MOSFET gate allowing different turn-on and turn-off

gate resistor values to be controlled only by the input single on IN + in the chip. The
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gate driver input signals PWM1 and PWM1 are produced from the STM32
microcontroller, and they are complementary. The schematic of drive circuit of leg B
of H-Bridge is same as that in leg A. The switches SA + and SB — are controlled by
PWM1, while SA — and SB + are controlled by PWM1.

As shown in Figure 4-13, there are two different grounds which are isolated by the IC.
The GND1 is the ground for all control system including microcontroller, gate drive
IC, detector circuit and protect circuit. The GND2 is the ground for main DC power
and H-Bridge.

Figure 4-14 shows the operation of bootstrap circuit in one leg of H-Bridge inverter,

the operation on another leg is same.

+15V +15V
1EDBX275F Ve 1EDBX275F Ve
77777777777777 D1 T T T T T D1
VDDO FR107 VDDO FR107
S+ Vbpo S1+ Vbpo
— a1 —C1
PW M1 2uF PWM1 2F
loUT_SRC R1 e SA + OUT_SRC R1 @) . SA+
OUT SNK EEL OUT SNK =|_] > @
S1 RO S1- R2
>
R, oA e, | A
PWMI1 -2 PWM1
lbuT sre R3 6 SA — H) ISA —
oursnk | T i i
S2- R4
GNDO
- 4EDBx27SF 4 1EDBx275F
GND2 GND2

(a) (b)

Figure 4-14 : Current flow in bootstrap circuit (a) When PWM1 is low and
PWM1 is high, (b) When PWM1 is high and PWM1 is low.
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The bootstrap circuit is used for driving upper power switches such as SA + and SB +.
Recalling that a MOSFET switch is turned on when the Gate Source voltage Vg is
larger than the MOSFET threshold voltage Vipgs). For the lower side of power
switches SA — and SB —, their Source pin is connected to the GND2 (0V) and as result,
it is easy to support enough voltage to turn on the lower side switches. For the upper
side switches, for example, if the SA + turns on, the voltage between pin Source and
GND?2 is almost equal to the voltage between A and GND2, which should be equal to
the VDC if MOSFET SA+ is on. Since Vg should larger than the threshold voltage
Vin(Gs)» then voltage between the Gate to GND2 should be larger than VDC + Vi gs).
To provide sufficient voltage to turn on the upper side switches in H-Bridge inverter,
the bootstrap capacitor €1 is charged by +15V through the bootstrap diode D1 and this
voltage is floated on top of the SA + source voltage to drive its gate.

The voltage source +15V is used for driving power switches. As shown in Figure 4-14,
the inner circuit of IEDBx275F chips can be seen as an equivalent circuit which is
consisted of two power switches with complementary control signal. In Figure 4-14
(a), the signal PWM1 is low and PWM1 is high, switches S1 + and $2 — turns off,
while $1 — and $2 + turns on. When $2 + turns on, the switch SA — will be turned on
by +15V voltage source, while the SA + turns off. At the same time, the voltage at
point 4 is close to 0 because of GND2, the bootstrap capacitor C1 is charged by the
15V voltage source through bootstrap diode D1. In Figure 4-14 (b), the PWM1 is
high and PWM1 is low, S1 + and $2 — are turned on, while $1 — and $2 + are
turned off. The bootstrap capacitor C1 has been fully charged. Now, the capacitor C1
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will be the +15V voltage source, and the Vg of SA + is same as the voltage on C1.
Because the 15V is higher than the Vp(gs), the switch SA + will be turned on. On the
other hand, the voltage Vppg 1s the voltage on €1 to the GND2 which is equal to
Vpc + 15V, so the bootstrap diode D1 stop the current flow from C1 to the 15V
voltage source. As result, the DC reverse block voltage for bootstrap diode D1 should
be at least larger than V.

The value of bootstrap capacitor C1 is the key in the circuit, it is needed to be fully
charged during the SA — turns on. During the S4 + is turned on, C1 should have
enough energy to keep Vg is always higher than Vggepy. The value of €1 can be
calculated by equation (85) [133].

1 1
2 & [ZQg + qbs)(cmax) +le + cbs;l'eak) (85)

c1>
Vee =V —Vis—Vuin

Q4= Gate charge of high-side FET (Field-Effect Transistor).

f = switching frequency.

Ipstmaxy = Maximum Iyppoq quiescent current which can be found in the
1EDBx275F datasheet.

I ¢ps(ieat)= bootstrap capacitor leakage current.

V¢c = Logic supply voltage source.

V= Forward voltage drops across the bootstrap diode.
V1 s= Voltage drops across the low-side FET or load.

V yin= Minimum voltage between V; and V.
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Q5= level shift charge required per cycle (Typically 5nC for 500V/600V MGDs

(MOS-gate drivers) and 20nC for 1200V MGDs).

In this application, the Q4 is 22nC from the datasheet of MOSFET IMW65R072M1H.
Switching frequency is 20kHz . The I psimax) is 1mA from the datasheet of
1EDBx275F. The Qs = 5nC, V¢ = 15V and V; = 1.3V .The value of Vg, Vp
and I¢ps(iear) are assumed be negligible (zero). According to the equation (85), the
value of bootstrap capacitor C1 should at least be 14nF. In this project, the value of

C1is 2uF.

4.4 Current and voltage detector

In this project, the PLL, PI current controller and dead time compensator require
current and voltage measurement. This section describes the operation and the design

of detection systems.

The first part of detector system is setting the sample resistor for output current and
voltage in H-Bridge.
Figure 4-15 shows the schematic diagram of LCL filter and detection circuit connected

between leg A and leg B of H-Bridge inverter.
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p— Cf Rsample(Vl)
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” Rci Rsample(vz)
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BO ¢ o
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Vsampletgrid)

Figure 4-15 : Schematic circuit diagram of main output circuit with sample

resistor.

The sample resistor Rggmpie(1,5) and Rsampte(i 5,1q) a1€ used for detecting the current

of Iyg and I ,,.;4. As shown in Figure 4-15, the voltage on sample resistor will be

gri
detected and this is proportional to the current flowing through the Rgmpie(r,,) and
Rsample(,gn, o Which are I 4p and I 4,.44. If these two sample resistors are both equal to
1Q, the value of Vsampie(r,5) and Vsample(lg,-i ) are directly equal to I 4p and I 4r.44. So,
the Vsampie( ) and Vsample(,gri ) can represent the sample current of 15 and I gy.4.
But large resistor will increase power loss, the low resistance sample resistor should be
chosen. The Rgampie(r,5) and Rsamp,e(,gri ) are both 0.01Q in this application, and so

Vsampie,z) = 0-01 % I4p and Vsample(lgn-d) =0.01 %I griq. Vsampre 18 scaled by

the microcontroller, which is introduced in this section later.
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The resistors Rsgmpiev1) and Rsampie(vz) are used for detecting voltage of V g,.54. The
Rampievr) is large which equal to 0.1MQ, and Rsampievz) 1S equal to 200Q.
Because of large value of Rsampie(v1), the influence of sample resistors of V g,.;4 can be

ignored. The sample voltage Vsample(Vgr,- » 1s the voltage on sample resistor

Rsample(VZ)

Rsample(VZ)a which Vsample(Vgn-d) = R * Vgrid- The sample Voltage

sample(V1) +Rsample w2)

Vsample(Vg“- » 18 0.002 times of real voltage V griq, Vsampiev =0.002 %V gyiq.

grid)
The detector circuit design is built based on the ACPL_7900 isolation amplifier. It has
high frequency bandwidth (100kHz) and short time response. In this application, all

detectors have same design. Figure 4-16 shows the schematic diagram of detector

circuit.
GND1
5V 2% -
VDVDl VDODZ _,__
C4 —— [] R5 _1ov
100u 2K
lvop1  vpD2}-8 -
R1 R2
Vine g—t== T 2N vouT+ I LE2 3B 6
C1 c2 - :
Vsampte — SIVIN- vouT-F8_ o 1361 | Vdetect
0.1uF] 47nF |4_ 0 R3 <
Vin— . GND1 GNDZ—AI
_?L ACPL-7900 = 12V e
GND ] GND1 =
V v “
sample(out) C3Ié1nF

Figure 4-16 : Schematic diagram of detector circuit.

Vsample represents any sample voltage or current including Vsample(i 1) Vsamp,e(,gri 2

and Vsample(Vgri o+ The Viampie(our) 18 the output voltage produced by ACPL_7900

amplifier. The Vgerece 1s the output from the detector including Vdetect(l gyia) »
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Vaetect (1,5 and Vdetect(Vgn- o Tor detect current of Ig.44, I4p and detect voltage of
V gria- The signal produced by the detector will be used for PI current controller, PLL
and dead time compensation in microcontroller.

The ACPL_7900 is an isolation amplifier which provides an amplification factor out/in
= 8. As result, the Vgmpieour) Of I grig and I4p are 0.08 times of real 14,4 and I 4p
now. While Vgmpieoury Of Vgria is 0.016 times of V g,.;q. Another part of detector
circuit is differential amplifier based on the LT1361 which has high frequency
bandwidth and short response time in line with the performance of the ACPL_7900.

The detector output V g.¢¢c can be easily calculated as equation below.

R4
Vietect = R_3 * Vsample(out) (63)

So, the final output V zesece can be modified by giving suitable ratio between R3 and
R4 providing a method to compensate for the 0.08 and 0. 016 scale factors. Another

consideration is the acceptable voltage range of microcontroller ADC system. In this

application R4 = R3. As result, the output signal Vdetect(,gn. » ad Vaerecrr,) from
detector are equal to 0.08 time of I 5,4 and I 4. The output signal Vdetect(Vgri D18
equal to 0.016 times of V gpiq. Vdetect(,grid) =0.08 *Igriq, Vaetectr,5) = 0-08 *

IABa and Vdetect(Vgr,-d) =0.016 * Vgrid-

Power supplies of Detector Circuit

As shown in Figure 4-16, in a detector circuit, the ACPL_7900 is applied by two
separated 5V, and LT1361 is applied by +£12V power supply. The voltage source
+12V are obtained from the main power system. The two separates 5V connected to
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VDD1 and VDD2 of ACPL_7900 are produced from +12V voltage source, which is
described in this section later.

As shown in Figure 4-16, the ground GND pin of input side of ACPL_7900 is
connected to the Vy_ of sample resistor, the voltage at GND is floating. The datasheet
of ACPL_7900 recommends that the power supply for the input side of ACPL_7900
can be built by a bootstrap circuit. However, under high frequency excitation the
bootstrap circuit in main output circuit will be influenced especially when testing the
inverter side current I 45. The high frequency component in current I 45 can not be fully
captured because of the input power supply of ACPL_7900. Instead, a DC to DC
converter IB1205S is used for input power supply of ACPL_7900.The isolated DC
to DC converter IB1205S can transfer +12V to 5V (for VDD1). The GND1 is the
ground of microcontroller side and this is also the ground reference of voltage source
+12V. While the ground reference of VDD1 is the floating GND. The isolated
IB1205S converter can achieve the voltage conversion and isolate the GND1 and
floating GND. Then, supplying stable 5V power supply to VDD1 of ACPL_7900.
Another 5V voltage supply for the VDD2 of ACPL_7900 is produced from +12V
voltage source by a TL431 voltage regulator and the ground reference to VDD2 is

GND1 which is shown in Figure 4-17.
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Figure 4-17 : voltage regulator for converting +12V to +5V supplying VDD?2.

This +5V which supplies VDD?2 voltage source has same GND1 with +12V voltage
source, and it is the power of output side of ACPL_7900.
The output voltage of TL431 voltage regulator is connected to VDD2 is equal to +5V
which can be calculated by equation (86).

VDD2 =V, of * (1 + %) + I,.cf * R6 (86)
The Vi, and Ir.of in TL431 is 2495mV and 2uA, the resistor R6 is equal to R7
which is 15K Q. As result, the VDDZ2 is equal to 5.02V.
In conclusion, whole detector circuit board consists of a main detector circuit including
the amplifier ACPL_7900 and LT1361, and its power supply circuit including

1B1205S and TL431 voltage regulator. Figure 4-18 shows the circuit board of the
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detector system. The whole detector system is designed to be connected as a solderable

single in-line module which can be replaced and maintained easily.

1B1205S DC (RS-
converter

Vine Vin- GND1  Vaetect -12V +12V

Figure 4-18 : Detector module

The final part of this section describes the voltage offset system for transferring the
detect signal from detector into the microcontroller. In order to achieve feedback control,
the detected signal Vdetect( gria) and Vietect (v gq) 1€ needed to be sent into the ADC
system in microcontroller. In STM32F407ZGT6 microcontroller, the accepted voltage
in ADC system is from OV to 3. 3V. Since the output waveform from detector circuit
can go negative, it exceeds the range from OV to 3. 3V. A voltage offset system is used
to adding an offset voltage with the detect signal, increasing the voltage level of zero

point, ensuring all detect signal from detector are in the range from OV to 3.3V.
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Figure 4-19 shows the voltage offset circuit for the sample voltage Voffset(Vgn- D>

which is the detect signal of V g,.44.

Vdetect(Vgn-d) R12 R14_
T
+12V
+12V Vout(AMPZ)
RY
< A 1k 2 Voffset(Vgn-d)
2 | 3 —0
Voffset 3 B 6 R10
o—t 1k
LT1360 R11 R15
1k Y 1k
-12V — —
GND1 GND1
AMP1 AMP?2 AMP3

Figure 4-19 : Schematic diagram of the offset voltage circuit for Vdetect(Vgri D
The Voffset 1s a fixed voltage equal to 1. 5V produced from the microcontroller. There
are three LT1361 amplifier used for building the offset voltage. The AMP1 is a
voltage flower, the AMP2 act as an inverting adder, and AMP3 is an inverting
amplifier. The output voltage from AMP2 and AMP3 can be calculated according to

the amplifier equation shown below.

R12 R12
Vout(AMPZ) =- ( R9 * Vdetect(Vgn-d) + m * Voffset) (65)
R14
VorfsetV ) = Voutampz) * (‘ m) (66)
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Since all resistor from R9 to R14 are same, the V,uiampz) 15 equal to
_(Vdetect(vgﬁ T Vossser). The peak voltage of V g,iq is between £70V, after the
detector, the peak voltage of Vietect (v yi4) from detector is between +£1.12V. Finally,
the 1.5V offset voltage Vfrser 1s added with Vietect(Vy4) - the final range of
Vosfset gria) is between +2.62V and +0.38V, which is in the range from OV to
3.3V. For the current I 4,44, the peak current of I 444 is +14A, with the same offset

voltage, the range of Vyrrgerar is between 2. 62V and 0.38V as well. So, it is also

grid)

in the range of ADC system of the microcontroller.

In conclusion, the final signal received by microcontroller is equal to Vdetect(Vg,.i Q)=

Vgria *0.016 + 1.5V, while Vyeoei(; Igriq*0.08 + 1.5V . The scaling

grid) =

factors 0.016 and 0.08, and voltage offset 1. 5V will be removed during the calculation

in the microcontroller.

In summary, this section has described the circuit design of a detector system shown in
Figure 4-18. The first advantage of this detector is that it contains two own power
converters IB1205S and LT431. As result, the detector only needs =12V power
supply to power whole detector module. The second advantage is that the output from
detector can be easily modified by changing the ratio between R4 and R3 of LT431
amplifier. As result, this detector circuit can be widely used in different circuit for

detecting current or voltage.

146



4.5 MAX913 current zero-crossing detector

circuit design

In section 4.4, the detector circuit is introduced, and the detect signal of V g,.14 and I 344
is transferred into the microcontroller for PI current controller and PLL control. The
current I 45 is required for the dead time compensation. Same as the detector used for

14,44, the detect signal V gerece(r,) 18 0.08 times of real current I 45. For the dead time
compensation, the most important is the information about the direction of current I 4p.

In this section, the circuit design for detecting current direction of I 45 is introduced.

The zero-crossing detector is designed based on the fast comparator MAX913. Figure

4-20 shows the schematic diagram of MAX913 zero-crossing detector.
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1
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detect(Iap) 1Kk
GND1
-5V
MAX913

Figure 4-20 : Schematic diagram of MAX913 zero-crossing detect circuit.

As shown in Figure 4-20, the input signal of MAX913 is the Vgerece(r,,) Which
produced from the detector circuit described in section 4.4. The V gegece(r,5) TEPresents
sample current of I 4p. The reference voltage V,.of is equal to OV since it is connected
to the GND1. The Vgerece(r,) 18 compared with reference voltage OV in MAX913
comparator to produce the output signal ¥V, and VQ . Because the Vgerecer,p) 18
connected to the inverting input of MAX913, when V gerece(r,p) 18 larger than OV, the
output V turns to low voltage (0V), while output l_/Q turns to high voltage (5V) and
vice versa. Terminal LE is the latch enable and when LE is at a high voltage, the output
of MAX913 will be latched. When LE is at low voltage, the MAX913 will not be
latched.
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The signal VQ will be used since the high-level voltage represents the positive direction
of I 45, while low-level voltage represents the negative direction of I,45. The current
direction signal VQ will be sent into the microcontroller for the dead time compensation.
As shown in Figure 4-20, a capacitor C1 is connected between the positive input and
output pin of MAX913, which is used to decrease the unwanted fluctuation of output
VQ caused by the noise in the input signal of comparator. Normally, a resistor is
connected between the positive input pin and output of the comparator to build a
Schmitt trigger. It will create a hysteresis window (V) around the reference voltage
to block the noise influence in the range of V5. But this method will decrease the
resolution of zero-crossing detect and it is suitable for the system with low frequency
system. As described before in section 2.2, the output current I4p from H-Bridge
inverter contains high frequency harmonic signal. So, the signal Vgerect(r,5) contains
high frequency harmonic signal as well. During the zero-crossing time, the voltage
changes of I_/Q will turns between high- and low-level voltage at high frequency as well.
If the Schmitt trigger is used, the data about zero-crossing loss, hence influence the
accurate of dead time compensation. As result, a capacitor is added as shown in Figure
4-20 instead of using the resistor. Figure 4-21 shows an example of the input and output

signal from comparator after adding a capacitor between the positive input and output.
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Figure 4-21 : The input and output signal of MAX913 comparator with Schmitt

trigger capacitor.

Because of the capacitor €1, it will produce a small impulse on the non-inverting pin
Vi of comparator during the voltage turns of VQ. As shown in Figure 4-21, when
Vdetect(1,5) crosses the OV from positive to negative, VQ turns from high-level to low-
level voltage because of zero-crossing, the C1 produce a positive impulse voltage on
positive input of comparator. At the same time, V gerece(1,5) keep decreasing, while Vi
is increased by the impulse. This produces a large voltage difference between

Vaetect(1,5) @nd Vr, hence the small noise voltage from V gegece(r,,) can not cause the
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false trigger and influence the output voltage Vq. Because the C1 is small, the V; will

returns to the OV from the impulse in very short time, hence it will not influence the

next comparation between V gegec(1,,) and V.

4.6 H-Bridge protection circuit design

This section introduces the protection circuit in H-Bridge inverter. There are two main
protection circuits in this project. The first protection is named as Ipc Overcurrent
Detector. It is used to detect if the current which through the whole H-Bridge is over
the max current limit. The max limit current is set according to the peak output current
from the H-Bridge which will be described in this section. The second protection circuit
is named as Power Switch Protecting Circuit. It is used to protect every MOSFET
power switch in a H-Bridge inverter. The design of this circuit is according to the
maximum pulse drain current (Ippuise)) in @ MOSFET power switch. The detail will

be described later in this section.

Ipc Overcurrent Detector

As shown in Figure 4-22, a 0. 01 sample resistor (Rsgmpie(i,,)) 18 connected between
the DC supply and H-Bridge. Same to the current detector system described in section
5.2, the output from current detector is V gesece (1) Which is equal to 0.08  Ipc. Then
a full wave precision rectifier is used to transfer all negative component in V getece(rp,)

to positive. The output from rectifier is named as Vdetect(,n o
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DC Supply H-Bridge Inverter
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T VD C Rsamp.!e(fpc) —| E
B
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Vsampie(ipe)
Current
Detector
Vdetect(IDC)
Rectifier
Vdetect(IDC)
Ipcomax) —| MAX913 OVQ(protect)
Comparator —
VQ(protect)

Figure 4-22: I protect circuit block diagram.
After that, the signal ?detect(lnc) will be compared with a reference constant voltage

transferred from Ip¢nax) Which represent the max limit current set in system.

Figure 4-23 (a) shows electrical circuit of MAX913 Schmitt trigger comparator.
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MAX;;LB ~ VQ(protect) |
o
) R3 e 0% -
Vdetect(max) 1K 1_ detect(Ipc)
= GND1
GND1 -5V

(a) (b)
Figure 4-23: MAX913 Schmitt trigger comparator. (a) Electrical circuit,
(b)Hysteresis Curve of Schmitt trigger.
The reference voltage Vdetect(max) is transferred from the Ipcanax) according to
calculation equation in the current detector, so Vdetect(max) = Ipcanax) * 0.08. The
?detect(max) is produced by a voltage regulator from 5V power supply. In the
comparator, if Vdetect(,m) > Vdetect(max), the output from comparator Vgprotect)
turns from OV to SV. The pin Vg protect) 1S connected into the microcontroller. Once
the microcontroller reads the voltage change of Vgprotecry from low to high voltage.
The microcontroller will shut down the whole system. At the same time, the
LE (protect) pin will be given a 3.3V voltage from microcontroller to latch off the
comparator. So that, after the protection is triggered, the comparator will not be miss
triggered again to turn off the protection. The latch off is turned off after the whole H-

Bridge is checked and restarted.
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As shown in Figure 4-23, a resistor R2 is connected between positive pin of
comparator and output, which creating a Schmitt trigger circuit, and the hysteresis curve
is shown in Figure 4-23 (b). The reason for using Schmitt trigger here is to increase the
stability of protection system when the output current Ip¢ is very close to the Ipcmax)s
and the protection will not be miss triggered by small fluctuation in Ip.. With the
Schmitt trigger, the protection is act when Vdetect(,nc) > ?detect(max) + 0.1V. In this
project, the max current limit (Ipcimax)) 18 set as 284, so Vdetect(max) = 2.24V. As

result, when Vdetect(,m) > 2.24V + 0.1V = 2.34V, the protection is act.

Power Switch Protection Circuit

The aim of this protection system is monitoring the voltage and current between Drain
and Source Vg and Ipg of MOSFET power switches. To protect the power switches
in H-Bridge from over current events the protection circuit is used to limit the maximum
current due of short-circuits or broken load. The protection system gives signal to shut
down whole system.

Figure 4-24 shows the protection circuit design of switch SA — in H-Bridge inverter.
The protection circuit is consisted of the protection diode Dpyotect, Zener diode Zy,;opecs
1esistor Ry rorect, transistor Tproece, €apacitor Cprorece and FODMA453 Optocouplers.
The design of protection system for other power switches in H-Bridge inverter are all
same. Only difference is the +15V voltage source on FODM453 in upper and lower

side of power switches, which is explained in this section later.
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Figure 4-24 : Protection circuit of switch SA —.

The voltage Vg is Drain to Source voltage of power switch. In the power switch
IMW65R072M1H, the turn on resistor Rpg(on) between Drain and Source is 72m(). In
this project, the peak current allowed to flow through in H-Bridge 145 is 14A. The turn
on voltage Zener diode is 5.1V. The choose of turn on voltage of this Zener diode is
according to the max pulse drain current (I ppuise))-

At first, the operation of protection system under normal working conditions will be
described. When the SA — is turned off, the gate control voltage Voyr(src) is 0, hence
the voltage V7 is also 0. The Zener diode Zp otece 1s turned off, no current flows
through into the Base of transistor Tpygzece, and it is turned off. As result, the FODM453
is turned off, the output signal Vyoece(sa—) from the FODM453 is equal to S5V. After
the SA — is turned on, the Vg is equal to Rpg(on) * 1,5 which is equal to 1V. On the
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other hand, the Voyr(src) is equal to 15V. Because the Voyr(src) 1s higher than the
Vps, the diode Dy,;gpect is turned on, then it clamps the V7 to 2. 3V which is equal to
Vps + Vg, Vi is 1.3V is the forward voltage drop of Dy,;gzect- Because the V is lower
than turn on voltage of Zprotect> Zprotect Still turns off, Ipg = 0, hence the current Iy

which through Ry,;.oec: 1s €qual to the current I which through the Dy,;gpect, €qual to

15V-2.3V
10K

= 1.27mA. This current is too small compared to I4p, it can be ignored.
Because Igg = 0, Tprorec turns off, hence optocouplers turns off, the output
Vorotect(sa—) 18 still at SV, it means the H-Bridge is working under normal condition.

The voltage V5 is related to the Vg of power switches, and the turn on voltage of
Z protect- Now, assuming the current flows through H-Bridge becomes much higher
than the peak limit current in H-Bridge because of wrong operation of PWM or a fault
with the load during the time switch when SA — is on. With the increase of current
through SA —, Vpg increase as well, hence V increases with Vg because of clamp
diode Dpyorect- Consider the Base to Emitter voltage 0.7V of Tprorece, When Vz is
higher than 5.8V (5.1 + 0.7), Zp;g¢ec¢ is turned on. Now, current can flow through

the Zener diode to Base of transistor Igg # 0, since Vz is clamped at 5.8V which is

15-5.8
10K

= 0.92mA. The

lower than Vpg, Dpyrotect turns off, hence I = 0, Iy = Igg =
current gain of transistor is 80, so the Collector and Emitter current I, is equal to 80 *
0.92mA = 73.6mA. According to datasheet of FODM453, the turn on current of
FODM453 is 16mA. So, optocoupler is turned on, the protect signal Vo, orece(sa-)
turns to 0, which means the current flows through H-Bridge is over the limit max
current, and then whole system is shut down.
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In conclusion, when V is higher than 5. 8V, the protection system starts to work. At
this time, Vg is equal to 4.5V, so the max limit current I yg(mayx) is 62.5A4. When turn
on voltage of Zpgtec 18 5.1V, the maximum limited current available through H-
Bridge is 62.5A. Equation (87) shows the calculation of V; according to the maximum
current I 4p(max)-

Vz =1.4 + Vpsanax) = 1.4 + Rps(on) * IaBmax) (87)
By checking datasheet of IMW65R072M1H MOSFET, the maximum pulsed drain
current (I p(pyuisey) 18 694, the set of I 4pmayx) should be lower than the I'ppyise)-
The set of turn on voltage of Zy,gsece 1S related to the Rpgon) and Ippyise) in a
MOSFET power switch. With different model of MOSFET used in H-Bridge, the
suitable Zener diode should be chosen.
In addition, the value of resistor Ry,;.qzect T€lates to the current Iy, Ig and I¢g. In order
to ensure the optocoupler can turn on when the current flows through H-Bridge over
the limitation, the I should be larger than 16mA, which I = 80 * %.
Then the resistor Ry otece Can be calculated.
Capacitor Cpyotect 18 used to provide filtering to avoid false trigger of protection system
during the switch turn on /off transitions. In case of the circuit about SA — in Figure
4-24, after PWM1 turns to high, the voltage Vour(src) turns to 15V for turn on the
SA — switches. But in actual circuit, MOSFET switch has a certain turn on time. During
this time, SA — still off, hence Vpg is equal to Vp¢, while Voyrsre) has already

changed to 15V. If there is no Cpropect> Vz turns to 15V immediately with voltage

change of Voyr(src)- Because Vz is lower than Vg since the MOSFET switch is still
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off, Dprotect turns off. Since V is higher than the turn on voltage of Zy,;,otect> Zprotect
is turned on so as the FODM453 optocoupler, Vrotece(sa—y turns to OV. As result,
because of the turn on time of power switches, the protection system is triggered
accidentally. In order to avoid the accidental trigger of protection system, Cprozect 1
required. Cprorect & Rprotect form a RC integral circuit, which slow the voltage change
of V7 during the turn on delay time of power switch. In MOSFET IMW65R072M1H,
the turn on delay time is 18. 2ns, it is necessary to ensure that the V; does not reach to
the turn on voltage of protection system (5.8V) during turn on delay time (18.2ns).

The charge equation of capacitor Cpyogect 1S,

t
VZ — VOUT(SRC) * <1 —e Rprotect*cprotect> (88)

Assuming Vz reaches to 5.8V when t = 18.2ns, R,,oece = 10k(). As result, the
Cprotect Should larger than 3. 7pF for ensure the V; does notreach to 5.8V in 18. 2ns.
In this research, Cpropece = INF, when t = 18.2ns, V, reaches to 27mV which is
lower than the turn on voltage of Zp;.gpece- After power switch SA — turns on, Vg is
clamped by Dpyotect> and then the protection system will work as described in this

section.

On the other hand, Cp;otec: can avoid the false trigger caused by the junction capacitor
of diode Dy,;gtece- The junction capacitor is related to the recovery time of diode, when
the voltage on the diode is changed from forward to reverse voltage, diode need a
certain time to start to block the reverse current. In case of the Dp;.opece Shown in Figure

4-24, under normal condition, the Dpyozece 1s turned on to clamp the V; when SA —
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turns on. After the SA — is turned off, Voyr(src) is also at OV, Doz turns off as
well. But the voltage on junction capacitor of D,;gzec Can not change immediately, and
Vps is equal to V¢, hence the voltage V; changes to V¢ + V immediately once the
SA — turns off. Although the time for this ripple voltage is very short, it may cause the
false trigger of protection system, even the high voltage will damage the H-Bridge
driver and protection circuit. The Cprotece here is used to suppress the voltage change
caused by the junction capacitor of Dpygrece- The junction capacitance of diode is only
15pF which is much lower than the capacitance of Cproece (1MF). The energy in
junction capacitor will be absorb by Cpyotecs in very short time. After adding Cprotect
the voltage at Vz is equal to the voltage on Cprorecs- During SA — turns on, the peak
V7 is equal to 2.3V. At the time SA — turns off, the voltage at V; can not change
immediately because of Cprorece- As result, the Vz will not increase to voltage Ve +
Vr instantly. Instead, the V; will increase slowly from 2.3V to Vp. + V. But the
recovery time of Dpyropece 18 very fast (150ms), Vz will only increase a little before
Dprotece start to block. During the SA — is off, the energy stored in the Cpyoece Will be
released through the resistor Ry orece, R3, R4 and MOSFET switch $2 — in the
1EDBx275F IC, hence V; decrease to 0 shortly.

In conclusion, the protection system monitors the voltage Vpg of MOSFET power
switch in H-Bridge inverter, and then producing protecting signal Vi gece 1nt0
microcontroller. The protection system of switch SA — is described in this section as an
example. The design of the protection systems for the other three switches are the same.
The only difference between protection systems of upper and lower side power switches
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is the input side power source of FODM453 optocoupler. As shown in Figure 4-24, the
Anode pin of FODM453 is connected to +15V power source. This connection is only
for the two lower side power switches. As described before in section 4.1, the reason
for using bootstrap circuit in H-Bridge drive circuit is that the power source of upper
side power switches is connected to a floating point. Same reason for the input power
of FODM453 of protection system of upper side power switches. When FODM453 is
turned on, the Cathode pin is connected to the Source of power switch. As result, the
Anode pin is connected to the Vppo which is supplied from the bootstrap capacitor

which shown in Figure 4-25.
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Figure 4-25 : Protection system for leg A power switches in H-Bridge inverter.
There are four protect signals from protection system which are Viprorecesa+)
Vorotect(sa-)> Vprotect(sB+)» Vprotect(sp—)- When all signals are at high voltage (5V), it

means H-Bridge circuit are working under normal condition. When any Vp,;.gece Signal
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changes from 5V to OV, it means the current through that power switches have exceded

the limit current (I4p(max)), protection system is triggered. Figure 4-26 shows the

continue design of protection system about the latch off.

+5V  +5V (From Microcontroller) 4ap2

PWM10—— WM
RQE Ol] Restart Button
D1 ° R16 AND1
Vprotect(SA+) o ( N I‘:}F’Vshut
D2 Vi N
Vprotect(SA—)c m BS
v D3 PWMT o—— PWM1
protect(SE+)0 N (From Microcontroller) AND3
D4
Vprotect(SB—) O m

Figure 4-26 : Latch off circuit in protection system.

The PWM signal PWM1 and PWM1 from microcontroller is connected to two AND
gates as shown in Figure 4-26. When Vg, = 0, the output of AND2 and AND3 are
always equal to OV, which shut down PWM control. When Vgp,,;, = 5V, AND2 and
AND3 are connected, the PWM signal can be sent out.

When system is working under normal condition, all protection signals Vi,,ozece keep
at 5V. As shown in Figure 4-26, since the point V4 is pulled up to +5V with resistor
R15,V, is also equal to 5V, the diode D1 to D4 are turned off. Because the voltage
V11is 5V, AND1 is turned on, Vg, is equal to 5V, PWM signal is working. When H-
Bridge system encounters an overcurrent event and the protection system is activated,
one of protection signal changes from 5V to OV. The corresponded diode (D1 to D4)

turns on which clamp the V4 to 0.7V. As result, AND1 turns off, Vgp,, = OV and
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PWM signal is cut off. Once Ve = OV, V4 is clamped to 0. 7V by diode D5. At this
point, even all Vi,,.gpecr Signal turns back to 5V, Vgpy, is still equal to OV which cut off
PWM signal. The diode D5 here act as a latch off.

The latch off act by diode D5 here is unlocked by pressing the Restart Button shown in
Figure 4-26. After pressing the button, V4 turns to 5V, and then turns on AND1 gate,
hence Vgpye 18 turned to 5V again. Finally, the output of PW M signal can be unlocked.
In addition, all protection signals Vi orecy and Vpy, will be monitored by the
microcontroller. Four red LEDs represent four Vp,.gzec; signals. Once the protection of
power switch is triggered, the representative red LED will light, and microcontroller
shut down the PWM and all power system. After restart, the microcontroller monitors
the voltage on Vgp,e, after Vgpy,e 1s changed from OV to 5V, the microcontroller can

start to produce PWM signal.

In conclusion, two protection systems work together to protect H-Bridge system. In the
Ipc Overcurrent Detector, if current I'p¢ excess the Ipcmax) (284), the protection is
acted and then shut H-Bridge system. In the power switch protection system, the
protection will be triggered if I4p over the Igpumax) (62.54). If only the Ip¢
Overcurrent Detector protection is activated, it means that the total current I, exceeds
the set max current (I pcanax) = 284), the whole system will be shut down. If the power
switch protection is triggered, it means the total current flows through the H-Bridge

inverter has over 62. 5V which may damage MOSFET in H-Bridge inverter. After the
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system is shut down, according to the light LED on the board, the represents power

switch should be checked if it is damaged.

4.7 Chapter Conclusion

This chapter demonstrates all electrical circuit design for experimental platform of grid-
connected H-Bridge power inverter. Section 4.1 presents the design of LCL filter. The
LCL filter is designed to filter high harmonic component in output voltage and current
from H-Bridge inverter. In addition, a suitable design of LCL filter should contain
enough energy to maintains current direction and voltage level during dead time.
Section 4.2 describes the calculations of PI parameter in PLL and PI current controller.
Suitable PI parameter can ensure responses speed and stability of close-loop system.

Section 4.3 in this chapter presents the gate drive circuit of power switches in H-Bridge
inverter. Section 4.4 presents the whole voltage and current sampling system. This
section presents an improvement detector circuit design based on ACPL_7900
modules. The improvement includes reconstruction of input power supply of
ACPL_7900 for providing accurate and stable reading of high switching current
component. The detector module is used for current and voltage detector in system.
Instead of using multiple different voltage level power supply described in datasheet of
ACPL_7900, the improved detector circuit only requires =12V power supply and it is
available to be used in different kind of circuit for detecting current or voltage. Section
4.5 shows the current polarity detector system flowed with the current detector to

provide accurate current direction information for DTC operation. Finally, in section
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4.6, the protection system of whole H-Bridge platform is described. In addition, with
power switches protection system, every power switches in a H-Bridge inverter can be
monitored and protected.

This chapter presents the design of hardware platform used in dead time compensation
in grid connected H-Bridge inverter experiment. Next chapter presents the
microcontroller system design. Describing dead time compensation operation with PLL

and PI current controller operation in PWM system.
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Chapter 5

Microcontroller System Design

The previous chapter described the development of hardware platform used to validate
the proposed dead time compensation system. This chapter describes the software-
based control system based on a STM 32 microcontroller.

ARM and DSP are two main important cores in microcontroller system. ARM core is a
powerful control unit which cooperating with different peripherals to achieve various
of functions.

ARM based microcontroller is widely used in many areas such as embedded system,
server, CPU and mobile device etc.

Digital Signal Processor (DSP) is specialized designed to optimize the operation of
digital signal processing. DSP contains high operating frequency (can be higher than
2000MHz) and high calculation speed especially for mathematics and floating-point
calculation. As result, DSP is widely used in audio signal processing,
telecommunication and digital image processing etc.

Now, most of microcontrollers is designed based on ARM cores because of its powerful
control unit. In addition, company such as ST and TI starts to build ARM based
microcontroller with DSP function, which provides flexible control and high
calculation speed at same time. The STM32F407 serious microcontroller contains
high operation frequency, DSP instruction and various of peripherals (especially are

166



multiple ADC peripherals and PWM system). In addition, STM 32 microcontroller
software library is abundant, which can make control and calculation easier and faster.
The microcontroller STM32F407ZGT6 is used in this project and more detail is
introduced later in this section.

In the first section in this chapter, PWM generator system in microcontroller
STM32F407ZGT6 will be described. PW M system is the basic system in this project,
dead time compensation, PI and PLL control is all based on PWM system.

In the second section, the method of achieving dead time compensation in
microcontroller will be introduced and described. In section 4.5, the zero-crossing
detector circuit has been described, this section describes the process of using output
signal from zero-crossing detector to control dead time compensation.

In the third section, the method of achieving PLL in microcontroller will be introduced.
Also including the introduction of ADC system in microcontroller.

In the fourth section, the PI current controllers in microcontroller is described.

The STM32F407ZGT6 microcontroller

The STM32 series microcontroller is widely used in many areas such as electrical
control, signal processing, motor control and medical equipment etc. It contains varies
of peripherals such as GP1O, UART, SPI, 12C, DCA and ADC etc. The varieties of
peripherals can be easily integrated with different sensors and communication interface,
which increase the adaptation rate of STM 32 microcontroller used in industrial range.
With many years of development on its Arm Cortex CPU, the STM 32 microcontroller
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and its embedded system are faster and more powerful. In addition, considering its low
prices, STM32 microcontroller becomes one of the most widely adopted
microcontrollers in the world. In addition, the DSP instruction and FPU function can
increase calculation speed for PI calculation in complex control systems. In this
application, the STM32F407ZGT6 microcontroller is chosen because its high
operation frequency, which can reach to 168M H z, provides sufficient data throughput

rate for the DTC and grid control system.

5.1 The PWM system in microcontroller
STM32F407ZGT6

This section introduces PWM system in microcontroller STM32F407ZGT6.

PW M signal can be produced by using a comparator such as MAX913 to compare the
signals from two signal generators. Also, there are varies of PWM generator ICs such
as SG3525A can be chosen to produce PWM signal. The main idea of producing
PWM signal is comparing a fundamental frequency modulation signal with a high
switching frequency carrier signal. In hardware design of PWM generator, the sine
modulation signal and triangle carrier signal can be produced easily by signal
generation. Their voltage normally changes between positive and negative peak value
with OV offset voltage. The goal of generating PWM signal in STM32
microcontroller is same, but the way for creating the modulation Vg, (t) signal, carrier
Vi (t), and output PW M signals are different.
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In STM32 microcontroller, the Timer peripheral is used by PWM system. Figure 5-1
shows how the Timer system is used to achieve the PWM system in microcontroller.
The upper waveform shows timer counter, CNT, which is a staircase counting up and

then down and so is equivalent to V,.;(t). The lower waveform shows the PWM

output from PWM1.
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Figure 5-1 : The Timer system and output PWM1 signal.
There are three important factors in the PWM system of microcontroller which are the
value of ARR, CNT and CCR. The CNT is the counter number which start to count
from 0 to ARR, and then count down from ARR to 0. The time for each step of CNT is
related to the Timer peripheral in the microcontroller. In the STM32F407ZGT6
microcontroller, the crystal oscillator frequency is 168MHz, therefore every Timer
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increment corresponds to 5.95ns time step. Hence every count of CNT (0 to 1, 1 to 2,
2 to 3...) takes 5.95ns. As shown in Figure 5-1, the whole counting progress of CNT
creates carrier signal V,.;(t) in microcontroller. The value of ARR is decided by PWM
switching frequency of V,.;(t). In this project, the switching frequency is 20kHz, the

time for half cycle of V,.;(t) is 25us, hence the time for CNT reach from 0 to ARR is

also 25us. So, the ARR is equal to ;95:; = 4200. In microcontroller, the peak value
of V,;(t) is fixed and only dependent on the switching frequency.

The value of CCR decides the duty cycle of output PWM signal. When CNT is higher
than CCR, PWM1 produces a low-level voltage. When CNT is lower than CCR,
PWM1 produces a high-level voltage. If the value of CCR is kept constant, the duty
cycle is kept constant as well. The time for updating CCR value is important in PWM
system in microcontroller. For example, CNT increases from 0 to ARR, and it is just
over the CCR[1] (the value of CCR[1] is diagrammatically shown in Figure 5-1),
PW M1 produces low-level voltage. Now, if CCR value is directly changed to a higher
value CCR[2], and it is higher than CNT, PW M1 turns to high-level voltage instantly.
As result, PWM1 turns between high-level and low-level voltage multiple times in a
half cycle of V4,.;(t), hence the power switches turn on or off multiple times in a half
cycle as well. This kind of situation should be avoided in the control of H-Bridge
inverter to avoid spurious switching events. A latch system is used to avoid this situation
to ensure that PWM output signal only change once per each half cycle of V,.;(t). In
the STM32F407 microcontroller, this latch function is performed by the shadow

register.
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The NVIC(Nested Vectored Interrupt Controller) is an interrupt system that the
program jumps out from main program loop temporarily to execute critical functions
within the interrupt system, and then return back to the main program loop to continue
progress. The interrupt system can be triggered in many ways in microcontroller. In the
PWM system, the interrupt is triggered by every time CNT reaches CCR value.

For example, assuming that the first CCR value is CCR[1], and CNT start from O.
When CNT over the CCR[1], PWM1 produces low-level voltage. Now, an interrupt
system is trigger since CNT reached the value of CCR[1], and then program jumps into
the interrupt system. In the interrupt system, the next CCR value CCR[2] is saved into
the shadow register ready for updating while the latest CCR value remains CCR[1].
After CNT reach to the ARR, the CCR value is updated to CCR[2] held in the shadow
register automatically. When CNT decreases from ARR and lower than the CCR[2],
PW M1 produces high-level voltage. At same time, the next value CCR[3] is saved into
shadow register in the interrupt system, but the latest CCR value is still CCR[2]. Until
CNT decreases to 0, the CCR value is updated to CCR[3] automatically. After that, a
new cycle of V,.;(t) starts again. Because of shadow register, it can be ensured that
value of PWM1 only changes once in every half cycle of V4,;(t). And the next CCR
value will be given when every time CNT is equal to present CCR value. As result, the
key for producing a V;,, (t) modulation signal in microcontroller is to use appropriate

values of CCR.

171



Vsin(t)

tri

As described in section 2.2.2, the duty cycle in PWM system is D =m; =

where m; is modulation index and V;, (t) is modulation signal. The on-duration time

Ton = Tpwm * m;. Because the frequency fym = TL is much higher than the grid
pwm
sine wave frequency f;,, in a PWM cycle of duration of Ty, two CCR values can

be treated as same. The relationship between T gy with CCR and ARR is,

CCR
TON = prm * (m) (89)
The D = —2Y As result, the transfer equation of CCR is,
pwm
1 Vi (t
CCR=-ARR*(1+ i‘"( ) (90)
2 tri

20kHz _ 400. There are 400

Given that fpym = 20kHz, fgy, = f gria = 50Hz, then oty

T,wm intervals in a Vg, period, and the PWM updates on both up and down count, so
that there are two CCR values in a V,.; period and totally 800 = 400 * 2 CCR in a
Vin period.

Rather than calculate the sinewave values in real-time, a look-up table (LUT) is used to
speed the calculations. 800 CCR values were calculated and stored during a program
initialisation. It should be notes that many years ago only quarter cycle would have been
stored in LUT, but the increase availability of onboard memory does not impose such
restrictions today.

As described in this section, the two CCR values in one Ty, is treated as same
because the f,, is much higher than fg;,. As result, another operation is that 400

CCR values are saved in a LUT, and each CCR is used twice in each Ty .
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Figure 5-2 (a) shows a V;,, period and the CNT triangular wave, and Figure 5-2 (b)

shows the first and last three T, periods in a single Vg, period.
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Figure 5-2: (a) VSIN[Dp] and CNT in a V;, period, (b) The CCR value in the

first and last 3 T,,,,,, periods.

The calculated CCR values during the program initialisation are saved in an array
VSIN|[Dp], the Dp is the index number of the array. Since a Vg, period is divided into
400 Tpyuy, the Dp is the driver point index of array which increases from 0 to 399 in
every Vi, period.

Referring to Figure 5-2 (b), the first Vg, period starts at £t = 0, because of the 400
T,wm periods in a Vg, period, the Vi, period will end at t = 400 * Ty, = Ty
(where Tg;, = ﬁ). The second V;;,, period then starts at t = Tg;;,,. On the other hand,
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the index Dp = 0 at the start of the Vg;,, period, and it is increased by 1 every Tpym
from 0 to 399 in a V;, period. Then Dp is then reset to 0 at the start of a new Vg,
period. Referring to Figure 5-2 (b), the CCR value in VSIN[0] is the modulation value
used in either side in this Ty, period, similar to the modulation value in VSIN[1] to
VSIN[399].

As described previously in the description of the CCR value updates in interrupt system,
the next CCR value will be updated in the present interrupt system. As shown in Figure
5-2, new Vg, period starts at t = 0orTg;,, and Dp =0, CNT counts down and
reaches to the CCR = VSIN|[O0], interrupt system is triggered and the next CCR value
is still VSIN[0], so Dp remains unchanged. After CNT has counted down to 0, then
CNT starts to count up, and eventually reaches VSIN[0] again, the interrupt system is
triggered again. The next CCR value should be updated to the VSIN[1], so the driver
point index D, is updated (Dp + 1) to take right value in VSIN LUT.

Figure 5-3 shows the flowchart of CCR update in the interrupt system.
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Figure 5-3: The flowchart of CCR value update.

5.2 Design and implementation of Dead Time

Compensation

The proposed deadtime compensation (DTC) and phase lag compensation (PLC)
methods has been described in section 3.3. The concept is to add a deadtime
compensation value Vpr¢ and a phase lag compensation value Vpj ¢ into the Vg, () to
create a new modulation signal. In this section, the design and implementation of the
proposed compensation system responsible for updating the CCR value in

microcontroller is described.
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Firstly, reviewing the Dead Time Compensation through the block diagram in Figure

5-4.

VDTC

A I45(t)
2 xsgn(lyp)

Vsin(€6) + Vpre + Vpye

Vsin () — é—_’ :

Phase Lag Compensaticlm_

Viri(t) PWM1 SA—&SB +

PWM1 BoIERl SA +&SB —

H-bridge

Inverter

Figure 5-4: Block diagram of PWM system with DTC and PLC
The final modulation signal is Vg, (t) + Vpre + Vpre. The transfer of Vg, (t) into
CCR has been described. The value of Vprc and Vpjc used in microcontroller are
named Vpreccry and Vpreccry to avoid confusion with the voltage-based signals
described previously. The voltage based deadtime compensation voltage signal is Vpr¢

given by equation (36) in section 3.3.1.

1 -
Vpre = EVe *sgn(lyg) = 2 * fpum * Tq * Vi * sgn(lp) (36)

The signal sgn(I4g) = 1 when Iz > 0, while sgn(I4g) = —1 when I;5 < 0.
Since the value of V,,; in voltage based signal is 1, while the V,,; in microcontroller is
equal to %ARR = 2100 since CNT signal extends from 0 to 4200 and has to represent

+V,i. The deadtime compensation value used in CCR mode in microcontroller is

Vpre(cery which is equal to,
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1
Vorccer) = 2100 * Vppe = 2100 = Eve * sgn(l,p) (91)

On the other hand, the Vp¢ is the voltage-based phase lag compensation value can be

calculated according to the equation (37) in section 3.3.2.

Vpre =4+ fpwm * Tdelay * ?tri 37)

Same to the relation between the Vpre and Vpreccry, the CCR value of phase lag
compensation is Vppc(ccry which is equal to 2100 = Vpy¢. Since the T gejqy is equal
to %Td (half the dead time), Vprc(ccr) s,

1
VPLC(CCR) = 2100 * VPLC = 2100 * Eve (92)

Now, focusing on how to add the Vpr¢(ccry in microcontroller. According to the current
polarity information from the MAX913 current zero-crossing detector circuit,
Vprc(cer) is calculated and saved in an array named VDT C[Dpprc)], the Dpprc) is
the drive point index of VDT C array which increases from 0 to 799 in a V;,, period.

With the DT C system, the voltage-based modulation signal is equal to Vg, (t) + Vpre,
while in the microcontroller, the CCR value with DTC is equal to VSIN[Dp| +

VDTC[Dpprc)]- The LUT in VSIN[Dp] is fixed. The Vprc¢(ccr) value calculated in
the present Vg, period will be saved in the VDTC[Dpprcy] and then they will be used

at the next V;,, period.

Figure 5-5 shows the new modulation value in the first and last 3 T}, periods in a
Vin period.
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Figure 5-5: The CCR value with DTC system in the first and last 3 T,,,,, periods

in a Vg, period.

The operation of the VSIN[Dp] LUT has been described previously. Referring to
Figure 5-5, the index Dp increases every PWM cycle, while the index Dpprc)
increments every half PWM cycle from 0 (att = 0) to 799 (att = Ty;,) in a Vg,
period. The DTC system requires the current signal polarity information to update the
Vprc(ccr) value, and during the current zero-crossing, it is possible that current polarity
changes in a single Ty, period. In order to take full information of current polarity,
two Vpre(ccr) calculations in a single Ty, are required. As result, Dppr¢y + 1 in

every half Tpym,.
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Referring to Figure 5-5, in the first Vg, period, all Vpr¢(ccry value in VDT C[Dp(prc)]
are 0. The V;, period starts at £t = 0, CNT counts down to VSIN[0], which trigger
the interrupt program. During this interrupt program, the next CCR should be equal to
VSIN[O0] + VDTC[1] as shown in Figure 5-5. Because all Vpr¢ccr) in the first Vg,
period is 0, the next CCR is equal to VSIN[0]. After updating next CCR, the Vprc(ccry
will be calculated and saved in the VDT C[0]. Then this interrupt program is finished.
The next interrupt program is triggered when CNT counts up to the VSIN[0] again.
Then Dp + 1, and Dp(prcy + 1, the next CCR is equal to VSIN[1] + VDTC[2] =
VSIN[1] + 0. Then, another V pr¢(ccry Will be calculated and saved in the VDTC[1].
When the Dpprc) increases to 799 at the final Ty, of the first Vg, period, all
Vprc(cer) values are saved in the VDT C[Dp(prc)] array. The next Vg, period starts at
t = Ty, at this moment, the Dp and Dp(prc) turns back to 0.The CNT counts down
to the VSIN[0] + VDTC[0] and the interrupt program is triggered. In this interrupt
program, the next CCR is updated firstly which is equal to VSIN[0] + VDTC[1]. Then,
the Vpreccry saved from last Vg, period in the VDTC[O0] is updated to a new
Vbrc(cery value. After CNT counts up and reaches to VSIN[0] + VDTC[1], another
interrupt program is triggered. In this interrupt program, the next CCR is updated firstly
which is equal to VSIN[1] + VDTC[2]. Then, the old Vpr¢(ccry in VDTC[1] is
updated to a new one calculated from present Vg, period. Similar to the rest value in
the VDTC[Dp(prc)] in this Vg, period. In conclusion of the DTC system in
microcontroller, the Vpr¢ccry value is calculated and updated in VDTC array in every
Vin period and then they will be used to update CCR at next V;,, period.
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In the PLC system, the value of Vp;c is only related to the carrier signal V,.;. The
Vpic = +%Ve during the half period of Ty, When Vy,.; is decreasing from +V i tO
—Vyi. On the other hand, the Vp o = — % V. during another half period of T, when
V. is increasing from —V,,; to +V ;. In microcontroller system, the count up of CNT
represents the time period of V,,; changing from —V,,; to +V,,;. While the count down
of CNT represtents the time period of V,,; changing from +V,,; to —V,,;. According
to equation (92) shown in this section, the Vprcccry = +2100 * %Ve when CNT
counts down, while Vpcccry = —2100 * %Ve when CNT counts up. After adding
PLC system into PWM system, the CCR = VSIN[Dp|+ VDTC[DP(DTC)] +
Vpicccr)- If the interrupt program is acted when CNT count down, the next value of
VpLcccr) should be equal to —2100 = %Ve, so the next CCR is equal to VSIN[Dp] +
VDTC [D P(DTc)] — 2100 * %Ve. On the other hand, if the interrupt program is triggered
when CNT count up, the next value of Vpy¢(ccry should be equal to +2100 * %Ve, and

the next CCR is equal to VSIN[Dp] + VDTC[Dpprc)| + 2100 = %Ve.

Figure 5-6 shows the flowchart of whole PWM system contains the DTC and PLC

system.
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[VDTC[799] = Vbrcicer) }‘_ Dpprey = 0

NO i
—P‘ VDTC[Deorey — 1] = Voreeen ‘
Interrupt end

Figure 5-6 : Flowchart for PWM update interrupt featuring Dead Time

Compensation
As shown in Figure 5-6, the whole PW M system in microcontroller is consisted of two
parts, the first part is updating next CCR with DT C and PLC, the second part is saving

the DTC value for next V;, period. It should be noticed that the new DTC value is
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saved in the point of array VDTC[Dpprc) — 1]. So, when Dppr¢y = 0, the DTC
value should be saved in the last block in array which is VDT C[799].
In addition, it is clear to see that the VSIN LUT has no change, DTC and PLC is

achieved by the value of VDTC(CCR) in VDTC LUT and VPLC(CCR)'

5.3 ADC Sampling in microcontroller

The built-in ADC of STM32F407 microcontroller is used to sample analogue values
of the currents and voltages for the PI current controllers and PLL. In this section, the
transformation of analogue voltage and current signals via the ADC to controller
signals will be explained.

In the previous two sections of this chapter, the PWM and dead time compensation
system are introduced under the open-loop circuit condition. As result, all CCR values
in the VSIN LUT are fixed. After adding PLL and PI current controller, the system is
changed to close-loop system. After the PWM system is started with the initial VSIN
LUT, the CCR value in VSIN LUT will be updated according to the feedback from
output grid current I 4,5 and V g;.44. The calculation of PLL, PI current controller and
new VSIN LUT creation is all achieved in the Main program in the microcontroller.
Figure 5-7 shows an example of the first and last 3 T, period with ADC sample

system.
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t=0 | Towm | 2Towm | 3prm397prm: 398Tm | 399Tyym | Tsin
| | : I f |
: Tsampie [ ng=2 ng =397 ns = 398 1, = 399

ny =0 Ny =
’ " First 3 PWM period [> Last 3 PWM period

Figure 5-7: The first and last 3 T,,,,, in a Vg, period with ADC sample.

The microcontroller reads the ADC sampling every Tsgmpte = Tpwm -STM32F407
microcontroller contains multiple ADC systems. Two separated ADC systems are used
to take the value of sample current I 4.4 and sample voltage V g;.i4.

Two separated ADC systems are acted at same time to detect the current and voltage
simultaneously, and they are triggered every Tggmpie by a fixed timer in the
microcontroller.

Then, the sample current of I 5,4 and sample voltage V 4,54 Will be saved into array
Lyac|ng] and V4. [ng] separately, the ng is the index number of array and also
represents the number of sample. Referring to Figure 5-7, every ADC sample is
captured at the middle point of T, Because a single CCR value saved in the VSIN
LUT is used in a whole Ty, the ADC sample is set at the middle point of Ty, for

calculating a respectively average modulation value in this Tpym.
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Then the sampling value in I 44.[ng] and V 44.[1¢] Will be rescaled to represent the true
analogue values as described before in section 4.4. The acceptable voltage range of
ADC system is between 0 to 3.3V and this is converted into a 12-bit value giving the
range from 0 to 4095. Consider the 12-bits system of ADC sampling, the equation for
current and grid calculation in microcontroller are shown below.

3.3 1
Vgria = (Vaac[ns] — 1861) * 2095 X 0016~ (Vaac[ns] —1861) x0.05  (93)

lpria = Unaclns] — 1861) » o -2 = (paclns] ~1861)+0.01  (94)
Then, the calculated voltage and current is saved in the array Vg,.iq¢)[n,] and
I4riq(a)[Ms] since the a axis value is directly equal to the value from output of H-
Bridge inverter.
The arrays are used because they are required in the a to 8 transformation, and then
the ap to dq transformation. The value in V gpiq(q)[ns] and I griq(q)[15] is used in
PLL and PI current controller to produce a dynamically change Vg;, (t), which is used
to create new values in VSIN LUT to replace old values. And this VSIN LUT is kept
updated through the PLL and current control calculation. The detail of operation of

PLL, PI current controller and PWM system in close-loop system is described in later

section in this chapter. Figure 5-8 shows the basic flow chart of the close-loop system.
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Caclulation End

Figure 5-8: Basic close-loop system for calculating VSIN LUT.

As shown in Figure 5-8, in a loop, the index ng is increased from 0 to 399 for filling
the new VSIN LUT array. The value stored in the new VSIN LUT is calculated
through the PLL and PI current controller in the main program according to the sample

current and voltage value in the V g,iq(a)[Ms] and I griq(a)[15]. The detail of how to

update old VSIN LUT to new LUT is described in the next section.
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5.4 Microcontroller system design of PLL

Figure 5-9 shows the block diagram of PLL system.

(2):Park Transfer ®@:PI calculator @iggrid calculate
Figure 5-9: Block diagram of PLL.
As shown in Figure 5-9, the first step in the operation of the PLL is the generation of
P value from a. Because of ADC sampling, a value of current and voltage has been
saved in the I griq(a)[Ms] and V griq(a)[1s]. The first step in PLL program is to calculate
the a to B reference frame values. The two arrays I g.iq¢p)[1s] and V griq¢p)[15] are
used to save B axis value of current and voltage. The next step is to transfer af to dq
values. In the third step of PLL calculation, the frequency of grid voltage wgyiq is
calculated through the PI calculation. There are two main types of PI calculation,
position algorithm and velocity algorithm. In position algorithm PI calculation, the
input is the error value between the reference value and actual input value, while the
output is the actual position of control signal. Equation (95) shows a basic PI equation

in position algorithm in continuous time.
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m(t) = K, xer(t) + K; * f er(t) (95)
The m(t) is actual position of control signal and er(t) is error value and er(t) =
Yref(£) — Y(t), Yres(t) is the reference value and y(t) is the detected value. For the
PLL system, er(t) = Vyef(q)(t) — Vgriaq) (), and the output m(t) is the frequency
of grid wg44(t). Equation (95) shows the PI calculation in continuous time. In
microcontroller, the discrete time PI is usually used. The discrete time PI of position

algorithm is,
n
m(n) = K, xer(n) + K; = Z er(i) = At (96)
i=0

The time different At is equal to sample time Tggmpie, the Xig er (i) means sum of
errors.

In many applications it may be necessary to change the controller parameters for
different operating conditions and/or operation modes. For example, quite often
systems have a start-up controller which is used to carefully drive system from zero to
nominal operating point. When the nominal operating point is reached, main controller
takes over operation. Sometimes the transition between start-up and main control
causes a disturbance (bump) in system response due to a mismatch between the values
of the state variables and gains of start-up and main controller. Similar effects can be
seen when system transition from manual to automatic control and vice versa. As result,
many platforms operation requirements usually demand that manual/automatic
changeover be made in the so-called “bumpless” manner.

One bumpless method is called velocity algorithm PI calculation. Instead of producing

m(n) directly, velocity algorithm produces the change in the value of the manipulated
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variable for each sample. Equation (97) shows the change value of manipulated variable

Am(n) in discrete time.

Am(n) =m(n) —m(n—1) = K, * [er(n) —er(n — 1)] + K; x er(n) = At (97)

Now, present output signal m(n) = m(n — 1) + Am(n). At the time of changeover
of manual/auto, the output value from the manual m(n — 1) is considered, since the
Am(n) is very small at this time, the new output signal calculated form velocity
algorithm PI calculator is very close to the output from manual mode. As result, the
“bump” is eliminated.

In this research, the velocity algorithm PI is used in the PLL and current control.
Figure 5-10 shows an example of working of ng and the parameter which should be

used 1n calculation.

Ign'd(d) (ns)
]grid(q)(ns)
Vgrid(d) (ns)
Vgrid(q) (ns)
Lyria(a) (s — 1) Vinw(ay (1)
CNT [grid(q) (ns - 1) Vinv(q) (ns)
4 Vgrid(q)(ns - 1) Vcon(d} (ns)

ARR \\\ Vinv(d) (ns _ 1) // -\\ Vcon(q) (ns) //\\ //f.

AN Vinv(Q)(nS -1 // N Wgrig (ns) // \‘\ /
. B 7 \ / ! o
\ Wgria(ns — 1) / \ Ogria(ns) / \ #—
B \\ ggrid (7’15 - 1) // \\ | // \\ I ,/ |
\ / A\ // N §
\ | / \ / \ //
\ I ] \ | \ | /
\\\ \\ | / /’ \\‘ | // / \\\\ | ,/
\{/ \ i/ \i/
\/ \\jf/ A4
0 | | : ]
I I -
: Tsampl e ! !
n
o1 s ng +1

Figure 5-10: The example of calculation system with ADC ng sample.
188



Referring to Figure 5-10, ng is sample number, all value with (ng) is taken or

calculated at present T sqmpie, While all value with (ngs — 1) is saved from the last

Tsample .

In the PLL system, er(ng) = Vierqp(Ms) —Vgriaq(ms) ., er(ng—1) =
Vies(Ms —1) = Vgriaqy(ns —1) . At =Tggmpie - The output m(ng) =
Aw griq(ng) represents the change in grid frequency. Assuming the reference value is

kept constant, Vi ef(q)(Ms) = Viyep(q)(ns — 1) and so the PI calculation in PLL is,

Awgrid(ns) = Kp * [Vgrid(q) (ns - 1) - Vref(q) (ns)] + Ki * [er(ns)] * Tsample(98)

The frequency of grid voltage @ griq (M) is,

wgrid(ns) = wgrid(ns -1+ Aw,grid(ns) (99)

Where @ g,5q(ns — 1) is the frequency data from last sample time.

The next step is the calculation of angle 0 4,44 of grid voltage, since 64,54 can be
calculated by integral of w 4,44, the equation of 6 4.4 1s,
egrid(ns) = Bgrid(ns - 1) + wgrid(ns) * Tsample (100)

0 gria(ng — 1) is the angle calculated from last sample time.
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When PLL is stable, the actual V g,.iq(¢) is equal to Viep(q), the @ g,4q keeps constant
and represents the frequency of grid voltage. So, the 8 4,4 increases in the range from
0 to 27t with a per sample increment step of @ griq * Tsample-

Figure 5-11 shows the flowchart of PLL.

PLL Start

NO YES

D:atof

Vgrid(ﬁ] [T"-s + 100] = Vgrid{a] [ns]

Vgrm(_&‘)lns —300] = Vgrm(rz) [ns]
j,grid(}[t'] [T"-s + 100] = lgrid{a) [ns]

Igrm(_&‘)lns —300] = grid(a) [ns]

l (2):Park Transfer
V.

grid(d) = Vgrid(a’) [ns] * Sin(egrid(ns - ]-)) - Vgrzd[ﬁ) [nsl * COS{Bgrid(ns - ]-))

Variatg) = Vgria(a) [ns] = COS(Ggrw‘.(ns - 1)) + Vgnu‘.(_ﬁ}[ns] * Sin(egrid(ns - 1))

@:PI calculator & 4: gria calculate

f“'gria‘.(ns) = wgrid(ns -+ Kp(PLL) * (Vgrid(q) (ns -1 - Vgﬂa‘.(q)(ﬂ-s - 1)) + KE(PLL) * Vgrid(q)(ns) = Tsamp!e

Bgria‘.(n.i) = Ggﬂ'd(ns - 1) + ")gria‘.(ns) * Tsample

Modulus( 5542 (15))

‘ wgrid(ns b= wgrid(ns) ‘

Ggrid(ns -= ggrid(ns)

PLL End

Figure 5-11: The program flowchart of PLL system.

190



5.5 Microcontroller system design of PI current

controller

With the grid voltage obtained from the PLL, voltage and current signals are sampled,
the grid current is able to be calculated. Figure 5-12 shows the block diagram of PI

current controller.

® Viin signal
calculation

rid(p)

5\ dq to af

+
Vgrid(q)

\LT * Waria * lgrid(a)

..............................................

(4) Decoupling

(3) Current control PI calculation

Figure 5-12: Block diagram of PI current controller.
The first step in current controller is creating I 4,.q(p) signal from I g,iq(q). This has
been done at the beginning of the PLL system. So, the af8 current value are saved in
the I griq(a)[Ms] and I griq¢p)[Ms]. In step @, the ap values of current are transformed
into dq values. Step @ calculates the dq values of inverter voltage, Vcon(a) and

V con(q)> from the PI compensator. The velocity algorithm PI calculation is also used
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in this calculation where the current error signal is calculated using er(ng) =

Ipep)(ng) — I gpiq(n), while output is the control voltage Vo,. Equation (101) and

(102) shows the PI calculation in current control in dq axis.

Veon@ Ms) = Veon@y (s — 1) + Kpony * [Igria@y (s — 1) — Igria@ay (s)| + Kieny * (Irepay(Ms) — Igriaay(s)) * Tsampte (101)
Veon@)Ms) = Veoniqy (s — 1) + Kpen * [Igria s — 1) — Igria@y(ns)] + Kieny * (Iref(q) (ng) -1 grid(q)(ns)) * T sampte (102)
Step @ is the decoupling system which removes the cross-coupled terms from the

calculation giving the dq inverter voltages.

Vinv(d) (ns) = Vcon(d) (ns) - wgridLT * Igrid(q) (ns) + Vgrid(d) (ns) (103)

Vinv(q) (ns) = Vcon(q) (ns) + wgridLT * Igrid(d) (ns) + Vgrid(q) (ns) (104)

In step ®), the Vinv(a) 18 calculated by dq to af transfer.
The penultimate step is to transform the dq inverter voltage to the af reference frame

from which the time domain inverter signal can be obtained,

Vinw = Vinv(a) (ng) = Vinv(d) (ng) * sin (Bgrid (ns)) + Vinv(q) (ng) * cos(egrid (ns)) (105)

The final step is calculating modulation signal V;,, in microcontroller. According to
equation about V;,,, and V;, in (14), V;, is equal to,

Vtri
Vsin = Viny * % (106)
DC

And according to equation (90) about the transfer between V;,, and CCR. The final

equation between CCR and V,,,, is,
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CCR=ﬂ+1*ﬂ*va (107)
2 2 Vpe

Since ARR = 2100 and Vpc =100V, the CCR = 2100 + 21 * V;,,,,. This CCR
value is saved in the array VSIN gg[ng] or VSINy1[ng]. When one of the arrays is used
to save the modulation signal value, another array is used for generating PWM signal.
In the main program, N 4y1qy is used as flag to represent which VSIN array is currently
being used. When N 414y, = 0, the new modulation CCR value is saved in the VSINgg
array, while VSIN o, array is used as LUT for driving PWM signal. When Ngppqy = 1,
the VSIN, array is used to save new CCR value, while VSIN, is used for driving

PWM signal.

Figure 5-13 shows the flowchart of PI current controller.
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‘ Current Control Start ‘

l afi to dq transfer

‘rgriu‘.(d) (n) = Igria‘.(a) [ns] *sin (Ggrid (ns)) - Igrid(ﬁ) [n.s] * Cos(ggrid(ns))

‘rgrid(q)(ns) = Igna‘.(a) [ns] *Cos (egrid(ns)) + Igrid[ﬁ‘)[ns] * Sin(egrid(ns))

PI calculation of control voltage

Vcnn(d)(ns) = Vco‘n(d)(ns - 1) + Kp(P!) * [Ig'rm(ri)(ns - 1) - g‘rw‘.(a‘.)(ns)] + KI(FI] * (Iref(d) - Ingd(d)(nS)) * Tsample

an(q)(ns) = Vco‘n(q)("s - l) + Kp(Pl] * ["grid(q)(ns - 1) - g'rw‘.(q)(ns)] + Ki(PI] * U‘r‘ef[q) - Igﬂd(q)(ns)) * Tsa:m'p[e

l Decoupling

Viﬂv(d} (ng) = Vcon(d)(ns) - ‘rgri?a‘.(q} (ng) * Waria * Lr+ Vgn‘d(d) (ng)

Vinw(@)(Ms) = Veon(q)(s) + Igriacen)(0s) * @grig * Lt + Vgriag (s)

1 dq to aff transfer

Vi’nv(rxj (ns) = Vinv(d) (ns) *sin (Ggria (ns)) + va(q}(ns) * CDS(Sgrm(ns))

l

Vsin calculation into Microcontroller

4

VSINgg [ns] = Vippray (1) * 21+ 2100 ‘ ‘ VSINy; [ns] = Vipuiey (1) = 21 + 2100

‘ Current Control END ‘

Figure 5-13: The flowchart of PI current controller in microcontroller.

5.6 A summary of the whole PWM timing and

control system

The design and implementation of PWM system, dead time compensation, PLL and
PI current controller sub-systems have been introduced separately in this chapter. In

this final section, a description of cooperating of all sub-systems is provided.
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After ADC sampling, microcontroller has obtained new values for the voltage and
current signals and, therefore, PW M pulse width is updated. In order to do this a new
value for CCR is determined and it is placed into VSIN LUT (VSINy, or VSINy4)
array. Ina Vg;;,, cycle, VSIN LUT is filled and will be used at next V;, cycle. Therefore,
it is essential that the time taken to perform every controller, PLL calculation and PI
current calculation should be short than a sample (PWM) period. During a sample
period, not only the calculations time should be considered, but also the time for data
transfer in and out from different arrays, ADC data transfer time should be considered.
It is hard to ensure that all system can be finished in the time between two samples
(50us) without influencing PW M update. As result, a system design for adapting the
calculation speed of STM32F407 microcontroller is described.

Figure 5-14 shows the flowchart of main calculation program of current controller and
PLL . Instead of calculating each new CCR value after each ADC sample, the

calculation starts after all ADC sampling in a Vg, cycle is all finished and saved.
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[ ADC & DMA Finish and STOP }
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[ PLL Calculation } —
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[ Current Control Calculation }
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|
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~
{ Nar“ray =1
J

k

[ Programme End

Figure 5-14: Flowchart of Main calculation program.

To speed up data transfer, Direct Memory Access (DM A) system is used to transfer the
data from ADC register to certain index in an array without requiring an interrupt

service routine. After the first Vg, period is finished, 400 ADC current and voltage
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sample values are saved in the I 4.[ng] and V 44.[ng] arrays through DMA system.
Then ADC and DM A system stops, and calculation starts according to the data saved
in the I ,4.[ng] and V 44.[n¢]. With the increase of ng in the loop of program from 0 to
399, all new modulation values is calculated and filled into the LUT. Which VSIN
array (VSINyo or VSIN ;) is used to save calculated modulation value is dependent on
the value of Ngppqy as described in the previous section. In the program shown in
Figure 5-14, the flag Signpg;,;sp 1s introduced to shows the calculation finish condition.
If the calculation is not finished, Signg;,isn keeps at 0. After calculation is finished
and new LUT is filled, Signginisp turns to 1 to signify the VSIN array with new
modulation values is ready to be used in the PWM system. And at the beginning of a
next Vg, period (Dp = 0), the updated LUT start to be used. Referring to Figure 5-14,
after Signpinish = 1, Ngrray turns, so that after next calculation is finished, the new
modulation value can be saved in another VSIN array.

At the beginning of a new Vg, period, after PWM is driven by new LUT, the ADC
system is restarted for taking new sample voltage and current for PI calculation. Figure
5-15 shows flowchart of PWM interrupt service routine with current control, PLL and

dead time compensation.
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Interru pt Start

Updating next CCR
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A Dp<399 e
\ / YES

Dp = Dg ‘ =

Dp++

V. [’A
Vercicer) = 2100 = > Vere(cer) = —2100 * el VPLC(CCR} =2100=—

2 LUT update

Dpprgy + + Dp(prcy<799

‘ CCR = VSIN[Dp] + VDTC[Dporey] + Vercicer ‘

‘ Saving new Vprc(cer) ‘

Interrupt End

Figure 5-15 : Flowchart of PWM interrupt program with DTC and grid

connected system.

As shown in Figure 5-15, VSIN LUT is only updated to VSINyy or VSIN 4 at the end

of cycle according to Ngppqy from the main program. After LUT updating, the

Signginish 1s set to 0 and the ADC system is restarted.
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For example, at the first Vg;;,, period, VSIN, array is used as the LUT of PWM system,
and the ADC system starts to capture voltage and current signals, in total 400 values
are transferred by DMA in the first V;, period. At the second Vg, period, ADC
system is stopped, and calculation is started. During this time, VSINyo LUT is being
used to provide the sine wave reference values for PW M system, while new values of
CCR are being calculated and saved in VSIN, array. Assuming all calculation can be
finished in this V;;,, period. After all calculations are completed, Signg;pisp 1S setto 1,
VSIN reference is changed from VSINyo LUT to VSINyq LUT ready for next Vg,
period. At the third Vi, period, ADC system is restarted and Signg;nisp 1s changed to
0. After all, ADC sample is finished, the new CCR value is calculated and saved in
VSIN, array at the fourth cycle. In conclusion, VSIN LUT is updated every two V;,
period (40ms) in this system. This way ensures that there is enough time in
microcontroller to finish all calculations and data transfer without influencing the
progress of ADC sample and PWM program. As described in this section, ADC
sampling system is acted every period of Tpym, if PWM frequency is higher, Ty, is
shorter, and it is much harder to ensure every calculation can be finished in a short
T,wm time. By using the method described in this section, all ADC sample program are
finished at the first Vg;;,, period, and only once all calculations are finished, Signginisn
changes to 1, the new LUT is updated. In this research, the update of LUT is acted every
two V;, periods. The key for PLL and current controller is maintaining their dq axis

value to their reference value, and dq axis values are not changed significantly in every
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cycle. As result, it is acceptable that PI calculation in PLL and current controller can

be acted every 2 V;,, periods in this research.

5.7 Chapter Conclusion

This chapter describe the operation and program design of SPWM, DTC, PLC, PLL
and PI current control in microcontroller STM32F407. Section 5.1 describes the
basic SPWM system in H-Bridge inverter in microcontroller. Section 5.2 describes
how the SPW M signal is updated by DTC and PLC system in microcontroller. Section
5.3 presents ADC sampling system for taking voltage and current data in
microcontroller. In section 5.4 and 5.5, the progress of PLL and PI current controller
with ADC sampling system in microcontroller is introduced and described. These two
sections present two different PI calculation methods in PLL and current controller --
position algorithm and velocity algorithm. Velocity algorithm PI calculation solves
“bumpless” problem in position algorithm PI system. As result, more stable velocity
algorithm PI system is used in PLL and PI current control calculations. In section 5.6,
the summary of combination of DTC, PLL and PI current control system is introduced
and described. It is mentioned in section 5.6 that in case all system can not be finished
in certain time, this chapter provides a program method that extend the calculation time

and maintaining the system stability.
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Chapter 6

Simulation and Experimental Validation

This chapter provides simulation and experimental validation for the proposed
deadtime and phase lag compensation system. In the first section, the open loop
behaviour of the system operating with a resistive load but without PLL and PI current
controller enabled provides characterisation of the dead time compensation in H-Bridge
power inverter. In the second and third section, the output of H-Bridge inverter is
connected to grid and PLL and PI current controllers are in operation allowing the
performance of the compensation scheme to be demonstrated in a close-loop system.
In the final section, the simulation result of DTC operation in a 3-level H-Bridge

inverter connected to grid with PLL and PI current controller is presented.

6.1 Dead Time compensation in H-Bridge

This section provides experimental result for the Dead Time Compensation (DTC)
(including the DTC and PLC) and operating with a 2-level H-Bridge inverter connected
to a resistor load. The output voltage and current from H-Bridge and their THD when
the dead time is equal to 1us, 2us and 3us will be shown. After that, the output

waveform and THD after adding the DTC system will be provided.
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Figure 6-1 shows the block diagram of open-loop H-Bridge inverter and DTC system,
Table 6 shows the basic parameter in the H-Bridge inverter.

PV Panel H-Bridge Inverter LCL Filter
A das [ IR

L E 000 :
T Vpe _Il]é‘ Vag . Vr Rout
B ..

Dead Time (T,)

I Current direction
| Detector
PWM
DTC

STM32 Microcontroller

Figure 6-1: Block diagram of H-Bridge inverter with Dead time compensation in

open-circuit.

Table 6 : Parameter in H-Bridge inverter circuit and PWM system.

Parameter Symbol Value
DC main power supply Vpc 100V
Inverter side inductor Lin, 0.9mH
Grid side inductor Lyria 0.69mH
PWM frequency frwm 20kHz
Fundamental frequency fsin 50Hz
Carrier wave peak voltage Vi 1v
Modulation wave peak Vsin 0.48V
voltage
Max Modulation index m, 0.48
Voltage gain in voltage Gy 0.016
sensor
Current gain of current G, 0.08
sensor
Inverter side inductor Lin, 0.9mH
Inverter side inductor ESR Riny 0.15Q
Grid side inductor Lgria 0.69mH




Grid side inductor ESR Ryria 0.15Q
Filter capacitor Cs 32uF
Damping resistor R, 0.250
Output resistor Ryt 3.75Q

ARR value ARR 4200

The first experiment here is testing the reliability of current and voltage detector, since
all calculation regarding PLL and PI current controller requires measurements of
voltage and current signals.

As described in section 4.4, I jotect = 0.08 * I 4ctyar, aNd Vgetecr = 0.016 * V yeryar-
In this test, the peak modulation index of m; is equal to 0.48, PWM frequency
fpwn = 20kHz, and V;,, () frequency is fg;, = SOHz. Figure 6-2 shows the voltage
on output resistor Vg and the detected voltage from voltage detector V gegece(ry- The
voltage Vp is tested by using an active differential probe, while the V gerece(ry 1s taken
by testing the output from voltage detector.

It is clear to see that they have same phase and frequency, but different level of voltage.

detect(R)

The peak voltage is shown in Figure 6-2, 7 = = 0.016, it proves that the design

R

and operation of voltage detector is correct.
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Figure 6-2: experimental result of Vp and V jepece(r)y.-
Figure 6-3 shows the output current through the resistor R,,;. The I is calculated by
a high accuracy current sensor, while I gesece(r) 18 calculated from the current detector
circuit described in section 4.4. It is clear to see that their waveform shape, phase and
frequency are all same. Comparing the peak current between them, id“;ﬂ = 0.08,

R

proving that the design and operation of current sensor is correct.
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Figure 6-3: Experiment result of Ig and I goiece(r)
In DTC system, the current polarity of I4p is very important since decides the polarity
of deadtime compensation value added into PWM system. The current polarity
detector of I4p is achieved by an MAX913 which is described in section 4.5. The
current from detector Igerece(ap) represents the detected I4p value, and signal VQ

represents the current direction (polarity) of I4p.
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Figure 6-4: Current waveform I jeeciap) and vV, output from MAX913 in Vg,

period.

Figure 6-4 shows I jetece(apy and VQ during zero-crossing of I gesece(ap)- As the current
approaches a zero, multiple switching events are triggered, and this behaviour is shown
in more detail in Figure 6-5. After zooming into the zero-crossing time of I4erece(an)
and I_/Q, The current ripple is ~0.2 A and as the high-frequency current component
crosses zero, multiple switches of l_/Q occur.
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Figure 6-5: Zoom of I 4.;0c¢(ap) and V,, during zero-crossing.

As described in section 5.1, the PWM in microcontroller STM32F407 is achieved
dependent on CNT, ARR and CCR value, equation (90) shows the transfer equation

from Vg, (t) to CCR value in microcontroller.

1 V.. (t
CCR =EARR* <1 + i‘"( )>

tri

According to the parameter in Table 6, the modulation signal in the microcontroller is

shown in Figure 6-6.
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Figure 6-6: CCR value in VSIN LUT in PWM system in microcontroller.

The final part of this section shows the response of the system with and without dead
time compensation. The load resistor current and voltage with dead time values T4 =

1us, 2us and 3us is shown.

Figure 6-7 shows the experimental output voltage on R,,;. When Ty = 1us, V, =

0.08V, according to equation (32) and (34), the voltage drop of Vy is equal to V¢ *

E * VV“’ ] = 4V. It is clear to see that, after adding the DTC system into PWM system,
tri

the peak voltage Vp is increased by 4V. In addition, the distortion caused by T, around

zero-crossing is compensated, which decrease the THD from 3.44% to 1.59%.
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Figure 6-7: Experiment result of output voltage V, when T; = 1us and with

DTC&PLC compensation.

Figure 6-8 shows the output current through the R,,,;. The current I = RVR

, it 1s clear
out

to see that with the compensated 4V from the dead time effect on Vg, the peak current

Ig is increased from 14.9A to 16A. In addition, the distortion caused by T4 around

zero-crossing is compensated.
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Figure 6-8: Experiment result of output current I, when T; = 1us and with
DTC compensation.
Figure 6-9 and Figure 6-10 shows the I, and Vg when T; = 2us and T4 = 3us, and

their condition after adding DTC system.
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Figure 6-9 : Experiment result of output voltage Vg (a) T; = 2us, (b) Ty, = 3us
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Figure 6-10: Experiment result of output current Iy (a) Ty = 2us, (b) Ty, = 3us

It is clear to see that with the increase in T4, voltage drop of peak voltage V and peak

current I are higher. In addition, the distortion caused by T4 is more pronounced

during the zero crossing. After adding DTC and PLC system, the voltage and current

drop can be compensated when T; = 2us or 3us. It should be noticed that the THD

in current and voltage is little high after the compensation when T4 = 3us. This is



because after adding value Vpr¢ and Vpyc, when Vg, () reaches to its peak value Vg,
the final new modulation signal is equal to Vi, + Vprc + Vpic. In microcontroller, if
the new modulation value is too close to the V,,;, the calculation and update of CCR
value in interrupt system will be short and it may delay the update of CCR value and

cause increase of distortion.

In conclusion, this section shows the experimental result of H-Bridge power inverter
works under open-loop system. It has shown the effect of dead time effect and the
application of compensation to the H-Bridge power inverter. The result shows the
output current and voltage on R, under different time of T ;. With greater distortion
occurring during the zero-crossing. On the other hand, the Dead time Compensation

proves that it can compensate the energy loss and distortion caused by T4.

6.2 PLL and PI current close-loop control

In this section, the MATLAB Simulink result is provided for the system operating with
PLL and with PI current controller. The output of H-Bridge is connected to Grid which
through a transformer which provides both isolation and transformation ratio. The ratio
of transformer is 1:5, 50V s to 240V 6.

Figure 6-11 shows the block diagram of Grid-connected H-Bridge power inverter

system.
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Figure 6-11: Block diagram of Grid-connected H-Bridge power inverter system

Table 7 gives the parameter used in the grid-connected H-Bridge power inverter system

Table 7: parameter in grid-connected H-Bridge power inverter.

Parameter Symbol Value
DC Voltage Supply Vpc 100V
RMS grid voltage V gridrms) 50V s
RMS grid current I griagrms) 104, s
Peak grid voltage Vgria 70V
Peak grid current Tgria 14A
Sampling time Tsample 50us
Reference q axis voltage Vairep ov
Reference d axis current Licref) 14A
Reference q axis current Lyref) 0A
Grid frequency fgria 50Hz
Kp of PLL KppLiy 6.34
K; of PLL KipiLiy 1350
Kp in current control Kppr 0.406
K; in current control Kipn 130
Rated Power S 500VA
Gain Gpwum 21
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The value of K, and K; in PLL and PI current controller can be calculated through
equation (68), (69), (83) and (84). During the experiment, it was found that integral
controller K; for both PLL and PI current controller had to be reduced to stabilise

operation.

The PLL is used to synchronise the inverter output to grid and in this process, it
provides the grid angle and grid frequency. The key for 6 4,44 calculation in PLL is
keeping q-axis grid voltage V griq(4) to 0 using the g-axis PI compensator. Figure
6-12 shows the dq axis voltage in V 4,4 in MATLAB simulation.

Vorida(a)
- N

A I 4

~ N
\ / UV

23? OV -

Q- ‘ ' \ [
001 002 0 004 005 006 001 008 009 0f

Figure 6-12: MATLAB simulation result of V g,;qq) and V g,.4(4)-
The PLL system is fully synchronized with V 4,4 after a full grid period (¢ > 0.02s),

after that V g,iq(¢) 1s kept at OV, V g,iq(q) represents the peak voltage Vgn-d which is
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equal to 70V . Figure 6-13 shows the relation between grid voltage Vg.iq and

calculated grid angle 6 g;.4.

v

50]

V

grid (t) | \/ -t

iy

sin(wgyiq * t)/\ t

c0S(@grig * t)° N4 L
| | | \

0.01 002 003 004 005 006 007 008 008 01

Figure 6-13: The relation between grid voltage V ;,.;4(f) and calculated grid angle

0 4ria in MATLAB simulation.

As shown in Figure 6-12, the initial value of V g,.44(4) is far from the 0, which produce
larger w in order to chase the angle of V 4,.;4(t). Then, as the controller acts to drive
V gria(q) towards 0, the calculated frequency w is forced towards w g,4q and the 6 g,iq
eventually equals to angle of Vg,;q(t). As shown in Figure 6-13, a sin and cos

waveform are produced by using the 64,;q from PLL, and the sin waveform is in

phase with Vg,;q. It proves that the PLL is synchronized with a sin waveform

Vgrid(t)-

After 0 4r.4q is calculated from the PLL, it can be used in the current control, which

allows current to be injected at the correct phase and frequency. The key for PI current
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control is keeping the dq axis current I g,i4(q) and I grq(q) at their reference values to
provide the desired active power P and reactive power Q. The L.z g is set as 144,
while Ip.of(q) is set as 0A, which the total rated power is equal to the active power P in

system.

Before continuing PI current controller in this section, the initial system of whole H-
Bridge system from & = 0 should be described. At the beginning, PLL controller is
operated firstly. An initial modulation reference signal V;, is created according to the
grid angle calculated from PLL. With the initial modulation reference signal, the output
grid current is synchronized to grid voltage. Then PI current controller is operated with
PLL, updating Vg, every Vg, period. Ensuring output grid current I g4 is still
synchronized with grid voltage V 4,44, and maintaining the peak grid current Tgrid to its
reference value.

Referring to Figure 6-14, the initial system is described.

The starts time (£ = 0) acts at the zero-crossing of V g,;4(¢) from negative to positive.
At this time, only voltage detector is operated to take grid voltage data for PLL
calculation. PLL calculation is finished in this period, and the initial modulation
reference signal V;, is created.

At time t = Tyg;,, the initial V;, starts to be used to drive PWM signal controlling
switches in H-Bridge. As result, output current I g,.;4(t) is produced. At the same time,
current detector is operated to get grid current data for preparing PI current control
calculation. As shown in Figure 6-14, from T, to 2T ;,, with PLL system, the grid
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current is synchronized with grid voltage. The initial peak modulation index is set as

0.75. Thus, peak current Tpeak = 11A.

Att = 3Tg;,, PI current calculation is operated. A new modulation reference signal

Vin 1s created by PLL and PI current calculation together from 3T, to 4T g;,.

But until £ = 4Tg;;,, Vin 1s updated.

After 4Tg;, , PLL and PI current controller keeps working together to update

modulation signal. I 5,4 keeps synchronizing to V 4,44 and its peak value Tgrid reaches

to 14A (I,.5) after steady-state conditions.

Because all voltage and current data at start time of system (¢ = 0) are 0, an extra Vg,

period is required for both PLL and PI current controller to get a basic initial value

Vgriaaq) &1 grid(d,q)) to do the calculations.

%ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬁ”
SYSVETRTSYSVaTSTaTEY
SRR SRR
VS RTRVRVETTRTRY
A T I I I L T I o
3 VMV VMV VAV VU

Figure 6-14: Simulation of V g,.;4 (%), I 4iq(t) and Vg, (t) during initial system.

Figure 6-15 shows I 4r.q(q) and I gyiq(q) from grid current I g.;4(2).
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Referring to Figure 6-15, Ig,iq(q) and I g.4q(q) are calculated after t = Ty, and
I4yi4(a) represents the peak current 7gr,-d when Igpiq(q) = 0. From Ty, to 3T,
Igriaa) = 114 and I gpi4(4) = 0.08A. So, the peak current Tgr,-d = 11A during this
time. Therefore, demonstrating the convergence of Igyiqq) and Igriq(q) controller.
After t = 3T, PLL and PI current controller work together, I g.;q¢4) start to chase

the Iqrery = 144, while I 3,.444) starts to chase the I.ep) = 0A. After t = 6T ,, PI

current controller works under steady-state condition.

I ! ! E
164 ? | |
_ | et |
— ] /\/ |
A h—— | Hgriaca)
H
. I -t
I i
54. | | | | | |
Ui : : | | 1 Lgri
i : | 1 i | igrid(q)
I 1 : |
i | | |
| | ! !
| . |
Sy i e >
G 7 T 3\, 7 \ ,’:'/\"/M 't
0 Tsin ZTsin 3Tsin 4Tsin 5Tsin 6Tsin 10Tsin

Figure 6-15: Simulation result of dq axis current of 14,.,4(t), I griq(a) and I griq(q)-

Figure 6-16 shows Vi, (q) and Vi, q) Which can be used to represent the dq axis

voltage of the fundamental inverter voltage V,,, in the output voltage from H-Bridge

inverter V 45(t). Because PI current control calculation is started after 2T g, Vinp(a)

and V iy (q) are calculated after 27T ;.
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Figure 6-16 : Simulation result of inverter side fundamental dg-axis voltage.

After calculations, Vipy(q) and Vi, (q) are transformed to Vipyqy and Vipypy. Where

Vinv(a) 1s €qual to the fundamental signal Vy,, as shown in Figure 6-17.

T A T T A
IS N N VN S 1 N WY W A
\ \ \ \ \ \ \ \ Vinv = Vinv(a)
1 / \ / \ \\ / \ \\ \ | P =776V
) i - i i ; |
| i | \ \ | | \
0; ;?\I\g\(\/W‘

[ i | \‘

| T
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R B S | \ \/
) \/” U Y V] ! I U;_

[
vi V| V)
2Tsin  3Tsin 4Tsin  STsin 6Tsin 10T§in,

Figure 6-17: Simulation result of fundamental inverter side voltage V,,,,(t).

The final step is producing CCR value into VSIN LUT according to the V;,,, from PI

current calculation. As described before, CCR can be calculated as,

ARR 1 ARR
—+_*—

V.
2 27y, Vi

CCR

The modulation signal in microcontroller is shown in Figure 6-18.
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In microcontroller, the midpoint of V;, is equal to % = 2100.

CCR . : : :
4000~ ' * 3750 T T T
2100- v v v . / / \ {
VA RRYINRVI VIV \/ \/
0‘ oh2 ; ; i '3 1 1 1
2Tsin 3T5in 4Tsin 5Tsin 6T5in 10T

Figure 6-18: Modulation signal V;,, (t) in microcontroller produced from the PI

current control.

Figure 6-19 shows the output waveform of grid current, voltage and fundamental

voltage from H-Bridge inverter after PLL and PI current controller works under

steady-state condition.
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Figure 6-19: Simulation result of output waveform from grid connected H-

Bridge power inverter.

After 0.2s (10T;,), the system has reached to steady-state condition. It is clear to see
that the output voltage and current are at same phase and frequency (50Hz), which
proves that PLL system works correctly. In addition, the peak current T grid can be kept
at 144 which is equal to the reference current I,..f4y set in the current control.

This section has shown the operation of PLL and PI current controller in an ideal 2-
level H-Bridge inverter (T ; = 0) through MATLAB simulation. The current is in same
phase and frequency with grid voltage. The peak current is same to the reference peak

current set in the current controller.
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6.3 Dead Time Effect and Dead Time
Compensation operation with grid PLL

and PI current control.

In this section, through analysing simulation and experiment result, the dead time effect
and dead time compensation operation with PLL and PI current controller is
introduced and discussed.

Firstly, Figure 6-20 shows the simulation result of V g,.4(t) and I 3.4 () during the
initial time with T; = 1us. And Figure 6-21 shows the simulation of dq-axis current
from I gp.44(t) with Ty = 1us.

The initial work of H-Bridge system is same as described in the previous section when
T, =0.

From 2Ty;, to 4T g;,, only PLL system works, it is clear to see that the peak current
igrid during this time is decreased from 114 to 54 caused by dead time effect. After
t = 4Tg;,, PI current controller starts to work, which forces dq-axis current to their
reference value. As shown in Figure 6-19 and Figure 6-24, at the start of PI current
control, since the 54 is much lower than the reference current 144, if the 54 is
increased to 144 in short time by PI current controller, an overshoot may occur. A high
current peak reaches to 254 is caused because of dead time effect. In addition, the
fluctuation of dq-axis current during the steady-state condition is larger. Finally,
although the peak current is reduced because of dead time effect, PI current controller
can ensure the igrid can reach to its reference peak value (14A4). But the distortion
caused by dead time effect during zero-crossing can not be removed.

222



| Vgrid ®
, t
I Igrid(t)
; t
r i
ISOU 3;\)2 J“ U‘,:'é 3‘5 0;‘ O?Z C):M 3‘16 QLB 02
2Tsin 3Tsin 4Tsin 5Tsin 6Tsin TTsin 8Tsin 10Tsip
Figure 6-20: Simulation result of V ,.;4(t) and I 4,,4(t) during initial time with
T, = 1us.
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Figure 6-21: Simulation result of dqg-axis current with T; = 1us

Figure 6-22 shows the V g,.;4(t) and I 4,.14(t) during the initial time after DTC system

is operated. After the start-up transient, the current polarity detector for I 45 is turns on
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at t = Ty;, for DTC system calculation. Then DTC is activated at t = 2T ;,,. As shown
in Figure 6-22, the peak current 7gr,-d is increased to 114 by operation of DTC system.
As result, after PI current controller is activated at t = 3T;,, the small current error
between 114 and 144 can not cause overshoot. In addition, the distortion caused by

dead time during zero-crossing is compensated by DTC system shown in Figure 6-22.
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Figure 6-22: Simulation result of V ,.;4(t) and I 4,,4(t) during the initial time

with DTC system.

Observing dq-axis current of I4,.;q with DTC system in Figure 6-23, from 2T g, to
3T sin, I gria(ay is increased from 54 to 114 with the operation of DTC system. After

PI current controller works under steady-state condition, the fluctuation of I gyiq(q,q) 18

smaller.
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Figure 6-23: Simulation result of dq-axis current of I 5,;; with DTC system

Figure 6-24 shows simulation result of the grid voltage, current and inverter side
fundamental voltage under different conditions after PLL and PI current controller
works under steady-state conditions. As shown in Figure 6-24, from 0.2s to 0. 3s,
PLL and current controller has worked under steady-state conditions and T4 = 0. After
t =0.3s, T, is changed to 1us. It is clear to see that Tgn-d is decreased to 10.54
caused by dead time effect, but then Tgr,-d is changed back to 144 because of current
controller keeps Ig4riqq) to its reference value, and I g;.iq(q) represents the Tgn-d. In
SPWM system, in order to maintain correct value of ign-d, the Vg of Vi (t) in
SPWM system is increased accordingly to maintain enough power into the grid to keep

the current of I4y.44.
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Figure 6-24 : Simulation result of V 5,4, I 3,44 and V;,,, waveform under dead
time effect and dead time compensation effect.
After introducing dead time, although PI current controller can maintain the peak
current value of I 5,44, the distortion caused by T4 cannot be compensated according to
the THD value in I 4.4 shown in Figure 6-24. After t = 0.4s, DTC system is enabled.
Tgrid is increased because dead time compensation adds compensation value onto
Vsin(t), then it is maintained to 144 by current controller. After compensation, V.,
changes from 81V to 77V, which means V;, is decreased back to the value which is
same to the Vg, when T, = 0. The current reduction caused by T, now is
compensated by DTC instead of current control itself. In addition, it is clear to see that
the distortion caused by T, is compensated especially during current zero-crossing, and,

therefore, THD is decreased.

226



T, =0 T, = 2us DTC&PLC

fgrid = 144 fgn’d = 14A fgrid = 144
Vigp = 77V V.., =85V Vi = 77V

THD,,,,, = 0.65% THD;,., =13.9% THD, = 0.65%

gnd

AANAAAANAAAA NN,
JRVAVAVATRIRTRVAVAVATRIRTAVAVAVAIY

2 gnd

ANAANN A ANAANAAAND,
YAYAYAYAYAYAATAVAVAVRIAVAVAVAVAVE

WAAAAAAAAAAAAAAA
VAVAVAYAVAVAVAVAVAY vvvvvy

0.3 0.35 0.4

5

(=]

(=]

-5

=

(=]

-20
100

(=]

-100

Figure 6-25: Simulation result of V 5,4, I 3,44 and V;,,, waveform under dead
time effect and dead time compensation effect.

Figure 6-25 shows the V g,i4, I 4riq and Vi, when Tq = 2us. The system exhibits
similar behaviour with the addition of dead time introducing distortion near the zero
crossing points and affecting the grid current. Compensation combined with feedback
mitigates the effect of dead time and corrects for instantaneous errors.

The final part of this section shows the experiment result of V 5,4 and I 4,4 from the
H-Bridge circuit when T; = 1us and T; = 2us and the output after adding dead time
compensation.

Figure 6-26 and Figure 6-28 shows the Vg,.;q and 14,9 when Tg = 1us and Ty =
2us, while Figure 6-27 and Figure 6-29 shows the output after system is added DTC

into with 1us T4 and 2us T.
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Figure 6-26: Experimental result of grid voltage V 4,.;4 and output current I 4,.;4

when T; = 1us.
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Figure 6-27: Experimental result of grid voltage V 4,.;4 and output current I 4,.;4

when T; = 1us and adding Dead time Compensation.
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Figure 6-28: Experimental result of grid voltage V 4,.;4 and output current I 4,.;4

when T; = 2us.
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Figure 6-29: Experimental result of grid voltage V ;,.;4 and output current I 4,.;4
when T; = 2us and with Dead time compensation.
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It is clear to see that more distortion is caused due to increase of T4, from 8.18% to
18.78% with significant distortion occurring near the zero-crossing of current. With
PI current controller, the current can still maintain at reference set value. After adding
DTC compensation, the distortion caused by T, is compensated as shown in Figure
6-27 and Figure 6-29. The THD after the compensation is 5.6%. It should be noted
that actual grid voltage is trapezoidal in shape rather than the pure sinewave used in the
MATLAB simulations and this will also influence the distortion in output current I gr.44.
But according to the THD measurement after Dead time compensation, the
compensation system provides a significant amount of correction about the zero

crossing-point, and this is further improved by the current controller.

In conclusion, this section provides the simulation and experimental results about dead
time effect and dead time compensation operation in a 2-level grid connected H-Bridge
power inverter. For the initial time of H-Bridge inverter, dead time effect causes current
reduction when only PLL system is operating. With increase of Ty, this current
reduction is higher. And with increase of T4, more distortion is caused during the
current zero-crossing.

With DTC system, the current reduction during the initial time is compensated, which
solve the current overshoot problem after PI current controller is enabled as well.
During steady-state conditions, the fluctuation of dq-axis current is decreased by DTC
system, which making PI current controller more stable. The distortion caused by dead
time effect is compensated by DTC system in grid-connected H-Bridge system.
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6.4 MATLAB Simulation validation of dead time
effect and DTC operation in a Grid

Connected 3-level H-Bridge Power inverter

In this section, the MATLAB simulation of DTC operation in 3-level H-Bridge inverter
operation in close-loop system is shown.

Figure 6-30 shows MATLAB Simulation structure of close-loop 3-level H-Bridge
inverter with Dead Time Compensation system. The operation of PLL and PI current
controller in 3-level H-Bridge inverter is similar to the system in 2-level H-Bridge
inverter. Every component parameter in the H-Bridge is same which has been shown in

section 6.1.
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Figure 6-30: Grid Connected 3-level H-Bridge power inverter MATLAB

Simulation.

The initial system of close-loop 3-level H-Bridge inverter is same to the system in 2-
level which described in section 6.2. Figure 6-31 shows the simulation result of grid

voltage V g,iq(t) and the comparation of output current Ig.;q(t) when system is

working with T; = 0, T; = 1us and with DTC operation.
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Figure 6-31: Simulation result of V 5,;4(t) and comparation of I 5,;4(t) under

different conditions during initial time.

From t = Ty, to 2T, , only PLL controller is operating, output grid current is

synchronized with grid voltage. Because of the initial peak modulation index is 0. 75,

the I 4.jq(t) = 11Aif T4 = 0. As shown in Figure 6-31, I 4,;4(t) is decreased to 84

because of 1us T4 from T;, to 2T ;,. According to equation (45) in section 3.5 about

fundamental output voltage reduction, the reduction is half comparing to the voltage
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reduction in 2-level system. Thus, the reduction in output current is only 3A4. Since the
84 is closer to the reference current 144, the current over-shoot after PI current
controller is operated after t = 3T, is lower which only reach to 18A4. Although the
peak current ign-d when T; = 1us reaches to 14A after steady-state of PI current
controller, more distortion is caused during the zero-crossing of I 4,i4().

As shown in Figure 6-31, after t = 2T;,, dead time compensation is activated, the
current reduction is compensated. Most importantly, the distortion caused by dead time

effect during zero-crossing is compensated by DTC system.

Figure 6-32 shows the dq-axis current from Ig.;4(t) when T4 = 1us and Figure
6-33 shows the dq-axis current from Ig,.;4(t) when dead time compensation is
operated. It is clear to see that the fluctuations of dq-axis current after steady-state
situation 1s larger with dead time effect. After DTC system is operated, the current

fluctuation is decreased.
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Figure 6-33: Simulation result of I 5,.;4q) and I g,.;4(4) With DTC operation.

Figure 6-34 shows the comparation of Ig.;4(t) when Ty = 0, Ty = 1us and with

Dead Time Compensation operation after steady-state of PI current controller. With
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PLL and PI current controller, the grid current can be synchronized with grid voltage.
The 7peak can be kept at its reference peak value. The THD of I 4,4(t) is increased
from 0.26% to 4.04% by the dead time. With the Dead Time Compensation operation,

the distortion is compensated, THD is decreased back to 0.26% referring to Figure

6-34.
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Figure 6-34: Simulation result of V 4,;4(t), and comparation of I 5,;4(t) under

different conditions after steady-state of PI current controller.
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Figure 6-35 shows I4,;4(t) comparison with Ty = 2us. The THD is much higher
reaching to 7. 64% with 2us T4, the distortion at zero-crossing is more serious. After
Dead Time Compensation is activated. The distortion caused by dead time effect is

compensated and THD is decreased to 0.31%.
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Figure 6-35: Simulation result of V 5,;4(t), and comparation of I ,.;4(t) under

different conditions after steady-state of PI current controller with T; = 2us.

In conclusion, this section presents MATLAB Simulink simulation results of Dead

Time Compensation in close-loop 3-level H-Bridge power inverter system. With longer
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dead time, more distortion is caused especially during the zero-crossing time. After
DTC system is operated, the distortion caused by dead time effect can be compensated
which decreases the THD. In addition, the current reduction caused by dead time effect
during the initial PLL working can be compensated by DTC system as well. Which
decrease the current over-shoot once the PI current controller is operated, making PI

current controller more stable.

6.5 Chapter Conclusion

This chapter presents the simulation and experiment results of DTC and PLC system
operation in a grid connected 2-level H-Bridge inverter firstly. It demonstrates the dead
time effect during the initialization and steady-state operation of a close-loop 2-level
H-Bridge inverter. The results shows that DTC and PLC system can compensate the
current reduction during the initialization, and compensate the distortion caused by
dead time during zero-crossing. Besides, the simulation results of DTC system
operation in a grid connected 3-level H-Bridge inverter are shown in this section. The
simulation validation shows that DTC and PLC system can compensate the current
reduction when only PLL is operating. In addition, the most serious problem—the
distortion cause by dead time during zero-crossing, can be compensated by DT C and

PLC system in close-loop 3-level H-Bridge inverter system.
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Chapter 7

Conclusion and Future Plan

This chapter summaries the works presented in this thesis. Then, some future work

about the expansion of the research in this thesis will be demonstrated.

7.1 Thesis Conclusion

In Chapter 1, the background of development of power inverter technologies is
introduced. The Grid-connected power inverter technology is popular and widely used
in renewable energy system. For any power inverter system, dead time is necessary for
avoiding short circuit events. But it causes voltage, current reduction and distortion
during operation of power inverter. This provides a motivation to supply a Dead Time
Compensation system used in grid-connected power inverter system for compensating

current reduction and distortion caused by dead time.

In Chapter 2, the background and literature review related to grid-connected power
inverter system is introduced. Including the basic structure of H-Bridge power inverter
and 2-level, 3-level SPWM system. And the different technologies DTC and DTE for
reducing dead time effect. Then, the function of each component in a LCL low-pass
filter is described. In order to synchronize the output grid current from H-Bridge to the

grid voltage and maintaining the output power from H-Bridge inverter, PLL and PI
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current controller is required. The literature review of different kinds of PLL and

current controller are introduced in this chapter.

In Chapter 3, the novel Dead Time Compensation technologies for 2-level and 3-level
grid connected H-Bridge power inverter is introduced. The Dead Time Compensation
(DTC) includes two parts, a deadtime value compensation (DTC) and phase lag
compensation ( PLC). With the DTC and PLC operation, H-Bridge inverter can
produce output voltage V45 which is equal to the V45 from ideal H-Bridge inverter

In Chapter 4, the detail of every parameter calculation in LCL low-pass filter is
described. Then, the detail of calculations of Proportion-Integral (PI) component in
PLL and PI current controller is described. Besides, in PI current controller section,
the equation shows how the current coupling is caused and then the method of
decoupling system is introduced. After that, the electrical circuit design of experimental
platform is introduced, including H-Bridge inverter and its power switch driver circuit,
detector and protection modules. Then the current and voltage sampling system is
described. And then this chapter presents detail of Detector Modules design based on
ACPL_7900 for providing accurate voltage and current data used in PLL and PI
current controller. The detector designed in this thesis compensate the inaccurate
reading of high frequency component of output current which is caused by unstable
floating voltage supply at input of ACPL_7900. Then, a current polarity detector based
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on MAX913 comparator is introduced for providing high frequency and accurate
current polarity data especially during zero-crossing to DTC system. Finally, the
protection modules provide the methods for monitoring current through every power

switch and limiting the max current through whole H-Bridge inverter.

In Chapter 5, the software design in microcontroller STM32F407 is described,
including the program of SPWM operation, DTC, PLC, PLL and PI current controller.
Then, this chapter introduce the microcontroller system design of combining DTC
system with grid connected system. In addition, it provides a system design method

which solve the problem if processing speed of microcontroller is not enough.

In Chapter 6, the simulation and experiment validation of DTC system operation in
grid-connected power inverter system is demonstrated. The first section in this chapter
shows the operation of current and voltage detector. And the operation of current
polarity detector is demonstrated. During the zero-crossing of output current I 45, the
high switching frequency component in I 45 occurs multiple zero-crossing events, the
current polarity turns in high frequency during this time. The result of current polarity
detector demonstrates that it can produce accurate current direction information under
high switching frequency conditions.

From section 2 to section 3 in this chapter, the simulation and experiment validation
demonstrates the DTCand PLCsystem operation in grid-connected 2-level H-Bridge
inverter. The results shows that the DTC can compensate voltage and current reduction,
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compensate distortion caused by dead time especially during zero-crossing. In addition,
the DTC system compensates the dead time effect without changing or disturbing the
PLL and PI current control progress.

In section 4 in this chapter, the simulation result demonstrates the DTC system
operation in grid-connected 3-level H-Bridge inverter. The results shows that DTC
system can compensate current reduction during the initial time when only PLL is
operating. In addition, the distortion caused by dead time is compensated by DTC

system in close-loop 3-level H-Bridge inverter.

In conclusion, this thesis provides a novel Dead Time Compensation (DTC) method
containing deadtime value compensation (DT C) and phase lag compensation (PLC) for
grid-connected H-Bridge power inverter (2-level & 3-level).

In the DTC system in this thesis, the calculation of V¢ and Vpy are related to the
PWM frequency, peak-to-peak voltage of carrier signal and T ;. The new modulation
reference signal is equal to Vg, (t) + Vpre + Vprc. With the increase of T4, the peak
voltage of new modulation signal (V;,,(t)) may extend above the peak voltage of
carrier signal which causes over-modulation. But in 3-level power inverter system, the
Vprc and Vp; ¢ are both equal to half of the value in 2-level system. As result, the DTC

system can compensate longer T ; without over-modulation in 3-level H-bridge system.
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7.2 Future work

In 3-level H-Bridge inverter, the SPWM system is called Level-Shift PWM which is
also a popular SPW M technologies used in other multi-level H-Bridge inverter such as
5-levels H-Bridge inverter. The analysis of dead time effect and dead time
compensation in 3-level H-Bridge inverter is also suitable for higher level multi-level
H-Bridge inverter with Level-Shift PWM system. With the increase of levels in multi-
level H-Bridge inverter, the deadtime compensation value Vpre and phase lag
compensation value Vpj ¢ is smaller according to the description in section 3.6 and 6.4.
As result, over modulation caused by dead time compensation can be avoided easier in
higher levels multi-level H-Bridge inverter. Multi-level H-Bridge inverter is usually
built based on high switching speed power switches for operating in high frequency
conditions. With the requirement of higher operating frequency inverter system, same
dead time (T ;) effect becomes more serious. Dead time effect can not be ignored, and
dead time compensation is required. This thesis has started the dead time compensation
research in grid connected 3-level H-Bridge inverter. It has potential to keep researching
dead time compensation described in this thesis, which can be used in higher levels grid
connected multilevel H-Bridge inverter.

The system presented here was limited in voltage (for health and safety reasons) and
required the use of a step-up transformer. Often PV inverters contain isolation
transformers for the purpose of mitigating leakage currents. Nowadays, PV Grid
Connected Power Inverter technologies are arising where a boost power converter to
increase the voltage level of DC supply, then transfer through the power inverter into
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the grid without transformer (Transformerless Grid Connected Power Inverter). These
technologies can decrease the size of whole system and decrease the price on building
transformer. A further research opportunity exists to study the effect of dead time and

dead time compensation systems on grid-connected transformerless PV inverter.
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