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. Abstract:

Due to the increasing cost of power electronics switches and the cost of repairing
failures of power electronics systems, semi-physical simulation technology such as
hardware-in-the-loop (HIL) simulation is increasingly being used as an important
design, development, and testing step in the manufacturing process of many power
electronics systems. In this project, HIL simulation for an FPGA-based controller of a
three-level power inverter was performed and tested using the OPAL-RT HIL simulation
tool. First, an FPGA-based controller for a single-phase three-level inverter was
designed and tested. Three different PWM digital control circuits (Bipolar SPWM,
Unipolar SPWM, and SHEPWM) were designed from scratch using VHDL. Then
Hardware-in-The-loop testing of the controller was implemented using the RT-LAB HIL
testing platform. To emulate the three-level inverter, a simulation model based on
MATLAB®/Simulink software and Simscap blocks was designed to perform real-time
simulation testing of the FPGA-based controller. The obtained test results were
compared to pre-simulated results using MATLAB®, the results have shown that the
total harmonic distortion (THD) of the difference controlling circuits decreases
gradually and thus helps improve the power quality of the inverter, the final HIL results
were acceptable and close to the expected and real results especially with the SHEPWM

where we obtained errors less than 7% between expected and HIL results.

Keywords: Pulse Width Modulation (PWM), Total Harmonic Distortion (THD),
Hardware In the Loop (HIL), Unipolar & Bipolar Sinusoidal Pulse Width Modulation,
SHEPWM, VHDL, FPGA, Inverter.
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\Y

VHSIC: Very High-Speed Integrated Circuit.

VHDL: VHSIC Hardware Description Language.

VSD: Variable Speed Drive.

VSI: Voltage-Source Inverters.

ZSl: Impedance-Source Inverters.



e (General Introduction:

Renewable energy is becoming increasingly important as we move towards a more
sustainable future. Power electronics play a vital role in the generation, transmission, and
distribution of renewable energy. Inverters are a type of power electronics device that
converts DC power to AC power. They are used in a variety of applications like
Uninterruptible Power Supply (UPS), Variable Speed Drive (VSD) and in renewable energy

(RE) such as solar photovoltaic systems, wind turbines, and electric vehicles.

The control of inverters is a complex task. The controller must ensure that the inverter
output voltage and frequency are accurately controlled, even under varying load conditions.
Hardware-in-the-loop (HIL) simulation is a powerful tool that can be used to test and validate
inverter controllers. HIL simulation allows the controller to be tested in real time with a
simulated inverter model. This can help to identify and correct controller design flaws early

in the development process, which can save time and money.

The objective of this report is to investigate the use of HIL simulation for testing and
validating inverter controllers. The specific focus of the report is on the development and
testing of an FPGA-based controller for a three-level power inverter. The controller was
designed using VHDL and tested using the OPAL-RT HIL simulation tool. The results of the
HIL simulation were compared to pre-simulated MATLAB® results and expected results. The
results showed that the controller was able to control the inverter output voltage and

frequency under varying load conditions.

In the first chapter, we provided a brief overview of the theoretical background of power
electronics and inverter technology. We also discussed the different modulation topologies
for 2-level and 3-level voltage source inverters and the different real-time simulation
methods. In the second chapter, we described the hardware used in the HIL simulation, we
also discussed the simulation setup and the results of the MATLAB® simulation. In the third
chapter, we described the process used to implement the FPGA-based controller and present
the results of the HIL simulation and discussed them and compared them with the pre-

simulated results and finally we present a general conclusion based on the results.
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[.1. Introduction:

Power Electronics is a field in electronical engineering
that deals with conversion and control of electrical power
with the help of switching devices, it involves several
theoretical aspects and  disciplines including
semiconductor physics, control theory, power systems

and circuit principles. [1]. There are four basic possible

conversions: AC/DC also known as rectifier, AC/AC, DC to
AC or inverter and DC to DC conversion. The range of Ph o ,
y Computer

applications for power electronics converters is vast, Math
Clrcmts PowerControl

including motor drive systems, renewable energies, Electronics systems
robotics, electrical and hybrid vehicles as well as circuits Figure I-1.1 Interdisciplinary
promoting power quality. -Figure 1-1.1 illustrates this by nature and applications
obtained from power

analogy-. Testing and validation of power converters are .
&y & p electronics. [1]

necessary during the design and improvement phases of
these electrical systems and before final implementation
on actual real processes. The Inverter is one of the power converters that are widely used in
modern electrical systems. (Standalone-Inverters, Motor drives) In order to achieve the
required performances of the power converter system and its control: real-time simulation
technology is a prominent tool extensively used, aimed at testing functionality and

performance of the electrical systems.

In this chapter, we will initiate an examination of power electronics and inverter
technology. Our attempt will involve mapping briefly the domain of inverters, covering their
classification and operational principles. We will explore a diverse range of inverter
structures, configurations, modulation techniques and control strategies as well as real time

simulation techniques widely used for testing systems functionality.
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[.2. Overview of power electronics and inverter technology:
1.2.1. History of Power Semiconductor Switches and Power Electronics:

The history of power electronics can be traced back to the early 1902, with the
To e A | g

PRl A

development of the mercury-arc rectifier by Peter Cooper
Hewitt, despite being large and bulky as shown in Figure
[-2, they were used in many applications, including power
supplies, electric motors, and lighting. it was the only way
to convert high AC power to DC power, two years later
until the invention of semiconductor switches, in the
1950s, the first semiconductor power switches were
developed, they were much smaller and more efficient
than the mercury-arc rectifier, and paved the way for the

development of modern power electronics [1].

The development of semiconductor switching devices is

Figure I-2: Mercury arc rectifier
under operation [34]

essentially a search for the ideal switch. The efforts have
been made through years to reduce device power losses,
increase switching frequencies and simplify gate drive
circuits [2]. some of the key events in the history of power
electronics are described in the following timeline in

Figure I-3:
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[.2.2. Inverters:

The inverter also known as DC -AC converter, is a one type of the power electronics that
converts DC power to AC power at desired output amplitude and frequency, inverters can be
voltage-source inverters (VSIs), current-source inverters (CSIs) and impedance-source
inverters (ZSIs) [1]. Figure I-4 represents a typical block diagram representation of VSI, CSI
and ZS], they are mostly used in AC power supplies (power inverters), motor drives (VFD)
and systems where the objective is to produce a sinusoidal AC output whose magnitude and

frequency both can be controlled. Practically, inverters are used in both single-phase and

Multi-phase AC systems.

- N

DC
— Load DC Loc
DC

Coc Lol
Z source

@) (b) ()

Figure [-4: (a) Typical voltage-source inverter block diagram and (b) current-source inverter
block diagram (c) [30]Z-source inverter [1] indicating input energy storage elements

Inverters are available on the market in various configurations and power ratings. Figure
[-5 illustrate an abstract representation of inverters in a system where: element® represent

the DC power source that feeds the inverter, it could be a battery, a rectifier or a DC power

supply.

e Q Output state

o P Controller h! o
Digital signalb|

DC Power
e J—> - I
Power Switches

Source

lter

put
Fi

U-l—'
Jos

Figure I-5: Block diagram of a DC-AC within a system in an abstract point of view.)

DC Inputél

Element@ is the inverter, in within element® represents a set of power semiconductor

switches that are connected together in specific structure to direct the flow of DC current,
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there exist numerous different structures and topologies, some will be discussed later in this
chapter, these power semiconductor switches are controlled via element® the controller of
the inverter, this last generates digital signals based on different control and modulation
techniques aimed to turn ON or OFF the power semiconductor switches, these digital signals
are called control signals, gating signals and control commands interchangeably in this scope.
The controller can be available as a separate off-the-shelf module as ‘converter’s control unit’
for specific application, as it could be a circuit integrated internally within the system, these
controllers can be single Integrated Circuit (IC) chips that generate the control commands
(either ASIC or FPGA-based controller) like the TL494 PWM IC, as they can be a SoC (System
on Chip) with a microcontroller that generates the command signals, integrated with safety
circuits and Human Machine Interface (HMI) to manipulate the output signals..etc. The rest

of the element are summarized in Table I-1 bellow:

Table I-1:Inverter main component

10

DC input The Dc input is the DC power that feeds the 220Volts,

inverter and will be converted to AC power 350Volts

The output load The characteristics of the load can greatly affect | Resistor,

(plant) the performance of the inverter. For instance, | incandescent

resistive loads (like incandescent lights or | lights, AC
heaters) are the easiest for an inverter to | motor
handle. However, reactive loads (like motors or
transformers found in refrigerators) can be
more challenging due to their power
requirement.

Digital signals These digital signals control the switches, they | Pulse Width
are crucial for the operation of the inverter, Modulation,
they turn high or low depending on the type of
the modulation controlling method used.

AC output This output is the desired AC signal which have | Square wave,

been converted from a DC signal. PWM signal

Output state Feedback signal, generally used to control Phase of the
actions needed to keep a specific variable of the | AC signal
inverter under control, for instance, in a motor | state,
drive system where the speed must be
controlled electronically through the inverter.
This signal requires sensors to be measured

Output filter The output filter removes the high-frequency | Low pass LC
components of the PWM wave, to produce a filter
nearly sinusoidal output.
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1.2.3. Basic Voltage-Source Inverter’s structures:

VSIs basic structures are the simplest inverter topologies that can output an AC signal from

single DC source and can be classified as: 1) Single phase half bridge, 2) H-bridge structure

and 3) Multi-phase inverter structure as shown in Figure I-6.

( 3\
Basic Inverter
Structures
: : ic Three-ph
Half Bridge Structure H-Bridge Structure LRI
Structure
\ Figure [-6: Inverter’s basic structures diagram. y

[.2.3.1. Half-Bridge inverter:

The half-bridge structure is the simplest inverter structure that generates AC voltage from

a DC source, it is composed of a single DC source Vdc and two b

capacitors (C1 & C2) that split the source in half in order to

obtain 0V midpoint, it is possible to use a center-tapped voltage

source supply instead. As can be observed on Figure I-7 it C =
contains two power semiconductor switches (S;andS,)

connected in series each with a freewheeling diode in parallel,

& LOAD

i

it is called an inverter leg or an inverter arm, the diodes are Vd
used to provide current path when the power transistors are

turned off. The DC link capacitors are used to store energy and

provide a smooth DC voltage to the inverter. the switches are GF
controlled to provide two-level output (- % and %) thus itis 5?
also named: two-level inverter. Table 1.2 and Figure 1.8 show L
the switching states and the output levels respectively.
legfarm
Figure [-7:Half-bridge
Inverter.

s L
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Vi
Vout
1
S1 S1 | S
‘ 0 1 _@
. 2
i —
1 |0 g
52 2

Figure [-8: Switching pattern of half bridge switches Table I-2: Half-Bridge state table

along with Voltage waveform across Resistive
LOAD.

DEDUCE THE STATE TABLE: The switching states of the inverter can be deduced using circuit

analysis. When both switches in one inverter leg are turned on, it results in a short-circuit
state. When both switches are turned off, it results in a floating state. These two states are

avoided and forbidden. The remaining two states, when one switch is turned on and the other
. . 14 14 ,
is turned off, cause a voltage drop of either - %volts or % volts across the load. Applying

certain periodic on and off control commands to the switches will lead to producing an

alternating voltage and current signal in the output as illustrated in Figure I-8.

Table I-2 shows the possible switching states of the inverter and the corresponding output

voltages.

[t is important to note that when using non-ideal semiconductor switches in an inverter leg
and transitioning between the two conducting
states described in Table I-2, a delay circuit must be

added to the output of the control signals that

govern these switches. This addition is intended to o oFF | oON

avoid the occurrence of the short-circuit state [3],
5z

as shown in Figure I-9. This requirement applies to

OFF oN OFF

every inverter leg in real-world applications,

particularly those involving medium and high

voltages (MV and HV).

Figure [-9:Dead time representation
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[.2.3.2. Full-Bridge Inverter:

Full-bridge inverter also known as H-bridge cell is illustrated

L

in Figure [-10 is another basic inverter structure where the +
switching circuit consists of two half-bridge legs connected in
parallel with a DC link capacitor Cd, The switches can be
controlled to provide Three-Level voltages (-Vdc, 0 and +Vdc), C
Table I-3 shows the possible switching states of the inverter and d
the corresponding output voltages. Figure I-11 presents the
output waveform across points A and B: Vas=VA0-Vgo, along with

corresponding gating signals. -

O—

Figure [-10: H-bridge
inverter structure [2].

P O O
af L] 0 U 0
| |

| 1 [1 |

[

[ $11

1

LU

; | | | | | ] | | | | s1z S11 S12 S21 S22

1 0 1 1 0 -Vac

o) L1 L 1 [T [ 1 [ 1] s21 o |1 [o [1 0

1 1 0 1 0 0

L1 . 522 1 0 0 1 Ve
Figure I-11: Switching pattern of H- bridge Table I-3: H-bridge state table

switches and the outputted three level pattern

The output voltage of H-bridge can be written as:V,,,; = (S11 — S21)Vyc [1]

10
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[.2.3.3. Multi-Phase Inverter Structure:

There exist numerous Multi-phase inverter structures, the basic one is represented in

Figure I-12, it is composed of three inverter legs all connected in parallel with two DC link

capacitors and a three-phase load (either Y or A connection). The output line-to-line voltages

can result up to three-level pole voltages (-Vdc,0 and Vdc) as shown in Figure I-13.

Table I-4 represent the conducting switching stats along with output pole voltages:

Vrl Cz/ - B

Figure [-12: Basic Three Phase
Inverter [2].

LOAD

e B O = Qo =

Vdc

-Vde
Vdc

-Vdc

vdc |

-Vdc

—

SI.‘[
SZI

S?I

| Va

Figure [-13: Line-to-line three
phase inverter waveform.

S11 S21 S31 Vab Vbc Veca
0 0 0 -Vdc +Vdc 0

0 0 1 -Vdc 0 +Vdc
0 1 1 0 -Vde +Vdc
1 0 0 +Vdc -Vdc 0

1 1 0 +Vdc 0 -Vdc
1 1 1 0 +Vdc -Vdc

Table I-4: Three Phase Inverter State table.

11
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[.2.4. Multi-Level Inverter Configuration:

The concept of multilevel inverter topology (MLI) was introduced in the early 1975 with
the three-level converters [4] [5]. Figure 1-14 illustrates several multilevel waveforms. In
multi-level converters, the desired output voltage waveform is composed of a specific
number of voltage levels. These levels are typically achieved by combining one or more
independent DC sources (depending on the type of the multi-level converter). The most used
independent sources include photovoltaic panels, fuel cells, batteries, and ultra-capacitors.
As the number of voltage levels increases, the complexity of circuit design grows, thus, more
complex switching controller circuits. The multilevel inverters is constructed with a
minimum of three levels. As the number of levels approaches infinity, the output waveform

approximates a sinusoidal waveform. [6]
r 3 E F 9
~ " MLI inverter
output

I .
Fundamental
Sine wave

™ ™ ™
L4 L L4

EY (b) (@
Figure [-14: (a) A three-level, (b) five-level and (c) seven-level output waveform at
fundamental switching frequency. [26].

Multi-level inverters are generally categorized into three main commercial configurations:
[4] [5]:Neutral Point Clamped (NPC), Flying Capacitor (FC) and Cascaded H-Bridge (CHB) as

shown in Figure I-15.

Multi-level

Inverter Configurations

Multiple DC

Single DC source Soirces

Flying Capacitor
(FC)

Figure [-15: Block Diagram for MLI Configurations.

T -
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[.2.4.1. Neutral-Point-Clamped Configuration:

The neutral-point-clamped (NPC) configuration as shown in Figure I-16, o]
is a type of MLI configuration. In this configuration, the neutral point of the
DC source is clamped to a fixed voltage. This means that the output voltage
of the inverter is aimed to be balanced, even if the load is unbalanced [1]

[5]- The NPC configuration is one of the most common topologies for

medium and high voltage applications such as in variable-speed Figure I-16: Neutral point

drives. clamped inverter leg [2].

[.2.4.2. Flying Capacitor Configuration:

The flying capacitor (FC) configuration is another type of MLI
configuration, it is similar to NPC. In this configuration, the neutral point of
the inverter is not clamped to a fixed voltage. Instead, it is connected to a

flying capacitor as shown in Figure I-17. This means that the output voltage

of the inverter can be unbalanced [1]. The FC configuration is often used in

applications where a high-power density is required, such as in electric ~ Figure I-17: Flying

vehicles. capacitor inverter
[.2.4.3. Cascaded H-Bridge Configuration:

Cascaded H-bridge is a type of multilevel inverter that is made up of multiple ¥ }1 % ) %
H-bridge cells connected in series. Each H-bridge cell can produce three ] Jgi ),:E_ )
different output voltages: (-Vdc , 0 and +Vdc). The output voltage of the A

CaT -
cascaded H-bridge is the sum of the output voltages of all the H-bridge cells. . )H‘ )S‘
The number of output voltage levels in cascaded inverter is defined *J_ AN
by: m = 2s + 1 where s is the number of sources or cells, Figure 1-18 4 T }H‘ )1_1‘_.,

represent a basic cascaded H-bridge configuration with number of cells ~ /7gure [-18:Cascaded
H-bridge configuration.
s=3.

1.3. Modulation Topologies for 3-level Voltage Source Inverters:

Since the invention of semiconductor power switches, multiple modulation topologies have
been developed to control the power converters. Among these is pulse-width modulation
(PWM), which was first developed in the 1960s. PWM are classified under three different
categories (as shown in Figure 1-19) based on the switching frequency used, as 1) High
switching frequency, 2) Fundamental switching frequency PWM and 3) variable frequency
modulation techniques [6] [7].

13
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4 N

Pulse Width Modulaation
Topologies

High switching Fundamental
Frequency switching Frequency

Variable switching
Frequency

Bipolar Pulse Unipolar Pulse E'.S.e;::.fivePFl'rmwith Figure I-19: Block diagram
id'rh Modulatio Width Modulati UNAC N aeav! represent PWM Topologies.
Modulatio /

[.3.1. Pulse Width Modulation signals:

Figure I-20 represents the main characteristic of PWM, PWM is a technique for generating
a variable-width pulse train from a fixed-frequency clock signal. The width of the pulse train
is modulated according to a reference signal. The duty cycle is the ratio of the pulse in ON
state (Ton) to the period of the clock signal T. A duty cycle of 50% means that the pulse is
High for half of the period [8], in this case a rectangular waveform is generated. The duty

cycle can be adjusted to control the average power delivered to the load [7] .
Xoltages ier signal
1 3 " -

: : . - , Time
Sampling? | Co | I
time : ; : : :

P> Time

N | f
2xT: 3xT: 4xT: 5xT:

Figure I-20: Figure show PWM characteristics

To generate PWM gating signals, a reference signal, a carrier signal, and a comparator
are needed. The maximum amplitude or peak value of the reference and carrier signals are
denoted by V; peqx and Vi peqk, respectively. Their frequencies are denoted by f.and f,
respectively. The ratio of V; pear t0 Ve peak is known as the modulation index or amplitude

Vi peak
modulation index, M : M, = Pz
Vc,peak

1 L
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The ratio of f.to f; is known as the frequency modulation index, mf: mg = ffL
T
The PWM gating signals are generated by comparing the reference signal to a triangular
carrier signal. When the reference signal is greater than the carrier signal, the comparator
outputs a high pulse. When the reference signal is less than or equal to the carrier signal, the
comparator outputs a low pulse. The width of the pulses is determined by the modulation

index [8].

[.3.2. Sinusoidal Pulse Width Modulation:

Sinusoidal pulse width modulation or SPWM is the most common used method in motor
control and inverter application [3] [9]. It is a modulation technique that uses a sinusoidal as
areference signal to generate a pulse width modulated (PWM) signal. The PWM signal is then

used to control the switching of power semiconductor devices in the inverter.

In the case of a half-bridge inverter, two switching signals are required to control the two
power semiconductor devices S1 and S2. from Table I-2 it is possible to notice that S; = S, in
both conducting states [1], The upper switch S1 is controlled by the SPWM signal from the
comparator, while the lower switch is controlled by the logical inverse of the SPWM signal.
This ensures that the two switches are never turned on at the same time (because that would
create a short circuit.) therefore the output is a two level SPWM signal (-Vdc/2 and +Vdc/2).

In the case of an H-bridge inverter, four switching signals are required to control the four
semiconductor devices. The two switches on each leg are controlled in the same way as the
switch in a half-bridge inverter. However, the two upper switches must be carefully

synchronized to ensure that the desired output voltage is well generated.

15
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The two types of SPWM signals that can be generated by an H-bridge inverter are bipolar

SPWM and unipolar SPWM [1] [3] [10] as
- Su1 S12 S21 S22
shown in Figure I-21. S o 1 1 0 -Vae 0°
g 1 0 1 0 0 90°
E 1 0 0 1 Ve 180°
e  Bipolar SPWM is generated when S;; I ! L = L L 270°

is the logic-inverse of S,; (i.e  S;; = S,; ) this
) ) Table I-5: H-Bridge state table
will generate a two level SPWM signal (-Vdc and
+Vdc) [1] as shown in Figure I-21 and illustrated in Table I-5.
e  Unipolar SPWM is generated when S;; is leading S,4 by 180° as described in Table I-5,
this will generate a three level SPWM signal (-Vdc, 0 and +Vdc) as shown in Figure I-21,
this is named Unipolar SPWM because in positive half cycle only levels (+Vdc, 0) occur

while in negative half cycle only signal (-Vdc, 0) occur [8].

w| Bipolar-SPWMY

nte ARANNL 1N00_©
Ubtiilutuureed uggl =

LI [l

Figure [-21:Bipolar and Unipolar SPWM waveform of Three-level inverter.

Harmonics and THD: In multi-level inverters the output of the DC/AC inverter actually

looks more like staircase signal and not ideal sinusoidal because it contains harmonics [11],
which are frequencies that are not present in the original sinusoidal waveform and that are
integer multiples of the fundamental frequency. Harmonics can cause problems such as noise
and vibration. However, the staircase signal has several advantages over the square-wave
inverter, such as lower voltage stress and reduced switching losses [2].

THD is a ratio that can be calculated to deduce whether a signal is close to a pure sine wave
or not, it is calculated as the ratio of the RMS value of the harmonics to the RMS value of the

fundamental frequency:

B /RMS of harmonic components2 — RMS of fundamental component?2

THD @

RMS of fundamental component
A lower THD value indicates a signal that is closer to a pure sine wave. A signal with a low

THD value is more likely to be a pure sine wave than a signal with a high THD value.

16
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[.3.3. Selective Harmonic Elimination Pulse Width Modulation:

SHEPWM is a modulation technique mainly used to eliminate any number of harmonics,

including the lower-order harmonics that are most harmful to power quality. It can also be

used to reduce the switching frequency, which can improve the efficiency of the inverter.

Historically, SHEPWM was proposed in the early 1960s, when it was found that low order

harmonics could be suppressed by adding several switching angles in a square wave voltage.

Years later the idea was extended by Patel and Hoft [12]using Fourier series to

mathematically express the harmonic contents of a PWM waveform as follows:

Vout 2N chops per half-cycle

+Vae -5-- reeree b et ————————

0 4

R
Ol Oy oo Oy | Oy Ol Oy

Vo b 2N N N2 2.

Figure I-22: Generalized three-level SHE PWM waveform. [12]

— ot

Figure 1-22 represents the generalized three-level SHEPWM waveform where N is the

number of switching angles per quarter-cycle. The output waveform is assumed to be odd

quarter-wave symmetry, therefor the dc component and the even harmonics are equal to

zero and the Fourier series of the three-level SHEPWM can be written as:

Vout (@t) = Z a, sin(nwt) (b)
n=1
Where:
4V
ay = — ;C Z (—1D*** cos(nay,), for n odd (©)
k=1

N is the number of switching angles per quarter.

apis the switching angles, which must satisfy the following condition: 0 < a; < a; < ...ay < g

E is the amplitude of the dc source.

and n is the harmonic order.

17
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The above equation results a group of nonlinear and transcendental equations of the

harmonic components:
cos(ay) — cos(ay) + cos(az) — ...+ cos(ay) = %m (I-1)

cos(3a,) — cos(3a;) + cos(3az) — ... ¥ cos(Bay) = 43V—nh3 (1-2)
dc

cos(5a,) — cos(5a;) + cos(5a3) — ... ¥ cos(5ay) = 45V—nh5 (1-3)
dc

cos(Na;) — cos(Nay) + cos(Na3) — ...+ cos(Nay) = 4Nv—nhN (I-N)
dc

To control the amplitude of the fundamental component, the modulation index in the above
set of equations, m is given. According to the above nonlinear system, N-1 harmonic can be
eliminated from the output waveform by setting equations (I-2) to (I-N) to zero., therefore,

N nonlinear equations will be set up as follows:

_ /s
cos(ay) — cos(ay) + cos(az) — ...+ cos(ay) = 7"

cos(3a;) — cos(3a;) + cos(3a3) — ...+ cos(3ay) =0

cos(5a;) — cos(5a;) + cos(5a3) — ... F cos(5ay) =0

cos(Na;) — cos(Na;) + cos(Na3) — ...+ cos(Nay) =0

The switching angles are calculated by solving the above equations. The challenge of
SHEPWM is solving nonlinear equations using the best technique. In overall, with the help of
Fourier series THD of the output signal can be eliminated by calculating the value of 2N firing

angels that make the first 2N-1 harmonics of the signal equal to zero [12].

There are several optimization algorithms such as Newton-Raphson, PSO algorithm
Genetic Algorithm (GA), Moth Flame Optimization (MFO) [11] etc. can be used for efficiently
solving the nonlinear system of equations , however solving such equations is not in the
objective of this project, therefore a set of solution have been taken from references [13] [12]
[14] and , compared and tested in MATLAB® then use the best solution (less THD) in the
implementation of the FPGA-Based SHEPWM controller.
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[.4. Overview of Real Time Simulation:

Real-time simulation (RTS) refers to a computer simulation of a physical system that can
run at the same rate as real time. In other words, the computer model operates at the same
rate as the real physical system [15], For example, if a tank takes 20 minutes to fill in the real
world, in the simulation would also take 20 minutes. RTS is used whenever there is an

interaction between a system operating at real-world speed and a model.

Real-time simulation is common in computer games, but it is also important in the
industrial market for operator training and offline controller tuning. Computer languages
such as LabVIEW, SolidThinking Embed, and Simulink enable the rapid creation of real-time

simulations.

. Some commercially available HIL simulators [16]:

e Nvidia: Nvidia HIL simulators are primarily used for the development of driver
assistance systems and autonomous driving functions. Using a GPU, a 3D model of
the road and environment is calculated, like a racing game on a game console.

o  dSPACE: The larger real-time simulators are typically based on a combination of
Intel Xeon and FPGA processors. The Model development is performed in
MATLAB/Simulink with proprietary libraries for interface definition, while
manufacturer-specific software provides the user interface for control and
visualization. dSpace systems are widely used in the automotive sector.

e  OPAL-RT: Intel Xeon processors are often used in combination with FPGA boards,
and similarly, like the simulators from dSPACE, application-specific systems can be
created. The development environment is also MATLAB/Simulink, which also
serves as the user interface. Manufacturer-specific software is also used for
visualization. OPAL-RT real-time simulators are mainly used in the energy industry
and in power electronics.

e  Typhoon HiL: FPGA in cooperation with coprocessors, for software-side there are
proprietary models with interfaces and integration possibilities for
C/Python/MATLAB programs.

e  PLECS: RT-Box, Xilinx Zynq System-on-Chip with FPGA and multiple CPU cores,
software-side solved by MATLAB® connection with additional proprietary add-on

libraries or with completely independent software.

e  Micronova: Various systems for simulating vehicle components, solutions for
electrified drives are available.

e Siemens: Siemens are often used in industry. The company's newer products
include the virtual commissioning of fully industrial automated production lines

including extensive software libraries.

Real time simulation can be classified into:
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1.4.1. Model-In-The-Loop simulation:

Model in the Loop (MIL) is the simulation of an embedded system in an early development
phase of modeling in the field of model-based software development. Embedded systems
communicate with their environment and often expect sensor signals as input and then
stimulate the physical system. In order to function properly, the environment of the
embedded system must be simulated. If the embedded system (model) is now simulated in a

loop together with the environmental model, this is called Model in the Loop Simulation. [17]

MIL is a cost-effective way to test algorithms for embedded systems. Development and
simulation environments for model-based development are, for example, MATLAB/Simulink,

PLECS, Dymola, ASCET or the free software Scilab/Xcos.

MIL is typically used in the early stages of embedded system development. It can be used
to investigate specified model behaviors. Data collected during MIL simulation helps to
validate that the model behaves as expected and can even be used for reference during the
next design and testing phase i.e. in later stages, the system may be tested using Software in
the Loop (SIL), Processor in the Loop (PIL), or Hardware in the Loop (HIL) simulations. These
simulations are more complex than MIL, but they provide a more realistic test of the system's

performance.

[.4.2. FPGA-In-The-Loop simulation:

FPGA-in-the-loop (FIL) simulation provides the capability to use soft simulation platforms
such as MATLAB® or Simulink® software for testing designs in real hardware for any existing

Hardware Description Language (HDL) code.

Host FPGA

Pt-to-Pt

MATLAB Ethernet
Simulink

Figure I-23: Diagram represent the communication in FPGA-In-The-Loop block [40]
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In MATLAB® for example, the FILSimulation System object™ can be used to connect an
FPGA execution to a MATLAB®test bench. It does so by applying input signals to and reading
output signals from an HDL model running on an FPGA. This object can be used to model a
source or sink device by configuring the object with input or output ports only. The HDL code
can be either manually written or software generated from a model subsystem, All Device
Under Test (DUT) I/0s are routed to Simulink through the FIL communication logic as it can

be observed in Figure 1-23.

1.4.3. Rapid Control Prototyping:

Rapid control prototyping (RCP) is a test and development methodology used to accelerate
the design process by using model-based design from an RCP platform to test a control
strategy on physical hardware i.e. implement a simulated controller early in the design
process to test the physical hardware as illustrated in Figure [-24. RCP typically involves the

following steps:

e  Design a control strategy for the system.

e Implement the control strategy on a rapid prototyping platform.

e  Connect the RCP platform to the physical system and send the control signals to the
physical system.

e  [terate the design process as needed.

RCP can help to improve the quality of a control system and allows for greater flexibility in
the design process, as it is possible to quickly experiment with different control strategies by

ensuring that it is well-tested and executed.

ACTUAL DRIVE &
MECHATRONIC SYSTEMS

WORKSTATION REAL-TIME SIMULATOR
— (Simulated Controller)

- Model Edit « CPU Computing
= Real-Time control
& viz n
- Para

= Data acquisition

al processing
cation

Figure I-24: Schematic representation of RCP [28]
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1.4.4. Hardware-In-The-Loop simulation:

Hardware in the Loop (HIL) is a procedure in which an embedded system (e.g., real
electronic control unit) is connected to a real time simulator via its inputs and outputs and
test the controller on simulated environment, as illustrated in Figure I-25, the HIL simulator
serves as a replica of the system's real environment. From the perspective of testing, HIL is a
method for securing embedded systems, supporting development, and commissioning
machines and plants early on. If the target controller is not used and only a simulation of the

software is performed, this is referred to as Software in the Loop (SiL) [15]

WORKSTATION REAL-TIME SIMULATOR ACTUAL SYSTEM

Controllers, Protective Relays

Figure [-25: Schematic representation of HIL. [22]

1.4.5. Software-In-The-Loop simulation:

In contrast to Hardware in the Loop (HIL), no physical hardware is used in the Software in
the Loop (SIL) method [18] as graphically explained in Figure I-26. The original controller
code is written into a file using an automated coding process, typically a Dynamic Link
Library (DLL). This DLL can be embedded in an environment model in a simulation tool (e.g.,
MATLAB® and Simulink®). The DLL is then tested in the purely virtual model world. Unlike
the HIL method, no real controller is required. SIL makes it possible to test software prior to
the initialization of the hardware prototyping phase, significantly accelerating the

development cycle.

WORKSTATION REAL-TIME SIMULATOR
— (Simulated Controller)

= Model Edit « CPU Camputin
ca -

hu
- Real-Time data acquisition

Figure I-26: Schematic representation of SIL. [22]
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SIL simulators do not run in real time, and the simulation can be paused at any time for
debugging. Hardware-related runtime problems or variable overflows that occur on the real

controller can hardly be detected with SIL simulations.

Other advantages of SIL include the fact that the target hardware does not have to be set
yet, and that the costs are much lower due to the lack of a real simulation environment. The
simulation model used here can also be used in subsequent HIL simulations, which allows

the individual test runs to be compared with each other.

1.4.6. Power-Hardware-In-The-Loop simulation:

Power Hardware-in-the-Loop (PHIL) simulation represents a natural extension of HIL, in
which the real-time simulation environment can exchange not just low-voltage, low-current
signals, but the power required by the Devices under Test (DUT). To bridge this gap, power
amplifiers are inserted between DUTs rated for higher power and the low-level simulator
I/0s, all while providing the necessary feedback to properly close the loop as it can be
observerd in Figure I-27. Power amplifiers are selected for user applications based on their
closed-loop performance and ability to generate and absorb power. PHIL also allows the
simulation of higher power flows between DUTs, as well as with the simulated electric circuit
running on the simulator. This capability enables engineers to test multiple systems,
including power converters, generators, motors, and PV loads, while also benefiting from

high-fidelity simulation that provides greater flexibility and safety than typical analog

benches and dynamometers.

ACTUAL SYSTEM

PV, Wind Farms, Motors, Loads,

| Controllers, Protective relays

WORKSTATION REAL-TIME SIMULATOR POWER AMPLIFIER

A

SENSORS .<

Figure I-27: Schematic representation of PHIL [22]
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L.5. Conclusion:

This chapter dealt with the main theoretical background that has been used in the
implementation of this project. Starting with the main inverter topologies and inverter
modulation techniques, then passed to the most real-time simulation technologies used in
research laboratories and industry. Power electronics systems on large ships act as
multimegawatt microgrids, powering propulsion and all other onboard electrical equipment.
These systems often require multimillion-dollar investments and a year or more to build. As
a result, engineering teams that develop the control software often lack access to feature-
complete hardware until late in development. For that reason, semi physical simulation has

become popular these last years.

In this project, an H-bridge topology has been constructed as the simulated environment
using HIL Simulink and Opal-RT simulation tools to test the implemented FPGA-based

inverter controller.
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[I.1. Overview:

In this chapter we will describe the hardware used in the HIL simulation, we also discuss
the simulation setup and the results of the MATLAB® simulation, Early in last year, a group
of electrical engineering students designed an industrial H-bridge PWM inverter for research
purposes, the power semiconductor switches (Industrial High frequency MV IGBT modules)
used in their design where very expensive modules therefore Rapid Control Prototyping was
used to control and test the functionality of the designed H-Bridge inverter, Despite being
fully operational, the finished product was not ready, the designed inverter needs a real
control unit. The objective of this project is to implement an FPGA-Based control unit for
inverter’s High frequency semiconductor switches, In addition designing a functional PWM
control circuits (using Bipolar PWM, Unipolar and SHEPWM) using VHSIC Hardware
Description Language (VHDL) Then upload and run the circuitin DE2 Field Programable Gate
Array Board then test its functionality using OPAL-RT HIL simulation tools and compare the
results with simulated results before test the controller in real hardware. The results of the

HIL simulation as well as the VHDL design are discussed in the next chapter.

I1.2. FPGA:

FPGA, which stands for Field Programmable Gate Array is a type of integrated circuit
that can be programmed or reprogrammed after manufacturing its architecture that consists
of an array of programmable logic block that can be configured to perform various digital
functions, these logic blocks can be configured to perform complex combinational functions,
or act as simple logic gates like AND and XOR, they can be seen as Lego basic block that we
can use to build several digital circuits . In most FPGAs, logic blocks as shown in Figure II-1
also include memory elements, like simple flip-flops or more complete blocks of memory
[19]. FPGA configuration is made using a hardware description language (HDL) namely

Verilog or VHDL (Very High- /~ carry in clk ~

Speed Integrated Circuit '

Hardware Description Saut
7

Language), Many FPGAs can . ; -{ 3LUT ~ |—|) 'erEt— i

be reprogrammed to |4

implement different logic ! |Ogic cell:

functions, allowing flexible cany out clk

reconfigurable computing | figure //-1: Simplified example illustration of a basic logic
cell in FPGA [19] y

as performed in computer

software.
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In this project, we used the Altera DE2 standard board containing the Cyclone Il FPGA chip.

I.3. Altera Cyclone Il DE2 Field Programable Gate Array Board:

DE2 is a Development and Educational board conceived for the practical implementation

of digital and mixed-signal circuits, even quite complex ones. It includes several [/0 devices

and interfaces, from simple ones (switches, pushbuttons, LEDs, seven segment displays) to

complex devices (LCD matrix display, Ethernet network interface, USB 2.0, SD memory cards,

analog audio 1/0, analog video input, VGA video output ...etc.) [20]. The core of DE2 is an

FPGA, composed of more than 30.000 Logic Elements (LE). DE2 may host simple

introductory projects, and sophisticated ones that may include one or more microcomputers

[20]. Figure II-2 represents DE2 Board top view.

27Mhz Oscillator
Audio CODEC
Power ON/OFF Switch

USB Host/Slave
Controller

Altera USB Blaster
Controller Chipset

Altera EPCS16
Configuration Device

Switch between JTAG
/Normal Mode(RUN)
and AS Mode(PROG)

LCD 16x2 Module

7-SEG Display Module

9V DC Power USB
Blaster USB USB Mic Line Line Video

Supply
Connector

Ethernet
10/100M
Port

RS-232

Port Device Host In Out In In VGA Out Port

|l F This iz NIOS ITH
Hice to See V,’

18 DPDT
Switches

18 Red
LEDs

8Mbyte 512 Kbyte 50Mhz 4 Push-bouutn 8 Green LEDs
SDRAM  SRAM Oscillator ~ Switches

Figure II-2: DEZ Board Top View [35].

[1.4. 0P4510 RCP/HIL Real Time Simulator:

[1.4.1. Overview:

RS2 Port

VGA 10-bit DAC
Expansion Header 2 (JP2)
(with Protection Diodes)

Expansion Header 1 (JP1)
(with Protection Resistors)

Ethernet 10/100M Controller
TV Decoder(NTSC/PAL)

Altera 90 nm Cyclone Il
FPGA with 35K LEs

SD Card Connector

1Mbyte Flash Memory
(upgrable to 4 Mbyte)

IrDA Transceiver

SMA Ext Clk

OPAL-RT TECHNOLOGIES is the leading developer of open Real-Time Digital Simulators

and Hardware-In-the-Loop testing equipment for electrical, electro-mechanical and power

electronic systems. OPAL-RT Simulators are used by engineers and researchers at leading

manufacturers, utilities, universities and research centers around the world.
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OPAL-RT offers a wide range of simulator platforms as shown in Table II.1 to meet all current
industry needs and forthcoming challenges. All simulators are based on a modular and

flexible design and are fully customizable and expandable for specific I/O requirements. [21]

[22].

Table II-1: Simulator Platforms Comparison [23].

RT-LAB, RT-LAB, RT-LAB, RT-LAB, RT-LAB,
eFPGASIM HYPERSIM, HYPERSIM, HYPERSIM, HYPERSIM,
eMEGASIM, eMEGASIM, eMEGASIM, eMEGASIM,
ePHASORSIM, ePHASORSIM, ePHASORSIM, ePHASORSIM
eFPGASIM eFPGASIM eFPGASIM
ARM INTEL XEON INTEL XEON INTEL XEON INTEL XEON
E3 E5 E5 E5
2 4 4,8,16 or 32 4,8,16 or 32 4,8,16 or 32
ZYNQ Kintex 7 Spartan 3 Virtex 7 n/a
(7030) (325T) (485T)
4 4 8 8 n/a
128 128 256 256 n/a

11.4.2. Op4510 Simulation Platform:

The OP4510 as illustrated in Figure II-3 and Table II-
1 is an entry-level simulator that contains an FPGA

carrier, which can accept four standard OPAL-RT

mezzanine boards [24], contains two digital and two
Figure II-3: OP4510 Top view

[25].

analog boards in addition to the RS422 signals, these
mezzanine boards interface using a DB37 connector at
the back of the chassis as shown in Figure II—4.Q, OP4510 has arear and a front interface as

presented in the next Figures and their elements are described in Table II-2 and Table II-3:

Figure II-4 illustrates the OP4510 Components (back view): [25]
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Table II-2: OP4510 Components (back view)

O 0 W

DB37 connectors for digital or analog inputs and outputs.

This section contains a blank plate; however, several options are available.
Standard computer connectors (left to right): Serial (COM) port, IPMI, USB
ports*, network ports**, monitor (VGA)

Connector availability depends on the expansion option

Figure II-5 illustrates the OP4510 Components (front view) [25]

sl TECHNDLOGIES

OPAL-RT .m;

[————— ]

orP4510

RT-LAB-RCP/HIL SYSTEMS

(0]

Figure II-5: OP4510 V2 Front Interface. [25]

Table II-3: OP4510 Components (front view)

B
C
D

Small form-factor pluggable (SFP) module connectors provide four high-speed
communication links between other FPGA simulators or third-party devices.
Each socket controls one communication link. SFP transceivers and fiber optic
cables must be selected (and purchased separately) according to the type and
speed of the communication protocol.

JTAG connector (for OPAL-RT technicians’ use only) [24].

Synchronization connectors status, and user-configurable LEDs

Target computer monitoring interface. Two pushbuttons and six LED indicators

The OP4510 contains four Intel Xeon E3 processing cores, and comes with a custom-

designed Linux operating system, providing the best real-time performance on the market.

The OP4510 also provides the option of user-programmable /0 management, handled by a
fast Xilinx® Kintex®-7 FPGA.
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In general, the simulator (target simulator) is connected to a computer (host computer) as
illustrated in Figure II-6 via ethernet cable with TCP/IP communication protocol. The host
computer is supposed to send and control the model, display the graphical results, and
receive or read the stored simulation results files in the simulator and some other functions.
While the target simulator is supposed to load, build and run the model, during simulation
the simulator can store the data without affecting the simulation operation’s results and at

the end it sends the file to the host computer.

/ Host Computer \

Target Simulator

phical interface

4 —@del control
8
———@talogglng control

\ngre 11-6: Target Simulator to host computer connection. /

Pawer systems model

Phisical models

[1.5. MATLAB® and Simulink® Software:

MATLAB® is a popular software tool for
modeling and simulating dynamic systems from
MathWorks® (as shown in Figure II-7) while A Mathworks®
Simulink is a MATLAB-based graphical Figure II-7: MathWorks® Logo. [40]
programming environment developed for
modelling, simulating and analyzing dynamical systems. Its primary interface is a graphical
block diagramming tool and a customizable set of block libraries. It offers tight integration
with the rest of the MATLAB® environment. Simulink is widely used in automatic control and

digital signal processing for multidomain simulation and model-based design. In this project

Simulink is used for building and simulating the model circuits.

I1.6. Description of the simulation setup:

As mentioned in the theoretical chapter, before moving to HIL, we first implemented an
MIL simulation. In this project, the DUT is the three-level inverter's control unit. The testing

environment of this DUT contains a single-phase H-bridge inverter, a load, and wire
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connections. Therefore, we first implemented a model for the environment (load and H-
bridge inverter) and then a model for the DUT, as mentioned previously; a three different
PWM controller circuits were designed and tested: Bipolar Sinusoidal PWM, Unipolar
Sinusoidal PWM and Selective Harmonic Elimination PWM, the first circuit that have been
implemented was the Bipolar SPWM since it is the simplest SPWM modulation circuit, after
getting the results we improved the project by designing other complex SPWM controlling
circuit which are Unipolar SPWM then SHEPWM.

We used MATLAB/Simulink simulation tools to perform the MIL simulation in this chapter.

The results of the MIL simulation were used as a reference for the hardware-in-the-loop
(HIL) simulation.

I1.7. The Single-Phase Full Bridge Inverter Model:

To modulate the H-bridge inverter for the MIL simulation, we used the Simulink Blocks, for
the switches: we used ideal switch Blocks from the library Simscape, for the load: we used
three different loads that have different values as following : Load 1 is R=100Q as for Load_2
is R=33(), L=10mH and Load_3 is L=100mH R=33(), as shown in Figure II-8.

[ _mz,_%_qﬂu_

Series RL Branch2

B

Series RL Branch

=g

R Load

L
Voltage Measurement

Figure II-8: Full Bridge Inverter Simulink Model. e

[1.8. MATLAB® Simulation and Results:

The inverter model in Figure 1I-8 has been controlled using three different modulation
strategies, the four impulse signals generated from the controller are applied to the gate
input of each switch using (FROM/GOTO) blocks from Simulink library, more about the

structures and results are described in the following:
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[1.8.1. Bipolar SPWM structure:

As mentioned in the theoretical chapter SPWM m@m

require a reference of a sinusoidal signal and a A D
sawtooth signal as a carrier, in addition Bipolar @— :EF*D

SPWM signals in H-bridge switches need to be as e -~ ‘@m_«
follow: S;; = S;,and S,; = S,,. To obey these
conditions, we used Simulink comparison block to
compare between the refence signal from the Figure II-9: ijo]a

control circuit blocks.

Simulink’s sine wave generator block and the
sawtooth generator as shown in Figure II-9, we set

Vr,peak

the modulation index m, to 09 Mmg, = = 0.9 , the frequency of the

Vc,peak

carrier is f, = 20kHz and the frequency of the refence is f,. = 50Hz.The modulation

20kHz
50Hz

=400

frequency index is my =

The output of the scope in figure II-9 is observed in Figure II-10 which represents the
expected gating signals. As we can see in Figure I1-10, the duty cycle of S11and S22 is
proportional to the reference signal, contrary to S12 and S21 which is inversely proportional
to the reference signal These values have been saved as a reference to compare them with

the output of the real FPGA-Based controller.

(hrrlerand Relemnce signals

[FIIP LT

0 0002 0(!06 0008 0012 OOH 0016 0018 0.02

Low
0.006 0.008 0.01 0012 0014 0016 0018 0.02

Volts
o

S11 and S22 Signals
T

0 0.002

$12 and S21 Signals
T

U

0006 0.008 0.01 0012 0014 0016 0018

HIGH

Low

0,002

Figure [I-10: The Control Slggr:;}; for bipolar SPWM inverter.
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The results: after running the Simulation we obtained the results as shown in Figure II-11,

due to the high switching frequency, some output signals appear as a rectangle, we calculated

their mean value which is inserted and shown in red. the mean value of the output voltage is

similar to the reference voltage for the different loads. The THD of the output voltage is high,

equal to 121.35% for all different loads, however, the THD of the output current is different

for the loads with inductive values and is equal to 23.71% for the lower inductance value,

and 8.90% for the high inductance value.
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Figure II-11: Results of MIL simulation with Bipolar SPWM controller using Simulink

I1.8.2. Unipolar SPWM structure:

For Unipolar SPWM signals in H-bridge switches S;;signal need to be leading S,; by 180°

and S;; = S;; and S,; = S,,, these conditions can be satisfied by using two sinusoidal

references, reference 1 for S;;'s leg

signal s

S,1 ' s leg by 180°then compare each
reference to a 20kHz sawtooth signal
generated from a Simulink generator
block as a carrier signal as shown in
Figure 1I-12, we set the modulation

index m, to 0.9 and the modulation

frequency

20kHz
50Hz

index ms to 400: ms =

leading reference 2 for

50Hz Sine Wave

50Hz Sine Wavel

Uy

1L

Scope_1

GreaterThan
Block1
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NOT

»{ [S11]

3
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Block.
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Figure [I-12: Unipolar SPWM control circuit blocks.
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The output of the scope in Figure 1I-12 is observed in Figure II-13 As we can see the duty
cycle of S11and S22 is proportional to the red reference signal, contrary to S12 and S21 which
is proportional to the blue reference signal, these values have been saved as a reference for

the output from the real FPGA-Based controller.
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Figure II-13: The Control signals for Unipolar SPWM inverter.

The results: Figure II-14 shows the obtained results, the unipolar SPWM allows the
appearance of a third voltage level and is necessary for a three-level inverter using an H-
Bridge inverter. The overall THD is lower the bipolar strategy, reaching 63.28% and as
always, the loads with inductive component, shows better results for the THD of the output
current, 13.5154% and 3.7%, these results were saved as reference for next HIL simulation.
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Figure [I-14: Results of MIL simulation with Unipolar SPWM controller.
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[1.8.3. Selective Harmonic Elimination PWM structure:

As mentioned in the theoretical chapter, SHEPWM output is chopped N time every half

cycle, thus, to generate SHEPWM output signal 2N switching angles (or firing angles) need to

be defined. The challenge in SHEPWM is to solve the set of non-linear equations, in this

project we set N=5, we used numerical methods to solve the set of five equations then

compare our result with reference

[26]

and finally use the suitable results,

Figure II-15 (a) is a graph represents calculated Firing Angels versus Modulation Index.

and graph (b) represents Modulation Index versus THD values. We can observe that the

minimum THD value is at m=1.022 with THD=47.85%. therefore, we will use its Firing angles

values in the rest of the simulation because this value is more suitable than the one in [26].
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For SIMULINK simulation to
create and generate the control
signals that feed the gates S11, 512,
S21, S22 we used the obtained
firing angles as reference and
compare each with sin wave
carrier, the output of comparison
is summed together to obtain the
SPWM control signals as seen in

Figure II-16
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Figure II-15: Graph represents the data obtained after solving the firing-angles equations
a) Graph represent calculated Firing Angels versus Modulation Index.

b) Graph represents Modulation Index versus THD values
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Figure II-16 SHEPWM control circuit blocks.
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The output of the scope in figure I1-16 is observed in Figure II-17, As we can see in Figure
[1-17, the signals S11and S22 reflect the positive part of the reference waveform while S12
and S21 reflect the negative part of the waveform. which represents the expected control
signals, these values have been saved as a reference for later.
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Figure II-17: The Control signals for SHEPWM inverter.

The results: Figure I1-18 shows the obtained results of the simulations, this technique
allows the voltage’s THD to reach 47% and the current’s THD to reach 3,4% when the
inductance value is 10mH.
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Figure II-18: Results of MIL simulation with SHEPWM controller.
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I1.9. Hardware Setup of The Experiment:

The next step is to generate real gating signals using FPGA board. These days most small
and medium-sized three-level inverters’ switching frequency is more than 10 kHz [41]. If we
want to carry out accurate and real-time hardware-in-the-loop simulation test, the
simulation based on CPU cannot meet the requirements, while the simulation based on FPGA
is needed, the minimum simulation step length is 2us [42] which can easily be generated by
FPGAs, after generating these real-time signals we used the oscilloscope as shown in Figure
[1-19 to test and compare the output  signals with the MIL results that were presented

earlier in this chapter.

Figure 1I-19: Testing FPGA output using oscilloscope.

After testing the controller’s output, the hardware setup shown in Figure I1-20 for HIL
simulation has been adopted: as mentioned previously we used op4510 as the Real-time
simulator, we used a standard computer as host, we used FPGA as a programable chip to

design the controller of the three-level inverter,
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We used standard jumping wires to connect the output of the controller to the simulator,
the controller basically will generate PWM signals therefore we used the DB37 digital inputs
in op4510 as shown in Figure II-4. The DB37 digital inputs pins theoretically consider the
signal between 5 to 22 volts as High voltage level but in practice it detects 2 volts and

consider it as digital High voltage level.

——

&% =il 4 "?'-_
AR E—

Rerioea sy .

' s '

e o ——— (35l

FPGA

connections

OP4510
e —

Figure [I-20: The Final Hardware Setup of the experiment.

The cable connection shown in Figure II-20 is presented in Table I1-4 also it is clear shown

in Figure 11-21:

cccccc

Figure [I-21: the cable connections of the OP4510 and DEZ Board
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Table II-4: Pin connections of the OP4510 and DEZ Board

DE2 Board Pin

OP4510 pin

GPIO_1[0], PIN_K25
Gnd
GPIO_1][2], PIN_M22
Gnd
GPIO_1[4], PIN_M19
Gnd
GPIO_1[6], PIN_N20
Gnd

Slote A, CH8+
Slote A, CH8-
Slote A, CH9+
Slote A, CHO-
Slote A, CH10+
Slote A, CH10-
Slote A, CH11+
Slote A, CH11-

[1.10. Conclusion:

This chapter has dealt with the main hardware used for the implementation of this project.

The devices are available at the electronic laboratory of the Direction Centrale Recherche et

Développement (DC-RD) Boumerdes.

In this chapter we presented: MATLAB and Simulink, this software was used for the

realization of MIL.

In this chapter we presented: the results of the MIL simulation that were used as reference

for the next HIL implementation in this project.
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[II.1. Overview:

In this chapter we will describe the software used in the HIL simulation, we will also discuss
the results of the HIL simulation as well as the VHDL design of the three controllers design

that we implemented and highlight the best design base on the results.

[11.2. Quartus II:

The Altera Quartus II design software is a multiplatform —
design environment that easily adapts to your specific \Q
needs in all phases of FPGA and CPLD design. Quartus II \.\.
software delivers the highest productivity and
performance for Altera FPGAs, CPLDs, and HardCopy ASICs
(Application Specific IC) [27]. Figure I1I-1: Quartus Il Logo [37]

QUARTUS'II

Quartus II software delivers superior synthesis and placement and routing, resulting in

compilation time advantages. Compilation time reduction features include:

e  Multiprocessor support.
e  Rapid Recompile.
e Incremental compilation.

The design can begin as HDL or a schematic. The MegaWizard™ Plug-In Manager helps
creating or modifying design files that contain custom megafunction variations, which can
then instantiate in a design file.

In Quartus Il it is possible to perform functional and timing simulation of design with the
ModelSim-Altera Edition software, or any EDA simulators supported by Quartus II software.
The Quartus II NativeLink feature allows to run third-party simulator and other EDA tools

from within Quartus Il software [27]. Figure I1I-1 shows Quartus II's logo.

[11.3. RT-LAB Software:

RT-LAB is OPAL-RT’s real-time simulation software
combining performance and enhanced user experience. Fully

integrated with MATLAB/Simulink, RT-LAB offers the most

Figure III-2: RT-LAB Logo [38]

complex model-based design for interaction with real-world

environments. It provides the flexibility and scalability to achieve the most complex real-time
simulation applications in the automotive, aerospace, power electronics, and power systems
industries. RT-LAB handles everything, including code generation, with an easy-to-use
interface. any Simulink® model can become an interactive real-time simulation application

[28] [21] Figure III-2 shows RT-LAB’s logo.
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RT-LAB’s acquisition system acts like a virtual oscilloscope, by allowing the user to
visualize waveforms in real-time without glitches and data loss. It can run continuously or
based on user-configured triggers to capture specific events. Its core engine provides
accuracy and the bandwidth for the most demanding real-time applications with hundreds
of channels and microsecond precision. With the possibility of recording thousands of
measurement points, RT-LAB provides users with a complete data history. The format is
compatible with other simulation and post-processing software. These advanced acquisition
features are done without disturbing the real-time simulation and by keeping a maximal

availability for executing the user’s model [21].

[11.4. Description of The Software Setup:

In the software designing part, we used Quartus II for coding, compiling and synthesis
generation of HDL code, we used VHDL as hardware description language then we route, and
load the code to the FPGA.

To test the output and debug the VHDL code we used the oscilloscope as shown
in Figure II-3.

After checking that the signals behave as expected we connected the FPGA outputs to the
output ports of the OP4510 as shown in Figure 11-19

[I1.5. Building HIL. Model on RT-LAB
[I1.5.1. Overview

Building an HIL simulation in RT-LAB involves creating a model that includes Simulink
blocks, RT-LAB library’s blocks and respect some specific requirements. In general, Any
Simulink model can be implemented in RT-LAB, but some modifications must be made to

distribute the model and transfer it into the simulation environment.

Inport1

Outport La

Inport

Outport1 P{in

SM_Master SC_Consol

TCP/IP

Real-time Simulator E RT-LAB

Figure II]-3: Opal RT simulator’s model subsystems.
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Discrete
1e-05 s,
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Ss12 8s12
DC voltage Ss21 85521 Vde

YYY

» Load Select L Qutputt
Freg11 Freq11
Freq12 Freq12

SM_Hardware SC_Consol

A 4

Figure I1]-4: The top view of ourHIL OPAL-RT model.

In RT-Lab the model Top-view needs to be composed of subsystems, these subsystems
serve two purposes: separating computational blocks from graphical interface blocks and
assigning computational subsystems to individual CPU cores.

RT-LAB’s model consists of two types of subsystems: as shown in Figure III-3, a one that
contains the computational elements of the model, (named Master & Slaves) and a consol
subsystem that is used as a graphic interface subsystem.

The computation subsystem will be executed in real-time on the CPUs of Realtime simulator,
Each computational subsystem will run on different CPU, where Consol subsystem will be
displayed on the Host PC as illustrated in Figure III-3.

In top-view there must be only one Master subsystem but multiple Slave subsystems could
be added; depending on the number of targets in the model;
The data between the computational subsystems and GUI subsystem will be exchanged
asynchronously through the TCP/IP link [25].

The top view of our RT-Lab model is shown in Figure IlI-4, we used only the master

subsystem because we have only one target and it is sufficient to use only one CPU core.
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[I1.5.2. Designing The H-bridge model for HIL simulation:

In our case we used the same H-bridge model (the switches and loads): Load 1 is
R=100Q , Load2 is R=33Q, L_1=10mH and Load3 is L_2=100mH R=33Q, as shown in
Figure II-8, all inside the master subsystem, instead of using GoTo block we used the
OpInput blocks from RT-LAB library as shown in Figure I1I-5, these last calculates the
duty-cycle and the frequency of the signal received from the PWM digital input pins
of the op4510,

The duty-cycle values range from 0 to 1 maximum; to turn these values back to the
SPWM signal we are able to use multiple methods, the one that we used is to set the
duty cycles signals from OpInput blocks as a reference to SPWM and compare it with
sawtooth carrier that have the same frequency as the original SPWM signal coming
from the controller then perform the comparison to generate the SPWM signals as

shown in Figure III-5,

As mentioned previously we tested 3 different loads, to switch between them we
used an input-port to select the load easily during simulation from the console, also
there is another input-port to change the value of the supply’s voltage, all the inputs
of the subsystems need to be connected to OpComm block as shown in Figure III-5.

All the outport in Master subsystem (numbered from 1 to 9) where sent to Consol

subsystem as inputs and inside the subsystem they were connected to a scope

// >
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eeeee tor 1
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N I—I—:::I sez =
E— = |- b o T
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W= .
— ~ANN——
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Series R Load
e e
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Figure I1I-5: The design of the Master subsystem
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and to a ‘To File’ block to save their values as shown Figure III-6.

@ > » [:] L S11.mat
Ss11 S11
2) > > 350 ——»(1 )
S12.mat

Ss12 312 Vdc

- . ol J To File2
Ss21 S21
@ > > [:] 2
Ss22 S22 load select

» PpComm
%) "1 Acq = 1 "
c Display »(J

(\?L} > UL Vout.mat

- . > (] To File

iL

IL
]
p lout.mat

Freq11
(o) > S

a
@
=]
=t
X}

OpComm

Figure I1]-6: The design of the Consol subsystem

[11.5.3. The implementation of HIL simulation in RT-LAB:

After finish editing the model on Simulink we can run it off line this means without the

preset of the real time signals from the RT-LAB library blocks, when everything run without

errors we return to RT-Lab software then build and compile the model from the main

interface as shown in Figure III-7, after correcting the compilation errors we assign the

subsystems by selecting which target nodes each subsystem is executed, then we load and

execute the model in real-time, when our model and RT-LAB are running, we can interact

with our model by using the Simulink Console.

u RT-LAB v2024.1.4.47
File Fdit Navigate Search Simulation Tools Window Help
= | I=Project Explorer %
B+ 1 Torgets
& localhost <)
Double-click to discover largeis.
~ & Projet Hadjer
« 1 Models
= H Bridge inverter <Not assigned>
~ = /0 Interfaces

= QDAL RT Board

TRanels

% Progress

No operations to display at this fime.

CEFE I

B Dashboards 2. Assign the pins to target ystems.
@ Recorders Executing 3. Load the model to Op4510
(& Configuration {Defa [0 Set the exsgaetf®n properties.
data
© Load odel.
& project archive.zip expanded - © mode 4. Excute and start the HIL
& Create a new praject... bt o simulation
.
Int
by nsole in Simulink.
® =) View and edit variables in the Yariablos Table.

©  WOPAL-RT Board = H Bridge inverter

@ Overview

1. Build the model

MATLAB: R2018A
State:, Not Ioadable <Not assigned>
Description: Commande d un onduleur en pont H en HIL

Overview Development| Execution Varisbles Files Assianment Diagnostic| Harchware Simulation Tools

O D

ngre 111-7: RT-LAB main interface
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[IL.6. The Software designing Setup:

In the software designing part of the controller, we used VHDL as hardware description
language, we used Quartus II for coding, building, synthesis generation and loading the code
to FPGA board, for testing and debugging the VHDL code: first we plotted the output gating
signals on an oscilloscope as shown in Figure I1I-19 then compare it with the signals obtained
in MIL simulation, when we found similarity between the two waveforms we connected the
output signals from the FPGA to the input pins of the op4510 and start the HIL simulation
from the RT-LAB software.

[11.6.1. Bipolar Sinusoidal Pulse Width Modulation:

As mentioned previously, the goal is to generate a Bipolar SPWM control circuit for H-
bridge controller with

. — 20KHZ
f ™ soHz

=400  and  m, =2 =09
c,peak

we decided to build a Bipolar SPWM circuit similar to the one in Figure II-9 using VHDL,
both designs contain same elements: the final design contain four main components (blocks)

in top-level:

‘Clock_Divider’ (or inst_1), ‘STEP’ (inst_2), ‘LUT’ (inst_3) and ‘pwm’ (inst_4) as shown in
Figure I11-8, we divided the system into four sub-blocks to simplify the design and facilitate
the debugging process moreover every block can be used for later project, the blocks are

presented one by one in the following figure:

- |Parameter |[Valu T I

. |t_factor 0 Signed Intege!
- - Clock_ Divigar i . o
e 1 clk_S0MHz . ol
T o lock_out - . - ok o1
STewonz T : B T s12
e rese : R .
il Dl bt LTIy C =2z |
: j— duty_cycle[val_bits-1..0] curr_duty_cycle[val_bits-1..0] :
e ek nst_4 :
c . Parameter \Value] Type - - [ PIN_WMZ2
X max_val  [2500 |Signed Integer| : e
- _ : val_bits 12 |Signed Integer| - |
STEP_1[D..period_b-1] index[0..period_b-1] [min_yat 0 Signed Integer| - | - - LPI_NM18
nst_2 : )
T E

Parameter |Valugl Type PIN_N20
period_b 1000 [Signed Integer Paln?}?seter :I".Zalue Sign;ﬂvll;feger - Lol
Tng Tactr|T000 [Siansd It val_ D
_factr| neC 8% foeriod b [1000 |Signed nteger| © - - e
1

Figure [lI-8: Bipolar SPWM circuit schematic
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| pwm
contains two inputs labeled clk and curr_duty_cycle[val_bits- | clk ;
1..0] of type STD_LOGIC and STD_LOGIC_VECTOR, and have ’ $12 11—
] yp - - - E s21 - i
four outputs: s11, s12, s21 and s22 of type STD_LOGIC, this 22 | 5!
. . . § #e==t curr_duty_cycle[val_bits-1..0]
block contains internal counter that increases every clock | -

H H
i :

cycle (every clk’ event) between max_val and min_val then at = =

Figure I1I-9: pwm block

every clock event it compares the counter’s current value with diagram

the input signal curr_duty_cycle[val_bits-1..0] then generate PWM signal on s11 output based

on the comparison; this block generates Bipolar PWM gating signals: the outputs . s11 and

s22 are the same while s12 and s21 are their inverse as mentioned previously.in theoretical

chapter, the period of the internal counter or digital sawtooth signal is determined by

max_val and min_val and the input clk. Figure I1I-10 represents the functional simulation

results of the pwm block with clk=50Mhz, and max val =500 and min_val =0

Name

Dps M.Pus 12EiDus WEZiDus 258iDus 32DiDus 3B4‘DUS MEiDus 512iDus STEiDus BdDiDus 7D4‘Dus 7EEiDus 332iDus SEE‘Dus EED‘Dus ‘
16.8ns

=

ch

v

HEER

The ‘STEP’ block: as shown in Figure I1I-11, this block contains

cur_duty_Cycle 7

178 322 250 32 480 100 4N 125

one input clk and one output bus: STEP_1[0..period_b-1] this block is a
counter that increases from 0 to period_b-1and output the value every

clk event multiplied by sampling_factr. Figure I11-12 a) b) c) represents

the functional simulation results of the STEP block when the pair  Fjoure ///-11: Block
(period_b, sampling_factr) equals= (1000,1000), (1000,5000) and /agram of STEP

Block

(4,5000) respectively.

p ps 54.|D us 128iD us 1 F:EiD us EEEiD us 32DiD us 384iD us MEiD us 5 2iD us E?EiD us EdDi Ous ?DdiD us ?ESiD us

(a) Name  [)ps
o0 ok
1 | STEPT RO 2 )3 045 8 T 8 0 8 AT 213 A5 T6 X173 T8 YT93 2021022 §23 524375 26 4274 28 29 Y3031 ¥32) 33 Y3435 361 3T /38 35
(b) 0 ps 4. P us 123iD us 1 5'2iD us 255iD us 32DiD us 3B4il} us MEiD us 512iD us S?EiD us Ba'lDiD us ?[MiD us ?EEiD us
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B0 | ck —
@1 | STEP_1 | 0 b 1 b 2 b 3 H 4 b ] b [ b 7 H
|
0 ps 64 us 128,0us 1520us 256 0us 3200us 384 0us 448 Dus 512,0us 576,0us B40,0 us 704.0us 768,0us
(C) Name  |0ps

0 (clk
@1 |STEP1

—

0 Y i ¥ 7 Y 7 ¥ 0 Y i ¥ 7 Y 7 ¥
Figure I1I-12: Functional simulation results of STEP Block
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The ‘L UT’ block: this block as shown in Figure I1I-13 contains

two inputs clk and index|[0..period_b-1] of type STD_LOGIC and
SIGNED INTEGER respectively and one output bus: ><— clk
duty_cycle[val_bits-1..0] of type STD_LOGIC_VECTOR this block ' |

represent a direct Look-Up Table, i.e. a block of index- ] index0.period b-1]

duty_cycle[val_bits-1..0]  fum(

addressable memory of width equals to val_bits and a period_b '"5'

depth as shown in Figure I1I-8, in our case we stored digital sine  fjgure /7/-13: LUT block

wave samples, we calculated these samples using MATLAB. At

diagram

every clock cycle (every clk’ event) the block outputs the value stored at the index presented

at the input bus index. Figure Il1-14 represents the functional simulation results of the LUT

block with val_bits=12 and period_b=1000, and the digital sine values range from -1125 to

1125, and we add to them an offset equals to 1250 :> the values range from 125 to 2375

Name

Ops 80us 16.0us 240us 20us 400us 4E»‘|Dus BE‘IDus BA.IDus ?Z.Pus 80.0us ES.Pus E'E.Pus |
16.8ns

w0 | ok
ﬁ_1 index
A
Figure I1I-14: Functional simulation results of LUT block
The ‘Clock Divider’ block: as shown in Figure I1I-15, this block S ———
contains two inputs clk_50MHz and reset and one output: clock_out clk_50MHz ¢

factor:

clock_ou
this block divides the frequency of the input clk_50MHz by twice the @

t_factor and outputs the new clock at clock_out pin, when inst

t_factor=0 the output is the same clk_50MHz signal. Figure I1I-16

Figure I1]-15: Clock_Divider

(a) (b) and (c) represent the functional simulation results of the Block diagram
Clock_Divider block when t_factor equals 0, 1 and 5 respectively.
| 0ps E\.I?us 1E.P us 24.!] us 32.Pus 4D.Pus 4E.Pus SE.Pus E4.Pus TZ.Pus 20, Pus 23 Pus 6. Pu
Name 16.8ns
(a)
0]
21) eesoe . MV A A AU UV
ﬂ dock ot e AR An mrn
w0, ; | |
AT T AT AU AR U A TR LA
&2 clock_out 1 1 1 1 1 L

Figure IlI-16: Functional simulation results for Clock_Divider block
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The pseudo code: we summarize the main functionalities of the above VHDL’s Bipolar
SPWM controller design in the next table:

Table IlI-1: The Pseudo code of the system:

Generate main clock signal

Increase STEP_1 internal counter every clock signal

In parallel update the output of the LUT table.

Compare the counter in pwm block with output from Look-Up Table block.
Generate the Bipolar PWM gating signal based on the output of the comparison.

B NN =

The final Bipolar SPWM controller design as shown in Figure I1I-8 has two inputs labeled ‘clk’
and ‘reset’ and four outputs s11, s12, s21 and s22, In the design we refactored multiple
parameters that we need to define them carefully to meet the requirements easily, for
example in order to generate 20kHz digital sawtooth carrier: the frequency of ‘clk_out’ signal
divided by the difference between max_val and min_val must equal 20kHz, Additionally, if we
need to maintain modulation index m=0.9: the peak-to-peak value of the digital sinusoidal
reference need to equal 0.9’time the difference between max_val and min_val and to have the
same offset...etc., some other parameters have been chosen as reasonable as necessary such
as the depth of LUT table and sampling_factr of STEP block since here performance is more

important than precision [29]. In the first trials we used samples with m=1 to facilitate the

calculations.
To Location 1/O Bank 1/0 Standard General Function Spedial Function Reserved Enabled

1 d PIN_N2 2 3.3-VLVTTL De Clock & DSCLKOp, In Yes
2 4Psil PIN_K25 5 3.3-VLVTTL Yes
3 L9512 PIN_M22 5 3.3-VLVTTL Yes
4 €521 PIN_M19 5 3.3-VLVTTL Yes
5 €522 PIN_N20 5 3.3-VLVTTL Yes
6 <<Lnew>> <<new>>

Figure I1I-17: Quartus Il Pins Assignment settings table

After finish editing we compiled the VHDL design and assign the pins, we set the input clk
to the internal 50MHz clock of the DE2 board and reset to GND, we set the outputs to the
expansion Headers of the DE2 board as shown in Figure II-2 ,the final Pin assignment setting
is shown in Figure III-17, then we compiled again then run the code using the programmer
tool in Quartus II, the outputs gating signals sl11, s12, s21 and s22 are presented in

Figure I11-18:
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The gating signals appear to resemble the gating signals generated using Simulink shown
in Figure 1I-10 , we can observe in the above graph that the frequency of the gating signal is
50Hz, we can also observe that s11 and s22 are similar while s12 and s21 are the inverse of
s11 and that’s exactly as expected, therefore we connected these gating signals to the op4510

to test theme in HIL simulator.
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Figure IlI-18: Gating signals generated from the FPGA-Based controller

After connecting the controller, we executed the model from RT-LAB in real-time. The results

are presented in the following:

The Results: As shown in Figure III-6, we putted multiple scopes in the consol subsystem to

help us view the behavior of the signals during the HIL simulation.
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Figure I1l-19: waveform of the Output voltage across Load_1

Figure I1I-19 shows the waveform of the output voltage signal from the Load_1, the output
appears as rectangular blocks. because the output waveform has a huge number of pulses. These

pulses have either positive or negative amplitude and the time between pulses is small therefore

so L
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Amps (A)

Volts (V)

Amplitude

it appears as a continuous rectangular block. To easily detect the change in the duty cycle of the
pulses in the output we calculated the mean of the output waveform using a window of 20kHz
and plot it with original waveform as shown in Figure II-20, the figure also contains all the HIL
simulation results of the Bipolar SPWM controller; we can observe the THD value of the output
voltage of the R load is 145.80% while in MIL it was 112.38%, similarly in the R load the
harmonics are significant at 20kHz. Similar to MIL, the THD value get decreased when we switch
to other loads but it decreases up to 22.8454% instead of 3.497%, Additionally we can notice
that the mean waveform is not pure sinusoidal as in the MIL, also in both the RL loads we can
easily notice a strange peak in middle the negative cycle that repeats in every period , these
phenomenon can appears due to multiple reasons, for hypothesis we can expect it is either a
glitch in the LUT table or in STEP block of the FPGA controller or a noise or interference of an

external electrical signals is corrupting the data.
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Figure IlI-20: Results of HIL simulation with Bipolar SPWM controller.

After obtaining these results we designed the Unipolar SPWM control circuit to enhance the THD
values of the output voltage additionally we decrease the main clock frequency by

a factor = 50 and use the same LUT block with minor changes, more details are in following,
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[11.6.2. Unipolar Sinusoidal Pulse Width Modulation:

We designed the Unipolar SPWM controlling circuit after obtaining the results from
Bipolar SPWM circuit: as mentioned previously the Unipolar SPWM controlling circuit require
two sinusoidal references that are out-of-phase, additionally each leg of the H-bridge inverter is
controlled based on the comparison between the sawtooth and one of the references; we noticed
that there are similarities between the Unipolar and Bipolar SPWM circuits except that the
Unipolar SPWM have an addition reference than Bipolar SPWM circuits, therefore we used the
same blocks from the Bipolar SPWM that we designed earlier to create Unipolar circuit using
VHDL as shown in Figure II1-21 : the final design contains four blocks in top-level: ‘Clock_Divider’
,‘STEP’, ‘pwm’ and ‘ULUT’ . the blocks ‘Clock_Divider’ and ‘STEP’ are the same as previous design,

the other blocks are described in the following:

ook_Divier

:0. . [Parameter[Valud Type | -
D1 t_factor 125 |[signed Integer| . 0

-

ok

A
A

puise

R pulse_in
duty_cyole_bipoRval bits1..0] :
duty_cycle_unipolarfval_bits-1 0] fii 7|

val_curfval_bits-1..0 gmd —

nst

wm

STEP_1[0..period_t-1 - index(0. penod b1 - I P . . A
o |
Valuel Type el | ok ~ :
- [period b 1000 |Signed Integer | L puise PIN_I9 | ¢

. |sampling_factr 1000 |Signed Integer i pulse_in
E Value Type
... . |val_bis 12 [Signed Integer| .

oo |period_b 1000 [Signed Integer| © - : @

val_cur[val_bits-1..0 gmd

alu Type
D0 |max_val  [2500 |Signed Integer| | 1
o |val_bits 12 [Signed Integer| @ [ ©

e |min_al 0 Signed Integer| - - - -

* Figure III-21: Unipolar SPWM circuit schematic

~ The ‘pwm’ blocks as shown in Figure [11-21, ‘pwm’ block contains two inputs labeled: clk and

curr_duty_cycle[val_bits-1..0] of type STD_LOGIC and STD_LOGIC_VECTOR, and have three
outputs: pulse, pulse_inv and gnd of type STD_LOGIC, this block contains internal counter that
increases every clock cycle (every clk’ event) between max_val and min_val then at every clock
event it compares the counter’s current value with the input signal curr_duty_cycle[val_bits-1..0]
then generate PWM signal on pulse output based on the comparison; the output ‘pulse’ is either
High or Low with duty cycle equal to curr_duty_cycle over the difference between max_val and
min_val, while the output pulse_inv is the logical inverse of pulse signal, the gnd is always digital
Low level and we used it to ground some pins in OP4510. Figure III-22 represents the functional

simulation results of the pwm block with clk=50Mhz and max_val =2500 and min_val =0

ps 256,0us 5120us 7680us 1.024ms 128ms 1536ms 1.732ms 2048ms 2304ms 256ms 2816ms |
Name (g5
D0 ok
1 val_eur 1554 25 230 % Y1250 X 1528 X 1 500 1182 X238
o 14 pulse T T | L | i N Wy W Wy My i T
@18 pise v | TAAMAM L LLLLIMMUAUUT T IT T T UL AT T T T T Ty I I
D16 gnd

Figure [1I-22: Functional simulation results of pwm Block
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The ‘ULUT’ block: this block as shown in Figure I1I-21 contains two inputs

labeled clk and index[0..period_b-1] of type STD_LOGIC and INTEGER respectively and
two output buses: duty_cycle_bipolar[val_bits-1..0] and duty_cycle_unipolar[val_bits-1..0] of
type STD_LOGIC_VECTOR and one STD_LOGIC output labeled bug, this block is similar
to the previous LUT, it represent a direct Look-Up Table of width equals to val_bits and
a period_b depth and we stored inside it sine wave samples. At every clock cycle the
block outputs in duty_cycle_bipolar the value stored at the index presented at the input
bus index and outputs in duty_cycle_unipolar the value stored at the
index period_b-1 - index.
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Index

Figure IlI-23: Graph represent the samples stored in ULUT table versus their indices

In the outputs of the previous controller design we noticed that the output
waveforms always have an odd peak in second half cycle, the first hypothesis we
guessed was: maybe LUT block contain errors in the samples therefore we checked
the sinewave samples multiple times and plot the samples values versus their index
as shown in Figure III-23, inside this block there is only one case that might create
outputs that is outliner and deviate from the other samples of LUT is when the input
index have a value strictly greater than period_b or less than 0, therefore we put the
output bug to toggle each time the block goes to that condition. Figure III-24
represents the functional simulation results of the ULUT block with val_bits=12 and

period_b=1000, and the digital sine values range from -1250 to 1250, we add to them

an offset equals to 1250 = the values range from 0 to 2500.

pps 64, P us 128[0 us 19210 us 258‘0 us 320]0 us 384i0 us MEIO us 512[0 us 576i0 us 640i0 us 7Ddi0 us 76810 us 832|D us 89€i0 us SGDiD us ‘

Name Dps

ck

index {37741 )(591 (525859 (351 (528 (438 (540 (198 (847229 ) 180728 (879 (95T (270 X379 )(207)(781 (645 )(BET,(383)( 2 3('T 0 Y9998 (957 320)(T86)(404',(BB6 (832272 (966 )( 857128262372
.cycle_bipole [TBE( T (573 366531 @256 703 XT265)(339 40436 B4T)oABS)e38 T 11 X388)(B71 42490 10851935, 23 X262 252)208E) 126512571 250,12421234) 226238 T)2A00XT959)( 99 (1620486584 (496 )2 T50\2499215(,

cycle_unipoli {349)4981532)21391560248 XT785)T242)T568) 61 XT65TY_ 3 T15,04BST05,162Tx 10 JJA0EXB67)2474Y_ 2242 YAT7\1226)1234)124 21250 12571 265X 122 96 YBA7)403)2333)(13 XT507,1997)(344 0 X355

bug |

Figure I1I-24: Functional simulation results of ULUT Block
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The Pseudo code: we summarize the main functionalities of the above VHDL’s
Unipolar SPWM controller design in the next table:

Table III-2: Psuedo code of the Unipolar SPWM system:

Generate main clock signal.

Increase STEP block’s internal counter every clock signal.
In parallel update the output of the ULUT table.

Compare the counter in pwm blocks with outputs from Look-Up Table block.
Generate the Unipolar PWM gating signal based on the output of the comparison

B W NN e

As shown in Figure I1I-21 the final Unipolar SPWM controller design has two inputs
labeled ‘clk’ and ‘reset’ and five outputs s11, s12, s21 and s22, and bug, in this design we
also refactored multiple parameters that we can change to meet the requirements
easily: this time we used samples with m=1 instead we changed the amplitude of the
sawtooth carrier from the Gain block as shown in Figure II1-5 until the duty cycle’s peak-
to-peak value is 0.9 times the sawtooth peak-to-peak value. Also we slowed the
frequency of the system by a factor = 50 by setting t_factor=25 as shown in Figure III-21
thus the frequency of the FPGA-Based controller is reduced to 1Hz instead of 50Hz as
shown in Figure III-25 (a), this is to insure that the errors that we got in the previous
controller are not due to the fast frequencies of the system i.e. because the OP4510
require a dead time to perform calculation therefore if we slow down the whole
processes: the simulator OP4510 will have enough time to calculate and present the
output, additionally the RT-LAB have the option to control the time displayed during the
simulation by a factor called Time Factor as shown in Figure I1I-26 in other words if we
set Time Factor equals to 50 then one second in real time will be displayed as 50 seconds
in RT-LAB , thus to calibrate the time we decelerated from controller’s frequency by a

factor =50 we set Time Factor=50 therefore the 1Hz frequency of the controller should be

displayed as 50Hz in RT-LAB. Figure I11-25 (b) shows that S11 is leading S21 by 180°.

GWINSTEK B 20 Jul 2823 J

268:18:55 |

Figure IlI-25: Umpolar SPWM gatmg 51gna]5 generatea’ fmm the FPGA Based controller
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Figure IlI-26: Execution interface in RT-LAB platform

The Results: Figure IlI-27 represent the results of HIL simulation with Unipolar SPWM
controller, we plotted in red color the mean value of some wave forms to help us observe the
change of duty cycle of the output as shown in Figure I1I-27, we can observe the THD value of
the voltage output across the Load_1 is reduced to 69.3599% it is close to the reference which
was 63.286%, The THD of Load_2’s current is 69.03% it is significantly larger than the reference
MIL simulation, for Load_3’s current’s THD value was 27.475% beside 3.723%., although we
calculated the sin samples stored in ULUT several times we still face the same noise of strange
peaks in the outputs waveform but this time in both positive and negative half cycles although

the bug LED did not blink during the Real-time simulation.
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Figure IlI-27: Results of HIL simulation with Unipolar SPWM controller.
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[11.6.3. Selective Harmonic Elimination Pulse Width Modulation:

To design the SHEPWM control circuit we used the same calculated firing angles in the
previous chapter. Unlike to the two previous circuits SHEPWM doesn’'t contain high
frequencies carrier, the final design contain three components in top-level:, ‘STEP’ (inst_1),
‘LUT_SHEPWM_3L’ (inst_2) and ‘Gating_Signals’ (inst_3) as shown in Figure Il1-28, the STEP
block is the same as in the previous designs, the rest of the blocks are described in the

following:

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

PIN_K25

.......................... PIN_M22
.......................... e N
L e DL R R FI_1020

i T N I N - 7.5 ) ey B oi- 2 =2 0 TR e e paemi]

3|K <% 0 111t 1t 1t il empgal oo &SRR TR R R TR A R R R A TR R T R TR TR R R R TR PR R R

| o | BLL -

resat  Index[D. period_b-1] : [ inden[D. period_b-1] SHE Level[val_bits-1..0] - state{1..0] A L R R 0 v

nsi B e SRR S e S e

— . . . |Parameter yamd TYDE | - oo e

Wgﬁ"n Sign;’jlmeger CTERES [ |[SHsedeeEl e e e R e

sampliﬁg_factr 500 |Signed Integer [ & © period b 20010 [Signed integer e
The ‘LUT _SHEPWM'’ block: this block as shown in Figure -
29 contains two inputs clk and index[0..period_b-1] of type 7 x{e cr=rermit bug |7

STD_LOGIC and SIGNED INTEGER respectively and one output %

bus: SHEP_Level[val bits-1..0] of type STD_LOGIC_VECTOR

indes0. period_b-1] SHE_Level[val bits-1..0] fie % -

this block represent a direct Look-Up Table, of width equals to 4 ...................................

Figure [II-29: LUT SHEPWM
Block diagram.

val_bits and a period_b depth, we stored inside it the states of
the SHEPWM reference signal, we calculated these samples
using MATLAB. At every clock cycle the block outputs the value stored at the index presented

at the input bus index.

A A A

&

Gating_Signals

The ‘Gating Signal’ block: as shown in Figure III-30,

=—| ck si1 —3

‘Gating_Signal’ block contains two inputs labeled clk and si2 [
g NN [

i

curr_val[val_bits-1..0] of type STD_LOGIC and STD_LOGIC_VECTOR,

st wial_cur]val_bit=-1..0]

nst

Q\Q\Q\i\i\i\i\i\i\i\i\i\i\i\i\i\!

0
st et ai i asaenencl

and have four outputs: s11, s12, s21 and s22 of type STD_LOGIC, this

£ 2,
- W Rl -

block contains an internal multiplexer and an internal memory  fjgure ///-30: Gating_Signal
that contain n different sets of gating signals states, at every clock Block diagram
cycle the block selects a set of {s11, s12 ,s21, s21} outputs from the internal memory based

on the state presented in the curr_val port.
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The Pseudo code: we summarize the main functionalities of the above VHDL’s SHEPWM

controller design in the next table

Table IlI-3: Psuedo code of the system:

1. Increase STEP block’s internal counter every clock signal
1. In parallel update the output of the LUT table.
2. Generate the SHEPWM gating signal based on the current state of the system

As shown in Figure I1I-28 the final SHEPWM controller design has two inputs labeled ‘clk’ and
‘reset’ and five outputs s11, s12, s21 and s22, and bug.

To generate the digital reference first we calculated the references samples since the output
have low frequencies we can notice it has three different states each corresponds to one of the
three-Level voltages (-Vdc, 0 and +Vdc), therefore we transformed the digital reference values to
its corresponding states sequence of one period of the SHEPWM graph labeled as (2, ‘1’ and ‘0’}
respectively, we stored the digital samples inside a Lookup table, to ensure that the frequency
of the output is 50Hz we set period_b =2000, sampling_factr =500 and we used a clock of 50MHz
for the clk shown in Figure I11-28. Finally we stored the sets of output pins {s11, s12, s21, s21}
with the help of the table II-3. Figure I1I-31 represents the functional simulation results of the
final design with (clk, period_b, sampling_factr, val_bits) = (50MHz, 2000, 500,2), we added an
output state[1 ..0] to easily observe the states sequence as shown in Figure I1I-28, Figure I11-31

shows that the design outputs gatting signals exactly resemble to the reference in Figure I1-17.

Figure [1I-31: Functional simulation results of SHEPWM circuit design

After editing, compile and run the simulation of the VHDL design, we assign the pins, we set the
input clk to the internal 50MHz clock of the DE2 board and reset to GND, we set the outputs to
the expansion Headers of the DE2 board, the final Pin assignment setting is shown in Figure III-
32, then we compiled again then run the code using the programmer tool in Quartus II, the

outputs gating signals s11, s12, s21 and s22 are presented in Figure I11-33.

To Location 1/0 Bank 1/0 Standard General Function Spedial Function Reserved Enabled
1 PIN_N2 2 3.3VLVITL CLKO, LVDSCLKOp, In Yes
2 sil PIN_K25 5 3.3VLVITL Yes
3 s12 PIN_M22 5 3.3VLVITL Yes
4 € s21 PIN_M19 5 3.3V LVTTL Yes
5 522 PIN_N20 5 3.3-VLVTTL Yes
6 L bug PIN_AE23 7 3.3VLVITL Column T Yes

Figure I[I-32: Pin assignments of the SHEP WM ﬁna] design
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Figure I1-33: SHEPWM gating signals generated by the FPGA-Based controller

Figure I11-33 illustrates the gating signals generated by the FPGA, as observed in the above

Figure the signals closely resemble the gating signals generated using Simulink shown in Figure

[I-17 , we can also observe that the frequency of the gating signal is 50Hz and that s11 is the

logical inverse of s12 and they reflect the positive part of the reference signal and s21 is the

logical inverse of s21 and they reflect the negative part of the signal and that’s exactly as

expected, therefore we connected these gating signals to the op4510 and execute the HIL

simulator, their results are presented in the following:

Results: Figure I11-34 represent the results of HIL simulation with SHEPWM controller, we can

evaluate the THD value of the voltage output across the Load_1 is reduced to 48.42% it is very
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Figure I1I-34: Results of HIL simulation with SHEPWM controller
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close to the reference 47.05%, The THD of Load_2’s current is 21.86% while the reference was
21.57%, the THD of Load_3’s current is 3.72% it is also close to the reference that was 3.735%.

From the THD values above we can observe that it is successfully close to the reference values.

[1.7. Results’ Discussion:

After obtaining the HIL results we calculated the percentage of errors of the THD to see
which design is better, using the following formula and presented the values in Table III-2:

|Reference values — Experimental values|

E % = 100
rror % Reference values i

Table III-2 demonstrates that the Bipolar PWM has a large error percent of 156.68% with
Load_3 similarly the Unipolar PWM has significant large error percents of 410.76% through
Load_2 and 637.82% through Load_3, these large errors can be due to multiple reasons like
interference of external noise or Instrument malfunction or due to human error like
mislabeling the gathered samples, Unfortunately, due to time constraints, we were unable to
investigate all potential causes, Additionally the table shows that the SHEPWM controller's
largest error was only 6.82%, a remarkably small value compared to the other error
percentages presented. This indicates that this design closely approximated the reference,
making it a suitable choice for implementation with the real IGBT H-bridge inverter as shown

in Figure III-35.

Table I1I-4: Table present the error percent between Experiment and reference’s THD

E?a‘?{.vgi?gggcmss the 121.3512% 145.8016% 20.14
PRI o 23.7168% 27.6153% 16.43
Iffa?;.c;:;‘;f;{ t{‘:‘l’grgj‘H 8.9003% 22.8454% 156.68
E?alzlolf.v;itlaggécross the 63.286% 69.3599% .
Ega%ozf-cﬁg?g tﬁ“ii’&gé‘ 13.5154% 69.0317% 410.07
E}fa?;c;:;;‘;{ tf:‘l’gﬁﬁ{ 3.7239% 27.4758% 637.82
’LI“(I)-Ialzlolf-V;itla(ggggcross the 47.0528% 48.4247% 291
E?a'ifzfﬁ;‘:;;‘;{ tf:‘l’;gl? 21.5791% 21.8628% 131
THD of Current through

Load_3: R=33Q, L=10mH 3.4874% 3.7256% 6.82
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The following Figure demonstrates the real H-bridge inverter that we previously mentioned, as

well as the output signal from the real inverter in the oscilloscope:

Power Supply

& voltmeter 8 aom, 005, e nus
® o 0 o

153

- —’——,—,-”r—i-“ : . e
H-bridge 1 W

inverter »; 'wo; A
/

FPGA-Based
] V/-' PRl
&'- " \“ controller

. 5 Vo>
/

Figure I1I-35: Installation of the FPGA-Based controller in Real inverter

As shown in Figure I1I-35 and Figure I1I-36, the H-bridge inverter successfully generates the
desired output waveform. The output signal closely matches the reference signal, indicating that

the SHEPWM controller effectively drives the inverter.
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Figure I1I-36: The voltage output waveform of the real H-bridge inverter

[11.8. Conclusion:

This chapter has dealt with the design of the three controllers (Bipolar PWM, Unipolar PWM,
and SHEPWM) and presented them in detail, highlighting their unique characteristics and
implementation process. The HIL simulation results demonstrated the effectiveness of each
control strategy in regulating the inverter output.

Based on the obtained results, the SHEPWM controller emerged as the most promising design
due to its performance in terms of error reduction and overall stability.

Overall, this chapter has provided valuable insights into the implementation of HIL simulation
for different inverter control algorithms.

61



General Conclusion:

The objective of this project was the development and testing of an FPGA-based controller
for a three-level power inverter and investigate the use of HIL simulation for testing and
validating the inverter controllers. using the OPAL-RT HIL simulation tool. The results of the
HIL simulation were the research successfully demonstrated the practicality of using HIL
simulation to evaluate FPGA-based inverter controllers. Through extensive testing with
various PWM control algorithms (Bipolar SPWM, Unipolar SPWM, and SHEPWM), it was
found that the SHEPWM controller exhibited significantly lower error percentages compared
to the other two algorithms. This suggests that SHEPWM is a promising control strategy for

achieving high-quality inverter performance.

Limitations & Future works:
Limitations:

e Time Constraints: Due to limited time, a more in-depth analysis of the factors
leading to the large error percentages observed with Bipolar PWM and Unipolar
PWM was not possible.

) Hardware Limitations: The available hardware resources, such as the older Altera
DE2 board, may have imposed limitations on the complexity of the controller.

e  Simulation Model Accuracy: The accuracy of the simulation model used to
represent the three-level inverter could potentially influence the obtained results.

Future Works:

e In-Depth Error Analysis: To gain a deeper understanding of the factors contributing
to the large error percentages observed with Bipolar PWM and Unipolar PWM,
future research could focus on conducting detailed error analysis.

e  Comparison with Other Control Strategies: Exploring additional control algorithms
and develop more complex control systems, such as Model Predictive Control,
Phase-Locked-Loop,

e  Real-World Implementation and Testing: To validate the findings of this study in a
real-world environment, future research could focus on implementing the
SHEPWM controller in Power-Hardware-In-the-Loop (PHL) simulation.

e  Optimization of SHEPWM parameters: Investigating the impact of different
SHEPWM parameters on inverter performance.
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