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ABSTRACT

Validation and Enhancement of Tvik@vel Inverter Models for Very Low Tim8tep Reallime
Applications

Ahmed Kotb Abdalla

Very low time-step reatime simulations are highly needed when simulating power
converters to capture the fast transients caused by the switching devices of the converter. With
very low timesteps, it is possible to represent fast transitions precisely and ergiendation
accuracy. FPG#/ased solutions are mandatory to carry out very low-step simulations.
However, the complexity of FPGA programming makes such simulations undesirable for many
users who might lack the required programming skills. A solMidaHS developed by OPAL
RT establishes itself as a solution for this problem. It is designed to shadow the complexity of

FPGA programming by automatically generating the code of the converter for the user.

FPGAbased low timestep reatime simulations however,impose restrictions on the
switch model that can be used to represent the conveneswitch model should be as simple as
possible yet provides a good representation of a switshould inherit minimum computational
efforts such that the gairements of low timetep simulations are satisfied. Several switch models
offered in the literature are reviewed and discussed. Afterwards, a criterion to compare between

these models is set and followed to select the most suitable one among theedadielnatives.

The main objective of this research work is to validate the converter models used in real
time simulations. This includes the converter, composed of the chosen switch model, programmed
on the FPGA using the eHS solver. This entire eh@dll be validated in offline and in redéime
against a physical setudore specifically a new test plan to validate the converter model against
an experimental setup is proposed and tested. The results of the converter simulated at a very low
time-step on an FPGA through the eHS solver are compared to results from a real converter.
Furthermore, the performance of the converter is tested in various operating conditions including
unbalanced load and faulty situations. Based on the results of the afftinealime validation,

several recommendations on system improvement are proposed in the last chapter.
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1. INTRODUCTION TO REAL-TIME SIMULATION AND OPAL RT
SYSTEM

1.1 Introduction to Real-Time Simulation

Realttime simulations are quite different from the wiallownoffline simulations in many
aspects including execution tigneonstraintsetc. In this Chapter, reatime simulations are
discussed thoroughly addressing several points such as the constraints for a \lidereal
simulation, the different modes of a réiahe simulation and the available hardware to implement
the realtime simulationThe application of regtime simulations in the field of power electronics

will be the core of this thesis.

1.1.1 What is a ReatTime Simulation?

Software packages sucts Matlab andSimulink are wilely adoptedto validate the
performance of mathematicadnd theoreticalmodels and modern designs of systems.
Neverthelessthese packages run in rogaktime (or offline), which means that the computation
time of the model aabe much longer than the response time of the real systenpréhentghe
interface of external hardwamghichrestricts the use of these packages to only offlerdication

with no hardware involved in the procd&$

To be able to interface external hardware, the simulator racsiveinformation from the
external system and use it to compute the model outputs within thetemef the simulation. In
other words, the computation time of the model must be lesshitbambulation timestep. This is
basically the definition of a rediime simulation. In simple words, the rg¢ahe simulator must
produce the internal variables and outputs within the same length of time as its physical counterpart
would, as illustratedn Figure 1.1 [2]. With this condition satisfied ¢ Ts), a sound realime
simulation is achieved and the integratiohexternal equipment with reéime simulatorsis
possible. If the computations are not performed within the simulationstiefe the simulation is
considered erroneous. In this case, one-8tep is omitted and the simulator uses the following

time-step to perform the next compudet. This is referred to as an overrun.

1
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Figurel.1 Accurate implementatioof a realtime simulation

1.1.2 Modes of RealTime Simulation

Realtime simulators are used in three different modes: Rapid Control Prototyping (RCP),
Hardwarein-the-loop (HIL), and Softwarén-the-loop (SIL) [2]. Rapid control prototyping is
where a digal controller is implementedithe reatime simulator and connected & physical
plant. Conversely, in HIL applications, a physical controller is tested against a virtual plant
modelled on the redglme simulator. Finally, SIL is the combination of RCP and HIL simulations,

where both the controller and the plant are rugmin the simulator.

HIL simulations are typically employed when testing a physical controller or a protection
scheme, but the actual plant is either unavailable or not permissible for testing. Therefore, a virtual
plant, which emulates the performancetbé real system, is implemented on the -teaé
simulator allowing for safe and early testing of the controller/protection devimeover, many
possible scenarios that could happen in a real system can be tested quickly, securely and without
physical madlifications. In power systems, utilities prohibit testing with the actual system.
Therefore, a virtual plant which captures all attributes of the real system is developed en a real
time simulator, and the protection device is then incorporated with theéason Faults can be
applied safely to the virtual plant to verify the functionality of the protection device. Another
application of HIL simulations is in motor drives. In some cases, the power converter and the
motor are not available at the timéaenthe physical controller is developed. Therefore, a virtual
plant consisting of the power converter and the motor is developed on thieneealmulator to
save time and perform early testing of the drive. Furthermore, extreme conditions that would, in

pradice, damage a real motoan be investigated.

The focus of thishesisis to investigaé the performance of power convertersHibL

simulations Power converters are the heart of many applications includimgwable energy,



energy storageautomotive gplications such as electric cars and buses, and power generation
applications. Therefore, it is of immense importance to make sure that the virtual model of the

power converter is as accurate as possibieis an essential building block of many sysgem

1.2 CPU vs FPGABased HIL Simulations of Power Converters

HIL simulationsof power converters can be performed on CPU cores or on an.FPGA
Despite that CPUs can execute complex algorithms and support complex solvers, the nature of
their structure limts the minimum allowable timstep to 510us [3]. In fact, CPtbased HIL
simulators such as RIab, dSpace and RTDS can hardly achieve a-titap less than 25us [4].

This constraint on the tirgtep can become critical in many applications involving fasy

transients, such as high frequency converters.

There are plenty of benefits that can be realized by employing high frequency converters
in various applications such as motor drives. High motor efficiency, smoother currents, low motor
torque rippleand smaller filter size are among the numerous advantages of high frequency PWM
in motor drive applications [5]. In automotive industries, PWM frequencies are increased beyond
20 kHz to reduce weight, space, and noise. When such converters are HIL sintidaeare two
main requirements that need to be fulfilled: low latency between controller and plant, and high

PWM sampling resolution [6].

Latency is the time delay that arises between the controller sending its command and a
change happeningontheapht 6 s out put . The | atency in moder
required to be maintained below few microseconds [6]. The high frequency PWM signals require
a high sampling frequency shat they are precisely sampled. Jitter in the PWM signalseam o
if the timestep is not sufficiently small. This can cause uncharacteristic harmonics in the output
waveforms [2]. For instance, when a tistep of 1(is was used in [4] to simulate the PMSM
drive, nonphysical spikes were induced in the motor cugenhese spikes were minimized when
the timestep was reduced to 1 and Qu&5Therefore, the use of CRidsed HIL simulations with
time-steps as low as RS will fail to meet the requirements of low latencies and high sampling

resolutions.



Because of these deficiencies, FR8#sed HIL simulators manifest themselves as a
solution to reducing latencies and increasing accufd@As allow simulations to be carried out
at time steps as low asl®nsdue to their paralletomputing naturen [7], the authors were able
to accurately simulate different power converters with {gt@ps in the range of hundreds of
nanoseconds. These include a tHex®l NPC inverter feeding an inductive load at 500ns, a-three
phase diode rectifier with an LC filtat 170ns and a boost converter with a fixed resistive load at
170ns. In [8], the authors were able to simulate a #lenesd NPC inverter at 12.5ns allowing them
to capture the switching transients of the IGBTs. The authors in [9] used a dual simufation t
step method to simulate a test network. The-switching part of the network was simulated at
50us on a traditional processor, while the switching converter was simulatpd ah@mn FPGA.
The 5Qs timestep is sufficient to accurately represent 3060Hz power systems, but it is
inadequate for the high switching converter. Therefore, a combination of botktépsseems to

be a potential solution for this problem.

Nevertheless, there are several drawbacks associated with-B&e4 simulations. i,
the structure of the FPGA prevents the use of complex solMeis means that the compilation
time of an FPGA can be in hours. On the contrary, CPUs support complex solvers and therefore,
the compilation time can be in minutes. Consequently, a catiwn of FPGA and CPU

technologies is employed to enhance the performance eimeakimulators.

Programming an FPGA to simulate a power converter requires very-ldugh
programming skillswhich many power systems and control engineers might Tdu&.pushed
the motive to develop ways to circumvent the programming stage of an.FBY@&~Asolution has
been proposed by OPAL RT Technologies, a company specialized in designitigneeal
simulators. OPAL RT devel efPéAbasedimulativesidfponero| v e r ¢

converters readily available to engineers with even minimum programming skills.

1.3 The OPAL RT system
The OPAL RT systermonssts of two partshe host computer and the ré¢imhe simulator
The host computesontains the softwararchitecture in the form of RIab. RT-Lab allows the

user to import Simulink models, edit and then transform them to dimealapplication via



automatic code generatiofhe realtime simulatoforms the hardware architecture of the system,
which is esponsible ofhe realtime execution of th&imulink model. Communication between
the host and the retime simulator happens via TCP/IP protocdisch of the software and

hardware architectures will be discussed further in the following subsections.

1.3.1 Software Architecture: RT-Lab

RT-Lab is a user interface that facilitates working with the OPAL RT system to the users.
It helps the user navigate smoothly through the process to run-timreaimulation. RTLab
V11.0.8.13 was used in this project. Thendow view is shown irFigurel1.2.

[ 77126 = =
File Edit Nevigate Search Simulation Run Tools Window Help
et E e =R ) e re|Dle-a-]| - Quick Access & | [ Edon]
[ Project Explorer 52 S E M Y= 8 | = Mosimator =g
4 3 Targets .
8 My simulator Overview
7 Ahmed General Information
7 Deepak
a 2 Faults Name:  My_simulater
4 1 Models 1P sddress: 192168.10.101
(5}, Two_levelvirtual_practical -> My_simulator <Invalid
& Fuzy State Down
O Test License.  <Unavailable>

&5 ThreeLevellnverterDeepak
B Threelevell CA
4 Createa new project.

Ovenview| Diagnostic | Simulation Settings| Software | License

I Display 32 # =8

Twe_level virtual_practical / SM_Master

5 Progress i % =0

No operations to display at this time.

| Two_level virtual_practical - Faults

Figurel.2 RT-Lab windowview

There are various functions that &b offers to the userOn the left panel shown Figurel.3,

the following icons allow the user to:

1 Targets: Discover reatime simulators (targets) connected to the host computer.



1 Projects: Create projects in which the user can import a ready Simulink model or build

one from scratch.

I Project Explorer 23 = <§> A~
4 gy Targets
2 My_simulator
1 &hmed
7 Deepak
4 I;aR- Faults
4 B Models
. [ Twao_level_virtual_practical -> My_simulator
0 Fuzzy
0 Test
- 128 ThreelevellnverterDeepak
1 ThreelevellLCA
g7 Create @ new project...

Figurel.3 Left panel options

When a model is selected from a project, the panel on the right, shéwgume1.4, appears

to the user. The following icons allow the user to:

Edit: Modify the Simulink model through RTab

1 Build: Compile the model and generate thecdtle using the Redilme Workshop
toolbox in Matlab. The code is sent to the riale simulator, which then creates real
time executable files and sends them back to the host computer.

1 Load: The realtime executable files are loaded onto the -teaé simulator. The
simulator is now ready tearry out the simulation
Execute: Starts the realime simulation

M Reset:Terminates the redime simulation



Preparing and Compiling

m Edit the model.

£ Setthe development properties.
[ab Build the model.

[aib Consult result in the Compilation View
48 Assign targets to subsysterns.

Executing

=] Set the execution properties.
O Load the model.

[F Execute the model.

[} Pauze the model.

[H Reset the model,

Figurel.4 Right panel options

1.3.2 Hardware architecture: OP4510

OP4510 simulator, shown Figurel.5, was used in this projedthe OP4510 simulator is
equipped with the latest generation of Intel Xeon foanre processors and a powerful Xilinx
Kintex 7 FPGA. Cesimulation between FPGA andPO is also possible, thanks to a fast
PClexpress link exchanging data and signals between deti@esS[mulation timestep of the
FPGA can go to as low as 160ns making it possible to simulate high frequency converters
accurately. OP4510 contains 16 AraléO channels and 32 Digital 1/0. The architecture ef th

simulator is shown ifrigurel.6.

pIPIIY o 0OP4510

RT-LAB-REP/HIL BYSTEMS

Figurel.5 OP4510 Simulator
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Figurel.6 OP4510 System Architectur&d]

1.3.3 Transforming a Simulink Model to a ReatTime Simulation

Once the Simulink model has been vatit in offline, the next step is to import the model
file into RT-Lab. Once imported, any further modifications to the model should only happen
through RTFLab. Alternatively, the user can build the entire model from scratch L&

environment.

1.3.3.1 Grouping the model

Simulink models in RILab must be grouped into subsystems. Each subsystem is
implemented at a certain target in the OPAL RT system. The three types of subsystems are:
Console, Master and Slave. In any model, one console and one master subsystem should exis
Addition of a slave subsystem is optional. The console subsystem runs in the host computer, while
the master and slave subsystems run in thetiraal simulator in assigned computation nodes.
Figure 1.7 illustrates the master and console subsystems. The three subsystems are discussed

below.
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Figurel.7 Master and console subsystem][1

1 Console SubsystemThe console is the only subsystem that can be altered during the real
time simulation. Typically, it contains the parameters that the user wishes to change on the
fly such as reference speed, input voltage, switching frequency etcvainyiag signals
cannot be placed in the consoMy outputs or readings, such as a voltage waveform or
the RMS value of a current, that need to be observed during the simulation are also
displayed in the consoldzigure1.8 shows a console subsystem with variable parameters.

It contains parameters that the user can modify on the fly including modulation index,
modulating frequency, carrier frequency in addittona manual switch to controhe

delivery ofthe gating signals.
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Figurel.8 Console Subsystem: Includes variable parameters such as Input Voltage and
Modulation index

1 Master Subsystem:The mastersubsystem contains the computational blocks of the
model, mathematical operations, comparative elements, varying signals, 1/0 blocks etc.
However, none of these elements can be adjusted while the simulation is running.
Therefore, the user has to know whatbments are to be varied on the fly and place them
in the console. For example, if the user wishes to change the modulating frequency on the
fly, then the frequency must be entered in the console and the modulating signal shall be
generated manually imé master. If the signal generator block is used, then it will not be
possible to adjust the frequency during the simulation. The master subsystem is executed

on a CPU core in the reime simulator.

1 Slave SubsystemSlave subsystems are usually addeémsimulating large systems and
when the user wishes to distribute the model rather than having it entirely in the master
subsystem. Nevertheless, the si@e simulation can still be implemented with no slave

subsystems.
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1.3.3.2 Communication beéween Subsystems

In RT-Lab, signals cannot be exchanged between subsystems as in a normal Simulink
model. When a signal is sent from one subsystem to the b#stesuld first pass through OpComm
block, shown inFigure 1.9, before being able to process this signal in the subsyStam.
communication between the console and master/slave is asynchronous while the communication
between master and slave is synchronous. Therefore, signals sent through synchronous or
asynchronous communication cannot share the same OpComm block. Fotegexinpnaster
subsystem is to receive signals from the console and slave, there should be two distinct OpComm
blocks: one for the asynchronous signal from the console, and one for the synchronous signal from

the slave.

OpComm S 5

In1

Figure1.9 OpComm block

1.34 The eHS solver

OPAL RT developed a solver called eHS which allows the user to skip the programming
stepby using a block in their eFPGASIM Library. The user has only to build the circuit of the
power conveer in any circuit editor such as Simulink or PSIM and then introduce the eHS block

to transfer the power converter onto the FPGHAis is illustrated irFigure1.10.

11
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Figure1.10 The eHS solver [3]

TheeHSsolverruns at the timestep of the FPGAwhich varies depending on the size and
complexity of the model being implemented on the FPGA. The circuit of the power converter is
built in a different Simulink file. This file is never run, but is used as a reference to generate the

equivalent convertesn the FPGA.

Data exchange between the CPU and the FPGA happens at tretepad the CPU as
shown inFigure1.11. This can be problematic if thgating signals are generated on the CPU for
high frequency converters. The CPU thstep might not be short enough to accurately sample the
gating signals. Therefore, in such cases, it is recommended to avoid using the conventional sine
triangle wave compson blocks available from Simulink librarynsteadpne mightuse blocks
from RT-Events libraryas theRTE signalsare ofa higher time resolutiomvhich allows them to
besampled at eHS timstep.

12
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Figurel.11 CPU timestep vs FPGA timatep [L6]

1.35 The eHS Gen3 block

Figure 1.12 shows the eHS Gen3 bloekhich is responsible for transferring the power
converter from Simulink to the FPGA. Al nputso
specified by the usetdsually, these inputs come from the console so that the user has the freedom
to alter the inputs on the fly. AGATES RTEO i
are applied. The gating signals can be generated on the CPU model or it cptuteeldeom an
external source through digital i nputheusear ds o
canobtain the outputs of the converter. The outputs can be sent to the console for display during
the simulation, or it can be written to a Nédi file for postsimulation analysis. The outputs from
the converter are acquired at the CPU tstep Inthe case of high frequency convertérs thus
recommended to output the data directly from the FPGA to the real world through analog output
carcs. The waveformsan then belisplayed on an oscilloscope to engogreater accuracy in the

waveforms.
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Figurel.12 The eHS Gen3 Solver blockf]

Figure1.13 shows the eHS Gen3 block parameters. In the circuit tab, the first field is the
circuit filename. It was mentioned earlier that the power converter should be built on a separate
Simulink file. The name of this file should be provided in this field. The next field is the sample
time for eHS solver. This value is dictated by the Min eHS Ts achiepatléded by the eHS
block. It is provided on the outer view of the block as showRigure1.12. The value Ts for the
solver should be selected such that it is a factor of the CPU modesteméeo eliminate errors
that can arise duto poor synchronization between the CPU and FPGAdtems. The last field

is the switch conductance. This parameter will be discussed in more details in thectiext
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Function Block Parameters: eHSx64 Gen3 CommBlk e &J

eHS Gen3 solver (mask) (link)

This block allows the configuration and the control of a eHS Gen3 solver to compute the outputs of a power-electronic
circuit.

The eHS Gen3 core is located on an FPGA-based beard and runs at higher sample rate that the RT-LAB system.

The circuit to be simulated can be either a SimPowerSystems (SPS) or PLECS model (.mdl), a PSIM netlist (.psimsch)
or a Multisim netlist (.xml).

The block enables real-time control of its voltage and current sources as well as the gate signals of the switches.

In addition, it allows the management of test scenarios for the circuit.

Circuit | Infos | Inputs Settings | Gates Settings | Scenario Management | Comm Settings
[C] update eHS matrices

eHS Solver form factor: [x64 -

Circuit file name
DC_AC_2level_gen
Provide explicit sample time for solver eHS (otherwise use optimal value)
Sample time for eHS
250e-9
Show advanced settings for eHS solver

Switch conductance (Gs) enumeration:

0.0073

4 m 2

[ OK H Cancel ” Help ] Apply

-

m

Figure1.13 eHS Block paramters: Circuit Tab

Figurel.14 shows that Gates Settings tab details. In this tab, the user specifies the source

of gating signal s. I f the gating signal s

for eah

el ement o option should be sel

ected.

ar e
Then

from Digital In. The switch polarity field allows the user to specify whether the switches will be
active high, or low.
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Function Block Parameters: eHSx64 Gen3 CommBlk s - @
CITTIT.
The eHS Gen3 core is located on an FPGA-based board and runs at higher sample rate that the RT-LAB system.
The circuit to be simulated can be either a SimPowerSystems (SPS) or PLECS model (.mdl}, a PSIM netlist (.psimsch)
or a Multisim netlist (.xml).
The block enables real-time control of its voltage and current sources as well as the gate signals of the switches.
In addition, it allows the management of test scenarios for the circuit.

| Circuit | Infos | Inputs Settings | Gates Settings | Scenario Management | Comm Settings |

Switch control source: |Independent setting for each element v

B ) From RT-LAB block (all)
<= Click here to 0P £ internal FPGA signal (all
e e T e Independent setting for each element . .

[28;29;210;211;212;213]

Switch polarity: [Acti\re-high (all) -

Number of gates from RT-Lab: ’0 v

RTE Gates: |5W01-08

m

Maximum number of events for pulse control (for each pulse signal)
4

Static Gates:

none

4 UL 2

[ oK H Cancel H Help ] Apply

Figurel.14 eHS Block Parameters: Gates Settings Tab

1.4 Switch Models for ReatTime Simulations

As previously statedt must be ensured that the computation time of a system is less than

the simulation timestep for the implemeation of an accurate reime simulation. In the case of

power converters, this implies that a simplified switch model should be employed. Detailed switch
models that characterize the switching transients impose computational burdens making them
unsuitabé for low timestep reatime applications. In fact, such detailed models are only required
when investigating certain phenomena such as switching losses, arcing times and electromagnetic
transients associated with switchiage extinction 17]. In many oher applications such as motor

drives, a simple switch model is sufficient to study the performance of the system. This can be
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justified since the switching transitions are generally much shorter than the switching period, and

therefore, the errolimducedby ignoring these details are negligible.

1.4.1 Switch Representations

The simplest approach is to represent a switch by a resWtale a large value of
resi stance 1 s used,atsmal vabipof msstamce is usdddo raprettimit 0 st a
Aono [I8]t ldowwever this approach mandates the wupdat
admittance matrix after every state change. The matrix inversion is -&aimseming operatign
which adds extra computational efforts to the system. Such raepagse is thereforenot suitable

for very low timestep reatime applications.

Another approach is to use ideal switch models. An ideal switch is represented by an open
circuit when Aoffod and a short Cci r loingieach when
topology of the converter are derived. I9],1the Chebyshev series is used to compute the matrix
exponential that results from the solution of the differential equations. There are several drawbacks
associated with this model. Firstly, deriviting differential equations for each converter topology
can be very challenging. Secondly, the number of switches in the converter is limited due to having
to compute differential equations fqr possible configurations of the converter. Thirdly,-pre
knowledge of how the converter functions is required to set conditions for network transitions.
Despite the fact that this can be a very fast algorithm to simulate converters, there are many

difficultiesassociatedvith it.

Thereafter, several efforts took place to suggest simple discrete circuit models for switches.
In [20Q], the transmissiofine modelling technique was used to represent switches. This model
guaranteed a constant admittance matnx, the errors introduced were not clearly identified.
Pejovic and Maksimoviproposed in21] a switch model that maintains a constant admittance
matrix The model i s basically based on represent.
t he i dochwith a snallicapacitance. The discriétee equivalent of such a representation is
a conductance (Gs) in parallel with a controlled current source. During a change in switch state,
the value of Gs remains constant and the change is reflected in tieeofdahe current source.

Current sources are not accounted for in the admittance matrix which means that the admittance

17



matri x does not change when the switch turn
representation is known as the Fixed AdmittancériM&lodal Method (FAMNM).

This switch representation fits the requirements of adtep reatime simulation. First, it
is a very simple representation which does neguirean extensiveeomputational effort to be
solved. Second, this representationulessin a fixed admittance matrix which means that the
admittance matrix can be inverted a priori to the-tieaé simulation eliminating any complexities
presented by matrix inversioAdditionally, prior knowledge of the converter operation is not
required to run the simulation. This switch model will be referred to as the Pejovic switch from

now on.

1.4.2 The Pejovic Switch Model

The equations for the conductance (Gs) and the parallel current source can be derived by
applying numerical integration the equations of an inductor and a capacitor21, the authors
picked the Backward Euler method. With this technique, the following equation for the switch

conductance is obtained.

0i i (1.1)

whereLsandCsatehe Aond i nductance and Aoffd capacit
The value of the parallel current source is given by:

o Qi b "Q¢ FMeo ni" o GO Q
P of Gitd "QfdMeo fif 8Ho0

Figure 1.15 summarizes the Pejovic approximation of a switths clear that the value of the

current source depends on the past values oflswitarent and voltage
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Figurel.15 Pejovic Switch Approximation

The choice of other numerical integration methods to defifferent switch models is
possible. However, certain problems arise when some of these techarigussd. For example,
Pejovic and Maksimovic derivechatherswitch model using the trapezoidal algorithivhen the
switch model was used in a buck converter, it resulted in oscillatory switch voltage. In fact, the
switch model obtained by the trapezoidal algorithm is equivétetite transmissiotine switch

model presented ir2{].

In [22], the authors presented the trapezoidal with numerical stabilizer integration
technique to derive a switch model. The model is very similar to the Pejovic switch except for
additionaltermg ont ai ni ng t imthe cureent sonreetexpressifimihé ON model,
the extra term is“Oi—Zo’oi & , and in the OFF model, itis%"Oi ® dn fact, whenU =, the
model reduces to the Pejovic switch. Whér, he model reduces tbhe model returned by the
trapezoidal technique. This concludes that increasing alpha increases the damping effect of the
resulting switch model. Increasing alpha beyond one will damp the numerical oscillations further,

but it will come at the expense afdreased errors. Therefore, the preferred valliisivhich

ends up at the Pejovic switch.

19



1.4.2.1 Drawbacks of the Pejovic Switch Model

Despite the simplicity of this switch model, selecting the optimal value of the conductance
(Gs) that willresult in accurate results is a challenge. It is desirable to keep the values of the on
state inductance and estate capacitance as small as possible. However, this need is restricted by
the relationship expresd below derived from equati¢h.1). Reduing the value of one parasite
comes at the cost of increasing the value of the other parasite. Therefore, a compeensse

be made between the sizes of the two parasites.

5o £ .2
U 1

When a very high value of Gs is selected, thestdfe capatance will be a large
value "0i® ¢ i. This means that the capacitor will talkegertime to get charged and block

current flow. On the other hand, selecting a too low value of Gs will result in a very lastggt®n
inductance’Oi® — . This meanshtat the inductor will takéongertime to get charged and act as

a short circuit. Both of these extreme conditions can affect the overall performance of the converter
and result in considerable inaccuracies. Therefore, the value of Gs should be selettttit
both switch parasites charge quickly and have negligible effect on the overall performance.

Another drawback of the Pejovic approximation is the switching losses. Losses occur every
time the switch turns o n beedpenfoLadangtime. The switchd e r
would be acting as a charged capacitor with a certain voltage across it. The energy stored in a

capacitor is given byO -o0w .

When this switch is turned ot will be represented by an inductor. The initial et of
the inductor is zero since no current was flowing prior to turning on the switch. In other words, the
fully charged capacitor was replaced by an uncharged inductor tivbeswitch was turned from
off-to-on. In such case, the energy lost during ngnon is equal to the energy stored in the
capacitor. The same logic can be applied when turning off the switch. A fully charged inductor is

replaced by an uncharged capacitor. Therefore, the total energy lostswitching cycle is given

by:

(1.3)
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1.4.2.2  Optimum Value of Switch Conductance (Gs)
Equation(1.3) gives a good starting point to pick the right value of Gs. The value of Gs

can be optimized to give the minimum losses duringcting. Substituting equatiofi.1) into
equation(1.3) yields
pPYi, (1.4)

In order to determine the value of Gs that will result in minimum losseneed to set

the derivative of equatiofi.4) to zero, ad solve for Gs. In other words:

Q0 - (2.5)
Q"0Oi
Puy... PYi, (1.6)
00l Y o] O m
“Yi
BYm E—O (1.9
C ¢ Ol
0w O (1.8
0
O - (2.9
()
AVoO is the voltage seen across the switch.
in a twolevel inverter is equaltothe DC®u vol t age. T hhe effectvé cureento f A | «
flowing throughaswitch I n AC systems, the value of Al o

DC systems, i Iheéavearage cartertt of the lodlhen Gs & sdlected according to

equation(1.9), minimum energy loss is Aeved and acceptable simulation resultsreatized
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1.5 Objectives and Related Work

The objectives of thistudy are shown below:

1 To validate the performance of the eHS solver. In[[]-[12], thereattime models of
the power converters were alwayalidated by comparing the results to those obtained
with offline simulations in SPS. In this work, a new test procedure to validate eHS is
proposed which involves comparing results with real inverfatditionally, in the offline
verification, results rom PSIM and values obtained from mathematical expressions
describing the waveforms of the power converter are inclutteel converter that will be
considered ishte twolevel inverter feedingassive loaslin openloop.

1 To identifycases where the resuljiven by the eHS solver do not converge to the expected
values. Then, it will be studied whether this case could be solvectoging Gs. This will
then pave the way to develop systematic methodstimeeGsn such cases of operation.

1 To suggest aimple expression to select Gs that does not need any mathematical effort or
knowledge of the converter outcomé@here are various proposed methods to select
optimal Gs. The simplest one is the trial and error process, which can be very time
consuming. Otérs, such as the one described in this Chapter, depends on optimizing Gs
by obtaininga value that minimizes the switching losses. Another algorithm is based on
minimizing the error between eHS and SPS reswhsch is themethod adopted by OPAL
RT combined with the LCA algorithmrin [17], the proposed method depends on reducing
the Euclidean distance between the eigenvalues of the admittance matrices of the power

converter that result from using Pejovic and ideal swiche

1.6 Conclusion

In this Chapter, it was discussed that an FRGased HIL simulation of a power converter
composed of Pejovic switches is the most suitable way to meet the requirements of a valid
implementation of a power converter. The difficulties associated with programnpogver
converter on an FPGA are overcome by utiizihe eHS solver. In the nexth@pter, the soundness
of the eHS solver will be investigated through offline simulations.
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2. OFFLINE VERIFICATION OF TWO -LEVEL INVERTERS WITH
PEJOVIC SWITCH

2.1 Introduction

In this Chapter, the switch model used in low thstep reaktime applications with the
value of Gs selected according to equafibf), which was derived in Chapterig,examined.
Realtime simulation will be avoided at this stage dinel nodel will only be testedffline. This
is to guarantee that there are no external factors affecting the accuracy aifulaien and the
outputs are mere result of the Pejovic switch approximation. The ssidyomparison between
eHS offline, which $ a block from OPAL RT that simulates power converters according to the
Pejovic approximation, and the conventional converters from SimPowerSystemsT(IsHayYS
values of eHS must be within 2% difference from SPS, otherwise, the results are considered

inaccurate.

2.2 Model for Offline Verification

Figure2.1 depicts the entire model of the test circuit. The inverters from SPS and eHS are
run simultaneously in the same model to assure a fair comparison. The model consists of three
subsystems, nayePWM_Generation, SPScircuit, and eHS offline simulation bl&kScircuit
and eHS offline block receive exactly the same gating signals, which are generated in the
PWM_Generation subsystem. Each subsyssaiiscussed in more details next.

Vdc
two_level_ehs I
Modfreq >
eHS ine simulation block
ma Pulse
ElMired p»| Gatingsignals  ConverterOutput two_level_sps ‘

_generation

Figure2.1 Offline verification model

23



22.1 PWM_Generation
Figure2.2 shows the PWM_Generation subsystd&ime block diagram can be divided into
four stages as shown in the figure: Modulatinggn@ Generation, Sizing, Gating Signal

Generation, and Regrouping.

£ ::I D
PW Mfreq [?F'WM u ¥
" v Pulses

\ RTESPWM Selecior )

)
! Gating Signals Generatior
Modulating Signal Generation Sizing and Regrouping

Figure2.2 PWM generation subsystem

2.2.1.1Modulating Signal Generation

In this stage, the three sine waves that are compared against the carrier wave are generated.
The modulating frequency, provided by the user, is integrated with respect to time to generate the
¥t ter m. The angle i s shif teehd anblgs oflithe @theatwal 2 40
modulating signals. The three angles are fed to a sine block to produce three continuous sine waves
phase shifted by 120 degrees. The modulating signals are multiplied by the modulation index to

set their amplitudes.

2.21.2Sizing

The RTE SPWM block from OPAL RT generates the gating signals by comparing the
modulating signals with a carrier wave running between 0 amtierefore, the sine waves have
to be shifted up by a value of unity and then divided by two so thaiitle same range of the

carrier wave.

2.2.1.3Gating Signals Generation and Regrouping

The RTE SPWM block has the option of generating ¢faging signals and their
complanents besides allowing the user to specify the desired dead time. The gatingasignals
deliveredas two vectors where the first vector contains the resulieotomparison athe sine

waves with the carrier wave, and tleesnd vector contains the compient of the first onel'hen,
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a selector is added to arrange the gating signalstsatthey comply with the svah arrangement

in the inverter.

2.2.2 SPScircuit

Figure2.3 illustratesthe SPScircuit subsysterhis subsystem contains the circuit of the
two-level inverter to be simulated by the conventional method. The outputs of this inverter will
serve as theeference platform to whide eHS offline results ammmpared. The vector of gating
signals from the PWM_Generation block is demuxed and each switch is provided with the relevant

gating signal. The outputs of the inverter are stored in a matlab fij@$dsimulation analysis.

>
Gatings ignsls ,-
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Figure2.3 SPScircuit subsystem

2.2.3 eHS Offline Simulation Block

Figure2.4 shows theeHSoffline simulationblock. This blockallows the user to simulate
the converter with the eHS solver used in FR@&ed simulations and with the same tstep
but in an offline environment. This block is very handy since it gives an initial indication of the
performance of the converter befaegaging in a reaime simulation. If the eHS offline block
yields acceptable results astill problems arise in the redime simulation, the user shall know

that the problem is not related to #1dS solver nor the Pejovawitch.
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Figure2.4 eHS offline simulation block

2.3 Loss Compensation Algorithm (LCA)

It was explained in th€hapterl that the Pejovic switch introduces switching losses, and
these switching losses will be minimized by selecting&sgeaccording to equatiofi.9). OPAL
RT has developed the Loss Compensation Algorithm (LC&ining to eliminate even the
minimum of thesdosses. In this work, two inverters from eldg simulated: one withCA
disabledand one with LCA activated. The impact of LCA on the inverter efficiency and its outputs
is investigatedThereon, the inverter witut LCA is labeled a eHS, and the othene isnamed
eHS LCA.

24 Test Conditions

Table2-1 shows the tegtarameters used to validate the performance of thareld8ers

Three sets of loadre considered

f R=25Y, mH(ER 20.85)
f R=3Y, L=BPF0=0H)
f R=100Y (ufactarly power

Table2-1 Test parameters

Parameter Value

DC Bus Voltage 200V
Modulation Index 0.8
Modulating Frequency 50Hz
PWM Frequency 5kHz

On-state Resistance 1mY
Dead time 4us

Time Step 250ns
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2.5 TestResults
In the following subsections, the optimal value of Gs is given with each load condition.
Waveforms and RMS values from SPS, eHS and eHS LCA are presented in each case, and a

comparison is drawn between the results.

251 First Case: R6£2®00986 L=32mH

Figure2.5 shows the line voltages from each inverter. The line voltages from SPS and eHS
LCA are very similar, but there is a significant difference in the eHS line voltage. Thetbéoee,
is aneedto look at the spectral analysis of the line voltage to have a sounder evaluation of the

waveform. Figure 2.6 shows the spectral analysis of the lineltages from SPS and eHS

superimposed.
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Figure2.5 Line voltages from SPS, eH&hd eHSLCAR=2 5 Y, D =32mH
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Figure2.6 Spectral analysis of SPS and eHS line voltaBe6Y, L=32mH)

From the spectral analysisjs observedhat the spectral conteaf the two waveformss
very similar.Whenzooming into the line voltage from eH% is clearthat the originakhapeof
the voltage waveform is preservddspitesuffering from large oscillationgs shown irFigure
2.7. Thisis why the waveform has a different loo&mpared to the waveform fro8PS However,
these oscillations have negligible effect on the overall performance. This can be seen from the load
current waveforms ifrigure2.8 , where the currents from all three inverters are closely tracking

each otherTable2-2 shows a comparison of other voltage and current values from each inverter.
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Figure2.7 Closer view of eHS line voltage

The values returned by eHS LCA are almost identical to those of the SPS values. On the
other hand, the values returned by the eHS inverter (without LCA) are slightly lower than those
provided by SPS, still within a 2% difference. The efficiency of the ieM&ter is 98.7% whereas
the eHS LCA inverter is 99.87%, close to full efficiency. The optirahle ofGstries to minimize

the power loss of the invertddowever, thd.CA activatedapproactiries to achieve ideal results
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Figure2.8 Load currents fron8PS eHS, and eHS LCAR=25Y, L=32mH)

Table2-2 Comparison between SPSHS and eHS LCAvalues forR=25Y , L=32mH

SPS eHS eHS LCA
Vi fund.(V) 92.072 91.614 92.065
Vphasefund.(V) 53.169 52.897 53.167
lafund.(A) 1.973 1.963 1.973

Vi (V) 128.702 128.412 128.661
Vphas{V) 74.327 74.148 74.301
la(A) 1.974 1.964 1.974
lac(A) 1.463 1.465 1.463
THD(V 1) 97.671 98.217 97.623
THD(V phasd 97.685 98.229 97.621
THD(l ) 2.251 2.257 2.356
Input Power (W) 292.598 293.069 292.55
Output Power (W) 292.192 289.207 292.17
Efficiency (%) 99.86 98.7 99.87
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252 Second Case: R=3YV, L=5000H, Gs=0.088605
In the seconatase, the performance of thevertes is tested fohigherload condition
Figure2.9 shows the line voltages from each inverter. Again, the spectral analysis of the eHS line
voltage is needed to assess its acculeigyre2.10 shows the spectral content of the SPS and eHS
line voltages in the same window. As in the previous case, the spectral content of the two signals
are very similar despite their different forms in tidwmmain. The load currents from eHS and eHS
LCA are tracking closely the reference current from SH§ufe2.11). Table2-3 summarizes the
results of the three inverters. The same conclusions made for the small inductive load apply to

larger loadsas well
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Figure2.9 Line voltages from SPS, eHS, and eHS L&A 3 Y, L¥E
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Table2-3 Comparison between SP&S and eHS LCAvaluesfoR=3Y, L=5000H

SPS eHS eHSLCA
VL fund.(V) 91.753 91.123 91.765
Vphasefund.(V) 52.976 52.611 52.968
lafund.(A) 17.634 17.513 17.632
Vi (V) 128.690 128.086 128.367
Vphasd V) 74.306 73.957 74.107
la(A) 17.721 17.598 17.718
lac(A) 14.135 14.114 14.143
THD(V LL) 98.346 98.783 97.819
THD(V phasd 98.358 98.796 97.847
THD(I a) 9.918 9.885 9.863
Input Power (W) 2826.93 2822.83 2828.66
Output Power (W) 2826.28 2787.31 2825.20
Efficiency (%) 99.98 98.74 99.88

253 Third Case: R=100Y, Gs=0.004006

In the previoustwo cases, the load was inductive which filtered out the harmonics in the
voltage and resulted in a sinusoidal load current. Now, it is desitedtithe performance of the
invertes when the waveform of the current is not sinusoidal anymore. OPAL BVidaes a
support script with its product that assists the user in selecting the optimal value of Gs. In the case
of resistive loads, the user has to enter the base power, DC bus \aithgeminal duty cycle so
that the script returns the value of Gs.xNehe results of the inverterare examined while
supplying a resistive load with switch conductance (Gs) determined by the Baipk 2.12
shows the line voltages from SPS, eHfad eHS LCA.
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Figure2.12 Line voltages from SPS, eHS, and eHS L&A 1 0)0 Y

In thiscondition, the line voltage waveforms from all three inverters are very sifliar.
oscillations in theeHSline voltage that were previously apparent with inductive loddsenow
considerably diminishedith theresistive loadThe current waveforrs, shownm Figure2.13, are
scaled replica of the phase voltage. Therefsuperimposing thra will not yield a beneficial
implication on the proximity. In this case, the RMS values of the load currents thaut
fundamental componeng$ves abetter insightn their proximity. These values in addition to other

parameters are given frable2-4.
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Figure2.13 Load currents from SPS, eHS and eHS L&A1 0)0 Y

In Table2-4, the values returned by eHS and eHS LCA have almost the same percentage
difference from SPS. In fact, the values returned by eHS were slightly better than those returned
by eHS LCAIn some ases. For instance, the percentage difference in the line voltage is 0.32% in
eHS and 0.50% in eHS LCA. Moreover, the efficiency of the eHS LCA inverter is slightly lower
than the SPS inverter, unlike with the inductive load cases where the eHS LCAriaffariency
was almost identical to SPS.

35



Table2-4 Comparison between SPS;Sand eHS LCAvaluesfoR=1 00 Y

SPS eHS eHS LCA
VL fund.(V) 92.469 92.172 92.930
Vphasefund.(V) 53.389 53.216 53.656
lafund.(A) 0.534 0.532 0.537
Vi (V) 127.740 126.734 126.837
Vphasd V) 73.756 73.175 73.235
la(A) 0.738 0.732 0.732
lac(A) 0.822 0.817 0.814
THD(V LL) 95.308 94.370 92.890
THD(V phasd 95.316 94.379 92.893
THD(I a) 95.316 94.379 92.893
Input Power (W) 164.34 163.32 162.81
Output Power (W) 163.20 160.64 160.90
Efficiency (%) 99.30 98.36 98.83

2.6 Verification against theoretical expressions and other software

The offline resultarefurther verified by comparing them against the inverter results
obtainedthroughthe proven mathematical expressions of thelevel inverter. PSIM, which is
another reliable software for power electronics simulations, is also used to validate theyaccura
of the resultsEquation (21) describes théne-to-neutral voltagef a twolevel inverter Using
this expression, theoretical values of RMS voltages and currents are computed via Matlab. This
expression does not include the effect of diéae. Therefore, in this section, the deade is

assumed to be zero.

OO Pt C (21)
—0 ¢ 5 & - AT@ o & o

all

WhereM is the modulation indexmis the multiple of the switching frequenay,
is the multiple of the modulating frequendy(x) is theBessel functiorof the first
kind, ¥cisthes wi t chi ng an g u bisthe mbdulatigguaegaolar y
frequency.
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Table 25, Table 26 andTable 27 show the results returned by SPS and eHS LCA in
addition to the two other references, PSIM #r&bretical valuedn the three load cases, a very
close agreement can be observed between the results fronr abtwoesThis gives further
credibility to the eHS LCA results, since they are also matching with other references.

Table 25 Comparison between theoretical, PSIM, SPS and eHS LCA values folYR=25

L=32mH

Theoretical PSIM SPS eHS LCA

Vi fund.(V) 97.920 97.922 97.980 97.970
Vphasefund.(V) 56.534 56.533 56.569 56.564
lafund.(A) 2.098 2.099 2.099 2.099

Vi (V) 132.712 132.7&4 132.839 132.785
VphasdV) 76.621 76.669 76.700 76.669
la(A) 2.09 2.100 2.100 2.100
lac(A) 1.6 1.664 1.655 1.655
THD(V L) 91.480 91.58 91.550 91.489
THD(V phase 91.480 91.58 91.561 91.500
THD(l a) 2.271 2.274 2.377 2.378
Input Power (W) 33040 330.80 331.04 331.00
Output Power (W) 33020 330.75 330.75 330.67
Efficiency (%) 99.A 9998 99.91 99.90

Table 26 Comparison between theoretical, PSIM, SPS and eHS LCA valuBssf@ Y ,

L=500pH
Theoretical PSIM SPS eHS LCA
Vi fund.(V) 97.932 97.889 97.951 97.949
Vphasefund.(V) 56.540 56.514 56.553 56.552
lafund.(A) 18.822 18.824 18.825 18.825
Vi (V) 132.780 132.759 132.818 132.502
Vphasd V) 76.661 76.646 76.687 76.505
la(A) 18.9(6 18.908 18.909 18.908
lac(A) 16.080 16.078 16.094 16.102
THD(V L) 91.560 91.616 91.577 91.101
THD(V phase 91.560 91.616 91.588 91.112
THD(l 2) 9.446 9.449 9.454 9.399
Input Power (W) 3216.00 3215.60 3218.76 3220.31
Output Power (W) 3215.91 3217.61 3217.96 3217.53
Efficiency (%) 99.99 99.94 99.98 99.91
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Table 27 Comparison between theoretical, PSIM, SPS and eHS LCA valuBs-60Y

Theoretical PSIM SPS eHS LCA

VL fund.(V) 97.920 97.921 97.983 97.982
Vphasefund.(V) 56.534 56.532 56.571 56.571
lafund.(A) 0.565 0.565 0.566 0.566
Vi (V) 132.724 132.782 132.841 132.302
Vphasd V) 76.672 76.659 76.701 76.390
la(A) 0.766 0.767 0.767 0.764
lac(A) 0.885 0.882 0.888 0.883
THD(V LL) 91.580 91.585 91.547 90.731
THD(V phase 91.580 91.586 91.558 90.742
THD(l a) 91.580 91.586 91.558 90.742
Input Power (W) 177.00 176.34 177.64 176.65
Output Power (W) 176.03 176.30 176.49 175.06
Efficiency (%) 99.45 99.98 99.35 99.10

2.7 Conclusion

Small and large inductive loads in addition to a small resistive load were usealuate
the performance of the eHS solweoffline (with and without LCA and the Pejovic switchith

Gs selected as discussed imater 1.

In the case of inductive loads, the line voltages from eHS wleservedto have large
oscillations which, athe first glance, gave an impression that the waveforms were erroneous.
However, after careful inspection and with the aid of the Fourier transfaswahcluded that the
voltage waveforms from eHS were technically very similar to their counterparSR#nand that
the oscillations had negligible effect on the overall performance. These oscillations vanish when
the LCA is activated. Values returned by eHS LCA are almost identical to SPS. While the eHS
inverter returned slightly lower values, they atdl within a 2% difference. Another feature that
was investigated is the inverter efficiency. Witloper selection désvalueselected and the LCA

activated, the switching losses introduced by the Pejovic approximation are almost nullified.

In the case of resistive loads, the eHS line voltage waveform has the expected form with
no oscillations. The LCA with resistive loads is not as effective as with inductive loads. The degree
of accuracy in the results of the eHS and eHS LCA inverter were vergarable, while with
inductive loads, eHS LCA yielded more precise results.

38



At the end of this Gapter, a list of questions that neecbtoaddressed in the following
Chapters was sought. It shall be explained why oscillations appear in the voltagermawehen
the LCA is not activated, and why are they damped when the load is resistive. A simplified method
to determine Gsaluewithout prior knowledgef the inverter outcomes @oposed for resistive
load cases. Also, it will be shovtine change in #hvalue ofGs to get a closer value of load current
to the reference value without degrading the overall efficiency (in case of no LCA). Finally, in the
past three tests, the inverters were operating at the point which Gs was calculated for. It is, then,

desirable to assess the robustness of Gs to deviations in the operating point.

In the next @apter, the test plan to validate the eHS solver against an experimental setup

is proposed. The same test conditions and load cases are considered in theywafitaabn.
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3. VERIFICATION OF TWO -LEVEL INVERTER WITH PEJOVIC
SWITCH IN REAL -TIME

3.1 Introduction

The eHS implementation of the tvevel inverter in offline was just an initigkrification
on the performance of the converter. In practice, the offline implementation is not of substantial
use since the existing software packages, such as Simulink and PSIM, are sufficient to study the
performance of the convertedffline. The significant vale of the eHS implementation arises
when it is used in very low timstep reatime applications, where the Pejovic switch allows very
fast execution of the converter. Therefore, it is of a great importance to ensure that the converter
implementation in eH8ields acceptable results in réahe. The perfanance of eHS in redime
is assessed against an experimental sé&tapn Chapter 2, the difference between eHS and real

inverter results must be less than 2%.

3.2 Experimental Setup
Figure 3.1 shows the block diagram of the test setlipe OP4510 igesponsible for

generating the gating sigsaas well as emulating the twevel inverter. The gating signals

generation happens on the CPU, while the inverter is implemented by the FPGA.
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Figure3.1 Block diagram of test setup
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The gating signalgenerated by the CPU model arepdedto a physical inverteanda
virtual inverter on the FPGA simultaneousWith sucharrangementit is confirmedthat both

inverters receivexacty the same signalgigure3.2 illustrates the experimental setup

Real

OP4510 Inverter

RLLoad

Figure3.2 Experimental setup

Figure 3.3 shows how the gating signals are distributed. fitm@bering on the figure is
explained next, but before that, the arrangement of the I1&Dndts in the OP4510 must be
addressed. The labelling of the 1/0 slots on the OP4510 are classified according to the following

code:

1 for Digital
2 for Analog

1
1
1 Afor Input
1

B for Output

Therefore, the Analog In slot, for example, is labelle@AsDigital Out is labelled a$B. These
labels are clear on the OP4510.
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Figure3.3 Gating signals distribution

Label1: Thiss| ot i s 61B&d, which corresponds to Di
signals generated on the CPU dediveredthrough this slot.

Label 2 This slot is 61A06, which correspo
virtual inverter are capted by the FPGA through this slot. It can be clearly seen that the

gating signals are returned back to the OP4510 through thdosmipcable.

Label 3: The remaining part of the cable is connected to a DB37 connector to send the
gating signals to the physicinverter.

Label 4 . This sl ot is 062B6 corresponding
inverter, such as line voltages and load currents, can be acquired through this slot. It is
more accurate to display outputs on the oscilloscope from ttithain observing them on

a scope in the software model.
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3.3 Test Conditions

The same conditions used in the offline simulatiareised for the redime simulations.
However, only two load caseseconsideredn a me | y t mid case andhe re8istie load

caseTable3-1 shows the test conditions.

Table3-1 Test conditions

Parameter Value

DC BusVoltage 200V
Modulation Index 0.8
Modulating Frequency 50Hz
PWM Frequency 5kHz

On-state Resistance 1mY
Dead time 4us

Time Step 250ns

34 Test Results

The voltage and current waveforms for each load case is presented in the following
subsectionsThe RMS values of voltages and currents recorded in the tables were measured
directly from the experimental setup using the Fluke Digital Multim&tiee. fundamental

components were extracted using a DFT script in Matlab.

341 Fir st Ca sLe32mHR6s2®00986

Figure 3.4 shows the line voltages from eH8HS LCAand thepracticalinverter. The
oscillations that were observed in #idSline voltage in offlinesimulationare still visible in the
reattimesimulation, but they are less intensive due to the sampling rate of the DAC in the OP4510.
The FPGA outputsare sent to the oscilloscope evépus, whle the FPGA computes outputs
evely 250ns In other words, from every 10 FPGA outputs, only one is displayed on the
oscilloscopeTherefore severaldetails in the oscillations are omittaddhence, theffect of the

oscillations on the shape of the voltage waveform is less severe.
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Figure3.4 Line voltages fromeal invertey eHS and eHS LCAR=2 5 Y, D =32mH

Figure3.5 shows the current waveformi®m the two invertersaid on top of each other.
Again, it can be seen that there is good agreernetweenthe two current waveforms. The

currents from eHS arneHS LCA are closely tracking the current from the real inverter.
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Figure3.5 Load currentsrom real invertey eHS and eHS LCA

Table3-2 shows a comparison between the RMS values of line voltage and load current

from the real and virtual invert®IThe values are very close to each other and moreover, they are
very close to th values btained in offline simulation.

Table3-2 Comparison oRMS values ofine voltages and load curreff@=2 5 Y,

D =32mH
Vi (V) Vi fund. (V) la (A)
eHS 128.24 91.92 1.965
eHS LCA 127.47 92.36 1.974
Real Inverter 12927 92.77 1.973
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342 Second Case: R=100Y, Gs=0.004006
Figure 3.6 depict the line voltage waveforms from real and virtual inverteigure 3.7
shows the load currentlt can be observed once again that the oscillations in the line voltage of

the eHS inverter have dramatically dimireshwhen the load is resistive.
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Figure3.6 Line voltagefrom real invertey eHS and eHS LCAR = 1 0)0 Y
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5 Real Inverter Load Current
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Figure3.7 Load currents fromeal invertey eHS and eHS LCAR = 1 0)0 Y

Table 3-3 shows the RMS values of the line voltage and load cur&inte the load
currents are not sinusoidal, the RMS values of the load current and its fundaroentahent are

given in the table. The line voltages and the load currents from the real and virtual inverters show
very close proximity.

Table3-3 Comparison of RMS values dhe voltages and load currenR € 1 0)0 Y

Vi (V) la (A) lafund. (A)
eHS 126.23 0.731 0.533
eHS LCA 126.18 0.728 0.529
Real Inverter 126.75 0.742 0.540
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35 Conclusion

In this Chapter, an FPG/ased reatime simulation of a twdevel inverter with a time
step of 250ns was carried out successfully. The results of the eHS and eHS LCA inverters were
very close to the results of the practigalerter. Additionally, the results frorthe realtime
simulation were very close to those obtained in offline. There are several conclusions that can be
made at the end of this task. First, the eHS offline simulation block renders results that are almost
identical to the realime implementatio, which means that this block is reliable for initial
validation Second, the outputs of theacticalinverter, with all its nofideal characteristics such
as switching transients and-etate voltage drop, were very close to the SPS results. This means
that SPS results can serve as a reliable platform to compare eHS results with. Finally, it has been
verified that a twelevel inverter with a very low timetep can be simulated with acceptable

accuracyin reattime, and that external hardware can be integrated with the virtual inverter.

In Chapter 2 and this Chapténe eHS inverters were operated atdgpgmal value of Gs.
However, in the nexthapter, the performance of the inverters witralue of Gs slightly different

from the optimal value is investigated.
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4. ROBUSTNESS OF THE SWITCH CONDUCTANCE (Gs) TO
CHANGES IN OPERATING POINT AND F AULTS

4.1 Introduction

When the switch conductance (@syleterminedor the inverter, its doneonlyfor a single
operating point. In other words, it was determined for a known set of values of voltage and current.
This is one of the drawbacks of the Pejovic switch model, that the conductance is selected for one
operating point. If the load condition aiges during the simulation, it is not possible to alter the
value of Gs. Otherwise, its feature of maintaining a fixed admittance matrix will be lost if Gs is
changed every time the load changes. Therefore, there is a need to study the performance of the
inverter while operating at a point different than what Gs was initially calculated forsTaise
by applying unbalanced loads, operating the inverter away from its rated conditions and by

applying faults to the inverter.

4.2 Unbalanced loads

The value of Gsinder studys fixed for the condition when all three phases of the inverter
are connected to a 25 Yartiséanged tolcreastbre thdnhd8% r esi s
deviation in current fronits original value.The newload resistancevalues arel O , 20 and 3
respectively. When the loads are balanced, the value of Gs is 0.00986. This value will now be used

in the unbalaced case and the results aoenpared to the true vads in offline and in redime.
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421

Offline Simulation: R1=1 QR=20 Y3 3®Y, L=32mH, Gs=0.
Figure4.1 shows the currents for the three phases fr@8,&HSandeHS LCA
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Figure4.1 Phase currents for three phases from SPS, eHS, and eHS LCA

00986

Figure4.1 depicts a strong proximity between the currents from SPS, eHS and eHS LCA.

Table4-1 shows the RMS values of the currents in the three phases. Indhedshload case, the

current 8 1.9738A. Now, the current in phase A is 3.101A, which is a 57% increase on the initial

operating poit The RMS values from eHS LCA as well as the total efficiency are identical to the

ones given by Simulink. The values returned by eHS are slightly lower but are within the 2%
difference range. Total efficiency has dropped from 98.7% to 98.2%, which riestnthe

efficiency will drop further if the load unbalance increases.
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Therefore, in unbalanced load conditions, the same value of Gs used in balanced load
conditions can still yield acceptable results. Furthermore, if the LCA is activated, the difference
occurring due to the load unbalance are compensated, and accurate results are obtained at the
output.

Table4-1 RMS values of voltage andigentin unbalanced load conditions (offline)

Vi (V) la(A) b (A) lc(A) Efficiency
SPS 129.107 3.101 2.282 2.186 99.5%
eHS 128.831 3.071 2.267 2.169 98.2%
eHS LCA 129.038 3.100 2.281 2.186 99.5%

4.22 Reaktime Simulation:Ri=10 Y2 ®RYss3®Y, L=32mH, Gs=0.00986
It is now desired to check whetheresults obtained in redilme are similar to those from

offline. The same loading conditions and the same switch conduetenused.

Table 4-2 shows a comparison between the values of line voltage and phaseent
obtained from eHS, eHS LCA and real inverter. For a second time, themgosd agreement
between the values fromelthree inverters, which supports the conclusion reached in the previous
subsection.

Table4-2 RMS values of voltage and current in unbalanced load conditiondifresgl

Ve (V) la (A)
eHS 128.09 3.0997
eHS LCA 127.91 3.097
Real Inverter 128.31 3.053

4.3 Operating away from rated conditions

Loading conditions of a converter may vary duropgration For examplean induction
motor fed by a twdevel inverter can be running arated load. Later, the load can teeoved,
and the motor operates at lwad condition. Likewise, a twlevel inverter can be supplying a
house from a solar panel. The loading conditions of the inverter will always vary depending on the
consumptionin the house.When attempting to simulate these cases intres, he optimum
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value of Gs hat be changed each time the load changes. However, as was previously mentioned,
this is not possible as it contradicts the purpose of using the Pejovic switch mibagliist place.
Therefore, in this section, the value of Gs for the investpicked according to iteated values.

The inverter is themun at only 20% of the rated condition and the accuracy of the results

observed. In this section, the perforroamf the inverteis studied using offline simulation only.

43.1 Case 1: 20% of Rated Current

The first assumption is that each switch of theerter is rated at 200V, 10A RMS.
Therefore, the optimum value of Gs is 0.05 according to equéiti®h In this subsection, it is
assumed that the inverter will only supply 20% of its rated current, which is equal to 2A. The
optimum value of Gs for this condition is 0.01, but the value of 0.05 corresponding to rated

conditionis used in the simulation.

Table4-3 shows a summary of the results obtained when the inverters are operated at 20%
load current. The first column under eHS and eHS LCA shows the values returned have the optimal

Gs been used. Bmext column is the results obtained when Gs for rated conditions is used.

Considering the results obtained from the eHS inverter first, one can notice that by
increasing Gs beyond the optimum value, the RMS values of voltages and currents also increase.
In this case, they even increased beyond the real values given by SPS. Nonetheless, this gives an
indication that it might be possible to find a value of Gs that can render results closer to the values
given by SPS.

The percentage error is 1.5% in thedamental component of line voltage and 1.6% in
fundamental component of the load current. In terms of RMS values, the error in line voltage is
0.5% and 1.6% in load current. The THD in the line and phase voltages dropped down because the
increase in the fdamental component outweighed the increase in the total RMS value. The error
in the THD is 2.4%. In terms of efficiency, the expected drop in efficiency is noticed. The optimum
value of Gs is selected to result in minimum power loss, so by deviatingflemwathis point, the
power losses will inevitably increase. Yet, the drop in efficiency in this case is not very severe. All
in all, since most percentage errors are less than 2%, the converter performance can be considered

acceptable when it is operateeldw rated current.
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The values returned by the eHS LCA inverter are almost identical whether the optimal or
rated Gs is used. They were also very close to the SPS values. Additionally, there was no drop in

efficiency when rated Gs was used as in the cbeelS inverter.

Table4-3 Comparison between SPS, eHS and eHS LCA at 20% of rated inverter current

SPS eHS eHS LCA
(Gsopt=0.01) | (GSrated=0.05)  (Gsopt=0.01) (GSrated=0.05)
Vi fund.(V) 92.072 91.614 93.593 92.065 92.075
Vphasefund.(V) 53.169 52.897 54.036 53.167 53.174
la fund.(A) 1.973 1.963 2.0054 1.973 1.973
Vi (V) 128.702 128.412 129.294 128.661 128.715
VphasdV) 74.327 74.148 74.651 74.301 74.332
la(A) 1.974 1.964 2.0059 1.974 1.974
ldc(A) 1.463 1.465 1.551 1.463 1.463
THD(V L) 97.671 98.217 95.309 97.623 97.685
THD(V phase 97.685 98.229 95.319 97.621 97.678
THD(I ) 2.251 2.257 2.272 2.356 2.356
Input Power (W) 292.598 293.069 301.78 292.55 292.61
Output Power (W) 292.192 289.207 310.18 292.17 292.25
Efficiency (%) 99.86 98.70 97.29 99.87 99.88

4.32 Case 2: 20% of Rated Voltage

In this subsection, the inverterassumed to bgrovided with only 20% of the rated voltage
and supplies rated current. In other words, the DC bus voltage will be only 40V. The optimum
value of Gs based on these conditions is 0.25, which is five times larger thailubet rated

conditions. In simwdtion, the value of 0.05 used for Gs is fifth the corresponding optimum value.

Table4-4 shows a summary of the results obtained when the ingateroperating with
20% of its rated voltage. The first observation that can be noticed in the eHS inverter results is that
the load current with Gs at rated value is quite low compared to the actual current (SPS). There is
a 4% difference between the cemts, while in the previous scenario, there was a 1.6% difference
in current. This was clearly reflected on the output power from eHS, where it was 8% less than the
actual output power. This makes sense since the output power is proportional to thefsipeare

load current, hence the error in power will be double the error in current. The second major issue
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is the THD in the line and phase voltage the previous section, the difference was 2.4%, while
in this case, the difference reaches up to 10%. ofAthe aforementioned shortcomings were

rectified with the LCA activated. Almost full efficiency was achieved.

Table4-4 Comparison betwee®PS, eHS and eHS LCa# 20% of rated invertemltage

SPS eHS eHS LCA
(Gsopt=0.25) | (GSated=0.05) | (Gsopt=0.25) | (GSrated=0.05)

Vi fund.(V) 18.367 18.271 17.628 18.365 18.359
Vphasefund.(V) 10.605 10.549 10.178 10.605 10.601
lafund.(A) 10.118 10.065 9.7104 10.117 10.114
Vi (V) 25.729 25.662 25.970 25.715 25.660
VphasdV) 14.857 14.818 14.997 14.849 14.818
la(A) 10.120 10.067 9.7128 10.120 10.116
ldc(A) 7.675 7.681 7.250 7.675 7.669
THD(V L) 98.095 98.626 108.188 98.010 97.651
THD(V phase 98.111 98.638 108.220 98.021 97.666
THD(I a) 2.287 2.195 2.260 2.288 2.286
Input Power (W) 307.01 307.23 289.99 307.01 307.03
Output Power (W) 306.98 304.03 283.02 306.98 307.01

Efficiency (%) 99.9 99.0 97.6 99.9 99.9

Based on the resulshownin Table 4-3 and Table 4-4, when the LCA is not activated
selecing avalue of Gghatis slightly higher than the optimum valwéll yield acceptable results
at the output. However, when Gs is lower than the optimum value, results at the output will carry
significant errors. The load current will be l@asulting in low output power antlé THD in tre

line and phase voltages will signifitdy increase.
From the above study, it can be stated that if:
Gs for a twelevel inverter is selected according to the rated values, then

1 Operating the inverter at a lower current will not have significant ae\affscts on the
accuracy of the results

1 Operating the inverter at a lower voltage will have significant adverse effects on the
accuracy of the results, and the user should be careful when simulating such cases.

1 Activating LCA will result in acceptable rels in both cases.
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44 Converter Operation under Faults

One purpose of a HIL simulation is toalidatethe performance of protection systems.
Before judging whether the protection system is working correttfysoundness of the outputs
provided from the converter need to be checked such that the protective deviceawiill
accordingly. In this section, fauléseintroducedby blocking some of the switches in theverter
and check onwhether the outputsould match the actual valuesll take place The comparison

is done in offline and redime.

Figure4.2illustrates the switches thateblocked n thescenario. Two load cases arged
and the optimum value of Gs under the ezdjye normal conditions iselected. It is of great
importance to learn whether the optimum switch conductance under normal conditions will still
perform appropriately in tdty conditions. If that is not the case, the user needs to be conscious
when selecting Gs, and shall have prior knowledge of whether the converter will be operated in

sound or faulty conditions.

RS

— ra‘r

2_
1l

Figure4.2 Blocked switches in the converter
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44.1 Offline Simulation with Fault Introduction

The two load conditions and the respectivea®s 2 5 Y, ,3G3¥0/80986Gnd3 Y ,
500uH, Gs=0.0884ln this part of the study, eHS LCA will only be used as the virtual inverter. It
is only when discussing faulty situations that eHS LCA will be referred to simply as eHS.

4411 First Case: 25Y, 32mH, Gs=0.00986

Figure 4.3 shows the line voltagefrom SPSandeHS. The positive cycles are almost
similar, but there is a noticeable difference ia tiegative cycles. In terms of load currertase
A, shown inFigure 4.4, the currents are closely tracking each other except for some small
oscillations about the zero level in the current from eHS. Inspecting the waveforms, especially for
the line voltage, is ricsufficient to deduce that the eHS results are accepiBdide4-5 shows a
comparison of the RMS values of the line voltage and the load curféms/alues of the load
current in each phase are very close to each other. However, there is a considerable difference in
the line voltages. The percentage error in the line voltage from eHS is 21.7%, which is completely
out of range and can cause errameperformance of voltag@riented protection systems. Next,

another load case is presented to investigate the reoccurrence of the same problem.

Line Voltage from Simulink
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Figure4.3 Line voltages from SPS and eHS in faulty condiigr= 2 5 Y, D =32mH
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Table4-5 Comparison of RMS voltages and currents from SPS and eHS under Rt 6 Y ,

L=32mH)
Vi (V) la(A) I (A) lc (A) Efficiency
SPS 92.176 1.2026 1.2024 0.0017 98.4%
eHS 112.212 1.2052 1.2021 0.0366 98.25%
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4.41.2 Second Case Gs=60886 5000H,

Figure4.5 shows the line voltages fro®PSand eHS In this case, it is quite difficult to
say that the waveforms are similactually, by inspection one can simply say they are completely
different. Nevertheless, the RMS valuesTiable4-6 show that the difference is smaller tithe
one that was obtained theearliercase. The percentage erron@v 11%, andhie waveforms of
the load currents are very similar as showhigure4.6. Yet again, there are oscillatis about the
zero level in theHScurrent that are now more noticeable when the load was incrésddthe
first load case is repeated in rtiahe to make sure that the results are consistent with the offline

simulation results.
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Figure4.6 Loadcurrent fromSPS anaHSin faulty condition R=3 Y L.=500uH)

Table 4-6 Comparison of RMS aftagesand currents from SPS and eHS under falts3(Y ,

L=500uH)

Vi (V) la(A) o (A) lc (A) Efficiency
SPS 89.664 10.727 10.727 0.0023 99.8%
eHS 100.802 10.778 10.742 0.703 99.3%
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4.42 Reakttime Simulation with Fault Introduction

In this section, the first load cas2 Y, )3s2cansidered due to the unavailability of
the other load in the laboratoffyigure4.7 andFigure4.8 show the line voltages and load currents
respectively. The shape dig waveforms is very similar to the waveforms obtain from offline
simulationsTable4-7 shows that the conclusions derived in the previous sectiod stlid. While
there is a large difference in the line voltages, the load currents are very similar. This consistency
between offline and redime results permits further investigation of the results in either
environment. From now on, the offline resuare considered to explore the problem in the line
voltages. In the following subsection, the DFT of the line voltéggesmputed to understand the

cause of the large difference in line voltages while load currents are similar.

Line Voltage from Real Inverter
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Figure4.7 Line voltages from real and eHS inverters in faulty condition
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Figure4.8 Load currents from real and eHS inverters in faulty condition

Table4-7 Comparison of RM%oltages andwrrents fronreal and eHS inverters

Vi (V) la (A)
eHS 112.21 1.215
Real Inverter 95.21 1.214
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4.43 DFT of Line Voltages in Faulty Conditions

The DFT of the line voltaggsrovides a deepeunderstanding of the content of the signals
to understand where the problem occilifre2 harmonic content of the signals will be presented for
the following frequencies: fundamental frequency, switching frequency, two times switching
frequency andhree times switching frequendyigure4.9 to Figure4.12 show the spectral content

of the line voltages in the aforementioned order.

70 T T T T T T T

O eHs
© SPS
60 1

50 B

B

=2

=
i

Magnitude (W)
=
T
1

10 1

0 50 100 150 200 250 300 350 400
Frequency (Hz)

Figure4.9 Spectral content at fundamental and low order frequencies
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Figure4.11 Spectral content at and around 2x switching frequency
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Figure4.12 Spectral content at and around 3x switching frequency

The following observations can be noted frbrgure4.9 to Figure4.12:

1 The magnitudes of the fundamental and low order components ardagyo each other

1 There is an added component at odd multiples of the switching frequency in the eHS line
voltage that does not exist in the SPS line voltage

1 Away from the low order frequency range, considerable differences can be observed in
the voltag magnitude between eHS and SPS, and in most cases, the eHS magnitude is

higher.

These observations help to further understand the results obtained in the previous
subsection. The load currents are very similar because the low order components of the line

voltages are similar and the higher order components, that are quite diffezdiiteged out
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by the inductive load. Had the load been resistive, considerable differences would have been
seen in the load currents. There is a large difference in the line voltages due to the artificial
component introduced by eHS at odd multipleshef $witching frequency, and additionally
because of the high order components of eHS being mostly larger than SPS.

Followingthese observation#,can be concludethat the optimum value of Gs at normal
operating conditions will perform poorly in faulgpnditions. Therefore, a method to tune Gs
for the faulty switches that will eventually yield acceptable results has to be suggested. This

will be discussed thoroughly in the next@pter.

45 Conclusion

The main objective of this Chapter was to asskesperformance of the eHS inverters
when operated with unbalanced loads, below rated conditions and with faults introduced to the
inverters. Results from offline and regahe simulations showed that, with LCA activated, the
inverters performed as expedtehen operated at below rated conditions and with unbalanced
loads. However, in faulty situations, thevere considerable inaccuracies in the results even when

LCA was activated.

In the following Chapter, the values of Gs ardueed to observe whigerthe results will
improve with faultsprovoked. Also, a mathematical approach is followed to analyze the
performance of the inverter in inductive and resistive load cik®sover several enhancements,

related to selecting Gs, are proposed.
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5. PERFORMANCE ANALYSIS AND ENHANCEMENT OF POWER
CONVERTERS WITH PEJOVIC SWITCH MODEL

5.1 Introduction

In this Chapter, he several remarkthatwereraised previouslyt the end of th€hapter2
will be revisited and addressedhe Pejovic Switch Model isnalyzed mathematically to
understand the presence of overshoots in the line voltages. Also, the effect of addingraelead
with the Pejovic Switch Model studied.Finally, a set of recommendations orethelow issues

are proposetb assist theisersof such appbation to obtain better results:

1 A modified switch model to damp oscillations in case LCA is not activated
1 A simple way to select Gs for resistive loads
1 Improved value of Gs with minor effects on efficiency

1 Selecting Gs for faulty switches tibtain acceptable results

5.2 Mathematical Analysis of Pejovic Switch Model

The behavior of the commutation idleal switches in one arm of a tdevel inverter is
considered in thisection The load isassumed highly inductive such that the load cundees not
change much during one commutation. Therefore, it can be replaced by a constant current source.
This situation is illustrated ifigure5.1 in which the DC voltage is assumed to be 10V, and the

load current is 2A.
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Figure5.1 One arm of two level inverter

5.21 swil ON,sw2 OFF

It is assumed that sihas beel®FFfor a long time, and svhas bee®N for a long time
such that the switch voltagand currerghave reached their steadtate valuesl'he change takes
place at the next interval such thatlstuirns ON and s@turns OFFE At this stage, the effect of
deadtime is neglectedrigure5.2 shows the converter circuit with the Pejovic Switch Model. In
all cases, the circuit configuration will not change. It is just the expression for the parallel current

source that will change depending on the state of the switch.
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Figure5.2 Converter circuit with Pejovic Switch Model

Since swis ON and swis OFF, the expressions fas dnd . are as follows:

T Oopé Oipoe p
T 0¢¢ O wgd p

Performing the nodal analysi$ Vsw2:
Ol wEH Oi wEH p Oiwi v wQo VipkE p O E G

Tt

COi wEed Of wed p O ®ODIipE p Vaé OQ
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The expression for the voltage of the bottom switch is:

oi 0t Coi ot P _oi e LN Rl L CR
GF  COiGE p o gOimE o ¢ o

The top switch voltage can now be easily expressed as:

WiPE OO0 O¢ (5.6)
For the switch currents, either ookthe switches can be considerediésive an expression. If
the top switch is considered, the switch current can then be expressed as:

Oipbt Oi wpd Oipe p (5.7)

Thereatfter, the bottom switch current can be expressed as:

Oiqxe Oipie 06 ¢ wQ (5.8)

The solutims to the difference equatio(&s5) to 6.8) can be easily obtained by computing these
expressions directly in Matlaffhe initial conditions and the switch conductance (Gs) need to be
specified to start the iterationBigure 5.3 shows the switch voltages aRiyure 5.4 shows the

switch currents after the changes to the switch states happen. Gs is selected as 0.2 and the solution

is plotted for 30 iterations.
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Figure5.3 Graphical solution of switch voltages
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Figure5.4 Graphical solution of switch currents
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5.22 swi ON, swe OFF (Resistive Load)

In this subsectiorthe behavior of the switch voltages andrents when the inductive
load is replaced by a purely resistive laathvestigatedThe expressions fogdand Jowill not

change, and the |l oad is assumed to be 5Y.

Performing the nodal analysis adw¢
Of WEH O wEed p Ol O OQw OipE p (5.9)
p

—wioe ™
VARIY

COi Roi ¢t Ol @ib p O GOBIWE p (5.10)
The expression for the voltage of the bottom switch is:
Oi Ot Oi b p OipE p Ol GQE (®.11)
coi 8
The bottomswitch current can be expressed as:
(5.12)

Ol ot "Of pok %o’oiq’)é

The voltage and current equations for the top switch are the sgté)asnd(5.7). Figure5.5 and

Figures.6 illustrate the solutions when the load is resistive.
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Figure5.5 Graphical solution of switch voltages with resistive load
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5.2.3 Discussion of results

The results obtained in the previous two subsections coincide well with the observations
from the validatiorstage outlined in Rapters 2 and 3. The observations include large overshoots
in the linevoltages with inductive loads which dtaslly diminishel with resistive loadsThe
same exact behavior can be observed when lookikRgyate5.3 andFigure5.5. In Figure5.3, a
large overshoot can be seen in the switch voltages, which are directly reflected on the output. In
Figure5.5, where the load is resistive, the overshoot is too small and the switch voltages almost

have a critically damped response.

To understand the reasons causing these overshoots in the inductive load case, the
analytical solutiorof the bottom switch voltage is required. By takihg Ztransform of equations
(5.5) to 6.7) and rearranging to make the bottom switch voltage the subject, equ&tidd is

attained:

va (5.13)

wiga

Valyo)

By using the partidiraction expansion and then the inversgahsform, the solution to the
bottom switch voltage can be expressed as:
Vic o (5.14)

VigE p pT[pT[TC A&

The solution is composed of two parts: the DC bus voltage plus an oscillatory, erroneous
term. Thepresence of the cosine function is what causes the overshoots and assillatihe
switch voltage. The @sine function is multiplied by a damping function, otherwise the switch
voltage would have kept oscillating infinitely. However, the damping fastoot large enough to

suppress these oscillations and diminish their presence in the output voltage.

Conversely, the oscillations were barely visible in the resistive load case. The solution of
the bottom switch voltage is required again to understamdetason. Taking the-Zansform and

rearranging equatiofb.11) results in the following expression for the bottom switch voltage:
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T (5.15)

wi Qa

The solution of the bottom switch voltage is therefore:

; (5.16)

Al €
0]

5 GF sn
bigE p pm T

a3

If equationg5.14) and(5.16) are compared, the first thing that can be observed is that the damping

functions of the switch voltages are different. The damping effect in the resistive load is greater

than in the inductive load cadégure5.7 shows the plots of the two damping functions. It can be

clearly seen that the second damping function, corresponding to the résativéecays towards

zero faster than the other one. In addition to the greater damping effect, the amplitude of the cosine

function with the resistive load (6.97 is smaller than in the inductive load expressionv(10

These two factors combined are taises of having minimal oscillations in the switch voltage in

the resistive load case.
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Figure5.7 Damping functions

The frequency of the @ine functions is another remarkcansider. The frequency dife

Cosine function in the inductive load expressien i higher than that in the resistive load

expression-{ . Both the rise and peak time are inversely proportional to the natural frequency of

the system and directly proportional to the damping factor. Accordingly, this results in a low rise
and peak time in the switch voltage response with the inductive Idhad iequency is higher and

the damping factor is lower compared to the resistive load case. This can be clearly seen by
referring to the switch voltage responseFigure 5.3 and Figure 5.5, where the switch voltage

response at the beginning is fasteFigure5.3, the inductive load case.
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5.3 Effect of deadtime on Pejovic Switch Model

In this Section, the effect of adding de#idhe to the switch commutation is studied with
the Pejovic Switch Mdel. The assumption now is that swhanges from OMNDFF, and sw
changes from OFPN. When sw is turned OFF, swstays OFF for the period of the detate.

Thereforethe expressions fogdand J2 are as follows:
T ope O wpd p (5.17)
T 0¢¢ O wgd p (5.18)
Following the procedure in the previous@ion, one can get the following expression akV

Of wpdH Ol wEDH Ol wpd p O wed p OaE o (5.19)

Oa e ®Q (5.20)
wi 0¢ wWiPeE wiwme p wiQe p Oi
The top switch voltage can be simply expressed as:
wiPE wQOwi O (5.21)
Substituting(5.217) into (5.20, Vsw2Can be renritten as:
o Tt s 040 £ @ (5.22)
wi Q¢ WQwwi Q¢ WQwwl ©e p wli Qe p ~Or
This substitution finally yields:
i 68 of 68 VG € 0Q (5.23)
Q o P O
Expressiorn(5.2]) can be rewnritten as:
wivE 0Qhwi @t (5.24)
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Substituting(5.24) into (5.23 yields:

wipeE wipe p Oast (5.:25)
¢ Oi
The topswitch current can be expressed as:
Vippg TOiwipe wipe p (5.26)
Substituting(5.25 into (5.26) returns:
Oi it Oldoi @E p (ZOC‘; R o o (5.27)
Then, kwican be expressed as:
Of o Oa ¢ 0Q (5.28)
Thereafter, du2is simply:
Of i "Oé‘x € 0Q (5.29)

Equationg5.23), (5.25), (5.28) (5.29)describe the behavior of the switches during dead
time. There is a major problem in the expressions of the switch voltages. Instead of each switch
having a constant, equal share of the DC bus voltage, the top switch voltage is increasing by
"0a €éfgdMand the bottom switch voltage is decreasing by the same value every step. This results
in distortions in the switch voltages and can affect the results of the converter. éfpiem
Chapters 1 and, 2his problem was not encountered in the line ve$ad his is because OPAL
RT have designed a solution for this problem and the linear change in the switch voltages is
avoided. The inverter outputs with the Pejovic Switch were computed manually by the modified
nodal approach using Matlab. In this methibe effect of deatime was not handled as in eHS.

Figure 5.8shows the line voltage from eHS, SPS and the manual computation of the inverter
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outputs. The linear decrease in the voltage from the manual computation duriegdtiené is
clearly visible h Figure 5.8 whereas the voltage from eHS follows the voltage from SPS. Also,
RMS values of voltages and currents with the untreated-tleadeffect are significantly
erroneous, as shownTrable5-1. This is one benefit of using OPAL RT system that the user need

not to concern about obtaining wrong outputs when addingtitead
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8
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Figure5.8 Effect of deaetime on line voltage with Pejovic Switch Model

Table5-1 RMS voltages and currents with detatie effect

Ve (V) la(A)
SPS 128.70 1.974
eHS 12841 1.964
Manual Computation 212.74 1.294
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5.4 Dampingthe numerical oscillationsby modifying the Pejovic Switch
The numerical oscillations in the switch voltages can be damped by applying the
trapezoidal with numerical stabilizer integration method to the ind@aetd capacitor equations

[19. A Al phad is a unitless parameter that contro

ON Switch:
The ON switch is represented by an inductor, so the distine¢eexpression of the inductor

current is given by:

N e Y p. . p. . (5.30)
Q Q — o = o =
€ E p c p UU g p Uu E p
. . o . .
By letting™O , equation (5.30) can bre-written as
NE Ow ¢t Q¢ (5.31)
Where'Q £ is the current source expression, and is given by
. Y .
0 —p9%Gi p G p (532)
cO
Since— —, the current source expression can be written as
. o ‘ 5.33
Q¢ O S s—we p & p (633

OFF Switch:
The exact same procedure can be applied to the capadlifage to obtain the current source
expression for the OFF switch. This expresssogiven by:

_ _ _ 0
b 0k p o p (534

©

To maintain a fixed admittance matri© and"Ocnust be equal. Therefore, both can be expressed
as GsGs can still be selected accordingetpuation £.9). The value ofialpha can be varied to
control the damping effect. If equation (5.32) and equation (5.34) are examined carefully,
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substituting a value of 1 for dAalphao wil!/ re
entirely oscillating switch voltages. Therefore ial phao iIis increased be
oscillations.Figure 5.9shows the switch voltage with theo | | owi ng f &)5ptbamo v al
be clearly seen that by increasing alphasa oscillatorgwitch voltagas obtained. However, the

settling tme of the switch voltage will increase, and this can be critical in high frequency

applications where the change in switch voltage from one value to another must be instant.
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Figure5.9 Switch voltages with modified switch model

55 Selection of Gs for Resistive loads

The OPAL RT scripthat returns the value of Gs for resistive loads requires the user to
enter the base power, DC bus voltage and the nominal duty cymMeudr, the useranobtain
acceptable results without prior knowledge of the converter outyutBoosing Gs according to
equation(5.3b).

o (5.35)

<o
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Different cases of loatesistancemodulation index, switching frequency and déate
with Gs selectedccording to equatio(b.35) were simulated and the results are shown in the
following Table5-2 and Table5-3. Table5-2 shows the detailed results of the simulatidable
5-3 shows summarized results of one more load case. Witls¢lestion of Gs, there is a close
agreement between results from eHS and SPS. The RMS values are almost the same, but the
fundamentatomponents are slightly higher with eHS. There is a 0.9% difference in fundamental

line voltage and 0.98% in load current, which are clearly very small.

Table5-2 Results of first load case with Gs=1/R
Vdc=200, ma=0.6t d =20Os, Fpwm=5kHz, R=50Y, Gs=0.

SPS eHS

Vi fund.(V) 70.699 71.335
Vphasefund. (V) 40.813 41.181

lafund.(A) 0.816 0.824
Vi (V) 112.059 112.057
Vphase(V) 64.692 64.691

la(A) 1.294 1.294

ldc(A) 1.262 1.279
THD(V L) 122.974 121.144
THD(V phase 122.983 121.149
THD(I a) 122.983 121.149
Input Power (W) 252.38 255.81
Output Power (W) 251.10 251.10

Efficiency (%) 99.49 98.16

Table5-3 Summary of results of second load case with Gs=1/R

Vdc=100, ma=0.8fd=4us Fpwm=8kHz, R=10Y ,Gs=0.1

SPS eHs

Vi (V) 62.94 62.307

12 (A) 3.597 3.597
Efficiency (%) 99.92 98.23
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56 Improved value of Gs with minor effects on efficiency

In Chapterl, it hasbeenexplained that selecting a very low value of Gs will result in a low
load current, while on the other hand, selecting a very large value of Gs will allow more current to
flow. Thisremarkwas further reinforced inegtion 43 when a value of Gs lower than the optimum
value was selected, the load current was low compared to the actual current. Conversely, when Gs
was higher than the optimum value, the load current was higher than the actual Thenesfitre,
in thisSectiona graphical method issed to show how much Gs can be increased to approach the

actual load current while minimally degrading the efficiency.

The converter shown iRigure5.1 will be revisited to carry out the analysis. In equation
(5.5, which describes the behavior of the switch voltage, the only adjustable element is Gs. In
other words, the characteristics bétresponse of the switch voltage is entirely governed by the
value of Gs. These characteristics include the percentage overshoot, rise time and settling time.
The rise time of the switch voltage gives an indication of the slope of the change in swige.vol
By inspecting the effect of changing Gs on the rise time, a good indication on the change in load
current can be implied. There is some kind of correlation between all these parameters since they
are all controlled by one variable. Gs will be chanffech 0.2 to 1 in incremental steps of 0.1

(50% increase on the original value of Gs) and the switch voltage will be plotted.

Figure5.10 shows the result of plotting the switch voltage with the various values of Gs.
By increasing Gs, it can be seen that the response of the switch voltage becomes faster. It needs 4
time stepsdr the switch voltage to reach 10V when Gs=0.2, but it needs around 3.3 time steps to
reach the same value when Gs=1. Also, it can be noticed that minor changes occur on the time
response when Gs is increased beyond 0.5. The considerable changes hap@Enis/mereased
from 0.2 to 0.5. This observation can be reflected on the load current meaning that the effective
increase in current will be observed when Gs is increased by 2.5 times. Increasing Gs beyond that
will not result in noticeable changes etcurrent. The effect of increasing Gs on the efficiency
will be investigated next to determine the extent to which Gs can be increased without degrading

the overall efficiency.
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Figure5.10 Switch voltagewith different values of Gs

The expression for the total loss of energy by one switctstaéesd in the Gapterl as:

“Yi
o Pviw 2lo (%)
S ¢ Oi
This expressiors used to plot the total energy loss as a function of Gs and then graphically
determine the effect of increasing Gs on the efficiency. Assuming that that DC bus voltage is 10V,
current is 2A, Gs is 0.2 and the tiraep Ts is 250ns, the engy loss curve is as shownkigure
511

First, it can be realized that the minimum energy loss occurs at Gs=0.2, which corresponds

to the value returned by Gs=I/V. If Gs deviates away from this point, the energy loss increases.
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The energy loss increases more rapidly if Gs is decreased beyond the optimum value than if
increased. At this point, it must be specified how much Gs can be increased without resulting in
excessive energy losses. From the graph, by increasing Gs by 50@ 2rton0.3, the energy lost

rises by 10% (from 5 to 5.5ul). Increasing Gs by 100% will result in almost 22% rise in energy
loss. A 150% increase in Gs will result in 50% increase in energy loss. Therefore, from this
graphical approach, it is recommendediricrease Gs by 50% since this will not result in a
significant impact on the efficiency. Moreover, increasing Gs by 100% might not be a bad option
in some cases, but when doing so, the user has to check the efficiency of the system. To sum up,

if the use is to increase Gs, a 50% increase can be a very good choice.

v \
9

Energy Loss (uJ)

0 0.1 0.2 0.3 0.4 0.5 0.6
Gs

Figure5.11 Energy loss of one switch as a function of Gs

Table 5-5 summarizes the results of a thavel inverter with Gs increased from its
optimum value in steps of 50%. The test conditions are shoWwathie5-4. The actual load current
is 2.100A and thus Gs is 0.0105. As Gs is increased, the load current gradually approaches the
reference value. The trend in the values of current and efficiency ftiiklbsame profile that was

discussed earlier via the graphical approach. After increasing Gs by 150%, the percentage increase
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in load current due to incrementing Gs by 50% becomes very minor. For example, increasing Gs
from 50 to 100% results in a 0.13%irase, while increasing from 300 to 350% results only in a
0.03% rise. As for efficiency, when Gs was increased by 50% from optimum value, a very small
drop of 0.16% happened. The percentage drop in efficiency was less than 1% up to 150% increase
on optimal Gs. Beyond that, the drop in the efficiency of the inverter becomes considerable.
Therefore, as was mentioned earlier, 50% increase on the optimal Gs yielded acceptable results
with a sound increase in load current and a minimal drop in efficiencytidwily, the 100%
increase yielded acceptable results with even a better value of load current but with a slightly
bigger drop in efficiency. Nevertheless, a 0.47% drop in efficiency can be tolerated in many cases.

The line voltage maintained almost a stamt value for all cases of Gs.

Table5-4 Test Conditions

Parameter Value

DC Bus Voltage 200V
Modulation Index 0.8
Modulating Frequency 50Hz
PWM Frequency 5kHz
On-state Resistance 0Y
Dead time Ous

Time Step 250ns

Load R=25Y, L=32mH

Table5-5 Results of two level inverter with Gs increased in steps of 50%

Gs % risein Gs = Vi(V) la(A) | %riseinla | Efficiency % drop in
(%) Efficiency
0.0105 - 132.998  2.0827 - 98.38 -
0.0158 50 132.948 2.0885 0.28 98.22 0.16
0.0210 100 132.960  2.0913 0.41 97.92 0.47
0.0263 150 132.978  2.0931 0.50 97.55 0.84
0.0315 200 132.995 2.0942 0.55 97.16 1.24
0.0368 250 133.010  2.0951 0.60 96.76 1.65
0.0420 300 133.023 | 2.0957 0.62 96.34 2.07
0.0473 350 133.033 | 2.0962 0.65 95.93 2.49
0.0525 400 133.042 | 2.0966 0.66 95.511 2.92
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5.7 Improvement of Performance under Faults
It was shown in @Gapter 4 that the eHS solver fails to perform properly with the

introduction of faults to the invertéFhe fundamental and low order components were acceptable

but major problems were faced in the higher order components. This means that when the user
wishes to introduce faults to the inverter, it is not possiblestothe same value of Gs that is

entered in normal operating conditions. Therefore, the next step was to determine a value of Gs,
by tri al and error, that can render acceptabl
500uH which draws 17.72A ofuecrent in normal conditions when it is supplied by a 200V DC

bus. The optimum value of Gs under normal operating conditions is 0.0886.

Table 56 shows how the values of Gs were changed until acceptable results were achieved.
The switches were categorizedo normal and faulty switches. Switches in one category were
given the same value of Gs. The value of Gs for each category was tuned until desired voltage and

current values were obtained.

First, when both categories were given the optimal Gs, a éargecan be noticed in the

line voltage. Next, Gs for the normal switches was kept constant at the optimal value and Gs for
the faulty switches was varied. Increasing Gs by almost 10 times to 1 worsened the line voltage.
Then Gs was decreased by almostidi®s to 0.01 which slightly reduced the line voltage from
100.802 to 97.228. Decreasing Gs to 0.006 reduced the voltage to 97.0318, but halving this value
of Gs made the line voltage increase back again. Therefore, at this point, Gs for the faulgsswitch
was maintained constant at 0.006 and Gs for the normal switches was varied. Reducing Gs to
almost half of its value (0.0537) resulted in a drop in voltage from 97.038 to 95.212. Halving Gs
again resulted in a further drop in line voltage to 92.984 lli¥jrfas was reduced to 0.01 causing

the line voltage and load current to approach the reference values provided by SPS.
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Table5-6 Trial and error process to tune Gs in faulty conditions

Gs Normal Gs Fauty Vie RMS (V) la RMS (A)
SPS eHS SPS eHS
0.0886 0.0886 89.66 100.802 10.73 10.78
0.0886 1 89.66 110.913 10.73 10.988
0.0886 0.01 89.66 97.228 10.73 10.792
0.0886 0.006 89.66 97.0318 10.73 10.83
0.0886 0.003 89.66 97.138 10.73 10.92
0.0537 0.006 89.66 95.212 10.73 10.818
0.027 0.006 89.66 92.984 10.73 10.801
0.010 0.006 89.66 89.71 10.73 10.76

It is a good practice to check that the other phases are also giving acceptable results in
faulty situationsTable5-7 shows the results of the other two phases. There are some problems in
the line voltage from phase C in addition to a small current of 0.1A that is flowing in that phase.
Since the problem a@s in phase C, the switch parameters of that phase can be tuned further to

correct the values.

Table5-7 Results for three phases of the inverter

ViL RMS (V) la RMS (A)
Phase A PhaseB | PhaseC  Phase A | PhaseB | PhaseC
SPS 89.66 44.83 44 .87 10.73 10.73 0.002
eHS 89.71 46.62 50.10 10.76 10.76 0.10

Table5-8 shows how the switch conductance of the two faulty switches in phase C were
altered until acceptable results were achieved. Gs for the switches of the other two phases were
maintained at thealues obtained in table 6. Increasing Gs worsens the results as illustrated in the
first row. However, by decreasing Gs, the results gradually approach the correct values. By setting
Gs to 0.0005 for the switches in the third arm, very close values aatila ones are obtained for

all three phases.
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Table5-8 Tuning Gs for the switches of phase C

Gs (sve, sw) Vie RMS (V) la RMS (A)
Phase A PhaseB PhaseC | Phase A | PhaseB | PhaseC
0.06 91.048 59.09 67.16 10.78 10.77 0.623
0.003 89.51 45.80 48.45 10.76 10.76 0.0623
0.001 89.44 45.27 46.30 10.76 10.76 0.038
0.0005 89.42 45.02 45.40 10.76 10.76 0.018

Figure5.12 to Figure5.16 depict the spectral content of the line voltage from SPS against
theline voltage of eHS with the tuned values in addition to the line voltage with optimal Gs at the
fundamental frequency and at multiples of the switching frequency. It can be noticed that the
spectral content of eHS with the tuned Gs (red) is very cloS®® (blue), minimizing the large
differences between SPS and eHS with optimal Gs (yellow). Also, the artificial components at odd
multiples of the switching frequency have been substantially suppressed. The last point to verify

is whether these tuned vatu®f Gs will still render acceptable results in normal operating

conditions.
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Figureb5.12 Spectral content at fundamental and low order frequencies

88



25 T T T T T T T
o 8PS
— eHS Improved
eHS no change
20 7
8 o
—_— <'
< 151 D 1
o Do
g=
=
=
g
=0T g I
5F 4
(T o} &
b o iy Q t‘_":l 1 e ] N Y g; o

4400 4600 4800 5000 5200 5400 5600
Frequency (Hz)

Figure5.13 Spectral content at and around switching frequency

o 8PS
a5 & — eHS Improved |
‘ eHS no change
30F N
|8
25 q 1

Magnitude (V)
8

ry

on
T

1

L (1'0

101 1
5 i T ]
ey i)
o0 @ lo]8 %81 0 o .
) _ POL_C o o __|

9200 9400 9800 9800 10000 10200 10400 10600 10800
Frequency (Hz)

Figure5.14 Spectral content at and around 2x switching frequency

89



I O sPs |
25 — eHS Improved
eHS no change
201 .
> 0 00
LR
L1s5F o) .
= 4
=
o
o
= 9t i
o @ﬁ)
L
s RRRREIR -
o q 3
5 e (¥ ‘.:" <:‘ I @l (;@.ﬁ.ﬁ.ﬁﬂﬁ.n.--a-h_
[ Sk v s wrrT s et R
14 142 144 146 1.48 1.5 1.52 154 156 1.58
Frequency (Hz) « 104

Figure5.15 Spectral content at and aroundsvitching frequency

16 T T T T T T T T T

£ 8PS
14 F —) eHS Improved |

eHS no change

12+ " 1

=10 .

Magnitude (V
0

¢
>( K j) i

2+ T ! |
o9 Oe -8

ﬁ...ﬂf\ﬂﬁ%f‘:ﬁ?{}g.?ﬂ [yt W BlY [ oPalimmam .

192 194 195 1.98 2 202 204 206 208
Frequency (Hz) % 10*

Figure5.16 Spectral content at and aroundswitching frequency

90



Table5-9 shows the results of the simulation when the value of Gs in faulty situations is
used for normal operating conditions. The RMS values of the line and phase voltage are lower than
the actualalues: there is a 2.6% difference in line voltage and 6.8% difference in phase voltage.
However, the fundamental components of these voltages are close to the actual values. The defect
is, therefore, in the harmonic components of the line and phasgeslfBhe harmonics are lower
than in the actual waveforms, and this was clearly reflected in the corresponding THD. As these
harmonic components were naturally filtered out by the inductive load, the fundamental and RMS
values of load currents were botlost to the reference. Therefore, if the user is to worry only
about fundamental components (foample by adding a filter to extract fundamental quantities),
it is acceptable to use the tuned values of Gs for faulty cases whether the faults are thooduce
not. Otherwise, it is recommended to use the designated values for each operating condition. The
future challenge is to determine a scientific way to obtain these tuned values and without going

through trial and error process.

Table5-9 Inverter results with tuned values of Gs operated in normal conditions

SPS eHS

Vi fund.(V) 91.753 91.764
Vphasefund. (V) 52.976 52.206
lafund.(A) 17.634 17.378
Vi (V) 128.690 125.363
Vphase(V) 74.306 69.279
la(A) 17.721 17.446

lac(A) 14.135 14.044
THD(V L) 98.346 93.078
THD(V phase 98.358 87.235

THD(I a) 9.918 8.839
Input Power (W) 2826.93 2808.80
Output Power (W) 2826.28 2739.27

Efficiency (%) 99.98 97.52

5.8 Conclusion

In this chapter, a mathematical approach was followed to analyze the performance of
inverters with Pejovic switches. The cause of the oscillation in the line voltages with inductive
loads was clearly outline. Moreover, the errors induced by the additideasftime with

Pejovic switches were pointed out. Selecting Gs as 1/R in case of purely resistive loads was
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proven to yield acceptable results. Furthermore, in case of inductive loads, it was shown that
increasing by 50% yields improved results with rghle drop in efficiency. This is in case
the LCA is not activated. Finally, a set of Gs values for the switches of thevweldnverter,

which resulted in acceptable output in faulty cases, was determined.

92



6. CONCLUSION AND FUTURE WORK

6.1 Summay of the work

In this thesis, the results of an FP®Ased HIL simulation of a twikevel inverter using
OPAL RTO0s eHS ssteb of@50ns wastvdlidatad againsh a real setup. A new test
plan was proposed to ensure a fair comparison betiveesirtual and real inverter. Previous work
involved validating the HIL inverters in offline, but in this work, this step was taken further to

validation against a real system.

The results presented in Chapter 3 demonstrate a close proximity betwedd8 dnedereal
results. This verifies the performance of the eHS solver and the selection of the optimal value of
switch conductance (Gs). Moreover, the significance of the loss compensation algorithm was
clearly shown. The activation of the LCA eliminated titumerical oscillations and the switching
losses introduced by the Pejovic switch. Furntinane inaccuracies resulting from operating away
from the optimal value of Gs (either below or above) were compensated by the LCA. This gives

the user the flexibilit to simulate the inverter accurately in cases where thadoaatying

The very low timestep that the inverter was simulated at has several benefits. The main
one is that the simulation accuracy can be increased, and the PWM signals are sampled with a
much higher resolution. With such low timsteps, even the dedidhe can be accurately
represented. When the detaie is 4us and the tiragtep is 10us, the dedine duration will not
be precisely represented because the-fiteap is much longer than tldeadtime. However, at
250ns, the deatime duration will be sampled accurately since the t#tep is shorter than the

deadtime.

Several tips were given to the user of this system when selecting Gs. In resistive load cases,
a very simple expression wasiggested that facilitates to the user the selection of Gs. This
selection was tested in various conditions and the results were acceptable. Also, it was explained
that increasing Gs by 50% from the optimal value improves the accuracy of the resultgwaith m

effects on efficiency in inductive load cases.

The HIL inverters were tested further in faulty situations by blocking some of the switches.

The inverter failed to work properly with the optimal value of Gs. Therefore, new values of Gs
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were tuned fothe working and faulty switches through trial and error. The inverter returned
acceptable results with the new values. When these values were used in normal conditions, the
results were acceptable but not as satisfying as with the optimal Gs. Neverthelasgossible

to arrive at a set of values of Gs that can produce acceptable results in each situation.

6.2 Contributions of this work

1. The proposal of a test procedure to validate thetme®& model of a twelevel inverter
againstareal inverterThe novelty of this contribution is the involvement of real hardware
in the validation process given that all previous validation work was done in offline using
reliable software such Simulink.

2. The identification of a scenario in which optimized Gs in boration with the LCA do
not achieve expected resufsevious work was always focused on enhancing the accuracy
of the realtime models in case of normal operation. A further step was taken in this work
to identify the scenario which results in consitédganaccuracies, namely invoking faults
on the inverter. Furthermore, the fault case presented in this work is one which truly results
in large differences between actual and expected results. Other fault conditions might not
have such a severe effect.

3. Theattainment of a set of values of Gs capable of producing acceptable results in presence
and absence of faults. The procedure to obtain these values was described in the thesis.

4. The proposal of a simple expression to select optimal Gs in case of resistiv&inadst
only depends on the per phase load resistance, the user does not need to know the inverter
outcomes to select Gs. Moreover, this expression is independentfatctorysuch as DC
bus voltage, modulation index, switching frequency, dead etc. This means that the
value of Gs selected accordingly is robust to any changes in the test parameters. Several
methods are provided to tune Gs to achieve acceptable yésiltsis expression is stated
for the first time.
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6.3 Future Work

1.

In this work, the reatime twolevel inverter models were validatéd openrloop. A
potential expansiors to verify the proximity of these models to a real system in closed
loop. An interesting application is the active rectifier, where the-level converteris
controlled to draw sinusoidal currents from the grid in addition to regulating the DC bus
voltage.

The proposed test plan was implemented for alevel inverter onlyThis test plan can

now be extended to other advanced power converters such as tHeubl®&PC invertes.
Despite that the procedure followed to tune Gs in case of faults is clear and simple, it can
be timeconsuming especially if the number of switsliethe converter is large. Therefore,

the finding in this work is a good starting point that can be extended to determine a
systematic methotb tune Gs in faulty situations

Due to the asynchronous communication between thetinealsimulator and the @,
observing fasthanging signals accurately on the scope of the Console subsystem is not
possible.This dictates the need of a real oscilloscope to observe the results accurately.
Therefore, a further enhancement can be the implementation of a virtillisospe that

can emulate a real oscilloscope and thus, eliminate the need of the real, expensive one.
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